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Abstra ct

A measurement of the top pair production crosssectionin the dimuon �nal state for

proton-antiproton collisionsat
p

s = 1:96 TeV is presented. Approximately 420pb� 1

of data collectedwith the Run II D� detector are usedfor this measurement. Two

data events are observed with a total expected signal plus background yield of 3.6

events. Assuminga top massof 175GeV, the measuredcrosssectionis:

� t t = 3:13+4 :17
� 2:60(stat)+0 :92

� 0:86(sys) � 0:19(lumi )pb; (1)

which is consistent with a NNLO prediction of 6:77� 0:42 pb.
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Chapter 1

Intr oduction

This dissertation presents a measurement of the top quark pair production cross

sectionin the dimuon decay channel. The measurement was performedat the Fermi

National Accelerator Laboratory (Figure 1.1) in Batavia, Illinois where top quarks

were �rst discovered in 1995 [1, 2]. Heavy particles, such as top quarks, can be

produced in a laboratory setting by colliding lighter particles at very high energies.

At Fermilab'sTevatron accelerator,theselighter particlesareprotonsand antiprotons

(particles with the samemassas protons, but with opposite charges). The protons

and antiprotons are acceleratedto nearly the speedof light, giving them a combined

energy at collision on the order of 1012 eV. To date, the Fermilab Tevatron is the

world's only acceleratoroperating at a high enoughenergyto producetop quarks!

Though �rst discovered in the mid-90s, the existenceof the top quark was an-

ticipated several decadesearlier by the Standard Model, the reigning theory that

describes the elementary particles and their interactions. The discovery of the top

completed the spectrum of six quarks and six leptons hypothesizedno later than

1977,when the �fth quark (the bottom) was �rst observed [3]. Sinceits discovery in

1995,over 50 additional measurements related to the top quark have beenpublished

by the scienti�c collaborations working on the two multipurp osecollider detectorsat

Fermilab, CDF and D� [4, 5]. Thesemeasurements test Standard Model predictions

regardingtop quark production and decay mechanisms,and exploretop quark prop-

erties such as its mass. Unfortunately, the measurements are statistically limited,

making it desirableto continuously repeat them with improved analysis techniques

and larger data sets. This dissertation details onesuch measurement.

The cross section is a proportionalit y constant that represents the interaction
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Figure 1.1. Fermi National AcceleratorLaboratory (Fermilab) [6].
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probability for particlesto producea givenreaction. It is expressedin units of e�ective

area. For colliding beamexperiments, the crosssectioncan be written as:

� =
R
L

(1.1)

whereR is the production rate (#/s) and L is the instantaneousluminosity, or the

number of particles per unit time per unit area(cm� 2s� 1) [7].

In order to measurethe top pair production crosssection in the dimuon decay

channel,a seriesof selectioncriteria designedto identify the t �t ! �� events is applied.

The e�ciency of each of these cuts is precisely measured. The expected number

of background events (events from non-t �t processesthat have topologiessimilar to

t�t ! �� ) that survive all the selectioncuts is estimated with a combination of data

and Monte Carlo samples.The crosssectionis calculatedas:

� t t =
(Nobs � Nbkg)

� sig � BR(tt ! �� ) � L I nt
(1.2)

whereNobs is the number of observedevents in the data after all cuts areapplied, Nbkg

is the estimatedbackground yield, � sig is the e�ciency of the selectioncuts in signal

events, BR(tt ! �� ) is the branching ratio that speci�es the fraction of tt pairs that

decay into �� pairs (including W ! � ! � decays), and L I nt is the instantaneous

luminosity integrated over the time the total data set was recorded.

The most accurateStandard Model prediction for the top pair production cross

section for the current collision energy at Fermilab,
p

s = 1:96 TeV, is 6.77 �

0.42 pb [8, 9]. A measurement of the crosssection that signi�cantly di�ers from

this could indicate physicsbeyond the Standard Model. Speci�cally, a measurement

below prediction would be consistent with exotic top decays, while a measurement

above prediction could imply newtop pair production mechanismsor indicate t �t reso-

nances[10]. This measurement alsoservesasa consistencycheck with other t �t decay

channelssincenewphysicscanoccur in unexpectedplaces.Thus, it is very important

to preciselymeasurethe top quark pair production crosssection.
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In addition to serving as a probe to the Standard Model, a rigorous crosssec-

tion analysiscontributes to measurements of top quark properties. The selectionof

t�t ! �� events developed in this measurement can be usedby collaborators studying

the top quark mass and the helicity|the projection of the spin angular momen-

tum onto the direction of motion|of the W boson. Also, understandingthe sources

of systematic errors are important for later measurements when theseuncertainties

dominate over statistical errors.

The measurement in this dissertation utilizes an integrated luminosity of approx-

imately 420pb� 1 of data collectedwith the D� detector. Although this is more than

eight times the data used to cite the discovery of the top quark at D�, statistical

errorsstill dominatethe measurement [1]. The crosssectionmeasurement is currently

being repeatedwith 1 fb� 1 of integrated luminosity. More than twice this amount of

data has beencollectedat D� to date, and up to 8 fb� 1 is expected in the next few

years.

Evenmorepromisingis the upcomingturn on of the LargeHadronCollider (LHC),

a proton-proton acceleratorat CERN near Geneva, Switzerland. The LHC will op-

erate at a center-of-massenergy of
p

s = 14 TeV, seven times higher than that of

the Fermilab Tevatron, and is expected to deliver up to 10 fb� 1 of data to its two

multipurp osedetectors, ATLAS and CMS, in its �rst year of operation alone. At

such high collision energies,the predicted top pair production crosssection is more

than 100 times higher than the Tevatron's, resulting in an expected production of

approximately 10 million t�t pairs a year [11, 12]. After its �rst major data collection

period, the LHC will increaseits delivered luminosity by a factor of 10, making it

a virtual top factory. Whereasthe measurement presented in this dissertation and

most top measurements at the Tevatron are statistics limited, measurements at the

LHC will be far more preciseand limited instead by systematicuncertainties.

This dissertation is organizedas follows:
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� Chapter 2 givesan overview of the Standard Model and the physicsof the top

quark.

� Chapter 3 explains the experimental apparatus used to produce and collect

data.

� Chapter 4 outlines the procedurethrough which data recordedby the D� de-

tector are processedinto analyzableevents.

� Chapter 5 discussesthe selection cuts used to identify t �t ! �� events and

presents the e�ciency of each of thesecuts.

� Chapter 6 overviews the procedure for background estimation and provides

cross-checks to demonstratethat the data is su�cien tly well understood.

� Chapter 7 presents the crosssectionmeasurement together with a discussionof

the systematicuncertainties.

� Chapter 8 o�ers concludingremarksand suggestsfuture improvements for the

measurement.

� Appendix A discussesthe Level 1 Calorimeter-Track Trigger, which I helped to

commissionas part of my servicework for the D� experiment.
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Chapter 2

Theor y

The Standard Model combinesQuantum Chromodynamicsand Electroweak Theory

to describe the properties of elementary particles and the interactions amongthem.

The Standard Model has beensuccessfulin that many experiments have con�rmed

its predictions to a high precision,but there are still aspects of the theory that are

unsatisfying. The measurement presented in this dissertationprovidesan opportunit y

to verify parts of the Standard Model or to search for physicsbeyond it.

This chapter beginswith an overview of the Standard Model and then proceeds

to discussthe top quark, focusingon top pair production mechanismsand top quark

decay{b oth of which are directly relevant to this measurement. A more complete

review of the Standard Model can be found in [7, 13, 14, 15]. More information on

the top quark can be found in [13, 16].

2.1 The Standard Model

A locally invariant gaugetheory of the SU(3)C and SU(2)L 
 U(1)Y groups,the Stan-

dard Model is the simplest renormalizablegaugetheory that can predict the known

elementary particles and the dominant forcesthat govern them. Theseelementary

particles consistof two typesof fermions,leptonsand quarks, that comprisethe mat-

ter �eld of the gaugetheory, and intermediatevector bosonsthat mediatethe particle

interactions associated with the fundamental forces.

The twelve spin 1/2 fermions are shown in Table 2.1 together with their charge

and approximate mass. Each of these twelve elementary particles also has an an-

tiparticle, identical to it except for having opposite charge and spin. Antiparticles

are denotedin the text with a a superscriptedline, for example,antitop is given by �t.
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Generation Particle Charge(e) Mass
Quarks

1 up +2=3 1.5-3MeV
down � 1=3 3-7 MeV

2 charm +2=3 1.25GeV
strange � 1=3 70-120MeV

3 top +2=3 171.4� 2.1 GeV
bottom � 1=3 4-5 GeV

Leptons
1 electron e � 1 0.51MeV

� e 0 < 2 eV
2 muon � � 1 106MeV

� � 0 < 0.2 MeV
3 tau � � 1 1777MeV

� � 0 < 18.2MeV

Table 2.1. Summary of the elementary particles and their properties [13, 17]. The
arrangement re
ects the convention that both leptonsand quarksaregroupedin three
generations,with the particlesof each successive generationhaving greatermassthan
the onebeforeit. Note that throughout this dissertation, c = 1 for simplicity.

The particles and antiparticles interact via three fundamental forcespredicted by the

Standard Model: strong, electromagnetic,and weak. The fourth and weakest funda-

mental force, gravit y, has yet to be uni�ed with the Standard Model. Theseforces,

togetherwith the integerspin bosonsthat mediatetheir interactions,aresummarized

in Table 2.2.

A remarkable feature of the Standard Model is that the interactions it describes

arisenaturally from the mathematicsof the model. For example,the StandardModel

exhibits the property of local gaugeinvariancethat implies its fundamental equation,

the Lagrangian,must be invariant under position dependent gaugetransformations.

For a given fermionic particle, a Lagrangianconsistingof just a kinetic energyterm

doesnot meet that constraint. However, if one adds terms that re
ect the coupling

of the particle to a gauge�eld, invariance can be restored. Thus, the local gauge

invarianceconstraint requiresthe introduction of the gaugebosonsand speci�es their
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Force Approximate Strength Mediator Massof
(Order of Magnitude) Mediator

Strong 1 Gluon -
Electromagnetic 10� 3 Photon < 6x10� 17eV

Weak 10� 14 W � 80.4GeV
Z 0 91.2GeV

Gravit y 10� 43 Graviton ?

Table 2.2. Summary of the fundamental forcesand gaugebosons[7, 13].

interaction with the fermions. Extending this constraint to non-Abelian groups,such

asthe SU(3)C group (Section2.1), additionally givesrise to interactionsof the gauge

bosons,gluons in this case,with themselves. Equally important, t'Ho oft showed

that locally invariant gaugetheoriesare renormalizable[18]. Sincethe higher order

terms characteristic of perturbative expansionsin non-renormalizablegaugetheories

can blow up to in�nit y, a Standard Model that was not renormalizable would be

unusable. In the following sections,the implications of the gaugegroup symmetries

are explored,and the Standard Model Lagrangian is discussed.

The Strong Force The SU(3)C component of the Standard Model is quantum chro-

modynamics (QCD), the gaugetheory associated with the strong force [19]. The

strong force is responsible for binding quarks together to form hadrons, as well as

binding the protons and neutrons together to form nuclei. Also referred to as the

color interaction, the strong force binds coloredquarks through the exchangeof col-

oredgluons,the gaugebosonsthat mediatethe strong interaction. Quarkshave three

color states,referredto asas`red', `blue', and `green',while antiquarks have `antired',

`antiblue', and `antigreen'. Gluonshave have eight color states,each oneconsistingof

a color and an anticolor. Thus, gluonscan modify a quark's (antiquark's) color state

through quark-gluon (antiquark-gluon) interaction or simply self-interact. Hadrons,

that is particles composedof quarks, are by de�nition color-neutral states. Hadrons

comein two types. Mesons,which are composedof a quark-antiquark pair, have a
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matching color and anticolor to ensureneutrality, while baryons, formed from three

quarks or three antiquarks, must combine oneof each color state to be neutral. Sig-

ni�can tly, it is the color charge that allows quarks that would otherwiseoccupy the

samestate not to violate the Pauli Exclusion Principle. Leptons do not carry the

color charge,and thereforeare not a�ected by the strong force.

A property of the SU(3)C symmetry group is that it is non-abelian, that is, the

generator matrices associated with the gaugetransformation do not commute. As

described in Section 2.1, the requirement of local gaugeinvariance on non-abelian

groups leadsto the addition of a term in the Lagrangian that re
ects gaugeboson

interactions. This is the gluon self-interaction already mentioned. The strong force

also exhibits the property of asymptotic freedom, that is the coupling constant as-

sociated with the strong interaction decreasesfor increasingmomentum scales.This

translates to the strong forcebeing weak at short distancesand strong at large ones,

allowing quarks con�ned within hadrons to behave as quasi-freeparticles, while re-

maining bound becausethe strength of the strong interaction increasesas they start

to separate. If a quark does escapes con�nement, such as in the caseof a proton-

antiproton collision where the constituent quarks scatter, a quark-antiquark pair is

created from the vacuum. In a processtermed hadronization, the escaped quark is

joined by the newly createdantiquark to form a meson,while the new quark �lls the

hole left by the escapee. Subsequent hadronsare createdin a cascadeprocess.

The mathematical technique commonly employed to perform gaugetheory cal-

culations is perturbation theory. This technique begins with a vacuum or ground

state. Small perturbations about the vacuum state represent particle interactions,

and theseperturbations can be expandedto higher and higher orders of a coupling

constant that re
ects the interaction strength. For the perturbative approach to be

valid, the couplingconstant of Quantum Chromodynamics,� s, must be lessthan one,

which can only occur at high energies.In this regime, the coupling constant can be

expressedat higher orders in terms of an arbitrary energyscale,� :
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� s(� ) =
� s(� 0)

1 + � s (� 0 )
4� (11 � 2

3nf )(log( � 2

� 2
0
))

(2.1)

wherenf is the number of quarks with a lower massthan the energyscale� , and � 0

is a constant of integration [19]. Here � s(� ) is referred to as the `running coupling

constant' becauseof its dependenceon the energyscaleat di�erent orders[13]:

�
@� s

@�
= �

� 0

2�
� 2

s �
� 1

4� 2
� 3

s + O(� 4
s)::: (2.2)

where

� 0 = 11�
2
3

nf

� 1 = 51�
19
3

nf : (2.3)

Electroweak Theory and the HiggsMechanism The Electroweaktheory, alsoknown as

the Glashow-Weinberg-Salamtheory, is a gaugetheory of the SU(2)L 
 U(1)Y group

[20] [21] [22]. It uni�es the familiar electromagneticforce described by quantum

electrodynamics with the weak force that is responsible for beta decay of unstable

nuclei. Generatorsof the SU(2)L 
 U(1)Y group are the leptonic hyperchargeY and

the weak isospinT, related by Q = T3 + Y=2 whereQ is the electric charge.

The SU(2)L symmetry of the weak force transforms fermionic particles according

to their helicity: left-handedcomponents of fermionic particles transform asdoublets:

�
u
d

�

L

�
c
s

�

L

�
t
b

�

L

�
e
� e

�

L

�
�
� �

�

L

�
�
� �

�

L

(2.4)

while right-handed components of fermions transform as weak isosinglets. The cou-

pling constants of SU(2)L and U(1)Y are typically denotedg and g0, respectively.

The requirement of gaugeinvariance on the electroweak symmetry group neces-

sitates four gaugebosons: three gaugebosonsassociated with the SU(2)L group,
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typically denoted W � (� = 1; 2; 3) and a neutral gaugeboson,B 0, associated with

the U(1)Y group. Thesecan be related to the gaugebosonslisted in Table 2.2 by

writing the chargedweakbosonsaslinear combinations of W 1 and W 2, while writing

the photon and the neutral gaugebosonZ 0 as combinations of W 3 and B:

W � = (W 1 � W 2)=
p

2 (2.5)

Z 0 = W 3 cos� W � B 0 sin� W (2.6)


 = W 3 cos� W + B 0 sin� W (2.7)

Above � W is the weak mixing angle or Weinberg angle, and sin2(� W ) � 0:23 [13].

However, simply from the gaugeinvariancerequirement, thesebosonshave no mass.

This makes sensefor the electromagneticforce, which acts over in�nite range, but

the weak force acts over a short range implying that its gaugebosonsshould be

massive. The solution to this problem, proposedand developed by several scientists

including Higgs, is that by requiring the gaugetheory to be locally invariant while

simultaneouslyallowing for spontaneoussymmetry breakingvia the introduction of a

�eld with a non-zerovacuumexpectation value, massis imputed to the gaugebosons

while the photon remainsmassless[23,24,25,26]. This �eld is termed the Higgs�eld

and the processis called the Higgs mechanism.

Before spontaneous symmetry breaking, the Higgs �elds can be expressedas a

scalardoublet with four degreesof freedom:

�
� +

� 0

�
: (2.8)

Afterward, one component of this doublet survives as a massive scalar particle

called the Higgs boson. This particle should be an observable, physical, spin zero

boson,but to date it has not beenobserved. However, even without observingthe
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Higgs boson, somecon�dence may be retained in the Higgs mechanism becauseit

accurately predicts the massof the W and Z bosons:

MW =
gv
2

(2.9)

MZ =
gv

2cos� W
(2.10)

where v is the vacuum expectation value of the Higgs potential [13, 14]. The ratio

can be expressedas:
MW

MZ
=

g
p

g2 + g02
= cos� W : (2.11)

Many independent experimental measurements of M W , MZ and cos� W have con-

�rmed this ratio [28].

Unfortunately, the Standard Model doesnot predict the massof the Higgsboson.

Quarksand leptonscanacquirea massvia the introduction of a Yukawa-typecoupling

between the fermion �eld and the Higgs �eld. However, like the Higgs boson, the

quark and lepton massesare not predicted by the Standard Model.

The Standard Model Lagrangian The Standard Model Lagrangian is a sum of the

Lagrangiansassociated with the gaugebosonsand their self-couplings,the leptons

and the Yukawa couplingassociated with the leptons,and the quarksand the Yukawa

coupling associated with the quarks:

Lgauge + LH iggs + L leptons + L l
Y uk awa + Lquar ks + Lq

Y uk awa (2.12)

This Lagrangian is a function of the Higgs boson mass, the quark and lepton

masses,the CKM mixing parameters (Section 2.4), the two electroweak coupling

constants, and the Higgs' vacuum expectation value. However, the Standard Model

is predictive with just the last three of these parameters [13, 14]. As such, three

preciselymeasuredobservablescan serve as its basis. Three such quantities are:



29

� Fine Structure Constan t as measuredby the quantum Hall e�ect,

� = 1/137.03599911(46)[13].

� Fermi Constan t asmeasuredby the muon lifetime formula,

GF = 1.16637(1)x 10� 5 GeV� 2 [13].

� Z boson Mass as measuredby Z lineshape scanat LEP,

MZ = 91.1876(21)GeV [13].

wheremeasurement uncertainties appear in parentheses.

To leading order, theseobservablescan be expressedas [14]:

� =
g2g02

4� (g2 + g02)
(2.13)

GF =
1

p
2v2

(2.14)

M 2
Z =

v2(g2 + g02)
4

: (2.15)

Precisionmeasurements of the Z partial decay widths, W bosonmass,lepton po-

larizations and asymmetries,and other electroweak parametershave beenconducted

by the four CERN LEP experiments ALEPH, DELPHI, L3, and OPAL and the SLD

experiment at the Stanford Linear Collider [27, 28]. Thesemeasurements and others

have con�rmed the Standard Model to a precisionof 10� 6, but the theory is still un-

satisfying in many ways [29]. The Higgsbosonhasyet to be observed, and the model

hasmany unpredictedparameters:the threeconstants g, g0, and v (mentioned above),

the massesof the quarksand leptons, the parametersof 
a vor-changingmatrix of the

weak force (Section 2.4), and the massof the Higgs boson. Also unsatisfying is that

the Higgs mechanism, though not inconsistent with the Standard Model, does not

arise naturally in the theory. Alternate theories have been suggested. In one such
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theory, called supersymmetry, a global space-timesymmetry is assumedthat assigns

a bosonicsuperpartner to each fermion and viceversa[16]. To date, no supersymmet-

ric particles have beenobserved, but the experimental search for physicsbeyond the

Standard Model is ongoing. The measurement presented in this dissertation is one

of many measurements that tests Standard Model predictions. Results inconsistent

with thesepredictions could support alternate theoriesof new physics.

Finally, it should be noted that a truly complete theory would also incorporate

gravit y, which is not yet uni�ed with the Standard Model.

2.2 Top Quark

The top quark, �rst observed by the CDF and D� collaborations in 1995,hasseveral

unique featuresthat make it interesting to study [1, 2]. First, it is nearly 35 times as

heavy asits partner quark, the bottom, making it the heaviest elementary particle so

far observed (Table 2.1). In fact, the top quark massis large enoughto allow decay

to exotic particles such as supersymmetric particles or the charged Higgs boson.

Also, the Yukawa coupling constant for the top quark is closeto one, which could

imply that the sourceof its massgenerationis di�erent than that proposedfor other

fermions, i.e. the Higgs mechanism. Finally, the top quark has a uniquely short

lifetime. At 4 � 10� 25s it is nearly an order smaller than the characteristic time of

QCD hadronization,permitting the study of top quark decay freeof con�nement [16].

2.3 Top Quark Pair Production

Top quark pair production at hadron colliders results either from quark-antiquark

annihilation or gluon-gluon fusion. The leading order Feynman diagrams for these

processesare shown in Figure 2.1 and Figure 2.2. At the Fermilab Tevatron, protons

and antiprotons collide at a center-of-massenergyof
p

s = 1:96 TeV. Calculations
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Figure 2.1. Quark-antiquark annihilation.
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Figure 2.2. Gluon processes.

using leadingorder QCD �nd that t �t production results from quark-antiquark annihi-

lation about 85%of the time, while gluon-gluonfusion is responsiblefor the remaining

15%at this center-of-massenergy[13]. Conversely, at the Large Hadron Collider at

CERN where the center-of-massenergy is
p

s = 14 TeV, the fraction of top quark

pair production originating from quark-antiquark annihilation and gluon-gluonfusion

is reversedat 10%and 90%,respectively [16].

Both mechanismsof top pair production result from the hard scatter processof

p�p collisions. The protons and antiprotons are composedof partons, i.e. gluonsand

quarks,each of which carriesa fraction of the total proton or antiproton momentum.

The total t �t crosssection can be expressedin terms of the crosssections,� , of the

two partonic processesand the parton distribution functions (PDF's), f (x; � 2
2), which
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represent the probability that the relevant parton carriesfraction x of the total proton

or antiproton momentum [30]:

� (s;m2
t ) =

X

i;j

Z
dx1

Z
dx2f i (x i ; � 2

f )f j (x j ; � 2
f )�̂ ij (ŝ;mt ; � s(� 2

r )) (2.16)

Above, i; j refersto possibleincoming parton combinations, ŝ is the squaredcenter-

of-massenergyof the parton interaction (de�ned as ŝ = x i x j s), and � s is the QCD

coupling constant de�ned in Section2.1. Also, � r is the renormalization scaleassoci-

ated with the coupling constant (labeledjust � previously), and � f is a factorization

scaleassociated with the separationof the hard scatter event into the partonic cross

sections�̂ ij and the scatter contributions of the remainingproton and antiproton con-

stituents. The renormalization and factorization scalesmay be chosento represent a

relevant scaleto the process,such asthe massof the top quark, mt , and are often set

equal to each other for calculation.

In order to calculate the total t �t crosssectionfrom Equation 2.16,one�rst needs

to calculate the partonic crosssectionsfor each possiblepartonic interaction and to

estimate the PDF's.

2.3.1 Partonic CrossSections

The partonic crosssections�̂ ij can be expressedas perturbative expansionsof the

QCD coupling constant, as:

�̂ ij (�; m2
t ; � 2

s(� 2); � 2) =
� 2

s(� 2)
m2

t
kij

�
�; � s(� 2);

� 2

m2
t

�
(2.17)

where� = 4m2
t

ŝ and kij are dimensionlessfunctions expandablein � s [31]:

kij

�
�; � s(� 2);

� 2

m2
t

�
= k0

ij (� ) + 4� � s(� 2)
�
k1

ij (� ) + �k1
ij (� ) ln

� 2

m2
t

�
+ O(� 2

s): (2.18)
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Above, the higher order correctionsaresplit into two terms with the �kij terms serving

ascoe�cien ts of ln � 2

m2
t
. At leadingorder (LO), corresponding to term k0

ij , the partonic

crosssectionsare proportional to � 2
s:

�̂ (qq ! tt) =
1
27

� � 2
s� � (2 + � )

m2
t

(2.19)

�̂ (gg ! tt) =
� � 2

s� �
192m2

t

�
1
�

(� 2 + 16� + 16)ln
�

1 + �
1 � �

�
� 28� 31�

�
(2.20)

�̂ (gq ! tt) = �̂ (gq ! tt) = 0 (2.21)

where � is the velocity of the top quarks in the center-of-massframe. Note that � ,

de�ned above as � = 4m2
t

ŝ , can alsobe expressedas � = (1 � � 2) [30, 31].

The threshold for top pair production occurs when � ! 0, or equivalently, � !

1 [30]. The Fermilab Tevatron operatesnear, but not at, the threshold for top pair

production. Assuming both partons carry equal momentum x i � x j � xthr eshold

wherexthr eshold � 2m tp
s , the Tevatron's Run II center-of-massenergyof

p
s = 1:96 TeV

would imply a fractional momentum of x � 0:18. For this fractional momentum,

the value of the quark distribution functions are signi�cantly higher than the gluon

distribution function, thus, quark-antiquark annihilation is the dominant sourceof

top pair production at the Tevatron [16].

Unlike the LO partonic crosssections,next-to-leadingorder (NLO) correctionsto

the crosssection,corresponding to k1
ij and �k1

ij in Equation 2.17,do not go to zeronear

threshold. Theseand higher order correctionsare predominantly due to soft gluon

emissionsthat do not su�er the phasespacesuppressionreal gluonsdo at threshold

energies[9].

Theoretical calculations can predict the t �t crosssection to LO and NLO using

standard perturbative techniques(including full NLO matrix elements). A technique
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termed resummationis employed to evaluate the crosssectionat higher orders,which

include the substantial logarithmic corrections due to soft gluon emissions. These

corrections can be expressedin terms of a kinematic variable that represents the

distanceto threshold, x th , and the order, n, of the QCD coupling constant, � n
s , in the

crosssection:

�
lnl (xth )

xth

�

+

(2.22)

wherel � 2n � 1 and x th goesto zeroat threshold.

As stated above, the LO partonic crosssection is proportional to � 2
s or n = 2.

The corresponding leading logarithmic (LL) corrections have l = 3. Calculations

up to next-to-next-leadingorder (NNLO) with next-to-next-to-leadinglogarithm cor-

rections (NNLL) for which l = 1 have been shown to substantially reduce the de-

pendenceof the crosssectionon the factorization and renormalizationscale� (Equa-

tion 2.16)[9]. However, in calculating higherordersonemust makea kinematic choice

to de�ne the variable x th , and the dependenceon kinematics is not negligible even

to NNLO-NNLL. In Section2.3.3,results are shown for NNLO with next-to-next-to-

next-to leading logarithm corrections (NNNLL), for which l = 0. Two kinematics

schemesare examined,singleparticle inclusive (1PI) and pair-invariant mass(PIM):

1PI : q(pa) + q(pb) ! t(p1) + X [t](p2) (2.23)

PI M : q(pa) + q(pb) ! tt(p) + X (k) (2.24)

Equation 2.23and Equation 2.24 represent quark-antiquark annihilation wheret

is the top quark and X is a �nal state that includes antitop in 1PI kinematics and

just remnants in PIM kinematics [9]. For 1PI, correctionstake the form [ ln l (s4=m2 )
s4

]+

wheres4 = s + t1 + u1:
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s = (pa + pb)2 (2.25)

t1 = (pb � p1)2 � m2 (2.26)

u1 = (pa � p1)2 � m2 (2.27)

For PIM, xth in Equation 2.22 is given by 1 � Z for Z = M 2
t �t=s, whereM t �t is the

top pair invariant mass[8]. In each kinematic scheme,the logarithmic correctionsare

resummedto calculate the partonic crosssection.

