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ABSTRACT

MEASUREMENTS OF THE tt PRODUCTION CROSSSECTION AT
s= 1:96 TeV AND TOP MASSIN THE DIELECTR ON CHANNEL

By

JosephFrancis Kozminski

The rst measuremen of the top-antitop production cross section in proton-
antiproton collisions at P s = 1:96 TeV using 243 pb 1 of data collected with the
D detectorat Fermilab is preserted. In this analysis,only the dielectron nal state
is considered. Five ewvents are obsened, and 0.93 badkground ewerts are expected.
The measuredcrosssection, after accouring for the expectedbrandhing ratio to the

dielectron channel, is:
i = 149%93 (stat) *233 (syst)  1:0 (lumi) pb;

which agreeswith the predicted crosssectionfor top quarkswith a massof 175GeV.
In addition, a rst-pass at a measuremen of the top massusing the neutrino-
weighting method is presetted. This measuremenis alsoperformedin the dielectron

channelusingthe v e everts obsened in the crosssectionmeasuremen
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Chapter 1

In tro duction

This dissertation is a journey into the realm of the very tiny. This is a world where
the laws of Newton and Einstein's generalrelativit y give way, a world wherequanum
medanics and quartum elds reign supreme. This is a world where energy can be
converted to matter and matter to energy a world of particles and arti-particles.
This is the bizarre world of elememary particle physics.

The questto understand the fundamenral building blocks of nature has a long,
rich history dating bad to the anciert Greeks. This understandinghas ewlved from
its roots in natural philosopty and metaphysics into an area of natural sciencein
which experimerts attempt to con rm or disprove theoriesthat descrike the nature
of the mostfundamenal particles. The current understandingof elemetary particles
comesfrom the Standard Model, a very successfutheory. No experimert has yet
disproven any of the predictions of the Standard Model, though a few inconsistencies
have arisen. Theseinconsistencieshave led many to beliewe that this theory is only
a part of somebigger picture (supersymmetry?,string theory? ...).

Chapter 2 givesa brief overview of the Standard Model. The role of the top quark
is highlighted and motivations for accurate measuremets of its crosssection and
massare discussedasthesemeasuremets are presened in this dissertation. Chapter

3 descrilesthe apparatus usedto conduct the experimert, namely the Tevatron pp



colliderandthe D detectorat the Fermi National AcceleratorLaboratory (Fermilab)
locatedin Batavia, lllinois. Chapter 4 discusseshe selectionand composition of the
data setsusedand what Monte Carlo samplesare generated. Chapter 5 explains
how the data collectedby the detector are reconstructedand how physicsobjects are
iderti ed.

The data analysisis discussedin the proceedingchapters. Chapter 6 preseits
a measuremenh of the top quark crosssectionin the dielectron channel. Chapter 7
discusseghe neutrino-weighting method for measuringthe massof the top quark in
the dilepton channelsalongwith a rst passmeasuremen of the top quark massin
the dielectron channel. Finally, Chapter 8 summarizesthe results of the analyses

presered in this dissertation.



Chapter 2

Theoretical and Phenomenological

Ov erview

The Standard Model is a great achievemen of the twenrtieth certury. It accurately
descritesalmostall obsened phenomenaat distancessmallerthan the diameter of an
atomic nucleus(about 10 1°m). The Standard Model hasbecomestandard material

coveredin ewvery modern textb ook on high energyphysics,including [1], [2], and [3].

2.1 A Short History of Particle Physics

Modern elememary particle physicsbegan,onemight say, in 1897whenJ.J. Thomson
discovered the electron. This door-opening discovery was followed by Rutherford's
discovery of the proton in 1914and Chadwid's discovery of the neutron in 1932.
At the sametime, great breakthroughsin theoretical physics were being made.
Thesewerefueledby an obsened breakdowvn of classicalphysicsin someexperimerts.
In 1900,Max Planck beganthe quartum revolution with his paper, \On the Theory
of the Energy Distribution Law of the Normal Spectrum,” in which he attempted to
explain the blackbody radiation spectrum emitted by a hot object. The revolution

took o slawly; newerthelessjust a quarter of a certury later, Sthroedingerand others



jumped on board and deweloped quantum medanics. This theory de nes a system
as a state which ewlvesaccordingto a wave equation rather than as a collection of
particles which follows the rules of classicalphysics. That is, an outcome, given the
initial conditions, cannot be uniquely determinedin this theory; instead,onecan only
obtain a probability for a certain outcometo occur. This theory opensthe door to
phenomenawhich seemnonsensicalin the world of human experience,but actually
descrike the behavior of systemsat very small length scales.

Moreover, Einstein's 1905 paper on special relativity forced physicists to look
at the universein a completely di erent way. Time and spacecould no longer be
viewed as separateertities; rather, this theory descrikesa four-dimensionaluniverse
with three spatial dimensionsand one time dimension. Furthermore, energy and
momertum are consened, but rest massis not, another great leap from the classical
viewpoint. This theory also allows for phenomenathat seemto defy commonsense,
but it accurately descrikes systemsmoving very fast (i.e. nearthe speedof light).

Since elemettary particles are very small and tend to travel very fast, a theory
which incorporatesboth quantum medanics and special relativity is required. The
marriage of thesetwo areasalongwith the eld concept,which is how particle states
are de ned, is called relativistic quantum eld theory. This theory descrikes phys-
ical processess an interaction of states ( elds), formalized by an in nite seriesin
increasingpowers of the coupling constart (interaction strength). The leadingterms
of the seriestend to provide a good description of obsenations, but the sumsof the
small correctionsprovided by the subleadingterms lead to in nities running amok.
Finally, Richard Feynman, Shin-Ichiro Tomonaga,and Julian Sdwinger discovered
how to renormalizethe theory, thereby removing the in nities.

Even with renormalization, a quartum eld theory which correctly descrikes all
known interactions betweenelemetmary particles had yet to be deweloped. This the-

ory of elemenary particles, which is really a combination quartum electrodynamics



(QED), the Glashav-Weinberg-Salamelectro-weak theory, and quantum chromody-
namics (QCD), cameto be known as the Standard Model. (Gravity is the one in-
teraction omitted as renormalization and gravity are not compatible in this theory.)
The Standard Model, which becamethe favored model by the end of the 1970s,has
yet to be disproven by any experimertal test.

This theory, newertheless,cannot completely descrike elemenary particles. For
example,the Standard Model doesnot predict the massesf the quarks and leptons,
nor doesit predict electroveak symmetry breaking (EWSB). The massesof the W
and Z bosonsarisevia the Higgs medanism, but this pieceof the theory was added
later in an ad hoc manner. Even so, a new theory most likely would not replacethe

Standard Model; rather, it would be an extensionof it.

2.2 The Standard Mo del

2.2.1 Fundamen tal Forces and Particles

Two basictypes of particles comprisethe Standard Model particles { fermions and
bosons. Quarks and leptons are both fermions; that is, they are spin 1/2 particles
which obey the Pauli Exclusion Principle (one and only one fermion can occupy a
given quantum state). Thesefermionsare the building blocks of matter. The bosons,
on the other hand, are spin 1 particles. They are force carriers; that is, they mediate
interactions betweenfermions.

Quarks, fractionally charged fermions, are the constituerts of protons and neu-
trons. There are six types (avors) of quarks. Up, charm, and top quarks have an
electrical charge of 2=3e, where e is the charge of an electron. Down, strange,and
bottom quarks have a chargeof 1=3e. There are also 6 anti-quarks with the same
massbut opposite charge. (Antiparticles are denoted with a bar over the particle

symbol). Any particle constructedof quarksis called a hadron. Hadronswith 3 con-



stituent quarks(lik e the proton and neutron) are calledbaryonswhile quark-artiquark
pairs are termed mesons. Baryons and mesonsall have integer charge. Quarks also
have a property called color charge wherethe three color charge\p olarities" are de-
noted red, green,and blue. Without color, quarksin somehadronsappearto occupy
the samequantum state, which is forbidden by the Pauli Exclusion Principle. Just
as quarks have color, antiquarks have anticolor. Baryonsand mesonsare \colorless,"
which meansthat they are comprisedof onequark of ead color or anticolor (baryons)
or that they are comprisedof a color-articolor pair (mesons).

Quarks interact via the strong force. This force binds quarks together to form
baryons and mesons. The strong force is mediated by a boson called the gluon.
Gluons are masslessand electrically neutral; howeer, they do carry color charge. In
fact, gluons are characterizedby a color and an anticolor unlike quarks which are
characterized by one or the other. The gluon carries two polarizations sinceit is
exchanged between two quarks in strong interactions. Becausegluons carry color
charge, they are alsoable to interact with one another.

Quarks and gluonsare never obsened as free particles (with the exceptionof the
top quark, which will be discussediater) becausethe strength of the strong force
increaseswith increasingdistance. For example, quarks closeto ead other inside
a proton are free to shift around without much interferencefrom the strong force.
Howe\er, if a quark tries escapingthe strong force pulls it badk with increasingforce
as the separationincreases.Of course,if the quark is given a big enoughkick (say
in a high energycollision), it may esca from the proton. Howeer, the strong force
potertial becomessogreat that a new quark-artiquark pair popsout of the vacuum.
The antiquark binds with the escapingquark to form a meson,and the quark joins
the proton remnarts to form a new hadron. This processis called fragmertation or
hadronization.

Leptons, on the other hand, are completely una ected by the strong force. There



are three avors of charged leptons { electron, muon, and tau { ead carrying a
charge of e. Ead of these has a correspnding anti-lepton with a charge of e.
For eat charged lepton avor, there is an electrically neutral neutrino. Theseare
appropriately namedthe electron neutrino, muon neutrino, and tau neutrino. Eac
neutrino has a correspnding anti-neutrino, analogousto the anti-leptons.

Charged leptons and quarks can all interact through the electromagneticforce,
which is mediated by photons. This forceis the most familiar of the forcesthat come
into play in elememary particle physics. Becauseof this force, like-signedobjectsrepel
eadt other while oppositesattract, asewery introductory physicsstudert is taught.

Neutrinos interact only by the weak force. The weak forceis carried by the weak
gaugebosons,W*, W , and Z9. The W's have charge+1 or 1 while the AT
electrically neutral. Thesebosons,unlike other force carriers, have large mass(on
the order of 100 GeV/c?) and, consequetly, act over short (nuclear) distances. All
guarks and leptons interact through the weak force, but this forceis best known for
its role in beta decay.

Both quarks and leptons can be grouped into three generations. Eadh quark
generationcontains a +2=3e and 1=3e chargedquark while eat lepton generation
is comprisedof a negatively charged lepton and its assaiated neutrino. Table 2.1
shonvs a summary of the Standard Model fermions grouped into these generations.
The Standard Model bosonsare summarizedin Table2.2. Note that massesre given
in units of GeV instead of GeV/c2. In high energyphysics, it is a common practice

to setc and h to 1 and not write them explicitly.

2.3 Standard Mo del Formalism

Behind theseparticles and forceslie the elegan mathematicsof the Standard Model.
As merntioned earlier, the Standard Model is the union of the electraveak theory

and QCD. The Standard Model is descriked by local gaugetheories. That is, the



Generation Particle Charge Mass[4 Interactions
(e) (GeVv)
Quarks (Spin 1/2)
1 Up (u) +2/3 0.0015-0.004| EM,Weak,Strong
Down (d) -1/3 0.004-0.008 | EM,Weak,Strong
2 Charm (c) +2/3 1.15-1.35 | EM,Weak,Strong
Strangeg) -1/3 0.08-0.13 | EM,Weak,Strong
3 Top (t) +2/3 178.1 EM,Weak,Strong
Bottom (b) -1/3 4.1-4.4 EM,Weak,Strong
Leptons (Spin 1/2)
1 Electron Neutrino ( ) 0 <3 10° Weak
Electron (e) -1 0.000511 EM,Weak
2 Muon Neutrino () 0 <19 104 Weak
Muon () -1 0.1057 EM,Weak
3 Tau Neutrino () 0 < 0:.0182 Weak
Tau () -1 1.777 EM,Weak

Table 2.1: Summary table of Standard Model Fermions. Note that the massesof
the light quarks are not well-measuredsincethey are always bound into mesonsand

baryons.

Particle | Name Force Charge | Mass[4
(e (GeV)
g Gluon Strong 0 0
w w Weak 1 80.43
Z Z Weak 0 91.19
Photon | Electromagnetic 0 0

Table 2.2: Summarytable of Standard Model GaugeBosons.




fundamenal equation (Lagrangian) describing the particles and their interactions
is invariant under a phase(gauge) transformation even when the transformation is
position-dependen.

Local gaugetheories have a couple of desirablefeatures. By demandingthat a
simple Lagrangian which descrikes a particle's kinetic energy satis es local gauge
invariance, interaction terms that represen the coupling of the particle to the gauge
bosonsmust be addedto the Lagrangian. In this way, the coupling betweenfermions
and gaugebosonssimply falls out of the theory. The couplingsbetweengaugebosons
are predicted by requiring that the non-Abelian gaugegroupsalsosatisfy local gauge
invariance. Moreover, t'Ho oft shaved that spontaneouslybroken local gaugetheories
are renormalizable. This discovery is extremelyimportant sincea non-renormalizable
theory hascuto -dep endenciedeyond the lowest order calculations,making it \quite
meaningless'T1].

The Standard Model is constructedfrom the SU(3) SU(2) U(1) gaugegroup.

2.3.1 Electro weak Theory

The SU(2) U(1) part of the Standard Model, called the electraveak theory, is the
uni cation of electromagneticforce, which is descrited by QED, with the weakforce.
The electromagneticforceis characterizedby € () phasefactors, which are unitary
transformations in one dimension{ the U(1) symmetry group. The weak force, on
the other hand, is descrilked by SU(2). It is thus conveniert to group the particlesin

doublets: 0O 10 10 10 10 1 0 1
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Then, a two-compnert eld is consideredfor eat doublet. The weak forceis char-

acterizedby the 2 2 matrix e ". For the weak theory to be gaugeinvariant, there

must be three masslesgiaugebosonsW (= 1;2;3), whereW ! and W2 are charged



and W2 is neutral. Thesebosonscan only coupleto left-handed fermions. At this
point, the electromagneticforce, with its neutral gaugeboson,B?, can be conbined
with the weak force to obtain the electroveak theory. In the obsenable world, how-
ewer, the electromagneticand weak forcesare separate,and the weak gaugebosons
are not massless.Therefore,the electroveak symmetry must somehav be broken.
This electroveak symmetry breaking can be achieved through the Higgs meda-
nism. This medanism introducesa new eld, called a Higgs eld, with a non-zero
vacuum expectation value (vev). This symmetry breaking leadsto massie SU(2)
vector bosons. The SU(2) and U(1) bosonscan then be written in terms of their

more familiar physical states:

W (wl W2)=p§

70

W3cos w BOsin (2.2)

W3cos w + BOsin ;

where y is afundamertal parametercalledthe weak-mixingangle. The W bosons
still coupleonly to left-handed fermions; however, the Z9 can coupleto right-handed
fermionsnow becauseof its mixing with BO.

The Higgs medanism predicts the ratio of the W and Z massedo be

M o)
9
Mz g%+ g%

COS (2.3)

whereg; and go are the U(1) and SU(2) coupling constarts, respectively. Myy, Mz,
and cos \y have beenmeasuredindependerily in a number of electroveak processes
and con rm this prediction. Similarly, the Higgsmedanism givesmassto the quarks
and leptons; howeer, the actual massesare not predicted, especially not the surpris-
ingly high massof the top quark. Thesemust be determined experimertally.

One other feature of this symmetry breaking is the necessaryintroduction of

10



a Higgs doublet, which includes a physical spin 0 Higgs boson. This scalar Higgs
couplesto any object with masssud that the coupling strength increaseswith higher
mass. Overall, the predictionsof the Higgsmedhanismhave beenextremelysuccessful.
Howeer, onekey pieceof evidencefor this medanismis still missing: the Higgsboson
itself hasyet to be discovered.

The discovery of the Higgsbosonis crucial for the survival of the Higgsmedanism.
While the Higgs may not be discorered at the Tevatron (Section 3.1), experimerts
at the Tewvatron will be able to put more stringert constrains of someof the Higgs
boson'sproperties sud asits mass. Howewer, an acceleratorcalled the Large Hadron
Collider (LHC) is being constructed at CERN in Europe to seart for the Higgs.
Discovery of the Higgswill be possiblethere for a Higgs with a massof up to about
1 TeV. If the Higgsis not discovered at the LHC, then alternative theorieswill have
to be proposedand tested since the massof the Standard Model Higgs should be
well belov 1 TeV. In fact, alternative theoriesof electraveak symmetry breaking are

already being proposed[4].

2.4 Top Quark

The top quark was discovered in 1995[5][6], lling out the third quark generation.
Howe\er, this quark is peculiar comparedto the previously discorered quarks. It is
more than 35 times more massiwe than the b quark and is the only quark which does
not hadronize before decging. These properties make the top quark interesting to

study and o er someinsight into the properties of the Higgs boson.

2.4.1 Top Quark Pro duction

The Tevatron, discussedn Section 3.1, is currertly the only particle acceleratorin

the world able to producetop quarks. The top quarks are producedin high energy
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collisions of protons (p) and anti-protons (p). At very high energies,the collisions
actually occur betweenthe quark or gluon constituerts of the proton and anti-proton
(i.e. the partons), which ead cortain somefraction of the proton's or anti-proton's
energy Figure 2.1 illustrates sud an interaction, or a hard-scatter process. The
partons ead carry somefraction x (where 0 < x < 1) of the proton or anti-proton
momertum de ned by f;(x; Q?), the parton distribution function (PDF). f;(x; Q2)
is a probability density for a certain parton, i, to have momertum fraction x of the

proton for a given invariant momertum transfer, Q2.

=1

Figure 2.1: Parton model of a hard scatter process.

The dominart method of top quark production at the Tevatron is through the
strong interaction in which tt pairs are produced. The leading order (LO) top pro-
duction diagramsare shovn in Figure 2.2. The diagramsshav that gg annihilation
and gluon fusion are the two major production channels. Sincethe momenum frac-
tions of the quarks and anti-quarks tend to be higher than those of the gluons, qq

annihilation accours for about 85% of the tt production rate at the Tewatron.
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Figure 2.2: Treelevel diagramsfor tt production in pp collisions.

The likelihood that a certain nal state is producedis given in terms of the cross
section, , a quartity intrinsic to colliding particles. It is de ned asthe number of
ewverts producedin a given time divided by the particle ux. This will be discussed
in more detail in Section3.2. Note that the crosssectionhasunits of areaexpressed
in barnswhere1 barn = 10 24 cm?.

The tt production crosssectioncanbe calculatedusingperturbativ e techniquesout
to next-to-leading order (NLO). In addition, non-perturbative techniqueshave been
deweloped to estimate the size of higher order terms. One NLO+next-to-leading-log

(NLL) calculation gives a prediction of ; = 6:97 pb (for P

s = 2:0 TeV) while a
NNLO+NNLL calculationgives = 8.0 0:6 0:1pb [7]for atop quark with mass
m; = 175GeV.

Note that the tt production crosssectionis predictedto be a few picobarns,which
is on the order of 109 times smallerthan the total pp interaction crosssection. This
meansthat only onett ewvent is producedevery 10 billion collisions. In addition, the

theory predicts a non-negligible decreasen crosssection with increasingtop mass

(Figure 2.3). Hence, making a mass measuremen in conjunction with the cross
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Figure 2.3: Top production crosssectionvs. top massat P

s= 196 TeV [§].

sectionmeasuremenis a good way to test QCD predictions. For example,measuring
a crosssection lower than that predicted by QCD may indicate that the top quark
has deca/ channelsbeyond those predicted by the Standard Model (Section 2.4.2).
Sud non-standarddecgs could be a sign of new physics. A signi cantly higher cross
section, on the other hand, might meanthat there is a new production medanism
for tt sud as gluino production followed by the decy g ! tt. Resonancesn tt

production could alsoleadto an enhancemenin the top production crosssection[9].
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2.4.2 Top Decay

As mertioned earlier, the top quark is the only quark that can be studied as a free
quark; it doesnot have time to hadronize beforeit decas (O(10 2°s)). Sincethe
weakinteraction doesnot consere quark avor, this is the only processby which the
top candeca. Nearly 100%o0f the time, the top quark will decay to aW andab. A
decyg to c or d is alsopossibledue to weak eigenstatemixing. (If not for this mixing,
b and s quarks would not be able to decay in the Standard Model.) The amourt of

mixing is given by the Cabibbo-Kobayashi-Maslawa (CKM) matrix:

0 1 0 10 1
d® Vyg Vus Vb d
L =B Vog Ves Vep s (2.4)
0
b . Via Ms Vip .

Though none of the CKM parametersrelated to the top quark have beendirectly
measured,it is known that Vi, = 0:9991 0:0001[4]. This is obtained by requiring
the unitarity constrairt jVyp2+ jVey2+ jVipi2 = 1 and using Vp and Vg, which have
beenmeasured.Hence,assumingt ! Whbis valid for nearly all top quarks.

The b quark doeshadronize,forming a jet of particlesin the nal state. The W,
on the other hand, may decg into any doublet excepttb sincethe top quark is more
massiwe than the W. The rate for W to deca to any other pair is about equal. That
is, the branching ratios for W ! udand W ! csare 1/3 ead while the branching
fractions for W ! e g W ! ,and W ! are eaty 1/9. The branching
ratio to quarks appearsthree times higher than to leptons becausethe quarks come
in three colors. This analysisis concernedwith the dielectron nal state of the tt

system. That is, both W's decyg to e ¢, resulting in a brancing fraction of 1/81.
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2.4.3 Top Mass

Motivations for measuringthe top quark massinclude testing QCD predictions for
tt production and gaining further insight into the Higgs sector. The current world

averagemeasuremen of the top massis

my = 1743 32 4.0 GeV [4]:

Howeer, this conbination doesnot include the latest D measuremenfrom Run I:

m¢ = 1801 3.6 4:.0GeV [10}

Sincethe rst motivation has beenmertioned already, only the impact the top
masshas on understanding the Higgs sectorwill be discussedhere. The top quark
and the Higgs bosonboth play a key role in precisionelectroveak analyses.At tree

level, the massof the W can be written:

M@ = : (2.5)

wheresd, = 1 (M3Z=M2) = 0:2228[11]. Howeer, oneloop correctionsgive

Per

2 _ .
WEga o

(2.6)

where r denotesthe corrections. Includedin r is a correction depending on my:

_ 3Ggm?
p—
8 2 2tan? \y

( r)top (2.7)
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and a correction depending on the Higgsmass,My :

11GE M 2 cog M 2
F rCZ— Wln H.

( MNHiggs a5 2 Mg. (2.8)

Using these corrections, it is clear that precision measuremets of the W and top

massegan constrain the massof the Higgs, as shawvn in Figure 2.4.

80.6 T T T T T T
| = direct (10) T

- w—— 3|l data (90% CL)

80.5

80.3

80.2
150 160 170 180 190 200

m, [GeV]

Figure 2.4: \One-standard-deviation (39.35%)regionin My asa function of m¢ for
the direct and indirect data, and the 90% CL region ( 2= 4:605) allowed by data.
The Standard Model prediction asa function of My is alsoindicated. The widths of
the My bandsre ect the theoretical uncertainty from (Mz)" [4].

The top quark massalso gives someinsight into the Yukawa couplings, which
relate the Standard Model quarks and leptonsto the sourceof their massgeneration,

namely the Higgs. The top quark is fundamertally related to its Yukawa coupling,
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Yt, and the Higgs vacuum expectation value, v. In fact,

m¢ = (2.9)

i

Sincev = 247 GeV [4], Yt comesout to about 1, an interesting result which hints at

new physics|[7].
In this dissertation, a tool deweloped for calculating the top massin the dilepton

channelsand somestudiesand results in the dielectron channel are preseted.
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Chapter 3

Exp erimen tal Apparatus

The Fermi National Accelerator Laboratory (Fermilab) currently housesthe world's
highest energy particle accelerator. Fermilab was commissionedon Novenber 21,
1967,by the U.S. Atomic Energy Commission. It was built on the site of the village
of Weston and 6800 acresof surrounding farmland about 40 miles west of Chicago
[12]. The 4-mile-in-circumferenceTevatron, which began operating in 1983 as the
Energy Doubler, is now the highest-energyparticle acceleratorin the world, colliding

P s, of 1.96TeV. These

beamsof protons and anti-protons at a certer-of-massenergy
collisionsoccur inside two huge detectors,D and CDF, which sit acrossfrom eat
other on the Tewatron ring.

