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Chapter 1

Introduction

The patterns in the phenomena of nature
that are not apparent to the eye,
but only to the eye of analysis.

- Richard Feynman -

What are the fundamental building blocks of matter and how are they
held together? This is the essential question that human beings have pondered
from their beginning. Although the answer has changed as time goes by, it
provides the best way to understand nature at least at the time. Today, particle
physics provides a basic understanding of a variety of natural phenomena in
terms of a few elementary particles and their interactions. By definition, a
particle is considered to be elementary only if there is no evidence that it is
made up of more fundamental constituents. It behaves in a point-like way. In
nature, there are four interactions known as electromagnetic, weak, strong and

gravitational forces.



2 Introduction

Elementary particles are classified into fermions and bosons according
to their spin: fermions (bosons) have half-integral (integer) spin. The particles
constituting the matter are all fermions, while the particles carrying the forces
are all bosons. Fermions are classified into quarks which feel all forces, and
leptons which don’t feel strong force. The electromagnetic, weak, strong and
gravitational forces are mediated by the photon, weak gauge bosons, gluons
and graviton, respectively. The graviton is a postulated particle which has
not yet been seen. Because the gravitational force (or gravity) is significantly
weaker than the other three forces, its mediator is much more difficult to detect.
Every type of particle has a corresponding antiparticle. Some neutral particles
are their own antiparticles. Antiparticles are conventionally denoted by a —.

Many other particles called “hadrons” can be built out of the quarks by
means of two particular combinations. The baryons composed of three quarks
have half-integral spin. The proton and neutron belong to this class. The
mesons composed of a quark and an antiquark have integer spin. The strong
interaction plays a crucial role in binding quarks and gluons together to form
hadrons.

Recently, many theories have linked elementary particles with one of
the grandest questions: how did the universe begin? These theories suggest
that many of the complexities manifest at lower energies would be greatly
simplified at extremely high energy. At such a high energy, the different forces
would be seen as different manifestations of a single universal force. There
is no doubt that these energies prevailed at the time of the “big bang” that
initiated the expansion of the universe [1).

The Standard Model (SM) is a currently accepted theory which success-

fully describes the properties and interactions of the elementary particles. The



successes of the last thirty years in particle physics have been embodied in the
Standard Model, which contains electroweak and strong interactions. In the
1960s, the electroweak theory of Weinberg, Salam and Glashow demonstrated
the unification of electromagnetic and weak forces. The electromagnetic and
weak forces are different manifestations of a single unified force called “elec-
troweak.” The model has passed many stringent experimental tests. In the
1970s, Quantum Chromodynamics (QCD) describing the strong interactions
between quarks and gluons emerged as a mathematically consistent theory. In
the 1980s, trijet phenomena were observed in ete™ collisions, which were the
first apparent signature of gluon’s existence and strong evidence to support
the theory. Quantum Chromodynamics has become one of the cornerstones of

the Standard Model.

In the Standard Model, all known quarks (g)! and leptons (¢)? — each
comes in six “flavors” — are arranged in a three “family” (or “generation”)
structure. The Standard Model is a quantum field theory based on the gauge
symmetry group SU(3)¢ x SU(2) x U(1)y with spontaneous breaking of the
SU(2). x U(1)y symmetry through the Higgs mechanism. The Higgs mecha-
nism invokes a special kind of neutral scalar particle called the “Higgs boson”
(H). The Higgs boson is unlike either a matter particle or a force-carrying
particle. Interaction of the Higgs boson with other particles generates particle
masses. The Higgs bosons give fermions their mass via Yukawa interactions
for which the coupling is proportional to the fermion mass. They couple to the

weak gauge bosons with the normal weak interaction strength providing them

'The quark comes in three colors: red, green and blue.
*The neutrino masses are not yet measured. They are very small. Recently, there is

experimental evidence that they are nonzero.
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with large mass. Before spontaneous symmetry breaking, all the gauge bosons
are massless. When the symmetry is broken through the Higgs mechanism,
the weak gauge bosons become massive. Many extensions of the Standard
Model retain the Higgs mechanism as the primary method for mass genera-
tion, but with more complicated Higgs sectors and more Higgs bosons. The
three interactions arise by requiring invariance under the local gauge trans-
formations described by the group generators. The broken SU(2); x U(1)y
symmetry describes the electromagnetic and weak interactions. The SU(3)¢
symmetry describes the strong interaction. The production cross sections and
decay branching ratios for the various interactions are accurately predicted in
the theory. So far the Standard Model has been in remarkable agreement with

the experimental measurements (2, 3, 4, 5).

In spite of its success, the Standard Model is regarded as merely a
good low energy effective theory, since it builds on many assumptions and
still leaves open many theoretical questions which can be answered only by
the introduction of new physics. Here “low energy” means energies presently
achievable by experiments. First, the Standard Model has nineteen free para-
meters which cannot be predicted from first principles but must be measured
by experiments including the masses of the elementary particles and the cou-
pling strengths of the forces [6, 7, 8, 9]. Second, the gauge symmetry group of
the Standard Model is a direct product of three groups with three independent
coupling constants. It does not explain the three family structure of quarks
and leptons, and the observed pattern of the particle masses. The particle
masses are fixed by arbitrary Yukawa couplings. Third, the Higgs sector, re-
sponsible for the electroweak symmetry breaking and the fermion masses, has

not been verified experimentally and the mass of the Higgs boson is unstable



under higher order corrections involving loop effects in quantum field theory,
even though consistency requires that it should be less than a few TeV. The
Standard Model Lagrangian contains terms that are quadratically divergent
unless unnatural “fine-tuning” takes place. As a consequence, the Standard
Model has a large hierarchy of scales that exists between the mass scale of
the weak interaction, set by the Fermi coupling constant G (or the W mass,
My), and that of gravity, set by Newton’s constant G (or the Planck Mass,
Mp ~ 10" GeV/c?). It is known as “naturalness/hierarchy problem.” Fourth,
the gravitational force is not included in the theory. Fifth, the source of CP
(C: particle-antiparticle exchange symmetry, P: space inversion symmetry) or
time-reversal symmetry violation® — a phenomenon that bears on the apparent
dominance of matter over antimatter in the universe — has not been clarified.
Finally, the Standard Model fails to provide a “cold dark matter” candidate.
All of these facts lead us to believe that there must be a theory beyond the

Standard Model.

There have been various theoretical attempts to solve the problems
of the Standard Model such as quark compositeness, technicolor, left-right
symmetric model, supersymmetric theory (SUSY) and large extra dimensions.
Each of them solves some problems of the Standard Model, and has their own
set of strengths and weaknesses. No experimental evidence for any of them

has been discovered yet.

Supersymmetric theory is a natural extension to the Standard Model. It

provides a solution to the hierarchy problem by proposing a new type of space-

3 After the discovery of large C and P violation in the weak interaction, it appeared that
the product CP was a good symmetry. In 1964, CP violation was observed in K° decays.

Larger CP violation effects are anticipated in B° decays.
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time symmetry called “supersymmetry” between fermions and bosons. All the
Standard Model particles have their own “superpartners” by the theory: every
fermion (boson) has a bosonic (fermionic) superpartner. New scalar particles
cancel the quadratic divergences involving Yukawa interactions without fine-
tuning. The evidence of supersymmetry may be seen in the running of three
gauge coupling constants. Gauge coupling constants extrapolated to very high
energies don’t converge at a single point in the Standard Model, but they
do at a scale (Mgyr ~ 10'® GeV/c?) when supersymmetric Renormalization
Group Equations (RGE) are taken into account. This could be the evidence
of the Grand Unified Theories (GUT), too. Besides, supersymmetric theory
predicted a heavy top quark in the early 1980s, and provided a connection
between the Standard Model forces and gravitational force and a candidate for
the cold dark matter of the universe before astronomy demonstrated the need
for non-baryonic cold dark matter. The Minimal Supersymmetric Standard
Model (MSSM) expands the Standard Model with minimum number of new
particles and interactions while remaining consistent with observation. It has
one hundred and twenty-four free parameters. A series of assumptions can

reduce the number of free parameters to a manageable number.

Supersymmetric theory defines a new multiplicative quantum number
called “R-parity” (R,), which distinguishes Standard Model particles from
their superpartners: Standard Model particles (their superpartners) have even
(odd) R-parity. The Minimal Supersymmetric Standard Model is constructed
to conserve both baryon number (B) and lepton number (L) so that R-parity
Conservation (RPC) is imposed on the couplings. If R-parity is conserved,
superpartners can only be produced in pairs and the Lightest Supersymmetric

Particle (LSP) should be stable to be a candidate of dark matter. However,



the conservation of R-parity is not required by supersymmetric theory or gauge
invariance in general. There is considerable theoretical and phenomenological
interest in studying the implications of R-parity Violation (RPV, J,). In this
alternative scenario, the Lightest Supersymmetric Particle is not stable any
longer and various new decays have to be considered in supersymmetry search.

This analysis poses a search for pair-production and R-parity violating
decays of the lightest scalar top quark (£,), a superpartner of the top quark,
using 106 pb™! of data in proton-antiproton (pp) collision at a center-of-mass
energy (1/s) of 1.8 TeV collected by the Collider Detector at Fermilab (CDF)
in the 1992 — 1995 run of the Tevatron Collider at Fermilab.

This thesis is organized as follows. In this chapter, an overview on the
Standard Model has been given to present the theoretical motivations of this
analysis. Chapter 2 introduces supersymmetric theory with emphasis on the
aspects relevant to this analysis. Chapter 3 outlines this analysis in detail
with the explanation on the technique to determine the mass limit of scalar
top quark through the calibration of the result with an anlysis of Z — 77
events. Chapter 4 summarizes the Fermilab accelerators and CDF detector.
Chapter 5 describes the Monte Carlo simulation for signal and background
modeling. Chapter 6 describes data samples and candidate event selection
cuts. We estimate the efficiencies of those cuts, and signal acceptances. We
summarize the results of data analysis. The background estimation is also
detailed in the same chapter. Chapter 7 describes the systematic uncertainties
from possible sources and determines the total systematic uncertainty of this
analysis. Finally, a 95% C.L. upper limit on 051;1 is derived in Chapter 8. By
comparing the limit to the Next-to-Leading Order (NLO) theoretical calcula-

tions, we set a 95% C.L. lower limit on the mass of scalar top quark.



Chapter 2

Supersymmetric Theory (SUSY)

Supersymmetry is a generalization of the space-time symmetry of quantum
field theory that transforms fermions into bosons and vice versa. In super-
symmetric theory [10, 11], all the Standard Model particles have their own
superpartners and they are combined into a superfield differing by one-half
unit of spin: every fermion (boson) has a spin-0 bosonic (spin-3 fermionic)
superpartner. The name of the scalar partner of a Standard Model fermion
is obtained by putting an “s” in front. The name of the fermionic partner of
a Standard Model boson is obtained by putting an “ino” at the end. Super-
partners are conventionally denoted by a ~. For example, the superpartners
of quarks and leptons are spin-0 bosons: squarks (g), charged sleptons (£)
and sneutrinos (7). Supersymmetry is a hypothetical symmetry to propose
that the basic laws are symmetric under interchanging bosons and fermions
in the appropriate manner. If supersymmetry were an exact symmetry, Stan-
dard Model particles and their superpartners would be degenerate in mass.
However, Standard Model particles don’t have the same mass as their super-

partners. Therefore, supersymmetry cannot be an exact symmetry and must



be broken. It has been shown that mathematically consistent supersymmetric
quantum field theory can be constructed. Supersymmetric theory is considered
to provide solutions on major problems of the Standard Model. It contains
many desirable features. However, the physics of supersymmetry breaking is
not yet understood well: how is supersymmetry broken? This is the essential

question for supersymmetric theory both theoretically and experimentally.

In low energy supersymmetric theories, the scale of supersymmetry
breaking is tied to the electroweak scale characterized by the Standard Model
Higgs vacuum expectation value of v = 2My/ /g = (\/EGF)% = 246 GeV,
where g and Gp denote the running coupling constant for the non-Abelian
SU(2) field and the Fermi coupling constant, respectively. This solves the
hierarchy problem: it is possible that supersymmetry will explain the origin
of the large hierarchy of energy scales from the W mass to the Planck scale.
In supersymmetric theory, we are allowed to introduce widely separate energy
scales such as the weak scale characterized by M)y, the scale of the Grand
Unified Theories and Planck scale without having to worry about quantum
corrections, as long as the mass splitting between Standard Model particles
and their superpartners does not greatly exceed more than 1 TeV. At present,
there is little experimental evidence for low energy supersymmetry. However,
if experimentation at future colliders uncovers evidence for supersymmetry,
this would have a profound effect on the study of TeV-scale physics and the
development of a more fundamental theory of mass and symmetry breaking

phenomena in particle physics.

Currently, we don’t know for sure whether an elementary Higgs boson
does exist. However, supersymmetric theory is still interesting, since it re-

alizes the idea of spontaneous breaking of gauge symmetries in the simplest
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way. While one can speak of supersymmetric theory, where predictions for
measurable quantities in terms of a few as-yet unknown parameters can be
reliably derived, the same cannot be said for models that attempt to make do
without elementary scalars. In supersymmetric theory, the mass of the Higgs
boson is stabilized under higher order corrections because the loops containing
Standard Model particles is partially cancelled by the contributions from loops
containing their superpartners.

If the notion of the Grand Unified Theories is added into the Minimal
Supersymmetric Standard Model, the three gauge couplings unify at a scale,
Mgyr. Measurements of the gauge couplings at the CERN' Large Electron
Positron (LEP) collider and neutral current data are in good agreement with
MSSM-GUT with the supersymmetric scale Msysy < 1 TeV. In addition, the
unification scale in SUSY-GUT is high enough to predict proton decay rate
slower than present experimental limits, as opposed to the non-SUSY-GUT,
where the proton decays too fast.

Supersymmetry would support another even more comprehensive the-
ory called “string theory.” Traditionally, elementary particles have been mod-
eled as points that take up no space at all. This approach leads to some
theoretical problems, since two particles could get extremely close and exert
arbitrarily large forces on each other. String theory solves this problem by
picturing particles as extremely tiny vibrating loops with the details of their
vibrations determining their properties and interactions. This simple idea
leads to a theory that is able to encompass all of the forces of nature including

gravity in a unified and self-consistent manner.

