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Abstract

This dissertation presents a new measurement pp ! ttX production at P s =
1:96 TeV using 974.2 pb! of data collected with the D detector between 2002
and 2006. We focus on the nal state where th&/ boson from one of the top
guarks decays into a lepton and its associated neutrino, while the other W boson
decays into a quark-antiquark pair. We aim to select those ewuts in which the
lepton subsequently decays hadronically, meaning to onetbree charged hadrons,
zero or more neutral hadrons and a tau neutrino (the charge cigate processes
are implied in all of the above). The observable signature tis consists of a narrow
calorimeter shower with associated track(s) characteristof a hadronic tau decay,
four or more jets, of which two are initiated byb quarks accompanying thaV's in
the top quark decays, and a large net missing momentum in theansverse plane
due to the energetic neutrino-antineutrino pair that leaveno trace in the detector
media. The preliminary result for the measured cross seatas:

(tt) = 6:9 "2 (stat) *%8 (syst)  0:4 (lumi) pb:

This indicates that our nding is consistent with the Standard Model prediction.

Xiv



Chapter 1

Introduction

The Standard Model (SM) is a quantum eld theory that descrikes all the funda-
mental particles and their interactions [1]. It is one of themost successful theories
in high energy physics in that the model predicted the existee of the top quark
before it was discovered in 1995 [2, 3].

The top quark is the heaviest fundamental particle in the SM éscription of
nature. Production of such a heavy patrticle requires TeV rage energy. The
Fermilab Tevatron accelerator is designed to collide prots and antiprotons at a
center of momentum energyrz s) of 1.96 TeV to produce top pair events predicted
by the Standard Model.

The precise measurements of top quark pair production ratend other proper-
ties allow us to perform precision tests of the Standard MotdeOn the other hand,
models which predict new processes that are not allowed byetfStandard Model
can also be tested by measuring the top pair production rate.

The top quark pair production rate or cross section is meased in di erent de-
cay channels. The decay of the top quark into the tau () lepton is especially inter-
esting to study, since it is the heaviest lepton. Any non-stadard mass-dependent
couplings could produce a very signi cant e ect in this chanel. An example is the
charged Higgs boson which appears in extensions of the SM ¢figsector (Two-
Higgs Doublet Models) [16]. Since the Higgs-fermion coumdj is proportional to
the fermion's mass, charged Higgs decays to the heavy tau tie@p would be much
more frequent than those to the lighter leptons (electro® or muon ).



The measurement in this channel is rather challenging comal to other top
decay channels as it is di cult to separate the multijet baclground events from
the signal events. This dissertation performs the test of & SM in the tt !

+ jets channel where the nal state is characterized by a tau leptgnets and
large missing transverse energy and develops tools for thdufre search of the
charged Higgs bosons. The results obtained represent swntial improvement
over those previously shown in the preliminary version of th analysis [91].

The description of the cross section measurement proceduszorganized as
follows: Chapter 2 gives a brief introduction to the SM alongvith description
of top related physics. Chapter 3 describes the particle aslerator at Fermilab
used to produce, accelerate and collide protons and antipoms and also describes
the D detector which is used to detect the product of the collsions. Chapter 4
describes how the information from the detector is utilizetb form di erent physics
objects connected with the protons and antiprotons collisns. Chapter 5 explains
tt!  + jets data event selection procedure and develops tools to modeital and
background. Finally, chapter 6 explains the procedure for adeling signal events
and background events from data with the tools developed irhapter 5. This
chapter also describes how the cross section is measurechvtiite selected number
of signal events.



Chapter 2

Theory

2.1 The Standard Model

The SM of particle physics is a theory that describes all intactions in terms of
fundamental forces and fundamental particles. The SM encqasses threktypes
of interactions: electromagnetic, strong and weak interéons, of which the elec-
tromagnetic interaction is the most commonly known. The eldromagnetic (EM)
interaction (described by Quantum Electrodynamics (QED))and the weak inter-
action are combined in the electroweak sector of the SM. Thér@ng interaction
is described in the SM by the eld theory called Quantum Chromm Dynamics

(QCD).

2.1.1 Particles in the Standard Model

In the SM, the fundamental particles are grouped into two cagories: sources
of elds (spin %) fermions and the mediators (spin 1 gauge bosons). In term$ o
interactions, the fermions are subdivided into quarks andeptons. The quarks
interact via the strong force while leptons do not experiercthe strong force at all.
However, both quarks and leptons can interact via the ele@magnetic and weak
forces (uncharged particles like neutrinos do not experiea the electromagnetic
force). There are six quarks and six leptons and there is antanatter particle for
every matter particle (Table 2.1). Moreover, both quarks adh leptons are grouped

1Gravitational interaction is not included in the SM.



into three generations. The lightest particles are in the st generation while the
heaviest are in the third generation. The grouping of theseagticles' generations
along with their properties are described in Table 2.1. As skwvn in Table 2.1 both
the top quark and the tau lepton belong to the third (or heavy)generation.

The quarks are fermions and have an extra quantum number fairgng interactions
- color (the strong interaction charge). There are three pagle colors for each
avor of the quark. The color-charged quarks are con ned in iups with other
guarks to form color neutral hadrons. The hadrons are dividkinto two categories;
baryons (@gqQ and mesons ¢q). Baryons are fermions while mesons are bosons.

The second type of elementary particles are the spin one meattirs or bosons. The

bosons are comprised of a photon, which is the exchange patrticle in electromag-
netic interactions, eight gluons which mediate the strongnteractions among the

guarks, and three weak bosondy¥ and Z which are the corresponding mediators
of the weak interactions as shown in Table (2.2).

However, the SM does not explain why three of these bosons ateserved to be
massive while one is massless. To allow for massive forceriees, a mechanism
called the Higgs mechanism or electroweak symmetry breagirs introduced. This

mechanism gives rise to another massive particle called thiiggs boson which has
not been observed yet.

Mass Mass Mass
Charge in MeV in MeV in GeV
Quarks 2/3 ul 15t033 | c | 127795 GeV | t 1713 1.1 12
Quarks -1/3 d 35t06 s 105%; b 4:27% 5
Leptons 0 e | <2 10° < 0:19 <182 10°3
Leptons -1 e 511 10566 177684 0:17 MeV
Generations I 1 [l

Table 2.1: Three generations of the SM particles [6].



Boson Charge Mass in GeV
gluon 0 massless
<1 10 e <1 10 %
w 1 80:398 0:025
z 0 91:1876 0:0021

Table 2.2: Properties of bosons [6].
2.1.2 Mathematical Structure of the SM

The Standard Model is a quantum eld theory based on the gaugsymmetry

SU(3)c N SU(2).  U(Q)y (whereSU(N) means special unitary group of dimen-
sionsN N, C stands for color and L stands for left handed and Y standsrfaveak

hypercharge generator oU(l)).NThis gauge group includes thesU(3)c group of

strong interactions andSU(2),  U(1)y for electroweak interactions.

The hypercharge Y is related to the electric charge via the @éviann Nishijima

formulaQ = 13+ % Where | 3 represents the 3rd component of the weak isospin

gquantum number| .

The gauge sector of the SM model is composed of eight gluonaahre the gauge
bosons ofSU(3)c and four gauge bosons W and Z of SU(2). U(1)y. The

gluons are massless and carry color quantum numbers. Thehtigluons come in
eight di erent net colors. Because of their color they not oly interact with quarks

but also interact among themselves.

As mentioned earlier, the gauge bosons of the weak interamti W , Z are massive
while the gauge boson of the electromagnetic interaction,, is massless. In the
SM, the fermions and bosons acquire masses via electrowegkietry breaking.
This symmetry breaking is achieved by introducing a scalareld into the model,
the Higgs eld , where

= ; (2.1)



The simplest and most general Lagrangian for the Higgs eldgonsistent with
gauge symmetry is

Luiggs =(D YD + 27 (V)% (2.2)
where the covariant derivative is de ned as

D =@ IigA? @ i%gOB ; (2.3)
A? and B are the SU, (2) and Uy (1) gauge bosons respectively, and botlp and
g’ are the couplings.

The rst term in Eq. 2.2 is the Higgs- eld kinetic energy and the rest is the
potential term. After symmetry breaking the minimum of the potential lies not at
zero, but on a circle of minima with radius given by

V
R=p— —; 2.4
9—2 9—2 (2.4)

wherev is the vacuum expectation value. Making the substitution = (O;V:IO 2)
in the Higgs Lagrangian one nds that the W and Z boson acquirmasses from the
interaction of the gauge bosons with the Higgs eld. By extreting the coe cients
of the termsA A (mass terms) the W and Z masses can be written as

My = }gv My = 1P P+ g2V (2.5)
2 2

The photon does not interact with the Higgs eld and remains rassless. Similarly,

mass can be given to quarks and leptons by invoking the Higg®ohanism of spon-

taneous symmetry breaking. For example, after symmetry baging the electron

mass term is

1
me = p—é eV (26)

where . is a renormalizable coupling and treated as input to the theory.

2This means to succeed in adjusting the bare coupling constda to t the experimentally
observed physical coupling constants



2.2 Why the top quark must exist

2.2.1 Anomaly Cancellation

Figure 2.1: An example of a triangular fermion loop causing ehiral anomaly.

In Quantum Field Theory it is possible that gauge invariancenolds for tree level
(Leading Order) diagrams but not for loop diagrams (Higher @ler). These types
of violations are called anomalies. Figure 2.1 shows a Feyamdiagram producing
an anomaly where two vector currents (V) and one axial currér{A) are coupled

via a fermion triangle. This type of anomaly threatens the neormalizability of the

SM.

With leptons only, the SM is not renormalizable. When quarksvith three colors
are included, the chiral anomaly disappears and renormaditility is restored. For
the third generation fermion charges (Table 2.1),
X
Qu=Q +Q +3 (Qt+ Qy); (2.7)

or X

Q= 1+0+3 [(H+( =0: 28)

Therefore, the top quark with Q; = 2=3 must exist.



2.2.2 b-Quark Decay Properties

Experimental data fromZ ! bbrule out the hypothesis of an isosinglet b-quark.
The Z boson couples to quarks through vector and axial coupgis as follows :

S
Sl A CH A (2.9)
2 2
where,
Cyv =2[1% + I°R]  deysin? (2.10)
and
Ca=2[1% |I°R]; (2.11)

In the high energy limit, the Z boson decay rate [8] can be wt#n as,

Gem3 2 21.
(z! ty P2 [Ch+ CAl (2.12)

In the SM, the top and bottom quarks form an isospin doublet ath their isospin
assignments ard - = % In the case of a topless model i.e. isosinglet bottom
quark the value ofl 3~ is zero. The isospin assignment for righthanded particles i
always zero. For an isosinglet model the branching ratio is,

(zZ! e X 16€2sin*
(Z! had)'s™ & 00,8182 16egl3-sin® w +16€Zsin’
(2.13)
On the other hand, the isospin doublet model with top quark \lds
(Z! = 2 _ X 8(13)? 168l sin® w +16¢fsin' 01
(Z! had)'s= 2 _ .. 808)% 16gld-sin® w +16€fsin’ v
(2.14)
The experimental value [6] of the branching ratio is
(2! by _ . :
TZ1 had 0:2219 0:0017 (2.15)



The close agreement between the experimental results ancettheoretical predic-
tion of branching ratio rules out the isosinglet model of b cark.

g

Figure 2.2: Feynman diagram for a Z boson decay.

Forward Backward Asymmetry By counting the number of b quark events
in e € ! bbproduction at Z resonance in the angular range cos 0 (forward
production) and those where cos 0 (backward production), we can de ne an
asymmetry, called the forward-backward asymmetry:

3

AFB = 21AeAb; (2.16)

where -~
A VZA___. 2.17
> (Chy+(C)? (17)

Substituting Cy and C, from Eq. 2.10 and Eq. 2.11 and setting*R = 0 we get

[213  4dgsin? w] 1
([213-  4dgysin® w])2+(213)2

Ap = (2.18)

For a topless model Ay is zero but experimental measurements &, at LEP give
approximately 883 0:031 [8].



From experimental measurements [7, 8] of the Z boson decaydthi to b quarks
and the value ofAFB | the isospin components of the left and right handed b quarks
are found to be

|3L
b

0:490901 1 1=2 (2.19)

IR = 0028 0056 ! O (2.20)

Therefore, from the non zero value of the b-quark isospin, ¢htop quark can be
inferred as the isospin partner of the b quark.

2.2.3 Theoretical Prediction of Top Quark Mass

Figure 2.4: Virtual Higgs loops contributing to W and Z masse

The top quark plays an important role in precision electronak measurements. For
instance in tree level processes, all electroweak measueets depend on precisely
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measured quantities , G and Mz while in higher order processes they depend on
the top quark mass (2.3) from which we can estimate an uppeniit of its mass.

In the SM for tree level diagrams the value of parameter de ned by Eq. 2.21 is

exactly one:
M

T M2 s w) (2.21)

But for one loop corrections it receives contribution fromguge boson, Higgs boson,
and fermion loops. The largest contribution comes from thedp quark loop because
of its large mass. Calculation of loop diagram in Fig. 2.4 g#s,

_ 3GeM¢Z,
= _p—

—L. 2.22
32 (2.22)

The experimental value of is equal to 100126 :3523*. The indirect prediction of

the top quark mass made from precision measurements [9] i®tfollowing:

M, =170:7 103 GeV LEP1/SLD: (2.23)

Higgs mass With the Higgs loop contribution, shown is Fig. 2.4, the corection

to s,
3GeM? 1172 GesiP w .o M3
= fall M In(—>) + + : 2.24
82 2 12 2 cog W[n(M\f\,) ] (2.24)

Thus  depends logarithmically on the mass of the Higgs boson. Witbrecisely
measured values for bottM; and M\, we can put a limit on the Higgs mass that
it is lower than 285 GeV with a 95% con dence level.

2.3 Top Pair Production via Strong Interaction

The Fermilab Tevatron collider produces top quark pairstt) in collisions of protons
and antiprotons at the center of momentum energyp(é) of 1.96 TeV. The leading

11



order (LO) Feynman diagrams for top quark pair production va the strong inter-
action are shown in Fig. 2.5. Inpp collisions 85% of top quark pairs are produced
via qq! tt and 15% are produced vigg! tt processes.

The theoretical next-to-leading order prediction fopp ! tt cross section aP s=
1:96 TeV is about 68 0:8 pb [15].

g t
g LU t
proton
q g t a 00000 — t
/ g B—
E t £
antlproton g A f

Figure 2.5: Top quark production via the strong interactionat the Tevatron.
Quark-antiquark annihilation (left diagram) and gluon fuson (right diagrams).

2.4 Top Decay

2.4.1 Weak Mixing and the CKM Matrix

The couplings of leptons toW take place only within a particular generation
(Table 2.1). For example, interactions are of the forne ! + W ! +
W, ! + W but no cross-generational coupling of the type ! + W
have been observed. Although the quark generation structeiis similar to that of
the leptons, the quarks not only interact within their own gaeration but also with
the quarks in other generations via charged weak currents.oFinstance, within

12



the rst generation, the interaction has the formd ! u+ W and the cross-
generational interaction has the forms! u+ W . This also implies that the

quark avor eigenstates of the weak interactions di er fromthe mass eigenstates.
The Cabibbo-Kobayashi-Maskawa matrix (CKM) [10] relateshie weak interaction

generations to physical quark states:

0 . 1 0 10 1
d Uud Uus Uub d

% SO § = % Ucd ch Ucb § % S § (2-25)
0
b Mass Utd Uts Utb b Flavor

The values of various matrix elements in equation 2.25 are w@ined from experi-
mental study of weak interactions. By using the unitarity ofthe CKM matrix, the
assumption of three generations of fermions and the measdinealues ofjU,,j and
JUcy), @ limit is set on jUy).

1= jUuj® + jUchj® + jUpj? (2.26)
giving,
0:9991< jUyj < 0:9994 (2.27)

The values of the matrix elementgUyj and jUyj are found to be extremely small
(close to zero). The branching ratio [9] is given by

(t! Wb _ jUnj?
(t! Wag  jUgj?+ jUgsj? + jUpj?

=0:94"3; (CDF): (2.28)

With the assumption of three generations, the top quarks pauced at the Tevatron
almost entirely decay into W bosons and b quarks.
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Figure 2.6: Feynman diagram for a top quark decay.

2.4.2 Top Decay via Weak Interaction

The top quark has the same vector-axial charge current weaktéraction as all the
other fermions. The vertex factor is given by

H 5y\.
'?%Utb a9 (2.29)

Figure 2.6 illustrates the Feynman diagram of a top quark dey to a bottom quark
via charged weak interaction. As the masses of the b quark ald boson are small
compared to the top mass, the decay width can be written as,

3
(t! bW*) j Utbjz%g/'—% 1:729 GeV. (2.30)

Using the decay width, the top quark lifetime can be calculad as follows:
38 10 ®sec: (2.31)

Therefore, because of its very short lifetime the top quarketays before forming
a hadronic bound staté.
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Figure 2.7: The top quark decay irtt ! lepton(l = e== )+ jets channel.

2.4.3 Classi cation of Top Decay Products

From the calculation of the decay width and the CKM matrix elenents, it can be
seen that the top quark has a very short lifetime and decaysmbst entirely into
a W boson and a b quark. The process of extraction of the top gukasignature
in an experiment is based on the W decay mechanisms. For inst®, intt pair
production when both W bosons decay leptonically, it is de ad as thett !
dilepton channel. While if one of the W bosons decays leptonically aride other
into jets (explained in Sec. 4.3) it is de ned as that ! lepton+ jets channel. In
an event in which both W bosons decay into jets these are de deas the all-jets
channel. In summary, an event in which two top quarks are pragted should have

either
2 jets, 2 charged leptons and 2 neutrinos;
4 jets, a charged lepton and a neutrino;
6 jets.

