1CHAPTER 1 INTRODUCTION’The number of different forms ofatoms is finite.’Lucretius,

De Rerum Natura.High energy physics is the science which seeks to understand the worldat its most fundamental level. As such, it is a manifestation of one of themost basic impulses of human behavior. One particular aspect of thisbehavior is that the worldviews of different peoples can be quite disparategiven the same basic experience, and, in addition, these ’models’ arehistorically derived. Before proceeding to the physics collectively known asthe ’top quark’, and because it relates directly to science in this field, it will behelpful to elaborate on this behavior.1. WorldviewsRegardless of where or how people have lived, they have pondered theessence of their world. In order to prosper they have looked to their environswith a discriminating eye in search of patterns. For human cultures, theprocess of understanding the world is a gradual one in which views aredeveloped, then retained or replaced with new ones according to their utility.The worldview arising from this process can be quite different for differentcultures and the ’understanding’ that this gives them will influence theirsubsequent thought about the world.

2An example of a case where a culture’s worldview is strongly affectedby the historical consequence of their previous experience can be found in thesociety of ancient Greece. It has been noted that, in contrast to many of theworld’s cultures, the Greek religious outlook had attained the quality that thegods in their religion ceased to serve the role of upholding and explaining theworld1. Partly as a reaction to this, a trait of one prominent strain of Greekthought was to denigrate the divine as a source of explanation of the world’sevents2. Instead, some turned to everyday phenomena and a rationalisticapproach. This emphasis inevitably led to attempts to understand the worldat its most basic level in materialistic terms. One tenet which arose from thiseffort was ’atomism’ (Gr. atomos = indivisible; a- = not + temnein = to cut),the concept that all material in the world is comprised of tiny unbreakableparticles. As the Roman Lucretius has it, this conclusion rests on thefundamental changelessness of animate and inanimate species, as well as theobvious longevity of individual objects in retaining their nature3.This process of worldview building can give rise to dramaticallydifferent models. A striking example of this is found with the Hopi of theAmerican Southwest. Unlike the Greeks and Romans (and ourselves),whose Indo-European languages elevate noun concepts to preeminence intheir metaphysical outlook, the worldview of the Hopi is mostly contained inverbs4. In addition to this, an important basic physical concept in Westernculture is dealt with quite differently within their language. There is noreference to time in the language, no concept of things flowing continuouslyfrom past through present into the future. For the Hopi, verbs are dividedinto two main groups: those in which an event has become ’part of therecord’, and those events which are ’unmanifest’(4). The first class includesour events of the past and physical present. The second class includes our

3future as well as the mental and emotional realm of experience.Within the field of classical physics, we can also see systems of thoughtwhich carry perspectives which shape further scientific inquiry. As part of theeffort to sever the connection between divine and mundane which continuesfrom the ancient Greeks, determinism has been used in combination with theconcepts of particles and forces to form a mechanistic view of nature. Byfurther removing a supernatural role in the ongoing evolution of the world,this view has profoundly affected our worldviews even to this day.As another example, in the contemporary scientific view oneencounters a linguistic limitation in our debate on waves and particles. Onthe one hand, the particle paradigm follows from the atomic hypothesis -- theparticle being the ’tiny part’ making up macroscopic bodies we see. On theother hand, waves connote implicitly the periodic, extended, travelling waveson water. The observation of both aspects in light presents difficulty sincethey are seemingly conflicting ideas. In contrast, one who speaks a markedlydifferent language (ie. has a very different worldview) may not have thislimitation. In terms of conceptual tools, for instance, it has been suggestedthat the Hopi may be better able to understand this apparent dichotomy4.2. Advent of Modern PhysicsBy the late 19th Century, the world was viewed as being composed offundamental, massive atoms in approximately 100 elemental types. Thesewere thought to interact with each other deterministically via two forces:gravity and electromagnetism. Some physicists were claiming that all thatremained was to measure the world to more decimal places. In the last 100years a profound transformation has occurred in our fundamentalunderstanding of the world and little of these views remain today.

4The structurelessness of the atom was first refuted by Rutherford in1911 when he used a and b particles to study the atomic structure of goldatoms. The low mass b particles passed through atoms almost unimpairedwhich indicated that atoms were mostly empty. The more massive aparticles were occasionally deflected with large scattering angles. This led tothe understanding that atoms, approximately 10-10m in size, were mostlycomposed of a nucleus 10-15m in diameter. Later, this nucleus was itselffound to be composed of still smaller parts called protons and neutrons.The advent of quantum mechanics early this century brought a’paradigm shift’5 which our language still has difficulty accommodating. Inorder to account for the basic stability of matter, physics has relinquished astrictly deterministic view. This condition manifests itself through afundamental limitation in our ability to measure events by the uncertaintyprinciple

D p D x ‡ h

2

. The resultant frustration arising from this situation isperhaps best indicated by Einstein’s famous dictum ’God does not throw dice.’Additionally, the paradigm of quantum mechanics calls the very idea of aparticle into question, and we are left with indeterminate fluctuations of massfields out of a vacuum.3. High Energy PhysicsIn time, the fundamentalness of protons and neutrons wasundermined by several measurements which ultimately led to discussion ofyet another level of structure. Ongoing experiments found a proliferation ofhadronic states which possessed many patterns in terms of their quantumnumbers. This led to the SU(3) flavor model6 in 1964 in which these particleswere anticipated to be composed of still smaller particles called ’quarks’.Another observation in favor of hadron substructure came from experiments