1The European Laboratory for Particle Physics



2.1 The Minimal Supersymmetric Standard Model (MSSM) 11

2.1 The Minimal Supersymmetric Standard Model
(MSSM)

In the Minimal Supersymmetric Standard Model [12, 13, 14, 15|, every fermion
has a bosonic superpartner which has the same quantum numbers as fermion
except for the spin and vice versa. Two Higgs doublets are required to gen-
erate mass for both “up”-type quarks and “down”-type quarks and charged
leptons, which is the minimal structure for the Higgs sector to establish an
anomaly-free theory. Supersymmetry breaking is accomplished by including
the most general renormalizable soft-supersymmetry-breaking terms consistent
with the SU(3) x SU(2) x U(1) gauge symmetry and baryon and lepton num-
ber conservation. These terms parameterize our ignorance of the fundamental
mechanism of supersymmetry breaking.

The parameters of the MSSM are conveniently described by consid-
ering separately the supersymmetry-conserving and supersymmetry-breaking

sectors. The parameters of the supersymmetry-conserving sector consist of:

e gauge couplings: ¢,, ¢ and g¢', corresponding to the Standard Model
gauge group SU(3) x SU(2) x U(1) respectively

e a supersymmetry-conserving Higgs mass parameter: p

e Higgs-fermion Yukawa coupling constants: A\; (f =u, d, e, ¢, s, u, ¢, b, 7),
corresponding to the coupling of quarks, leptons and their superpartners

to the Higgs bosons and higgsinos

The parameters of the supersymmetry-breaking sector consist of:
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e gaugino Majorana masses: Mj, M, and M, associated with the SU(3),

SU(2) and U(1) subgroups of the Standard Model

e scalar squared-mass parameters for the squarks and sleptons: M2, Mg,
M, M} and M} corresponding to the five electroweak gauge multiplets,
which, for example, are superpartners of (u, d)., u%, d%, (v, €7), and e
when only the first genertion is considered. @ and L are the lepton and
quark left-handed doublet superfields, respectively. Namely, £¢, U° and
D¢ are right-handed singlet charge conjugate superfields for the charged

leptons and down-type and up-type quarks, respectively.

e coefficients for Higgs-squark-squark and Higgs-slepton-slepton trilinear

couplings: Ay (called “A-parameters,” f=wu, d, €, ¢, s, u, t, b, 7)

e three scalar Higgs squared-mass parameters: two of them contribute
to the diagonal Higgs squared-masses, given by m? + |u|*> and m3 +
|u|?, and one off-diagonal Higgs squared-mass, m;, = By (called “B-
parameter”). These parameters can be re-expressed in terms of the two
Higgs vacuum expectation values, v, and vy, and one physical Higgs
mass. Here, v, (v,) is the vacuum expectation value of the Higgs field
which couples exclusively to up-type (down-type) quarks and leptons.
It should be noted that v2 4 v3 = (246 GeV)? is fixed by the W mass
and the Fermi coupling constant, while the ratio of two Higgs vacuum

expectation values tan 8 = v,/v, is a free parameter of the model.

The total number of degrees of freedom of the MSSM is quite large
primarily due to the parameters of the soft-supersymmetry-breaking sector.

However, not all these parameters are physical. Some of the MSSM parame-
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ters can be eliminated by expressing interaction eigenstates in terms of the
mass eigenstates, with an appropriate redefinition of the MSSM fields to re-
move unphysical degrees of freedom. The MSSM possesses one hundred and
twenty-four independent parameters. If the nineteen parameters of the Stan-
dard model are excluded, one hundread and five parameters are genuinely new

parameters. The latter include:

e five real parameters and three CP-violating phases in the gaugino/higgsino

sector
e twenty-one squark and slepton masses

e thirty-six new real mixing angles to define the squark and slepton mass

eigenstates

e forty new CP-violating phases that can appear in squark and slepton

interactions

Table 2.1 lists particles predicted by the MSSM. The superpartners
of the right-handed and left-handed fermions are no longer mass eigenstates.
They are mixed to generate mass eigenstates. The mass eigenstate superpart-
ners of the charged bosons are the charginos (¥, i = 1, 2) which are the result
of mixing between wino (W*) and charged higgsino (H *). The mass eigenstate
superpartners of the neutral bosons are the neutralinos (%%, i = 1, 2, 3, 4)

which are the result of mixing among neutral higgsinos (H?, i = 1, 2), zino

(Z) and photino (7).
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Supersymmetric states

Standard Model

Interaction eigenstates

Mass eigenstates

particles
Quarks (spin-1/2) Squarks (spin-0)
u U =
y UR, dR - » UR, dR
d d
L L
c ¢ o -
» CRy SR » CR; SR ql,?
s s
L L
t { y &
’ tRa bR 3 th bR
b
£ L
Leptons (spin-1/2) Sleptons (spin-0)
Ve ) i)e =
» ER » ER
e €
L L
Yy Vy " ~ -
» HR _ » KR 2, V1,2
kL ® g
v, U,
) TR » TR
T T
L F
Gauge bosons & Gauginos & Neutralinos &
Higgs bosons Higgsinos Charginos
v (spin-1) Photino: 4 (spin-1/2)
Z° (spin-1) Zino: Z (spin-1/2) X%.2,3,4
W#* (spin-1) Wino: W# (spin-1/2) {7, Z, H? ,}
g (spin-1) Gluino: g (spin-1/2) s
G (spin-2) Gravitino: G (spin-3/2) (W=, i*}
h, H°, A, H* (spin-0) | Higgsinos: H? ,, H* (spin-1/2)
Table 2.1: Supersymmetric states
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2.2 R-parity (R,)
R-parity is a new discrete multiplicative quantum number defined as
Rp = (—1)3B+L+28 (2.1)

for a particle of spin S, where B and L are baryon and lepton numbers. R-
parity distinguishes SM particles from their superpartners: SM particles have
even R-parity (Rp = +1) and their superpartners have odd R-parity (Rp =
—1). R-parity Conservation (RPC) is imposed on the couplings so that the
MSSM conserves both B and L. RPC implies that superpartners are always
produced in pairs and decay through cascades to SM particles and the Lightest
Supersymmetric Particle (LSP). Also SM particles and their superpartners do
not mix each other. The LSP is expected to be stable and to escape detection
due to its weakly interacting nature. Therefore, the characteristic signature
of the process is appreciable missing energy. Cosmological arguments require
the LSP to be colourless and electrically neutral. Then, the only possible
candidates are the lightest neutralino, sneutrino and gravitino. The lightest
neutralino (xJ) is often treated as the LSP in RPC models. It is necessary to
decide which will be the LSP in RPC models, since all the others will decay
into it. It is also technically possible to construct a theory where the LSP is
not absolutely stable.

The LSP behaves differently from baryons. Because their interactions
are typically electroweak with low energy cross sections in the 10738 cm? range,
they would not undergo nuclear reactions and form luminous stars. They would
have normal gravitational interactions so they would concentrate near galaxies.
But because their interactions are so weak they would not lose energy easily,

they would be spread out in spherical halos. They therefore could constitute
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cold dark matter. It is exciting that in recent years astronomers have found
evidence from the behavior of galaxies contain several times more matter than
the amount we can see in the form of stars. Such matter must be a new form of
weakly interacting particle, and that is a possible interpretation of the data. In
addition, if it is believed that the universe is flat and just closed, considerable
matter is required that cannot be in the form of baryons. Therefore, the dark
matter is one of the strong motivation for supersymmetric theory.

RPC was introduced to conserve B and L as global symmetry, otherwise
R-parity Violation (RPV, R,) [16, 17] is allowed by supersymmetric theory and
gauge invariance. Indeed, RPC is arbitrary and there is no a priori motivation
for it. Viable RPV models which are compatible with existing experimental
constraints can be constructed. RPV couplings affect SUSY phenomenology:
(1) B or L violating processes such as the production of single superpartners
and the direct decay of superpartners to SM particles are allowed. (2) The
LSP is not stable any longer and might decay to SM particles within a detec-
tor. Consequently the experimental signatures differ very much from the large
missing energy signatures of RPC models. (3) Because the LSP is unstable, it
can be charged or colored. It can not explain cold dark matter.

In RPV Models, the superpotential could be given by
W = Wyssm + WRP, (2.2)

where Wyssas is the superpotential term of the MSSM which conserves R-
parity and Wﬂp is the superpotential term which violates it. Wjyssgsas is given

by
Wussm = Eijuﬁﬂﬁg + €; [ALI?:;[:J'EC + A\pHiQiDe + ,\Uﬁ;Qi(ﬁ] . (2.3)

where i and j are the SU(2) indices; u is the Higgs mass parameter; and f{u(d)
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stands for the Higgs doublet; L and Q are the left-handed doublets of leptons
and quarks, while E¢, D¢ and Uc are the right-handed singlets of charged
leptons, down-type and up-type quarks, respectively. The A parameters could
be matrices which mix the interaction of the three generations.

Iflf'ﬁp consists of two-types of R-parity violating terms. One includes the
explicit R-parity violation resulting from the Trilinear RPV (TRPV) couplings
and the other includes the spontaneous R-parity violation resulting from the

Bilinear RPV (BRPV) couplings. In other words, Wﬁ’,, is written by
Wﬁp = Wrrev + Warpv (2.4)

where Wrgpy and Wggpy represent the superpotentials for the trilinear and

bilinear R, couplings, respectively. Wrgpy is given by
Wrrpy = & [,\,-j,cIZfIZJ‘Eck + A LiQID* + /\;’J.,:("J“i)"jb”‘] , (2.5)

and Wggpy is given by

WBR.PV = El’jeiflng- (26)

In the TRPV framework [18], L violation is induced by the A;;; and
Aijx terms, while B violation is induced by the )\;j; terms. The ), are non-
vanishing if ¢ < j so that at least two different generations are coupled in
the purely leptonic vertices. The JA;j; is antisymmetric under the interchange
of the first two indices. The X are non-vanishing for j < k. The /\;:.,-k is
antisymmetric under the interchange of the last two indices. There are nine
A couplings for the triple lepton vertices, twenty-seven X' couplings for the
lepton-quark-quark vertices and nine A" couplings for the triple quark vertices.

Therefore, the TRPV involves forty-five new free parameters in total. The

simultaneous presence of the last two terms leads to rapid squark-mediated
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proton decay at tree level and the solution of this problem is not unique. A
number of RPV models predict only a subset of the terms in the formula, thus
protecting the proton decay. When the analysis results are translated into
limits, it is also assumed that the couplings are significant for only one choice
of i, j and k. The derived limits correspond to the most conservative choice
of the coupling. Another solution of this problem is to exclude all terms by
imposing RPC. The interactions corresponding to the Wrgpy are assumed to

respect the gauge symmetry SU(3)c x SU(2);, x U(1)y of the SM.

The pair-production and decay via TRPV couplings of scalar fermions
are summarized in Table 2.2 with final state topologies. Even though Table 2.2
shows only the pair-production of different scglar fermions, superpartners can
also be singly produced since pair-production is not required in RPV models.
The particles resulting from the neutralino decay are put in parentheses. Often
the scalar particle decay modes are classified according to their topologies: all
decays toward the LSP, the neutralino, via a gauge interaction with subsequent
decay of the LSP via an RPV interaction are referred to as “indirect decay”
modes. The others correspond to “direct decay” modes to SM particles via an

RPYV interaction.

In the BRPV framework [19], the R-parity is spontaneously broken
through the Vacuum Expectation Values (VEV) of the right-handed sneutrinos
(°) = vg # 0. The ¢; parameters violate L in the i-th generation. The
€3 induces a nonzero VEV of the left-handed tau neutrinos (7,) = wv;/ V2
and violates tau-lepton number. v; contributes to the W mass according to
M3 = 1g?(v2+v2+v?). In this framework, charginos mix with charged leptons,
neutralinos mix with neutrinos and charged sleptons mix with charged Higgs

bosons.



2.2 R-parity (R))

19

Pair-production and decay of scalar fermions | Coupling | Topology
&0 > vt A 2 + Fr
b — wxivx) — vl v(veter) A 40 + Fr
b — et ete A 4¢
U0 = Q000 o eH(wete)e (veter) A 6¢ + Fr
4 etge q Al 2e + 2 jets
it — utquq N 2u+ 2 jets
hi, - tterg X 27 + 2 jets
7 = %) = 71 (lgq) T (Lqq) by T+ jets
777 = ) — 1 (vgq)T (fgq) XN T+ jets
77 = i = 7 (vgg)T (vgq) N T+ jets
P o o000 o 0+ (eqq)e(fgq) N £+ jets
e = o0 > t*(vqq)t (£qq) by £+ jets
U6 = 0003 - £ (vgg)l (vqq) N e+ jets
o = vxwx) — v(veq)v(vqq) N 4 jets +Fr
vy = qqqq A 4 jets
AN q9qq N 4 jets
44 — 9999 A 4 jets

fermions including the couplings and corresponding topologies [30, 31]

Table 2.2: List of pair-production and decay mechanism of different scalar
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RPV models have recently attracted considerable theoretical and phe-
nomenological interest. The branching ratios of some of the RPV decay modes
can be comparable or even larger than RPC modes. For example, this could be

the case for the scalar top quark decay modes to the third generation fermions.



