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ABSTRACT

SEARCH FOR THE TOP QUARK IN
ELECTRON-MUON EVENTS IN THE COLLIDER
DETECTOR AT FERMILAB

‘A Dissertation Presented to the Facuity of the Graduate School of Arts azd

Sciences of Brandeis University, Waltham, Massachussetts)

by Milciades Contreras

A search for tf — ep — X in pp collisions at /s = 1.8 TeV is described. The
production and decay of top quark-antiquark pairs is considered in the context of
the Standard Modei. The analysis is based on data with an integrated luminosity
of 4.4 pb~? recorded with the Collider Detector at Fermilab in the 1988-1988 run.
An upper limit on the tf cross section is obtained and the top quark in the mass
zange 28 to 72 GeV/c? is exciuded at the 95% CL. The same limits apply to a

possible fourth generation, charge -1, ¥ quark, decaying via the charged currert.
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Chapter 1
INTRODUCTION

In the Standard Model (SM) the constituents of ail master are arranged in three
generations of quarks and leptons (Table 1.1). A fourth generation is in principie
also possible. Recent experiments at e* e colliders have ruled out the possibility
of a fourth light neutrino, implying that a fourth generation is only allowed if its
neutrino has a mass in excess of ~ 30 GeV/e® {1}. Experimental evidence from
measurements of the forward-backward asymmetry in e*e~ — bb and from the
absence of flavor-changing neutral-currents in boitom quark (b) decays, implies
the existence of an isodoublet partner of the b quark to complete the third family.
The postulated sixth quark (¢, or top) has not yet been observed. Searches for
the top quark at e”e™ and pf experiments have placed lower limits on its mass.
Phenomenology provides lower limits on M,,, obtained from fits to SM parameters
to account for the observed degree of B®B® mixing, and upper limits by requiring
consistency of SM parameters with the meéasured W and Z boson masses, and
with weak neutral-current data. Some of this evidence will be briefly reviewed
further in this chapter.

In the period from June 1988 to May 1989 the Collider Detector at Fermilab
(CDF) collected approximately 6 million events produced at the Tevatron proton-
antiproton collider at a center of mass energy of /s = 1.8 TeV. This is the lazgest
center of mass energy attainable in the world today, and the luminosity of the
data collected represents an increase by a factor of 100 over the data collected by
CDF during the previous 1987 run. With this data-sample, we have obtained a
sensitivity to top quarks with masses in the vicinity of the mass of the W boson.
This thesis describes a search for the top quark performed with the CDF detector.

The process investigated is the direct production of quark-antiquark pairs, and

the signature employed is the presence of both an electzon anc a muon with hig>
transverse momenta ( Pr) and with opposite eiectric charges.

The thesis is organized as follows : the remainder of Chapter 1 contains a
summary of phenomenological constraints and of the main experimental resuits
from top quark searches. The QCD predictions for heavy quark productics iz
hadron collisions are briefly reviewed, and the signatures for the top quark at the
Tevatron are discussed to motivate the methods of our top quark searct.

Chapter 2 describes the components of the CDF detector that are relevant for
the analysis. A brief description of the accelerator is also given.

Chapter 3 describes the on-line triggers capable of detecting electron-muon
events. the variables utilized off-line for the identification of electzons and muoas.
and studies of the selection criteria on electrons and muons using ieptons from
Z°® decays. Also, two data processing streams are introduced in this chapter.
First, an expressiine or ‘Spin’ output stream selected leptons with high enough
transverse energy to ensure a small sumber of events to process (during the course
of the run, Spin was only about two weeks behind data taking) but low ezough
to capture an important fraction of the top events which decay into leptons. The
Spin sample has the major advantage of having the full luminosity of tke CDF
1988-1989 run. Second, a standard ‘Production’ output stream with ceduced
lepton thresholds allows a study of the backgrounds. Whesn the analysis of this
thesis was performed, the Production output stream had processed roughiy half
the full luminosity of the Spin, but the low lepton thresholds allowed the colection
of a high statistics ex sample for comparison with expectations from bottom quark
production.

In Chapter 4 the 1op quark signal region is defined and motivated. The de-
tection efficiency for ¢tf — eu - X in this signal region is derived as a fuzction of
top quark mass and decomposed into separate geometric acceptance, iracsverse
momentum acceptance and reconstruction efficiency terms. The Spin eu data is
shown and compared to Monte Carlo expectations for various top masses. One

candidate is found in the dats in the signal region, whereas 33 events aré 7.5



events are cxpected in this region from tf — ep + X a1t M., = 28 GeV;/c* and
70 GeV/E, respectively. We also show results fom the Production ep data and
compare it to Monte Carlo expectations for b5 — ex ~ X. We find fair agree-
ment between these data and the Monte Carlo predictions for the rates and for
the shapes of distributions of several kinemaztic variables, including the azimuthal
angular separation between the two leptons, missing tranverse energy aad lepton
isolation.

Given that we observe only one event in the signal region, and that the bulk
of the ey data is consistent with bb production, in Chapter 5 we derive an upper
limit on the t{ cross section as a function of top quark mass AM,,,. Systematic
uncertainties are discussed, and the 95% CL upper limit on the expected number
of events in the signal region is obtained as a function of M,,,. This number is
used along with the Monte Carlo calculation of the ¢{ detection efficiency as a
function of M., the integrated luminosity, and the semileptonic branching ratio
to provide the upper limit on the tf production cross section, which is converted
into a lower limit on M, by using the predicted tf cross sections.

Chapter € contains the summary and conclusions of the analysis. The possi-
bility of extending the sensitivity for detecting top quarks using the 1988-1989
CDF data is considered. The top quark discovery potential for future collider
runs with expected recorded integrated luminosities of 20 pb~! (1991) and 100
pb~! (1993) is discussed.

1.1 STATUS OF SEARCHES FOR THE TOP QUARK

Whean the analysis of this thesis was carred out, the experimental lower bounds
on the mass of the top were M,,, > 28 GeV/c? from the absence of t{ production
at the TRISTAN e* e collider ;2), and M > 41 GeV/c? at the 95% confidence
level (CL) from searches at the CERN pp collider (3]

Since then, results from the TEVATRON pj collider from two independent
channels become available. The CDF e-jets analysis excluding top quarks with

mass in the range 40 — 77 GeV/c® and the CDF ep analysis ithis thesis} ex-
duding the range 28 — 72 GeV/c® have both been published [5.6]. The e—jeis
analysis searches for pj — £ — ev X in events containing an eiectron. two or more
hadronic jets, and aissing transverse enezgy { E7**). The transverse mass vari-
able Mp = v-’ 2E3 Epi®(1 — cos Ady,), with Ef the electron transverse energy
and Ag¢,, the azimuthal separation between the electron and missing transverse
energy vectors, is used to distinguish the top signal from the dominant ¥ +jets
background. Extended analyses (which will be discussed in Chapter 6} are un-
derway at CDF.

Recently, e~e~ colliders with center-of-mass energies around the Z° mass at
SLAC and LEP have become available, and lower bounds of M,,, > 44.8 GeV /&
{4] have been reported. Also, a new 95% CL limit of M, > 69 GeV/e from s
recent higher luminosity run at the CERN pp collider has been reported 7" by the
UA2 collaboration. The LEP result is based on a search for Z° — ti, where the
signature used is the p e of an isolated charged particle from semileptonic
t-decay. The UA2 result is based on s search for pp — W — th and pp — tfin

events with an electron, one or more badronic jets, and missing transverse energy.
Asin the CDF e~jets analysis, the transverse mass variable is used to distinguish
signal from backgrounds.

1.2 PHENOMENOLOGICAL CONSTRAINTS
Forward Backward Asymmetry in e*e™ — 8}

The forward-backward asymmetry (Arp) in the process e¥e~ — quark-antiquark,
is defined in terms of the number of quarks produced in the electron (forward)
direction NY and the number produced in the positron (backward) direction
ND, namely, Arp = (N ~ NB)/(NI + NB). The process eve- — b caa
proceed through photon annihilation or through Z° annihilatior, as is shown in
figure 1.1. The couplings to the b are also shown in the figure. The asymmetry
arises from the interference between the axial-vector coupling of the b-quark to the
2Z° (a;) and the vector conpling to both v (@) and Z° (v}, and is proportional



to a3. The JADE collaboration ‘8. has made the most accurate measurement of
the b-jet asymmetry, which was carried out at an e“e~ center-of-mass energy of
316 GeV. The measured value of A = (—22.8 = 6.0 = 2.5)% implies an axial-
vector coupling for the bottom quark (assuming @y = —} for its charge) of @, =
~0.90 = 0.24 = 0.10. A correction factor |9 that takes into account B°5® mirxing
(using the measurement from the ARGUS collaboration {10'), brings the JADE
measurement to ¢, = —1.15 £ 0.31 = 0.18. This is in good agreement with the
Standard Model expectation of ¢, = —1 (for & weak isospin of —3) which implies
that the bottom quark is a member of an SU(2) doublet and hence that the top

quark exists.

Absence of FCNC decays of the b-quark.

At the time when only v, d, s quarks were known, Glashow, lliopoulos and Majani
pointed out that the existence of a charm qna.ti (in a same doublet with the s
quark) would explain the experimentally observed extreme suppression of flavor-
changing nentral-current (FCNC) s — d transitions. The cancellation of such
flavor-changing transitions occurs in general if all left-handed quark states appear
in doublets and is known as the GIM mechanism (after the suthors). In the same
way, models with a b but no ¢ should have FCNCs visible in b decays. Kane
and Peskin have showa {11} that in models in which the b quark is & weak SU{2)
singlet, the neutral current decays in semileptonic b deeays should occur at a rate
such that I'(B — {*I"X)/T(B — I*vX) 2 0.12, which gives a branching ratio of
at Jeast 1.3 x 1072 for b — I*I~X. Figuze 1.2 shows charged-current and neutral-
current diagrams contributing to semileptonic b decay. The CLEO collaboration
bas searched for p* 4~ X and e~e~ X final states in a sample of T(4S5) decays [12i.
Expected sources of dileptons are semileptonic decays of both the B and the B
from T(45) — BB, cascade decays, B — vX — I*I-X, semileptonic decays
of the D and the D from cé production in the continnum under the Y(45). and
misidentified hadrons. The rates of all these sources can be reliably calculiated,
and any excess of opposite-sign dileptons beyond the expected rate is attributed

to FCNCs. The analysis sets » 90 % CL Limit of JIB(b — s~p~X} - Bib —
eve”X)! < 2.1 x 10°%, well below the Kane-Peskin iimit. and rules out modeis
lacking a top quark.

B*B® mixing was first observed in pj collisions by the UA! collaboration [13.
It has also been observed in e~ e~ collisions by the ARGUS '10 aad CLEO ‘14’
collaborations.

Through mixing, a B° meson can transform imto its anti-panicle, the B°,
before decaying. The second quark in the neutral B meson can be a d-quark
(B3 = bd) or an s-quark (B? = bs). B2BY and B°B® mixing proceed through
‘box diagrams’ illustrated in figure 1.3. B°B° pairs can be produced in e~e~ and
pPp experiments, and the signature for mixing is an excess of same-sign diieptons
from the semileptonic decays of both B mesons of a B°B® or B°5° finai state. The
ARGUS and CLEO measurements were based on a studies of B35 pairs produced
in T(45) decays. At the T(4S), B°B? pair production is kinematically forbidden.
The ratio r = [N(B°B®) + N{(B°B°)i/N(B*B°), was measured by ARGUS to be
rq =021 =0.08.

In a three-generation standard model, mixing is described by a parameter z
which is related to experiment by » = z%/(z? « 2). The parameter z4 bas an
explicit M} dependance {15; which has been used together with the ARGUS

measurement to set a lower Limit of M,,, X 50 GeV/c* '10,16.17.

Radiative Corrections.

The standard model predictions for the 2 and W mass and their interdepence.
confronted with the measurements of My and Mz and with weak-neutral-current
data, have implications on the top quark mass whick have beer discussed by

various author, including {18,19,20.21..



The standard model prediction for the W and Z masses is 18]

LIc] A° {1.1)

W T (1-Ar)un b v
where the weak mixing angle fw is defined by
p!

sinlbyw =1~ ;{—:)’ . {i.2)

The constant A = v‘ra /v2G, depends on the precisely determined fine-structure
constant a and muor: decay constant G, and has the value 4 = 37.2805 = 0.0003
GeV/e2. Ar denotes the effect of one-loop radiative corrections {19! of the kind
illustrated in figure 1.4. Ar is a function of the top quark mass and the Higgs
mass My, and as is shown in figure 1.5 the strongest dependance is on M, It
also depends on the mass of other fermions such as the charm and bottom quarks.
but these are constrained from low energy phenomenology.

Some of the most important constraints on Af,,, are summarited in figure 1.6
'21). Since the My dependance of the radiative corrections is small, My = 100
GeV/c was chosen for simplicity. The =lo uncertainty b{nd.s on sin’ fw are

indicated as a function of M,,, for several determinations:

. M;

By combining egs. 1.1 and 1.2. sin® §w can be determined as a function of
Ar and M; (with no Mw dependance). The measured value of Mz can
then be used to give the dashed lines in figure 1.6.

Mw /My

The definition of sin’ dw of equation 1.2 can be used together with the

measured value of Miw /M to derive the dotted lines in figure 1.6.

o vN

Data from deep-inclastic neutrizo-nucleon scattering (vN) {22,23) has lead

to determinations of of sin’ #w shown with dash-dotted lines in figure 1.6.

As seen in figure 1.6. the combination of Mz with ».¥ zeutral-current data
gives an upper limit of ~ 200 GeV/c* on M, and the combination of Mz witk
the Mw/Mz determination yields an upper Limit of ~ 250 GeV;c?. When all
data are combined in a global fit, an upper limit on Afy, of ~ 210 GeV/c is
obtained [21;. The SLAC measurement of My = 91.17 = .18 GeV/'&* "24i and
the CDF measurement of My = 80.0 & 0.2 + 0.5(+0.3) (25, were used as input.
Today, more precise measurements of AMw and Mz are available, bat the upper
Emit on A, is not changed importantly.

1.3 HADRONIC PRODUCTION OF HEAVY QUARKS

In the Quantum Chromodymamics (QCD) parton model, the scattening cross
section of two hadrons into a pair of heavy quarks (A+ B — Q + @ ~ X is given
by:
o)=Y / dridzsoig(zizae,m} ) FA (20, 0)F 2 (22}, (13
9

where the structure functions F are the probabilities of finding a parton 1 in
hadron A with momentum fraction between z, and 2z, ~ dz;, m is the heavy
quark mass, and /5 is center of mass energy of the A ~ B system. u is an
arbitrary scale related to the energy scale of the interaction. The partoric cross
sections &,;, for the process ij — QQX are calculable as an expaasion of the
strong coupling as [26]. In the lowest order {a}), the processes contributing are
those of gluon-giuon fusion and quark-antiquark annihilation:

9+9-Q+Q

g+§—Q+Q (14
The Feynman diagrams for these processes are shown in figure 1.7. Twoimportant
kinematic consequences of the leading order processes are . {1 ize quark and
astiquark are produced back-to-back in the parton-parton cente: of mass {rame.
and remain back-to-back in the plane transverse to the coliiding beams: and (2)

the heavy quarks are emitted with an average transverse momeatu= of sbout the

quark mass mq.