The Tewatron has had two major periods of physics running, called Run | and

Run Il. Run | lastedfrom 1992to 1996, running at P

s= 1:8 TeV. Then, a shutdown
ensuedin order to upgradethe acceleratorand the detectorsfor higher energy and
higher luminosity running. In March 2001, Run Il commencedwith the current
Ps= 196 Tev.

In this chapter, a brief overview of the acceleratorwill be given. In addition, the
D detector along with its triggering and data acquisition (DAQ) systemswill be

discussed.
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3.1 Accelerator

Fermilab employs a seriesof accelerators,shavn in Figure 3.1, to createthe world's
highest energy particle beams. Information on the acceleratorsis obtained from
[14], [15], and [16]. The processbeginsin the Cockroft-W alton pre-acceleratorwhere
hydrogen gas is ionized to create H ions, which are subsequetly acceleratedby
a positive voltage to 750 keV. They then enter the 130 m long linear accelerator
(LINA C) wherethey are bunched and acceleratedto 400 MeV by oscillating electric
elds. At the end of the LINA C, the ions passthrough a carbon foil which strips o
the electrons,leaving just protons. Theseprotons make their way to the Booster, a
syndirotron ring 475m in circumference wherethey are acceleratedfrom 450 MeV
to 8 GeV in 0.033s over the courseof about 16,000trips around the ring. Upon
leaving the Booster, the protons are sert to the Main Injector.

The Main Injector accelerateshe bunchesto 120GeV. At this point, there aretwo
options: the proton bunchescan be further acceleratedto 150GeV and injected into
the Tevatron, or they canbe usedto produceanti-protons. To createanti-protons, the
proton bunchesare steeredinto a nickel target. The collision producesmarny particles;
howewer, for every million protonsthat hit the target, only about 20 anti-protons are
collected. Thesearnti-protons comeo the target at many di erent anglesand are
focusedinto a beamlineby a lithium collection lens, which is a solid lithium cylinder
carrying a currert [17]. The beamis sert through a pulsed magnet, which actsasa
charge-masspectrometerto remove any other particlesthat makeit through the lens.
Next, the anti-protons erter the Debundier. This devicetakesthe anti-protons, which
have a large spreadin momertum but a narrow spreadin time (sincethe protons are
red at the nickel target in tight bunchesspacedl.5 s apart), and spreadsthem out
in time while giving them a narrower spreadin momertum. This processtakesabout
100ms. The rest of the time beforethe next bundh hits the Debunder is usedto cool

the anti-protons. In other words, an elemen of randomnesg\hotness") still existsin
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Figure 3.1: Sthematic of the Fermilab acceleratorchain. Adapted from [13].

the beam,makingit di use. Stochastic cooling removesthis hotness,therehy focusing
the beamin both position and momenium. The anti-protons are then sen into the
Accumulator wherethey are further cooled and focused. The anti-protons are stored
here until about 1:5 102 of them have been accunulated, a processwhich takes
many hours.

Once enougharti-protons have been accunulated, it is time for a new \store"
in the Tevatron. The Tevatron is currerntly the world's largest superconducting syn-
chrotron accelerator. All of the superconducting magnetsin this huge madine are
cooledto 4.6 K usingliquid helium. From the Main Injector, 36 bunches of protons
are injected into the Tewatron. Then, the anti-protons return to the Main Injector

where they, too, are acceleratedto 150 GeV and injected into the Tevatron in 36
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bunches. The anti-protons, of course,circle opposite the protons. The protons and
anti-protons travel in helical orbits which are kept apart with electrostatic separators.
Oncethe bundhesare circling in the Tevatron, they are acceleratedto 980 GeV using
RF cavities. The proton and anti-proton bunchesare steeredinto eat other in the
middle of the D and CDF detectors,producing pp collisionsat P s= 1:96TeV ewery
396ns.

3.2 Luminosit y
The production crosssectionfor a given processis de ned to be

dN=dt
L )

(3.1)

where N is the number of everts expected and L is the luminosity. The luminosity
is the particle ux from the colliding beams. In the absenceof a crossingangle, the

luminosity is given by
L = frevB Npr

=525 2) ( g+ %)F( = ) (3.2)

wheref ey is the revolution frequency B is the number of bunchesper beam, Np(b)
is the number of (anti-)protons per bunch, 0(p) is the transversebeam size of the
(anti-)proton beam,and F is a form factor depending on the bunch length ( |) and
the beta function at the interaction point ( ). The luminosity is thus expressedn
units of cm 2s 1.

A more useful quartit y than the instantaneousluminosity is the integrated lumi-
nosity, RLdt, sincethis is a measureof the amourt of data collected. In high energy

R
physics, the units of L dt are typically expressedn inversebarns (b 1), not cm 2.
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The crosssectioncan then be written as

N
= R—L gt (3.3)

and has units of barns.

3.3 The D Detector

Most of the pp interactions in the Tevatron are not very interesting. The particles
simply scatter at low angles. Howeer, the rarer hard-scatter processesin which a
parton (i.e. a quark or gluon) from the proton interacts with a parton from the anti-
proton, can produce somevery interesting physics. In these processesthe proton
and anti-proton are broken apart, and the fragmerts not involved in the hard scatter
cortinue along the beampipe. Howeer, the partons involved in the hard scatter are
annihilated, and new particles are produced.

The D detector [18][19],picturedin Figure 3.2, is a hermetic, nearly 4 detec-
tor usedto study the particles producedin the hard-scatter interactions, especially
in those interactions which produce particles with high momerium perpendicular to
the beam pipe (transversemomertum). The detector is composedof seeral nested
subdetectors, eat designedto detect and measuredi erent objects. The main sub-
detectorsinclude the tracking system,the preshaver detectors, the calorimeter, the
muon system, and the luminosity monitors. These subdetectors will be discussed
in this section after de ning the detector coordinate system. Also, the trigger sys-
tem, which selectsthe most interesting everts to be written to tape, and the readout

systemwill be discussed.
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Figure 3.2: Sideview of the D detector[19.

3.3.1 Coordinate System

The D detectorusesa right-handed coordinate systemwith the certer (0,0,0) at the
certer of the detector. The beampipe is de ned to be the z axis with the direction
of the protons being the positive direction. The polar angle, , is de ned sud that
= 0 lies along the beampipe in the + z direction while = =2 is perpendicularto
the beampipe. The azimuthal angle, , is de ned sud that = 0 points away from
the certer of the Tevatron ring (also the positive x axis). The upward direction,
= =2, de nesthe positivey axis. Figure 3.3 depictsthe coordinate systemused
atD.
Sincethe parton-parton collisionsdo not occur at xed P s and sincethe nucleon

remnarts esca down the uninstrumerted beampipe, the longitudinal boost of hard
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Figure 3.3: Diagram of py in the D coordinate system.

scatter particles is very dicult to measure. Howewer, these particles can still be
studied by applying conseration of energyand momertum in the transverseplane.
Before the collision, the transverseenergy of the systemis zero. After the collision,
the transverseenergy of the proton and anti-proton remnarts is negligible, making
it possibleto study the hard scatter particles in this plane. To do this e ectively,

variablesfor usein the transverseplane are de ned:
E+ = E sin : Transwerseenergy
S R R in Fi
pr = psin = pg+ pg: Transversemomertum asshown in Figure 3.3.
E1: Missing transverseenergy or energyimbalancein the transverseplane.

Finally, instead of using , it is more natural to use a variable called rapidity,

y, in this environment becausethe multiplicit y of high energy particles (dN=dy) is
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invariant under Lorentz transformationsalongthe z axis. The rapidity is de ned as

_1 E+p |
y = 2In E o, (3.4)
For particles with high boost (m=E ! 0) at well-de ned values(0 ), yis
approximated by the pseudorapidiy, , where
!
= Intan > : (3.5)

The pseudorapidiy calculatedfrom (0,0,0) to a position in a given detectoris referred

to asdetector , or 4. The pseudorapidiy of a particle, physics , is determined by
of the particle as measuredfrom the interaction point, or primary vertex, and will

be denotedsimply as . A distinction is made sincethe collisionsdo not necessarily

occur exactly at z= 0 cm.

3.3.2 Tracking System

The ertire tracking systemis newin Run 1. It is designedio detect chargedparticles
over a large pseudorapidiyy range(j j 3). The tracking systemsits insidea 2 Tesla
superconductingsolenoidmagnet, which is alsonewin Run I1. The solenoidproduces
a magnetic eld parallel to the beam direction inside the tracker. This eld bends
the paths of chargedparticles sothat the tracking systemcan measurethe particles’
momerta. That is, a particle with momertum p and non-zerocharge q travelsin a
helix with radius r given by
PT

r=q—B

in asolenoidal eld of strength B alongthe z direction. Thus, measuringthe curvature
of the track in the r plane givesa measureof the pr while measuringthe track

direction in the r  z planeis a measureof pr=p;. The tracking systemalso provides
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secondaryvertex measuremets necessaryfor heary avor iderti cation.
The tracking systemitself consistsof two subdetectors{ the Silicon Microstrip
Tracker (SMT) and Certral Fiber Tradker (CFT). Figure 3.4 depicts the tracking

system.

Intercryostat
Detector

Central Fiber Tracker

Central Calorimeter

Forward
Solenoid Magnet f ? // Preshower
-~ Detector

7
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. End
| Calorimeter

1o AR e i —d Y

Cenfral Preshower
Detector Tracker

Figure 3.4: D tracking system[19].

Silicon Microstrip Tracker

The SMT is the subdetector closestto the beampipe. Thus, it is designedto be the
detector with the highest position resolution so that it can probe the area around
the interaction region very precisely For this reason,the SMT plays a vital role

in nding the primary interaction vertex aswell asin reconstructing the secondary
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decygy verticesof short-lived bottom hadrons.

This detectoris a hybrid systemof barrelsand disks madefrom silicon micro-strip
detectors. The barrelstend to detect the tracks of particles with small valueswhile
the disks are most useful for particles with larger values. The interspersedbarrel
and disk design,showvn in Figure 3.5, is motivated by the fact that the interaction
point is not necessarilyin the certer of the detector. Rather, the interaction point is

Gaussiandistributed with ameanat z= Ocmand ; = 28cmasshaown in Figure 3.6.

H -disk — 17

Figure 3.5: SMT detector.

The six 12.4 cm long SMT barrel modules eat have four concertric layers of
silicon. The layers are evenly spacedwith an inner radius of 2.5 cm and an outer

radius of 10 cm. The four-layer barrel coveragecorrespndsto j j < 1.5 coverage
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Figure 3.6: Distribution of interaction points in z. Adapted from [20].

for interactions at z = 0. Ead barrel is constructed of silicon ladder asserblies
that overlap in azimuth. Theseladders are support structures, made of beryllium
wafersreinforcedby rails of composite- b er and foam, to which the silicon strips and
readout electronicsare fastened. The rst and third barrels ead use double-sided
silicon sensorswith axial and 90 stereolayersin the middle four modules. The axial
detectorsare made from p-type and the stereofrom n-type silicon wafers. Modules
one and six use single-sideddetectorsin the rst and third layers sincethe stereo
tracking information can be obtained from the disks. The secondand fourth barrels
have double-sideddetectorsin all six modules, but the stereolayer only has a 2
o set. The silicon barrels have a resolution of 10 microns[21].

The 12 so-calledF-disks are the smallerdisksusedin the certral part of the SMT
as shawvn in Figure 3.5. The six innermost disks are attached to the outer sidesof

the barrel modules (exceptat z = 0 cm). Three additional F-disks are also attached
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at ead end of the barrel in order to increasethe silicon acceptance.Eact F-disk is
constructedwith 12 trapezoidalwedgesarrangedin a plate with a holein the middle
for the beampipe. Thesedisksextendradially from 2.5to 9.8 cm from the beampipe.
The detectorsare all double-sided.

The larger H-disks are positionedat z= 94cmandz = 126cm. Thesehave
inner radii of 9.6 cm and outer radii of 23.6cm. The detectorsare single-sided.The
planes have wedgesglued badk-to-badck to provide a 15 stereoangle. The H-disks
cover about 2 j | 3, giving someminimal track information about forward-
moving particles that would missthe outer b er tracker.

All of the silicon detectorsare operated at temperaturesof 5 10 C in orderto
reducethe e ects of noiseand radiation damage. This temperature is achieved using
a cooling mixture of deionizedethylene glycol and water. Depending on the detector
type, the signalto noiseperformancerangesfrom 12:1to 18:1[19].

The SMT has 792,576readout channels.

Central Fib er Tracker

The Central Fiber Tracker (CFT) surroundsthe SMT. It consistsof 76,800scirtil-

lating b ers. The b ersare arrangedon 8 concerric carbon- b er barrels with radii

from 20to 51 cm. The outer six barrelsare 2.5 m long while the inner two barrelsare
only 1.7m long in order to accommalate the silicon H-disks. The b ersare arranged
in single-layer ribbons 128 b erswide. Thesesinglet layers are then joined to make
doublet layersby placingthe b er certers of onelayer in the spacedetweenthe b ers
of the other layer as shovn in Figure 3.7. The resolution of a b er doublet is 100
microns[21]. Two doublet layersof b ersare positionedon eat of thesebarrels. The
layer closestto the barrel is aligned with the z-axis and is called an axial layer. The
next layer is aligned with about a 3 o0 set with the beam axis. Theseare called

stereolayers or u and v layers. The u and v layers alternate barrel by barrel suth
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that there are eight axial, four u, and four v layersin the CFT. Sincethe CFT covers
more radial distancethan the SMT, the CFT is better for determining the py and
charge of charged particles by measuringthe curvature of the tracks in the solenoidal

magnetic eld.

Figure 3.7: Alignment of two single b er layersto make a doublet layer [19].

The scirtillating b ers are 835 m in diameter. The b er core is polystyrene
doped with 1% P-terpheryl and 1500 ppm 3-hydroxy a vone. The b ers have peak
scirtillation at 530 nm, which lies in the best optical transmission regime of the
polystyrene. Around the core are two thin layers of cladding, the inner made from
acrylic, the outer from a uoro-acrylic material. Doubly-clad b ers are used since
they transmit light more e cien tly than singly-clad b ers. At one end of ead b er,
there is an aluminum mirror coating to re ect the light. At the other end, a clear
waveguide b er is matched to ead scinitillating b er to transport the light from the
CFT. The waveguidesare idertical to the scirtillating b ersexceptthat they do not
cornain the uorescert dyes.

The waveguidescarry the light 7 to 12 metersto the readout platform. Herethe
waveguidesare connectedto cassetteswhich are setin a liquid helium cryostat. The
light goesthrough the cassettedo the Visible Light Photon Courters (VLPCs). The
VLPCs are small silicon deviceswith arrays of photo-sensitive areaswhich corvert
the light from the b ersto electrical pulsesfor read-out. The VLPCs operate at
about 9 K, have a quantum e ciency of greaterthan 80%, and have a gain of 20,000
to 50,000.

At 4 = 0, the transversemomerium resolution for the D  tracking systemcan

31



q
be parameterizedas pr=pr = 0:001% + (0:0014r)? [21].

3.3.3 Preshower Detectors

Outside the tracking systemsit the preshaver detectors,which are meart to enhance
electronand photon iderti cation. Thesedetectorsare alsonewfor Run Il. They are
designedo obtain an energysamplingof the particles which have just passedhrough

the solenoid,up to about 2 radiation lengths of dense,uninstrumerted material not

present in Run | [22]. The preshavers also have the precisionto extend the tracking

and can aid in electronand photon identi cation.

The Certral Preshaver Detector (CPS) sits in the certral part of the detector
(j g < 2:2). It is acylindrical detectorwith a radius of 72 cm squeezednto a 51 mm
gap betweenthe solenoidand the certral calorimeter. This detector consistsof three
layers of scirtillating strips. The innermost layer is axial while the outer two layers
are positionedwith stereou andv anglesof 225 . The strips have a triangular cross
sectionwith a hole running through the middle for the waveshifting b er (Figure 3.8).
Eadh strip is coveredin a re ective material which increasedight yield and reduces
cross-talk. The waveshifting b ers carry the signal from the detector to the clear
waveguideswhich transmit the light to the VLPCs. The CPS has 7680 channelsof
readout.

Separatedetectors called the Forward Preshaver Detectors (FPS) sit in the for-
ward regions(1:4 < j j < 2:5), acting as a courterpart to the CPS. Thesedetectors
are mourted to the front facesof the two calorimeter endcaps.The triangular strips
and readout are the sameas those for the CPS. Howeer, the strips are arranged
in four layers, an inner u and v layer and an outer u and v layer separatedby 11
mm of lead absorker. There are no axial layersin the FPS. The inner layers usually
detect minimum-ionizing particles (MIPs) while the outer layers also detect the be-

ginnings of shavers, which are larger signals. Theselayers are aptly called the MIP
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Figure 3.8: Crosssection of a layer of the CPS. The triangles are made of plastic
scirtillator with holesin the middle for the waveshifting b ers[19].

and shower layers, respectively. The 16,000FPS channelsare read out usingthe same
VLPC systemasthe CFT and CPS.

Sincethe solenoiddoesnot sit in front of the FPS, its main function is not to im-
prove energyresolution. Rather, its purposeis to help discriminate betweenelectrons
and photons sincethe tracking e ciencies get worsein the forward regions. That is,
if a particle is not obsenedin the MIP layer but is seenin the shower layer, it is more
likely to be a photon; whereas,a particle seenin both the MIP and shover layersis

likely to be an electron.

3.3.4 Calorimeter

The D calorimeterwasthe pride of Run I. The detector itself remainsunchangedin
Run I1; howeer, the readout systemhasbeenupgraded. The calorimeteris designed

to accurately measurethe energiesof the hadronic and electromagneticobjects that
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erter it. The calorimeter is housedin 3 huge cyrostats, one in the cerral region
(J g < 1:2) and one on ead end, extending coverageto j 4j  4:5. The certral
calorimeter (CC) weighsabout 330tons; eat of the endcapcalorimeters(EC) weighs

about 240tons. The calorimeteris shovn in Figure 3.9.
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Figure 3.9: D calorimeter[19].

The D calorimeter is a compensating sampling calorimeter. Liquid argon is
usedasan active mediumwith depleteduranium (and copper and steel) asabsorter.
The incoming particles interact with the denseabsorker, losing energy and show-
ering. Electromagnetic (EM) and hadronic (HD) objects shaver di erently in the
calorimeter, allowing for their identi cation aswell asan energymeasuremen EM
objects interact with the uranium via two processes:pair production ( ! e*e )
and bremsstrahlung(e! e ). For eat successi interaction, the averageparticle
energy decreasesvhile the number of particles increases.Collecting and measuring

thesesecondaryparticles givesinsight into the original EM object's energy(Eg) since
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energyof the original particle drops exponertially:

E(x) = Ege X0 (3.6)

wherex is the distancetraveledand X g is the radiation length of the material through
which the particle passed. X is de ned both as the mean distance a high-energy
electronlosesall but 1=eof its energyto bremsstrahlungand as 7=9 of the meanfree
path for pair production by a high-energyphoton. For uranium, X g is approximately
3.2mm [4].

Hadrons, on the other hand, interact with the uranium nuclei via the strong
force. About a third of the secondaryparticles produced in theseinteractions are
neutral pions ( 9's), which deca primarily to photons. The rest of the secondary
particles tend to interact strongly. Becauseof this, hadronic showers tend to be
larger and dewelop over longer distances. The hadronic courterpart to X is the
nuclear interaction length ( o). For uranium, g is about 10.5cm [4].

BecauseEM objectstend to decag over a shorter distancethan hadrons,the four
innermost layers of both the CC and EC are the electromagnetic(EM) layers. These
layers extend radially in the CC and along the z-axis in the EC. Eacd layer uses3
mm (in the EC) or 4 mm (in the CC) thick depleted?38U absorters. The next three
layers in the CC and four in the EC are the ne hadronic (FH) layers. Theseuse
slightly thicker uranium absorbers, 6 mm thick. Finally, the coarsehadronic (CH)
layer uses46.5mm thick copper (CC) or stainlesssteel (EC) absorlers. Thereis one
CH layer in the CC and three CH layersin the EC. The depths of eah layer are
shown in Table 3.1in units of Xg or .

All of the layers are broken up into readoutcells0:1  0:1in ( ; ) spaceexcept
in EM layer 3. Here, the cellsare 0:05 0:05in ( ; ) spacefor (j 4j < 2:7). The
cellsin layer 3 are smaller becausethis is where the maximum number of particles

in an EM shower was expectedto occur in Run I. However, in the far forward region
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EM (Xo) FH ( o) CH ( o)
EM1 | EM2 | EM3 | EM4 | FH1 | FH2 | FH3 | FH4 | CH1 | CH2 | CH3
CcC 2 2 7 10 1.3 ] 1.0 | 0.9 3
EC 3 3 8 9 1.3 12| 12| 1.2 3 3 3

Table 3.1: Layer depthsin the calorimeter.

(j gl > 3:2), the cell sizeincreasesto 0:2 0:2 in all layers. These cells consist of
an absorker plate followed by a gap lled with liquid argon. A G-10 board sits in
the certer of the gap. SeeFigure 3.10. When a particle enters the calorimeter, it
showersinside the absorker plate, and the secondaryparticles from the shower ionize
the argon atoms. The ionization electronsare attracted to the copper pads on the
G-10 boards. Thesepads have a thin, high-resistivity coating and are kept at high
positive voltage. The drifting electronscreate an image charge on the copper pads
which is read out at the edgesof the board via copper traces. The gap between
absorler platesis 2.3 mm, and the electrondrift time acrossthe gapis about 450ns.
Se\eral of theseunit cells are stadked on top of ead other to create a layer in the
calorimeter. All of the cellsin the layer are read out together to obtain the energy
deposited in the layer. This grouping of unit cellsis a \readout cell", and the term
\cell" will referto areadoutcell in the following pages.

The cellsin ead layer are aligned with the cellsin the layersin front and behind
them in order to create projective towers with ead readout cell in the tower having
the same 4 and 4. SeeFigure 3.11. For most calorimeter measuremets, tower
energyis usedinstead of the energiesn the individual cells. This is a measureof the
Et de ned in Section3.3.1.

Betweenthe CC and EC cryostats are the inter-cryostat detectors (ICD) and
\masslessgap” detectors. Thesedetectorscompensatefor the uninstrumerted region
betweenthe cryostats; howewer, they do not have the energy resolution of the CC

and EC. The ICD consistsof slabs of scirtillator betweenthe cryostats, which are
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Figure 3.10: Unit cell in the calorimeter.

read out with photomultiplier tubes. On the other hand, the masslesgjap detectors,
located inside the cryostats, are extra readout padsthat samplethe shaver between
the CC and EC.

The calorimeter readout chain is shavn in Figure 3.12. A charge proportional to
the energyloss of the particles traversing the cell is sent to the readout electronics
through four ports in the cryostats via 30  coaxial cables. First, the charge is
integrated in the preampli er to produce a voltage. Then, the voltage pulsesare
carried by twist and at cablesto the shaper and baselinesubtracter (BLS), which
shape the signal and remove slowly varying o sets in the input voltage. The shaped
signal is sampledat its peak at about 320 ns. Becausethe Argon drift time is 430
ns, only 2/3 of the chargein the calorimeteris actually used. The shaped signalsare
stored in switched capacitor arrays (SCASs) until a Level 1 trigger decisionis made
( 4 s). If apositive decisionis made, the signal is sert to a secondSCA bu er

to await a Level 2 trigger decision( 100 s). Finally, the output signalis digitized

37



Figure 3.11: A quarter of the calorimeterin the r  z plane of the detector showving
the tower geometry

by the Analog to Digital Converters (ADCs) and sert to the data acquisition system
(DAQ). The readout systemis is designedo have no deadtimeup to a Level 1 trigger
rate of 10 kHz, assumingone interaction per bunch crossing[23].

The calorimeter designcalled for an electromagneticenergyresolution of

e _ 015

E PE
and a hadronic energyresolution of

E - o0

E E

in Run | [24]. In Run Il, the resolutions are worse since there is more material
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Figure 3.12: Calorimeter electronicsreadout chain [19].

betweenthe beampipe and the calorimeter. The Run |1 resolution measuremets are

discussedn more detail in Sections5.1.6and 5.2.4.