5performed at SLAC in the 1960’s in which electrons were collided withnucleons. The large momentum transfer interactions that occurred weremore frequent than anticipated and this led to the view that there werelocalized scattering centers within the nucleon a la Rutherford. Thisprogression from atom to nucleus to nucleon/hadron to quark may have noend. In fact a major effort at the Dfl experiment at Fermilab is to probe forquark substructure by looking for an excess of very high energy jets at wideangles with respect to the collision axis.The current picture we have of the fundamental behavior of matterthus involves a small number of particles (quarks, leptons, guage bosons)interacting via four forces (strong, electromagnetic, weak, gravity). Two ofthese interactions have been unified into the electroweak theory of Salamand Weinberg. This theoretical framework has had some remarkablesuccesses in the last 30 years and provides strong indirect motivation for theexistence of an additional fundamental particle -- the top quark. In fact, thecase for the top quark is so strong and the successes of the model are soprofound that some would consider top found even before the experimentalobservation which came in 1995, of which the analysis in this thesis is a part.However, the theory requires several parameters as input from experiment,and the experimental discovery of the top quark is in fact a crucial test of themodel.4. Thesis Scope and OrganizationBecause the existence of the top quark is such an incisive test of theelectroweak model, we have conducted a search for evidence of its productionat the Fermilab Tevatron using the Dfl detector. In this thesis we will reviewthe so-called ’Minimal Standard Model’ of high energy physics and those of

6its aspects which indicate the existence of the top quark (Chapter II). We willdescribe the subsequent experimental evidence and limits for a high mass topsearch. A description of the expected production and decay mechanisms andtheir implications for this search concludes this section.Next, the subsystems of the Dfl detector relevant to this analysis arediscussed in detail along with supporting information about the FermilabAccelerator. Calorimetry is emphasized because it dictates the nature of oursearch. Following this in Chapter 4 is a discussion of the integrity of the dataselected in triggering and streaming, and various issues related to the datareconstruction and particle identification. Chapter 5 provides explanations ofvarious calorimeter corrections for the effects of the Main Ring.In an experiment such as Dfl, the detector is a complex assembly ofmany disparate components. The ability to make significant measurementsof physical processes of interest relies on our ability to understand the boththe physics of the detector, and that of the processes we ultimately wish tostudy. As a result, considerable time will be spent in Chapter 6 describing thedetermination of the jet energy scale using direct photon events. Then theevent selection for the dielectron top search is presented in Chapter 7 alongwith an itemization of the signal and background for our chosen cuts.Chapter 8 summarizes the results of this search as well as some thoughts forthe future.

7CHAPTER 2 EXPERIMENTAL AND THEORETICAL MOTIVATION’What is swifter than the wind?Thought.What is sharper than the sword?Understanding.’Irish Anon., 5th century1. Local Gauge Theories of Fundamental InteractionsThe formalism used to describe interactions between fermions (spin1/2 particles) is that of ’local gauge’ theories. In such theories, one requiresthat an interaction be unchanged under a phase or ’gauge’ transformation,even if that transformation is position-dependent (ie. ’local gaugeinvariance’). The general requirement of gauge invariance results inconservation of some property such as charge in electromagnetism. Makingthis a local gauge invariance necessitates the inclusion of an interactioncarried by massless gauge bosons (spin 1 particles), and it restricts the form ofthe coupling between these bosons and matter. If the model is ’non-Abelian’,then the gauge bosons can interact with one another.a. Electroweak InteractionsOne such theory is the Salam-Weinberg S U ( 2 ) x U ( 1 ) theory ofelectroweak interactions which represents a unification of electromagnetismand the weak nuclear interaction. Electroweak interactions are mediated by

8four gauge bosons: the W– which mediate charge changing weak currents forleft-handed fermions, and the Z/g which propagate the neutral current. Theunification is achieved through a process in which a symmetry in thetheory’s Lagrangian is broken in the ground state of the system. This isaccomplished by the introduction of a spin 0 Higgs SU(2) doublet in themodel. This symmetry breaking gives mass to the SU(2) vector bosons, Wa(a=1,2,3), and to the U(1) boson, B, which are rewritten in terms of physicalstates as

W

–

= ( W

1

m iW

2

) / 2

Z = W

3 cos q w - B sin q w g = W

3 sin q w + B cos q w

Eq. 2.1.The properties of the observed states are given in Table 2.1 where Q denotesthe electric charge of the particle and C denotes the color charge (discussed innext subsection). Note that the photon mass has been measured to be verytiny at most and is assumed to be zero. As a result, the electroweak modelhad to be constructed in a way that one neutral linear combination inEquation 2.1 remains massless. Unlike the W but like the g, the Z couples toright-handed fermions due to mixing with B.The unification of electromagnetism and the weak interaction isincomplete depending on one’s perspective. There are still two fundamentalcoupling constants with different strengths in the theory. However, there isunification in the sense that the two interactions are two specific mixtures ofthese two coupling constants and are therefore inextricably linked by thetheory. One triumph of the electroweak model, in fact, rests with the near-equality of these parameters when the observable strengths of theelectromagnetic and weak forces are several orders of magnitude different.The main reason for this difference is now understood to be the result of the