In all cases, 2 of the jets originate from b quarks. The ! lepton+ jets channel is
further classi ed into three channelstt ! e+ jets, tt ! +jets andtt! +jets.
Figure 2.7 shows the top decay modes.

3Time required for a hadron bound state is about 10 2* sec.
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Decay channels Branching

tt ! lepton + jets

tt! + jets 4/27 or 15%
tt! e+ jets 4/27 or 15%
tt! + jets 4/27 or 15%

dilepton + jets
tt! (same lepton) ( =ee= )+ jets (for each channel) 1/81 or 1.2%
tt! (dierentlepton) (e = =e )+ jets (for each channel) 2/81 or 2.5%

all-jets 4/9 or 44%

Table 2.3: Branching ratios for di erent top decay channels

The branching ratio for di erent top decay channels can be daulated by using the
branching ratio for W decay modes\(V ! | | (for each lepton types) = :9; | =
=e= andW ! qgq=2=3).

BR(tt!  + jets) = 2(for two top quarks)) % %

The branching ratios for di erent top decay channels are gan in Table 2.3.
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Chapter 3

Experimental Apparatus

The results published in this thesis have been attained by ing two major high
energy physics apparatus: 1. the high energy particle aceedtor (Tevatron) and
2. the high energy particle detector (D ) both of which are located at the Fermi
National Accelerator Laboratory, in Batavia, lllinois. The accelerator is used to
accelerate, guide and collide the protons and antiproton bens while the detector
is used to study the products of the collisions.

In March of 2001 both the (D) detector and the Tevatron went through major
upgrades. The data taken after the upgrades are referred te ® Runll data
while the data taken prior to the upgrades are called D Runl cata. The results
of our analyses are obtained by using the D Runll data.

3.0.4 The Accelerator

Several acceleration devices operating in di erent energpnges are used to pro-
duce 980 GeV protons and antiprotons producing collisionsitiv a center of mass
energy of 1.96 TeV. Figure 3.1 illustrates the layout of Feritlab accelerator com-
plex.

The acceleration chain starts at the Cockroft-Waltofh negatively charged hydrogen
ions (hydrogen gas is heated to add an additional electron foroduceH ) are

1This device uses multistage diode/capacitor for generatig high DC voltages at relatively low
currents. These types of generators are limited to about 1 M¥ before they break down.
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Figure 3.1: The Tevatron
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accelerated to 750 KeV through an electric eld. The ions frm the generator are
then transferred to the linear accelerator (Linac) for theescond stage of acceleration
and for proton extraction.

The Linac consists of a vacuum cylindrical pipe containing aet of metal drift
tubes. Fermilab uses a 150 m long Linac to increase the enexgfythe ions up to
400 MeV. At this stage the ions are passed through a carbonlfavhich removes the
unnecessary electrons, leaving only the positively chayprotons for the next stage
of acceleration. The ions are then fed into the Booster, a 75radius synchrotron
accelerator, for the third stage of acceleration. The synabtron is a cyclic particle
accelerator in which the magnetic eld is used to turn the paicles, and the electric
eld is used to accelerate the particles.

In the booster the protons are accelerated up to 8 GeV using Eadio Frequency
(RF) voltage cavities. The 8 GeV protons are then injected o the Main Ring
which is a large (1000 m in radius) multi functional synchrabn. In the Main Ring
the protons are accelerated up to 150 GeV and then injected tbe Tevatron for
the nal stage of acceleration. The Tevatron uses RF cavitg&in the same manner
as the Booster to accelerate protons to reach 980 GeV and usesgnetic elds to
con ne the proton beams the central circular orbit.

Besides injecting 150 GeV protons into the Tevatron, the MaiRing also directs 120
GeV protons onto a xed nickel target for antiproton producton. The interaction

between the proton and nickel nucleus produces antiprotorfgoughly about 10 °

antiprotons per incident proton). The antiprotons are thenseparated from the
production target using a lithium magnetic lens that focuse the antiprotons and
defocuses the protons. As they are produced, the antiproterhave a spread in
their phase space which needs to be minimized. The processrohimization of

this spread of antiprotons before injection into the main ng takes place in the
Debuncher and Accumulator.

The Debuncher modi es the input antiprotons into a continuais band with a lower
momentum spread. It also performs stochastic cooling, in vdh deviations from
the ideal orbit (central beam) are measured and correctiongnals are applied.
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Next, the antiprotons are transferred to the Accumulator wirch stacks and con-
tinuously cools the antiprotons. Antiproton beams from theAccumulator are
transferred back to the Main Injector and are accelerated t@50 GeV for the nal

stage of acceleration at the Tevatron.

The Tevatron then accelerates these antiprotons up to 980 &ean the direction
opposite to the proton beam. Finally, the proton and antipréton beams with
total center of mass energy of 1.96 TeV are guided to collidé @ erent detectors
locations such as D, CDF, etc., located at the Tevatron.

The beams in the Tevatron are discrete. There are 36 bunche mroton and
antiprotons pp which cross every 396 ns. The amount of interaction/data recded
over time at D is described in terms of integrated luminosity (fb 1).

3.1 Top Detection at D

The top quark has a very short lifetime, of the order of 13**s, therefore its exis-
tence can only be detected by analyzing its decay products the detector. De-
tectors for high energy particles consist of various parie detection devices. The
tracking devices are installed close to the interaction piai. At this tracking level a
magnetic eld is used to bend the motion of the charged parties from the original
path. The radius of curvature of the trajectory provides themeasurement of the
momentum of the charged particles coming from the interaan point. After track-
ing the particles, energy is measured in a calorimeter. Tygally a calorimeter is
designed such that it will absorb all the incident particles energy in a shower except
for Muons and Neutrinos. Muons do not deposit much energy irhé calorimeter
so they are detected outside the calorimeter with a speciaktéctor. Neutrinos
are not detected directly but are accounted for by the imbalace left in the total
detected momentum transverse to the beam.

The next sections describe di erent components and functig of the D detector
and the chapter that follows explains how di erent physics bjects such as elec-
trons, muons, taus, quark jetsBt (Missing Transverse Energy) are identi ed from
the measured quantities at the detector.
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3.1.1 The D Detector

The D has a donut shaped cylindrical structure, the beamlire passes through
the axis of the detector and the collision takes place close the center of the
cylindrical volume.

The detector has three major detection components. The compents are Central
Tracking Detectors, Calorimeter, and Muon Detector. Only he Central Tracking
Detectors and Calorimeter are described in the following sons. A rigorous
description of the detector can be found in Ref. [17].

In order to describe the collision point and physics objectshe D detector uses
a right handed Cartesian coordinate systemx(y;z) with the positive z-axis is
de ned along the proton direction (south), the positive y-xis is de ned upward,
and the positive x-axis points east. Agp collisions are boosted along the z-axis,
the detector uses a pseudo-spherical coordinate system ihieh the polar angle

is replaced with the pseudorapidity to de ne the froward and central regions.
The coordinate is de ned as follows:

= In tan = ; 3.1
nan2 (3.1)

which approximate the true rapidity y = %In [(E + p,¢)=(E p,0)] for nite an-
gles in the limit (mc>=E) ! 0.

3.1.2 Tracking Detectors

There are two central tracking detectors in the D detector, the silicon microstrip

tracker (SMT) and the central ber tracker (CFT) located close to the primary

interaction point and surrounded by a 2 tesla magnetic eld gnerated by a super
conducting solenoid magnet. These detectors are used tont#y the location of

the primary interaction vertex, to measure charged partid momentum, and to
identify of b-quark decay vertex.
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The main building blocks of the SMT are doped silicon basedrsé&onductor de-
vices (typically 50 m in pitch) which operate under reverse bias voltage. When an
energetic charged particle enters the device, it createselron-hole pairs. Under
the in uence of the bias voltage, the charge drifts towardshe sensors and sends
signal to the readout system.

z=0 12 F-Disks

/

/ Beam Line
\— 6 Barrel

4 H-Disks sections/modules
(forward, high-n)

Figure 3.2: The Silicon Microstrip Tracker.

The SMT is arranged in such a way that it maximizes the e cieny of the tracking

with a given number of silicon devices. There are 6 barrel molgs concentric to
the pp beam line, each with 4 layers of silicon detectors to measup@sitions of
charged patrticles in the transverse direction. Figure 3.2ews the schematic of the
silicon microstrip tracker which provides tracking coverge forj j < 3 and Table

3.1 shows the speci cations of the SMT.

There are 12 F disk assemblies perpendicular to the beam lifgeof which are inter-
spersed by the barrel module to measure positions of centyaproduced charged
particles. The barrels provide coverage fgrj < 1:1.

The SMT has 4 H disk modules in order to detect the charged paetes in both
longitudinal and transverse directions for high regions.

Barrels F-Disks H-Disks
Si area 1.3m? 04m? 1.3 m?
Inner radius 27cm 2.6cm 9.4 cm
Outer radius 9.4cm 10.5cm 26.0 cm
Max jZ] 384cm 548cm 120.0cm

Table 3.1: Physical attributes of the SMT.
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The CFT is located immediately outside the SMT and is organed into 8 layers
of scintillating bers made out of organic scintillating canpounds surrounded by a
thin layer of cladding designed to provide total internal reection inside the ber.
Each layer of bers is oriented in two directions one paralleo the beam line and
the other rotated 3° with respect to the beam line.

When a charged particle interacts with the scintillating maerial of the ber, it
emits photons which are sent via wave guide to the visible hg photon counters
(VLPC) located outside the detector.

3.1.3 Calorimeter and Inter-Cryostat Detector

A calorimeter is a device that measures energy. When an elext enters the
calorimeter with several GeV of energy, it radiates its engy by emitting an
energetic photon while passing through the calorimeter matial (also known as
Bremsstrahlung). These energetic photons then initiate @ttron-positron pair pro-
duction and thus create a shower of secondary electrons anlopons of lower en-
ergy. Similarly, an incident photon with several GeV of en@y initially produces
an electron positron pair and nally produces a shower of imeasingly lower en-
ergy electrons and photons. The energy loss of these elentemnetic particles in
passing through a speci ed amount of material is determinetly the material's
radiation length X,. A radiation length is related to the energy of the incident
particle which can be illustrated by the following equation

FEj = Eqe Xe: (3.2)

Where, NEi represents the mean energy of incident beam as a function afgtion
x and E, is the energy of the incident beam. Thus the radiation lengttX, is
de ned as the thickness of the medium that reduces the mean engy of a beam
by 1=e

The principles of hadronic shower energy measurements ateifar to those of
the electromagnetic. In this case the incident particle clidles inelastically with a
nucleus in the absorber medium, producing a number of secamyg hadrons that
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may also collide inelastically and produce a shower. The haahic shower mostly
contains Pions and a small fraction of Kaons, Lambdas, Deliaetc. The hadronic
shower also contains a EM shower component becausts decay to photons. A
measurement of a hadronic shower is given in terms of the neal interaction
length for the material. Starting from the interaction point, the hadronic shower
penetrates deeper inside the calorimeter. So, the layerstiogé calorimeter closest to
the interaction point are optimized for measurement of EM sbwer and the layers
outside the EM are optimized for hadronic shower measurenten

END CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER

Electromagnetic

Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic

Electromagnetic

Figure 3.3: The D calorimeter.

The D calorimeter, shown in Fig. 3.3, consists of layered sucture of alternating
denser and lighter material. Uranium or copper or stainlessteel is used as the
absorber material while argon is used as the ionization medn. The cells consists
of an absorber plate and a signal board and the gap between ttve is lled with
liquid argon. The absorber plate is grounded and a positiveoltage of 2 KeV
2.5 KeV is applied to the signal board. When a particle enters #h calorimeter
it showers inside the absorber plate and the surviving padies from the absorber
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ionize the argon atoms. The electrons drift towards the sigh board under the
applied eld producing a current in the unit cell and the ionzed atoms drift in the
opposite direction. This current induces charges on the cper signal board and
are sent to the electrical readout for recording.

The calorimeter has three units : The central calorimeter ahtwo End-cap calorime-
ters. The central calorimeter consists of three concentricylindrical layers. The
innermost layers measure the EM shower energy. The thickmsesf the EM mod-
ules is optimized? to absorb total energy of an electromagnetic shower. The lens
outside the EM calorimeter are designed for hadronic showareasurements. The
thickness of hadronic module is also optimized to absorb thetal energy of an
hadronic shower. The hadronic module is segmented in two 8ens. The ne
hadronic module® (FH) lie immediately after the EM module and course hadronic
module* (CH) sits right after FH.

3.1.4 Trigger and Data Acquisition System

The goal of the trigger system is to record events that have épotential for
improving the Standard Model results and is capable of ndig the Standard Model
Higgs particle and also new physics beyond the Standard MddeThis section
describes how the D detector Iters and records the producs of pp collisions
using information from di erent components of the detector

There are three independent trigger levels at D and at eachdvel the data ow
rate is reduced such that the nal rate is 50 Hz, the maximum amptance rate
required by the D collaboration. As pp collide every 396 seconds, the level 1 has
very little time to reconstruct physics objects like electons, muons, taus, jets etc.
and make trigger a decision. For this time constraint it usesnergy deposited in
the calorimeter trigger towers (all the calorimeter cells thin =0:2 02
space) and number of hits at CFT or Muon system to achieve twanportant goals:

2For an EM module the Uranium absorber plate thickness is 3-4 m

3It has 6 mm thick Uranium-niobium absorber plate and provides detailed information of
shower shape.

4A copper plate of thickness 46.5 mm is used as absorber. Its jnary purpose is to absorb
the entire energy of a hadronic shower
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1) accept events that are interesting and 2) keep the accepize rate below 1800
Hz.

In order to achieve these two goals, a set of optimized regements are imple-
mented at level 1. For instance, a multijet trigger (v14.0-5.0 & JT2.4JT20 in

Table 5.2) that was used to record data for this result tellshe level 1 trigger
system to select an event and pass it for a level 2 decision fifete are at least
three level 1 calorimeter trigger towers withEt > 5 GeV, at least three level 1
calorimeter trigger towers withE+ > 4 GeV andj j < 2:6 and at least one level 1
calorimeter trigger towers withE+ > 7 GeV andj j < 1:8 in a pp event.

The level 2 trigger system collects information both from ta level 1 trigger and
from di erent components of the detector. Unlike level 1, el 2 uses sub-detector
speci ¢ processing nodes and a global node to perform simplbysics object re-
construction such as electrons, jetdkt, Ht (the scalar Pt sum of all jets in an
event), as well as make trigger decisions based on a set ofimized conditions.
For example, the multijet trigger (v14.0-v15.0 & JT24JT20 in Table 5.2), an event
can pass the level 1 trigger condition and if the event has atdst three level 2 jets
with E; > 6 GeV andHt > 75 GeV (jets with E1 > 6 GeV andj j < 2:6 then
the event is sent to the level 3 trigger decision. The maximurallowed data rate
at this level is 850 Hz.

The level 3 trigger is a completely software based fast alglhm. It has two
parts level 3 data acquisition system (DAQ) and level 3 ltes. The DAQ uses a
collection of processing nodes to completely build physiobjects and sends it to a
level 3 Iter which makes the nal trigger decisions on an ev&. Depending on the
physics objects, level 3 applies more sophisticated crit@isuch as object isolation,
matching, neural network cuts etc. in addition to standard knematic selections.
As the objects are more visible, number of objects, kinematthresholds andj j
cuts are usually higher at this level. For instance, the cortibns for an event to
pass the level 3 trigger (v14.0-v15.0 & JT2JT20 in Table 5.2) are at least four
level 3 jets withEt > 10 GeV andj j < 3:6, out of the four jets at least two level
3 jets with Et > 20 GeV andj j < 3:6.
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Figure 3.4: The D trigger system.
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If an event passes all three levels of the trigger then the aexds sent to Feynman
Computing center to be stored as raw data. The next chapter idevoted to re-
construction and identi cation of physics events and objgs from the raw data.
Figure 3.4 shows a schematic of the combined trigger system.
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Chapter 4

Object Identi cation And Optimization

This analysis usedt decay products such as taus, jetdyjets, B+ and their prop-
erties to separatett ! + jets events from multijet/QCD events. Therefore, only
the reconstruction of these decay products are discussedthis chapter. Since
electrons and muons are rejected (vetoed), their reconsttion algorithms is not
discussed heré. The track and vertex information is shared among all the olejct
reconstruction procedures, and are brie y discussed.

The raw data collected by the acquisition system are process oine by a set
of software algorithms called DOreco [31]. This data primdy contains digitized
pulse-heights resulting from accumulated charge by the SMar calorimeter, the
photon counts in CFT scintillators, and the time di erencesfrom the muon drift
chambers.

The algorithms rst unpack the raw data and use information fom di erent com-
ponents of the detector to determine charged particle trask The algorithms then
construct useful physics objects such as electrons, muotes, jets, Bt and ver-
tices. Along with the reconstruction procedure, the algothhms also apply a set of
optimization techniques and selection criteria to improvehe purity and e ciency
of the physics objects.

An equivalent reconstruction algorithm is also used in reostruction of Monte
Carlo events so that they look like or become representativedf data events.

LA good explanation of electron and muon reconstruction can b found in the Ref. [18, 30].
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4.1 Track Reconstruction

A track object is de ned by the path of a charged patrticle in tliree dimensional
space. To reconstruct tracks, DOreco rst uses the Track HiClustering (THC)
algorithm. The THC algorithm starts clustering hits in the SMT if a silicon strip
registers charge accumulation above a threshold due to thenization by a charged
particle from pp collisions. The THC algorithm then looks for other hits adjaent to
the rstone. If it nds more than one adjacent hit, the hits are combined together
into one. In case of the CFT, a hit is reconstructed if two bes in each super layer
register photon emissions due to the interaction between aarge particle and the
bers. After the hit reconstruction, two complementary algorithms: Alternative
Algorithm (AA) [33] and Histogramming Track Finding Method (HTF) [32] are
utilized to link the hits together and create charged partite tracks.