3.3.5 Muon System

The only directly-detectable particles able to passthrough the calorimeter are high-

energy muons. The muons behave as minimume-ionizing particles (MIPs) in the

calorimeter, depositing only small amourts of energy Outside the calorimeter sits
the muon system, well shieldedfrom the debris from hadronic and electromagnetic
showers. The muon systemis designedo identify muonsand provide an independent

measuremen of their momertum in a toroidal magnetic eld.

The muon systemhasthree main componens:
Wide Angle MUon Spectrometer (WAMUS) coveringj j< 1
Forward Angle MUon Spectrometer (FAMUS) coveringl1< j j< 2
Solid-iron magnetgeneratinga toroidal eld of 1.8 T.

The WAMUS consistsof three layers of proportional drift tubes (PDTs) and two
layers of scirtillator plates with embeddedwavelength shifting b ers. There are no
scirtillators in the middle layer. The FAMUS, on the other hand, consistsof three

layers ead of mini-drift tubes(MDTs) and scirtillator pixels.
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Sincethe muon systemis not usedin this analysis, there is no needfor further

elaboration. More information can be found in [18] and [19].

3.3.6 Luminosit y Monitor

An accuratemeasuremen of the integrated luminosity is essetial for making a cross
section measuremet Therefore,D has instantaneousluminosity monitors which
log the number of interactions that occurin the detector. Theseluminosity monitors
alsosendinformation to the trigger framework sothat ewers are kept only when an
interaction is detected.

D hastwo luminosity monitors, oneattachedto the inner faceof eat calorimeter
endcapat z= 135cm (shown as\Level 0" in Figure 3.4). The monitors consistof
arrays of scirtillation courters arrangedsymmetrically around the beampipe covering
2:7<j 4i < 44. The scirtillation courters are wedgesof scirtillator with an attached
phototube. Their pseudorapidiy coverageprovides an acceptanceof (98 1)% for

detecting inelastic collisions[25].

3.4 D Trigger System

In a pp experimert, only a few events in a million are of interest. As stated earlier,
most everts are not hard-scattereverts. Rather, they arelow-angle,non-di ractiv e pp
scattering or parton scattering, neither of which are of much interest. Moreover, the
original plansfor Run Il called for a beam crossingevery 132 ns, and writing evens
to tape at a rate of 7 MHz is not technologically feasible since an average evert
corntains about 300kb of data. Even the current crossingrate of oneewert every 396
nsis ordersof magnitude beyond what can be written to tape. D, therefore,usesa
trigger systemto selectonly the most interesting everts.

The trigger system reducesthe rate to tape to about 50 events per secondin
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Figure 3.13: D trigger sthemewith typical trigger rates.

three steps,called Level 1 (L1), Level 2 (L2), and Level 3 (L3). The trigger decision
is basedon speci c patterns in the detector correspnding to particular types of
ewvents or objects. For example,thesetrigger decisionsmight be basedon the amourt
of energyin EM or EM+HAD calorimeter towers, on tracks, on hits in the muon
system, or on missing energy (discussedin Section5.3). Moreover, these decisions
must be made quickly in order to prevert the ewverts from piling up. At ead level,
the trigger becomesamore sophisticatedand more selective, and requiresmore time.
Hence,the output rate at ead trigger level drops. The basictrigger shhemeusedby

D is showvn in Figure 3.13. Sincethis analysisrequiresonly calorimeter triggers,
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the calorimeter triggers will be emphasizedin the description of the three levels of

triggering.

3.4.1 Level 1 Triggers

The L1 trigger providesthe largestreduction in rate sinceit hasto make a decision
on ewery beamcrossingto determinewhether the evert should proceedin the trigger
chain. Becauseit hasto make decisionsvery quickly, L1 is a hardware-basedtrig-
ger systemwhich usessimple algorithms implemerted in Field Programmable Gate

Arrays (FPGAS).

Figure 3.14: L1 trigger scheme[26].

At this level, only four detectorsare used: the calorimeter,the CFT, the muon sys-
tem, and the luminosity monitor. As shawvn in Figure 3.14,thesedetectorsead send
information to a correspnding trigger system. Then, eadt trigger systemprocesses

the information it receiwes and delivers an acceptancedecision, called an And=Or
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term, to the L1 trigger framework. The L1 framework takesthe readinessof the data
acquisition system (DAQ), as well as the And/Or terms, into accourt and decides
whether to reject the evert or sendit to L2. The maximum number of specic L1

trigger terms is 128, and the ewert is acceptedif any of the And/Or terms re.

L1 Calorimeter Trigger

The calorimeter part of the L1 trigger [27] usesinformation from trigger towersin
the calorimeter. Trigger towers are constructed from four standard readout towers
grouped togetherin a2 2 pattern sud that they cover 0:2 0:21in ( ; ) space.
The trigger towers are read out as EM trigger towers and hadronic (HAD) trigger
towers separately The EM trigger towers sum the energyin the EM layers of the
calorimeterwhile the HAD trigger towerssumthe energiesn the FH layers. The CH
layersare not usedin triggering sincelittle energyis depositedthere. There are 1280
trigger towers of eat type broken up into 32 divisionsin 4 and 40 divisionsin 4.

The EM and HAD energy sumsare done on the BLS boards, discussedn Sec-
tion 3.3.4. When the calorimeteroutput reatesthe BLS board, information required
by the trigger is picked o beforeshapingand is sent to the summerswhich sumthe
layer energieswhile the full readout cortinuesto the SCAs. After the EM and HAD
energiesare summedin individual readout towers, the energiesin the four towers
read out by eah BLS board are summedto create EM and HAD trigger towers.
Thesetrigger tower energiesare then sernt from the electronicsplatform beneaththe
detector to the rst o or movable courting house(MCH1).

In MCH1, thesecablesare connectedto Calorimeter Trigger Front End (CTFE)
boards [28]. Theseboards rst digitize the EM and HAD sumsfor eath TT as 8-
bit numbers represeting 0.25 GeV stepsin energyplus a xed pedestalvalue of 8.
The 0.25GeV bins are certered on the nominal value; for example,an input energy

between0.125and 0.375GeV would be roundedto 0.25 GeV. These8-bit numbers
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are called EM and HAD ADC courts. The ADC courts are then independerily fed
into lookup memorieswhich corvert EM and HAD energieso EM E1 and HAD E

and (for HAD only) apply a low energycut to remove noise. The transverseenergies
are still roundedto the nearest0.25GeV.

Run IIA  Level 1 Calorimeter Trigger

L1 Cal Trig

And-Or Terms
. _Ano\o_? = to the
Pickof! Signals L1 Fromework
Level 1
2560 Calorimeter Trigger Readout from the
L1 Cal Trig to the
fron the BLS —————= L2 Trigger Calorimeter
Cards on the =
Platform reprocessor and
to Level 3
Configuration Information Control T \L Monitor
from COOR e.g.
Reference Set Definitions,
and Count Thresholds
> . Bus Into
Trigger L1 Cal. Trig.
Control |l<=—>— Hardware
Computer

Monitor Information
Serve to: TrgMon,
and Various Displays

Figure 3.15: L1 calorimetertrigger diagram [29].

At this point, the output energiesare usedin se\eral ways. Both the EM Et and
the HAD Ey are sent to the EM and HAD adder trees, which produce global EM
and HAD Et sumsfor the ertire calorimeter. The EM Evs are also comparedto
referenceEt with the resultssert to courter treeswhich court the number of towers
above certain E1 thresholds. This information is then usedin making L1 EM trigger
decisions. The EM and HAD Ets are also summedto producea total (TOT) TT
Er. Like the EM Evs, the TOT Egs are comparedto referenceenergies,and the
number of trigger towers above certain E+ thresholdsis obtained. This information

is usedfor L1 jet trigger decisions.

44



Figure 3.15is a diagram of the L1 calorimeter trigger. More details on the L1

calorimeter trigger can be found in [27] and [30].

Figure 3.16: Trigger ow schemefor L1 and L2.

3.4.2 Level 2 Triggers

For ewerts which passthe L1 trigger, the L2 trigger system correlatesinformation
from di erent sub-detectorsin orderto createphysicsobject candidateslike electrons

and muons. L2 alsohasthe capability to useinformation from detectorsnot available
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at L1. Figure 3.16 shows the L2 trigger scheme. At this level, more time is taken
to re ne the information. For instance, instead of simply basing a decisionon the
energyin single0:2  0:2 trigger towers, the L2 calorimeter trigger builds jets from
5 5trigger towers certered on the highestenergy(\seed") tower.

In terms of hardware, L2 uses500 MHz Alpha processorgunning Linux. These
are mounted on single boardsin VME crates. Each board runs a speci ¢ algorithm
to analyze a piece of the data read out from L1. That is, one board analyzesthe
calorimeter data, onethe certral muon data, onethe forward muon data. Two other
boards run tracking algorithms for CFT and a subsetof SMT data. All of these
boardstransmit their resultsto a global alpha board which decideswhether or not
to acceptthe event.

Currently, many triggers, including the onesusedin this analysis,have no Level 2
requiremen. In thesecasesan ewvert acceptedat L1 automatically passed.2. As the

Tevatron luminosity increaseshowever, L2 will play a much more signi cant role.

3.4.3 Level 3 Triggers

On a Level 2 accept, the evert goesto L3. The L3 trigger systemis a Linux farm
where a node readsout all of the information from the subdetector readout crates
(ROCs) and partially reconstructsthe data for ead evert to determine whether it
meetsthe L3 acceptancecriteria. An independert copy of the L3 Iter software runs
onewery L3 node sothat asmany ewerts asthere are nodescanbe separatelyanalyzed
in parallel.

The ROCs are a set of about 70 VME crates, ead correspnding to a piece of
a subdetector or the trigger framework. Eadh ROC is read out by a single board
computer (SBC), poweredby 933Pertium |l processorsith 128 MB of RAM. Evert
sizestypically range from 1 to 10 kB per crate with total event sizesof 250 kB.

The data are transferred from the SBCsto the L3 nodesvia Ethernet connections.
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The L3 processordghen reconstructthe events using simpler algorithms than the full
reconstruction algorithms, and perform physics selectionsbased on software Iter
tools. Each lter hasthe speci c task of idertifying a certain physicsobject or evert
characteristic. There are lters for electrons,jets, muons, tracks, and Bt to namea
few. If an evert passesa L3 criterion, it is sert through the network to a collection

madine and is written to tape for o ine analysis.
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Chapter 4

Data and Monte Carlo Samples

Once an ewert passesa trigger selectionand is written to tape, it must be recon-
structed in order to be useful for analysis. This is done on a farm of 250 Linux
computersrunning the D  reconstruction software (RECO). This analysisusesdata
reconstructedwith production releasel4 (p14) of the reconstruction software. The
reconstruction of physics objects will be discussedin the next chapter. This chap-
ter will introducethe triggers usedto selectthe data for the dielectron analysisand
the datasetitself. In addition, the Monte Carlo samplesusedin the analysiswill be

discussed.

4.1 Trigger Selection

Everts for this analysisare selectedusing triggers speci cally designedfor high-pt
dielectron analyses.By selectingeverts passingtheselow-rate triggers, this analysis

can be run on a very small subsetof the ertire data set.

4.1.1 Vocabulary

Beforediscussingthe triggers usedin the analysisit is necessaryto de ne the vocab-

ulary usedregardingtrigger selection. L1 EM requiremens are identi ed using the
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Trigger Trigger L1 L2 L3
List Name
v12 E12L20 CEM(1,11) |

E2 2L20 CEM(2,6) |
E3.2L20 CEM(2,3)CEM(1,9) | | ELE_NLV(2,20)
E1 2L15SH15 CEM(1,11) | ELE_NLV(2,15)ELE_SH(1,15)
E2 2115 SH15 CEM(2,6) | ELE _NLV(2,15)ELE _SH(1,15)
I
I
I
I
I

ELE_NLV(2,20)
ELE_NLV(2,20)

E3.2L15SH15| CEM(2,3)CEM(L,9) ELE_NLV(2,15)ELE_SH(1,15)
vil 2EM_HI CEM(2,10) ELE_LOOSE(L,20)
v10 2EM_HI CEM(2,10) ELE_LOOSE(L,20)
VO 2EM_HI CEM(2,10) ELE_LOOSE(L,20)
V8 2EM_HI CEM(2,10) ELE_LOOSE(L,10)

Table 4.1: Summary of the dielectron triggers broken down by trigger list version.

notation CEM(n; x) wheren is the minimum number of trigger towers with at least
x GeV of energy For example, CEM(2,10) meansthat the trigger requiremett is
passedf there are at leasttwo towerswith at least10 GeV of energy A requiremern
like CEM(2,3)CEM(1,9) meansthat there must be at least one tower with at least9
GeV of energyand only onedi erent tower with at least 3 GeV of energysincethe 9
GeV tower passeone of the two 3 GeV requiremerts.

L3 conditions are de ned by the L3 Iter employed. The three lters usedin this
analysisare ELE_LOOSE(n; x), ELE_NLV(n; x), and ELE_SH(n;x). ELE_LOOSE
and ELE_NLV are both electron triggers using a simple conealgorithm. ELE_NLV
also applies somenon-linearity correctionsand usesvertex information. ELE_SH is
the sameas ELE_NLV with the addition of a shaver shape requiremer.

A completedescriptionof trigger requiremens canbefound onthe trigger database

website[31].

4.1.2 Analysis Triggers and E ciencies

The triggers usedin the dielectronanalysisare summarizedin Table4.1. The triggers

are brokendown by trigger list version. The trigger list haschangeda number of times
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in order to implement addedfunctionality or to cope with higher luminosities, which
translate into higher trigger rates. In v12, an OR of the listed triggers is used.

Becausethe triggers changed for di erent trigger lists, an averagetrigger e -
ciency is calculated by weighting the trigger e ciency for ead di erent version by
the integrated luminosity collectedduring that version(discussedn Section4.2). The
e ciency foranoine electronto passa speci c trigger requiremen is obtained using
the \tag-and-probe" method on a sampleof Z ! eeewerts in data. This method is
discussechereusingthe L1 electrontrigger e ciency asan exampleand will be used
seeral moretimes for other e ciency measuremets. First, two o ine electronswith
an invariant massin a window aroundthe Z mass(80< Mee < 100GeV) are selected
using the criteria discussedn 5.1. One electronis randomly chosen,and, if the elec-
tron is matched to a trigger tower (or trigger towers) satisfying the L1 requiremert
within an R = ! 2+ 2= 04 cone,it is designatedasthe \tag" electron. The
secondo ine electron (\prob e") is then usedfor the e ciency calculation by exam-
ining whether any trigger towers matchedto it in a 0.4 conepassthe L1 requiremern
under examination. The e ciency is the number of matched probe electronsdivided
by the total number of probe electrons. It turns out that the L1 e ciency is at
in 4 and 4; howewer, there is a turn-on in pt depending on the threshold of the
trigger. An exampleof this is shavn in Figure 4.1 for CEM(1,11). The function used
to parameterizethe L1 electrone ciency is

f (pr) = % 1+ erf %p% : (4.1)
whereAg, A1, and A, are parameterswhich canbe interpreted asthe pt at which the
e ciency readeshalf its maximum value, the slope of the turn-on, and the maximum
e ciency in the plateau region, respectively.

A similar procedureis usedto parameterizethe L3 trigger turn on curves. A

complete discussionof the L3 e ciency measuremen for electronscan be found in
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Figure 4.1: CEM(1,11) trigger turn-on curve.

[32).

One further complication arisesfor the dielectron analysis since there are two
electrons. That is, the L1 triggers requiring two towers can be red by one high-pt
electron with its energy split between two towers or by both electronsead ring
a tower. In addition, jets deposit someenergyin the EM layers of the calorimeter
so thesecan occasionally re an EM trigger as well. Sincethere are se\eral ways a
dielectron evert can passthe trigger, the L1 trigger e ciency is very high. These
scenariosare consideredby the top_trigger padkage[32], which usesthe parameter-
ization derived for eat L1 and L3 condition to estimate the trigger e ciencies for
the Monte Carlo. This padkage also calculatesthe systematic errors for the trigger

e ciency basedon errorsin the turn-on curve ts.
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R

Trigger L
List | (pb 1)
v8 21.17
v9 31.12
v10 16.01
v1l 58.58
vli2 | 116.12
Total | 243.00

Table 4.2: Breakdavn of integrated luminosities by trigger list version.

4.2 Data Set

The data set consistsof data taken between June 2002and March 2004. This cor-
respondsto 243.00pb 1 of integrated luminosity, which is broken up by trigger list
versionin Table 4.2.

These data are reconstructed with versions p14.03.& (x = 0;1;2), p14.05.¢
(y = 0;2;2_dst), or p14.06.000f RECO. RECO writes out the data in two forms {
the data summarytier (DST) and the thumbnail (TMB). The DSTs cortain all of the
information neededto perform any physicsanalysisor even do a re-reconstructionof
high-level physicsobjects. The TMBs, on the other hand, are about a tenth the size
of the DSTs. They cortain all of the physicsinformation neededfor most analyses,
leaving out much of the lower-lewel information stored in the DSTs. The TMBs are
then skimmed by the Common SamplesGroup basedon physics objects. For this
analysis,the 2EM Common Sample Group skim, which requirestwo jI Dj = 10;11
EM objects with pr > 7 GeV, is further skimmed by the top group with tighter
cuts applied. In this analysis,two skims are used. The DIEM skim, which requires
2 EM objects with pr > 15 GeV, jIDj = 10o0r 11, fem > 0.9, fiso < 0:15, and

2 17 < 50, is the main sampleused. However, the DIEM _EXTRALOOSE skim,

which requiresonly 2 EM objects with pt > 15GeV and jIDj = 10 or 11, is used

to obtain an estimate of the fake electron badkground and to measurethe electron
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reconstruction and cluster e ciencies. (These selectioncriteria will be discussedn
Section 5.1.) This skimming is done using a version of the top_analyze padage
called \Stradavarius_updated" [33]. This padkage also corverts the data from the
TMB storageformat to ROOT-based[34] ntuples, or ROOT-tuples, which are more

analysis-friendly

4.2.1 Data Qualit y

The integrated luminosity listed in Table 4.2 is not the total luminosity collected
by the D detector; it is just the amourt of data actually usedin the analysis.
Someof the data are unusable,mainly becauseof malfunctioning detectors, readout
electronics, or triggers. High quality data are ensuredby using good run selection
and good luminosity block selection.

Good run selectionis basedonthe D Run Quality Database. For this analysis,
runs marked \Not Bad" for the SMT, CFT, and calorimeter are used. This means
that, during the runs, these detectorswere fully functional and exhibited no major
problems.

Good luminosity block selectionis basedon the \Ring of Fire" list and the Bad
Jet/MET LBN lists. The Ring of Fire [35]list removesall luminosity blocks in which
a ring of energyin the calorimeter appears. The ring was causedby a grounding
problem, which is now resohed.

The Bad Jet/MET LBN lists are usedto remove groups of about 20 sequetial
luminosity blocks with suspect missingenergy A group of luminosity blocks falls on

this list if it fails any of the following criteria [36]:

q
The averageBr shift ( < Bx >2+ < By >2) of the luminosity block groups

must be lessthan 6 GeV.

q
The averageRMS-xy (  RM S(Bx)2+ RM S(By)?) of the RMS values of the

BEx and By distributions of the groups must be smallerthan 20 GeV.
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The meanof the scalartransverseenergy(< SET >) distribution of the groups

must be greaterthan 60 GeV.

The data quality selectiondiscussedo this point is implemerted usingthe top_dq
padkage (versionv00-05-01)[37]. Lessthan 5% of the data are a ected by theserun
and luminosity block selections.

It turns out, howewer, that someewerts with calorimeter readout malfunctions
still make it through the quality cortrol. Sincetop ewert selectioninvolvesjets and
B+ both of which are very susceptibleto this occurrence,another evert quality cut
must be applied in the analysis. A cut to remove thesenoisy everts is de ned in [38].
This cut removeseverts which show a signi cant di erence betweenthe energyread
out by the L1 calorimeter and the precision calorimeter energy which goesthrough
the full readout and reconstructionchain. This di erence is quartied by the L1cqnf
variable, which is de ned to be the number of trigger towerswith E?T < 2GeV and
E@  EIT > 1 Gev, where E$? is the precision readout energy divided by the
total number of trigger towers with E?T < 2 GeV. It alsoemplgys a coherem noise
variable, cn, de ned in detail in [35, which ags ewens with a coheren shift in the
pedestalvaluesof all cellsin oneor more ADCs. In the end, this cut requiresevens
to satisfy L1.oqf < 0:3OR cn= 0.

The e ciency for this cut is found to be 100%in a Z sample. Howewer, 15 20%

of everts in the loosesampleusedfor estimating the badkgroundsare rejected [38§).

4.3 Monte Carlo

In addition to the data, evert simulations arerequiredin orderto predict what everts
of interestlook like in the detector. Sudh simulations are producedusing Monte Carlo
generators. The Monte Carlo generationproceedsin three steps. First, the ewert is

simulated. Then, it is run through a model of the detectorwhich predictsthe detector
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response. Finally, it is reconstructedjust like the data coming out of the detector.

In the rst step, the pp interaction is simulated using programslike Herwig [39],
Alpgen [40][41][42, or Pythia [43. In this analysis,Alpgen v1.2, using CTEQ 6.1M
[44] PDFs, modelsthe hard scatter for most processes.Then, the Alpgen output is
run through Pythia v6.2, using CTEQ5L PDFs, which handlesfragmertation and
decgy. On top of Pythia, EvtGen [45 is usedto model the decgs of b hadrons,and
TAUOLA [46]is usedto decy 's.

The D detector is modeled using the GEANT3 padkage [47]. This padkage
is usedto determine the e ects of the detector material and magnetic eld on the
particles produced in the generatorsas they travel through the detector. It also
models ionization and secondaryparticles produced through interactions with the
detector. The responseof the detector is accourted for using the D sim padkage
[19. This padkage mergesthe hard scatter evert with minimum bias everts; adds
SMT, CFT, calorimeter, and muon systemnoiseand ine ciencies; and digitizes the
simulated ionization and showver response. The output of D sim hasthe sameformat
as the raw data. Therefore,the MC can be run through RECO and reconstructed

just asthe data.

4.3.1 Monte Carlo Samples

The Monte Carlo samplesusedin this analysisare described here. Unlessotherwise
stated, the samplesare generatedwith Alpgen and run through Pythia for fragmen-
tation and deca. The samplesusethe Tune A underlying evernt model [48. The
lepton parton cuts are pr > 0 GeV andj j < 10, and the jet parton cuts are pr > 8
GeV andj j < 3:5. The minimum distance betweentwo jets is R(j; j) > 0:4, but
no cut is applied on the minimum distancebetweena jet and a lepton.

The tt signal sampleis produced with both top quarks decging to leptons, in-

cluding 's which deca inclusively. For the purposeof the crosssectionanalysis,the
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signal sampleis generatedwith a top quark massof 175GeV. For the massanalysis,
the signal Monte Carlo must be generatedassumingmany di erent massedor top.
Therefore, tt Monte Carlo has also beengeneratedfor top massesof 120, 140, 160,
190, 210, and 230 GeV. Thesemasspoints usethe Pythia underlying evert instead
of the Tune A underlying ewvert. For the massanalysis,more masspoints (120, 130,
140,145,150, 155,160, 165,170,175,180, 185,190, 195,200, 205,210, 220,and 230
GeV) have beengenerated,this time using Tune A.

WW and WZ Monte Carlo sampleshave beengeneratedin order to study the
dibosonbadground. Two WW samplesare produced{ WW ! |l and WWjj !
[ljj { sincemillions of WW ! |l everts would needto be producedto study this
badgroundin the two jet bin. The WW crosssectionis normalizedto the NLO cross
section, which is 35% higher than the LO crosssection. Sincea NLO crosssection
for WW,jj is not available, the LO crosssectionfor WWj | is alsoscaledup by 35%,
and a 35% systematic uncertainty is applied to this crosssection. The WZ sample
is generatedusing Pythia only. In this sample,the W decas to quarks while the Z
deca/sto eeor

As with the WW sample,two Z= ! samplesare produced, a jet inclusive
sampleand a two jet sample. The Z ! sampleis produced using Pythia only.
Both ‘s deca to leptons,andthereis an 8 GeV cut onthe py ofthe eor produced
in the decy. This sampleis producedfor M > 30 GeV. The Z= jj ! J
sampleis producedusing the standard Alpgen to Pythia chain. It is producedin two
invariant massregimes:15< M < 60GeVand60< M < 130GeV.

