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ABSTRACT

A SEARCH FOR TO P QUARK DECAYS TO A CHARGED HIGGS BOSON 

IN PROTON-ANTIPROTON COLLISIONS 

AT A CENTER-OF-MASS ENERGY OF 1.8 TeV

Brendan Bevensee 

Advisor: H.H. Williams

In comparison to the standard model (SM), where the top quark decays to 

W ±b almost exclusively, a large top quark branching fraction B (t —>• H ±b) can 

suppress tt decay rates to dilepton final states, as well as lepton+jets final states. 

Furthermore, if the decay H * -* cs dominates, then the ratio of dilepton events to 

lepton+jets events will be much smaller than the SM value. However, the observed 

lepton+jets and dilepton event rates, and the observed ratio of these events, are 

consistent with B(t —>• W ±b) = 1.0.

At small values of tan/?, if the decay H ± —> cs dominates, B{t -+ H ±b) < 32% 

at the 95% C.L. assuming the theoretical value cr« =  5.0 pb. W ithout assuming 

a value for ati, I find tha t B(t -+ / f ±6) < 71% at the 95% C.L. These results are 

valid if M H± < 120  GeV/c2. At larger values of M H±, the three-body decay mode 

H ± —y W ±bb becomes dominant, preventing low-tan/? limits to be set for M H± 

> 140 GeV/c2.

At large values of tan/?, where H * —> t v , B(t —> H ±b) < 36% a t the 95% C.L., 

if M H± < 165 GeV/c2 and a tf =  5.0 pb. These high-tan/? limits take into account 

a large H * width.

These results are invalid for non-perturbative values of tan/?, and regions where 

the top quark width exceeds 15 GeV. They have been reviewed by the  members of 

the CDF Collaboration, and presented by the author at several conferences [1, 2].
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Chapter 1

Introduction

To date, there exists an overwhelming amount of experimental evidence [3] sug

gesting that the forces between fundamental particles, such as electrons, neutrinos 

and quarks, respect a class of symmetries called gauge symmetries. The fundamen

tal property of mass for these particles violates gauge symmetry, unless it arises 

as a consequence of a special mechanism called the Higgs mechanism. This mech

anism predicts the existence of a class of particles called Higgs bosons, which have 

never been observed. In this introductory chapter, beginning with the concept of 

gauge symmetries, I describe the motivation for searching for top quark decays to 

a charged Higgs boson. Then I outline the search strategy employed in this thesis, 

and the organization of later chapters.

1.1 Gauge Symm etries

Symmetry plays an important role in physics because of its intimate connection 

with conservation laws. The basis of a symmetry principle is the assumption that a 

certain quantity is not measurable in a physical system, and this implies an invari

ance of the system to a related transformation. Such invariance under a continuous 

symmetry transformation, in turn, implies the existence of a conserved quantity, 

according to Noether’s theorem [4], For example, it is believed th a t there is no 

absolute origin of space-time coordinates, which means that a physical system is 

invariant under arbitrary displacements in these coordinates. By enforcing this

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

invariance, conservation laws for energy and momentum can be derived [5]. Simi

larly, the assumption that an absolute direction in space is unobservable implies an 

invariance under rotations of a system in space, which in turn yields a conserved 

law for angular momentum [6].

In the second half of this century, more abstract and profound symmetries such 

as strangeness conservation, isospin rotation invariance and gauge invariance have 

been observed. Unlike symmetries associated with space-time, these operate on in

ternal degrees of freedom, and have no classical analog. One of the most interesting 

and powerful symmetries is called gauge invariance. In Quantum Electrodynam

ics (QED), we know that charge and current are conserved. The corresponding 

symmetry transformation, under which the electromagnetic interaction must be 

invariant in form, is a change of phase factor for the complex wavefunction ip that 

represents a charged field, ip -»• eiaip. In other words, by demanding the Lagrangian 

(which yields the equations of motion) to be invariant under these so-called gauge 

transformations, one can deduce charge and current conservation. Of course, this 

is no explanation of why nature chooses to respect this abstract symmetry!

Invariance under phase rotation ip —>■ eiaip is an example of a global symmetry, 

since the transformation eta is independent of position in space and time. There 

is a more powerful type of symmetry, called a  “local” symmetry, for which the 

transformations can vary freely from point to point. In our example of QED, local 

gauge invariance is achieved by making the phase rotation factor a  an arbitrary 

function of space-time, a  = a{x). To preserve local gauge invariance, it is necessary 

to counteract the variation of a  with x  by introducing a field A^, called a gauge 

field. This turns out to the be photon field (electromagnetic vector potential). 

The coupling strength e of this field to a charged particle is also specified, so that 

the classical prescription [7] for obtaining the motion of a charged particle in an 

electromagnetic field, p  —> p — (q/c)A , is predicted. Finally, a gauge invariant
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term for the kinetic energy of the photon field must added to the Lagrangian, 

ensuring that Maxwell’s equations can be derived from it. Thus, while local gauge 

symmetry may not be an a priori principle of physics, in a sense it specifies the 

entire interacting field theory of QED.

Our example of the phase transformation in QED is called a {/(l) gauge sym

metry, since a simple phase change is equivalent to multiplication by a 1 x 1 unitary 

matrix. The extension to more complicated groups was made by Yang and Mills 

in a classic 1954 paper [8], who showed how to construct an SU (2) gauge theory 

of strong interactions. “SU (2)” is the group of symmetry operations consisting 

of 2 x 2 unitary matrices, which are special because they have determinant unity. 

Eventually, it was recognized that the strong interactions respect the symmetry 

of the group SU (3), rather than SU{2). Despite this, in 1967, Weinberg was able 

to build on the work of Yang and Mills, and develop a model of weak and elec

tromagnetic interactions that simultaneously respects types of SU{2) and (7(1) 

symmetries [9]. This model, which will be discussed in the next chapter, predicts 

three gauge fields in addition to the photon field, which give rise to the inter

mediate vector bosons W ± and Z°. These bosons are exchanged between quarks 

and leptons in order to transmit the weak force. This is a central feature of the 

standard model (SM) of particle physics.

Today, it is believed that all fundamental particles and their interactions obey 

local gauge symmetries. These symmetries prescribe the strength and structure of 

the interaction of one particle with another, which takes place via the exchange of 

force-carrying particles associated with the gauge fields, called gauge bosons. The 

four forces are known to be gauge invariant, with gravity as an exception. These 

include the electromagnetic force, responsible for all light and radio phenomena 

and mediated by the exchange of photons; the weak force, a t work in radioactive 

decay, and transmitted by the massive intermediate vector bosons W ± and Z°;
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and the strong force, responsible for holding the nucleus of an atom together, and 

“carried” from one quark to another by massless objects called gluons.

1.2 The Higgs Field and M ass

For the Lagrangian describing a fermion {e.g., quark, electron or neutrino) to 

be invariant under gauge transformations, both the fermion and the gauge fields 

acting on it must be massless. While the photon is known to be massless, the 

intermediate vector bosons, as well as all the charged fermions, are observed to 

be massive. This seems to invalidate the notion that their interactions arise due 

to gauge symmetries. The key point is th a t the Lagrangian alone is not sufficient 

to describe a perturbative quantum field theory, for which particle states are built 

from the lowest energy (vacuum) state [10]. The symmetry properties of such a 

theory require specification of the symmetry for the vacuum state, as well as that 

of the Lagrangian [6]. The way that a  gauge field can acquire a mass without 

breaking gauge invariance rests on the observation that a field theory Lagrangian 

and the vacuum state  of that field theory need not have the same invariances. This 

is called spontaneous symmetry breaking, and an example of it will be given in the 

next chapter.

The standard model (SM) hypothesizes the existence of a “doublet” of scalar 

fields called the Higgs field, in order to accommodate massive vector bosons and 

fermions. The Higgs field has two roles to play. First, it is subject to a po

tential energy th a t is spontaneously broken. Secondly, quarks and leptons are 

initially taken to be massless, but are assumed to have couplings to the Higgs 

field, called Yukawa couplings. When spontaneous symmetry breaking occurs, the 

vector bosons acquire masses through a process called the Higgs mechanism. The 

Yukawa couplings result in fermion masses. A byproduct of the Higgs mechanism
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is a massive scalar neutral boson, called the Higgs boson. While the masses of the 

W ± and Z° are essentially predicted by this model, the mass of the Higgs boson 

is a free parameter.

The SM has been confirmed over the last 30 years with steadily improving 

precision, with the discovery of the W ± and Z° bosons having occured over 15 

years ago. However, the Higgs sector is the least understood aspect of electroweak 

gauge theory. The Higgs boson, a key ingredient of the SM, remains undetected. 

However, the Higgs boson coupling to a fermion is predicted to be proportional 

to the fermion mass. This property makes the Higgs boson a difficult particle to 

discover, since the most experimentally accessible particles Eire light fermions such 

as electrons, and the u and d quarks inside protons, which couple to the Higgs 

boson only very weakly. The heavier fermions couple more strongly to the Higgs, 

but are difficult to produce themselves.

1.3 The Charged Higgs B oson and the Top Quark

Up to this point only the minimal standard model (SM) has been described, which 

contains the simplest possible Higgs sector with only one doublet of Higgs fields. 

Given that there is no experimental information on the Higgs sector, it is prudent 

to explore the implications of more complicated Higgs models. For example, it is 

possible that there exists two doublets of Higgs fields, rather than ju s t one. In this 

scenario, symmetry breaking produces three neutral Higgs bosons and two charged 

Higgs bosons (H *).

This model is particularly attractive for several reasons. First, it is an extension 

of the minimal model that adds the new phenomena of charged Higgs bosons, while 

remaining theoretically consistent with all known experimental observations [11]. 

Secondly, there are a number of theoretical reasons to suppose th a t the SM itself
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is part of a larger theory called supersymmetry [12]. Supersymmetry, generally 

considered to be the leading candidate for a theory that extends the SM, requires 

a two-doublet Higgs sector. Thus, the observation of a charged Higgs boson would 

be direct evidence for symmetry breaking, and could indicate the existence of 

physics beyond the SM.

The H ± couples preferentially to the most massive fermion pair that is kine

matically available to it. The top quark, the sixth quark to be discovered, has a 

mass of about 175 GeV/c2, much larger than any of the other fermions. For this 

reason, the the phenomenology of the charged Higgs boson and the top quark are 

intimately connected [11]. W ithin the SM, the top quark decays to a W ± boson 

and a b quark almost 100% of the time. The W * boson subsequently decays into a 

pair of leptons eve, [iv^, or t v t , or a  pair of light quarks ud or cs, with the following 

approximate branching fractions.

t —► W ±6 W *  —> ei/e, (iVp, t v t , ud, cs (1-1)
1/9 each 1/3 each

However, if a  charged Higgs boson exists, the decay mode t  —► H ±b competes 

with the SM decay mode t —> W ±b, as long as its kinematically allowed to do so 

{M h±< Mtop — m b). The if*  may decay to the lepton pair t v , the light quark pair 

cs, or to a W ± boson and a pair of bottom quarks:

t  -+ W ±b, H H  if*  -»• t v , cs, W H b  . (1.2)

A key parameter in the theory is tan/5, the ratio of vacuum expectation values of

the two Higgs doublets, which will be covered in more detail in the next chapter.

The Higgs mass M a ± and tan/3 determine the branching fractions for the top quark 

and H ± decays given above. The formulas for these branching fractions are given 

in Appendix A.
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W*

Figure 1.1: Top quark pair production, followed by SM tt decay. A quark from 

a proton annihilates an antiquark from an antiproton, temporarily producing a 

gluon, denoted by the curly line, which in turn decays to tt. The rate for this 

process is proportional to the tt production cross section crtt- If charged Higgs 

bosons H ± exist, they could replace the W ± bosons in this decay.

This search exploits the fact that the spectrum of topologies, from tt events 

containing a charged Higgs boson, will be much different from SM t t  events, since 

the if*  decays very differently from a W ± boson. The H ± signatures are unique 

enough to be found, if the top quark branching fraction B(t —>■ H ±b) is large 

enough. This search also exploits the extraordinarily large top quark mass Mtop 

of about 175 GeV/c2, and the Tevatron’s current monopoly on the top quark, to 

perform a search for H ± over a range of masses that significantly extends beyond 

the reach of other experiments such as LEP2.

In 1995, the CDF [13] and D 0  [14] collaborations announced the discovery of 

top quark pair production, via the observation of events with topologies consistent 

with the SM decay tt —» W +bW~b, as shown in Fig. 1.1. A SM t t  decay can

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SM  t t  D ecay  Topologies

8

name topology signature branching fraction

all-hadronic tt —> qq qq bb 6 jets 36/81 (44%)

lepton+jets tt  —> £u( qq bb 1 e/fi + E!t  +  4 jets 24/81 (30%)

tau+jets tt  —y tv  qq bb 1 r  +  ElT +  4 jets 12/81 (15%)

dilepton it —> £i>t £uf bb 2 e/ii  +  E!t  +  2 jets 4/81 (5%)

tau dilepton it —* ru  Ivi bb l e / / z  +  l r  +  E!T +  2 jets 4/81 (5%)

ditau t t  —► T V  t v  bb 2 r  +  ElT +  2 jets 1/81 (1%)

Table 1.1: The tt decay modes, their expected topologies, and their approximate 

branching fractions within the minimal SM. Here iut denotes eue or /ii/p. Missing 

transverse energy is denoted by EJt .

be categorized by the decay modes of the two W ± bosons in the event, since 

each W ± can decay into a pair of leptons or light quarks. The different top decay 

topologies are indicated in Table 1.1. Most often both W *  bosons in a tt  event will 

decay to a quark-antiquark pair, leading to a fully hadronic final state  containing 

six quarks. Nominally, each of these quarks will hadronize to produce a “je t” of 

collimated particles in the detector. This happens for 44% of tt  decays. However, a 

large background rate from other non-ti processes, which also produce events with 

multiple jets, makes isolation of this signal very difficult [15]. The background rate 

is significantly reduced if the event contains at least one high transverse momentum 

(or “high-Pr” ) electron (e) or muon (//), which can be easily identified in the 

detector. When just one of the W ± bosons in a tt  event decays to ev  or /uv, then 

the fined state includes a charged lepton with high transverse momentum (high- 

P r), an imbalance of energy from the undetected neutrino, referred to as missing 

transverse energy (EL), and four or more jets from the hadronization of the quarks.
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N u m b e r o f E x p e c te d  a n d  O bserved  SM  t t  E vents

assume dilepton channel lepton+jets channel

at£ =  5.0pb 4.0 ±  0.5 events 20.0 ±  3.0 events

<Jti =  7.5pb 6.1 ±  0.7 events 30.0 ±  4.5 events

observed: 6.5 ±  3.0 events 23.4  ±  6.0 events

Table 1.2: The expected number of signal events from it  production in the top 

dilepton and lepton+jets channels, assuming only SM it  decays (B(t —> W b) =  

1.0). Results are shown for two different tt cross sections, along with the observed 

number of events, after background subtraction of non-ft processes [16].

This “lepton+jets” mode occurs about 30% of the time. When both W *  bosons 

in a it event decay leptonically to eu or fiu, the final state includes two high-P^ 

leptons, # T from the two neutrinos, and two jets from the hadronization of the b- 

quarks. This “dilepton” state  occurs about 5% of the time. Decays of W ± bosons 

to the the tau lepton are not explicitly included in these searches, unless the tau 

subsequently decays to an electron or a muon. This analysis examines both the 

lepton+jets and dilepton decay topologies.

The observed number of events is consistent with the expected number of events 

in each of these decay channels, assuming that t t  decays exclusively to WbWb. 

CDF observes 9 dilepton events above a non-it background of 2.5 events, and 34 

lepton+jets events above a non-ft background of 10.6 events [16]. Table 1.2 lists 

the observed number of events above background in each channel. Also shown 

is the predicted number of events for several values of the it  cross section a  a, a 

quantity that is proportional to the rate of it  production. Predictions are made 

for att =  5.0 pb and 7.5 pb, assuming only SM decays. The value 5.0 pb lies 

within the range of theoretical values aa  =  4.9-5.5 pb [17, 18, 19], calculated for
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Figure 1.2: The crtt- and top mass measured at the Tevatron. Each experiment 

combines all of its applicable t i  decay channels that are observed, in order to 

obtain the measurement with the smallest error.

the measured top mass of 175 GeV/c2 [20, 21]. The second value of 7.5 pb is taken 

to be 50% larger to illustrate sensitivity to this assumed value. The measured 

value of the t i  cross section is 7.6*} f pb using all the t i  decay channels observed at 

CDF [22]. The a  a  is measured to be 8. pb using only the observed number of 

dilepton events [23], and 6.2*2;} pb using only the observed number of lepton+jets 

events [22]. Each of these rates is consistent with the theoretical range of <7«. 

The <jti  measurements made by the CDF and D 0 Collaborations are shown as a 

function of Mtop in Fig 1.2, along with theoretical curves. For these measurements, 

each experiment has combined all of its applicable decay modes.
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1.4 Search Strategy for a Charged Higgs Boson

I have described how the observed rates for t i  decays to dilepton final states and 

lepton+jets final states are consistent with the theoretical predictions for these 

rates, assuming that the top quark decays exclusively to W^b. This thesis exam

ines the effect that frequent top quark decays to H ±b would have on these event 

rates. The top dilepton and lepton+jets channels each contain enough events, and 

have a large enough signal/background ratio, to separate real tt rate effects from 

background fluctuations. In addition, the backgrounds from SM sources other than 

t i  production are well understood. For these reasons, this search uses identical se

lection criteria to those used for the CDF top discovery [13], and the CDF top 

cross section [22] measurement.

In this search, two predictions of the two-Higgs-doublet model are exploited to 

exclude the possibility of a large top quark branching fraction B(t —> H ±b). First 

of all, a large B(t -+ H ±b) suppresses t i  decay rates to dilepton final states and 

lepton+jets final states, so they are significantly smaller than the corresponding 

SM predictions for these rates. This is true whether H*  decays predominantly to 

the light quark pair c s  or the tau-neutrino pair t v , but not if H ± decays frequently 

to the W ±bb final state. Limits are set where the number of predicted t i  events 

is too small to account for the observed number of events. The second method 

for excluding relies on the fact that a large B(t -+ H ±b) results in a ratio 

of dilepton events to lepton+jets events that is much smaller than the SM value. 

Parameter space is excluded based on the fact that the observed ratio agrees with 

the SM prediction.
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Figure 1.3: The expected number of events as a function of tan/? for M#± =  

120 GeV/c2, assuming the validity of the charged Higgs scenario. Curves are given 

for the theoretical value of <j«, and a value that is 50% higher. The number of 

observed events is also shown. A deficit of events is predicted near tan/? =  0, 

where t -4 H ±b -4 csb decays are prevalent, and also near tan/? =  100, where 

t  —> H ±b —>■ rub decays axe prevalent. At the maximum of the curves, near tan/? 

=  10, B(t -4  H ±b) «  0, and only SM t i  decays are expected.

1.4.1 Absolute Rate Method

The t i  events that contain one or two H ± —>■ cs or H * —► t u  decays will have 

markedly reduced efficiencies for passing the selection criteria of the dilepton and 

lepton+jets channels, compared to SM decays. If B{t -+ #*&) is large, and H *  ->• 

cs, then the following topologies will be prevalent:
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tt   HbHb--------------------------tt------ HbWb

I ^ c s  I
I---► cs '— ► cs

The decay on the left is a six-quark final state that produces multiple jets. This 

mode does not contribute to either channel because of the absence of leptons and 

in the events. In the decay on the right, only one W ± boson is available for 

producing high-Pr  leptons. As a result, this mode has a reduced efficiency for 

passing the selection criteria of the lepton+jets channel, and almost no efficiency 

for passing the requirements of the dilepton channel. A similar deficit of events 

results if H ± -» t u , where the following decay modes will be prevalent.

tt   HbHb tt------ HbWb

I I
I---- ► TV I----► TV

The transverse momentum (PT) of electrons and muons in these events typically 

will be much lower than those found in SM decays. This is due to the fact that 

in these events, electrons and muons will frequently originate from three-body tau 

decays, as compared to the direct decays W ± -* eu, fiu in SM it  events.

In summary, the charged Higgs scenario predicts a deficit of top dilepton and 

lepton+jets events. The theoretical value of ati is used to calculate the expected 

number of events in each of these channels, assuming efficiencies calculated for a 

given point in parameter space (Mtop, M H±, tan/?). Figure 1.3 shows the expected 

number of top dilepton events as a function of tan/?, calculated for the measured 

top mass and M h± =  120 GeV/c2. Also shown is the observed number of events (9). 

At small and large values of tan/?, B{t —► / f ±6) is large, and the expected number 

of events has a very small probability for fluctuating to the observed number of 

events or higher. Parameter space is excluded in regions where this probability 

dips below 5%.
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Figure 1.4: The predicted ratio of (dilepton /  lepton+jets) events as a function of 

tan/? for Mf{±— 120 GeV/c2. As tan/?-> 0, B{t —> H ^b  -+ csb) ->• 1, and a small 

ratio is predicted. The observed ratio is in agreement with the SM prediction.

1.4.2 Relative Rate Method

The method just described compares the absolute number of events predicted 

within the charged Higgs scenario to the observed number of events. An absolute 

value for oa  must be assumed. However, this is not true if charged Higgs is excluded 

by comparing the predicted balance of events in the two channels to the observed 

balance.

Fig. 1.4 plots the ratio of (dilepton /  lepton+jets) efficiencies as a function of 

tan/?, for M h± =  100 GeV/c2. Also shown is the observed ratio, which is consistent 

with the SM prediction. Near tan/? «  0, B(t -» —► csb) is large, and the ratio

is predicted to be much smaller than the SM value. This occurs because events 

with just one H + —> cs decay can contribute to the lepton+jets channel, but are 

invisible to the dilepton channel.
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1.5 Thesis Overview

In this analysis, I set limits based on a calculation of the total expected number 

of events in each of two top decay channels. The expected number of events in a 

channel is given by

Nexp =  Nbiig +  e« crti j  Cdt  (1-3)

where the first term, Nhkg, is the mean number of background events from non-tt 

processes, and the second term is the number of t i  signal events. This second term 

is the product of the efficiency for t i  events to pass the selection criteria of the 

channel, the t i  cross section, and the time integral of the initial flux of proton and 

antiproton particles in collision, called the luminosity.

This thesis is organized as follows. In Chapter 2, I present the two-Higgs- 

doublet model, derive the couplings of the H *  to fermions, and describe how 

the top quark and H *  branching fractions depend on M H± and tan/?. Also, some 

special properties of the H± are discussed. In Chapter 3 ,1 describe the CDF detec

tor, the luminosity measurement, and the selection criteria that are implemented 

in hardware and software in order to identify t i  events, and collect a sample of 

events from which the analysis begins. Chapter 4 defines the selection criteria for 

the top dilepton and lepton+jets channels, and summarizes the non-ft background 

contribution IVbkg to these channels. In order to obtain the efficiency eti  for t i  

events with H *  decays to pass the selection criteria of each channel, special Monte 

Carlo modeling of the signal was performed, and this is described in Chapter 5. 

The t i  efficiencies and an explanation of their overall behavior are given in Chapter 

6. Chapter 7 discusses the details of combining the two channels in order to set 

limits on H *  production using the absolute rate method outline above. Chapter 8 

describes the limits obtained using the relative rate method, also outlined above. I 

conclude in Chapter 9, where I also discuss ideas for future charged Higgs searches.
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Chapter 2

Theoretical and Experimental Framework

In the previous chapter, I introduced the predictive power of gauge invariance, 

which prescribes the form of the interaction between gauge bosons and matter. 

In this chapter, I quickly review the standard model (SM), and present the Higgs 

mechanism, which generates masses for the fermions and the gauge bosons. Fol

lowing this, the two-Higgs-doublet extension to the SM is presented. Emphasis 

is placed on the differences between the two models, and also on the couplings of 

the charged Higgs boson to fermions. The branching fractions of the top quark 

and the H ± are specified, and some special properties of the decay t —> H ±b are 

discussed. Next, I review the physics of top quark pair production, and present 

top quark measurements at the Tevatron. Finally, I review limits established from 

other searches for the H ±.

2.1 The Unbroken SU(2)L x U(1)Y M odel

Associated with the group SU(2) are three generators {T*}, which form a vector 

in abstract “isospin” space. An 517(2) gauge model is a  close candidate for weak 

interaction theory, since the triplet of gauge fields {W “} associated with these 

generators could give rise to charged and neutral bosons, W *  and W °, to transmit 

the weak force [24]. For example, weak interaction phenomenology tells us that by 

the emission of a W~, a left-handed electron can be transformed into a neutrino.
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Similarly, a  left-handed down-type quark can be transformed into a left-handed up- 

type quark. These pairs of particles form the following left-handed weak isospin 

S U (2) i  doublets, where the prime denotes weak interaction eigenstates for quarks, 

which are different from the mass eigenstates,

Remember that the left- and right-handed components of a wavefunction u are

ul — ^(1 ~ y5)u Uft =  ^ ( l + 7 5)u .  (2-2)

To complete the SU(2)L symmetry, the neutral gauge boson W° would also couple 

to left-handed fermions exclusively, just like the W *.  However, the weak neutral 

current is observed to couple both to right- and left-handed fermions.

Glashow [25] was the first to realize that there exists an additional gauge sym

metry with couplings to the right-handed fermions, which acts independently of 

the weak isospin symmetry SU(2)L. This symmetry is called U (l)y, and the gen

erator Y  of this group commutes with the weak isospin generators, [T, Y ] =  0. 

The resulting symmetry transformation is called SU(2)L x U(1)Y . The quantum 

number Y  is termed the “weak hypercharge” , related to charge and weak isospin 

through

Q = T 3 + (2.3)

By incorporating the electric charge Q , the SU(2)L symmetry can be preserved 

since the electromagnetic current has couplings both to right and left-handed fermi

ons. Thus, left-handed fermions transform non-trivially under both SU (2)L and 

U (l)Y- In contrast, right-handed fermions are SU(2) singlets, and only transform 

under U(1)Y. Table 2.1 lists the weak isospin and hypercharge quantum numbers, 

of doublets and singlets in the SU(2)L x U (l)y  model.
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Q uan tum  N u m b e rs  fo r th e  S U (2 )L x  U (1 )Y  S ing le ts  a n d  D oublets

doublet or singlet T Y term in Lagrangian

t L n =  |
! : ) .

1
2 -1 i-L n lti — *2* * +  *§"£/») ?Ln

e Rn

 ̂ /  L 

r \
0 -2 ^ R n l p  (dp +  ig'Bp) eRn

QLn = | “n \ 1
2 i

3

“Rn 0 4
3 * 'R n 1 v  {&P “  T9>B(i) Wfln

0 2
3 d'R n l p  {dp +  y B p )  d'Rn

Table 2.1: Listed are SU (2)i  x U(l)Y doublets and singlets. The index n denotes 

the generation. The prime (') denotes the fact that the quarks are weak eigen

states, but not mass (=  strong) eigenstates. For the terms in the Lagrangian, the 

eigenvalues for the operators Y  and T  have been substituted.

The standard model consists of a gauge field B^ for the U(1)Y symmetry, which 

couples to right- and left-handed leptons with a coupling strength set to g'/ 2. 

There is also a triplet of gauge fields W M for SU(2)L, which couple to left-handed 

fermions with a coupling strength g. This means that in the Dirac Lagrangian for 

a fermion singlet or doublet ip,

£  =  -ip(i'yttdtl — m)ip (2.4)

the 17(1) gauge invariance is achieved with the substitution -* — i^ Y B ^

while the SU(2) gauge invariance requires the substitution du — i%raW*,

where {ra} are the Pauli matrices. Also, the fermion mass term —mipip must be 

removed, since it is not gauge invariant. Fermion (and gauge field) masses must 

be generated from the process of spontaneous symmetry breaking and the Higgs
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mechanism, described in the next section. Table 2.1 gives the gauge invariant terms 

in the Lagrangian corresponding to the SU{2)L doublets and U (l)y  singlets.

2.2 Hidden Sym m etries and th e Higgs M echanism

Until now we have only considered the symmetry properties of the Lagrangian. 

However, as we stated in the introduction, the symmetry properties of a perturba- 

tive quantum field theory also require specification of the symmetry for the vacuum 

state [6]. Even if the Lagrangian of a system is invariant under a symmetry oper

ation, the ground state of tha t system may not respect the symmetry. This is an 

example of spontaneous symmetry breaking, and the symmetry that is no longer 

apparent in the ground state  is called a “broken” or “hidden” symmetry.

As an example of this1 consider a complex scalar field 0 =  ^ ( 0 1 +*02)> subject 

to the following potential,

V{4>) =  y 0 * 0  +  ^ (0*0 )2 - (2.5)

The potential V{4>) is shown in Fig. 2.1 for the two cases (A > 0, /i2 >  0) and 

(A > 0, fi2 < 0). Note that in both cases there is rotational invariance around the 

vertical axis.

For the first case, where n2 > 0, the ground state corresponds to 0 =  0. 

This state shares the rotational invariance of the Lagrangian. For the second 

case, where p2 < 0, the ground state corresponds to the circle of minima of the 

potential in the (0 i , 02) plane of radius v, where v2 =  —/z2/A. To identify the 

particle spectrum associated with this potential, we must use perturbation theory 

and calculate fluctuations about the ground state energy. This forces us to choose 

a particular point among the degenerate ground states at radius v. Any particular 

•This discussion closely follows the treatment given in Refs. [5, 10].
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V«p) V(<p)

<P,'i

circle of minima, radius v

Figure 2.1: The potential energy curve V{<j>) =  ^ 0 * 0  +  £(0*0)2 for two cases. On 

the left, (A >  0, //2 >  0), while on the right (A >  0, /x2 < 0). The ground state at 

(0 i»02) =  (v i 0) does not share the rotational symmetry of the potential, resulting 

in a  “broken symmetry”. This potential is the standard model potential if we set 

03 and 04 to zero in Eq. 2.8. This figure is adopted from Fig. 14.5 in Ref. [10].

minimum will not possess the rotational symmetry of the Lagrangian. This is a 

result of the fact that there is a non-zero “vacuum expectation value” of |0 | =  v  

in the vacuum state.

Expanding C about the minimum energy point <t>\ =  t>, 02 =  0, in terms of 

the fields shown in Fig. 2.1, 0 =  v  4- r) -I- we find that the field tj has a kinetic 

energy term and a mass term, while the field f  only has a kinetic energy term. The 

mass term corresponds to radial oscillations in the 77 direction against the restoring 

force of the potential [10]. The potential is flat in the tangent f  direction, and this 

corresponds to a massless mode. This is an example of the Goldstone theorem, 

which states tha t if a spontaneously broken symmetry is a  continuous global sym

metry, then one massless scalar field must appear for each group generator that 

has been broken. Mathematically, a  generator Q will be unbroken only if it leaves
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the vacuum state invariant [5],

e " 5 W o  =  W o  => W ) o  =  0 .  (2.6)

In our simple example, the generator of the group transformations is just the 

rotation matrix, which does not leave the vacuum state ^=(u,0) invariant. The 

massless field £ is the Goldstone boson associated with this broken generator.

The Goldstone theorem seems to prevent the use of spontaneous symmetry 

breaking to generate masses for bosons. The caveat is that the Goldstone theorem 

does not apply to local gauge field theories [26]. In fact, if a continuous local gauge 

theory is spontaneously broken, no massless Goldstone bosons appear. Instead, the 

“would-be” Goldstone bosons (corresponding to the broken generators) acquire 

mass without spoiling the gauge invariance of the original Lagrangian. This is 

called the Higgs mechanism.

As an example of this, suppose we form a locally U{ 1) gauge invariant La

grangian with an associated massless gauge field A and the same potential shown 

in Fig. 2.1. After symmetry breaking (and being careful to choose a gauge in which 

the particle spectrum is cleax, see Ref. [10]), there will be a massive vector boson 

Ap and a massive scalar boson h, called a  Higgs boson. The “would-be” Goldstone 

boson is absent, and this degree of freedom has been turned into a mass for the 

Ap field. Thus, the Higgs mechanism is really the result of an interplay between 

local gauge invariance and spontaneous symmetry breaking.

2.3 The Minimal Standard M odel

Here I briefly describe the broken SU(2) x 17(1) model of electroweak interactions, 

in the presence of a complex scalar field, and a potential energy for this field. The 

SM relations that have particular relevance to the two-Higgs-doublet model are
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emphasized. These include the structure of the Higgs sector, the masses of the 

W ± and Z° bosons, and the coupling of the Higgs field to fermions, called Yukawa 

couplings.

2.3.1 The Higgs Sector

In the SM, the fermions and gauge bosons become massive through the spontaneous 

breakdown of the SU(2) x 17(1) symmetry. In 1967, Weinberg [27] realized that 

this can be achieved if there exists a scalar field, subject to a spontaneously- 

broken potential energy. He introduced the only kind of gauge-invariant field 

whose vacuum expectation values could give the electron a mass, a spin zero S U (2) 

doublet with Y  =  1,

(2.7)
03 + *04 J

The potential energy for this field has the form that was considered earlier, Eq. 2.5, 

A d , ,  =  ( O .W 'W )  -  V(4>)

Although this potential was first proposed by Goldstone [28] in analogy with the 

Bardeen model of a superconductor, it turns out to be the most general, gauge 

invariant and renormalizable (not higher than order four in the fields) potential 

for a scalar field [29].

2.3.2 The Gauge Boson Mass Spectrum

We must choose a vacuum expectation value for 0  that leaves the vacuum invari

ant under U(1)q transformations so that there is no (would-be) Goldstone boson

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

associated with the photon, and it remains massless. This occurs for the choice

since the generator Q satisfies Q(<t>)0 =  (X3 +  y)(0)o =  0 (see Eq. 2.6). It can be 

verified that the other SU{2) x 17(1) generators T l , T 2, T 3, and Y  are broken.

Before symmetry breaking, then, we have four degrees of freedom in the Higgs 

doublet, and four massless gauge fields B^, {W^}  associated with the generators

and W 3 (Eq. 2.3) will not be broken. Thus, after symmetry breaking, we expect 

a  massless boson to remain associated with one combination of and W 3, a 

massive boson corresponding to the orthogonal combination of and W 3, and 

two other massive bosons associated with the fields W* and W 2. The fourth degree 

of freedom in the scalar Higgs doublet appears as a  massive scalar boson, called 

the Higgs boson.

In order to expand about the particular vacuum (0)o, we can substitute the 

expression

This is not obvious, since one would think that the most general excitation above 

the vacuum would contain non-zero terms for <f>u  fa  and 04 given in Eq. 2.7. How

ever, since the 51/(2) symmetry is local, we may perform a different isospin rotation 

a t each point in space, reducing <j> to the form given above [29, 10]. We will see 

that this argument does not apply to the two-Higgs-doublet model.

Substituting Eq. 2.10 into the Lagrangian of Eq. 2.8, and keeping only the 

lowest order terms without including interacting terms, the scalar Lagrangian gives 

us

(2.9)

Y, {T*}. These four generators will be broken, but Q, which is a combination of

(2 .10)

'j-r? + + ^-[(S2 +  ga)Zl + 0^ ]  (2.11)
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This spectrum shows the presence of a  scalar field 77 with a mass 2̂ ,  charged W ± 

fields with mass |v g , a massive neutral vector field with mass \vy /g 2 +  g12, and 

a massless AM field, corresponding to the photon. The vacuum expectation value 

v is 4^- «  246 GeV. As expected, the .4M and are linear combinations of the 

gauge fields B ** and W£, while the charged W ± fields are linear combinations of 

the gauge fields and W ± =  ±  iW *)/ \/2. It is predicted that p, which

measures the relative strength of the weak neutral and charged current reactions, 

is 1:
Mw

9 ~  M 2cos2ew ~  L (2-12^

2.3.3 Yukawa Couplings - Masses for the Fermions

Masses for the fermions arise from interactions with the scalar Higgs field, and 

have to be explicitly added. These so-called Yukawa couplings are the most general 

couplings of the scalar field (f> to the fermions, subject to gauge invariance under 

SU(2)l x U(1)Y transformations. For the leptons and the “down-type” quarks, 

the couplings have the form

+  hermitian conjugate (H.C.), ^Lm^>^Rn. +  H-C- (2-13)

The notation in these equations is the same as in Section 2.1. The subscripts 

m  and n denote generations - for example, {d!Ll, d'L2, d'LZ) denotes the down-type 

quarks (d'L, s'L, b'L). In this expression, lepton-number violating interactions are 

absent, but the quaxk eigenstates can couple across generations. Terms of the 

form g>miJ<j>u,nL, which one might think are required to generate masses for the up- 

type quarks, are forbidden because they violate U {\)y  invariance (the total Y is 

not zero) [30]. Instead, one must use the charge conjugate doublet 0  with Y  =  — 1, 

where <p =  ir2<j>i [10, 30]. Thus the total Yukawa interaction has three components, 

for coupling of the Higgs field 0 to leptons, to down-type quarks, and to up-type
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quarks,
3 3 3

^Y ukaw a =  ^  &Lm<t>eRm +  ^  qLm4> d'Rn  +  ^  r ^ n  0  u 'Rn +  H.C.
m  m ,n = l m ,n=  I

(2.14)

Fermion masses are predicted as a result of symmetry breaking. This is best 

illustrated by looking at the first term in the above expression, corresponding to 

the lepton coupling to the Higgs field. Upon the substitution 0 =  (0, v + r))/y/2, 

the m =  1 term (corresponding to electrons) becomes

m e _ rfu
^Yukawa—electron =  mcee -| —e6T], Tfle =  (2.15)

which contains a mass term, and a Higgs coupling term proportional to the Higgs 

field 77. Since Tf is arbitrary, the electron mass is not predicted. However, the 

Higgs boson couples to fermion pairs with a strength proportional to the fermion 

mass,

Higgs — fermion coupling =  (2-16)

A similar relation also holds for quarks, but the treatment is tricky, since the 

coupling is cross-generational. The complete derivation is given in Appendix B. As 

an example, taking just the last term in Eq. 2.14, corresponding to Higgs couplings 

to up-type quarks, we substitute 0 =  (v 4- 77, 0 )/\/2  [30],

^Yukawa =  }  " ^  0  ^  URn  H C -

=  u'^M *  +  huT])uR + H.C. (2.17)

The summation has been replaced by matrix multiplication, in the second step, 

where u'L =  (u\ c', t')L, and u'R =  (u', c', t')R. Also, the 3 x 3  up-quark mass

matrix M u, and coupling matrix hu (proportional to the Higgs field 77) have been

introduced,

A C . =  r “ „ ^  and A£n =  iA C „ . (2.18)
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Notice that the coupling m atrix hu (essentially the Yukawa coupling matrix T“ n) 

is proportional to the mass m atrix M u. Hence, it is made diagonal by the same 

transformation that diagonalizes the mass m atrix [30]. This means that the cou

plings of the Higgs boson are diagonal in flavor. In the two-Higgs-doublet model 

we find that these results are not true, and additional symmetries must be imposed 

to suppress flavor changing neutral currents (FCNCs).

2.4 The Two-H iggs-Doublet Extension to  the SM

There is no reason why there should exist only one complex doublet of Higgs 

fields. As we stated in the introduction, in many extensions to the SM, such as 

supersymmetry, there exists an extended sector of two Higgs doublets,

(2.19)

These models contain five Higgs bosons, with two charged scalars, and three neutral 

bosons. In this section we describe the two-Higgs-doublet potential, the spectrum 

of physical states, and the strength and form of the H ± couplings to fermions.

2.4.1 The Higgs Sector

In the two-Higgs-doublet model, the Higgs potential and the pattern of symmetry 

breaking are much more complicated than in the minimal SM. One of the principle 

requirements is that the vacuum state should conserve charge. In Section 2.3.2, 

we found that for a single Higgs doublet, one can always perform an SU(2) x U{ 1) 

rotation such that the vacuum expectation value of the Higgs field only has a 

real and neutral component. This can be achieved for one of the doublets in 

the two-doublet model, while in general the other one will have real and complex
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components [30],

e,<r coso

etp sino
(2.20)

If o  7̂  0, then the electric charge operator will not leave the vacuum state invariant, 

Q (^ 2)o =  £(r3 +  n<*)o 7̂  and charge conservation will be violated. In general, 

the quantities p, a  and a  will depend in a  complicated way on the values of the 

parameters of the potential [31, 32, 30]. The parameters should always be chosen 

so that electric charge is conserved.