The Alternative Algorithm selects a pool of track candidate by selecting a hit
cluster in a layer of the tracking detector and by constructig a track and incre-
mentally adding hits from more layers of the SMT and CFT deteors. A set of
well studied selection criteria is applied to the pool of trek candidates to select
the nal tracks for later analysis. The selection criteria ae as follows :

track radius of curvature is greater than 30 cm (i.e.Pr > 180 GeV)

2 tis less than 16

The HTF algorithm transforms (x-y) hit clusters from the SMT or CFT into
another plane de ned by radius of curvature (= gB=Pr, whereq and Py are the
charge and transversemomentum of the particle, and B is the magnetic eld) and
azimuthal angle (; ) and lIs histograms. In an event all the hits from the same
particle will produce a peak in the (; ) plane. The peak is then parametrized to
de ne a set of candidate tracks. A set of selection criteriaral a two-dimensional
Kalman [34] Iter which can solve mathematical problems of etermining optimal
track parameters with errors from a set of measurements, issa used to improve

2To the magnetic eld.
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the quality of the tracks. The track information is then shaed to reconstruct
physics objects that can be associated with a track(s).

4.2 Primary Vertex Reconstruction

The main task of the vertex reconstruction algorithm [35] io locate the origin
of tracks in pp hard-scatter interaction. The algorithm starts selectingracks with
Pt > 0:5 GeV and at least two SMT hits. The tracks are then clusteredni the
z-direction in such a way that the z-distance between the tk and the cluster is
less than 2 cm. After clustering the tracks, vertex tting isperformed for each of
the z-clusters in a 2-pass approach:

In the rst pass, the Kalman Filter vertex tting algorithm i s used to determine the
location and width of the beam by tting all selected tracks wthin each z-cluster
into a common vertex.

In the second pass, tracks in each z-cluster are rst pre-seted according to their
distance of closest approach to the beam spot.

Finally, the algorithm computes the probability of a vertexto be a minimum bias
vertex as a function of vertex trackPy distribution. The probability is shown in

Eq. 4.1 .
F (x)dx
P(PT) — Fé(iglo(PT) (41)
logso(0:5) - (X)AX

where, F (x) is the distribution of x = logo(Py) for tracks from minimum bias
events.

As hard scatter vertices show a hardePt spectrum for the associated tracks,
the probability for each primary vertex is estimated such tht it corresponds to a
minimum bias vertex (a vertex from an inelastic collision)n pp collisions and not
to a hard scatter vertex. The vertex which has the smallest pbability to be a
minimum bias vertex is selected as the primary vertex [36, B7
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4.3 Jet Reconstruction

Figure 4.1: Cartoon of di erent stages of a jet formed by a hakr scattering event.

A jet is de ned as a spray of particles that y out in a relatively narrow cone from
pp collisions. As they travel away from the collision point, tiey emit gluons, which
split into even more gluons resulting in a relatively narroncascade of particles
also known as parton-jets. In the last stage of jet productig partons hadronize
to form hadrons such as protons, pions, and kaons. At this gja jets are labeled
as particle-jets (before entering the detector). These hamshs will deposit most
of their energy in the layers of cells of the calorimeter parbdf the detector and
become calorimeter jets. However, charged hadrons can dspeery little energy

in the central tracker which are identi ed as track-jets. The main goal of the jet
reconstruction algorithm is to properly measure the jet emgy and direction in

order to determine the original parton energy and momentum.

In Runll, D uses the legacy jet reconstruction cone algorihm [38]. The jets are
reconstructed in the following two steps:
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First the algorithm uses a noise suppression procedure arelects a list of calorime-
ter cells containing energy at least® ,.q (the rms value of the calorimeter noise)
but less than 4 ,c4[41]. The algorithm also uses NADA (New Anomalous Deposit
Algorithm) [39] to calculate the total energy contained in he neighboring cells
and removes them according to the energy threshold cuts kst in the Ref. [40].
At this stage the algorithm constructs tower$ in ( ) space with cells that
passed the noise suppression scheme and calculates the-feator (E; py; py; p.)
for every tower. For instance, a tower four-vector is calcated by summing up
four-momenta for all the selected/good cells in a tower.

Second, the cone algorithm makes a list of all towers with tresverse momenta
(Etr = Esin()) greater than 0.5 GeV and then de nes \seed towers" (clusteof
towers) by requiring the sum of transverse energy to be greatthan 1 GeV within
a cone of R = 0:3. The algorithm then clusters calorimeter towers in a conefo
R = 0:5 around the seed tower and de nes this as the jet candidate proto-jets if
it has a sum of tower transverse energy greater than 6 GeV. Tlais of the jet is
assigned by theE+ weighted midpoints of each calorimeter tower. This procede
is repeated throughout the detector until the position of jecentral axis does not
change (i.e forms a stable jet cone axis) from one iteratiomw tanother.

4.3.1 Jet Merging And Splitting

The jet found in the clustering algorithm can share a commonotver energy. In
the nal stage, the algorithm merge or split jets based on a &ction of the tower
transverse energy shared between two adjacent jets. Thegeire merged or split
depending on the following criteria:

Two jets are merged if their overlapping energy in a tower imore than 50%
of the individual jet energies.

Two jets are merged if their overlapping energy in a tower iessthan 50%
of the individual jet energies.

3A calorimeter tower represents stacks of cells that have thesame and
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The merging and splitting algorithms are repeated until althe jet candidates have
stable axes.

4.3.2 Jet Quality

After the jet reconstruction, a set of quality criteria are gplied to reduce the
number of fake jets.

To remove fake jets created by electromagnetic particles®uas photons or
electrons, all jets are required to have between 5% and 95%tléir energy
deposited in the hadronic layers of the calorimeter and isded from the
electromagnetic clusters of the calorimeter by R > 0:5.

To remove fake jets created by calorimeter noise, jets arequered to have
more than 60% of their energy in the ne hadronic section of #calorimeter.

The fraction of the jet energy deposited in the coarse hadranlayer of the
calorimeter must be less than 40% as this part of the detect® more sensitive
to noise due to large readout system. In terms of detector dgs it is unlikely

that jets will deposit most of their energy in this part of thedetector.

Electrons, photons and noisy towers tend to deposit most di¢ energy within
a single tower. Jets created by such processes are removeddngoving single
calorimeter towers that contain more than 90% of the jet engy.

The ratio of the total energy in Level 1 trigger towers assoaied with a jet
to the reconstructed energy of a jet must be at least 0.4. Thigiteria is used
to remove the noise from the precision readout system.

4.3.3 Jet Energy Corrections

The jet energy measured after the quality cuts certainly dier from the original
particle-jet energy. The di erence can be accounted for byhtee major factors:

The presence of additional absorbing materials in front ohe calorimeter
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Various gaps and cracks in the calorimeter and

Fixed size jets cone which may not always include all of the mstituent
particles that originated from particle-jets

So the aim of the jet energy correction is to apply a correctiofactor to the

reconstructed jets after the jet quality cuts such that thei energy match with the

parton energy. The corrections are then applied to both theala and the Monte

Carlo jets. Details of the energy corrections can be found the Ref. [44, 45, 46].
The corrected energy of a jet is given by

E O
Ecorrected = unctl):rrecteds ; (4.2)

where Eorrected 1S the energy of the particle-jet,Encorrected 1S the energy found by
the jet cone algorithm, O is the o set energy correction,F is the relative response
correction, and S is the showering correction. Description of all the terms ar
summarized below:

The jet energy calculated by the cone algorithm is o set by esrgy contributions
from the electronic noise, noise due to uranium decay, engrifom the previous
collisions known as pile-up e ect, multiple interactionsm the same beam, and from
underlying eventd. Therefore, a sum of all o set energy contribution is calcalted
using minimum bias events as a function of and for di erent primary vertices
(Fig. 4.2) and subtracted from theE ncorrected EQ. (4.2) for the jet o set energy
correction.

The D calorimeter is uniform within the central calorimete r (CC) and end calorime-
ter (EC) cryostat(s). The gap between both cryostats (< j j < 1:8) is not as
well instrumented, causing a non-uniformity in response as function of pseudo-
rapidity and energy loss in the cracks between calorimeteradules. These e ects
are modeled by the relative response correction factér . Measurement of this

4An underlying event is an event in which there is an elastic iteraction or a quasi elastic
interaction.

5A minimum bias event contains energy from the underlying evets. The events are recorded
by a minimum bias trigger which is de ned by the hit on luminosity counters located on both
sides of the point of interaction.
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correction is done using Missing Transverse Energy Projemt Fraction (MPF)
technique (Fig. 4.3) on + jets and dijet data events. The MPF tags photon/jet
in the central calorimeter and probes the jets. It then caldates momentum im-
balance in the transverse plane (Missing Transverse EnergyBr projected in the
tag object direction (Fig.4.3). This correction is determmed as a function of tag
object transverse momentum fof j < 2:5 (Fig. 4.5).

The showering termS, either corrects for missed energy outside the jet cone size
or deposits additional unwanted energy inside the cone. Thghowering correc-
tion only corrects for detector instrumental e ects. Both cata and parton level
Monte Carlo events (without detector simulation) are utilzed to measure this
guantity. For instance, in data events, the energy measureamt is a ected by
both physics and detector e ects, while in Monte Carlo evest the energy mea-
surement represents physics e ects only. By taking the raii between the e ects
of physics+detector and physics, the showering correctidior the detector is de-
termined. Figure 4.4 shows the showering correction as fuimn of jet transverse
energy for central and forward regions of the calorimeter.
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Figure 4.2: Plot of o set energy as a function of pesudorapiy for di erent pri-
mary vertices.
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Figure 4.3: lllustration of the MPF method used in the relatve response correction.
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Showering correction
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4.3.4 Muon correction for Jets

If a muon is found inside a jet cone, the jet energy needs to bercected for that
muon. The muon correction for jets uses the momentum of the rao from the
muon system and tracker, and add the energy of the muon from éhjet energy.
This correction is known as JESMU and is used the analysis.

4.3.5 Jet Energy Resolution

Jet energy resolution is applied to both data and Monte Carlto improve jet energy
measurements [49, 48]. Data events from+ jet and dijet processes are used to
estimate the jet energy resolution parameter. For jets witlPr > 50 GeV, dijets
samples are used and a symmetry variable is de ned by j& s as follows:

)

Ap1j_et >50 — W; (43)
T T

whereP*'* and P}*'? are the transverse momentum of two jets. The jet resolution
for a jet with Pt > 50 GeV is given by the following relation:

JERppet 50 = =2 4 (4.4)

where p. is the uncertainty of jet Pr measurement and 4 is the width oprft - 50
distribution obtained by a Gaussian t.

A similar technique is applied to determine jet energy resation for jets with
Pr < 50 using + jet data events. Finally, the jet resolution is found using both
techniques together to be nally applied to the jets.

4.3.6 Dbjet Tagging

The tt nal state contains two b-jets, while jets in QCD andW +jets events origi-
nate most often from light quarks or gluons. Requiring at lest one jet in an event
to be b tagged is a very powerful method for background rejection.
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The goal of the bjet tagging algorithm is to identify b-jets originating from b-
quarks. The b-quarks hadronize into B-hadrons (a bound state of a b quarknd
one or two light quarks) which have longer lifetime comparetb lighter hadrons.
Due to this long lifetime a B-hadron has a displaced decay ‘ek (secondary
vertex) from the primary interaction vertex (PV) (Fig. 4.6, 4.7). The typical
decay length, which is the distance from the primary to the s®ndary vertex, is a
few millimeters. Using the property of displaced vertex antracks from decaying
B-hadron, the tagging algorithm estimates the probabilityof a jet originating from
a b-quark.

Figure 4.6: lllustration of secondary vertex in a jet cone M.

The b tagging algorithm used in this measurement is a Neural Netwkf tag-
ging algorithm (NNbtag), which combines seven characteristic variables based on
properties of secondary vertices within the jets, impact pameter signi cance,
probability of the jet to originate from the primary vertex etc. listed in Table 4.1.
The network is trained onZ ! kb Monte Carlo events and the output of this is a
discriminant with value between 0 and 1, where most of thiejets have aNNbtag
value close to 1. Therefore, & Nbtag cut is applied to selectb-jets i.e. a jet is
tagged as arjet if the NNbtag value is greater than 0.775 (also known as the tight
operating point).

8A good explanation of Neural Network Training can be found inthe Ref. [20]
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Figure 4.7: lllustration of impact parameter [19].

ank

Short Description

Decay Length Signi cance of the Secondary Vertex (SV|

Weighted combination of the track's impact parameter signtance

Probability that the jet originates from the primary vertex (PV)

Chi Square per degree of freedom of the SV

Number of tracks used to reconstruct the S\

Mass of the SV

~Nlo|u|h w/ N~

Number of SV found in the jet

Table 4.1: NNbtag input variables ranked in order of power.
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For data events, the tagging algorithm is applied directly ¢ jets in the events.
For Monte Carlo events, the tagging algorithm is not appliedirectly but rather
the algorithm assigns a probability value to each jet in an @nt that may have
originated from ab-jet. This probability value is measured from data and is o#n
referred to as the tag rate function (TRF). For example, fon jets in an event, the
probability of having at least oneb-tagged jet is given byPgyent = 1 jn=1 1 PB),
where, P; is TRF-derived probability to tag a jet.

The reason for treatingb jets di erently in Monte Carlo events is that when the

tagging algorithm is applied directly to Monte Carlo eventsit gives an e ciency

that is higher than data [50]. In order to account for this fator, the TRF has been
parameterized ontt !  + jets Monte Carlo andtt!  + jets data. The tt Monte

Carlo sample is chosen ovef ! Monte Carlo sample in order to optimize the
TRF for the top quark related physics.

The algorithm can only be applied to the jets that contain traks. Such jets are
called \taggable" jets. Taggability of a jet is di erent for data and Monte Carlo.

This di erence is due to imperfect simulation of the trackirg system in the Monte
Carlo. To account for this di erence, taggability is measued and parameterized
in data and is applied to Monte Carlo events as a weight. Thisagggability weight

is applied on top of the TRF probability in an event [51].

4.4 Tau Candidates Reconstruction

4.4.1 Tau ldenti cation

The tau lepton is the heaviest particle among all the leptong the SM and has
a lifetime of 2900 10 ! sec The tau decay modes can be grouped into two
avors: leptonic (e=) and hadronic (Table 4.2 summaries the dominant decay
modes of tau leptons).

The decay length of the tau is 87 m which is beyond the SVT tagging resolution
of the D detector making it di cult to separate the secondar y tau vertices from
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the primary one. Therefore, the SVT algorithm cannot be usetb identify tau
leptons.

At the D detector, only the hadronic tau decay modes are usedor identi cation
as it is almost impossible to separate leptonic decay modet a tau from the
leptonic decay modes of its parent particle. For instancenia data event an
electron fromW ! I e process may have similar kinematic properties
as that of an electron fromW ! e . which makes it harder to distinguish one
from the other. Therefore, only the hadronic tau identi cation is discussed in this
section.

Leptonic Decay Modes Branching ratios
I e. 1785 0:.05%
! 17:36 0:05%
Hadronic Decay Modes
Type | (one prong decay)
! 1091 0:.07%
Type Il (one prong decay)
| 0

2551 0:09%

! 20 929 0:11%

! 30 1:.04 0:.07%
Type Il (three prong decay)

! * 9:32 0:07%

! 0 4:61 0:06%

Table 4.2: Branching ratios for dominant tau decay modes.

The jets from quarks or gluons are the major background for kdeonic taus in that

these jets can mimic taus in the calorimeter. It can be seenofn Table 4.2 that

hadronic taus predominantly decay into pions and these pisn(only charge pions
leave tracks in the tracking detector) deposit energy in thelectromagnetic and
hadronic layers of the calorimeter similar to jets.

However, hadronic taus can be distinguished from jets by mes of energy de-
posited in the jet cone, number of tracks, track energy etc.df instance, hadronic
taus tend to be energetic and con ned in a narrower cone thaefs as they are usu-
ally a product of aW or Z heavy particle decay and are boosted along the boost
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Figure 4.8: lllustration of tau reconstruction cones.

directions of the parent particles. In terms of the number ofracks, hadronic taus
have fewer number of tracks (1 3) in comparison to jets. The maximum number
of tracks that can be attached to a tau is three and the minimums one. If addi-

tional tracks are found that are also matched to a tau, the sunof the energy of
additional (extra) track is expected to be small and for a jett is large. These are
just a few examples to show that it is possible to distinguiskaus from jets. In

practice, in a tau reconstruction procedure, a number of disminating variables

(Sec. 4.4.2) are de ned to nd isolated calorimeter energylasters that have asso-
ciated track(s) and at the end tau Neural Networking Trainirg (NN ) is used to
separate taus from jets.

The tau reconstruction and optimization algorithm can be eglained in the follow-
ing ve steps:

1. Building tau clusters in the calorimeter
2. Building electromagnetic sub cluster
3. Matching track(s) to tau candidates

4. De ning tau types

5. Separating taus from the background
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4.4.1.1 Building tau clusters in the calorimeter

The list of hadronic tau clusters are built using the same jetone algorithm used
in the jet reconstruction algorithm (Sec. 4.3). The tau cluers are built with

calorimeter towers around a seed tower within a cone ofR = 0:3 with transverse
energyE+ ... > 4 GeV, and requiring shower shape (de ned in tallN variables)
(rms) to be less than 0.25. An isolation cone of R = 0:5 around the tau core
cone withE; > 5 GeV is also de ned.