Chapter 3

Pair-production of Scalar Top
Quarks Decaying via R-parity

Violation in pp Collisions

In this chapter, the basic concepts and main idea of the analysis — Search
for Pair-production of Scalar Top Quarks Decaying via R-parity Violation in
pp Collisions at /s = 1.8 TeV — are outlined in detail. Section 3.1 explains
the reasons why scalar top quark searches are so interesting in supersymimnetry
search. Section 3.2 shows the pair-production cross section of scalar top quarks
at the Tevatron. Section 3.3 describes the decays of scalar top quarks via R,
couplings and the most recent and competing results from similar searches.
Section 3.4 shows the strategy of this analysis. In the case of no discovery, it

explains our technique to determine the mass limit of scalar top quark.
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3.1 Scalar Top Quark

Scalar top (“stop,” #) quark physics is a very interesting part of SUSY phe-
nomenology, since the lightest scalar top quark might be the lightest charged
SUSY particle and potentially lighter than the top quark due to the following
two reasons: (1) The large top Yukawa coupling leads to reduced soft SUSY
breaking masses compared to the first two generation in GUT models, and (2)
The off-diagonal elements of scalar top quark mass matrix are proportional
to the top quark mass leading to a strong mixing and a large mass splitting

between the mass eigenstates ; and , (Mt~ < Mf )
1 2

The mass matrix M of the scalar top quark is

A2 Mt?L + M7 + M% cos28(3 — 2 sin? 0w ) M, (A¢ — p cot 5)

M;: =

t M, (Aq — p cotB) M’:2 + M2+ M2 cos2ﬁ(§ sin? Oy )
R

(3.1)
where the angle )y is the weak mixing angle (or Weinberg angle). The mass
matrix eigenvalues are

Mtgm =4 (MtEL + MtzR )+ 3 M3 cos28+ M?
+ ([3 (MtgL - Mtgﬂ) + M? cos2B(% — 2 sin?0y))? + M? (4, — p cot B)%)V/2.

(3.2)

The mass eigenstates are

L, = ZL cosfrp — fR sin 6 g, (3.3)

tg = El. sinHLR + t-R COSgLR,

where the angle 6,5 is a new real mixing angle to relate the scalar top quark

mass eigenstates to the interaction eigenstates.
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3.2 Pair-production Cross Section

At the Tevatron, scalar top quarks are pair-produced via gg fusion and qg
annihilation. These are RPC processes. Figure 3.1 shows the dominant flil
production mechanism at the Tevatron. Figure 3.2 shows the pair-production
cross section of the lightest scalar top quarks at the Tevatron calculated in the
Leading Order (LO) and Next-to-Leading Order (NLQO) using PROSPINO!
program with CTEQ4L and CTEQ4M Parton Distribution Functions (PDF),
respectively [20, 21, 22, 53]. We provide input parameters for the program such
as masses of the squarks, gluino and top quark: 500, 284 and 175 GeV/c?. The
values of the input parameters are identical to those used for signal Monte
Carlo generation. The default scale for renormalization and factorization is
Mfl and theoretical uncertainty due to the scale has been estimated by moving

the scale by a factor of two up and down.

3.3 Decays via R-parity Violating Couplings

This analysis assumes that the lightest scalar top quarks are pair-produced by
a RPC coupling in pp collisions at /s = 1.8 TeV; and, each scalar top quark
decays into a tau lepton and a bottom quark via nonzero A3 [23, 24, 25] and
€3 couplings:

iy, >7+b (Channel 1)

The branching ratio of this channel will be 100 % in both TRPV and BRPV
frameworks, if the scalar top quark is the LSP. If the LSP is the lightest

'A program for the PROduction of Supersymmetric Particles In Next-to-leading Order
QCD
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Figure 3.1: Feynman diagrams for the dominant Zli] production mechanisms

at the Tevatron
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Figure 3.2: The pair-production cross section of the lightest scalar top quarks

at the Tevatron
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M{l (GeV/c®) || oro (pbr) onco (pb)
60 134.10 193.20
70 61.09 86.51
80 30.52 42.84
90 16.45 22.50
100 9.38 12.63
110 5.63 7.33
120 3.50 4.45
130 2.25 2.80
140 1.47 1.81

Table 3.1: The pair-production cross section of the lightest scalar top quarks
at the Tevatron from the LO and NLO QCD calculations. The renormalization

and factorization scales used in the calculation are Q = Mi y
1
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neutralino with the Next Lightest Supersymmetric Particle (NLSP) being the
scalar top quark, the scalar top quark can decay into x} and a charm quark

via the following R-parity conserving process:
t o> x)+e (Channel 2)

However, if |e;] and |v;| are below a GeV, it is possible that the decay mode of
the scalar top quark shown in Channel 1 is dominant in the BRPV even when
the LSP is x%. Therefore, the Channel 1 is important for a signature of the
R-parity violation. However, one more assumption is required to validate our
analysis: those couplings should be strong enough for the scalar top quarks to
decay promptly inside our detector.

The experimental signature is two tau leptons and two b quark jets.
This topology is identical to that of the CDF third-generation leptoquark
(LQ3) search. When the direct decays of scalar quarks are dominant, the
signature is identical to leptoquark production [26].

Events are inclusively selected by requiring at least a central muon (u)
from 7 = pv,v,, a hadronically decaying tau (7;,) lepton and two jets. The
muon is our trigger particle. The tau branching ratio to a muon and neutrinos
is approximately 18% and to hadrons is approximately 64% (“1-prong”: 50%,
“3-prong”: 14%) [6]. It is possible that one of taus decays into an electron and
neutrinos and the other tau decays hadronically. An analysis in CDF using
electron as trigger particle instead of muon has been performed concurrently
with this analysis [27]. In both analyses, it is not necessary to require b-tag
for any of jets with current luminosity. No candidate events are observed after
the requirement of two or more jets We combine two results to set a complete

limit in Chapter 8 [29).
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PP o bl +X = (70 (b +X o plore)m,bb+X

Table 3.2: Experimental signature for candidate event selection

Figure 3.3: Experimental signature
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Collaborations at LEP have published similar searches. The OPAL
Collaboration has accomplished the searches on the basis of an integrated
luminosity of 56 pb™' gathered at \/s = 183 GeV in the middle of the LEP2
period, in 1997. For the case of scalar top quark searches in LEP, the mass
limit depends on the value of the mixing angle in the scalar top quark sector,
0.k in Equation 3.3, which controls the coupling of the scalar top quark to the
Z boson. This coupling is largest for a pure left-handed scalar top quark with
“null mixing angle” and vanishes for a value of the mixing angle close to 0.98
radians, the “full mixing angle.” They set a 95% C.L. lower limit of the scalar
top quark mass at 81 GeV/c? for null mixing angle and 73 GeV/c? for full
mixing angle with two tau leptons plus two jet topology under the assumption
of significant A5 (k = 1, 2, 3). Figure 3.4 shows the Feynman diagrams of
those decays [30]. The most recent and competing results on the lower limit of
the scalar top quark mass with same signature come from ALEPH experiment.
They use 410 pb™! of data collected in 1998 — 1999 at /s = 189 — 202 GeV.
They set a 95% C.L. lower limit of the pure left-handed scalar top quark mass
at 93 GeV/c? with ete™ = 4,1, — 77 +2 jet topology under the assumption

of non-negligible A3 (k =1, 2, 3) couplings [31].
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Figure 3.4: Feynman diagrams of the scalar top quark decays via R, A3z

couplings, where k =1, 2, 3
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3.4 Technique to Determine Mass Limit of Scalar

Top Quark

We have taken known effects such as trigger, muon identification and muon
isolation efficiencies into account for Monte Carlo (MC) corrections, and they
are well known on the basis of several studies in CDF [32, 33, 34, 35, 36, 37, 39,
38]. It will be described more in Section 5.3. However, the tau identification
efficiency and the geometrical acceptance of tau are not so well known and
are difficult to estimate. To get around this difficulty, we “calibrate” our
simulation by tuning a related process to match the data. We use Z — 77
which is the same as scalar top quark signature except for two b quark jets.
There are also some kinematic differencies. Using this method, we can estimate
and reduce unknown effects related with muons and hadronic taus. Therefore,
we simultaneously study Z — 77 and flil — 777 bb processes, and reduce or
cancel some of our systematic uncertainties.

Here is the method. We assume that one of two taus decays leptonically
to a muon and neutrinos and the other decays hadronically to pions. First,
we constitute “baseline samples” based on the events including a muon and a
hadronic tau: p+ 7, pair. These samples are prerequisite for the two analyses,
since both processes include two taus and the taus will be identified in the
same way. We lower thresholds for object selection as much as we can to
increase signal acceptance considering the fact that the muon from 7 — py,v;
has relatively lower py. We keep both Opposite Sign (OS) and Like Sign (LS)
p~+7y, pairs in our baseline samples. The signal u+7, pairs always have OS. We
use the LS samples to estimate QCD backgrounds. This will be explained more

in Section 5.1. Second, we separately devise additional cuts to reject major
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backgrounds and ensure the purity of samples in both analyses, which will be
explained in detail in Sections 6.3 and 6.4. Third, we estimate acceptances and
select cadidate events in the data for both processes. Finally, we obtain the
production cross section of 51?1 through the calibration with Z — 77 events.
The “master” formula is introduced here. The number of Z events
expected from the simulation including the correction factor for hadronic tau

1s:

MC obs BG
NZ = NZ _NZ

= 0z-B(Z—17)- [Ldt-B(rT = p+ hadrons + X) -Az (3.4)
Bar,

where, N2*, N2G and NYC are the numbers of candidates from the data,
expected backgrounds and expected signals, respectively. oz represents the
inclusive production cross section of Z bosons. B(Z — 77) stands for the
branching ratio of Z — 77. [ L dt refers to the integrated luminosity. B,;, is

the branching ratio of tau decays, which is calculated as follows:

B

I

2 x B(t = uvw) - B(t — hadrons + v)

HKTh

~ 2x0.18x0.64=023. (3.5)

Az is the acceptance for Z — 77 events and written as follows:
Az =AYC - "™, (3.6)

where AYC is the MC acceptance for Z — 77 calculated on the basis of
event counting and e? is the trigger efficiency. f* = f%  noun  fin * fiso
and f™ are the MC correction factors for muon and hadronic tau, where ff,
and ffgo correct the identification and isolation efficiencies of muon. A factor,

It can be assumed to correct all unknown effects related with muon. See

unknown’
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Section 5.3 for ff,, and flso. Therefore, the correction factor to MC events

for variables whose effects are unknown can be determined as:

1 T Néwc
wnknown " [ = oz -B(Z > 717)- fﬁ dt- By, - A¥C - fip - fiso

(3.7)

The signature of fli"l is a muon, a hadronic tau and two jets. Therefore, we
expect the difference between the data and simulated efficiencies for the t-li-l
analysis will be similar to Z — 77. We need to include the correction factor
for hadronic tau for the acceptance estimation. Assuming f* and f™ for 51?1
are the same values as those for Z — 77, the number of events expected from

MC for t-li—l is written as follows:

NME _— N . NBG
tltl tltl tltl
=0,z -(B(ty > 7h))?- [Ldt-B,, - A: =
tltl tltl
=o0;= - (B, 2> 70))?- [Ldt-B,, - AMS . 7L . fr. ™ (3.8)
L1, Lty 4ty

where, Ni’bi. ; Nt?% and Ntf”zf" are the numbers of candidates from the data,
-4, 1¢1 1¢1 —
expected backgrounds and expected signals for ¢;¢, production, respectively.

Ufz is the production cross section of ZIZ'I. (B(Z1 —y T*b))2 represents the

1v1 _ : )

branching ratio of £, — 7+77bb. A; = is the acceptance for tyt, — 7T bb,
1t

while A"."%' denotes the MC acceptance for 51?1 — 7r77bb calculated on the
1h
basis of event counting. €% is the trigger efficiency. Therefore, the pair-

141
production cross section of the lightest scalar top quark can be determined by

the combination of Equations (3.4) and (3.8) as follows:

Nob B
0= = « (B, = 7+B))? 1t ht
th} ( ( 1 T )) fﬁdt . B#-,—h 4
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Neb - NBG
_ thity tity
e (Y
tltl tltl Oz B(Z—) TT) _A%dC_EtZTy
N%: . NPE ”
_ t'ltl tltl A%{C ) ELZg B . B(Z =5 ) . R(O _ et) (3 g)
- Nobs _ BG : AMC _Etfg oz TE J )
Nz z SZ e
t]_tl tltl

The production cross section times branching ratio, oz - B(Z — 77), is taken
from the CDF measurement of Z — e*e™ [40]. However, we use only Z(—
77)+ 0-jet events for calibration so we have to multiply the ratio of 0-jet
events, R(0 — jet), which is taken from the CDF measurement based on the

Z(— ee)+ > n-jet events [41] at the end. R(0 — jet) is given as follows:

R(0— jet) = R(>0jet) — R(>1 jet)
oz(>1 jet)
~ 0z(> 0 jet)
= 0.8040 % 0.0065 (stat+sys) £ 0.0238 (Jet Def.). (3.10)

We assume o - B(Z — ee) = 0 - B(Z — ppu) = o - B(Z — 77) by lepton
universality.

This method provides more merits. First, it cancels several parameters
mentioned above: f L dt and B,;, . Second, it reduces systematic uncertainties
from muon and hadronic tau. The demerit of this method is to invlove large
uncertainty from the statistical error of Z — 77 data. See Chapter 7, especially
Section 7.2. In spite of various merits, this statistical component is quite crucial

to the calculation of our limit. The limit is set in Section 8.2.




Chapter 4

The Experimental Apparatus

In quantum mechanics, particles have wave-like properties and the wavelength
of a particle is inversely proportional to its momentum. As the momentum
of a particle increases, its wavelength decreases. This is the reason why high-
energy particle beams are required to probe small distances. The high-energy
particle beams can be produced by particle accelerators. A “collider,” a special
kind of accelerator configuration in which particle beams are directed at each
other to produce head-on collisions, provides the most efficient mechanism for
translating beam energy into collision energy. High-energy collisions generate
a vast profusion of particles. To separate out the interesting events requires
complex systems of detectors to trace the paths of the particles, using high-
speed electronics to evaluate the events in real time. The processing power
of the electronics used to untangle the data from the detectors compares with
the capabilities of the fastest supercomputers. After reconstruction of events,
each event can be interpreted in terms of the underlying physical processes
involved. Therefore, accelerators and detectors are two important tools used

in particle physics experiments [1].
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The data used for this analysis were collected by the Collider Detector
at Fermilab (CDF), while the collisions were produced by the Tevatron proton-
antiproton (pp) collider at Fermi National Accelerator Laboratory (Fermilab).
At Fermilab, protons and antiprotons are accelerated to 900 GeV by a series of
accelerators. The principal accelerator, called the “Tevatron,” is a synchrotron.
A synchrotron is a circular accelerator that uses magnets to confine electrically
charged particles in a circular path so that they experience the repeated ac-
celeration by electric fields during each revolution. Because the recirculation
circle is fixed in a synchrotron, the confining magnetic field should be increased
in proportional to the beam energy. Thus, the maximum energy attainable in
a synchrotron is limited by the maximum strength of the magnets. After all,
the energy could be increased more in a synchrotron by applying electric fields
over many revolutions, only when the product of the confining magnetic field
and accelerator radius is big enough to keep the particle beam circulating at
the highest energy. The Tevatron uses superconducting magnets and Radio
Frequency (RF) cavities to accelerate protons and antiprotons close to the
speed of light, and brings them into head-on collisions at \/s = 1.8 TeV. The
particles are accelerated by RF cavities in which a RF wave is injected. The
part of this wave closest to the beam has an electric field aligned so that the
charged particle gets a boost in the right direction at that time. At room
temperature, the average proton energy is ~ 116 eV, significantly less than the
final energy. Thus, the protons must be accelerated to roughly 0.99944 c. In-
side of the Tevatron, protons and antiprotons travel in oppsite directions. The
collisions take place inside two collider detectors, the CDF and D@ detector,
on the Tevatron ring. The CDF is general purpose solenoidal detector for the

study of hadron collisions.