The idea that higher order processes could have az important role ir heavy
quark production is suggested by considering the fragmentation {or splittingj oi a
final state gluon from gg — ¢g. into a pair of heavy quarks. The splitting g — Q@
occurs only a small fraction, of order ~ as{m?). of the time. However, given the
large cross section of g9 — gg , it can be a competitive quark production process.
This process (g9 — ¢Q@) and other 2 — 3 processes of order a3, as well as the
a} part of the 2 — 2 processes of 1.4 have been caiculated by Nason, Dawson and
Ellis [26]. The following parton subprocesses were included in the calculation up
to order o :

§4+§—=Q+Q  al.a}

g+9-Q+@  aha}

91+8—Q+Q+y o

9+9—+Q+Q+g o}

9+9—~Q+Q+q a}

9+3—=Q+Q+§ af (1.5)

The theoretical heavy flavor cross sections are dependant on the different input
quantities : parton structure functions, choice of renormalization and factoriza-
tion scale u, the choice of running coupling ag (or equivalently, the choice of the
QCD parameter A, since as is a function of u/A), and the mass of the heavy
quark. Figure 1.9 {27! shows the u-dependance of the t{X cross section for the
leading order and next-to leading order calculation. The sensitivity to the scale
# is reduced with the inclusion of the O(a}) corrections, making the theoretical
prediction more reliable. Altarelli et al. 28] have studied the total cross sections
for top, bottom. and charm production using the results of Nason et al 26/,
together with a recent set of structure functions, DFLM {29}, also obtained with
next-to-leading accuracy. Their results for pp — tIX at /2 = 1.8 TeV are listed
in Table 1.2. They quote a ‘central value’ cross section evaluated at g = m and
As = 170 MeV (S active flavors), and an ‘indicative error’, typically within ~ 30%,
denved by varying s and A in the ranges }m < 4 €£2m and 90 MeV < Ay <250

MeV. Figure 1.10 shows these cross sections for pj coiiisions at ‘s = 1.§ Ted
and /a = 0.63 TeV.

In the case of the bottom quark. the theoretical predictior for 1he cross section
has iarge uncertainties. The scaie dependance of the bb cross section is shown
in figure 1.11 for the leading order and next-to leading order calculations. Iz
contrast to the case of the top quark, the inclusion of the higher order corrections
subtantially increases the cross section, and also increases the sensitivity to tze
scale . The smaller mass of the bottom quark canses the coupling constaz: 0
be larger and the higher order contributions become more important.

1.4 FRAGMENTATION AND DECAY OF HEAVY QUARKS

After a heavy quark is produced, it ‘fragments’ or ‘hadromizes’ into a hadron
containing its flavor, and some softer, light-flavored hadrons. An example of tze
fragmentation of a top quark is shown in fignre 1.12.

The fragmentation function Dg of a heavy quark Q into a Q-favored kadroz
H describes the probability that the hadron carries away a fraction of the quack's
momentum between z = Pg/Pg and z + dz. A softer fragmentation (i.e. tze
hadron carries away less of the quark’s momentum) will resul: in more accompa-
nying hadrons with higher energies. Beavy quark fragmentation is modeled with
the Peterson parametrization {30):

DY = - v -
T —(1/2) - /(1 - 1)

.6

.

where N is a normalization constant and the Peterson parameter € is proporiiona
t0 1/M3. The Peterson parametrization adequately describes existing ¢ aad b
quark fragmentation data, as is seen in figure 1.13, and is increasingiy Larde: for
Q =c¢,b,t; as is shown in figure 1.14 :31.

In the spectator approximation, the heavy quark contained in the hacron
is assumed to decay independently of the other constituents, since the ecergy
released by the quark is much bigger than the tvpical quark binding energies.

If the top is sufficiently heavy (2 150 GeV/2) it will not form a hadron

10



before decaying, since it will kave a width I' 2 1 GeV (or equivalently, a lifetime
£ 107*s), and will decay very fast (in comparison to typical hadronic scales).
The width T of the 1op decay is shown in figure 1.15 as a fuaction of the top mass
32.

The top quark decays into a2 }" boson (charged current decay) and a bottom
quark. This decay, t — Wb . is illastrated in figore 1.16. The W , which can
be real or virtual depending on whether of not M, > Mw ~ Mg, will then
decay into leptons (ev, uv, or T¥) or into a pair of quarks {ud or ¢3}.

The decays into leptons are of great interest. The top semileptonic branching
ratio is given in a simple aproximation by counting modes of ¥* decay. Assuming
equal probabilities for the decay of the W into eb,, i, r¥,, and to each of the
three colors of ud and c3, the semileptonic branching ratio for a given lepton
species is:

Br(W — la) = ; (L.7)

The semileptonic decay spectra of heavy quarks, Q@ — ¢l can be treated
in & similar fashion as the muon decay y~ — v e 7. Figure 1.17 shows the
fractional energy spectra (z; = 2E;/mgq) for b — cev and ¢ — sev. Note that the
electron is more energetic than the neutrino in d-decay, and the inverse is true for
c-decay; this is a consequence of helicity conservation {31]. A calculation of the
charged-lepton and b-quark spectra from semileptonic ¢-decays, including the W
width T, is shown in figures 1.18 and 1.19 {33]. In the region of M,,, near and
above the Mw, the inclusion of a non-zero W width becomes important to obtain
realistic spectra.

An important charactenistic of top semileplonic decays is the lepton isolation.
The products of & top decay will have a large invariant mass. and therefore will
be distributed over a larger soiic angle than a lighter quark of the same energy.
This means that the top-decay lepton will be well separated from the acompany-
ing bottom jet and there will be only moderate amounts of extra energy in the
immediate neighborhood of the lepton. Being isolated. leptons from top decay are

easy to detect and to distinguish from leptons {rom the decay of Lighter bottom
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and charm quarks, where the decay products are much more collimated, giving
non-isolated leptons.

1.5 SIGNATURES FOR THE TOP QUARK AT THE TEVATRON
There are two ways of producing top quarks at a pj collider:

o ppti

epp—Wth.

The production cross sections for these two processes are shown in figure 1.10 as
a function of M,,. The second process is kinematically ailowed only if M p<
Mw — Missom- At the Tevatron, hadronic pair production of top guarks (tf)
dominates over the decay W — th except in the neighborhood of 3, = 60 GeV/c2
where they are comparable. On the contrary, at the CERN collider the main
contributing process is W — tb.

Assuming a semileptonic branching ratio of § per lepton, both top quarks decay
entirely hadronically 44% of the time. However, the resulting maultijet signature
is extremely difficult to distingunish from QCD multijet backgrounds which have
very large production cross sections [34]. A tremendous enhancemeat in the signal
to noise ratio is obtained by requiring at least one electron or muon in the final
state. Figure 1.20 shows a list of final states and their branchiag ratios.

The case in which one top quark decays semileptonically and the cther hadron-
ically accounts for 15 % of the ¢f rate for a given lepton species. This signature.
lepton + jets, has a favorable rate. However, it has a significant background from
the leptonic decay of W bosons produced in association with jets.

By considering the dilepton final states {ep, ee, up) at the cost of more moder-
ate branching fractions (2.5%, 1.2%, 1.2%), the previously mertioned backgrounds
cease to be & problem. The ee and pu channels. besides having iower rate than
the ex channel, have significant Jepton pair backgrounds from Dreil-Yan and 2°
decays. We have therefore chosen to explore the ey channel.
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The requirement of both an electron and a muon at kigh transverse momenta
with opposite electric charge provides a very clean ¢ signature. The major physics
background for the top eu channel comes from b production and from Z° — =+
giving an electron and a muon in the final state. These backgrounds have low rate
and distinct topologies and are discussed in Chapter 4. The double semileptonic
decay of the ¢ pair {one top quark to evb and the other to uvb, with the assumed
branching ratio of 1) coniributes over 80 % of the signal. The rest of the signal
comes from sequential decays of a daughter b or ¢ quark or r lepton and is also
considered. We do not further consider the process W — t} process since, as
mentioned earlier, it has lower cross section than ¢, and furthermore, the (soft)
lepton from the § decay is of the same sign as the lepton from the ¢ decay, and
thus we are only neglecting the minute contribution of opposite-sign lepton pairs
from sequential decays.

In extensions of the SM, the decay of the top into charged Higgs bosons,
t — Hb, could have an important rate if My < My, [31]. The preferred decay of
the charged Higgs in most models is H — rv or €5. The case t — rud could be
recognized by its r-missing Er signature. Leptonic decays of two s in a ¢ event
could give eu final states, but most leptons would have small transverse momenta
and would be difficult to separate from backgrounds. We do not further consider

this non-standard decay mode.
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Quarks Leptons
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f f !

Table 1.1: The three generations of quarks and leptons. The top quark and the
tau-neutrino have not been observed. Quark masses are indicative only. Other
masses were taken from reference (35].
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Table 1.2: Heavy quark production cross section in pj collisions at 1.8 TeV'. From
reference (28!

Figure 1.1: Feynman diagrams for the process e~e~ ~ bb.
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Figure 1.2: Contributions to semileptonic b decay from a)charged current decay

and b) neutral current decay.
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Figure 1.3: Box diagrams for a) B3B2 and b) B%B° mixing.
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Figure 1.6: The =l¢ uncertainties in sin? #y by various determinations. See the
text for an expianation. From reference [21).
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Figure 1.7: Lowest order Feynman diagrams for heavy quark production.
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Figure 1.8: Feynman diagrams for a) gluon splitting and b) favor excitation. Figure 1.9: The top quark cross section vs. p at 1.8 TeV'. From reference 27,
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Figure 1.11: The bottom quark cross section vs. u at 1.8 Te\. From reference
21,
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respectively. From reference {31°.
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Figure 1.14: Comparison of the Q = ¢, b, t fragmentation functions in the Peterson
model, assuming ¢ = 0.40/m} with m, = 1.5,my = 4.7 and m¢ = 40 GeV/&.
From reference {31].
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Chapter 2
EXPERIMENT SETUP

2.1 THE TEVATRON

The Tevatron {36,37,38] is 2 two-kilometer diameter proton-an:iproton accelera-
tor, located in the Fermi National Accelerator Laboratory iz Batavia. llinois. It
is the world’s highest energy accelerator system and the first large-scale supercon-
ducting synchroton. In the recent 1988-1989 collider run. the Tevatiron operated
at a beam energy of 900 GeV, that is, a pj center-of-mass energy of 1.8 TeV.
Typical starting luminosities were £~ 2 x 10 cm~2s"!, and the beam lifetimes
were in the range 12-24 hours. An integrated luminosity of f£dt = 9.7 pb™" was
delivered over the 10-month run. The CDF detector recorded 4.7 po~* of data to
tape. It is to be noted that the initial goal for the run was to record 1 pb~?. and
the extraordinary performance of the accelerator exceeded all expectations.

Figure 2.1 shows the Fermilab accelerator compiex. The Tevatron ring of
superconducting magnets is located beneath the original Fermiiab accelerator
known as the Main Ring, in the same tunnel. The Main Rizg is a 400 GeV
proton accelerator made witk conventional magnets. In collide: operation. the
Main Ring serves for injecting 150 GeV' protons and antiprotoas izto the Tevatron
fot further acceleration. It also provides a 120 GeV proton beam which is targeted
for producing the antiprotons for the collider.

The accelerator chaia ieacing to protons in the Main Ring corsists of a 200
MeV Linac feeding an 8 Gev Booster Accelerator which irzecis the protons iato
the Main Ring. Delivering antiprotons to the Main Ring for their subsequent
injection to the Tevatron is much more complicated. The essexbie of beamlines

and rings show in figure 2.2 is referred to as the Antiproton Source. Batches
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of Protons from the Booster are sent to the Main Ring, acceierated to 120 GeV.
and damped to an antiproton production target. The phase space density of the
resulting 8 GeV antiprotons is increased by a factor of ~ 10 in 1wo concentric
triangular accelerators. the Debuncher {outer) and the Accumulator (inner), be-
fore they are sent to the Main Ring. The stacking rate of antiptotons in the
Accummalator is 2 x 10* §/hour.

Whes a suitable stack of ~ 4 x 10" antiprotons has been achieved. a portion
is extracted in 13 ‘buckets’ which are injected in the Main Ring, where they are
accelerated to 150 GeV and then coalesced into a single bunch which is injected to
the Tevatron ring. The whole cycle is repeated until 6 bunches of antiprotons are
left circnlating inside the Tevatron (at 150 GeV) in opposite direction with other
6 bunches of protons previously injected. With 12 bunches in the Tevatron (6
proton and § antiproton}, a process of adjusting the interaction points (cogging)
takes place so that the crossings are centered in BO, the place along the ring where
the CDF detector is located. Then, the Tevatron is ramped to the full energy,
and when the store at 900 GeV becomes stable, & system of guadrupole magnets
(the low-beta quads) is energized to focus or squeeze the beams to achieve & high
PP interaction rate.

2.2 THE CDF DETECTOR

The Collider Detector at Fermilab (CDF) ;39] was built to study the collisions
of protons with antiprotons at the Fermilab Tevatron Collider. Perspective and
cutaway views of the CDF are shown in figures 2.3 and 2.4. The spproximate
dimensions of the detector are 26 m (length) x 9 r (height) x 8 m (width), it
weighs ~ 5000 tons aad has ~ 70000 channels of elecironic readout.

Particles emerging from the interaction point will encounter in sequence a ver-
tex time projection chamber (VTPC) which provides tracking information for
vertex reconstruction: a central tracking chamber (CTC) imbedded ia a mag-
netic field for measuring charged particle momenta; electromagnetic and badronic

calorimeters for measuring particle energies; and muon detectors. In this section
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we describe some features of the detector importaat to the analysis presented in
this thesis.

The CDF coordinate system is shown iz figure 2.3. It is a right handed
coordinate system with the positive Z axis pointing along the proton direction
(east), the positive Y axis pointing upwards, and the positive X axis pointing
outwards from the beam circie. Cylindrical coordinates (R, #, ¢}, with R being
the perpendicular distance to the beamline, ¢ the azimuthal angle, and 6 the polar
angle with respect to the Z axis, are also shown in figure 2.3. The psendorapidity.
defined as 7 = — In(tan(@/2)), is often used instead of the polar angle 6.

2.2.1 Tracking
Vertex Time Projection Chamber

The Vertex Time Projection Chamber (VTPC) 40}, shown in figure 2.5. consists
of 8 time projection chamber modules which extend 1.4 m along the beam , on
each side of the center of the detector. The most important function of the VTPC
is to provide the necessary tracking information for Z-vertex determination. The
event Z-vertex at the Tevatron has & Gaussian distribution with a & of 35 cm, weil
covered by the VIPC. The VTPC surrounds a 5 cm diameter beryllium beam
pipe and is itself surrounded by the ceatral tracking chamber (CTC). The active
volume of the VTPC extends in the radial direction from R=7 cm to R=21 cm,
covering the region n| < 3.25 (or 3.5° < 8 < 176.5).

Each of the modules is divided into two 15 cm drift regions by a center high
voltage grid. The drift regions are divided into 8 octants. Elcctrons drifting away
from the center grid will reach the endcap octant which has 24 parailel sense
wires strung perpendicular to the radial direction in the R-¢ plane. There are
3072 sense wires (8 modules x 15 octants/module x 24 wires pez octantj. The
times of arrival of the electrons to the wires are read out with FASTBUS TDCs
and allow track reconstruction in the R-Z plane. By finding the convergence point
of all the tracks in the event, the event Z-vertex is reconstructed with & typical

resolution of ~ 0.3 cm. Each octant eadeap also has 24 pads { at total of 3072 for
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the whole VTPC) arranged in three rows which are read out by FASTBUS FADCs
and provide & information. The track ¢ is determined by fitting a Gaussiaz to the
measured charge distribution on a pad row. The resolution in the ¢ determination
is of ~ 0.5". The pad data together with R-Z wire reconstruction information
provide complete three-dimensional tracking which is most useful in the region
1.0 < in! < 2.0 (or 15° < # < 30°) to complement the limited CTC information.
and in the region 2.0 < 7' < 3.25 {or 3.5° < # < 15°) where the VTPC gives the
only tracking available.

Central Tracking Chamber

The Central Tracking Chamber (CTC) 41} is a cylindrical drift chamber ,with
inner radius of 0.28 m and outer radius of 1.38 m, which extends 1.60 m along the
beam-line on each side of the center of the detector. It is located outside of the
VTPC and inside a superconducting solencidal magnet that provides s uniform
1.4 Tesla magnetic field parallel to the beam direction (see figare 2.4). The CTC
covers the region in! < 2.0 {or 15° < & < 165°).