4.4.1.2 Building electromagnetic sub cluster

The algorithm forms the electromagnetic sub clusters (thit layer of the electro-
magnetic calorimeter) by the neutral pions ° from taus decay into two photons
and deposit energy in the electromagnetic section of the caimeter. To form
electromagnetic sub clusters the nearest-neighbor algbm is utilized. The way
the nearest-neighbor (CellINN) algorithm works is, it recostructs calorimeter in
oor-level clusters using four neighboring cells, (cells itth an edge in common
are neighbors) each cell with an energy threshold of 200 MeW¥ig. 4.9). The
reconstructed oor-clusters are then combined into globatlusters. A detailed de-
scription of the CellNN algorithm is in Ref. [55]. If such a elster is found, then
it is attached to EM cells in other layers and preshower hitsThe EM subcluster
energy is used to de ne tauNN variables.

Figure 4.9: Floor-level EM neighboring cells.
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4.4.1.3 Matching track(s) to tau candidates

Tracks are associated with all tau decay modes. The trackseamatched to hadronic
tau clusters as track(s) are associated with all tau decay rdes. The conditions
for matching track(s) to taus are listed below:

1. All the tracks with P¥ack > 1:5 GeV in a cone of R = 0:5 about the
centroid of the calorimeter cone cluster are preselected eandidates for the
tau tracks.

2. Among all the preselected tracks only the highe® track is attached to the
tau cluster.

3. Up to two more tracks can be assigned to the tau cluster if &ir z-positions
are within 2 cm from the rst track located at distance of clogst approach.

4. A second track is added to the cluster if the invariant massf the rst and
the second track is less than 1.1 GeV.

5. A third track is associated to the cluster if the invariantmass of the three
tracks is less than 1.7 GeV and the total sum of their charges either +1 or
1.

Figure 4.10: lllustration of three types of taus as seen by ¢éhdetector [24].
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4.41.4 De ne tau types

The algorithm de nes three types of hadronic taus in terms afacks and calorime-
ter clusters (Fig. 4.10).

Type | One track and hadronic cluster
Type Il One track and both EM and Hadronic clusters

Type Il Two or three tracks and both EM and Hadronic clusters

4.4.2 Separate taus from background

The taus are separated from hadronic jets using a tau Neuraleivork Training
NN . Three di erent sets of discriminating variables are usechiNN training of
three di erent types of taus. These variables are de ned indrms of hadronic and
electromagnetic calorimeter cluster energies, shower plea the detector geometry,
tracks, combination of tracks and clusters. A taurichz ! *  signal Monte
Carlo sample and jets back-to-back to non-isolated muonsofn data as a back-
ground sample is used to train theNN . Each tau in an event is given aNN
value between 0 and 1: Good taus hav¢N value close to one and fake taus have
value around zero. For this analysis, in an event tight/goodaus are de ned by
NN > 0:95 and medium (loose-tight) taus are de ne by @< NN < 0:9.

The complete list of the variables are given below:

1. caliso is de ned by the ratio of the transverse energy in the annularegion
between the cones of R = 0:3 and R = 0:5 (Fig. 4.8), to the total
transverse energy of the hadronic tau cluster, oOE¢ E+.ye)=Etcorer Where,
E+.ore IS the transverse energy within a cone of R = 0:3 and E; is the
transverse energy of the hadronic tau cluster within a conefo R = 0:5.
This is used iInNN training for all types of taus.

2. EM12isof is de ned by the ratio of energy deposited in the rst two layes
of the electromagnetic calorimeter to the total energy of th hadronic tau
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cluster, or EEM ! + EEM2)=E | where EEM! and EEM? are the energies
deposited in the rst two layers of the EM calorimeter with in a cone of
R =0:5. This is used inNN training for tau Type | only.

. ET _o_.sum s de ned by the ratio of transverse energy of the tau clusteo the
sum of transverse energy of the tau cluster and all track momi& associated
with the tau, or E;=(E; + P;"™* ). This is used inNN training for all
types of taus.

. profile is de ned by the ratio of sum of the rst two energetic tower to
the total transverse energy of the hadronic tau cluster, orlf{* + E{?)=E;,
where,E1* and E{2 are energies of the two most energetic towers within the
cone of R =0:5. Thisis used iInNN training for all types of taus.

. prf 3 is de ned by the ratio of transverse energy of highest EM subluster
to the transverse energy deposited in the third electromagtic layer of the
calorimeter within a cone of R = 0:5 or EEM (leading)=EEM 3. This is used
in NN training for only tau Type II.

. emET_o_ET is de ned by the ratio of the transverse energy of the EM sub
clusters to the transverse energy of the tau cluster. This igsed in NN
training for tau Type Il and IlI.

. ett_0_ETiso is de ned by the ratio of transverse momentum of the leading
track that is matched to a tau to the transverse energy depded in a isolation
cone of R =0:7, or P;(leading tau track)=Er (iso). This is used inNN
training for only tau Type III.

is de ned by

()2 + ( )2_

where and are the pseudorapidity and azimuthal di erences in be-
tween the vector sum of the tau tracks and the vector sum of aflectromag-
netic sub clusters and is the polar angle of the vector sum of the tau track
momenta. The variable is used to nd the opening angle betwadhe vector
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10.

11.

12.

sum of tau track(s) directions and the vector sum of EM clusts. This is
used inNN training for tau Type Il and IIl.

. trkiso is de ned by the ratio of sum of transverse momentum of the treks

not associated with the tau candidate with in a cone of R = 0:5 to
the sum of the transverse momentum of tracks matched with tcks or

Pirack (non tau)=P P,"ak . This is used inNN training for all types
of taus.

fhf ( ne hadronic fraction) is de ned by the fraction tau cluster transverse
energy deposited in the ne hadronic layers of the calorimet or EFH =E;..
This is used iInNN training for all types of taus.

rms is de ned by s o

T 02+ ( )YEq,.
ET '

where  and are the pseudorapidity and azimuthal di erences between
calorimeter tower and centroid of the tau calorimeter clugr, i is the index
of calorimeter towers associated with a tau clusteg ; is the total transverse
energy of the tau candidate andEr, is the transverse energy of toweir. This
variable is used inNN training for all types of taus.

Detector pesudorapidity of a tau cluster 4. This is used inNN training for
all types of taus.

4.5 Missing Transverse Energy Reconstruction

Neutrinos produced inpp collisions leave the detector without detection. However,

their existence can be correlated with a large transverse mentum imbalance

in collisions. As collisions occur along the beam axis (in ¢hz direction), the

net momenta perpendicular to the beam line (in x-y plane) isezo. The missing

transverse energyk+) is calculated from the vector sum of the transverse energie
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of all the good cells in the calorimeter except for some noisyoarse Hadronic
calorimeter cells.

For events with both electromagnetic objects and jets, thB; needs to be corrected
for corrected JES. This correction is applied by subtractip JES correction from
the raw Bt vector.

After the object reconstruction procedure all the objectsra stored event by event
in a root le format for further analysis.

4.6 Tau Triggers: Special Topic

This analysis uses Runlla data taken with ALLJET triggers bt not tau triggers.
Tau triggers are a new addition to Runllb data (after 2006) ad are designed with
an aim to be used for futurett ! + jets related analysis. Hence, a description
of tau triggers are provided for prospective researchers.

During the Runllb upgrade in 2006, D completely redesignedits calorimeter
trigger [56] system to meet two major goals: 1) to cope with thincrease in in-
stantaneous luminosity delivered by the Tevatron and 2) to eiently trigger on
interesting physics objects such as electromagnetic obfe®tc.. To meet these
goals a new algorithm called Sliding Window algorithm is impmented. There are
many advantages of this algorithm [57], one of which is that iallows D trig-
ger system to trigger on objects like hadronic taus. In the Bowing sections D
hadronic tau triggers are described.

4.6.1 Level 1 Tau Trigger

The Runlla level 1 trigger system sees the total cylindricalolume of the detector
as an array of 1280 Trigger Towers or 4032 TTs inthe regionof (4 2 )in(j j; )

space (Sec. 3.1.4). For a jet, level 1 trigger decision is neally total transverse
energy information from the trigger towers in a region of (@ 0:2) in ( )

space.
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Figure 4.11: lllustration of Sliding Window algorithm for hadronic tau clusters.

On the other hand, Runllb Calorimeter Sliding Window algorihm (CSW) per-
forms a parallel search for local maxima of transverse engrgeposition among
trigger towers of the calorimeter using a xed \window" (Trigger Tower Cluster)
made up of a group of adjacent trigger towers. Local maxima ewdetermined by
sliding the window and searching for a window whose sum ofdger tower trans-
verse energy is higher than all of its nearest neighbor windse. The windows are
de ned by (2 2) Trigger Towers, corresponding to a (& 0:4) regionin ( )
space. Local maxima are found by requiring the sum of trangge energies in a
window to exceed those in all other windows in a (5 5) Trigger Tower region
about a candidate tower.

A jet object is de ned by the total transverse energy in the (4 4) (corresponding
to a region of (08 0:8) in ( ) space) window surrounding the maximum
window.

As described in Sec. 4.4 the hadronic tau objects appear in arrow energetic
cone in the calorimeter compared to jets which appear in a wadcone . This led
to the idea of designing hadronic tau triggers by requiring darge ratio of the
transverse energy in the (2 2) window to that in the (4 4) jet window (Fig.
4.11) [57, 58]. The higher the ratio the higher the probabtii of triggering tau
objects. For example, the tau triggertTAuUJT _MET15T10TK is designed based on

51



CSW algorithm to trigger on events that will improve both Rurlb tt ! + jets
cross section results and limits on Charges Higgs searchés.level 1 the trigger
de nition for TAUJT MET15T10TK consists of a number of trigger terms,

tau term two jet terms track term 6E; term:

The tau trigger logic term (tau-term) is de ned by CSWTA(1,10.,2.4,2) to trigger on
events with tau like objects and the rest of the trigger termsire used to reduce the
trigger rate. The CSWTA(1,10.,2.4,2) term tells the level 1 trigger system to search
for an event that has a tau object withinj j < 2:4, above 10 GeV trans verse
energy threshold, and with a minimum core energy (energy ihé (2 2) region)
of 8 GeV that passes a ratio (dened byE(2 2)=E(4 4)) cut greater than 0.75
(in the logic term 2 refers to 7.5). If the CSWTA condition is atis ed along with
other trigger terms then the event is send to level 2 triggewof further decisions.

4.6.2 Level 2 Tau Trigger

Similar ratio cuts are implemented at level 2 in order to triger events contain-
ing hadronic tau objects. A ratio is de ned by a seed tower andhe neighbor-
ing tower with the highest Et(seed+ nearest neighboi to the E+ sum in the
(3 3) tower region (around the seed tower). For instance, level tau term
of the trigger TAUJT MET15T10TK is de ned by L2TAUTRK(1,5,8,0.75,TTK) . The
L2TAUTRK(1,5,8,0.75) logic part of the term tells Level 2 trigger to nd objects in
an event which contains one tau withEt > 8 GeV and ratio (E (seed+ nearest
neighbor=E3 3)) > 0:75 and the other part requires a track.

4.6.3 Level 3 Tau Trigger

The level 3 hadronic tau algorithm is similar to the tau recostruction algo-
rithm. The notable part of the level 3 tau trigger is that it uses Neural Network
(NNTauL3) algorithm to reject background events and keep té trigger rate within

the band width. The NNTauL3 is trained with ve variables that can separate taus
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from background. The NNTaulL3 variables argrofile , caliso, EM 12isof , EtaD
and width=rms. The value of the NNTauL3 cuts ranges from 0 0:4 and the cuts
are utilized on some tau triggers to keep the trigger rate wiin the acceptable

range. The level 3 triggers usually trigger events witlier > 10 GeV and cannot
distinguish between tau types.
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Chapter 5

Samples and Event Selection

This chapter explains the procedure for the selection ¢f !  + jets signal events

which is one of the most important steps for cross section neaement. The data

selection procedure is based on signal observables suchhasiumber of jet objects,

tracks, missing transverse energy and narrow calorimetelusters. Once the total

number oftt ! + jets events, the total integrated luminosity and the detector
e ciency are known, the cross section should be measurablelowever, even with

strict selection criteria, the data contain mostly backgrand events. The main

reason behind this is that the detector and its components arfar from perfect.

The sources of detector ine ciencies arises from the triggesystem all the way to

the object reconstruction procedure and needs to be takertanconsideration for the

cross section measurement. Moreover, the background caimsarfrom electroweak
physics processes which can mimic the signal like events. erfore, it is necessary
to accurately evaluate the number of signal events and badkgind events in the

dataset.

This chapter is divided into two parts, the rst part deals with data selection
procedure, which is based on signal observables from a lasg® of experimental
data (Sec. 5.2), while in the second part, tools are develapéor estimating the
number of signal events, signal selection e ciency (Sec. 3.as well as background
events.
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5.1 Samples and Event Selection Strategy

The event selection strategy is based on nal state productsf tt!  + jets decay
events, which includes four quarks, a tau lepton and a neutrd. In the detector,
these particles are identi ed by the energy they deposit inite calorimeter, tracks
they leave in the tracking system and the missing energy in ¢htransverse plane.

The nal state products of signal events have the followingwent characteristics in
the detector:

1. A narrow calorimeter jet with associated track(s), a chaacteristic of a hadronic
tau decay,

2. Four or more jets, two of which are initiated byb-quarks while the other two
jets are fromW decay and

3. Alarge net missing transverse energ¥ () due to energetic neutrinos mostly
from W and some from tau decays.

Therefore, the data sample selection and the trigger selemt procedures are de-
signed based on the nal state observables afft ! + jets signal events in the
detector. The observables are later tuned in the selectiomgress to maximize the
probability of detecting signal events in the data.

In addition, rejection of background events that mimic sigal event observables
in the detector is also a powerful mechanism for enhancingdtsignal like events.
Therefore, tools that have background rejection power ardss utilized in the se-
lection procedure.

5.2 Data Sample Selection

This analysis utilizes D Runlla data recorded over the time period of 2002 to
2006 inclusive. The recorded data sample contains a huge rhen of background
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events such as events with one jet, two jets and three jets itvery low Pr. In

order to reduce the number of background events, a set of skituts are imposed
(Table 5.1). After skim cuts, the data sample contains appsomately 115 million

events and is known as3JET" data skim.

Leading Jet

(in Pr) Pr (GeV) j ]
1st Jet > 20 < 26
2nd Jet > 15 < 2:6
3rd Jet > 15 < 26

Table 5.1: List of all 3JET data skim cuts applied to preseléed Runlla data.

Trigger Versions Trigger Names Luminosity L (pb?1)

V09.00-V10.00 4JT10 24.07
V10.00-V11.00 4JT10 10.22
V11.00-V12.00 4JT10 64.68
V12.00-V13.03 4JT12 210.52
V13.03-V13.30 JT2 4JT12LHT 49.40
V13.30-V14.00 JT2 4JT12LHT 257.39
V14.00-V14.80 JT2.43T20 189.83
V14.80-V15.00 JT2.43T20 143.55
TOTAL 974.19

Table 5.2: Description of Runlla ALLJET triggers with their respective luminosity
and versions.

5.2.1 Trigger Selection

The nal state of tt!  + jets consists of four jets, missing transverse energies and
a narrow calorimeter cluster with tracks. If triggers couldrecord data events with

such objects, it would be ideal. However, since there are nach triggers available
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in D Runlla data, triggers are selected on the basis of jet chracteristics of signal
events. The set of triggers chosen is called LIETS triggers (detailed description
of all the triggers can be found in Sec. 3.1.4 and in appendix),Awhich record

data events frompp collisions during the Runlla data recording period. From
collisions, these triggers select data events containing laast four jets above an
energy threshold and within a pesudorapidity region in an @nt. The total amount

of data recorded by these triggers is expressed in terms ofeigrated luminosity

which is 9742pb ! ( 1fb 1). Table 5.2 lists a short description of the triggers
used for this analysis with their respective luminosity andersions.

5.2.2 Data Quality Cuts

The D detector occasionally encounters problems while rexrding data due to the
temporary malfunction or underperformance of certain pag of the detector. The
data recorded under such conditions are not acceptable fohysics analysis. To
remove these \problematic" data, a set of quality criteria$ imposed to check for
the proper operation of all of the detector components. Thesquality checks are
implemented in terms of rurt quality basis and luminosity block quality’ basis.

The run quality ensures that all the detector components arproperly functional
during a run. This check is important for track quality which is used for lepton
identi cation. The luminosity block quality removes calorimeter noise such asing-
of- re (a ring of energy along the direction) which causes a large missing energy
in an event.

1A run is a data-taking time period which approximately lasts for two to four hours with xed
detector con guration.

2A luminosity block represents a much shorter time period than that of a run and last for
approximately one minute.
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Selection Cuts

Number of Data Events

Initial Number of Events:

115832858

Trigger Selection:

31063568

Data Quality Cuts:

22036392

JESMU Jet Energy Scale Corrections:
Jet Selection Cults:

At least four jets with j j < 2:5, three leading

(in Pt) jets with Pt s, 35, 25, and 25 GeV, and
all other jets with Py > 13 GeV

15653441

Veto Electrons and Muons:

15650306

Primary Vertex Selection Cuts:
jzj < 60 cm, at least 3 tracks

15006194

Bt Selection Cuts:

The Bt cut range is 15 GeV 6Et 500 GeV

6579088

E+ Signi cance Selection Cut:
Bt Signicance > 3.0

498476

Loose Tau Selection:
At least one tau with NN > 0:3 and Pt > 10 GeV

191341

Final Selections Cuts

Final Jet Selection

All jets with Pt > 20 GeV, j j< 2:5,

b-jet Identi cation:

At least one b-tag jet

Tight Tau Selection Cuts:

NN > 0:95with Pt > 10GeVand j j< 25
Tau Type Selection Cut:

Select tau Type | and Type Il together

414

Table 5.3: Data event selection cut ows for tau Types | & Il.
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5.2.3 Data Event Selection

In order to measure the cross section, it is essential to oliethe numbertt!  +
jets events in the experimental data. Based on the characterisf oftt !  + jets
like events, the event selection cuts are designed as folsow

Jet Selection: Jet selections are crucial for selectingt ! + jets like
events. The jet selection procedure requires at least 4 jatsthin j j < 2:5.
In addition, the P; of each jet in an event is required to be above 13 GeV.
Furthermore, three leading (inPt) jet's transverse momentum are selected
as follow; Pt > 35 GeV for the rst jet and P+ > 25 GeV for the second and
the third jets.