2.3.2 Parton Distribution Functions

The parton distribution functions necessaryto calculatethe top pair production cross

section (Equation 2.16) are formed by performing global QCD �ts of experimental

data to NLO QCD calculations. The data utilized is from HERA experiments, �xed

target deep inelastic scattering experiments at Fermilab, and Tevatron jet and W

production data [32].

The resulting PDF's are extracted by the CTEQ and MRST collaborations. The

dominant uncertainty on the PDF's arisesfrom a limited knowledgeof the gluon den-

sity at high momentum fractions. Other sourcesof uncertainty includedi�ering values

of � s assumedin the �ts, and the number of �t parameters[32]. More information

on the PDF's can be found in [9, 32].

2.3.3 Results

For a recent NLO calculation that incorporatesnext-to-leading logarithm (NLL) cor-

rections and assumesa value of mtop = 175 GeV, the inclusive top pair production

crosssectionat current Tevatron energiesis predicted to be 6:7 � 1 pb [32]. For this

calculation, the renormalization and factorization scaleswere varied both individu-

ally and together over the range m top

2 < � r ;f < 2mtop to test the scaledependence
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� (pb)
MRST2002NNLO CTEQ6M

Order � = mt /2 � = mt � = 2mt � = mt /2 � = mt � = 2mt

NLO 6.79 6.52 5.83 6.79 6.54 5.85
NNLO 1PI 7.00 7.17 6.99 7.01 7.21 7.04
NNLO PIM 6.14 6.35 6.28 6.08 6.33 6.29

Table 2.3. Crosssectionpredictions for
p

s = 1:96 TeV and mt = 175GeV [9].

of the crosssection. PDF's from both the CTEQ and MRST collaborations were

considered. The resulting crosssection range spanned5.82 pb� 7.41 pb, where the

higher prediction corresponds to � r ;f = m top

2 [32].

Higher order calculations are consistent with the above crosssectionresult, pre-

dicting 6.77pb � 0.42pb at NNLO with NNNLL correctionsand assuming� = mtop =

175GeV [8, 9]. As discussedin Section2.3.1,higher order calculationshave the ad-

vantageof reducedscaledependenceof the crosssection,though this remainsa source

of uncertainty. Other sourcesof theoretical uncertainty include the uncertainty in the

PDF's (Section 2.3.2) and the uncertainty associated with the measurement of � s.

Table 2.3 shows a full set of crosssectionpredictions by Kidonakis and Vogt for two

di�erent sourcesof PDF's and three valuesof the scale� . The kinematic schemesare

described in Section2.3.1.

Figure 2.3 shows the t�t crosssectionas a function of top quark mass. The cross

sectiondecreasesrapidly with increasingtop mass. It follows that accuratemeasure-

ments of the tt crosssectionin conjunction with measurements of the top quark mass

could provide a test for QCD predictions.

2.4 Top Quark Decay

According to the Standard Model, the top quark decays almost 100% of the time

to a W boson and a b quark. The decay proceedsvia the weak interaction. The
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Figure 2.3. The theoretical tt crosssectionasa function of top quark massfor
p

s=
1.96TeV, assuminga scale� = mt . Calculationsareshown for NLO and NNLO using
two di�erent kinematic approachesand their average[8].
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decay width, �( t ! bW)t , can be expressedin terms of the top mass,mt , the mass

of the W boson,mW , the strong coupling constant, � s , and the Fermi constant GF .

Neglectinghigher orders, it is [13]:

�( t ! bW) =
GF m3

t

8�
p

2

�
1 �

m2
W

m2
t

� 2 �
1 + 2

m2
W

m2
t

� �
1 �

2� s

3�

�
2� 2

3
�

5
2

��
: (2.28)

The lifetime, � , of the top quark is givenby � = ~
� and is approximately 4� 10� 25 s.

The top lifetime is approximately an order smaller than the characteristic time of

QCD hadronization at � 3 � 10� 24, making it possibleto study the top quark freeof

con�nement [16].

The weak interaction transforms quarks as doublets (Section 2.1), which implies

that in addition to decaying to a b quark, the top could alsodecay to a s quark or d

quark. The likelihood of decay to a given quark is proportional to the squareof the

elements of a 
a vor-changingmatrix called the Cabibbo-Kobayashi-Maskawa (CKM)

matrix, which displays the mixing between the weak (left column) and mass(right

column) eigenstatesof the quarks:

0

@
dw

sw

bw

1

A =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
dm

sm

bm

1

A : (2.29)

Usingmeasurements of the lighter quark mixing elements togetherwith the unitar-

it y assumptionand the assumptionthat there are only three generationsof fermions,

the valuesof Vts and Vtd can be constrainedto: Vts < 0.043and Vtd < 0.014[13]. By

contrast, Vtb is estimated to be greater than 0.999[16].

For a given top-antitop pair, the �nal state after decay will contain two b quarks

that hadronizeand are detectedas high PT jets. The two W bosonscan each decay

individually to any weakdoublet, that is either to a lepton and its associated neutrino

or to quark-antiquark pair that are subsequently detectedastwo jets. The likelihood

of decay to any given doublet is roughly equal. However, since each quark comes
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e� e �� � � � � j j (u �d or c�s)
(1/9) (1/9) (1/9) (2/3)

e� e (1/9) 1/81 1/81 1/81 2/27
�� � (1/9) 1/81 1/81 1/81 2/27
� � � (1/9) 1/81 1/81 1/81 2/27

j j (u �d or c�s) (2/3) 2/27 2/27 2/27 4/27

Table 2.4. The approximate branching ratios for t �t decay, determinedby the decay
of the two W bosons.Here j j refersto jets arising from W ! qq decay. The original
two b jets from the top decay are not shown.

in three 
a vors and each 
a vor represents an independent �nal state, the resulting

branching ratios are approximately 1
9 for each possibleleptonic decay, and 1

3 for the

two possiblequark doublets. (The third quark doublet, tb, is excludedbecauseits

massexceedsthat of the W boson.)

The measurement presented in this dissertation is the top pair production cross

sectionin the dimuon decay channel. Sinceboth the top and antitop quark decay to

W bosons,and each W decays to a muon and muon neutrino for approximately 1
9

of its decays, the total branching ratio can be approximated as 1
81 (Table 2.4). The

more accurate branching ratio assumedfor this measurement, which includes �nal

state muons originating from W ! � � decay, is 0.01571with a relative uncertainty

of 2% [33]. The event signature in the dimuon decay channel, t �t ! �� + � � + j j ,

consistsof two jets from the b quarks with high transverse momentum (PT ), two

high PT muons, and signi�cant missing transverseenergy, 6ET , from the associated

neutrinos. For simplicity, this processis written t �t ! �� for the remainder of the

dissertation.

Despite its low branching ratio, the dimuon channel is advantageousfor study

becausefew background processeshave both two high PT muonsand signi�cant 6ET in

their �nal states. Processesthat do canusually be discriminated againstby requiring

two high PT jets. Such is the casewith dibosonproduction, which alsosu�ers from a

low crosssection. Drell-Yan production of (Z=
 � )+jets events hasa soft PT spectrum
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relative to top events and theseevents have no direct decay processto dimuon �nal

states with real neutrinos. Indirect decay proceedingvia � particles su�ers from a

low branching ratio. More detail on each of thesebackground processesis given in

Chapter 6.
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Chapter 3

Experiment

The Fermilab Tevatron is a one kilometer-radius synchrotron that collides protons

and antiprotons with su�cien t energiesto produce t �t pairs. Collisions occur at two

multipurp osedetectorspositioned on the synchrotron, CDF and D�. This chapter

presents an overviewof the Tevatron andof the D� detector,which wasusedto collect

the data for this measurement. The focusis on the detectorelements usedto measure

the energyand momentum of jets, muons,and the signatureof the neutrino|all the

�nal decay products for t �t ! �� production.

3.1 The Tevatron

The Tevatron currently operates at a center-of-mass energy of
p

s = 1.96 TeV.

This meansbefore colliding, protons and antiprotons are acceleratedto an energy

of 980GeV, only 200miles per hour slower than the speedof light [34]. To produce

such a speed,a seriesof �v e acceleratorsis used,each onesuccessively increasingthe

energyof the particles. An antiproton source,comprisedof a target and two addi-

tional accelerators,producesand storesthe antiprotons prior to their injection into

the Tevatron. Together thesecomponents make up Fermilab's acceleratorcomplex,

shown in Figure 3.1. The following is a brief overview of the accelerators,additional

information can be found in [34, 35].

� Proton Source The Cockcroft-Walton pre-acceleratoris the �rst step in the ac-

celerationchain. Herehydrogengasis converted to negatively chargedhydrogen

ions, H � , and acceleratedto an energyof 750keV. The accelerationis accom-

plishedasions travel through columnar tubesfrom a chargeddome(� 750keV)
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Figure 3.1. The Fermilab acceleratorcomplex[35].

to a groundedwall.

� Linac H- ions from the Cockcroft-Walton are delivered to the Linac, a linear

acceleratorapproximately 152 m long. This two-stageacceleratorutilizes RF

cavities, that is oscillatingelectric �elds timed such that ionsaregivensuccessive

kicks by the acceleratingpart of the �eld, to acceleratethe ions to a �nal energy

of 400MeV. At transfer betweenthe the Linac and the Booster, ions are passed

through a carbon foil, which strips o� the electrons.

� Booster With a circumferenceof 475m, the Booster is the �rst synchrotron in

the chain. Protons are kept in a circular orbit by a seriesof magnets. Like the

Linac, the Booster employs RF cavities for particle acceleration. Upon each

rotation, the strength of the oscillating electric �eld is increased.The strength

of the magnetic �eld is similarly increasedwith rotation in order to keep the
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increasinglyenergeticprotons at the sameradius. Protons leave the Booster at

an energyof 8 GeV, grouped into RF structures termed bunches.

� Main Injector After the Booster, protons enter a secondsynchrotron called the

Main Injector. The circumferenceof the Main Injector is approximately 7 times

that of the Booster, at 3319m. The Main Injector servesseveral functions. It

acceleratesprotons from 8 GeV to 150GeV and injects them into the Tevatron.

It also acceleratesprotons to 120 GeV and delivers them to the Antiproton

Sourcedescribed below. To preparefor typical collision mode in the Tevatron,

the Main Injector injects 36 bunchesof protons and 36 bunchesof antiprotons,

each at 150GeV.

� Tevatron The Tevatron is the last and largest of the accelerators.Its circum-

ferenceis 6283m. The Tevatron acceleratesprotons and antiprotons to their

�nal energyof 980 GeV and storesthem in stable circular orbits in the same

beampipe in preparation for collision. The magnetsin the Tevatron are super-

conducting, cooled to a temperature of approximately 4 K, which makes the

high currents necessaryto produceand sustain theseenergiespossible.Protons

and antiprotons circle the Tevatron in opposite directions, kept apart by hori-

zontal and vertical electrostatic separators.In collision mode, the electrostatic

separatorsare undoneat two points on the ring corresponding to the locations

of the two major detectors. Here low-beta quadrupole magnets are used to

focus, or reduce, the beam size for collisions. The resonant frequencyof the

Tevatron's RF cavities is 53 MHz, which is an RF clock period of 18.8 ns. A

fully acceleratedproton takes21 � s to traversethe full Tevatron ring, and the

36 � 36 bunchesare injected accordinglysocollisionsoccur at each interaction

point every 396ns.
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� Antiproton Source Antiprotons are produced in the Antiproton Source,which

consistsof a nickel target and two accelerators.When the 120GeV protonsfrom

the Main Injector collide with the target, a spray of secondaryparticles is pro-

duced. A sampleof � 8 GeV antiprotons is collectedfrom this spray, and sent

to two successive synchrotrons. The �rst is the Debuncher, a roundedtriangle-

shaped synchrotron with a meanradius of 90 m. The Debuncher stochastically

cools the antiprotons, reducingthe the spreadof antiproton momenta. The now

more homogeneous8 GeV antiprotons proceedto the secondsynchrotron, the

Accumulator, which hasthe sameshapeand sametunnel asthe Debuncher, but

a mean radius of only 75 m. The antiprotons are stored in the Accumulator,

undergoingfurther cooling, until it is time to return to the Main Injector for

acceleration.

� Recycler The �nal component of the Fermilab acceleratorcomplex is the Re-

cycler, an antiproton storagering that sharesthe Main Injector's tunnel. The

Recyclerreceivesantiprotons from the Tevatron and storesthem until they can

be re-injected for collisions.

3.2 D� Detector

The D� detector, �rst commissionedin the summerof 1992,was designedto study

the high energy proton and antiproton collisions at the Fermilab Tevatron. It is

composedof central tracking detectors, a uranium liquid-argon calorimeter, and a

muon spectrometer (Figure 3.2). Approximately 125 pb� 1 of data were collectedat

D� between1992and 1996. This period is called Run I. Run II beganin 2001and

is still in progress.

BetweenRun I and Run II the D� detector was substantially upgraded. A 2 T

solenoidalmagnet has been added to the central tracking detectors, and a silicon

microstrip tracker was installed. The forward muon system was also substantially
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Figure 3.2. D� detector for Run II [36].

upgraded,providing more robust detectorsand enhancedtriggering capability. The

following is a brief overview of the Run II D� detector. A more completedescription

can be found at [36].

3.2.1 Coordinates

The following conventions are chosento describe the spatial coordinates of the D�

detector. The center of the D� detector is the origin, positive y points upward

from the origin, and positive z points in the direction of the proton momentum. In

polar coordinates, r is de�ned as the perpendicular distance from the z axis, and

the polar and azimuthal angles are given by � and � . Often the pseudorapidity

� = � ln[tan( � =2)] is used in place of polar angle � . The true rapidit y is given by
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y = 1
2 ln[(E + pzc)=(E � pzc)], but the pseudorapidity is a good approximation in the

limit m
E ! 0 [36].

3.2.2 Central Tracking Detectors

The central tracking detectors, shown in Figure 3.3, surround the D� beampipe.

Thesedetectorsarea silicon microstrip tracker (SMT) and a scintillating �b er tracker

(CFT) within a 2 T solenoidmagnet. Togetherthey measurethe momenta of charged

particles and locate the primary event vertex. The transversemomentum resolution

for chargedparticle tra jectories,or tracks, measuredwith the central tracking detec-

tors can be parameterizedas:

� (1=PT )
1=PT

=

r
(0:003PT )2

L4
+

(0:026)2

L sin�
(3.1)

where L is the lever arm associated with the track bending through the magnetic

�eld [37, 38]. (L = 1 for tracks within j� j < 1:62 and L = tan � =tan � 0 otherwise,

where � 0 is the angle the particle left the central tracking detectors.) The overall

resolutionof the primary interaction vertex location alongthe beamline,asmeasured

by the central tracking detectors,is 35 � m [36].

Silicon Microstrip Tracker The SMT is composedof high-resistivity silicon sensors

arrangedon 6 customizedbarrelsand 16 customizeddisks (Figure 3.4). The sizeand

positioning of thesebarrel and disks were designedto maximize the detector surface

areaperpendicular to chargedparticle tra jectories.

The barrels,with an outer radiusof 7.5� 10.5cm, provide r � � coordinate informa-

tion for particlesat low � (j� j < 1:5). Each barrel contains 72silicon modules,termed

`ladders', arranged in four layers. The ladders are composedof either double-sided

or single-sidedsensorsarrangedat di�erent stereoangles(2� or 90� ) for alternating

layers. Although the presenceof the stereoanglesallows somemeasurement in z, the

barrels are designedprimarily for two dimensionalreconstruction.
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Figure 3.3. The central tracking detectors[36].
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Figure 3.4. Barrel and disk assemblies of the Silicon Microstrip Tracker [36].

By contrast, the SMT disksare designedto provide both r � � and r � z tracking

information for particles. Twelve of the disks, denotedF-disks, have an outer radius

of � 10 cm and contain twelve trapezoidal-shaped silicon wedgedetectors. Six F-

disks cap the barrels, while the other six are divided in two units of three, sitting on

either sideof the barrel/disk assemblies (Figure 3.4). There are a total of 144wedge

detectorson the F-disks, each double-sidedsensorswith a stereoangle of 30� . The

other six disks, denotedH-disks, have 24 silicon wedgedetectorsand are positioned

in pairs on either side of the F-disk assemblies. With an outer radius of 26 cm, H-

disks are particularly suited to provide tracking information for particles at high �

(j� j � 3:0). There are a total of 96 wedgedetectorson the H-disks, with an e�ective

stereoangleof 15� .

Each of the 240wedgedetectorson the disks are read out on both sides. Taking

into account theseand the 432silicon modulesin the barrels, there are a total of 912

SMT modules to be read out. This is accomplishedwith 128-channel custom-made

SVXEIIe readout chips mounted on the modules. Approximately 800,000channels

are read out on the SMT.

Central Fiber Tracker The CFT �ts over the SMT, occupying the radial spaceof

20 cm to 52 cm from the beampipe center, and providing tracking information for

j� j < 1:7. It consistsof � 200km of scintillating �b ers mounted on eight concentric
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support cylinders. Each of the support cylinders is 2.52 m long with the exception

of the innermost two, which are 1.66 m long in order to accommodate the SMT's

H-disks. Two doublet layersof scintillating �b ersare mounted on each cylinder. The

�rst layer is an `axial' layer oriented along z. The secondis a stereolayer oriented

at alternating stereoanglesof � = 3� and � = � 3� if one traversesall the cylinders

beginning at the beampipe. Each scintillating �b er has a diameter of 835 � m, and

the position resolution of the CFT from the doubletsof �b ers is � 100� m [36].

When a chargedparticle strikesa scintillating �b er, light is emitted. Two 
uores-

cent dyesare usedin this process.The primary dye, paraterphynol, emits light at a

wavelength of � 340 nm. A seconddye, 3-hydroxy
a vone, absorbsthe 340nm light

and re-emits it at 530nm, a wavelength better suited to transmissionin the �b ers.

Coupledto the scintillating �b ersare800km of clear�b er waveguides,7.8� 11.9m

in length, that transfer the scintillation light to visible light photon counters (VLPCs)

for readout. The VLPCs are solid-statesilicon photodetectorsthat convert the scin-

tillation light into electricalsignals. VLPCs have high gain with low dispersion,a fast

responsetime, quantum e�ciency of over 75%,and they function well in high back-

ground environments. The VLPCs are su�cien tly sensitive to detect singlephotons.

The output of the VLPCs is digitized and read out using the sameSVXIIe chips

used with the SMT. Approximately 77,000channels are read out from the CFT.

Additionally , VLPC outputs are sent to discriminators on the front-end electronics

boards that �re when a charge generatedfrom an axial �b er is above a speci�ed

threshold. These discriminator outputs are the basis of the Level 1 Central Track

Trigger (L1CTT) (Section3.9). Chargedparticle tra jectoriesformed from hits in the

CFT are segmented into 4:5� sectorsin � .
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3.2.3 Calorimeter

Immediately surroundingthe central tracking detectorsis a samplingcalorimeter(Fig-

ure 3.5). In samplingcalorimeters,electromagneticand hadronic particle showersare

inducedasparticles passthrough a denseabsorber material. Thesesecondaryshower

particles ionize an active sampling medium, liquid Argon in this case,between the

absorbers,and the resulting ionization chargeis collectedand usedto reconstruct the

original particle's energy. The calorimeter is the primary detector responsiblefor the

identi�cation and energymeasurement of electrons,photons, and jets. Additionally ,

the calorimeter can be usedto identify neutrinos by making useof transverseenergy

conservation.

The D� calorimeter systemis actually composedof three separatecalorimeters,

a central calorimeter (CC) and two endcapcalorimeters(EC). The � coverageof the

CC is j� j . 1. The � coverageof the two endcapsis j� j . 4. The use of smaller,

individual calorimetersallowsaccessto the central tracking detectorsfor maintenance

and upgrades.

All three calorimeters have three sections, each designedto best measurethe

energyof di�erent typesof particles. The electromagnetic(EM) sectionemploys thin

uranium absorber plates for shower-inducing, the �ne hadronic (FH) section uses

uranium-niobium alloy plates, and the coarsehadronic (CH) section utilizes copper

and stainlesssteelabsorber plates in the CC and EC, respectively.

The total depth of the EM section in all three calorimetersis approximately 20

radiation lengths (X 0), divided into four longitudinal layers. Table 3.1 gives the

thicknessof each of theselayers.

In the CC, the �ne hadronic section is longitudinally divided into three readout

layers, while the coarsehadronic layer is not subdivided. The total thicknessof

the coarseand �ne hadronic layers is approximately six nuclear interaction lengths

(
 ). In the EC, the three concentric cylinders of hadronic modules|inner hadronic,
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Figure 3.5. The D� calorimeter [36].

Calorimeter Layer 1 (X 0) layer 2 (X 0) Layer 3 (X 0) Layer 4 (X 0)
Central 1.4 2.0 6.8 9.8
Forward 1.6 2.6 7.9 9.3

Table 3.1. jzj thicknessof each layer in the EM sectionof the calorimeter [36].
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middle hadronic, and outer hadronic|eac h have a thicknessof six to nine nuclear

interaction lengths. The inner and middle hadronic modules are each divided into

four �ne hadronic layersbut only onecoarsehadronic layer, while the outer hadronic

module has just onecoarsehadronic layer.

As illustrated in 3.6, the calorimeter is also transverselydivided. Thesedivisions

are termed `pseduo-projective' towers, accordingto the rays the calorimeter readout

cells are oriented along, which project outward from the interaction center. The

calorimeter towers are themselves divided into layers of sizeof � � = 0:1 and � � =
2�
64 � 0:1. The third readout layer of the EM section, which corresponds to the

location of maximum shower deposits, is segmented twice as �nely to allow more

precisemeasurements of the EM shower centroid.

Each calorimeter readout cell is composedof one or more unit cells consisting

of the appropriate absorber plate, liquid argon gap, and signal board encasedin a

resistive coating. Theseresistive surfacesareconnectedto a positive voltage(� 2 kV)

while the absorber platesare grounded,creating the electric �eld necessaryto sample

the ionizing particles. Typical electrondrift time is 450nsacross2.3mm liquid argon

gap in each cell. The transversesizeof the readout cells is 1{2 cm for EM sectionsof

the calorimeters,and � 10 cm for hadronicshowers,which is similar to the transverse

sizeof the relevant shower processes.

Each calorimeteris housedin its own cryostat in order to maintain the liquid argon

at an operating temperature of 90K. This resultsin gapsof coveragebetweenEC and

CC calorimeters,roughly 0:8 < j� j < 1:4. An inner-cryostat detector consistingof a

seriesof scintillating tiles helpsto reducethesecoveragegaps. Additionally , single-cell

calorimeter readout cells, termed masslessgaps, are positioned in the intercryostat

region of the CC and EC.

The approximate energyresolution for 50 GeV electronsin both the CC and EC

is 5%. The approximate transversemomentum resolution for 50 GeV jets is 13% in

the CC and 12%in the EC [38].
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Figure 3.6. The D� calorimeter [36].
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PreshowerDetectors Three additional detectors,denotedthe central (CPS) and for-

ward preshower detectors(FPS), usea combination of scintillation �b erswith shower-

inducing absorber plates to provide additional triggering capabilities for electrons.

The central preshower detector, which provides coverageto j� j < 1:3, consistsof

three triangular scintillator strips arranged in three cylindrical layers with an inner

radius of 71.8cm and outer radius of 74.2cm. It is locatedin a 5 cm gapbetweenthe

solenoidand central calorimeter. A lead radiator is positioned betweenthe solenoid

and the CPS. The two forward preshower detectors, north and south, provide cov-

eragefrom 1:5 < j� j < 2:5. They consist of two layers of scintillating strips with

a lead absorber plate between the layers. The FPS detectorsare mounted onto the

end calorimeter cryostats (Figure 3.2.3). The shower-inducing plates and their lo-

cation makes the preshower detectors uniquely quali�ed to measurethe energy of

electromagneticobjects that start to shower beforereaching the calorimeter as well

asto make o�ine correctionsto calorimeterenergymeasurements due to lossesin the

solenoidor the detector infrastructure. All three preshower detectorsemploy VLPCs

and follow a readout path similar to the CFT.

3.2.4 Muon System

As minimally ionizing particles, muons are not easily identi�ed in the calorimeter.

Instead muons are identi�ed in the muon spectrometer, the outermost part of D�

detector. Like the calorimeter, the muon spectrometer is separatedinto central and

forward regions: the central region covers j� j < 1:0, while the forward region ex-

tends this coverage to j� j < 2. In both regions, a combination of wire chambers

that precisely measurethe spatial location of the muons and scintillation counters

that provide accompanying timing information are used. Exploded viewsof the wire

chambers and the scintillation counters are shown in Figure 3.7 and Figure 3.8, re-

spectively. The muon spectrometer has three layers: A, B, and C with the A-layer
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located closestto the center of the detector. A 1.8 T iron toroid magnet is located

between layers A and B, accommodating muon momentum measurements that can

be matched to the track momentum measurements of the muons in the CFT.

Note that since the momentum resolution of the central tracking detectors is

more accuratethan that of the muon spectrometer, the muon momentum measure-

ments utilized for o�ine analysisare taken from the central tracking detectors(Sec-

tion 3.2.2). Fits that combine the momentum meaurements of the two subsystems

have not yielded improved resolution with respect to measurements from the central

tracking detectorsalone[40].

Central Region The central wire chambers are Proportional Drift Tubes (PDTs),

rectangular, aluminum chambers, typically 2.8 m � 5.6 m. PDTs are present in each

layer of the muon spectrometer,though only slightly over 50%of the central regionhas

PDTs in all three layers(90%hascoveragein at leasttwo layers). PDTs arecomposed

of cells. Each cell housesan anode wire at the center, cathode padsabove and below

the wire, and is �lled with a gasmixture of predominantly argon. As a particle passes

through the the cell, electron-ion pairs are created in the gas. Theseelectrons(as

well aselectronsfrom electron-ionpairs createdin an avalanche initiated by the these

electrons)are collectedon the anodewire, while the ionsare attracted to the cathode

pads [39]. The drift velocity of electronsthrough the chamber is 10 cm/ � s, yielding

a maximum drift time of � 500ns [36]. This results in a drift distanceresolution of

about one millimeter, and total hit position measurement resolution between10 cm

and 50 cm, depending on wherein the cell the muon hit.

Readout electronicsare attached to the end of each PDT chamber. Wires are

grouped in pairs for readout within `decks' of cells. Most of the A-layer PDTs contain

four decks of 10.1 cm cells, while layer B and C-layer PDTs have only three. Addi-

tionally, all A-layer cathode pads and someB and C-layer PDTs are instrumented

with electronicson the cathode pads, to improve the hit position measurements. All
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PDTs are oriented to maximize the resolution in the bend angle of the toroid for

enhancedmomentum measurements.