9enormous masses of the W and Z gauge bosons.Table 2.1. Mass and charge of fundamental bosons of the electroweak andstrong interactions.bosonmassQ g< 4.5 x 10-16 eV/c20

W80.33 – 0.15 GeV/c2–1

Z91.118 – 0.022 GeV/c20 g00b. Strong Color InteractionsFor strong interactions, the currently accepted model is the non-Abelian SU(3) theory of color interactions, quantum chromodynamics (QCD).This interaction is mediated by eight massless gauge bosons called ’gluons’.Because they carry color they can interact with one another and change thecolor of quarks they interact with. One characteristic of this interaction is’confinement’ in which the potential energy between colored objects(partons) increases with their distance from one another. Thus infiniteenergy is required to separate them. A complimentary feature of the theory is’asymptotic freedom’ in which the strength of the interaction decreases as theenergy of the collision increases.One feature of the strong interaction as predicted by QCD is the ’colorcoherence’ process. In the model, the coherent nature of gluon radiationresults in regions where the final state particle density is enhanced ordepleted. This phenomenon can be modeled in such a way that radiationfrom a parent parton proceeds at smaller and smaller angles with respect tothat parton as the process evolves. This approximation is referred to as’angular ordering’ of the gluon radiation and is valid at leading order in Nc,the number of colors. It has a significant effect on the evolution of jets in

1 0 high energy events.One of the central difficulties of QCD is the magnitude of the strongcoupling constant which precludes perturbative calculations at low energy.This has significantly limited our understanding of the evolution of coloredsystems. For instance, because of the confinement property of the stronginteraction, no colored objects can be observed in the final state. This isbelieved to cause color fields to ’fragment’ into hadrons as two partons recedefrom each other. As the potential energy increases between them,

q q

pairsare pulled out of the vacuum producing a ’jet’ of colorless hadrons. Thisprocess is not calculable with perturbative QCD so that one must employ oneof the prevailing phenomenological descriptions of the process.

quarkquarkgluonqq

Figure 2.1: Schematic of evolution of a three jet event according to Field-Feynman independent fragmentation.In the Field-Feynman model7, the efforts of strong interactions toreorder colored partons into colorless hadrons are treated as being local to aparticular parton. This is motivated by the consideration that the parton ismoving rapidly away from other partons in the event. This results in afragmentation which proceeds independently of these other partons. If we

1 1 consider a quark, at some point along its motion a

q q

pair will appear out ofthe vacuum leaving the initial quark with some reduced momentum. Thisbranching iterates until the quark’s momentum passes below a chosen cutoffas shown in Figure 2.1. The rate of production of different types of hadrons ina jet is dictated by the flavor content of the hadron. Those with strangequarks, for instance, are less frequent due to the higher mass of s relative to uand d.The cluster fragmentation8 considers mostly just phase space issues.Here, gluons calculated perturbatively are split into

q q

pairs. To neutralizecolor, these quarks are ordered into colorless clusters which are then eitherdecayed into lower mass clusters or hadrons themselves.

quarkquarkgluonqq

Figure 2.2: Schematic of evolution of three jet event according to Lund stringfragmentation. Note lack of activity opposite the gluon jet.In the string fragmentation model9, two colored partons can beconnected to each other via a narrow tube or ’string’ of force lines. The twoparticles oscillate on this string until a

q q

is created along the string. Thenew particles cut the string and terminate its ends such that there are now

1 2 two strings. The quarks at the ends of these new strings also oscillate andtheir string can likewise break. This process continues until the invariantmass is small at which point we have a hadron. One aspect of this model isthe expectation of significant energy along lines of color connection in anevent, and a deficit of energy where there are no color connections, such asshown in Figure 2.2.2. Fermion Structure of the TheoryIt is currently believed that all matter is made of fundamental fermionmass fields of two general types: leptons and quarks. These have been foundto be point-like on a scale of 10-18 m. Only the quarks interact via the strongforce. They are grouped into weak isospin doublets which have severalobservable effects. In the quark sector of the theory, it has been observed thatthe electroweak eigenstates are a mixture of the mass eigenstates. Also, thereare no flavor changing neutral currents for any interactions. We nowenumerate these properties.a. Quark Mixing and Weak IsospinThe flavor SU(3) model reduced all baryons and mesons to particularcombinations of u and d quarks forming an isospin doublet, an s q u a r k forming a singlet, and their antiparticles. Because the weak charged currentcouples particular left-handed fermion states, we should only observe chargecurrents between d and u weak eigenstates. Since the transition K+

fi

m +noccurs, we know a weak current also couples s and u. In the most generalsituation, there is no reason for the weak and mass eigenstates to be the sameand there will then be some transformation between them. Because the weakinteraction is non-Abelian, there is only one coupling constant and thetransformation matrix must be unitary. Quantum mechanical considerations

1 3 further specify that the weak states will be linear superpositions of the massstates. Therefore, we can describe these interactions by one additionalparameter, the Cabibbo angle or qc, such that