Veto Electrons and Muons: In order that the tt ! + jets data be
orthogonal to the lepton related top analyses, data such as+ jets data,

+ jets data and dilepton + jets data, events with isolated electrons and
isolated muons are rejected [65, 67].

Primary Vertex Selection: The primary vertex position is selected to be
within 60 cm from the center of the detector and is reconstructed whitat
least three tracks.

6Er Selection: The missing transverse energ¥Er, is selected within the
range of 15 GeV 6E+ 500GeV. The cut of 500 GeV is chosen to avoid
unphysical events.

@& Signi cance Selection: The &t signi cance is a likelihood type vari-
able. The variable computes the probability distribution br &+ based on
resolutions of each event's particular objects such as jetsiuons, electrons
and unclustered energy.

These resolutions are predicted by measuring and paramesng the object
resolutions in data. For example, the jet resolution is obiaed by measuring
the momentum imbalance in dijet events. A good descriptionfahis variable
can be found in Ref. [83, 78, 79, 80].
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The &+ signi cance variable is a powerful tool for separating reak+ from
fake &. For instance, the major background for this analysis is mitijet
events as they may contain fakdzr and can pass signal selection criteria.
Therefore, to reject the multijet events a requirement ok signi cance >

3 is used. Figure 5.1 shows the background discrimination \per of &
signi cance.

‘ DO Run Il preliminary, 349 pb * |

220
200
180
160
140
120
100

80
60
40
20

Figure 5.1: Plot for & signi cance. The &1 signi cance for multijet dominated
data are ploted in black,W + jets simulated events are plotted in blue andt !

+ jets simulated events in red. It is clear from the plot that a&t signi cance
cut of 3 removes most of the background.

Loose Tau Selection: The rst tau selection starts with a loose tau se-
lection requirement. The loose tau selection requires atdst one tau with
NN > 0:3 and with Pt > 10 GeV. This selection removes a sizable number
of background events and reduces computing time.

Veto all-jets: In order to avoid overlapping betweerit !  + jets data and
the data used fortt ! all jets cross section measurements, a veto condition
is imposed. The veto condition is designed on the basis of th#-jets event
selection criteria [66, 83]. The all-jets selection critex are as follows:
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{ At least 5 jets with Pt > 15 GeV and < 2.5, with 3 leading (in P1)
jets having P+ > 40 GeV

{ All 5 jets have to be taggable

{ Two jets have to beb-tagged with a loose tagging operating point.

b-jet Identi cation: The b-jet requirement in an event increases the proba-
bility of selecting top events. Therefore, thdyjet tagging algorithm described
in Sec. 4.3.6 is used to identiffp-jets. At least oneb-jetin an event is required
for this analysis. Jets matched to tau candidates in R are not tagged.

Tight Tau Selection:  Taus with high NN are considered good taus as
explained in Sec. 4.4. The tight selection requires at leasne tau with
NN > 0:95 andP; > 10 GeV and withinj j < 2:5 in an event.

Tau Type Selection: After all these selections are applied, the selected
data sample is split into two samples in terms of tau types. Td rst one is
called tau Types | & Il data sample and it includes events withType | and
Type |l taus. The second sample is called tau Type Ill data sapte, which
includes events with only Type Il taus.

Finally after all these selection cuts, the tau Types | & Il dé&a sample contains
414 events and tau Type Il data sample contains 1115 eventsataf a population

of 115 million events. Even after tight selections, these twdata samples still
contain a large number of background events. At this stage diie analysis it is
impossible to determine what fraction of the data events argignal like events and
what fraction are background like events in each dataset. Enefore, in the next
step, signal like events are simulated using a Monte Carlodenique as shown in
Sec. (5.3) and background events are modeled using both bgwkund like data
and simulated background events to estimate the signal caarit both in tau Types

| & Il data and in tau Type Il data.
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5.3 Monte Carlo Tools for Data Modeling

In Sec. 2.4 itis argued that the Standard Model predicts therpduction of the top
quark and its decay into di erent stable particles in protonantiproton collisions.
Therefore, to check the validity of the Standard Model predtions, events are
generated using Monte Carlo technique to compare it with thedata. The events
thus generated are called Monte Carlo events or simulatedexts and are widely
used in high energy physics.

5.3.1 Monte Carlo Sample Selection

The top pair production signal Monte Carlo samples are simated for two di erent
top decay channels: thé¢t ! lepton+ jets channel and thett ! dilepton channel.
The tt ! lepton+ jets channel is de ned by the nal state product of top quark
decay events that contains one lepton, one neutrino, and fogquarks. This happens
when the two top quarks decay into two W bosons, one that decaynto two quarks
while the other decays into a lepton. In an event, when both Wdsons decay into
leptons it is referred to as at ! dilepton channel.

The major source of background present in both tau Types | & land tau Type
Il data are multijet events produced by the strong interacion process. From a
multijet process a narrow energetic jet can often fake taukie objects and pass
the data selection criteria. Moreover, although QCD process do have neutrinos,
QCD/multijet events can have fakeBt arising from detector gaps or bad cells and
may pass the signal selection criteria. As there are no wellotieled multijet simu-
lation method available for this analysis, such contributins are modeled from data
with loose-tau selection as cuts explained in Sec. 5.3.6. &bklectroweak processes
such asw ! , can pass the data selection cuts and appear as backgrouncheT
electroweak processes are simulated by Monte Carlo techuggand the number of
electroweak events is estimated by the signal selectionteria (Sec. 5.3.6).

62



Signal Samples

Background Samples

tt+0Ip! 1jjb b+0lIp
tt+1lp! 1jjb b+1lp
tt+2Ilp! Ijjb b+2lp

tt ! lepton + jets

tt+0lp! I1b b+0lp
tt+1lp! I1b b+1lp
tt+2Ip! I1b b+2lp

tt ! dilepton + jets

W+ NIlp, N=0 5
Whbo+ NIp, N =0 3
Wcc+ NIp, N =0 3
W + jets

Z+ NIlp, N=0 3
Zbb+ NIp, N =0 3
Zcc+ Nlp,N=0 3
Z + jets

Table 5.4: List of Monte Carlo samples generated.
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5.3.2 Monte Carlo Simulation Process

The simulation of hard scattering processes ipp collisions at the center of mass
energy of 1.96 TeV involves the usage of di erent generatovath di erent simula-
tion capabilities. The simulation process is accomplishad multiple phases which
include parton level event simulation, hadronization andswering, and detector
level event simulation which are explained below:

5.3.2.1 Parton Level Simulation and Hadronisation

In order to simulate Monte Carlo events for hard scattering ppcesses in hadronic
collisions, an event generator known asLPGEN is used. The generator consists of
a collection of codes for a leading order calculation of matrelements for a large
set of parton-level (quark/gluons) processes of intereskn the simulation process, a
parton distribution function (CTEQ6.1M [68]) is used to mocel the quarks/gluons
inside protons.

To make these partonic processes useful for the experimdndata, the output of
the ALPGEN generator is fed into another generator calledYTHIA [60]. PYTHIA
simulates transformation of the partons into observable laons (hadronisation
process) as well as the development of partonic cascadesoggr development
process). However, the generata?YTHIA cannot simulate decays of tau and B
hadrons properly. Therefore, in the next stage, two simulats TAUOLA [61] and
EVTGEN [62] are used to simulate tau and B hadron decays respectivel

5.3.2.2 Detector Level Simulation

The events produced by theALPGEN and the PYTHIA interface do not have any
detector information and need to be processed by the detectsimulator. To
include detector information such as tracking hits, calometer cell energy and
muon hits to these parton-level Monte Carlo events such thahey represent data
like events, a D detector based simulation package DOgstaj69] is used. The
DOgstar simulation package is built on GEANT [63] which mods the interaction
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between particles and material or electromagnetic elds bysing detector geometry
as well as material de nitions and the magnetic eld map.

For simulation of the digitization process, the electrong noise and pile-up e ects
(e ects from the previous collisions), a separate softwamgackage, known as DOsim
[70] is used. To include these type of detector e ects in the dhte Carlo, DOsim

utilizes real data events recorded without any trigger reqtements. These data are
also known as zero bias data and mostly contain informatiorf @lectronics noise
and energy deposited by cosmic muons.

5.3.2.3 Trigger Modeling For Monte Carlo

The simulation of detector trigger conditions are implemerd by a probabilistic
interpretation method. The ALLJET trigger is performed by a probabilistic inter-
pretation method based on the jet objecPt turn-on curve (Pt vs e ciency curve).
There are three levels of trigger and the probability of anywent passing all these
three trigger levels can be written as the product of condibnal probabilities

Pevent = P(L1) P(L2)L1) P(L3L1L2), (5.1)

whereP (L 1) is the probability of an event passing level 1 trigger coniibn, P (L2jL1)
is the probability of an event passing level 2 trigger, contibnal on the fact that it
has already passed the level 1 trigger condition arRl(L 3jL 1L 2) is the probability
of an event passing the level 3 trigger conditional on the fathat it has already
passed the previous two trigger levels.

The level 1 trigger probability for passing at least one jetdr an event with N jets

is given by
%
P(L1)=1 P°=1 (1 Pi(Pr)) (5.2)

i=1
where P; is the ith jet e ciency as a function of ith jet Pr.

The trigger 4JT10 (Table 5.2 and appendix A) can be used as aflustrative
example to explain Eq. 5.2. The level 1 trigger condition redres at least 4 jets
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with P+ > 5 GeV. So the level 1 trigger probability is calculated by Eq5.3 given
that the turn-on curve for single jet Pt is known (jet turn-on curves are derived
by the D jet ID group and used for this analysis).

P(Ll)=1 P° p! p2 p3

W
=1 1 Pi)

i=1

X W

Pi(5) (1 PR(d)
i=1 i6] (5.3)

X Y

Pi(5) PG @ Pb5)

i=1 =1 i6jk
X W

Pi(®) PRi(®) P®B) (1 Pi(5)

i=1 j=1 k=1 i6jk;l

Trigger probabilities for level 2 and level 3 are calculatedh a similar fashion for
all ALLJET triggers.

In addition, a level 4 trigger probability is used for Monte @rlos in order to account
for the e ect of the 3JET skim cuts in Table 5.1 which is implemented before the
jet energy scale corrections. The problem with skim cuts be applying the jet
energy corrections can be explained with an example data evevhich consists
of at least three jets with leading (irP1) jet Pt s 24 GeV, 16 GeV, and 16 GeV
with j j < 2:6. This event will fail the skim cut. However, if the3JET skim cuts
are applied after the jet energy corrections which changebd value of the leading
jet Pr to 26 GeV, then skim cuts will allow the event to pass. The besway to
simulate this e ect in Monte Carlo events is by consideringhe cuts as a level 4
trigger which is calculated in the same manner as explainedave.
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5.3.2.4 ALPGEN Weighting Factor

The ALPGEN weighting factor is used to remove duplicate events in the Nhte
Carlo generated events and is known as the MLM jet-parton meling scheme
[82]. As explained in the section on the event simulation poess (Sec. 5.3.2.1),
the events are generated with theALPGEN generator and then interfaced with
the PYTHIA generator for hadronisation and showering simulations. Meover,
samples are generated in avors and in number of partons (Té&b5.4). Because
of this interface, some events are double counted when thargales are combined.
For instance, when aW gg light parton event which is generated by theALPGEN
generator passes tBYTHIA for hadronisation and showering, there is the possibility
that the gluon will split into heavy quarks g! bbleading to double counting of
W kb events. Therefore, to address the issue of double countiregfactor is derived
and used in this analysis for combining Monte Carlo sample®igerated with the
ALPGEN and the PYTHIA interface. Fortt ! + jets signal Monte Carlo sample,
the calculated weighting factor is 0.0065 (Table B.2).

5.3.3 Monte Carlo Normalization

The ALPGEN Monte Carlo samples for signal and background in Table 5.4 er
normalized to the integrated luminosity using Eq. 5.4, wher is the cross section
and L is the total integrated luminosity which is 9742pb * ( 1fb 1).

Number of events generated= L (5.4)

k-factor The cross section , used in 5.4 for simulated event normalization is
a leading order process cross section which does not repnestata. In order to
correct for this, a scaling factor known as k-factor is derad to scale the cross
section so that these simulated events represents data likgents. The k-factor is
derived by taking the ratio of leading order (LO) theoretic cross section to the
NNLO cross section [15].
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W and Z Scaling Factors The scaling factor scales th&V+jets and Z +jets
Monte Carlo samples to make them comparable to the data. Theabkground
Monte Carlo samplesW +jets and Z+jets are generated in a similar fashion as
the signal Monte Carlo samples, that is by rst using theALPGEN generator and
then using the PYTHIA interface for hadronization. The Monte Carlo events are
generated in to two parts: the heavy avor events and the lighparton (Ip) events.
The heavy avor events consist of Wib+jets or Zbbtjets and W cc+jets or Zcctjets
and the light parton events consist oW +NIp or Z+NIp events.

However, the heavy avor samples show poor agreement whemguared to data.
This disagreement is attributed to using a lower order caldation for heavy avor

event generation. Therefore, a correction factor or heavyavor scaling factor is
derived in order to achive good agreement between data and Me Carlo [72, 73,
74] (Table 5.5).

For W +jets light avor events the scaling factor is derived from he EMinclusive
data set (described in the Ref. [65]) with the following setéion cuts:

& > 15 GeV
One tight electron with P+ > 15 GeV
The e+jets trigger [65], matched to this electron,

At least one jet

With these cuts, the W peak is clearly observed on the plot of transverse mass of
the electron andbr (mt =  2B1Es(1 coy (e;B7)))) plot (Fig. 5.2). As can

be seen from Fig. 5.2, the Monte Carlo sample needs to be sdalgp by a factor

of about 1.50 0.01 (stat). Figure 5.3 shows the exact t for this value. Afer a
&t signi cance cut of 3 (as used for this anlysis), the scalingaétor is closer to
1.3 0.1 (stat) (Fig. 5.4). This is the value that is used throughat the analysis to
normalize W +NIp samples.

However, the selection cuts used to derive the scaling factan passtt events and
contaminate W +NIp samples. No measures have been taken to rematecontam-
ination since this factor is comparable to the factor used itt ! lepton + jets
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[65] analysis that uses Matrix Element method to removét contamination from
W +NlIp samples.

htemp
Entries 73300
e heeerenennneeenns F F ST Mean 47.57
‘ 3 3 3 3 3 RMS 30.95

: i
% 20 40 60 80 100 120 140 160
mT(e and MET), GeV

Figure 5.2: The transverse mass of electron ar#l for data (points) and Monte
Carlo (W ! e ) (histogram).

5.3.4 Monte Carlo Corrections

After the simulation process, a number of correction factsrare needed to have
good agreement between data and Monte Carlo. The correctidactors are de-
scribed in the following sections and are implemented dugnthe Monte Carlo

event selection process.

5.3.4.1 Luminosity Reweighting

As described in Sec. 5.3.2.2, the detector simulator DOsinses zero bias data
events to simulate detector e ects such as electronics nejspile-up etc. in the
Monte Carlo sample. The problem of using zero bias data is tha contains low
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Figure 5.3: The t for scaling factor inside the \W-window" of m+(Et;€)

2/ ndf= 15.5/39]

p0_ 1.35+0.06 |

mT(e and MET)

Figure 5.4: The t for scaling factor inside the \W-window" of mt (E+; €) after B+
signi cance cut of 3
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Signal Background

Samples k-fator Samples | k-factor | HF factor
tt+0Ip! 1jjb b+0lp 1.2 W + Nlp 1.2

tt+1lp! 1jjb b+1lp 1.2 Whb+ Nlp 1.2 1.7
tt+2Ilp! 1jjb b+2Ip 1.2 Wcec+ Nlip 1.2 1.7
tt ! lepton + jets 1.2 W + jets

tt+0Ip! I1b b+O0lp 1.2 Z + Nlp 1.23

tt+1lp! I1b b+1lp 1.2 Zbb+ Nlp 1.35
tt+2lp! Il1b b+2lIp 1.2 Zcc+ Nlp 1.35
tt ! dilepton + jets 1.2 Z + jets

Table 5.5: List of k-factors and heavy avor factors used foMonte Carlo sample
scaling.
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luminosity events and the luminosity distribution or luminosity pro le is constant,

whereas in the data sample the instantaneous luminosity pte varies over time.

Therefore, the simulated events do not re ect data events.nlorder to account for
this, an event weight is derived by taking the ratio of normated instantaneous
luminosity plots for data and Monte Carlo. [71]. The e ect dwe to the luminosity

reweight is  0:01% of the total number oftt ! + jets signal events.

5.3.4.2 Primary Vertex Reweighting

The position of the interactions along the beam line (z-axiscan uctuate due to
mechanical issues and temperature changes. However, in tMente Carlo simula-
tion processes the interaction region is always kept xed. ferefore, Monte Carlo
events are reweighted for di erences in z-position of the nary vertex so that
they represent the data. The e ect due to the primary vertexs 0:03% of the
total number of tt!  + jets signal events.

5.3.5 Signal Monte Carlo Event Selection

The event selection cuts for the Monte Carlos are the same as the data selection
cuts. In addition all the above correction factors are apphd to the Monte Carlo
samples so that they represent data like events. A total of 3408tt ! lepton+jets
events and a total of 532750t ! dilepton + jets events are generated. Moreover,
for the selection process, th&t ! lepton+ jets sample is split into three orthogonal
lepton channels (Table 2.3) using particle selectors thatao select events using
parton information stored in the Monte Carlo events. The pupose of this sample
splitting is to calculate the tt !  pagonic + jets cross section later in the analysis.