4.1 The Fermilab Accelerators 37

In Section 4.1, a brief description of particle acceleration at Fermilab
is given [42]. In the following section, an overview on the CDF detector and
its trigger system [43] is continued. The CDF detector has been described in

detail elsewhere [44].

4.1 The Fermilab Accelerators

The acceleration of particles is accomplished by a series of accelerators: the
Cockeroft-Walton Preaccelerator, Linac, Booster, Main Ring and Tevatron.
The accelerators can be operated in fixed target and colliding beam modes.
Figure 4.1 shows the general layout of the accelerators.

The beam of particles begin as negative hydrogen ions in the Cockcroft-
Walton Preaccelerator. Inside this device, electrons are added to hydrogen
atoms. The resulting negative ions, each consisting of two electrons and one
proton, are accelerated to an energy of 750 keV.

The negative hydrogen ions enter a linear accelerator called the Linac.
The Linac accelerates negative hydrogen ions from 750 keV to 400 MeV before
injecting them into the Booster. The Linac consists of several tanks filled with
small tubes, called “drift tubes,” spaced further and further apart. An electric
field is applied to the tubes repeatedly reversing in direction. The particles
travel through the drift tubes, hiding in them when the electric field is in a
direction that would slow them down and emerging into the gaps between the
drift tubes when the field is in the direction to speed them up. The total length
of the Linac is approximately 150 m. Before entering the Booster, the negative
hydrogen ions pass through a carbon foil which removes the electrons, leaving

only the protons.
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Figure 4.1: A schematic view of the Fermilab accelerators
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The Booster is a synchrotron 475 m in circumference. The protons
travel around the Booster about 20,000 times and are accelerated to 8 GeV
through RF cavities. The Booster normally cycles twelve times in rapid suc-
cession, loading twelve pulses (or bunches of protons) into the Main Ring.

The Main Ring' is another synchrotron 6.3 km in circumference. A
tunnel 3 m in diameter, buried 6 m underground, it houses 1,000 conventional,
copper-coiled magnets which continuously bend and focus the protons. The
Main Ring accelerates protons to 150 GeV.

The same tunnel that houses the Main Ring contains the 1,000 super-
conducting magnets which comprise the rapid cycling synchrotron known as
the Tevatron? because of its ability to accelerate protons to nearly 1 TeV.
The superconducting magnets form a ring directly below the Main Ring and
operate in the temperature range of liquid helium (5.37 K). Superconducting
magnets produce a larger magnetic field at a lower operting cost than conven-
tional magnets. The Tevatron accelerates protons close to the speed of light.
In fixed target mode, the proton beam is extracted and sent down the fixed
target beamline to the experimental areas.

Some of the experiments at Fermilab are performed by colliding a beam
of protons with a beam of antiprotons. To produce the antiprotons, the pro-
tons are first accelerated to an energy of 120 GeV in the Main Ring, then
extracted, transported to a target area, and focused on target consisting of

nickel. The collisions in the target produce a wide range of secondary particles

'During the next run (Run II) which will start in early 2001, the Main Ring will be

replaced by Main Injector (MI). See Appendix A
*The Tevatron is the highest-energy accelerator today and will remain so until the Large

Hadron Collider (LHC) era. The discovery of the top quark at Fermilab demonstrates its

power to explore physics and its capabilities will be considerably enhanced with the ML
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including many antiprotons. The antiprotons selected using a magnetic field
are transported to the Debuncher Ring where their momentum spread is
reduced by a process known as “stochastic cooling.” Subsequently, they are
stored in the Accumulator Ring. When a sufficient number of antiprotons,
typically 5 x 10", has been produced, they are reinjected into the Main Ring
traveling in an opposite direction from the protons. Finally, they pass into
the Tevatron where they are accelerated to 900 GeV simutaneously with a
countercirculating beam of protons. The protons and antiprotons collide at a
combined energy of 1.8 TeV inside two detectors named “CDF” and “D@.”
When the Tevatron is operating in colliding beam mode, six bunches
of protons collide with six bunches of antiprotons in the CDF detector. Each
proton bunch contains about 2 x 10'! protons and travels clockwise along the
ring. Each antiproton bunch contains about 6 x 10'® antiprotons and travels
counter-clockwise. Special magnets called “low beta quadrupoles” focus the
beam spot to about 60 pm across to increase the probability of a collision.
These crossings occur every 3.5 us to produce an instantaneous luminosity (£)

“257! where £ is defined to be the interaction cross

on the order of 10*' ¢cm
section (o) times the number of particles (N). The longitudinal interaction
region of the beam is about 30 cm.

Secondary
Particles Dipole Magnet

. === Beam
Lithium Dump
Lens

Incoming
Protons

Figure 4.2: Diagram showing the production of antiprotons
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4.2 The Collider Detector at Fermilab (CDF)

The Collider Detector at Fermilab (CDF) is a general purpose solenoidal de-
tector designed to study pp collisions at /s = 1.8 TeV. The CDF measures
the energy and momentum, and identifies particles over as large a fraction of
the solid angle as possible by surrounding the interaction region with layers of
different detector components. Several detector components are designed for
distinct tasks. Starting at the interaction point, particles encounter the beam
pipe, tracking system, calorimetry and muon detectors, in sequence. Because
of the natural phase space for energetic hadron collisions described by rapidity,
transverse momentum and azimuthal angle, detector components are almost
cylindrically symmetric with respect to the beamline and uniformly segmented

in azimuth (¢) and pseudo-rapidity (7).

The CDF consists of the movable central detector which has polar
angle coverage 10° < 6 < 170° and is made up of the solenoidal magnet, steel
yoke, tracking system, electromagnetic and hadronic calorimeters and muon
detectors, and two symmetrical forward/backward detectors which has
polar angle coverage 6 < 10° /6 > 170° and is made up of the Beam-Beam
Counters (BBC), electromagnetic and hadronic calorimeters and muon toroidal

spectrometers. Figure 4.3 shows an isometric view of the CDF detector.

Figure 4.4 shows one quarter of a CDF elevation view with coordinate
system definition. The CDF uses a right-handed coordinate system where the
z-axis is aligned along the proton direction at the interaction point, the z-
axis points away from the center of the Tevatron ring, which leaves the y-axis
pointing up out of the ground. We assume the nominal interaction point to

be at the center of the detector. The polar angle () and azimuthal angle (¢)
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Figure 4.3: Isometric view of the CDF with a quadrant cut away to show the

tracking system

are measured from the z-axis and the z-axis respectively, while the cylindrical
radius (r) measures the perpendicular distance from the beamline. Transverse

quantities like pr and Er refer to as “projections” in the r—¢ plane.
pr = p X sinf, Ex = E x sin 0 (4.1)

For particles with momenta large compared to their masses such as electrons
and muons at the Tevatron, the pr and E7 are nearly identical. However, pr
refers to momentum measured in the Central Tracking Chamber (CTC) and
Er refers to energy measured in the calorimeters. Finally, pseudo-rapidity is

defined as

n = —In tan (g) (4.2)

Pseudo-rapidity is a convenient variable to express angle with respect to the
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beam, since it is independent of mass unlike rapidity (y). For massless particle,
pseudo-rapidity is equal to rapidity. In minimum bias events, the average

number of particles per unit pseudo-rapidity is appoximately constant.
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CEM ces cPr
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INTERACTION REGION

Figure 4.4: Quarter section of the CDF with coordinate system definition

The central detector includes the calorimeter endplugs which form the
pole pieces for the solenoidal magnet and have polar angle coverage 10° < 8 <
30° and 150° < # < 170°. The steel yoke forms a large box 9.4 m high by 7.6 m
wide by 7.3 m long. The superconducting coil and the endplugs are supported
by the yoke. The whole yoke assembly rolls from its garaged position in the
CDF assembly building to its position in the Tevatron beamline. The 31.4 m
move takes one day. At angles less than 10° to either the proton or antiproton
beam, particles produced at the interaction point exit the conical holes in the

endplugs and strike either the forward or backward calorimeters. On each
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end the calorimeter are followed by two 7.6 m diameter steel toroidal magnets
used as muon spectrometers. The BBC, a single plane of scintillator at the
front face of the calorimeter in the forward and backward detectors, provide a
minimum bias trigger and luminosity monitor.

Event analysis is based on precise charged particle tracking, magnetic
momentum analysis, fine grained projective calorimetry and fine grained muon
detection. Charged particle momenta are analyzed in a 1.4 T solenoidal mag-
netic field generated by a superconducting coil. The tracking system measures
particle momenta with a resolution better than dpy/pr? = 2x 1073 (GeV/c) ™!
in the region 40° < f < 140°, and dpr/pr® = 4 x 10™* (GeV/c)™! for
21° < 8 < 40° and 140° < @ < 159°. The calorimetry has polar angle coverage
from 2° to 178° and full azimuthal coverage, consists of electromagnetic and
hadronic calorimeters, and is segmented into about 5000 solid angle elements
called “projective towers.” It measures the energy of electrons, photons and
jets. A muon is identified by drift chambers in the region 56° < 8 < 124° and
by either forward or backward toroid system in the range 3° < § < 16° and
164° < 6 < 177°. Isolated high momentum muons can be identified in the
intermediate angular range by a comparison of the tracking and calorimetry -
information in many cases.

The three most relevant detector components for this analysis are the
tracking system, calorimetry and muon detectors. The following subsections
briefly describe these detector components with particular emphasis on geo-

metrical coverage which have a direct bearing on physics results.
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4.2.1 The Tracking System

The trajectories of the charged particles are reconstructed in three dimensions
and their momenta are precisely measured using the tracking system. The
tracking system overlaps the calorimeter acceptance. The tracking system con-
sists of the Silicon VerteX detector (SVX), Vertex Time Projection Chambers
(VTPC or VTX), Central Tracking Chamber (CTC) and Central Drift Tubes
(CDT). All four sub-systems are immersed in a uniform 1.4 T magnetic field.
The field is produced by a 3 m diameter 5 m long superconducting solenoidal
coil. The coil is made of 1164 turns of an aluminum stabilized NbTi/Cu su-
perconductor, fabricated by the Extrusion with Front Tension (EFT) method
in which high purity aluminum is friction welded to the superconducting wire
during the extrusion process. The overall radial thickness of the solenoid is

0.85 radiation lengths.

The SVX, the innermost tracking system surrounding the beryllium
beampipe of 1.9 cm radius, is used to determine the momenta of charged
particles in conjunction with the CTC and to reconstruct vertices displaced
from the primary interaction. These secondary vertices result from b or ¢
quark decays. Originally the SVX was installed in the CDF detector in 1992
and was replaced by new radiation hard silicon vertex detector, the SVX',
in 1993. The SVX' has several improvements over the original SVX, such as

better signal-to-noise and higher efficiency.

The SVX' modules (or barrels) consist of four concentric layers of sili-
con microstrip detectors segmented into twelve 30° wedges according to ¢ and
numbered from 0 to 3 in increasing radius. Two such modules are aligned along

the beam direction with a gap of 2.15 cm at z = 0. The total active length
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of the SVX' is 51.1 cm which results in a geometrical acceptance of ~ 60%
of the pp interaction vertices, since true interaction vertices are spread along
the beamline by a Gaussian distribution centered on z = 0 with ¢ = 30 cm.
The basic detector element is called a “ladder” and there are total 96 (= 12
wedges x 4 layers x 2 modules) ladders in the complete detector. The ad-
jacent ladders overlap each other slightly to ensure that the SVX' provides
complete coverage in ¢. The inner and outer radii of the module are 2.86 cm
and 7.87 cm, respectively. The layer 0 is closer to the beamline than the SVX
by ~ .14 cm and the ladders in layer 0 have an additional 1° rotation along
their longitudinal axis. There is 0.17° (0.24 strip) overlap between the adja-
cent layer 0 ladders at the edges in the SVX' compared to 1.26° gap in the
SVX. A ladder has three AC coupled, single-sided silicon microstrip detectors
microbonded together. Axial microstrips with 60 um pitch on the three inner-
most layers and 55 pum pitch on the outermost layer provide precision track
reconstruction in the plane transverse to the beam. The readout end of the
ladder is microbonded to the front end chips. The SVX and SVX' have a total
of 46080 readout channels. Figure 4.5 and Figure 4.6 show schematic drawings

of one of the SVX' modules and the SVX’ ladders.