¢ d

¢ s

�

Ł

�

�

ł

�

= cos q

c sin q

c

- sin q

c cos q

c

�

Ł

�

�

ł

� d

s

�

Ł

�

�

ł

�

= U

C d

s

�

Ł

�

�

ł

�

.We then expect a neutral current of the form

nc

¢ J = ( u ¢ d ) g m

( 1 - g

5

) ( u ¢ d )

= g ( u g m

( 1 - g

5

) u + d g m

( 1 - g

5

) d cos

2

q

c

+ s g m

( 1 - g

5

) s sin

2

q

c

+ ( d g m

( 1 - g

5

) s + s g m

( 1 - g

5

) d ) cos q

c sin q

c

)

This neutral current, which allows transitions from s-d and is not balanced inu-u, d-d, or s-s currents, is not supported by experiment. A mechanism10 wasproposed in 1970 to overcome this discrepancy by suggesting a weak isospinpartner to the strange quark, called charm, giving a current of the form

nc

¢ ¢ J = ( c ¢ s ) g m

( 1 - g

5

) ( c ¢ s )

= g ( c g m

( 1 - g

5

) c + d g m

( 1 - g

5

) d sin

2

q

c

+ s g m

( 1 - g

5

) s cos

2

q

c

- ( d g m

( 1 - g

5

) s + s g m

( 1 - g

5

) d ) cos q

c sin q

c

)

.This cancels the flavor changing terms and gives a total neutral current of theform

nc J =

nc ¢ J

+

nc ¢ ¢ J

= g ( u g m

( 1 - g

5

) u + c g m

( 1 - g

5

) c

+ d g m

( 1 - g

5

) d + s g m

( 1 - g

5

) s )

which is also balanced in the different flavors. The charged current in thissituation is then,

J

cc

= u c ( ) g m

1 - g

5

( ) U

C d

s

�

Ł

�

�

ł

�

This model is able to account for the measured charged and neutral

1 4 current processes although qc is not predicted by the theory and must bedetermined experimentally. Narrow dilepton resonances were observed at3.1 GeV/c2 in November, 1974 at the SLAC e+e- collider11 and also at theBrookhaven AGS using 28 GeV protons on a Be target12. These states wereeventually interpreted as

c c

bound states.b. GenerationsIn the theory, fermions interact with one another via exchange ofgauge bosons. The fermions are grouped into quark and lepton weak isospindoublets when left-handed, while right-handed fermions are singlets whichdo not participate in the weak interaction charged current. The families offermions are grouped into generations as indicated in Table 2.2. Limited bybaryon number conservation and the conservation of electron, muon and taunumber, only the first, lowest mass, generation is composed of stable particles.The number of generations is not constrained by the electroweaktheory. Varied experimental evidence, however, points to the existence ofthree generations of fermions. Data from e+e- collisions at LEP and SLACwill only allow a fourth generation if the neutrino mass is > 30 GeV/c2 forthat generation. The central value for the number of light neutrinos fromLEP measurements is 2.991 – 0.01513, which is strong evidence for threegenerations.Components of the third generation were first seen twenty years agobeginning with the discovery of the tau lepton in 197514. At FNAL in 1977,narrow meson resonances were produced in 400 GeV proton-nucleuscollisions in the mass range 9.5 - 10.5 GeV/c215. This family was given thename U (’upsilon’) and is composed of a new b-quark, called beauty orbottom, and its antiquark. The properties of all fundamental fermions are

1 5 given in Table 2.2 including the third component of the weak isospin, t3L,R,for the the left and right-handed fermions.Table 2.2. Weak isospin and charge of fundamental fermions. The right-handed fermions are weak isospin singlets.fermiont3Lt3RQ ni = ne, nm, nt1/2---0 li = e, m, t-1/20-1 qi = d, s, b-1/20-1/3 q’i = u, c, t1/20+2/3 c. Kobayashi-Maskawa Matrix:Although the existence of the third generation of fundamentalfermions was unknown at the time, Kobayashi and Maskawa generalized theCabibbo matrix by adding a third quark generation. In general, there can bemixing of the u-type quarks into u’-type quarks as well as mixing of d-typequarks into d’-type quarks. The generalized charged current interactions canbe written,

J

cc

= u c t ( ) g m

1 - g

5

( ) U

KM d

s

b

�

Ł

�

�

�

ł

�

�

where the Kobayashi-Maskawa matrix, UKM, is the product of the mixingmatrices for the u-type and d-type quarks. This matrix is required to be aunitary 3x3 matrix with three mixing angles and one nontrivial complexphase. It can be expressed by the various quark coupling probabilities

1 6 U

KM

=

U ud

U us

U ub

U cd

U cs

U cb

U td

U ts

U tb

�

Ł

�

�

� ł

�

�

@

1 -

1

2

l

2 l A l

3

( r - i h )