The tt !  aaronic + jets is de ned by the nal state product of top quark decays
in the event that contains one tau with a hadronic tau decay mae, one neutrino,
and four quarks. The event yields after the selection cuts @rshown in the Table
(B.2).
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tt! e+ jets Event Selection

The tt! e+ jets is de ned by the nal state product of top quarks decay in the
event that contains one electron, one neutrino, and four ques. In addition this

channel contains events from top quark decay events that csists of one tau with
a leptonic (e) tau decay mode, one neutrino, and four quarksThe event yield
after the selection cuts is expected to be comparable to thdt !  agronic + jets

channel as electrons can pass Tight Tau Selection cuts andgahown in the Table
(B.3).

tt ! + jets Event Selection

The channel is de ned by the nal state product of top quark deays in the event
that contain one muon, one neutrino, and four quarks. In addon, this contains

events from top quark decays comprising of one tau with a lemtic ( ) tau decay

mode, one neutrino, and four quarks. The event yield after thselection cuts is
expected to be small as muons rarely passes tight tau Seleaticuts as shown in
the Table (B.4).

tt ! dilepton + jets Event Selection

The channel is de ned by the nal state product of top quarks @cay in the event
that contains two leptons, two neutrinos, and two quarks. Tk sample is not split
in terms of leptons as the event yield after the selection csitis expected to be
small and are shown in Table (B.5).

5.3.6 Electroweak Event Selection

The electroweak processes are physics background and maggthe signal selection
criteria. To model these physics backgrounds in data, theedtroweak samples in
Table 5.4 are passed through with the same signal selectiofable B.2) cuts and

similar corrections that are applied for signal Monte Carlesamples. In addition,

light avor and heavy avor factors are used for respective amples as described in
Sec. 5.3.3. The electroweak event yields for di erent chasalts are listed in Table

B.1.
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5.4 QCD/Multijet Background Event Selection

The multijet background is extracted from data and selectio cuts are the same as
those for data selection cuts. The only exception is the tighau Selection cut. For
background events, the tau selections are designed suchtttieey look like medium
taus. Therefore, multijet events are selected with a randortau with NN > 0:3
and NN < 0:9 which is also known as loose-tight tau selection. Also theuttijet
sample have been split into two parts after selections. Theapt that is used for
estimating multijet fraction of the data events is shown in &ble B.6. The other
part is used for Neural Network training and is explained in &c. (6.1.4).

5.4.1 Electroweak Subtraction

The algorithm used for tau identi cation algorithm is not 100% e cient. There-
fore, the multijet events in Table B.6 may contain a tiny amout of tt events and
a small amount of electroweak events. These events are estied by the same
selection criteria as shown in Table B.2. The only di erencés that instead of
tight tau event selection, loose-tight tau events are selet. Table B.7 represents
the estimated number of electroweak andt events present in the multijet sam-
ple. These electroweak events are subtracted from the mygti events to remove
contributions of electroweak processes in multijet events

5.5 Summary of Event Selection

Table 5.6 lists the results of event selection procedure fdata, signal Monte Carlo
and background events. These events will be used in the nexiapter for template
tting and for extracting the number of top pair events preset in the data.
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Templates Events Type | & Il Events Type Il
Data 414 2035 1115 3339

Signal Monte Carlos

tt ! + jets 27.20 0:38 2179 034
tt! e+ jets 2587 0:36 585 0:17
tt ! + jets 1:.92 0:10 363 0:13
tt ! dilepton + jets 544 0:.07 265 0:05
Background

multijet

Electroweak

W + jets 1348 031 592 021
Z + jets 335 0:37 193 0:.06

Table 5.6: Summary of tau Types | & Il and tau Type Il event sedctions.



Chapter 6

Cross Section Measurement

This chapter is divided into two parts: The rst part describes the method for
extracting tt ! + jets events from the data which is necessary for the cross
section measurement and the second part explains the crosst®n measurement
procedure.

6.1 Signal Event Extraction by Fitting

The data obtained after the event selection procedure contaboth signal and
background events. As described in Table 5.6, the signdl Monte Carlo predicts
approximately 60 signal tau Types | & Il events and 34 signalau Type Il events.
Even though, this only accounts for approximately 16% of theata for tau Types
| & Il and 3% of the data for tau Type lll, it is still possible to extract the number
of signal events. In the following sections, methods are ddoped for extracting
tau Types | & Il signal events, which will also be used for exércting tau Type il

signal events.

6.1.1 Fitting Procedure

The method used to extract signal events from the data invobs tting templates of
signal Monte Carlo and background events to the data. Thereaathree templates
involved in the tting procedure: the signal template, the multijet template, and
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the electroweak template (Table 5.6). The signal templatesicomprised of all
the tt Monte Carlo samples, the multijet background template comtins selected
loose-tight tau events with subtracted electroweak (explaed in Sec. 5.4.1) events
and the electroweak template is composed of the events thaagstt ! + jets
selection cuts (Table 5.6). Moreover, thet, electroweak, and multijet templates
are normalized to the number of events in the data.

To explain the general tting procedure for these templatesit is convenient to
use a characteristic variableX , where X is a top like event variable such a€

signi cance. The shape of the X distribution is given by the émplates and the
relative normalization is tted.

The data events are expected to contain a small fraction of ! + jets signal,
electroweak background and a large fraction of multijet emts. Therefore, the
number of events in theith bin of the X distribution for the data template can be
written in terms of its speci c components:

X (i)data X (i)electroweak + X (i)multijet + X (i)tt! +jets (6-1)

where, X (i)electroweak aNd X (I)muiijer  @re the ith bins of the X distribution of
electroweak and multijet templates andXy, is the ith bin of X distribution of
tt ! + jets template. Equation 6.1 can be rewritten in terms of template as
follows:

X (o F (electiowealiX (NGZflea, + F(multiet )X (ORifes

+ F(tt!  + jets)X (j)emplae

tt!  +jets

In order to t signal and background fractions, a negative Lg Likelihood func-
tion has been used. During the tting procedure, a constrainF (electroweak) +
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F (multijet ) + F(tt ! + jets) = 1 and the electroweak components are kept
xed!. The negative Log Likelihood function is de ned as

Y N_N iobs

L(F(tt! +jets))= log We Ni
i i

x (6.3)
= N PSlog(N;) + N+ constant

where N = F (electrowealX (i) gecronea + F(t !+ jets)X (i)™ s + (L

electroweak +jets

F (electroweak F(tt! + jets))X (i)}ﬁmg;ge is the number of events predicted

in the ith bin and N°° is the actual number of events observed in that bin.

KS Probability: 0.628649

140 m 444444444444444 ............... 444444444444444 ............... ...........

FPLSHUUN S S S O O -
100 ‘ ‘ ‘ ‘ | | |
80
60

40

G ST s s s 7 w90

Figure 6.1: The tresult of multijetand tt! + jets templates to data candidate

events usinggt signi cance variable for tau Types | and Il. Out of 414 data egnts,

the number oftt ! + jets events observed is 585 *1%33.

1The Monte Carlo electroweak events are scaled and a systematuncertainty is included (Sec.
5.3.3).
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Figure 6.1 represents a typical result of the tting procedte which uses the&
signicance as att !  + jets variable. The uncertainty in the number oftt!  +
jets events obtained using this variable is fairly large ( 30%) in comparison to the
uncertainty in cross section measurement in all-jets chaehwhich is approximately

17% [76]. This is because the chosen variable does not sefgiagnal from
background very e ectively. Moreover, a number of variabke (as described in Sec.
6.1.2) are used for tting but none perform well in extractirg signal events from
the data.

Several studies at D have shown that the Neural Network traning can be very
e ective in separating signal events from background evesitand may drastically
improve the precision of the measurement. Therefore, the tihg procedure is
performed on templates made out of topological Neural Netwo Training output
variables.

6.1.2 Selecting Variables

A number of top pair event variables are chosen to create theelral Network

Training input variables. For training, the variables that have strong discriminat-
ing power in separating signal from background are consigéel. In addition, the

variables that use tau information are not selected as stue have shown that the
tau related variables do not show good agreement with the dafappendix C.12).
Therefore, only the variables that have strong discriminang power and do not
use any tau information are selected. The selected variabland their de nitions

are listed below:

H t : This variable is de ned as the scalafPr sum of all jets and the tau
candidates in an event.

Sphericity and Aplanarity : These variables are formed from the eigen-
values of the normalized momentum tensor of the jets in the emt. The
value of these variables are expected to be larger in a top pavent than in

a typical multijet event [66].
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Centrality :  This variable is de ned by,'j—; , WhereHg is the sum of energies
of all the jets in an event. Thett ! + jets signal events are expected to
be more central than the multijet events.

Top and W mass likelihood (I2_) :  Thisisa 2 like variable and is de ned

by L Ms; 1 m 2+ Mz, WMW , wherem; and My, are the top quark and W
boson masses (170 GeV and 80 GeV respectively) andand y are the top
guark and W boson mass resolutions (45 GeV and 10 GeV respectively)[66]
The terms M3 and My are the jet invariant masses composed of the jet
combinations. The combination that minimizesL is chosen.

B+ signicance : The &t signi cance [77] is a measure of the likelihood
of &1 arising from physical sources (jets, muons, electrons anaalustered
energy) rather than uctuations in Bt measurements itself as de ned earlier
in Sec. 5.2.3.

Cos( ) : This variable is de ned as the angle between the proton beam
axis and the highestPt jet in the rest frame of all the jets in the event.

P (S) : This variable is de ned by the invariant mass of all jets the &u

candidates in an event.

ktminp :  This variable is de ned by R P/"", whereR" is the mini-

mum separation between a pair of jets out of all the jets in space,Pmin

is the lowest jetPr of the R™" pair.

6.1.3 Test of Multijet Modeling

As explained in the event selection procedure, the signal@the multijet modeling

di er by a tau selection cut. The signal rich sample is seleetl by a tight tau

selection cut and the multijet background is selected by lee-tight selection cut.
Therefore, before doing such a modeling it is important to & whether the loose-
tight sample is really dominated by multijet events.

To perform this test, a control sample dominated by multijetevents is derived by
keeping all the selection cuts the same as in Tables 5.3, BR,1, but requiring
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a tight btag veto instead ofbtag. The veto ensures that the data sample is
dominated by non top like events. Table 6.1 demonstrates thauch a sample
is indeed dominated by multijet events (total number of expeted tt ! + jets
event is approximately 40 and total number of expected elaciweak events is
approximately 304).

| Samples | # passed scaled
data 4803 69.30
tt!  + jets 17.44 0.26
tt! e+ jets 18.16 0.28
tt!  + jets 1.25 0.07
tt! 1+ 3.56 0.05
Wbb+ jets ! | + bb+ jets 10.5 0.27
Wcc+ jets ! | + cc+ jets 34.7 0.97
Wijj +jets! | +jj + jets 159.6 2.83
Zbb+ jets ! + bb+ jets 1.78 0.05
Zcc+ jets ! + cc+ jets 554 0.39
Zjj + jets! +jj + jets 77.01 1.45
Zbb+ jets ! ee+ bb+ jets 0.32 0.04
Zcc+ jets ! ee+ cc+ jets 0.80 0.13
Zjj +jets! ee+jj + jets 12.58 0.68
Zbb+ jets ! + bb+ jets 0.02 0.01
Zcc+ jets ! + cc+ jets 0.07 0.03
Zjj + jets! +jj +jets 1.20 0.15
Table 6.1: b-tag veto sample composition for Types | and Il taus. Thé&t!  +jets

samples are scaled to 7 pb.

As mentioned earlier, for tting, the variables listed in Se. 6.1.2 are chosen as
they are independent of tau information and have strong disiecninating power.
Figure 6.2 is a plot of theHt distribution for the bveto control samples. All
other variable distributions for b-veto samples are in appendix C.2. Some of these
plots give slight disagreement between loose-tight tau sqube and the tight tau
sample. In order to o set this disagreement, an associategstematic uncertainty
for multijet modeling is incorporated in this analysis (Sec6.3).
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Figure 6.2: Histograms showing multijet domination of theb-veto samples. The
Ht variable in \loose-tight" tau sample (the grey histogram) &ould agree with
the tight tau sample (data points). Distributions of other variables are shown in
appendix C.2.
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Figure 6.3: One of the Neural Network Training variables. T red plot is for
tt!  +jets Monte Carlo sample and the blue plot is for multijet backgrood. The
plot illustrates the discriminative power of the \aplan" variable. Other variables
are shown in the appendix C.1.
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6.1.4 Topological NN

As described in Sec. 6.1.1, in order to improve the estimaté signal events over a
single variable tting, a topological Neural Network (NN) Training is used. The NN
incorporates the discriminating power of a set of top eventaviables and creates a
new variable calledN Np,. For NN Training, the Multilayer Perceptron algorithm
is used [85].

Training requires a separate background and a separate sirsample. For tau
Types | & Il training input samples, the part of the data that is not used for
multijet modeling, (5.4) is used as background. A separateYTHIA Monte Carlo

sample (not used in signal template) oft !  + jets with signal selection cuts ac-
cording to the Table B.2, is used as signal. Figure 6.3 repeggs the discriminating
power of one of the training input variables. For tau Type llltraining inputs, the

same data and Monte Carlo is used but with Type Il selectionnistead of Types
| & Il samples.

Figure 6.4 shows the relative e ect of each of the véNN,, input variables (B
signi cance (metl), Hy, top mass likelihood (topmassl), Aplanarity (aplan) and
(S)), for this particular training, on the nal output for tau T ypes | & II.
Figures 6.5 and 6.6 represeriN,,, outputs for tau Types | & Il and tau Type
l1l respectively. In these gures, the high values of Topolgical Neural Network
(N Nopo) correspond to signal-enriched region. For instance, a caf 0.6 inNN 0
output predominantly selectstt ! + jets events. This type of cut is not used
for the cross section measurement in Sec. 6.2 but rather toedk the agreement
between data and prediction in the signal dominated regiorappendix C.4 through
C.6). In fact, to get a better statistical signi cance, the tal range of theNN 0

is used for the cross section measurement.

6.1.5 NN optimization

As explained earlier, the variables are chosen in a way sudiat they are uncorre-
lated with the taus. However, this is not the only important fctor for choosing the
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Figure 6.4: Training of Topological Neural Network output ér tau Types | & I
The upper left plot demonstrates the relative impact of eaclof the input vari-
ables. The upper right plot shows the topological structurand the lower left plot
illustrates signal-background separation strength.
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Figure 6.5: The Topological Neural NetworkN N, output for tau Types | & Il.
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Figure 6.6: The Topological Neural NetworkN N, output for tau Type Ill.

topological Neural Network input variables. The variableghat have large separa-
tion power between signal and background are also considird-igure 6.3 and all
the gures in appendix C.1 illustrate how di erent variables look fortt !  + jets
and multijet events.

For topological Neural Network training three sets of varibles are created based
on the following selection criteria:

variables with high discriminating power in a set.
choose the total number of variables in a set to ve.

@&t signi cance (or metl) variable for all sets, since it is the most powerful
discriminating variable.

variables that are not highly correlated.

only non-tau based variables.

Based on the above criteria, three sets of variables are chos They are as follows:
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Spet I : metl (& signicance), Ht, top mass likelihood, aplanarity, sqrts
(S)

Set Il : metl, sphericity (spher), costhetastar ¢oq )), aplanarity (aplan),
centrality (cent).

Set Il : metl, spher , sqrts, topmassl, ktminp.

In order to make the decision on which of the three sets of vables is the op-
timal, an ensemble of 1000 pseudo-datasets has been creatagh containing
events randomly selected from multijet, electroweak antt ! + jets templates
but with a set number of tt ! + jets events. These data sets are consid-
ered as real data and the templates used for tting these dataets are the same
as described in Sec. 6.1.1. However, each of these pseudasgds is tted in
NN po Variable instead of a single variable such &+ signi cance. The tting
mechanism is the same as explained earlier; the sum of fracis is set to unity
(F (electroweak + F(multijet ) + F(tt ! + jets) = 1) and the electroweak
components are kept xed.

Figure 6.7 shows the tted value oftt ! + jets content obtained for 1000
di erent pseudo-datasets. The tted value oftt ! + jets events are in good
agreement with the initially set numbers of signal events ithe pseudo-datasets.
The measured number of signal events are spread nicely arduhe predicted 59
events. The signal event prediction distribution is also a &l tting Gaussian
distribution with the width corresponding to the statistical uncertainty of the
tt! +jets measurement. Moreover, Fig. 6.8 shows the calibration cur¥or 1000
ensembles and the agreement is uniform for all the ensembl@se \pull", de ned
by (Nobs Npreset)= (0b9, in Fig. 6.9 has a well shaped Gaussian distribution
which indicates that t uncertainties are well behaved in the ensembles as well.

This ensemble test is used to compare di erent sets of topgjical variables. The
decision on variable sets is made by measuring the \mistak&iade in estimating
the tt ! + jets content in the pseudo-datasets. The \mistake" is de ned by
the di erence between the observed and the initially presetumber of top pairs.
After comparing the mistakes for three di erent sets of vaables (Figs. 6.10, 6.11
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Figure 6.7: Distribution of the output of the ensemble test.The number of pre-
dictedtt!  + jets events for tau Types | & Il is plotted along thex axis.
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Figure 6.8: The ensemble test's bias plot. The number of olsged events are
plotted along the x axis and the preset number ott ! + jets events in the
ensemble are plotted along thg  axis.
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Figure 6.9: The ensemble test's pull ({obs Npreset)= (0b9) distributions along
X axis.

and 6.12), it is found that set | has the smallest uncertainty Therefore, set |
variables are chosen for the analysis and the outp®{N ,, is used to perform the
measurement oft ! + jets cross section.
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Figure 6.10: Set | average \mistake" which is de ned by absote value of the
di erence between observed and initially set number. The pt is for tau Types |
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Figure 6.11: Set Il average \mistake" (plotted alongx axis) which is de ned by
the absolute value of the di erence between observed and tially set number of
events. The plot is for tau Types | and II.
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of events. The plot is for tau Types | and II.
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6.2 The Cross Section Measurement

In the previous section, all the tools necessary for the csection measurement
have been developed. Data have been selected, the multijentribution has been
modeled and Monte Carlo samples (botht and electroweak) have been processed
to extract the number of tt ! + jets events which is used for the cross section
measurement. The cross section is de ned as

Number of signal events
(tt! + jets) BR(tt! + jets) L

(tt!  +jets) = (6.4)

where the input parameters are explained as follows:

Number of signal events :

In order to extract the number of signal events, the Monte Cédo templates,
the electroweak template and the multijet template are tted in data using
the same tting procedure as explained in Sec. 6.1.1 but ugirthe NN gp
variable instead of a single variable. The t constraints ag F (electroweak) +
F(multijet )+ F(tt! + jets) =1 and xed electroweak components. The
result of tted number of signal (tt!  + jets) events are shown in the Table
6.2.