The most important function of the CTC is to provide a measurement of the
momentum of charged particles to be used both st the trigger level and in the
off-line analysis. )

The chamber has 84 Jayers of sense wires which are grouped into 9 superiayers.
Five of the superlayers, which consist of 12 sense layers of wires strung parallel
to the beam-line, are called axial superlayers, and provide information for track
recopstruction in R-¢. The other four superlayers are called stereo superlayers
and are interleaved with the five axdal superlayers. The stereo superlayers provide
tracking information in the R-Z plane, they have 6 layers of wires each, with their
wires strung with an angle to the beam line that alternates from +3° to -3 from
one stereo superlayer to xnother. The superlayers are didived into cells which are
rotated by 45° with respect to the radial direction (sce figure 2.6). The electnic
field is by construction perpendicular to the direction of the cell, and the 45° cell
1ilt was chosen in so that direction of the drifting electrons in the gas (which
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are subjected to the Lorents force of the crossed elecinic and magnetic feids) is
approximately perpendicular to the radial direction. There are 660 cells in the
chamber, with the number of cells per superlayer increasing from 30 (innermost
saperlayer} to 120 {outermost saperlayer). The axial celis have 12 sense wires
and the stereo cells have 6 sense wires, totaling 6156 sense wires for the chamber.
Each of the wires is read out with FASTBUS maltiple kit TDCs.

The tum lution of the CTC for tracks in the region 5 < 1.0 {or
40° < 0 < 140°)is APr/P} = 0.0017( GeV/c)~?. This resoiution can be improved
by imposing the requirement that the tracks emanate from the beam-line. The
beam pasition may be displaced from the origin by a few bhundred microns, and
its position is determined for each store by studying the distribution of the track
impact parameter (distance of closest aproach of the track to the Z axis jas a
function of the ¢ for ail tracks. The resolution of the central tracking chamber with
a beam-constrained fit is APr/P} = 0.0011( GeV/c)~'. The tracking resolution
degrades beyozd |y} = 1.0, that is, for tracks which do not cross all the superlayers.
At 7 = 1.7 (or # = 20°) , for instance, the resolution for the beam-constrained
case is APr/P? = 0.004{ GeV/e)™t.

2.2.2 Calorimetry

The calorimeters cover the region jn| < 4.2 (or down to ~ 2° relative to the beam
axis) and are organized into systems covering different regions in 1 : central elec-
tromagnetic (EM) and hadronic (HAD) calorimeters, endwall BAD calorimeter,
plug EM and HAD calorimeters, and forward EM and HAD calorimeters. The
CDF calorimeters are subdivided into ‘towers’ or cells in 5 — ¢ space which project
back to the interaction region. Each tower contains an electromagnetic compart-
ment and a hadronic compartment. The coverage and n - ¢ segmentation arc
shown in figure 2.7 for the hadron calorimeters. The electromagnetic calorimeters
have a slightly different sharing of the rapidity coverage. The central and endwall
calorimeters consist of slternating layers of plastic scintillator and absorber. For

the plug and forward regions (gas calorimetry), proportional chambers are used
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instead of saintillator. For absorber, the hadron caiorimeters use steel, and the
EM calorimeters use lead. Table 2.1 summarizes the properties of the calorime-
ters by system. We now describe some of the features of the central and endwall
calorimeters which are more relevant for the analysis of this thesis.

Central Electromagnetic Calorimeter

The central calorimeter is divided into 4 ‘arches’. Each arch consists of 12 15°
wedges stacked to form an upright scmi-circle. Two arches touch each other side-
by-side and face the other set of two arches at g = 0, and the assemblage covers
the the pseudo-rapidity region up to n = 1.1 and the full = 2r azimuth.
The central electromagaetic calorimeter (CEM){42] is a lead-santillator sampling
calorimeter occupying the bottom part of each of the 48 15° central calorimeter
wedges.

There are 31 layers of § mm thick scintillator, intedeaved with 30 layers of §
inch lead giving a total of ~ 18 radiation lengths (X,), induding ~ 1.X, from the
solencid magnet coil. Each wedge like the one shown in figure 2.8 contains 10
towers (denoted 0-9, with tower 0 being the closest to n = 0) of Ap ~ 0.1 each.
Light from the scintillator in each tower is collected on wavelength shifters and
sent through lightguides into two phototubes.

The energy resolution of the CEM for electrons is AE/E ~ 0.14/VE. The
energy scale was determined at the test beam, and Cs'* sources are used to
track the energy response to ~ 1%. A more sophisticated in situ self-calibration
scheme using the E/P (calorimeter energy-to-track momentum) distribution of an

inclusive electron sample was used to determine the Z° mass with an uncertainty

due to the calorimeter energy scale of ~ 0.2% [43).

Strip Chambers

The central electromagnetic calorimeter is instrumented with a proportional wire
chamber, known as strip chamber (CES){42,44]. The strip chamber is located
at & depth of 5.9 X, (incloding the solenoidal coil). The shower maximum in
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radiation lengths for electrons is given by ta.. = 6.2 ~ In{E10) (44, so the
strip chamber is located aear shower maximum for a large range of energies. The
main purpose of the chamber is to determine the position of electron and pboton
showers and to allow separation of multiple showers in 3 single tower. Each
chamber covers all ten towers of a calorimeter wedge and provides pulse height
resdout in two orthogomal views: anode wires strung along the beam direction
give the ¢ information and cathode strips that ran in the ¢ direction give the 9
information. The chamber is divided in two sections at 53° from the beam axis
{or 4 = 0.70) : the 90° side and the 45° side. There are 32 anode wire logical cells,
each 14.5 mm in width, read out on each of the halves. There are 69 16.7 mm
wide cathode strip channels oo the 90* half and 59 20.1 mm wide strip chaanels
on the 45° side. An electron is typically well contained within five cells in either
view. The position relolution from test-beam measurements is ~ 2 mm for 40
GeV test-beam electrons and bebaves as (1//pulseReight). A x* variable useful
in discriminating against multiple showers is described in Chapter 3.

Central and Endwall Hadronic Calorimeters

The central hadron calorimeter {45 bas the same n — ¢ segmentation as the cen-
tral electromagnetic calorimeter, but it only reaches until tower 8. The endwall
modules extend the coverage of the central hadron calorimeter out to n = 1.3;
hadronic towers 6, 7 and 8 are shared between the central and endwall calorime-
ters (sce figure 2.9). Each central badron calorimeter wedge has 32 2.5 cm steel
layers interleaved with 1 cm layers of scintillator. The endwall hadron calorimeter
modules have 15 § cm layers of steel interleaved with 1 cm layers of scintillator.
The depth in absorption lengths is 4.7 ) and 4.5 A for the central and enwall
calorimeters, respectively. The energy resolution of the calorimeters, measured
at the testbeam for 50 GeV pions, is 11% and 14% for the central and endwall,
respectively.
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2.2.3 Muon Detectors

CDF has two systems to detect muons which bave penctrated the calorimeters: (1)
a forward-backward mnon spectrometer 46; composed of large magnetized steel
toroids with drift chamber planes and triggering santillation counters, covering
the region between 3* and 16° relative to the beam axis, and (2) a central muon
system covering the region 1, < 0.63. We will describe the second system, which
was used for our analysis.

Central Muon System

The central muon detector '47,48,49] is placed at a radial distance of 3.47 m from
the beam-line. outside of the central hadron calorimeter, covering the region of
ini < 0.63 {or down to 56° with respect to the beam axis). Muons are identified by
their penetration of the 4.9 absorption lengths of the central calorimeter; the muon
detector measures their positions and provides a level-one trigger (momentum
measurement ). The geometry of the muon detector is shown in figure 2.10. Each
central calorimeter wedge fits & muon detector wedge 2.26 m long and subtending
12.6° in ¢ (this leaves 2.4° gaps between muon wedges). The muon detector
wedges are subdivided into three drift chamber modules of 4.2° each, giving o
total of 144 modules (48 wedges x 3 modules/wedge) in the detector.

Figure 2.11 shows the cross section of a muon drift chamber. The chambers
have 4 layers in the radial direction, and each layer has 4 cells. Each cell contains
a wire which is strung along the length of the chamber. Sense wires from alternate
cells within the same layer are connected on one end of the wedge and are read
out independently on the other side making possible a Z determination by charge
division.

When a particle traverses the chamber, it hits four sense wires (see figure 2.11).
Wires of the two outer layers are offset by 2 mm from the wires of the two inner
layers. By determining which pair of sense wires was hit first, the track ambiguity
in ¢ can be resolved. The angle a between the track and the sense wires can be

measured by compariag the times of arrival of the drift electrons to sense wires in
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alternating layers. The relationship between this angle and the track transverse
momentum is given approximately by a = ;LT.J% = 130 mR/Pr, where ¢ is the
electron charge, B = 1.4 T is the magnitude of the magnetic field, L is the radius
of the solencid. and D is the radial distance to the muon chambers. Therefore.
the muon chambers provide a measurement of the muon transverse momestum.
Mnltiple scastering in the calorimeter steel will deflect the muons by 85 mR/Fr
and dominates the momentnm resolution which is AP/P = Aa/a = 65%.

2.2.4 Trigger

The objective of the CDF trigger system ;50; is to reduce the evert rate from the
pP inelastic collision rate of ~ 60 KHz (at £ = 10® cm~?s), toa rate of ~ 1 Hz
(output to magnetic tape) which must contain the events necessary for studying
known or expected physics (such as QCD jets, W/Z bosons, bottom and top
quark, etc.) as well as possible unexpected physics. Thus, the trigger was designed
to make decisions based on the topology of the transverse energy in the event
(total transverse energy, missing transverse energy), and oz the identification of
leptons (electrons, muons, and taus), photons, and jets. The trigger has 4 levels
of decision, denoted levels 0 through 3. The Level-0 trigger uses scintillation
counters for detecting inelastic pp collisions. Level-1 and Level-2 are & system of
FASTBUS-based microcoded processors; full readout of the detector components
is done after the Level-2 decision. The Level-3 trigger consists of a *farm’ of VME-
based processors running offline-like algorithms to improve background rejection.

Level-0

At Level-0, hits in both the East and West beam-bearm counters are required
to coincide, inside a 15 ns window centered in the beam crossing time. The
beam-beam counters (BBC) '51} are two planes of scigtiilation counters located
perpendicular to the beam-line, at & distance of 591 cm from the interaction region
(one to the east, and one 1o the west). Each plane consisis of 16 time-of-flight

counters which are arranged as shown in figure 2.12. The BBC cover the region
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3.24 < |ni < 5.90 (or from 0.32° 10 4.47" with respect to the beam-iine}. The BBC
provide 2 measurement of the integrated luminosity for the experiment which is
used for both on-line luminosity monitoring and for physics analyses :52i. The
presence of & beam-beam counter ‘minimum bias’ trigger {with a rate of 44 KHz
at £ =10® em~?s"1) is a prerequisite for subsequent levels of triggering.

Level-1

At Level-1, a dedision is made in the 3.5 us between beam crossings based on
information that includes the total transverse energy in the event (separate totals
for EM and hadron are available}, the presence of stiff tracks in the CTC, and
the existence of muon candidates in the central muon chambers. The output rate
of Level-1 into Level-2 is ~ 1-2 KHz.

Prompt analog signals from the caiorimeters are available at Level-1. The
analog signals are summed in FASTBUS cards at the trigger end (about 200 fi
away from the detector) into logical trigger towers of An = 0.2 and A¢ = 0.15°.
The coarser calorimeter segmentation reduces the number of towers from about
5000 to a more manageable 1000. The towers above & programmable thresbold
are added and the separate EM and EM-+hadron totals are compared to the
thresholds (also programmable ).

The tracking information available at Level-1 is provided by the hardware
Central Fast Tracker (CFT) {53], which uses partial information from the axial
supetlayers of the CTC to quickly find tracks in 2-dimensions (R-¢) with a mo-
mentum resolution of APr/P} = 0.035( GeV/c)~!. On the average, it takes the
CFT 2.5 ps to search for all high momentum tracks in an event. The operation
of the CFT is based on the fact that any stiff CTC track will cross at least one
sense wire of each superiayer within 3.5 mm. For each beam czossing, a pattern of
‘prompt hits' is identified by the application of an 80 ns coincidence gate on the
{ast-out wire data. Momentum determination is achieved by comparing the wire
patterns with look-up-tables stored in memory. The CFT has & programmable
thresholds between 2.5 and 15 GeV,
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The central moon Level-1 trigger will occur if the difference in drift times .
between hits in alternate layers of a muon track, is smalier than a programmable
threshald. As seen in Section 2.2.3, this is equivalent to imposing a cut oz the

curvature, ot transverse momentum, of the track.

Level-2

The output rate of Level-1 of 1.2 KHz is reduced by the Level-2 to ~ 3 Hz. Only
then, after the Level-2 decision, the time consuming process of reading-out all
the detector components ( ~ 1 ms) is enabled. The Level-2 trigges decision is
made by a set of processors which receive information passed to them from the
rest of the Level-2 hardware in the form of ‘cluster lists”. The cluster lists include
a calorimeter cluster list and a ‘golden muon’ list.

The calorimeter cluster information originates from special FASTBUS hard.
ware (the Cluster Finder) that uses the trigger tower information to produce a
List of clusters with their EM and total Ey, cluster width, position in the detector,
and the momenta tracks associated in . The golden muon list includes the muon
position and transverse momenta and is generated by another piece of hardware
(the Muon Matchbox), which demands that a Level-1 muon trigger (‘brass muon”)
is matched in ¢ with a stiff track found by the CFT. The Level-2 Processors take
the lists and calculate physical quantities on which to base the triggering deci-
sion. For example, ‘electrons’ can be selected based on the the ratio of HAD 10
total energy, cluster width, and presence of an associated high Pr track. ‘Muons’
are selected by imposing a cut on the track momentum, and an option to limit
the amount of energy in the associated calorimeter cell is also possible. Other
triggers include Tau , Photos . Dilepton , Jet , Sum Et. and Missing Et triggers.
The eatire Level-2 decision takes approximately 10 us, and the output rate into
Level-3is ~ 3 Hs.
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Level-3

After an event passes the Level-2 trigger. the data from the detector are digitized
and read by scanner modules. The data from the scanners are then read by the
Event Builder (a set of FASTBUS modules), which formats them into the standard
CDF data format and pushes the event into Level-3. Level-3 (54,55 is an array or
farm of VME based parailel micro-processors developed by Fermilab’s Advanced
Computer Program (ACP). Currently Level-3 consists of 58 ACP nodes executing
filter algorithms written in FORTRAN. The algorithms are very similar to those
used in the off-line analysis and take advantage of better clustering and tracking
(as compared to Level-2) for sharpening thresholds, better pariicle identification
and removal of various kinds of noise. Existing Level.3 filters include Missing
Ey, Central Muon, Central Photon, Diphoton, and Forward Muon filters. The
Level-3 filtering rejects ~ 50% of the events, and has an output rate to tape of
1-2 Hs.
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Figure 2.4: A cut-away view of the forward half of the CDF. The detector is
forwazd-backward symmetric about the interaction point.

Figure 2.3: A squematic perspective view of the CDF detecior.
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Figure 2.5: Schematic view of two of the VTPC modules.
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Chapter 3
DATA ANALYSIS I: EVENT SELECTION

3.1 TRIGGERING

The CDF trigger system makes a selection based many physics quantities or
objects such as total transverse energy, missing transverse energy, jets, photons,
electrons, muons, taus, dileptons, etc. Reference :56] describes the triggers used in
the 1988 1989 CDF Run. Three of the triggers are capable of detecting Electron-
Muon events. There are an inclusive electron trigger with a nominal threshold of
E} > 12 GeV, an inclusive muon trigger with nominal threshold of Py > 9 GeV,
and an electron-muon trigger with threshold (E§, P§) > (5 GeV, 5 GeV/e).

Since events for the top search are required to comtain a high Er electron
accompanied by a muon which may or not enter the muon chambers (and there-
fore the muon will not always fire the trigger), the most reievant trigger is the
ELECTRON 12 trigger. We find that this trigger is highly efficient for the events
in the top quark signal region.

Given the high efficiency of the ELECTRON 12 trigger, the value for this anal-
ysis of the MUON_9 and ELECTRON 5 MUON5 triggers is that they provide
a sample of low Pr events with sufficient statistics to show consistency between

the ep data and expectations from b production.

3.1.1 Inclusive Electron Trigger

The electron trigger requirements are:

(1) A CEM trigger tower with E£M¥ > 6 GeV is reqired at the Level-1 trigger.
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(2) At Level-2, a cluster with EFM > 12 GeV and with HAD:EM < 0.125 is
required with a CFT track with Pr > 6 GeV ;¢ pointing at it.