The two-Higgs-doublet potential is a superposition of all the possible SU{2)- 

invariant terms, which don’t exceed dimension four so that the theory is renor- 

malizable [31, 29, 32]. In addition, it is customary to impose invariance under the 

symmetry <£t —> — <&t, which is done for simplification [11, 33, 34]. In addition 

to conserving charge, the potential must remain bounded from below. For spon

taneous symmetry breaking it must achieve a nonzero vacuum expectation value 

for at least one of the two doublets. These constraints are clearly satisfied for the 

potential [11, 33, 34]

The A, are all real by hermeticity. If we also assume that they are non-negative, 

then by inspection, the minimum of the potential (V  =  0) is

m ,  * 2) =  A1(* !« 1 - u f )2 +  A2(«5*2 - t , |)2 

+  A3 [ (* !* , -  v\) + (*5* 2 -  u |) ] ’

+  a , [(* {* ,)(* 5 * 2) -  (* t* 2)(*5* ,)]

+  A5 Re(${<&2) — Ui^cos^

-I- A6 Im ($ {$ 2) ~  t>iu2sin f . (2.21)

(2.22)
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The fact that V (0,0) > 0 indicates that the symmetry is spontaneously broken. 

Since the CP operator transforms —» <£* [35], there will be CP violation in 

the Higgs sector if sin£ ^  0. However, we expect sin£ «  0, since CP violation 

is generally a small effect. It should be noted that in supersymmetric models, 

A5 =  A6 so  that the last two terms of this potential can be combined and the phase 

f  can be rotated away [11]. Thus we assume tha t £ =  0.

2.4.2 Gauge Boson mass spectrum

With two doublets of complex fields, there will be eight degrees of freedom in 

the Higgs fields before symmetry breaking. Since this is four more than exists in 

the minimal SM, we expect a total of five physical Higgs bosons as a result of 

spontaneous symmetry breaking, rather than just one.

In the SM, there is a single term in the Lagrangian corresponding to the kinetic 

energy of the Higgs doublet, (Eq. 2.8). W ith two Higgs doublets,

there will be two kinetic energy terms. As a result, the W ± and Z° bosons “get” 

their masses from both expectation values; their masses are given by the minimal 

SM expressions with v replaced by \j2 (v \  +  u |) (see Section 2.3.2),

2{v\ +  « |) =  v2 =  (246 GeV)2 . (2.23)

This implies that the parameter p, which measures the relative strength of the 

weak charged and neutral currents (Eq. 2.12), is still predicted to be its SM value 

of 1. In this respect, the two-Higgs-doublet model is a very natural extension of 

the SM.

The potential energy term in the Lagrangian must be treated separately from 

the kinetic energy terms. To begin with, it is convenient to break up the Higgs
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doublets into a real fields {&}, where i =  1-8,

^  +  <j>2 = ( , ‘t2+') =  ( '* i +  i'A6 | (2.24)
03 +  *04 J  \ $2 J \  07 +  *08

Since mass terms in the Lagrangian are of the form £m202, we can construct the 

mass matrix M  from
1 dPV

M =  2 dfrdfy  (2‘25)

This is an 8 x 8 matrix, bu t when £ =  0, it separates into a series of 2 x 2 

matrices [34]. The mass m atrix for the charged Higgs boson corresponds to the 

indices i =  1,2,5 and 6 according to expression 2.24, and is composed of two 

identical 2 x 2 matrices of the form

-V\V2

v\ ~ v xv2

v\
(2.26)

The non-zero eigenvalue and its associated eigenvector give

m2H± =  A4(ui + u | )  (2.27)

i /*  =  — sin/? 4- $ 2 cosP with 0  =  tan 1 ( — ) (2.28)■ ©
Thus we see that /? is the angle that rotates the charged scalar (and pseudoscalar, 

see below) fields into their mass eigenstates. The parameter tan/? plays a crucial 

role in the phenomenology of the charged Higgs boson.

Due to the CP-invariance of the potential, the real and imaginary parts of the

neutral scalar fields decouple [11, 33, 34]. In the imaginary CP-odd sector, there

exists a pseudoscalar A °,

A0 = >/2(-Im<£°sin/? +  Im ^cos/?) (2.29)

m \o =  A6(u2 +  u |) . (2.30)
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The CP-even sector contains two physical Higgs scalars

H° =  y/2 [(Re0° — nO co sa  +  (Re0° — ^2) sin a] (2.31)

h° =  y/2 [—(Re0? — ut) sin a  -I- (Rep® — v2) cos a] (2.32)

where the corresponding masses and mixing angle a  are complicated functions 

of the parameters of the potential [11]. In summary, our Higgs doublets may be 

written in terms of the physical boson states [34]

—H +sin/3
$ i = |  | (2-33)

v i +  y/^(H° cos a  — h° sin a  — iA° sin/?

, H+cos(3
$ 2 = |  I (2-34)

v2 +  \ /T ( ^ 0 sin a  -F h° cos a  + iA° cos/3

2.4.3 The Yukawa Couplings of H ± to Fermions

The general two-Higgs-doublet model predicts tree-level flavor-changing neutral 

currents (FCNCs). This can be seen from the most general couplings between the 

Higgs fields and fermions. Mass terms for the down-type quarks have the form

^Yuk =  rL g !m $ l< 4n  +  ^mnQLm^d'Rn +  H.C.

=  +  h .c . (2.35)

where in the second expression, the vacuum expectation values of the fields and 

$2 have been substituted. As with the SM couplings (see Appendix B), before 

combining the first two terms in the expression with their hermitian conjugates, 

the following mass matrix must be diagonalized,

=  r i» » t +  (2.36)

We found that in the SM, where there is only one doublet, then diagonalization 

of M d automatically diagonalizes the Yukawa coupling m atrix r D, so that the
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resulting Higgs interactions are flavor diagonal (see Section 2.3.3). However, with 

two Higgs doublets, diagonalizing M °  does not necessarily diagonalize the coupling 

matrices Tl and T2 [31]. The resulting interactions are not flavor diagonal - for 

example, they can lead to tree-level d<f>s couplings [31].

The FCNCs can be eliminated by restricting the couplings of Higgs bosons to 

fermions. There are at least four distinct ways of doing this. Models of type I have 

all the fermions couple to one doublet only. Models of type II have up-type quarks 

couple to one doublet, and down-type quarks and charged leptons couple to the 

other doublet. Both of these models satisfy a theorem by Glashow and Weinberg, 

which states that tree-level FCNCs mediated by Higgs bosons will be absent if all 

fermions of a given electric charge couple to no more than one Higgs doublet [11]. 

There are other models (type III and IV) that violate this theorem, and require 

fine tuning to avoid experimental bounds [11]. They will not be discussed here.

Forcing invariance of the Yukawa coupling terms under the following discrete 

symmetries will force the Model I or Model II couplings [31],

(Model I) $ 2 ->• - $ 2 , (Model II) $ 2 -► (2-37)

Since these symmetries do not seem to correspond to any physical symmetry, 

imposing them is essentially fine-tuning the model. In this sense, the two-Higgs- 

doublet extension to the SM is very unnatural.

However, supersymmetric models require Model II couplings, which arise very 

naturally in the theory [11, 12, 36]. No arbitrary discrete symmetries such as 

those in Eq. 2.37 are needed. For this reason, we choose to be motivated by 

supersymmetry, and only treat Type II couplings in this thesis.

Thus we assume that one doublet, <$2> gives mass to up-type quarks, and the
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other, <J>t , gives mass to down-type quarks and charged leptons. Thus we have

3 3 3

^Y ukaw a =  ^  ^ r n n Q L m ^ l^ R n  +  ^  ^ m n ^ L m ^ ^ L n  +  H .C .
m = l m ,n = l m ,n= l

(2.38)

A more general coupling would have these terms, as well as the corresponding 

terms with <3?! exchanged with $ 2. The Yukawa couplings of the H *  to fermions 

are found by substituting the physical Higgs states given in Eqs. 2.33 and 2.34 for 

<£x and <$2. I analyze these couplings in Appendix B, and give the results here. 

The H + coupling to a charged lepton and a neutrino eti/t, or a  quark-antiquark 

pair tiidi, are given by the terms in the Lagrangian that are proportional to 

and UidiH+, respectively.

CeiviH* =  ~ £ ^ i w m e tU iil+ 'f5)e' H+ (239)

ZiiidiH+ =  ^  ^  ^  _  ^  ^  COt'3 + ”** tan^  dj H+ ^ '40^

Similarly to the SM Higgs boson, the charged Higgs boson couples in proportion 

to the fermion mass. In contrast, the factors tan/? or cot/3 also appear, which 

arise from the rotation of the charged Higgs fields into mass eigenstates given by 

Eqs. 2.26 and 2.28. The tbH+ Yukawa coupling is summarized in Fig. 2.2. Note 

that at low tan/3, H*  primarily couples to up-type quarks, while at large tan/3, 

H ± couples to down-type quarks (and also charged leptons, which is not shown).

2.5 Properties o f  the Top Quark Decay t  i f ±6

As I described in the introduction, I search for top quark decays to a charged 

Higgs boson. It is the Yukawa couplings of the H ± to fermions that determines 

the branching fractions for the top quark and H ±. As indicated in Fig. 2.2, these 

couplings become arbitrarily large in the limit of small and large tan/3. This
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tbl-T coupling

m, cot/?

iq
ms tan©

>/2 m,

Figure 2.2: The tbH+ Yukawa coupling at small and large values of tan/?.

divergent behavior results in a limited range of tan/? in which perturbation theory 

can be applied, and large widths for the top quark and if* .

2.5.1 Decays of the Top Quark and the

The Higgs couples preferentially to the heaviest fermions. However, in a high 

energy proton-antiproton {pp) collision, it is only the lightest valence quarks that 

carry a significant fraction of the parent hadrons’ momentum, and are able to 

produce a hard scattering event. For this reason, the rate at which if*  can be 

directly produced in pp collisions a t the Tevatron is extremely small [37].

However, the two Tevatron experiments currently hold the world’s only sample 

of top quark events. The large top quark mass of Aftop =  175 GeV/c2 will result 

in a large tbH+ Yukawa coupling, as long as tan/? is also small or large. Thus, 

a t the Tevatron, if M H±< M top — Mb, the primary mechanism for charged Higgs 

production is through the top decay t —► H ±b, which will compete with the SM 

decay t  —>• W ±b. The parameters Mtop, M H± and tan/? determine the dominant 

decay modes both for the top quark and the charged Higgs boson, which are 

summarized below.
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dominant decay modes of H*

□  BF(t -»  Hb) > 25%X  160 r 
S  140 t  
2  120 ~ 

100 r 
80 \  
60 r 
40 '?

cs

10
tan/3

Figure 2.3: Regions in the M H± vs. tan/3 plane for which B(t  —>• H ±b) > 25%, and 

the dominant decay mode of if*  in these regions, assuming Mtop =  175 GeV/c2.

• Top decay modes : •  if*  decay modes :

1. t -+ W +b 1. H + -+ cs

2. t -> f f *6 2. /7+ -)• r +i/

3. —)• t*b —»• i y +66

Later, I will demonstrate that CDF is sensitive to top quark branching fractions 

B(t —> H ±b) of 25% or larger. Fig. 2.3 shows the corresponding regions in the Mh± 

vs. tan/3 plane for the measured top mass of 175 GeV/c2, and the dominant decay 

modes of if*  in these regions. Until recently it was believed tha t an if*  produced 

from a top quark decay would itself decay into either the light quark pair cs or the 

tau-neutrino pair t v  [38, 11], depending on the value of tan/3. The cs decay mode 

dominates at small values of tan/3 <  1, while the t v  decay mode dominates for 

larger values (tan/3 > 5). Recently, however, it has been recognized [39] that the 

decay if*  —► t*b —> Wbb may occur with the exchange of a  virtual top quark. At 

small values of tan/3 this decay is enhanced due to a large Yukawa coupling that is
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proportional to A/topcot/?, but suppressed due to the off-mass-shell top propagator. 

As long Mff± > 135 GeV/c2 so that the t* does not have to be far off its mass shell 

of 175 GeV/c2, this decay mode will dominate at low values of tan/?.

2.5.2 The Perturbative Range of tan/3

Fig. 2.3 also shows regions in the M{j±-tan/? plane for which the tbH+ coupling be

comes too large to be treated perturbatively. At tan/? <SC 1 and tan/? »  1, the tbH+ 

couplings (Fig. 2.2) become arbitrarily large. This means that the perturbative 

treatment used to calculate physical quantities such as top quark width [11, 38] 

loses its predictive power.

A criteria exists for determining where the couplings are no longer perturba

tive [38, 40]. We can make an analogy with QED, in which the coupling strength 

between an electron and a photon is e, and the fine structure constant is a  = e2/ 47r. 

For perturbation theory to work, a  < 1. If we require a  < 1 for the tbH+ Yukawa 

couplings shown in Fig. 2.2, we derive the following relations:

02m2opcot2/? 1 ^ i 02m62tan2/? 1 /n ^
2 M w 2 4 t t -  ’ 2 M w 2 4 t t -  [ZAL)

This leads to the requirement that tan/? satisfies

0.28 < tan/? < 170 , (2.42)

where a 6-quark mass m 6(/i =  Mtop) of 3.64 GeV/c2 has been used, calculated at 

a renormalization scale of the top mass [38] (see Appendix A for details). Clearly 

there is no sharp boundary between values of the coupling that are small enough 

so that perturbation theory works, and those values for which it breaks down. The 

m atter is further complicated by the fact that there can be large positive or negative 

electroweak corrections to the Yukawa couplings in the minimal supersymmetric 

model (MSSM) [41], which can effectively alter the perturbative boundaries. For
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this reason, we address the entire range defined by Eq. 2.42, with the realization 

that near the boundaries, our modeling may be unphysical. It should be noted 

that within this perturbative range for the tbH+ coupling, the t +uH + and csH+ 

couplings are also perturbative by a safe margin.

2.5.3 Large Top Quark and H ± Widths

Large Yukawa couplings near the edges of the perturbative region result in top 

quark and H*  widths that can exceed several GeV. The H ± width T# is largest 

a t high values of tan/?, where the H ± couples to the r  Iepton,

n _  g2n Z ta n 20 M H±
Th = ------3 2 ^ 4 -------• (2-43)

This is shown as a function of tan/? for several values of M h± in Fig. 2.4. Notice 

that since r*/ is proportional to Mn± tan2/?, it can exceed 10 GeV for high tan/? 

and M h ± close to A/top. For these near-threshold top quark decays, the large TH 

results in a spread-out distribution of Mfj± around its nominal value. Furthermore, 

this mass distribution will not be symmetric, since the low-mass tail will be phase- 

space enhanced. Under these circumstances, the calculation of the partial width 

T(£ -► i / ±6) is meaningless, since it assumes a particular value of M H±. Rather, 

it is correct to treat the H ± as a propagator, and calculate the three-body decay 

partial width T(£ —> H ^ b  —¥ rub). This calculation has been performed by myself, 

and is shown in Appendix D. Monte Carlo modeling of a large is detailed in 

Chapter 5.

To further complicate m atters, the top quark width r top can also be large. This 

is shown alongside r #  in Fig. 2.4. In the perturbative region, the total top quark 

width can exceed 15 GeV, which should be compared with the SM partial width 

T(t —► W ±b) =  1.4 GeV. The r top is largest for a large mass difference Mtop — Mfj±, 

for which the most phase space exists for the daughter particles H ± and b. At large
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Figure 2.4: The width of the top quark and the H *  as a function of tan/?. The 

shaded regions correspond to tan/? <  0.28 and tan/? >  170, which are approximate 

regions where the tbH+ coupling is no longer perturbative and the expressions used 

to calculate the top width are invalid.

values of tan/?, where T# is also large, the top quark width is the sum of the partial 

widths r top F j _ r t—*rub'

In this analysis, we model the top width with a Breit-Wigner resonance. In 

Chapter 5.4, we discuss a limitation of MC simulations where r top is extremely 

large. For this reason, we limit the scope of this analysis to regions where r top 

< 15 GeV.
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Figure 2.5: The currently accepted view of the proton, containing three valence 

quarks (uud) and a sea of gluons and quark-antiquark pairs. This figure is adopted 

from Fig. 9.7 in Ref. [10].

2.6 Top Quark Production

At the Tevatron, the tt final state is produced in proton-antiproton (pp) collisions, 

through a hard scattering process between the quarks and gluons. It is not im

mediately obvious that one can use perturbative QCD to calculate the rate of tt 

production, since the proton itself is a  complex object. Figure 2.5 represents the 

currently accepted view of the proton, which contains three valence quarks (uud), 

and a sea of gluons and quark-antiquark pairs. The quarks continually radiate and 

reabsorb gluons, which themselves may radiate quark-antiquark pairs or combine 

with other gluons. Generally these interactions occur at small momentum trans

fers Q , and are not calculable using perturbative QCD. These are also known as 

long-distance interactions, since their low Q2 is characteristic of a long wavelength. 

In contrast, the production mechanism that produces the heavy top-antitop (ti) 

pair is a high-momentum transfer (short-distance) interaction, which should be 

perturbatively calculable.

It is the factorization theorem th a t justifies the separation of long-distance, 

non-perturbative effects from the short-distance, perturbative hard scattering [42].
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The cross section for a hard scattering process initiated by two hadrons is given 

by [17, 43]

/  dxidx2fi(x i ’f*2) M x *’P2)*ij(S’m Q ,° tM ) ,  (2.44) 
i j  J

where the sum is carried over the initial parton states, and the integrations are 

performed over the two parton momentum fractions x*. The terms in Eq. 2.44 

have the following meanings.

• /»(**» P 2) is known as a parton distribution function (PDF), which gives the 

probability distribution for finding a parton of species i within the proton, 

with fraction x* of the proton momentum P,.

•  &ij is the short-distance cross section for the scattering of partons of types 

i and j ,  which is perturbatively calculable.

•  ft is the renormalization scale. There is no rigorous prescription for choosing 

its value, but usually it is set to the characteristic energy scale of the hard 

scattering2.

is the strong running coupling constant. It decreases with increasing 

Q2, and is therefore small in short-distance interactions.

•  s  is the square of the center-of-mass energy in the i — j  parton system, and 

is related to the pp center-of-mass energy y/s by s = x ^ s .

•  t t i q  is the mass of the heavy quark.

The hard-scattering cross section dy , when it is perturbatively calculated, con

tains contributions that occur on a time scale that is long compared to that of the

2 Here we are not making a distinction between renormalization scale and factorization scale.
They are set equal, as in most cross section calculations [17].
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Figure 2.6: The parton densities x f ( x ,  Q2 =  M 2op) for quarks and gluons, from the 

MRSR2 [44] set. The up and down quark curves are the sum of valence quarks, 

which contribute predominantly at i  a  and sea quarks, which increase as x  

decreases due to the increased probability for gluons to split into qq pairs. The 

gluon distribution dominates at x  < 0.15.

hard scattering. These pieces are factored out and absorbed into the description 

of the incoming hadrons [43]. Thus, does not depend on the type of incoming 

hadron. Roughly speaking, any propagator that is off-shell by fi2 or more will 

contribute to dy,, while below this scale, it gets grouped into the PDFs [42]. As 

a result, the PDFs depend on /*. Parton distributions for the MRSR2 set [44], 

derived from a global analysis, are shown in Fig. 2.6, for Q2 =  Mtop2.

The leading-order diagrams 0 ( a 2) for tt  production are given in Fig. 2.7. Cal

culations of the cross section through next-to-leading order (NLO), 0 ( a 2) have 

been performed. In addition, the NLO result has been corrected for initial-state

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

\  YTnrmruj—  ----- 1 — ------1 <k / l
yhnnrmnr<C JfcnnnnnrC

'  t rjnnnry---- -— * ---- -— t

Figure 2.7: The leading order (a 2) diagrams for tt production in pp collisions. The 

first diagram represents qq annihilation, and the remaining three are gluon-gluon 

fusion diagrams. The total tt cross section contains only about a 10% contribution 

from gluon-gluon fusion.

i t  Cross Sections calcu lated  for M top =  175 G e V /c 2

Cti accuracy of calculation Reference

5 .0 6 1 ^
c co+0.07 O.OZ_o .42
a qc+o.70‘t.30—0.40

NLO +  NLL (gluon) 

NLO +  LL(gluon) 

NLO +  LL (gluon)

Bonciani, Catani, Mangano, Nason [17] 

Berger, Contopanagos [18]

Laenen, Smith, van Neerven [19]

Table 2.2: Three theoretical calculations of oti, where the central value is calculated 

assuming Mtop =  175 GeV/c2, and a renormalization scale p  =  Mtop. For each 

calculation, the uncertainty results from changing /x from Mtop/2  to 2Mtop.

soft gluon radiation to all orders in the coupling strength. This has been done to 

a level of accuracy called the leading-log (LL) level [18, 19], and to another, more 

accurate level called the next-to-leading-log (NLL) level [17]. These cross sections 

are shown in Table 2.2.

Finally, I should mention tha t with a theoretical width of at least 1.4 GeV [45], 

the top quark lifetime is about 10 times smaller than the typical time scale for 

hadronization. As a result, the top quark decays like a free quark, since there is 

not enough time for it to fragment and form a hadron.
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2.7 Tevatron Top Quark Results

In Chapter 1 ,1 introduced the dilepton and lepton+jets decay channels, and gave 

the results of the CDF counting experiments in each of these modes. In this 

section, I review these modes in a little more detail, since they are used in this 

analysis. Next, I review the top quark results obtained by the CDF and D 0 

collaborations over the past few years. The results are divided up into it cross 

section measurements, top mass measurements, and kinematics of top events.

2.7.1 The Dilepton and Lepton+Jets Decay Modes

The dilepton and lepton+jets decay channels are optimized for the selection of 

events consistent with the SM decay tt  —> WbWb. The dilepton channel selection 

criteria are used to identify it  events with two leptonic W ± decays, requiring two 

high-Px electrons or muons, 0 T from the undetected neutrinos, and two jets from 

hadronization of the two 6 quarks. The lepton+jets channel selection criteria are 

used to identify tt events with one leptonic and one hadronic W ± decay, requiring a 

high-Pr electron or muon, E!t  from the undetected neutrino, and three or more jets 

from the 6-quarks and the W ± —>• qq' decay. This search uses both the lepton+jets 

and dilepton decay topologies.

The background in the dilepton channel comes from W +W ~  production, Z° -+ 

t t , Drell-Yan production, and lepton misidentification in events with one real 

lepton. In the dilepton mode it is sufficient to make various kinematic and topo

logical cuts to suppress the non-it backgrounds [46, 23]. In the lepton+jets mode 

this is not the case. The background comes primarily from QCD production of W ± 

bosons produced with multiple jets. This background rate is roughly four times 

larger than the rate expected from it production [47]. To reduce this background, 

the lepton+jets mode relies on the identification of at least one of the two 6 quarks
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among the decay products of a it  event. More specifically, we rely on the fact that 

the 6 quark produced at the primary vertex of an event will immediately (within 

~  10-23 s) hadronize to a B-hadron, which has a long lifetime (cr =  470 fim). We 

use the CDF silicon vertex detector (SVX) to locate decay vertices of B hadrons 

that are separated from the primary vertex of an event by as much as several mm, 

as a result of this long lifetime. The 6-quarks identified this way are called “SVX 

tags” . By requiring one SVX tag in each event, the tt  content of the lepton+jets 

sample is predicted to increase from 20% to 75% [47, 22]. Another technique for 

identifying b quarks, which is not used in this analysis, is to search for additional 

electrons and muons resulting from semileptonic decays of B  hadrons. These are 

called “soft lepton tags” (SLTs), because typically the leptons have a much lower 

momentum than the primary leptons in the event from W ± decay.

In addition to these channels, there are two other decay modes that have been 

observed. The first of these is a class of dilepton events tha t contain one electron 

or muon, and a tau lepton identified through its hadronic decay mode [48]. The 

signal/background ratio for these “tau dilepton” events is much lower than that for 

e-e, e-fi and \i-[i dilepton events, primarily due to the relatively high rate at which 

generic QCD jets can fake the signature of a hadronically-decaying tau lepton. 

Tau dilepton events are not used in this analysis, since we want to maintain a 

high signal/background ratio. In addition, the H*  limits from this analysis will 

be better if H ± —» t v  decays are invisible to our it selection criteria. The second 

class of events are found in the “all-hadronic” decay channel, which is optimized 

for it  events in which both W ± bosons decay to a light quark pair [15, 49]. Again, 

this decay channel is not used in this analysis.
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Figure 2.8: The values of crtt- measured by the CDF and D 0  Collaborations, in all 

the different decay channels observed. This figure is taken from Ref. [50].

2.7.2 Cross Section Measurements

Fig. 2.8 summarizes the cross-section measurements at the Tevatron, which are all 

consistent with one another. The combined CDF result is ati =  7.6l[J pb [22], 

while D 0  finds utt- =  5.9 ±  1.6 pb [49]. Both of these numbers are consistent with 

the theoretical value of at[ ~  5.0 pb, discussed in Section 2.6.

It should be noted that all of these measurements assume only SM tt decays. 

This assumption is used when the cross section is calculated from the number 

of signal events observed in a  particular decay channel. One must divide by the 

efficiency e for it  events to pass the selection criteria of that channel, which is 

calculated assuming a WbWb  final state.

_ ^ b k g - W
a* ~ 7 c

obs (2.45)
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Tevatron Top Quark Mass Measurements

DO
168.4 ± 12.8 GeV/c: Dilepton

173.3 ± 7.8 GeV/e' Lepton +Jets

(-•-« 172.1 ± 7.1 GeV7c: Combined
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i— • — i 161.4 ± 20 GeV/c* Dilepton
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175.9 ± 6.9 GeV/c2 Lepton +Jets
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Figure 2.9: The values of A/top measured by the CDF and D 0  Collaborations, 

corresponding to different decay channels. This figure is taken from Ref. [51].

If the two-Higgs-doublet model is correct, then there is a good chance that we are 

currently underestimating at£, since e is much smaller than the SM value for much 

of the parameter space in the M/r±-tan/3 plane. However, this seems unlikely, since 

the measured values of <t«, calculated using SM efficiencies, are in agreement with 

the theoretical value of a t{.

2.7.3 Top Mass Measurements

The top quark measurements at the Tevatron are all consistent with one another. 

Fig. 2.9 shows these measurements. The best number is the combined CDF and 

D 0  result, which gives 173.9 ±  3.6(stat.) ±  3.8(syst.) GeV/c2 [51].
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Figure 2.10: The top mass measured by CDF using the lepton+jets sample. This 

figure is taken from Ref. [52].

These mass measurements assume only SM top quark decays. For example, 

the best single mass measurement is made by CDF using lepton+jets events [52]. 

The events are divided into four orthogonal subsamples, depending upon whether 

they contain one SVX 6-quark tag, two SVX tags, no SVX tags but an SLT tag, 

or no 6-quark tags. The events are fit to the hypothesis of tt production followed 

by the following decays :

pp —y tt +  X

t —> W +b -> f u eb (or qqb)

t —> W~b  —> qq'b (or i~ueb)

In this fit, the four most energetic jets in the event are matched to the four partons,

consistent with tagging information, and a x 2 minimization technique.
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Fig. 2.10 shows the top mass distribution measured in the data, along with the 

expected mass distribution from it  events, and non-ft background events. While 

there is good agreement between the MC-predicted mass distribution and the one 

observed in data, the width of the data distribution is narrower than the MC 

distribution. Studies considering the outcome of many “trial experiments” indicate 

that there exists an 11% probability for obtaining a statistical uncertainty as small 

as the measured one [52]. Reasons for this have been explored in Ref. [53]. It is 

found that SM it  events, in which jet assignments are not correctly matched to 

the partons, tend to broaden the mass distribution. This can occur if one of the 

four most energetic jets in the event originates from initial or final state gluon 

radiation, and not one of the partons. Thus the data suggest that there may be 

more gluon radiation in the MC than there should be.

Given that incorrect jet-parton matching in a SM it  event results in a broad

ening of the mass distribution, it seems obvious that it  decays to topologies other 

than WbWb would also result in an equivalent, if not more dramatic, broaden

ing of the top mass distribution. However, this has not been studied. Thus we 

conclude our discussion of the top mass results by stating that the observed mass 

distribution is consistent with only SM it  decays.

2.7.4 Kinematics o f Events

CDF has reconstructed both the leptonic and the hadronic W ± decays in some 

it  events. Remember that lepton+jets events are primarily produced when one 

W ± decays leptonically and the other one decays hadronically, resulting in a 

ivgqq'bb final state. The transverse mass of the W ± may be reconstructed from 

the transverse momentum of the lepton and neutrino (E!t ) in such events [46]. 

CDF has also observed hadronic W ± decays in these events, measuring M w  =
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Figure 2.11: The dijet mass spectrum  of the two untagged jets in double 6-tagged 

lepton+jets events. The shaded curve shows the expected distribution from QCD 

W ± +  jets background, while the dashed curve shows the expected contribution 

from SM tt production plus background. The inset plots the transverse mass 

formed by the lepton and #T for these events.

77.2±3.5(stat.)±2.9(syst.) G eV /c2 with a peak significance of 3.3<r [54]. One 

method used to isolate this signal identifies both of the b quarks and the lep

tonic W ± decay in W ± +  4 je ts  events [54]. The hadronic W ± mass may be 

reconstructed from the dijet mass of the two remaining untagged jets. Fig. 2.11 

shows this dijet mass for these double-tagged events. Eight events are observed in 

a mass window of 60-100 GeV/c2, while only 1.3 events are expected from non-tt 

background. The inset plot shows the transverse mass of the lepton and ElT for 

these events. The two reconstructed W ± peaks in these events give strong evidence
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in favor of a WbWb  final state. Both CDF and D 0  have provided additional ev

idence that top quark kinematic distributions in data agree with MC predictions, 

assuming only SM tt decays [47, 55].

2.8 Existing Lim its for H ± Production

There are many existing limits on H * production, which are derived from study

ing both low and high-energy processes. Direct searches have been performed by 

experiments working a t the energy frontier, including the CDF and D 0  experi

ments at the Tevatron, and the ALEPH, DELPHI, L3, and OPAL experiments at 

LEP2. Remarkably, precision measurements of low-energy processes that are sen

sitive to contributions also provide limits, which sometimes overlap and exceed 

the ones obtained by the high energy collider experiments. However, while the di

rect searches usually set limits that are essentially model independent, the indirect 

limits inferred from low-energy processes tend to be quite model dependent.

2.8.1 Direct Searches at the Tevatron and LEP2

The H* will be produced predominantly through top quark decays at the Teva

tron. In addition to the search described in this thesis, CDF has performed a 

direct search [56] for tt  decays to WbHb and HbHb final states, where the if*  

subsequently decays to t v . The expected event topologies are Wbrvb  and Tvbrvb. 

Two event selection criteria are employed. The first requires a t least one tau lep

ton and significant E!t , presumably from a if*  —> t v  decay; a t least two jets from 

the b quarks; and one other lepton or jet. A second set of selection criteria is 

designed for events where the b jets have insufficient energy and are “lost” , which 

will happen if M H± is close to Mtop and little energy is available to the b quarks. 

This second set of selection criteria requires just two r  leptons and significant 0 X.
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In this search, tau leptons are identified through their hadronic decays. A total of

7.3 ±  2.2 events are expected from non-fi background sources, while 7 candidate 

events are observed in the data. Charged Higgs masses as large as 137 GeV/c2 

have been excluded in the limit of large tan/?, assuming that ati =  5.0 pb. The 

excluded regions from this search will be shown in Chapter 7, alongside the limits 

from my search.

The D0  Collaboration has excluded parameter space in the two-Higgs-doublet 

model using a search almost identical to the one described in this thesis [57]. The 

D0  limits will be discussed in Chapter 7.

The four experiments at the Large Electron-Positron II (LEP2) collider have 

recorded data from e+e“ collisions a t center-of-mass energies approaching 200 GeV. 

In these collisions, charged Higgs bosons are produced in pairs via couplings to the 

Z° boson and the photon, e+e~ —» Z ° /7  -> H +H~. For y/s =  183 GeV, the cross 

section for this process ranges from about 0.55 pb for M H± =  50 GeV/c2 to 0.1 pb 

for M H± =  80 GeV/c2 [58]. Each experiment has used several tens of pb of data 

collected at (or close to) this energy, combined with lower energy data, to exclude 

H *  production.

In this energy range, the if*  will decay to the light quark pair cs or the lepton 

pair t u , resulting in the final states cscs, c s t u , and t + v t ~ v . These decays are 

identical to W ± decays, resulting in an irreducible background from events in which 

W ± bosons are pair produced, e+e" —> W +W~. This background, in addition to 

the low expected signal rate, renders almost hopeless the discovery of H *  with 

Mh± > Mw± [62]. However, M H± as large as 72 GeV/c2 have been excluded. 

Table 2.3 lists the most recent published limits from LEP2. These are among the 

most stringent and model-independent limits for H*  production.
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LEP2 L im its on th e  M ass o f  the Charged H iggs Boson

Experiment M h ± lower bound best limit highest Energy Reference

L3 57.5 GeV/c2 70 GeV/c2 183 GeV [59]

OPAL 59.5 GeV/c2 72 GeV/c2 183 GeV [58]

DELPHI 54.5 GeV/c2 60 GeV/c2 172 GeV [60]

ALEPH 52.0 GeV/c2 57 GeV/c2 172 GeV [61]

Table 2.3: The H ± limits a t the 95% confidence level, from the four LEP2 exper

iments. Shown is the lower bound of M H± set by each experiment irrespective of 

the 6(11^ —» cs), and also the best mass limit that holds over some small range of 

this branching fraction.

2.8.2 Indirect Searches using b —> s j

As an alternative to direct searches performed at high energies, one may look for 

the effect of new particle production on decay modes that are rare or forbidden by 

the SM, but may be enhanced by the presence of new particles. Flavor changing 

neutral current (FCNC) processes are particularly well-suited for such searches. 

Not only are they absent a t the tree level, but they are predicted to have branching 

fractions on the order of 10~4. This is a detectable rate, and thus a sensitive probe 

of new physics.

Some of the best H *  limits come from studying B  hadron decays to a photon 

and a strange hadron, B  —* X 3j .  W ithin the SM, this decay is represented by 

the electromagnetic “penguin” loop diagrams shown in Fig. 2.12, in which the 

photon is radiated from either the W ± or one of the quarks. This process has been 

calculated to an accuracy of 10% within next-to-leading order QCD, B(B  —► Xg'y) 

=  (3.28±.33) x 10“4 in Ref. [63] and (3.62±.33) x 10“4 in Ref. [64]. The measured 

world-average branching fraction for this B  decay is B{B  —> X sj )  =  (3.14 ±0.48) x
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W ( H )

u,c,t

Figure 2.12: The decay B  —> X sy  is represented by these “penguin” diagrams. In 

the charged Higgs scenario, an H * constructively interferes with the W *  contri

bution, raising the branching fraction for this decay beyond the SM prediction.

u,c,t

«-----------------_
q q

Figure 2.13: Within supersymmetry, diagrams containing a scalar top quark (£) 

and a chargino (X *)  can interfere destructively with the diagrams above, reducing 

B(B  -» Xa'y) to be in agreement with the SM prediction.

10-4 [65], in excellent agreement with these predictions. The measurement is

dominated by the CLEO result [66], which is used to determine a 95% confidence

limit (C.L.) range of 2.0 x 10-4 < B(B  -> X 3y) < 4.5 x 10~4.

W ithin a two-Higgs-doublet extension to the SM, the H ± can be radiated

by the b quark, along with the W ±, as indicated in Fig. 2.12. In the case of

Model II Yukawa couplings, which are consistent with supersymmetry and the 

only couplings considered in this thesis, the charged Higgs contribution always in

terferes constructively with the W*  amplitude regardless of the value of tan/? [64].
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This increases the SM rate by more than factor of 2, for a large range of M H±- 

tan/? values [64, 67]. This prediction provides stringent bounds on the two-Higgs- 

doublet model parameter space, since the CLEO measurement is consistent with 

the SM value. CLEO’s original measurement established a 95% C.L. of > 

[244 +  63 /(tan/3)L3] GeV/c2 [68]. An analysis published in 1997 [67], which is only 

slightly outdated3 updated this lower bound of MH± > 244 GeV/c2 to M H± > 

300 GeV/c2. At face value, this limit indicates that searching for H ± decays from 

a top quark with a mass of 175 GeV/c2 is pointless

However, these limits can be substantially weakened from contributions from 

particles other than a W ± or H ±. For example, it has been shown [69, 70] that 

a scalar stop squark i  and a chargino X ±, which are required by the minimal 

supersymmetric model, can enter into the loop (Fig. 2.13) and destructively in

terfere with the W ± and H ± amplitudes. These supersymmetric particles can 

even bring B(B  —» X ^ )  below the SM prediction for some range of the parameter 

space [69, 70]. Thus, the limits from b s*y can be circumvented, necessitating 

the need for a direct search. Still, the measurement of B(B  -* X sy) is a powerful 

tool that can be used to limit the available parameter space for supersymmetry. 

For example, by choosing values for M H± and tan/?, upper bounds for the light 

chargino and scalar stop masses can be obtained [70].

2.8.3 Indirect Searches using Other Low-Energy Processes

Additional low energy constraints on the charged Higgs sector come from the mea

surement of rare semileptonic B  decays. One of the best bounds comes from B  

hadron decays to a tau-neutrino pair B  —> t v  (Fig. 2.14), which is helicity sup-

3For this analysis the 95% C.L. allowed range of B(B -> X,~f) only extended to 4.2 x 10-4 
according to CLEO [68], and the NLO theoretical result had about the same central value but 
errors 50% larger than the current theoretical value.
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W, H

{
Figure 2.14: The decay B  —► t v  ordinarily occurs via W ± exchange, but can be 

enhanced by the presence of the H ±.

pressed within the SM. The predicted branching fraction [71] for this decay is

10 times smaller than the 90% C.L. upper bound set by the L3 Collaboration,

B(B  —> t v ) < (5.7 x 10-4) [72]. In two-Higgs-doublet extensions to the SM, this
2

branching fraction is enhanced by a factor of (tan2/? — 1) [71]. Using this fact,

the L3 result translates into the limit M H± > (2.63 tan/5) GeV/c2 [72]. The effect 

of a supersymmetric spectrum of particles on this limit has not been analyzed, to 

my knowledge.

The inclusive decay B  —► X t v  is another process that will be enhanced by H * 

contributions to the W ± propagator. The branching fraction for this decay has 

been measured to be B (B  —> X t v ) =  (2.69 ±  0.44)%, which is determined almost 

solely by the ALEPH measurement [73]. This can be compared to the B (B  —»■ 

X {e/n)v)  =  (10.43 ±0.24)% [3]. The relative rate T(B -+ X t v ) / T ( B  -+ X ev)  has 

been calculated assuming only a two-Higgs-doublet extension to the SM. This ratio 

is found to lie within ltr of the experimental result a t small and intermediate values 

of tan/? [74]. However, at high values of tan/?, where the r v H + Yukawa coupling 

becomes large, the ratio is predicted to be much larger than the SM value. This 

fact is used to establish the 95% C.L. limit M a ± > (1.92 tan/?) GeV/c2 [74].

W ithin supersymmetry, this limit seems to be very robust, since any additional
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particles besides the W ± and H ± can only contribute to the rate for B  —>• X t v  

through higher-order diagrams (and not at the “tree-level” ) [75]. In Ref. [75] it is 

shown that one-loop effects from supersymmetric particles often result in a more 

restrictive bound than the one given above. However, in some cases the bound 

disappears altogether!

Two limits derived from semileptonic B  decays have been presented, M H± > 

(2.63 tan/?) GeV/c2 from the decay B  —> t v , and M H± > (1.92 tan/?) GeV/c2 

from the decay B  —> X t v . These two limits are very comparable to the lim

its obtained from considering the H ± contribution to semileptonic tau decays. 

The tau decay limits give 95% confidence limits in the range of M H± > [(1.40 — 

1.86) tan/?] GeV/c2 [76, 77].

Limits on H ± can be obtained using electroweak properties a t the Z° pole, as 

recorded by the LEP experiments. One of the most sensitive quantities is the Z° 

width into a 66 pair, because of the presence of virtual top quarks that appear 

in higher-order vertex corrections to the tree-level diagram. The H ± tends to 

couple to these top quarks with a strength m tcot/?. This results in a suppression 

of the Z° width into 6-quark pairs a t low values of tan/? [78]. The observable 

that characterizes Z°bb couplings is the ratio Rb =  F(Z° -> bb)/T(Z° —> hadrons). 

This ratio is presently measured to be 1.3cr higher than the SM prediction [3], 

constraining M H± and tan/?. Based on a value of 1994 value of R b that was over 

2<t higher than the SM expectation, the analysis in Ref. [78] found that a t the 95% 

C.L., tan/? > 1.0 for M H± < 300 GeV/c2.