The SVX' is an AC-coupled detector with a radiation hard front-end
readout circuit, SVX IC Rev. H3 (noisy but radiation hard, henceforth SVXH3
chip), so that radiation induced leakage currents will not saturate the input of
preamps. SVXH3 was fabricated in 1.2 um CMOS technology and the CMOS
process was radiation hard. It is expected to have a radiation tolerance in
excess of 1 Mrad. This chip has 30 (40)% more gain than the chip used for the
SVX. Typical gains are around 21 mV /{C at the input capacitance typical of

our detectors, which is ~ 30 pF for a full strip length of 25.5 cm. The SvX’
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Figure 4.5: Schematic drawing of one of the SVX' modules (barrels). Two
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Figure 4.6: Schematic drawing of one of the SVX' ladders
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has lower noise due mostly to the AC coupling. The SVX was a DC-coupled
detector with SVX IC Rev. D (less noisy but radiation soft, henceforth SVXD
chip) and in order to get rid of the baseline shift due to the varying strip to strip
leakage currents which would also be integrated during the sampling time it
had to be operated in quadruple sample & hold mode. In this mode the charge
is integrated twice, once “on beam” and once “off beam,” and the difference of
these integration gives the signal. In case of the AC coupled detectors like the
SVX', to maximize the advantages of them that the leakage current will not
be seen by the readout electronics, double sample & hold mode with only one
charge integration (“on beam”) can be used so the noise is lower by a factor
v/2 compared to the SVX.

The average spatial resolutions are 13 pm for the SVX and 11.6 um for
the SVX'. The impact parameter resolutions for the high transverse momen-
tum track are 17 pm for the SVX and 13 um for the SVX'. We measured a
signal-to-noise ratio of 9 for the SVX and 15 (16) for the SVX'.

The VTPC (or VTX) surrounds the SVX (or SVX') and provides
tracking information upto a radius of 22 cm and |5 < 3.25. It is used to
measure the pp interaction vertex along the z-axis with a resolution of 1 mm
by finding the point of convergence of all the reconstructed tracks in the event.
Exact knowledge of the event vertex is important for lepton track reconstruc-
tion, measurements of the transverse energy (Er) and missing transverse en-
ergy (#r), and so on. The primary vertex is required to be within 60 cm of
z = 0. In events with more than one reconstructed vertex, the primary vertex
is taken to be the one with the largest number of VTPC hits on its associated
tracks. The VTPC is also used to detect the photon conversion.

The CTC is a main detector to detect charged particles in CDF. If is
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a large cylindrical drift chamber with excellent spatial and momentum resolu-
tion. It covers the central region, || < 1, with 3.2 m in length, inner radius of
0.3 m, and outer radius of 1.3 m. It is mounted outside the VTPC.

The CTC contains 6156 sense wires grouped into 84 layers, and these
layers are again grouped into 9 superlayers labelled 0 to 8 from the most in-
ner layer. The five (0, 2, 4, 6 and 8) of the superlayers are axial superlayers
whose wires are parallel to the beamline. Each axial superlayer consists of 12
layers of sense wires. There are four stereo superlayers (1, 3, 5 and 7) which
consist of 6 layers of sense wires tilted +3° relative to the beamline in order
to provide r—z information. The tracking algorithm begins by reconstructing
charged particle tracks in the r-¢ plane using information from the axial su-
perlayers. The z-position of the primary vertex is used as a seed for the stereo
track reconstruction, the z-position of a track. The momentum resolution for
isolated and high pr tracks is better than dpr/pr> = 2x1073 (GeV /c)™!, when
the track is constrained to go through the beam position determined for each
run. The CTC track inforamtion conbined with SVX information improves the
resolution upto dpr/pr® = 1 x 1072 (GeV/c)~!. Figure 4.7 show an endplate
of the CTC displaying the 45° tilt of the superlayers to the radial direction to
correct for the Lorentz angle of the electron drift in the magnetic field in gas
mixture consisting of 49.6% of argon, 49.6% of ethane, and 0.8% of ethanol.
The sense wires in each superlayers are organized into r—¢ cells.

The CDT are located on the outer cylindrical surface of the CTC
and just inside solenoidal magnet. The CDT provide high-accuracy three-
dimensional 7—¢-z information of tracks via both drift time and charge division

measurements in the central region, |n| < 1.
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Figure 4.7: An endplate of the CTC showing the arrangement of the blocks

which hold the 84 layers of sense wires
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4.2.2 The Calorimetry

The calorimetry provides identification of, and energy measurement for jets,
electrons, and photons, by stopping them and measuring the absorbed energy.
The whole calorimetry covers |n| < 4.2 and full azimuthal angles. Because of
the importance of the hadronic jets in high energy pp collisions, the calorime-
ters are segmented in pseudo-rapidity and azimuth to form a projective tower
geometry which points back to the nominal interaction region. There are
three separate calorimeters covering different 7 regions, the central, endplug,
and forward/backward. The central calorimeter is located just outside the
solenoid and the forward/backward detectors house calorimeters. Each has an
electromagnetic calorimeter (CEM, PEM, FEM) in front of a corresponding
hadronic calorimeter (CHA/WHA, PHA, FHA) so that one can make a com-
parison of electromagnetic to hadronic energy on a tower by tower basis. All of
the electromagnetic calorimeters use lead as the absorber, while the hadronic
calorimeters use iron. The CEM is composed of alternating layers of lead and
scintillator, whereas the CHA and WHA are composed of alternating layers
of iron and scintillator. The others use gas proportional chambers, instead of
scintillators, as the active sampling medium. The towers are 0.1 units of 5
wide by 15° (central region) or 5° (endplug and forward/backward region) in
¢. The physical size of a tower ranges from about 24.1 cm (5) x 46.2 cm (¢) in
the central region to 1.8 cm (1) x 1.8 cm (¢) in the forward/backward region.
Table 4.1 shows the coverage in pseudo-rapidity and energy resolution for the

calorimeters. Figure 4.8 shows the -¢ segmentation of the whole calorimeters.
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1 coverage Energy resolution

CEM lnl < 1.1 13.5%/VET ® 2%
CHA In] < 0.9 50%/Er & 3%
WHA [ 0.7 < |n| < 1.3 | 75%/VEr & 4%
PEM [ 1.1<|n| <24 | 22%/VEr & 2%
PHA || 1.3 < |n| <24 | 106%/VEr & 6%
FEM [ 22 <|n <42 | 26%/VEr ®2%
FHA || 24 < |n| < 4.2 | 137%/VEr @ 3%

Table 4.1: 7 coverage and energy resolution for the various calorimeters. The
symbol & signifies the constant term to be included in quadrature to the
resolution. Energy resolutions for the electromagnetic calorimeters are for
incident electrons and photons. For the hadronic calorimeters, they are for

pions. Ep should be expressed in GeV.
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Figure 4.8: The n-¢ segmentation of the CDF calorimeters. The shaded area in
the forward/backward region is where there is only electromagnetic coverage,
and the black area has no coverage at all due to the presence of Tevatron

steering magnets.
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4.2.3 The Muon Detectors

The CDF has traditionally emphasized charged particle tracking and lepton
identification. Triggering and reconstructing muons is at the core of several
broad physics program. Muons radiate much less energy than electrons, since
the mass of muon is roughly 200 times heavier than the mass of electron.
Muons interact only through the electroweak force and they don’t feel the
strong force. Therefore, they don’t interact strongly with nuclei as hadrons
do. These properties cause muons to be extremely penetrating. Because of
this reason, the muon detectors are located outside substantial material like
the calorimetry which shield the muon detectors from most other particles in

both the central and forward/backward regions.

Central muons are identified by their penetrating ability, and detected
by the Central MUon chambers (CMU), the Central Muon uPgrade (CMP)/CSP
system, and the Central Muon eXtension (CMX)/CSX system. The momen-
tum of muon is measured by its bending in the solenoidal magnetic field using

the tracking system. Figure 4.9 shows the 7-¢ coverage of three systems.

Forward muons are identified and detected by the Forward MUon (FMU)

system, and their momenta are simultaneously measured in toroidal magnetic

field of the FMU system.

The CMU drift chambers identify muons in the central region, || <
0.6, by measuring their positions and directions and providing a Level 1 trigger
for muons which have a transverse momentum greater than a given value. The

trigger system is explained in Section 4.2.4

The CMU is located around the outside of the central calorimeter at

a radial distance of 347 cm from the beampipe. It is segmented in ¢ into
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Figure 4.9: The central muon detection coverage in the n-¢ plane
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12.6° wedges which fit into the top of each central calorimeter wedge, while
leaving a gap in the central muon coverage of 2.4° between each wedge. Each
wedge is further segmented in ¢ into three modules of 4.2° each which bolted
together at each end to form a single unit. This unit is suspended from the
top of the calorimeter wedge at three points which provide for adjustment of
the chambers in both  and ¢. Each of the three modules in a wedge consists
of four layers of four rectangular drift cells. Overall dimensions of the cell are
6.35 cm (width)x2.68 cm (height)x226.1 cm (length). A 50 um stainless steel
sense wire with a length of 226.1 cm and a resistance of 0.4 2mm™" is located
at the center of the cell. The wire is placed under a tension of 110 g which
limits the wire sag to 90 um. Therefore, the CMU consists of total 144 (= 2

barrels x24 wedges x 3 stacks) modules with 16 rectangular cells per module.

Four sense wires, one from each layer, make up a muon stack (or tower).
Two of the four sense wires from alternating layers lie on a radial line which
passes through the interaction point. The remaining two wires of the stack
lie on a radial line which is offset from the first by 2 mm at the midpoint of
the chambers. Each wire pair, the first and third wires and the second and
fourth wires, ganged together in the readout and is instrumented with a TDC
to measure the position of muon in ¢, and an ADC on each end to measure
the position of muon in z via charge division. The ambiguity as to which side
of sense wires in ¢ a track passes is resolved by determining which wire pair
was hit first. The angle between a particle track and the radial line passing
through the sense wires can be determined by the measuring the difference in

arrival times of the drift electrons.

The position of a track along the sense wire (pseudo-rapidity), and the

drift direction (¢) is measured by charge division and TDC, respectively. For
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charge division calibration %Fe sources have been used. An rms resolution
of 1.2 mm along the sense wire and an rms resolution of 250 um in the drift
direction are attained.

The chambers operate in the limited streamer mode with a 50%/50%

ratio of argon/ethane gas bubbled through 0.7% ethanol.
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Figure 4.10: A drawing of a CMU tower showing a muon track.

The CMP is the second set of chambers which are located outside the
CMU, behind an additional 60 cm of steel in the same pseudo-rapidity region
as the CMU’s, |n| < 0.6. The chambers are of fixed length in z and form a box
around the CMU. Thus, the pseudao-rapidity coverage varies with ¢.

The chambers of the CMP are rectangular drift tube cells configured in
four layers with alternate half-cell staggering. For easy field shaping, dimen-
sions of the cell are 15 cm (width)x2.5 cm (height)x640 cm (length). They

are typically 640 cm long with some shorter sections on the bottom of the



58 The Experimental Apparatus

detector to avoid obstructions. The tubes are made of aluminum extrusions
with 0.26 cm walls, having a single wire in the center and field shaping cathode
strips on the top and bottom. The extrusions are glued into four-tube stacks
with a half-cell staggering of the second and fourth layers relative to the first
and third. Pre-amplifiers are mounted on one end of the stacks. Signals are
read out by a single TDC per wire, and trigger hits are formed from coinci-
dences of nearby wires that are used in association with trigger information
from the CMU. The chambers are run in proportional mode with a maximum
drift time of approximately 1.4 us.

A layer of scintillation counters is installed on outside surface of the wall
drift chambers. These are called the CSP. The counters are rectangular in
shape and dimensions of them are 2.5 cm (thickness) x30 cm (width) x320 cm
(length). Each counter covers two chambers in width and half the chamber
length. The total number of scintillation counters is 216. The counters are
read out by single phototubes which are located at the center of the array. The
east and west counters are offset in z to allow the interleaving of phototubes at
the middle, minimizing the space occupied by the light-guide/PMT assembly.

The CMX /CSX system is located at each end of the central detector
and extends in polar angle from 42° to 55°. At 55° the conical sections of drift
tubes, the CMX, and the conical sections of scintillation counters, the CSX,
slightly overlap the coverage provided by the CMU and CMP systems and
extends its pseudo-rapidity coverage from 0.65 to 1.0. No additional steel was
added for this system, but the large angle through the hadronic calorimeter,
magnetic yoke, and steel of the detector end support structure yields consid-
erably more absorber material on average than in the CMU.

The azimuthal coverage of this system has a 30° gap at the top of the
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Figure 4.11: Configuration of the CMP/CSP system and steel absorber. The
circles on the walls are the ends of PMTs. On the top and bottom, the trape-
zoids are the light-guides viewed end-on. This figure includes the part planed

to be upgraded for the next run, Run II [45).
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Figure 4.12: Detail showing the configuration of steel, drift chambers, the scin-
tillation counters for the CMP walls. A muon track is drawn to establish the
interaction point. Counter readout is located at z = 0. Layers of scintilla-
tion counters are offset from the chambers and from each other in z to allow

overlapping light-guides and PMTs, minimizing the space required [45).
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detector for the Main Ring and the solenoid refrigerator. There has been also a
90° gap at the bottom of the detector where the conical sections are interrupted
by the floor of the collision hall, but a fan-shaped 90° CMX/CSX section will
be installed in this gap to complete the coverage at the bottom for the next
run starting in early 2001.

The drift tubes of the CMX are arrayed as a logical extension of the
CMU and CMP. There are four logical layers of twelve tubes for each 15° ¢
sector, and successive layers are half-cell staggered to eliminate ambiguities.
Each logical layer consists of two physical layers of drift tubes which partially
overlap each other. The overlap is greater at the inner edge as a result of
forming a conical surface with rectangular cells. This overlap not only provides
redundancy — the average muon intersects six cells — but the resulting stereo
angle of 3.6 mrad between adjacent cells permits the measurement of the polar
angle of the track. The drift tubes of the CMX differ from those of the CMP
only in length. Their length is 180 cm. The total number of tubes installed is
1536.

A layer of four scintillation counters is installed on both the inside and
the outside surface of each 15° CMX sector. These are called the CSX. The
counters are trapezoidal in shape with the same length as the drift tubes,
180 cm, and with a width of 30 cm at the smaller end and 40 cm at the larger
end. The counters on the inside and outside layers are half-cell staggered with
respect to each other thereby doubling the effective granularity of the CSX.
The total number of counters is 256.

The counters are read out by single phototubes which are located on
opposite ends for the inside and outside layers. The mean time of the signals

from a particle traversing both layers is independent of the location of the
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track along the length of the counters, and the distribution of hit arrival time
for real tracks is smeared only by the track path length difference due to the
distribution of interaction z vertex. The mean time is calculated in the trigger,
and the excellent timing resolution of the counters is used to reject large CMX
backgrounds from out-of-time interactions in the beampipe and the face of the
forward calorimeter.