There are 1002scintillation counters in the central muon spectrometer: 630`A-� '

counters in the A layer, 240 counters in the `cosmiccap' on the top of the detector,

and 132 counters in the `cosmicbottom', which includes 16 side counters. Scintil-

lation counters are segmented longitudinally to match PDTs so they can provide

precisetiming information associated with each wire chamber hit. The counters are

likewisesegmented to match the CFT segmentation in order to allow muon hits to

be matched with CFT tracks. Three sizesof counters are usedto keepthe constant

� segmentation, ranging from 23 cm to 37 cm wide. The timing resolutionof the A-�

counters is � 2 ns, fast enoughto allow out-of-time background rejection.

Forward Region The forward wire chambers are `mini drift tubes' (MDTs). The

operational principle is similar to the PDTs, but MDTs are smaller with an average

cell size of 9.4 mm � 9.4 mm and use a CF4-dominated �ll gas. This results in a

maximum drift time of 60 ns (even shorter for tracks perpendicular to the detector

plane) and a � 700� m resolutionper hit [36]. MDT chambersarepresent in all three

layers of the muon system, and like the PDTs, are arranged in three or four decks

depending on the layer. The maximum length of a MDT is 5.8 m in the C layer.

Scintillation counters in the forward systemare referredto aspixel counters, and

unlike the central counters, pixels provide full coveragein all three layersof the muon

spectrometer. Pixels are arrangedprojectively from the interaction point, with the

sizevarying to accommodate this arrangement from 17 cm � 24 cm to 60 cm � 110

cm. Like the central scintillation counters, pixels are segmented in � to match the

CFT. They are segmented in � from 0.7 to 0.12 depending on the position of the

counter.

For muons with PT < 40 GeV, the overall momentum resolution in the forward

muon systemis 20%[36].
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Figure 3.7. Explodedview of the wire chambersin the D� muon spectrometer[36].
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Figure 3.8. Exploded view of the scintillation counters in the D� muon spectrom-
eter [36].
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3.2.5 Luminosity Monitor

The luminosity monitor usestwo arrays of 24 plastic scintillation counters to measure

the luminosity deliveredby the Tevatron at the D� interaction region. The arrays are

located in front of the endcapcalorimetersat z� 140cm in the radial spacebetween

the beampipe and forward preshower detectors. They detect inelastic p�p collisionsin

the region 2:7 < j� j < 4:4. The individual counters are 15 cm long and coupled to

photomultiplier tubesthat sendsignalsto digitization and readout electronics. The

luminosity is calculatedas:

L =
f �NLM

� LM
(3.2)

where f is the beam crossing frequency, �NLM is the average number of inelastic

collisions per beam crossingcalculated with Poissonstatistics from the fraction of

beamcrossingsfor which the luminosity monitor detectsno collisions,and � LM is the

e�ective luminosity crosssectionaccounting for the acceptanceand the e�ciency of

the luminosity monitoring detector.

In 2005,the luminosity monitor's readout electronicsweresubstantially upgraded

to provide more preciseinformation about hits in the scintillation arrays{speci�cally

timing andpulseheight data for individual channelsfor each triggeredbunch crossing{

to the data acquisition system[41]. Theseimprovements led to a better measurement

of the luminosity monitor's e�ciency andacceptance,andultimately to a modi�cation

in the value of � LM from 54� 3:5 mb to 48� 3 mb for Run II [41]. This implied an

overall increasein the previouslyassumedvalueof D�'s Run II integrated luminosity

by approximately 15%[41]. This correpondsto an integratedluminosity of 421:4� 25:7

for this analysisinstead of 362:6 � 23:6 [78, 79].

During operation, data are grouped into `lumiblocks' that are incremented at

every run or store transition, at certain subdetector initializations, or every 60 s.

Sincethe D� instantaneousluminosity is approximately constant for each lumiblock,
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lumiblocks are usedas the unit of time for the luminosity measurement.

3.2.6 Trigger System

Becauseonly a small fraction of detector events can be recordedfor o�ine analysis,

a triggering system must be used to select interesting physics events. At D�, this

triggering systemis three-tiered,with each successive level examining lessevents but

taking into account more information to make its triggering decision.

As discussedin Section3.1, proton-antiproton collisionsoccur at the D� detector

every 396ns, which correspondsto a frequencyof over 2 MHz. The Level 1 triggering

systemreducesthis event rate to � 2 kHz, using hardware-basedtriggers that make

basiccuts on detectorevents. Figure 3.9displays the four Level 1 trigger systemsand

the subdetectors from which they receive inputs. For example, the Level 1 central

track trigger (L1CTT) receivesinformation from the central �b er tracker and central

and forward preshower detectors. By requiring tracks in thesedetectors to have a

PT above a certain threshold, L1CTT can reducethe total number of events that are

passedonto Level 2. In order to minimize experimental deadtime,all D� events are

pipelineduntil they receive a Level 1 trigger decision.Oncemade,thesedecisionsare

sent to the `trigger framework', the systemresponsible for making global triggering

decisionsbasedon individual Level 1 triggers. A trigger decision is made for each

396ns acceleratorbunch crossing.

Events that passLevel 1 aresent to Level 2, which usesmoredetailed subdetector

information to further reducethe rate by a factor of two to 1 kHz. The system is

composedof detectorspeci�c pre-processorsthat combine data from the subdetectors

with information from the Level 1 trigger systemto form individual Level 2 triggers

(Figure 3.9). A global processor,̀ L2Global', forms the event-wide Level 2 decisions

by identifying correlationsin events acrossdetector subsystems.

Events that passthe Level 2 trigger proceedto Level 3, whereinformation about
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Figure 3.9. Two levelsof the three-tieredD� trigger system[36]. The FPD detector
is not discussedin this chapter becauseit is not relevant to the measurement.

the event is reconstructed on a farm of microprocessors. The Level 3 data come

directly from the subdetectors,collectedand readout in 63 custom VME electronics

readout crates. The online event reconstruction includes the reconstruction of four-

momenta of physics objects such as electronsand muons as well as variables that

relate these objects such as the invariant mass. Complex algorithms and selection

criteria, often referredto as`�lters', reducethe event rate to 50 Hz. Theseremaining

50 Hz of data are then recordedto tape for o�ine reconstructionand analysis.
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Chapter 4

Event Reconstr uction and Simula tion

Beforebeingusedin an analysis,the raw data that hasbeenrecordedto tapemust be

reconstructedinto physicsevents completewith de�ned tracks, a primary vertex, 6ET ,

and the four-momenta of physicsobjects such as electronsand muons. Theseevents

must also be in a form compatible with the analysisframework. This chapter gives

an overview of the processthrough which hit patterns and timing information in the

detector becomeevents consideredfor the measurement. The chapter begins with

an overview of data collection and processing,identifying the basicdata quality cuts

and discussingthe online trigger requirement. The o�ine reconstructionprocedureis

then detailed for tracks, the primary vertex, muons, jets, electrons,and 6ET . Finally

an overview of the Monte Carlo samplesemployed for signal e�ciency studies and

background yield estimation is presented.

4.1 Data Collection and Processing

The data setfor this measurement consistsof a total integratedluminosity of 421.4pb� 1

collectedbetweenJune 2002and August 2004. D� reco(releaseversionp14), an of-


ine reconstructionprogram,reconstructed971,187,179events for this luminosity [42].

In order to reducethe number of extraneousevents, the CommonSamplesGroup at

D� produced several skims (or subsets)of the total data set, by applying di�erent

sets of basic selectioncriteria [43]. This measurement usesthe `2MU' skim, which

consistsof 55,196,992events that have two or more reconstructedmuons [44]. Since

the event signature of t �t ! �� production includes two high PT muons, analyzing

the 2MU skim instead of the total data set doesnot eliminate signal events.

Another tool, top analyze, performedbasicobject identi�cation and quality cuts
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Stage Luminosity (pb� 1) Relative % Absolute %
Delivered 560.75 100% 100%
Recorded 505.32 90.1% 90.1%

Good 425.63 84.2% 76.0%
Reconstructed 421.39 99.0% 75.1%

Table 4.1. Integrated luminosity for 2MU data skim [47]. All luminosity values
have a 6.1%uncertainty.

on the skim and converted the data into `rootuples', a form consistent with the anal-

ysis framework [45, 46]. The top analyze package was also used for Monte Carlo

events, where it performedobject smearingand other correctionsto account for dis-

crepanciesbetweendata and Monte Carlo events. Section4.3 details the basicobject

identi�cation criteria and thesedata and Monte Carlo corrections.

4.1.1 Data Quality

Two code packageswereusedto perform overall data quality cuts on the 2MU skim:

top dqand top dq data respectively [78]. Thesepackages
ag runs, subsetsof the data

set typically representativ e of a few hours of data collection, and luminosity blocks

(Section3.2.5) that are consideredunsuitable for analysis.

Runs are evaluated with D�'s run quality database,in which hardware experts

label each run `good', `reasonable',̀unknown', or `bad' basedon how their subdetector

was functioning at the time the run was recorded[48]. For this measurement, runs

are excludedfrom the data set if any subdetector (SMT, CFT, CAL, MUO) marked

them as bad or if the muon subdetector failed to actively mark them as good or

reasonable,wherereasonableindicatesa basic level of acceptability for for analysis.

Luminosity blocks are marked as bad if speci�c patterns of calorimeter noiseare

present or if other known problemsthat signi�cantly impact 6ET reconstruction (Sec-

tion 4.3.6) are detected. Rejection by luminosity block is preferableto run rejection

becausea luminosity block represents a smaller increment of time, and therefore,
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Trigger List Luminosity (pb� 1)
v10 and earlier 59.54

v11 66.54
v12 243.82
v13 51.49
total 421.39

Table 4.2. Integrated luminosity by trigger list version. [38, 49]. All luminosity
valueshave a 6.1%uncertainty.

rejection by lumiblock preserves a signi�cantly higher fraction of the data [45]. Ta-

ble 4.1 shows the breakdown of luminosity delivered, recorded, and reconstructed

after data quality cuts have beenapplied for the 2MU skim.

The �nal data quality cut, applied after top dq and top dq data is the removal of

any duplicate events.

4.2 Trigger Requirement

Events consideredfor this measurement are required to have �red one of a list of

muon triggers, each of which has a di�erent set of Level 1, Level 2, and Level 3

trigger requirements (Section 3.9). In general,two groupsof triggers are considered:

singlemuon triggersand dimuon triggers. As expected,they requireoneor two muons

to be present in the event to �re respectively. Triggersare further grouped according

to `trigger list version'. Trigger list versionnumberswere incremented monotonically

during Run II each time a changein the trigger requirements wasmade. Such changes

occurred regularly to accommodate varying beam conditions, and often resulted in

the set of triggers available for the analysischanging. For the data set we consider,

triggers are grouped into four trigger lists: v10 and earlier, v11, v12, and v13. The

integrated luminosity associated with each trigger list is given in Table 4.2.

Since this analysis requires two reconstructed muons, it is intuitiv e to require

dimuon triggers to �re in order for the event to be consideredfor the measurement.
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Previous passesof the analysisall included this requirement [49, 50, 51]. However,

this measurement implements a looserset of o�ine muon identi�cation requirements

than the previous ones,which rendersthe dimuon triggers disadvantageous. Specif-

ically, the muons required for this measurement can be formed from detector hits

either inside or outside the muon toroid as opposedto both (Section4.3.3). By con-

trast, the dimuon triggers require two muonsformed from matchesin hits both inside

and outside the toroid. Thus, the dimuon trigger imposesunnecessarilytight muon

identi�cation criteria, resulting in a lossof signal e�ciency .

Singlemuon triggersalsorequiretight muon identi�cation requirements. However,

singlemuon triggers only require onemuon to �re so the e�ciency lossis lesssevere.

Unfortunately, single muon triggers also have a disadvantage. The trigger rate of

singlemuon triggerscanbesu�cien tly high that a scalefactor hasto beappliedduring

data acquisition in order to satisfy the bandwidth of the Level 1 trigger system. Such

triggers are said to be `prescaled'.Prescaledtriggers are undesirablebecausea large

fraction of good events are not accepted. In this analysis,the following compromise

is made. For a given event, if the designatedsinglemuon trigger is unprescaled,it is

required to �re for the event to passdata selection.Otherwise, the speci�ed dimuon

trigger is required to �re.

4.2.1 SingleMuon Triggers

In order to minimize the luminosity for which the more restrictive dimuon trigger

is required, the set of least prescaledsingle muon triggers is chosen. Identifying

these triggers is a multi-step process. First, a comprehensive set of likely single

muon triggers is constructed for each of several groupings of trigger list versions.

Next, the top tr igger package is used to determine the set of runs for which each

trigger is unprescaled[52]. Finally, the luminosity associated with each set of runs is

calculatedwith the top dq data package,and the singlemuon trigger with the greatest
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unprescaledluminosity is chosenfor each trigger list grouping.

In total, nine v11 and earlier triggers, �fteen v12 triggers, and eleven v13 trig-

gers are examined. Two triggers in the v13 trigger list have the sameunprescaled

luminosity so the trigger that is simpler to simulate is selected.The trigger with the

greatestunprescaledluminosity in the v11 and earlier trigger lists and the v12 trigger

list is the sameand is therefore selectedfor both trigger lists. The requirements of

the two selectedsinglemuon triggers are summarizedin Table 4.3.

At Level 1, both triggers require a muon with scintillator hits both inside and

outside the toroid (referred to as `tight' scintillator triggers). Thesescintillator hits

must alsobecon�rmed by wire hits insidethe toroid magnet(`loose'wire triggers) [54].

For the MUW W L2M3 TRK10 trigger, hits in the muon detectorsmust take place

within j� j = 1:6 (the `wide' range), while for MUH2 LM15, hits can occur to j� j = 2

(the `all' region). A 10 GeV central track is alsorequiredfor the MUH2 LM15 trigger

to �re. At Level 2, both triggers require a medium muon (Section 4.3.3) with a

minimum PT of 3 GeV. At Level 3, a 10 GeV track or 15 GeV muon is required.

4.2.2 Dimuon Triggers

When the the designatedsingle muon trigger is prescaled,the trigger requirement

reverts to the dimuon trigger. The dimuon trigger requirestwo muonsat Level 1 that

have beenformedfrom scintillator hits insideand outsidethe muon toroid, but unlike

the singlemuon triggers, no wire hits are required. At Level 2, a medium muon is re-

quired. For the version10trigger list, the dimuon trigger hasno Level 3 requirements.

For trigger lists v11-v13, Level 3 requirements are added to this trigger in order to

keeprates su�cien tly low that the triggers can remain unprescaled.A logical OR of

complementary triggers with di�erent Level 3 requirements is implemented to keep

the overall trigger e�ciency in signalevents ashigh aspossible.Table4.4summarizes

the requirements of the dimuon trigger.
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Trigger List Name Level 1 Level 2 Level 3
� v12 MUW W L2M3 TRK10 mu1ptxwtlx 1 medium � 1 track, PT > 10 GeV

PT > 3 GeV
v13 MUH2 LM15 mu1ptxatlx 1 medium � 1 � , PT > 15 GeV

+ 1 track PT > 3 GeV
PT > 10 GeV

Table 4.3. Singlemuon trigger requirements. Level 1 terms are expressedasmuf Ngptf Vgf Rgf Sgf Wgx whereN=1
for singlemuon triggers and N=2 for dimuon triggers, V is the PT threshold, R is the � region of the trigger (`wide'
or `all'), S is the scintillator requirement (`tight' or `loose'), W is the wire hit requirement (`tight' or `loose') [53].
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Trigger List Name Level 1 Level 2 Level 3
v10 and earlier 2MU A L2M0 mu2ptxatxx 1 medium � none

2MU A L2M0 L3 l15 mu2ptxatxx 1 medium � 1 � , PT > 15 GeV
v11 OR

2MU A L2M0 L3TRK10 mu2ptxatxx 1 medium � 1 track, PT > 10 GeV
2MU A L2M0 L3l6 mu2ptxatxx 1 medium � 1 � , PT > 6 GeV

v12 OR
2MU A L2M0 L3TRK5 mu2ptxatxx 1 medium � 1 track, PT > 5 GeV

DMU1 LM6 mu2ptxatxx 1 medium � 1 � , PT > 6 GeV
v13 OR

DMU1 TK5 mu2ptxatxx 1 medium � 1 track, PT > 5 GeV

Table 4.4. Dimuon trigger requirements. Level 1 terms are expressedasmuf Ngptf Vgf Rgf Sgf Wgx whereN=1 for
singlemuon triggers and N=2 for dimuon triggers, V is the PT threshold, R is the � region of the trigger (`wide' or
`all'), S is the scintillator requirement (`tight' or `loose'), W is the wire hit requirement (`tight' or `loose') [53].
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4.3 Object Reconstruction

The experimental signature of a t �t ! �� event consistsof two high PT muons, two

high PT jets, and signi�cant missing transverseenergyfrom the neutrinos. In order

to selectsignalevents from data, each of thesephysicsobjects must be reconstructed.

Reconstruction involves converting patterns of detector hits into four-momenta of

physics objects and making the appropriate corrections in data. When signi�cant

disagreements occur betweenthe resolutionof theseobjects in data and Monte Carlo

events, the Monte Carlo events must be smearedor scaledto match the data. The

processof reconstructionandsmearingfor tracks, the primary vertex, muons,jets, and

6ET is now discussed.Although electronsarenot directly usedin the dimuon analysis,

a veto on events containing electronsis applied in order to obtain orthogonality with

the other two topological decay channels, t �t ! ee and t�t ! e� . For this reason,a

brief synopsisof electron identi�cation is included here.

4.3.1 Track Reconstruction

Two complementary approaches are used to reconstruct energy deposits, or hits,

from the central tracking detectors into charged particle tra jectories, called tracks.

The �rst is a histogramming method that performswell for high PT tracks near the

primary vertex. The secondis an SMT cluster approach that has a better e�ciency

for low PT tracks. Separatecandidate lists are created for each method and then

combined, with duplicate candidatesremoved beforeproceedingto the �nal step in

track reconstruction, the track-�tting algorithm [55, 56].

The histogramming approach is basedon the Hough Transform. This technique,

�rst usedto �nd tracks in bubble chambers,mapsthe (x,y) coordinatesof hits in the

central tracking detectorsinto a binned track parameterspacede�ned by coordinates

(� , � ), where � is the direction of the track at the point of closet approach, and �

is the curvature de�ned as � = qB
PT

[57]. Here q is the charge of the particle, and B
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is the strength of the magnetic �eld from the solenoid. Once mapped, a coordinate

hit is represented by a band in parameter space. After all hits have beenmapped

with their uncertainties, the intersection of the resulting bands should correspond

to the real track's parameters. This is quanti�ed by histogramming the bands over

the entire detector where candidate tracks appear as local maxima. In order to

account for hits in stereolayersof the CFT or SMT disks (Section3.2.2) the process

is repeated, now mapping (r ,z) coordinates to the parameter spaceand adding the

resulting information to the track candidates.

The SMT cluster approach beginsby �tting three r � � hits in the SMT barrelsor

F-disks to a track hypothesis,and using the results of the �t to predict the location

of other hits in the surrounding modules. This processis termed forming `roads'.

Hits in neighboring modulesconsistent with the �t are addedto the track candidate.

As in the histogramming approach, stereohits associated with r � � hits are used

to reconstruct the tracks in three dimensions. Once a set of tracks is identi�ed, the

primary vertex is reconstructed. The primary vertex is then used to predict the

location of hits in the CFT. If the predicted CFT hits are found, they are alsoadded

into the track.

The secondstepin track reconstructionis to input all track candidatesinto a track

�tter that propagatesthem through the D� detector, and modi�es their momenta to

account for interactionswith detectormaterial and curvature from the magnetic�eld.

The Kalman Track �tter is usedfor this step [58]. The Kalman technique e�ectively

producesoptimal track parametersfor any surface,making it ideal to simulate both

the cylinders of the CFT and the planar geometryof the SMT.

4.3.2 Primary Vertex Reconstruction

Interaction verticesare constructed from tracks in a straightforward way. The chal-

lengeof reconstructing the `primary event vertex' is to distinguish the vertex asso-
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ciated with the hard scatter event from the vertices associated with superimposed

minimum bias events that alsoresult from p�p collisions[59].

To complete this task, the list of candidate tracks (Section 4.3.1) are inputted

to the D� root primary vertex-�nding algorithm [49]. Two variables are computed

for the candidatestracks: the distanceof closestapproach, DCA, which is the x � y

planar distanceof the track to the beamspot, and the signi�cance, S, de�ned as:

S =
DCA
� D CA

: (4.1)

where� D CA is the uncertainty in the DCA.

At �rst, only a loosecut on the tracks is made. Speci�cally, any track with S � 100

is cut from the candidate list. Event vertices are reconstructed for all remaining

tracks. Sinceonly a loosetrack cut was made, this provides a comprehensive set of

primary event vertex candidates.

Next, the signi�cance of each of the track candidatesis computed with respect

to each event vertex (as opposedto the beamspot). Any tracks with S � 3 or with

lessthan two SMT hits are removed from the list of candidates. New vertices are

then reconstructedfrom the updated, more re�ned track list. Finally, the transverse

momenta of thesetracks is usedto calculatethe probability that the vertex originated

from a minimum bias event. The vertex with the lowest probability is chosenas the

hard scatter vertex, and labeledthe primary event vertex [59, 60].

For this analysis, several quality cuts are imposedon the primary vertex. It is

required to have a certain number of associated tracks, and its z coordinate must be

su�cien tly closeto the center of the detector.

Thesecuts can be summarizedas:

� N tr acks � 3

� jzP V j < 60 cm

� j� z(D � root;D � r eco)j < 5 cm
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4.3.3 Muon Reconstruction

As discussedin Section3.2.4,muonsare detectedboth in the central tracking detec-

tors and in the muon spectrometer. Quality cuts are applied to reconstructedmuons

to ensurethat the muonsusedin the analysisoriginated from the hard scatterprocess.

The starting point for muon reconstructionis the formation of stubs,straight-line

segment hits in the muon systemthat contain both a wire chamber hit and a muon

scintillator hit [38]. Stubs can be constructedon either side of the iron toroid, that

is, in layer A or in layers BC. If A-layer stubs are consistent with BC-layer stubs,

taking into account the tra jectory bend and multiple scattering causedby passageof

the muon through the toroid, the stubs are combined to form a `local' muon. Local

muons can be paired with tracks (Section 4.3.1) by matching the track's direction

with the muon's direction asmeasuredfrom the tra jectory at the inner surfaceof the

muon spectrometerand matching the track's momentum with the muon'smomentum

as measuredindependently in the muon spectrometer from the bend angle through

the toroid.

Single layer stubs can also be matched to tracks. Since there is no momentum

measurement available from the muon spectrometer for single layer stubs, A-layer

stubs are matched basedonly on direction. BC-layer stubs are matched using direc-

tion and a rough estimateof momentum calculatedby assumingthe muonsoriginated

from the primary event vertex. A reconstructedmuon, then, consistsof either a local

muon matched to a track, or a stub-track pair.

Reconstructedmuons are categorizedaccordingto the location and typesof hits

in the muon system. Theseclassi�cations are referred to as `tight', `medium', and

`loose'. The selectioncriteria for this analysisrequiresall signal events to have two

loosequality muons,wherethe looseclassi�cation meansthat the wire and scintillator

hits forming a stub canbe either insideor outsidethe toroid. That is, the muon could

have beenconstructedfrom a stub-track match rather than from a local muon-track
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match. Tight muons, which are required for certain muon identi�cation and trigger

studies, are required to have wire and scintillator hits both inside and outside the

toroid, and result from a local muon-track match [40]. The medium muonsrequired

by the single and dimuon triggers (Section 3.9) typically are formed from wire and

scintillator hits outside the toroid, though this requirement is relaxed in the bottom

region of the detector. A completedescription of the muon classi�cation system is

given in [40].

As with the primary event vertex, a seriesof quality cutsaremadeon the muons,in

this caseto distinguish signal muonsfrom non-signalmuons. Signal muonsoriginate

from W boson decay. Other sourcesof muons include cosmic rays, heavy 
a vor

decay (from bottom and charm quarks), � /K decay and combinatorics. Occasionally,

hadronic energy is deposited in the muon system either becausea hadron did not

interact with the calorimeter or becauseof debris from a hadronic shower. Such

deposits in the muon system are referred to as punchthroughs since the hadron or

decay products had to punch through the calorimeter. The muon identi�cation cuts

are designedto target each of thesealternate sourcesof muons.

To reducecosmicray contamination, the scintillator hits associated with the muon

are required to have occurred at the appropriate amount of time after a live bunch

crossingconsistent with the time of 
igh t of a muon originating at the primary event

vertex. In order to ensurethat the muonsare associated with the hard scatter event,

a maximum is imposedon the � 2 of the track Kalman �t discussedin section4.3.1.

A cut is madeon the signi�cance of the distance-of-closestapproach, de�ned in Sec-

tion 4.3.2,and a limit is placedon the z distancebetweenthe muon and the primary

vertex. To reducethe incidenceof poorly reconstructedmuons, muons are required

not to have beenreconstructedfrom the lower sectionsof the detector with poor cov-

erage.Thesesectionsare referredto as the bottom hole (Figure 3.7 and Figure 3.8).

Finally, muons are required to be well isolated. There should not be signi�cant

energydeposits in the conearound the muon path, which could indicate a non-top
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event such asa heavy 
a vor or � /K decay in a jet. Two isolation variablesarede�ned.

Both take the sum of the ratio of the energyin the areaaround the muon to the PT

of the muon. The �rst takesthis sumin the tracking detectorsand the secondin cells

in the calorimeter. The variablesare de�ned as:

Etr k
hal o =

X

� R< 0:5

ptr k
T

p�
T

(4.2)

Ecal
hal o =

X

0:1< � R< 0:4

E cell
T

p�
T

(4.3)

where � R =
p

� � 2 + � � 2. In a non-top event the energy surrounding the muon

may be comparableto the energy of the muon. To suppressthese backgrounds, a

maximum value is imposedon thesevariables.

A summary of the muon identi�cation cuts usedin this analysisare:

� loosequality

� match to Level 1 and Level 2 trigger requirements (Section4.2)

� timing cuts against cosmics

� central track match, � 2
tr ack < 4

� low DCA signi�cance: jDCAj=� D CA < 3

� j� z(�; PV)j < 1 cm

� Etr k
hal o < 0.12

� Ecal
hal o < 0.12

� j � detector j < 2

� bottom hole rejection, where the bottom hole is de�ned by: 4.25 < � < 5.15

when j � detector j < 1.25
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In order to ensurethat the muon momentum resolution is the samein data and

the Monte Carlo events, Monte Carlo is smearedsuch that the mean position and

width of the Z ! �� peak is approximately the same in data and Monte Carlo

(Section4.4.2). The smearingis parameterizedin inversePT accordingto:

1
P0

T

=
1

� PT
+ � (4.4)

where � represents a scalefactor, and � represents a random-variable Gaussiancor-

rection. The width of the Gaussian,� � , and � are determinedusing the Kolmogorov-

Smirnov distribution separately for central and forward muons [45]. The smearing

parameterschosenfor central muons are � � ' 0:0023 GeV� 1 and � = 0:991. For

forward muons, the smearing parameters are given by: � � ' 0:0047 GeV� 1 and

� = 0:999.

4.3.4 Jet Reconstruction

This analysisrequirestwo high PT jets, which are reconstructedfrom energydeposits

in calorimeter cells. The �rst step in jet reconstruction is to distinguish noisy cells

in the calorimeter from cells with energy deposits from physics objects. This is

accomplishedwith the `T42' algorithm. The algorithm requiresthe energydeposited

in a calorimeter cell to be at least 4� (where � is the meanwidth of noisein the cell)

or to be 2.5� with a direct neighbor cell that is 4� [61]. Any cell failing thesecriteria

is excludedfrom the calorimeter towers (Section3.2.3).