- l 1 -

1

2

l

2

- iA

2 l

4 h A l

2

A l

3

( 1 - r - i h ) - A l

2

1

�

Ł

�

�

�

� ł

�

�

�

=

0 . 975 * 0 . 22 * 0 . 01 *

0 . 22 * 0 . 974 * 0 . 04 *

0 . 01 0 . 04 0 . 999

�

Ł

�

�

� ł

�

�

where the second part is the parametrization of Wolfenstein16. The thirdexpression gives the approximate numerical values of each matrix elementwith an * indicating which ones have been experimentally measured.Unitarity is assumed to estimate the as yet unmeasured elements.Interestingly, the complex phase allows a potential venue for CPviolation to enter the theory via the third generation. Since Hamiltonianswith complex numbers violate time reversal invariance, we can get CPviolation because quantum field theories are assumed to be CPT invariant.The experimental observation of CP violation in the K meson system1 7 might then have been the first indication of a third generation. We do notknow, however, if this transformation is actually the source of CP violationbecause we cannot calculate the matrix a priori from the electroweak theory.3. Arguments Favoring a Top QuarkThe top quark is expected within the standard model on three grounds.First, chiral anomalies in theoretical calculations suggest that there is anothercolored fermion which will complete the third generation. Second, flavorchanging neutral current interactions do not occur suggesting that, like charmfor the strange quark, there is a weak isospin partner to bottom. Third, theweak isospin of the b-quark has been measured to be -1/2 which implies theexistence of a partner which is by definition the top quark.

1 7 a. Chiral Anomalies:We can look within the theory to see that it favors completegenerations. Ultimately without a top quark we run into ’chiral anomalies’.One of the requirements of the theory, like renormalizability, is that it nothave anomalies. An anomaly arises when an invariance of the classicalLagrangian is not upheld in the quantum corrections18. Considering loopdiagrams of a fermion coupling to vector and axial vector currents, for theSalam-Weinberg model to be anomaly free requires that the net charge ineach generation must be 0. Since the charged tau leptons give -1, the tauneutrino gives 0, and the b-quark in three colors give -1, we need a top quarkin three colors (= +2/3 x 3 = +2) to complete the generation. Also, this tells usthat the existence of the t alone motivates a search for the quarks since thisrequirement of no anomalies means the number of lepton generationsshould equal the number of quark generations.b. Flavor Changing Neutral Currents:The strongest indirect evidence for the top quark has come frommeasurements of hadrons with b content. As in the two generation case, thepresence of the b-quark as a weak isospin singlet would allow flavor-changingneutral current interactions such as b

fi

d or b

fi

s. As a result, the processesb

fi

s sl+l-and b

fi

s cln should occur19 such that

BR ( b fi sl

+

l

-

)

BR ( b fi cl n )

‡ 0 . 12

.If we invoke lepton universality, however, the experimental limit on theinclusive semileptonic decay of B mesons20:

BR ( B fi m

+

m

-

X )

BR ( B fi m n X )

< 5 · 10

- 4

.

1 8 This is several orders of magnitude lower, suggesting that b is not a weakisosinglet.c.

B o

- B o

Mixing bddbu,c,tu,c,t WW bssbu,c,tu,c,t

Figure 2.3: Box diagrams leading to mixing of neutral B mesons.The charged current allows box diagrams to contribute processes withlarge changes in flavor content, such that particles can transform into theirantiparticles. One of these processes,

B o

- B o

mixing, allows us to discern thestrength of the U td and U ts matrix elements. The processes are shown inFigure 2.3. The level of measured mixing21,22 suggests that Utd and Uts arenon-zero, although there are non-standard explanations for the observedrate23.d. Weak Isospin of the b-quark:The above issues are suggestive of the top quark but are not conclusivebecause one can manipulate the parameters such that the b-quark is in a weakisospin singlet as in the model of E. Ma24. A measurement of the weakisospin of the b-quark partially addresses this limitation. One method tomeasure the b-quark isospin is from the charge asymmetry for the process

e

+

e

-

fi b b

. This is because the process occurs through both Z and gchannels and the Z contribution gives an asymmetric charge distributionrelative to the plane perpendicular to the incoming e+ e- beams. Thisasymmetry is a function of the coupling between the b-quark and the Z whichtheoretically is

� t

3 L b

+

1

3 sin

2

q

w

. This asymmetry has been measured

1 9 experimentally25 and, given the current measured value of

sin

2 q w

, thisindicates that t3b = - 1/2 which necessitates the existence of a weak isospinpartner with t3b = + 1/2. A measurement of G(Z -> bb) also depends on thecoupling strength of b to the Z boson, and may therefore be useful to measurethe weak isospin of the b-quark. The width has been measured to be 378MeV26 which again suggests from measurement that t3b = - 1/2. It should benoted that this evidence, being defined essentially by the theoretical modelwhich currently holds sway, is confined to that model. The measurements inboth cases require significant theoretical edifice to extract a value of the weakisospin. Also, one should note that the model of Ma is able to reproduce thecharge asymmetry measurement and is only refuted by the measurement ofthe absolute width of the Z to

b b

or

t + t -

.4. Previous Experimental Constraints:Having seen that a search for top is strongly motivated in theelectroweak model, we now turn to some experimental contraints.a. Mass Limits: If we only consider standard model processes then measurements ofMW and MZ provide an upper mass limit of mtop < 211 GeV/c2 at the 95%c.l.27. Fits using all electroweak data from LEP,

p p

, and sin2qw from nNscattering give a mass estimate of

178 GeV / c

2

– 11 GeV / c

2

- 11 GeV / c

2

+ 18 GeV / c

2

28.Unfortunately, these theoretical estimates have had a strong tendency overthe last 15 years to migrate upward as lower masses were experimentallyruled out.b. Direct Searches:The direct search for top has proceeded for several years and the