The FMU is a muon spectrometer system for the pseudo-rapidity re-
gion of 2.0 < |n| < 2.8, and one of the elements of the CDF forward and
backward detectors.

Each spectrometer consists of a pair of steel (iron) toroidal magnets
instrumented with three planes of drift chambers in front of the first toroid,
between two toroids, and behind of the second toroid, and two planes of scintil-
lation trigger counters hung outside of the front drift chamber plane and inside
of the rear drift chamber plane. Each drift chamber plane is composed of two
planes of drift cells and they are called the “coordinate plane” and “ambiguity
plane,” respectively. The former is closer to the beam crossing point than the

latter.
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4.2.4 The Trigger System

The trigger plays an important role in hadron collider experiments, because
the collision rate is much higher than the rate at which data can be stored
on tape. The role of the trigger is to efficiently extract the most interesting

physics events from the large minimum bias events.

The CDF detector has been designed to study the physics resulting
from pp interactions at /s = 1.8 TeV. The interaction rate at the collider, at
the nominal luminosity of 10*° cm~2s7!, is 50-75 kHz with a typical minimum
bias multiplicity of fifty or more particles. For picking out events of particular
interests from the complex event structure, the CDF trigger system has a three
level structure. Each level provides a rate reduction sufficient to process in the
next level with minimal deadtime. The first two consist of specially designed
hardware which makes the decision to initiate the full detector readout. The
last consists of a software processor farm. The idea behind the multi-level
trigger structure is to introduce as little bias as possible at the lower levels,
with the reduction of the rate to a point where the next level can do a more

sophisticated analysis without incurring significant deadtime.

The design goal of the trigger can be summarized as follows. First, we
must be capable of triggering on the signatures of known physics. Second,
the trigger should be flexible enough to encompass signatures of new physics.
Finally, the various strengths of the detector should be exploited to the fullest
extent possible. For the CDF detector, these strengths are a finely segmented
and projective calorimetry, excellent tracking and strong magnetic field. These
features allow a trigger decision based on the topology of transverse energy and

identification of electrons, muons, taus, photons and jets in the event.
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The Level 1 (L1) decision is based on the global energy deposition in
the calorimetry as well as the presence of hits in the muon chambers and
stiff tracks in the CTC. The L1 decision is made in the 3.5 ps between beam
crossings (six bunch collider operation) incurring no deadtime while reducing
a raw event rate of 50-70 kHz to a few kHz. The Level 2 (L2) decision is
made by the topology of the event operating on calorimeter clusters, central
stiff tracks and muon candidates. It is possible to perform simple calculations
such as finding the invariant mass of a group of clusters, to associate stiff
tracks with calorimeter clusters and therefore to do a first order electron—m°
jet discrimination. The L2 decision is made in approximately 10 us (a longer
decision time may be allowed) incurring less than 10% deadtime while reducing
the rate to 1-100 Hz. Readout of all the detector elements begins after a L2
trigger has been satisfied. The L2 trigger is able to prescale the data, which
means a trigger can be set to accept one of every N events that would normally
pass that trigger. A trigger can have a large prescale when the instantaneous
luminosity is high, and a small prescale when the instantaneous luminosity is
low: this is known as “dynamic prescale.” The effect of the prescale factors
can be a decrease in the total luminosity or efficiency of a trigger. The rate
of data taking will be limited by two factors: the rate at which events can be
written to tape and the rate at which physicists can analyze the data. The
first of them limits the data taking rate at CDF about 1 Hz. This coincides
nicely, given the projected computing power, with the rate at which data can
be analyzed. Thus, it is the formidable task of the trigger system to choose 1
out of every 50 to 75 thousand events to be written to tape. The Level 3 (L3)
system is a farm of computers that executes a slightly streamlined version of

the offline reconstruction code and writes data on the tape as last stage.



4.2 The Collider Detector at Fermilab (CDF) 65

The L1 decision is based on the following information:

e Electromagnetic, hadronic and total transverse energy, summed over

those calorimeter elements which are above programmable thresholds.

e The transverse energy imbalance in the electromagnetic and hadronic
calorimeters, given by Er cos ¢ and Er sin ¢ summed over those calorime-
ter elements which are above programmable thresholds, where Er cos ¢
and Ersin¢ are the x and y components of transverse momentum as

measured by the calorimeters.

e The existence of stiff tracks in the CTC (but not their directions) and the
existence of muon candidates in the central and forward muon chambers

(but not their positions).

e Presence of a beam-beam interaction and/or the presence of a beam-gas

interaction.

e Hits in the small angle silicon counters in combination with hits in the

beam-beam counters (diffractive and elastic events).
The L2 decision is based on the following parameters:

e Number of energy clusters in the detector and their properties (position,
width and transverse energy), corresponding to both electromagnetic and
total energy deposition: Ey, Ersin ¢ and E; cos ¢, inean pseudo-rapidity
((n)), rms width in pseudo-rapidity (o,), mean azimuth ({(¢)) and rms
width in azimuth (o,), as well as the presence of high pr tracks pointing

at these clusters.
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e The presence and position of track segments in the muon chambers that

are associated with high pr tracks in the CTC.

e Transverse energy summed over the detector as a whole and transverse

energy imbalance in the detector.

e Presence of a beam-beam interaction and/or the presence of a beam-gas

interaction.

A large fraction of the trigger hardware is used for the L1 and L2
decisions. The trigger is built of a large number of different FASTBUS cards
and FASTBUS data transfers are used in the setup and initialization of the
trigger system (i.e. for downloading trigger constants and setting control bits),

for testing, and during readout.



Chapter 5

Monte Carlo Simulation

A Monte Carlo (MC) program is used to determine corrections for acceptance
and some of the efficiencies. The MC program consists of an event generator
that generates the signal and background processes contributing to the data
based on a physics model, and a detector simulation and reconstruction
which models the response of the detector to the final state particles so that
we can estimate an acceptance considering detector resolution effects. Because
detector resolution affects the acceptance, the detector model has been tuned
so that the simulated results agree with the data based on well-defined control
samples.

This analysis has used several event generators to generate the signal
and background samples. All the samples are processed through the CDF
detector simulation and reconstruction program. The analysis chain used for
the real data has been applied to the MC samples in order to estimate the signal
acceptance and backgrounds, see Chapter 6. The MC samples used for this
analysis are described in Section 5.1. Section 5.2 demonstrates some kinematic

variables, which are useful to understand the signal acceptance, at the event
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generator level. Section 5.3 briefly describes the CDF detector simulation
and reconstruction program. We also summarize some MC correction factors
which are necessary when we normalize our MC samples to real data, since the
detector simulation and reconstruction program has a tendency to show slight

differences in several efficiencies when compared to real data analysis.

5.1 Signal & Background Monte Carlo Samples

To design proper cuts for candidate event selection and to evaluate the cut
efficiencies and signal acceptance, the signal MC samples have been generated
using ISAJET [46] (Version: 7.44). 1SAJET is a MC generator which simulates
pp, pp and eTe” interactions at high energies. ISAJET includes the complete
production and decay processes for superpartners in Born approximation. It
incorporates perturbative QCD cross sections for a primary hard scattering,
initial and final state QCD radiative corrections in the leading log approx-
imation, independent fragmentations of quarks and gluons into hadrons, a
phenomenological model tuned to minimum bias and hard scattering data for
the beam jets, and ISASUSY which evaluates branching ratios for the MSSM. It
is possible that the lifetime of the scalar quarks decaying directly is sufficiently
long for hadronization effects to become important. This has been taken into
account for b quark. We have generated signal MC samples by assuming eight
different masses of the scalar top quark: 70, 75, 80, 90, 100, 110, 120 and
130 GeV/c2.

Table 5.1 is a list of possible background sources to baseline p + 7,
samples prerequisite for the whole analysis. They are estimated using a number

of MC generators followed by the CDF detector simulation and reconstruction.
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real u real p fake u fake p
& & & &
real 7, fake 7, real 7, fake 73,
YZ =TT W (> pv)+jets W (= Tv)+jets

W (= v > pvvv)+jets

tt tt tt
diboson diboson diboson
QCD (bb/cz) QCD (bb/cz) QCD (bb/ce) | QCD
Y /Z > pu

Table 5.1: Possible background sources to baseline samples

The production and decay of the single vector bosons associated with any jet
are simulated by VECBOS [47] (Version: 3.0). VECBOS provides a LO QCD
calculation, which is enhanced with a shower evolution of both initial and
final state partons and hadronization by the interface with HERPRT routine of
HERWIG [49] (Version: 5.6). We choose Q® = (pr)® as the QCD parameters
of renormalization and fragmentation in VECBOS and HERWIG. In case of
Z — 77 events, we have simulated them using ISAJET with 5 GeV /e < gr <
500 GeV/c which effectively reproduces the multiplicity and Ep distributions
of jets in W or Z production [50]. Because we “calibrate” the scalar top quark
search with Z(— 77)+ 0-jet analysis, the study with the samples simulated
in the same environment as scalar top quark signal samples is necessary for
consistency. Concerning the calibration procedure, we estimate the acceptance
of Z(— 77)+ 0-jet events with these samples. The Z(— 77)+ O-jet analysis

is explained in detail in Section 6.3. The pair-production and decay of the
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vector bosons are simulated using ISAJET. The pair-production and decay of
the top quarks are simulated using ISAJET. The Drell-Yan (7*) events are
also simulated using ISAJET with 5 GeV/c < ¢r < 500 GeV/c. The QCD
background is the most difficult one to estimate with MC simulation because
of a large cross section and low fake rate. The MC study of QCD events is not
carried out in this analysis. However, most of the QCD events in OS u + 7,
pairs are estimated by the LS p + 7, pairs: this is the “OS—LS” subtraction
method. Table 5.2 is a summary of background MC samples. All six of the SM
background processes have been simulated with much more than the luminosity
of the real data.

CTEQAL [53] is our standard PDF to generate all MC samples. The top
quark mass has been fixed at 175 GeV/c?. TAUOLA [60, 61, 62, 63] (Version:
2.5) is included in the simulation of tau decays. Every event generator handles
tau decays in slightly different way in the aspect of tau polarization, branching
ratios, and so on. Therefore, we redecay taus according to TAUOLA library to
handle tau decays correctly and consistently. The tau branching ratio to muon
and neutrinos is approximately 18% and to hadrons is approximately 64% [6].
QQ [48] (Version: 9.1, the lifetime of b quark is 1.45 ps), based on measurements
from the CLEO experiment, is included to simulate b quark decays.

To normalize the background MC samples to real data, we have taken
the production cross section times branching ratio and trigger efficiencies into
account. Then, the MC samples are corrected by several correction factors
explained in Section 5.3. The production cross section times branching ratios
(0-B) are taken from the CDF measurements [40, 55, 56, 57] or the NLO QCD
calculations (58, 59]. We assume o - B(Z — ee) = 0-B(Z — pp) = 0-B(Z —

77). The trigger efficiencies are explained in detail in Section 6.1.
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SM Processes Event generators
Z(— 77) + jets | VECBOS+HERPRT
W(— pv) + jets | VECBOS+HERPRT
W(— 7v) + jets | VECBOS+HERPRT
v ISAJET
WW/WZ|ZZ ISAJET
tt ISAJET

Table 5.2: Summary of background MC simulation samples

5.2 Kinematics of Signals at Generator Level

Figure 5.1 shows the distributions of two kinematic variables at the event
generator level, since they are important for the design of event selection cuts.
They are also helpful to understand signal acceptance. The signal events used
for the figures have M; =100 GeV/c .

The left figures demonstrate the pr distributions of muons from 7 —
pv, v, (top) and hadronic taus (middle), and the Er distribution of two b
quark jets (bottom). The right figures show the n distributions of muons
(top), hadronic taus (middle) and two b quark jets (bottom). The definitions
of pr, Er and 7 have been explained in the previous chapter. The small areas
filled with a different color show the events passing two event selection criteria
of pr (or Er) and 75 simultaneously. The cut values are given in the next

chapter which explains the candidate event selection in detail.
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Figure 5.1: The pr or Er (left) and 7 (right) distributions of muons (top),
hadronic taus (middle) and b quarks (bottom) at the event generator level.

M; =100 GeV/c*.
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5.3 Detector Simulation and Reconstruction

CDF provides two different packages, QFL’ and CDFSIM, for the detector
simulation. The generated events have been processed through the simula-
tion and reconstruction program, QFL’ (Version: 3.59)+OFFLINE (Version:
7.12) packages. The purpose of the QFL’, the CDF fast simulation package,
is to provide a fast and reliable detector simulation for high statistics stud-
ies and acceptance calculations. QFL’ parameterizes detector response rather
than simulating the response from first principles; and, it produces higher
level analysis banks rather than raw data banks, thus eliminating the need to
run the complete reconstruction packages on the simulation output. However,
QFL' tends to overestimate performance in the identification (ID) of leptons
and doesn’t incorporate luminosity or aging effects. Thus, a correction factor,
fip, is applied to both the signal and background MC samples. Also, the
trigger efficiency is not included in the simulation. Therefore, we weight each
event by trigger efficiency on the basis of py of muon in this analysis, since the
trigger efficiency is a function of pr (or p;') of the lepton. The method will be
explained in detail when the data samples used for this analysis are introduced
in Section 6.1. For muons, QFL’ calculates two different isolations (ISO) based
on track and calorimeter informations. Their definitions are introduced in Sub-
section 6.2.1. Both isolation quantities are kept in the muon bank (CMUO).
This anaysis uses isolation cuts, 1SO"* < 4 GeV/c and IS0 < 4 GeV, for
the candidate event selection. Therefore, those efficiencies should be corrected

for MC samples.
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Efficiency (MC)

Efficiency (IA)

Efficiency (IB)

Scale factor (f}p)

Muon

0.977 £ 0.003

0.903 £ 0.025

0.929 + 0.007

0.951 £ 0.008

Table 5.3: Identification efficiency for muons [38]

Efficiency (MC)

Efficiency (IB)

Scale factor (f}so)

Averaged over

all jet multiplicities

0.9939 + 0.0008

0.9918 + 0.0017

0.9979 + 0.0019

04 _

= 0.997 + 0.001 0.998 + 0.001 1.001 + 0.001
Nt=1 0.992 +0.002 | 0.992 +0.004 1.000 + 0.005
Nyi>2 0.995 £ 0.004 1.000 £ 0.017 1.005 £ 0.018

Table 5.4: Efficiency of track isolation (ISO"* < 4 GeV/c) for muons. A cone

size of 0.4 was used in this analysis [39)].