After noisy cells are removed from the towers, the `legacyconealgorithm is ap-

plied'. All calorimeter towers with transverseenergy> 1 GeV and that are within

a coneof radius � R = 0:3 (where � R =
p

(� y)2 + (� � )2) of each other are joined

together in groups called pre-clusters. Next, the minimum distance, Rmin , between

thesepre-cluster groupsand a PT � ordered list of calorimeter towers, termed proto-

jets, is calculated. If Rmin < Rcone
2 (for Rcone = 0:5), these towers are considered
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seedsfor the proto-jets and all the towers inside the conewith positive energy are

includedto form updatedproto-jets. This procedureis repeatedmultiple times. Once

stable proto-jets have beenformed, the algorithm searches for new proto-jets in the

midpoints between the existing proto-jets. This is termed `midpoint addition'. In

the �nal step, `merging and splitting', decisionsare made to either merge or split

proto-jets that shareenergyin order to prevent double counting. If the sharedPT is

lessthan 50%of the lower PT jet, the energyis split, otherwiseproto-jets are merged.

Theseproto-jets becomejet candidates[62, 63].

Several variables are de�ned in order to di�erentiate jets from electromagnetic

(EM) objects, or fake jets that are reconstructedascandidatejets becauseof noiseor

other instrumental e�ects. Variablesusedto suppressfake jets include the following.

The coursehadronic fraction, f CH , is the fraction of a jet's energythat is deposited in

the outer layersof the calorimeter. The outer layersare noisier then the inner layers.

The hot fraction, f hot , is the fraction of energyof the most energeticjet cell to the

next-most-energeticjet cell. A high value of f hot could be an indication of a hot cell

in the calorimeter that is frequently �ring. N90 is the number of cells that together

collect 90%of the jet's energy. If this number is one,it is likely a hot cell. Finally the

ratio of energyreadout by the L1Cal trigger (Section 3.2.6) to the precisionreadout

of ET is computed, f L 1
P

ET . If this number is small, it indicates a mismatch in the

energyreadout that could be an indication of noise.

In order to discriminate jets from EM objects and further discriminate them from

noise,the ratio of the total energyin the EM layers to the total energyin the cluster,

called the EM fraction, f E M , is computed. Jets in the far forward regionare removed

in order to reducethe number of jets originating from low energymultiple interaction

events.

Finally, it shouldbe noted that all jets are alsoreconstructedasEM objects, and

if they passEM object identi�cation, they are removed from the jet list in order to

avoid double counting.
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The speci�c selectioncriteria usedfor this analysisare summarizedbelow:

� f CH < 0:4

� f hot < 10

� N90 > 1

� f L 1
P

ET > 0:4 (j� j < 0:7)

� f L 1
P

ET > 0:2 (0:7 < j� j < 1:6)

� j� j < 2:5

� 0:05 < f E M < 0:95

Several data and Monte Carlo correctionsare alsoapplied to jet candidates.One

such correctionis a data-to-Monte Carlo scalefactor applied to Monte Carlo jet candi-

datesto compensatefor di�erencesin jet identi�cation and reconstructione�ciencies.

This correction factor, termed `Jet ID', is measuredin 
 + j et events separatelyfor

jet candidatesin the central calorimeter, endcapcalorimeter, and the intercryostat

detector regions. A seconddata-to-Monte Carlo scalefactor is applied to account

for di�erences in the jet energyresolution. This was measuredusing both dijet and


 + j et events and is aptly referredto as `jet energyresolution'.

The largest set of corrections, applied to both data and Monte Carlo, is made

to restore the measuredjet energy, E meas
j et , to an estimate of the actual jet's energy,

E par ticl e
j et . These corrections, called Jet Energy Scalecorrections (JES), are applied

as [64]:

E par ticl e
j et =

E meas
j et � O

R � S
(4.5)
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� O is the o�set energyfrom electronicnoise,noisefrom radioactive decay of the

uranium in the calorimeter,multiple interactions, underlying event energyfrom

the interactionsof the non-hardscatterprocessesin proton-antiproton collisions,

and energyfrom proton-antiproton collisionsfrom other bunch crossings(pile-

up).

� R is a measureof the calorimeter response for jets. This is less than one

becauseof energy lost in the detector before the calorimeter, imperfections

in the calorimeter, and the poorer responseof calorimeters to hadrons than

electrons.

� S accounts for jet energythat is depositedoutsideof the jet conedueto shower-

ing aswell asenergydeposited inside the jet conefrom the showersof particles

other than the jet.

Thesevariablesare measuredin unbiaseddata events, speci�cally 
 + j et events and

dijet events.

The jet energyscalecorrectionsare the largestsourceof systematicuncertainty in

this analysis. The correctionsas functions of � j et and uncorrectedjet energyE uncor r
j et

are shown for both data and Monte Carlo in Figure 4.1. The JetCorr v5.3 packageis

usedto apply jet energyscalecorrectionsfor this analysis[49].

4.3.5 Electron Reconstruction

Becauseelectronsare identi�ed in the calorimeter, their reconstruction is similar to

that of jets. First, the T42 algorithm is applied to remove noisy cellsfrom calorimeter

towers (Section 4.3.4). The next step in electron reconstruction is the use of an

algorithm that formselectromagnetic̀ clusters'basedon towersin the electromagnetic

section of the calorimeter. These towers, referred to as `seed'towers, have PT >

500MeV. Neighboring towerswith PT > 50MeV and within a coneof radius R = 0:3
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Figure 4.1. Examplesof jet energyscalecorrectionsfor data (top) and Monte Carlo
(bottom) [64]. The JES correctionsare plotted asa function of � j et (left) and E uncor r

j et

(right).
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in the CC, whereR is de�ned as R =
p

(� � )2 + (� � )2, are included in the cluster.

Clusterswith PT > 1 GeV are usedas inputs in a secondalgorithm that continuesto

add EM towers within a coneof R = 0:4.

A seriesof variablesarede�ned to test the consistencyof a clusterwith an electron.

The �rst is the EM fraction, f E M , de�ned in Section4.3.4. Another is the degreeof

isolation of an EM cluster, termed f iso . A shower shape variable is de�ned that tests

the consistencyof the cluster'sshower with the hypothesisthat it is an electron. This

is a � 2 variable, termed hmx8 becauseit combines information from eight variables.

And �nally , a probabilistic electron likelihood is de�ned basedon seven variables

including f E M , the quality of the track match, the association likelihood of the track

with the primary vertex, and the ratio of transverseenergyin the calorimeter to the

momentum of the track.

For the purposeof the electron veto in this analysis, the following requirements

are madeto de�ne an electron:

� f E M > 0:9

� f iso < 0:15

� hmx8 > 50

� Likelihood > 0:85 in both CC and EC

Finally, our electron candidatesare also required to have a high transversemo-

mentum, PT > 15 GeV, and to have a track match.

The choiceof valuesfor each selectioncut and the testing of electronreconstruction

algorithms were conducted with various data samples. More detail can be found

at [49, 65]. As for Monte Carlo muons, electron momenta are smearedin order to

account for di�erencesin the electronmomentum resolutionsbetweendata and Monte

Carlo events.
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4.3.6 Missing ET Reconstruction

Sinceneutrinos are weakly interacting particles, they are not directly measuredin

the detector. Instead the total transversemomentum of all visible particles in the

event is vectorially summed.The PT neededto balancethis sumshouldrepresent the

energyof the neutrino. Of course,imperfect object resolutions,detector noise,and

other instrumental e�ects make this reconstruction imperfect.

Reconstructing 6ET starts by vectorially adding all the energy deposits in the

electromagneticand �ne hadronic layers of the calorimeter for each tower above a

certain minimum threshold [38]. This threshold helps reduce the amount of noise

entering the sum. If energydeposited in the coarsehadronic layers is associated with

a jet it is also included. The inverseof this �rst vector sum, that is a vector of the

samemagnitude pointing in the opposite direction, is referred to as the raw missing

transverseenergy, 6ET r aw .

Several adjustments are made to calculate the 6ET from 6ET r aw . As discussedin

Section4.3.4,the measuredjet energyin the calorimeter is not the true jet energyso

jet energyscalecorrectionsare applied. Smaller,but similar correctionsare madefor

EM objects. Therefore, in order for the 6ET to re
ect the missingenergyof the real

jets and EM objects, thesejet and EM energyscalecorrectionsmust be vectorially

subtracted from the 6ET r aw . The updated quantit y, referred to as calorimeter 6ET , is

closerto the true 6ET . However, a sum basedon calorimeter energydeposits doesnot

account for muon momenta, sincemuons are minimally ionizing in the calorimeter.

The �nal step, then, is to vectorially subtract the measuredmomenta of all muons

passingidenti�cation cuts from the calorimeter 6ET . This 6ET is the 6ET employed in

selectioncriteria.
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4.4 Event Simulation

This analysis depends on simulated events to calculate selectioncut e�ciencies in

signaland estimatesignaland background yields. Monte Carlo samplesare employed

for this purpose. Monte Carlo simulators contain parton generatorsthat describe

the physics,parton distribution functions that describe the momentum distribution

of partons, and a hadronization scheme to turn partons into particles. These are

then passedthrough a simulation of the D� detector that models detector response

and acceptance.This section provides a brief overview of the Monte Carlo samples

utilized in this analysis.

4.4.1 Signal Monte Carlo

The signal sampleof t �t ! �� events is generatedwith the Alpgen Monte Carlo gen-

erator, which usesexact leading-ordermatrix elements [66]. The parton distribution

functions are modeled with CTEQ5L [67] while parton showering, fragmentation,

and decay are modeledwith Pythia [68]. The parton level cuts usedin generationare

termed `CAPS' for `CommonAlpgen + Pythia Study'. They are:

� j� j < 10 for leptons

� PT > 8 GeV & j� j < 3:5 for jets

� � R(j et; j et) > 0:4

� factorization scale:m2
top

B-mesondecays are simulated with EVTGEN [69], and the � decays are modeled

with TAUOLA [70].

This sampleis normalizedfor selectioncut studiesassuminga t �t production cross

sectionof 7 pb. The samplealsoassumesa top quark mass,mtop = 175GeV. Samples

assumingdi�erent valuesof the massare used to determine the dependenceof the
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Process Generator PDF Nevents � � BR (pb)
t�t ! `` Alpgen CTEQ5L 16,796 7 � 0:01571� 0:00031

Table 4.5. Monte Carlo t�t sampleusedfor measurement. HereNevents is the number
of events that are taggedasdecaying to dimuon �nal states. The original samplehad
110,000events. The crosssection and the branching ratio (� � BR) are used to
normalize the Monte Carlo yield for selectioncut studies(Section5.3.2) [33].

cross section measurement on the massof the top quark (Figure 7.4). Table 4.5

describesthe signal Monte Carlo sample.

4.4.2 Background Monte Carlo

The background processesconsideredin this analysisinclude:

� WW + j ets ! �� + � � + j ets, WZ + j ets ! �� + � + j ets

� Z=
 � + j ets ! � � + j ets ! �� + � � � � + j ets

� Z=
 � + j ets ! �� + j ets

� multijet production and W+jets events

All but the last of thesebackgroundsis estimatedwith Monte Carlo (Chapter 6).

Diboson ProcessesAll samplescorresponding to the dibosonprocesses,WW + j ets

and WZ + j ets events (Table 4.6), are producedwith the Alpgen generator. Parton

distribution functions are modeled with CTEQ4L [67]. No parton cuts are applied.

Otherwise parton modeling and decays are carried out in the samemanner as for

the signal Monte Carlo. Dibosonsamplesare normalized to their theoretical next-

to-leading order crosssections[51]. For the WWj j ! `� `� j j sample,the NLO cross

section is unavailable. Sincethe NLO crosssectionis 35%higher than the LO cross

section for WW! `� `� , the LO crosssection of WWj j ! `� `� j j is scaledup by

35%and an uncertainty of 35%is assigned[71].
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Process Generator PDF Nevents � � BR (pb)
WWj j ! `� `� j j Alpgen CTEQ4L 19,500 0:29� 0:10
WZj j ! ``j j Alpgen CTEQ4L 25,000 0:092� 0:032
WW! `� `� Alpgen CTEQ4L 152,400 1:38� 0:03

Table 4.6. DibosonMonte Carlo samples.The crosssectionand the branching ratio
(� � BR) are usedto normalize the Monte Carlo yield (Section6.1) [49].

Z=
 � + j ets ProcessesLike the signal Monte Carlo, the Z=
 � + j ets events used in

the measurement are generatedwith the Alpgen Monte Carlo generatorwith CAPS

settings and a renormalization scalegiven by m2
Z +

P
P2

T . The parton showering,

B-mesondecay, and � decay are alsoconstructedin the samemannerassignalMonte

Carlo. Samplesare generatedin three massbins, and given relative weights accord-

ing to the the ratios of the next-to-next-to-leading-ordercrosssections. The overall

normalization is constrainedto data (Section 6.2.2).

For the Z/ 
 � j j ! � � j j samples,only events in which both � 's decay to an elec-

tron or muon are considered. The branching ratio for this processis calculated as

(BR� ! � + X + BR� ! e+ X )2, where the squarere
ects the fact that the two � 's decay

independently. This givesa �nal branching ratio of 0:1238� 0:0025[33].

Though not usedin the actual measurement, inclusive jet samplesgeneratedwith

Pythia are employed to perform data-to-Monte Carlo cross-checks at early levels of

selection.The Z/ 
 � ! � � sampleis normalizedwith measuredcrosssections,whereas

the Z/ 
 � ! �� samplesare normalized with the theoretical crosssection [49]. The

parton cuts on the Z/ 
 � ! � � sampleincludea requirement for the PT of each electron

or muon be greater than 8 GeV and a requirement that the dilepton invariant mass

be greater than 30 GeV. Cuts are are also made on dilepton invariant massfor the

other Pythia samples.Details on thesesamplesas well as the Alpgen Z/ 
 � samples

described above are given in Table 4.7.
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Process M �� (GeV) Generator PDF Nevents � � BR (pb)
Z/ 
 � j j ! ��j j 15-60 Alpgen CTEQ5L 233,500 24.7
Z/ 
 � j j ! ��j j 60-130 Alpgen CTEQ5L 269,500 23.4
Z/ 
 � j j ! ��j j > 130 Alpgen CTEQ5L 66,500 0.2
Z/ 
 � j j ! � � j j 15-60 Alpgen CTEQ5L 12,033 3.060
Z/ 
 � j j ! � � j j 60-130 Alpgen CTEQ5L 68,127 2.899
Z/ 
 � j j ! � � j j > 130 Alpgen CTEQ5L 2,042 0.025
Z/ 
 � j ! ��j 15-60 Alpgen CTEQ5L 248,750 60.9
Z/ 
 � j ! ��j 60-130 Alpgen CTEQ5L 328,745 68.8
Z/ 
 � j ! ��j > 130 Alpgen CTEQ5L 24,000 0.62
Z/ 
 � ! �� 15-60 Pythia CTEQ5L 101,500 478:8 � 25
Z/ 
 � ! �� 60-130 Pythia CTEQ5L 162,000 253:0 � 13
Z/ 
 � ! � � > 30 Pythia CTEQ5L 155,404 12:61� 1

Table 4.7. Z/ 
 � Monte Carlo samples.The Nevents for the Alpgen Z/ 
 � ! � � sam-
plescorrespondsto the number of events for which the � particles decay leptonically.
The crosssectionand the branching ratio (� � BR) for the Alpgen samplesis only
usedto calculate relative weights. The overall normalization is constrainedto data
(Section6.2.2) [49].

4.4.3 Detector Simulation

The last step in event simulation is to passthe generatedsamplesthrough a compre-

hensive model of the detector in order to mimic the e�ect of the detector response,

acceptance,and loss through non-instrumented material. At D� this is performed

with two packages: D�gstar and D�Sim. D�gstar, which stands for `D� GEANT

Simulation of the Total Apparatus Response'is a GEANT-basedsimulator that pro-

videsa completesimulation of the D� detector [72, 73]. As Monte Carlo samplesare

passedthrough, D�gstar determineshow much energyis deposited in which parts of

the detector. The output of D�gstar is fed into D�Sim which adds in the e�ects of

proton pileup and minimum bias events as well as accounting for various electronic

noiseand ine�ciencies not modeledin D�gstar, including SMT noise,aswell asthat

originating in the calorimeter and muon system[74].
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Chapter 5

Selection Criteria and Efficiencies

Of the more than 50 million events in the dimuon data skim, only a small fraction

are t�t ! �� events. To identify theseevents and discriminate them from background

a seriesof selectioncuts is applied. Those cuts that require the presenceof physics

objects consistent with signal events are collectively termed preselection.Additional

cuts, calledbackgroundrejection,areoptimized to speci�cally target non-signalevents

with signaturessimilar to thoseof top decays.

Recall, from Equation 1.2, that an accurateestimateof the e�ciency for t �t ! ��

events to passall selectioncriteria, � sig , is necessaryfor the crosssectioncalculation.

This cumulativesignale�ciency is calculatedasthe product of the individual selection

cut e�ciencies and eight data-to-Monte Carlo correction scalefactors. The selection

cut e�ciencies are measuredin a t�t Monte Carlo sample.The correctionscalefactors

account for the di�erent responsesof data and Monte Carlo events to the selection

criteria.

This chapter beginsby summarizingthe preselectioncuts and corresponding scale

factors. The secondsection details the optimization procedure used to de�ne the

background rejection cuts. The �nal sectionsummarizesthe methods usedto calcu-

late individual cut e�ciencies and presents the �nal signal e�ciency table.

5.1 Preselection

The signatureof a t�t ! �� event consistsof two oppositely charged,high PT muons

originating from the primary vertex, two high PT jets, and substantial missingtrans-

verseenergy. Preselectioncuts selectevents with muonsand jets consistent with this

signature. The cuts canbe divided into the following categories:muon identi�cation,
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which requires two well reconstructedmuons as speci�ed in Section 4.3.3; the trig-

ger requirement described in Section 4.2; jet identi�cation, which requires two well

reconstructedjets as de�ned in Section4.3.4; primary vertex identi�cation detailed

in Section4.3.2;muon promptness,which requiresthe consistencyof the muonswith

originating from the primary event vertex (Section4.3.3); and muon isolation, which

requiresthe muons to be isolated from other activit y in the detector (Section4.3.3).

A �nal category, channel orthogonality, placesa veto on any event that contains

a well reconstructedelectron, as speci�ed in Section 4.3.5. This cut facilitates the

combination of the crosssectionmeasurement with measurements in other dilepton

channels. Though the electron veto is not strictly preselectionas de�ned above, it is

included here for convenience.Table 5.1 summarizesthe preselectioncuts.

Category Cut Scale
Factors

Muon Identi�cation � 2 Muons X
Track Match X

Muon Track � 2 X
Opposite Charge

Muon PT > 15 GeV
ChannelOrthogonality Electron Veto
Trigger Requirement Table 4.3 and Table 4.4

Jet Identi�cation � 2 Jets with PT > 20 GeV
Primary Vertex Identi�cation jzj < 60 cm, N tr k � 3 X

jzd0r oot � zr ecoj < 5 cm X
Muon Promptness jz� � zP V j < 1 cm X

Muon DCA Signi�cance X
Muon Isolation Rat11 < 0:12 & Rattr k < 0:12 X

Table 5.1. t�t ! �� preselectioncriteria. Selectionscuts with a corresponding data-
to-Monte Carlo scalefactor are signi�ed with a checkmark. The order of the table
re
ects the order in which the cumulative signale�ciency is calculated,seeTable5.8.
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5.1.1 ScaleFactors

An Alpgen t�t Monte Carlo sample(Section4.4.1) is employed to estimatethe fraction

of signal events that pass the selection criteria. Eight data-to-Monte Carlo scale

factors are used to correct individual cut e�ciencies measuredin Monte Carlo to

re
ect thoseassociated with data.

The generalprocedurefor calculating correction scalefactors is to measurethe

relevant selectioncut e�ciency in both data and Monte Carlo samplesand compute

the ratio. Samplesof Z ! �� events areutilized for all but onescalefactor calculation

becausethey contain unbiasedevents with signaturessimilar to t �t: two high PT muons

and jets. Unlessotherwisenoted, the Z ! �� Monte Carlo correspondsto the Pythia

Monte Carlo sampledetailed in Table 4.7.

Muon Reconstruction and Identi�c ation The �rst step to calculate the muon recon-

struction and identi�cation scalefactor, � �I D , is to obtain an unbiasedsampleZ ! ��

events in data. The `MURECOEFF' data skim is employed. Unlike the 2MU data

skim usedfor the measurement, MURECOEFF requiresonly onefully reconstructed

muon. This muon is labeled the tag muon and a secondmuon, required only to be

reconstructedas a central track, is labeled the probe. In order to remove bias, the

muon trigger usedto selectthe event for the skim must be matched to the tag muon.

Additionally , the invariant massof the tag and probe muons is required to be com-

patible with a Z ! �� event. The muon reconstruction and identi�cation e�ciency

is then calculated as the fraction of events for which the probe muon is matched to

a fully reconstructedmuon. The samemeasurement is performedin Z ! �� Monte

Carlo and the ratio of data-to-Monte Carlo e�ciencies is plotted, binned in track � ,

track � , and track PT , seeFigure 5.1.

The scalefactor is calculated from a 
at �t to the data-to-Monte Carlo ratio of

e�ciency versus muon detector � , as shown in Figure 5.2. The result is � �I D =

1:000� 0:014per muon wherethe systematicerror is taken to be statistical in origin
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Figure 5.1. The ratio of data and Monte Carlo muon reconstruction and identi-
�cation e�ciencies as function of the track PT , track � and track � . No signi�cant
dependenceon thesequantities is observed.
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(Section7.2).
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Figure 5.2. A 
at �t to the muon reconstruction and identi�cation scalefactor as
a function of muon detector � . The systematicerror associated with the scalefactor
is calculatedwith a conservative approach, discussedin Section7.2.

Muon Track Match The muon track match e�ciency is calculated in a sample of

select tight, isolated muons taken from the dimuon data skim. (The full selection

criteria are described in [75].) For each muon in the sample,a `matching' window is

drawn as0:6� � 0:4� around the center of the muon position de�ned by its trace in the

calorimeter. The raw track match e�ciency , � r aw , is measuredasthe fraction of muons

with oneor moretracks present in its matching window. However, this e�ciency must

be corrected for contamination from random tracks not associated with the muon.

The random track e�ciency , � r andom , is measuredin a control window drawn adjacent

in � to the matching window. The true e�ciency is then calculatedas:

� t =
� r aw � � r andom

1 � � r andom
: (5.1)
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A similar procedureis applied to Z ! �� Monte Carlo samples.The e�ciencies in

data and Monte Carlo are parameterizedin � and � , and the correction scalefactor,

� tr k� match , is extracted from the ratio of correctedand uncorrectede�ciencies in t �t

Monte Carlo. The statistical error from each � � � bin in the parameterization is

usedto quote an overall uncertainty [75]. Becauseit is parameterized,� tr k� match is

applied asa per event weight rather than asa simplescalefactor. For t �t, � tr k� match =

0:968� 0:024 taking into account both muons [49].

Track � 2 The track � 2 requirement is a cut on the quality of the muon track match.

Like � tr k� match , the data-to-Monte-Carlo scale factor associated with the track � 2

requirement is measuredin the dimuon data skim aswell as in Monte Carlo samples

of Z ! �� events. Z selectionis accomplishedby requiring the dimuon invariant mass

to be in the rangeof 70 to 110GeV. The cut e�ciency is calculatedby measuringthe

event yields of two groups of events: one in which a basic set of cuts including full

muon identi�cation requirements, vertex quality, muon promptness,muon isolation,

trigger, and electron veto is applied, and a secondin which the sameset of cuts

is applied except for the track � 2 cut. The ratio of the �rst group to the second

gives the e�ciency for the track � 2 cut. This e�ciency measurement is computed

for each of three inclusive jet multiplicities in both data and Monte Carlo in order

to test the dependenceof the scale factor on the number of jets. The results are

shown in Table 5.2. Sinceno obvious dependenceis observed, � tr k� � 2 is taken from

the inclusive zero jet bin. The �nal scalefactor is � tr k� � 2 = 0:970� 0:001, where

the error is assumedto be statistical in origin. The per muon scalefactor can be

calculatedasthe squareroot of the per event scalefactor, and the associated error is

the per event error divided by two. This gives0:985� 0:001.

Primary Vertex Two cuts are associated with the reconstructionof the primary ver-

tex: one cut restricts the maximum distance of the primary vertex from the origin
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� data (Z ! �� ) � M C (Z ! �� ) scalefactor � � 2< 4
t �t � �

Njet � 0 0.967� 0.001 0.998� 0.000 0.970� .001 0.966� 0.002
Njet � 1 0.962� 0.004 0.999� 0.001 0.963� .004 0.959� 0.005
Njet � 2 0.958� 0.012 0.997� 0.003 0.960� .012 0.957� 0.012

Table 5.2. Measurede�ciencies of the track � 2 cut in Z ! �� data andMonte Carlo
events for inclusive jet multiplicit y bins and per dimuon event. The corresponding
(per event) scale factors are shown in the third column. The last column shows
the t�t signal e�ciency with the scalefactor correction applied. The signal e�ciency
measurements are madewith Alpgen t�t Monte Carlo [49].

and requiresit to have beenreconstructedfrom a minimum of three tracks, and an-

other requiresconsistencybetweentwo vertex reconstructionpackages.A cut is also

made on the muons in the event to ensurethat each muon candidate is consistent

with originating from the primary vertex (Section4.3.3). This latter cut ensuresthat

the muons are `prompt' and is most appropriately discussedwith the cut on DCA

signi�cance (Section 4.3.3). However, its scalefactor is discussedhere becauseit is

calculated in the sameway as the scalefactors of the two primary vertex cuts. As

with the track � 2 cuts, the e�ciencies of these three requirements are measuredin

Z ! �� data and Monte Carlo samplesby taking the ratio of the event yields of

two groups: the �rst passinga set of preselectioncuts including the relevant primary

vertex cut and the secondpassingthe sameset of preselectioncuts excluding the

relevant primary vertex cut. The results are shown in Table 5.3.

This procedurewas repeated with Z ! ee events as part of the t �t ! ee cross

section measurement. Since there should not be signi�cant variation between the

Z ! ee and Z ! �� -derived scale factors, the full statistics of both samplesare

leveragedand a combination of the scalefactors is utilized. When both scalefactors

are consistent within error, the averageresult is used. When the results are incon-

sistent, thesedi�erences are assumedassystematicerrors. The �nal scalefactors are

given in Table 5.4.
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Njets � data (Z ! �� ) � M C (Z ! �� ) scalefactor � P V
t �t � �

zP V &Ntr k � 3
� 0 jets 0.967� 0.001 0.986� 0.001 0.980� 0.001 0.970� 0.002
� 1 jet 0.979� 0.003 0.990� 0.002 0.989� 0.003 0.979� 0.004
� 2 jets 0.991� 0.004 0.996� 0.003 0.995� 0.005 0.986� 0.006
� z(D � root;D � r eco)
� 0 jets 0.994� 0.001 0.999� 0.000 0.995� 0.001 0.994� 0.001
� 1 jet 0.995� 0.001 0.999� 0.001 0.996� 0.002 0.995� 0.002
� 2 jets 0.998� 0.002 0.998� 0.002 1.000� 0.003 0.999� 0.003
� z(PV; � )
� 0 jets 0.980� 0.001 0.994� 0.000 0.986� 0.001 0.982� 0.002
� 1 jet 0.979� 0.003 0.995� 0.001 0.984� 0.003 0.980� 0.003
� 2 jets 0.962� 0.009 0.996� 0.003 0.966� 0.010 0.963� 0.010

Table 5.3. Measurede�ciencies of the primary vertex cuts in Z ! �� data and Monte Carlo events for inclusive jet
multiplicit y bins and per dimuon event. The corresponding (per event) scalefactors are shown in the third column.
The last column shows the t�t signal e�ciency with the scalefactor correction applied. The e�ciency measurements
are madewith Alpgen t�t Monte Carlo [49].
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� P V (N jet � 0) 0:981� 0:001(stat)
� P V (N jet � 1; Njet � 2) 0:993� 0:002(stat) � 0:004(syst)
� D � r oot;D � r eco 0:998� 0:001(stat) � 0:002(syst)
� P V;` 0:987� 0:001(stat)

Table 5.4. The (per event) scalefactors. The � 1 jet bin is usedas the �nal scale
factor for the �rst primary vertex cut. For the other scalefactors, the � 0 jet bin is
used[49].