Finally, a jet inclusive sampleand two jet sampleare generatedfor the Z= | ee
process.Both aregeneratedn three massbins: 15< Mge< 60GeV,60< Mee< 130
GeV, and 130< Mee< 250GeV. The Z= | eesampleis generatedusing Pythia
alonewhile the Z= jj ! eejj sampleis producedthrough the standard Alpgen to

Pythia chain. This sampleis often referredto asthe Zjj sample.
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Chapter 5

Ob ject Reconstruction and

lden ti cation

To reconstruct everts from the millions of channels of output from the detector,
RECO rst unpads all of the detector information and tries to form clusterswithin
the individual subdetectors. Theseclusterscould be, for example,hits in the tracker
or depositedenergyin neighboring calorimetercells. Variousalgorithms are then used
to reconstruct physical objects like electronsor jets from thesesimple clusters. The
reconstructedphysical objects form the basisof the proceedingdata analysis. Specif-
ically, top ewents in the dielectron channel are distinguished from badkground using
four basic objects: electrons,jets, Et, and primary vertices. Therefore, the recon-
struction of thesefour objects are discussedn this chapter, as are the identi cation

and selectionof theseobjects.

5.1 Electrons

5.1.1 Electromagnetic Cluster Reconstruction

At the reconstructionlevel, an EM clusteris de ned asa group of towersin a coneof

radius R = 0:4 around a seedtower de ned by its energycontent. To be considered
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an EM cluster, a cluster must have a minimum transverse energy of 1.5 GeV and
have 90% of its energydepositedin the EM layers of the calorimeter. The fraction of

energyin the EM layers, or the EM fraction, is

E
fEM = EM X (51)

where Eg )\ is the cluster energyin the EM layers and Eyqt is the total energy of
the cluster. An EM cluster without a loose, assaiated track is designatedl D =
10; whereas,a cluster with a loose, assaiated track is designatedjl Dj = 11. An
EM cluster with jIDj = 10 or 11 is termed a \lo ose" electron. (Throughout this
dissertation, \electron" is taken to meanelectron or positron sincethey are identical
exceptfor their charge.)

Note that the calorimeterreadoutis \zero-suppressed,'meaningthat only energies
above pedestaland noise are read out. Zero-suppressions quarti ed as a ratio of
the measuredenergyabove the pedestalto the meanwidth of the noise( ) in that
channel. The suppressionusedis 2:5 which meansthat the measuredenergyabove
the pedestalmust be 2.5 times greater than the noisein the channelto be read out.

While zero-suppressions a good way to remove somelow-level noise from the
calorimeterreadout, there is a high incidenceof calorimeter cellsreadingout spurious
energyfrom electronicnoise. These\hot cells" are identi ed and killed by a hot cell
killer algorithm called NADA [49]. This algorithm looksin a 3 3 cell window
around the cell and in this sameregion one layer above and one belon, removing
neighboring cells with energiesbelov 100 MeV. Then, it sumsthe energiesof the
remaining neighboring cellsand ags the cell asa hot cell if the sumis below a given
threshold. For most layers, this threshold is 0:02 E g, WhereE g is the energyof
the cell under consideration.

In addition, the 55296calorimeter channelsare calibrated using a pulser system.

The channelsare pulsed,and the responseis measuredand equalizedto the calibration
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pulses. The energiesare also corrected for geometrical e ects in the calorimeter
[50] and for non-linearities in the new readout electronics[51]. Finally, the energy
lost by the electronsin the se\eral radiation lengths of new material in front of the
calorimeterhasbeenstudied with detailed simulations [50]and hasbeenparametrized
as a function of and electron energy All of these correctionsare applied in the

reconstruction software.

5.1.2 Electromagnetic Cluster Identi cation

As stated above, the EM cluster is expectedto have a large f g . However, it must
also have a longitudinal and lateral shape consistet with that of an electron. Each
cluster is assigneda %al7’ or H-Matrix, basedon 7 parameterswhich comparethe
valuesof the energydepositedin eat EM layer and the total shover energywith the
averagedistributions obtained in Monte Carlo. Electronstend to have small %al?
values.

In addition, electron candidatestend to be isolated in the calorimeter. That is,

the isolation fraction,

foo- Etot(R< 04) Egm(R< 0:2)
IS0 ™ EEM (R < 022) ’

(5.2)

tendsto be small, meaningthat there is not much calorimeterenergyin a halo around
the EM cluster.
Electron clustersare therefore selectedby requiring fgpm > 0:9, figo < 0:15, and

%a| < 50. Electronspassingthis calorimeterselectionare called\medium™ electrons.

5.1.3 Track Matc h

Simply nding an EM cluster, howewer, is not su cient for determining whether the

object is actually an electron. Photonsand neutral pions( 9's) alsotend to look like
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electronsin the calorimeter. To reject someof these badkgrounds, the EM clusters
are required to have an assaiated track match. An assaiated track is a track in a

road satisfying the conditions:
J EmMtrki<005andj gm:rki < 0:05

If there is more than onetrack in this road, the onewith the highestProlf gpatial)’

where |
)

+

)
Z (5.3)

spatial ~

is de ned to bethe track matchedto the EM object. In equation5.3, isthe dier-
encein betweenthe extrapolated track impact at the EM3 layer of the calorimeter
and the cluster position in the EM3 o or; z is the dierence betweenthe vertex
position calculated from the track and that calculated from the EM cluster; and
and ; are the root-mean-square§RMS) of the experimertal distributions of the

asseiated quartities.

5.1.4 Lik eliho od

Even with a track match, instrumental, or \fak e electron,” badkgroundsstill remain

a problem. The main sourcesof thesebadgroundsare believed to be:
0 shawers which overlap a track from a nearly charged particle.
Photons which corvert to et e pairs.
Chargedpionsthat undergocharge exdhangein the detector material.
Fluctuations of jet nal states.
In Run I, the primary sourcesof badkground were idertied to be 9 overlapsand

photon corversions[52]. In fact, thesebadkgroundscould be separatedusing dE=dx,
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a measuremenof energyloss,and transition radiation measuredby the transition ra-
diation detector (TRD). Cornvertional cuts on thesequartities wererather ine cien t,
leading to the dewlopmen of the likelihood in Run I. In Run Il, there is no TRD,
but the improved tracker and the preshaver detectorsprovide other toolswhich could
be usedto separatethe badkgrounds. At this point, howewer, many of thesetools
are not yet understood well enoughto be fully utilized; hence,thesebadkgroundsare
dealt with together for now.

In order to distinguish real electronsfrom fakes, certain characteristics of these
fakesmust be consideredin trying to choosethe best discriminating variables. A ©,
for example,is typically producedin assaiation with charged hadrons. Becauseof
this, the calorimeter can be usedto pick up signsof hadronic activity around the

EM cluster. Moreover, sincethe 0

would have to overlap a track from the charged
hadronsin order to fake an electron, the track match could be poor; the track would
not necessarilybe isolated; and E+=pr, whereE is the transverseenergymeasured
by the calorimeter and pr is the transversemomertum of the track measuredby the
tracker, would not tend toward 1, as expected for good electrons.

Photon corversionstypically look very electron-like in the calorimeter, though
they may be slightly wider than an electron shover. Howewer, one would expect a
secondtrack very closeto the EM cluster which could be resoled by the tracker.
Also, Et=pr would tend to be large. Asymmetric corversions,on the other hand,
would be a virtually indistinguishable badkground sinceone of the particles would be
very soft. Fortunately, asymmetric corversionsare very rare.

Using a likelihood tends to be a more e cient method of separatinggood elec-
trons from badkground than using squarecuts sincea likelihood considersthe ertire
shapesof the signal and badkground distributions. The likelihood allows variablesto

be weighed by their e ectivenessn discriminating signaland badkground unlike con-

vertional cuts. That is, if an event fails a squarecut, the evert is rejected. Howe\er,
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by using a likelihood, signal everts that would normally fail one squarecut but look
very signal-like in all other variableswould, most likely, be retained in the selected
evert sample.

The electronlikelihood usedin this analysisis basedon seen variables:

fem Isincluded asthereis still discriminating information in this distribution

after the preselectioncut.
%aw Is included for the samereasonasf gy -

Et=pr is a good discriminator since it tends toward one for signal but not

badground.

Prol( gpaﬂa') is used since badkground ewents tend to have a worse spatial

track match to EM clustersthan real electrons.

Distance of closestapproad (DCA), the shortestdistanceof the selectedtrack
to the line parallel to the z axis which passeghrough the primary vertex, is
included since the badkground tends to have more ewerts on the tails of the

distribution.

Number of tracksin a R = 0:05 coneis a good variable for removing photon

conversionssincetheseewerts tend to have two tracks closeto eadt other.

The scalar sum of the pt of all the tracks in a R = 0:4 cone around, but
excluding, the assaiated track is very useful for removing jets, which tend to

have se\eral signi cant tracks inside this cone.

The rst v ewereincludedin a preliminary electronlikelihood for Run 11 [53]; how-
ewer, the last two have beendeweloped to replacethe track isolation variable in the
preliminary likelihood, asthat variable had topologicaldependencies Also, the initial
likelihood included an 8 parameter (2:6“, which has beenreplacedby the currert 7

parameter H-Matrix.
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The likelihood is trained entirely on data. The signal sample used for training
the likelihoodisaZ ! eesample. Theseewens are selectedto have two EM objects
with pr > 20 GeV, which passthe preselectioncuts listed in 5.1.2and 5.1.3. In
addition, the invariant massof the two electrons must be in the Z masswindow
(80 < Mge < 100 GeV). The badkground sampleis obtained from EM+jet ewens
where the EM object and the jet are badk-to-back. Theseewens are mainly QCD
di-jet and +jet ewerts wherethe jet or photon fakes a preselectedelectron. This
sampleis obtained by requiring exactly one EM object passingthe previously stated
pr and identi cation cuts, exactly onegood jet with pt > 15GeV,Er< 15GeV (to
remove W's), and (e;jet) > 2:5.

Distributions of the sewen input variables are obtained for both the signal and
badkground samplesfor CC and EC electrons separately where CC is de ned as
] g < Llland EC isdened as1l5< j g4 < 2:55. (The intercryostat region of the
calorimeter is not used sincethe EM energy scaleand EM identi cation are not
yet well-understood in this region.) Thesedistributions are smaothed using linear
smoothing techniquesand are normalizedto unit areain orderto produceprobability
distributions for eadt variable (Figures 5.1 and 5.2). Now, thesedistributions can be

usedto assigna probability for a given EM object to be signal or badground:

Psig(X); Ppg(X)

where x is a vector of likelihood variables. That is, ead likelihood variable for the
object is assigneda probability to be signal or badkground from the binned probabil-
ity distributions. Then, assumingno correlations, these probabilities can be simply

multiplied togetherto give an overall probability for the evert:

Y
Px)= P(x):
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The correlationscan be cheded by calculating the correlation coe cien ts, , for eath

combination of two inputs, x and y, where

_ovey) _ i NG Y 54

S~ .
Xy T(xi W2 (Y] )2

is zerowhenthe inputs are uncorrelated,onewhenit is completely correlated, and
-1 when it is anti-correlated [54]. Tables5.1 and 5.2 shaw the correlations between
signal inputs in the CC and EC, respectively, while Tables 5.3 and 5.4 showv the
correlationsbetweenbadkground inputs in the CC and EC, respectively. Most of the
combinations have 's closeto zero. However, f gy, and (23al7’ for example, exhibit
someanti-correlation. In fact, keepingor removing %al? as an input variable has
no impact on the performanceof the likelihood. It remainsin this version of the
likelihood for historical purposes.
Finally, to distinguish electronsfrom badkground objects, the following discrimi-

nant is used:
Psig (X)
Psig(X) + Ppkg(X)

L7(x) = (5.5)

For electrons,L 7(x) tends toward 1; whereas,L 7(x) tends toward O for badkground
objects.

The performanceof the likelihood can be tested by running over the signal and
badkground samples.Figure 5.3 shavsthat the likelihood separatessignalfrom badk-
ground very well after the preselectioncuts. This separationpower can also be seen
in Figure 5.4 by looking at signal and badground e ciencies when cutting on the
likelihoods shown in Figure 5.3in incremens of 0.02 units of likelihood.

The selectioncuts chosenfor the analysisareL$C > 0:85and LE® > 0:85though
thesecuts could be di erent for CC and EC if the two likelihoods perform di erently.
Medium electrons passingthe track and likelihood requiremerts are called \tigh t"

electrons.
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Figure 5.1: Smoothed, normalized likelihood input distributions for objects in the
CC. The blac line is signal; the red is badkground. These distributions are: (a)
fem, (0) 247 (©ET=pr, (d) gpaﬂal, (e) DCA, (f) number of tracks in an 0.05
cone,and (g) sumof track pt in an 0.4 conearound the candidate track.
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Figure 5.2: Smaoothed, normalized likelihood input distributions for objects in the
EC. The bladck line is signal; the red is background. These distributions are: (a)
fem, (0) Eazr ©ET=pr, (d) Zoatars (€) DCA, () number of tracks in an 0.05
cone,and (g) sum of track pt in an 0.4 conearound the candidate track.
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Table 5.1: Correlation coe cien ts for likelihood signalinput variablesin the CC.

Table 5.2: Correlation coe cien ts for likelihood signalinput variablesin the EC.

Table 5.3: Correlation coe cien ts for likelihood badkground input variablesin the

CC.

D
FoAtrk

fEM %al? gpatial Et=pr | DCA | Nyks PT
fEM 1 -0.450( 0.089 | -0.027 | -0.005]| -0.057| -0.033
%al? 1 -0.272 | 0.036 | -0.002| 0.124 | 0.041
gpatial 1 -0.112 | -0.014| -0.078| -0.044
Et=pr 1 0.030| 0.108 | 0.051
DCA 1 -0.012| -0.001
Nirks 1 0.183

= p%[k 1

fEM %al? gpatial Er=pr | DCA | Nirks i pgl[k
fEM 1 [-0.426] 0.125 | -0.120 | -0.014] -0.002] -0.023
2 17 1 | -0.141 | 0.091 |-0.013| 0.068 | 0.039
Spatial 1 -0.445 | -0.059| -0.091| -0.069
Et=pr 1 ]0.001]0.124] 0.093
DCA 1 ]0.006 | -0.002
Nir ks 1 ] 0.299
Pk 1

fEM %al? gpatial Er=pr | DCA | Nirks i p%[ X
fEM 1 -0.538| 0.106 | -0.014 | -0.002| -0.059| -0.040
éal? 1 -0.184 | 0.009 | 0.002 | 0.009 | 0.044
gpatial 1 -0.080 | 0.003 | 0.078 | -0.003
Et=pr 1 0.000 | 0.096 | 0.079
DCA 1 0.003 | -0.002
Nirks 1 0.230
P pgl[ K 1
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fEM %al? gpatial Er=pr | DCA | Nirks i pgl[k
fEM 1 [-0.550] 0.129 | -0.047 | -0.002] -0.017] -0.016
2 17 1 | -0.186 | 0.074 |-0.002| 0.037 | 0.025
Spatial 1 -0.105 | -0.006| -0.043| -0.013
Et=pr 1 [0.009]| 0.227] 0.139
DCA 1 ]0.007] 0.005
Nir ks 1 ] 0197
Pk 1

Table 5.4: Correlation coe cien ts for likelihood badkground input variablesin the
EC.
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Figure 5.3: Likelihood distributions for signal and badkground in the CC (top) and
EC (bottom).
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Figure 5.4: Badkground e ciency vs. signal e ciency after preselectionfor various
likelihood cuts in the CC (top) and EC (bottom). The likelihood cuts chosenfor the
analysisare denotedby the red squares.
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5.1.5 Electron E ciencies and Scale Factors

Measuringthe tight electron e ciency is donein two steps. First, the e ciency for
an electronto be reconstructedand passmedium cuts is derived. Then the e ciency
for a medium electronto passtight cuts is found.

The electron e ciencies are measuredusing the tag-and-probe method discussed
in Section4.1.2. To measurethe e ciency for an electronto be reconstructedand
passmedium cuts, a data set consistingof a tight electronand a secondtrack where
the invariant massof the two tracks falls into a window around the Z mass(80-100
GeV) is used. The tight electronis the tag electron. The secondtrack is the probe.
The e ciency, , is obtained by determining the fraction of tracks with a matched

medium electron:

— Nmed+ trk; (5.6)
Nir i

where N meg+ tr k 1S the number of probeswith matched medium electronsand Ny, g
is the number of probes. Since electronsbehave di erently in the CC and EC, all
electron e ciencies are measuredseparatelyfor thesetwo regions. Figure 5.5 shavs
the medium electron reconstruction e ciency, reco D, Plotted with respect to the
distanceto the nearestjet. This e ciency is alsoshawn for electronsin the Z ! ee
Monte Carlo sample.

Likewise,the e ciency for going from medium to tight cuts, ¢k |n, IS Obtained
using the tag and probe method. This time, a sampleof evernts with two EM clusters
in the calorimeter whoseinvariant masslies in the previously de ned Z window is
used. The tag cluster must passtight cuts, and the probe cluster must passmedium
cuts. The e ciency is then the number of medium electronspassingtight cuts divided
by the number of medium electrons. This e ciency, plotted with respectto 4 and

d» are shavn in Figure 5.6, for CC and EC separately This e ciency is alsoshavn

for electronsin a sampleof Z ! eeMonte Carlo.

71



It is clearthat the e ciencies measuredn data and Monte Carlo are not the same.
The Monte Carlo tendsto have higher e ciencies sinceit doesnot descrike all of the
featuresof the real detector. For example,deadchannelsare not accourted for in the

Monte Carlo but have a real impact in the data. Therefore,scalefactors of the form

= (Zdata)
(Zmc)
are usedto scaleMonte Carlo e ciencies, (Zp ¢), to the data e ciencies, (Zgata)-

In orderto ched for systematice ects dueto electron-jetoverlap, the scalefactor
for the medium electron reconstruction e ciency is found versus R betweenthe
electronand closestjet in ewverts with only onejet. The scalefactors for CC and EC,
shown in Figure 5.5, have no statistically signi cant dependencewhile the systematic
uncertainties are determined from the scatter of the scalefactor versus R. The
resulting scalefactorsin CC and EC are listed in Table 5.5.

Figure 5.6 shows the correction factor for track-matching times likelihood e -
ciencyversus 4 and 4. In the CC, the scalefactor is obtained by tting 4 with a
constart and taking the systematicuncertainty to be the larger RMS of the two plots.
In EC, howe\er, the scalefactor hassomedependenceon 4. The scalefactor is then
determined by folding the 4 dependen scaleinto the ¢ spectrum of the EC elec-
trons in the eeand e nal statesof the tt Monte Carlo. The resulting averagescale
factors are consistem within statistical errorsand are combined to form a singlescale
factor for EC electrons. Doing this same cornvolution with the badkground Monte
Carlo givesresults consisteh with the scalefactor found in the tt sample. Thus, the
samescalefactor is usedthroughout the analysisfor EC electrons[55]. The resulting

scalefactorsin CC and EC are alsopresetted in Table 5.5.
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ScaleFactor CcC EC
reco | D 0.979 0.026| 0.876 0.067
trk Ih 0.869 0.018| 0.753 0.033

Table 5.5: EM scalefactors relating Monte Carlo to data in the CC and EC [55].

Figure 5.5 [ecop in data and Monte Carlo and the correspnding scalefactors
versusthe distance betweenthe electron track and the closestjet in CC (top) and
EC (bottom). The greenlines shav the constart value ts (p0O) to the scalefactors.

Adapted from [55].
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Figure 5.6: The top two plots are k |nh VS ¢ for CC and EC electrons,respectively.
The bottom two plots are ¢ |n VS g for CC and EC electrons, respectively. The
greenlines show the constart value ts (p0) to the scalefactors. Adapted from [55].
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5.1.6 Electron Energy Resolution and Oversmearing

The electronenergyresolutionis better in the Monte Carlo than in the data, causing
the Z peakto be narrower in the Monte Carlo. In addition, the Z peakis shifted in
the Monte Carlo from its position in the data. To compensate,the electron cluster
energyin the Monte Carlo is smearedto reproduce the resolution in data. A scale
factor is alsoapplied in the Monte Carlo to shift the peaklocation.

The electronenergyresolution is parameterizedby

(E) S N

——=C p= = 5.7
E E E (®-7)
whereC, S, and N are constart, sampling, and noiseterms, respectively. Hence,the

energiesof the Monte Carlo electronsare adjusted by

EO=E [ + 1=Gaus(0; = 0
Sq " =E) (5.8)

n=E)];

+ o= Gaus(0;

+ 3= Gaus(0;

where is the scalefactor and 1, 2, and 3 are random oversmearingsobtained
from Gaussiandistributions with a meanof zeroand a width of . c, s, and n arethe
constart, sampling, and noise oversmearingcoe cients. Table 5.6 givesthe values
of the scaleand over-smearingterms in three regions: CC (in ducial), CC (not in
ducial), and EC. An in- ducial electronis at least0.01radiansin away from one
of the 32 evenly spaced -crads in the calorimeter. This distinction is madesincea
di erent energyscaleis applied to in- ducial and not-in- ducial electrons.

Once the scale and oversmearing parameters are obtained and applied to the
Monte Carlo, the constart and samplingterms which determinethe energyresolution
can be found. Sincehigh-pt electronsare being used, the noise term is negligible.

Table 5.7 lists the valuesof theseterms for in- ducial CC, not-in- ducial CC, and
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Electron Type ScaleFactor | OversmearingParameter
CC (in ducial) 1.003 0.001 0.045 0.004
CC (not in ducial) | 0.950 0.011 0.115 0.009
EC 0.996 0.005 0.034 0.009

Table 5.6: Scalefactors and oversmearingparametersfor MC electrons[56].

D
Electron Type C S(" GeV)
CC (in ducial) 0.0439 0.0002| 0.224 0.002
CC (not in ducial) | 0.1116 0.0011| 0.385 0.013
EC 0.0316 0.0005| 0.258 0.006

Table 5.7: Energy resolution parametersfor high-py electrons[56].

EC electrons.

A detailed descriptionof how the scalefactor, smearingcoe cien ts, and resolution
terms are obtained is presened in [56]. It alsoshows that only the scalefactor and
the oversmearingterm provided by = c are neededto tune the electronenergyin
the Monte Carlo to match the data. Figure 5.7 shaws this agreemeh between data

and smearedMonte Carlo.

5.1.7 Electron Charge

As discussedin Section 3.3.2, the magnetic eld makes it possibleto determine
whether an object is positively or negatively charged in Run Il. Therefore, if one
is interestedin, for example,Z ! eeortt! eeewerts, acut may be applied requir-
ing that the electronsbe oppositely charged. Of course,there is a small ine ciency
with this cut sincestraight, high-pt tracks can sometimesbe reconstructedwith the
wrong sign. Figure 5.8 shaws the dielectron invariant massdistributions for CCCC,
CCEC, and ECEC electron pair with opposite and like signs. As with the other
electrone ciencies, the Monte Carlo doesnot reproducethe data exactly; therefore,

scalefactors must be calculatedfor this cut aswell. Theseare listed in Table 5.8.
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Figure 5.7: Comparisonof Z data and correctedZ Monte Carlo.

CCcCcC CCEC ECEC

Data E ciency | 0.997 0.001| 0.955 0.003| 0.906 0.011

MC E ciency | 0.999 0.000| 0.993 0.000| 0.976 0.001
sign 0.998 0.001| 0.962 0.003| 0.928 0.011

Table 5.8: E ciencies and scalefactors for requiring opposite chargesfor CCCC,
CCEC, and ECEC electron pairs.
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5.2 Jets

5.2.1 Jet Reconstruction

Jetsarereconstructedusingthe improved legacyconealgorithm [57] asrecommended
by the Run Il QCD workshop. The conesizefor jet reconstructionis R = 0:5.