However, this analysis assumed only a two-Higgs-doublet extension to the min

imal SM. As with the other searches, additional contributions from particles pre

dicted by the minimal supersymmetric model, most notably a  light scalar top and 

a light chargino, can enhance Rb [79, 80]. Using masses for these particles that 

were large enough to escape detection by the LEP2 and D 0  searches, Ref. [81]
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finds that supersymmetry can accommodate a correction to R b th a t easily covers 

the 0.6% discrepancy between the predicted and observed values of Rb.

Fig. 2.15 summarizes the H*- limits that are discussed in this section.
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Figure 2.15: Existing 95% C.L. limits on H *  production. Only the CDF and 

LEP limits are based on direct searches. The rest of the limits are derived 

from indirect searches that assume a two-Higgs-doublet extension to the SM only. 

The limit M H± > (1.86 tan/?) GeV/c2 [76], labelled “r7T#1”, is derived from the 

branching fraction of taus to leptons. It is about as good as limits from the 

decays B  —>• t v  ( M h ± > (2.63 tan/?) GeV/c2 - 90% C.L.) [72] or B  —y X t v  

(M H± > (1.92 tan/5) GeV/c2) [74], which are not shown on the plot. Some of the 

limits are slightly outdated. The limit based on the measured value of B{B  —> X 3j )  

is the old CLEO limit MH± > [244 +  63 /(tan/?)l'3] GeV/c2 [68], but a more recent 

analysis raises this lower bound of 244 GeV/c2 to over 300 GeV/c2 [67]. The LEP 

searches now exclude MH± < 59.5 GeV/c2 [58], and the limit boundary is not flat, 

sometimes extending to 72 GeV/c2 [58]. Finally, the limit based on Rb [78] uses 

a value that was over 2a  away from the SM prediction; it is now measured to be 

only a 1.3a deviation [3]. This figure is taken from Ref. [76].

1 I y  I II------------1--------1— I I I I I 11----------- 1— I— I— I I I 1 1 !----------- 1— \ tz  I

T(Z->bb)

LEP
search

Allowed
region

BR(b—»sy)
W77n777TT7T777777T777777T7777777ffr7T777TTmT7T77,

i n n u n u / i n
. . i . . . .  i . .

0 0.5 1 1.5 2.5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Chapter 3

The CDF Detector

The data  used in this analysis were recorded by the Collider Detector at Fermilab 

(CDF) experiment. CDF is one of two large experiments situated on the beamline 

of the the highest-energy proton-antiproton (pp) collider in the world, the Tevatron, 

located a t Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois. 

The CDF detector is centered on an interaction point where proton and antiproton 

beams collide head-on. It is composed of many subsystems that determine the 

trajectory, momentum, energy, charge and identity of particles that are produced 

in these collisions. This chapter begins with a description of the Tevatron, and the 

data  used in this analysis that were recorded by CDF during a three year period. 

Next, the various CDF detector subsystems are described in some detail. The last 

portion of this chapter is devoted to explaining the selection criteria that are used 

to choose events for a data sample tha t becomes the starting point for the analysis 

described in later chapters.

3.1 T he Tevatron

The Tevatron1 is a 1 km radius superconducting synchrotron that performs the 

last of five separate stages of acceleration in order to produce beams of protons 

(p) and antiprotons (p) that collide a t a center-of-mass energy of 1800 GeV, or 

1.8 TeV. The Fermilab Accelerator Complex, shown in Fig. 3.1, consists of five

lThe Tevatron is described in detail in Appendix C
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UNAC
Booster
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Accumulator Rings Cockcroft-Walton

BO (CDF)
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Radius = 1 km

Tevatron and Main Ring

DO

Figure 3.1: The Tevatron accelerator complex. Protons begin their journey in an 

ion source located in the Cockcroft-Walton accelerator. The Main Ring and the 

Tevatron lie on top of one another in the same tunnel.

accelerators (Cockcroft-Walton, Linac, Booster, Main Ring, and the Tevatron), 

as well as two storage rings (the antiproton Debuncher and Accumulator). Each 

accelerator in the chain boosts the energy of particles received, and passes them 

off to the next stage. Protons originate from a bottle of hydrogen gas, and then 

are passed through each of the accelerators, starting with the Cockcroft-Walton 

device. On the other hand, antiprotons are produced by colliding protons into a 

fixed target. They are separated from the debris, transferred to the Debuncher, 

and then are stacked in the Accumulator for several hours until a sufficient number 

have been collected to achieve high-rate interactions once they are injected into 

the Tevatron.

The Tevatron operates with six proton and six antiproton bunches circulating
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in opposite directions within the same beam pipe. Each particle has an energy of 

900 GeV, and the bunches are separated in time by about 3.5 fis. A special pair of 

quadrupole magnets in the CDF experimental hall forces the two beams to collide 

at the center of the detector. At this interaction point, the beam spot size is made 

to be as small as possible in the transverse plane (measured to be aXyP «  25 pm in 

Ref. [82]), in order to maximize the pp collision rate at this point. The longitudinal 

profile of the bunches is approximately Gaussian, having a width of 30 cm.

3.1.1 Luminosity

A fundamental property of a collider is the luminosity C. The number of collisions 

per second dN/dt  at the interaction region due to a physics process is

dN
=  <3 1 >

where a  is the physics process cross section in units of cm2, and C is the instan

taneous luminosity of the colliding beams, measured in units of collisions/cm2/s. 

The luminosity can be approximated by the simplified equation [83]

(3.2)

where /  is the revolution frequency of each bunch (47.7 kHz), B  is the number 

of bunches in each beam (6), Np p are the number of proton and antiprotons in 

a bunch (Np «  150 x 109, Np «  50 x 109), and aXyV is the rms transverse size of 

the proton and antiproton beams («  25 pm). This formula is simplified in part 

because it ignores dependence upon the longitudinal profile of a real beam [83].

The data used in this analysis were collected between 1992 and 1995, over the 

course of two periods called Run 1A and Run IB. Table 3.1 shows the typical, 

best, and time-integrated values for the luminosity over the course of each of these
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L um inosity  S u m m ary

R u n  1A R u n  IB

period of operation Aug. 1992 - May 1993 Jan. 1994 - Jul. 1995

average luminosity 0.54 x 1031 cm-2s-1 1.6 x 1031 cm-2s-1

best luminosity 0.92 x 1031 cm-2s-1 2.8 x 1031 cm-2s-1

time integrated luminosity 19.3 ±  0.7 p b " 1 90.1 ±  7.2 pb-1

Table 3.1: The luminosity from Run 1A and Run IB. Remember 1 pb =  10 24 cm2.

two periods. The analysis described in this thesis uses data  corresponding to the 

total time integrated luminosity of

C = 109.4 ±  7.2 pb-1 . (3.3)

3.2 A n Overview of the CDF D etector

The CDF detector is designed to study many facets of the physics of pp collisions. 

It is designed with as much solid angle coverage as possible, and has approximate 

azimuthal and front-back symmetry. Fig. 3.2 shows a three-dimensional view of 

the detector, while Fig. 3.3 shows one quadrant of a side view. The Tevatron 

beam is contained within a  pipe running through the detector, and focused at the 

interaction point at the center of the detector by the “low-/?” focusing quadrupole 

magnets embedded within the forward and backward steel toroids. Outside the 

beam pipe, and surrounding the interaction point, are three complementary track

ing detectors that record the trajectory of charged particles in three dimensions. 

The momentum of a charged track is proportional to its radius of curvature in the

1.4 T axial magnetic field, which is generated by a superconducting solenoid of 

radius 1.5 m and length 4.8 m that surrounds the three tracking detectors. Just
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Figure 3.2: A three-dimensional view of the CDF detector.

CDF
Detector

n =0.9

Forward 
(Not-To-Scale)

INTERACTION POINT Q =4.2

Figure 3.3: A side view of one quadrant of the CDF detector, showing the calorime

ter segmentation in intervals of A77 =  0.1.
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outside this solenoid lie the central calorimeters, which record the energy both of 

charged and neutral particles. Calorimeters also exist in the forward and backward 

regions of the detector. The calorimeters act as filters for the muons, which usu

ally radiate very little energy (less than 1 GeV) as they pass through to the muon 

chambers, located outside the calorimeters. Neutrinos escape detection by CDF, 

but their presence can be inferred by an imbalance of energy in a plane transverse 

to the beam.

3.2.1 The CDF Coordinate System

The origin of CDF is the center of the detector, also the nominal interaction point 

for pp collisions. The proton beam direction defines the z direction. Looking into 

the +z direction, onto the plane transverse to the beam, the 9 o’clock vertical 

position defines the x  direction, and the 12 o’clock position defines the y  direction. 

The magnetic field is in the —z direction, B  =  — 1.4z T. In polar coordinates, 

which are frequently used, the polar angle 9 is measured from the +z direction, 

the azimuthal angle 0 is measured in an anti-clockwise direction from the +x 

direction, and the radial distance r  is measured from the center of the beamline. 

Often we speak of momentum transverse to the beam, in the r — <f> plane, which is 

related to the total momentum through the relation PT =  P  sin0.

Rather than use the polar angle 9, it is more natural to use rapidity y, defined

as

Under boosts along the 2-axis, to an inertial frame moving with velocity /?, the 

rapidity transforms as y ->• y+ tanh-1/?. Thus the shape of a particle distribution in 

y, dN /dy, is invariant under these transformations. For highly relativistic particles
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(p 2> me), the rapidity is well approximated by pseudorapidity 77,

77 =  - I n  ( t a n Q  (3-5)

which is used at CDF for detector segmentation, and specification of particle po

sition. Two types of pseudorapidity are used: 77rfet, or just 77, denotes detector 

pseudorapidity measured from the nominal interaction point a t the center of the 

detector, whereas 77̂  measures the pseudorapidity of the decay products from the 

z-vertex of the pp collision in a particular event, which can occur at any point 

along the beam axis.

3.3 The Tracking System

The purpose of the tracking system is to measure the three-dimensional trajec

tory of charged particles, so that particles that decay close to the beam can be 

reconstructed, and their charge and momentum can be determined through their 

curvature in the magnetic field. In tt  events, 13-mesons are identified by their dis

placed vertex, which can appear several mm from the primary interaction point. 

For this purpose, the tracking detector must have excellent spatial resolution very 

close to the interaction point. However, good momentum resolution requires a 

large volume detector in order to measure the large radius of curvature of high-iV 

tracks in the plane transverse to the beam (r-0  plane). Finally, in order to deter

mine the direction of jets associated with calorimeter clusters, it is also necessary 

to know the trajectories of charged particles in the r-z  plane.

To meet these requirements, CDF employs three complementary tracking sys

tems. The Silicon Vertex Detector (SVX) lies just outside the beampipe, and 

measures the impact param eter of a charged track with an error of several tens of 

microns. Outside the SVX is the Vertex Drift Chamber (VTX), which performs a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

precise measurement of the track in the r-z  plane. Finally, surrounding the SVX 

and VTX is the Central Tracking Chamber (CTC), which has a large volume and 

measures tracks in the plane transverse to the beam with a high degree of precision. 

These three detectors are described below in more detail.

3.3.1 Silicon Vertex Detector (SVX)

The SVX is designed for precise track reconstruction very close to the interaction 

point. It surrounds the beampipe with four concentric 12-sided polygons, com

posed of silicon microstrip detectors. The outer radius of the beampipe is a t r  =  

1.9 cm, and the four surrounding polygons have radii r  =  3.0 cm, 4.2 cm, 6.8 cm, 

and 7.9 cm. There are two barrels, one on either side of z =  0 and spanning the 

region \z\ < 25 cm and \t}\ < 2.0. Fig. 3.4 illustrates the geometry of one of the 

barrels. Given the longitudinal beam spread of ±30 cm, the SVX pp interaction 

acceptance is 67%.

Each of the 12 sides of one layer of the SVX is called a ladder. Fig 3.4 reveals 

that a ladder is comprised of three silicon wafers bonded end-to-end, to reduce the 

number of channels that are read out. Each wafer contains rows of microstrips 

aligned along the z  direction, and separated by either 55 pm  (outer layer) or 

60 pm  (inner three layers). Fig 3.4 shows a magnified cross sectional view of the 

strips, which are made of a heavily doped p-type (p+) semiconductor. Relative 

to the p+, a large positive bias voltage is applied to the n-type semiconductor via 

the n + contact. This results in a deep depletion region absent of charge carriers 

that extends ino the n region, and has an electric field much like a parallel-plate 

capacitor. A charged particle will collide with the semiconductor lattice and excite 

valence electrons into the conduction band, creating electron-hole pairs that are 

swept toward the p+ and n + electrodes. Charge is collected and integrated to give
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Figure 3.4: On the left is a one of two barrels of the SVX detector. Three silicon 

wafers are placed end-to-end on a ladder, and contain microstrips separated by 55 

or 60 fim. A closeup of the microstrips is shown on the left, and the motion of 

electrons and holes is indicated.

a voltage pulse proportional to the amount of charge liberated. Although the strips 

are placed at least 55 /zm apart, the position of the particle in the transverse plane 

can be determined to a higher degree of accuracy, by using the charge-weighted 

centroid of several adjacent strips tha t collect charge, called a cluster. It is the 

centroids of the clusters that are used to fit SVX tracks.

Due to its close proximity to the interaction point, and fine granularity (46,080 

channels total), the SVX determines the impact parameter of an isolated track in 

the plane transverse to the beam with a resolution of (13 +  40/P T) /xm, where Pp 

is expressed in units of GeV/c [84, 85]. The constant term is due to the inherent 

spatial resolution of the detector, while the momentum dependence arises due to
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Figure 3.5: The SVX detector display for a top lepton+jets event, showing recon

structed tracks in a plane transverse to the beam line. Shown on the left are the 

4 layers of the detector, along with a view of calorimeter energy deposited in 0, 

proportional to the height of towers along the circumference of the outer circle. 

The arrow shows the direction of missing energy. On the left is a magnified view 

of the beam line area, showing only tracks with PT > 2 GeV/c for clarity.

multiple scattering. The left plot of Fig. 3.5 shows a beam-line view of the SVX 

detector for a very unique top candidate event (Run 67824, Event 281883). The 

event contains one very straight track a t 8 o’clock that points to an electromagnetic 

cluster in the calorimeter, indicating a high-PT electron. The event also contains 

three distinct jets, at 1, 4 and 11 o’clock positions. The right plot of Fig. 3.5 shows 

a magnified view of tracks reconstructed in the beampipe region. Although the 

tracks associated with the electron and the jet a t the 4 o’clock position originate 

from a common primary vertex, the other two je ts contain tracks with significant 

impact parameters with respect to this primary vertex. Each bundle of displaced
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Figure 3.6: A schematic showing one segment of the VTX, and the location of the 

sense wires in one of the octants. Each octant contains either 24 or 16 sense wires, 

depending on whether it is shortened to make room for the SVX.

tracks crosses at a secondary vertex located several mm from the primary vertex, 

indicating the presence of a B-meson decay.

3.3.2 Vertex Drift Chamber (VTX)

The VTX is a drift chamber filled with argon/ethane gas that surrounds and 

supports the SVX, and provides tracking in the r-z plane. It determines the z 

coordinate of the primary vertex with a resolution of about 1 mm. It also provides 

the only forward/backward tracking at small angles 9 < 10° from the beamline, 

for particles that are directed towards the forward/backward calorimeters.

The VTX lies between a radius 8 < r < 22 cm, and covers a pseudorapidity 

range (77! < 3.3, corresponding to \z\ < 150 cm. It is comprised of 28 octagonal 

modules stacked end-to-end, where each module is comprised of eight wedges. A 

wedge, shown in Fig. 3.6, contains two drift regions 5 cm long, with sense wires 

strung in the azimuthal direction. These drift regions are filled with argon/ethane 

gas. An electric field is established between the anode planes at either end of the 

chamber, and the cathode plane in the middle of the chamber. When a charged
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Figure 3.7: A VTX event display for a top dilepton event, showing drift hit posi

tions reconstructed from drift times. The VTX is composed of 28 modules stacked 

together; the inner 18 modules are shortened to make room for the SVX, which is 

indicated by the two inner rectangles. The hits in all eight octants of the detector 

are displayed, so this is not a true “slice in 0” side view.

track passes through the chamber, it ionizes the gas, producing a trail of elec

trons and positive ions. The positive ions drift at a constant velocity towards the 

cathode. Near the sense wire, the ions are accelerated by the 1 /r  electric field, 

creating an avalanche of ionization that deposits charge on the wire and can be 

detected. The drift times observed at the wire reveal the z position of the track 

and its angle with respect to the beam axis, while the position of the wire gives 

radial information.

Fig 3.7 is a VTX event display for a top dilepton candidate, showing the drift 

hits reconstructed from drift times in the VTX. Segments are formed from these 

drift hits. These segments are then used to determine vertex positions in z, which 

are shown as crosses along the beam axis. The vertices are ranked according to
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Guard Wires

Figure 3.8: The CTC endplate, and one of the CTC cells, showing the drift velocity 

direction.

criteria such as the number of segments and total number of hits that project back 

to them [86]. The two larger crosses indicate candidates for the primary vertex of 

the event.

3.3.3 Central Tracking Chamber (CTC)

The CTC is a 3.2 m long cylindrical drift chamber extending between r =  0.31 and 

1.32 m, surrounding the VTX and SVX, and providing tracking for \t]\ < 1.1. Its 

operation is similar to that of the VTX, except here the sense wires have a positive 

voltage, and attract electrons. The position of the wire gives r  information about 

the track, and the distance between the track and the wire is inferred from the 

arrival time of the signal.

An endview of the CTC is shown in Fig 3.8. There axe 84 layers of 40 /zm 

diameter wires are arranged into 9 superlayers. The bulk of the pattern recognition 

is done in the r — <f> plane, but good pattern recognition in the r — z  plane is also
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important. Therefore five of the nine superiayers contain 12 layers of axial sense 

wires arranged parallel to the beam, while four of the superiayers contain 6 layers 

of stereo sense wires with a tilt of +3° or —3° with respect to the beam axis. The 

superiayers are further divided into cells, also shown in Fig. 3.8. The maximum 

drift distance across a  cell is 40 mm, corresponding to about 0.8 /xs of drift time, 

which is shorter than the bunch crossing time of 3.5 /xs in the Tevatron. Two 

planes of stainless steel wires called field wires define and shape the electric field in 

each cell. Together, the axial and stereo layers measure the trajectory of a track 

with a resolution of about 200 /xm in the r  — 0 plane, and about 4 mm in the r  — z 

plane.

The cells are tilted at 45° with respect to the radial direction for three primary 

reasons [87]. Most importantly, the tilt lessens the demands of tracking recon

struction to determine what is known as a “left-right” ambiguity. When a track 

passes a row of sense wires, the distribution of drift times collected will not reveal 

whether the track passed the row on the right or the left side. When the rows 

of sense wires are tilted, this ambiguity is easily resolved because the ghost track 

defined by the improper assignment is rotated with respect to the true track direc

tion by a large angle, and will not point back at the primary vertex [87]. Secondly, 

the tilt guarantees that every high-Pr  radial track will pass close to at least one 

sense wire in every superlayer, allowing fast recognition by the trigger (see Sec

tion 3.7.2). Finally, this tilt compensates for the angle between the electric field 

and the drift velocity in the chamber, called the Lorentz angle, which is nonzero 

due to the crossed E  x B  fields present. W ith the drift velocity perpendicular to 

the radial direction, any nonlinear time-to-distance relationship a t the edges of the 

cell is minimized2.
2This also ensures that ionization electrons deposited uniformly along a high-Pr trajectory 

will all reach a sense wire in the shortest possible time window, maYimi^ing the signal/noise ratio 
for the readout electronics.
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Figure 3.9: A CTC event display showing a top e-fj, dilepton event. The electron 

track is at 10 o’clock, and points to an EM calorimeter cluster, while the muon 

track at 11 o’clock leaves very little calorimeter energy. There are also three jes in 

the event. The side window is a magnified view of the area in the box surrounding 

the muon track, showing the location of sense wires and “hits” .

The CTC event display for a top dilepton event is shown in Fig. 3.9. Sense 

wire hits are indicated by dots, making the inner superiayers visible due to the 

high occupancy of low-momentum tracks in this region, which do not escape the 

CTC (Pt  < 0.275 GeV/c). There are two high-P^ tracks a t 10 and 11 o’clock, 

which appear as straight lines because momentum is proportional to the radius of 

curvature R ,

PT =  0 .3 B R , (3.6)
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where B  is in Tesla, C  is in m ~l , Pt  is in GeV/c. The track a t 10 o’clock points to 

an electromagnetic calorimeter cluster, indicating that it is an electron, while the 

track at 11 o’clock has deposited very little energy in the calorimeter, indicating 

it is a muon. The side window shows a magnified region of the area within the 

rectangular box surrounding the track at 11 o’clock. Using drift times, track 

segments are reconstructed on both sides of each row of sense wires, forming “X” 

patterns. The incorrectly assigned segments do not point back to the interaction 

point.

3.3.4 Track Reconstruction

Track reconstruction begins in the CTC, by fitting the hits within each axial su

perlayer with the arc of a  helix. Track candidates are found first in the r  — 0 

plane by linking these segments together. The VTX is used to determine a seed 

2-position of each track, which is then input to an algorithm that uses the CTC 

stereo sense wire information to reconstruct the track in three dimensions. Each 

track then is projected back into the SVX, where matching clusters are assigned 

to it, and the combined CTC-SVX hits are refit. The momentum resolution of the 

CTC is 0.002 PT © 0.0066 for CTC tracks, where PT is in GeV/c, and © denotes 

adding the resolution term in quadrature with the constant term. The resolution 

improves to 0.0009 P r© 0.0066 for tracks reconstructed both in the CTC and SVX.

3.4 Calorimeters and Jet Identification

Calorimeters are placed just outside the tracking chambers and the solenoid in 

order to measure the energy both of charged and neutral particles. They are the 

largest and most massive of the detector elements, because they have sufficient 

density and thickness to intercept an incident particle and cause it to deposit all
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Sum m ary o f C alorim eter P rop erties

Detector 77-coverage Energy resolution Thickness

Central EM \v\ < 1.1 13.7%/\/E t  © 2% 00 0*

Central HAD [77] < 0.9 50% /\/i?7’ © 3% 4.5A0

Endwall HAD 0.7 <  \r}\ < 1.3 75% /y/E  © 4% 4.5A0

Plug EM 1.1 <  |77| < 2.4 22% /yfE ® 2% 1 8 -2 1 A o

Plug HAD 1.3 <  I77I < 2.4 106%/y/E  © 6% 5.7A0

Forward EM 2.2 <  I77I < 4.2 26% /\ fE  © 2% 25 X Q

Forward HAD 2.4 <  I77I < 4.2 137%/y/E  © 3% 7.7A0

Table 3.2: Summary of the CDF calorimeter properties. Thickness is given in 

radiation lengths ( X0) for EM calorimeters, and absorption lengths (A0) for HAD 

calorimeters.

its energy by subsequent cascade, or “shower” , of increasingly lower energy parti

cles [88]. A very small fraction of this energy is detected in the form of scintillation 

light or ionization charge, proportional to the incident particle’s energy. CDF uses 

sampling calorimeters, so named because they use a sandwich structure that in

terleaves an active medium with the passive absorber material in order to sample 

the energy loss at different depths of the shower.

The calorimeters are split into electromagnetic (EM) and hadronic (HA or 

HAD) elements, and are separated into three main detector regions defined by their 

pseudorapidity coverage, as shown in the side view of the detector, Fig 3.3. For this 

analysis the most im portant of these regions is the central region (77! < 1, where 

the Central Electromagnetic (CEM), Central Hadronic (CHA), and Wall Hadron 

(WHA) calorimeters are located. In this analysis, the CEM is used to measure the 

energy of electrons, photons and the electromagnetic components of jets, and helps
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identify these particles as well as muons. The CHA and WHA measure the hadronic 

components of jets, and assist in the identification of electrons, photons and muons. 

The Plug region (1.1 < rj < 2.4) contains the PEM and PHA calorimeters. These, 

as well as the central calorimeters, are used to identify jets and measure their 

energies in this analysis. Finally, forward and backward region calorimeters FEM 

and FHA extend coverage to 77 <  4.2. The energy measured by these calorimeters is 

not used to identify jets, but does contribute a measurement of transverse energy in 

an event, which can be used to infer missing energy as a result of high-P^ neutrinos 

that escape detection. Properties of the calorimeters are summarized in Table 3.2. 

Below, I describe the central calorimeters (CEM, CHA, and WHA) in detail.

3.4.1 The Central Electromagnetic Calorimeter (CEM)

The electromagnetic calorimeters exploit the phenomena of cascade showers, which 

are produced by highly energetic electrons, positrons and photons. In any medium, 

an electron (or positron) with an energy larger than several tens of MeV loses 

energy primarily by radiating photons, a process referred to as bremsstrahlung. 

These photons, in turn, lose energy by producing electron-positron pairs, which 

subsequently radiate secondary photons. The number of particles in the resulting 

shower increases exponentially with depth in the medium. The process continues 

until the average energy of particles in the shower is about 10 MeV, and electrons 

begin to lose energy primarily by ionization, and further radiation is not possi

ble. At this point, called “shower maximum”, the shower contains the maximum 

number of charged particles. Roughly speaking, the number of particles at any 

given depth in the shower is proportional to the incident particle energy E 0. Since 

fluctuations in the numbers of particles are governed by Poission statistics, the
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energy resolution for sampling calorimeters is proportional to 1

The distance scale for the longitudinal development of the shower is called the 

radiation length X0, which is the thickness of the medium that reduces the mean 

energy of a beam of electrons by a factor e. It is proportional to the mass number 

A  of the medium, and inversely proportional to the square of the atomic number Z. 

The electromagnetic calorimeter uses lead, a high-Z material, in order to minimize 

X 0 and keep the electromagnetic shower contained in as small a volume as possible. 

Shower maximum occurs a t a  depth that increases logarithmically with primary 

energy E0, (3.9 4- In E0) X Q. Up to shower maximum, typically more than 90% of 

the energy is contained in a cone of radius of LY0 [89].

The CEM (along with the CHA) is composed of 48 wedge-shaped modules that 

surround the solenoid in A <j> =  15° segments. A wedge is divided into 10 towers, 

where each tower subtends A77 =  0.1, and points back to the nominal interaction 

point, as shown in Fig. 3.10. Tower 0 intercepts particles ejected a t 90° to the 

direction of the beam, and Tower 9 intercepts particles at 45°. Fig. 3.11 shows 

a schematic of one wedge, emphasizing its CEM elements. The active volume is 

comprised of 30 layers of 0.32 cm thick lead plates, alternating with 31 0.5 cm 

thick plastic scintillator plates, to achieve a total radiation thickness of 18A0. The 

solenoid contributes another 0.86A0 (at 77= 0). Light from each scintillator layer 

in a tower is collected with two wavelength shifters at each of the two wedge 

boundaries in <£, and transferred to two photomultiplier tubes via light pipes.

Embedded in the CEM, a t the average shower maximum depth for 10 GeV 

electrons (5.9 X0), is the Central Electromagnetic Strip chamber (CES) [90]. This 

gas proportional chamber contains both strips and wires, and is located next to

3 Large fluctuations in the number of showers actually greatly exceed what is expected from 
Poission statistics, because fluctuations in the first few radiation lengths result in an amplification 
in the later stages of the shower. See Ref. [89].
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Figure 3.10: The geometry of a calorimeter wedge, showing the ten projective 

towers for the CEM, the division between the CEM and CHA, and the placement 

of the CMU muon modules.

**

Figure 3.11: A calorimeter wedge, with the CEM light collection system and the 

CES strip chamber indicated.
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Figure 3.12: A schematic of the CES.

the eighth lead layer. It is used to determine the shower position, and the trans

verse development a t shower maximum, by measuring the charge deposition on 

orthogonal strips and wires. Fig. 3.12 shows the orientation and spacing of the 

strips and wires. These measure a shower profile in the 77 and 0 directions, each 

with a  position resolution of about ±2  mm, independent of the incident particle’s 

energy. The CES is used to distinguish shower shapes due to electrons from those 

due to hadrons, which tend initiate showers at a further longitudinal depth into 

the calorimeter.

The CEM was calibrated with exposure to 50 GeV electrons at a test beam 

setup [91]. It was cross-calibrated at the same time with a permanently attached 

movable 137Cs source, which is guided on a rope pulley system passing near the 

shower maximum. This source has been used to periodically calibrate the detector 

after assembly and throughout the data taking runs. In addition to the 137Cs 

source, Xenon and LED flasher systems are employed to calibrate the CEM. By 

using the source to inject electrons into the calorimeter, the Xenon flasher to inject 

light into the waveshifter, and the LEDs to  inject light into the phototube, each of 

these light-collection elements can be monitored for radiation damage or change

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

Cluster Et_min 0.0 GeV 
Clusters :ETHAT CLUSTERING
SCLP: Cone-size= 1.0. Min Tower Et= O.'l" _
EM HA Nr Et Phi Eta DEta *Tow EM/Et Trk3
q g  26 55.0 253.7 -1.11 -0.97 54 0.506 8
0  0  27 50.4 343.0 -0.58 -0.44 43 0.695 19

9 25 43.4 159.7 0.69 0.77 7 0.982

Figure 3.13: The distribution of transverse energy deposited in the calorimeters 

by the dilepton event shown in Fig. 3.9.

due to aging or exposure to the magnetic field [92]. During Run 1, source runs 

were performed about once a year, while flasher systems were used almost daily.

Fig. 3.13 shows the distribution of transverse energy deposited in the calorime

ters for the dilepton event shown in Fig. 3.9. The segmentation of the plot in 

r) — <j> space is identical to that of the calorimeters, and the height of each block is 

proportional to the transverse energy recorded by the corresponding calorimeter 

tower. The EM (dark) and HAD (light) deposits are shown separately. The elec

tron candidate deposits almost all of its energy in one tower. There are three other 

clusters in the central region due to jets, corresponding to the collimated groups 

of charged tracks visible in the CTC display, Fig. 3.9.

3.4.2 The Central Hadronic Calorimeters (CHA and WHA)

The sampling calorimeters used to detect showers initiated by hadrons are sim

ilar in construction to the electromagnetic calorimeters. However, the physical
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processes that cause the propagation of a hadronic shower are considerably differ

ent from those responsible for an electromagnetic shower. A hadron shower results 

from an inelastic nuclear collision with the production of secondary hadrons, which 

themselves interact inelastically, and so on. Although the bulk of incident energy 

appears eventually in the form of ionization, roughly 30% of the energy is lost 

by the breakup of nuclei, nuclear excitation, and the production of neutrons [93]. 

The scale for the longitudinal development is set by the nuclear absorption length 

A, which is proportional to the atomic mass A and inversely proportional to the 

nuclear absorption cross section crab6, which results in a total dependence of A0'3. 

Since A > X Q for the same material, hadron calorimeters tend to be larger than 

electromagnetic calorimeters. To contain the shower in as small a  volume as possi

ble, it may appear that small-A materials are optimal. However, radiation length 

has the units of [length][density], and after dividing out density, it turns out that 

a given thickness of lead or iron will offer the same A. Iron is chosen for CDF 

primarily because it is less expensive and less dense.

The Central Hadron (CHA) and Wall Hadron (WHA) calorimeters lie outside 

the CEM, and are shown in Fig. 3.3. Each tower in the CEM is matched by a 

hadronic calorimeter tower that lies along the same slice of 77, and there is even 

some overlap between the CHA and WHA. The CHA is constructed of 32 layers of 

2.5 cm thick steel absorber alternating with 1.0 cm thick plastic scintillator. The 

WHA is constructed from 15 layers of 5.1 cm thick steel absorber, alternating with 

1.0 cm thick plastic scintillator. The extra thickness of the WHA steel layers is to 

account for the fact that for a given E r , the total energy in this calorimeter has 

on average about y/2 times more total energy than the CHA [94]. This calorimeter 

has a calibration system somewhat similar to the one described for the CEM, in 

Section 3.4.1.
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3.4.3 Jet Identification

At CDF, jets are identified as localized deposits of energy in the calorimeter, using

transverse energy, E? =  E  sin 6, and the metric in r]~4> space, R  =  y /^V 2 +  A02. 

The algorithm begins by identifying seed towers above a threshold of 1 GeV. For 

the purpose of finding seed towers only, towers in the plug and forward calorime

ters are grouped together in sets of three in 0 , so that they have the same central

of unbroken, adjacent seed towers that must decrease in ET about some central 

seed tower, and have a maximum size of 7 x 7 seed towers. Clusters are formed 

by determining the £'7'-weighted centroid of a precluster, and forming a cone of 

radius R  about this centroid; this analysis uses a cone size R  =  0.4. All towers 

(no ganging) that lie within this cone and have ET > 0.1 GeV axe used to cal

culate a new centroid for the cluster. This is repeated until the clusters remain 

unchanged. In an event with multiple jets, sometimes two clusters can overlap. 

If this happens, then an overlap fraction is computed as the sum of ET of the 

common towers, divided by the E r  of the smaller cluster. If this overlap frac

tion is larger than 0.75, then the towers are combined. Otherwise, each tower in 

the overlap region is assigned to the centroid of the cluster closest in 77 — 0  space. 

The resulting clusters are interpreted as jets and the following variables are defined:

a fixed-cone jet clustering algorithm [95]. The parameters used in clustering are

segmentation as the central region (A 0 =  15°). Preclusters are formed from groups

N

E (3.7)
t=i
N

(3.8)
1 = 1

N

(3.9)
1=1
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N
Pz =  ^T^EiCosdi, (3.10)

t=i

where the sum is over towers, 0t and <f>i are computed at the center of each tower, 

E  is the total energy of the je t, and the momentum components determine the jet 

axis.

3.4.4 Jet Energy Corrections

The raw transverse energy of a jet is almost always a low estimate of the corre

sponding parton energy for several reasons: (1) the absolute calorimeter response 

to low-energy charged hadrons is nonlinear, so the Pp recorded for a jet with many 

particles will be lower on average than the sum of the separate responses from 

these particles [95, 96]; (2) there exists cracks between calorimeter wedges and 

towers, allowing particles to escape the active volume of the calorimeter [96]; (3) 

hadronization particles appear outside the cone radius of 0.4; (4) the collection 

of relatively low-PT particles arising from interactions between spectator partons, 

called the “underlying event” , can contribute a small amount of additional energy 

to the jet cone [96]; (5) muons and neutrinos in the jet fail to deposit energy in 

the calorimeter [46, 53].

In this analysis, jets in dilepton events undergo an absolute energy correction to 

compensate for the absolute energy response, item (1), and also a relative energy 

correction to correct for non-uniformity in calorimeter response as a function of 77, 

item (2). These two corrections are the most im portant of the 5 items listed above. 

Very briefly, the absolute je t energy correction [96] is derived by first tuning the jet 

fragmentation in Monte Carlo event generation plus detector simulation to behave 

the same way as observed in the CTC, using variables such as charged-particle 

multiplicity. Then, the correction is taken as the ratio, of the sum of the Pp of
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all generated particles lying in a cone around the jet axis, to the response in the 

calorimeter, for these MC events [95]. This ratio is parameterized as a function of 

jet Et , and typically corrects a je t in the central region by +(10-15)% [96]. Once 

the absolute response in the central calorimeter is understood, the response is 

then extended into other region of the detector. This is done using a jet balancing 

technique in dijet events, where one jet lies in the central region, and the other jet is 

the “probe” jet, located in another part of the detector. A systematic Pp imbalance 

in the calorimeter indicates an energy scale difference between the central region 

and the probe region, from which the relative jet correction may be determined [96]. 

This correction depends on jet rj and Pt , and can correct a jet energy by as much 

as 30% [97]. Typically, the systematic uncertainty on a je t energy measurement is 

a few percent [98].

3.4.5 Missing Energy ( $ t ) Measurement

In a pp collision, particles with significant longitudinal momentum but little trans

verse momentum, such as hadronization products from spectator quarks, can es

cape down the beampipe. Therefore it is not the to tal detected energy and mo

mentum that we expect to balance, but the transverse energy and momentum. 

Neutrinos do not interact with out detector, but their presence can be inferred by 

an imbalance of energy in a plane transverse to the beam, called missing transverse 

energy, denoted # T. It can also be a result of detector resolution effects, and parti

cles passing through uninstrumented regions, such as calorimeter cracks. The # T is 

defined to be the negative of the vector sum of transverse energy in all calorimeter 

towers with (77! <  3.6. To be included in the sum, individual tower energies must 

exceed detector-dependent energy thresholds that range from 100 MeV in the cen

tral region, to 800 MeV in other calorimeters. For events with muon candidates,
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the vector sum of the calorimeter transverse energy is corrected by vectorially 

subtracting the energy deposited by the muon, and then adding the Pp of its 

track as measured by the tracking chamber. The ElT resolution is approximately 

<7(gT) «  0 .7 v /^ £ V  [46, 99],

3.5 Muon Chambers

Since muons do not feel the strong force, and do not radiate significantly in matter, 

they only lose energy in the calorimeters through ionization. Therefore the muon 

chambers are placed outside the central calorimeters, which act as electron, photon 

and hadron absorbers. The muon detection system in the central portion of the 

detector is divided up into three major subsystems, the Central Muon (CMU) 

detector, the Central Muon Upgrade (CMP), and the Central Muon Extension 

(CMX), which are shown in Figs. 3.2 and 3.3. All of these detectors are comprised 

of proportional drift chambers filled with argon/ethane gas in order to measure 

the trajectories of charged particle tracks.

The Central Muon (CMU) detection system is comprised of four layers of drift 

chambers, which are placed close to the outside of each calorimeter wedge at a 

radius of about 3.5 m from the beam axis, as shown in Fig. 3.10. Each of these 

modules consists of a 4 x 4 array of rectangular aluminum drift cells, shown in 

Fig. 3.14. The cells have a cross section of about 6 x 3  cm, and run most of the 

length of the calorimeter wedge, parallel to the beam axis. A positive potential 

applied between a 50 fim  diameter resistive stainless steel wire strung through the 

center of each cell and the conducting walls produces a uniform time-to-distance 

relationship throughout the cell for ionization electrons.

A charged track with significant transverse momentum will pass through four 

layers of drift cells, called a tower, as shown in Fig. 3.14. Two of the four sense
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Figure 3.14: A CMU module consists of four layers of drift cells. A track with 

sufficiently high transverse momentum passes through a CMU tower, consisting of 

four cells.

wires in a tower, from alternating layers, lie on a radial line passing through the 

interaction point. In order to resolve the ambiguity as to which side of the sense 

wires in 0 a charged track passes, the remaining two wires in a tower lie on a radial 

line offset from the first by 2 mm in azimuth, measured at the midpoint of the 

chamber [100]. Tracks are reconstructed in the r  — 0 plane with a resolution of 

0.25 mm, by using the difference in arrival times of the drift electrons in each cell, 

as pictured in Fig. 3.14. A muon stub is formed if a track is measured in at least 3 

of the 4 layers in a muon tower. If this stub matches a CTC track, then this track 

is classified as a muon candidate.

It is desirable to reduce the number of electronics channels, and to enable 

readout of the chambers to occur at one end of the detector only (near 77 =  ± 0.6). 

To achieve this, the alternating drift cells in a  tower share the same wire, which 

loops around the rj =  0 end of the chambers. Both ends of each common sense 

wire are read out. In order to measure a track’s z position, charge division is 

used; the charge deposited at each end of the wire is inversely proportional to
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Figure 3.15: The coverage in 77 — ^  space of the three different muon systems.

to the impedance, and hence the length of wire, between the track position and 

the readout for that end [100, 89]. This method yields a z measurement with a 

resolution of 1.2 mm.

The calorimeters in front of the muon chambers present an average of 5.4 

interaction lengths to particles before they reach the CMU. Despite this, there 

still exists a  punch-through probability for a pion to pass through all this material 

without interacting, and leave a track in the muon chambers. This probability 

ranges from 0.1-0.4% for pion energies in the range of 15-50 GeV [100], which is a 

significant source of background for CMU muon identification.

In order to reduce this background, 60 cm (2.4 interaction lengths) of steel have 

been placed beyond the CMU system as shielding for an additional four layers of 

axially-aligned drift chambers similar to those in the CMU. This detector system, 

called the Central Muon Upgrade (CMP), has a box shape that covers 63% of the
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CMP CMU
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Figure 3.16: A top dilepton candidate, as viewed in many of the detector systems 

including the CMU, CMP and CMX (outer three) detectors. The muon candidate 

at 11 o’clock produces hits in the CMU and CMP, which are shown on a magnified 

view in the side window

region M < 0.6. The combined CMU-CMP system has 53% coverage.