(3) Atthe Level-3 trigger the thresholds are sharpened and other cats are applied
:57.. The same eiectron clustering algorithm used in the offi-line {with finer
calorimeter segmentation than the Level-2 clustering) is used. and events
are required to have a claster with transverse EM energy E£% > 12 GeV
and with a ratio of electromagnetic to hadronic energy HAD/EM < 0.125.
A fast track reconstruction with momentum resolution APr/P} = 0.007(
GeV/e)™1 is used, and a track with transverse momentum 2bove 6 GeV/c
is required. There are no further cuts on candidates with EF¥ > 20 GeV;
for candidates in the region 12 GeV < EFM < 20 GeV a lateral sharing cut
of Lahr < 0.5 (Lshr is defined later in this chapter) is applied.

The turn-on eficency of the ELECTRON_12 trigger has been measured using
data collected by a lower threshold (7 GeV) electron trigger {58,59.. The fraction
of clusters (selected for having satisfied the T GeV electron trigger plus some
electron quality cuts) which also pass the 12 GeV trigger is determined as a
function of cluster Er. The result is shown in figure 3.1, and it is seen that the 12
GeV Electron trigger reaches full efficiency at about 15 GeV. More precisely. this
efficiency has been determined ;59! to be (98.0 + 0.5) % for electrons with E§ > 15
GeV inside the fiducial region of the CEM calorimeter. Consistency checks of the
previous measurement were possible by checking whether the ELECTRON 12
trigger was satisfied for electrons in data collected with a missing Er trigger
(with a treshold of 25 GeV'), and in data from Photon triggers (with thresholds
of 10 GeV and 23 GeV').

3.1.2 Inclusive Muon Trigger

(1) At Level-i, the difference in drift times in at least one out of two pairs of
alternate layers must be below a threshold defined 10 be 50% efficient for
5 GeV/c muons. The Level-1 threshold was lowered to 3 GeV:c for ~ the
second half of the 88-89 Run '601.
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(2) AsLevel-2 a CFT track with transverse momentum above 9.2 Gel''c {30%
efficency point) is required.

(8) A Level-3 track with transverse momentum above i1 GeV'; ¢ is required to
match the muon chamber hits within =10 em in ¢.

The muon trigger efficiency has been studied in references :58.61.62,. The turn-on
shape of the trigger is studied by looking at muon candidates in data coliected with
other triggers and it is found to be consistent with expectations from maultiple
scattering. The efficdency for muons with Pr > 15 GeV/¢, determined from
cosmic-ray data gathered during specal running periods and from muons in events
passing other triggers. is found to be (90.0 = 0.2)%{61,62.. The best hypothesis
as to why the efficiency is not higher at such high Pr is that sometimes the muon
will cause a é-ray to be emitted and the anomalous drift times will confuse the
toiggering condition.

3.1.3 Electron-Muon Trigger

The definitions of electron and muon for this trigger are similar to the inclusive
triggers already described, with different thresholds.

(1) At Level-1, at least one trigger tower with Ef¥ > 3 GeV is required. The

inclusive muon Level-1 trigger is also required.

(2) At Level-2 a cluster with EE¥ > 5 GeV and with HAD/EM < 0.125 is
required with a CFT track with Pr > 4.8 GeV/c pointing at it. In addition,
the muon stub trigger must be matched in ¢ with CFT track above 4.8
GeV/c {or 3 GeV ’¢c for the ~ the second half of the §3-88 Run).

(3) At Level-3, two tracks above 3 GeV'/c are required.

The efficiency of the electron-muon trigger was studied 58, for a small data
sample taken before the Level-1 muon threshold was lowered to 3 GeV/c. A more
complete study is still needed , but we will mention the technique employed and

the result that indicates good eficiency for the en trigger. The electron and muon
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parts were studied separately. Electrons above 5 GeV passing stardard electron
ideatification cuts were selected from a sample of muon tr . Snce a muoz
trigger was aiready present. the determination of the eficency of the eiectron
part of irigger (as & function of E}) was possible by checking whether tke ex was
satisfied. Similarly, the muon part was tested by selecting muons from a sampie
of electron triggers. Since an electron trigger was aiready present. the efficiency
of the muon part of the trigger (as a function of P§) was determined by checking
the status of the eu trigger. It was concluded that the eiectron-muorn trigger is
~ 75% efficient near the (E} = 5 GeV, P§ = 5 GeV/c) threshoid.

3.2 DATA PROCESSING
Two data processing streams were used for the analvsis of this thesis.
Spin

An expressline or ‘Spin Cycle’ [63] selected electrons and muons with threshoids
set high enough to ensure a small number of events for processing, but low enorgh
to capture an important fraction of the ‘most interesting’ events. including top.
possible exotics, and W and Z boson events. Initial selection was based or. Levei-
2 and Level-3 quantities and fast (lower resolution) tracking algorithms. with
a small CPU consumption (20 seconds of Vax-780 CPU per event). Once the
number of events was significantly reduced, the full reconstruction program {240
seconds of Vax-780 CPU per event) was applied. During the course of the run.
Spin was only about two weeks behind data taking and was crucial in ailowing
fast access 1o the data for physics analyses and for checking the behavior of
the detector. At the time we carried out this anaiysis.the Spin sampie had the
advantage of having the full lumirosity of the CDF 1988.1989 run.

Spin itself had several output streams. For the top search and for Z° — e~e”
studies, we used an inclusive electron output stream (TOS03). This siream kep:
electrons with £f > 12 GeV with looser electron quality cuts than used i our

analysis. For Z° — u* 4~ studies we used the muon category of an ‘electroweax




physics’ output stream (EWS03). Here, all muens with P > 15 GeVjc were

selected with looser muon quality cuts than used in our analysis.

Production

A standard reconstruction and filtering program, ‘Production’ '64.65;, was applied
on all the raw dasa at a naturally siower pace than Spin. When the analysis of this
thesis was finished. roughly half the full luminosity was available from Prodaction,
but the lower lepton thresholds allowed the collection of & high statistics eg sample
for comparison whith expectations from botion quatk production. An inclusive
maon output stream (MUTO00) with a P > 4 GeV/c cut {on events passing
the electron-muon trigger), and with looser muon quality cuts than used in our
analysis, was used to further select events for our b study.

3.3 ELECTRON SELECTION

In this section we define the vasiables used off-line to identify electrons [66] and
give the cut values used. We also present a measurement of the efficiency of the

sclection criteria on electrons from 2° decay.

3.3.1 Electron Selection Criteria

Efficient identification of electrons with minimal isolation requirements is achieved
by exploiting the fine granularity of the central calorimeter, the excellent spatial
and momentum resolution of the central tracking chamber, and the capabilities
of the strip chambers to determine both the position and shape of EM showers
in the @ and z views.

Electromagnetic clusters with an associated track are considered for the elec-
tron selection. Electron showers are small relative to the tower dimensions and
typically deposit most of their energy in a single caiorimeter cell. For electrons
suffuciently far from wedge edges (~ 2 cm) to guarantee full calorimeter response,
the shower will not cross wedge boundaries. Hence, calorimeter clusters for elec-

tron (and photon) identification are defined with up to three towers adjacent it
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Fiduocial Region

Fidudial cuts are applied on the CEM clusters to avoid cracks between caiofmeter

modules and to ensure proper energy measurement :

(1) The cluster tower with the largest energy deposition (seed) mus: be one of
towers 0-8 of the CEM.

(2) Tbke extrapolated track position at the strip chamber radins {Rces = 184
cm) must be at least 2.5 cm away from the boundaries between central
calorimeter wedges (15° boundaries).

(8) The strip chamber shower position must at least be § cm away from the
Z = 0 plane (90° crack).

Electron Identification Variables

The following variables are used to ideatify electrons:

(1) The ratio between the hadronic and EM energy in the cluster: HAD, EM.
An almost pure sample of electrons from W — er was selected by requiring
sufficiently high electron transverse energy and missing transverse momen-
tum, namely, E5 > 30 GeV and Ep > 30 GeV. Figure 3.3 shows the
hadronic {raction distribution for the W electrons and for 50 GeV' test-
beam electrons and charged pions. There is fair agreement between the W
and test-beam electrons for this distribution, and it is seen that the hadronic
fraction can be used to select electrons with high efficiency and with good

pion rejection.

(2) A measurement of the lateral shower profile of the three-tower cluster: Lshr.

The lateral shower profile is defined as

Lahr:Z ; "’L’ A . (3.1)
VOMVER ~ (AR




where the index k of the summation iabels the towers adjacent to the seed.
M, is the measured energy in tower k. P, is the energy expected in tower
k. For determiring P,, the direction of the electron candidate is caica-
lated by using the event vertex Z, e a0d the position Z,m,, of the shower
in the strip chambers. Then, an energy-dependent shower profile {with both
lateral and longitudinal shower development) obtained from test-beam mea-
surements {57 is used to predict the energy sharing in the adjacent towers.
The normalization of the denominator contains the term AP, which is the
ecror in P, induced by a 1 cm change in the shower position and the term
0.14VE which reflects the statistical fluctuations inherent in the energy
measarement of EM showers. The electron cnergy corresponds to the sum
of tower EM energies : E = 3" M.,

and 30 R for 50 GeV and 10 GeV clectrons respeciively so it is better
10 uwse the energy measured in the CEM for the normalization. Showe
fluctuations scale as 1/vE, but the normalization must take a cifferent
form due 10 pon Linear response of the CES. The non-lizearity arises be-

cause the CES is located at a fixed depth (~ 5.9X,) in the calorime-

ter and its sampling of sh energy depends on the electron energy.
An epergy normalization that compensates for this non linear response
K{Ecgu) = 1.792 - 2.11i~(Bcam) where the factor 1.792 was chosen so shat
K{Ecgx = 10GeV) = 10.0. A typical electron shower has a width of ~ 2
cm and is fully contained in the 11 channel cluster. The x? is useful to dis-
criminate against cases in which more than one particle hits the calorimeter

cell containing a shower. Photons from x° — +~ decay have an opening

distance at the strip chamber depth of Regs = 184 cm that reiates to the
x° transverse momentum aproximately as d i‘; cm. For r%'s above ~ 7
GeV, the two photons will be contained in the cluster. The presence of two
photons will be casily idestified by a large value of x? for x%'s of up to ~ 20
GeV, above this energy, the closeness of the photons makes it more dificult
to separate the two showers. The x? is also useful to discriminate against
charged pions. Figure 3.4 shows the distribution of the average strip cham-
ber x? for the W electrons and for test-beam clectrons and charged pions.

(8) The ratio of the calorimeter cluster energy to the track momentum : E/P.

(4) The distance between the extrapolated irack position and the strip chamber
shower position in the ¢ and z views : Ré¢ and £z,

(5) The shape of the strip chamber shower profile in both views is compared to
test-beam electrons with x? variables : x? and x2 {67. The x? is defined as

x* = K(Ecss) ;% .
where the sum extends over n=11 channels, corresponding to about 13
em. The g™ are the measured channel pulse heights normalized to the
total chazge in the 11 channels. The ¢ * are the predicted normalized

(3:2)
and it is seen that this variable can be used efficiently to select electrons

whith high rejection power against charged pions.

Table 3.1 contains the values of the cuts for the variables used for selecting
channel depositions based on parametrizations of test-beam strip-chamber electrons in this analysis. Figures 3.6 to 3.12 show distributions of these variabies
data. This y* is minimized using the shower cezter as a free parame- for electrons from Z° — e*e™. Note that we do not base the selection on the
ter. The shower position is thus obtained and the minimum x* can be amount of extra energy surrounding the electron, that is. we do not make aay
explicit isolation cuts. The selection cuts imply nevertheless. minimal isolation
requiremnents within the three-tower cell occupied by the eiectron. Consider for
instance the standard cut on the energy sharing variable of Lshr < 0.2. The

imposition of this cut on a 50 GeV electron hitting the center of & tower. for

used to test a single eiectron (or photon) hypothesis. Fluctuations in the
single chanoel pulseheight are taken as o, = 0.026 — 0.096 - g™, Az over-
all energy-dependent normalization K(Ecga) is introduced to obtain an

energy-independent x?. The CES emergy resolution is only about 20 %
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which the expected energy in each adjacer: ower is ~ 250 MeV, means that no
more than 1.4 GeV of excess energy is ailowed in the sum of the adjacent towers.
Qur electron selection allows identifying electrons very near jets {or other particle
activity), so long as no extra particles overlap with the electron in its three-tower
cell

Conversion Electrons

After the fiducial and electron selection cuts are applied, electrons from photon
conversions and Dalits decays of x's (x° — e*e™) are removed using an algo-
rithm described in detail in reference 68,69:. We loosely refer to both photon
conversions and Dalitz decays as ‘conversions’. Photons may convert in the the
inner or outer walls of the VIPC and in the inner wall of the CTC, and the
e*e— pair is detected in the CTC. For conversions in or beyond the outer wall of
the VTPC, the pair will aot be preceded by a VTPC track. Electron candidates
without a matching VTPC track or with a second nearby oppositely charged
CTC track forming a low e™e effective mass are rejected as photon conversion
candidates. The low-mass pair cut also rejects electrons from Dalitz decays. It is
considered there is no matching VTPC track if V.yy, the ratio of the number of
found VTPC hits 10 the number of expected VTPC hits along the road connect-
ing the event vertex to the electron cluster, is less than 0.2. The cut on effective
mass is M,.,- < 0.5 GeV/®. The radius of conversion R, is takes to be the
distance from the origin to the point where the tracks are tangent. Figure 3.2
shows the distribution of R, for the events tagged as conversions by the effective
mass cut. Two clear peaks are present, distinguishing pairs from Dalitz decays
and conversions at the VTPC inner wall (at 2.5 cm) from conversion at the outer
wall of the VTPC or inner wall of the CTC (at ~ 28 cm).

The VTPC has high track finding efficiency, indicating that electrons without
a matching VTPC track provide s very pure sample of outer wall photon conver-
sions. Such a sample is used to determine the cumber of conversions not identified

by the M,..- cut, either because the second CTC track is too soft to be found,
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or because the pair mass is outside the cut valne. For aa inclusive electron sam-
ple with E3 > 15 GeV . it was estimated with this method that the conversion
removal algorithm is ~ 88% efficient and that ~ 5% of unidentified coaversions
remain in the sample after the cuts are applied .68.69.70°. An over-efficiency .or
fraction of ‘good’ electrons mistakenly tagged as conversions by the algorithm. of
~ 5% was estimated by studying like-sign low-mass pairs [68.69,70".

3.3.2 Electron Selection Efficiency
The Method

The efficiency of the electron selection criteria is measured for high Pr eiectrons
by using s sample of Z° — e"e~. The method consists of selecting a sample of
dielectrons in which at least one electron passes the selection criteria. Then, for
events with dielectron invariant mass inside a window centered near the Z° peak.
we look at the second electron and check whether or not it passes the cuts. Let N
be the number of events inside the mass window with at least one tight electron.
and N,‘_"“ the number of events with both electrons passing the tight cuts. The
number of ‘uncut’ or ‘unbiased’ electrons is N — NI, since each of the N,
events contributes two electrons. The efficiency of a given cut i is given by

e = %ﬂi , (3.3}

poss

where N, is the number of events in which both electrons pass the cut i. The
statistical error on this efficiency, given by binomial statistics, is .
\ N~ N

pars

Ad = 3.4

The overall efficiency and its statistical error are obtained by sesting 1 = ail ia

the above formulas.

The 2° — ¢*¢~ Sample

We selected Z° — e*e™ candidates by requiring one tight central electron and a

second loose central electron with the following requirements.



(1} One tight central eleciron.

o The candidate must be inside the CEM fiducial region aac pass the
clectron identification cuts listed in Table 3.1.

e Ef > 20 GeV
(2) A second loose centrai electron:

o A CEM cluster with HAD/EM < 0.125, and inside the CEM fidugal
region.

o E3 > 20 GeV
P3

. > 10 GeV/e

(8) An isolation cut requiring that that the transverse energy in the towers
within a cone of R = \m = 0.7, excluding the electron energy,
be less than 12 GeV, is applied to both electron candidates. This cut is
intended to reject remaant backgrounds from QCD dijet and W + jet events,

and does not reject a significant number of Z° events, as shall be shown later.