As for electrons,zerosuppressiorand the hot cell killer areusedto reducenoise. In
addition, the T42 algorithm [58|[59]is appliedto obtain a ner treatment of calorime-
ter noise, which, in turn, improvesthe reconstruction of calorimeter objects. This
algorithm removes 3D-isolated cellswith an energylessthan four times the width of
the noise (4 ) in that cell. In addition, T42 rejects all cells with negative energies.
EM1 and layers 8, 9, and 10 of the intercryostat region are not consideredoy T42 so
all of their positive energycellsare kept. In most ewerts, T42 rejects 30%to 60% of
cells. The T42 algorithm reducesthe number of fake jets clusteredon noise,or \noise

jets," by about a factor of two [60].

5.2.2 Jet Ildenti cation

Oncethe jets arereconstructed,further quality cuts areappliedin orderto distinguish

real jets from fake jets. Thesecuts are:

0:05< fgpm < 0:95removeselectromagneticparticles at the high end and jets

with a disproportionate amourt of hadronic energyat the low end.

CoarseHadronic Fraction (CHF) < 0:4 removesjets which deposit their energy
predominartly in the coarsehadroniclayersof the calorimeter sincetheselayers

should have lessenergydeposited in them and tend to be noisier.

Hot Fraction (HotF)< 10 rejects jets clustered from hot cells by cutting on
the ratio of the highest to the next-to-highest transverse energy cell in the

calorimeter.
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n90> 1 cuts out jets clusteredfrom a singlehot tower by requiring the number

of towers cortaining 90% of the jet energyto be greaterthan one.

Even when these quality cuts are applied, a signi cant number of noisejets still
survive. A comparisonof the energyin the L1 calorimeter towers to the energy
obtainedin the precisionreadoutturns out to bevery discriminating againstnoisejets.
Therefore, an additional variable has beenderived using this information. De ning
L1SET to be the scalarsum of the trigger towers' Ets in the sameconeasthe jet,

the cut usedto reject noisejets is

LISET

o > 0:4(in CC;EC) or > 0:2(in ICD);
P(L CHF)

whereCC isj 4 < 0:8,ECisj g4 > 15, and ICD is08 < j 4 < 1:5[61. The

e ciency for this cut is very high (> 99.5%) in all three regions[60].

5.2.3 Jet Energy Scale

The raw energiesof reconstructed jets are a ected by noise, calorimeter response,
showering e ects, and the underlying evert. Therefore,the standard jet energyscale
(JES) correctionsare applied in an attempt to correct the jet energiesbad to the
particle level energy the energythe particle had beforeinteracting with the calorime-

ter. The correctedjet energy(Ecorr) is obtained from the measuredenergy (Emeas)

by
E - Emeas O .
corr R S—y

whereR is the calorimeter response,S is the fraction of shaver leakage outside the
R = 0:5 cone,and O is the energyo set due to the underlying event, energy pile-
up, multiple interactions, electronic noise, and uranium noise. R is determined by
requiring E1 balancingin +jetewerts; S is obtainedby measuringthe energypro les

of jets; and O is derived from energydensitiesin minimum bias trigger everts.
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In this analysis,JetCorr v5:1 [67] is usedto correctjet energiesin both the data
and Monte Carlo. The correctionsare done jet-by-jet, and di erent correctionsare

usedfor jets in data and Monte Carlo.

5.2.4 Jet Energy Resolution

The jet energy resolutions [63] are derived using two samples,one for jets above
pr 50 GeV and one for jets with pr < 50 GeV. For high energyjets (pr > 50
GeV), adijet sampleis used. This sampleis binned into se\eral bins basedon average
pr of the dijet system(< pr >= (p-lr + p%):Z). In ead bin, the distribution of the

transversemomertum asymmetry,
1 2
Ajj = LI " p; ; (5.9
Pt + P
is obtained. The width of this distribution, A, givesthe jet pt resolution by

I
o 2 Ay (5.10)
For jets with pr < 50 GeV, a bak-to-back photon+jet sampleis usedin which

the asymmetry variable is de ned

A= dT;TpT: (5.11)

Sincethe resolution of the photon is considerablybetter than the resolution of the

jet, pr can be ignored. The jet resolution can then be written

pirir: Ay Ry (5.12)
whereR j = pT:|d-r correctsfor the imbalancebetweenaveragejet and photon pt in
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j j Range Data Monte Carlo
N S C N S C
0.0< j j<0.5|5.05| 0.753| 0.0893| 4.26 | 0.658| 0.0436
05 jj<1.0| 0.0 | 1.20 | 0.0870| 4.61| 0.621| 0.0578
1.0<jj<15|2.24]|0.924| 0.135 | 3.08| 0.816| 0.0729
15 jj<20|6.42] 00 | 0974 |4.83| 0.0 |0.0735

Table 5.9: Jet energyresolution constarts for jets in data and Monte Carlo [63].

eat pr bin.
The results from the two pt rangesare conmbined, and the jet energyresolution

is parameterizedusing

+ — + CZ (5.13)

The t parametersare summarizedin Table 5.9.

5.2.5 Jet/EM Separation

Electronsand photonsarereconstructedasboth jets and asEM objects. Therefore, it
isimperative to separateisolatedelectronsfrom jets in orderto avoid double-couting
theseobjects. Moreover, di erent energyscalesare required for electronsand jets.

The EM energy scaleis applied to electrons, photons, and jets dominated by
photons (namely %'s) sinceall of theseobjects tend to have similar shover shapes
in the calorimeter and are cortained mainly in the EM part of the calorimeter. All
other objects are consideredto be jets to which the jet energyscaleis applied. A
good EM cluster in the calorimeter is de ned by the standard electron preselection
cuts in the calorimeter: jIDj = 10o0r 11,fgy > 0.9, figo < 0:15, and %al? < 50.
Any object in the jet list within R < 0:5 of an EM object is removed from the jet
list and is treated exclusiwely asan EM object.

If an EM object doesnot passtighter selectioncuts, it is not reconsideredas a

jet. Thus, the EM energyscaleis still applied to it, not the jet energyscale. It is

82



true that a real jet could look like an EM object, in which case,this treatmert is
incorrect. Howewer, in looking at Z ! eeewerts, it is clear that this e ect is not
a problem. Figure 5.9 shaws the number of EM objects in Z ewverts after requiring
two tight electrons. Only 130out of 14408ewerts (i.e. 0.90% 0.08%of ewverts) have
more than two EM objects, and a large fraction of theseextra EM objects are most
likely ©'s or photons. Sincethis e ect is sosmall, this Jet/EM separationtreatment

is applicable.
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Figure 5.9: Number of EM objectsin Z and Z + 2 jet ewverts where 2 tight electrons
arerequired. The number of Z + 2 jet ewverts is normalizedto the number of Z ewverts
in the 2nd EM bin.

5.2.6 Jet Scale Factor

As with the electrons,jet reconstruction and identi cation e ciencies in the Monte

Carlo are not the sameasin the data. Therefore,a scalefactor must alsobe applied
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to the Monte Carlo jets. This scalefactor is derivedon a +jet sampleand is found
to be E1 dependen [64]. Figure 5.10 shows this dependencefor CC, ICD, and EC
jets. The scalefactor is crosscheded on a statistics-limited Z+jet sample,and the
scalefactors derived using this method agreewith the scalefactors obtained using
the +jet samplewithin statistical errors.

Instead of applying the jet scalefactor in the analysis, the scalefactor curves
are folded in when top_analyze is run over the Monte Carlo samples.Hence,the jet
reconstructionand identi cation e ciencies in the top_analyze output agreewith the

data.

5.3 Missing Transv erse Energy

What primarily distinguishestop ewers from Z= + jets ewerts in the dielectron
channel is the two ¢'s in the nal state of the top deca. Direct obsenation of
the neutrinos is impossible;rather, they are detected as an imbalance of energyin
the transverseplane. That is, the neutrinos \app ear" as missing transverseenergy
BE+. The Bt hasthe magnitude of the vector sum of the transverseenergiesof the
calorimeter cells usedin the calculation, pointing in the opposite direction in  in
order to balancethe energyin the transverseplane. This analysisusesthe standard
BE1 calculatedfrom the transverseenergiesof calorimeter cellspassingT42 exceptfor
cellsin the CH layers. CH cellsare usedonly if they are corntained in good jets. The
raw Bt is calculated by RECO beforeany correctionsare applied.

Since energy corrections are made to both EM objects and jets, the B+ must
also be correctedin order to accourt for the changein energyimbalance. The JES
correctionhasa considerablylargerimpact onthe B+ than the EM energycorrections.
The Bt after thesecorrectionsis termed the calorimeterB .

High-pr muons, howewer, do not deposit much energyin the calorimeter. The

calorimeterBt doesnot accourt for the presenceof theseobjects; therefore, someof
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Figure 5.10: Scalefactor vs jet E1 for CC, EC, and ICD jets.

the energyimbalancein the transverseplane is due to these muons, not neutrinos.
Hence, one more correction to the Bt must be made: the momerium of all the
muons must be subtracted vectorially from the Bt after deducting the minimum-
ionizing energydepositedin the calorimeter. This Bt is what is usedin the analysis.

Of course,in a dielectron analysis, this last correction has little impact since few

ewverts have two high-pt electronsand a high-pt muon.
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5.3.1 Bt Resolution

As with jets and electrons,the Bt resolutionin the Monte Carlo doesnot reproduce
the B1 resolutionin data. The Monte Carlo Bt distribution istoo narrow. Therefore,
the Monte Carlo Bt is smearedto bring the coreof the Monte Carlo distribution into
agreemenh with the core of the distribution in data. [65] descrikesin detail how the
oversmearingis obtained. In brief, the Bt distribution, aswell asthe correspnding
BEx and By distributions, is found to be narrower in the Z ! eeMonte Carlo sample
than in the Z | eedata sample. Moreover, the Et resolution turns out to be a
function of unclusteredscalarEt (F> ETunclus), Which is the scalarEt of the evert
with the scalar values of the electron and jet py's subtracted. Hence,the Ex and
By resolutions(the widths of the Ex and By distributions) for both data and Monte
Carlo are plotted against P ETunclus: Oversmearingparametersfor the x and y
componerts of the B, By and By are then obtained by separatelysubtracting,
in quadrature, the Ex and By resolutionsin data and Monte Carlo as a function of
P ETunclus: respectively. It turns out that these dependenciesare linear and agree

within error. Therefore,the sameweighted averagesmearingfactor, is usedfor both

componerts of the Bt
X
Bx = By~ 2:553+ 0:00895 Etunclus: (5.14)

This oversmearingis found to be independen of data sampleand of jet multiplicit .
Note that the Bt resolution for two jet everts is considerablyworsethan for zerojet
ewents, but, within errors,the di erence betweendata and Monte Carlo isindependent
of jet multiplicit y. Figure 5.11 comparedthe smearedand unsmearedg in the Z

Monte Carlo to the Bt of Z ewerts in data.
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Figure 5.11: Comparisonof smearedand unsmearedg 1 in the Z Monte Carlo to the
E1 in the tight dielectron (i.e. Z) data. The plot on the left shows the inclusive Z
data and Monte Carlo. The plot on the right shons the samecomparisonfor evens
with two or more jets.

5.4 Primary Vertex

Two primary vertex reconstruction algorithms exist in the D  software. The dOreco
padkageimplemerts one during the reconstruction while the onethat is usedfor the
analysisis applied later in the dOroot padkage. Both algorithms usethe samevertex
selectionmethod but dier in track selectionand tting techniques. dOreco uses
a loosercut on the impact parameter signi cance of tracks erntering the tter than
dOroot. Also, dOrecohasno minimum requiremern on the number of SMT hits when
running on Monte Carlo while dOroot requiresat leasttwo SMT hits per track. In
data, both requiretwo SMT hits per track. Moreover, dOr oot usesa tting technique
that both determinesthe position of the primary vertex and re ts the tracks with
the constrairt that they originate from the primary vertex. Though thesedi erences
exist, the two vertex reconstructionalgorithms perform comparably Sincethe dOreco
primary vertex was upgradedto the dOroot version from an older algorithm with
poorer performancein production releasep14.05,the dOr oot padkageis usedin order

to treat the ertire data set uniformly.
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data(Z! €9 | mc(Z! ee | scalefactor
jzpyj < 60cm;Ny 3
Njet O 0.973 0.001 | 0.981 0.001 | 0.992 0.001
Njet 1 0.993 0.002| 0.993 0.001| 1:000 0:002
Njet 2 0.996 0.004| 0.996 0.001| 1:000 0:004
z(dOr eco;dOr oot)
Njet O 0.992 0.001|0.991 0.001|1:001 0:001
Njet 1 0.995 0.001|0.997 0.001|0:998 0:002
Nijet 2 0.992 0.004| 0.999 0.001|0:993 0:006
z(PV;e)
Njet O 0.988 0.001| 0.998 0.000| 0:990 0:001
Njet 1 0.991 0.002| 0.999 0.001|0:992 0:002
Njet 2 0.984 0.009| 0.999 0.001|0:985 0:008

Table5.10: Primary vertex cut e ciencies in Z ! eedata and MC and a scalefactor
as a function of jet multiplicit y. All errors are statistical.

5.4.1 Primary Vertex Cuts, E ciencies, and Scale Factors

Sincemany quartities sud asthe Bt and the electron track match are calculated
with respect to the primary vertex, seweral cuts are applied in order to ensurea
candidate evert has high-quality reconstructedvertex. First, sincethe SMT is the
main tool usedin identifying the primary vertex, the vertex must be within the SMT
ducial region (jzpyj < 60 cm). In addition, the vertex must have at least three
tracks attachedto it (N  3). This cut removeseverts in which no vertex is found
(Ntrk = 0), in which casethe primary vertex is set to the certer of the detector,
(0,0,0), by default.

Sincethe B+ and other quartities that dependonthe primary vertex arecalculated
with respect to the dOrecovertex, not the dOroot vertex, the two vertices must be
consisten. Therefore, the cut, jzpy(dOrecQ zpy (dOroof)j < 5 cm, is applied.
Finally, both electronsare required to originate from the sameprimary vertex since
the track match dependson the primary vertex position. Hence,a cut on the impact
parameter of ead electrontrack with respect to the primary vertex in z is applied:

] z(e;PV)j< 1cm.
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ScaleFactor
pv(Njet 0) 0.989 0.002(stat) 0.007(syst)
Pv(Njet LNjet 2) 0.997 0.003(stat)

z(d0_reco;d_r oot) 1.000 0.00l(stat)
2(PV:e) 0.990 0.001(stat)

Table 5.11: Common vertex scalefactors usedin the dilepton crosssectionanalyses.

Table 5.101lists the vertex cut e ciencies measuredin Z ! eeMonte Carlo and
data in terms of jet multiplicity. The Z ! eeMonte Carlo sampleis usedfor the O
and 1 jet lineswhile the Zjj ! eejj sampleis usedin the two jet line. The analysis
data are usedin the data column. The e ciencies are simply the fraction of events
passingthe listed cuts (in the order given in the table) for everts with two tight
electronsand N jets. The Monte Carlo modelsthe data very well for the vertex cuts,
andthe Z ! channelshows similar behavior. Therefore,for the sake of simplicity,
it wasdecidedthat scalefactorsaveragedbetweenthe dielectronand dimuon channels
would be usedfor all three dilepton crosssectionmeasuremets. Thesescalefactors
are listed in Table 5.11. Dierences are given by systematic errors when they are

statistically signi cant.
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Chapter 6

Cross Section Analysis

Though the fraction of tt decgs with two electronsin the nal state is small, as
discussedn Section2.4.2,this channeltendsto be cleanerthan the | + j ets channels,
which have a hugeW + j ets badkground. That is, very few physics processehave a
nal state with two high-pt electrons,two high-py jets, and large E1. In fact, the

only two physics processeshat cortribute signi cantly to the badkground are:

Z! . Although the Z crosssectionis large, requiring two jets in the nal
state decreaseshe crosssectionby about two ordersof magnitude. In addition,
the brandhing ratio for both 'sto deca to electronsis small, BR( ! e =
0:032[4]. Moreover, the resulting electron pt spectrum is softer than that of
electronsin Z ! eeortt! eedecys,andtheretendsto belessbt in  decas

than in decass involving W's.

WW ! ee This crosssectionis comparableto the top crosssection, and
the ewerts are very top-like in electron pr and Et. Howewer, requiring two
jets in the nal state likewisereducesthe WW crosssection, minimizing the

cortribution from this badground.

The largest single badkground, Z= ! eeg is actually an instrumental badkground.

That is, the badkground is a real physicsprocesscoupledwith somedetector or elec-
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tronics e ect which makesthe event look top-like. Three instrumental badkgrounds,

of which the secondtwo are small, are considered:

Z= | ee This processhasa largecrosssectioncomparedto tt evenwhentwo
jets are required. It alsohastwo high pt electronsin the nal state. Howeer,
this processproducesno signi cant Bt sinceno 's are involved in the deca.

Rather, spuriousBt must alsobepresert foraZ= | eeewert to look top-like.

W + jets: This processhasa large crosssectionand signi cant E, but a high-
pr jet must fake an isolated electron. The probability for this to happenis very

small, but nite.

QCD multijet: The crosssection for this is huge. Howewer, two high-py jets
must fake isolated electrons,and spuriousBt+ must be produced sincejets in
thesemultijet processeshould balance. This badground actually turns out to

be insigni cant.

6.1 Cut Optimization

The key to this analysisis optimizing kinematic and topological cuts in order to
reject asmuch badkground (B) aspossiblewhile keepingas much of the signal (S) as
possible. The optimization is done by minimizing P S+ B=S asthe gure of merit.
For similar gures of merit, S=B and signale ciency are alsousedto selectthe most
ideal set of cuts.

SinceZ= | eedwarfsthe other badkgroundsand the signal, this is the primary
badkground to reject. Fortunately, the invariant massof the two electronstends to
fall into a window around the Z mass. In addition, this processhas no inherert
Et; therefore,as shavn in Run I, cutting concurrerlly on Z massand Bt is a very
e ective way to reject most of this badkground (though it still remainsthe largest

source of badkground). Figure 6.1 shaws the E1 vs dielectron invariant mass for
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the signal and badkgrounds. Unlike in Run I, howewer, the Z masswindow must be
excludedertirely in orderto keepthe Z= ! eebadkgroundin ched sinceRunllisa
noisierenvironmert, producing morespuriousiy. In addition, this analysisconsiders
di erent Bt cuts belov and above the Z masswindow sincethe Z= ! I ee
badkground lies mainly in the low massregion. Therefore, one might hypothesize
that a Bt cut in the high massregion would not have to be as sewere as the cut in
the low massregion.

Preliminary studiesattempt to determinethe most e ectiv e variablesfor rejecting
badkground while preservingsignal and over what rangesto considerthesevariables.

A number of variablesare examined,including:
Electron pt

Jet pr

Width of the Z masswindow
Bt in the low and high Mee regions,separately
Hy = P FJTEtS
e _ el P jets
He=pf+  pr
Aplanarity: A = %Ql

Sphericity: S = %(Q1+ Qo)
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Figure 6.1: Bt vs. Mee distribution after dilepton and 2 jet cuts for data (top left),
top (top right), WW (middle left), Z ! (middle right), and Z ! ee+ 2 jets
(bottom) Monte Carlo. Also shavn is the applied cut.
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Figure 6.2: Momentum tensor ellipsoid [66].

The Q's in A and S are the ordered(from smallestto largest) eigervaluesof the

normalized momertum tensors;that is;

P
(p; Mi)?
_P—

Qi = sz : (6.1)

wherej runsoverthe two electronsand all jetsin the evert. pj isthe three-momerum
vector of the jth object and P;j is the total momertum of the jth object. Qg is
a measureof the atness of the momerium tensor ellipsoid (Figure 6.2); Q2 is a
measureof its width; and Q3 is a measureof its length [66].

The optimization results are always lessoptimal whenany of the Ht variablesare
usedcomparedto when they are left out. Moreover, aplanarity has very little dis-
crimination power in the dielectron channel. Therefore,only the remaining variables
are consideredin detail for the analysis. The nal optimization is performedusing a
full grid seart [67], sequetially varying the cuts on theseremaining variables. This
optimization usesthe nal data and Monte Carlo sets;howewer, when the optimiza-
tion wasrun, the nal scalefactors relating data and Monte Carlo had not yet been
calculated. Instead, the scalefactors from the Moriond 2004 analysisare used[68].

For the grid seart, the badground and signal yields are obtained as they are in
the proceedinganalysis. Howeer, in the analysis,the largest background, Z= !

eet fakeB, is derived from data. Becausethe samplesizefor this badground gives
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D

"S+B=S| S=B BE1(GeV) BE1(GeV) S sig
(Mege< 80GeV) | (Mee> 100GeV)

0.81(0.82) | 1.8(1.7) 40 40 { 8.6%

0.81(0.82) | 2.3(2.2) 40 40 0.15| 7.8%

0.81(0.82) | 2.1(2.0) 40 35 0.15| 8.0%

0.83(0.82) | 1.7 (1.8) 35 35 0.15| 8.3%

Table 6.1: Cut choiceswhich perform bestin the grid seart. The Monte Carlo cross
ched is givenin parertheses. indicatesthe cut chosenfor analysis.

a non-negligible statistical error, there is someconcernthat the grid seartt might
tune the cuts on uctuations in the data, leadingto a bias in the analysis. Howe\er,
asin the analysis,the Zjj Alpgen sampleis usedas a cross-bed sinceit models
the data quite well. Both samplesyield the sameresult in the grid sear®, giving
con dence that the cut selectionis unbiased. Four cut combinations give the same
gure of merit. All four require that both electronshave pt > 15 GeV, that both
jets have pt > 20 GeV, and that the Z window is 20 GeV wide (80 < Mee < 100
GeV). The di erencesin thesecut combinations are listed in Table 6.1 alongwith the
gures of merit, S=B's, and signal e ciencies. The signal e ciencies have very small
statistical errors of 2-3%. Typical statistical errors on the gures of merit are 4-5%
and 10-15%on S=B. Table A.1 in Appendix A lists all combinations of cuts with
P S+ B=S< 0:9,S=B > 1:7and g > 0:068, which are the benchmarks from the
unoptimized cuts usedin a previousiteration of the analysis[68]. Figure 6.3 showns
the expected number of signal vs expected number of badkground events for all cut
combinations.

Of the four cuts listed in Table 6.1, the third oneis chosen. Sinceall of these
choicesare all statistically comparable,the nal selectioncuts are the onesthat give
the middle e ciency and S=B values.

To summarize,the nal ewert selectiondeterminedby the grid seart is:

Two tight, oppositely-dhargedelectronswith pr > 15 GeV in the CC or EC.
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Figure 6.3: Expected signal vs expected badkground for all cut combinations tested
in the grid sear®. The four combinations listed in Table 6.1 are circled.

Two good jets with pr > 20 GeV with j j < 2:5.

Exclusion of the Z masswindow from 80< Mge< 100GeV.

BE1 > 40GeV for Mge< 80GeV and Bt > 35GeV for Mee > 100GeV.

S> 0:15

6.2 Signhal E ciencies

The nal selectioncuts can now be applied to the tt Monte Carlo in order to obtain

the cut-by-cut e ciencies as well as the overall e ciency for signal. The e ciency

breakdawn is given in Table 6.2. Electrons originating from direct decass of the W

and from W decgsto wherethe then decgs to e are takeninto accourt.
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Category Cut E ciency Total E ciency

Electrons || Reco,EMAcc, ID, py > 15GeV || 0.399 0.005| 0.399 0.005

Assa. Track Match 0.845 0.007| 0.337 0.005

L, > 0:85 0.816 0.008| 0.275 0.005

Opposite Sign 0.998 0.001| 0.275 0.005

recor id 0.936 0.000| 0.257 0.005

tr k+ lhood 0.733 0.000| 0.189 0.004

sign 0.990 0.001| 0.187 0.004

Trigger 0.935 0.006| 0.175 0.003

Jets 1jet (pr > 20 GeV) 0.970 0.004| 0.169 0.003

2 jets, (pr > 20GeV) 0.732 0.010| 0.124 0.003

Vertex jzj < 60cm, Ny i > 2 0.999 0.001| 0.124 0.003

JZRECO Znew] < 5cm 0.997 0.001| 0.123 0.003

z(e;PV) < 1cm 10 0.123 0.003

VIX 0.987 0.003| 0.122 0.003

M cut Mee< 80GeV or > 100GeV | 0.848 0.009| 0.103 0.003

Bt Et > 40(35) GeV, 0.745 0.012| 0.077 0.002
Mee < 80(> 100) GeV

Topological S> 015 0.916 0.009| 0.071 0.002

Table 6.2: E ciencies of object iderti cation and kinematic selectionon tt !
Monte Carlo. Errors are statistical only.
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Cut ccce CCEC ECEC
Cluster selection,EM ID | 0.958 0.000| 0.858 0.000| 0.767 0.000

Track Match, Likelihood | 0.755 0.000| 0.654 0.000| 0.567 0.000
Opposite sign 0.998 0.001| 0.962 0.003| 0.928 0.011
Vertex 0.987 0.003| 0.987 0.003| 0.987 0.003

Table 6.3: Summary of the correction factors relating Monte Carlo and data e cien-
cies. Errors are statistical only.