2 0 experimental lower mass limit at the outset of this dissertation experimentwas mtop > 91GeV/c2 at the 95% c.l.29. This mass limit comes from assumingthat |Utb| = 1.0. A more general limit comes from searches in e+e- collisionswhich gives mtop > 46 GeV/c2 independent of decay modes30.31 In hadroncolliders, the width of the W allows a higher model-independent limit of 62GeV/c232.5. Hadroproduction and Evolution of

t t

States:It would appear then that we expect top to be in the mass range 90GeV/c2 to 210 GeV/c2. Our next consideration should then be how top isproduced in high energy proton-antiproton collisions.a. ProductionThe top quark is expected to be produced mostly via

p p fi t t + X

33 atcenter-of-momentum energies of 1.8 TeV (see Figure 2.4).

ttW+bbW-protonantiproton

jetjetffff1234Figure 2.4: Scheme of evolution of t t system. The final state fermions, fi, canbe either leptons or quarks.In the frame in which the proton and antiproton are rapidly moving, the

2 1 hard interaction between constituent partons is fast relative to the time forpartons to interact. As a result, we can factorize the above process into aparton collision weighted by parton distribution functions or structurefunctions, Fi(x), which give the momentum fraction x carried by parton irelative to the parent hadron. If we know these structure functions, whichare experimentally determined, we can calculate the top cross section as

s ( p

1 p

2 fi t t + X ) = dx

1 dx

2 �

i , j

�

· F

i

( x

1

, m ) F

j

( x

2

, m ) ^ s

ij

( x

1 x

2

S , m

2

, m

2

)

where the sum runs over gluons and all relevant light quarks in the collidingproton and antiproton, m is the QCD renormalization scale, and

^ s ij

is thecross section for partons i and j to interact. The calculation is performed inperturbative next-to-leading order QCD and the leading processes (O(as2)) arediagrammed in Figure 2.5.

q q

q q

t t ¢ q q

BR ( W fi e n e

)

t t t t

t t

p p

p

T s

p

T

p

T

p

T

~

1 p

T

4

p

T

p T

b b c c

t t p

T

E

T

/

v

E

T

p

T Z fi ee t t fi ee

p

T

/

v

E

T

/

v

E

T

/ E

T

p

T

p T

/

v

E T p T

/

v

E

T p

T

/

v

E

T c c b b

/

v

E

T

/

v

E

T

t t

p

T fi fi t t

t t

/

v

E

T

/

v

E

T

E

T

fi fifi

fi fi fi

/

E

T

cal

fi fi fi

E

T fi fi fi p

T

fi fi fi

t t

fi fi fi

fi fi fi

E T / E

T

E

T

p p

p

T

/ E

T

/ E

T

h = - ln ( tan (

q

2

) ) / E

T

e p

=

1

F

EM

+ ( 1 - F

EM

) R h

[ ]

F

EM

= a

0

ln ( E p

)

R p

– =

e p

[ ]

- 1

= a + b ln E p

– s

EM

= 0 . 003 + 0 . 13 E

+ 0 . 42 E

s had

= 0 . 04 + 0 . 48 E

+ 2 . 0 E

/ E

T

E

T / E

T /

E

T

/ E T

E

T

/ E

T

/ E

T

p p / E

T

E

T

E

T

E

T

E T / E

T

p

T

p

T

/

v

E

T

/

v

E

T E

T / E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T / E

T

/ E

T

/

v

E

T

f EM =

E i i = 1

4

�

E i i = 1

5

�

E

T

E

T p

T

f iso

=

E tot

( D R = 0 . 4 ) - E

EM

( D R = 0 . 2 )

E

EM

( D R = 0 . 2 )

E T E

T

iso

4

= E tot

( D R = 0 . 4 ) - E

EM

( D R = 0 . 2 )

E

T

c

2

c

2

= ( x i

- Æ x i

æ ) H ij ij

�

( x j

- Æ x j

æ )

H ij

- 1

= Æ ( x i

- Æ x i

æ ) ( x j

- Æ x j

æ ) æ c 2

S trunc

= E i i = 1

3

�

�

Ł

�

� ł

�

- max E

1

, E

2

, E

3

( )

( 3 TRD layers crossed )

=

3 k

2 N

E i i = 1

N

�

( 1 or 2 TRD layers crossed )

= 0 ( if any crossed layer has zero hit anodes )

e t

abc

=

S

abc d S

abc

S ' trunc

abc

¥

�

S

abc d S

abc

0

¥

�

s trk

CC

=

D f s

D f

( )

2

+

D z s

D z

( )

2 s trk

EC

=

D f s

D f

( )

2

+

D R s

D R

( )