Finally, the coverage of the CMU and CMP is extended to \t)\ < 1 .0  through the 

addition of four free-standing conical arches (see Fig. 3.2), which hold four layers 

of drift chambers for muon detection, sandwiched between scintillator counters for 

triggering. The drift chambers are similar to the ones found in the CMU and 

CMP, only shorter (1.8 m long). This system, called the Central Muon Extension 

(CMX), covers approximately 71% of the solid angle for the range 0.6 <  \rj\ <  1.0. 

Fig. 3.15 shows the coverage in 77 — 4> space for each of the central muon detectors.
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An event display that shows a beam-line view of the CTC, the calorimeters, 

and all three muon systems is shown in Fig. 3.16. The event is the top dilepton 

candidate that is also shown in Figs. 3.9 and 3.13. The CMU is placed just outside 

the CTC, and is represented by the circle of thin rectangles with small gaps between 

them. Outside the CMU is the CMX, which is represented by the two arches 

(although in reality more area of the CMX is visible, since the detector is tilted 

by about 45° with respect to the beam axis). Finally, the box-shaped CMP is 

the furthest detector from the beam pipe at CDF. In line with the muon track at 

11 o’clock are muon hits both in the CMU and the CMP. A closeup of the region 

where the track extrapolates to the muon chambers is shown in the side window, 

where hits in all four layers of each of the detectors are visible.

3.6 Beam -Beam  Counters and Lum inosity

Two Beam-Beam Counters (BBCs) are placed in the forward and backward regions 

of the detector at 3.2 < \ti\ < 5.9 in order to monitor the pp  interaction rate and 

determine the luminosity. The detectors, which are located at z  = ±5.8 m, consist 

of planes of scintillation counters arranged in a rectangle surrounding the beam 

pipe, in the r  — (j> plane (Fig. 3.17). Each covers an area of more than 1 m2. 

Coincident hits in both counters coordinated with the beam crossing are evidence 

that a beam-beam interaction has occurred.

The rate of coincident hits in the BBC, R b b c > is related to the instantaneous 

luminosity through the following simplified equation,

R b b c  = a pp, b b c  £  (3-11)

where <JppyBBc is the total pp cross section visible to the beam-beam counters. This
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Figure 3.17: One of the BBC counters.

was experimentally calculated [101] to be about 51 mb, from the expression

#B B C
Gpp, BBC — a pp Rpp

(3.12)

where cr^ is the total pp cross section, Rbbc is defined above, and is the total 

pp interaction rate. The quantity Opp that appears in the above equation could not 

calculated within perturbative QCD, so it had be measured. Such a measurement 

seems to require the luminosity, the very quantity we are trying to determine. 

However, the optical theorem can be used to derive an expression for cr^ that 

is independent of the luminosity, but involves pp elastic and inelastic scattering 

rates that have been experimentally determined at CDF [102]. For a concise but 

complete summary of the CDF luminosity measurement, see Ref. [103].

Eq. 3.11 is oversimplified because it is only accurate when the average number 

of interactions per beam crossing is much less than 1. When the luminosity is high 

enough so that the mean number of interactions per crossing «  1, the probability 

of getting two or more interactions in the same crossing is high. Under these
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conditions, Eq. 3.11 underestimates the luminosity, and has to be corrected [104]. 

A much smaller (< 1%) correction is performed for accidental coincidences due to 

sources such as beam-gas collisions [105].

3.7 Trigger and D ata  Acquisition System s

The CDF detector elements I have described contain over 150,000 individual chan

nels of electronics. Readout of all of these channels by the CDF data acquisition 

system (DAQ) requires a significant amount of time (a few ms), and occupies a 

significant amount of disk storage space (about 150 kB per event). During Run I, 

pp bunch crossings occurred every 3.5 ps in the center of the detector, correspond

ing to an event rate of 286 kHz. Clearly, the DAQ does not have time to read out 

every event, and even if were able to keep up, it would produce an unmanageable 

data  rate of over 40 GB/s. CDF can only record data to permanent storage media 

(such as 8 mm tape) at a maximum rate of a few events per second.

Fortunately, even though the DAQ has to contend with a few hundred thousand 

events per second, only a small fraction of them are “interesting” . At the oper

ational luminosity of 1031 c m '2s_1, a total pp cross section of about 80 mb [102] 

results in an average of 2.8 pp interactions per bunch crossing. Most are due to 

elastic pp scattering, or diffractive scattering such as pp —>• pX , called minimum  

bias events, which almost never produce high-P-r end-products. Events that are 

considered interesting to most CDF analyses, such as the top analyses, tend to 

produce high-Pr  particles and have tiny cross sections. For example, a tt  event is 

expected to be produced about once every 5^ hours, a rate that is more than 11 

orders of magnitude smaller than the beam crossing rate.

Sets of selection criteria designed to identify the most interesting events, called 

triggers, are implemented in hardware and software in order to filter the data.
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CDF employs a three-tier trigger system, where each increasing level examines 

fewer events using a more sophisticated and time consuming analysis than the 

previous level. The design philosophy of the system is to filter most of the data 

with the first two triggers very quickly, using mostly fast hardware components. 

Only when an event satisfies the Level 1 and Level 2 triggers, will the DAQ perform 

the digitization and readout of all the detector components (which takes about 

3 ms). This information is then transferred to the Level 3 trigger, implemented as 

software running on a commercial system.

3.7.1 Level 1 Trigger

The Level 1 trigger uses fast analog outputs from the calorimeter and muon cham

ber electronics. These signals are processed to determine if there exists a calorime

ter cluster with energy exceeding a given threshold, a muon with Pp over some

threshold, or some combination of these event characteristics. Table 3.3 shows the

ten Level 1 triggers used during the Run IB data-taking period at CDF.

There are three Level 1 triggers that employ calorimeter information only. The 

Level 1 (and also Level 2) trigger uses trigger towers for the calorimetry, which 

span a width of A0 =  15° and A77 =  0.2; this corresponds to two physical towers 

in 77 and one (three) in <f> for the central (plug and forward) regions. One trigger 

requires a single calorimeter tower with a programmable threshold; typical values 

used in the central region were ET > 8 GeV for the CEM, and Er  > 12 GeV in the 

CHA. Another trigger requires a  lower threshold, ET >  4 GeV, but is “prescaled” 

so that it is accepted only one out of 40 times. Finally, a dielectron trigger requires 

two EM towers above 4 GeV as the signature of two electrons.

There are seven triggers that employ muon information, some of which also 

use calorimeter information. The Level 1 trigger uses muon trigger towers, which
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Level 1 Triggers

Calorimeter tower above threshold: CEM: 8 GeV,CHA: 12 GeV,PEM: 11 GeV

Calorimeter tower above threshold : ET > 4 GeV, prescaled.

Two electrons with PT > 4 GeV.

Muon in CMU and CMP, Pt  > 6 GeV/c, hadron TDC req. if no CMP seg.

Muon in CMX, PT > 10 GeV/c, matching hadron tower TDC required.

Muon in CMU and CMP, Pt  > 3.3 GeV/c, matching hadron TDC required.

Two CMU or CMX muons, pp > 3.3 GeV/c.

CEM tower with E  > 4 GeV and a CMU or CMX muon with Pt  >  3.3 GeV/c.

Single Forward Muon (FMU) detector muon, Pt  > 7.5 GeV/c, rate limited.

Two FMU muons, PT > 7.5 GeV/c, rate limited.

Table 3.3: Summary of the ten Level 1 triggers.

are comprised of four overlapping muon chambers aligned along the radial direc

tion, as shown in Fig. 3.14. A PT measurement is made by exploiting the fact 

that tracks pass the chambers at an angle with respect to the radial direction, 

producing different arrival times of drift electrons on the wires. The muon trigger 

requires coincidence hits on either of two pairs of these wires within a time win

dow determined by the DAQ; increasing the time window allows for acceptance of 

larger angle, lower-PT tracks.

The Level 1 trigger examines every event, making a trigger decision within the 

time between beam crossings (3.5 ps), and is therefore deadtimeless. It accepts 1- 

2% of events, outputting to the Level 2 system a rate of a few kHz (the exact value 

is determined by the trigger thresholds set by the DAQ). If Level 1 accepts the 

event, then the event is passed on to Level 2, which takes about 30 ps to process 

it. This results in deadtime because there is no buffering of events performed in
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the Level 2 trigger system.

3.7.2 Level 2 Trigger

Similarly to Level 1, the Level 2 trigger is mostly implemented in custom-built 

hardware and uses fast analog outputs from the readout electronics. In addition 

to using muon and calorimeter information, the Level 2 trigger also reconstructs 

tracks. With about 40 different triggers, it has more programmable hardware 

(including two DEC Alpha processors in Rim IB), and can reconstruct more details 

of an event than the Level 1 trigger. It makes decisions based on reconstructed jet 

clusters, the toted transverse energy, the missing energy, two-dimensional tracks 

in the r  — 0 plane, and matching of these tracks to muon stubs and calorimeter 

clusters.

The Level 2 trigger identifies calorimeter clusters using a simple algorithm that 

looks for trigger towers with ET > 3 GeV, and then adds adjacent trigger towers 

over a shoulder threshold of 1 GeV to the cluster. The ratio of electromagnetic to 

total energy is used to distinguish electromagnetic from hadronic clusters.

The Central Fast Tracker (CFT) performs track reconstruction in the r — <$> 

plane using only axial layers of the CTC. It takes advantage of the fact tha t a 

high-Pr (approximately radial) track will cross very close to at least one sense wire 

in each CTC superlayer, due to the 45° slant of sense wire rows from the radial 

direction. This generates a series of hits with small drift times, called “prom pt” 

hits. For every prom pt hit in the outer CTC superlayer (superlayer 8), the CFT 

scans 32 “roads” of hit patterns that a track from the origin of the detector might 

generate. These are divided into eight PT bins and two azimuth bins for each sign 

of curvature, in order to cover the entire momentum range above 2.5 GeV/c [106]. 

If an acceptable hit-pattern match is found with a road search, a Level 2 trigger
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is issued, usually about 2.5 /zs after the beam crossing. Delayed hits, arriving 500- 

600 ns after the beam crossing, are processed on a second pass through the data, 

and are used to verify high-PT tracks found while processing prompt hits. The 

CFT finishes generating a track list after about 8 /zs. The CFT track momentum 

resolution is about 3.5%, which can be compared with the offline reconstruction 

accuracy of 0.2%.

The top analyses use 15 of approximately 40 Level 2 triggers. Two are electron 

triggers, while the rest are muon triggers. A central electromagnetic (CEM) cluster 

is an electron candidate if it has E? > 16 GeV, and matches a CFT track with 

Pt  > 12 GeV. This requirement is only about 90% efficient for electrons with ET > 

20 GeV. Because electrons will be produced from W ± decay, and accompanied by 

a high-Pp neutrino in a it  event, an additional trigger requires a CEM cluster with 

Et  > 16 GeV, and E!t  > 20 GeV. Together, the Level 1 and 2 are about 100% 

efficient for triggering on electrons that have ET > 20 GeV and are within the 

geometric acceptance of the CEM.

The triggers for CMU central muons are given in Table 3.4. A Level 2 muon 

trigger is satisfied if a CFT track with PT > 12 GeV/c matches to within A0 =  5° 

of a Level 1 muon stub. Regions instrumented with both CMU and CMP chambers 

must record muon stubs in both, while regions with CMU coverage but no CMP 

overlap will contain only one muon stub. Some of the muon triggers are prescaled 

in order to reduce the Level 2 accept rate to a manageable level. In order to 

retain good trigger efficiency for top events containing a muon and multiple jets, 

additional triggers require both a muon and a Level 2 calorimeter cluster with Et  > 

15 GeV. Finally, since high-Pr  muons are expected from the decay W ± —► /zz/ in 

a top event, other triggers require jet activity along with ElT, presumably from 

an undetected neutrino, for events in which the muon is undetected by the muon 

chambers.
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Level 2 C M U  and C M U -C M P  Triggers

Trigger prescale?

CMU muon +  matching CFT track with Pp > 12 GeV/c Yes

CMU-CMP muon +  CFT track PT > 12 GeV/c No

CMU muon +  CFT track Pp > 12 GeV/c; 1 je t Et  > 15 GeV No

CMU-CMP muon +  CFT track PT > 12 GeV/c; 1 jet Ep > 15 GeV No

CMU-CMP muon -I- CFT track PT >  7.5 GeV/c; 1 jet Ep > 15 GeV Yes

t T > 35 GeV, two jets not forward, ET > 3 GeV No

i2T > 35 GeV, one jet in CEM or CHA, Ep > 3 GeV No

Table 3.4: Summary of Level 2 triggers for CMU and CMU-CMP muons used in 

the Run IB top analyses.

The Level 2 trigger incurs deadtime over its «  30 /zs of decision making time. 

If Level 2 accepts the event, a signal is sent to the detector electronics to digitize 

the event, and the DAQ subsequently reads out all the channels. This takes about 

3 ms, accounting for another few percent of deadtime. The Level 2 accept rate 

was limited to 40-55 Hz for Run IB, governed mainly by the electronics readout 

times, and the processing power available in the Level 3 system [107].

Before discussing the Level 3 trigger system, I will discuss the data acquisition 

system at CDF, which is responsible for coordinating the trigger systems, and 

readout of the detector electronics.

3.7.3 Data Acquisition

The CDF data acquisition (DAQ) system coordinates data flow along two separate 

paths. The first of these is the control of fast analog outputs from a subset of the 

detector systems into the Level 1 and Level 2 hardware trigger systems. The second

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

involves the readout of digitized detector signals into the Level 3 trigger system. 

Fig. 3.18 shows the essential elements of the DAQ for Run IB.

The hardware trigger system is composed of the Level 1 and Level 2 subsystems, 

and FRED (Front-End Readout and Decision Board). Analog outputs that are 

split off from the front-end electronics are fed to the Level 1 and Level 2 trigger 

hardware crates. Trigger bits from these crates are sent to FRED, which contains 

the logic for making the final trigger decisions. FRED also serves as the interface 

between the analog trigger system, and the rest of the DAQ.

It is the Trigger Supervisor (TS) that coordinates the analog and fully-digitized 

data paths. On a beam crossing, the TS, which is synchronized with the Mas

ter Clock, signals all the detector components to start sampling the event. For 

calorimeter systems this may mean activating charge integrator circuits, while 

tracking systems may activate time-to-digital converters. On a Level 1 accept, 

FRED signals the TS, and the TS then instructs the front end electronics to hold 

the data for the event, during the 30 ps period in which the Level 2 decision is 

being made. If the Level 2 trigger is satisfied, FRED signals the TS, and the TS 

issues a “digitize event” control signal to all of the electronics. The TS also signals 

readout controllers to access the digitized data.

The front-end electronics are located in 60 FASTBUS and 129 RABBIT crates 

mounted on the detector in the collision hall. These crates are read out with 

FASTBUS Readout Controllers (FRCs), which are microprocessors running Vx- 

Works, a UNIX-compatible operating system. These FRCs, in turn, are read out 

with six VME-based Scanner CPUs (SCPUs) over a custom bus, which transfer 

the data to the Level 3 system via a high-bandwidth commercial network called 

Ultranet. After the FRCs have read out the front-end electronics, the TS frees the 

front-end electronics for more data  taking. By this time the TS has also notified 

the Scanner Manager (SM) of a new event. The SM synchronizes the data  flow
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Figure 3.18: A simplified block diagram of the Run IB data acquisition system.

between the SCPUs and Level 3, by storing a list of free Level 3 input buffers that 

can be written to, and assigning one to the SCPUs.

3.7.4 Level 3 Trigger and Raw Top Data Samples

The Run IB Level 3 trigger system [107] runs on multiprocessor Silicon Graph

ics Unix machines running the IRIX operating system. There are four Challenge 

series systems with at least eight R4400 CPUs each, and four Power Server se

ries systems with eight R3000 processors each. Each of these systems is logically 

divided into receiver, reformatter, reconstruction, and dispatcher processes. The
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receiver process monitors the input buffer, and passes the buffer to the reformatter 

once all the event fragments are received. Here, the event is reformatted into the 

CDF standard YBOS structure, which is a long one-dimensional array composed 

of data  from all of the separate detector banks linked end-to-end. The event is 

then reconstructed, using most of the same FORTRAN analysis software that is 

used for offline reconstruction, with some modifications to increase speed. For ex

ample, three-dimensional track reconstruction is performed using VTX and CTC 

information but no SVX information. Also, only one pass is made through the 

tracking data, whereas the offline code employs an additional, separate algorithm.

Once an event is reconstructed, a trigger decision can be made on each of 

approximately 70 Level 3 triggers. The top analyses use seven of these triggers, 

given in Table 3.5, to select events with a t least one high-FV lepton.

The first of two electron triggers selects events containing a cluster with Et  > 

18 GeV, and an associated track with Pt  > 13 GeV. The track and the cluster must 

match well, AX’ < 3 cm and A Z  < 5 cm, and the cluster must be predominantly 

electromagnetic with a ratio of HAD/EM energy less than 1/8. Two other cuts 

are made, which will be discussed in the next chapter. The second electron trigger 

is designed to identify high-Pr  electrons that may not pass the tight cuts of the 

first trigger. It requires Et  > 50 GeV and an associated track with Pt  > 25 GeV.

Five triggers select muons from the three different muon detector systems. 

Muons passing through the CMX and CMP traverse more material, and are de

flected more than CMU muons. Therefore CMX and CMP muons are required to 

match a PT > 18 GeV track within A X  <  10 cm, while CMU muons must have 

A X  < 5 cm. In addition, since muons are expected to produce only a minimum 

ionizing signal in the calorimeters, less than  6 GeV of energy must reside in the 

hadronic calorimeter that the muon passes through.

Events that pass one of the Level 3 triggers are sent to consumers, which
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L evel 3 T riggers

MUONS 

Pt  >  18 GeV, i?HAD ^  6 GeV, 

[ |Ax|cmu < 5 cm 

O R

|Ax |cmp < 10 cm 

O R

|Ax |cmx < 10 cm ]

ELECTRONS
COA£%O00A GeV,

<  0.125, < 0 .2 ,

|Ax| <  3 cm, |Az| < 5 cm,

Xstrip ^  10

OR

Et  > 50 GeV, PT > 25 GeV

Table 3.5: Run IB Level 3 triggers used to create the top samples. There are actu

ally five muon triggers, since the CMU muons are subdivided into three categories, 

depending on whether they don’t match a CMP segment, they do match a CMP 

segment, or they are found where no CMP coverage exists.

temporarily store the data to files on disk, before writing them to 8 mm tape. 

The consumers also perform online monitoring of da ta  quality and of detector 

subsystem performance, for use in diagnostics by the shift crew on duty in the 

CDF control room.

Events are organized into different files depending on the class of triggers they 

satisfy. Events satisfying triggers designed to identify high-priority topologies, 

such as those from W ±, Z° or t i  events, are sent to Stream A. The majority of the 

remaining events go to Stream B, and low priority events go to Stream C.

The inclusive lepton sample tha t is used as a starting point for this analysis is 

made by running over all the Stream A tapes, and selecting events that satisfy the 

seven Level 3 triggers listed in Table 3.5. These Run IB samples contain about 

750,000 electrons and 570,000 muons. The next chapter describes the additional 

identification requirements that are enforced in order to select t i  candidate events.
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Chapter 4

Selection Criteria, SM Efficiencies, and 

Non - t i  Backgrounds

The last chapter described the triggers that identify tt  dilepton and lepton+jets 

decay topologies. These triggers select events “online”, during the data-taking 

period. In this chapter, I summarize the complete set of “offline” selection criteria 

used to identify candidate events in each channel, applied in a detailed analysis 

performed after the events have been written to tape. I give the efficiencies for 

SM t i  events to satisfy these sets of selection criteria. In order to preserve good 

signal acceptance, the cuts used to identify candidate events permit contributions 

from sources other than t i  production. Sources of background are identified, and 

the event rate from each source is calculated.

It should be emphasized that almost none of the results presented in this chapter 

are my own. Most of this work was done by the other members of the Top Group 

at CDF, in order to discover the top quark and measure its properties. The results 

in this chapter form a framework that is used as a starting point for my analysis.

4.1 The High-Px Electron and M uon Samples

The last chapter described the Run IB inclusive high-PT lepton sample, created by 

running over all the Stream A data tapes, and selecting events that satisfy at least 

one of the seven Level 3 triggers listed in Table 3.5. This inclusive lepton sample
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contains about 750,000 electrons and 570,000 muons. From this sample, and a 

similar Run 1A sample, a second inclusive sample is made with much tighter iden

tification cuts for electrons and muons. This second inclusive lepton sample [108], 

which is described in the next two sections, is used as a starting point for the 

top analyses. The Run IB portion of this second sample contains about 130,000 

electron events and 90,000 muon events [108], while the Run 1A portion of the 

sample contains a little less than one-fifth as many events [46].

4.1.1 Electron Identification

This analysis considers electron (and positron) candidates in the central electro

magnetic calorimeter (I77I < 1.0) only. Electron candidates consist of a high-Pr 

CTC track that extrapolates to a deposition of energy in the electromagnetic 

calorimeter. The energy, which is usually almost entirely contained in a single 

calorimeter tower, must be consistent with the momentum of the track measured 

by the CTC. Requirements on the position of the shower, measured by the CES 

strip chamber, ensure that the electron candidate is not near calorimeter bound

aries, so that its shower is contained within the active volume of the detector. 

These are called fiducial requirements (or “cuts” ), and require that the electron 

be located at least 3.2 cm away from a wedge boundary in 0, and 9 cm from the 

transverse plane at z =  0, to avoid the gap between the two cylindrical halves of 

the central calorimeters. The fiducial volume covers 84% of the solid angle in the 

region [77! < 1 .0  [46].

One of the largest backgrounds to physics signals in the high-Pr inclusive 

electron sample is due to real electrons from photons that interact in the detector 

and convert to electron-positron pairs. Prior to conversion removal, roughly 30- 

40% of the sample contains conversions (before isolation cuts axe applied to the
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leptons, or E!t  is required) [109]. These are removed by searching for oppositely- 

charged tracks that can be paired with an electron candidate, passing closely in 

both the r —<j> plane (within 0.3 cm) and the r —z plane (Acot# < 0.06). Conversion 

candidates must also have a vertex located where most of the material in the 

detector lies, -20 cm < r  <  50 cm [109]. If the Pt  of the paired conversion 

candidate is too low, the track may not be reconstructed. To identify conversions 

of this type, electron candidates with fewer than 20% of the expected hits in the 

VTX are identified as coming from a conversion. The efficiency for conversion 

removal is about 90%, while only removing a few percent of high-P^ leptons from 

W ± boson decays [109].

A variety of selection variables are used to identify high-PT electron and positron 

candidates, and discriminate against charged hadrons and muons. Electrons from 

W ± decays are expected to have significant transverse momentum; we require ET 

> 20 GeV for the cluster. The momentum P  of the track associated with the clus

ter may be mismeasured due to photon radiation, but a crude energy-momentum 

match is still required; the E /P  ratio cannot be much greater than 1. Also, 

the ratio of hadronic energy to electromagnetic energy in the calorimeter cluster, 

^had/PeM ) should be small. Two variables compare the shape of the energy dis

tribution of electron candidates in the calorimeter with test-beam electrons. One 

variable is Tshower, the lateral distribution of energy in CEM towers adjacent to 

the one containing most of the energy deposition [110]. The other is Xstnp> a X2 

fit of the CES lateral shower profile to a shape derived from the test-beam elec

trons. There are track quality cuts, too. The z  position of the lepton track must 

lie within 5 cm of the primary event vertex. In addition, the distance between the 

extrapolated track and the CES shower position must be small; this is measured 

with Aar in the r  -  0 plane and Az  in the r — z  plane. Finally, electrons and muons 

from W ± decays are usually isolated from other particles. The particle activity
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Electron C andidate Selection  Criteria

variable tight cuts

Loose cuts - 2nd lepton 

of a dilepton pair only.

Ej* > 20 GeV > 20 GeV

E /P < 1.8 < 4.0

S h a d / S em < 0.05 0.055 +

■f'shower < 0.2 <  0.2

1 Aar| < 1.5 cm < 1.5 cm

|Az| < 3.0 cm < 3.0 cm

z-vertex match < 5.0 cm < 5.0 cm

Xstrip < 10 -

Aal) Ark lepton+jets event: Aai < 0 .1

dilepton: 1 lepton with Aai < 0 .1 , Ark <0 .1

Table 4.1: The selection cuts for central electrons. A dilepton event must have one 

electron or muon candidate passing “tight” selection criteria, and another that 

passes “tight” or “loose” cuts. The lepton candidate in an electron+jets event 

must pass the “tight” cuts.

around a lepton candidate can be measured quantitatively using calorimeter / ca[ 

and tracking Ark isolation variables, essentially the fractional energy and momen

tum  appearing in the immediate neighborhood of the lepton, respectively. They 

are defined as
p O A  £>0.4 £ i0.4

Ark =  , Aai =  (electrons), (muons) (4.1)
t'T  th r  P f

where the E ?4 is the sum of transverse energy inside a cone of radius AR  =

y / (A<f>)2 -I- (At/)2 =  0.4, centered on the lepton, but excluding the transverse energy

deposited by the lepton, and Pj>A is the sum of the PT of the tracks within this
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cone, excluding the lepton track.

The electron identification cuts are given in Table 4.1. There are two classes 

of cuts, with different degrees of purity. The lepton+jets analysis requires the 

stringent “tight” cuts for identification of the single lepton in the event. In the 

dilepton channel, it is expected that the second lepton in the event may not be as 

cleanly identified as the first one. Thus, for the dilepton channel, one lepton must 

satisfy “tight” cuts, while the other is permitted to satisfy the “loose” criteria.

Using Z° -* e+e_ decays, it is determined that the efficiency for fiducial elec

trons with Et  > 20 GeV to pass all the requirements in Table 4.1, excluding the 

isolation cuts, is about 82% for the “tight” cuts, and 89% for the “loose” cuts [111]. 

These efficiencies are known as electron identification efficiencies.

4.1.2 Muon Identification

In the muon+jets search, we identify muons in the central region (M < 1.0) of 

the detector by requiring a match between a CTC track and a muon segment 

in one of the central muon chambers (CMU, CMP, or CMX). For the dilepton 

search, we also include muon candidates in regions of the detector not covered by 

muon chambers, but where a well-reconstructed track extrapolates through the 

center of a calorimeter tower, leaving an amount of energy that is consistent with 

a minimum ionizizing particle. For this reason, these muon candidates are called 

Central Minimum Ionizing (CMI) muons. They do not cause triggers, but are 

present in events that are triggered another way.

CMI muons must satisfy a fiducial requirement for passing through the active 

volume of the calorimeter, which is similar to the one made for electrons. They 

can be found in the region 1.0 < \rj\ <  1.2, which is not instrumented by muon 

chambers, and the area (77] <  1.0 in regions of missed muon chamber coverage (see
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Fig. 3.15). CMI muons are similar to loose electron candidates, since they are 

considered to be loose by dilepton standards, and are not used in the lepton+jets 

search.

Just as photon conversions present a sizable background to the inclusive elec

tron sample, comic ray muons lead to fake dimuon events. Cosmic ray muons 

can pass close to the beam line, creating the appearance of back-to-back tracks. 

These tracks are out of time as measured by the hadron calorimeter TDCs, since 

they don’t originate at a vertex along the beam axis. A cosmic ray filter removes 

events by rejecting muons pairs that are separated by A 0 ss 180°. TDC timing 

information is also used [111].

A variety of selection variables are used to identify high-PT muon candidates, 

and discriminate against charged hadrons. Muons from W ± decay have significant 

transverse momentum; we require P-p > 20 GeV/c. In addition, the energies 

deposited in the electromagnetic calorimeter Pem and the hadronic calorimeter 

2?h ad  should be consistent with a minimum ionizing particle - not more than a 

few GeV, but not zero, either. Several track quality cuts me imposed. The impact 

parameter, the distance of closest approach between the reconstructed muon track 

and the beam axis in the r -  <b plane, should be less than 3 mm, indicating that 

the muon originated from the primary vertex. In addition, the distance between 

the muon segment and the extrapolated track in the r — <f> plane | Ax| should 

be small. Muons from W ± decay will usually be isolated from other particles. 

This isolation can be measured with / cal and 7trk, calorimeter and track isolation 

variables, defined in Eq. 4.1. Finally, because CMIs do not have muon chamber 

hits, more stringent tracking and isolation requirements are imposed to reduce the 

rate of objects faking a CMI. A candidate must have 7 ^  and 7trk less than 0.1, 

and an associated track with a minimum number of superlayer hits in the CTC.

Using Z° —> decays, it is determined tha t the efficiency for fiducial muons
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M uon C andidate Selection Criteria

variable tight cuts CMI “loose” muon.

central muon only Dilepton channel only.

Pt  • c > 20 GeV > 20 GeV

£ em < 2 GeV < 2 GeV

£ had < 6 GeV < 6 GeV

E eu +  £had > 0.1 GeV > 0.1 GeV

impact parameter dO < 3 mm < 3 mm

z-vertex match < 5 cm < 5 cm

IA^Icmu < 2 cm -

|Ax|cMP, cmx < 5 cm -

#axial,stereo,tot. SL - >3, >2, >6

•fcali Ark lepton+jets event: Icai < 0 .1  

dilepton: 1 tight lepton w / Aai < 0 .1 , / trk < 0 .1  

a CMI must have Aai < 0 .1 , / tric < 0 .1

Table 4.2: The selection cuts for muons. A dilepton event must have one electron or 

muon candidate passing “tight” selection criteria, and another tha t passes “tight” 

or “loose” cuts. The muon in a muon+jets event must pass the “tight” cuts.

with PT > 20 GeV, to pass the requirements in Table 4.2 excluding the isolation 

cuts, is about 92% regardless of the type of muon [111]. This is known as the muon 

identification efficiency.
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4.2 The Lepton-f Jets Channel

Lepton+jets events axe expected to contain a leptonic W ± decay to eu or iiv, a 

hadronic W ± decay to qq1, and two 6-quarks. Lepton+jets events must have an 

electron or muon that passes the “tight” identification cuts outlined in the previous 

section. Leptons from W *  decay are usually isolated. To discriminate against jets 

and leptons from 66 production that tend to be less isolated, the lepton is required 

to have calorimeter isolation <  0.1. A neutrino in the event should result 

in significant # x, so we require # T > 20 GeV, where the E!x is corrected for the 

presence of muons, as described in Section 3.4.5. This helps reduce backgrounds 

from misidentified leptons in QCD events, and semileptonic decays in 66 events. 

The Z° boson decays are removed by rejecting e+e~ or n +n~ pairs with an invariant 

mass in the Z° mass window (75 GeV < M #  <105 GeV). Since the “second leg” 

of these Z° decays may not be identified as cleanly as the first leg, the selection 

criteria for this second lepton is much looser than the criteria for the primary 

lepton in the event. Finally, three jets (iVjet >3) with E ?  > 15 GeV and (77! < 

2.4 are required from the four quarks in the event. While in principle, one might 

expect to observe one je t for each quark in the final state of a tt decay, in practice 

this is not the case because jets might coalesce, be lost down the beam line, or fail 

the 15 GeV calorimeter threshold requirement [46]. Jet clustering is done with a 

cone of radius 0.4 in q-4> space, as discussed in Section 3.4.3. The je t energies are 

the raw jet energies, uncorrected for non-uniformities in calorimeter response or 

the absolute value of the je t energy scale.

After applying these selection criteria, the resulting sample has a  signal-to- 

background ratio of one-to-four [47]. As I stated in Chapter 2, additional back

ground rejection is provided by requiring the presence of a 6-flavored hadron in the 

events. We use the CDF silicon vertex detector (SVX) to locate decay vertices of
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B  hadrons that are separated from the primary vertex of an event by several mm, 

as a result of their long lifetime of c r =  470 pm. The jets with displaced vertices 

are said to contain “SVX tags” , and the tagging algorithm is called SECVTX. I 

require the lepton+jets events in this analysis to have a t least one SVX tag.

Before using the SECVTX algorithm to locate secondary vertices in an event, 

the primary vertex of the event must be determined. In the following sections, I 

describe both the primary vertex finder, and SECVTX.

4.2.1 The Primary Vertex

The offline reconstruction of the primary vertex begins with track segments in 

the VTX, as described in Section 3.3.2. These segments are used to determine 

vertex positions in 2, along the beam axis. Typically, there will be more than one 

pp interaction per event, resulting in several vertex positions. These vertices are 

ranked into classes according to the number of track segments that project back 

to each vertex, the total number of drift hits in these segments, and the forward- 

backward asymmetry of these segments [86]. The vertex with the highest class 

relative to the others is identified as a  primary vertex, but other vertices passing 

predetermined selection criteria are also classified as primary vertices.

In Run IB, the SVX and the beam were not aligned; the beam slope was 

typically 6 pm /cm in x  and -3 pm /cm  in y [112]. W ith multiple vertices, this 

offset causes tracks emanating from one vertex to appear displaced from other 

vertices separated in 2 by many cm. Thus, all tracks associated with an event 

vertex are required to extrapolate to within 2 =  5 cm of tha t vertex. The primary 

vertex is chosen to be the one with the greatest total transverse momentum of 

associated tracks [46, 113]. It coincides with the primary high-Pr lepton 2-vertex 

in most lepton+jets events [46, 114].
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To form a seed vertex, the z-value of the primary vertex is combined with the 

run-averaged position of the beam in the x-y plane. The run-averaged position of 

the beam is determined using SVX tracks from all the events in the run (many 

tens of thousands of events), and is known to a resolution of ax ŷ m 25 fim  [112]. 

Starting with an event’s seed vertex, an iterative procedure determines the primary 

vertex, from a weighted fit of the SVX tracks in the event, with corrections for the 

detector offset and slope. The first iteration of the fit uses all quality SVX tracks 

in the event (tracks with PT > 0.4 GeV/c, > 3 SVX hit layers, |d0| <  2.0 cm), to 

determine a new vertex. The track with the highest residual is removed at the end 

of each iteration, until there are no tracks contributing more than a set amount 

to the vertex x2 [115]- The uncertainty of the prim ary vertex in the transverse 

coordinates ranges from 6-36 /xm, depending on the number of tracks and the event 

topology [46].

4.2.2 SECVTX - the Displaced Vertex Tagging Algorithm

The SECVTX algorithm [116] searches for displaced vertices associated with jets. 

A jet is considered ‘‘taggable” if it has ET > 15 GeV, |r/| <  2, and at least two 

SVX tracks. The algorithm makes two passes through all the SVX tracks associated 

with a jet. The first pass requires three tracks of somewhat loose quality to form a 

secondary vertex. If no such vertex is found, then a second pass is made, requiring 

two tracks satisfying tighter cuts to form a displaced vertex. The criteria for tracks 

to be considered for each of these fits are shown in Table 4.3.

In the first pass of the SECVTX algorithm, a set of candidate tracks is obtained 

using the loose track selection criteria listed under “pass 1” in Table 4.3. The 

tracks are ranked according to their PT, impact param eter significance dQ/  a ^ ,  

and number of good clusters on the track [117]. The two highest-quality tracks are
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SE C V T X  Criteria for Track Quality, G ood H its, and V ertex  Q uality

pass 1 (3 SVX trks) pass 2 (2 SVX trks) good cluster cuts final vertex cuts

do/crdo > 2.5 

2-hit tracks 

PT > 1.5 GeV/c 

#good cluster =  2 

3,4-hit tracks 

PT > 0.5 GeV/c 

#good cluster > 1

do/(Tdo > 3-°
3-hit tracks

PT > 1-0 GeV/c 

#good cluster > 2

4-hit tracks

PT > 1-0 GeV/c 

#good cluster > 1

<3 strips 

no noisy strips 

no dead strips 

not shared

\Lxy\ <  2.5 cm

\L xy\/^L xv > 3  
no or A0

Table 4.3: The SVX track quality cuts used by the SECVTX algorithm. An “n- 

hit” track means n of the four SVX layers registered hits from the track. Also 

given are the requirements for a good SVX cluster, and the final cuts imposed on 

the displaced vertex.

constrained to come from a single vertex, which is then used as a seed to test other 

tracks for association. One of these two seed tracks must have PT > 2.0 GeV. All 

of the remaining tracks are looped over in search of additional tracks that have 

a impact parameter significance of less than 3, relative to the seed vertex. If at 

least one such track is found, the algorithm performs a full three-dimensional fit, 

simultaneously constraining all the attached tracks to originate from a common 

vertex. If no such third track is found, then other tracks pairs are tried as seeds. 

If all track pairs have been used as seeds unsuccessfully, then a second pass is 

performed.

In the second pass, all the SVX tracks th a t satisfy the tight quality cuts in 

column two of Table 4.3 are fit to a common three-dimensional vertex. Any track 

contributing x 2 > 50 to the vertex fit is discarded, and the vertex is refit. This
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Secondary Vertex
with L„ > 0

lO /Primary Vertex
Displaced Tracks

prompt tracks

Jet Axis

Secondary Vertex 
with L„ < 0

Figure 4.1: An illustration of two SVX tags. One has a positive decay length 

and another has a negative Lxy.

procedure is repeated until no further tracks are removed. A secondary vertex is 

found if two displaced tracks remain, and one has PT > 2.0 GeV.

If a candidate displaced vertex is found, then the two-dimensional decay length 

Lxy is calculated, defined as the distance along the jet axis between the primary 

and secondary vertices in the plane transverse to the beam, as shown in Fig. 4.1. 

This quantity is positive if it lies on the same side of the primary vertex as the 

jet, and negative otherwise. Finally, some quality cuts are required of a secondary 

vertex in order for it to be declared an SVX tag. The decay length significance 

\L x y \  / a Lzy must be larger than 3.0, and the decay length must reside inside the 

beampipe, {L^l < 2.5 cm. Finally, the decay cannot be consistent with decays 

from K°  or A0 particles [116, 117].

4.2.3 Lepton+jets Selection Efficiency for i t  —> W bW b

In this section, I give the efficiency for SM tt events to pass the selection criteria 

of the lepton+jets channel. This efficiency is mostly determined from Monte Carlo 

tt event generators, combined with a detailed simulation of the CDF detector. 

I also explain the cross checks and corrections to this efficiency that are made,
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based on the behavior of other high-P^ processes that are observed. I include a 

brief discussion of the systematic uncertainties, which are due to limitations in 

determining the efficiency.

The tt efficiency for passing the selection criteria of the lepton+jets channel 

can be written as [118]

e t i , S V X  =  -Z (€trig, U  ‘ *tag, IA ' & IA  +  €trig, IB ' etag, IB ' £ l b ) ■ ( 4 - 2 )
*-'tot

Here, Att- is the efficiency for all selection criteria other than the trigger and tagging 

requirements, and is common to Run 1A and Run IB. The trigger efficiency etTig 

and tagging efficiency etag are run-dependent quantities, since the trigger system 

and the SVX detector changed significantly between Run 1A and Run IB. They 

must be combined separately for each run using the proper luminosity weight

ing. The luminosity has been measured separately in Run 1A (£ 1j4 =  19.3 ±  

0.7 pb-1) and Run IB  (ClB = 90.1 ±  7.2 pb-1). The factor Ctot is their sum, 

£tot =  109.4 pb-1. The individual factors that are given in Eq. 4.2 are listed in 

Table 4.4, and are described in more detail below.

A tf. This is the efficiency for tt events to pass all the selection criteria except for 

trigger and 6-tagging requirements. Table 4.4 shows that the efficiency for having 

an isolated lepton in an event is about 14%. This number takes into account the 

branching fraction of 30% for tt to decay into (qq'b){e/nvb), the tt final state that 

contributes most heavily to the lepton+jets sample. Not all of these events will 

become part of the lepton+jets sample, since only a fraction of them are found in 

the geometric and kinematic acceptance of the detector. Monte Carlo generators 

tell us that about 85% of the leptons from W ± decays have Pt  > 20 GeV/c, and 

about 75% are in the region |r/| < 1.1 [111]. Further reduction of efficiency is due to 

application of the lepton fiducial cuts, photon conversion removal cuts, cosmic ray 

removal cuts, Z° removal cuts, lepton identification cuts, and the lepton isolation
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SM  E fficiency for L e p to n + J e ts  S election  C u ts

category Run 1A Run IB

isolated e//z (13.7 ±  0.5)%

g T > 20 GeV (88 ±  2)%

JVjet >  3 (85 ±  2)%

T o ta l A « (10.3 ±  0.4)%

trigger (84.1 ±  7.6)% (92.0 ±  8.0)%

tag (33 ±  10)% (40.2 ±  3.2)%

trig-tag (35.4 ±  4.6)%

to ta l (3.65 ±  0.62)%

Table 4.4: The SM efficiencies for tt  decays to satisfy the lepton+jets selection 

cuts. The error on A« is due to uncertainties associated with lepton identification 

efficiencies, the 2-vertex cut efficiency, and limited Monte Carlo statistics. The 

error on the trigger-tagging term contains an 11% error from combining trigger 

and tagging systematics, along with the 7% luminosity error. The error on the 

total efficiency is due to all the systematic effects listed in Table 4.5.

requirement. The efficiency for each of these successive cuts ranges between 80- 

95%, for SM tt events. Finally, other t i  decay topologies besides (qq'b)(e/fiub) 

contribute to the lepton+jets sample, particularly those containing tau  leptons.