Efficiency (MC)

Efficiency (IB)

Scale factor (flso)

Averaged over 0.9835 £ 0.0017 | 0.9698 £ 0.0044 | 0.9861 £ 0.0048
all jet multiplicities
Ni=0 0.989+0.002 | 0.971 % 0.005 0.982 + 0.005
Nfé? — 0.985 £ 0.004 0.966 £ 0.011 0.981 £ 0.012
Nig 22 0.980 +0.011 0.904 £ 0.041 0.922 + 0.043

Table 5.5: Efficiency of calorimeter isolation (1SO** < 4 GeV) for muons. A

cone size of 0.4 was used in this analysis [39)].




Chapter 6

Data Analysis

We carry out two analyses in parallel: the Z — 77 calibration analysis and the
512'1 search as mentioned earlier in Chapter 3. Section 6.1 describes the data
samples used for both analyses. Section 6.2 shows how prerequisite baseline
samples including u and 7, are selected from the data samples. Then, specific
requirements used to identify Z — 77 and f,, events and to reject backgrounds
are explained in Sections 6.3 and 6.4, respectively. All efficiencies related with
event selection cuts are estimated using the MC signal samples of each case in
Subsections 6.3.4 and 6.4.4. We also estimate signal acceptance in the same
subsections. In Subsections 6.3.5 and 6.4.5, the results of data analysis are
summarized and compared to those of MC simulation. All possible background
sources to baseline pu + 7, samples have been examined in Section 5.1. The
generation of background MC samples is also explained in the same section.
In Subsections 6.3.6 and 6.4.6, we estimate the number of events expected
from each source. All correction factors used for the normalization of the MC

simulation have been enumerated in the previous chapter.
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6.1 Data Samples

There were three runs during 1992-1996. The first run, Run IA, began in
August, 1992 and ended in June, 1993 with an integrated luminosity of 18.8 &
0.7 pb™'. After the end of Run IA, the SVX was replaced with the SVX'
and the Data AcQuisition (DAQ) system was upgraded. During Run IA, the
SVX received about 15 krad of radiation and would not have lasted for a
long time in the second run, Run IB, hence it had to be replaced to ensure
good operation throughout this run. Run IB began February, 1994 and ended
in July, 1995 with an integrated luminosity of 88.6 & 7.1 pb™'. During Run
IB, the improvements in the beam optics of the Tevatron allowed for higher
instantaneous luminosity than Run IA. The mean instantaneous luminosity
increased from £ ~ 3.6 x 10 cm s to £ ~ 7.9 x 10* cm~2s7!. The
peak instantaneous luminosity in Run IB was £ ~ 2.5 x 10*' em™%~'. This
increase required certain triggers to be prescaled, broadened underlying event
distributions and degraded the track momentum resolution. The third run,
Run IC, began in November, 1995 and ended in February, 1996, but this
data is not used for our analyses. Figure 6.1 shows the integrated luminosity

acquired as a function of time.

There are very many events with various event types. Since the data are
taken with a variety of event triggers (Section 4.2.4), the data were classified

with the triggers that the event had passed. They are called “data samples.”

We use Run IA and Run IB low py inclusive muon data samples. The
integrated luminosity of these data samples is ~ (17.9+87.4 = 105.3) pb'. At
L1, the relevant trigger was CMU_CMP_6PTO_HTDC*. This trigger requires
a muon stub with p, > 6 GeV/c in either the CMU or CMP. The pr of
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Figure 6.1: The CDF Run I experiment and its integrated luminosity

the muon track is measured by the arrival time of the drift electrons at the
sense wires to determine the deflection angle due to the magnetic field. The
L2 muon triggers use two-dimensional tracks found by Central Fast Tracker
(CFT), a hardware track processor which uses fast timing information from
the CTC to find high-p; tracks. Tracks are found by comparing the hits to
predetermined hit patterns for the range of p; allowed by the CFT trigger
threshold. The processor has eight p; bins covering the range from 2.5 to
15 GeV/c. The L2 trigger extrapolates CFT tracks to the muon chambers
and matches them to muon stubs that pass the L1 requirements. In Run
1A, the events were triggered by two different triggers, CMUP_CFT_6* and
CMUP._CFT_9.2* at L2. The CFT track of a muon candidate is required to
have pr > 6.0 GeV/c and p; > 9.2 GeV/c respectively and its extrapolation
to the muon chambers to be within 15° (5°) of a muon stub in azimuth in

the early (late) part of Run 1A. In Run 1B, the events were triggered by
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CMUP_CFT_7_55DEG* and CMUP_CFT_12.5DEG* at L2. The CFT track
of a muon candidate is required to have pr > 7.5 GeV/c and pr > 12.0 GeV /c
respectively and its extrapolation to the muon chambers to be within 5°. All
the L2 triggers require a muon candidate to have muon stubs in the CMU and
CMP. For muons with pr between the thresholds of the two L2 triggers, the
low pr trigger was dynamically prescaled. The prescale factor in Run 1B is
known to be 1.74. The events were triggered by MUO1_CMU_CMP_7PT5.V2*
(MUOB_CMU_CMP_8*) in Run 1A (Run 1B) at L3.

The trigger efficiency for muons has been estimated as a function of
pr (pr~'). In the region of interest, pr > 10 GeV/c, the L1 and L3 trigger
efficiencies are at their plateaus in Run IA (Run IB): 93.1% [32] at L1 and 98%
(91%) [36, 37] at L3. As for two L2 triggers, they are not independent of each
other, because an event accepted by the trigger with high p threshold should
also be accepted by the trigger with low pr threshold. The prescale factor of
the low pr trigger, f©5, should be considered. Therefore, they are combined

according to the following formula:

alpr) = euglpr) + 2or) 2 cinlor) (6.)

where €15 is the trigger efficiency at L2. €, and €, are the efficiencies of
triggers with low and high thresholds. The parameterization for L2 triggers is
given in several studies in CDF [33, 34, 35]. Figure 6.2 shows the total trigger
efficiency curves in Run IA and Run IB. These curves include the efficiencies
for L1, L2 and L3. Simulated samples are scaled event by event by P
the trigger efficiency at a point of py, estimated from the following equation
considering the integrated luminosity of each run:

17.9 87.4

170+ 874 T ) 6.2
179 + 87.4 ERun lA(pT) + 17.9 + 87.4 €Rur lB(pT) ( )

/" (pr)
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where €gy,1a and eg,, g are the total trigger efficiencies in Run IA and Run

IB. MC correction factors have been explained in Section 5.3.

6.2 Baseline Event Selection

The muon and hadronic tau selections used to for the baseline p + 7, samples
are discussed in the present section.

Many analyses begin with a well-identified lepton (electron or muon)
with pr > 20 GeV/c. However, we reduce the cut for muon selection to
10 GeV/c because the muon from 7 — uv,v, has relatively lower pp. We
require a well-identified muon in the central region (|5 < 0.6) with pp(p) =
pr™ > 10 GeV/c. Any event is removed if it contains a second muon loosely
identified with an OS charge, and forms an invariant mass in 76 GeV/c? <
M(pp)™ < 106 GeV/c® by track information, as a possible candidate of
Z — pp. This decreases the probability that the second muon from the Z
events is misidentified as 1-prong hadronic tau. The muons are required to be
well-isolated based on calorimeter+track information. We require a hadronic
tau in the central region (|n| < 1.0) with py(7,) > 15 GeV/c. We keep OS and
LS p + 7, pairs together. The signal always have OS. There are two major
sources to the LS p + 7, pairs: (1) QCD jets (gluon, light quarks, bb/cZ) and
(2) W(— pv) + jets. Since both px and 7, from the QCD events (excluding
bb/cZ production) are dominantly fake, we expect to have both OS and LS
events at an equal rate. We subtract the QCD background in the OS events
by using the LS events (see Section 5.1). It should be noted that there are
some charge correlations between y and 7, for W + jets, tf, bb/cc and diboson

productions.
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Figure 6.2: Trigger efficiency curves as a function of py (left) and pr ' (right)

in Run IA (top) and Run IB (bottom)
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pr(r) = pr'™ > 10 GeV/c (with beam constraint fit), |n| < 0.6
E*™ < 2.0 GeV, EM? < 6.0 GeV, E™ + E"?¢ > 0.1 GeV
|Az| (CMU) < 2.0 cm or |Az| (CMP) < 5.0 cm
|dp| (corrected) < 0.3 cm
|2 — 2pez| < 5 cm

|2p¢z] < 60 cm (vertex class > 10)

Table 6.1: Muon identification quality cuts

6.2.1 Muon Selection

Muons are reconstructed and identified using the information from the CTC,
electromagnetic and hadronic calorimeters and muon chambers. We require a

7k > 10 GeV/c in the central region of

well-identified muon with pr(u) = pr
In| < 0.6. The momentum of muons is measured by constraining the CTC track
to the average beam position: beam constraint fit. The primary backgrounds
are from secondary particles in charged hadron showers which “punch through”
the calorimeter and produce tracks in the muon chambers, and cosmic rays. To
reject the charged hadron background, the muon is required to have an energy
deposition in the calorimeters consistent with a Minimum Ionizing Particle
(MIP). Backgrounds from cosmic rays are rejected by requiring that the track
extrapolates back in r—¢ plane to within 0.3 cm of the beamline and that it
is in the r—z plane within 5 cm of the primary vertex at » = 0. The muon
identification criteria are summarized in Table 6.1.

Since the second muon from Z — pp can be misidentified as 1-prong
hadronic tau, we remove the Z events by using the track information. Table 6.2

shows the cuts applied to the second muons and the mass window of Z removal.
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Pr(i) = pr'™ > 10 GeV/c (second muon)
E™ < 5GeV, EM <10 GeV
| Opposite sign charge
76 GeV/c*< M(up)'™ < 106 GeV/c?

Table 6.2: Cuts for the second muon from Z — uu

We consider the calorimeter and track isolations. The calorimeter iso-

lation, 7SO, is defined as Er in a cone of AR = /(An)? + (A¢)? = 0.4
around the muon, excluding the Er of muon. It is required to be less than
4 GeV:

1S0% = 3" Epe — Er®* < 4 GeV (6.3)

AR<0.4

where Eph = Ep*™ 4 E M4 represents the energy deposit on the i-th
calorimeter tower and Ep%“* is the cluster energy deposited on the calorimeter
by the muon. The tracking isolation, 1SO'™*, defined in similar way for tracks

in the CTC, is also required to be less than 4 GeV/c:
1SO" = 3 pr'™t —pr'™#* < 4 GeV/ec (6.4)

AR<0.4

The missing-E7 (£r) of the event is corrected for the muon energy. Fr
is the energy imbalance in the directions transverse to the beam direction using

the raw energy deposited in calorimeter towers with |n| < 3.6.

6.2.2 Tau Selection

At pp colliders, various processes like I, Z and top quark productions involve
high-pr electrons and muons. CDF has succeeded in detecting electrons and

muons from those events. On the other hand, the tau is a much more difficult
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signal, since it predominantly decays into charged and neutral pions and suffers
from large backgrounds from jet production. Top quark pair-production in
the decay channel containing a tau has been studied in CDF [64]. Searches
for the Higgs boson and leptoquark in the decay channel containing one or
more taus also has been considered [65, 66]. Searches with tau are sensitive to
new physics and important for precision measurements and the confirmation
of lepton universality.

Taus promptly decay to the lighter leptons or to hadronic jets. However,
we only consider the hadronic decay of tau, since the leptons from tau decay
cannot be distinguished experimentally from prompt ones. Hadronic tau is
identified by an algorithm which relies on track isolation and 7° reconstruction.
The algorithm begins with the calorimeter cluster with Er > 4 GeV in || <
1.0 and requires: (1) the number of tracks with pr > 1 GeV/c in the 10° cone
centered on the line connecting the calorimeter centroid and the event vertex,
N} ., to be one or three (see Figure 6.3). The charge of the hadronic tau
is defined as a sum of track charges; (2) the track isolation, I;, 44, defined as
scalar sum of pr of all tracks in a cone of AR = 0.4 around the cluster center,
excluding tracks in the 10° cone, to be less than 1 GeV/¢; (3) the number
of m%’s to be less than three, where 7° — 5+ candidates are identified in the
electromagnetic calorimeter; (4) pr(7,) > 15 GeV/c, where py(7,) is defined
as the sum of the pp of track plus Ey of identified 7%, in the 10° cone. See
Equation (6.5);

pr(n) =pft° = ST P L B > 15GeV/e  (6.5)
10°cone
(5) the invariant mass, M (7)), reconstructed from tracks and 7°’s to be less

than 1.8 GeV/c% (6) clusters being consistent with an electron or a muon to
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be rejected. The identification quality cuts for hadronic tau are summarized

in Table 6.3.

event vertex

Figure 6.3: Hadronic tau identification

We extract 163 OS and 82 LS p + 7, events from the data as baseline
samples. We check several kinematic distributions with the baseline samples.
They support the hypothesis of Z — 77 for the data (see Figures 6.4 and 6.5).
We also compare the data to simulation. The sources for the u + 7, pairs in

the baseline samples are Z — 77, W+ jet and QCD events (see Figures 6.6

and 6.7).
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Number of tracks

1-prong or 3-prong (| ZQ,-l =1) in 10° cone

Number of 7%’s <3
B
E/p 0.5 < Ty <20 (l-prong)
Pr

clu

r
0.5 < D <1.5 (3—prong)
Pr

Sliding RMS

cluster width

0u < 0.11 — 0.025 x E$*/100 (1-prong)
oq < 0.13 — 0.034 x E$*/100 (3-prong)

Invariant Mass

M(1y) = M(trk,7°) < 1.8 GeV/c?