As discussedn Section5.1.5,the Monte Carlo doesnot reproduceall the features
in the data accurately;therefore, correction factors are applied separatelyto CC and
EC electrons. Sincethe dielectron nal state of the top decg hastwo electrons,there
are three di erent combinations of electrons: two electronsin the CC (CCCC), one
in the CC and onein the EC (CCEC), and two electronsin the EC (ECEC). Scale
factors for everts with ead electroncon guration are shavn in Table 6.3. The scale
factorsshown in Table 6.2 are derived from the scalefactorsin Table 6.3 by weigtting

eadh scalefactor by the number of ewverts in ead region;that is,

ccccNeecee t ccecNceccec+ ececNecec. (6.2)
Nccee + Neccec + Necec

whereNcccee, Nccec, and Ngcec are the numbers of everts with ead type of
electroncon guration.
The total e ciency for tt | eeewerts to passall cuts, obtained by multiplying

the e ciency for ead cut and the scalefactors together, is
top = 0:071  0:002(stat) 43 (syst):

The biggeste ciency hit occursin the rst line of the table. This ine ciency results
mainly from ine cient electron reconstruction and from limiting the acceptanceto
only CC and EC electrons. The 15GeV cut alsoremovesmarny of the everts involving

decass sincesomeof the momenum is lost to the two neutrinos involved in that
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decyg; hence,the electronsproducedin decgs tend to be softer than electrons
decaing directly from W's. In fact, the e ciency at the rst line of Table 6.2 for
decass in which both electronscomefrom 's is 9%; whereas,it is 50% when both
electronscomefrom W's. Oncetwo 15 GeV electronsare found, howewer, going from
looseto medium cuts is almost fully e cient. Requiring a secondjet with pt > 20
GeV and the seereBt cut are two other large ine ciencies; howeer, thesecuts are
necessaryto keepthe badkgroundsin chedk. The Et cut is considerablyharsherthan
the comparablecut in Run I; howeer, the Bt resolutionis considerablyworsein Run
Il requiring a sti er cut.

Assumingatt crosssectionof 7 pb and a branding fraction of 0.01584(accourting
for the decgsinvolving ! e and usingthe latest PDG numbers[4]), the expected
ewvert yield is 1:91 0:05(stat)+%§§8(syst) ewerts. The breakdavn of systematic un-

certainties is discussedn Section6.6.

6.3 Physics Backgrounds

As discussedat the beginning of this chapter, the two main physics badkgroundsin
the dielectronchannelare WW ! eeand Z ! whereboth 's deca to electrons.
Both of thesebadgrounds have two high pr electronsand signi cant Et; howeer,
the fraction of time they are producedwith two jets is small. The cortributions from
both of thesebadkgrounds are obtained from Monte Carlo just asthe expected top

yield is obtained.

631 Z!

The Z ! cortribution is estimated using the Alpgen (Z ! )jj sample. An
expectedyield of 0:11 0:01(stat) is obtained using the method descriked for the

signal sample. Howewer, in a sampleof (Z ! e€jj Monte Carlo generatedwith the
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samesettings, the predicted yield doesnot match the obsenation becausehe jet pt
spectrum of the Monte Carlo sampleis softerthan the pt spectrum of jets in the data.
Therefore, a correction factor is obtained which normalizesthe expected number of
(Z'! e8jj ewerts to the number of obsened (Z ! e€jj ewverts in aZ masswindow
(80 < Mge < 100GeV). This correction factor is 1:20 0:09. The correction factor
remains stable when the window is widenedto 75 < Mee < 105 GeV. Figure 6.4
shows the e ect of applying the correctionfactor in (Z ! eéjj Monte Carlo.
Whenthe correctionfactor is appliedto the (Z ! )jj expectation, the predicted

yield is 0:13 0:02(stat) events.

% L
5 50 __ m Data
>
Qo L
5 : Monte Carlo
g 40 __ Corrected Monte Carlo
S L
=}
< B

30 —

20—

10 —

—I_ —I_ 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ] .—I_. I—I_AZIZ |:|:|
%O 70 80 90 100 110 120 130
Mass

Figure 6.4: Comparisonof Zjj Monte Carlo to Z + 2 jets data. Both the corrected
and uncorrectedZjj distributions are shown.

100



Cut WW _[WZT jjii| Total

NPTZ™ 217.48 0.19] 454 0.07 | 12.63 0.20
NfTe?® 1]062 0.03| 4.27 0.07 | 5.09 0.08
NTo?® 2|030 011| 2.28 0.04 | 2.61 0.12
Mz Cut | 0.26 0.09| 0.10 0.01 | 0.36 0.09
Er Cut | 0.18 0.06| 0.01 0.00 | 0.19 0.06
S>015 |014 005 | 0.14 0.05

Table 6.4: Dibosonbadkground expectations at ead cut level. Errors are statistical
only.

6.3.2 Dib oson

The WW badkground is studied using the WWjj Alpgen samplediscussedn Sec-
tion 4.3.1. Estimating this cortribution in the sameway the signal cortribution is
estimatedyields 0:14 0:05(stat) ewerts.

The contribution from WZ is examinedusingthe WZ ! jjll samplegenerated
with Pythia. This sample,in which the W decgs to jets and the Z to two electrons,
does contribute beforethe Z masswindow cut. In fact, this is a larger source of
badkgroundthan WW at the oneand two jet cut levelsbecausehe branching fraction
of W ! jj is about six times higher than the branching fraction of W ! e . In
addition, WZ does not needto be produced with extra jets in this decg channel
unlike in WW sincethe W decgs to two high pt jets. Howewer, the Z masscut
e ectively removes nearly all of this badkground. This badkground, which also has
no inherert B, is completelyinsigni cant at the nal cut level.

A breakdowvn of the dibosonbadground expectation at ead cut level is showvn

in Table 6.4. Note that the rst two lines of the WW badground are obtained from

the WW Alpgen sample,not the WWj| Alpgen sample.
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6.4 Instrumen tal Backgrounds

6.4.1 Fake Bt Background

The primary badkground to reject in the dielectron analysisis Z= ! eetfakeBrT.
Z= decaing directly to electronsproducesno neutrinos and should therefore have
no Bt in the evert. Howewer, theseewerns can occur with enoughBEt to passthe

selectioncuts for seeral reasons:
Singleobject energyresolutionsare nite and worsethan expected.

Hot cellsin the calorimeter or malfunctioning readout towers can produce a

spuriousexcesr de cit of energy

Problemsin the calorimeter readout chain can causethe precisionreadout to

read out large positive or negative energies.

The unreconstructedpart of the evert from soft gluons and other low energy

deposits is not modeledwell in the Monte Carlo.

This badkground hasproven to be the most di cult to understandand reject. How-
ewer, se\eral studies have led to a clean-upof the high, non-Gaussiangt tail in the
data and more accuratemodeling of the Bt in the Monte Carlo.

Estimating the Bt fake badkground rst requiresdetermining the E1 fake rate,
fET, from a samplewhich doesnot cortain top or the physics bakgrounds. This
fake rate is expressedas a correspndencebetween the number of obsened everts
that would fail and that would passthe Bt selection. To be exact, fET is de ned
as the number of everts passingthe Bt cut, NET>3540 givided by the number of

ewverts failing it, NBT<3540

3540 _ N BT > 35140

Br =~ NET< 35;40:
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The samplesusedto derivefﬁT must have kinematics and resolutionssimilar to the
Z= ewerts to berejected. The jet kinematics must be alike in particular sincejets
have a major impact on the E1 resolution. In addition, the samplemust model the
ertire Bt spectrum, from the core Gaussianresolutionto the tails, obsenedin a pure
sampleof Z + 2 jet ewerts in data. Hence,to determinethe best sample,the E1 in
three candidate samplesare comparedto the B in the tight Z + 2 jet data sample.

Thesecandidate samplesare:
single photon+2 jets
diphoton+2 jets
Z! ee+ 2jets Alpgen Monte Carlo.

The term photon is usedlooselyheresincea photon is de ned asan EM cluster with
no track matchedin a 0:05 0:05road and no likelihood cut applied. Thesephotons
could then be photons or QCD multijet processesvherejets fake photons. The cuts
applied to the EM clusters for the di erent samplesare summarizedin Table 6.5.
(Even whenthe isolation and %al? cuts are se\erely tightened sud that the fraction
of direct photonsto fake jets must dramatically change,the overall changein f gy
is only about 10%.) The triggers usedfor the analysisare also usedto selectthe
diphoton sample;the singlephoton sample,on the other hand, is selectedusing single
photon or electrontriggers designedfor direct photon and jet energyscalestudies.
Until recenly, the Z Monte Carlo hasnot beena useful samplefor studying fET
becausethe generatorsdo not reproduce the detector e ects that result in fake Bt
well. The core of the distribution hasbeentoo narrow and the tails have not been
well modeled. Howewer, by applying the Et smearing,descrilked in Section5.3.1,to
recent Alpgen Zjj, areasonableit distribution can be obtained. Thus, the Monte

Carlo can nally be usedasa crossched to the fET estimatein data.
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Cut Tight/MC | SinglePhoton | Diphoton

Number of EM clusters
pr > 15GeV 6 p 6
jgi<Lllorl5<| gi<25 P P P
fem > 09, fiso < 015, 2,,<50| o P P
Tradk in 0:05 0:05road veto veto
L, > 0:85 P N/A N/A

Table 6.5: EM cluster selectionsfor the dielectron and photon samplesused to
estimate the number of Bt fakes.

The single photon sampleis the data sampleusedto calculatefET becauseits
Bt distribution describesthe Bt distribution of the Z + 2 jet sampleextremely well
(Figure 6.5). In the two jet bin, the single photon sampleis de ned to have one
EM object with the cuts descriked in Table 6.5 and two jets with exactly the same
kinematic cuts usedin the analysis. To demonstratethat the single photon sample
behaveslike the Z sample,the pt cut on the photon and on the dielectron system
is varied. That is, in the Z sample,eadt electron has pt > 15 GeV while a cut on
the vector sum of the electron py is varied. Figure 6.6 shows that varying the single
photon pr and the Z pt in the sameway givesthe sameB 1 distribution andeT VS
Bt cut. Moreover, if no pt cut is applied to the dielectron system, it beharesjust as
if a 15 GeV cut is applied, hencejust like a 15 GeV pt cut on the single photon.

Sincethe single photon samplecannot be usedto study the Mee dependenceof
fem ., @ diphoton sampleis used. In the two jet bin, howewer, the diphoton sample
hasa topologicalbias: the betweenthe di-EM systemand the Bt is signi cantly
di erent between the diphoton and Z samples[55]. This di erence is correlated
with the Bt resolutionin this sample. Thus, the diphoton sampleis reweighted with
respectto to make it morecomparableto the Z sample. The plots of B andeT
vs Bt cut for both the reweighted and not-reweighted diphoton samplesare shown
in Figure 6.7. The \reweighted diphoton" sampleis the default diphoton samplefor

this study. This reweighting doesnot work aswell in the lower jet multiplicit y bins.
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Figure 6.5: Bt (top) and Bt fake rate vs Bt cut (bottom) for the Z + 2 jets data,
singlephoton, and Zjj Monte Carlo samples[55].
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Bt > 35GeV Bt > 40GeV
photon:
= 1jet 0.00467 0.00005| 0.00255 0.00003
2 jet 0.01972 0.00014| 0.01109 0.00011
Z + 2 jet Monte Carlo
2 jet 0.0191 0.0018 | 0.01146 0.00141
2jet + S> 0:15 0.0182 0.0020 | 0.00968 0.00145
diphoton:
= 0jet 0.00147 0.00009| 0.00084 0.00007
= 1jet 0.00773 0.00058| 0.00494 0.00047
2 jet 0.02999 0.00184| 0.01567 0.00131

Table 6.6: B fake rates.

Figures6.8,6.9,and 6.10shav the Bt distributions and corresp)ndinngT vsBT
cut for the Z data, singlephoton, and diphoton samplesfor three jet multiplicities: 0
jet, 1jet, and 2 jet, respectively. Clearly, the single photon and diphoton samples
descrite the E1 of the Z samplevery well in the two jet case,which is the what is
neededfor this analysis. In the onejet case the singlephoton sampleperformsbetter
than the diphoton sample, but doesnot descrike the Z data as well asin the two
jet case. In the zerojet case,the single photon sample cannot be used sincethere
is a large Bt bias, and the diphoton sample does not agreevery well with the Z
sample. This trend indicatesthat, asthe jet multiplicit y increasesthe Bt resolution
is dominated by the jet resolution.

Table 6.6 lists the fate rates for the single photon and diphoton samplesfor Bt
cuts of 35 GeV and 40 GeV. Also, the fake rates for the Alpgen Zjj Monte Carlo
sampleare included for comparisonin the two jet case. Moreover, sphericity in the
single photon sampledoes not necessarilybehave asit would in a samplewith two
electrons;therefore,the Monte Carlo is usedto show that the fET with and without
the sphericity cut agreewithin statistical errors.

As discussedearlier, the diphoton sampleis necessaryto study the Mee depen-

denceon the Bt fake rate. Table 6.7 givesthe overall fake rate as well as the fake
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MassRange Bt > 35GeV Bt > 40GeV

full sample 0.02999 0.00184| 0.01567 0.00131
Mee 80GeV 0.02884 0.00221| 0.01500 0.00157
80 GeV< Mee< 100GeV | 0.02958 0.00517| 0.01971 0.00418
Mee 100GeV 0.03387 0.00427| 0.01540 0.00283

Table 6.7: Bt fake ratesfor dierent M bins in the diphoton sample.

rates for everts below, above, and inside the Z window usedin the analysisfor Bt
cuts of 35 GeV and 40 GeV. Sincethe bins agreewithin statistical errors, there is
no clear dependenceon M eg; thus, using the single photon sampleto obtain fET is
valid for the whole massrange.

Now that the Bt fake rate has beendetermined, the number of Bt fakescan be
estimated. In order to obtain this estimate, the number of events passingall cuts
exceptthe Bt cut in the low and high massbins in the tight dielectron sample,desig-
nated Nt'i\g%‘f 80 and Nt'i\g%‘te> 100, respectively, must be obtained. Then, the expected
fake Bt badkground is

_ nMee<80 ¢>40 Mee>100 ¢ >35.
Nz= .qcp = Ntig?lt fET * Ntig?lt fET : (6.3)
Table 6.8 givesthe fET 's and Nyjg nt's for the two massbins usedin the analysisfor

the last two cuts in the cut progression.After all cuts, the Bt fake yield is
NZ: :QCD = 0:59 0:09 ewvens:

Sincethe Monte Carlo and data shav very good agreemety the Alpgen Z + 2
jet sampleis usedto crossched this result. Using the procedure for calculating
the expectedsignal, the Monte Carlo predicts 0:86 0:15(stat) and 0:63 0:14(stat)
ewvents for the rst and secondtotals in Table 6.8, respectively. Theseexpectations
are fully consistem with the estimatesfrom the data. Sincethey agreewithin 0:4 ,

a systematicerror is not applied to this badkground.
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Cut MassRange f Bt Ntght | Nexpected
NTe ™ 2+ MeetBr | Mee< 80GeV | 0.0111 0.0001| 45 | 0.50 0.07
Mee> 100GeV | 0.0197 0.0001| 15 | 0.30 0.08

Total 0.80 0.11

+ Sphericity>0.15 Mee< 80GeV | 0.0111 0.0001] 32 | 0.36 0.06
Mee> 100GeV | 0.0197 0.0001| 12 | 0.23 0.07

Total 059 0.09

Table 6.8: Bt fake ratios, numbers of tight everts below the Et cut, and total
expectedB fakesfor the last two lines.
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diphoton data sampleswith all cuts appliedin the O jet case[55.
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6.4.2 Fake Electron Background

The other instrumental badkground results from multijet processesud as W +jets
in which one or more jets shower in sud a way that they look electron-like. This
badkground is calculatedby rst obtaining an electronfake rate, f ¢, which tells how
frequertly a loose EM object passesthe tight electron selection, from a samplein
which real electronsare removed. Then, fe is applied to a signal samplein which
only one of the two electronsis requiredto be tight (a \lo ose-tigh" sample)in order
to predict how many of theseewerts would appear to have two tight electrons.

The electronfake rate is de ned to be the fraction of looseelectronsthat passthe

tight selectioncriteria. That is,

fe= M:

Nioose
Everts in DIEM _EXTRALOOSE skim, selectedwith the signal triggers, are usedto
obtain this quartity. Howe\er, certain conditions must be applied in order to remove
electrons from real physics objects, which would bias fe. First, only evens with
BEt< 10 GeV are usedin order to remove W's from the sample. Moreover, since
two EM objects are required, everts in which the invariant massof the objects falls
between 75 GeV and 105 GeV are excludedin order to remove the Z resonance.
Moreover, an EM object is consideredonly if the other EM object in the evert has
no track in a 0:05 0:05road in . This requiremen suppressesortamination
from Drell-Yan production.

Figure 6.11 shaws the  distributions of electron candidatespassingsuccessie
identi cation cuts from looseto tight. These distributions shav seeral features.
First, no evidencefor North-South asymmetry is obsened at any cut level. Second,

an excessof loose electrons exists in the forward regions of the CC. This feature

becomesmore distinct with the track match, but is then reducedby the likelihood.

114



N: f CC f EC

jets e e
0 0.0035 0.0001| 0.0056 0.0002
1 0.0032 0.0001| 0.0057 0.0003
2 0.0032 0.0002| 0.0056 0.0004

Table 6.9: f¢ for di erent jet multiplicities.

In fact, 4 for tight electronslooks very similar to ¢ for looseelectrons. This is
evidert from Figure 6.12which shows the ratio of tight to looseEM objects (f¢) vs
d- Figure 6.12 shows that fe is alsoindependert of jet multiplicit y. This claim is
reinforcedby Table 6.9, in which the averagefake ratesin the CC and EC for di erent
jet multiplicities are showvn. Sincethe fake rates are reasonably at in 4 andin pt
(Figure 6.13), the averagefake rates given in Table 6.9 are usedin this analysis.
Howeer, becausethe signal electronsare required to be oppositely-charged, fake
rates for requiring a certain sign can be obtained. An equal number of positively
and negatively chargedobjects are obsened, asshovn in Figure 6.14. (The deviation
from equal numbers is negligible, 0.7%.) Thus, the fake rate is halved for a loose

electronto fake a tight electronof a given sign. That is,

Then,
f$¢ = 0:0016 0:0001andfEC = 0:0028 0:0002

To estimate the number of expected events from fake electrons, the number of
loose-tigh ewerts is obtained (Table 6.10). In theseewens, only one of the two EM
objects must passtight cuts; howewer, the evert must passall other analysis cuts.
The number of theseloose-tigh ewerts, Nj;, in ead regionis then multiplied by the
correspnding f o to obtain the expected number of fakes:

_ nCCeCC ECsEC .
Nefake— Nlt fe + Nlt 1ce :
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Cut CC | EC
Ney > 1| 10195] 4727
Njets > 0 | 2029 | 771
Njets> 1| 382 | 143
M 323 | 121
Bt 47 | 10
S>015 | 36 | 6

Table 6.10: Numbers of ewerts in data with one tight and one looseelectron, Ny,
passingthe progressionof cuts listed.

After all cuts are applied, 0.074 0.034ewens are expected.

It should be mertioned that Ngfgke COrtains the QCD multijet badkground as
well sincethis badkground hastwo jets faking electrons. That is, the tight electron
in the loose-tight sampleis actually a fake electron. Howeer, this badkground is also
included in the fake B+ badground when it is obtained from the data. Therefore,
this cortribution should be removed to avoid double-couting it. The QCD multijet
cortribution canbe found much like the fake electronbadkground, but usinga\lo ose-
loose" samplethis time. Thus, the number of everts passingall cuts, exceptthat the
two EM objects needonly passlooseiderti cation cuts, is foundin the CCCC, CCEC,
and ECEC regions. Then, the QCD cortribution is obtained from:

Nocp = Nlcltcccfeccfecc + N”CCECfeCCfeEC + N|||ECchecheEc :
Sincethe numbers of loose-lmseewerts are multiplied by fefo , the QCD multijet
cortribution turns out to be negligible, cortributing only 0.0039 0.0003ewents after

all cuts.
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Figure 6.11: Detector distributions for electronsin all (top left), O jet (top right),
1 jet (bottom left), and >= 2 jet (bottom right) ewens.
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Figure 6.13: EM fake rate f¢ asa function of py for di erent jet multiplicities. The
plot on the top shavs CC electronswhile the oneon the bottom showvs EC electrons.
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Figure 6.14: Electron charge for EM objects passingthe track match in the sample
from which f¢ is derived.

6.5 EXxp ectations and Observ ations

The signal and badkground expectations after all cuts are summarizedin Table 6.11.
This table also showvs that v e events passall cuts in the data. The run and event
numbers of theseevwerts are listed in Table 6.12. The kinematics of the candidates
and their evert displays are presertied in Appendix B.

It is alsousefulto compareexpectations and obsenations at various cut levelsin
order to ensurethat there is agreemeh throughout the analysis. This comparisonis
presered in Table 6.13. Note that se\eral columnsusedi erent samplesat di erent
cut levelsin the table. In the WW=WZ column, the WW cortributions in the rst

two lines are obtained from the WW Monte Carlo samplewhile the remaining lines
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Category Yield | Stat Err | SysErr
WW 0.14 | 0.05 | *¢3¢
Z 013 | 0.03 | 05
E1 Fakes 0.59 | 0.09 0.00
EM Fakes 0.07 | 0.03 0.00
Total Bkg 093 | o011 | *§F%
Expectedsignal | 1.91 | 0.05 | 322
SelectedEvents | 5.00 2.24 {

Table 6.11: Yield summaryfor tt ! eechannel.

Run Number | Evert Number
166779 121971122
177681 13869716
178152 26229014
178177 13511001
180326 14448436

Table 6.12: Run numbers and evert numbers for the ee candidate everts.

are derived from the WWjj sample. Likewisein the Z ! column, the rst two
lines are obtained from the inclusive samplewhile the two jet sampleis usedfor other
lines. Finally, the cortributions inthe Z ! eecolumnarederivedfrom three di erent
samples.The rst two linescomefrom Z ! eeinclusive Monte Carlo, the next two
from the Zjj sample,and the last two from the fake E1 calculation in the data.
Kinematic and topologicaldistributions canalsobe comparedat variouscut levels
in order to chedk how well the Monte Carlo modelsthe data. Sincesamplestend to
changeat the third line, this line is the rst usedfor sud a comparison.Figures6.15
through 6.19show distributions of pt and of the two leadingelectrons,M ee, number
of jets per evert, pr and of the two leadingjets, Ht, HE, Bt (BT ,leadingjet),
A, and S for the third line of Table 6.13. Figures 6.20through 6.24 shav thesesame
distributions for the fourth line of Table 6.13, and Figures 6.25 through 6.29 shav
thesedistributions after all cuts. Overall, the data and Monte Carlo distributions are

in very good agreemen
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ct

Cut Data All EM fakes | Z! eeBy fakes| Zz! — | WW=WZzZ tt

NPT™™ 2] 14408 14930.13 1761.72] 30.33 1.18| 14839.20 1761.71] 43.39334 | 12.63 0.90| 4.58 0.53
NFTo?® 1| 1896 | 1770.13%9%%% | 533 034 | 1740.03995%0 | 6.21318 | 5.00°%%5 | 4.47°02
NPTe 2 276 | 276.498357 | 101 014 | 269.049387 | 05491 | 2617948 | 3.290:40
Mz Cut 67 64.55 %_8@%% 086 0.12 | 60.04%%31 0.52*%58152 0.36*%17 2.77*%;3‘8‘
Bt Cut 7 3.33*%5%g 0.10 0.04 0.80 0.11 o.17+%589 0.19*%58153 2.07*%%2
S> 0:15 5 2.840:28 0.07 0.03 0.59 0.09 0.13Q5s | 0149058 | 1917052

Table 6.13: Data and badgroundsat ead level of selection. Errors are statistical and systematicaddedin quadrature.