DCA Signi�cance Like the primary vertex cuts, the e�ciency of the DCA signi�cance

requirement is calculatedasthe ratio of two event yields in Z ! �� events. The �rst

event yield corresponds to events which passmuon identi�cation, muon PT , oppo-

site charge, isolation, vertex quality, track matching, trigger, and DCA signi�cance

requirements, while the secondevent yield corresponds to events which passall such

cuts except for the DCA signi�cance cut. The data and Monte Carlo e�ciencies

and the corresponding scalefactors are given in Table 5.5 for three jet multiplicities.

Becausethe scale factor calculated with the inclusive zero jet sample di�ers from

the higher jet multiplicit y cases,the scalefactor on DCA signi�cance is taken from

the one jet inclusive sample. � D CA = 0:991� 0:005, and the associated per muon

correction factor is 0:994� 0:003 [49].

� data (Z ! �� ) � M C (Z ! �� ) scalefactor � D CA
t �t � �

� 0 jet 0.924� 0.002 0.911� 0.002 1.014� 0.003 0.888� 0.007
� 1 jet 0.967� 0.004 0.976� 0.003 0.991� 0.005 0.867� 0.008
� 2 jets 0.965� 0.011 0.983� 0.007 0.981� 0.013 0.849� 0.014

Table 5.5. Measurede�ciencies of the DCA signi�cance cut in Z ! �� data and
Monte Carlo samplesfor inclusive jet multiplicit y bins and per dimuon event. The
corresponding (per event) scale factors are shown in the third column. The last
column shows the t�t signal e�ciency with the scalefactor correction applied. The
signal e�ciency measurements are madewith Alpgen t �t Monte Carlo [49].

Muon Isolation The muon isolation scalefactor, � iso , is calculatedin data and Monte

Carlo samplesof Z ! �� events with all preselectioncuts applied excluding the
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isolation requirement. As for the muon identi�cation scalefactor, a tag and probe

method is employed. In this instance, the tag muon corresponds to a muon that

passesthe isolation criteria and the rate at which the secondmuon, the probe, passes

is taken to be the isolation e�ciency . However, by requiring only one muon to be

isolated, the test samplein data is susceptibleto contamination by W + j ets events.

This contamination is evident in Figure 5.3 when the leadingPT muon is usedas the

tag muon. The same�gure shows that W + j ets contamination is lessevident when

the second-leadingPT muon is usedas the tag, so this choice is made for the scale

factor calculation.

The ratio of the isolation e�ciencies in data and Monte Carlo is plotted in Fig-

ure 5.4 as a function of the distance to the closestjet, � R(�; j et), in order to test

for dependenceon this quantit y. Despite lower statistics for muons closeto a jet,

a 
at �t to the distribution is reasonable. The scalefactor, � iso , is extracted from

the �t, and the systematic error on the scalefactor is taken from the �t's statisti-

cal uncertainty. The scale factor can also be calculated directly from the ratio of

data and Monte Carlo e�ciencies. In order to account for the potential mismeasure-

ment of e�ciencies in events with muons closeto jets, muons are required to have

� R(�; j et) > 0:5. Both the 
at �t and the direct calculation yield consistent results,

and the �nal per muon scalefactor is taken to be 1:00� 0:004giving a per event scale

factor � iso = 1:00� 0:008for two muons.

5.2 Background Rejection

The dominant background in the dimuon channel is Z=
 � + j ets ! �� + j ets where

apparent 6ET arisesfrom instrumental e�ects such as calorimeter noiseor misrecon-

structed muons. After the preselectioncuts are applied, this background is � 170

times larger than the next most signi�cant background and still � 60 times more

prevalent than signal. To speci�cally target the Z background, two additional selec-
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Figure 5.3. Distributions in Z + j data and and Alpgen Monte Carlo samplesof the
distancebetweenthe leading muon (secondleading) and the closestjet are shown in
the left (right). In the left plot, the secondleading muon is required to be isolated.
In the right plot, the leading muon is required to be isolated. The �rst bin on the
right plot shows evidenceof non-Z background in data [51].
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tion cuts are imposed: a � 2
Z cut that tests the consistencyof the event kinematics

with a Z=
 � ! �� event and a contour cut that placesa varying minimum require-

ment on 6ET , basedon an event's position in the plane formedby 6ET and the opening

angle in � between the highest PT muon and the 6ET (� � (� leading ;6ET )). Thesetwo

cuts are optimized taking into account not only the expectedZ background, but also

the WW + j ets ! �� + � � + j ets background described in Chapter 6.

5.2.1 The � 2
Z Cut

The � 2
Z variable, constructed from muon PT , is e�ectively a one-dimensional�t to

the dimuon invariant mass. Cutting on � 2
Z is preferableto a simple masscut that

removes the Z peak becausethe � 2
Z �t accounts for di�erences in the momentum

resolution for di�erent valuesof track PT and � . The variable � 2
Z is de�ned as:

� 2
Z (� 1; � 2) =

2X

i =1

�
� i � � 0

i

� i (P i
T ; � i )

� 2

+ (M �� � MZ ) (5.2)

where � 0
i are the measuredvalues of the muons' inverse momenta, � i (P i

T ; � i ) are

the resolutions associated with the inversemomenta, M �� is the measureddimuon

invariant mass,and M Z is a massconstraint taken to be the Z mass[76, 51]. � i are

re�tted valuesof the muon's inversemomenta (� i = 1
P i

�
), calculated by minimizing

Equation 5.2. Both data and Monte Carlo samplesof Z ! �� events are used to

derive the resolutions,� i (P i
T ; � i ) [45].

Equation 5.2 can alsobe written as:

� 2
Z (� 1) =

�
� 1 � � 0

1

� 1

� 2

+
�

� 2 � � 0
2

� 2

� 2

(5.3)

wherethe momenta are related by the massconstraint:

� 2 =
2(1 � cos
 )

� 1M 2
Z

(5.4)

and 
 is the anglebetweenthe two muons.
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Figure 5.5. � 2
Z distribution in data and Monte Carlo with all selection criteria

applied except the � 2
Z cut.

A distribution of � 2
Z is shown in Figure 5.5 for preselectedevents. The lower the

value of � 2
Z of the event, the higher the chanceof it being a Z=
 � ! �� event. In

order to passselection,the �nal event � 2
Z � 4.

5.2.2 Contour Cut

SinceZ=
 � ! �� events have no intrinsic 6ET , missingtransverseenergyis an e�ective

variable to discriminate betweenthis background and signal. The 6ET cut applied in

this analysisis a contour cut in the 6ET and � � (� leading ; 6ET ) plane,which wasfound to

be more e�ective than a simple 6ET cut [51]. The motivation for the cut is illustrated

in Figure 5.6,which shows the distribution of background and signalevents in the 6ET

and � � (� leading ; 6ET ) plane. The contour, drawn in black, is de�ned by three points:
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`MET' is the minimum cut on 6ET pictured asthe straight line segment, `X H igh ' de�nes

the upper limit of the triangular cut and `X Low ' is the lower limit of the triangular

cut. The corresponding limits in Y, `YH igh ' and `YLow ', are de�ned in terms of limits

in X as:

YH igh = 175� (X H igh � M ET) (5.5)

YLow = X Low � M ET: (5.6)

In order to passselection,events must be to the right of the contour de�ned by: MET

= 45 , X H igh = 95, and X Low = 90. All events with � � (� leading ; 6ET ) > 175� are also

removed becauseevents for which 6ET and � leading are in opposite directions are more

likely to have mismeasuredmuon momenta. Figure 5.7 shows the 6ET distributions in

data and Monte Carlo beforeand after the contour cut is applied. The e�ect of the

contour cut on background events can be clearly seen.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

MET (GeV)
0 20 40 60 80 100120140160180200

,M
E

T
)

m(f
D

0

20

40

60

80

100

120

140

160

180

0

1

2

3

4

5

6

MET (GeV)
0 20 40 60 80 100120140160180200

,M
E

T
)

m(f
D

0

20

40

60

80

100

120

140

160

180

Figure 5.6. � � (� leading ; 6ET ) vs. 6ET distributions for a combination of (Z=
 � !
�� )j j and (WW ! �� )j j background Monte Carlo (left plot) and t �t signal (right
plot). The contour cut is drawn in black.
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Figure 5.7. 6ET distributions in data and Monte Carlo before(left) and after (right)
the contour cut.

5.2.3 Optimization

The valuesof the � 2
Z cut and the contour cut are selectedwith a grid point optimiza-

tion procedureusingsignaland background Monte Carlo. For the optimization, each

variable is simultaneously varied between seven evenly incremented values, speci�-

cally: � 2
Z from 0 to 6, MET from 15 to 45, X H igh from 75 to 105,and X Low from 75

to 105. This results in 2401possiblecut values. Figure 5.8 displays thesepoints or-

ganizedin a grid of expectedsignaland background yields for each cut value. Alpgen

t�t, (Z=
 � ! �� )j j , and (WW ! �� )j j Monte Carlo samplesare usedto estimate

theseyields. For each point, a �gure of merit is calculated. This �gure of merit is a

modi�cation of the standard
p

S+ B
S , whereS is the expectedsignal yield and B is the

expectedbackground yield. The exact �gure of merit usedis:

F OM =

q
S + 2B + ( 1

4B)2

S
(5.7)

where the `1
4B' accounts for a 25% systematicuncertainty on the Z=
 � background

yield and the `2B ' provides an extra penalty for high background yields. Extra
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backgroundsuppressionis desirablebecausethe Z=
 � background is not well-modeled.

The combination of cuts associated with the lowest �gure of merit is selected.

In order to reducebias and increasestatistics, isolation requirements are relaxed

on the simulated (Z=
 � ! �� )j j sample. Events are otherwiserequired to passthe

preselectionrequirements listed in Table5.1. Table5.6showsthe cut valuesbeforeand

after optimization together with the �gure of merit and signal-to-background ratio.

The beforevaluescorrespond to the cut valueschosenfor a prior passof the analysis,

optimized for a smallerdata set and a di�erent muon identi�cation requirements [51].

The signal-to-background ratio is substantially improved by the optimization.
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Figure 5.8. Grid search showing expectedsignaland background yields for the 2401
setof cuts considered.The red star marks the optimal set of cuts chosenby the �gure
of merit.

5.3 E�ciency Measurements

The per event signal e�ciency for each selectioncut is calculated in Alpgen t �t ! ��

Monte Carlo wherethe muonsare required to originate from either W or � decays.
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Cut BeforeOptimization After Optimization No � 2
Z Cut

� 2 2 4 0
6ET 35 45 45
X High 85 95 95
X Low 85 90 90
FOM 0.95 0.77 0.84
S/B 1.62 4.16 1.49

Table 5.6. A comparisonof background rejection cuts beforeand after optimiza-
tion for this data set. The optimized cuts are signi�cantly tighter, resulting in a
signi�cant improvement of the signal-to-background ratio (S/B). The �nal column
shows the �gure of merit (FOM) and signal-to-background ratio for the optimized
contour cut in the absenceof the � 2

Z cut. This demonstratesthat the � 2
Z cut plays

an important role in background rejection not accounted for by the contour cut
alone.

Individual cut e�ciencies are calculatedas:

� =
Ncut

N
(5.8)

whereNcut is the number of events which passall selectioncuts up to and including

the relevant cut (in the order displayed in Table 5.8) and N is the number of events

which passthe selectioncuts up to but not including the onefor which the e�ciency

is being measured.This procedureis similar to that described in the calculation of

scalefactors such as � tr k� � 2 , � D CA , and the three primary vertex scalefactors.

Becausecut e�ciencies are measuredin Monte Carlo, and the trigger require-

ment as stated in Section 3.9 is de�ned only for data events, the trigger e�ciency

measurement is necessarilymore complex. For this reason,it is described in more

detail in Section5.3.1. The cumulative signal e�ciency is calculated by multiplying

the individual cut e�ciencies and the data-to-Monte Carlo scalefactors described in

Section5.1.1. The �nal results are presented in Section5.3.2.
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5.3.1 Trigger E�ciency

Recall from Section4.2 that the online trigger requirement consistsof a combination

of single muon triggers and dimuon triggers, each of which has Level 1, Level 2,

and Level 3 criteria. The �rst step to measurethe overall e�ciency of the online

trigger requirement is to measurethe e�ciencies of each trigger at all three levels.

However, previous studies have shown the Level 3 requirements to be greater than

99:5% e�cien t for dimuon events. Therefore, these e�ciencies are assumedto be

100%e�cien t for this analysisand are not remeasured[77].

Table4.3andTable4.4list the namesandspeci�cations of the singlemuon triggers

and dimuon triggers, respectively. The two single muon triggers, MUW W L2M3-

TRK10 and MUH2 LM15, have di�erent Level 1 and Level 2 terms, while all the

dimuon triggers have the same Level 1 and Level 2 terms. This gives a total of

three Level 1 trigger e�ciencies that must be measured,and three Level 2 trigger

e�ciencies. The three Level 1 and Level 2 terms are summarizedin Table 5.7.

A clean, unbiasedsampleof data events is neededfor thesemeasurements. As

with the calculation of the muon identi�cation scalefactor, Z ! �� events arechosen

becausethey are signal-like, high PT dimuon events. Several quality cuts are made

to increasethe purit y of the sampleby eliminating out-of-time cosmic ray muons,

muons likely to have poor reconstruction quality, and muons outside of a tight Z

masswindow. They include:

� rejection of muons in the bottom hole (Section4.3.3)

� tight timing cuts on tag muon & cuts to ensureconsistencywith the primary

vertex

� acolinearity > 0.1 to reject cosmics

� j� z(�; � )j < 1 cm
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� 80 GeV < M �� < 100GeV

� PT > 20 GeV for tag muon, 15 GeV for probe muon

To measurethe Level 1 e�ciencies, a subsampleof events is selectedin which

a muon is matched in both region and octant to the single muon trigger associated

with the Level 1 requirements of the relevant trigger. This is the tag muon. Since

the tag muon causedthe event to be selectedby the online trigger requirement, the

secondmuon in the sample, the probe muon, is unbiased. The trigger e�ciency is

de�ned asthe fraction of events for which the probe muon matchesthe Level 1 trigger

requirements:

� Lev el1 =
# probe muonswith matching Level 1 trigger

total number of probe muons
(5.9)

Each muon in the event is a potential tag muon. Oncea muon passesthe requirements

to be a tag muon, all other muonsin the event becomepotential probe muons. Thus,

multiple probe muons in each event may be included in the e�ciency calculation.

For the Level 2 e�ciency measurements, the sameprocedureis conductedon the

sampleof events for which the Level 1 trigger �red.

MeasuredLevel 1 and Level 2 e�ciencies are binned in � , PT , and � . These

e�ciencies are used to �t functions that mimic the individual Level 1 and Level 2

trigger requirements. Fit functionsarebinnedin � sincethe PT and � distributions are

approximately 
at. The �ts are restricted to the �ducial region, de�ned as j� j < 2:0

for the dimuon trigger and j� j < 1:5 for the two single muon triggers. Figures 5.9

and 5.10show the Level 1 and Level 2 �t functions. Details on the �tting procedure

can be found in [52].

The probability that a Monte Carlo event will passan individual trigger require-

ment is computedby evaluating the Level 1 and Level 2 �t functions for that event.

The overall e�ciency is de�ned as:

� (� ) = T1(� )f 1 + T2(� )f 2 + T3(� )f 3 (5.10)
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Figure 5.9. Per muon Level 1 trigger e�ciencies with errors (a) MUW W-
L2M3 TRK10 (b) MUH2 LM15 (c) Dimuon Trigger. Dotted curvesrepresent a con-

servative error estimate discussedin Section 7.2. Note that for the dimuon trigger,
the per muon e�ciency corresponds to the Level 1 term mu1ptxatxx. The dimuon
trigger e�ciency assumesthat each muon �res mu1ptxatxx.
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Figure 5.10. Per muon Level 2 trigger e�ciencies with errors (a) MUW W-
L2M3 TRK10 (b) MUH2 LM15 (c) Dimuon Trigger. Dotted curves represent a

conservative error estimate discussedin Section7.2.
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Trigger Name Level 1 Term Level 2 Term Luminosity Fraction
MUW W L2M3 TRK10 mu1ptxwtlx 1 medium � 0.74

PT > 3 GeV
MUH2 LM15 mu1ptxatlx 1 medium � 0.11

+ 1 track PT > 3 GeV
PT > 10 GeV

Dimuon Trigger mu2ptxatxx 1 medium � 0.15

Table 5.7. Level 1 and Level 2 trigger terms. The Level 1 terms are explained in
Section4.2. The last column shows the fraction of the total integrated luminosity of
the data set associated with each trigger (Section4.2).

where Ti = � i
1 � � i

2, and � i
1 and � i

2 are the Level 1 and Level 2 e�ciencies of trigger

i , respectively. f i is the fraction of the total integrated luminosity associated with

trigger i (Table 5.7). The overall e�ciency is treated as a weight that is assignedto

each Monte Carlo event.

5.3.2 E�ciency Results

The e�ciency of each selectioncut is listed in Table 5.8. The cumulative e�ciency ,

measuredasthe product of the individual cut e�ciencies and correctionscalefactors,

is 6:4%, meaning that only 6.4 out of every 100 signal events passesthe selection

requirements. Though this number is low, it is comparableto or higher than the

e�ciency calculated in prior passesof this analysis [51, 49]. In fact, the preselec-

tion e�ciency is 31% higher than the most recent version of the analysis due to a

relaxation of the muon identi�cation criteria and corresponding trigger requirement

update (Section 4.2). Unfortunately, this relative gain in e�ciency is lost by the

lesse�cien t, tighter background rejection cuts, optimized to reduce the dominant

Z ! �� background.

Other culprits for the low signale�ciency include the muon isolation requirement

at 76%, the jet identi�cation requirement at 80%, and the muon PT requirement at

69%. As a comparison,the cumulative e�ciency in the dielectron decay channel is



108

� 8% and in the electron muon channel is 14% [79]. Although the e�ciency for

electron reconstruction is lower than that for muons, these channels do not su�er

from such tight background rejection cuts.

Category Cut E�ciency Cum. E�ciency
Muon Identi�cation Muon ID & Track Matc h 0:695 � 0:004 0:695

� �I D 1:000 0:695
Muon Track-� 2 0:996 � 0:001 0:692

� tr k � match 0:968 0:670
� tr k � � 2 0:970 0:650

Opp osite Charge 0:868 � 0:003 0:564
Muon pT > 15 GeV 0:687 � 0:005 0:388

Channel Orthogonalit y Electron Veto 0:998 � 0:001 0:387
Trigger 0:911 � 0:004 0:353

Jets � 2 Jets 0:795 � 0:005 0:280
� 2 Jets with pT > 20 GeV 0:940 � 0:003 0:264

Primary Vertex jzj < 60 cm, N tr k � 3 0:986 � 0:002 0:260
� P V 0:993 0:258

jzD � r oot � zD � r eco j < 5 cm 0:998 � 0:001 0:258
� r oot � r eco 0:998 0:257

Muon Promptness jz� � zP V j < 1 cm & jz� � zP V j < 1 cm 0:999 � 0:001 0:257
� P V;l 0:987 0:253

Muon DCA Signi�cance 0:852 � 0:005 0:216
� D C A 0:991 0:214

Muon Isolation Rat 11 < 0.12 & Rattr k < 0.12 0:757 � 0:007 0:162
� I so 1:000 0:162

� 2
Z � 2

Z > 4 0:722 � 0:008 0:117
Contour Cut 0:546 � 0:011 0:064 � 0:002

Table 5.8. E�ciencies for t �t ! �� selectioncuts, measuredin Monte Carlo events
where the muon is allowed to come from W or � decays, together with correction
scalefactors (� ). The correction factors and e�ciencies shown are per event. Scale
factor uncertainties, not shown here,are discussedin Section7.2.

The expectedsignal yield after all selectioncriteria are applied can be calculated

from the overall signal e�ciency , � sig , the integrated luminosity of the data set, L I nt ,

the total branching fraction of t �t ! �� events (including W ! � � decay), BR(tt !

�� ) = 0:01571� 0:00031,and an assumedproduction crosssectionof � t �t = 7 pb as:

N t �t = � t �t � L I nt � � sig � BR(tt ! �� ) (5.11)

This gives:

N t �t = 2:96� 0:08(stat)+0 :30
� 0:34(sys): (5.12)

The sourcesof systematicuncertainty on this yield are discussedin Section7.2. The
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expectedsignal yields at di�erent selectioncut levels,usedfor data and Monte Carlo

cross-checks and selectioncut studies,are given in Chapter 6.
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Chapter 6

Ba ck gr ound Estima tion

Despite the background rejection cuts described in Section 5.2, somenon-t �t events

may be present in the �nal data set. Thesebackground events can be categorized

as either physics backgrounds or instrumental backgrounds. Physics backgrounds

sharethe sameevent signature as signal events, with two reconstructedmuons, two

jets, and 6ET from neutrinos. Such backgroundsinclude the two dibosonbackgrounds,

WW + j ets ! �� + � � + j ets and WZ + j ets ! �� + � + j ets, aswell asZ=
 � + j ets !

� � + j ets ! �� + � � � � + j ets events. By contrast, the dominant background,

Z=
 � + j ets ! �� + j ets, is an instrumental background. Its event signature di�ers

from the t�t signature in that it has no real 6ET from neutrinos. However, event

misreconstructionmay give rise to enoughfake 6ET to allow someof theseevents to

passselectioncriteria. Finally, QCD multijet production and W+jets events comprise

another type of instrumental background. Although theseevents have at most one

real isolated muon, they could appear in the �nal data sampleif oneor more muons

from a jet fakesisolation.

This chapter describes each of the above backgrounds and the procedure used

to estimate their yields. At the end of chapter, data and Monte Carlo comparison

plots for relevant kinematic and topological distributions are displayed to test the

consistencyof the background estimation with data. The total expected signal and

background yields are also presented and comparedto the total number of observed

events.
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6.1 DibosonEvents

WW + j ets ! �� + � � + j ets (WW) and WZ + j ets ! �� + � + j ets (WZ),

collectively referred to as diboson backgrounds, have two isolated muons, at least

two jets, and real 6ET . Thus, these backgrounds have the sameevent signature as

t�t ! �� + � � + j ets and are physicsbackgrounds.

The diboson background yields are estimated using the Monte Carlo samples

detailed in Section4.4.2. Events in thesesamplesare required to passthe sameset

of selectioncriteria as signal events (Chapter 5). The Monte Carlo yield after all

selectioncuts have beenapplied is written NRaw . However, in order to fairly compare

this yield to selecteddata events, it must benormalized. The normalizedyield, NN orm

is computed from NRaw as:

NN orm =
�

� � BR � � � L I nt

Nevents

�
� NRaw : (6.1)

Here, L I nt is the integrated luminosity of the data used for the measurement, and

Nevents is the number of events in the Monte Carlo sample. The product of the

theoretical crosssectionand the branching ratio of the Monte Carlo process,� � BR,

is given in Table4.6. Finally, � is an overall data-to-Monte Carlo scalefactor, de�ned

as:

� = � �I D � � tr k� match � � tr k� � 2 � � P V � � r oot� r eco � � l v � � D CA � � I so (6.2)

where the individual factors are described in Section5.1.1. For dibosonevents, � =

0:92. Note that because� tr k� match is parameterizedand treated as an event weight,

its value di�ers slightly betweendibosonevents and t �t events.

The dibosonyield after all cuts is:

NW W=W Z = 0:19� 0:03(stat)+0 :09
� 0:06(sys) (6.3)

where the statistical error is the Gaussianerror on the number of selectedMonte

Carlo events and the systematic error is obtained by summing in quadrature all of

the individual systematicuncertainties that are discussedin Section7.2.
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Cut WW WZ Total
N pT > 15

� � 2 19.280� 0.241 | |
+ N pT > 20

j ets � 1 1.631� 0.067 | |
Preselection 0.784� 0.060 1.753� 0.046 2.537� 0.076
+ � 2

Z Cut 0.561� 0.049 0.119� 0.012 0.680� 0.051
+ Contour Cut 0.188� 0.030 0 0.188� 0.030

Table 6.1. Expecteddibosonbackgroundyieldsfor several selectioncut levelsshown
with statistical error. The WZ yield was not estimated for the �rst two lines in the
table becausean appropriate Monte Carlo samplewas not available.

After all selection criteria, the diboson yield is 15 times smaller than the ex-

pected signal yield. In part, the relatively small contribution of this background is

attributable to a low dibosonproduction crosssection. Also, requiring two high PT

jets suppressesthe WW background sincethe jets in this background tend to have a

softer PT spectrum than those in signal events. Table 6.1 shows the expected dibo-

son background yields for several successive selectioncut levels. As expected, there

is a sharp decreasein WW yield between lines 1 and line 2, corresponding to the

requirement of the �rst high PT jet.

Despite a harder jet PT spectrum and larger branching fraction than the WW

background, the WZ background is negligible after all selection cuts are applied.

This is becausethe � 2
Z cut (Section 5.2.1) targets the Z boson'sdecay, suppressing

this background.

6.2 Z=
 � Background

Another background that sharesthe t�t ! �� + � � + j ets signal is Z=
 � + j ets !

� � + j ets ! �� + � � � � + j ets (Z=
 � ! � � ). Theseevents have two isolated muons

and signi�cant 6ET . However, the low branching ratio of (� 17%) for each � lepton

to decay to a muon helpsto suppressthe overall background yield [33]. Also, the PT

spectrum of the resulting muonsis softer than that in signalsorequiring two high PT
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muons further reducesthis background.

A more signi�cant background is direct Z=
 � + j ets ! �� + j ets decay (Z=
 � !

�� ). Theseevents have two high PT , isolated muons and can have two jets, but do

not have any real 6ET from neutrinos. Therefore, fake 6ET from instrumental e�ects

must be present for Z=
 � ! �� events to passselectioncriteria. Such e�ects include

calorimeter noise, poor jet energy resolution, hardware malfunctions in calorimeter

readout, and poor muon momentum resolution (Section 4.3.6). Despite the � 2
Z cut

and contour cut described in (Section 5.2) speci�cally targeting this background, it

remains the dominant background to the measurement. Its yield is nearly twice as

large as the next most signi�cant background.

Both the Z=
 � + j ets ! � � + j ets and Z=
 � + j ets ! �� + j ets backgroundsare

estimated with the Monte Carlo samplesdescribed in Section 4.4.2. The PT of the

jets are reweighted in order to better describe the jets' transversemomenta in data

(Section6.2.1). Also, sincethe backgroundsareestimatedwith Monte Carlo, the raw

yields must be normalized according to Equation 6.1. However, the data-to-Monte

Carlo correction factor is not identical to the � applied to dibosonbackgroundsand

signal events. Instead, it is estimated independently becauseof the availabilit y of

a Z=
 � control sample in data. This scale factor is called K Z and is described in

Section6.2.2.