2

L

N

=

f had

p had , N

+ ( 1 - f had

) p conv , N p ele , N

p x , N

p x , N

= p x , i i = 1

N

�

p x , N

M

Z

LEP

M

Z

D˘

e

PELC

CC

= e trk

CC

* e

PELC - ID

CC

= 0 . 728 – 0 . 016 e

PELC

EC

= e trk

EC

* e

PELC - ID

EC

= 0 . 544 – 0 . 021 e

PPHO

CC

= ( 1 - e trk

CC

) * e

PPHO - ID

CC

= 0 . 130 – 0 . 015 e

PPHO

EC

= ( 1 - e trk

EC

) * e

PPHO - ID

EC

= 0 . 105 – 0 . 016

/

v

E

T

fi E

T

/ E

T

f

EM

- f

CH

< - 0 . 5

/ E

T

/

E x

= - E i

cos f i

sin q i

;

/

E y

=

�

- E i

sin f i

sin q i

�

/ E

T

E

T

/ E

T

E

T

/ E

T / E

T

/

v

E

T

/

v

E

T

E

T / E

T

/ E

T

/

v

E

T /

v

E

T

/

v

E

T

/

v

E

T

E

T

E

T

E

T

E

T

/ E

T

/ E T

/ E

T / E

T

/ E

T

/ E

T / E

T

/ E

T

/ E

T

/ E

T

E

T

E

T

E

T

E

T

E

T

/ E

T

/ E

T

/ E

T

E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/

E

T

/ E

T / E

T

/ E x

/ E x

/ E y / E y / E

T

/ E

T

no - CH

/ E

T

/ E

T

no - CH

/ E

T

no - CH

/

E

T

no - CH

/

E

T

no - CH

/

E

T

no - CH

/

E

T

no - CH

/

E

T

no - CH

/ E

T

/

E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T / E

T

/ E

T

/ E

T

| |

/ E

T

| |

/ E

T

^

/ E

T

^

/

E

T

/

E

T

no - CH

/

E

T

no - CH

/ E

T

/

E

T

/ E

T

/ E T / E

T / E

T / E

T

| |

/ E

T

^

/ E

T

| |

/ E

T

^

/ E

T

^

/ E

T

| |

/ E

T

^

/ E

T

f

/ E

T

/ E

T

f

/ E

T

/ E

T

f

/ E

T

/ E

T

p

T

E ptcl

jet

E meas

jet

E ptcl

jet

E meas

jet

E ptcl

jet

E ptcl

jet

=

E meas

jet

- O

R ( 1 - S )

E

T

p p

U = O

MB

2 int

- O

MB

1 int

O

MB

i int

E

T N = O

MB

1 int

- U

E

T

E ptcl

jet

E

T

R j

= 0 . 3 R p

0

+ 0 . 7 R p

–

R j

= a + b ln E j

a = 0 . 3 + 0 . 7 R h

+ a

0

( R h

- 1 ) ln 6

( )

, b = 0 . 7 a

0

( 1 - R h

)

/

v

E

T

/

v

E

T

/

v

E

T

/ E

T

/

v

E

T

v

E

T

trigger

v

E

T

had

v

E

T

n

v

E

T

trigger

+

v

E

T

had

+

v

E

T

n

= 0

R

trigger

v

E

T

trigger

+ R

had

v

E

T

had

= -

v

/

E

T

/

E

T

v

E

T

n

E

T

n

v

E

T

trigger

= -

v

E

T

had

r = 1 +

/

v

E

T

• ^ n

T

trigger

E

T

trigger

^ n

T

trigger

/

v

E

T

v

E

T

had

/ E

T

E

T / E

T

s em

£ 0 . 3 E j

s em

E g

= 0 . 15 / E g s j

E j

= 0 . 80 / E j

E

T

E

T

E

T

E

T

E

T

E

T

v

E

T

E

T

E

T

E

T

E

T

E T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

Tmeas

jet

- E

Tptcl

jet

( )

E

Tptcl

jet

E

Tptcl

jet

E

T

- 2

E

T

- 5

E

T

E

T

E

Tmeas

jet

- E

Tptcl

jet

( )

E

Tptcl

jet

E

Tptcl

jet

E

T

- 2

E

T

- 5

E

T

E

T

E

T

E

T

¢

E = E

T

g cosh h jet

E ptcl

jet

E meas

jet

E meas

jet

E meas

jet

¢

E = E

T

g cosh h jet

E

T E

T

E

T

E T E

T / E

T

E

T

E

T

E

T

E

T E

T

/

E

T

E g T

< 2 . 0

fi

/ E

T

E

T

p

T

m

E

T

E

T

/

v

E

T

p

T

/

v

E

T

/

v

E

T

E

T

/

r

E

T

•

^ n g T

E g T E

T p

T

/

v

E T

W fi e n

W fi e n

W fi e n E

T

N = N total - 1 a

W

· ( L subset

/ L total - 1 a

) · e

= 9800 · ( 3 . 8 / 12 . 8 ) · 0 . 135

= 393 events

/

E

T

/ E

T g

/ E

T

/ E

T g

/ E

T

/ E

T g

E

T

D R = ( 393 5000 ) ( 0 . 85 - 0 . 1 ) = 0 . 060

D R = ( 0 . 15 0 . 85 ) ( 18 . 5 22 ) ( 393 5000 ) ( 0 . 85 - 0 . 1 ) = 0 . 009 / E

T

/ E

T g p

T

/ E

T

/

r

E

T

•

^ n g T

E g T

/

E

T

/ E

T g

/ E

T

/ E

T g /

E

T

/ E

T g

E

T

/

v

E

T

E

T

/ E

T

/ E

T g E

T

/ E

T

/ E

T g

/

v

E

T

E

T / E

T

/ E

T

/

r

E

T

• ^ n g T

E g T

/ E

T

/ E

T

E

T E

T

E

T E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E

T

E T R = 1 . 0 + exp ( a

0

+ a

1

* E

T

)