The Atf- is the raw efficiency derived from simulated Monte Carlo samples of 

events, and corrected for two effects, which the simulation may not model well. 

The first of these is the lepton identification efficiencies, which were discussed in 

Sections 4.1.1 and 4.1.2. These efficiencies have been measured in the data, using 

electrons and muons from Z° decays. They are found to be smaller them the 

corresponding detector simulation efficiencies by 5-9%, depending on the type of
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S y s tem atic  E rro rs  for th e  SM  t t  Efficiency

category SVX channel Dilepton channel

lepton ID e 3% 7%

trigger e 8% 2%(trig. only)

SVX 6-tag e 8% -

jet energy scale 5% 3%

ISR/FSR 8% 3%

Luminosity 7%

z-vertex res. effect 2% 2%

T o ta l 17% 11%

Table 4.5: Systematic errors in each channel for the product eC.

lepton [111]. The second effect is the 2-vertex distribution, also which is measured 

from the data [119]. The total value of A« for SM t t  events is shown in Table 4.4. 

The associated error is due to systematic uncertainties associated with the lepton 

identification efficiencies and the 2-vertex cut efficiency: these errors are listed in 

Table 4.5.

€ tr ig  '■ This is the Level 1 x Level 2 x Level 3 trigger efficiency for t t  events, 

which differs between Run 1A and Run IB as shown in Table 4.4. Both numbers 

are relatively high, and have systematic uncertainties of 9% [46, 120, 121, 122].

e ta g  '■ This is the efficiency for finding at least one SVX 6-tagged je t in a SM 

t t  event. The tagging efficiencies of (33 ±  10)% for Run 1A, and (40.2 ±  3.2)% 

for Run IB, take into account the fact that only 67% of t t  events lie within the 

geometrical acceptance of the SVX detector. These tagging efficiencies are found 

to differ between data and Monte Carlo events. One of the primary reasons for 

this disagreement is due to the fact that the Monte Carlo typically overestimates
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the efficiency for reconstructing a  track within the core of a  jet by about 10% [123].

Traditionally, t a g g i n g  efficiencies have been measured in the inclusive lepton 

sample, which is enriched in 66 events [46, 124, 116, 125]. These efficiencies are 

then compared with predictions for a similar sample of Monte Carlo bb events, 

to obtain a correction ratio tha t is applied to the 6-tagging efficiency for Monte 

Carlo tt events. However, it has been pointed out [126] that these studies have 

inadequate statistics in the high-£ 7* region ET > 50 GeV, which is the energy range 

for the majority of the jets from tt decays. For this reason, the tagging efficiency 

is currently calculated from Monte Carlo events, using the measured efficiency for 

reconstructing tracks within the core of a jet [124, 123]. This method is subject to 

change.

The trigger x tagging efficiencies for Run 1A and Run IB are shown in Ta

ble 4.4. The combined Run 1A +  IB etTig etag efficiency has a 11% error from com

bining the trigger uncertainties and 6-tagging efficiency uncertainties given above. 

A separate 7% error is due to the Run 1A and Run IB luminosity measurements.

The total efficiency for tt  —» WbWb to pass the selection criteria of the lep

ton+jets channel is measured to  be (3.65 ±  0.62)%, where the quoted error is 

due to all the systematic errors listed in Table 4.5. This number agrees with the 

efficiency quoted in [118].

One source of error, that has not been discussed yet, arises due to uncertainty 

in the energy of jets measured by the calorimeter. This error is about 3% [98] 

for jets that have been corrected for detector and reconstruction effects, described 

previously in Section 3.4.4. Among these, the most important corrections are for 

non-linear calorimeter response and the absolute energy response. These correc

tions are applied to the jets in dilepton events. However, only the raw uncorrected 

jet energy is used for lepton+jets events. The systematic uncertainty for the raw 

jet energy is conservatively estimated to be to be 10% [127]. This is the value used
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throughout this analysis for jets found in both dilepton and lepton+jets events. 

To measure the systematic error that is associated with the je t energy scale un

certainty, I systematically vary the Ej- of the jets in a top Monte Carlo sample 

by ±10%. Jets tha t correspond to  high-Pr  electrons are not varied. The E!t  is 

recalculated according to the shifted energies. The ±10% variation gives a ±5% 

change in efficiency for SM tt decays, due to shifts in the efficiencies of the and 

jet-multiplicity cuts.

Another source of uncertainty arises from modeling initial and final-state ra

diation (ISR and FSR) of photons and gluons, in t t  Monte Carlo events. I take 

a conservative approach, and determine the difference in efficiency between the 

extreme cases when there is no initial state radiation (-3%) and no final state 

radiation (+13%). I take half of this 16% difference as a systematic error. This 

approach is slightly different from the approach used by CDF to measure ati  [22], 

in which the effects of initial and final state radiation are added in quadrature.

4.2.4 Non- t t  Backgrounds in the Lepton+Jets Sample

To determine backgrounds for the lepton+jets channel, the composition of the 

W ±+ jets sample is determined in terms of the production mechanism for the 

lepton. Contributions are expected from lF ±+jets events, Z °+jets events, W +W~  

and W ±Z° events, events with only a single top quark, and QCD events (including 

bb events and multijet events where a hadron fakes the signature of a lepton) [128]. 

These background sources, and estimates for the backgrounds as a function of jet 

multiplicity, are given in Table 4.6. Below, I briefly describe how these backgrounds 

are determined. The strategy is first to determine the number of W ± and Z° events 

present in the sample.
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L epton+Jets Backgrounds : 109 ±  7 pb-1

W ± + 1  jet W ± +  2 jets W ± +  3 jets W ±+ > 4 jets

evts before tagging 10,716 1,663 254 70

Wbb, Wcc 19.3 ±  6.7 9.7 ±  2.4 2.3 ±  0.6 0.85 ±  0.24

W c 17.8 ±  5.1 4.8 ±  1.3 0.8 ±  0.2 0.22 ±  0.06

Zbb,Zcc,Zc 2.4 ±  1.0 1.2 ±  0.5 0.3 ±  0.1 0.12 ±  0.05

QCD (non-IF) 7.7 ±  3.0 4.0 ±  1.5 1.4 ±  0.5 0.77 ±  0.33

Fake tags 20.9 ±  6.3 7.2 ±  2.1 1.7 ±  0.5 0.63 ±  0.22

single top 1.3 ±  0.4 2.8 ±  0.7 1.0 ±  0.4 0.29 ±  0.14

Uncorxected Total 71 ±  11 31 ±  4 7.7 ±  1.1 2.9 ±  0.5

Corrected Total 71 ±  11 31 ±  4 7.2 ±  1.1 2.0 ±  0.4

expected t t  events 0.64 ±  0.19 4.4 ±  1.4 8.6 ±  2.3 11.4 ±  3.0

observed events 70 45 18 16

Table 4.6: The mean number of non -it background events expected in each jet 

multiplicity bin of the lepton+jets channel, taken from Ref. [22]. Also given is the 

expected number of it  events, assuming only SM decays and <xM- =  5.0 pb.

In most QCD multijet events, the ElT is usually small, arising from jet en

ergy mismeasurement and low-P^ neutrinos. Furthermore, leptons that come from 

heavy quark decays rarely will be isolated. Therefore, only a small fraction of QCD 

events should have large E!t  and isolated leptons, enabling them to appear in the 

signal region. To estimate the QCD background, it is assumed that # T and lepton 

isolation in a QCD event are independent variables. For lepton+jets events with 

low-ElT, the ratio of isolated to non-isolated lepton events forms a rejection factor, 

which is then applied to the number of non-isolated leptons with high-ElT. This 

determines the number of QCD events NQCd in the signal region [129, 110].
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Figure 4.2: An example of a higher-order diagram for Wbb production.

Absolute predictions are made for the single top, W +W ~, W ±Z°, and Z° —>• t t  

contributions to the backgrounds, using efficiencies derived from simulated Monte 

Carlo samples of events. For the first three of these processes, event rates are cal

culated using the corresponding NLO theoretical cross sections, while the expected 

rate for Z° —> t t  events is given by the measured cross section times branching 

fraction crB(Z° —>• e+e") [101].

From the initial sample of W ±+ jets events, we subtract off the mean number of 

QCD, single top, W +W~, W ±Z°, and Z° —» t t  background events, to determine 

the number of W ± and Z° events in each jet-multiplicity bin. This number forms 

the numerator in the following equation, for the number of W ±+ jets events in the 

sample,
^  _  N data  -  N q c d  — N W W  — N w z  ~  N Z - y TT .

I t  N w  ■ \  )
L +  Nz

where we have also introduced the ratio of Z ° /W ± events found to be about 

1/20 for electron events, and 1/10 for muon events, independent of the je t multi

plicity in the event [128].

One of the most important backgrounds after tagging is W ± production in 

association with jets containing b or c quarks, such as the Wbb topology shown
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in Fig. 4.2. To calculate backgrounds containing Wbb, Wee and W c  final states, 

H e r w ig  and V e c b o s  Monte Carlo programs are used in conjunction with detector 

simulation, to predict the rate for each of these final states, relative to the total 

rate for W *  production, for each jet multiplicity [130]. These fractions are applied 

to the total number of observed W/± +jets events, to find the absolute number of 

expected events. Backgrounds from Zbb, Zee , and Z c  final states are calculated in 

a similar way, but also using the ratio [128].

Fake tags can occur from reconstruction errors in light quark jets. To determine 

this background, we assume that for this source, the distribution of reconstructed 

transverse decay length L^  is symmetric about zero [22]. The negative dis

tribution in generic jet data is parameterized as a function of jet E r, tj, and the 

number of SVX tracks in a jet. This parameterization is then applied to all the 

jets in the W ±+ jets data events, prior to tagging, to find the expected number of 

mistagged events.

4.2.5 The Background for the Charged Higgs Analysis

The backgrounds that are calculated as a fraction of the observed number of W ±+ 

jets events do not take into account the fact th a t tt  contributes to these samples. 

This is clearly incorrect - for example, we know that about 25% of the untagged 

W ±Jr >3 je t events are expected to be tt  events, assuming only SM decays. To 

take this into account, an iterative correction, to account for the t t  content of the 

W ±+ jets events, is applied to those backgrounds that are calculated as a fraction 

of the observed number of these events [46, 22]. The background calculated before 

this iterative correction is called the “uncorrected” background (10.6 ±  1.6 events), 

while the background calculated afterwards is called the “corrected” background 

(9.2 ± 1 .5  events).
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In this analysis, I use the uncorrected background described above. This is 

done because the corrected background is performed under the assumption that 

t —> W ±b 100% of the time, and I am removing this assumption. Furthermore, the 

portion of the uncorrected background due to single top production (1.29 events) 

is scaled by [1.0 — B(t —> H*b —>• cs6)]. This is done because single top is not 

expected to contribute to the lepton+jets channel if it decays to an all-hadronic 

final state. Thus, for parameter space in which B(t —* H ±b —> csb) =  0, the 

background used is the uncorrected background of 10.6 ± 1.6 events.

In Table 4.6, the observed numbers of events in the W ± + 3 jet and W ±+ > 4 jet 

bins are far above the non-fr background estimates. However, the sum of the non- 

tt background estimate, and the expected signal contribution from tt (assuming 

<Ttt =  5.0 pb), is close to the observed number of events in each of these bins. The 

observed number of events is a little higher than the mean number of expected 

(background +  signal) events, resulting in the measurement ati  =  6.2^ ;^  pb [22] 

in the lepton+jets channel. This is slightly above, but still consistent with, the 

theoretical value of 5 pb.

4.3 The D ilepton Channel

Dilepton events are expected to contain two W ± decays to eu or f iv ,  and two 

6-quarks. We require two high-Er, oppositely-charged electrons or muons to be 

found in the central region of the detector. At least one of these leptons must 

satisfy the “tight” selection criteria given in Tables 4.1 and 4.2. The other lepton 

in the event is allowed to pass these “tight” cuts, or satisfy the more relaxed 

criteria for a “loose” electron or a CMI muon candidate. At least one lepton 

must simultaneously satisfy “tight” cuts and be well isolated, both from nearby 

calorimeter activity (Ical < 0.1) and other tracks (7trk <  0.1). Events from Z° —►
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£+£~ decays are rejected by requiring the invariant mass for e+e-  and fJ.+n~ events 

to lie outside the Z° mass range 75 GeV/c2 <  Mu  < 105 GeV/c2. Also required 

are two jets with Ep > 10 GeV in the range \r)\ < 2.0, presumably from the 

two 6-quarks in the event. Finally, the signature of the two neutrinos is missing 

transverse energy Elx.

The requirements for the E!t  are essential for reducing the background from 

non-tt processes in the dilepton channel. Before requirements are made on the Elx, 

non-ft backgrounds are expected from Drell-Yan events, Z° —>• t t  events, bb events, 

and events with one real lepton from a W ± decay and one misidentified lepton. 

“Drell-Yan” refers to the process qq —¥ 7 /Z 0 —> i+£~. This process contributes 

events to the dilepton channel if jets are produced in association with the lepton 

pair, and the invariant mass of the lepton pair is mismeasured or appears in the 

continuum outside of the Z° peak. Drell-Yan events and bb events do not produce 

high-Px neutrinos, but Elx can arise from jet energy mismeasurement. To reduce 

these backgrounds, and the background from Z° —> t t , we require Elx >  25 GeV.

In addition, we also place a cut on the Elx direction. Nonuniformities in the 

calorimeter response cause large non-Gaussian fluctuations in the corrected jet 

energies. It is found that most Drell-Yan events with large l£x near or above 

the 25 GeV threshold contain a  je t with corrected energy that has fluctuated 

below (rather than above) the true parton energy [46]. To eliminate such events, 

where the E!t  is nearly aligned with the jet direction, we require E!x >  50 GeV 

for those events in which 20° or less in azimuth exists between the # T and the 

closest jet. A similar cut rejects events if the #x points along the direction of 

one of the leptons, A 0(#x, £) < 20°. This cut reduces background from events in 

which mismeasurement occurs for a muon’s momentum or an electron’s energy. 

The azimuthal angle between the E!x and the closest lepton or jet is shown as a 

function of the Elx in Fig. 4.3, for Z°+  jets data  events. The same plot is shown in
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Figure 4.3: The azimuthal angle between the E!t  and the closest lepton or jet, 

versus the E!t , for Z° —> e+e" (left) and Z° —> (right) da ta  events. The

events in the top plots have no jet requirements, and are dominated by Z° +  0 jets 

events. The events in the bottom plots must have at least two jets. This figure is 

taken from Ref. [111]. The t t  signal is found to be spread out over a large portion 

of these plots - see Fig. 4.4.
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Figure 4.4: The azimuthal angle between the Elx and the closest lepton or jet, 

versus the ElT, for data events passing all the dilepton selection cuts except for the 

t T cuts. The 9 candidate dilepton events are marked. The small dots are it Monte 

Carlo events. This figure is taken from Ref. [23].

Fig. 4.4 for data events that pass all the selection criteria of the dilepton channel, 

except for the E!t  cuts. Also shown is the expected ElT distribution for SM it events.

Since the E5t  is used for a sensitive topological cut, it is calculated taking 

into account high-Pr muons and je t energy corrections. These je t energy correc

tions include an absolute energy correction to compensate for the absolute energy 

response of the calorimeter, and also a relative energy correction to correct for 

non-uniformity in calorimeter response as a function of tj. These corrections are 

discussed in Section 3.4.4.
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SM  Efficiency fo r D ilep to n  S elec tion  C u ts

selection cut efficiency

two e o r / i  

t T cuts 

2-jet cut 

trigger

(1.21 ±  0.02)% 

(75.5 ±  1.5)% 

(84.4 ±  1.4)% 

(99 ±  1)%

T otal: (0.74 ±  0.08)%

Table 4.7: The SM efficiencies for t t  decays to satisfy the dilepton selection cuts. 

The error on each of the quantities is due to MC statistics, except for the total, 

which has an 11% uncertainty due to all the systematic effects listed in Table 4.5. 

These efficiencies come from Refs. [ I l l ,  131].

4.3.1 Dilepton Selection Efficiency for t t  —y W b W b

Table 4.7 contains the efficiencies for dilepton selection cuts. The efficiency for 

finding two opposite-sign electrons or muons is only about 1.2%. This number 

includes the tt branching fraction of about 5% to the final state (tuib){tuj)). As

suming only SM decays, it is this it  topology that contributes most of the tt  events 

(84%) to the dilepton sample [111]. However, not all these events end up in the 

dilepton sample. Only 85% of the leptons from W ± decays have PT >  20 GeV/c, 

and about 75% are found in the central region of the detector [111]. Further re

duction in the efficiency is caused by fiducial cuts, photon conversion or cosmic 

ray removal cuts, Z° removal cuts, the two lepton identification cuts, and lepton 

isolation cuts. Each of these successive cuts has an efficiency ranging between 

80-95% for SM tt events (see Table 4.7) [111]. The total SM t t  efficiency is found 

to be (0.74 ±  0.08)% [131]. The error on this efficiency is due to all the effects
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listed in Table 4.5. The dominant systematic error is associated with lepton iden

tification efficiencies (7%), which are not modeled well in Monte Carlo events (see 

Section 4.2.3).

The total SM tt efficiency in the dilepton channel (0.74%) is the average ef

ficiency calculated using Is a j e t , P y t h ia  and H e r w ig  generators, along with a 

simulation of the CDF detector [111]. It is the number used in the top cross section 

PRL [22]. However, in this analysis I only use the P y t h ia  generator, which gives 

an efficiency of 0.71% [131, 132]. To account for the fact tha t P y t h ia  seems to be 

underestimating tt efficiency in the dilepton channel relative to the average of all 

the MC generators, I inflate all PYTHlA-retumed dilepton channel efficiencies by 

a factor of (0.74/0.71) =  1.04 when the limits for this analysis are computed.

4.3.2 Non- t t  Backgrounds in the Dilepton Sample

There Eire a variety of SM processes that resemble tt  decays to two leptons, ElT, 

and two jets. These backgrounds are listed in Table 4.8, and include Drell-Yan 

production, Z° —> t t  decays, W ± +  jets events where one of the jets fakes a lepton, 

diboson production, and a variety of other sources.

As I stated before, most of the Drell-Yan events are eliminated by the Elx and 

the invariant mass cuts. The remaining Drell-Yan background is calculated from 

the observed number of events inside the Z° mass window, and passing all the 

dilepton selection requirements except for the invariant mass cut. This number is 

scaled by the expected ratio of Drell-Yan events in the continuum to those inside 

the Z° mass window [111], calculated from a Monte Carlo sample of events. This 

background gets a minute correction of 0.1 events, due to the contribution of tt  

to the Z° mass window, which has to be subtracted in order to get the expected 

background from Drell-Yan processes alone [111].
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D ilep to n  B ackgrounds : 109 ±  7 p b ~ l

background source Expected events

Drell-Yan 0.70 ±  0.20

Z° —> T T 0.59 ±  0.14

lY±+jets, fake lepton 0.37 ±  0.23

W W 0.36 ±  0.11

HH evt, mismeasured n  track 0.3 ±  0.3

bb 0.05 ±  0.03

radiative Z, Wbb, W Z , Z Z 0.1 ±  0.1

U n co rrec ted  T o ta l 2.5 ±  0.5 events

C o rre c te d  T otal 2 .4  ±  0.5 events

expected tt  events (4.0 ±  0.4) events

observed events 9 events

Table 4.8: The mean number of non-tt background events expected in the dilepton 

channel, taken from Ref. [23]. Also given is the expected number of tt events 

assuming only SM decays, and ati =  5.0 pb. The observed number of dilepton 

events is consistent with the sum of background events and expected signal events.

The background from Z° —> t t  is estimated by using the event rate given 

by the CDF-measured cross section times branching fraction, <jB(Z° -*■ e+e- ) 

=  0.231 ±  0.012 nb [101], and also by calculating the efficiency for these events 

to pass the dilepton selection criteria, determined from a sample of Monte Carlo 

events. Similarly, the diboson background from W +W ~, W ±ZQ, and Z +Z~  events 

is calculated from Monte Carlo events [111], using event rates given by the NLO 

cross sections for these processes (typically several pb).

Dilepton events are expected from W ±+ >  3 je t events, where the W ± decays
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leptonically, and a hadron from one of the jets fakes the signature of an electron 

or a muon. This can occur if a charged hadron doesn’t shower in the calorimeters, 

and “punches through” to the muon chambers, faking a muon segment. Also, jets 

containing a large fraction of photons or 7r0’s  can create mostly-electromagnetic 

clusters. The background for these fakes is calculated by determining the proba

bility of a jet to fake a lepton signature, and then applying this probability to all 

of the “fakeable” jets in the W ±+ > 3 jet sample [133].

Finally, it appears that a small fraction of m i events, presumably from Z° 

decays, will contain a muon track that is poorly reconstructed. Misconstraining 

the track to the beam position results in a mismeasurement of the Fx in the 

event [134]. The background for these events is small, but non-negligible.

In Table 4.8, the observed number of events is far above the non-tf background 

estimate. However, the sum of the non -tt background, and the expected signal 

contribution from it (assuming aa  =  5.0 pb), is close to the observed number of 

events. The observed number of events is slightly higher than the mean num

ber of expected (background -I- signal) events, resulting in a  measurement <rtt- =  

8.2^;^ pb [23] in the dilepton channel. This is slightly above, but still consistent 

with, the theoretical value of 5 pb.
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Chapter 5

Modeling t t  Events with H ±  Decays

In the last chapter, I described the efficiencies for SM tt  events to pass the se

lection criteria of the dilepton and lepton+jets channels. These efficiencies are 

derived from modeling the physics of tt production and decay with Monte Carlo 

event generators, and then passing these events through a simulation of the CDF 

detector. I also discussed some of the limitations in the modeling of the detector 

response, based on the behavior of other high-P? processes observed in the data. 

For example, from the measured detector response to electrons and muons from Z° 

decays, we know that our detector simulation overestimates lepton identification 

efficiencies by 5-9% [111]. Also, the efficiency for reconstructing tracks within the 

core of a jet is measured in data  to to be about 10% lower than the efficiency 

in the CDF detector simulation [123]. As a result, to achieve the correct SVX 

B-tagging efficiency, tracking efficiency in the simulated Monte Carlo events must 

be degraded.

In this chapter, I describe the unique Monte Carlo modeling performed for this 

analysis, to simulate the physical production and decay of t t  events containing 

charged Higgs decays. This level of simulation, where mass distributions, kine

matics of events, and branching fractions are determined, is called the generator 

level. I rely on the CDF detector simulation to determine the detector response to 

these events once they are generated.

To model the signal from t -+ H ±b decays, I rely on versions 5.7 and 6.1 of 

the P y t h ia  [135] Monte Carlo program. However, modifications to this program
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are necessary for three reasons. First, I need to simulate the recently-recognized 

three-body decay mode H ± —» W ±bb. Second, I need to model a large width for 

the H ± ( r H), which occurs at large tan/?. This results in 17* mass distributions 

that significantly deviate from the symmetric Breit-Wigner distributions often used 

within P y t h ia  to model resonances. Finally, it is important to understand the 

limitations of modeling a large top quark width r top, which occurs for low MH± 

at the boundaries of the perturbative range of tan/3. In the following sections, I 

describe the modeling that takes into account these effects.

5.1 H ± cs

This decay mode is included in versions 5.7 and 6.1 of P y t h ia . It is prevalent at 

small values of tan/3, where is less than 1 GeV. For this reason, Breit-Wigner 

resonances are adequate for describing the H * mass distribution, and either version 

of P y t h ia  may be used to calculate efficiencies.

5.2 H± W ±bb

The three-body 17* decay mode was recognized in 1997 by Roy, Wudka, and 

Ma [39]. In their paper, these authors calculate the spin-averaged m atrix element- 

squared |.M |2 for 17* —» W ±bb, and use it to calculate the partial width for this 

process. In addition, they also predict the kinematics of t t  events containing this 

three-body decay.

The partial width for the decay 17* —y W ±bb [39] has the form [136]

dTH—tWbb _ _______ 1________lA/fl2 (-
dm l2m l3 (27r)332M h±z

where and m \3 are the square of the four-momentum transferred to the 6 and
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Figure 5.1: On the left is the H ± —> W ±bb phase space (Dalitz plot) in the m \z 

vs. m 22 plane, for MH± =  140 GeV/c2. The phase space is defined with points 

generated in a MC simulation. The density of the points is non-uniform because 

the phase space is weighted by the m atrix element squared (|.M|2), which is shown 

on the right, multiplied by a constant a.

b quarks, respectively,

m l2 =  ~Pb)2 (5-2)

”4} =  ~  Pb)2 (5-3)

77li3 =  Mfl±2 d~ ^6  d- m b d” — ^12 — ^23 (5.4)

The |A4|2 is a function of these variables. Fig. 5.1 shows the phase space in the 

77123 vs- m i2 plane for MH± = 140 GeV/c2. It also shows the dependence of |A4|2 

on this phase space. The boundary is specified by the masses of the daughter 

particles W ±bb.

Unfortunately, the three-body decay H ± —> W ±bb is not available in the default
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ft ->• (H b )(W b )  -► (W b b b )(W b )  M onte  C arlo , M H± = 140 G e V /c 2

Monte Carlo source

nu m b er o f  6-q u a rk s  w ith  

PT >  20 G e V /c , (ql <  2.0

0 1 2 3 4

custom  P y t h i a  v 6 .1  

Roy, W udka, M a  [39]

0.21%

0.2%

4.8%

4.7%

27.7%

25.6%

49.7%

50.6%

17.6%

18.9%

tt —> WbWb comparison 0.5% 13.3% 86.2% - -

Table 5.1: A comparison of the multiplicity of 6-quarks that pass a set of kine

matic cuts, for Monte Carlo t t—»• WbHb decays. Predictions are shown for my 

implementation, the one in Ref. [39], and also for SM decays.

P y t h i a  v5 .7  or v6.1 programs. However, P y t h i a  is flexible and allows the addition 

of new decay modes for a particle. The decay > W ±bb has been defined in my 

custom version of P y t h i a  by specifying its daughter particles in the decay table 

database file called p y d a t a  (ordering: W ±, 6, 6). In addition, I have exploited 

the generic three-body decay routine called p y t b d y , which by default generates 

decays that uniformly populate the available phase space. I altered this program 

to weight the phase space by Roy, Wudka and Ma’s m atrix element |A4|2 [39].

I have performed several cross checks of this implementation of the decay 

H ± —> W ±bb into P y t h i a .  I find that the total width r n+^-wbbi calculated by 

integrating the matrix element |jM |2 over the available phase space for the decay, 

yields the correct branching fractions predicted by Roy, Wudka and Ma [39]. This 

demonstrates that I am calculating the phase space, and implementing the author’s 

value of |Ad|2 correctly. In addition, for t t  —> WbHb events where H ± —> W ±bb, 

Roy, Wudka and Ma have calculated the multiplicity of 6-quarks that would both
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Figure 5.2: The PT spectrum of the 6- and 6-quarks from the three-body decay 

H + —»• W +bb, where MH± =  140 GeV/c2.

lie within the geometric acceptance of the CDF detector ([77I < 2.0), and be ener

getic enough (PT > 20 GeV/c), to be tagged by the SVX. Their results, along with 

the results from my simulation, are shown in Table 5.1, for M H± =  140 GeV/c2. 

There is good agreement between the two sets of predictions. Note that the pres

ence of at least one H ± -» W ±bb decay in a ft event results in a significant fraction 

of events with three or four 6-quarks satisfying the Pp and 77 cuts, while SM decays 

usually have two such 6-quarks.

As an additional check, I have compared the PT spectrum of the b- and 6-quarks 

from the H + decay with the authors’ predictions. In the decay H + —> t*b -> W +bb, 

the PT spectrum of the 6-quark should be harder than that of the 6, since the 6 

comes from a virtual top quark, which “wants” to be as close to Mtop as possible. 

The PT spectrums are compared for Mtop =  175 GeV/c2 and M H± = 140 GeV/c2
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in Fig. 5.2. The 6-quark PT spectrum is indeed harder. For the means of these 

distributions, I find (PT(b)) =  23.6 GeV/c and (Pr(b)) =  28.2 GeV/c, while D.P. 

Roy finds [137] (PT(b)) = 24 GeV/c and (PT(b)) =  30 GeV/c.

Finally, I have verified that the PT spectrum of leptons from W ^’s, where the 

W ± is produced in the decay H ± —>• W ±bb, is not significantly different from the 

corresponding distribution for SM top decays, in agreement with the predictions 

of Refs. [39, 138].

It should be noted that the the matrix element squared \M \2 is not a strong 

function of the phase space variables, as shown in Fig. 5.1. When I substitute my 

“custom” three-body decay routine for the default P y t h ia  routine, in which all 

points in the available phase space are weighted equally, then the kinematics of 

the events (6-quark energies and lepton P t  spectrum) do not change much.

It is worth mentioning that the radiation of gluons from the 6-quarks is probably 

not modeled properly in my implementation of the decay H* —>• W ±bb. A parton 

typically radiates gluons, which often carry a significant fraction of the parton’s 

momentum. P y t h ia  models this radiation “showering” in such a way that it 

assigns an effective mass for the parton only after the shower has occurred. As 

a result, energy and momentum balancing must be performed to conserve these 

quantities. For example, in the top quark decay t  -» W ±b, the 6-quark showers in 

the center-of-mass of the top quark, and then it is assigned an effective mass. The 

momentum of the W ±, opposite to the 6-quark momentum, must subsequently be 

adjusted, since otherwise it is not possible to conserve both energy and momentum 

for the W ±b system.

For the three body decay H ± —► W ±bb, this momentum balancing only takes 

place between two of the particles. In my implementation of P y t h ia , the showering 

routine (p y s h o w ) transforms to the center of mass of the 6-6 system, performs the 

gluon showering for both quarks, assigns masses to them, performs momentum
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balancing, and then transforms back to the lab system. One would like to perform 

this balancing in the center-of-mass of the if*  system, in such a  way that the 

W* would absorb some of the necessary momentum shifting. Unfortunately, with 

three final products, there is no unique recipe for sharing momentum shifts when 

a parton is assigned an effective mass by the shower [139].

Perhaps a better solution for modeling the radiation in the i f*  —>• W ±bb decay 

would be to treat is as a two-step process. The showering for the decay if*  —»■ tb 

could take place, followed by the shower of the 6-quark in the decay t —> W ±b. 

However, since the top quark is so short-lived, this separation of the radiation 

is probably not safe, which means that currently, there may be no simple and 

fully-accurate solutions to this problem [139].

5.3 H ± —> : M odeling Large T #

At small and intermediate values of tan/?, the partial width for i f*  —>• t v  is less 

than 1 GeV, and the if*  resonance has a Breit-Wigner shape. However, at large 

values of tan/?, TH can be as large as 10 GeV, since it is proportional to Afff±tan2/? 

(see Section 2.5.3). Under these circumstances, it is invalid to describe top quark 

decays to a charged Higgs boson as a two-step process that involves the sequential 

chain decays t —> i f *6 and if*  —► t v .  Rather, one must take into account the 

spread-out if*  mass distribution by calculating the three-body decay rate Tt-+rub =  

r(f —► i f **6 -» Tvb), where the i f*  is treated as a propagator.

y  (pt -  Pb)2 =  mTv2 
/ t
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Figure 5.3: The expected distribution of m Tl/ (effective H *  mass) from the decay 

t  -> rub, for Mff± =  150 GeV/c2 and various values of tan/?. As F h increases with 

tan/?, the mass distribution becomes skewed towards lower masses, where more 

phase space exists for the top quark decay products.
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In this decay, the invariant mass between the tau and the neutrino pair m TV is the 

effective M H± of the event. I have calculated the decay rate for this diagram in 

Appendix D. The expected distribution of m TU is found from the differential rate 

dTt-^rub /  dmTU. This is given by Eq. D.20, and shown pictorially in Fig. 5.3 for 

M H± =  150 GeV/c2 and several values of tan/?. Note that a large T# results in a 

mT„ distribution that is asymmetric, and has a prominent tail at low mT„. This 

tail is due to phase space enhancement. The decay rate for t —>• rub is the product 

of a coupling factor, a propagator factor, and a phase space factor. Ordinarily, 

for a small TH, m TV is constrained to be close to the nominal M H±, since a strong 

suppression from the propagator factor outweighs the increase in the phase space 

factor due to one of the daughter particles (mT„) becoming lighter. For a larger 

Th , this is no longer true, and m TU is distributed more widely.

To generate it events containing t —> rub decays, where VH is large, I do not 

use the P y t h i a  machinery for three-body decays. Rather, I simulate the two- 

body decay t —> if* 6. To generate the proper //*  mass distribution, m TU is 

selected from the distribution dTt^rub /  dmTU, described above. This is performed 

in the P y t h i a  routine p y 2 e n t ,  which generates two-body decays. One advantage 

of using two-body decays is that I avoid the problems of modeling gluon radiation 

for a three-body decay, described in the previous section for if*  —► W ±bb.

5.4 M odeling a Large Top Quark W idth

At the extremes of small and large values of tan/?, the top quark width can be as 

large as 15 GeV - see Fig. 2.4. To understand whether it is possible to simulate such 

large top quark widths, I quickly review the way P y t h i a  models i t  production.

P y t h i a  first models the top resonance by selecting t and £ masses from a Breit- 

Wigner distribution that has a width set equal to the top quark width. These
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Figure 5.4: The top mass distribution for three different values of TH, and M H± 

=  80 GeV/c2. This is from a simulation of t t—r W brub  events. The asymmetry is 

due to the increased probability for finding partons with smaller fractions of the 

proton momentum, which are able to produce top quarks with smaller masses.

masses determine the phase space for the decay, which in turn is sampled to find 

the kinematic variables s  and t. These variables are used to calculate the short- 

range hard scattering t t  cross section <r(s, £, Mtop). Next, the parton distributions 

in the proton and the antiproton are sampled, to determine the probability that 

they will provide partons with energies that will yield the selected s and t kinematic 

variables. The various probability weights from the above steps are combined to 

form a final weight, which decides whether or not the event survives. Through 

this procedure, the parton distribution functions deform the original Breit-Wigner 

mass distribution shape, to make it what it should be [139, 140]. Fig. 5.4 shows 

the predicted top mass distribution for the topology t t  -4  Wbrub, for MH± =
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80 GeV/c2 and several values of r top. As the top quark width increases, the distri

bution develops a long, low-mass tail. This occurs because the parton distribution 

functions favor the production of low-mass top quarks. A smaller A/top requires a 

lower value of the kinematic variable s =  x tx2s, where s =  the center-of-mass 

energy of the pp collision, and x t (x2) is the fraction of momentum carried by the 

quark (antiquark) involved in the hard scattering. As I discussed in Chapter 2, 

low-x partons are much more abundant than high-x ones (see Fig. 2.6).

Thus, a large top quark width is modeled with a Breit-Wigner resonance in 

the hard scattering cross section, and gets distorted as the result of the parton 

distribution functions. The r top is the sum of partial widths; r top =  r t_*w6 +  

r t-*Hb at small values of tan/3, and r top =  r t_,v̂ 6 + r t_>ri/6 at large values of 

tan/3, where T h  becomes larger than several GeV. I have written a routine that 

calculates Tt_>Tvb (see Appendix D). This routine is called within the P y t h ia  

routine p y w i d t  in order to calculate the width of each top quark as a function of 

tan/3, Mff±, and M top, and determine its branching fraction. The dependence of 

this branching fraction on Mtop is shown for Mg± =  140 GeV/c2 and tan/3 =  150 

in Fig. 5.5. The plot demonstrates that even if M H± is larger than Mtop, the top 

quark decay t —► rub can take place via the exchange of virtual H ±Js.

There is a technical problem that prevents the simulation of large top quark 

widths. The short-range cross section a (s ,i , M top) is calculated at a particular 

value of the top quark mass, but the t and t masses in an event may be quite 

different if the top quark width is large. Ideally, one would like to treat both of 

the top quarks in an event as propagators, calculating, as an example, the matrix 

element for the 2 —> 4 process qq —► t*i* —► WbHb. However, this decay is not 

available in P y t h ia . Instead, I rely on the 2 2 process included in P y t h ia ,

and use the mean of the t and t masses to calculate the cross section. This is a 

slight variation of the default P y t h ia  v 6 . 1  algorithm p y s ig h , which used only the
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Figure 5.5: The dependence of B (t -* rub) on Mtop for M H± =  140 GeV/c2, and 

tan/? =  150. Superimposed is the top mass distribution. This demonstrates that 

B[t —> rub) must be calculated as a function of Mtop for each top quark that is 

decayed (twice per tt event). This plot also demonstrates that even if Mtop < 

Mff±, B(t —> rub) can be significant due to the large T#.

t mass1. Since this treatment is an approximation that degrades with increasing 

top quark width, I do not attempt to model top quark widths larger than  15 GeV.

Finally, one may worry about the dependence of ati on r top, since I use the 

theoretical value of ati  to set limits, calculated assuming a top quark width of 

about 1.4 GeV. However, the cross section calculated and returned by P y t h ia  is 

the same whether r top is set to 2 GeV or 15 GeV in the simulation. An independent 

calculation by M. Mangano confirms that the t i  cross section will not change 

significantly for top quark widths in this range [140].

lThis has been altered in subsequent releases of the v6.1 software, available from Ref. [141]
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Chapter 6

Selection Criteria Efficiency for the Signal

In the last chapter, I discussed the Monte Carlo modeling of it events with charged 

Higgs decays. In this chapter, I give the efficiencies for these events to pass the 

selection criteria of the dilepton and lepton+jets channels. These efficiencies are 

determined using the same method for SM i t  decays, described in Chapter 4 - 

essentially by running the Monte Carlo events through a CDF detector simulation. 

I begin this chapter by specifying the (M//±, tan/3) parameter space in which the 

large top quark and H ± widths are modeled. Next, I describe the efficiencies for all 

the separate tt decay topologies in the two-Higgs-doublet model, assuming narrow 

r top and TH. Following this, the effect of large widths is discussed. Finally, I plot 

the total it efficiency in each channel as a function of tan/3 for several values of 

M h ± , taking all the different tt decay modes into account.

6.1 Regions in which Large W idths are Sim ulated

Lets quickly review the width effects that we want to simulate, presented in the 

last chapter. First of all, the H ± width is less than 2 GeV, except for large tan/3 

and M h ± close to Mtop (M H± > 140 GeV/c2). For these near-threshold top quark 

decays, it is correct to model the wide asymmetric Mu± distribution, derived from 

d£ t-+rvb/dmTU, and presented in the last chapter (see Fig. 5.3). For the rest of the 

parameter space, where r H is small, we rely on the standard P y t h ia  simulation, 

which uses Breit-Wigner resonances to model the  H ± widths.
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Also, we wish to model large top quark widths. Remember that on the bound

aries of the perturbative region of tan/?, the top quark width is no more than 

several GeV for A/ff± >  120 GeV/c2, but can be as large as 15 GeV for M H± «  

80 GeV/c2 (see Fig. 2.4). Fortunately, the LEP limits exclude M x±>  60 GeV/c2, 

where r top is even larger than 15 GeV. In this chapter, I will show that a top 

quark width of several GeV does not change tt  efficiencies significantly, when M H± 

is far away from A/top. In addition, in the two chapters following this one, it will 

be shown that the top quark width only becomes larger than about 7 GeV deep 

into our excluded regions of parameter space, and not on the boundaries of the 

regions, where the limits are determined. Deep into the excluded regions, the lim

its are very strong anyway, due to a large B(t —► H ±6), and are not sensitive to 

small variations in the efficiency. For the reasons stated here, I do not bother to 

simulate a large top quark width for sufficiently small M H±.

Threshold effects become important as M H± gets close to A/top if the top width 

is equal to a few GeV. For this reason, this analysis does properly simulate the top 

quark width for the region where tan/? is large, and MH± > 140 GeV/c2. Under 

these circumstances r top =  r f_,rt/6 -I- r t_,VV6. To summarize, our efficiencies are 

derived using the following simulation:

•  For the low-tan/? region, and the high-tan/? region where M h± < 140 GeV/c2, 

it is assumed tha t TH % 2 GeV, and r top «  1.5 GeV. The assumption for 

T[{ is approximately correct. However, while r top can be much larger than 

1.5 GeV, this has no effect on the limits that are set, as described above.

•  For the high-tan/? region where MH± > 140 GeV/c2, I simulate both the 

correct Ttop (= Te_>Tty6 +  Tt->Hb) and the large r H, as described in the previous 

chapter.