This selection results in & sample of 135 opposite-sign dielectron events. The
dielectron invariant mass for these events is shown in figure 3.5 and peaks near

the Z° mass. The invariant mass is calculated as

M. = 2E§ E§ (cosh A7e°e™ — cos Age*") , (3.5)

where An¢"¢” and A¢*"*” are the ¢~¢~ difference in pseudo-rapidity and in az-
imuthal angle, respectively, determined using the tracking information. We have
not applied calorimeter energy corrections in making this piot. For the CDF
measurement of the Z° mass '43}, corrections for the absolute energy scale of the
calorimeter of ~ 1 % and for the tower-to-tower variations in response of ~ 2
% were applied. There are no same-sign events with M,, > 65 GeV, ¢ in the
sample, indicating that the dielectron sample under the Z° peak is very clean.

and hence it is ideal for the eficiency study.

Results

We use the events ir the mass interval 80-105 GeV /€ to perform the efficescy
measurement. In this window there are 114 events having at ieast one electroz
passing the selection cuts. In 72 of the 114 events, the second eleciron also passes
the selection cuts. This gives an unbiased sample of 186 electrons.

Figures 3.6 to 3.11 show the distributions of the varions electron identification
variables for the electron sample. figures 3.6, 3.14 and 3.15 show the distributians
of EM/HAD, the extra energy in s cone of R=0.7 surrounding the electron.
and P3, which were used to seiect the second electron in the events. It is seez
from these distributions that the cuts applied on the second electron are not a
significant bias. The results of the efficiency study are summarized in Table 3.5.
In this table, Nyq,, is the number of times the second electron passes a given cut.
and Nyea is the numbes of times the second electron fails a given cut excinsiveiy.
The efficiency of the selection for electrons going into the fiducial region of the
calorimeter is

e, =(TT23)%, 136

where the subindex is0 is placed to emphasize that this result was obtained fro=
27 decay electrons which are isolated. The single cuts causing the jargest izeZ-
ciendies are the xJ cut and the E/P cut. Figure 3.13 shows a scatter piot of
versus E/P, and it can be seen that events having large E/P are likely to kave
large x3 as well. This is consistent with photon bremsstrahlung : the electroz
emits a photon that separates in azimuth from the beading eleciron causizg a
distortion in the strip chamber energy profile in the azimuthal view . At :Ze
same time, if the photon is hard enough it will cause a discrepancy betweez :ze

calorimeter energy and the track momentum.

3.4 MUON SELECTION

In this section we define the variables used to identify muons and give the cu:

values used. We also present a measurement of the efficiency of the seiecticn



criteria on muons from Z° decay.

3.4.1 Muon Selection Criteria

The fine granularity of the CDF calorimeters and the exceilent spatial and mo-
mentum resolution of the CTC are used to find muons by requiring that the
tower to which a track extrapolates has energy deposition consistent with that
of a minimnm ionizing particle. High Pr muous can be efficently found i CDF
in the rapidity range jni < 1.2, that is, in the region covered by the central and
endwall calorimeters and by the central tracking chamber. If the track goes into
the region in! < 0.63 which is instrumented with muon chambers, then a match
in azimuth between the CTC track and the muon chamber segment can be used
to reject backgrounds. The presence of a muon chamber segment is also useful for
online-triggering of muons. If the muon track has no associated muon segment,
then it can still be accepted by requiring a loose isolation cut. The isolation cut
is necessary to replace the background rejection power inherent in demanding a
muon chamber segment. Candidates with and without a muon chamber track are
known as CMUOs (central muon objects) and CMIOs (central minimum ionizing
objects), respectively.

Fiducial Region

The same fiducial cuts defined for electrons are applied oo CMIOs to avoid cracks
between calorimeter modules. No explicit fiducial cuts are applied on CMUOs,
since the muon chamber geometry is such that tracks going through cracks are
svoided naturally. The geometric regions covered by CMUOs and CMIOs are
illustrated in figures 3.25 to 3.27 which are scatter plots of  versus ¢ modulo 15*
for CMUOs and CMIOs from 2° — u*u~ decays. Figures 3.26 and 3.27 show
the CMIOs before and after the fiducial cuts. The CMIO region fully contains
the CMUO region except for rare cases. If the event vertex is far from Z = 0,
then a track may be near Z = 0 at R = Rcgs (therefore failing the CMIO fiducial
cuts) and nevertheless be further away than 9 em from Z = 0 at R = Rcyw and

hit 2 muon chamber. Another rare exception may occur for a low momentam
track that passes near a 15° crack at R = Rcgps (and fails the CMIO cuis) but
is beading into the muon chambers due to the magnetic field. In figure 3.27.
the event with (i3] ~ 0.3,é ~ 6°) represents a small inefficiency of the muon
chambers: the track goes through the chambers but has no associated stub. and
was therefore picked up as s CMIO. The other 2 events near n = 0 legitimately
miss the muon chambers.

Muon Identification Variables
The following requiremeats are used to select muons:

(1) Minimum jonization requirement. The calorimeter tower to which the CTC
track points is required to contain less than 2 GeV of energy in the EM
compartment, less than 6 GeV of energy in the hadronic compartment, but
more than 0.1 GeV in the sum of the two compartments. Figures 3.19 and
3.20 show the EFr™ and EFTE distributions for 57 GeV /¢ test-beam muons
{49]. The average energy depositions are of 0.3 GeV and 2 GeV in EM and
badronic encrgy respectively. Figure 3.21 {48 shows the distribution for
the sum EY™ + Eizp deposited by test-beam 57 GeV/c charged pions.
The small minimum ionizing peak corresponds to a mix of charged pions
which ‘punch throngh’ the calorimeter and muons untagged by the test.
beam counter. By using the tagging efficiency of the counter to subtract
the muon contamination from the events under the minimum jonizing peak,
it was inferred that the non-interactive pion punchthrough probability is (0.7
+0.1) %.

(2) For CMUO candidates azimuthal separation at the muor chamber radius
between the extrapolated CTC track and the muon chamber track must
be of X crqea-mws < 10 cm. This represents a 10(3)o cut on 15(5) GeVic
muons, since multiple scattening deflects muons exiting the calorimeter by
~ 18 em/Pr (that is, 85 mR/Pr x the effective length of the calonmeter
of 181 em).
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{8) For CMIO candidates the transverse energy in the towers within a cone of
R= Jdé)’ ~{Ap) = 0.4, excluding the muon cnergy is required to be
less than 5 GeV.

(4) Track quality cuts. The CTC track mnst have an impact parameter {distance
to the beamline in the transverse planc) dp < 0.5 cm and a distance to the
primary vertex along the beamline of |Zyeeh — Zugrsen) < S cm. These
cuts are placed to reject ocassional tracks which appear isolated due to

raction but which are really coming from the core of a
high multiplicity jet. The track quality cuts have an efficency of (99.6 =
0.1) % on ‘good’ tracks. This was determined from a sample of W — ev
events selected by requiring electrons with B} > 25 GeV passing the cuts of
Table 3.1 and EP** > 25 GeV. The distributions of the impact parameter
and of the of the track-to-vertex distance along the beamlipe are shown in
figures 3.17 and 3.18.

Table 3.2 contains the values of the cuts for the variables used for selecting
muons in this analysis.

3.4.2 Muon Selection Efficiency

Similarly to the electron case, the efficiency of the muon selection criteria can
be measured for high Pr muons using a sample of Z° — u*u~. The method
for obtaining an unbiased lepton sample has been described in section 3.3 for
electrons, and is totally analogous in this case.

The Z° — u* 4~ sample is selected by requiring one tight muon (CMTCO) and
a second loose muon (CMUO or CMIQO). Events in which both muons are CMIOs
are not triggered on (uniess the Z° has very high Pr and the event comes in with
the jet or missing Er triggers) and are not studied. The following criteria were

used to select the Z° — u*u~ sample.
(1) One tight CMUO.

s Pr>20GeV/c

¢ The candidate must satisfy the selection cats of Tabie 3.2
{2) A second Joose CMUO or CMIO.

» P} > 20 GeV/c with track quality requirements.
¢ Fidudal cuts must be satisfied for CMIO candidates.

(3) Anisolation cut requiring that there be no jet with EF™ > 15 GeV centered
within & cone of R = V(A’T’(A—"P = 0.4 about the muon candidates.
This isolation cut is intended to remove punch-through backgrounds from
QCD dijet and W ~+ jet events.

(4) Cosmic ray backgrounds are removed with a back-to-back cut. Evexts are
tagged as cosmic rays and rejected if gt ~ "7 < 0.} and ¢ - 0 -
180" < 1.5°. In addition, a few remaining cosmic rays were removed by
scanning (the events had not been recognized as back-to-back because the
cosmic ray was not going through the primary vertex and there was a stereo
misreconstruction).

A sample of 126 dimuon events comes from this selection. There are no same-
fign events in this sample. Figure 3.22 shows the dimuon jnvanant mass distri-
bution for the sample. Figures 3.23 and 3.24 show the dimuon invariant mass
distributions for the CMUQ-CMUO and CMUO-CMIO events sepazately. Events
with invaniant mass above 70 GeV'/c? are used for the efficiency study.

There are 49 CMUO-CMUO and 69 CMUO-CMIO events with M,.,_ > 70
GeV/c. In 47 out of the 48 CMUO-CMUO events, the second muon also passes
the cuts, so an unbiased sampie of 36 CMUOs is available for the eficiency study
(since events with the second CMUO passing the cuts contribute 2 muons to
the sample). The CMIO sampie has 69 events. Figures 3.28 1o 3.35 show the
distributions of each of the muon identification variables {or CMUOs aad CMIOs.

The results of the efficiency study are shown in Table 3.2. The CMUO effi-
ciency is (97.9 = 1.5) % and the CMIO efficiency is (95.7 = 2.5} %. Since these
efficencies agree within statistical errors, and the source of ineffciency is com-

mon and comes from cutting the tail of the Landau distribution for the tower



energy deposition. we take the average and quote a single muon efficiency. Afier
taking the average we also inciude the efficency due to the track guality cuts.
The resulting muon selection efficiency for muons with either an associated muoz

track or going into the calorimeter fiducial region is
e, ={97£2)% (3.7)

where the subindex is0 is placed to emphasise that this result was obtained from

! ! ! ;
Z* decay muons which are isolated. Cat ! Npass | Nyea | Efficiency (%)

3.5 CONCLUSIONS
96.8 = 1.3

| EM/HAD <005 | 108
'

We have shown how electrons and muons are selected and have proven that trig- ‘

gering and selection efficiencies at high Pr are well understood.
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Table 3.1: Electron selection cuts and their efficiencies for electrons from
2% — eve” going into the fiducial region of the calorimeter.
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Table 3.2: Muon selection cuts and their efficiendes from Z° — u~u~ for CMUOs CLUSTER (GeV
(muons with an associated muon chamber track) and for CMIOs (muons with no ET ev)

associated track going into the fiducial region of the calorimeter).

Figure 3.1: The 12 GeV Electron trigger efficiency from 7 GeV Electron trigger
data. From reference {59].
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Figure 3.2: The radius of conversion R, for low mass pairs. Two clear peaks are
present, distinguishing pairs from Dalitz decays and conversions at the VTPC
inner wall (at 2.5 cm) from pairs from conversions at the outer VTPC wall and
inger wall of the CTC (at ~ 28 em).

81

1/N dN/dR %

Figure 3.3: The HAD/(EM ~ HAD) distribution for 50 Ge\' test-beam electron
and charged pion showers and for electrons from W — ev decays. From reference
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Figure 3.4: The strip chamber x? distribution for 50 GeV test-beam electron and
charged pion showers and for elecirons from W — ew decays From reference :66'.
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Figure 3.5: The invariant mass (M,.,- ) for the dielectron sample.
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Figure 3.8: The track to strip matching in azimuth {R6¢) for the Z° — e~¢
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Figure 3.9: The track to strip matching along the beam direction {£z} for the
2° — e7e” sample.
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Figure 3.14: The electron track momentum distribution, P, for the Z° — e7e”
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Figure 3.15: The distribution of the transverse energy inside a cone of R=0.7
about the electron, excluding the electron energy , for the Z° — e*e” sampie.
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Figure 3.20: Test-beam measurement of the CHA energy deposition (Eyp ) for
57 GeV/c muons. From reference 49'.
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Chapter 4

DATA ANALYSIS IT : COMPARISON WITH MONTE
CARLO

4.1 MONTE CABRLO DATA SAMPLES

We have used the ISAJET !71' Monte Carlo program to generate samples of tf
events (with M., =28, 40, 60, 70, 80, and 90 GeV/c?), and have then passed
the generated data through CDFSIM (72}, a full detector simulation program
, for comparison with the data and for the determination of acceptances and
efficiencies. For special studies to check the top production model in ISAJET, we
compared with the PAPAGENO 73] Monte Carlo.

Dilepton backgrounds from QCD production and decay of heavy flavors were
simulated with ISALEP (74}, the special version of ISAJET that allows generation
of bottom and charm pairs produced by higher order diagrams, including flavor
excitation and giuon splitting. Since bottom pairs are the dominant source of
leptons, we loosely refer to the beavy flavor background as 3.

Briefly, ISAJET generates events in 4 steps :

(1) Two partons (one from the proton and the other from the anti-proton) are
picked with momesnta given by a set of structure functions, we used the
default parametrization of EBLQ (set I} 75". The partons are then hard-
scattered, according to the elementary QCD cross sections of the process

being considered , to obtain ihe final state partons.

(2) QCD radiative corrections (gluon bremsstrahlung) are added to the initia
and final states.

(3) Partons are fragmented into hadrons. and particies are allowed to decay.

i15

t%) Hadrons irom the spectator system {beam jcts} are added.

The smuiation program CDFSIM tracks the particles of the eveat. one at
a time, through the different components of the detector, uatii they stop by
decaying. converting. showering in the calorimetry or exit the detector volume.
The resuit of the simulation program (raw data format) is passed through the
same recoastruction program used for real data, and the output {irack parameter
data-banks, jet banks, lepton candidate banks, eic..) are analyzed in the same
way as the real reconstructed data.

4.2 DEFINITION OF THE tf — ey + X SIGNAL REGION

The aim in defining & signal region is to choose a portion of phase space with
good acceptance for the process of interest and whick at the same time is not
heavily populated by known backgrounds.

We will distinguish our ¢£ signal from the dominaat b} background by exploiting
the marked difference in the lepton specira. In Figures 4.1 to 4.3 we show the
lepton Pr distributions (with a cut of P4 > 5 GeV/e) for tf a1 M., = 70 GeV/
and 28 GeV/c? and for ). The parent quark Pr spectra are aiso shown in these
figures, and it is seen that the average top-quark transverse momentum is ~ Mgy,
For the bb the mean quark Pr is also of the order of the quark mass. which cannot
be appreciated in the figure because we generated bottom guarks with PP**™ >
10 GeV/c and we are sampling the tail of a rapidly falling spectrum. In special
runs, we lowered the b-quark momentum threshold and fournd that 30% of the
leptons with P§ > 5 GeV/c, originate from b quarks with P*™ > 10 GeV,¢,
so this cut has a good efficiency for dileptons. The barder pazen: quark spectra.
together with the harder lepton spectrum in the quark rest irame {Chapter 1),
gives rise to larger lepton Pr as the mass of the heavy quark increases.

Figures 4.4 to 4.6 show the distribution of tf events and b eventsin the Ff - E%
piane. emphasizing again that the t quark decays generate ieprons with large
transverse momentum, while the leptons from b quark decay are concentrated a:

much lower Pr. The top eu signai can be well scparated o the bb — eu ~ X
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background by requiring that both E} and Py be above 2 commen (sufficientiy
high} transverse momentum threshold. Figure 4.7 shows the expected number
of events with E§ > PF™ and P} > PP™ as a function of the threshold P7™
for simniated tf and b {inc'nding the higher order contributions) events. It is
therefore convenient to select the following signal region :

Ef > 15 GeV

(41
PP > 15GeV/e.

Signal Region : {

It is seen from Figure 4.7 that for the luminosity of the Spin data sample of
4.4 pb~1, 33 events and 7.5 events are expected in the signal region for M,,, = 28
GeV/c and M, = 70 Ge\'/c respectively.