E

T

R = 1 . 0 + exp ( a

0

+ a

1

* E

T

)

E

T

E

T

E

T

E

T

E

T

E T

E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

E

T

E

T

E

T

/

v

E

T

E

T

a + b ln ( E )

c * ln ( E )

( )

2

/ E

T

E

T

E ptcl

jet

E meas

jet

Z fi ee

Z fi ee

E

T

E

T Z fi t t fi ee

Z fi t t fi ee p

T E

T

E

T

WW fi ee

WW fi ee

b b , c c fi ee

p

T p

T

p

T

p

T

E

T

/ E

T / E

T

/ E

T

E

T t t / E

T

/ E

T

M ee

/ E T M ee

/ E

T

E

T

E

T

p

T

E

T

E

T

E

T

E

T / E

T E

T

E

T

H

T

( 1 )

= E

T

e 1

+ E

T

j 1

H

T

( 2 )

= E

T

j 1

+ E

T

j 2

H

T

( 3 )

= E

T

e 1

+ E

T

j 1

+ E

T

j 2

E

T

e 1

E

T

E

T

j 1

E

T

j 2

E

T

/ E

T

E

T

H

T

( 3 )

t t

H

T

( 3 )

E

T

E

T

fi fi fi

t t fi E

T

t t

s

1

= S / B s

2

= S / B

E

T E

T

E

T H

T

( 3 )

E

T

Z fi t t fi ee

E

T

E

T

H

T

e

” E

T

e 1

+ E

T

j i

( | h | < 2 . 5 , E

T

> 15 GeV ) i = 1

# jets

�

E

T

e 1

/ E

T

H T

e

t t fi ee

H

T

e

/ E

T

E

T

H

T

e Z fi t t fi ee

Z fi ee

Z fi t t fi ee

WW fi ee

b b , c c fi ee

g * fi ee

Z fi ee

/ E

T

/ E T

/ E

T / E

T Z fi ee / E

T E

T

/

E

T

/

E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

/ E

T

H

T

e

H

T

e

E

T

H

T

e

/ E

T

E

T

E

T

H

T

e

H T

e

/ E

T

/ E

T

f

/ E

T

Z sample

=

N

2 jet

* f

/ E

T

2 jet

+ N

3 jet

* f

/ E

T

3 jet

+ N

‡ 4 jet

* f

/ E

T

‡ 4 jet

( )

N

2 jet

+ N

3 jet

+ N

‡ 4 jet

=

( 15 * 0 . 203 + 9 * 0 . 142 + 9 * 0 . 165 )

33

= 0 . 176 % – 0 . 028 %

=

( 12 * 0 . 203 + 3 * 0 . 142 + 2 * 0 . 165 )

17

= 0 . 188 % – 0 . 034 % f

/ E

T

i jet

/ E

T

Z fi t t fi ee

Z fi t t fi ee

p

T

p

T

p

T

p

T

s ( Z fi t t fi ee ) p

T

Z

> 20

p

T

e 2

> 14

= 5 . 2 * 0 . 164 * 0 . 147

= 0 . 1254 – 0 . 00774 pb

t t

b b , c c fi ee

p

T

/ E

T

E

T

/ E

T

E

T

H

T

e E

T

E

T

/ E

T H

T

e

/ E

T

/ E

T

t t

Z fi t t fi ee

g * fi ee

WW fi ee

/ E

T

/ E

T

/ E

T

E

T

E

T

/ E

T

/ E

T

E

T

H

T

e

t t / E

T

/ E

T

H

T

e

H

T

e

E

T

/ E

T

E

T

e 2

> 20 GeV , E

T

j 2

> 20 GeV

t t fi ee

Z fi ee

/ E

T

E

T

e 2

> 20 GeV , E

T

j 2

> 20 GeV

t t fi ee

Z fi ee

H

T

e

H T

e

H

T

e

H

T

e

/ E

T

H

T

e

/ E

T

s t t

=

S - B e i

* BR i

* L i

�

=

S - B

L * BR * ( e

' ee '

+ e

' e g '

)

d s t t

= s tt

S + d B i

2

�

( S - B )

2

+

BR i

* L i

* d e i

BR i

* L i

* e i

�

�

Ł

�

� ł

�

2

+

d L

L

�

Ł

� ł

2

= s

tt

S + d B

2

( S - B )

2

+ d e

e

�

Ł

�

ł

2

+ d L

L

�

Ł

�

ł

2

s t t

pb = – 0 9 5 0 . .

s t t

pb = – 5 9 7 1 . .

t t fi ee

t t

/ E

T

H

T

e

/ E

T

/ E

T

E

T

t t

E

T