(tt! + jets ) : The selection e ciency (tt ! + jets ) is calculated
as the ratio of the initial number of scaled events to the nalnumber of
scaled events (before scaling)(Tables B.2, B.3, B.4, B.5).

Final Number of Scaled Events
Initial Number of Scaled Events
tt ! =e==dilepton + jets
((tt ! lepton + jets )+ ( tt! dilepton + jets)) (6.5)
(27:20+ 25 :87+1:92 +5 :44)
1:2 (375408 0:0065 + 532750 0:001586)

0:0153295

(tt ! + jets ) =
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Templates Events Types | & Il Events Type Il
Data 414 2035 1115 3339
Signal tt! + jets Events

Total Fitted 60:48 11:84 23:96 11:37
E ciency, (tt'! + jets) 0.0153295 0.00860355
Background

Multijet

Total Fitted 336:68 11:84 1083:19 11:37
Electroweak

W + jets 1348 0:31 592 021
Z + jets 335 037 193 0:06

Table 6.2: Summary of the tted number of events and the corsponding e ciency

for cross section measurement in thi !

+ jets channel.
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BR (tt! + jets ) : The branching ratio (BR) for this channel is calculated
from the reference [6] and is shown in Table 6.3.

BR (tt! + jets ) channel

tt ! had T jets 0.097
tt! e+ jets, includestt ! I e+ jets 0.171
tt ! + jets , includestt ! ! + jets 0.171
tt ! dilepton + jets 0.106
Total 0.545

Table 6.3: Branching Ratios for di erent top decay channels

L : The total integrated luminosity calculation is shown in Table 5.2 and is
974:2pb 1.

With these inputs the cross section can be measured. For exale fortt !  +jets
cross section for tau Types | & Il is

60:48

00153295 0.545 9742 b (6.6)

(tt! + jets) =

However, for precision, the cross section is measured byliatng the entire range of
NN opo OUtput and by minimizing the sum of the negative Log Likelihod functions
for each bin of both tau Types | & Il and tau Type Ill. These Log Likelihood
functions are used to perform ts shown in Figs. 6.5 and 6.6.dF the cross section

measurement the function is expressed in terms oftt ! + jets):
Y N_NiObs
L( ;Ni;N°P) log( We Ni) (6.7)
oSt
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whereN; = BR L i(tt!  +jets)+ Npyg is the number of events predicted
in the ith bin of the data in NNy, distribution and N is the actual number of
events observed in that bin. The Log Likelihood functions a&r displayed in Figs.
6.13 and 6.14. The minimum value along the horizontal axis ieach of the graphs
is the measured cross section.

The cross section results are summarized as follows:

tt! + jets tau Types | & Il cross section:

(tt) = 7:4 12 (stat) *%3 (syst) 0:4 (lumi) pb

tt!  + jets tau Type Il cross section:

(tt) =5:2 "33 (stat) "4 (syst)  0:4 (lumi) pb

The combined cross section is obtained from the product ofeHikelihoods in Figs.
6.13 and 6.14. The combined cross section fir! + jets with tau Types |, Il,
& lllis

(tt) = 6:9 *12 (stat) "985 (syst)  0:4 (lumi) pb: (6.8)

6.3 Systematic Uncertainties

A number of factors contribute to systematic uncertaintiesin the cross section
measurement. This section describes the di erent sourcet uncertainties related
to the cross section measurement. For most of the cases thecenainty is calcu-
lated by varying the source by 1 . The e ects of the systematic uncertainties on
the nal measurement are listed in the Table 6.4.
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log likelihood function for the t type 1 and 2 channel
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Figure 6.13: The log likelihood function for tau Types | & II.
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Figure 6.14: The log likelihood function for tau Type IIl.



JES The jets energy scale (JES) uncertainty is measured by shify the jet energy
scale by 1 in all Monte Carlo samples.

JER The jet energy resolution (JER) systematic uncertainty is btained by vary-
ingJER by 1 .

Jet ID The jet identi cation e ciency is slightly higher in the Mon te Carlo than
in the data. This is because the calorimeter clusters that ilathe standard
jet criteria are randomly removed from the Monte Carlo. To acount for this
di erence the Jet ID systematic is introduced.

Trigger Uncertainties associated with the turn-on curves which aresed for trig-
ger probability calculation are propagated to the trigger gstematic uncer-
tainty calculation [89].

Tau-jet Triggering  The ALLJETS triggers used for this analysis are designed for
jets. But it is quite possible for a tau to pass a jet trigger. his may lead
to a di erence in the jet trigger turn-on used for this analyss. However, as
demonstrated in appendix C.7 the di erence for this in the tigger turn-on
is found to be small. A systematic uncertainty is estimatedni appendix C.7
to account for this di erence.

btagging The b-tagging uncertainty e ects are taken into account by arying the
systematic and statistical errors on the Monte Carlo taggigp weights. These
errors are computed using the standard D b-ID group tools [B].

Tau ID The uncertainty associated with taus is found by uctuatingeach of the
NN input variables within the statistics and observing the e et it has on
the NN output. This procedure is detailed in note [87], accordingotwhich
the resulting systematic uncertainty is about 5%.

QCD systematics As explained in the Sec. 6.1.3, there is a slight disagreerhen
between the loose-tight tau sample and the tight tau sample .In order
to account for this disagreement a systematic uncertaintysiintroduced by
scaling the multijet template (loose-tight tau) such that t matches the tight
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tau data exactly (with electroweak backgrounds subtracted The variable
used for this scaling iSN N, Variable. Figure 6.15 shows that this scaling
is close to one, as expected, since the multijet template meld the multijet
dominated data very well. This scaling is applied to the sigal sample's
multijet template and measures the cross section. This gisean estimate of
the systematic uncertainty on the multijet background modeéng (Table 6.4).

W scale factor and Heavy Flavor (HF) scale factor In Sec. 5.3.3, the scal-

ing factor and the heavy avor scale factors for the electrogak backgrounds
are described. These scaling factors have uncertaintiesathare propagated
to the cross section measurement.

Template statistics  The multijet template used in the tting procedure to ex-

PDF

tractthe tt!  + jets signal events as well as the multijets events from data,
have limited statistics (1529 events for Types | & Il tau and 809 events for
Type Ill tau). A systematic uncertainty calculated by varying the content
of each bin of the multijet template distribution within its uncertainty to
account for this limited statistics.

As mentioned in Sec. 5.3 the parton distribution function (PF) set CTEQ
6.1M [68] is used in Monte Carlo simulation. These functiortsave associated
uncertainties that have to be included as systematic uncezinty in the cross
section. However, as demonstrated in [65] (which uses thereaMonte Carlo
samples as used in this analysis and have very similar kineticadistributions)
these uncertainties are less then 0.5%. Thus a conservategimate of 0.5%
is applied.

Luminosity  For the luminosity measurement uncertainty, the D standard value

of 6.1% is used for this analysis [65].

Table 6.4 summarizes all of the sources of uncertainties asbow their e ect on

the cross section measurement.
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Type 1 and 2 channel, QCD to Data _SF for b-veto dataset

Entries -53684
- Mean 0.4023
C RMS 0.4971
L Underflow 0
- Overflow 0
- Integral 20.16
B &/ ndf 8.568 /13
|t R PO 0.9048 0 0245
r pl 0.422 +0.265
L p2 2.091 +0.998
L -2.691 +0.947
2 _— i i
IN

0
:\ I Il 11 l Il 11 l - l 11 Il l - l 11 Il l Il 11 l - l Il 11 I Il
04 02 0 02 08 1 12 14
NN output
Figure 6.15: The QCD/multijet scaling factor.
Channel +jets Types | & Il +jets Type Il Combined
Jet Energy Scale 0:396;+0 :408 0:276;+0 :264 0:372;+0 :372

Jet Energy Resolution
Jet ID
b-tag
Trigger
QCD Modeling
ID
triggering
W Scale Factor
HF scale factor
Template statistics
PDF

+0:000; 0:000
+0:180; 0:000
+0:420; 0:372

0:012;+0 :180
+0 :084; 0:084
+0:372; 0:372
+0:192; 0:000
+0:072; 0:072
+0:108; 0:108
+0:401; 0:401

+0:036; 0:036

+0 :000; 0:012
+0 :132; 0:000
+0 :264; 0:240

0:012;+0 :108
+0:012; 0:024
+0 :252; 0:264
+0 :120; 0:000
+0 :036; 0:048
+0 :060; 0:072
+0 :870; 0:870

+0 :024; 0:036

+0 :000; 0:000
+0 :168; 0:000
+0 :384; 0:336

0:012;+0 :168
+0 :060; 0:060
+0 :336; 0:348
+0 :168; 0:000
+0:072; 0:072
+0:096; 0:108
+0:361; 0:361

+0 :036; 0:036

Table 6.4: Source of systematic uncertainties on(tt !

+ jets) (in pb).



6.4 Summary

This dissertation presents the rst measurement of (tt ! + jets) by the D
collaboration using Runlla data provided by the Tevatron atFermilab. The decay
channel studied involves one hadronically decaying tau lEm, two b jets, two
light jets and &+. The ALLJETS triggers are used and the corresponding data
size is 972 57:8pb 1. There were two major challenges in extractingt !

+ jets events from data: rst the multijet backgrounds had to be moeled
and second the electroweak backgrounds needed to be propesbtimated. To
overcome these challenge8|N cuts and b-tagging algorithms are employed. In
addition, the relevant topological variables are combinethto a NN, variable
which di erentiates the signal from multijet background. For the cross section
measurement, the Likelihood t is used in theNN,, variable. The tting in
the NNpo Variable shows 13% improvement over single variable tting. In
order to show the relative signi cance of the measurementshe single and triple
pronged tau lepton decay modes are treated as two indepentlehannels and then
combined. Moreover, thett ! + jets channel is made explicitly orthogonal to
all previously measured channels, so that it can easily berabined with other D
top cross section measurement channels.

The cross section measured is

(tt!  +jets)=6:9 12 (stat) *48 (syst) 04 (lumi) pb:

This result is consistent with the theoretically predictedvalue of 746'%2 pbfor

top mass 170 GeV [15] as well as other D and CDF measurement§q, 65]. In

addition, two more top mass points such as 165 GeV and 175 GeYeaxplored

with relevant Monte Carlo samples. For the cross section meaements the same
procedure that has been used for top mass 170 GeV is used. Theasured cross
section dependence on the top quark mass also agrees with theoretical [15]

value (Table 6.5).
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Types | & Il channel Type Ill channel Combined Theoretical

Top mass 165 GeV 8.81.8 6.0 3 8.1 15 8.7 11
Top mass 175 GeV 6.81.4 4.8 2.3 6.3 1.15 6.4 0.8

Table 6.5: The cross section dependence on the top quark mashke cross sections
for three di erent masses for tau Types | & Il and tau Type Ill. The uncertainties
are for total statistical and systematic.

In addition the tt cross section is measured using onlf/!  pagronic + jets decay
mode. The measurement procedure is the same asfbt  + jets and other tt
decays {t! e+ jets,tt! e+ jets,tt! dilepton+ jets) in Table 5.6 are treated
as part of the background. The results of the t are shown bel:

For tau Types | and Il : the tted number of tt! pagronic + j€IS events is
25.1*552 and tted number of multijet events is 336.444:1°

For tau Type Il : the tted number of tt! agonic + jets events is 18.0

*L3 and tted number of multijet events is 1076.0%%43

The branching ratio oftt ! pagronic + jets is 65 0:15 = 0:1. Therefore, in the
BR format the result can be written as follows:

The cross section for tau Types | & I
(tT!  hagronic + jets) =0:71 *33 (stat) *43, (syst) 04 (lumi) pb;
The cross section for tau Type IlI:

(tt!  padronic + jets) =0:43 Y32 (stat) "L (syst)  0:4 (lumi) pb:

The combined cross section is

(tt!  hadronic + jets) =0:60 *33 (stat) "1 (syst)  0:4 (lumi) pb:
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The breakdown of the corresponding systematic uncertaiei$ on the cross section
are shown in Table 6.6. There is an additional source of untainty due to nor-
malization of non-tautt background tott theoretical cross section. The resulting
cross section turns out to be fairly close to the value preded by the Standard
Model.

Channel +jets Types | & Il +jets Type Il Combined

Jet Energy Scale 0:805;+0 :829 0:481;+0 :481 0:607;+0 :709
Jet Energy Resolution +0:000; 0:000 +0 :000; 0:000 +0:000; 0:000
Jet ID +0:384; 0:000 +0 :240; 0:000 +0 :336; 0:000
b-tag +0:865; 0:757 +0 :420; 0:360 +0 :697; 0:613
Trigger 0:024;+0 :384 0:000;+0 :192 0:024;+0 :312

QCD Modeling +0:084; 0:084 +0:024; 0:012 +0:048; 0:048
ID +0:360; 0:360 +0:216; 0:204 +0 :300; 0:300
triggering +0:384; 0:000 +0 :204; 0:000 +0:312; 0:000

W Scale Factor +0:156; 0:156 +0:072; 0:060 +0 :120; 0:120
HF scale factor +0:228; 0:228 +0:108; 0:096 +0:180; 0:192
Template statistics +0:921; 0:921 +1:732; 1:732 +0 :848; 0:848
tt cross section +0:697; 0:661 +0:312; 0:036 +0 :060; 0:060
PDF +0:072; 0:072 +0:036; 0:036 +0 :060; 0:060

Table 6.6: Systematic uncertainties calculated for(tt !  pagronic + j€ts) (in pb).
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Appendix A

Trigger Description

The full trigger description for the ALLIETS triggers and di erent trigger level re-
quirements are given below :

V09.00-V10.00: 4JT10
L1 : 4 L1 calorimeter trigger towers with Et > 5 GeV
L2 : 3 L2 jets with Et > 8 GeV
L3 : 4 L3 jets with Et > 10 GeV andj j< 3

where L1, L2, and L3 represents level 1, level 2 and level 3 tri gger respectively.

V09.00 - Vv10.00: 4JT10
L1 : 4 L1 calorimeter trigger towers with Er > 5 GeV
L2 : 3 L2 jets with Et > 8 GeV andHt > 90 GeV (jets with Er > 5 GeV)
L3 : 4 L3 jets with Et > 10 GeV andj j< 3, 2 L3 jets with 20 GeV and | j< 3

where Ht is the sum of all the jet transverse energy in an event

V10.00 - Vv11.00: 4JT10
L1 : 4 L1 calorimeter trigger towers with Er > 5 GeV
L2 : 3 L2 jets with Et > 8 GeV andHt > 90 GeV (jets with Er > 5 GeV)
L3 : 4 L3 jets with Et > 10 GeV andj j< 3, 2 L3 jets with 20 GeV and | j< 3
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V12.00 - V13.03: 4JT12
L1 : 3 L1 calorimeter trigger towers with Er > 5 GeV
L2 : 3 L3 jets with Et > 8 GeV andHt > 50 GeV (jets with Er > 5 GeV)
L3 : 4 L3 jets with Et > 12 GeV andj j < 3.6, 3 L3 jets with Et > 15 GeV and
j 1< 36, 2 L3 jets with  Et > 25 GeV andj j < 3:6]

V13.03 - V13.30: JT2 4JT12LHT

L1 : 3 L1 calorimeter trigger towers with Et > 4 GeV andj j < 24, 2 L1 calorimeter

trigger towers with Et > 5 GeV (v13.03)

L1 : 3 L1 calorimeter trigger towers with Et > 5 GeV (v13.10-v13.23)

L2 : 3 L2 jets with Et > 6 GeV andHt > 70 GeV (jets with Er > 6 GeV)

L3 : 4 L3 jets with Er > 12 GeV andj j < 3:6, 3 L3 jets with Et > 15 GeV and
j]< 36, 2L3jets with Et > 25 GeV andj j < 3:6 and Hy > 120 GeV (L3 jets with
Et > 9 GeV andj j< 3.6

V13.30 - V14.00: JT2 4JT12LHT

L1 : 3 L1 calorimeter trigger towers with Et >4 GeV andj j < 2:4, 2 L1 calorimeter

trigger towers with Et > 5 GeV

L1 : 3 L1 calorimeter trigger towers with Er > 5 GeV

L2 : 3 L2 jets with Et > 6 GeV andHt > 70 GeV (jets with Er > 6 GeV)

L3 : 4 L3 jets with Et > 12 GeV andj j < 3.6, 3 L3 jets with Et > 15 GeV and
j]< 36, 2L3jets with Et > 25 GeV andj j < 3:6 and Hy > 120 GeV (L3 jets with
Er > 9 GeV andj j< 36

V14.00 - V14.80: JT2.4JT20

L1 : 3 L1 calorimeter trigger towers with Et > 5 GeV, 3 L1 calorimeter trigger

towers with Et > 4 GeV andj j< 2:6

L2 : 3 L2 jets with Et > 6 GeV andHt > 75 GeV (jets with Et > 6 GeV andj j <
2:6)

L3 : 4 L3 jets with Et > 10 GeV andj j < 3.6, 2 L3 jets with Et > 20 GeV and
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j i< 36

V14.80 - V15.00: JT2.4JT20

L1 : 3 L1 calorimeter trigger towers with Er > 5 GeV, 3 L1 calorimeter trigger

towers with Et > 4 GeV andj j< 2:6

L2 : 3 L2 jets with Et > 6 GeV andHt > 75 GeV (jets with Et > 6 GeV andj j <
2:6)

L3 : 4 L3 jets with Er > 10 GeV andj j < 3:6, 2 L3 jets with Et > 20 GeV and
j i< 36
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Appendix B

Events Selection Tables

Electroweak Samples

| | Events Passed |

Whbb + jets !
Wce + jets !
Wijj + jets !