For the bl case, the spectrum is steeply falling, and ~ 1 event is expected in
the signal region . It must be held in mind that there is large uncertainty in the
b cross section (see Chapter 1), but the point is that the signal region threshold
is effectively cutting away most of the b} background, and due to the sharpness
of the spectrum, any surviving events would be near threshold. There are also
other variables such as lepton isolation, missing transverse cnergy and dilepton
asimuthal separation, which can be used (but were not needed) to further reject
b backgrounds.

4.3 EFFICIENCIES FOR & — e+ X

In this section we will determine the efficiencies that relate the observed cross

section for eu events in the signal region 10 the total tf production cross section :
a::' = Oy BT . E‘T:ul (42)

In this expression, the total eu detection efficiency e, is normalized to the
double semi-leptonic branching ratio Br = 1. We will break up e7,,, into
various parts accounting for the geometrical acceptance, the acceptance to the

signal region Pr cuts, and the lepton reconstruction efficiendes.

4.3.1 Geometrical and Py cuts

We define the acceptance due to geometrical and Pr cuts {¢Z,_ 5. | as the fraction
of tf — ep + X events {normalized to the double semi-lepionic branchicg rasio of
&) witk opposite-sign ¢ and g going into the fiducial volame of the detector and
passing the signal region transverse momentum threshold of 15 GeV'.

It is to be noted that this definition in principle ailows efficencies larger than
1.0. The double semi-leptonic decay of a tf pair (one top quark to evb and the
other to ywvd) with an assumed branching ratio of %, contributes most of the
signal, but the remaining contributions from sequential decays of a daughter &
or ¢ quark or 7 lepton are also considered. Hence, the ‘effective branching ratio’
is larger than 1. In Table 4.1 we show the contributions to the tf — ey — X
signal from the following sources : i) both leptons come directly {rom the top
decay; ii) at least one lepton is coming from the decay of a 7; and iii} leptons
coming from the decays of a b or ¢ quark are involved (but no leptons from r,
since these events are counted in the previous category). These contributions were
determined at the generator level, with detector geometry and 1he signal region
transverse momentum cuts. After reconstruction and lepton identification cats
are applied, the small contribution of leptons from b and ¢ quarks will be further
supressed since they are less isolated. ana [ess likely to pass implicit isolation cuts
such as HAD/EM and Lshr, than the first generation ieptons from top. It is
seen that direct semileptonic decays of both top quarks account for over ~ 80 %
of the signal.

For determining ¢, . p,, we use the particle momenta at the generator level
and impose the detector geometry. Vertex smearing is simulated using 2 Gaussian
with a width of 35 cm, reproducing the real size and shape of the interaction
region.

The geometrical cuts used for electrons and muons (CMUOs and CMIOs).

representing the fiducial cuts already described in Chapier 3, are tkhe following :

» Electrons must have a Z coordinate at the strip chamber radins {Rcgs =

184 cm) in the interval 217 e > ZRaRcgy, > 9 Cm, that is. § cm away
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from the 90° crack and within the outer edge of tower 8 {out 10 : < 1.0
). In addition, the distance a: R = Rcgs to the 15° ¢ boundaries between
calorimeter modules is required to be greater than 2.5 am.

The CMUO region is defined by the muon chamber geometry (out to 1 <
0.63). The chambers are located at a radial distance Reyp = 349 ¢ froe
the beam-line, and the Z coordinate at this radius must be in the interval
235 em > (Za=mcy: > 9 cm. In addition, the distance a1t R = Reowr
to the 15° boundaries must be greater than 7.3 cm, to avoid the 2.4° gaps
between muon modules. This is the nominal chamber geometry and we
have not inclnded edge inefficiencies or the effect of mulitiple scattering.
Events failing to be classified as CMUOs due to such (small) ineffidencies
are picked-up as CMIOs anyway so we are justified in ignoring chamber
edge effects for purposes of acceptance.

s The CMIO region is defined as having (3| < 1.2, where g is the pseudo-
rapidity in detector coordinates and is determined by extrapolation to the
EM calorimeters. The same 90° and 15° crack cuts defined for electrons are
used.

The acceptance of geometrical and Pr cuts was determined for two different
calculations : ISAJET and PAPAGENO. We find that at high mass, both calcu-
lations agree to better than 10 % and we have taken the intermediate value as the
acceptance. The associated systematic uncertainty is taken as half the difference
in acceptance between the two calculations. Table 4.2 show this acceptance as a
function of the top quark mass. At low top mass, the agreement between both
calculations is not as good and we estimate a systematic uncertainty of ~ 30 7 on
the acceptance for My, = 30 GeV/c2. It is also possible to decompose ¢, p,
into two terms; first ¢f, ,an acceptance to the Fr cuts (sormalized to Z); and

0
second. ¢, , an acceptance to the fiducial geometry cuts (after the Pr cuts have

been imposed).

o e e
£Coom.Pr = EGeom ' Epy (4'3)
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The separate geometrical and Pr acceptances are listed in Table 4.3 as a function
of top mass and it is seen that the Pr accepiance fails guickly with decreasing top
mass and is only ~ 4 % at M, = 28 GeV,S, giving rise t0 a large systemalic
uncertainty.

4.3.2 Electron Reconstruction Efficiency

We now discuss the determination of the efficiency of aur electron selection criteria
for electrons from top decay with E} > 15 GeV that go into the fidncial region
of the calorimeter. Discussion of systematic errors due mainiy to the uncertainty
in the top quark fragmentation will be deferred 10 Chapter 5. In Chapter 3
we determined the efficiency of the electron cuts for isolated electrons from a
Z® — eve” sample. Because the top is heary, its decay products will be emitted
at large angles with respect to its direction. Hence, in general, in the decay
t — lub, the lepton will be well separated (isolated) from the decay products of
its companion b quark. One way of characterizing the degree of lepton isolation is
by measuring the transverse energy inside a cone of radius R = V(A_o)’—(—.)n)’_
= 0.4, excluding the lepton energy. To set the scale of what an "isolated” electron
looks like in terms of this variable, we can see how it is distributed in the Z° —
¢” e~ sample in Figure 3.16. This distribution is shown in Figures 4.9 and 4.10 for
clectrons with £} > 15 GeV {rom top-quarks with masses of M., = 28 GeV', &,
70 GeV/c®. Most of the top electrons are in fact isolated, with a :ail of Jess isolated
top electrons. For comparison, electrons with £ > 15 GeV from b Monte Carlo
are shown in Figure 4.11 and it is seen that they are relatively "non-isolated”.

Among the non isolated electrons there will be an extra inefidency from the
¢cases in which extra particles hit the calorimeter ceils occupied by the electron.
We account for this by decomposing the efficiency for electrons from top into the
following terms:

e« _ e e . !
‘up"tuo € corew * Eower \4'4)
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The first term is the effidency for an isaiated electron inside the fidudal re-
gion of the CEM to pass the eiectron cuts and was found iz Chapter 3 1o be
%, = 0.77 = 0.03. The second term is the ineficiency introduced by the photon
conversion cuts which is ¢2__ = 0.95. The third term ¢£__ is the efficiency o0 "jet
overlap”, or in other words. it represents the fraction of (non-isolated) events that
will fail the electron identification cuts because they overlap with particles from
the b jet. In such an overlap case. the calorimetric micro-isolation cuts (inside the
three tower cluster) of HAD/EM and Lshr can be failed. We can use the top
Monte Carlo to estimate this eficiency due to overlapping particles. For this we
take a sample of very isolated top electrons, defined as baving £f%¢ — £} < 2
GeV, and we compare ¢cy, the efficiency for surviving the calorimeter FAD/EM
and Lshr cuts. for this sampie with that for the total sample of electrons. Namely,

€., = % (4.5)
&cal

Table 4.3 lists e, ¢, and ¢!, for various top masses. Also the total
top electron identification efficiency, evalnated using Equation 4.4 is listed as
s function of M,,,. The overall top electron identification efficiency within the
fiducial region is ~ 69 % and fairly independent of Af,,.

4.3.3 Muon Reconstruction Efficiency

We determine the top muos efficiencies in & similar way as we did for electrons.
Again, we defer the discussion of systematic uncertainties due manily to the top
quark fragmentation to Chapter 5.

The only difference now, is that the analysis isolation cuts cuts are some-
what different for CMIOs than for CMUOs. For both types of object, there
is a calorimeter micro-isolation cut requiring that the energy deposition in the
tower traversed by the muon be consistent with that of 2 minimum jonizing par-
ticle, namely the E¥y™ < 2 GeV, Efzp < 6 GeV, and EFy™ - E535 > 0.1
GeV cuts. A further explicit isolation cut is then applied on CMIOs. requiring
EP<®¢ _ E= < 5 GeV'. Given these cuts. we decompose the total efficiency for

muons from t0p decay inio the following terms :

oy = s s - {4.61

The first term is the efficiency for an isolated muon (CMUO or CMIO] 10 pass the
muon selection cuts and was determined in Chapter 3 to be £, = 0.97=0.02 from
the Z* — u*u~ sample. The second term ¢2,, the efficency to ‘jet overlaps’,
represents loss in efficiency due to non-isolated top muons and is determined using
the Monte Carlo 1o find the fraction of muons that do not faii the tower cuts due
to overlapping particles (¢5e sme ), a2d the fraction of muons that aiso pass the
CMIO cone isolation cut (e5M9 )
o = Cover tower "2:,24 . 4.9

Similarly as we did for electrons, the tower efficiency is determined by com-
paring a sample of very isolated muons (defined as having Ef<®¢ - Ep < 2
GeV) with the total sample of muons :
oli

= Cod (4.8)
et

~

Crver tower

Table 4.4 shows the total efficiency for top muons , where we have required
the muon to have Pr > 15 GeV/¢ and to go into the fiducial region. as a function

of top mass. The table also lists various terms entering the determination of ¢f,,.

4.3.4 The total t{f — ep + X efficiency

We have already shown the determination of the various terms entericg the the
detection cfficiency e, for t{ — cu - X in the sigoal region. We define £, to
be the combined ey selection efficiency , that is
:',:'" = g:" . c:", . (4‘9)
The total ep detection efficiency is then
L

m _ gtk > o
€Tetal = ETrig "EPr " EGCoom * Rec - (4.10)
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In order for an event in the tf — ep — X signal region to fail the trigger. it must
fail the 12 GeV electron trigger (as seen earlier this has a probability of about 2
%), the e or 9 GeV Muon trigger. the 25 GeV Missing Er trigger, 66 Gel' Jet
trigger , 120 GeV Total Er trigger etc.. About half the tf — ex ~ X events will
have a Muon trigger. An importaat fraction (depending on A, )of the events
will also have 2 Missing Er trigger due to the presence of neutrinos and muon
(muons sppear as missing energy to the calorimetry). It is reasonable to assume
that the probability of failing all these triggers simultaneously is abount 1 % or
less, and we estimate the trigger efficiency for tf — ep + X ic the signal region
to be

f, = (9.0 % 0.5)% . (4.11)

Table 4.5 lists the other terms of Equation 4.10 as & function of M.y, and the
results are plotted in Figure 4.8. The total tf — ep + X detection efficency is
0.6 % and 12 % at M,,, = 28 GeV/c® and 70 GeV/c?, respectively. Or in other
words, including the branching ratio, 0.02% and 0.3% of the total ¢ cross section
is detected in the ex channel for M,,, = 28 GeV/c? and 70 GeV/&, respectively.

4.4 THE DATA

The data shown in this section correspond” to an integrated luminosity of 4.4
pb~! processed by an expressiine or Spin Cycle (Chapter 3). From this output
stream, all events containing at least one electron with Ef > 15 GeV passing the
eclectron selection cuts of table 3.1 were kept. As was seen earlier, this choice of
L% threshold ensures high (~ 98 %) trigger efficiency for electrons. A sample of
17646 events with electron candidate is obtained. Then the photon conversion
cuts (Chapter 3) were appiied. removing 5144 events. The eleciron Ef spectrum
of the resulting sample of 12502 events is shown in Figure 4.12,

Backgrounds to the inclusive electron sample come primarily from photon
conversions and {rom charged pions depositing most of their energy in the EM
calorimeter. As seen earlier. the unidentified conversion background is estimated

to be 5%. The charged pion background was estimated by studying the uncut
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HAD/EM distribution of tke inclasive eieciron sample afier al! other cuts are
applied. The efficiency to the H4AD/EM < 0.05 cut is known to be 37% for test-
beam pions {Figure 3.3) and 95% for ron-isolated electrons from a conversion
sample. This information together with the cumbers of events passing and failing
the HAD/EM cut is sufficien: to estimate the number of electrons and pions in
the sample. With this method, a charged pion background of ~ 20% is izferred
70}.

The inclusive electron spectrum has a shoulder near E3 = 40 GeV, correspond-
ing mostly to electrons from W and Z decay. Flectrons in the falling component
of the spectrum below the W region are believed to arise predominantly from
semileptonic decays of b quarks. The shape of the spectrum and the isolation
properties of electrons with Ef < 20 GeV are in good agreement with ISAJET
{5} and most remarkably, there is a signal of D® charm mesons accompanying the
electron [76]. DPs from B — DPe~v are expected in (68 = 15)% of the semiiep-
tonic B-meson decays {77. The decay D® — K~x" occurs (3.8 = 0.4)% of the
time [35], and is searched for by reconstructing the invariant mass of oppositely-
charged track pairs inside a cce of R=0.6 about the electron. The charge of the
electron in the decay determines the charge of the kaon (" K* or e”K~) and
this is used to assign a mass (kaon or pion) to each track. The invariant mass
of Kx system shown in Figure 4.13, reveals an unambiguous D° signal near its
mass of 1864.7 = 0.6 MeV/c? '35). As expected. no such peak is obtained whea
the kaon mass is assigned to the ‘wrong’ sign track. The rate of signal evenis
is consistent, within uncertainties, with the hypothesis that BBX — eX'is the
dominant source of electrons.

After the electron selection, the muon cuts of Table 3.2 are applied with a
threshold Pf >5 GeV/c if the candidate has an associated muon chamber track
{CMUO), and P; >10 GeV/c if not (CMIO). Although our signal region is
Pr= >15 GeV/e¢, we have kept low thresholds for the muon to be able 1o “see’
some of the background. The higher CMIO threshold was picked to reject fake-
muon backgrounds. In summary, the analvsis thresholds used to select ey events

(from the Spin output stream) for the top search are :
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E} > 15 GeV

Spin Sample Thresholds P; >5GeVie if CMTO
ot

510 GeV/e if CMIO .

—~~
'S
[
~

~

The electron and muon selection give a total of 41 opposite-sign ep events. Fig-
ure 4.14 shows the scatter plot of E} vs. Pr for these events. Similar plots are
found in figures 4.15 and 4.16 for 28 and 70 GeV/c ¢i for integrated luminosities
of 3 and 80 pb~?, respectively. There is only one event in the signal region. where
33 and 7.5 events are expected from 28 and 70 GeV/ t{ respectively.

In Figures 4.17 10 4.19 we compare the distribution of PP (the smallest of
£% and PT) versus A¢,, (the dilepton azimuthal separation) for the data and the
tf Monte Carlo samples. The CDF data are concentrated at low 7™ and are
clustered near the 0° (colinear) and 180* (back-to-back) regions in Ag,,. We will
set in the mext section that this angular distribution is characteristic of b5. The
candidate event is well separated from the bulk of the data. For the tf Monte
Carlo, the events have larger Pr, and a more uniform A¢,, distribution whick
gets flatter as M,,, increases. The latter is becaunse the decay products of a heavy
top are emitted at large angles, 50 the lepton direction is only weakly correiated
with the parent quark directioa.

The event in the signal region has an isolated electron with £ of 31.7 GeV and
an isolated opposite sigp muon with Py of 42.5 GeV/c with a dilepton azimuthal
opening angle of 137°. Other characteristics of the event include the presence
of 8 second muon candidate with a transverse momentum of 9.9 GeV/c in the
forward muon detector, and two small calorimeter clusters with transverse energy
depositions of 14 GeV and 5 GeV. Figures 4.20 and 4.21 show a CTC display
and a calorimetry display for the candidate. Table 4.7 summarizes some of the
properties of the event.