6.2.1 Jet PT Reweighting

In the AlpgenZ=
 � ! � � andZ=
 � ! �� Monte Carlo samples(Table4.7), the jet PT

distributions of preselectedevents in the Z bosonmasswindow of 75 to 105GeV are

softer than those in the corresponding data sample[49]. To account for this, Monte

Carlo samplesare reweighted with respect to the transversemomenta distributions of

the highest PT and second-highestPT jet. Becausethe jet identi�cation corrections

(Section4.3.4)would increasethe jet PT discrepanciesbetweendata and Monte Carlo,
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they are not applied for thesesamples[51]. Figure 6.1 shows the jet PT distributions

and also the 6ET distributions for both reweighted and unreweighted Monte Carlo.

It can be easily seenthat the reweighted samplesmore accurately reproduce the

behavior of data.
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Figure 6.1. Data and normalizedMonte Carlo distributions of the highest PT and
second-highestPT jet, as well as the 6ET distribution. The dashedlines represent
unreweighted Monte Carlo, while the solid histograms represent reweighted Monte
Carlo. Kolmogorov statistics that test the compatibilit y of data and Monte Carlo
distributions are displayed in parentheses[51].

6.2.2 K Z Factor

The K Z factor is a data-to-Monte Carlo scalefactor used to normalize the Alpgen

Z=
 � ! � � and Z=
 � ! �� Monte Carlo samples.It is calculatedby taking the ratio

of the number of data and normalized Z=
 � ! �� Monte Carlo events that have

passedpreselectionrequirements (Section 5.1) and have a dimuon invariant massin

the window of 70 to 110GeV. Sincethe Alpgen (Z=
 � ! �� )jj Monte Carlo samples

are separatedinto three exclusive massbins (Table 4.7), the sum of events meeting

the above requirement in each sampleis taken as the Monte Carlo yield. The data-

to-Monte Carlo ratio is the K Z factor for Z=
 � events with two or more jets.

This processis repeated for the three (Z=
 � ! �� )j samples(Table 4.7), with

the exceptionthat the preselectionrequirements are loosenedto only require onejet.
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This givesa secondK Z factor that is usedto normalize the Z=
 � ! �� background

at the � 1 jet selectionlevel. Both K Z factors are given in Table 6.2.

Sincethe K Z factor is estimatedfrom preselectedyields, it implicitly accounts for

most of the data-to-Monte Carlo scalefactors described in Section5.1.1. Therefore,

for samplesnormalized with the K Z factor, only � tr k� match and � tr k� � 2 have been

applied.

Note that the K Z factor is not usedto normalizethe Pythia Monte Carlo samples

employed in data-to-Monte Carlo cross-checks. Rather, thesesamplesare normalized

with the samescalefactor as the dibosonbackground (Section6.1).

Jet Multiplicit y Observed Yield ExpectedYield K Z

� 1 2349 2106.96 1.115� 0.026
� 2 305 342.18 0.891� 0.052

Table 6.2. The K Z factors, and the number of observed and predicted yields used
to derive them in the � 1 and � 2 jet bins.

6.2.3 Z=
 � Yields

The Z=
 � Monte Carlo samplesare usedto estimate the fraction of Z=
 � events that

pass selection cuts. The �nal normalized yields of Z=
 � ! � � and Z=
 � ! �� ,

after all selectioncriteria have been applied, are given in Table 6.3 and Table 6.4,

respectively. In each table, the product of the crosssectionand branching ratio used

for Monte Carlo normalization is listed for reference. Note that `SelectedEvents'

correspondsto the sumof the jet PT weights described in Section6.2.1,while the �nal

expectedyields takesinto account all scalefactors including the K Z factor, described

in Section6.2.2. Including the systematicuncertainties discussedin Section7.2, the

�nal combined yield of Z=
 � backgroundsis:

NZ=
 � (� ;� ) = 0:47� 0:08(stat)+0 :14
� 0:16(sys): (6.4)

The combined yield at various cut levels can be found in Table 6.6.
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M �� (GeV) � � BR (pb) Generated Selected ExpectedYield
Events Events

Z/ 
 � ! � � 15-60 3.060 12033 0 0
60-130 2.899 68127 9.3 0:149� 0:033
> 130 0.025 2042 2.1 0:010� 0:006

Total Z=
 � ! � � 0:158� 0:033

Table 6.3. Total expected background from Z/ 
 � ! � � after all cuts have been
applied, separatedby massbin, together with statistical uncertainty. The number
of generatedevents refers to the number of events in the Monte Carlo samplethat
decayed leptonically.

M �� (GeV) � � BR (pb) Generated Selected ExpectedYield
Events Events

Z/ 
 � ! �� 15-60 24.7 233500 1.8 0:071� 0:051
60-130 23.4 269500 4.2 0:138� 0:054
> 130 0.2 66500 91.7 0:104� 0:010

Total Z=
 � ! �� 0:313� 0:075

Table 6.4. Total expected background from Z/ 
 � ! �� after all cuts have been
applied, separatedby massbin, together with statistical uncertainty.

6.3 Fake Isolated Muon Background

Other typesof instrumental background include QCD multijet production, primarily

the heavy 
a vor decay of b�b and c�c events, and W + jets production. Events in

these backgrounds have at most one isolated muon that does not originate from a

jet. However, muons from semileptonic 
a vor decays may sometimespassisolation

criteria (Section 4.3.3). In order to passall selectioncuts, W + jets events needat

least one such fake isolated muon, while QCD multijet production requiresat least

two fake isolatedmuonsaswell asfake 6ET . Despitethe high production crosssection

of multijet events at the Tevatron, both theseand W + jets events constitute very

small backgroundsto t�t ! �� decays.

The fake isolated muon yield is unique amongthe background yields in that it is
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estimatedusing primarily data. A `matrix method', consistingof two equationswith

four inputs, is used[49]. The �rst input is the e�ciency for real isolatedmuonsto pass

the isolation criteria, � iso . Note that � iso includesboth muonsfrom signal events and

those in the Z=
 � backgrounds sinceeach of thesesourceshas real isolated muons.

� iso is measuredin a Pythia Z=
 � ! �� sample for the zero and one inclusive jet

multiplicities. For � 2 jets, Alpgen t�t Monte Carlo is used. The results are listed in

Table 6.5.

Jet Multiplicit y � iso (%) f � (%)
� 0 96.4 � 0.1 0.56 � 0.07
� 1 91.9 � 0.3 0.34 � 0.05
� 2 87.0 � 0.4 0.18 � 0.05

Table 6.5. E�ciency for real isolated muons to pass isolation criteria, � iso , and
the rate that non-isolatedmuonspassthe isolation criteria, f � for three inclusive jet
multiplicit y bins.

The secondinput to the matrix method is the rate at which non-isolatedmuons

passthe isolation criteria, f � [49]. This is known as the fake rate. Like � iso , f � is

measuredfor each of three inclusive jet multiplicities, but the fake rate is measured

in signal-triggered data events rather than in Monte Carlo. Since the goal is to

measurethe isolation probability for muons which are actually non-isolated (from

QCD multijet and W + jets production), the measurement is done for events in

which the highest PT muon fails the isolation requirements (Section4.3.3). The fake

rate is then extracted by measuringthe isolation e�ciency of the second-highestPT

muon. Specialcareis taken to suppresscontamination from Z=
 � events, by requiring

the dimuon invariant massto be lessthan 70 GeV, signi�cantly below the massof

the Z boson.

Figure 6.2 shows a scatter plot from data events of the two isolation variables

de�ned in Section4.3.3,E tr k
hal o (`Track Halo') and E cal

hal o (`Cal Halo'), for the highestPT

muon, with linesmarking the maximum allowablevaluesfor a muon to be considered
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isolated (0.12). Events in which the second-highestPT muon is isolated are denoted

with circles. Figure 6.3 illustrates the fake rate calculation. The histogramshows the

value E cal
hal o of the highest PT muon for events in which this muon is non-isolatedin

E tr k
hal o. The dark histogramsrepresent events in which the second-highestPT muon is

isolated. The fake rate is calculated as the ratio of dark to light histograms in the

region above the isolation criteria.

The fake rates for each jet multiplicit y bin are given in Table 6.5.

Cal Halo of Lead Muon, 2 Jets Req.
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Figure 6.2. Scatter plot of the two isolation variables introduced in Section4.3.3.
The vertical lines indicate the isolation requirement. Asterisks include all events,
while circles indicate events for which the second-highestPT muon is isolated.

The remaining two inputs to the matrix method are the `tight' and `loose' data

yields. The tight yield, NT , contains signal-triggeredevents that passall selection

cuts including full isolation requirements. Two events make up the tight yield. The

looseyield, NL , includesevents for which only onemuon is required to passisolation
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Figure 6.3. Distribution of E cal
hal o for the highest PT muon. The light histogram

represents all events for which E tr ack
hal o > 0:12 for the highest PT muon, while the dark

histogram shows only thoseevents wherethe second-highestPT muon is isolated.
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criteria. Ten such events make up the looseyield. The two matrix equationsare:

NL = N Z + top + N W + QC D (6.5)

NT = � isoN Z + top + f � N W + QC D (6.6)

whereN Z + top is the number of events with real isolated muons,and N W + QC D is the

number of events with fake isolated muons.

Eliminating N Z + top, and solving for N W + QC D gives:

N W + QC D =
NT � � isoNL

f � � � iso
(6.7)

The total number of QCD multijet and W+jets events expectedin the �nal data

sampleis given by the number of fake isolatedmuon events multiplied by the rate at

which they passisolation criteria, N W + QC D � f � . The result is :

NQC D ;W + j ets = 0:014� 0:006(stat) � 0:004(syst)

where the systematic uncertainty on the yield is calculated from the statistical un-

certainty on f � . The statistical uncertainty on the yield is calculatedfrom a negative

log-likelihood minimization using Poissonstatistics to expressthe probability of ob-

servingthe looseand tight data yields (Equation 6.5). The method is the sameasthe

one usedto calculate the statistical error for the crosssectionmeasurement (Chap-

ter 7) and is further detailed in [77]. Of all the backgrounds, the fake isolated muon

background has the smallestexpectedyield in the �nal data sample. It is e�ectively

eliminated by the isolation requirements.

6.4 Data and Monte Carlo Comparisons

The total expected event yield is the sum of the predicted signal yield (Chapter 5)

and the total predictedbackground yield, calculatedby summingthe individual back-

ground contributions (Section6.1 to Section6.3). The �rst two columnsof Table 6.6
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list the number of observed events and the total expected yield for �v e di�erent se-

lection cut levels. Agreement is within 2� at the �rst level of selectionafter only

muon identi�cation requirements have beenapplied. Agreement is better in the next

two lines, although theseagreeby construction (Section 6.2.2). At the fourth line,

after the � 2
Z cut is applied, the expected and observed yields di�er by 2{3� . Since

the Gaussianprobability for observinga 3� di�erence is lessthan 1%, extensive tests

were conductedin a high statistics control sampleto verify that the � 2
Z distribution

is well modeled [80]. This was con�rmed so the di�erence in expectedand observed

yields at this cut level is treated asa statistical 
uctuation. Reasonableagreement is

observed at the �nal level of selection,wherePoissonstatistics have to be taken into

account.

In addition to comparingyields, it is important to ensurethat the shape of kine-

matic distributions{particularly thoserelevant to the selectioncuts{is consistent be-

tweenobserved and predicted events. To this end, nine such exampledistributions

areshown for three di�erent selectioncut levels. In each plot, observed events aredis-

played aspoints, while histogramsrepresent predicted signal and background yields.

Figures 6.4 to 6.7 show distributions at the preselectionlevel. Figures 6.8 to 6.11

show the distributions after all selection criteria have been required. Reasonable

shape agreement is observed betweendata and prediction in the �rst set of plots. Af-

ter full selection,there are only two data points in the sample,renderingit ine�ectiv e

for comparingthe distribution shapes. However, note that in the preselection�gures

the dominant yield is Z=
 � (� ; � ), while after full selection,t �t events dominate.

6.5 Results

The yields after all selectioncriteria have beenapplied are summarizedin Table 6.7.

Two data events are observed for an expected yield of 3.6 events. As stated in

Section6.2, Z=
 � (� ; � ) constitutes the largestsourceof background events. However,
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Cut Data All Z=
 � (� or � ) Fake Isolated Muon Bkg WW=WZ tt
N pT > 15

� � 2 21910 27383� 2922 27333� 2919 20.22� 2.56 19.28� 6.06 10.29� 0.91
+ N pT > 20

j ets � 1 2938 2800� 94.4 2782� 94.1 6.47� 0.96 1.63� 0.58 10.19� 0.90
Preselection 387 382.8� 23.9 371.1� 23.6 1.61� 0.45 2.54 � 0.84 7.56� 0.69
+ � 2

Z cut 96 74.8+7 :48
� 6:65 67.13+7 :14

� 6:30 1.54+0 :43
� 0:43 0.68+0 :24

� 0:24 5.45+0 :48
� 0:50

+ Contour Cut 2 3.64+0 :49
� 0:51 0.47+0 :17

� 0:18 0.01+0 :01
� 0:01 0.19+0 :10

� 0:07 2.96+0 :31
� 0:35

Table 6.6. Observed and expectedyields at �v e successive levels of selection. The errors shown are statistical and
systematicuncertainties (Section 7.2) addedin quadrature.
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Figure 6.4. Expectedand observedyieldsafter preselectionfor the dimuon invariant
massdistribution (left) and 6ET distribution (right).
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Figure 6.5. Expectedand observed yields after preselectionfor the PT distribution
of the highest (left) and second-highest(right) PT muon.
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Figure 6.6. Expected and observed yields after preselectionfor the � distribution
of the highest PT muon (left) and the jet multiplicit y distribution (right).
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Figure 6.7. Expectedand observed yields after preselectionfor the PT distribution
of the highest (left) and second-highestPT jet (right).
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Figure 6.8. Expectedand observed yields after full selectionfor the dimuon invari-
ant massdistribution (left) and 6ET distribution (right).
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Figure 6.9. Expectedand observed yields after full selectionfor the PT distribution
of the highest (left) and second-highest(right) PT muon.
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Figure 6.10. Expectedand observed yields after full selectionfor the � distribution
of the highest PT muon (left) and the jet multiplicit y distribution (right).
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Figure 6.11. Expectedandobservedyieldsafter full selectionfor the PT distribution
of the highest (left) and second-highestPT jet (right).
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the � 2
Z and contour cut help suppressboth theseand the dibosonbackgrounds. After

all selectioncriteria have beenapplied, the �nal expectedsignal-to-background ratio

is more than four-to-one.

Figure 6.12 shows the expected and observed yields for exclusive jet multiplicit y

bins after all selectionrequirements have beenapplied. Including all three bins, two

events are observed for an expected yield of just under seven events. Assuming a

Poissondistribution, the probability of observingtwo events for this expected yield

is around two percent. Of course,only the bin with at least two jets in Figure 6.12

is used in the measurement. Again assumingPoissonstatistics, the probability for

observingtwo events for an expectedyield of 3.6 events is 18%.

Category Yield Stat Err SysErr
WW=WZ 0.188 0.030 +0 :092

� 0:062

Z=
 � (� or � ) 0.471 0.082 +0 :144
� 0:155

WQCD (Isolation Fakes) 0.014 0.006 +0 :004
� 0:004

Total Bkg 0.673 0.087 +0 :224
� 0:206

Expectedsignal 2.962 0.079 +0 :297
� 0:338

SelectedEvents 2 { {

Table 6.7. Observed and expected signal and background yields after all selection
criteria have beenapplied. The systematicuncertainties are discussedin Section7.2.
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Chapter 7

The Measurement

As stated in Chapter 1, the top quark pair production crosssectionis given by:

� t t =
(Nobs � Nbkg)

� sig � BR(tt ! �� ) � L I nt
(7.1)

where Nobs is the number of observed events in the data after all selectioncuts are

applied, Nbkg is the estimatedbackground yield, � sig is the e�ciency of the selection

cuts in signal events, BR(tt ! �� ) is the branching ratio of the process(including

W ! � ! � decays), and L I nt is the integrated luminosity of the data set. These

quantities havebeenmeasuredand presented in Chapters5 and 6. In this chapter, the

crosssectionis determined. The sourcesof systematicuncertainty on the crosssection

are discussed.For completeness,event displays of the candidate events are shown.

Finally, the crosssectionmeasurement is comparedwith theoretical predictions.

7.1 Measurement

Channel Nobs Nbkg � sig Br L (pb� 1)
�� 2 0.67+0 :24

� 0:22 0.064� 0.002 0.01571� 0.00031 421.4� 25.7

Table 7.1. The inputs to the crosssectionmeasurement. The error on the estimated
background yield includesstatistical and systematicuncertainties (Section7.2) added
in quadrature. The error shown on the signal e�ciency is statistical only.

The crosssection can be calculated directly from Equation 7.1 with the inputs

summarizedin Table 7.1. However, it is advantageousto instead extract the cross

sectionby minimizing a negative log-likelihood usingPoissonstatistics. This approach

hasan acceptedprescription for calculating a meaningfulstatistical uncertainty for a
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small data set and alsofacilitates a straightforward combination of individual sources

of systematicuncertainty (Section 7.2).

Specifying � to be � = � t �tBRL � sig + N bkg, a likelihood function can be de�ned

as [78]:

L( � ; f N obs; N bkg; BR; L ; � sig g) = P(N obs; � ) =
� N obs

N obs!
e� � ; (7.2)

and P(N obs; � ) is the Poissonprobability that the expected signal plus background

yield is equal to � .

The crosssectioncan then be found by minimizing the negative logarithm of the

above likelihood:

� logL( � ; f N obs; N bkg; BR; L ; � g) � � N obs log� + � (7.3)

where the terms independent of the crosssection have been dropped. Figure 7.1

illustrates the likelihood minimization. The statistical uncertainty is calculated by

varying the negative log-likelihood by half a unit above the minimum, which cor-

responds to one standard deviation (� 1� ). In the �gure, vertical lines mark the

statistical uncertainty on the measurement.

The individual sourcesof systematic uncertainty on the background estimate,

Nbkg, and the signal e�ciency , � sig , are discussedin the next section (Section 7.2).

In order to calculate the total systematicuncertainty on the crosssection,Nbkg and

� sig are each varied within their errors (Table 7.2 and Table 7.3), and the likelihood

minimization is repeated. The variation is performedtaking into account the correla-

tions betweenthe signal e�ciency and the di�erent background yields for individual

sourcesof systematic uncertainty. Certain errors, such as the error on the fake iso-

lated muon background and the error arising from limited Monte Carlo statistics, are

uncorrelated[78].

The �nal cross section measurement, assuminga top mass of 175 GeV (Sec-

tion 7.2), is:

� t t = 3:13+4 :17
� 2:60(stat)+0 :92

� 0:86(sys) � 0:19(lumi )pb: (7.4)
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The third error on the crosssectionis the uncertainty associated with estimating

the integrated luminosity of the data set.
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Figure 7.1. The negative log-likelihood usedto extract the crosssection. The min-
imum is marked with a short vertical line, while long vertical lines indicate the sta-
tistical uncertainties on the crosssection. Sincethe �gure displays the log likelihood
multiplied by a factor of two, the statistical uncertainty (as pictured) correspondsto
a variation of oneunit above the minimum.

7.2 SystematicUncertainty

The total systematicuncertainty on the crosssectionmeasurement, discussedin Sec-

tion 7.1, includes the uncertainties on the the signal e�ciency measurement as well

as those on the background yield. Theseare presented in Table 7.2 and Table 7.3,

respectively. The individual sourcesof systematic errors in the tables are described

below and in [51]. For convenience,they are grouped into three categoriesbasedon

the method usedto estimate them. The dominant systematicuncertainties for both

the signal e�ciency and the background yield are from jet reconstruction and our

limited understandingof theseprocedures,including the calibration of the jet energy

scaleand the jet energyresolution (Section4.3.4).
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Source t�t
� ID � 3.0
� tracking � 2.5
� 2 � 0.2
� isolation � 0.8
� � dca � 0.6
Primary vertex � 0.4
� z(D � reco;D� root) � 0.2
Lepton promptness � 0.1
� smearing � 0.2 +0.1
Level 1 trigger +3.9 � 4.8
Level 2 trigger +0.2 � 0.4
JES +5.7 � 7.4
Jet ID +0.4 � 4.9
Jet energyresolution � 2.5 � 1.4
Uncorrelated � 3.1

Table 7.2. Summary of the relative systematicuncertainties on the t �t ! � �� signal
e�ciencies in %. When two uncertainties arequoted, the left uncertainty corresponds
to a positive variation in the error (i.e. + � ) and the right corresponds to a negative
variation in the error (i.e � � ).
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Source WW Z=
 � (� or � )
� ID � 3.0 N/A
� tracking � 2.5 N/A
� 2 � 0.2 N/A
� isolation � 0.8 N/A
� � dca � 0.6 N/A
Primary vertex � 0.4 N/A
� z(D � reco;D� root) � 0.2 N/A
Lepton promptness � 0.1 N/A
� smearing � 3.9 0.0 +25.4 � 20.9
Level 1 trigger +4.9 � 5.7 � 1.3 +1.4
Level 2 trigger +0.3 � 0.5 � 0.3 +0.3
JES +37.3 � 10.8 +15.9 � 24.7
Jet ID +57.8 +53 N/A
Jet energyresolution +22.1 +21.1 +26.3 +13.2
Theoretical crosssections/ Normalization � 35.0 � 5.8

Uncorrelated � 13.0

Table 7.3. Summaryof the relative systematic(in %) uncertainties on background.
When two uncertainties are quoted, the left uncertainty corresponds to a positive
variation in the error (i.e. + � ) and the right corresponds to a negative variation in
the error (i.e � � ).
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The following systematicerrorsare thoseassociated with the data-to-Monte Carlo

scalefactors presented in Section5.1.1.

Muon Iden ti�cation ( � ID) Recall from Section5.1.1 that the scalefactor,

� �I D , is calculatedfrom a 
at �t to the ratio of muon identi�cation e�ciencies

in data and Monte Carlo as a function of muon detector � . Figure 5.2 shows

the distribution of thesee�ciency ratios. The root mean squaredeviation of

this distribution is taken as the systematicerror.

Muon Tracking ( � trac king) � tr k� match is derived from the ratio of data-to-

Monte Carlo muon track matching e�ciencies, parameterizedin � and � . The

systematicerror is computed by allowing the statistical error from each � � �

bin in the parameterizationto 
uctuate up and down by 1� .

Track � 2 The systematic error is taken as the statistical error on the scale

factor, � tr k� � 2 .

Muon Isolation As above, the statistical uncertainty on the scalefactor, � iso ,

is taken as the systematic uncertainty. This approach is consideredreason-

able since the scalefactor is consistent with or without the � R(�; j et) > 0:5

requirement, meaningit is well modeled.

� � D C A The systematic is taken from the statistical uncertainty of the scale

factor, � D CA , in the one jet multiplicit y bin.

Primary Vertex Recall from Section 5.1.1, that a common primary vertex

scalefactor is usedin the dimuon anddielectronchannels.Sincethe scalefactors

calculated with Z ! �� and Z ! ee events are not consistent within errors,

half of the di�erence betweenthesescalefactors is taken to be the systematic

uncertainty on the combined scalefactor (Table 5.4).
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� z(D � r eco ; D � r oot ) Again, the systematicis estimatedashalf the di�erence

betweenZ ! �� and Z ! eescalefactors.

Lepton Promptness This error is taken from the statistical error on the scale

factor, � P V;l , since there is no signi�cant di�erence between the Z ! �� and

Z ! eescalefactors for any of the jet multiplicities examined.

 ID Data/MC Ratiom
0.95 1 1.05 1.10

2

4

6
bin_contents

Entries  20
Mean    1.006
RMS    0.01439

Figure 7.2. The distribution of data-to-Monte Carlo muon identi�cation e�ciencies,
taken from Figure 5.2.

The following systematicerrors are estimatedby varying the appropriate param-

etersor curvesby an integer number of standard deviations from the central value.

Muon Momen tum Smearing The muon smearing(Section4.3.3)systematic

can be estimatedby varying the smearingparametersby � 1� .
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Level 1 Trigger The statistical errors on trigger e�ciency �t functions, Fig-

ure 5.9, are varied by � 2� . Two standard deviations are chosenbecauseone

standard deviation doesnot adequatelycover the 
uctuations in the �t.

Level 2 Trigger Sameas for Level 1. The corresponding �gure is Figure 5.10.

Jet Energy Scale (JES) The jet energyscaleparametersare varied by � 1�

of the total uncertainty, which includesstatistical and systematiccomponents

for both the data and Monte Carlo correctionsas:

� =
q

� 2
data + � 2

M onteC ar lo: (7.5)

Figure 7.3 shows � data and � M onteC ar lo with the contributions of the three sub-

corrections(Section4.3.4) to the uncertainties marked.

Jet Iden ti�cation The jet identi�cation scalefactor is the ratio of the proba-

bilit y to reconstructand identify a jet in data and Monte Carlo. It is calculated

asa function of 6ET , separatelyfor jets reconstructedin the central calorimeter,

endcapcalorimeter, and inner-cryostat detectors [51]. The systematic error is

estimatedwith separateMonte Carlo samplesthat incorporate a jet identi�ca-

tion scalefactor � 1� from the central value.

Jet Energy Resolution The jet energy smearingparametersare varied by

� 1� . As for jet identi�cation, separateMonte Carlo sampleswith the � varia-

tions implemented are usedto estimate the systematicuncertainty.

The following is a description of additional sourcesof systematicuncertainty con-

sideredfor the crosssectionmeasurement.

Uncorrelated The uncorrelatederror accounts for uncertainty in the system-

atic errors due to limited Monte Carlo statistics. It is calculated for signal, as
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Figure 7.3. The 1� uncertainties on the jet energyscalecorrectionsfor data (top)
and Monte Carlo (bottom) [64]. The uncertainties are plotted as a function of � j et

(left) and E uncor r
j et (right), and include both statistical and systematiccomponents.

the statistical error on the signal e�ciency divided by the e�ciency . For back-

ground, it is calculated by adding in quadrature the statistical error on each

sourceof background in Table6.7and dividing it by the total background yield.

Theoretical Cross Section As discussedin Section4.4.2,no next-to-leading

order theoretical production crosssectionis available to normalize the WW +

jets background. Sincethe leading order and next-to-leading order production

crosssectionfor the inclusive WW backgroundsdi�er by 35%,the leadingorder

theoretical crosssection for WW + jets is scaledup by 35%and a systematic

error of that amount is assignedto be conservative.

Normalization As discussedin Section 6.2.2, the Z=
 � + j ets backgrounds

are normalized with the K Z factor. This systematic accounts for the limited

statistics of the Monte Carlo samplesusedto calculatethe K Z factor. The error

is calculated by dividing the statistical error on K Z factor by the K Z factor.
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Both are given in Table 6.2.

A systematicis not quoted for the error associated with the top massassumption,

and this sourceof uncertainty is not included in the total systematicuncertainty on

the measurement. Instead, the signal e�ciency is plotted as a function of top mass

in Figure 7.4. For each shift of the top massby one GeV below (above) the central

value, the crosssection increases(decreases)by 0.05 pb in the massrange160 GeV

to 190GeV, wherethe dependenceis approximately linear.
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E
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Figure 7.4. Signal e�ciency as a function of top massafter all selectioncuts have
beenapplied. The e�ciencies are estimated with t �t Monte Carlo samplesgenerated
with di�erent top massassumptions. The errors shown are statistical errors on the
Monte Carlo.
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7.3 Candidate Events

A total of two candidateevents passall selectioncriteria. Table 7.4 summarizesthe

transverse momentum of the highest PT muons and jets, as well as providing the

6ET and dimuon invariant massfor theseevents. Both candidateshave a signi�cant

amount of 6ET and two high-PT muons. However, the two-highest PT muons in

the `Candidate 1' event are in the far forward region of the detector, which has

poor coverage. Therefore, thesemuons are susceptibleto misreconstruction,which

could lead to an in
ated value of 6ET . The candidatesare illustrated in Figure 7.5

and Figure 7.6. Three displays are shown for each candidate. Following is a brief

description of the three displays.