Zbb + jets
Zcc + jets
Zjj + jets
Zbb + jets
Zcc + jets
Zjj + jets
Zbb + jets
Zcc + jets
Zjj + jets

| + bb+ jets
| + cc+ jets
| +jj + jets
+ bb+ jets
+ cc + jets
+Jj + jets
ee+ bb+ jets
ee+ cc+ jets
ee+ jj + jets
+ bb+ jets
+ cc + jets
+jj + jets

7.36
3.84
2.66
1.08
0.55
0.86
0.15
0.07
0.11
0.02
0.01
0.01

0.26
0.14
0.08
0.36
0.06
0.02
0.02
0.02
0.01
0.01
0.01
0.00

Table B.1: List of event acceptances for electroweak samglfor tau Types | & I1.

The number of events are scaled to 972pb 1.
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tt! hadronic + jets

Preselection Cuts Number of Events

Initial Number of Events: 375408
Particle Selection : 81128
MC Quality Cuts: 78592

JESMU Jet Energy Scale Corrections:
Jet Selection Cuts:

At least four jets with j j < 2:5, three leading

(in P1) jets with Pts, 35, 25, and 25 GeV, and

all other jets with Pt > 13 GeV 61926
Veto Electrons and Muons: 61877
Primary Vertex Selection Cuts:

jzj < 60 cm, at least 3 tracks 60835
Bt Selection Cuts:

The Bt cut range is 15 GeV 6E1 500 GeV 57744
B+ Signi cance Selection Cut:

Et Singnicance > 3 49036
Loose Tau Selection:

At least one tau with NN > 0:3 and Pt > 10 GeV 34189

Final Selections Cuts

Final Jet Selection

All jets with Pt > 20 GeV, j j < 25,
Tight Tau Selection & Tau Type:
At least one Type | or Il tau with

NN > 0:95 Pr > 10GeVandj j< 25 8102
Corrections/Weights:

b-jet tagging E ciency:

At least one NNbtag b-jet 0.601
Trigger E ciency: 0.748
Primary Vertex Reweight E ciency: 0.971
Luminosity Rewight E ciency: 0.989
Scaled Events:

k-factor & Alpgen Sacling Factor: =1:2 0:0065 27.20 0.382

Table B.2: Summary oftt ! pagronic + jets event selections for tau Types | & II.
The nal number of expected events are scaled to the data with total integrated
luminosity of 9742pb 1.
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tt! e+ jets

Preselection Cuts Number of Events

Initial Number of Events: 375408
Particle Selection : 147595
MC Quality Cuts: 142883

JESMU Jet Energy Scale Corrections:
Jet Selection Cuts:

At least four jets with j j < 2:5, three leading

(in P1) jets with Pts, 35, 25, and 25 GeV, and

all other jets with Pt > 13 GeV 92317
Veto Electrons and Muons: 49054
Primary Vertex Selection Cuts:

jzj < 60 cm, at least 3 tracks 47909
Bt Selection Cuts:

The Bt cut range is 15 GeV 6Et 500 GeV 45942
B+ Signi cance Selection Cut:

Et Singnicance > 3 39677
Loose Tau Selection:

At least one tau with NN > 0:3 and Pt > 10 GeV 25759

Final Selections Cuts

Final Jet Selection

All jets with Pt > 20 GeV, j j< 25,
Tight Tau Selection & Tau Type:
At least one Type | or Il tau with

NN > 0:95 Pr > 10GeVandj j< 25 8533
Corrections/Weights:

b-jet tagging E ciency:

At least one NNbtag b-jet 0.587
Trigger E ciency: 0.698
Primary Vertex Reweight E ciency: 0.981
Luminosity Rewight E ciency: 0.989
Scaled Events:

k-factor & Alpgen Sacling Factor: =1:2 0:0065 25.87 0.36

Table B.3: Summary oftt ! e+ jets event selections for tau Types | & Il. The
nal number of expected events are scaled to the data with a tal integrated
luminosity of 9742pb .
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tt ! + jets

Preselection Cuts Number of Events

Initial Number of Events: 375408
Particle Selection : 146685
MC Quality Cuts: 142517

JESMU Jet Energy Scale Corrections:
Jet Selection Cuts:

At least four jets with j j < 2:5, three leading

(in P1) jets with Pts, 35, 25, and 25 GeV, and

all other jets with Pt > 13 GeV 94739
Veto Electrons and Muons: 51517
Primary Vertex Selection Cuts:

jzj < 60 cm, at least 3 tracks 50589
Bt Selection Cuts:

The Bt cut range is 15 GeV 6Et 500 GeV 48853
B+ Signi cance Selection Cut:

Et Singnicance > 3 43643
Loose Tau Selection:

At least one tau with NN > 0:3 and Pt > 10 GeV 16936

Final Selections Cuts

Final Jet Selection
All jets with Pt > 20 GeV, j j< 25,
Tight Tau Selection & Tau Type:

At least one Type | or Il tau with

NN > 0:95 Pr > 10GeVandj j< 25 643

Corrections/Weights:

b-jet tagging E ciency:

At least one NNbtag b-jet 0.603

Trigger E ciency: 0.659

Primary Vertex Reweight E ciency: 0.976

Luminosity Rewight E ciency: 0.987

Scaled Events:

k-factor & Alpgen Sacling Factor: =1:2 0:0065 1.92 0.10
Table B.4: Summary oftt ! + jets event selections for tau Types | & Il. The

nal number of expected events are scaled to the data with a tal integrated
luminosity of 9742pb 1.
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tt | dilepton + jets

Preselection Cuts Number of Events
Initial Number of Events: 532750
MC Quality Cuts: 482787

JESMU Jet Energy Scale Corrections:
Jet Selection Cuts:

At least four jets with j j < 2:5, three leading

(in P1) jets with Py s, 35, 25, and 25 GeV, and

all other jets with Pt > 13 GeV 62209
Veto Electrons and Muons: 33318
Primary Vertex Selection Cuts:

jzj < 60 cm, at least 3 tracks 32584
Bt Selection Cuts:

The Bt cut range is 15 GeV 6Et 500 GeV 31436
B+ Signi cance Selection Cut:

Bt Singnicance > 3 28585
Loose Tau Selection:

At least one tau with NN > 0:3 and Py > 10 GeV 22170

Final Selections Cuts

Final Jet Selection

All jets with Pt > 20 GeV, j j < 2:5,
Tight Tau Selection & Tau Type:
At least one Type | or Il tau with

NN > 0:95 Py > 10GeVandj j< 25 9682
Corrections/Weights:
b-jet tagging E ciency:

At least one NNbtag b-jet 0.601

Trigger E ciency: 0.505

Primary Vertex Reweight E ciency: 0.976

Luminosity Rewight E ciency: 0.994

Scaled Events:

k-factor & Alpgen Sacling Factor: =1:2 0:001586 5.44 0.07

Table B.5: Summary oftt ! dilepton + jets event selections for tau Types | & II.
The nal number of expected events are scaled to the data with total integrated
luminosity of 9742pb .
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Selection Cuts

Number of Data Events

Initial Number of Events:

115832858

Trigger Selection:

31063568

Data Quality Cuts:

22036392

JESMU Jet Energy Scale Corrections:
Jet Selection Cuts:

At least four jets with j j < 2:5, three leading
(in P1) jets with Pts, 35, 25, and 25 GeV, and
all other jets with Pt > 13 GeV

15653441

Veto Electrons and Muons:

15650306

Primary Vertex Selection Cuts:
jzj < 60 cm, at least 3 tracks

15006194

Bt Selection Cuts:
The Bt cut range is 15 GeV 6E+t 500 GeV

6579088

B+ Signi cance Selection Cut:
Bt Signicance > 3

498476

Loose Tau Selection:
At least one tau with - NN > 0:3 and Py > 10 GeV

191341

Final Selections Cuts

Final Jet Selection

All jets with Pt > 20 GeV, j j < 25,

b-jet Identi cation:

At least one NNbtag b-jet

Tight Tau Selection Cuts:

0:3<NN < 0:9with Pt >10GeVandj j< 255
Tau Type Selection Cut:

Select tau Type | and Type Il together

1541

Table B.6: Data event selection cut ows for tau Types | & Il .

120



(# passed)/(total #) # passed scaled

tt !

tt !

tt !
tt !
Wbb+ jets !
Wcc+ jets !
Wijj + jets !
Zbb+ jets !
Zcc+ jets !
Zjj + jets !
Zbb+ jets !
Zcc+ jets !
Zjj + jets!
Zbb+ jets !
Zcc+ jets !
Zjj + jets!

+ jets
e+ jets
+ jets
|+ |
| + bb+ jets
| + cc+ jets
| +jj + jets
+ bb+ jets
+ cc+ jets
+jj + jets
ee+ bb+ jets
ee+ cc+ jets
ee+ jj + jets
+ bb+ jets
+ cc+ jets
+jj +jets

0.095 0.001
0.100 0.002
0.056 0.004
0.071 0.001

5.13
3.06
2.33
1.08
0.42
0.60
0.02
0.02
0.03
0.03
0.01
0.03

0.19
0.15
0.07
0.04
0.05
0.02
0.01
0.01
0.00
0.01
0.01
0.00

Table B.7: Estimate oftt contamination in data for tau Types | & Il. The number

of events is scaled to 974.2 pb
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Appendix C

Plots

C.1 NN Discriminant Variables
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Figure C.3: The topological variables in the b-veto contratample (tau Type IlI).

The Kolmogorov-Smirnov (KS) probabilities are shown to ingtate how good the
agreement is. The last plot shows the resultinyl N 14,0 Output. The error bars on
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C.3 NN input variables in the signal data sample

The control plots for the signal data set on which thet ! + jets cross section
measurement is performed.
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Figure C.4: The topological variables in the signal samplegau Types | & II).
The Kolmogorov-Smirnov (KS) probabilities are shown to ingtate how good the
agreement is.
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Figure C.5: The topological variables in the signal sampleau Type IlI). The
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ment is.
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C.4 NN input variables in the signal data sample
after NNgpo> 0:6 cut

Plots for NN input variables after NN 14,0 > 0:6 cut. This allows to check data to
Monte Carlo agreement in signal-dominated region (assungn (tt ! + jets) =
6.9 pb).
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Figure C.6: The topological variables in the signal sampleftar NNtq,, > 0:6
cut (tau Types | & II). The Kolmogorov-Smirnov (KS) probabilities are shown to
indicate how good the agreement is.
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Figure C.7: The topological variables in the signal sampleftar NN 14,0 > 0:6 cut
(tau Type 1l1). The Kolmogorov-Smirnov (KS) probabilities are shown, indicating
how good the agreement is.
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C.5 Jets in the signal data sample after ~ NNgpo>
0:6 cut

Plots for jets properties afterNNrtq > 0:6 cut. This allows to check data to
Monte Carlo agreement in signal-dominated region (assungn (tt ! + jets) =
6.9 pb).
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Figure C.8: Jet properties in the signal sample aftédN+q,, > 0:6 cut (tau Types
| & I1). The Kolmogorov-Smirnov (KS) probabilities are shown to indicate how
good the agreement is.
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Figure C.9: Jets properties in the signal sample aftéf N 1,5, > 0:6 cut (tau Types
I & Il). The Kolmogorov-Smirnov (KS) probabilities are shown to indicate how
good the agreement is.

131



S Probabity: 0.8805% Data-dsessiam RS Probabiiy 0808704 Data-setsSkim RS Probabify 0753189 o Daaaessin

.
B o s e jes e cjes
B o omees 35 B 0 ome e B 0o e

30| B o Diepion £ B o Diepion B o Diepion
B wep E wep E weip
[ [ 25| [

2 = weee B wee B wee
O z+des O z+dets O z+dets
£ ochmutier 3 Qcomer ! 3 Qcomier

20

b
7]

[N
5 &
T
o
S
T T T
—
N
——

15
10|
5 5
| R I 0SSPSO S Lo
% 50 100 150 200 250 = 2 -1 0 1 2 3 = 0 2 3 4 5 6
jet1pT, GeV jet1Eta, jet 1 Phi,

KS Probability: 0.408803 Data-4JetsSkim KS Probability: 0.972946 o Daa-dletsSkim KS Probability 0.722856 Data-4JetsSkim

e e ©tjes B o cees
20F B e e s jes 30F B i () + s E B 0 ¢+ s
E B i Diepion £ B (o Diepon F B (o Diepon
E =R F =R £ =R
asf- [ e E [ 25 [
E = weee 25 = weee r = weee
E 3 z+Jess E O z+Jets F CJ z+Jets
30 = Qco-muljet £ 3 QCD-mulet 20l 3 QCD-mulet
25E £ 3
20 50
8E 10F 10F
10 F 3
E s s
56 £ £
o L L e T T
200 40 60 80 100 120 140 160 180 200 2 1 0 1 2 3 2% 1 2 3 4 5 6 .7
jet 2 pT, Gev jet2 Eta, jet2 Phi,

Figure C.10: Jets properties in the signal sample aft&N1qp, > 0:6 cut (tau Type
[11). The Kolmogorov-Smirnov (KS) probabilities are shownto indicate how good
the agreement is.
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Figure C.11: Jets properties in the signal sample aft&N .5, > 0:6 cut (tau Type
[11). The Kolmogorov-Smirnov (KS) probabilities are shownto indicate how good
the agreement is.

133



C.6 Tau related control plots in the signal data
sample after NNrq50> 0:6 cut

The control plots for tau lepton properties and correlated ariables in the signal
data sample afterNNrq,, > 0:6 cut. As the analysis method described in this
thesis is based on tting the top topologicalNN 144, distributions, a good agree-
ment between samples for tau attributes is not expected. Meover, the multijet
background shape is taken from events where absence of titgais candidates are
required. Nevertheless, it can be seen from the plots that ¢htau properties are
modeled reasonably well.

It is possible that the JESMU correction on jets are very di eent from the jets
that are like taus. This may lead to&+ being over corrected. In order to check
for this over correction,B+ is plotted along the direction @1 _colin) and along the
perpendicular @ _perp) of tau candidate respectively. These plots are particulfr
interesting since they demonstrate hovgr and tau energy scale interplay. From
the plots B+ _perp and Bt _colin it is clear that the data is well modeled and there
is noBt over correction.

There are two tau related variables are plottednttaumet and dphitaumet. The
variablesmttaumet is de ned as the transverse mass of and Bt and the variable
dphitaumet is the angle between andB+.
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Figure C.12: Tau related variables in the signal sample (tatiypes | & I1). The

Kolmogorov-Smirnov (KS) probabilities are shown to indicee how good the agree-
ment is.
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Figure C.13: Tau related variables in the signal sample (tadype Ill). The

Kolmogorov-Smirnov (KS) probabilities are shown, indicahg how good the agree-
ment is.
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C.7 Jet trigger turn-ons for Tau candidates

Tau leptons in the hadronic decay modes have very similar sigture as hadronic
jets in the detector. Therefore, nearly all the tau leptons #h Py > 15 GeV are
identi ed as jet candidates. The question arises whether sh \tau-jets" have the
same trigger turn-ons as standard jets which is used for thanalysis.

In order to investigate this a di-jet multijet data sample (event requirements are at
least two jets and > 2:8 between them). Then the e ciency of ring a desired
jet trigger term as described in [88] is measured which givetandard turn-on for

the jets. After that the same procedure is repeated using gnthe jets matched
within R < 0:5 of atight (NN > 0:9) tau candidate. A slightly looserNN cut

was chosen than what is used in this analysis (0.95) in ordes thake the results
comparable with the other tau analyses.

The trigger terms used are the following:

L1: CSWJT(1,8,3.2)ncu
L2: One JET(0,5) with 8 or 15 GeV
L3: One SC5JET9 PV3 with 20 GeV

The gures C.14, C.15, C.16 and C.17 represents the turn-omiwves. On each plot
two turn-on curves are superimposed. One is for standard jairn-on (red dots)

and the other one is the turn-on for a jet matched to a tight NN > 0:9) tau

candidate (black dots with error bars).

From the above gures, it can be seen that the tight tau leptos matched with
jets with energies less than 150 GeV have trigger e ciency éhtical to that of

jets. Therefore the trigger simulation procedure used in th analysis is valid and
small di erence between them is propagated into the crossa®n as a systematic
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Figure C.14: L1 jet trigger term (CSWJT(1,8,3.2)ncu) turn-on curves for jets
(red) and for jets matched with tight tau candidates (black) The second plot
shows the same curves but limited to values less than 400 GeV.
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Figure C.15: L2 jet trigger term (JET(0,5)> 15 GeV) turn-on curves for jets (red)
and for jets matched with tight tau candidates (black).
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Figure C.16: L2 jet trigger term (JET(0,5)>8 GeV) turn-on curves for jets (red)
and for jets matched with tight tau candidates (black). The scond plot shows the
same curves but limited to values less than 400 GeV.
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Figure C.17: L3 jet trigger term (SC5JET 9_PV3> 20 GeV) turn-on curves for jets
(red) and for jets matched with tight tau candidates (black) The second plot
shows the same curves but limited to values less than 400 GeV.

uncertainty.
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