The lepton isolation and the missing Er distributions for the CDF data are
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algo different from those for . As isolation variable we use :

Iso = 5%’—”’ . 1£.13)
with an analogous definition for muons. Figures 4.22 to 4.24 show the distribution
of dlectron isolation for the CDF data and the t# Monte Carlo. The lepions in
CDF data are predominantly non-isolated. whereas they are quite isolated for ¢f
Monte Carlo.

QOur definition of missing Et is :

Er= (Y Er, costx) - P con 8, & + '~(Y Er,sim )~ P sine,l§ (4.14)

Epie =g5;‘"! , (4.15)
where Er, is the transverse energy deposited in tower i of the calorimeter and
& its azimmthal coordinate. We have corrected for the muon momentum, which
is unseen by the calorimeter, but do not correct for the energy deposited by the
muon in its tower. Figures 4.25 to 4.27 show the Ep™ distribution for the CDF
data and the ¢ Monte Carlo. The missing Er becomes very different from the
data only for the higher mass top.

So far we have only presented opposite-sign data. Same-sign events are ex-
pected from sequential decays of heavy flavors. The number of t same-sign events
with P > 15 GeV/c is less than ~ 5% of the opposite-sign events in this re-
gion; same-sign events are not included as part of the signal. For completeness, in
Figures 4.28 and 4.29, we show the £} versus Pf and the PF™ versus Ad,, plots
for the same-sign data of our sample. There are 22 same-sign everts in the sam-
ple. We note that the Ad,, distribution has no peak near 0° {the opposite-sign
data has), and postpone the discussion and comparison with the b5 expeciation
for the pext section. It is interesting to note that there are 2 same-sign events
with PP > 13GeV/c. One of them, with Ef = 79 GeV and Py=16 Gel.c.
has an isolated electron with a non-isolated muon candidate, and can be inter-
preted as a W — ev, produced at high Pr, with a jet punching through. The

other, with E} = 23 GeV and P§=19 GeV/c has & fairly isoiated muon with a
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back-to-back nonisolated eiectron, and cas be interpreted as a db event with one
misidentified lepton, or as a dijet event (both leptons fake). The fact that these
same-sign events are present. implies that for future higher luminosity samples we

MmAy expect some non-isalated, easy-to-remove background in the signal region.

4.5 COMPARISON WITH 8 BACKGROUND MONTE CARLO

In this section we show data with an integrated luminosity of 1.8 pb~! processed
by the Production indusive muon output stream. The cuts imposed by this filter
for ep triggers were simply PF > 4 GeV /c and § Xiqet—sed < 10 €m, 50 it is usefal
for studying low Pr eu events.

At low Pr the CMIO requirements are not strong enough to ensure a clean
sample, 50 we only considered CMUOs for this sample. The cuts of Tables 3.1
and 3.2 were applied on clectrons and muons, with the following thresholds :

E: > 5GeV
Production Sample Thresholds (4.16)

Pf > 5GeV/ec and CMUO only .

We also applied the standard photon conversion rejection cuts (Chapter 3). The
resulting sample has Nopy = 269 opposite-sign and N,em, = 148 same-sign events.
The distribution of these events in the PY — E} plane is shown in Figure 4.30.

We will be comparing with the CDF data with an ISALEP 8 Monte Carlo
sample with an integrated luminosity of 0.64 pb~'. The Morte Carlo sample has
Newp = 259 and N, = 40, and their distribution in the P}-E} piane is shown
in Figure 4.31.

When comparing rates we note : {i) the Moate Carlo rate for N,,, ~ Npem, is
a factor of 2 higher than for the CDF data (467 pb vs. 232 pb), and (2) there are
comparatively much fewer same-sign events in the Monte Carlo, (.V e/ Nopp 0f
0.15 vs. 0.55). Full comparison of b5 Monte Cazlo and data goes beyond the scope

of this thesis and is not yet complete. However we comment that (1) there is a

large theoretical nncertainty in the bb cross section. {2} tke Monte Carlo has zo
5 mixing {this would enhance the same-sign sample), {3) we have not subtracted
fake iepton backgrounds , (4} we do not know the efficdendes {irigger. selection)
well enough for these low Pr lepions.

Despite the problems and limitations listed above. it is still instructive to look
some more into the low Pr data. A first question is whetker or not the sampie
is enriched in electrons and muons. Figures 4.32 and 4.33 show the electron
variables for the CDF data, which can be compared with those jor the Monte
Carlo in Figures 4.34 and 4.35. Similarly, Figures 4.36 and 4.37 show the muon
identification variables for the CDF data and the Monte Carlo respectively. There
is fairly good agreement for most of the distributions, indicating & high content
of electrons and muons in the CDF data.

Next we show a comparison of some distributions that suggest that in fact
we are observing QCD heavy flavor production. The missing Er distribution is
shown for the data in Figure 4.38 and for the Monte Catlo in Figure 4.39. The
distribution of the electron isolation variable 50 = (EF<®” — E$)/E$ is shown
for data and for Monte Carlo in Figures 4.40 and 4.41 respectively. There is good
agreement in both of these variables.

A more revealing distribution is that of the azimuthal separation between the
electron and muon, Ad,,. First we look at this variable at the generation level.
Figure 4.42 shows A¢,, for both same-sign and opposite-sign events for Monte
Cazlo events gencrated with PP™ > 5 GeV/c n*l < 1.0, azd 7%} < 0.6 to reflect
the geometry of the detector. The contributions of dizectly produced ¢ and the
sum bd + c& are shown separately, together with the total which also includes the
higher order processes of flavor excitation and gluon spiitting. Al histograms are
normalize to the total number of events Noome ~ Nop,. Oneimportant observation
is that there is a peak pear Ad,, = 0° only for the opposite-sign sample. This
peak is built up mostly of two sources of similar magnitade : (1} cascade decays
from the direct b events (b — ¢l,» with the subsequent ¢ — lya decay), and {2
higher order contributions, predominantly from gluor splitting {g — bb, with a

semileptonic decay of each b or cascade decay of one b). Simiiar Ad,, distributions
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are shown for the Monte Cazio evenis afier cetector simulatior and reconstruction
iz Figure 4.43. The same gqualitaiive features aiready mentioned are seen. but we
observe that the opposite-sign, A¢,, ~ 0* peak is now smailer tkaa before recon-
struciion. reiative 1o the peak at A&, ~ 180°. This may be understood because
two leptons i the same ‘jet' are hardes to recoastruct. Finally. in Figure 4.44 we
show the Ad,, distributions for the CDF data. Again we see in the data a peak
in the opposite-sign {and not in the same-sign} Ao, ~ 0° region. This means
that the small Ag,, data has very low fake icpton backgrounds {punchthrongks,
fake electrons and remaining photon conversions), which have an azimuthal dis-
tribution that cannot depend on the pair sign. We interpret the sign distribution
of the small opening angle data as evidence for b production, although we are
not yet able to infer the relative contributions of the lower and higher order pro-
duction mechanisms. For the back-to-back data it is no longer as clear that the
backgrounds are as small. There is a moderate excess of opposite-sign data, and
backgrounds should be subtracted before a complete discussion.

4.6 BACKGROUNDS TO THE CANDIDATE EVENT

We now discuss possible backgrounds to the high Pr event found in the signal re-
gion. First we discuss the possibility that at least one of the leptons in the event is
fake (misidentified particle), and then we cousider possible dilepton backgrounds
from Z° decays or diboson {IVV’ and W Z) decays.

Fakes

Let us assume the possibility that the muor in the event is {ake. Then the back-
ground process is electron~jets where one jet fragments into a 'single particle’ that
mimics 8 muon. The number of such events expected in our sample can be esti-
mated as the actual number of e~jets events ia the inclusive electron sample, mul-
tiplied by the probability that a jet fluctuates into a single particle { Prng,), and
multiplied by the probability for a single particle to be non-interacting ( Poymer -

128

Namely,
N s = Neayets X Prengic X Pramen (4.17)
We find tke number of events with E} > 30 GeV and at least one jet with
EF* > 30 GeV 10 be Vewjers = 175. Jet fragmentation studies provide an estimate
of the probability for 2 jet to {ragment into a singie particie. Figare 4.45 shows
CDF resuits for the fragmentation function D(Z) = dN/dZ. whete Z = Piong/ Pru
is the fraction of the jet's momentum carried away by the track ;78). Near the
muon track in our event (Pf = 42.3 GeV/c), there exists a neardy ciuster of 5
soft tracks (Figure 4.20) adding up to Pr = 5.6 GeV/c which conceivably conld
belong to the same jet. In that case the momentum fraction of the track wouid
be of about z = 42.5/48.1 = 0.88. An upper Limit on Pnny, can be obtained
by integrating two last bins (Z between 0.8-0.9 and 0.9-1.0} of the fragmentation
plot of Figure 4.45. Since the error bars in the last bins are jarge, we take as the
fragmentation function the value at the bin plus the error bar which takes into
account systematic and statistical uncertainties. This gives Poagis = 0.0006. I
the bin of Z between 0.7-0.8 is also included then P,np. = 0.002 and we take tbis
as & more conservative upper limit.
Based on test-beam data, the non-interactive pion punch-through provabiiity
was found to be (0.7 = 0.1)% in reference 48" So the background due io reai or

fake electron — fake muon is :

<

N2 ... <175 x 0.002 x 0.008 = 0.003 events . 1418

The probability for the event having a real muon ~+ fake eiectron is similarly very
small.
Background from Z°, WW and W2

We have estimated the signai region (PP > 15 GeV/c¢) backgrounds from ey -
X final states of the processes 2% — =, Z° — bb, and from W and W2Z
production and decay. The resulis are summarized in Tabie 4.6. The efficiences

for grometrical and Pr cuts, £Gem, p, Were determined at the generator fevel. For
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Z° — bb we use an e reconstruction effidiency of e5, ~ 3.35 {or abous 0.6 per

lepton). For the other processes, which give isoiated leptons. we used e, = 0.71,
obtained from the Z? lepton eficiendes in Chapter 3.

In the signai region, we expect 1.1 events from Z° — rr, 0.2 event froxz
Z° — bb. 0.17 from WW, and 0.015 from W Z. From this alone, one couid
conclude that the event in the signal region is probabiy Z* — rr. However,
we now argue that this is not the case. Figure 4.46 show E} vs Pr for Monte
Carlo Z° — r7 — eu + X events generated inside the signal region. The Agy,
distribution is also shown in this figure. The Pr spectrum is rapidly falling and
only ~ 2% of the events have Pf™ > 30 GeV/¢; in addition, most of the events
are back-to-back. with oniy ~ 6% with Aé,, below 140*. Overall, the topologr
of the event in the signal region would be extremely unusuval for a Z — rr.
This is also true for Z — 5, where the Pr spectrum falls even more sharply
{as evidenced by the smaller value of Gepm p, in Table 4.6) because the B-meson
which decays semileptonically only carries part of the momentum of the produced
b-quark (Figure 1.14).

Parenthetically, the event in Figure 4.14 with £} = 37 GeV and P7 = 11
GeV/c, has back-to-back, isolated leptons, and no significant extra activity in the
calorimetry. We consider this event to be a Z° — rr candidate, and displays of
it are shown in Figures 4.47 and 4.48.

The E$ vs Py and Aé,, distributions are shown in Figure 4.49 for Monte Carlo
WW — ep + X events generated inside the signal region. In these vaniables, the
topology of the event in the signal region is not inconsistent with WW. However,
the presence of the forward muon and of the 14 GeV jet in the event and the
small cross section for this process make it extremely unlikely for it to be W,
The forward muon makes it plausible for the event to be W Z, or W-Drell-Yan
(where the dimuon is from Z or Drell-Yan). Here the rate is aiready small, and

the additional jet makes it even less likely.

PR

4.7 CONCLUSIONS

We bave motivated and defined a signal region for the tf — eu~ X search and nave
determined the detection efficiency as a fuaction of M. With this approack. we
have searched for the top in a data sample with integrated laminosity o 4.4 pp ™
callected during the 1986-89 CDF run. ln addition, we kave studied a sud-sampie
of data with lower Pr thresholds. The bulk of the data appears to be conosten;
with expectations from QCD heavy flavor production, and only one ti candidate
event was fonnd in the signal region. We find that this event is difficult 1o expaain
in terms of known sources of background.
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Table 4.1: The contributions to the tf — ep + X signal : i) both leptons come . : . .
directly from the top decay; ii) at least one lepion is coming from the decay of a , 28 0.894 Y 0.943 £ 0.948 ' 0.69 = 0.02
r; and iii) leptons coming from the decays of a b or ¢ quark are involved : i : ) i

I 40 0904 io.su 1 0.948 © 0.60 = 0.02 -
: Y
! ; i : i ]
{60 0.8920.949 ; 0.940 ! 0.69 = 0.01 !
T ; H { . !
| i { : : : i ‘
M & €% p =stat.tsys | .70 .0.868 !0.928 1 0.935 i 0.68 = 0.01
. : 80 0.858 0.920 ' 0.933 : 0.68 = 0.01 °
: i 1 :
28 ' 0.0103 = 0.0015 = 0.0030 | 90 0.902 ! 0.943 ' 0.957  0.70 = 0.01
f : : n
i 0 ! 0043 = 0.002 = 0.007 ; Table 4.3: The top electiron efficiendies. ¢f, is the total eleciron detection ef-
: 60 | 0.142 — 0.007 = 0.009 ficiency inside the fiducial volume, including iosses due to overiapping particies
T T T and to the photon conversion cuts. Only the Monte Carlo statisticai uncertainty
70 | 0209 = 0008 = 0008 | is included.
80 0294 = 0.012 = 0.015
i %0 0.324 = 0.013 = 0.013

|
!

Table 4.2: Acceptance 10 the ) and Pr cuts normalized to the double semileptonic
branching ratio of X. The acceptance has been taken as the intermediate vaiue

8’

between the ISAJET and PAPAGENO caiculations, the associated systematic

uncertainty is half the difference of the acceptances.

134



e

My € e O e € e 1 $SMIO
U GeVier . .
; 28 0923 038 0963 " 0848 . 089 =002
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‘ 60 | 0s00 - osm | 0927 x 0951 ' 0.86 = 001
CoT osss oo ez | 0sso “ 0.85 = 0.01
80 0898 ' 097 0920 0343 08¢ =001
% 0926 0969 095 0968 " 090 = 0.0:

i

Table 4.4: The top muon efficiencies. ¢}, is the total muon detection efficiency
inside the fidudal voiume, including iosses due to overiap with other particles.
Ozly Monte Carlo statisiical errors are included.
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L < ta ’
Moy Py  “Geem ‘Re

28 0.035 0.30 " 0.61 . 0.0064 = 9.011 "~

40 0120 0.36 . 0.6 ; 0.0260 = 0.015

60 0395 0.36 :0.59 & 0.083 = 0.004

0 0.520: 0.40 '0.58 ¢ 0.121 = 0.006

80 0783 038 0.57 0.167 = 0.008

90 0.896 0.36 - 0.63  0.203 = 6.010

Table 4.5: The tf — eu~.X efficiencies for: i) the Pr cuts . i) geometric acceptance
{afier Pr cuts), iii) dilepton reconstruction (after Pr and geometry cuts). aad iv!
total. Only the Monte Carlo statistical uncertainty is included.
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Figure 4.21: A calorimeter display of the top candidaie event.
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Chapter 5
DATA ANALYSIS II1 : TOP QUARK MASS LIMITS

5.1 SYSTEMATIC UNCERTAINTIES

We now estimate the the various systematic uncertainties on the measured tf —
ep + X cross section, which is related to the number of ey events in the signal
region through the following equation :

og-Br= {5.1)

Ve
T2
Thus, systematic uncertainties arise from our limited knowledge of the integrated
luminosity ( f£dt) and of the tf — ep + X detection efficiency (eF,..)-

Uncertainty in Luminosity

The integrated luminosity was measured using the beam-beam counters (Section
2.2.4). The portion of the inelastic pf cross section accepted by the BBC (about
74%), has been estimated to be oppc = (44 = 6) mb using extrapoiations of
lower cnergy data together with a Monte Carlo determination of the geometrical
acceptance [52]. The systematic error in cppc is propagated into the integrated
luminosity, which is the ratio of the number of BBC East - West coincidences to
the BBC cross section. For our data sample, [Ldt = 4.4 pb~? with a systematic

uncertainty of 15%.