},E,160 . R4

L% T oww,wz

5 P EM Fakes

9 ZIg® tt

g I ZIg® eelMET fakes
= e Data

1 PN PR PORrErE R
20 40 60 80 100 120 140 160 180 200 220 240
Leading Electron P 1 (GeV)

0220

€200

11180

‘5160

@ 140
O

£120
=)

=100

80

60

40

20

0

20 40 60 80 100 120_140 160 180 200 220 240
2nd Leading Electron P 1 (GeV)

Number of Events
'_\
o
o

(o]
o
lllllllllllllllllllllllllllll

60
40
20
0 S PR
0 20 40 60 80 100 120 140 160 180 200

Dielectron Mass

Figure 6.15: Leading(top) and secondeading(middle) electronpt and Mee (bottom)
for badkground, tt, and data correspnding to line 3 of Table 6.13.

123



70
60

50

40

Number of Events

30

20

10

95 2 15 -1 05 0 05 1 15 2 25
Leading Electron h

70

‘I

50

40

Number of Events

30

20

10

95 =2 15 -1 -05 0 05 1 15 2 25
2nd Leading Electron h

N
a
o

Number of Events
[ N
o o
o o

[
o
o

50

P | a1

I I T TR TR TR N T T T
100 150 200 250
Missing E T (GeV)

Figure 6.16: Leading (top) and secondleading (middle) electron and Bt (bottom)
for badkground, tt, and data correspnding to line 3 of Table 6.13.

124



N N
o a
o o

llllllllllllllllllllllllll

Number of Events
'_\
()]
o

[
[=]
o

a
o

Fy P R R

5 6 7
Number of Jets

= [
o N
S o

lIIIIIIIIIIIIIIIIIIIIIIIIll

Number of Events
H (o)) (o)
o o o

N
o

I o | @

20 40 60 80 100 120 140 160 180 200 220 240
Leading Jet P | (GeV)

OO

N
a
o

N
o
o

llllllllllllllllllllllllll

Number of Events
'_\
()]
o

[
[=]
o

50

80 100 120 140 160 180 200 220 240
2nd Leading Jet P 1 (GeV)

20 40 60

Figure 6.17: Number of jets (pt > 20 GeV) in the evert (top) and leading (middle)
and secondleading (bottom) jet pt for badkground, tt, and data correspnding to
line 3 of Table 6.13.

125



60

50

Number of Events

Il llllllllllllllllllllllllll

R
o

0O 05 1 15 2 25

Leading Jet h

50

Number of Events

Illllllllllllllll

0 05 1 15 2 25

2nd Leading Jet h

Number of Events

it

2.5 3
Df (j1,MET)

Figure 6.18: Leading (top) and secondleading (middle) jet and (Ev, leading
jet) (bottom) for badkground, tt, and data correspnding to line 3 of Table 6.13.

126



2180
& 160
it
W40
120
o]
£100
>
Z 80

llIIIIIIlllIlllllllllllllllllllll

50 100 150 200 250 300 350 400 450 500
Hr (GeV)

lllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400e 450 500
HT (GEV)

Number of Events

0.8 1
Sphericity

Figure 6.19: Hy (top), H$ (middle), and S (left) for badkground, tf, and data corre-
sponding to line 3 of Table 6.13.

127



g BF M
¢ 30F e ww, wz
m -
5 b P EM Fakes
o Z/g® tt
§ I ZIg® ee/MET fakes
e Data
el I
40 60 80 100 120 140 160 180 200 220 240
Leading Electron P 1 (GeV)
a F
c 60
o r
i
o 50
(@]
3 40
S
=z 30
20
10
0 sl g by by by by s by
20 40 60 80 100 120 140 160 180 200 220 240
2nd Leading Electron P 1 (GeV)
n F
€ 141
() L
> L
w 12
S
5 10
-g C
=) 8‘_
Z [
6
4
2
0

0 20 40 60 80 100 120 140 160 180 200
Dielectron Mass

Figure 6.20: Leading(top) and secondeading(middle) electronpt and Mee (bottom)
for badkground, tt, and data correspnding to line 4 of Table 6.13.
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for badkground, tt, and data correspnding to line 4 of Table 6.13.
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Figure 6.24: Hy (top), H$ (middle), and S (left) for badkground, tf, and data corre-
sponding to line 4 of Table 6.13.
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Figure 6.25: Leading(top) and secondeading(middle) electronpt and Mee (bottom)
for badkground, tt, and data after all cuts.
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6.6 Systematic Uncertain ties

For the purposeof conbining the results from the dielectron analysiswith the results
from the other dilepton analyses( ande ) [55], the uncertainties must be broken
down into \uncorrelated systematics,"and correlated systematic uncertainties. The
uncorrelated systematic uncertainties are simply the uncorrelated statistical errors
depending on the samplesizesusedin ead channel. The correlated systematic un-
certainties arise from systematice ects like sampleor cut dependencieswhich a ect
multiple channels. The list of uncertairties with a brief description of how they are

obtained follows:

Uncertain ty due to the Electron Reconstruction and Identi cation

E ciency Measuremen t: As discussedin Section 5.1, the scalefactor for
electronreconstructionand mediumidernti cation is plotted againstthe distance
betweenthe electronand nearestjet, and the systematicuncertainty is de ned
to be the RMS of the scatter of the scalefactors. The uncertairties for CC and

EC are determined separately

Uncertain ty due to the Electron Tracking and Lik eliho od E ciency

Measuremen t. As discussedn Section5.1, this uncertainty for CC electrons
is taken to be the larger RMS of the scatter of scalefactors in the plots of
scalefactor versus and . In the EC, the distribution of scalefactors is
convoluted with the spectrum of electronsin tt Monte Carlo. The systematic
uncertainty is taken to be the convolution of statistical errors from the scale

factor measuremenand the tt sample.

Uncertain ty due to the Trigger E ciency Measuremen t: In Section4.1.2,
it is shavn that electrontrigger e ciencies vs pt are obtained from the Z sam-

ple. Sincethis samplehas limited statistics, the statistical errorson the t to
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the turn-on curvesare varied by 1 to obtain the systematicsfor L1 and L3

separately

Uncertain ty due to the Jet Energy Scale: The uncertainty on the prese-
lection e ciency assiated with the jet energyscaleis derived by varying the

JESby 1 where

2 2 2 2 .
stat;data + stat;M C + syst;data + syst;M C-

Uncertain ty due to the Jet Energy Resolution: The uncertainty of the
jet energyresolutionis accourted for in the JES uncertainty for data; howewer,
this resolution has a component which is not accouned for by the JES in the
Monte Carlo. Therefore,this uncertainty is obtained separatelyby varying the

parametersof the jet energysmearingby the sizeof the errors on the smearing.

Uncertain ty due to the Jet Reconstruction and Jet Identication Ef-
ciency Measurement: The 1 error bandsin Figure 5.10 are obtained
from the statistical errors assaiated with the e ciency measuremets using
the +jet sample. The systematicerrors are obtained by running the analysis

with the scalefactor variedby 1 .

Uncertain ty due to Theoretical Cross Sections: For the WW badground
Monte Carlo, the leading order WW production crosssectiondi ers by 35%
from the theoretical NLO production crosssection. A theoretical prediction for
the NLO crosssectiondoesnot exist for the WW + 2jet process;therefore,the
leading order crosssection obtained from the generatoris scaledup by 35%,

and a 35%error is applied to the crosssection.

Uncertain ty due to Top Mass: Thereis an uncertainty due to the e ect of

top masson selectione ciency, as shown in Figure 6.30. Instead of assigning
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Figure 6.30: tt selectione ciency asa function of mass.
an error, howewer, a commert on how the crosssectionvarieswith top massis
provided with the results.

Uncertain ty due to Luminosit y: A very consenative error of 6.5%is applied

to the luminosity measuremety as discussedn [69].

Table 6.14 givesa summary of the systematic uncertairties for the tt, WWwW, and

Z! processes.

6.7 Cross Section

In general,the crosssectioncan be written:

N obs N bkg

= —[SUBR (6.4)

whereN °PSis the number of everts obsened, N Pk is the expected number of back-
ground ewerts, L is the integrated luminosity, Si9 s the signal e ciency, and BR is
the brandhing ratio to the channelbeing studied. In practice, howewer, the crosssec-

tion is obtained by maximizing the product of likelihoods for ead individual channel
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Systematic Source Signal Badkgrounds

tt wWWwW Z!
EM Reconstruction,ID 6.5 7.1 7.8
EM Tracking and Likelihood 4.7 5.0 5.3
L1 EM Trigger 1.1 1.2 +1:3 1.5
L3 EM Trigger 0.9 11 4.0
JES +6:2 64| +28:6 114 |+17:6 324
Jet ID +1:5 87 127 +24:2 62
Jet Resolution +2:1 167 324
Theoretical crosssection { 35 {
Uncorrelated 2.8 11.8

Table 6.14: Summary of the relative systematic uncertairties for signal and badk-
groundin % .

Channel| N°PS| NPk3 [ (pb sig BR
ee 5 [0.93 0.14] 243.00 | 0.077%%7 | 0.01584
e 8 | 091921 | 228.29 |0.102 0.012| 0.03155

0 1.37*%5% 224.33 | 0.063 0.011| 0.01571

Table 6.15: Summary of crosssection inputs for the ee and e channels. Errors
on Npg and sjg are total errors with systematic and statistical errors added in
quadrature.

[70]. For channeli, the likelihood is de ned asthe Poissonprobability that N signal
plus badkground ewerts:

Ni = L;j J9BR; + NPM (6.5)
is compatible with NS

NiObS

o . Sig. .y bkg. _ YN -
(i P9 BRIN NGz gee) = b € (6.6)
i=eee [

Table 6.15 summarizesthe crosssectioninputs for the eeaswell asthe e and

[55 channels.
The systematicuncertainty on the crosssectionmeasuremenis obtained by vary-

ing the badkgrounds and the e ciencies within their errors taking into accoun the
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correlations between di erent badgrounds and between di erent channels as dis-
cussedin [70].

p

The tt crosssectionat = s = 1:96 TeV in the dielectron channelis

i = 149'92 (stat) 333 (syst)  1:0 (lumi) pb:

The likelihood obtained as a function of tt crosssectionfor the ee channelis shovn
in Figure 6.31. The statistical error is the changein crosssectionrequiredto increase
In(Q) by 0.5, whereQ is the value of the likelihood [54].

The crosssectionmeasuredin the e channel [55]is

i = 97%3 (stat) "3 (syst)  0:6 (lumi) pb;

and the conmbined crosssectionfor all three channelsis
= 8652 (stat) 11 (syst) 0:6 (lumi) pb:

The likelihood obtained asa function of tt crosssectionfor the combined crosssection
is shavn in Figure 6.31.

This crosssection measuremen is basedon an assumedtop massof 175 GeV.
Instead of folding the uncertainty due to top massinto the systematicserrors, the
dependenceof Sig on top massis usedto derive a slope for the tt crosssectionvs my.
In the region 160< my < 190 GeV, the measuredcrosssectiondecreasedy 0.08 pb

per GeV increasein my.
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Figure 6.31: Likelihood asa function of tt production crosssection. The certral value
and the statistical errorsare shovn. The dielectron crosssectionis shavn on the top
and the combined on the bottom [55].
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Chapter 7

Mass Analysis

The crosssection analysis gives a set of v e tt candidate everts in the dielectron
channel. A top masscan now be measuredusing the kinematic information from
theseewens. The procedurefollowed for the massanalysisis basedon the neutrino-
weighting method [71] [72] deweloped in Run 1.

In the dilepton channels,extracting the top massin the tt systemis not asstraight-
forward asit is in the lepton+jets channelsbecausethere are two neutrinos instead
of only one. The two neutrinos are obsened only as missingenergyin the transverse
plane with no information about the individual neutrinos themsehes. Moreover, all
information about their momenta in the z direction is lost. Howewer, to make a mea-
suremen of the top mass,the four-vectors of the two neutrinos, the two electrons,
and the two jets are needed.Sincethe massexf the nal state particles are known,
18 independen quartities are required for the massmeasuremen

The three-momena of the jets and electronsaswell asthe x and y componerts of
the Bt , atotal of 14independen quartities, are measuredn the detector. There are
also 3 kinematic constrairts that can be applied. The rst two constrairts are that
the invariant massof eat electron-neutrinopair is the W mass. The other constrairt
is m¢ = mz. Theseconstrairts bring the total up to 17 independert quartities, still

leaving an underconstrainedproblem.
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To solwe this problem, an additional constrairt is heeded. One constraint that
may be imposedis an assumedtop quark mass. Not all top quark masseswill be
compatible with the obsened nal state; howewer, eweris are typically soluble for
more than onetop quark mass. Thus, for ead ewvert, a weight function, a measure
of the probability density for a tt ewvert to decay with the obsened kinematics as
a function of top mass,is derived. Theseweigh functions are comparedto weight
functions obtained from Monte Carlo simulations of tt everts for di erent top masses,

using a maximum likelihood t to extract the besttop massvalue.

7.1 Neutrino-W eighting Metho d

In an ideal situation, the probability density for a tt pair to dece to the obsened
nal state for any assumedvalue of the top masscould be calculated analytically.

Sud a probability density can be written

Z
P(fogjimi) /  f(X)f (R)iMj 2p(f ogjf vg) *d8f vgdxdx; (7.1)

wheref og is the setof the 14 measuredquartities, fvg is the setof the 18 parameters
de ning the nal state of the tt system, and p(f ogjf vg) is the probability density
to obsene fog given fvg. M is the matrix elemen for the processqg;gg ! tt +

X 1 € gbe —eb+ X, depending on the PDFs, f (x) and f (X), for the proton and
antiproton partons, respectively. Finally, the four-dimensionaldelta function imposes

the massconstrairts:

= mf M) (M M) M P my me P omy) (7.2)

neglectingthe nite widths of the W bosonand top quark.

This multidimensional integral, howewer, can only be evaluated numerically. In
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addition, higher order e ects like initial and nal state gluon radiation complicate
matters even more when trying to compute the exact probability density. Instead,
a simpler weighting sdheme, which is sensitive to the top mass,is usedin order to
make the computation possiblewith the available computing resourcesn areasonable
amourt of time. As mertioned earlier, the method employed here is the neutrino-
weighting method.

Given the obsened valuesfor the electronsand the b quarks and the two con-

straints,

(Eet+ E )2 (Pet P )2
(Ee+ E +Ep? (Pe+ P + P>

Mw (7.3)

mt
the underconstrainedproblem now needstwo more constrairts in order to be solved.
One constrairt, as mertioned before, comesfrom assuminga top mass. The other
comesfrom assumingan for the neutrino in questionsincethe width of the (Gaus-
sian) neutrino  distribution is slightly dependert on top mass. Neutrino  distri-
butions for seeral top massesare shaovn in Figure 7.1, and the distribution of the
width vs top massis shovn in Figure 7.2. This dependencecan be parameterizedby

a quadratic t:
(m¢) = 1:48 462 10 3m¢+ 1:04 10 m¥: (7.4)

Assumingan for eat neutrino, the x and y componerts of the neutrino momerta,
px and py , can be calculated from Equation 7.3 for a given m;. For ead top
decyg, this calculation yields zeroor two solutions, meaningthat there are zero, two,
or four solutions per tt system. For ead solution, a weight, basedon the agreemen

betweenthe obsened componerts of the B and the computed neutrino momerium
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componerts, is calculated sud that the i solution hasa weigh:

., . .
w; (M) = exp® (Bx 5 gx Px)7¢ exp By szy Py) X: (7.5)
B By

where g and By the Ex and By resolutionscalculatedfrom Z + 2 jet ewerts, are:

X
6:85+ 0035  Er, . (7.6)

Bx

and

X
743+ 0021 By, (7.7)

m
<
I

Figure 7.1: Neutrino distributions for m¢ = 120 (top left), 160 (top right), 180
(bottom left), and 230 (bottom right) GeV.

For eat value of m; consideredthe weighting program stepsthrough the neutrino

and anti-neutrino  distributions, approximated by Gaussianswith widths, (my),
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in equal steps of area under the curve. This ensuresthat valuesnear = 0 are

sampledprefererially. Then, to obtain the weigh for all possiblesolutions and all

neutrino conbinations for a given m¢, the weights are simply added:

X X X
w (my) = w; (mt): (7.8)

-
7.1.1 Jet Combinatorics

Oneissuethat is currertly neglectedis jet combinatorics. In an ideal situation, a tt
ewert in the dilepton channelwould cortain only the two jets from the b quarksin the
nal state. In this case,there are only two ways to pair the jets with the electrons.
The weighting tool loopsover both of these,assigningan equalweight to ead pairing

sinceb and b are indistinguishable.
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by b | ISR
ji |2 I3
ji 3| 2
j2 i3] i1
jitis |2
ji+tj2 |3
jo+]j3 |1

Table 7.1: Possiblecombinations of three obsened jets asb jets or ISR.

Gluon radiation, howewer, complicatesthe reconstruction. This e ect can come
into play in two dierent ways. The rst is initial state radiation (ISR), in which
a gluon is radiated before the tt pair is produced and has nothing to do with the
nal state decg products. It is just an extra jet in the evert. The other possibility
is that the b jet radiates a gluon. In this case,the extra jet carries somefraction
of the b quark's momertum, and the jet should be reconbined with the b quark for
the purposeof reconstructing the ewvert. In the Run | analysis,three jet everts were
consideredwith a weighting schemebasedon the evernt kinematics. That is, the six
combinations listed in Table 7.1 were considered71].

It was discorered, howewer, that this exercisegave very little improvemen while
requiring considerablymore CPU time [73]. Therefore, during the dewelopmen and
testing stagesof the neutrino weighing tools for Run 11, only the two highestpr jets

are considered.Gluon radiation is a higher order e ect on the table for future study.

7.2 Monte Carlo Tests

Beforebeingrun onthe data, the weighing method must be tested on Monte Carlo to

determinethe sensitivity of the evert weights to top quark massand other parameters.
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Figure 7.3: Weigh distributions for four m¢{ = 175GeV parton-level top massewerts.

7.2.1 Parton Tests

Parton-level tests are conductedusing the momena of the partons generatedby the
Monte Carlo simulation beforethe ewerts are run through the detector simulation.
Hence, detector resolution e ects are not presen. Howewer, in order to useewerns
whosekinematics are similar to thosewhich enter the data analysis,the parton tests
are run usingonly everts which passthe selectioncriteria de ned in the crosssection
analysis.

The weight distributions that are producedby the weighing tool are examined,
both on an event-by-evert level and asa sum of all of the evert weight distributions
for a given top mass. Figure 7.3 exhibits se\eral weight distributions for individual
events with my = 175GeV. Thesedistributions show that, while someewens have a
very narrow range of m¢ which give solutions, many ewerns are sohable over a wide

range of m¢. Also, someewerts have two peaks,indicating that reasonablesolutions

150



exist for either pairing of the jets and the electrons. When all of the individual
ewvert weights are summed,howe\er, the total weight distribution tendsto be sharply
peaked within about one GeV of the input mass. Figure 7.4 showns total evert weigh
curvesfor three valuesof m¢, and Figure 7.5 plots the peak massgiven by the weight
distribution for all Monte Carlo masspoints. In general,theseweight distributions
are asymmetric with the high-masstail extending much farther than the low mass

tail.

7.2.2 RECO-lev el Tests

Testssimilar to the onesrun using the parton-level information are also run using
the RECO-lewel information sincethe nal comparisonwith the data is at RECO-
level. At RECO lewel, the individual weight distributions vary widely, just like the
individual weight distributions at parton level. The total weigh distributions have
a similar shape with the sharprise and long tail; howewer, they tend to be wider by

about 4-5 GeV asexempli ed by Figure 7.6.

151



Figure 7.4: Total weigh distributions for my = 150 GeV (left), 175 GeV (middle),
and 200GeV (right) at parton-level.
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Figure 7.6: Total weigh distributions for my = 150 GeV (left), 175 GeV (middle),
and 200GeV (right) at parton-level.
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7.3 Mass Fitting

7.3.1 Pro cedure

To extract a massfor the top quark, the weight functions from Monte Carlo tt sam-
ples generatedat 19 di erent valuesof the top massare comparedwith the weigh
functions for the data. A maximum likelihood t is usedto determine at what top
massvalue the data agreebest with the Monte Carlo predictions.

For eat event, aweight, W(my), is obtainedfor 125di erent top massedetween
80 and 330 GeV. Howewer, storing 125 valuesfor eat evert and then calculating
a probability density as a function of 125 argumerts is impractical. Instead, the
cortents of the weight distributions are stored in 25 GeV wide bins, requiring only
ten bins instead of 125. Ten bins are chosensincethe badkground statistics are too
low to use ner binning while v e 50 GeV bins prove to be too wide as discussed
in Section 7.3.4. The distributions are also normalized to one, leaving only nine
bins with independen information. For ead ewernt, the weigh function canthen be

written as a nine-dimensionalvector:

W = (Wq; Wo; 111 W), (7.9)
where
Z 25+105 GeV
W= W (m) dm (7.10)
25i+80 GeV

WA = (W WA W) (7.11)
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where

wav= =L (7.12)

In the Run | analysis,the maximum likelihood cortained a Gaussiancomponert,
a Poissoncomponert, and a probability density estimation (PDE) classi er [74]. A
simpli ed form of the joint likelihood usedin Run | is employed in this analysis:

|
(N M2 (ns+ nyNe (ST nef (W & my) + nyf (W &)
22 N! ns + Ny '

L= pz_l—b exp
(7.13)
At a given masspoint, m¢, InL is minimized with respect to the parametersng
and np, given the number of ewverts in the data sample,N, the probability density
functions for signal and badkground, fs and f, respectively, the expected number
of badkground ewerts, 1, and the error on the badkground expectation, . This
minimization is donenumerically usinga ROOT implemenation of the minimization
padkage MINUIT [75]. The minimum value of InL is plotted against m;. These
points are t with a quadratic around the minimum sud that the t minimum gives
the measuredvalue of the top mass. The tting tool can alsodo a cubic t to the
minimum, but usinga cubic t doesnot a ect the output masssigni cantly.
The details of this mass tting are described in more detail in the following sec-

tions.

7.3.2 Maxim um Lik eliho od Function

In equation7.13,the rst term,

(Np ”b)z!

77 : (7.14)

1
9N My ) = Pz——beXp

is the Gaussianterm. It is included as a constrairt on np in the minimization. That

iS, Ny shouldre ect the expectednumber of badkground everts predicted by the cross
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sectionanalysis.

The secondterm,

(ns+ nyNe (1stNp)

P(np;ns;N) = T :

(7.15)

is the Poissonterm. This constrairt requiresns + np to be consistet with the size
of the data sample,N.

The nal part,

nsfs(W &Vjmy) + npf y(W &)

L(tns;nb;WaV) - Ns + Np

(7.16)

is the probability density for W 2 to agreewith ns signal everts and ny, background
ewverts as descrited by the Monte Carlo. The probability density functions, fs and

fy, are simpli ed forms of the PDEs usedin Run I. For this analysis,fs and f, are

de ned 0 _ 1
1 v (W2 w9 (my))?
fSW&jm) = p—— exp — J X (7.17)
S (2 hd, 2h2
and 0 b 1
1 (WY w92
fp(W ) = (jez_ih)d. 1exp%> J Ty I 7% (7.18)
J:

where d is the dimensionof W& (d = 9), WjSig(mt) is the signal template value
in the j M bin for a given masspoint, ijg is the badkground template value in the
jth bin, and h is a parameter which approximates the error on W;2V. The value for
h is set to 0.05, as discussedbelov. The signal template is found just like W &
for the data. That is, the evert weighs of the Monte Carlo tt ewverts are binned in
ten bins, normalized, and averagedin ead bin. The badkground template has one
added complication sincethere are multiple badgrounds. In this case,an average
template is found for ead badground. Then, theseindividual badkground templates

are weighted by their cortributions to the estimated badkground, as determined in
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the crosssectionanalysis,to obtain the nal badkground template, W b3 The badk-
ground samplesemployed are the WWjj, Zjj ! jj, and Zjj (in all three mass
bins) Monte Carlo samplesas well as the \lo ose-tiglt" ewerts from data to accourt
for the EM fake badkground. The relative badkground cortributions are listed in

Table 7.2. The badkground template is shavn in Figure 7.7.