RZ view In this view, the horizontal axis is alongthe direction of proton motion and

the radial position (Section 3.2.1) is pictured on the vertical axis. The black

lines within the inner rectangle correspond to tracks in the central tracking

detectors (Section 3.2.2). Histograms, displayed between the rectangles,show

energydeposits in the � slicesof the calorimeter(Section3.2.3). Redhistograms

represent energydeposited in the electromagneticcalorimeter, while blue rep-

resent energydeposits in the hadronic portions of the calorimeter. Note that

the � = 0 line vertically bisectsthe �gure. Hits in the three layersof the muon

system(Section 3.2.4) are pictured outside the outer rectangle.

XY view This is termedthe projection endview becauseit showsthe view alongthe

proton beamdirection. Tracks are displayed within the inner circle, the energy

deposited in the calorimeter is displayed in histogramsbetweenthe circles,and

muon hits are shown outside the �gure. The color scheme is the sameas in

the RZ view, with the addition that calorimeter6ET (Section4.3.6) is portrayed

in yellow. Muons and jets can be identi�ed in the XY view by matching the

� position of each object, listed in Table 7.4, to the �gure. Note that � = 0
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corresponds to the three o'clock position in the XY view.

Lego plot This view is an � � � plot of energy deposits in the calorimeter: red

towers correspond to hits in the electromagneticportions of the calorimeter,

while blue towerscorrespond to hits in the hadronic sectionsof the calorimeter.

One can easily match the jet towers in theseplots to the � and � positions in

Table 7.4.

Candidate 1 Candidate 2
Object pT (GeV) � � pT (GeV) � �
� 1 134.9 2.01 72� 56.59 -0.00 213�

� 2 74.9 1.82 322� 28.76 -0.26 109�

j et1 50.3 -0.87 225� 29.3 -0.25 111�

j et2 20.7 1.26 173� 23.9 1.08 103�

6ET 87.0 87.1
M �� 166.1 64.3

Table 7.4. Kinematic variablesfor the two candidateevents.

7.4 Comparisonto Theoretical Prediction and Other Measurements

In Chapter 2, the top pair production crosssection is de�ned in terms of the cross

sectionsof the gluon-gluonfusionand quark-antiquark annihilation processesand the

quark and gluon distribution functions. Two theoretical calculations are discussed

that predict the crosssection for the current center-of-massenergyof the Tevatron,
p

s = 1:96TeV. A NLO calculation that incorporatesNLL correctionspredictsa cross

sectionof 6:7� 1 pb for mtop = 175GeV [32]. A higher order calculation, NNLO with

NNNLL corrections,predicts a crosssectionof 6.77pb � 0.42pb [8, 9]. A measured

crosssectionsigni�cantly below thesevaluescould indicate exotic top decays, while

a measurement above prediction could indicate new top pair production mechanisms

or t�t resonances[10].
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Figure 7.5. Candidate 1 (a) RZ view (b) XY view (c) Legoplot.
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Figure 7.6. Candidate 2 (a) RZ view (b) XY view (c) Legoplot.
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At � t t = 3:13+4 :17
� 2:60(stat)+0 :92

� 0:86(sys) � 0:19(lumi ) pb, the measurement in this thesis

is consistent with both Standard Model predictions. However, this measurement is

statistically limited. So although the result does not provide evidencefor physics

beyond the Standard Model, it cannot excludeit.

A combination of this crosssectionmeasurement with measurements in the other

two dilepton decay channels,t �t ! e� and t�t ! ee, aswell aswith alternate-selection

dilepton channelsthat requireonly onefully reconstructedelectronor muon per event

and onetrack, gives� t t = 7:4� 1:4(stat) � 0:9(sys) � 0:5(lumi ) pb [38]. This combined

crosssectionmeasurement is consistent with the Standard Model predictions. How-

ever, even though its statistical error is subtantially smaller than for the dimuon-only

measurement, this measurement is still statistically limited.

Measurements of the top pair production crosssectionin the dilepton decay chan-

nels using a higher integrated luminosity at the Tevatron or Large Hadron Collider

will be more precise. In fact, one such measurement has already been conducted.

Utilizing approximately 750� 1 pb of data collectedwith the other multipurp osede-

tector at Fermilab, the CDF collaboration hasmeasureda combined crosssectionof

8:3� 1:5(stat) � 1:00(sys) � 0:5(lumi ) pb for the t �t ! �� , t �t ! e� , and t�t ! eedecay

channels[81]. The comparablemeasurement at D� is underway utilizing a data set

of approximately 1 fb� 1.
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Chapter 8

Conclusion

This dissertationpresented a measurement of the top pair production crosssectionin

the dimuon decay channel. The measurement utilized approximately 420pb� 1 of data

producedby Fermilab's Tevatron accelerator,which collidesprotons and antiprotons

at a center-of-massenergy of
p

s = 1:96 TeV. The data was collected by the D�

detector betweenJune 2002and August 2004.

A seriesof cuts was designedto select the t �t ! �� + � � + j j event signature,

consistingof two muons and two jets with high transversemomenta, and signi�cant

6ET from the neutrinos. Selectioncuts were designedand optimized speci�cally to

reject background events that include Z=
 � ! � � and Z=
 � ! �� events, diboson

decays, and QCD multijet production and W + j ets events with fake isolatedmuons.

After all selectioncriteria areapplied, two events areobserved in data with a total

expectedsignal plus background yield of 3.6 events. The measuredcrosssectionis:

� t t = 3:13+4 :17
� 2:60(stat)+0 :92

� 0:86(sys) � 0:19(lumi )pb (8.1)

assuminga top massof 175 GeV. The dominant sourcesof systematic error on the

measurement arethe calibration of the jet energyscaleand the uncertainty associated

with the jet energy resolution (Section 4.3.4). This cross section measurement is

consistent with recent theoreticalcalculationsbasedon the StandardModel. However,

it is statistics limited.

Several improvements could be madeto the analysisto potentially increasestatis-

tics. The small number of observed events results, in part, from the low signal ef-

�ciency (6.4%) after all selection criteria have been applied. The most ine�cien t

individual cuts include the muon identi�cation requirements (70%), muon isolation
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(76%), and the two background rejection cuts: � 2
Z (72%) and the contour cut (55%).

For this measurement, the muon identi�cation cuts had already been relaxed with

respect to an earlier versionof the analysis,resulting in an improvement of the muon

identi�cation e�ciency from � 50%to the current � 70%[49]. An alternate approach

for relaxing the muon identi�cation criteria is to require only onefully reconstructed

muon per event and require an isolated track instead of the secondmuon. Sincethe

isolated track could represent an electron,muon, or tau particle, both the branching

ratio and signal e�ciency should be higher than in the fully reconstructeddimuon

analysispresented in this dissertation. A measurement using both this �̀ + track'

selectionand also an `e + track' selectionhas already beenconductedat D� with

the 420pb� 1 data set [82].

The muon isolation requirements could also be relaxed since the fake isolated

muon background is by far the smallest sourceof background present in the �nal

data sample. Studies to seeif looseningthe cut values from 0.12 would result in a

substantial increasein signale�ciency without a signi�cant increasein the combined

QCD multijet and W+jets yield should be conducted. An even better approach

might be to construct an isolation-basedlikelihood and �t the observed likelihood

distribution to signaland background templatesrather than making an isolation cut.

A similar approach hasbeensuccessfulin the t �t ! e� channel [79].

Several potential changesshould be consideredwith respect to the background

rejection cuts. First, the de�nition of the � 2
Z variable could be extendedto include

6ET . This has been done in a di�erent analysis, and could permit the removal of

the highly ine�cien t contour cut [76]. Multiv ariate discriminates,such as likelihoods

or neural nets, should also be consideredas alternatives to the current background

rejection cuts. Multiv ariate discriminants have establishedmethods for simultane-

ously consideringmultiple variables. Additionally , neural nets are able to account for

correlationsbetweenthesevariables.

Another powerful tool for background rejection is to requireat leastonejet in the
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event to be taggedasoriginating from a b quark. `b-tagging' is already being utilized

by multiple top quark measurements at D� andhasbeenshown to e�ectively suppress

the Z=
 � background [82]. Jetsare taggedasb-jets with a secondaryvertex algorithm

that accounts for the relatively long decay length of B hadrons. Both the primary

and secondaryvertices are reconstructed,and jets within a coneof � R < 0:5 (Sec-

tion 4.3.4) and with a decay length signi�cance of more than seven (L xy =� Lxy > 7)

are b-tagged, where L xy =� Lxy is calculated from the measured,transversedistance

between the primary and secondaryvertex and the associated uncertainty [83]. Al-

though the e�ciency to tag b-jets is both PT - and � -dependent, a typical e�ciency is

approximately 40%for a 40 GeV jet originating from a top decay [38].

Of course,the most straightforward way to increasethe event yield is to increase

the luminosity. Analysesunderway at D� arecurrently utilizing approximately 1 fb� 1

of data and up to 8 fb� 1 is expected to be collected at D� in the next few years.

When the Large Hadron Collider is commissioned,more than 10 million t �t pairs are

expected to be producedeach year, even in its low luminosity run. With this many

top events, precisionmeasurements of the top pair production crosssectionshouldbe

possiblein all decay channels,including the t�t ! �� channel. Thesemeasurements

may alsocon�rm Standard Model predictions or they could reveal new physics.
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Appendix A

Level 1 Calorimeter-Tra ck Trigger

The Level 1 Calorimeter-Track Trigger (L1CTK) was designed,built, and commis-

sionedby the University of Arizona for D�'s Run IIb data-taking period that began

in June 2006. L1CTK matches tracks from the Level 1 Central Track Trigger with

electromagneticobjects and jets from the Level 1 Calorimeter Trigger. The match-

ing is done in both position (using � information) and energy(using the PT of the

tracks and the ET of the electromagneticobjects and jets). L1CTK provides D�'s

Level 1 trigger systemwith the additional rejection power necessaryto accommodate

the Tevatron's luminosity of more than 2 � 1032 cm� 2s� 1 in Run IIb. L1CTK also

increasesD�'s triggering capability for electronsand taus. A description of L1CTK

is included in this dissertation becausemy role in commissioningthe trigger sys-

tem between 2003{2007represents my largest servicework contribution to the D�

collaboration.

This appendix beginswith an overview of the L1CTK trigger system,details the

inputs and outputs of the system, brie
y summarizesthe trigger logic and perfor-

mance,and endswith a review of the resourcesavailable to shifters and experts to

monitor and troubleshoot the system. Since much of the L1CTK electronicsand

architecture is basedon the Level 1 Muon Trigger (L1MUO), additional information

about many of the technical details of the L1CTK trigger system can be found in

L1MUO documentation such as [77]. The information included in this appendix is

primarily from private communication and informal documentation, someof which is

available online [84].
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Figure A.1 . L1CTK electronicscrates,located in D�'s �rst 
o or movable counting
house[85]. The top crate (CTKT) housesthe octant trigger cards that receive de-
tector inputs. The lower crate (CTKM) housesthe managercard that forms global
L1CTK trigger decisionsand sendsthem to the Trigger Framework.

A.1 SystemOverview

The L1CTK trigger system consistsof two custom VME electronicscrates located

in D�'s �rst 
o or movable counting house. The crates, shown in Figure A.1, are

poweredby a commercial115A Wiener PL500 power supply.

The formation of L1CTK triggers beginsin the upper crate, the calorimeter-track

trigger crate (CTKT), on eight of its nine customVME electronicscards(Figure A.2).

Theseeight cards, referred to as octant trigger cards, each receive information from

oneoctant of the detector (SectionA.2). This is equivalent to 10 of the 80 � wedges
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of the Level 1 Central Track Trigger (L1CTT) and four of the 32 � wedgesof the

Level 1 Calorimeter Trigger (L1CAL). An additional eight � wedgesof data from

adjacent L1CAL octants are sent to each card to aid in forming matched triggers

(SectionA.4). Input data are transmitted and received with Gbit/s serial links based

on AMCC S2042and S2403�b er-optic transmitter and receiver pairs and travel

over Times Microwave LMR 200 coaxial cables[86]. Each of the octant cards can

accommodate up to 20 of the small daughter board receivers, though at present only

17 are used. The receivers have ampli�er and equalizercircuits to account for the

signal degradation that occurs in transit from the detector to the movable counting

house.

Becausedata from the L1CAL and L1CTT inputs do not arrive at the octant

trigger cardsat the sametime, the data must be synchronizedbeforetrigger decisions

can be made. To accomplishthis, receiver data are written into FIFO bu�ers on the

trigger cards. When all FIFOs are non-empty, the data are sent to the Universal

Flavor Board (UFB), a daughter card on each octant trigger card (Figure A.2). Each

UFB usesa �eld programmablegate array (FPGA) to implement trigger logic and

form trigger decisionsfor that octant (SectionA.4). The FPGA usedon the UFB is

the Altera Stratix EP1S20F780.

Once octant trigger decisionsare formed, they are sent via Gbit/s serial links

to the lower crate, the calorimeter-track managercrate (CTKM). Here one trigger

card, the manager (MTM), synchronizes the octant trigger decisionsusing FIFOs

and combinesthe octant triggers to form global L1CTK triggers (SectionA.4). Up to

256such L1CTK triggers may be formed and 32 of them may be sent to the Trigger

Framework (TF) to be included in the global trigger list (Section3.2.6). Triggersare

sent to the TF on two 40-widetwist-n-
at cables.

Data are bu�ered on both the octant trigger cardsand the managercard in dual

port memories(DPMs). Both input data and trigger decisionsare written to these

DPMs with a pointer in a FIFO keeping track of the data status. The pointer is
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Figure A.2 . L1CTK trigger card [85]. The rectangulardaughter card in the center is
the UniversalFlavor Board on which trigger decisionsareformed. The small daughter
cardson the top and bottom are the serial link receivers.

initially placed in an empty FIFO. Once input data are received, the pointer moves

to a `pending Level 1 Accept' FIFO. If a Level 1 Accept is received, the pointer

movesto a `pending Level 2 Accept' FIFO. Similarly, if a Level 2 Accept is granted,

the pointer moves to a `pending transfer to Level 3' FIFO. Finally, if an event is

rejectedat Level 1 or Level 2, or after the event is sent to Level 3, the pointer moves

back to empty [77].

Both the CTKT and CTKM crates have an additional VME electronics card,

called the trigger crate manager card (MTCM). The MTCMs receive timing and

global trigger information from the TF via a Muon Readout Crate (MRC 0x14)

located on the third 
o or of D�'s movable counting house. The MTCMs sendmes-

sagedata containing the results of the L1CTK trigger decisionsto Level 3 via the

sameMuon Readout Crate. Timing information from the TF and Level 3 messages

from the MTCM are transmitted on AMP astro cableusing CypressHotlink chipset

CY7B23/33 [86]. A twist-n-
at cablecarriesglobal trigger information to the MTCM

and is usedto inform the Muon ReadoutCrate whenthe L1CTK cratesare front-end

busy.
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Finally each crate contains a VME processorused for communicating with the

electronicscards. Such communication is necessaryfor con�guring the crate after a

power cycle, loading new logic to the trigger cards, and disabling inputs when they

are not sendingreliable data.

A.2 Inputs

Three trigger systemscan send data to L1CTK: the Level 1 Central Track Trig-

ger (L1CTT), the Level 1 Calorimeter Trigger (L1CAL), and the Level 1 Forward

Preshower Trigger (L1FPS) [87]. For each of the octant trigger cards, the inputs are

as follows:

� L1CTT The L1CTT is equally divided into 80 � wedgesor sectors. Each

L1CTK octant trigger card receivesdata from 10 sectorson 10 cables.L1CTK

inputs 0{9 are usedfor the inputs from the L1CTT. Information from the Cen-

tral Preshower Detector (CPS) is alsosent via theseinputs.

� L1CAL The L1CAL is divided into 32 � wedges.Each L1CTK octant trigger

card receivesdata from 12 � wedgeson three cables.This corresponds to data

from three octants, the primary octant as well as the neighboring octant on

either side. The overlap information is utilized in the trigger logic (SectionA.4)

to allow for triggering on objects that crossoctant boundaries.The three cables

carrying L1CAL information are inputs 13{15 on the octant trigger cards.

� L1FPS Although not currently used in the trigger logic, L1CTK can receive

inputs from the L1FPS system. L1FPS has a north and south detector, each

with 16 � wedges. Each octant trigger card receives inputs from one-eighth

of the north detector and one-eighth of the south detector, for a total of four

inputs on four cables.Thesecablesare inputs 16{19 on the octant trigger cards.
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Note that input slots 10, 11, and 12 on the octant trigger cardsare currently empty.

They can be usedfor testing or to include overlap information from L1CTT.

As mentioned in SectionA.1, data from the trigger systemsis transmitted with

Gbit/s serial links. Each serial link can transmit 16 bits of data for each RF cycleof

the Tevatron. There are seven such RF strobesfor each 132 ns bunch crossing(bc)

(Section3.1). Thus, the transmitter could sendas much data as [86]:

16 bits
str obe � 7str obe

bc = 112bits
bc .

In practice, the seventh strobe is usedto sendlongitudinal parity information. Parity

is calculatedon the receiver and comparedto the parity generatedon the transmitter.

If the values di�er, an error bit is raised indicating that there was a transmission

problem that may a�ect the remaining data for this bunch crossing[77]. Excluding

parity, each link transmits 96bits
bc of data.

The input data is organizedinto 16-bit words. For the L1CTT inputs, each of the

�rst six words contains information about onetrack. If there are lessthan six tracks

for a given bunch crossing,somewords are blank. Within each word, bits 0{5 are

usedto preciselyde�ne the � position of each track within a sector. Bits 6{10 provide

PT information for the track. Bit 11 contains the curvature or bend direction of the

track through the solenoid. Bit 12 indicates whether the track has beencon�rmed

by hits in the CPS. Bit 13 is empty for words one to �v e. If a track is isolated, that

is if it is the only track in that sector for that bunch crossing,this is indicated in bit

13 of the sixth word. Bit 14 is not used. Finally, bit 15 states whether the track is

valid accordingto L1CTT information. The trigger logic requiresall tracks be valid.

Table A.1 summarizesthis information.

For L1CAL inputs, the �rst and sixth words are empty. Words two through �v e

each contain information on EM objects from one of the four � slicesthat comprise

an octant in the calorimeter. Within each of thesewords, bits 0{6 indicate whether

an electromagneticobject (within an allowed � range) is above one of seven ET
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Word Bit
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 � PT C CPS V
2 � PT C CPS V
3 � PT C CPS V
4 � PT C CPS V
5 � PT C CPS V
6 � PT C CPS ISO V
7 Longitudinal Parity

Table A.1 . L1CTT inputs to L1CTK's octant trigger cards [88]. One 16-bit word
is sent for each RF strobe of the Tevatron.

Word Bit
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0 0 0 0
2 EM object, � slice= 2 0 Jet object, � slice= 2 0
3 EM object, � slice= 3 0 Jet object, � slice= 3 0
4 EM object, � slice= 4 0 Jet object, � slice= 4 0
5 EM object, � slice= 5 0 Jet object, � slice= 5 0
6 0 0 0 0
7 Longitudinal Parity

Table A.2 . L1CAL inputs to L1CTK's octant trigger cards [89]. One 16-bit word
is sent for each RF strobe of the Tevatron.

thresholds. Similarly, bits 8{14 indicate whether a jet (within an allowed � range) is

above oneof seven ET thresholds. Bits 7 and 15 are not used. Table A.2 summarizes

the L1CAL input information.

A.2.1 Octant Trigger Decisions

After receivinginputs from L1CTT and L1CAL (and potentially from L1FPS), each

octant trigger card forms trigger decisionsand sendsthem to the MTM. Like the

input information (SectionA.2), octant trigger decisionsare organizedinto six 16-bit

words.
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Currently, the �rst word is being usedto senddiagnostic triggers. One example

is the beginning-of-turn trigger (BOT) that should �re only on the seventh bunch

crossingafter the synch gap, yielding a rate of 47712Hz. This rate and the rate of

other diagnostictriggers canbemonitored to quickly check synchronization and basic

data quality.

For all but the �rst word, the 16 bits are organized into eight 2-bit counters

that each contain one track-matched, single electron or jet trigger. Up to 40 such

triggers can be formed, usually with speci�ed minimum PT and ET thresholds for

the tracks and electromagneticobjects, respectively. For certain triggers, additional

requirements such as con�rmation of the track from the CPS or track isolation are

imposed.The 2-bit counter is usedto indicate whether the trigger did not �re, �red

once(a single object trigger), or more than once(a di-object trigger). In fact, the

2-bit counter schemecould be usedto determine if a singleobject trigger �red three

times, though this capability is not currently being used.

TableA.3 summarizesthe octant trigger decisionssent to the MTM. Triggershave

the following naming convention: CTK(Ob ject, Multiplicit y, PT , ET , � , Preshower,

Isolation) where[90]:

� Ob ject indicates whether the trigger is an electron (e), jet (j), BOT (b), or

other diagnostictrigger (x). Note that although labeledonly asjet triggers, the

track-matched jet triggers primarily target taus (SectionA.4).

� Multiplicit y indicates the multiplicit y of the trigger{either a single object

trigger (1), a di-object trigger (2), or no requirement (x).

� PT is the transversemomentum thresholdthe track is requiredto exceed.There

are seven such thresholds. Theseare currently set to: 3 GeV, 5 GeV, 6.7 GeV,

8 GeV, 10 GeV, and 13 GeV.

� E T is the transverseenergythreshold the electron or jet is required to exceed.
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There are eight possiblethresholds, currently set to: 3 GeV, 4 GeV, 7 GeV,

10 GeV, 13 GeV, 15 GeV, 16 GeV, and 20 GeV.

� � indicatesa regionaldetector requirement. The possiblevaluesare: the region

covered by L1CTT (w), the region covered by the FPS detector (f ), or no

� requirement (x). Note that the region covered by L1CTT corresponds to

0.0 < j� j < 1.5.

� Presho wer indicateswhether the track is requiredto be con�rmed by the CPS

(c) or not (x).

� Isolation indicates whether a track is required to be isolated as de�ned by

L1CTT (i) or not (x).

A.3 Outputs

The MTM sums the trigger decisionsreceived from the octant trigger cards (Sec-

tion A.2.1) and sendsup to 32 global L1CTK triggers to the Trigger Framework.

Additionally , MTCM cardsin each crate sendinformation in the form of messagesto

Level 3. This section brie
y summarizesthe information contained in each of these

two outputs from the L1CTK system.

A.3.1 MTM ! Trigger Framework

The MTM sumsthe trigger decisionsfrom the octant trigger cards using the same

2-bit counting scheme described in Section A.2.1. Up to 256 L1CTK triggers are

formedon the MTM, and asmany as32 are sent to the TF for inclusion in the global

trigger list. The set of 32 triggers sent to the TF is speci�ed in a parameter �le that

can be easilymodi�ed (SectionA.5.4). TableA.4 summarizesthe 32 triggers L1CTK

is currently sendingto the TF. The naming schemeis the sameas that described in

SectionA.2.1.
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L1CTK Octant Counters
Word Counter bit 0 bit 1

0 0 ctk(b,x,x,x,x,x,x) turn7
1 ctk(b,x,x,x,x,x,x)&turn7 OR(cable12)
2 l1cal test l1ctt test
3 ctk(x,1,10,x,w,x,x) ctk(x,1,10,x,w,c,x)
4 ctk(x,1,10,x,w,x,i) ctk(x,1,10,x,w,x,i)
5 ctk(e,1,x,10,x,x,x) ctk(j,1,x,15,x,x,x)
6 ctk(e,1,x,10,f,f,x) l1fps test
7 fpsn loose fpss loose

1 0 ctk(e,1,5,7,w,x,x)
1 ctk(e,1,6.7,7,w,x,x)
2 ctk(e,1,6.7,10,w,x,x)
3 ctk(e,1,8,10,w,x,x)
4 ctk(e,1,10,10,w,x,x)
5 ctk(e,1,10,13,w,x,x)
6 ctk(e,1,13,16,w,x,x)
7 ctk(e,1,3,3,w,c,x)

2 0 ctk(e,1,3,4,w,c,x)
1 ctk(e,1,5,7,w,c,x)
2 ctk(e,1,6.7,7,w,c,x)
3 ctk(e,1,6.7,10,w,c,x)
4 ctk(e,1,8,10,w,c,x)
5 ctk(e,1,3,3,w,x,i)
6 ctk(e,1,3,4,w,x,i)
7 ctk(e,1,5,7,w,x,i)

3 0 ctk(e,1,6.7,7,w,x,i)
1 ctk(e,1,6.7,10,w,x,i)
2 ctk(e,1,8,10,w,x,i)
3 ctk(e,1,10,13,w,x,i)
4 ctk(e,1,3,3,w,c,i)
5 ctk(e,1,3,4,w,c,i)
6 ctk(e,1,5,7,w,c,i)
7 ctk(e,1,6.7,7,w,c,i)

4 0 ctk(e,1,8,10,w,c,i)
1 ctk(j,1,5,8,w,x,x)
2 ctk(j,1,5,15,w,x,x)
3 ctk(j,1,6.7,15,w,x,x)
4 ctk(j,1,6.7,20,w,x,x)
5 ctk(j,1,8,15,w,x,x)
6 ctk(j,1,8,20,w,x,x)
7 ctk(j,1,5,5,w,x,i)

5 0 ctk(j,1,5,8,w,x,i)
1 ctk(j,1,5,10,w,x,i)
2 ctk(j,1,5,15,w,x,i)
3 ctk(j,1,6.7,15,w,x,i)
4 ctk(j,1,6.7,20,w,x,i)
5 ctk(j,1,8,15,w,x,i)
6 ctk(j,1,8,20,w,x,i)
7 spare

Table A.3 . Trigger terms sent from the octant trigger cards to the MTM trigger
card [90]. Triggers are named as CTK(Ob ject, Multiplicit y, PT , ET , � , Preshower,
Isolation). Diagnostic and test trigger names do not necessarilyconform to this
naming scheme.
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TF Term Trigger
0 ctk(b,1,x,x,x,x,x)
1 ctk(b,2,x,x,x,x,x)
2 ctk(b,1,x,x,x,x,M)
3 ctk(e,1,13,16,w,x,x)
4 ctk(e,1,10,13,w,x,x)
5 ctk(e,1,10,10,w,x,x)
6 ctk(e,1,8,10,w,x,x)
7 ctk(e,1,6.7,7,w,x,x)
8 ctk(j,1,5,8,w,x,x)
9 ctk(j,1,5,15,w,x,x)
10 ctk(j,1,6.7,15,w,x,x)
11 ctk(j,1,8,20,w,x,x)
12 ctk(e,1,10,13,w,x,i)
13 ctk(e,1,8,10,w,x,i)
14 ctk(e,1,8,10,w,c,i)
15 ctk(e,2,5,7,w,x,x)
16 ctk(e,1,6.7,7,w,x,i)
17 ctk(e,1,5,7,w,c,i)
18 ctk(e,2,3,4,w,x,i)
19 ctk(e,2,3,4,w,c,i)
20 ctk(e,2,5,7,w,c,x)
21 ctk(e,1,3,4,w,c,i)
22 ctk(j,1,5,15,w,x,i)
23 ctk(e,1,6.7,7,w,c,x)
24 ctk(j,1,5,10,w,x,i)
25 ctk(e,1,6.7,7,w,c,i)
26 ctk(j,1,6.7,20,w,x,x)
27 ctk(j,1,8,15,w,x,i)
28 ctk(j,2,5,15,w,x,x)
29 ctk(j,2,8,20,w,x,x)
30 ctk(j,2,6.7,15,w,x,x)
31 ctk(j,1,8,20,w,x,i)

Table A.4 . L1CTK triggers sent from the MTM to the Trigger Framework (TF)
on TF terms 0{31 [90]. Note that thesetriggers are subject to change. Triggersare
namedasCTK(Ob ject, Multiplicit y, PT , ET , � , Preshower, Isolation). The trigger on
term 2 is the BOT formed locally on the MTM card. The BOTs in terms 0 and 1 are
the AND and OR of the BOTs formed on the octant trigger cards(SectionA.2.1).
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A.3.2 MTCM ! Level 3

Upon receiving a Level 2 Accept, each MTCM transmits data to Level 3 in the

form of a message.These messagesare termed short or long basedon how much

information they include. The short messagescontain synchronization information

and the trigger decisions,while the long messagesadditionally include information

usedfor monitoring and debuggingthe systemsuch ascopiesof input data. Currently,

one out of every 10 messagessent from the MTCM in the trigger crate (CTKT) is

long. In the managercrate (CTKM), the short and long messageare identical.