Uncertainty in the t{ — ey ~ X Detection Efficiency

The detection efficiency ef,,,, is listed in Table 4.5 for different values of M,,.
Only statistical errors are included in Table 4.5; we now discuss the systematic

uncertainties involved.
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+ Top Quark Fragmertation.

Top-quark fragmentation affects the iepton isolation and thus has an impact

on the lepton detection eficiency.

To estimate the uncertainty in detection efficiency introduced by uncer.
tainty in the fragmentation. the value of the ¢ parameter of the Peterson
parametrization was changed in ISAJET from ¢ = 0.2/M]_to € = 1.5/M2
and the effect on the eiectron identification efficiency was evaluated 79..
The larger value of € resulted in a decrease in electron efficdency which we
have multiplied by 2 to account for the muon in our analysis. This leads to
uncertainties in the eu detection effidency of 30% and 10% for M., = 28
GeV'/c? and M., = 70 GeV,c? respectively. This is a conservative estimate
{overestimazte), since the study of reference ;79' used electzon isolation cuts

not applied in our analysit.

e Acceptance to Geometrical and Pr Cuts.

Theoretical uncertainty in the n aad Pr spectra of the leptons from top
decay will result in a systematic uncertainty in the ¢f —~ ep + X detec-
tion efficiency. In order to estimate such an uncertainty, we have compared
the ISAJET and PAPAGENO calculations for tf production '80i. The ac-
ceptance for the signal region momentum and geometrical cats (¢p, ) is
determined for each of the Monte Carlo calculations, and we find ~ 10 %
agreement at high mass. At low top mass the agreement is less good: PA-
PAGENO gives a smaller acceptance, and it is found that the difference is
due predominantly to the Pr cuts. We have taken our estimate of z;:‘,r to
be the intermediate vaiue between the ISAJET and PAPAGENO calcula-
tions, and we use half the difference in the acceptances as our estimate of
the systematic uncertainty. The resulting uncertainties vary from 30% to
4% for 28 GeV/c? snd 70 GeV/c® respectively.

s Lepton Selection.
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An additional ancertainty is associated with the knowiedge of the eficien-
Ges for isolated leptons (%, and €4} which were determined in Chapter 3
for leptons from Z° decay. and were used as a factor in the determization
of €Yoy, We estimate a 4% flat uacertainty on tiis lepton seiection. cor-
responding to sum in quadrature of the statistical uncertainties obtaired

from our Z° studies (Chapter 3) for electrons (3%) and muons (3%).

Total Systematic Uncertainty

Table 5.1 is a summary of the systematic uncertainties discussed above. We have
aiso included a coiumn with the Monte Cario statistical error in the total efidezcy
(from Table 4.5). The various uncertainties are added in quadrature to obtain s
total systematic error which varies from 48% to 20% from M = 28GeV . '¢f 10 70
GeV/c®. At high mass the systematic errors are dominated by the uncertainty in
luminosity; at low mass the uncertainty from the acceptance to the geomerrical
and Pr cuts, and the uncertainty from the top quark fragmentation becomes more

important.

5.2 LIMITS ON ¢/ PRODUCTION

We now show how a 95% Confidence Level (CL) upper Lmit on the tz cross
section is obtained. For clarity we begin with a simplified case without taking
into account systematic uncertainties, and after that we carry out the complete

derivation including the systematic uncertainties 813

Ignoring the Effects of Systematic Errors

If systematic errors are negligible in 2 counting experiment such as our searck for
tf — e~ X events, the result of txe count is distributed according to the Poisson

distnbution:

e~ vy

or
[X]

Pun) = (n=01,2...}, '3,

n!



where the mean u is the average number of observed events over a large sumber
of expesiments.

Confidence icvels for Poisson distributions are nsually defined in terms of quan-
tities called ‘upper limits’ : the CL assocated with a given upper limit N and an
observed value ng, is the probability that n > ng if the mean of the distribution
is x = N. Ia other words, if the mean of the Poisson distribution is greater or
equal than the upper Limit N, then the probability of observing nq ot fewer events
is lower tha or equal to 1-CL. ]n our case, we observe ny = 1 events, so the
95% CL upper Limit on the number of ep events will be the mean of the Poisson
distribution giving 5% as the probability for observing 0 or 1 event. This means
solving for N in the equation :

Pn(0) + Pu(l) =e™ + Ne=¥ = 0.05 . {53)
The solution is NF'(35%CL) = 4.74 for 1 observed event, ignoring systematic

ITOrS.

Including the Effects of Systematic Errors

If we now include systematic uncertainties, the result of our counting experiment
will no Jonger be distributed strictly as a Poisson. There will be & new distribution
Pu(n,c), and the quantity ¢ will reflect how much it deviates from the Poisson.
The underlying distribution is still Poisson, and we assume that its mean will
fluctuate according to a Gaussian with a standard deviation equnal to the total
systexnatic uncertainty o :

Gun(8) = Ce™F" (5.4)
Here, G.,(£) is the probability for the average of the underlying Poisson to
be between { and £ + df. The normalization C = C(c) is chosen so that
k" Guw(£)d6 = 1, that is, the Gaussian bas been truncated not to allow neg-

ative numbers of events. The new distribution is then the convolution of the
Poi and the G ian :

Pufn,o) = [ Py(n)Gur ()4 - (5.5)
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As befre, the 35% CL upper Limit on the aumber of events is determined for
a given valwe of o by solviag for N in the equation :

Pw{0,0) + Pn{l.0} =005 . (5.6}

We have solved equation 5.6 numerically using the systematic uncertainties
of Tahle 5.1. The resmlt for the upper limit on the number of events is shown
in Table 5.2. For instance, for a systematic uncertainty of ¢ = 20%. we find
NF(95RCL) = 5.15 for 1 observed event. This is to be compared with the
smaller solution of equation 5.3, where systematic errors were ignored.

The Upper Limit Cross Section

The upper limit on the number of events can be converted into an upper limit on
the ¢ production cross section with the use of equation 5.1, namely :

NFT(95%CL)
oq(9SKCL) = S ———7 | (5.7
where
"
A = e €Foa - Br {5.8)
oy

is the tf — ep + X acceptance or ratio between the observed channel cross section
and the total ¢/ production cross section. The acceptances A7 are listed in
Table 5.2, using the values for e, of Table 4.5 and the branching ratio Br = 1.
Also listed in Table 5.2 are the 95% CL upper limits on the tf cross section,

together with the theoretical expectations [26,28].

Top Mass Limits

The 95% CL upper limit on the ¢ cross section is also shown in Figure 5.1, along
with the theoretical prediction for o,y. The 95% CL upper limit cross section curve
intersects the lower edge of the theoretical calculation band at M,y = 72 GeV'/c.
We have chosen to terminate the analysis at 28 GeV/c® at the Jow end. As we

have seen, below this mass, the efficiency for detecting the ¢ quazk becomes small
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ard the systematic uncertainties become large. Top quarks in the mass range 28
10 72 GeV /¢ are thus excluded at the 953% confidence level.

5.3 LIMITS ON THE MASS OF THE ¥ QUARK

The ep signature can also be used to search for the production of pairs of fourth-
genenation bottom quarks (¥¥). The cross section for pair production of charge
-3, ¥ quarks, would be the same as that for ¢f /82i. Assuming the ¥ decays via
the charged current interaction into a virtnal W and a light quark (u or c}, the : ; : '
lepton spectrum would be slightly harder resulting in higher detection efficiency i My : MosteCado Monte Cazio  Lepton | ‘ i

'

‘GeV/cT! ' Acceptance : Statistica  Selection . Fragmestation . [Ldt © Total
(See Figure 5.2). Our limit on the ¢ quark mass is then applicable to the ¥ if it . C (aP) ‘ Jeas
is Lighter than the top quark and has a decay lifetime sufficentiy short that its :
. . w3 . i ; , .
decay products appear to come from the interaction vertex. With the assumptions = 28 ! 0.30 i 017 004 0.30 015 048
stated above, a b’ quark in the mass range 28 to 72 GeV/c* is excluded at the , ! 3 ) ‘! i :
95% confidence level. The most recent lower limits from other experiments are } 0 , o7 i 0.06 ; 0.04 ! 0.26 . 0.15 ! 036
My > 46 GeV/c? at the 95% CL from of e*e™ collisions ;4; and My, > 54 GeV/3 : 60 ! 0.06 ‘ 0.05 ' 0.04 0.15 0.15 023
at the 95% CL from pj collisions (7. , | ’ : ! )
' 70 0.04 ' 0.05 0.04 0.10 ©0.15  0.20
i ; / ‘ ’
[ 80 005 | 005 0.04 0.10 0.15 7 0.20
i ’ 1 I .
T X T S
| : ;

005 004 0.0 0.15 | 020

Table 5.1: The systematic uncertainties on the expected number of t{ — ey + X
events as a function of M.



M., | AT ! NZ(95%CL) | oa(95%CL) Pt
[Gev/et | x10-¢ {pb) | {pb]
28 1.6 8.42 11.9x10° | (58°]3) x 10°
40 6.4 6.57 233 x 10° | (9.63*3]) x10°
60 20.5 5.32 0.592 x 10° | (1.27*3142) x 10
70 29.9 5.15 392 556115 I
412 5.15 284 288*% i
90  50.1 5.15 234 1503 g

Table 5.2: The upper limits on the number of eu events and on the ¢f production
cross section , together with the theoretical cross section. A is the ey channel
acceptance.
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Figure 5.1: The 95% CL upper limit on the tf production cross section as a
function of top quark mass. The shaded band shows the resuit of & theoretical
calculation of the tf production cross section {26,28;.
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Chapter 6
CONCLUSION AND OUTLOOK

We have exploited the good electron and muon identification capabilities of the
CDF detector to carry out a search for the top quark in the eu channei. We have
shown that the ep channel is very clean and hence a powerful tool for searching
for the top, despite its low rate reiative to other channeis. No evidence for the top
quark has been observed and our analysis excludes top quarks in the mass range
28 10 72 GeV,'c? at the 95% CL. The same limits apply to a fourth-generation ¥’
quark decaying via the charged current.

At this time, efforts continue at CDF to improve the sensitivity of the analyses.
A natural extension of the es analysis, now including the ee and upu dilepton
modes, indicates that M,y > Mw = Misem, meaning that the top will decay into
a real # boson and a bottom gquark. With such a heavy top. the decay Z° — tf
is ruled out, and observing it is no longer possible at SLC or LEP-I. Chances
for observation of the top at the CERN pj collider at /5 = 630 GeV are very
slim because the decay W — (b is now forbidden, and the remaining mechanism
of direct production of tf pairs has a minute cross section. For the near future,
prospects of discovery Lie on the Fermilab Tevatron coliider or at LEP-II. Searches
at the LEP-II e~e~ collider will be sensitive to top quark masses up 1o its beam
energy of ~ 100 GeV.

We now discuss tke prospects of discovering the top quarx at tie Tevatron
within the next few years. Two experiments, CDF and DO. are expected to be
taking data simultaneously in consecutive runs projected for 1991 and 1993. with
luminosities to tape of about 20 pb~?! and 100 pb=! respectiveiy. We base our
discussion on estimates for the CDF detector. Two new hardware additions to

CDF for 1991 will result in an improved sensitivity for the top. Oneis ar upgrade
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to the muom system. Ar intermediate muon system (0.6 < iyi < 1.0) will be added
to allow better trigger acceptance and muon identification for all muom channels.
Also, the central meon system will be upgraded with the addition of more steel
for improved nrucs identification. The other is the installation of silicon micro-
vertex detector (SVX) j831. The SVX will open a new chaswel by making possible
the identification of the B jet from the t — Wi decay. The B jets will be tagged
by the presence of several tracks with large impact parameters. The device has
sn expected impact parameter resolution of 30 pm for 1 GeV/c tracks and of 10
pm for tracks with 10 GeV/c or above. This is to be compared with the B meson
lifetime (crp) of 300 xm. Overall B-tagging efficiencies of ~ 20% are expected
for B jets with Pr > 30 GeV/c {84,85].

In Table 6.1 the ¢ production cross section is shown together with the esti-
mated detected cross sections in the ep channel and in the I{e or x)+ jets channels.
Foe the ep channel we used our estimated signal region acceptances of 0.5% at
90 GeV/c* and 0.6% for 100 GeV/c® or larger. The main backgrounds for the
ep channel come from Z° — v — ep + X with a cross section of 0.26 pb, and
from WW -~ es + X with a cross section of 0.039 pb. Both backgrounds can
be subtantially reduced with Little effect on the tf — ep + X signal by requiring
some jet activity. In addition, the characteristic softer dilepton spectrum and
back-to-back topology of the Z° decays further supress this background by large
factors, with a small effect on the signal.

We have based our estimate for the I+ jets case on the e+ jets Monte Carlo
study of reference {86], and have scaled the acceptance to include muons. The I+
jets selection requires PE >20 GeV/e, EF<™ > 20 GeV, and at least 2 jets with
observed Ef* > 20 GeV. The acceptance for this selection ranges from ~ 4% to
9% from 90 GeV/c? to 200 GeV/c*. The W+ jets background for this channel
has a cross section of ~ 9 pb (as determined from the rates in our present CDF
data), compared for example to 2.4 pb for the t signal at Af,,,=120 GeV/J, 50
additional background rejection is needed. Raising the jet Et threshold and/or
requiring more jets will heip improve the signal to noise ratio. For a large statistics
run, a presence of tf events in the I+ jets sample may be established by using the
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jet mmitiphcity of the Z+ jets cvents to determine the coatribution of W+ jets
Siace in the ¢ cvents there will be a real W decaying into two quarks, searcking
for an excess of dijet masses near the W mam is alwo 2 possibility. We beli
that a clesn and promising way of establishing a # signal in the I+ jets sample is
1o wse the SVX 1o tag at least one B from the tf decay. A similar method, with
less acceptance sad with perbaps lasger backgrouad, is to tag the B by its decay
into a second soft lepton.

In Tahle 6.2 we show estimates of the number of events detected in our fawxite
two channels, ep and I + jets + By, for the integrated luminosities expected for
the CDF runs in 1991 aad 1993. We have nsed B-tagging cfficiendes of 20%
for M, > 120GeV/%; at 90-100 GeV/, where the B jets are softer, we used
5-10%.

We befieve that ~ 4 events in the ep channel, together with ~ 2 events from
ee and pp (after 2° removal cuts) and accompanied by additional supporting
evidence from the I+ jets, will be sufficient to establish the discovery of the top
quark. It thus appears that the top quark will be obeerved at the Tevatron 1991
run if My, < 120 GeV/c*, and in the 1993 run if M,., < 160 GeV/E. If the silicon
vertex detector operates succesfully, with the anticipated efficiencies, then it will
be possible to stretch the sensitivity to top quarks as heavy as 140 GeV/ in the
1991 run and 180 GeV/c® in the 1993 run. If the top has not been discovered by
then, we will bave to wait for future intense luminosity runs at the Tevatron or
for fature acceierators such as the Large Hadron Collider (LHC) (pp, /2 = 20
TeV) or the Superconducting Supercollider (SSC) (pp, +/3 = 40 TeV).
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M., ou  oF a:x-’"’“
i GeVied pb - pbi  pb.

. .

" 00 150 0.75 . 6.6

| 100 87 , 055 46
b120 33 021 24

' 150 ' 10 ‘0.063! 0.80

. 180 35 ;0021 030
Y200 1.9 '0012. 017

Table 6.1: The total tf production cross section. together with estimates of the

CDF detected cross sections into the ex and { — jets channels.

i Events in 20 pb!

x

a Events in 100 pb-! g
! ! . v ! ; ‘
t My g’ ep  l—jets—~ DBy . ep l=jetsa~By,:
liGevren | ' ; ‘ :
| I » 4 i
boso 15 13 po7s 63 "
| 100 | 11 18 poss ! 88 :
Po120 % 42 17 i21 86 :
Poase o1 o 6 Y63 28 :
180 | 04 2 2.1 1

; 1.2

200 02 1

Table 6.2: The estimated number of detected eu events. and of [~ yets events with
at least one B jet tagged by the silicon vertex detector, for integrated luminosities

of 20 pb-! and 100 pb-t.
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