~ 03F Bl EM fakes
S F Zjj (Mass 3)
o - B Zjj (Mass 2)
=0.25 - B zjj (Mass 1)
k5 - Z® tt
% 0.2 m ww
E
2 0.15 :—
0.1k
0.05F
0 100 150 200 250 300 m

top

Figure 7.7: Ten-bin averagebadground template showving the relative badkground
cortributions.

7.3.3 Determination of h

The free parameter h is used as the width in the probability density functions. It
is called the smoothing parameterwhich, when using the averageensenble method,

can be approximated by
4 1=(d+4)

h= d+ 2 '

(7.19)
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Badkground Source| Fractional Contribution
Zjj (massl) 0.12
Zjj (mass2) 0.45
Zjj (mass3) 0.06
WWjj 0.15
Zjj ! i 0.14
EM fakes 0.08

Table 7.2: Relative badkground cortributions to the averagebadground template.

whered is the dimensionof W & [74]. Testsrun using h valuesof 0.05and 0.1 show
similar performance.

To ched that sud a valuere ects the widths of the averagevaluesof the ensenble
weight distribution in ead bin, testsarerun with ensenblesof v e evens sincethis is
the number of candidate everts. For ead bin, the averageensenble weiglt is found,
and the averagebin valuesfor eat of the 500ensenblesare plotted. It turns out that
the scatter around the mean of the bin valuesis dependernt on the mean of the bin
values. The scatter is not dependen, howewer, on the masspoint used. Figure 7.8
shavs the RMS of the scatter around the meanbin valuesvs the meanbin valuesof

500 ensenbles. From this plot, h can be parameterizedas:
q_
h = 0:0012+ 0:1847 byy (7.20)

where byy is the content of the event weight bin. Preliminary tests have also been
run with a varying h parameter,and the performanceis comparableto the testsrun
with a constart h value. Future analysescould implemert a bin-dependert h with
further testing. Howewer, higher badground statistics are necessaryto ensurethat
the badkground samplesexhibit the sameh dependence.

For this analysis,h = 0:05is chosen.
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Figure 7.8: RMS vs meanbin value of 500 v e evert ensenbles.

7.3.4 Ensemble Testing

Ensenble tests are experimerts in which mock data sets are created using Monte
Carlo tt evernts of a given top mass. Each ensenble is run through the maximum
likelihood tter whereit is comparedwith the templatesat ead masspoint. ldeally,
the result of the likelihood t should return the known top massfor the ensenble
being tested. SinceenoughMonte Carlo has not beengeneratedto have a dedicated
set for creating ensenbles and another for generatingthe templates, the ensenbles
are created by randomly selectingthe number of everts desiredin the ensenble,
Nens, from the template sample. To avoid biasing the result, howeer, theseewerts
are removed from the template, and the averagetemplate is recalculated. When
badkgrounds are included, a random number is selectedbetween O and 1 for eat
ensenble evert. If the random number is greaterthan Ny=Nens, then an evert is taken

from the signal template. Otherwise, it is selectedfrom the badkground template.
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If multiple badkgrounds are included, then a random number generatoris usedto
determine from which samplethe ewern is taken basedon the relative badkground
cortributions. Any samplesfrom which ewerts are selectedfor the ensenble have
their averagetemplates recalculatedexcluding the ensenble events.

Ensenble testing is donein se\eral stages.The rst testing stagedoesnot evenuse
the signal Monte Carlo. Instead, in orderto ensurethat the code is working properly,
atoy Monte Carlo is used. This toy Monte Carlo is generatedwith a random Gaussian
number generator. The bulk of the studiesuse\everts" which are composedof 500
ertries from the random number generator. With so many cortributions to ead
ewvent, the events all look very Gaussian. At eathy masspoint, m¢, 1000toy everts
with a meanof m¢ and width, , are generated. Separatesamplesare generatedfor

= 15, 20, 30, 40, and 50 GeV. Separatesamplesare also generatedwith di erent
averageewert weight binning. Sampleswith 5, 10, 15, and 20 bins are tested. These
samplesare then usedexactly as described above for the signal-only ensenble tests.

Se\eral conclusionscan be drawn from thesetests. First, by cross-bedking cal-
culations by hand, it canbe con rmed that the the code is calculating the likelihood
correctly. Second,bin sizehasan e ect on the output mass. That is, if the of the
Gaussianis considerablylessthan the bin width, oscillationsabout a line with a slope
of one appear with massesat the lower side of the bin uctuating high and masses
on the higher side of the bin uctuating low. Figure 7.9 shaws this e ect in the v e
bin samplein which the bins are 50 GeV wide. Figure 7.10 shaws that this e ect
disappearswhenten 25 GeV bins are used. This e ect is not obsenedin any samples
using more than ten bins either. Oncethe binning is setsud that the oscillationsare
removed, the output massesagreevery well with the input massesasFigure 7.10also
depicts. For eat of theseplots, 100 ewverts are usedto construct the ensenble, and
50tests are conductedat ead masspoint. Examplesof the minimized InL plotted

againstmy for 10 bin Gaussianswith = 20 GeV are displayed in Figure 7.11. The
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Figure 7.9: Output m¢ vs input m¢ for ensenble tests using Gaussiansof width 15
(top left), 20 (top right), 30 (bottom left) and 40 (bottom right) GeV. The average
weight distributions are binned into v e 50 GeV bins. Bin boundariesoccur at 130,
180,and 230GeV (-45, 5, and 55 GeV on the graph).

minima of thesedistributions are t with quadratic functions in order to obtain the
most likely valuefor m¢. The t rangeis 20 GeV around the minimum masspoint.
Oncecon dent that the toy Monte Carlo performsasexpected,signal-onlyensem-
ble tests are conductedusing templates and ensenbles created from the parton-level
Monte Carlo information. As shavn in Section7.2.1,the peaksof the event weigh
distributions for the actual Monte Carlo samplesdo track with the input masses;
howewer, these distributions are asymmetric, not Gaussian. Hence, the Gaussian
tests are useful for testing the code, but further tests must be run with evert weigh
distributions that look more like the nal RECO-lewel templates. Parton-level tests
are conducted rst sincehigher order e ects do not a ect the massreconstructionat

this level. Thus, the maximum likelihood t shouldreturn the input mass.
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Figure 7.10: Output m¢ vs input m¢ for ensenble tests using Gaussiansof width 15
(left) and 20 (right). The averageweight distributions are binned into ten 25 GeV
bins.

The parton-level tests and all further tests are conductedusing the ten-bin tem-
plates and ensenbles. When v e-bin templates and ensenbles are used, the same
oscillatory behavior seenin the Gaussiantests is also obsened in the Monte Carlo
tests. Ideally, 15 or 20 bins would be employed; however, badkground sampleswith
low statistics require coarserbinning to be usedat this time. When the parton-level
testsarerun, InL vsmg is smaooth around the minimum but hasa slightly di er-
ernt shape than the correspnding plots for the Gaussians,as shavn in Figure 7.12.
Newertheless,a plot of output massvs input massstill exhibits a slope of one (Fig-
ure 7.13). Two setsof parton level tests are conducted. First, a test is run with a
high statistics ensenble of 100 everts. Sud an ensenble looks very much like the
template for the correspnding mass. This test allowsthe tter to run over ensenbles
with small statistical uctuations. In reality, howeer, there are only v e ewerts in
the data. Therefore, 100 tests are also conductedat ead masspoint using ensem-
bleswith v e ewens in order to determinethe averagebehavior of the low statistics

ensenbles. Both of thesecasesare shavn in Figure 7.13.
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Figure 7.11: Plots of  InL valuesvs m; wherethe massis obtained usinga quadratic
t around the minimum. The ensenbles are generatedusing Gaussianswith means
of 150 (top), 175 (middle), and 200 (bottom) GeV.
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The next stepis to test the likelihood tter with RECO-lewel events. This adds
higher order e ects into the signal samplewithout adding badkgroundsyet. These
tests are conductedin exactly the sameway asthe parton-level tests, only using the
RECO-lewel information. Here, the plots of InL vs m¢ look very similar to those
producedby the parton-level tests (Figure 7.14), and, again, the output massesagree
with the input massesas shown in Figure 7.15.

Finally, the badkground can be added as descriked above. Ensenble tests are
run using four signal everts and one badkground ewert since only one badkground
ewvert is predicted by the analysis. When badkground is added, the shape of InL
vs my changesdrastically (Figure 7.16). Away from the minimum, InL takeson a
constart value. This e ect is due to the sizeof fg comparedto the sizeof f},. That
is, fp is not dependert on the masspoint and is a constart value everywhere. fs,
on the other hand, is very dependernt on the masspoint. When the ensenble with
my = 175GeV is tested against masstemplates around 175 GeV, f 5 is greater than
f, indicating the ensenble is most likely to be signal. When this ensenble is tested
against masspoints a few tens of GeV away, f, can be orders of magnitude larger
than fs. When fs becomesanuch smallerthan f, the likelihood essetially goesto:

|
(b My? (ns+npNe (MsTND) nyfw vy

: 7.21
22 N! ns+ Np (7.21)

1
L=p——exp
2

removing the my dependencefrom the picture ertirely. This results in a constart
InL value. Moreover, in general,the low input massegend to be pulled high while
the high input massedend to be pulled low, as shovn in Figure 7.17.

While this deviation from a slope of one seemsworrisome at rst, two further
tests show that this result is expected when an average ensenble is comparedto
the averagesignal and badkground templates instead of individual ensenble everts.
First, when the averagebadground template is comparedto the signal templates,

the badkground hasa massof 178.4GeV, asshawvn in Figure 7.18. From this, onecan
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infer that mixing badkground with low m¢ signalin the ensenbles makesthe average
ensenble look like a higher m¢ ensenble; whereas,mixing badkground with high m¢
signal pulls the averageensenble low.

Ideally, the badkground statistics would be comparableto the signal statistics
so that high statistics ensenbles could be usedjust as in the signal-only tests, in
which tests with 100 evert ensenbles are conducted in order to reduce statistical
uctuations in the ensenbles. However, the current badkground statistics do not allow
this. Instead, another test can be run in which ewvery badkground ewven is de ned to
be the averagebadground template. Sud a badkground ewert is called an average
badkground event. Then, sinceone badkground evert is expectedand v e ewvents are
obsened, averageensenbles cortaining 100 everts can be constructedwith 80 signal
ewerts and 20 average badkground ewerts. Using the average badkground ewvens
reducesthe statistical uctuations involved in randomly selectinga few individual
badkground ewerts from a low statistics sample. As expected, this test demonstrates
that a slopethat deviatesfrom unity resultsfrom mixing badkgroundinto the samples.
Figure 7.19depicts this result for two caseq the 100ewert ensenblesjust discussed
and v e evert ensenbleswith four signal everts and one averagebadground evert.

Becausethe slope of the output vs input my line is not unity, the output mass
must be correctedin order to obtain the input mass. A correction can be derived
from either the t obtained from running tests with v e evert ensenbles with one
randomly selectedbadkground evernt or the t obtained from running tests with v e
ewert ensenbleswith oneaveragebadiground event. Sincea badkground evert in the
data is a singleewernt from a single source,not the averageof all badkgrounds,the t
using ensenbles with a randomly selectedbadkground evert is chosen. In this case,

the correctedtop massis
mPut 2923

0:84 (7.22)

mi =

wherem®t is the massobtained from the tter and my is the correctedtop mass.
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7.4 Mass Measuremen t of the Candidate Events

Having completedthe ensenble testing, it is time to run over the candidate everts
in the data. First, the candidate everts must be run through the weighter. The
ewvert weights for ead ewvert are shovn in Figure 7.20. From theseewert weights, an
averagedata ensenble is constructed (Figure 7.21). This averagedata ensenble is
then comparedto the signal (at eacy masspoint) and badkground templatesvia the
maximum likelihood. The plot of InL vs my for the data is shovn in Figure 7.22.
A quadratic t around the minimum givesa measuredtop massof 1697 197 GeV.
The statistical error is found from the 500 Monte Carlo ensenble tests at ead mass
point. The number of everts with an output massbetween 165 and 170 GeV for
ead input masspoint is found, and the RMS of this distribution is taken to be the
statistical error. The error found using the Monte Carlo is in good agreemeh with
the standard method for nding a likelihood error:  InL + 1=2 yields a statistical
error of 177 GeV.

Since badkground is expected in the candidate sample, the correction given by
Equation 7.22 must be applied to extract the top mass. Taking into accoun the

errorson the t parameters,this correction yields

my = 1673 235 GeV.

7.5 Prosp ects for the Future

This rst passat a massmeasuremen shows that the tools neededfor the measure-
mert arein place. Howewer, to make a measurementhat improvesupon the Run |
massmeasuremet) a considerableamourt of ne-tuning still needsto be done. Sudt
re nements include nding the optimal value for h or going to a variable h value

and nding the optimal binning for the evert weights. Other methods of tting the
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minimum of the InL vs m; distributions should also be examined.

A critical needfor an improved massanalysisis higher badkground statistics. Sta-
tistical uctuations in the current low statistics samplescould leadto the badkground
ewvert weight distributions not being modeledcorrectly. Ideally, the badkground sam-
ples would have similar statistics to the signal samplesafter all cuts. To adcieve
this, the samplesizeswould have to be increasedby a factor of 15 (WWjj) to 100
(Zjj massl). Sincethis is unreasonableto do using full detector simulation and
reconstruction, fast Monte Carlo like PMCS is needed[76].

As a further re nement, higher order e ects sud asISR and FSR should also be
explored. To study the e ect of extra jets in the evert, ISR-only and FSR-only Monte
Carlo samplesmust be generated,as well as sampleswith both ISR and FSR turned
0.

Finally, systematice ects needto be examined. Studiesthat needto be conducted
include determiningthe dependenceof the top masson the jet energyscale,EM energy
scale,and detectorresolutions. The e ect of usingdi erent tting methodsalsoneeds
to be explored.

In addition, another version of the likelihood is under study. This likelihood
comparesthe data and template events evert-by-evert in order to obtain maximal
useof the information. This approad is much closerto what wasdonein Run I. For
this method, fs and f, change. Thesebecome:

1

0 :
Nmye (Mi) NG WK Wi (me))2

Nve(m) o (2 h)d;

fs(WKjmy) =

where Ny c(mt) is the number of tt Monte Carlo everts with massmy, ij is the

evert weigh of k" ensenble evert in the ] t bin, and Wji(mt) is the evert weight of
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ith signaltemplate ewert in the j 1" bin, and

0 . 1
1 Ns;zgurcehq Nn 1 v o (ij len)ZA
P=—g exp® ———F—";
" Nsourcep Ny oy iz (2 W)L 2h?
(7.24)

fpwk) =

where Ny, is the number of everts in the nth badground source,ly is the fractional
cortribution of the n'" badground source,and W™ is the evert weigtt of i badk-
ground template evert in the | " bin from the nth badkground source. This givesa

likelihood for the k" ensemble evert. The total likelihood is then:

Nevts
L = Ly (7.25)

where Neys is the total number of everts in the ensenble.

This method currerntly gives a slope of unity for parton-level, signal-only tests.
Howewer, a non-unitary slope is obsened for RECO-lewel signal-only tests. This
e ect is under study. The hope is that thesemethods can be usedto cross-tek the
massmeasuremenl The sameewert weight information is given to both likelihood
tters, but they nd the bestvaluefor the top massusingthat information in di erent

way’s.
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Figure 7.21: Averageensenble of candidate everts.
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Chapter 8

Conclusions

The rst measuremeh of the tt production crosssection at P s = 1:96 TeV in the
dielectron decg channel was performed using 243pb 1 of D Run Il data. The

crosssectionwas found to be
i = 149'% (stat) *333 (syst)  1:0 (lumi) pb:

This is in agreemeh with the predicted crosssection calculated at NNLO+NNLL,
whichis =80 0:6 0:1pb for atop quark with m; = 175GeV. The combined
dilepton crosssectionis in very good agreemeh with the theory. Hence,theseresults
shav no discernibledeviation from the Standard Model.

Future measuremets of the crosssectionin the dielectronchannelwill bene t from
considerablymoreintegrated luminosity, leadingto a smaller statistical error. Monte
Carlo sampleswith higher statistics are alsobeing generatedin order to decreasehe
uncertainty on the badkground estimation. In addition, asthe jet energyscale,the
electron energy scale,the detector resolutions,and the luminosity measuremen are
ne-tuned, the systematicerrorswill cortinue to decrease.

A rst passat a measuremen of the top massin the dielectron channel using

the neutrino weighting method was also preseted. The measuredvalue of the top
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mass,mt = 1673 235 GeV, agreeswith previoustop massmeasuremets within
error; howevwer, it doesnot yet shav an improvemern over the measuredtop massin
the dielectron channel from Run I. This measuremeh demonstratesthat the tools
for making a massmeasuremenare in place. Howeer, further re nements and ne-
tuning, aswell asmore badkground Monte Carlo samples,are still necessarnpbeforea

competitive massmeasuremen can be made.
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App endix A

Grid Search Results

Continued on Next Page...
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P—Sg——B S=B| My | p® p. | Br (Gev) |Br Gev) | S | g
(GeV) | (GeV) | (GeV) | (< Mz) | (>Mgz)
0.892 | 1.98 | 70-110| 15 | 20 35 30 |0.15|6.8%
0.916 | 1.72| 70-110| 15 | 20 40 25 | 0.15| 6.8%
0.903 | 1.72| 70-110| 15 | 20 40 35 { |7.0%
0.904 | 1.81| 70-110| 15 | 20 40 40 { 16.9%
0.887 | 1.70 | 75-105| 15 | 20 35 25 | 0.20| 7.3%
0.906 | 1.76 | 75-105| 15 | 20 35 25 | 0.23|6.9%
0.848 | 1.89 | 75-105| 15 | 20 35 30 | 0.15|7.7%
0.855 | 1.98 | 75-105| 15 | 20 35 30 | 0.17|7.4%
0.857 | 2.27| 75-105| 15 | 20 35 30 |0.20]7.1%
0.838 | 2.26 | 75-105| 15 | 20 35 35 | 0.15|7.4%
0.849 | 2.28 | 75-105| 15 | 20 35 35 |0.17|7.2%
0.850 | 2.71| 75-105| 15 | 20 35 35 | 0.20|6.8%
0.900 | 1.73| 75-105| 15 | 20 40 25 | 0.20| 7.0%
0.853 | 2.02| 75-105| 15 | 20 40 30 |0.15|7.4%
0.864 | 2.07 | 75-105| 15 | 20 40 30 | 0.17|7.2%




Psg—B S=B| Mz | p¢ B | B (GeV) |Br GeV) | S | sig
(GeV) | (GeV) | (GeV) | (< Mz) | (>Mz)
0.868 | 2.35| 75-105| 15 | 20 40 30 |0.20|6.8%
0.840 | 1.84| 75-105| 15 | 20 40 35 { | 7.9%
0.842 | 2.47 | 75-105| 15 | 20 40 35 | 0.15|7.2%
0.857 | 2.43| 75-105| 15 | 20 40 35 | 0.17|6.9%
0.841 | 1.94| 75-105| 15 | 20 40 40 { | 7.7%
0.841 | 2.69| 75-105| 15 | 20 40 40 | 0.15|7.0%
0.896 | 1.85| 75-105| 20 | 20 35 35 { |6.9%
0.873 | 1.72| 80-100| 15 | 20 35 30 | 0.23]7.5%
0.888 | 1.75| 80-100| 15 | 20 35 30 | 025|7.2%
0.820 | 1.82| 80-100| 15 | 20 35 35 | 0.15|8.3%
0.833 | 1.82| 80-100| 15 | 20 35 35 |0.17]8.1%
0.840 | 2.01| 80-100| 15 | 20 35 35 | 0.20|7.7%
0.853 | 2.18| 80-100| 15 | 20 35 35 | 0.23]7.2%
0.867 | 2.25| 80-100| 15 | 20 35 35 | 0.25|6.9%
0.880 | 1.80| 80-100| 15 | 20 40 30 | 023|7.3%
0.895 | 1.84 | 80-100| 15 | 20 40 30 | 0.25|7.0%
0.823 | 1.98| 80-100| 15 | 20 40 35 | 0.15|8.0%
0.839 | 1.94| 80-100| 15 | 20 40 35 | 0.17|7.8%
0.848 | 2.13| 80-100| 15 | 20 40 35 | 0.20]7.4%
0.858 | 2.34| 80-100| 15 | 20 40 35 | 0.23|7.0%
0.815 | 1.71| 80-100| 15 | 20 40 40 { |8.6%
0.821 | 2.15| 80-100| 15 | 20 40 40 | 0.15]7.8%
0.837 | 2.10| 80-100| 15 | 20 40 40 | 0.17]7.6%
0.848 | 2.26 | 80-100| 15 | 20 40 40 | 0.20|7.2%

Continued on Next Page...
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SIB |s=B| Mz | p¢ B | B (GeV) |Br GeV) | S | sig
(GeV) | (GeV) | (GeV) | (< Mz) | (>Mz)

0.857 | 2.52| 80-100| 15 | 20 40 40 | 0.23|6.9%

0.881 | 1.84| 80-100| 20 | 20 35 35 | 0.15|7.2%

0.897 | 1.80| 80-100| 20 | 20 35 35 | 0.17]7.0%

0.883 | 2.00| 80-100| 20 | 20 40 35 | 0.15|6.9%

0.878 | 1.74 | 80-100| 20 | 20 40 40 { | 7.4%

Table A.1: Dielectron kinematic cut optimization based

on MC.
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App endix B

Candidate Events

The kinematicsof the v e dielectron candidateewerts arelisted in TablesB.1 to B.5.
Corresponding evert displays are shovn in Figures B.1 to B.5., In the displays, red
represets energy deposited in the EM part of the calorimeter; blue is energyin
the hadronic part of the calorimeter; and yellow is Et. The ewent displays show

uncorrected, RECO-lewel information.

Object pt (GeV)

elel 55.5 -0.04 1.93
ele2 19.9 0.45 3.50
jetl 106.9 -0.37 3.03
jet2 39.4 1.11 5.98

Et (GeV) 110.5
Mee (GeV) 49.8
Sphericity 0.27

Table B.1: Kinematics for evert 121971122n run 166779.
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Object pr (GeV)

elel 67.4 0.11 1.73
ele2 58.7 1.03 5.52
jetl 84.1 0.51 2.71
jet2 33.0 -50 4.37

Bt (GeV) 43.9
Mee (GeV) 133.5
Sphericity 0.68

Table B.2: Kinematics for evert 3869716n run 177681.

Object pt (GeV)

elel 61.8 -0.19 5.04
ele2 18.0 -0.24 3.68
jetl 83.9 0.96 0.42
jet2 20.2 -2.17 1.73

ET (GeV) 79.7
Mee (GeV) 42.1
Sphericity 0.39

Table B.3: Kinematics for evert 26229014n run 178152.

Object pt (GeV)

elel 97.6 0.29 1.42
ele2 19.2 -0.17 0.75
jetl 133.8 1.11 5.60
jet2 51.7 0.64 3.81

Bt (GeV) 98.7
Mee (GEV) 34.3
Sphericity 0.32

Table B.4: Kinematics for evert 13511001in run 178177.
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Object pr (GeV)

elel 1045 -1.16 2.23
ele2 427  -0.91 4.43
jetl 852  -1.34 561
jet2 69.4  -0.27 1.76
jet3 27.8  -1.46 1.00
jetd 23.0 0.10 5.70
jets 16.2  -0.84 6.27

Et (GeV) 75.1
Mee (GeV) 120.3
Sphericity 0.49

Table B.5: Kinematics for evert 14448436n run 180326.
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Figure B.1: Run 166779Event 121971122:RZ view (upper right), XY view (upper
left), Legoview (lower).
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Figure B.2: Run 177681Event 13869716:RZ view (upper right), XY view (upper
left), Legoview (lower).
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Figure B.3: Run 178152Event 26229014:RZ view (upper right), XY view (upper
left), Legoview (lower).
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Figure B.4: Run 178177Event 13511001:RZ view (upper right), XY view (upper
left), Legoview (lower).
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Figure B.5: Run 180326Event 14448436:RZ view (upper right), XY view (upper
left), Legoview (lower).
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