•  Low-tan/? modeling of the correct top quark width for M H± close to Mtop is
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not necessary, since low-tan/? limits cannot be set for M H ±  > 140 GeV/c2.

6.2 t t  w ith H ± cs or t v  Decays

In this Section, I give efficiencies in the top dilepton and Iepton+jets channels for 

t t  with ff* -> cs and H ± —> t v  decays. The decay H ± -> W ±bb is discussed in the 

next section. These efficiencies are calculated assuming that the H ± width and 

the top quark width are less than about 2 GeV. As a guideline, the results from 

this section can be applied to all perturbative regions of parameter space except 

for tan/? > 100, and M H ±  > 140 GeV/c2, as discussed above. Also, regions where 

r top is larger than about 7 GeV need special treatment.

Efficiencies for WbHb or HbHb final states, where H ± -* cs or H ± —>■ t v , are 

shown as a function of M H ±  in Figure 6.1. The numerical values for these ef

ficiencies are given in Tables E .l and E.2 of Appendix E. The most important 

feature of these efficiencies is that they are all significantly lower than the SM 

efficiency, which is also shown on the plots. The reasons for this are described in 

Section 1.4.1. The all-hadronic decay mode tt -> HbHb —v csbcsb is omitted from 

both plots, because it contributes a number of events that is small compared to 

the number of background events. In the dilepton channel, efficiencies for decay 

modes with if*  —» cs decays are small, and are not shown.

The efficiencies for the decay modes in Fig. 6.1 tend to first increase with in

creasing M f j ± .  Eventually the efficiencies decrease as the M H ±  is increased further. 

This behavior is due to competing effects. The momentum spectrum of electrons 

and muons, from the decay H ± —» —► (eor [ m ) v v v ,  will be higher for a larger

Higgs mass M H ± . The P T  spectrum for such leptons is shown in Fig. 6.2, where 

a comparison is made for M H ±  =  80 GeV/c2 and 140 GeV/c2. A larger M H ±  will
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Figure 6.1: Efficiencies for t t  topologies containing H ± —> cs and H ± —> t v  decays 

to pass the selection criteria of the dilepton and lepton+jets channels. A narrow 

T„ is assumed. These efficiencies are significantly smaller than the SM value in 

each channel, which is also shown. The errors are due to MC statistics alone. 

The numerical values for these efficiencies are given in Tables E .l and E.2 in 

Appendix E.

also produce higher-E?  jets from the decay / f ± —» cs. The result from these ef

fects is an initial increase in t t  efficiency with increasing M H±. However, as M H± is 

increased for a fixed top mass, less energy becomes available to the 6-quarks from 

the decay t —► H ±b, so the 6-jet ET spectrum becomes softer. In Fig. 6.3, I plot 

the transverse energy spectrum for jets from 6-quarks in t —> H ±b decays, for M h± 

= 80 GeV/c2 and 140 GeV/c2. Note that the 6-jet ET spectrum is much softer for 

Mff± = 140 GeV/c2, which results in a decreased efficiency for the formation of 

jets with E x  > 1 5  GeV. Additional loss in efficiency comes from reduced tagging 

efficiency for lower-£’T jets.
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Figure 6.3: On the left is the E r  spectrum of jets arising from the hadronization of 

6-quarks from t  —> H ±b decay. Curves are shown for Mg± =  80 and 140 GeV/c2. 

The peak at 0 GeV is formed by 6-quarks that fail to form 15 GeV jets in the 

calorimeter. On the right is the SVX 6-tagging efficiency for jets with two SVX 

tracks, as a function of je t Er-
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Efficiency o f Successive Selection C uts in th e  L epton + Jets C h a n n e l

tt decay

efficiency of successive SVX cuts for Run IB

high-Px 

e or n

#T> 

20 GeV

# je ts

>3

trig tag total

W +bH~b 

H~ —> cs

80 GeV 8.5±.1% 89% 87% 92% 40% (2.42 ±  .06)%

140 GeV 8.7±.1% 89% 83% 92% 36% (2.14 ±  .06)%

W +bH~b 

H~ -+ ri?

80 GeV 12.9±.1% 89% 55% 93% 41% (2.42 ±  .04)%

140 GeV 14.2±.1% 90% 45% 92% 38% (2.00 ±  .04)%

H+bH~b 

(csb)(r+ub)

80 GeV 4.9±.1% 85% 86% 95% 41% (1.40 ±  .05)%

140 GeV 6.7±.1% 87% 70% 93% 34% (1.28 ±.05)%

H +bH~b

H* -> TU

80 GeV 9.6±.1% 87% 44% 93% 41% (1.40 ±  .04)%

140 GeV 13.9±.1% 87% 20% 90% 37% (.81 ±  .03)%

Table 6.1: Efficiency of successive cuts in the lepton+jets channel, compared for 

M h± = 80 and 140 GeV/c2, for several t i  decay topologies. The total efficiencies 

are for Run IB only.

To summarize, associated with a higher M H± is a higher acceptance for high-Px 

leptons, reduced jet-.Ex spectrums from 6-quarks, and a  decreased SVX 6-tagging 

efficiency. To demonstrate these effects, I give the efficiency for successive selection 

criteria cuts in Tables 6.1 and 6.2, starting with the efficiency for the high-Px lepton 

requirement. This is done for many of the it  topologies considered in this section, 

for M„± =  80 GeV/c2 and 140 GeV/c2.
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Efficiency o f Successive Selection  Cuts in the D ilep ton  Channel

it decay M a 2 high-Pr 

e or /z

E!t

cuts

#  jets 

> 2

trig total

W +bH~b 

H~  -> TV

80 GeV (.631±.024)% 74% 83% 98% (.380 ±  .021)%

140 GeV (.802±.026)% 81% 68% 96% (.424 ±  .030)%

H +bH~b

H * - ¥  TV

80 GeV (.374±.020)% 69% 86% 98% (.214 ±  .013)%

140 GeV (,654±.028)% 73% 53% 94% (.238 ±  .014)%

Table 6.2: Efficiency of successive cuts in the dilepton channel, compared for M H± 

=  80 and 140 GeV/c2, for several t t  decay topologies. The first cut applied is 

the high-Pp lepton identification requirement, and all other cuts are applied in 

succession.

Finally, as a cross check, I calculate the efficiencies for t t  topologies that are 

identical to the ones in this section, but have H*  bosons replaced by W *  bosons. 

This is done for MH± =  M w =  80 GeV/c2 only, and the results are shown in 

Appendix F.

6.2.1 Systematic Uncertainties

The efficiency for tt decays to pass the selection criteria of either channel will be 

afflicted by the same systematic errors that are associated with SM tt efficiencies. 

The systematics for lepton identification, the 2-vertex cut, trigger efficiencies, and 

tagging efficiencies are assigned the same values as shown in Table 4.5 for SM it 

decays. However, systematic errors due to the uncertainty in the je t energy scale 

and uncertainty in the modeling of initial and final state radiation are dependent 

upon M h± and the topology of the particular it decay mode.
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Figure 6.4: On the left is the PT spectrum for leptons from W ± decay. One curve 

is for W ^’s from t —> W ±b, while the other curve is for W ±Js from H ± —> W ±bb, 

where M h± =  140 GeV/c2. Shown on the right are Pt  spectrums of 6-quarks from 

t —v W ±b, and also from H ± -> W ±bb, for M H± =  140 GeV/c2.

To understand this, consider the decay mode tt —>• HbHb —> rubrub. For this 

decay to contribute to the lepton+jets channel, one r  must decay to e u u  or fj.i/u. 

Only two partons and a tau lepton are left to satisfy the 3-jet requirement. In 

contrast, most SM events are of the type tt -+ W bW b -* ivfbqq'b, where four 

partons exist in order to satisfy the 3-jet requirement. Thus, the efficiency for the 

decay mode with two tau leptons will be more sensitive to initial and final-state 

radiation, which can give rise to extra jets in the event. This is what is observed: 

for SM decays, I find a 16% difference between the extremes of no initial state and 

no final state radiation in the lepton+jets channel, while for the rubri/b final state, 

this shift ranges from 24-35%, depending on MH±. Shown in Table G.2 are the 

differences in tt efficiencies under the extremes of no initial sta te  radiation, and no 

final state radiation, for all the t i  decay modes discussed in this section.
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Figure 6.5: Uncorrected energy of jets with ET > 10 GeV, that are matched to 

6-quarks, for the three different types of decays that generate 6-quarks at low tan/? 

and M h ± =  150 GeV/c2. Also given are the total efficiencies for a 6-quark to 

produce a jet with E r  > 15 GeV.

Jet energy scale shifts also have a large effect on the efficiency for tt events with 

—> tu decays, since tau  jets have a  ET spectrum that is steepling falling as it

crosses the threshold of E r  =  15 GeV, unlike jets from partons. Shown in Table G.3

are the differences in i t  efficiencies when all jet energies are systematically shifted 

from -10% to +10% of their nominal values. This is done for several decay modes 

and several charged Higgs masses.
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6.3 tt  w ith  H ± -*  W ^ b  D ecays

The t i  events with one or two H *  -+ W ±bb decays have the very unique final 

states WbWbbb and WbbbWbbb, respectively. The Pt  spectrum of leptons found 

in these decays will be similar to those found in SM decays, since the W ± is 

non-relativistic in both cases. Fig. 6.4 compares these Pt  spectrums, for M H± =  

140 GeV/c2. Despite this similarity, on average, the 6-quarks in t i  events with 

H ± —> W ±bb decays will be less energetic than those found in SM decays. These 

spectrums are compared in Fig. 6.4. The ET spectrums of jets produced by these 

6-quarks are shown in Fig. 6.5.

Its interesting to note that for WbHb and HbHb events, the jet multiplicity 

distribution for jets with Et  > 15 GeV is similar to that of SM predictions. Fig. 6.6 

compares this distribution for SM tt events, and t t  events that are generated as

suming Mh ± =  150 GeV/c2, and B(t -+ i / * 6 -+ Wbbb) =  0.85.

Fig. 6.7 shows the efficiencies for t i  decay modes that contain one or two 

H *  -+ W ±bb decays. Note that the two topologies with two W ± bosons and four or 

six 6-quarks have lepton+jets channel efficiencies that exceed the SM value. This 

is due to increased 6-tagging efficiency in these events. In the dilepton channel, 

although the events contain two W ± bosons, the multiple jets from 6-quarks tend 

to result in fewer isolated leptons, and more events tha t fail the A0 (jet, E!t ) >  20° 

requirement.

The systematic errors associated with the efficiency for t i  events with if*  —> 

W ±bb decays are given in Appendix G. Table G.4 shows the total shifts in dilepton 

and lepton+jets efficiencies when all the jet energies in the events are shifted from 

-10% to +10% of their nominal values. Table G.5 shows shifts in the efficiencies 

between the extremes of no initial state radiation, and no final state radiation. 

These shifts are evaluated assuming M#± =  130 GeV/c2. Systematic errors are
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Figure 6.6: Jet multiplicity distribution for jets with ET > 15 GeV. The top plots 

shows the distribution expected from SM tt  decays. The bottom plot shows the 

distribution expected from the charged Higgs scenario, assuming tha t Mfj± =  

150 GeV/c2, and B{t -» H H  -4  Wbbb) =  0.85.

assigned to be one-half of these shifts.

6.4 tt  w ith a Large H ± W idth

In Section 6 .2 ,1 described efficiencies for tt  decay topologies that contain H ± -4  tu  

decays. These efficiencies are calculated for a relatively narrow H *  width, TH 

< 2 GeV. In this section, I calculate the effect of a large TH, in the range of 5- 

10 GeV. This is done using my custom version of P y t h ia  described in Section 5.3. 

As I have already pointed out, large H ± widths only occur in the high-tan/? region, 

for M H±> 140 GeV/c2. While reading this section, it is important to keep a mental 

picture of the effect of a large TH, shown in Fig. 5.3 - the Higgs mass distribution 

becomes wide and asymmetric, and peaks at a value shifted downwards from the
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Figure 6.7: Efficiencies for t t  topologies containing H ± —► W ±bb decays, to pass the 

selection criteria of the dilepton and lepton+jets channels. The SM value in each 

channel is also shown. The errors are due to MC statistics alone. The numerical 

values for these efficiencies are given in Tables E.3 and E.4 in Appendix E.

nominal value of M H±.

According to my earlier discussion, it is known that as the M H± distribution 

gets shifted toward lower masses, the tt efficiency increases (see Fig. 6.1). This is 

due to changes in the kinematics of the events - the P-r spectrum of leptons from 

tau decay becomes softer, but the 6-jet Et  spectrum rapidly becomes harder. In 

Fig. 6.8 , these distributions are shown for the rubrub final state, and compared 

for two different values of T//, 2 GeV and 9 GeV. Between these two values of TH, 

the lepton PT spectrum changes only slightly, but the 6-jet E r  spectrum changes 

significantly.

Fig. 6.9 shows efficiencies for the decay t i  —► rubrub as a function of tan/3, 

assuming MH± = 150 GeV/c2. The t i  efficiency for this decay mode increases with
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Figure 6.8: A comparison of lepton Pt  (top plot) and 6-jet ET spectrums (bottom 

plot) for two different values of Ta, assuming M#± =  150 GeV/c2 and ti-*  rvbrub.

Tff. The greatest increase occurs in the lepton+jets channel, where the three- 

jet requirement is more marginally satisfied than the two-jet requirement of the 

dilepton channel, making it more sensitive to changes in the jet-Et  spectrum. (See 

Tables 6.1 and 6.2, and Ref. [Ill])- Also shown in Fig. 6.9 is the total tt efficiency in 

each channel, taking into account all the decay modes a t high-tan/?. It is calculated 

in two ways: the correct way, by modeling the large T H as a. function of tan/3, and 

also the incorrect way, by assuming a narrow T# ( r ^  =  2 GeV). In the lepton+jets 

channel, the efficiency calculated for a narrow TH underestimates the number of 

signal events by about 10% for tan/3 =  170, near the perturbative boundary. It 

becomes a 30% effect at tan/3 =  300.
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Figure 6.9: The top plot shows efficiencies for t t—► rubrub with M H± =  

150 GeV/c2, as a function of tan/? (lower horizontal axis) which determines 

(upper horizontal axis). On the bottom plot, the to ta l t t  efficiency is shown in 

each channel, for all decay modes included.
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Figure 6.10: The t i  efficiency for the decay mode t t—> (W b)(rub) and M H± =  

80 GeV/c2, as a function of tan/? (bottom horizontal axis) which determines r top 

(upper horizontal axis). Although the efficiencies change slightly as r top increases 

from 2 to 15 GeV, B{t —> rub) > 80% for r top > 5 GeV, and so the effect only 

becomes significant in regions where the limits are already strong.

6.5 t i  w ith a Large Top Quark W idth

Within the perturbative region of tan0, r top exceeds 5 GeV only for Mu± at the 

low end of our range of sensitivity, M H± < 120 GeV/c2 (see Fig. 2.4). This range 

is far below the top mass of 175 GeV/c2. Thus, we expect that the effects of 

a spread-out top quark mass distribution on the kinematics of a tt  event should 

average out, as long as the top quark mass distribution remains symmetric about 

its mean. As an example, for SM tt  decays, a change of (+15,-15) GeV/c2 in Mtop 

from its measured value of 175 GeV/c2 results in a change of (+5,-7)% in the
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lepton+jets channel efficiency [118], and a similar level of linearity in the dilepton 

channel efficiency [111]. Decay topologies such as WbHb and HbHb display a 

similar amount of symmetry, as long as M#± <  120 GeV/c2.

However, a large top quark width will distort the Mtop spectrum in such a way 

that it becomes asymmetric and shifted towards lower masses, so that the mean 

value of Mtop decreases from its nominal value. This was discussed in Section 5.4, 

and the effect is shown in Fig. 5.4.

Such systematic shifts do not cause a large decrease in tt  efficiency, except when 

r top exceeds about 10 GeV. The t i  efficiencies for the decay mode t i  —>• {Wb)(rvb) 

and Mh± =  80 GeV/c2 are shown in Fig. 6.10 as a function of tan/? and r top. 

Although the efficiencies decrease as r top increases from 2 to 15 GeV, B(t —> rub) 

is already 80% for r top ss 5 GeV, for which there is almost no change in efficiency. 

Thus, there is only a very slight change in efficiencies until we go deep into our 

excluded regions, where the confidence level of the limits is much higher than 95%.

Again, it is important to note that I do perform a detailed simulation of the 

large r top (as well as large TH) for M H± > 130 GeV/c2 and large values of tan/?. 

Such effects are important as M H± approaches Mtop because B(t —» rub) becomes 

a sensitive function of A/top, as shown in Fig. 5.5. Also, the t i  efficiency is a very 

non-linear function of Mtop for near-threshold it decays.

Finally, I would like to justify my assertion that detailed simulation of the top 

quark and H* widths is not necessary for M h±< 130 GeV/c2. Fig. 6.11 shows 

the total t i  efficiency as a function of tan/?, for M H± =  120 GeV/c2. W ithin the 

perturbative region of tan/?, the efficiencies calculated either by properly simulating 

the widths, or assuming narrow widths, agree within statistical errors.
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Figure 6.11: The total t t  efficiency as a function of tan/?, for M H± = 120 GeV/c2. 

It is calculated by correctly modeling rtop and and also by assuming that 

these widths are narrow. For very large tan/?, rtop becomes large and drives the 

efficiency down.

6.6 The Total t i  Efficiency - Dependence on M H± 

and tan/3

I calculate the total tt efficiency as a function of tan/? using two different methods. 

The simplest method is used for the regions of tern/? where the widths of the top 

quark and the if*  are both narrow. Under these circumstances, the efficiency for a 

given t t  decay topology is independent of tan/?. The total tt efficiency is computed 

as a weighted sum of the separate efficiencies for the possible tt  decay topologies. 

The weights in the sum are determined from the top quark and if*  branching 

fractions (given in Appendix A), which depend on tan/?.

However, at large values of tan/9 and M H± > 140 GeV/c2, the efficiency for a

M(top) = 175 GeV 
M(H*) = 120 GeV

 r(H*). T(top) correctly modeled ■
  f(H*). T(top) < 2 GeV

lepton +  jets

t - b  ICn -  
perturfca^ve

dilepton

u
a
3O
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given t i  decay topology is tan/3-dependent, since T H and r top are both functions 

of tan/3, and must be modeled properly. In this region, efficiencies are found by 

running Monte Carlo at discrete (M H±,tan/3) points. To create a plot of efficiency 

as a function of tan/3 for fixed M H±, a smooth curve must be fit to several discrete 

points at the high-tan/3 region of the plot.

Fig. 6.12 shows the t i  efficiency in each channel as a function of tan/3, for M H± 

=  120 GeV/c2. Also shown are the top quark and H*  branching fractions as a 

function of tan/3. The B{t —> H ±b) is significant a t small-tan/3, where H ± decays 

predominantly to cs, and also at large-tan/3, where H ± —> t v . In the next chapter, 

I set limits based on the suppression of efficiency predicted in these regions.

The same set of plots is shown in Fig. 6.13, for MH± =  150 GeV/c2. At large 

tan/3, where H ± —> t v , there is still a suppression of efficiency in each channel. 

However, for low-tan/3, where H *  —»• W ±bb, the efficiencies are not significantly 

suppressed compared to SM predictions. For this reason, I am unable to set low- 

tan/3 limits for M H± > 140 GeV/c2.
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Figure 6.12: The top plot shows the branching fractions for the top quark and the 

charged Higgs boson as a function of tan/?, for M H± =  120 GeV/c2. Shown in 

the bottom plot is the t t  efficiency in each channel. When B (t —> H^b) =  0, the 

efficiency in each channel is its SM value (marked “no t -> H ±b”).
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Figure 6.13: The top plot shows the branching fractions for the top quark and the 

charged Higgs boson, as a function of tan0, for M H± =  150 GeV/c2. Shown in 

the bottom plot is the it efficiency in each channel. When B(t -» H ±b) =  0, the 

efficiency in each channel is its SM value (marked “no t  —*■ # * 6”).
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Chapter 7

Limits using the Absolute Rate of Events

In the last chapter, I determined the efficiencies for it events with H*  decays to 

pass the selection criteria of the top dilepton and lepton+jets channels. Using these 

efficiencies the totcil number of expected events in each channel is calculated 

according to Eq. 1.3, which is repeated below,

Nexp = iVbkg + ett On C . (7.1)

Here, iVbkg is the expected number of background events from non-tt processes, <rtt- 

is the t i  cross section, and C is the luminosity. In Fig. 7.1, the mean number of 

events in each channel is plotted as a function of tan/?, for M H± =  120 GeV/c2. 

This is done for crti =  5.0 and 7.5 pb. At small and large values of tan/?, only an 

improbable upward statistical fluctuation in the number of expected events can 

account for the observed number of events in each channel. This fact is used to 

exclude these regions.

7.1 Assumptions

I make several assumptions in order to set limits using this method. First of all, 

the top mass is assumed to be the measured value of 175 GeV/c2 [20, 21]. For 

simplicity, the statistical and systematic errors associated with this measured value 

are not taken into account.

The method used in this chapter also requires an assumption about the it 

cross section. I use the theoretical value <7*f =  5.0 pb (see Table 2.2), because the
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Figure 7.1: Top plot: the number of expected dilepton events as a function of tan/?, 

for M H± =  120 GeV/c2. Also shown are the observed number of events, and the 

number of non-tt background events. Near tan/? =  7, B(t —> H ±b) fa 0, and the 

efficiency equals its SM value. Bottom plot: the number of expected lepton+jets 

events vs. tan/?.
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measured value is determined by assuming that the top quark only decays to W ±b 

(see Section 2.7.2). I also present results for a value which is 50% higher, a a  =

7.5 pb, to illustrate sensitivity to this value, and also to demonstrate the effect of 

an upward statistical fluctuation in the observed number of events. It should be 

noted that this value of 7.5 pb substantially exceeds the theoretical values that 

are in the range 4.9-5.5 pb, some of which have been calculated with a systematic 

error of less than 10% (see Table 2.2).

Finally, one of the most important assumptions in this search is the premise 

that only it  with charged Higgs decays, and other known SM backgrounds, con

tribute events to the top dilepton and lepton+jets channels. This assumption must 

be made since limits are established based on the fact that too many events are 

observed for the top quark to frequently decay to a charged Higgs boson. I discuss 

this assumption further in Chapter 9.

7.2 M ethods for Combining th e Channels

Since a deficit of events is predicted in each channel, it seems obvious that the 

best limit should be obtained by combining the channels, rather than using only 

the dilepton channel, or only the lepton+jets channel. However, this should be 

decided with a Monte Carlo simulation, rather than an examination of the data. I 

determine 95% C.L. limits for many representative points in (M h±, tan/?) space, 

assuming that the top quark only decays to W ±b, and that the most probable 

number of events is observed in each channel. This is done for <rtt- =  5.0 and

7.5 pb. In each simulation, the best limits are derived not from either channel 

alone, but from summing the dilepton and lepton+jets events.

Of course, there are other ways of combining the two channels. In this chapter,

I give results for one other method. It is the approach used to determine the
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Figure 7.2: Distribution of dilepton events, lepton+jets events, and the sum of 

these events in many trial experiments for an assumed point in parameter space. 

The best limit is obtained with the sum of dilepton and lepton+jets events, rather 

than the results of either separate channel.

combined significance of the observed excess of top events above the background 

in multiple decay channels, a t the time of the top quark discovery [13, 142]. This 

method is more complex, but gives similar limits to  the first method. Below, the 

two methods are described in detail.

7.3 M ethod 1: Sum the Events from Each Channel

The simplest method for combining channels is to sum the dilepton and lepton+jets 

data  samples, and treat them as a single counting experiment. I exclude values 

of tan/?, Mff± and crti if there is less than a 5% probability for finding a total
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number of events at least as large as the observed number (9 dilepton events +  34 

lepton events =  43 events). In other words, the 95% confidence limit means that 

if we could repeat our experiment countless times, and charged Higgs exists in the 

assumed parameter space, in less than 5% of the experiments would we see a sum 

of events equal to or larger than the observed number.

The probability for the expected number of events to fluctuate to the observed 

number of events or higher is calculated from a Poission distribution with a mean 

equal to the expected number of events,

■Wexp.SUM =  M >kg,DIL +  ^bkg.L+J +  (e^DIL +  ^ t t , L + j )  &t i  £  • (7-2)

However, this mean has a Gaussian-shaped systematic uncertainty associated with 

it, due to separate uncertainties associated with the number of background events 

in each channel (iVbkg DIL and yVbkg,L+j), the efficiency in each channel (etf- oil and 

e«,r,+y)» and the luminosity (£).

There are at least two comparable ways to take into account this uncertainty 

on the mean. The simplest method is to mathematically convolute a Gaussian 

distribution with the Poission distribution, where the width of the Gaussian is set 

equal to the error on iVexPtSuM- Another method is to use a “trial-experiments” 

approach. In each of many trial experiments, the number of expected events is 

constructed from Eq. 7.2, by choosing each of the quantities th a t appear in this 

equation from a Gaussian distribution, centered on the mean value of the quantity, 

with a width equal to the associated error. Then, the total number of events is 

randomly chosen from a Poission distribution with this mean. The fraction of a 

large number of these trial experiments in which the sum of events is equal to 

the observed sum or more, determines the probability for the expected number of 

events to fluctuate to the observed number of events or higher.

While the two approaches described here give similar results, it is easier to
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Sources o f System atic  Error for th e  t t  E fficiency

correlated between chan. uncorrelated between chan.

lepton ID efficiency £iepiD 

jet energy scale cjet E 

initial/final state radiation £ is r / f s r  

z-vertex resolution £Zvtx

SVX 5-tag efficiency £tag 

trigger efficiency etrig 

Monte Carlo statistics ^MCstat

Table 7.1: Systematic uncertainties in the t i  efficiency, separated into two cat

egories, depending on whether they are correlated or uncorrelated between the 

dilepton and lepton+jets channels.

modify the trial-experiments approach to include the effect of correlated systematic 

errors, which is described in the next section.

7.3.1 Correlated Systematic Errors

Some of the errors associated with the it efficiencies ett,DiL and ett,L+j will be 

statistically correlated between the two channels, since they arise from similar 

sources. Table 7.1 lists these errors, and designates the ones that are correlated. 

I assume 100% correlation. To take this into account, I use the trial-experiments 

approach described above, but I use more care in choosing the t i  efficiencies. The 

efficiency in each separate channel is generated with a distribution that is Gaussian, 

and has a width equal to the quadrature sum of the individual errors associated 

with that channel. However, correlations between channels are correctly taken into 

account.

This is achieved as follows. In each trial experiment, six numbers a t, <r2, <t3, cr4, 

<r5 and cr6 are chosen randomly from a Gaussian distribution centered at zero, of 

width <r =  l. Then, the central value of the efficiency in each channel is adjusted,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



166

according to the following expressions

D IL eti, DIL  +  a  1 ^ lep  ID +  ° 2  £ je t E +  ° 3  ^ISR /FSR  +  &4 £ Z vtx +  ° 5  e trig +  M C stat

(7.3)

€tt, L+ J - *  «tt, £.+./ +  <7l ^ lep  ID +  ° 2  ^ je t E +  ° 3  e ISR/FSR +  a 4 £ Z vtx +  ^  ^ trig+ tag+ M C  st

(7.4)

The unprimed and primed errors correspond to dilepton and lepton+jets channel 

systematic errors, respectively (they are different sizes). Note tha t the first four 

errors in the first expression, and the corresponding errors in the second expres

sion, are shifted by the same fractional magnitude, and in the same direction, 

since they are correlated. The last error, which is due to the quadrature sum 

of the trigger x tagging efficiency error and the Monte Carlo statistical error, is 

uncorrelated between channels.

The difference between limits calculated using the trial-experiments approach 

with correlated systematic errors, and an approach that ignores the correlated 

systematic errors, is very small. It is found that by ignoring the correlations, 

typically a 95% C.L. limit becomes degraded into a 94.5% C.L. limit! This is true 

because only some of the errors are correlated between channels. In addition, the 

limits are determined mostly by statistics, and not systematic errors.

Fig. 7.3 shows the expected number of events for M H± =  120 GeV/c2, and 

150 GeV/c2. Taking into account a typical systematic uncertainty of about 18% in 

the lepton+jets channel, and 12% in the dilepton channel, this analysis excludes 

parameter space at the 95% C.L. if 31.2 events or fewer are predicted. Thus, 

regions are excluded where the expected number of events dips below this “95% 

C.L.” line, at 31.2 events. The limits using this method are given in Table 7.2, for 

(Ttt =  5.0 and 7.5 pb.

The disadvantage of this sum-of-events method is that the dilepton channel,
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Figure 7.3: Top plot: the expected number of (dilepton +  lepton+jets) events as 

a function of tan/?, for Ma± =  120 GeV/c2. Also shown are the observed number 

of events, and the number of non-£f background events. Limits at the 95% C.L. 

or higher are set in regions where the expected number of events dips below the 

“95% C.L.” line. Bottom plot: Same plot as above, for M H± = 150 GeV/c2.
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95% C.L. L im its D erived from the A bsolute R a te  o f E vents

(Tti  = 5.0 p b (Ttt = 7.5 pb

M„± sum of evts product of prob. sum of evts product of prob.

(GeV) tan/? B{t -> Hb) tan/? B(t -*■ Hb) tan/? B(t -*• Hb) tan/? B{t -)• Hb)

> < > < > < > <

60 1.50 30% 1.58 28% .87 56% .92 53%

80 1.30 31% 1.37 29% .78 56% .86 51%

100 1.11 31% 1.17 29% .675 55% .75 50%

120 .85 32% .92 29% .45 63% .52 56%

130 .56 44% .65 37% .195 87% .295 74%

140 .26 70% .35 56% - - - -

tan/? B(t ->• Hb) tan/? B(t Hb) tan/? B(t -► Hb) tan/? B(t -> Hb)

< < < < < < < <

60 33 31% 33 31% 77 71% 73 69%

80 39 34% 37 32% 95 75% 86 71%

100 47 35% 47 35% 125 79% 113 75%

120 61 36% 61 36% 155 77% 149 76%

130 67 32% 155 71%

140 78 29% 170 65%

150 95 25% 195 59%

160 137 23% 243 55%

165 169 23% - -

Table 7.2: The 95% C.L. limits for the two methods of combining the dilepton 

and lepton+jets channels. Limits are shown for crf£- =  5.0 pb and 7.5 pb. The two 

methods exclude similar regions of parameter space, so I use the simpler “sum-of- 

events” method for combining the channels.
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with the fewest events, may get “washed out” by the lepton+jets channel, which 

has a much larger number of events (but a similar signal/background ratio). This 

method is not wrong, but it may give a conservative limit. Thus, I investigate 

another method for combining the results of the dilepton and lepton+jets channels.

7.4 M ethod 2: U se a Product-of-Probabilities Ap

proach

There is an alternative approach to combining the channels by summing the events. 

I employ a method [143] similar to the one used to determine the combined signif

icance of the excess of t i  events, above the non - t i  background, observed in three 

different decay channels at the time of the top discovery [142, 13].

Using efficiencies calculated for the parameters M h± and tan/?, in each channel 

I compute the probability that the expected number of events fluctuates to the 

observed number of events or more. The product of these probabilities

^obs =  (probability of finding a number of dilepton events > Nobs>DIL)

x (probability of finding a number of lepton +  jets events > NQbs,L+j)

(7.5)

is a measure of the probability of the configuration of 9 dilepton and 34 lepton+jets 

events. Limits axe set by determining the probability of finding a product of 

probabilities P  equal to or smaller than Pobs.

To do this, I perform many trial experiments. In each one, I generate a number 

of dilepton events iVDIL and a number of lepton+jets events N L+J. These numbers 

are selected from Poission distributions, with the following means.

Nexp.DiL =  iVbkg>DiL +  e£f>DIIj a  it C (7.6)
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Figure 7.4: Probability for observing N  or more events vs. N  for the dilepton 

channel, and the lepton+jets channel (called the “SVX channel” on the bottom 

plot). These distributions are formed for the particular point in parameter space 

specified on the upper right. The stars indicate the values of probability observed 

in the data.

■^exp, L+J =  Nbkg,L+J +  L+J Oti £  (7 -7 )

This is done using the method described in the previous section, where the cor

relations for the errors on the efficiencies et^D[L and L+J are accounted for by 

using Eqs. 7.3 and 7.4.

In order to calculate the product-of-probabilities P  in a trial experiment, via 

Eq. 7.5, we need to know the probability for observing N  or more events in each 

channel. I use many trial experiments to construct these distributions. Examples 

are shown in Fig. 7.4. Then, these distributions are used by many additional trial
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experiments that Eire run in order to determine P. I record the fraction of the 

trial experiments in which this product-of-probabilities P  is smaller than the one 

observed in the data Pobs- If this fraction is less than 5%, then the particular 

combination of M H±, tan/d, and <rf£- is excluded at the 95% confidence limit or 

higher.

In Table 7.2 I list the 95% C.L. limits for the “product of probabilities” method. 

This is done for <rtt- =  5.0 and 7.5 pb, and the results are shown side-by-side with 

the results of the sum-of-events method described in the previous section. Since 

the product-of-probabilities method is intended to be used as a cross check of the 

sum-of-events method, some of the limits derived using this approach have not 

been updated to include the effect of a large H ± width at high-tan/3, and hence 

do not appear in the table.

7.5 Results

The “product-of-probabilities” method excludes only slightly more parameter space 

than the simple “sum-of-events” method. For this reason, I use this simpler and 

better-understood “sum-of-events” approach to exclude charged Higgs bosons. The 

excluded regions from Table 7.2 are shown in the M H± vs. tan/3 plane in Fig. 7.5, 

and the M H± vs. B(t —> / f ±6) plane in Fig. 7.6. The limits are shaded, and marked 

“cr£t- =  5.0 pb” and “crf£- =  7.5 pb” . Limits for the region marked “crH--indep.” are 

set without assuming a value for a t£, and are discussed in the next chapter. Also 

shown on the plots are the excluded regions from the direct search a t CDF, for tt 

events containing if*  —» tv  decays [56,107]. Finally, it should be noted that these 

are preliminary results, which will almost certainly change before a final manu

script summarizing the work done in this thesis is submitted to Physical Review 

Letters.
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crtt =  7 .5  pb

<jK indep .

no limitMi = 1 7 5  GeV

i

direct search  
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Figure 7.5: CDF excluded regions (95% C.L.) in the M H± vs. tan/? plane. The 

solid regions are the limits from this search, while the lines are limits from the 

direct search for tt events with if*  —»• ru  decays, performed by the Rutger’s group 

at CDF. The cross-hatched regions are not addressed by these searches. The LEP2 

limits are also shown.
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Figure 7.6: CDF excluded regions (95% C.L.) in the M H± vs. B (t —► i f ± 6) planes. 

The top plot corresponds to the low-tan/? region, while the bottom  plot corresponds 

to the high-tan/? region. The solid regions are the limits from this search, while the 

lines are limits from the direct search for it events with H ± —> t v  decays, performed 

by the Rutger’s group at CDF. The cross-hatched regions are not addressed by 

these searches. The LEP2 limits are also shown.
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7.5.1 Features of the Limit Plots

Low- and high-tan/? regions of parameter space are excluded where the observed 

number of tt events is significantly larger than the expected number. If ertt- in

creases, then more t i  events are expected for a given region of parameter space, 

and the limits become degraded. Thus, the limits corresponding to <jti  =  5.0 pb 

exclude more parameter space than the limits that are set assuming the value crt* 

=  7.5 pb. This is in contrast to the limits from the direct H ± search at CDF, 

based on the observation of too few tt events with H ± —>■ tv  decays, which exclude 

more parameter space with an increasing a^. For this reason, the two methods are 

complementary; the high-tan/? limits from this search are superior for crti =  5.0 pb, 

while the direct search limits are superior for at[ =  7.5 pb. However, when com

paring these two searches, one must remember that there are different assumptions 

made for each one. These assumptions will be discussed in Chapter 9.

At high-tan/3, the limits extend to M H± =  165 GeV/c2. However, at low- 

tan/3, limits cannot be set for M H± > 140 GeV/c2. In this region, the dominant 

charged Higgs boson decay mode is H ± —>■ W ±bb. The t i  events with this decay 

have efficiencies similar to the SM value, for passing the selection criteria of the 

dilepton and lepton+jets channels. As a result, no significant suppression of events 

is predicted in this region, as shown in Fig. 7.3.

The regions where the tbH + Yukawa coupling becomes non-perturbative, tan/3 

< 0.28 and tan/3 >  170, axe also marked. The boundaries for these regions form 

straight lines in the M/y± v s . tan/3 plane. However, in the MH± vs. B(t —► H ±b) 

plane, the boundaries are curved lines that extend into the low-B{t —> H ±b) region 

for large MH±. This occurs because the partial width r t_ ^ ,  which determines 

the branching fraction B{t —>• H ±b), is composed of a coupling term and a phase- 

space term. The coupling remains constant, but the phase space decreases with
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increasing M H±, resulting in a decreasing partial width Tt^Hb-

In Section 5.4 I discussed a lim itation with modeling a large top quark width 

(r top > 15 GeV). According to the excluded plot in the M H± vs. B{t —> H*b) plane, 

the region where r top > 15 GeV is completely covered by the non-perturbative 

regions, and the LEP2 excluded regions, except for a small sliver of parameter 

space at tan0  ss 0.3, between M H± =  60 and 80 GeV/c2.

7.5.2 Comparison to the D0 Limits

Using an analysis similar to the one described in this chapter, the D 0  collaboration 

uses its sample of 30 observed lepton+jets events to set <7tt--dependent limits on 

charged Higgs production [144]. D 0  sets 95% C.L. limits using a “frequentist 

approach” that is very similar to the method I use to establish limits. D 0  also 

sets limits using a Bayesian approach tha t I do not subscribe to. The limits are 

shown in Fig. 7.7. By comparing these limits with those from CDF (Fig. 7.5), one 

can see that the two searches have similar sensitivity.
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Figure 7.7: The D0 95% C.L. excluded regions in the M H± vs. tan/3 plane, for the 

charged Higgs boson H ±, assuming tha t Mtop =  175 GeV/c2. The thick dot-dashed 

lines inside the hatched area are the exclusion boundaries obtained by assuming 

att =  5.5 pb, using a method similar to mine. The other limits are obtained with a 

Bayesian approach, assuming ati — 5.5 pb (hatched areas), 5.0 pb (dashed lines), 

and 4.5 pb (dotted lines). No limits are set for the dark shaded regions, where the 

top quark width is larger than 15 GeV.
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Chapter 8

Limits using the Relative Rate of Events

In the previous chapter, I exploit the fact that a deficit of dilepton events and 

lepton+jets events is predicted within the two-Higgs-doublet model. The two 

channels are combined, and limits are set in regions where the observed number of 

events can only be explained by an improbable statistical fluctuation. To set these 

limits, it is necessary to assume an absolute value for ati, in order to compute the 

expected number of events.

However, it is possible to exclude parameter space at small tan/3 without 

assuming a value for at£. To do this, I exploit another prediction of the two- 

Higgs-doublet model, that the dilepton event rate will be more severely suppressed 

than the lepton+jets event rate. This effect is most pronounced at low-tan/3, if 

B(t —> H^b  —> csb) is large, for the following reason. If H ± —> cs, then the tt final 

states WbWb  and WbHb both produce isolated high-PT leptons, and contribute 

to the lepton+jets channel. However, usually only WbWb can have two high-Pr 

leptons and contribute to the dilepton channel. The ratio R  of leplon êtTwwnt8 can 

be written in terms of the efficiencies for these final states, and /3 =  B{t -+ P ±6),

^  ^  ________________ tW b W b ,  dilepton (1  ~  P)2__________ ^g

CWbWb, lep+jets (1  — P ) 2 +  e WbHb, lep+jets P  (1  ~  P)
As B(t —» P ±6) approaches 1, the ratio R  becomes very small, lim ^ x  R  = 0. In 

contrast, the ratio observed in the da ta  is consistent with the SM value of 0.204. 

Fig. 8.1 shows the predicted ratio as a function of tan/3 for = 100 GeV/c2, 

along with the SM ratio and the observed ratio.
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Figure 8.1: On the left is the predicted ratio of dilepton to lepton+jets events as 

a function of tan/3, for M H± =  100 GeV/c2. On the right is the branching fraction 

of the top quark and the as a function of tan/?.