The three messages(CTKT short, CTKT long, CTKM) each sharethe following

structure. Data arepackedinto blocksof 16-bit words. For all threemessages,the �rst

block is a headerconsistingof six words with information such as the event crossing

and turn numbers. The next block of 12 words carriesinformation about the MTCM

including its serialnumber, readoutand trigger maskregistersand any latchederrors.

This is followed by blocks of 13 words with error and register information for each

trigger card in the crate (there are eight such blocks for the CTKT, only one for

CTKM).

For both the CTKT short and the CTKT long message,the next part contains

eight blocks, oneper card, of the octant trigger decisions.Within each of theseblocks,

there areseven words. The �rst identi�es the octant and the following six contain the

samesix 16-bit wordsdescribed in SectionA.2.1. This is the endof the short message.

The long messageadditionally contains eight blocks of 11wordseach with information

about each octant trigger card (serial number, input mask, lock, and parity registers)

and another eight blocks of 140words each that have the input information for each

strobe on each serial link receiver. While this detailed information takestoo long to

sendfor every event, it is extremely useful. The input information can be put into a

simulator that forms octant trigger decisionswith the samelogic as that usedby the

octant trigger cards. Comparing thesesimulated triggers to thoseactually formed is
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Short & Long Messages
Block # of # of
Name Blocks Information Words
Header 1 Crossing# & Turn # 6
CMInfo 1 MTCM Registers,Masks,and Latched Errors 12

TCErrorBlo ck 8 Trigger Card Latched Registerand Errors 13
Trigger 8 Octant Trigger Decisions 7

Long Message Only
TCInfo 8 Trigger Card Masks,Lock, and Parity 11

TCInput 8 Detailed Input Information 140

Table A.5 . Contents of the Level 3 messagesent by the MTCM in the CTKT
crate [91]. Information speci�c to the trigger cardsis organizedinto eight blocks, one
per card. Information about the event or the MTCM only requiresoneblock.

a good test of whether the octant trigger cardsare working properly (SectionA.5.9).

For the CTKM crate, the next part of the messageafter the initial three blocks

also contains trigger information. The trigger term numbers that correspond to the

32 triggers sent to the TF are deliveredin a block of 32 16-bit words. The next block

of seven words contains information on the trigger decisionsformed on the MTM

(Section A.3.1). Next, an 11-word block with information on the MTM card (serial

number, input mask, lock, and parity registers) is sent. Finally, a block of 56 words

with all the input data from the octant trigger cardsfor each strobe and each receiver

endsthe message.

The messagesfor the CTKT crate and CTKM cratesaresummarizedin TableA.5

and Table A.6, respectively.

A.4 Trigger Logic and Performance

As described in SectionA.1, trigger logic implemented on the octant trigger cards'

FPGAs matchesL1CTT tracks with L1CAL electromagneticobjects. This matching

is performed in � with two simple algorithms, one for matching tracks with elec-
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Short = Long Message
Block Information # of Words

Header Crossing# & Turn # 6
CMInfo MTCM Registers,Masks,and Latched Errors 12
TCError MTM Latched Registerand Errors 13

CoorTerms TriggersTerm #'s 32
Trigger TriggersFormed on MTM 7
TCInfo MTM Mask, Lock and Parity 11

ReceiverPair Detailed Input Information 56

Table A.6 . Contents of the Level 3 messagesent by the MTCM in the manager
crate [91]. Sincethere is only one trigger card (MTM) in the CTKM crate, there is
only oneblock for each type of information.

trons (track-matched electron triggers) and the other for matching tracks with taus

(track-matched jet triggers). Matching is done in PT and ET by making thresh-

old requirements (Section A.2.1). Both � -matching algorithms were developed with

Monte Carlo studies including single object Monte Carlo samplesand those of as-

sorted physicsprocesses.

Figure A.3 is a scatter plot of electron hits in the 10 L1CTT sectorsand four

L1CAL slicesper octant. It was generatedwith single electron Monte Carlo with a

PT rangeof 1{50 GeV. Hits from all eight octants are represented in the scatter plot.

Electronswith hits in L1CTT sector0 have L1CAL hits almost exclusively in slice0.

Therefore,whena track in sector0 is reported to an L1CTK octant trigger card, the

algorithm tries to match it to a L1CAL hit in slice0. By contrast, sectors1 and 2 in

the scatter plot each have hits in two slices(slice 0 and slice1). Thus, the algorithm

looks for matching hits in two possibleslicesfor these sectors. Table A.7 presents

the full sector-slicematching algorithm derived from the Monte Carlo studies. Note

that for the plot shown, a speci�c track PT and electronET threshold wererequired.

However, the scatter plots were studied for multiple PT and ET thresholdsand the

resulting matching algorithm was always the same.

Similarly, the matching algorithm for taus was developed basedon studies with
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Figure A.3 . Scatter plot of L1CTT sectorsand L1CAL slicesmade with single
electron Monte Carlo [92]. Tracks are required to have PT > 3 GeV, while electrons
are required to have an ET > 4 GeV. All octants are represented in the plot.

singletau Monte Carlo with a PT rangeof 1{50 GeV. As seenin Figure A.4, tau hits

in L1CTT sector 0 may be matched to hits in L1CAL's slice 0 or the slice 3 of the

neighboring lower octant. By contrast, sector 2 hits are almost exclusively found in

slice0. Thesepatterns are re
ected in the matching algorithm for track-matched jet

triggers, given in Table A.7. As with the electron algorithm, studieswere conducted

for multiple PT and ET thresholds,and no signi�cant variation was found.

The relative e�ciencies of the matching algorithms weremeasuredwith singleob-

ject Monte Carlo by checking how often a L1CTT track above a certain PT threshold

would be matched to a L1CAL electron or jet above a certain ET threshold. In all

cases,this L1CTK matching e�ciency wasfound to be greater than 99%. Figure A.5

and Figure A.6 show the relative e�ciencies to match 3 GeV tracks with electrons

and jets of several di�erent ET thresholds.
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Figure A.4 . Scatter plots of L1CTT sectorsand L1CAL slicesmadewith singletau
Monte Carlo [92]. Tracks are required to have PT > 3 GeV, while taus are required
to have an ET > 5 GeV. All octants are represented in the plot.

Electrons Jets
CTT Center in Matched CTT Center in Matched
Sector L1CAL Slices Slice(s) Sector L1CAL Slices Slice(s)

0 0.2 0 0 0.2 0, � 1
1 0.6 0,1 1 0.6 0, � 1
2 1 1,0 2 1 0
3 1.4 1 3 1.4 1,0
4 1.8 1,2 4 1.8 1
5 2.2 2 5 2.2 2, 1
6 2.6 2,3 6 2.6 2,1
7 3 3,2 7 3 2
8 3.4 3 8 3.4 3, 2
9 3.8 3,4 9 3.8 3

Table A.7 . The matching schemefor track-matched electronand track-matched jet
triggers [92]. For each octant there are 10 L1CTT sectors(labeled0{9) and 4 L1CAL
slices(labeled0{3). The position within a slice that the center of each sectorpoints
to is indicated for reference.A slice value of � 1 indicates the nearestslice from the
lower neighboring octant. A slicevalueof 4 indicatesthe nearestslicefrom the higher
neighboring octant.
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Figure A.5 . E�ciency for matching L1CTT tracks with L1CAL electronsmeasured
with single electron Monte Carlo [92]. Tracks are required to have PT > 3 GeV.
Electrons are required to have ET > 4 GeV (upper left), 6.25GeV (upper right), 15
GeV (lower left), or 20 GeV (lower right). The L1CTK matching e�ciency is greater
than 99%in each plot.
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Figure A.6 . E�ciency for matching L1CTT tracks with L1CAL jets measuredwith
single tau Monte Carlo [92]. Tracks are required to have PT > 3 GeV. Jets are
required to have ET > 5 GeV (upper left), 10 GeV (upper right), or 15 GeV (lower
left). The L1CTK matching e�ciency is greater than 99%in each plot.
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A.5 Operations

This sectionprovidesa brief summaryof the toolsavailable to shiftersand experts for

maintaining and troubleshooting the L1CTK trigger system. Several of thesetools

have extensive online documentation available to members of the D� collaboration

on D�'s WIKI system[93].

A.5.1 The Input Gui

The input gui can be usedby shifters or experts to cold start or con�gure the crates

aswell as to enableor disablespeci�c inputs to the trigger cards. It can alsobe used

by experts to modify the parameter�les of the two MTCMs and to changeor re-map

the triggers that are sent to the Trigger Framework.

A detailed note about the input gui is available online [87]. Within the gui, help is

available in the red panel on the left sideof the gui window or from the `Help' menu

option at the top of the screen.

The input gui can be started from any online machine by typing:

� setup d0online

� /pro jects/l1m uo/l1caltrac k/input gui/l1ctk inputs.p y (-x) Typing this

commandwithout the 
ag will open the gui in normal or shifter mode. In this

case,expert tools will be disabled. Typing the optional (-x) 
ag opensthe gui

in expert mode. Oncethe gui hasbeenstarted, the mode can be changedfrom

the `Mode' menu option at the top of the screen.

A.5.2 Con�guring and Restoring the Crates

After a power cycle or after new logic has been loaded, a cold start should be per-

formed to con�gure the crates. Cold starting may alsobe necessaryif a crate is in a

bad state.
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The simplest way to cold start the cratesis with the input gui:

� Make sure the run is pausedor that MRC 0x14 is out of the run.

� Choosethe `GeneralTools' tab at the top of the gui. Choosethe `Main' subtab.

Press`Setup CTKT' and/or `Setup CTKM' to cold start one or both crates.

If you have just power cycled and you receive an error, you may have tried to

cold start beforethe processor�nished booting. Wait several minutes and try

again. Also, if you or someoneelseis loggedinto the processor(for examplevia

the VxWorks gui), the crate will not cold start successfully. Log out, and try

again.

The cratesmay alsobe cold started within the VxWorks gui (SectionA.5.6).

A.5.3 Enabling and Disabling Inputs

If there are known problems with one or more inputs to L1CTK, they should be

disabled. Once�xed, they should be re-enabledasquickly aspossible.Both of these

tasks can be performedwith the input gui.

To disablea L1CTK input:

� Ask for the run to be stopped or paused. (During data-taking it is advisable

to ask for a run transition since disabling or enabling an input constitutes a

con�guration change.)

� In the `GeneralTools' tab, click on the subtab for the type of input you want to

disable(CTT, CAL, FPS, or an octant card input to the CTKM). Then, click

on the input until it turns from red to gray. Note that if you wish to disable

only one of the 24 L1CAL inputs (as opposedto disabling one octant, which

corresponds to three inputs), the gui must be in expert mode.

� Click on `Write params.dat �les'.
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� Click on either `RestoreCTKT' or `RestoreCTKM'.

� Ask for an sclinit and for the run to be resumedfor started.

Experts can alsoenableor disableinputs by directly modifying the parameter �les:

/pro jects/l1muo/l1caltrack/vxstu�/ctkt params.dat

/pro jects/l1muo/l1caltrack/vxstu�/ctkm params.dat

However, one should not modify the parameter �les while simultaneously using

the gui to enableor disableinputs. Chooseonemethod or the other!

A.5.4 ChangingParameter Files

Experts may usethe `Expert Tools' tab in the input gui to modify MTCM parameters

or to change the triggers that are mapped to the Trigger Framework. To change

MTCM parameters,chooseeither the `Expert-CTKM MTCM' or the `Expert-CTKT

MTCM' subtab. Type in the desiredterm, press`Write params.dat�les', and restore

the appropriate crate. The `Check MTCM terms' button simply checks that you have

typed in a valid term.

You can also change the masks of manager and trigger cards on these pages.

After modifying a mask, pressthe `UseTheseMasks' button. Do not usethe `Write

params.dat' button! This button is equivalent to the `UseGeneralMasks'button and

will write the masksfrom the `GeneralTools' pages.

To re-map the trigger terms sent to the TF, chooseeither the `Expert-CTKM

Trigs' or the `Expert-CTKT Trigs' subtab. Thesepagesdisplay the 32 triggers sent

by a card to the TF when the twist'n'
at cable is attached. (In standard con�gu-

ration, the twist'n'
at cable is connectedto the MTM.) Triggerscan be changedby

clicking on a trigger nameand typing either the nameor the number associated with

the desired trigger. The `Check all Triggers' button checks that the namesor the

numbers correspond to valid triggers. The `Show all Trigger Names'button displays
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all available triggers (up to 256) in a separatewindow. After modifying the page,

press`Write params.dat' and restorethe crate.

A.5.5 Monitoring the Registers

A python script can be utilized to check the mask, lock, and parity registersfor each

L1CTK crate. This tool is useful when trying to debug a bad BOT or an out-of-

synchronization error on MRC 0x14 that you suspect may be related to a particular

input.

The script can be run from any online machine by typing:

� setup d0online

� /pro jects/l1m uo/REGmonitor/calT rack mon.p y < pro c> (card slot)

where < proc> is the name of the processorin the appropriate L1CTK crate

(`d0olmuo27' for CTKT and `d0olmuo24' for CTKM). The optional `card slot'

allows you to specify the cards for which the script should check the registers.

If no card is speci�ed, registersare checked for all cards.

� Choose(r) to read the registers,(c) to clear the parity register and then read

the registers,or (e) to exit.

The output of the script is written in columns headedby `Card', `Mask 1', `Mask

2', `Lock 1', `Lock 2', `Parity 1', and `Parity 2', where the 1 and 2 refer to inputs

0{15 and inputs 16{19, respectively. The register valuesare printed in hexadecimal

numbers. If there are no parity errors, `Parity 1' and `Parity 2' should read `0x0'.

The masksshould be the sameas thosein the parameter �les.

A gui similar to the L1MUO Crate Monitoring gui has beenwritten for L1CTK.

This gui displays mask, lock, parity, and FIFO full information for all the inputs.

Unfortunately, insu�cien t memory on the L1CTK processorscurrently makes this

gui unusable. The gui can be started by typing:



169

� setup d0online

� /pro jects/l1m uo/l1caltrac k/REGmonitor/CrateMonitor

A.5.6 VxWorks

The VxWorks gui can be usedto readand write registers,cold start or restorecrates,

and to load new logic to any of the electronicscards[94]. It can be started by typing:

� setup d0online

� setup pyxml

� /pro jects/l1m uo/VxW orks/VxW orks5 0/vxw orks

The �rst step in using VxWorks is to log into the processorfor the appropri-

ate crate. Choose`Processors'from the `Start' menu and selecteither `d0olmuo24'

(CTKM) or `d0olmuo27' (CTKT). Registerscan be read or modi�ed in VxWorks by

choosingthe `VME' option from the menu at the top of the screenand the `Ethernet

Read/Write' option within `VME'. The cratescan be cold started or restoredby typ-

ing cd \/pro jects/l1m uo/l1caltrac k/vxstu�" and then either < setup-m tccal

or < restore-m tccal in the commandline of VxWorks window.

Since either of the above tasks can be completed with the input gui, the most

commonuseof VxWorks is to load logic to a MTCM or a trigger card. Beforebeing

used in an L1CTK crate, a MTCM must be loaded with FPGA logic, a Message

Builder that writes the Level 3 messages,and the Level 3 messages. Note that

the MessageBuilder must be loaded and the crate must be cold started before the

messagescan be successfullyloaded.

To upload logic or the MessageBuilder to a MTCM:

� Choose `MTCM' from the menu at the top of the screenand select `New

NVRam, FPGA Loader'.
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� Selecteither `MTCM Logic' or `MessageBuilder' and changethe �le name in

the appropriate box if necessary.

� Press`Write and Verify' and the `LoadNVRAM' button. Use`Readand Verify'

to con�rm success.

� Cold start the crate. Remember that the run should be pausedor MRC 0x14

should be taken out of the run during a cold start!

To load a new message:

� Choose`L2/L3 Message'from the `MTCM' menu.

� Go through the menu boxesto selectthe relevant message(i.e.`ufb', `L3', `short'

or `long').

� Press`Load'.

� Press`Save NVRam'.

� Cold start the crate.

To load logic to the octant trigger cardsor to the MTM:

� Choosethe `Load Flash Memory' from the `MTCXX' window.

� Go through the menu boxes, one by one, selectingthe location of the trigger

logic �le (i.e. `36 x36', `ufb', `v0.1', and either `oct0' for an octant trigger card

or `mtm' for the managercard). For the `VME slot', select the slot for the

appropriate card. The octant trigger cardsare in the odd slots from 1{15. The

MTM is in slot 4.

� Press`Load and Transfer' and then use`Test Flash' to verify success.

� Cold start the crate.

Table A.8 lists the current locations of the logic �les.
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Card & File Type File Location
MTCM FPGA Logic /pro jects/l1muo/vxstu�/rbf/36x36/new-m tcm/v0.1/m tcm-050127.rbf

MTCM MessageBuilder /pro jects/l1muo/vxstu�/rbf/36x36/new-m tcm/v0.1/messagebuilder-050422.rbf
Octant Trigger Card Logic /pro jects/l1muo/vxstu�/rbf/36x36/ufb/v0.1/o ct0/UFB Stratix Chip Logic.rbf

MTM Logic /pro jects/l1muo/vxstu�/rbf/36x36/ufb/v0.1/m tm/UFB Stratix Chip Logic.rbf

Table A.8 . Current locations of logic �les for L1CTK cards.
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A.5.7 The Power Supply

The Wiener power supply is connectedvia a CANBUS systemthat is sharedwith the

L1CAL power supplies.CALMUO shifters monitor the L1CTK and L1CAL supplies

with a commongui.

A standalonegui with just the L1CTK power supply is available for remotemon-

itoring by experts. It can be started from any online machine by typing:

� setup d0online

� /pro jects/l1m uo/l1caltrac k/lvps/testPS

The eight channels(U0{U8) correspond to the eight voltage modules. U0{U3 are

the 5 V, 12 V, � 12 V, and 3.3 V modules respectively for the CTKT crate, and

U4{U7 are the corresponding voltage modules for the CTKM crate.

If the power supply trips, it can be manually powered on by 
ipping the on/o�

switch on the front panel. If you ask a shifter to power on the supply, have them go

to Rack 119 of the �rst 
o or movable counting houseand be sure to note the error

messageon the front panel. The error should specify which of the eight modules

tripp ed and for what reason(overcurrent, overvoltage, etc.). After power cycling,

both crateswill needto be con�gured (Section A.5.2). If the supply trips regularly,

the limits may needto be adjusted.

To reset the trip limits or to modify other power supply settings, �rst take

MRC 0x14 out of the run or ensurethe run is stopped or paused.Then:

� Power down the supply.

� Hold the `mode select' toggleup while pushing`on/o� ' to the `on' position (up)

and continue to hold until the display stops changing. After this, the display

should be on, but the power supply o�.
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� Use `mode select' to toggle to the parameter you wish to change (U0, U1,

U2...PSTime,FanTime, etc.) and selectit by pushing `on/o� ' to the `on' posi-

tion and holding the switch until the display starts blinking.

� Toggle through the subdirectory (Imax, Vmax, Imin, etc.) and again choose

the parameteryou'd like to modify by pushing `on/o� ' to the `on' position and

holding the switch until the display starts blinking.

� Use `mode select' to raise (up) or lower (down) the parameter to the desired

value.

� To set the new value, push `on/o� ' to the `o� ' position once.

� Push `on/o� ' to the `o� ' position a secondtime to return to the main menu.

� Finally, push `on/o� ' to the `o� ' position once more to turn the display o�.

Then turn on the supply normally to power the crates.

Note that for the � 12 V module, the Wiener is programmedto produce 12 V, and

the negative is accomplishedby reversingthe power cablesto the supply.

A.5.8 The Muon Readout Client

The Muon ReadoutClient is a monitoring gui for all the muon read crates. It can be

started by typing:

� setup d0online

� setup D0RunI I p20.04.01

� start muo readout gui
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The L1CTK crates are inputs 4a (CTKT) and 4b (CTKM) in Muon Readout

Crate 0x14 (MRC 0x14). Occasionally, the crate stops responding to commands

issuedwith the Muon Readout Client and needsto be rebooted.

To reboot MRC 0x14 from any online machine, type:

� telnet t-d0-mc h3 2035

� CTRL-x

� After the crate has �nished rebooting, you can exit with CTRL-]

� Start the readout for MRC 0x14 in the Muon Readout Client.

A.5.9 The Examine

The most comprehensive monitoring tool for the L1CTK trigger systemis the online

examine. It checks for di�erences betweensimulated triggers and hardware counters,

synchronization errors, or signi�cant di�erences betweensimulated and observed in-

puts. If found, signi�cant event server (SES) alarms are generated. The examine

is also used to generate the plots posted on the L1CTK web site (http://www-

d0online.fnal.gov/www/groups/l1m uo/l1caltrack/). These plots are updated every

�v e minutes and problemscan be quickly spotted by an unhappy faceappearing on

the �rst page.

The L1CTK examine utilizes code in two packages, `l1caltrack examine' and

`tsim l1caltrack'. During global physics runs, the executable(`l1caltrack examinex'

run on node `d0ol88') usesthe information from the long CTKT Level 3 message

to simulate the L1CTK trigger decisionsfor comparisonswith the actual hardware

counters. Similarly, readout data from the L1CAL and L1CTT systemsare usedto

simulate L1CTK inputs.

Hardware and simulator comparisonsfor each run are stored in a root �le labeled

`L1CalTrackExamine runxxxxxx.root' where`xxxxxx' is the run number. These�les



175

are located in `/scratch/l1muo/l1caltrack examine'.

Although the examine is run automatically and monitored by a crontab job on

�v e-minute intervals, it may sometimesbenecessaryto restart the examineor to start

a separatecopy on a di�erent node for debuggingpurposes.Detailed instructions for

building and running examinejobs are available at:

/pro jects/l1muo/l1caltrack/examine/README

The script that generatesthe summary plots for the web page is located at

/pro jects/l1muo/l1caltrack/plot examinetemp/cronscript d0ol88.sh

A.5.10 Rate Check Plots

A tool similar to the rate check gui used for L1MUO to comparereal-time trigger

rates to thoseexpected for a given luminosity is available for L1CTK.

The gui can be run from any online machine, by typing:

� setup d0online

� /pro jects/l1m uo/l1caltrac k/rate check/rategui/L1CalT rack AllRates.p y

The expectedtrigger ratesare derived from �ts to trigger rates recordedin earlier

runs. A parameter �le speci�es the triggers that are usedfor the �ts:

/pro jects/l1muo/l1caltrack/rate check/�tparams 4gui.out

If you re-mapthe triggers that aresent to the TF, this �le needsto bemodi�ed before

the rate check gui can work properly. Online documentation explains how to make

the appropriate modi�cations [93].

A.5.11 Troubleshooting

From January 2007when L1CTK triggers were �rst included in the o�cial trigger

list through the time of this writing, the L1CTK systemhasbeenremarkably stable.

Still, problemsoccasionallyoccur. The three most likely problemsare:
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1. The online examinereports an error.

2. The power supply trips.

3. MRC 0x14 reports an error.

This sectionprovides brief suggestionsfor handling each of theseproblems.

The Online Examine Reports an Error As described in Section A.5.9, a failed syn-

chronization check or a signi�cant hardware-simulator di�erence generatesan SES

alarm and causesan unhappy faceto appear on the front pageof the examineplots.

Often the problem is a bunch crossingnumber di�erence detectedbetweenoneof the

trigger cards and the TF. The SESalarm provides instructions to the shifters as to

how they should addressthe problem (i.e. issuean sclinit, and/or stop and restart

the readout for MRC 0x14). Theseactions usually resolve the alarm, and the plots

appear normal as soon as they are updated (within 5 minutes).

If a persistent problem occurs, the detailed octant-level examineplots should be

usedto identify the card or input causingthe problem. If the problem is traced to

a particular card, it sometimeshelpsto re-con�gure or power cycle the crate, re-seat

the card, re-seatthe processor,or re-seatthe crate's MTCM. If the card needsto be

swapped, sparesare available either in the test stand or in the FPD crate.

The Power SupplyTrips SectionA.5.7 describeshow to power on the supply after a

trip. Be sureto note the error on the display screen.It should indicate which voltage

module tripp ed and for what reason(usually overcurrent). After power cycling, both

L1CTK cratesneedto be cold started (Section A.5.2) and the readout for MRC 0x14

may needto be restarted.

If the supply trips regularly, the causeshould be investigated. In the past, the

supply tripp ed each time the L1CTT team performed a certain type of download.

Although this issuehasbeenresolved, a situation could arisefor which the trip limits

needto be reset. Instructions for this procedureare in SectionA.5.7.
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MRC 0x14 Reports an Error If MRC 0x14 reports an error, �rst click on the Crate

0x14 box in the Muon Readout Client to determine if the error is with input 0a

(L1CTM) or inputs 4aor 4b (L1CTK). For any L1CTK error, �rst askfor an sclinit. If

this doesn't help, try to determineif the error (particularly an out-of-synchronization

error) could be causedby a bad input to the L1CTK trigger system. Usethe script

to check lock and parity registers(Section A.5.5). It may also be helpful to check

the trigger rates|v erifying the BOTs with the DAQ monitor and running the rate

check gui (SectionA.5.10). This helpsto determineif the problemis with the L1CTK

hardware (or oneof its inputs) or is only in the readout chain.

If the problem is with a speci�c input, ask the expert of the relevant subsystem

to try to resolve the error. If this is not possible, mask the input o� to L1CTK

(SectionA.5.3) and askfor another sclinit. The readout for MRC 0x14may alsoneed

to bestoppedand restarted. Note that an input problemcould alsobewith a receiver

on of the the octant trigger cards. In this case,the card may needto be swapped.

If the rates, lock registers,and parity registersare all okay and the readout crate

will not respond or the issue can not be resolved by stopping and restarting the

readout, the next stepis to reboot the readoutcrate. Instructions arein SectionA.5.8.

If this fails to resolve the problem, you can ask the DAQ shifter to reset the SBC or

you can manually resetthe SBC on the third 
o or of the movable counting house.It

is usually a good idea to resetthe processorat the sametime. After this, the readout

for MRC 0x14 should be restarted. If all of thesestepsfail, a Level 3 expert should

be contacted. They may recommendpower cycling the crate on the third 
o or of the

movable counting house.
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