There are several ways to test whether the observation of 9 dilepton events is 

inconsistent with the observation of 34 lepton+jets events, assuming a particular 

combination of M H± and tan/?. The obvious method is to calculate the predicted 

ratio of dilepton to lepton+jets events,

o  N exp, DIL -  -Wbkg, OIL f o
H =  AT Z l j   •* ’ exp, L+J ■‘"bkg , L +J

and compare this to the observed ratio. Certainly the mean value for R  can be 

calculated with an accuracy of 10-15%, limited by systematic errors. However, 

when only a small number of events are expected, a large range of values for 

this ratio will be predicted, since the numerator and denominator are subject to 

relatively large statistical fluctuations. To demonstrate this behavior, I calculate 

the expected distribution for the ratio, using a “trial-experiments” approach, as 

described in the previous chapter. In each of many trial experiments, I generate 

a number of dilepton events, a number of lepton+jets events, and the ratio R
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Figure 8.2: The number of dilepton events (top pair), lepton+jets events (middle 

pair), and the ratio of these events (bottom  pair) in many trial experiments where 

M H± =  80 GeV/c2, and tan/? =  0.62. On the left, =  5.0 pb, and on the right 

=  13.0 pb. The larger cross section results in a narrower ratio distribution, due to 

a larger expected number of events, and smaller relative statistical fluctuations in 

the numerator and denominator. Parameter space can be excluded only for ati > 

13.0 pb, for which there is less than a 5% chance for observing a ratio as large as 

the one observed in the data. Thus “cr££--independent” limits cannot be established 

just using the ratio.
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according to Eq. 8.2.

Fig. 8.2 shows the results of this procedure, performed for tan/? =  0.62, M h± 

=  80 GeV/c2, and the two values crtf =  5.0 pb and 13.0 pb. The distribution for 

the ratio is narrower for the higher a«, where the expected number of events Nexp 

in each channel is larger. This is due to smaller relative statistical fluctuations 

in the numerator and denominator, which scale as y/N ^ p. Fig. 8.2 indicates that 

the observed ratio is less than 5% likely if if crtt- =  13.0 pb is assumed, but not 

if <rtf =  5.0 pb. This demonstrates that it is not possible to exclude H ± in a 

“<7tt-independent” way, just by using the ratio of events.

It should be noted that a cross section of 5.0 pb is unlikely for this point in 

parameter space, since Fig. 8.2 indicates that there is less than a 5% probability for 

finding either the observed number of dilepton events (9) or the observed number 

of lepton+jets events (34). Just using the ratio, this information is lost.

A more effective method for excluding H ± is to use the absolute number of 

events observed in one channel, the lepton+jets channel, to measure crM-, using 

efficiencies that correspond to a particular combination of M^±  and tan/?. This 

ati is used to calculate the expected distribution of dilepton events, which can be 

compared to the observed number. This procedure is outlined below, and explained 

in more detail in the following sections.

1. Assume values for and tan/?.

2. Use the observed number of events in the lepton+jets channel to measure 

ati- This gives a probability distribution for finding the true value of at[.

3. Use this ati  distribution to predict the distribution for the number of events 

in the dilepton channel.

4. Since a deficit of dilepton events is predicted, exclude H ± where too few
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dilepton events are predicted to account for the observed number of dilepton 

events.

8.1 R econstructing at£

Two complementary approaches Eire used to reconstruct the tt cross section from 

our observed number of lepton+jets events. The primary method used is a trial- 

experiments approach. As a cross check, I also use a log-likelihood approach.

8.1.1 Trial-Experiments Method

In this approach, the value of ati is swept in small steps (typically 0.15 pb) over 

a suitable range. For each value of crtt-, 104 trial experiments are simulated, where 

every trial experiment generates a number of dilepton events, and a number of 

lepton+jets events. This is done in exactly the same way that was discussed in 

Section 7.3.1. The fraction of the 104 trial experiments in which the observed 

number of lepton+jets events is generated may be plotted as a function of att , t0 

display the probability distribution for finding the true value of <r«. This is done 

in Fig. 8.3, for M h± = 80 GeV/c2 and tan/3 =  0.62.

Note that the measured value crtf =  13.2^3 5 pb shown in this figure, is much 

larger than the theoretical value of 5.0 pb. This larger value of <7ti compensates for 

the suppressed lepton+jets channel efficiency in the assumed parameter space, in 

order to give an expected number of events consistent with the observed number 

of events. Using this logic, it is clear that the cross section should be even larger if 

it is measured in the dilepton channel. Although it is unnecessary for our analysis, 

this ati is shown in Fig. 8.4.
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Figure 8.3: The it  cross section in the lepton+jets channel for M H± =  80 GeV/c2 

and tan0  =  0.62. The two curves correspond to cross sections found using the trial- 

experiments approach, and also the log-likelihood approach. While the asymmetric 

Gaussian from the likelihood approach does not fit well to the trial-experiments 

distribution over the entire range of at[, shown on the left, the fit is good for the 

peak region (1 3 .2 ^ 1 ^  pb), shown on the right.

8.1.2 Log-Likelihood Approach

As a cross-check, a log-likelihood method should yield a consistent measurement 

of ati . The central value of crf£- is found from

■̂ obs ^bkg
Oti = eC (8.3)

The a ti distribution can be calculated from the following likelihood function,

L =  (?(£, (TC) • G(e,ae) • G(Nb]l%,cr^bkg) ■ P (N obs, iVbkg +  atieC) (8.4)

Here,
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Figure 8.4: The ati measured separately using the observed number of dilepton 

events, and the observed number of lepton+jets events, assuming that Mg± =  

80 GeV/c2 and tan (3 =  0.62.

G(n, a) is a Gaussian distribution with mean p and width a 

P {N ,/j.) is the Poission probability for finding N  events with mean /z 

C, (TC is the luminosity and its error

e, cr£ is the tt efficiency in the lepton+jets channel, and its error 

^bkg, o'.vbkg is the mean number of background events, and its error 

Nobs is the observed number of events

The ±lcr errors for a a  correspond to the points where the negative logarithm of 

the likelihood function L changes from its minimum value by one-half, A (—logL) 

=  Typically, the errors will not be symmetric, due to the Poission term, and the 

resulting distribution is approximated by an asymmetric Gaussian distribution.
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For our representative point Ma± =  80 GeV/c2 and tan/5 =  0.62, Fig 8.3 

compares distributions for ati obtained with the log-likelihood approach, and the 

trial-experiments approach. The fits are roughly the same. The asymmetric dis

tribution from the log-likelihood approach is oversimplified, and does not fit the 

distribution from the trial-experiments method very well over the entire range of 

a t£. However, in the peak region of the log-likelihood shape fits the dis

tribution from the trial experiments rather well. Having served as an adequate 

cross-check, the distribution of ati derived from the likelihood function will not be 

used any further.

8.2 Limits Using the Number o f D ilepton Events

I calculate a  a  with the trial-experiment method. Using this crtt-, and the  it efficiency 

in the dilepton channel calculated for the assumed values of M H± and tan/3, I 

determine the predicted distribution of dilepton events. The measured crtf, and 

the predicted distribution for the number of dilepton events, are shown in Fig. 8.5 

for M H± =  80 GeV/c2 and tan/3 =  0.62. I exclude charged Higgs if the probability 

for finding a number of dilepton events equal to or greater than the observed 

number of events is less than 5%.

To determine the predicted distribution of dilepton events (shown in the lower 

plot of Fig. 8.5), I merely plot the number of dilepton events from all of the trial 

experiments in which the number of lepton+jets events is equal to the observed 

number (shown in the upper plot of Fig. 8.5). This technique takes into account 

the correlations between the dilepton and lepton+jets channel efficiencies, as well 

as the common luminosity factor, because pairs of numbers for dilepton events 

and lepton+jets events are generated with correlated systematic errors (see Sec

tion 7.3.1).
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Figure 8.5: The top plot is the measured value of cr££, assuming M H± =  80 GeV/c2 

and tan/? =  0.62. Each entry in the top plot comes from a trial experiment in 

which the number of lepton+jets events is equal to the observed number (34). The 

number of dilepton events in each of these select trial experiments is shown on 

the bottom plot. The parameter space is excluded since there is less than a 5% 

probability for finding the observed number of dilepton events (9) or more.

8.3 Results

The 95% C.L. limits derived without assuming a value for <r££ are shown in Ta

ble 8.1. The corresponding region of parameter space that is excluded at the 95% 

C.L. is displayed graphically in Figs. 7.5 and 7.6. It is the shaded region marked 

“<r££-indep” . On the boundary of this region, a typical value of measured in the 

lepton+jets channel is 14 pb. As a  result, less parameter space is excluded with 

this approach than for the absolute rate method described in the previous chapter,
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95% C.L. Lim its D erived  from  th e  R elative R ate o f E vents

m h ± tan/3 > B{t -+ H +b) <

60 GeV .69 67%

80 GeV .645 65%

100 GeV .585 62%

120 GeV .375 71%

Table 8.1: Limits derived from comparing the observed balance of dilepton and lep

ton+jets events, with the balance predicted within the two-Higgs-doublet model.

which establishes limits assuming ati  =  5.0 pb and 7.5 pb.

Note that limits can only be established where B{H± —»• cs) is large, for M H± < 

120 GeV/c2 at low-tan/?. For larger M H±, the decay if*  —y W ±bb becomes preva

lent, and the ratio of (dilepton events /  lepton+jets events) does not significantly 

deviate from the SM value.
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Chapter 9 

Conclusion

I begin this concluding chapter by summarizing the two methods used to set limits 

on top quark decays to a charged Higgs boson. I also specify the unique features of 

this analysis. Then, I explain how my limits compare to the other more stringent 

limits that have been obtained from the study of low-energy processes. To make 

such a comparison, it is important to consider the assumptions made about the 

effect of a richer particle spectrum that lies just beyond the detection capabilities 

of existing accelerators, such as the one predicted by supersymmetry. I will show 

that if such a spectrum were found to exist, it may force a reinterpretation of the 

limits presented here. Finally, I estimate the limits tha t could be set using the 

increased data set projected for the next Tevatron data-taking period, and present 

two additional methods for searching for t —»• decays.

9.1 Summary

One method for excluding H ± is to exploit the fact that a large B(t  —► i / ±6) results 

in rates for tt decays to dilepton final states and lepton+jets final states that are 

significantly smaller than the SM predictions for these rates. This is true if H ± 

decays predominantly to cs or t v . The data immediately indicate that such a large 

branching fraction for t -+ H ±b is unlikely, since the observed number of events 

in each channel is consistent with SM predictions. Assuming the theoretical value 

for au, parameter space is excluded where the predicted number of events within
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the two-Higgs-doublet model is significantly smaller than the observed number of 

events.

The second method relies on the fact that a large B{t —> H ±b -> csb) results in 

a ratio of dilepton events to lepton+jets events that is much smaller than the SM 

value. I test whether the observed number of dilepton events is consistent with the 

observed number of lepton+jets events, assuming a particular point in Mn±, tan/3 

parameter space. This is done by first measuring cr« using the observed number 

of lepton+jets events. This a tt-, in turn, is used to determine the probability for 

finding a number of dilepton events at least as large as the observed number. Since 

a ti  is measured, it does not have to be assumed.

The analysis described in this thesis sets limits for M H± as high as 165 GeV/c2. 

This is the highest M h± to be excluded with a search that is sensitive to direct 

decays of real charged Higgs bosons (as opposed to indirect searches sensitive to 

virtual H*  effects). This was the first analysis at the Tevatron to

•  exclude charged Higgs bosons at low-tan/3, where H ± —► cs

•  incorporate the if*  -+ W ±bb decay mode into the search.

•  exclude H ± w ithout assuming a value for ati

•  accurately model the large width at high-tan/3

While the first two items are also achieved with the D 0  search, the last two items 

axe unique features of my analysis.
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9.2 Comparison to  Indirect Searches

In Section 7.5.1, the features of the limit curves from this analysis were described. 

Also, these results were compared to limits from the other direct searches, per

formed at the Tevatron and LEP2. However, I have not yet made a comparison 

with the limits from indirect searches, using low-energy processes. This is done 

now.

The excluded regions of parameter space from this analysis are eclipsed by 

many of the limits from other low-energy processes, as discussed in Section 2.8, 

and summarized in Fig. 2.15. Most notably, the CLEO limit, based on measur

ing the rate for the decay b -» s-y, gives a 95% C.L. lower bound of at least 

M h± > 300 GeV/c2 [68, 67], independent of tan/3. This is almost twice as high as 

the largest excluded M H± in this analysis, 165 GeV/c2.

Despite this, there are still at least two justifications for the search described in 

this thesis. First of all, my search is based on the absence of direct decays of the top 

quark to a real charged Higgs boson. Therefore, it is a more direct method than 

determining the effect of a virtual if*  contribution to a low-energy process, which 

involves a difficult calculation. Secondly, as discussed in Section 2.8, it is known 

that almost all the limits from low-energy processes, including the 6 —»• s j  limit, can 

be evaded if there exists a supersymmetric particle spectrum just out of the range 

of detection from present-day experiments. As a example, the b —>• s'y limit can 

be circumvented by supersymmetric particles that can destructively interfere with 

the W ± and if*  amplitudes, and alter the rate for the decay (see Section 2.8.2).

It is important to recognize that my analysis does not account for the existence 

of such a particle spectrum beyond the SM. In fact, the best limits from this 

analysis are based on the fact that the expected number of events within the 

charged Higgs scenario lies far below the observed number of events. In order
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to set limits, I must assume that no other processes besides it  with H*  decay, 

and other known SM backgrounds, contribute significantly to the top dilepton or 

lepton+jets channels. If new particles were found to exist, then their impact on 

the it decay channels used in this analysis would have to be evaluated. If these 

new processes contributed a significant number of events, then my limits would 

have to be reinterpreted. These comments also apply to the region at low-tan/3, 

excluded without assuming a value for crt£-. A source of dilepton events that has 

been overlooked means that this excluded region is too large.

In contrast, limits from the other direct searches, based on looking for an excess 

of events from H ±, are not weakened by extra contributions from processes that 

have not been accounted for. This is the primary advantage of the limits from the 

direct search performed by CDF, and also the LEP limits, over the limits presented 

in this thesis.

9.3 Effect o f Radiative Corrections on the Limits

I have plotted excluded regions of parameter space in the M H±-tan/3 plane in 

Fig. 7.5, and the Mfj±-B(t -+ plane in Fig. 7.6. To determine B(t -+ 37*6), I 

use partial widths that have been corrected for QCD effects, such as the exchange of 

a gluon between the charm and strange quarks in the decay i /*  —» cs. These QCD- 

corrected widths are described in Ref. [38], and given in Appendix A. However, 

within the minimal supersymmetric extension to the SM (MSSM), the top quark 

partial width Tt-+Hb can also undergo large electroweak corrections, due to the ex

change of virtual supersymmetric particles [41]. These corrections are particularly 

large at high-tan/3, since the 6-quark mass in the tbH+ Yukawa coupling is sensi

tive to the electroweak effects. The corresponding correction to F(t —► i7±6) can 

range from a few percent to over ±100%, depending on tan/3, M H±, and the other
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MSSM parameters [41]. The result is a large shift in B(t —> H ±b) for fixed values 

of M h ± and tan/?. Since the limits have a strong dependence on B(t —> / f ±6), large 

electroweak corrections will cause large changes to the limit curve in JV/ff±-tan/? 

plane.

In contrast, if B(t —>• H ±b) is determined, changing tan/? only changes the H ± 

width, assuming that tan/? is large so that H ± decays to ru  almost 100% of the 

time. Since this change has a relatively small effect on t i  efficiencies, the limit 

curves in the M H±-B(t -> H ±b) plane will still be quite accurate. If the size of the 

electroweak correction were known, the mapping between tan/? and B(t —>■ H ±b) 

could be determined, and the excluded region in the Mu±-B{t —»• H ±b) plane could 

be used to reconstruct the excluded region in the M#±-tan/? plane.

9.4 Prospects for Run II

The analysis described in this thesis is very effective for excluding large B{t —► 

H ±b), despite the limited size of the Run 1 samples of t i  candidate events. How

ever, the discovery potential is not unlimited with a larger sample of data, due to 

limitations from systematic errors. I illustrate this point with an extrapolation to 

the larger data set expected at CDF in Run II, to begin in the year 2000.

In Run II [145], 1 fb-1 of integrated luminosity is expected in each year of 

running. This corresponds to nine times the amount of data used for this analysis, 

per year. The upgraded CDF II detector is predicted to collect about 990 lep

ton+jets events (with an SVX 6-tag), and 155 dilepton events [145] in the first two 

years of running, assuming only SM t i  decays. The sum of events will have only 

a 3% statistical error. I will assume a systematic error of 8%, which is only about 

one-half of the systematic error in Run I, and consistent with the estimate given 

in the CDF II Technical Design Report, Ref. [145]. In addition, the theoretical
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uncertainty on crt[ is about 5% (see Table 2.2). Combining these errors, the to

tal uncertainty on the expected number of dilepton -I- lepton+jets events is 10%. 

Therefore, the presence of a charged Higgs signal will be seen a t the 3cr level, only 

if it results in a 30% reduction in the number of it events in our samples. From 

the plots of efficiency as a function of tan/?, shown in Figs. 6.12 and 6.13, one can 

see that the region of intermediate tan/3, where B(t —» H*b) < 0.2-0.3, will be 

inaccessible still. If the if*  signal does not exist, then limits can be set for regions 

of parameter space where there is only a 5% chance for the expected number of 

events to fluctuate to the observed number of events or more. This will correspond 

to regions where a deficit of 1.64<r, or about 16%, is predicted, but not observed.

The relative rate method may give better results, since some systematic errors, 

such as luminosity or je t energy scale uncertainty will cancel in the ratio of dilepton 

to lepton+jets events. This has not been studied.

Better yet, with much more data, there is the prospect for performing direct 

searches. Certainly the direct search for H ± —» t v  decays in t i  events, performed 

by CDF (see Section 2.8.1) will be improved. Some additional ideas for searching 

for H*  are given below.

9.5 A lternative Search Strategies

It is possible to use the kinematics of it  events to exclude H ± , rather than using 

just the results of counting experiments, as done in this thesis. I have attempted 

to perform a direct search for t i  events that contain H * —► cs decays at low-tan/?. 

This is described below. A method for excluding charged Higgs a t high-tan/?, based 

on the transverse mass reconstructed in lepton+jets events, is also described.
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9.5.1 A Direct Search for H ± —>• cs

If B{t —> H ±b) is large and H ± —> cs, then t i  will frequently decay to the all- 

hadronic state csbcsb. Isolating a single charged Higgs boson in such a decay 

would be very difficult because of the irreducible backgrounds from QCD, and SM 

t i  events. For this reason I look for t i  events where one top quark decays to H^b, 

and the other decays to W ^b  [146]. This approach is not useful for excluding 

the very low tan/? region, where the t —> W ±b decay mode is highly suppressed. 

However, that scenario is unlikely, given the results of the analysis described in 

this thesis. Thus, I look for the WbHb  final state, where the W ± boson decays 

leptonically, yielding a signature of a high-P-r e or n, #x, and four jets.

tt   HbWb
U-iv 

— ► cs

If the two 6-jets can be tagged in such an event, then M h± can be reconstructed 

from the two untagged jets, corresponding to the cs pair. Thus, I look for events 

that pass the lepton+jets selection criteria, have two 6-tagged jets, and also contain 

two untagged jets. This search is only valid for M H± significantly far away from 

the W ± mass region of 80 GeV/c2, where a strong signal exists from the SM decay 

ft -+ WbWb.

This approach is an extension of the analysis that reconstructs the W *  mass 

in lepton+jets events [54], discussed in Section 2.7.4. The mass peak from that 

analysis is shown in Fig. 2.11. In the data, 10 double-tagged lepton+jets events 

are observed, with none contributing a dijet mass in the 100-200 GeV/c2 range. I 

attem pt to use this absence of events to exclude a heavy H ± .

I rely on three different tagging algorithms to identify 6-jets in lepton+jets 

events. The first is the SECVTX algorithm, used throughout this thesis. The
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second is to search for additional electrons and muons resulting from semileptonic 

decays of B  hadrons. These are called “soft lepton tags” (SLTs), because typically 

the leptons have a much lower momentum than the primary leptons in the event 

from W ± decay. Finally, an algorithm is used to determine the probability that 

a jet originates from the primary vertex of the event, called the jet probability 

(JP) [46],

The dijet mass distributions for Monte Carlo lepton+jets events, with two 6- 

tagged jets and two other jets, are shown in Fig. 9.1. Plotted is the mass peak 

expected from SM t i  events, and the mass peak from t i  —> WbHb events, where 

H ± —y cs and M H± =  120 GeV/c2. Events are darkened if both of the 6-tagged jets 

originate from 6-quark hadronization, and the two untagged jets correctly match 

those of W ± or H ± decay. It turns out that about 65-70% of the events, appearing 

in a mass window 40 GeV/c2 wide and centered on the boson mass, have correctly 

identified 6-quark jets and parton jets from W ± decay. The other events have 

mistags, or incorrect jet-parton matching due to effects such as gluon radiation.

Therefore, to search for a charged Higgs boson of mass M h±, one can count 

the number of events having a dijet mass in a 40 GeV/c2 mass window centered 

at Mfj±. I estimate the expected number of events for M H± =  120 GeV/c2, by 

extrapolating the results for SM t i  decays. In the SM, the branching fraction for 

t i  to the lepton+jets final state £i/tbqq'b is 30%. A fit to the observed dijet mass 

distribution, assuming contributions from SM t i  and non-ti background events, 

finds about 6.5 SM t i  events in the 40 GeV/c2 mass window centered on the W ± 

mass [54]. In the two-Higgs-doublet model, the signal of interest is t i  WbHb -+ 

£utbcsb. The branching fraction for this decay depends on M H± and tan/3. For 

M H± =  120 GeV/c2, it never exceeds about 8%, and is larger than 5% only for 

the narrow range 0.26 <  tan/? < 0.88. Thus, assuming identical efficiencies for 

lepton+jets final states originating from a W ± or an H ± , the expected number of
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Figure 9.1: The dijet mass of the two jets without b-tags, in Monte Carlo t i  events 

that pass the lepton+jets selection cuts, have two 6-tags, and two other jets. In the 

top plot are SM t i  events. The lower plot shows the mass peak from it  —> WbHb  

events, for MH± =  120 GeV/c2. In all events, W ± is free to decay, but H ± —> cs. 

Events with the correct dijet and 6-jet assignments are darkened.
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signal events in the H ±-mass peak is about (5%/30%) x6.5 =  1.1 events for this 

narrow range of tan/?.

It is clear that in the present data  set, not enough signal events are expected 

to set a limit. Even with ten times the data, the same procedure would predict an 

excess of events only for a small region of tan/?. In addition, this search method is 

only valid for 110 GeV/c2 < M H± <  130 GeV/c2, away from M w =  80 GeV/c2, 

and also below M H± ss 135 GeV/c2, where H *  —>• W ±bb becomes the dominant 

decay mode of H ±. Still, it is an interesting idea for Run II.

9.5.2 Transverse Mass in Lepton+Jets Events

W ithin the standard model, most of the events in the top lepton+jets channel 

should arise from t i  decays in which one W ± boson decays to an eu or (iv, and the 

other decays to light quarks.

tt > WbWb
i wqq
I * Iv

In these events, the missing transverse energy corresponds to the energy of the 

neutrino from W ± decay. It is possible to reconstruct the transverse mass M r  of 

the W *  boson, using the transverse momentum vectors of the lepton and the E!t . 

The first plot in Fig. 9.2 shows this transverse mass distribution for events passing 

the lepton+jets criteria, both in the data and in SM t i  Monte Carlo events.

W ithin the charged Higgs scenario, the lepton+jets channel will be populated 

with a significant fraction of t i  events in which one top quark decays to Wb, and 

the other decays to Hb. If H ± —> t u , the missing energy will no longer correspond 

to a single neutrino.
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Figure 9.2: Transverse mass MT formed between the # T and lepton PT in lep

ton+jets events. The upper plot shows the distribution in the data, along 

with the Monte Carlo prediction for SM t i  production, and the estimated back

ground contribution from non-tt processes. The bottom two plots contain the 

Monte Carlo MT distributions for t i  -+ HbWb —► rubWb  events (left plot) and 

t t  -+ HbHb —> rubrub events (right plot).
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The bottom two plots in Fig. 9.2 show the transverse mass distribution for t i  -+ 

HbWb and t i  —*■ HbHb events that pass the lepton+jets selection cuts, for M H± 

=  80 GeV/c2. Note that both these distributions are peaked at MT =  0 GeV/c2, 

in contrast to the expected distribution for the SM decays, which is peaked near 

Mt  =  80 GeV/c2.

The observed Mr  distribution can be fit to a mixture of the expected back

ground distribution, and a weighted sum of the distributions expected from t i  —> 

WbWb, t i  —> HbWb , and t i  —> HbHb decays. I perform a fit for the most likely 

B(t -+ W ±b) using a log-likelihood technique. Preliminary results for two different 

charged Higgs masses are given below.

The errors are due to statistical effects alone, which should dominate over the 

systematic errors. These results indicate that this method is able to exclude 

B(t -+ / f ±6) > 0.60 at the 95% C.L., for charged Higgs masses in the range of 

80-120 GeV/c2. This search has the advantage th a t the results are independent of 

the absolute value of the t i  cross section.

One simplification made in this analysis that remains to be justified concerns 

the exact shape of the M r  distribution for background events from non-U processes.

M„± = 80 GeV/c2 BF(£ -+ Wb) = 1.05l;24

M„± =  120 GeV/c2 BF(£ -*  Wb) =  1.03t;23
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Most (about 70%) of the background in the lepton+jets channel is expected to 

originate from the processes with real W*-bosons, such as Wbb and Wcc. For 

this reason the background distribution for the above fits was assumed to have 

the same shape as the iV/T distribution of t i  events with one leptonic W *  decay. 

However, including the correct non-tt backgroud shape should make only a small 

difference to the final answer. Limits using this technique should be comparable 

to those obtained with the direct if*  —>• t v  search a t CDF.
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Appendix A

Partial W idths for the Top Quark and H ±

Here I specify the expressions used for the partial widths of the top quark and 

the H ±. As a reminder, the branching fraction for a particular decay mode of a 

particle is the partial width for that decay mode, divided by the sum of the partial 

widths for all the possible decay modes of the particle.

A .l  T he H ± Partial W idths

The partial width for H ± —> t v , which I have derived, is

g2 m 2 tan28  f M H±2 — m2"| g2 m 2 tan2/? M H±
T h±->tv — 32 7r mfv M„±

The partial width for —> cs is given in Ref. [38],

r'/y±-+c5 —
3 g2 M h± tan2/? / _

32 tt m \ v

(me2 cotJ/3 +  m 2 tan2̂ ) .

(A.l)

(A-2)32 7r rri^y

This partial width must be corrected for the effect of gluons that can be radiated 

from the strange and charm quarks, or be exchanged between these quarks. This 

correction to the width can be absorbed into the quark masses. Thus, in this 

equation, the charm and strange quark masses m c and m a are the QCD-corrected 

values, given by Eq. 16 in Ref. [38],

m Jfi)  =  m,
ln(4m2/A 2) 1/00

(A.3)
_ln(M/f±2/A 2).

where /?o =  (33 — 2n^)/3. Here, I use the pole mass m c = 1.5 GeV/c2, and I assume 

that m s =  0.30 GeV/c2 [3]. To calculate the QCD parameter A to be used in this
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equation, it must recognized that the QCD corrections are calculated for diagrams 

with only one loop. Thus, I use the known value of the strong coupling constant 

at a renormalization sca'e of the Z° mass, a s(/z =  Mz ) =  0.119 [3], and set this 

equal to the one-loop value of a s.

Ait
a s{n = M z ) = ^  ln(/i2/A 2) (A-4)

From this expression, I find that A(4) =  0.162 GeV/c2, needed for calculating ms, 

and A<4-5> =  0.124 GeV/c2, needed for calculating mc. As an example, for M H± = 

100 GeV/c2, I find that mc =  1.03 GeV/c2 and m s =  0.140 GeV/c2.

The partial width for the decay if*  —> W ±bb [39] has the form [136]

dT f{-+Wbb 1 :\M\2 (A.5)
dm2277i23 (27t)3 32 M h±

where

\ \ A \ 2 -  (  3 9 4™ i c o t 2(J \
V4m^.(m? - m |3)2y
x [m '^(mi3 -  2 m pb 2) -I- (m l, -  m pb 2 -  - m pb2 -  m 2v )\ (A.6)

and m22 and m23 are the square of the four-momentum transferred to the b and b 

quarks, respectively,

^12 =  (Pn± ~  Pb)2 (A.7)

^23 =  (P//± -  Ph)2 (A.8)

m23 =  M h±2 +  2m b2 +  m w  ~  m i2 ~  m23 (A.9)

To find the total partial width, the differential partial width given by Eq. A.5 must 

be integrated over the two-dimensional phase space in the m22-m23 plane, which 

is shown in Fig. 5.1. There is no QCD correction calculated for this partial width, 

and m l  is the pole mass of 4.7 GeV/c2.
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A. 2 The Top Quark P artia l W idths

The SM top quark width r t_,nr6 is given by [38, 45],

r  _  92 \ i/2/i m l ™2W
tt-cWfc — 7T. 2~* I1’ —2 > T)647T77itJ7% m f  m f

x [m2v (mf + m%2) + (mf -  mpb 2)2 -  2 m ^ ] 

x (1.0 -  2.5cts({i =  Mtop)/7t) (A. 10)

where A(a, 6, c) =  a2 +  62 +  c2 — 2a6 -  2ac — 2cb

The factor of A1/2 is a phase-space factor. Since the mass of B-hadrons is about 

5 GeV/c2, we expect the phase space factor to go to zero once Mtop — M H± =  

5 GeV/c2. To ensure that this happens, m b is set to 5 GeV/c2 in the factor of 

A1/2. Elsewhere in the expression, the pole mass m b =  4.7 GeV/c2 is used. The 

QCD correction to is given by the last term in the product [45], where

a s(n =  Mtop) =  0.1055. For Mtop =  175 GeV/c2, =  1.41 GeV.

The expression for the partial width Tt->Hb has a similar structure,

r  -  HOI M«±2\
t~yHb 647rm tmfv ’ m f  ’ m f

x [(mb2tan2/? +  m2cot2/?)(m2 +  m 2 -  MH±2) +  4m2m62] (A .ll)

Once again, m b is set to 5 GeV/c2 in the phase-space factor of A1/2. However, the 

QCD correction is taken into account by using rhb, the “running” 6-quark mass, 

for the terms that arise due to the tbH± coupling. This running mass is evaluated 

a t a renormalization scale of Mtop, m b(/j. =  175 GeV/c2) =  3.647 GeV/c2. The 

reason for choosing this value is given below. It is very important, because a t large 

values of tan/5, the partial width Tt^ Hb is proportional to r h 2.

Finally, I will note that these comments, for the partial width T£_,#&, also apply 

to the partial width for the three-body decay r t_*TI/6. This is given by Eqs. D.20
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and D.22 in Appendix D,

i —* T v b (A.12)

where

dm TU 322Tr3m tm^v [ ^
x [(m62tan2/5 +  m2cot2/3)(m2 +  m62 — m2̂ ) +  4m 2m62] [m2„ — m2]

(p< -  Pft)2 (A.13)

A .3 The m b used for the QCD-Corrected Tt_+Hb

quarks. The first order QCD correction has been calculated in Ref. [38]. The 

correction is given by Eq. 15 of that reference,

This result comes from the loop corrections to the decay width. To know what m q 

is, one has to look at the details of the calculation. These are found in Ref. [147] 

(cited by Ref. [38]), which says that the renormalization is performed for the on- 

mass-shell scheme. This means that m q is the pole mass. It turns out that the 

QCD correction term can be absorbed into the quark mass, by replacing the quark 

mass with the following expression (Eq. 16 of Ref. [147]).

This section was written by Michelangelo Mangano.

The partial widths for decays to hadrons, t —> and H ± —» cs, must be

corrected for gluon exchange between the quarks, and gluon radiation of these

r r(i +  A)

A =  2qs/tt(3 /2  -  In(m2H/ m q)) (A.14)

(p) =  rnq
ln(4m2/A 2)l 1/ir6° 
ln(p2/A 2) .

(A.15)
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where bQ =  (33 — 2nf)jV2-K, and n is the renormalization scale. This can be 

rewritten as follows,

which corresponds to Eq. A. 14, assuming that In 4 =  1.386 ~  3/2. Therefore 

strictly speaking, Eq. A. 15 is not the standard running mass (in whose definition 

the 4 is absent), but something that tries to reproduce also the finite QCD correc

tion. This correction is process dependent - here it appears as part of the mass,

guaranteed that at higher orders the the non-logarithmic corrections to the decay 

width can be absorbed in the form of a running mass, and whether it gets expo

nentiated or not has to be proven. It is put in only to ensure that the fixed-order 

truncation of Eq. A. 15 reproduces the exact fixed-order expression in Eq. A. 14. 

The presence of this 4 causes the evaluation of m q to give a number smaller than 

the pole mass.

(A.16)

Expanded to leading log, this becomes

ln/z2/A 2 /  
ln(4m 2/ n 2) -I- ln(/z2/A2)

T 1 ln(4m2/ n2)
I 7T&o ln(/i2/A 2)

m l  — (ln(/i2/m 2) +  In 4) (A-17)

where a s( î) =  l /b0 ln(/i2/A 2). Squaring this relation, to leading order in at3,

A =  2a s/ 7r(ln4 -  ln (m ^ /m 2)) , (A.18)

but it is really a correction to the top decay width. In other words, we cannot be
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As a result, taking Eq. A. 15 at face value would suggest that m q should be the 

pole mass (4.5-5 GeV/c2). The idea of using the running mass comes from trying 

to emulate the result of including yet higher order corrections. In could turn out, 

for example, that Eq. A. 15 approximates well the result of the 2-loop calculation 

provided one uses the running mass instead of the pole mass. Of course it would 

only be necessary to replace the pole by the running mass in the mass coefficient in 

front of Eq. A. 15, since the change in the arguments of the log would have effects 

of higher order. While I believe that this is a  reasonable expectation, I don’t think 

we should be playing guesses, so I believe it is defendable to use the pole mass in 

front of Eq. A. 15. Using m b =  4.7 GeV/c2 (the central value of the range quoted 

by the PDG) is probably the best choice.

Here follow the results of a numerical study. I calculate the evolved 6-quark 

mass via Eq. A.15, starting from the three mass values 4.5, 4.7 and 4.9 GeV/c2. 

Two renormalization scales for n are investigated, /z  =  M H ±  and Mtop. For /j  =  

Mf{± I use the values 120 and 160 GeV/c2. The evolved masses are shown in 

Table A.I. I study the dependence of these values on A. The QCD correction is 

a one loop correction, so it is best to use A ^ op for A in Eq. A. 15. This can be 

derived by matching the 1-loop value of o:s to  the 2-loop value calculated with the 

measured value A ^ ,^  =  237 MeV [3],

Qj «  ■“«>(„, A>5>0O[,) =  a l  . (A. 19)

This is done for three different scales (fj. =  5, 91.2 and 175 GeV/c2) in Table A.I.

The range of values is not very large, and the differences between selecting 

the value of A at the different scales are very small. I choose as a default the 

value obtained at Mz , as a fair compromise, and use the renormalization scale of 

H =  Mtop. Thus, I use m b = 3.647 GeV/c2 for the Yukawa coupling factor in the 

expression for r t^ Hb (but not for the phase space portion of this partial width).
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A m a tc h  a t  fx =  5 G e V /c 2 (A = 0.107)

M h ± m b rh{n =  M h±) m(ix = Mtop)

120.0000 4.500000 3.539414 3.444080

160.0000 4.500000 3.466043 3.444080

120.0000 4.700000 3.715600 3.615520

160.0000 4.700000 3.638577 3.615520

120.0000 4.900000 3.892488 3.787643

160.0000 4.900000 3.811798 3.787643

A m a tc h  a t ix =  M z  (A ==0.0877)

M H± m b rh(n = Mfj±) m{ix =  Mtop)

120.0000 4.500000 3.569027 3.475443

160.0000 4.500000 3.497021 3.475443

120.0000 4.700000 3.745872 3.647650

160.0000 4.700000 3.670298 3.647650

120.0000 4.900000 3.923397 3.820520

160.0000 4.900000 3.844241 3.820520

A m a tc h  a t  fi = 175 G e V /c 2 (A = 0 .0851)

Mfj± m b fh(n =  Mff±) m(/z =  Mtop)

120.0000 4.500000 3.573348 3.480024

160.0000 4.500000 3.501545 3.480024

120.0000 4.700000 3.750289 3.652344

160.0000 4.700000 3.674930 3.652344

120.0000 4.900000 3.927907 3.825324

160.0000 4.900000 3.848979 3.825324

Table A.l: The QCD-corrected value of mb, as a function of m b and renormalization 

scale /x. All numbers have the units of GeV/c2. This is done for three different 

scales at which Â 5̂  is derived, used for A in Eq. A. 15.
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Appendix B

Yukawa Couplings for Higgs Bosons

B .l  Standard M odel Higgs-Fermion Couplings

Here I continue the discussion in Section 2.3.3. The SM Higgs Boson couples to 

quarks across generations. As an example, just taking the last term  in Eq. 2.14, 

which corresponds to Higgs couplings to up-type quarks, we substitute <t> =  (u + 

77,0)A/2 [30],

^Yukawa =  ^  q  ^  H - C -

=  + h urj)u'R + H.C. (B.l)

The summation has been replaced by matrix multiplication, in the second step, 

where u'L =  (u',c ',t')L, and u'R =  (u',cr,t ')R. Also, a up-quark mass matrix M u 

and a coupling matrix hu have been introduced,

A C , = n , „ A  and (B.2)

In general the Yukawa coupling matrix rj},n, and hence the mass m atrix M ^ n, is 

complex and non-Hermitian [30]. It may be diagonalized by the following trans

formation

=  M l  (B.3)

where AUL and A \  are two different 3 x 3  unitary matrices. To switch from our 

weak-interaction eigenstate basis to a quark-mass eigenstate basis, we can define
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the fields uL =  (u ,c , t)L and u R =  (u ,c ,t)R by

u L =  A'lUl , u'r =  A'fiUfi 

so that the mass and Yukawa terms axe diagonalized, 

u’d M *  + hu7i)u'R + H.C. = u l ^ I d  + huD-n)uR +  H.C.

(B-4)

=  u(M % +huDrj)u 

=  («, c, t) 0

0

mr 0 ( 1 +  2 M , ’ )

t  \  u

\  t )v o m t j

For the first generation only, we have a mass term and a coupling term, analogous 

to the leptons,

'Yukawa up—type quarks =  m - S“  0  +
(B.5)

Again, we note that the couplings of the Higgs field 77 are diagonal in flavor. In the 

two-Higgs-doublet extension to the SM, this does not occur in general. In order 

to restrict tree-level FCNCs, we must must constrain the allowed couplings.

The matrices A \  and A UR, introduced in Eq. B.3, and the corresponding matrices 

for the down-type quarks, A* and AdR, are related to to the CKM matrix. The 

charged weak currents for quarks are

\ 6' /

=  (u,c, t)L'y(iA l fAdL

\  6 /L \  /  L
By convention, the mixing is ascribed completely to the T3 =  -1/2 states [24] by 

defining VCKM = A ? A dL

(B.6)

s'

\ 6' /

= V,CKM

' d '

\ b /

(B.7)
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so that the weak eigenstates are

u \ I c \ I t
, , , . , ■ (B-8>d! \  s' \ b'/  L \  /  L \

B.2 Couplings o f the H ± to  Fermions

We assume that the doublet <fr2 gives mass to up-type quarks, and $x gives mass 

to down-type quarks and charged leptons. Thus we have

3 3 3

^Y ukaw a =  ^  ^  ^ m n Q L m ^ 2 u 'lln +  H.C.
m =  I m,n=L m ,n —l

(B-9)

As discussed in Section 2.4.3, the most general coupling would have these terms, 

and terms with $x exchanged with $ 2- However, this would lead to tree-level 

FCNCs with terms such as ds</>, for example. Substituting the physical Higgs 

states Eqs. 2.33 and 2.34 for $x and <E>2, we find

Y-'  i (  —H +sin0 \
^Yukawa =  /  , G L m )  I ^  I e Rn

m=l y Ux +  y / \ { H  cos a  — h° sin a  — iA sin/? J

^  s !  ~ H +sin/? \  ,
+  d-Rn) I rr, n n n I

m,n=i \ Ux +  cos a  — hr sin a  — iA° sin/? J

* /  v2 + y /^ { H ° s in a  + h° c o s a - i A °  cos/3 \
 ̂ I _  I ^ R m

m ,n=  1 y H  COS/3 J
+  H.C. (B.10)

We will be interested only in mass terms, and those terms that involve the coupling 

of the H ± to fermions. The mass term in the Lagrangian is the one proportional to 

the vacuum expectation values vx and v2. By introducing the left-handed vectors 

=  (e, 7*)£,t dL =  (d ,s ,b )'L, and =  (u,c, t)'L, with similar definitions for the
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right-handed vectors eR,dR and uR, the mass term can be written as follows,

Anas. =  +  H.C.

— e.[T^v\eR +  d^A (̂ T dViA(RdR +  A x̂ Y uv2A'RuR -f- H.C.

=  eLM lDeR -I- dLM p dR +  ulM qUR +  H.C.

=  e \ f eDe + dM dDd +  uM £u  (B .ll)

provided that the diagonal mass matrices M pU’d are defined as

M lD =  T V  M dD =  A 'p r 'v tA l ,  M l  = A ul'Y uv2A ur . (B.12)

The terms in the Lagrangian corresponding to the couplings of the H ± to fermions 

are terms proportional to H ±,

CH±f f  =  -sin/? uLTleR H + -  sin/? u LYddR H + -  cos/5 d'LYuu R H~  +  H.C.

=  -s in d  vLYleR H + -  sind uLA ?  A dLA ?  YdAdRdR H +
1

-c o sd < M ?  A lA l*  YuA uRu R H~  +  H.C. (B.13)
x

We express the matrices in this equation in terms of the diagonal mass matrices 

M q given in eq. B.12. Also, we recognize that A ^ A d = Vckm  (see Section B.l). 

The H + coupling term becomes

£/**// =  — ~ ~  M p eR H +  - — uL Vc k m M q dR H +

-  —  dL V£KX[M I  ur H~ + H.C. (B.14)
v2

Substituting =  \/2ucosd, v2 =  \/2usind , and v =  2M w/g,  we find

£ » * //  =  ~ 2 ^ m w  + y s)M h eH * +  * 0

-  [oV<7K«(l +  7 h)MidH*  +  dV}KU( 1 -  ~,s)M U H -\

-  {iV'CKM{ 1 +  l s)MluH- + uVCKM(l -

(B.15)
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To summarize, the H ± couplings to fermion pairs are given by 

tf ta n /3 5 +

[(1 -  '{') m “ cot/3 + (1 +  7s) m f tan/3] dj H* 

[ ( l - 75)m ?tan 5  + ( l + 75)m ;cot/3]
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Appendix C

The Fermilab Tevatron

The Tevatron is the highest-energy proton-antiproton (pp) collider in the world, 

located at the Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illi

nois. It is a 1 km radius superconducting synchrotron that performs the last of 

five separate stages of acceleration in order to produce beams of protons (p) and 

antiprotons (p) that collide at a center-of-mass energy of 1800 GeV, or 1.8 TeV. 

The Fermilab Accelerator Complex, shown in Fig. C .l, consists of five accelerators 

(Cockcroft-Walton, Linac, Booster, Main Ring, and the Tevatron), as well as two 

storage rings (the antiproton Debuncher and Accumulator). Each accelerator in 

the chain boosts the energy of particles received before passing them off to the next 

stage. Below, I describe how these individual systems work together to produce 

counter-rotating beams of protons and antiprotons with 900 GeV of energy each. 

The acceleration of protons and antiprotons differs significantly, so I describe these 

processes separately.

C .l Proton A cceleration

Protons originate from a bottle of hydrogen gas that is ionized to create H-  ions. 

These ions are produced a t a cathode, extracted through an anode aperture, and 

accelerated through an extraction plate to 18 keV. The ions are injected into a 

Cockcroft-Walton electrostatic accelerator where they travel through a potential 

drop of 750 kV. The maximum voltage, and hence energy, achievable with this
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Acceleration Process

Gas Boale ( H ) 

Cockroft-Walton (750 KeV)

Linac (400 MeV)

Anti-Protons
Antiprotont Tungsten TargetMain Ring (150 GeV)

(120 GeV)

Debuncher (8 GeV)

Accumulator (8 GeV)

Cockroft- Walton Tevatron (900 GeV) -a-------  Main Ring (150 GeV)

Figure C.l: The Tevatron accelerator complex, and a sum m ary of the steps in the 

acceleration process of protons and antiprotons.

type of accelerator is limited by the ability of the high-voltage terminal to hold 

its potential without sparking to its surroundings [148]. This device produces a 

pulsed beam of 750 keV H~ ions every 67 ms (15 Hz), which is transported 10 m 

and injected into a two-stage linear accelerator called the Linac.

The Linac increases the ion energy to 401.5 MeV. The first stage of the Linac 

is an Alvarez accelerator, consisting of 5 radio frequency (RF) electromagnetic 

cavities resonating at about 201 MHz. Within each cylindrical cavity are a series 

of collinear conducting drift tubes, alternating in polarity, and separated by small 

gaps. An RF standing wave with a longitudinal component moves the particles 

along the axis of the drift tubes. The drift tubes are arranged so that a group of 

protons will cross the centers of the gaps at the same time tha t the field across the 

gap is approximately maximum, which causes the particles to accelerate across the 

gap [89]. By the time the field decreases and switches polarity the protons have 

entered the drift tubes and are shielded, so they drift a t a  constant velocity. To
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keep the ions in phase with the accelerating field as their velocity increases, the drift 

tube length increases, so that the travel time between gaps remains equal to the 

period of the RF field. When this length becomes equal to half the RF wavelength, 

the drift tubes act like antennas that radiate the field needed to accelerate the ions, 

limiting the energy imparted to the ions. The first stage of the Linac reaches an 

energy of 116 MeV.

The second stage of the Linac is a side-coupled accelerator consisting of seven 

RF cavities resonating at approximately 804 MHz. This type of accelerator pro

duces a traveling wave that moves along with the ions, so that the field is always 

in phase with the beam [148]. Thus, drift tube lengths do not increase with dis

tance, in contrast to the Alvarez design. This second stage raises the energy of 

the ion beam to about 401 MeV. The Linac has the same 67 ms cycle time as the 

Cockcroft-Walton accelerator.

The H~ ions are then transferred from the Linac to the Booster. They are 

merged with protons already in the Booster by passing both beams through a 

dogleg, which consists of two adjacent dipole magnets of opposite polarity [83]. 

The combined beam is then passed through a carbon foil, which strips the two 

electrons from the H_ ions. Next, the beam is passed through another dogleg, 

which restores the protons to the Booster path, while directing remaining H~ ions, 

H atoms, and anything else to a beam dump. This charge-exchange process is a 

non-conservative action and allows the two beams to be merged, an act that would 

otherwise violate Liouville’s theorem [149].

The Booster is a 75.5 m radius proton synchrotron with 96 dipole and quadru

p l e  magnets and 17 RF cavities. It bends the beam in a circle, so that it passes 

through each RF cavity many times, in contrast to a linear design where each 

cavity is only used once. The dipole magnets are used to keep the protons in their 

circular path for «20,000 revolutions needed to accelerate the protons to 8 GeV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

The acceleration takes about 33 ms, and like the Cockcroft-Walton and Linac, 

the Booster cycles every 67 ms. W ith an RF frequency of 52.8 MHz, the Booster 

provides 84 regions of stable acceleration, referred to as “buckets” . The group of 

protons in each bucket are referred to as a “bunch”, and all the protons together 

in the Booster are referred to as a “batch” [150]. When injecting these proton 

bunches into the Main Ring, at least one is lost during the time when the injection 

magnet is turned on. When the protons are to be used for pp collisions in the 

Tevatron, 15 of the bunches are injected. However, when the protons are to be 

used by the Antiproton Source, all 83 bunches are injected into the Main Ring.

The Main Ring is a larger proton synchrotron with a 1 km radius, containing 

1113 RF buckets and operating at a frequency of 53 MHz. It is composed of 

774 dipole magnets, 240 quadrupole magnets, and 18 RF cavities. The dipole 

magnets maintain a circular orbit in the Main Ring, while the quadrupole magnets 

alternatively focus and defocus the beam to contain it in stable oscillations about 

the ideal closed orbit. For coilider operation, the Main Ring accelerates the train of 

15 bunches from 8 to 150 GeV before coalescing them into a single bunch occupying 

the central bucket of the train. Once coalesced, the bunch is “cogged” , or rotated 

in phase in the Main Ring to match the desired Tevatron bucket for injection. Once 

inside the Tevatron, which is the final stage of acceleration, the bunch awaits five 

more proton bunches and six antiproton bunches. A typical proton bunch contains 

about 150 x 109 protons, while antiproton bunches typically contain about one- 

third as many antiprotons. Before describing the Tevatron, I will describe the 

acceleration process for antiprotons, which are produced initially by colliding Main 

Ring protons with a fixed target.
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C.2 A ntiproton A cceleration

The most efficient means of making antiprotons is to bombard a target with a 

proton beam and collect the resulting secondary particles of the collision. At 

Fermilab, only about 10' antiprotons are produced for every bunch of 1012 protons 

striking the target. In order to obtain about 1012 protons required for collisions 

in the Tevatron, it is necessary to “stack” successive pulses of antiprotons into the 

same beam over several hours until a  sufficient number are accumulated. Thus 

the Antiproton Source at Fermilab is comprised of a target station that protons 

collide into, two storage synchrotrons called the Debuncher and Accumulator, and 

the transport lines between these rings and the Main Ring.

Protons are accelerated to 120 GeV in the Main Ring using the process de

scribed above, and then directed onto a Nickel target. Antiprotons with 8 GeV of 

energy, chosen to be equal to the Main Ring injection energy, are extracted from 

the debris, and collected for storage. A Main Ring energy of 120 GeV is used, 

rather than the 150 GeV used for proton injection into the Tevatron, as the opti

mal compromise between 8 GeV antiproton production rate, high repetition rate, 

constraints from the transport lines, and Main Ring operating cost [151].

Before transferring the protons to the target station, the Main Ring RF cavi

ties are manipulated in order to narrow the bunches in time (or azimuthal spread), 

which simultaneously increases their momentum spread in accordance with Liou- 

ville’s Theorem. This slight smearing in momentum has a negligible effect on the 

momentum distribution of the antiprotons produced at the target. However, the 

narrow time spread of the protons is transferred to the antiprotons produced at 

the target, maximizing their phase space density and lessening the demands of the 

the antiproton storage rings.

Figure C.2 shows a diagram of the target station. The target is composed of
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Secondary
Particles Dipole Magnet

Incoming
Protons Lithium

Lens

Figure C.2: The proton target station.

nickel disks 10 cm in diameter and 2 cm thick, interleaved with copper disks for 

cooling purposes. The target translates horizontally in order to tune the proton 

path length, and thus the p flux, and also rotates to evenly distribute heat and 

radiation damage to the disk. A cylindrical lithium lens with a 2 cm diameter and 

15 cm length is used to focus the p ’s into a parallel beam; this is accomplished 

with a 750 T /m  radial gradient produced by a 0.5 MA current along the axis of the 

cylinder. Lithium is used since it is the least dense conductor, which limits absorp

tion and multiple scattering of the p ’s. The p beam passes through a 1.5 T  dipole 

magnet that deflects 8 GeV negatively charged particles toward the Antiproton 

Storage Ring, while deflecting other particles into a beam dump.

The Antiproton Storage Ring confines the p ’s to a rounded triangular syn

chrotron with a  mean radius of 90 m. It does not accelerate the antiprotons to 

energies higher than the injection energy of 8 GeV. To maximize the the p flux, the 

phase space density of the beam is increased using a technique called stochastic 

cooling first proposed by van der Meer. To be effective, this technique requires the 

injected beam to have a small transverse area and momentum spread [151]. How

ever, as previously mentioned, this is not satisfied by the antiproton beam from 

the target station. Thus the Antiproton storage ring consists of two synchrotrons. 

The first is the Debuncher, which accepts pulses of antiprotons from the target
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station and reduces their momentum spread. This allows for efficient momentum 

cooling in the next synchrotron, the Accumulator. The Accumulator stores p’s 

until enough have been collected to be injected into the Tevatron, via the Main 

Ring, for pp collisions. The Accumulator is about 6% smaller than the Debuncher, 

and lies just inside it, in the same tunnel.

The Debuncher has the same bunch structure as the Main Ring, and is phase 

locked to it. To reduce the p momentum spread, the Debuncher performs RF 

manipulations on the beam, and then adiabatically debunches it into a continuous 

ribbon of antiprotons stretching across 84 buckets, separated by a gap of 6 buckets. 

These two processes take about 10 ms to complete. Since the Debuncher is on the 

same cycle as the Main Ring (2.4 sec for p production), time remains to reduce 

the transverse size of the beam and further reduce its momentum spread.

The gap in the antiproton ribbon allows the Debuncher to inject the particles 

into the Accumulator without p loss, since the extraction magnet is turned on as 

the gap passes by. The Accumulator stores antiprotons in a process referred to 

as “stacking” , which consists of moving the injected p ’s in towards a core orbit of 

about 60 MeV less than the injection orbit, and further reducing the momentum 

spread and transverse area of the core by stochastic cooling [151].

Stochastic cooling is accomplished through a feedback mechanism that senses 

the root-mean-square (RMS) deviation of the beam from the central orbit, using 

electrostatic plates placed at a particular location in the beam path. This infor

mation is transmitted across the synchrotron to another set of plates, in time to 

correct the slope back towards the central orbit once the same portion of beam 

comes around [93].

When enough antiprotons («  1012) are stacked into the accumulator, a portion 

of the stack is extracted into eleven RF buckets of the Main Ring, which are 

then accelerated to 150 GeV, coalesced, cogged, and injected into the Tevatron.
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Roughly half the antiprotons are used in the six antiproton bunches injected into 

the Tevatron.

C.3 pp  Tevatron Collisions

The Tevatron is a pp colliding beam synchrotron, the first to use superconducting 

dipole magnets. The use of superconducing magnet coils eliminates the power 

lost due to resistive heating of coils, characteristic of conventional dipole magnets, 

and the resulting monetary savings more than make up for the cost of cooling 

the magnets with liquid helium to 4 K. The Tevatron lies 65 cm below the Main 

Ring, in the same 1 km radius tunnel. It is comprised of 774 dipole magnets 

and 216 quadrupoles, similar in number to the Main Ring, and shares the same 

53 MHz, 1113 bucket structure. Bunches are separated by 186 or 187 buckets, 

which corresponds to about 3.5 ys.

Once the six proton and six antiproton bunches are injected into the Tevatron, 

the energy is ramped from 150 to 900 GeV in several seconds. The two beams cir

culate in the same beam pipe, but in opposite directions, and are kept separated 

most of the time by electrostatic separators in order to increase the beam lifetime. 

Once the 900 GeV energy is reached, special pairs of quadrupole magnets in each of 

the CDF and D 0 experimental halls are activated to force the two beams to collide 

at the center (called the interaction point, or IP) of each detector. At each IP, the 

beam spot size is about aXyV =  25 y m in the transverse plane [82], in order to max

imize the luminosity at this point. The bunches have an approximately Gaussian 

longitudinal profile of about 30 cm. The final phase of the acceleration process 

involves “scraping” the beam to remove the halo of particles orbiting outside an 

acceptable radius from the ideal orbit. Such particles can collide with residual gas 

in the beam pipe and produce background flux in the experimental halls. After
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scraping, CDF activates its data acquisition system.

The entire period between bunch injection into the Tevatron and the beam 

dumping is called a “store” . A store continues until the luminosity drops signifi

cantly or until it is lost due to a mishap such as a magnet failure. In Run I, a store 

would typically last about 12 hours. When the antiproton stack is sufficient, and 

the luminosity in the Tevatron is low, the beam in the Tevatron is dumped so new 

bunches can be injected. Usually about 20 minutes of quiet time follows, during 

which CDF performs detector calibration. It usually takes at least another hour 

and a half for injection, cogging and scraping to be completed, making it a mini

mum of about 2 hours before the d a ta  acquisition can be activated between stores. 

Aside from maintenance periods and access into the collision halls for accelerator 

repairs, the accelerator complex usually operates 24 hours a day.
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Appendix D

The Decay Rate T(t —> H+*b —> r +vb)

H+

q2 = (pr+ Pu) 2 =  rn2

D .l  Setting up the M atrix Elem ent

We calculate the matrix element and the decay rate for the three body top decay 

shown above. The H + acts as a propagator, which contributes a term
i g2m 2m Tutaxi2P ^

-, where Ttt = ----------------- . (D.l)
TTIt v  — M f { ± 2  "b h TTIt v  327T77l^r

Here, m 2u =  (pt — Pb)2 = (pT + Pu)2 is the momentum-squared transferred to the 

r-u  pair, and is the effective M H±2 of the decay. Note that since TH is itself 

is proportional to M H±, it exhibits a mT„ dependence when it appears in the 

denominator of the propagator. The tbH + and H +r +u vertex factors,

%g [m6 tan/3(l +  75) +  m tcot/3(l -  75)], — mTtan/?(l +  75) (D.2)
2\f2m w  ’ 2 \ / 2 mw

are derived from the Yukawa coupling of the H + to fermions in the Lagrangian.

Putting these factors together, the m atrix element for the decay is
o2 i

—ij\4 = —-—7T- x
8 m%y Tn%.„ — M H±2 -I- zThttitu 

x u(6)[m6tan/?(l +  7 5 ) -I- m tcot/?(l -  7s)M*)

x u{v)  [mTtan/?(l +  7 5 )] u(t)  . (D-3)
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The spin-averaged matrix element is

_____________  1 y ,

W +  I V V . ]  2
(u(6)[m6tan/?(l +  75) +  mtcot/?(l -  -y5)]u(i)) 

x (iz(&)[m6tan/?(l +  75) -I- m tcot/3(l -  7s)M t))* 

x[n(i/)(l + 75)i/(r)][M(t/)(l + 75)i/(r)]* . (D.4)

The factor of 1/2 in front of the summation sign is the average taken over the 

initial-state spins of the top quark, and the summation itself is to be performed 

over the spins of the outgoing particles, the r  and u. Trace theorems help to 

evaluate this sum [152],

o4m£tan2/? 1 _  /T̂
(\M \ ) = R. 4 7  2 Af 2'2 , r  2 21 x 9 x T ri x r2 (D.S)§Am\v [{m2v -  M a±£)2 + r H m 2v\ 2

where

TrL =  Tr[([m6tan /?(1 +  75) -h m tcot/?(l -  75)])(^+ m t)

x([m 6 tan/?(l + 7 5 ) +  mtcot/?(l -  7b )]W  + m b)} (D-6 )

Tr2 =  T r [ ( l+ 7 5 ) ( / - m T) ( l + 7 5 )i>] . (D.7)

D.2 Evaluating the Traces

To evaluate the traces, we use trace theorems, and also recall that

(1 +  7s) =  7°(1 +  75)f7° =  (1 -  7s)

(1 -  7s) =  7°(1 -  75^7° =  (1 +  75) •

Trx
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Trt =  Tr { [ (mbtan/3(l +  75)0̂ + mbm ttan/3(l +  75)

+mtcot/?(l -  75)^+  ni]cot/?(l -  75) ] 

x [ m6tan/?(l -  75)^ +  m2tan/?(l -  75)

+m tcot/?(l +  7 5 )^+ m6mtcot/?(l +  7 5 ) ] }

=  Tr { m ltan2/?(l +  7s)0(l -  7s)^ +  m btasi2p {l  -  75)0(1 ~  7s)

+  m bm t( 1 +  7s)K l +  7s W  + ™bm t( 1 +  75)${l +  75)

+  m lm ttajx20{\ +  7 5 ) ( 1  -  7 5 )l/ +  m lm tt2j\2P(l  +  7 5 ) ( 1  -  7 5 )

+  m bm 2t { 1 +  75) (1 +  75)^ +  rn2bm 2t { 1 +  75)(1 +  75)

+  m tm b( 1 -  75M I -  75)^ +  m tm b{ 1 -  75)^1 -  75)

+ m2cot2/?(l -  75 )0(1 +  7 5 ){/ +  m 2m bcot2P (l -  7 5 )^ 1  +  7 5 )

+  m2m6(l -  75)(1 -  75W +  m2m2(l -  75)(1 -  75)

+  m?cot2/?(l -  75)(1 +  75)}/ +  m?m6cot2/?(l -  75)(1 +  75)

(D.8)

=  8m2tan2/3(£ • 6) + 0 + 0 + 0 + 0 + 0 + 0 +  8t7i277i2 +

0 +  0 4- 8m?cot2/3 (t ■ b) +  0 +  0 +  8m 2m 2 +  0 +  0 (E>-9)

=  8 [2m?77i2 +  77i2tan2/?(£ • b) +  m 2cot2(3 (t • 6)] (D.10)

Tr2 =  Tr [(1 +  7s ) ( / ~  mT)( 1 -  75)1/]
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=  T r [ ( H - 7 s ) ' / ( l - 7 5 ) ^ - ( l + 7 5 ) ( ^ r ) ( l  -  7 s )^ ]

=  Tr [2(1 4- 75)tV]

=  8( r  • u) (D .ll)

„ o4m?tan2d
{\M\2) =

64m^[(m2|/ -  M H±2)2 + r ff2m 2u] 

x i  x 64 [(m2tan 2/? +  m 2cot20)(t ■ b) +  2m2m b] [(r • i/)] (D.12)

D .3 The Decay R ate

We follow the treatment given in Ref. [136] for three-body decays. The decay rate 

can be written in terms of the following two variables.

™2rv =  (pt ~  Pbf =  rn2t + m 2b -  2pt - pb (D.13)

™23 =  (P t - P u f  (D.14)

772# ^  772̂  mTt/ 2 2 fk / r \  i  r \
P f  Pb =  r -----------» = m T + 2pT ■ p„ (D.15)

Using the following relations,
o . 2  2

2

the spin-averaged matrix element can be written as

g4m 2tan20
(I M \ z) = 8mk[(m?„ -  M H±2)2 +  TH2rn2v]

[{m\tan2/? +  m 2cot20)(m 2 + m l -  m2„) +  4m2mj;] [m2„ -  m2] .

(D.16)

Note that since H + is a scalar, the m atrix element only depends on m2„, which is 

the effective mass-squared of the H +. The differential decay rate  is given by

dT =  (2* )3 32^3 (\M \2)dm2TUdml3 . (D.17)
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I M I1 vs. m ,1 vs. nrijj1

^  30000

20000

10000

0

phase space for

10000 20000 30000

m „2 (GeV*)
rnnnn 20000 >«*» 0

m * (GeV1)

Figure D.l: On the left is the phase space in the vs. m 2u plane for the three- 

body decay t —► H ’b —» rub. On the right is the m atrix element squared (|A f|2) 

shown above this plane for M#± =  150 GeV/c2 and tan (3= 150. The matrix element 

is peaked around m 2u= M H±2.

D .4 Phase Space

The phase space is a region in the m2„ - plane. The decay rate is found 

by integrating dT over this phase space, which gets weighted by a constant times 

the probability amplitude (|jM|2). For a given value of m2„, the upper and lower 

bounds for are given by its value when pT is parallel or antiparallel to p&. The 

difference between the upper and lower range of integration for the variable m | 3 is 

a function of m 2„ [136],

A(m i3) =  -  m?)2] x [(m?„ -  mg -  m 20p)2 -  (2m6mtop)2]vnTV v

17lTu
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=  (D .18)
m f „  772j 772j

where A(a, 6, c) =  a2 +  62 4- c2 — 2a6 — 2ac — 2cb .

The plane of integration in the 77223 ■ mr«/ plane is shown in Figure D .l, along with 

the m atrix element (|A4|2).

D .5 Predicted M H± D istribution

We can immediately perform the integral of dT over dm%3 since (|A1|2) doesn’t 

depend on 77223. Eq. D .l7 can be written

= (27^32m f ^ ^ ^ ^ m232mTI' ( D ‘ 1 9 )

By substituting Eq. D.16 for (|Ad|2) and Eq. D.18 for Am23, we obtain a differential 

decay rate for t —y rub,

dT < 7 4 7 7 2 2 t a n 2 / ? 7 7 2 T „  ^ Al/2(1 —  m ^ )
dmTI/ 3 2 2 7 T 3 7 7 2 t 7 7 2 ^ [ ( 7 7 2 2 I /  -  M H±2)2 + VH2m$u] ’ 7 7 2 ? ’  7 7 2 ?

X  [(7 7 2 ^ tan2/? +  7 7 2 2 C O t 2 / ? ) ( 7 7 2 2  +  7 7 2 &  —  7 7 2 ^ , )  +  4 7 7 2 ( 7 7 2 ^ ]  [ 7 7 2 2 „  —  7 7 2 2 ]  .

(D.20)

This gives an expected distribution for m TI/ (the effective MH±) as a function of 

tan/5, Mtop, and some nominal value of M H±. For M H± =  150 GeV/c2, Figure 5.3 

shows Tt->Tub/dmTU for several values of tan/5. The expected distribution of m TU 

becomes skewed towards smaller values as tan/5 increases and T # becomes large. 

This occurs because the phase space factor A1/2 (a, b,c) increases as M H± becomes 

lighter. The QCD-corrected version of this equation, used in my analysis, is given 

by Eq. A. 12 in Appendix A.
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D.6 Cross Check - T he Narrow W id th  Approxi

m ation

We expect that as T# becomes very small, the width for the three-body top decay 

should reduce to the width for the two-body top decay. In other words,

As T(H +) -► 0, -+ H*b -* rub) -+ V(t -> H +b) x B (H + -> t v ) . (D.21)

For large tan0, B (H + —> t v ) «  1. The three-body decay width, from Eq. D.20, is

/ r m t - m b j p
dTt^ b = J  ^  dm TV (D.22)

A simplification for the integral on the right occurs when one substitutes the Dirac 

delta function representation for the propagator appearing in Eq. D.20 [24],

As > 0,    ------—--2 I p  2 2 y rn F ~  M H±2). (D.23)(m 2,, -  M h± ̂ )2 +  TH m iv rnTur H

As a result, the integral is evaluated by calculating the value of the integrand at 

m2u =  M H±2. Using Eq. D.20, and setting (M H±2 — m 2) = M h±2, one has

_  1 1 g4m ?tan2/? tt 2 l/2 m* M H±2
-  (27r)3 32rn3 8m 4v M H± r Hmt U ’ m2’ m 2 }

x [(m2tan2/? +  m 2cot2/3)(m2 + m% — M H±2) +  4m2m j ] . (D.24)

Substituting the proper expression for Tu  from Eq. D .l, this reduces to

r = ml Mb*2)t~*Hb 647rmtmlv ’ m2 ’ m 2
x [(m2tan2/? +  m 2cot2/?)(m2 +  m2 — M H±2) +  4m2m2] . (D.25)

This is the correct expression for r t~>Hb, given in Ref. [38]. The QCD-corrected 

version of this equation, used in my analysis, is given by Eq. A. 11 in Appendix A.
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Numerical Values of Efficiencies for t t  

Events W ith H ± Decays

These are the tt efficiencies plotted in Figs. 6.1 and 6.7.

Efficiency for t i  to  P ass the L epton+Jets Selection  Criteria, Run 1

m h±

tt decay mode

W +bH~b 

H~ —> cs

W +bH~b

H~  —» TV

H +bH~b 

(csb) (rvb )

H+bH~b

H* - + T V

60 GeV/c2 (2.27 ±  .05)% (2.19 ±  .04)% (1.23 ±  .04)% (1.30 ±  .03)%

80 GeV/c2 (2.31 ±  .05)% (2.31 ±  .05)% (1.34 ±  .04)% (1.34 ±  .03)%

100 GeV/c2 (2.42 ±  .06)% (2.31 ±  .04)% (1.44 ±  .04)% (1.44 ±  .03)%

120 GeV/c2 (2.29 ±  .05)% (2.32 ±  .04)% (1.50 ±  .04)% (1.29 ±  .03)%

130 GeV/c2 (2.26 ±  .05)% (2.16 ±  .04)% (1.37 ±  .04)% (1.12 ±  .03)%

140 GeV/c2 (2.04 ±  .05)% (1.91 ±  .05)% (1.22 ±  .04)% (0.77 ±  .02)%

150 GeV/c2 (1.77 ±  .05)% (1.61 ±  .05)% (0.84 ±  .04)% (0.41 ±  .02)%

160 GeV/c2 (1.63 ±  .05)% (1.13 ±  .04)% (0.37 ±  .02)% (0.11 ±  .01)%

Table E.l: Efficiencies for t t  with H ± decays in the lepton+jets channel, for Run 1. 

They are plotted in Fig. 6.1. The errors are due to limited Monte Carlo statistics.
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Efficiency for t t  to Pass the D ilep ton  Selection Criteria, R u n  1

tt  decay mode

W +bH~b W +bH~b H +bH~b H +bH~b

m h± H~  —> cs H~ -> T V (csb) (rub) H *  -> TV

60 GeV (.014 ±  .005)% (.358 ±  .017)% (.008 ±  .004)% (.203 ±  .013)%

80 GeV (.017 ±  .005)% (.380 ±  .021)% (.008 ±  .004)% (.214 ±  .013)%

100 GeV (.011 ±  .003)% (.419 ±  .018)% (.010 ±  .004)% (.250 ±  .014)%

120 GeV (.008 ±  .003)% (.453 ±  .024)% (.005 ±  .003)% (.276 ±  .015)%

130 GeV (.017 ±  .003)% (.457 ±  .024)% (.014 ±  .003)% (.273 ±  .015)%

140 GeV (.011 ±  .004)% (.424 ±  .020)% (.011 ±  .004)% (.238 ±  .014)%

150 GeV (.014 ±  .004)% (.408 ±  .026)% (.005 ±  .004)% (.175 ±  .017)%

160 GeV (.014 ±  .005)% (.291 ±  .022)% (.006 ±  .002)% (.086 ±  .011)%

Table E.2: Efficiencies for tt with H ± decays in the lepton+jets channel, for Run 1, 

from versions 5.7 and 6.1 of the P y t h ia  Monte Carlo generator. The efficiencies 

plotted in Fig. 6.1 are these values, multiplied by a factor of 1.04 - see the discussion 

in Section 4.3.1. The errors are due to limited Monte Carlo statistics.
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Efficiency for t t  to  Pass th e  L ep ton + Jets Selection C riteria , R un 1

M„± =

tt decay mode

W +bH~b 

H~ -)■ W 'bb

W +bH~b 

H +  W +bb 

H~  -+ cs

H +bH~b 

H+ W +bb

H~  —> T V

H +bH~b 

H +  -> W +bb 

H~ -+ W~bb

120 GeV (3.99 ±  .10)% (2.15 ±  .06)% (2.73 ±  .06)% (3.97 ±  .07)%

130 GeV (3.99 ±  .08)% (2.20 ±  .06)% (2.81 ±  .06)% (4.03 ±  .08)%

140 GeV (3.93 ±  .09)% (2.07 ±  .06)% (2.64 ±  .06)% (4.05 ±  .07)%

150 GeV (3.92 ±  .07)% (1.81 ±  .06)% (2.27 ±  .06)% (3.93 ±  .07)%

Table E.3: Efficiencies for tt with H ± decays in the lepton+jets channel, for Run 1. 

They are plotted in Fig. 6.7. The errors are due to limited Monte Carlo statistics.

Efficiency for t t  to  Pass th e  D ilep ton  Selection C riteria, R un 1

tt decay mode

W +bH~b W +bH~b H +bH~b H +bH~b

M h ± = H~ ->■ W~bb H + +• W +bb H +  W +bb H + W +bb

H~ —> cs H~  -> T V H~  -> W~bb

120 GeV (0.69 ±  .03)% (0.011 ±  .004)% (.45 ±  .03)% (.61 ±  .03)%

130 GeV (0.67 ±  .03)% (0.011 ±  .004)% (.51 ±  .03)% (.62 ±  .03)%

140 GeV (0.66 ±  .04)% (0.011 ±  .004)% (.51 ±  .03)% (.57 ±  .03)%

150 GeV (0.64 ±  .03)% (0.011 ±  .004)% (.53 ±  .03)% (.58 ±  .03)%

Table E.4: Efficiencies for tt with H ± decays in the lepton+jets channel, for Run 1, 

from version 6.1 of the P y t h ia  Monte Carlo generator. The efficiencies plotted 

in Fig. 6.7 are these values, multiplied by a  factor of 1.04 - see the discussion in 

Section 4.3.1. The errors are due to limited Monte Carlo statistics.
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Appendix F

Cross Checks of Efficiencies for t t  with  

H ±  c s  , t v  Decays

For the special case MH± = M w±, I compare the efficiencies for tt decay topologies 

containing H *  bosons, with similar SM topologies where the W ± replaces the H ± . 

The comparison is shown in Tables F .l and F.2.

The decay it  —► WbXb, where X  —*■ cs, has the same efficiency whether “X ” 

is a W ± or a H ±, despite the differences in angular distribution for the decay 

products for the bosons.

Decay modes with r  leptons have higher efficiencies if the tau originates from a 

W *  boson, rather than an H ±. This is due to r  polarization effects. A tau lepton 

from the decay of a W ± boson will be polarized along its direction of motion in 

the rest frame of the W ±. Electrons and muons from tau decays are emitted 

preferentially along the direction of the tau polarization, the same direction as 

the tau momentum. However, the situation is reversed for H ± decays, in which 

electrons and muons are emitted preferentially in the backwards direction (see 

Fig. F .l). Thus, the PT spectrum of electrons and muons will be harder for the 

SM tt  topologies, as shown in Fig. F.2.
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Efficiency o f  Successive Selection Cuts in th e  L ep to n + J ets  Channel

tt decay X  (M h± = 

80 GeV)

efficiency of successive lepton+jets cuts for Rim IB

high-Pr 

e or /x
# T >

20 GeV

# je ts 

>  3

trig tag toted

W +bX~b 

X~  —» cs

= H~ 8.49±.1% 89% 87% 92% 40% (2.42 ±  .06)%

x ~  =  W~ 8.45±.1% 89% 88% 91% 41% (2.44 ±  .07)%

X +bX~b 

X ± - + T V

X ± = H ± 9.59±.1% 87% 44% 93% 41% (1.40 ±  .04)%

X ± = W ± 10.8+ .1% 89% 41% 93% 41% (1.50 ±  .04)%

Table F .l: Comparison of lepton+jets channel efficiencies for tt  topologies with H* 

decays, and efficiencies for the same decay modes where the W ± boson replaces 

the H ±. Note that the decays with W *s are more likely to produce events with 

high-P-r electrons or muons than decays with P ±s.

Efficiency o f Successive Selection Cuts in th e  D ilep ton  Channel

tt decay X  (Mh± =  

80 GeV)

efficiency of successive dilepton cuts in Run 1

2 high-Pr  

e or fj. cuts

#  jets 

> 2

trig total

X +bX~b

X ± ~^TU

X ± = H ± (.374 ±  .02)% 69% 86% 98% (.214 ±  .013)%

x ± = (.467 ±  .02)% 76% 86% 97% (.296 ±  .016)%

Table F.2: Comparison of the dilepton channel efficiency for for tt decays to rvbrvb , 

mediated by H ± decays, and W ± decays. Note that the decays with t'F±s are more 

likely to produce events with high-Pr  electrons or muons than decays with H ±s.
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Figure F .l: The angular distribution of charged particles emitted in tau  decays. In 

the rest frame of the tau lepton, I plot the cosine of the angle between the charged 

track from the tau, and the direction of boost from the boson rest frame to the 

tau rest frame. The top plots show distributions for the decay r  —> irv, while the 

bottom plots show distributions for r  —> (eor /j)vv. Electrons and muons from 

W ± —y tv  decays are preferentially emitted in the forward direction, while the 

opposite is true for —>• tv decays.

W —> tv  —> TXVV H —> t v  —> n v v
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(O

PT of e  and (M from  r  d e c a ycu
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Figure F .2: The Pr  spectrums of leptons from tau decay. The two curves corre

spond to taus that originate from W + decay or H + decay, where Mf[± =  Mw± =  

80 GeV/c2. About 28% of the leptons from H + -> r +u decay have PT > 20 GeV/c, 

while 33% from W + —> t +u decay have PT > 20 GeV/c.
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Appendix G

System atic Errors for t t  with H ± Decay

The efficiencies for tt events with H ± decays are afflicted with the same systematic 

errors as SM tt decays. These errors are listed in Table 4.5, which is repeated below. 

For the H ± analysis, we use these errors, except for the errors associated with the 

absolute jet energy scale, and the modeling of initial- and final-state radiation 

(ISR/FSR) in an event. As I discussed in Section 6.2.1, these errors depend on the 

topology of the tt decay, and M H±. These errors are given in tables that appear 

below, for the decay topologies that were presented in Chapter 6.

S y s tem atic  E rro rs  for th e  t t  Efficiency

category SVX channel Dilepton channel

lepton ID e 3% 7%

trigger e 8% 2%(trig. only)

SVX fr-tag e 8% -

jet energy scale 5% (SM  only!) 3% (SM  only!)

ISR/FSR 8% (SM  only!) 3% (SM  only!)

Luminosity 7%

2-vertex res. effect 2 % 2%

T o ta l 17% 11%

Table G.l: Systematic errors in each channel for the product eC.
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Change in L epton-fJets Efficiencies Between E xtrem es o f  no IS R /F S R

tt decay mode

-H$

W +bH~b 

H~ —> cs

W +bH~b

H~ TV

H +bH~b 

H + —> cs, H~ —► t v

H +bH~b 

H + —> fv ,  H~ —> t v

60 GeV (20 ±  3)% (16 ±  2)% (14 ±  5)% (23 ±  4)%

100 GeV (15 ±  3)% (20 ±  3)% (20 ±  4)% (25 ±  3)%

140 GeV (17 ±  3)% (22 ±  3)% (20 ±  5)% (48 ±  3)%

Change in D ilepton Efficiencies Between E xtrem es o f no IS R /F S R

tt decay mode

Mh± W +bH~b 

H~ -»  cs

W +bH~b 

H~ TV

H+bH~b 

H+ —»■ cs, H~ —>• t v

H +bH~b 

H + —> fv ,  H~ —> t v

60 GeV - (16 ±  6)% - (22 ±  9)%

100 GeV - (8 ±  6)% - (22 ±  7)%

140 GeV - (10 ±  5)% - (26 ±  6)%

Table G.2: Differences in t t  efficiencies between the extremes of no initial-state 

radiation and no final-state radiation. Errors are statistical only. The systematic 

errors for each of the decay modes are taken to be one-half of the values listed in 

these tables.
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Change in L ep ton + Jets Efficiencies due to  J e t Energy Scale Shifts

tt decay mode

m h± W +bH~b 

H~  —► cs

W +bH~b

H~  —> T V

H +bH~b 

H + -> cs, H ~  —» ri/

H +bH~b 

H + —> fv ,  H~ —► t v

60 GeV 7% 20% 19% 25%

100 GeV 9% 20% 14% 24%

140 GeV 8% 25% 19% 35%

Change in  D ilepton  Efficiencies due to  Jet Energy Scale Shifts

t t  decay mode

M h± W +bH~b 

H~  —► cs

W +bH~b 

H~ - fT V

H +bH~b 

H + — > cs, H ~  —>■ t v

H +bH~b 

H + —> f v ,  H~  -* t v

60 GeV - 10% - 18%

100 GeV - 6% - 18%

140 GeV - 10% - 20%

Table G.3: Shifts in tt efficiencies when the jet energy scale is shifted from -10% 

to +10% of its nominal value. The systematic errors for each of the decay modes 

are taken to be one-half the values listed in these tables.
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Change in Efficiencies due to  Jet Energy Scale Shifts

tt  decay mode

M h ± = W +bH~b H +bH~b H +bH~b H +bH~b

130 GeV H~  -+ W~bb H+ -» W +bb H+ -* W +bb H + W +bb

H~ —> cs H~  -+ TV H ~  -+ W~bb

lep.+jets (17 ±  2)% (20 ±  3)% (22 ±  3)% (16 ±  2)%

dilepton (13 ±  5)% - (8 ±  4)% (7 ±  4)%

Table G.4: The change in efficiencies when jet energies are shifted from -10% to 

+10% of their nominal values. Systematic errors are assigned to be one-half the 

values shown here.

Change in Efficiencies Betw een th e  Extrem es o f no IS R /F S R

tt  decay mode

M H±= W +bH~b H +bH~b H +bH~b H +bH~b

130 GeV H~ W~bb H + W +bb H +  W +bb H +  _> W +bb

H~ -+ cs H~  -> TU H ~  -> W~bb

lep.+jets 13% 10% 22% 9%

dilepton (7 ±  1)% - (13 ±  2)% (6 ±  1)%

Table G.5: The change in efficiencies between the extremes of no initial state 

radiation and no final state radiation. The systematic errors are assigned to be 

one-half the values shown in this table
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