Isolation

I'™ <1 GeV/ec

Electron removal

Reject clusters with
(a) 1-prong with E$¥/pit* < 4, EM fraction > 0.9
or

(b) EM fraction > 0.95

Muon removal

Reject clusters with
(a) ES < 8 GeV, 0.05 < E*™ < 2 GeV,
0.5 < EM? < 5 GeV

or

(b) a muon stub with |¢, — @] < 15° as muon

Table 6.3:

Hadronic tau identification quality cuts
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Figure 6.4: Distributions of (a) M(u,7,), (b) Er, (c) Ad(u,7,) and (d)
A¢(u, Pr) for 163 OS and 82 LS u + 75, events from the data sample.
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Figure 6.5: Distributions of (a) pr(x), (b) pr(m.) and (c) the number of jets

for 163 OS and 82 LS p + 7, events from the data sample.
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A¢(p, Fr) for OS—LS events in the data and simulated samples.
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Figure 6.7: Distributions of (a) pr(x), (b) pr(7.) and (c) the number of jets

for OS—LS events in the data and simulated samples.
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6.3 Z — 77 Analysis

The major backgrounds of Z — 77 events are W+jet and QCD events. We
begin with the baseline u+ 7, samples and devise two additional cuts to reject
the backgrounds and obtain the Z — 77 samples with high purity. The cut
values are optimized to maximize the significance of Z — 77 events against
each background source. We remove the W events in OS and LS samples using
a cut on the transverse mass of the muon and Fr system, My (u, Fr), which is
insensitive to the charge correlation. Next, we apply a cut on the transverse
momentum of the muon and Er system, pr(u, Fr), chosen by the study of the
LS events which reflect the QCD background in OS sample. Finally, we exclude
the Z — 77 candidates containing one or more jets, since only Z(— 77)+0-jet

events are used for calibration.

6.3.1 W Event Rejection

Figure 6.8 (top) shows the transverse mass distribution of the muon and Er
system, Mrp(u, Fr), in the data and simulated samples. Starting at the QCD
background represented by the LS events, Z — 77 signal, W(— uv or mv)+
jet and the other backgrond (y* — 77, WW/WZ/ZZ and () events have
been accumulated on the top. We clearly observe the “I¥”-like events in the
relatively high My (u, fr) region. Figure 6.8 (bottom) shows the distribution of
significance, S;_,,,/ \/BW+je£y which is defined as the ratio of expected number
of signal events to the square root of the expected number of background
events, where Sz., and By, are obtained from the simulated samples. We
require Mr(u, Fr) < 25 GeV/c®. As a result of the first cut, 121 OS and 72

LS events are retained in the data sample (see Table 6.5 in Subsection 6.3.5).
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Figure 6.8: Distributions of My (u, Er) (top) and Sz_,,//Bw4jet (bottom).
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6.3.2 QCD Event Rejection

After applying the W rejection cut, the QCD background dominates the LS
events. We apply another cut on the transverse momentum of the muon and
Fr system, pr(p, ¥r) = }ﬁT(u)—{-Eﬂ Figure 6.9 (top) shows the distribution of
pr(u, Fr) in the data and simulated samples after applying the W rejection cut.
Figure 6.9 (bottom) shows the distribution of significance, Sz_,TT/\/BQ_CD-,
where Sz_,,, is obtained from the simulated sample and Bgcp is obtained
from the LS events in the data. We require pr(u, £r) > 25 GeV/c. As a result
of the first and second cuts, 29 OS and 2 LS events are retained in the data

sample (see Table 6.5 in Subsection 6.3.5).

6.3.3 Jet Veto

We apply a “jet veto” cut to reject the Z events associated with any jet, since:
(1) We want to use only Z(— 77)+0-jet events for calibration. The majority of
the Z — 77 events is expected to have 0-jet by the CDF measurement [41] (see
Section 3.4); (2) it is possible that the Z — 77 candidates selected according
to the previous procedures also include EJ} events. Therefore, we separate
Z — 177 and flil events by the jet multiplicity of the events, since the fjl
events are expected to have two or more jets (see Subsection 6.4.3).

A jet is reconstructed in the calorimeter using a cone algorithm with
the cone radius of R = /(An)? + (A¢)? = 0.4. The jet energy is calculated by
the raw energy deposition in calorimeter towers: Epr"™®". Tower momenta are
calculated from tower energies with the assumption that they are energies of
particles with zero mass that originated from the reconstructed primary vertex

and are located at the center of the tower. The raw measurements are corrected
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for non-instrumented regions, non-linear response of the calorimeter, multiple
interactions at high luminosity and another effects which account for detector
and reconstruction effects: “flavor-independent” jet energy corrections.
We count the number of jets which have E7™*" > 10 GeV and Er®"" >
15 GeV in |n| < 2.4, and are well separated from muon and hadronic tau in
n-¢ space:
AR(u,jet) > 0.4, AR(1y,jet) > 0.4 (6.6)

where the separation is defined as AR = /(An)? + (Ag)2.

6.3.4 Efficiencies and Acceptance Estimations

The efficiency of each Z — 77 selection cut is estimated with the signal sample
simulated by 1SAJET. Table 6.4 summarizes the cut efficiencies with signal

acceptance, AY¥C, and trigger efficiency, €57 (see Section 3.4).

Cut efficiency (%) | Cumulative efficiency (%)

Muon selection 9.82 9.82

Z = pu veto 100 9.82

Muon isolation 98.06 9.63

Hadronic tau selection 19.84 1.91

Mr(p, Br) < 25 GeV/c? 71.35 1.36

priu, Br) > 25 GeV/e 63.31 0.86

Signal acceptance (%) AMC = 0.86 + 0.02(stat)
Trigger efficiency (%) €59 = 83.0

Table 6.4: Cut efficiencies and signal acceptance of Z — 77 analysis
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6.3.5 Summary of Data Analysis

Table 6.5 shows the event reduction by each selection cut in the data sample.
It is compared to the simulated Z — 77 and W+ jet samples in Table 6.6.
We calculate the expected number of Z(— 77) + 0-jet events by multiplying
the ratio, R(0 — jet) (see Section 3.4), to the total. Therefore, the expected

number of Z(— 77) + 0-jet events is calculated as follows:

Ngzpeeled — . B(Z - 77) - R(0—jet)- [Ldt-B,, - A¥C .59, /b . i

= 30.1 &+ 0.5(stat) (6.7)
|| OS |LS| OS-LS
Muon Selection 011550
Z — pp veto 510290
Muon isolation 249050
Hadronic tau selection [ 163 | 82 81
Mr(u, fr) <25GeV/c® || 121 | 72 49
pr(u, Fr) >225GeV/e || 29 | 2 27
Jet veto 23 | 2 [NgE=21

Table 6.5: Z(— 77) + 0-jet events from the data sample

6.3.6 Background Estimation

Table 6.7 shows the number of events remained after Z(— 77) + 0-jet selec-
tion in the data and simulated samples. The expected number of Z — 77

events is 30.0 £ 0.5(stat) from the MC simulation. The number of OS events
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Z(— 17) W(— pv)+jet Data
Cut OS LS 0OS LS OS LS
Baseline i + 7, samples 83.1 0.5 23.2 7.0 163 82
Myp(p, Pr) <25 GeV/c? 586 0.2 0.3 0.6 121 72
pr(u, Br) >25GeV/e 373 02 03 03 29 2
Jet veto 30.1 0.1 0.3 0.0 23 2

Table 6.6: Number of events in the data and background samples after each

cut (Z — 77 analysis)

subtracted with backgrounds, Ng* — N2¢ is (23 —2) — (0.4 4+ 0.3 +0.2) =

20.1 + 5.0(stat)+0.2(sys).

Process OS LS OS-LS
Zo7Tr 30.1 0.1 30.0 + 0.5(stat)
=TT 04 0.0 0.4=+0.1(stat)+0.1(sys)
W (= uv)+jets 03 00 0.3+03+0.1
W (= 7v)+jets 02 0.0 0.240.2+0.1
Doboson (WW/W Z/ZZ),tt 0.0 0.0 negligible
Data 23 2 21

Table 6.7: Summary of yields of u+7), events in the data and simulated samples

after Z(— 77) + 0-jet selection.

We check kinematic distributions after Z(— 77)+0-jet selection. Figure
6.10 shows the kinematic distributions after OS—LS subtraction in the data
and simulated samples. We observe a good agreement between the data and

MC simulation.
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6.4 1, Analysis

The major backgrounds of £,1, events are W +3-jet, QCD and Z(— 77)+ 2-jet
events. We begin with the same baseline i + 7, samples as Z — 77 analysis
and devise three additional cuts to reject each background. We remove the W
events in OS and LS samples by the same cut used in Z — 77 analysis, the cut
on the transverse mass of the muon and Fr system, but with a different cut
value. Next, we apply a cut on the scalar sum of the transverse momentum of
muon, transverse momentum of hadronic tau and &y, Hr(u, 7h, Er), to remove
the QCD events. The cut values are optimized to maximize the significance
of £, signal against each background source. Finally, we require the 7,
candidate events to have two or more jets. This cut is devised mainly for

Z — 77 event rejection (see Subsection 6.3.3).

6.4.1 W Event Rejection

We remove W events from both OS and LS samples by applying the cut on
My (p, Fr). Figure 6.11 shows: (1) the My (u, £r) distribution in the data and
simulated samples (top). The data is taken from the baseline u + 7, samples
and no additional cut has been applied yet; (2) the Mp(u, £r) distribution of
t-li-l and W events from simulated samples (middle), when the signal events
have Mfl = 100 GeV/c* and, (3) the distribution of significance (bottom),
Eflfﬁwbg/‘/m’ which is defined as the ratio of signal efficiency to square

root of background efficiency, as a function of My (u, Fr), wheree; = d

— an
£, +rrbb
Ew+jets are obtained from the simulated samples. We require My (u, fr) <
35 GeV/c?. As a result of the first cut, we retain 131 OS and 75 LS events in

the data samples (see Table 6.12 in Subsection 6.4.5).
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6.4.2 QCD Event Rejection

We apply a cut on the scalar sum of the transverse momentum of muon, trans-
verse momentum of hadronic tau and £p, Hr(u, 7, £r) = pr(u) +pr(m) + Er,
in order to remove the QCD events which are dominant after the My (u, £r)
cut. Figure 6.12 shows: (1) the Hy(u, 1, £r) distribution in the data and sim-
ulated samples (top), after applying the W rejection cut; (2) the Hy(u, 74, £r)
distribution of 51;1 and QCD background represented by the LS data (middle);

G it e . -: _ func.
and, (3) the distribution of significance (top), Etltl—wrbb/‘/EQCD’ as a func
tion of Hr(u, m, Er), where ¢- = — is obtained from simulated sample and

tltl—)TTbb

£qcp is obtained from the LS events in the data. We require Hy(p, 4, £r) >

75 GeV/c?. As a result, we retain only 8 OS events in the data sample (see

Table 6.12 in Subsection 6.4.5).

6.4.3 Jet Requirement

After the two cuts described above, the retained p + 7, events dominantly
result from Z — 77 process. Therefore, we apply a cut on the number of jets,
Njer- The definition of jet is the same as that of Z — 77 analysis. We require
two or more jets well separated from muon and hadronic tau in 7-¢ space with
Er™ > 10 GeV and Ep®™" > 15 GeV in || < 2.4: N, > 2. Figure 6.13
shows the distribution of Nj, for the signal and Z — 77 events. We don’t have

any candidate events after all three cuts (see Table 6.12 in Subsection 6.4.5).

6.4.4 Efficiencies and Acceptance Estimations

The efficiency of each flil selection cut is estimated with signal MC samples

which have been simulated at the eight different mass points of the scalar top
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Figure 6.13: Jet multiplicity

quark: 70, 75, 80, 90, 100, 110, 120 and 130 GeV/c?. Tables 6.8, 6.9, 6.10 and

6.11 summarize the cut efficiencies with signal acceptances, Ag’g , and trigger
1t
efficiencies, €”% (see Section 3.4). Fig 6.14 shows the cumulative efficiencies

_ bty
of the £, selection cuts.
6.4.5 Summary of Data Analysis

Table 6.12 shows the event reduction by each selection cut in the data sample.

It is compared to the simulated Z — 77 and W+ jet samples in Table 6.13.

6.4.6 Background Estimation

Table 6.14 shows the number of events remained after all ¢,{, selection cuts in
the data and simulated samples. We observe no candidate events in the data,

while the number of background events expected from the Standard Model
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Mf1 (GeV/c?) 70 75
Cut Cumulative Cut Cumulative
efficiency efficiency efficiency efficiency
(%) (%) (%) (%)
Muon selection 13.76 13.76 14.74 14.74
Z = pp veto 99.99 13.76 99.96 14.73
Muon isolation 88.81 12.22 88.63 13.06
Hadronic tau selection 16.35 2.00 17.05 2.23
Mr(u, Br) < 35 GeV/c? 77.84 1.56 76.28 1.70
pr(p) + pr(m) + Br > 75 GeV || 41.01 0.64 44.18 0.75
Ni 22 57.51 0.37 59.49 0.45
Signal acceptance (%) Axi = 0.37 £ 0.02(stat) 42‘:51 = (.45 + 0.02(stat)
Trigger efficiency (%) egg-t; = 83.6 6;1%, = 83.6

Table 6.8: Cut efficiencies with signal acceptance and trigger efficiency at

Mt~1 = 70 and 75 GeV/c?
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Mfl (GeV/c?) 80 90
Cut Cumulative Cut Cumulative
efficiency efficiency efficiency efficiency
(%) (%) (%) (%)
Muon selection 15.45 15.45 16.85 16.85
Z — pu veto 99.96 15.44 99.98 16.85
Muon isolation 89.02 13.75 88.95 14.99
Hadronic tau selection 18.37 2.53 19.72 2.96
Mr(p, Pr) < 35 GeV/c? 74.66 1.89 71.67 2.12
pr(n) + pr(m) + Br 275 GeV || 47.75 0.90 57.38 1.22
Njet 2 2 64.21 0.58 68.52 0.83
Signal acceptance (%) Atfj?l = 0.58 £ 0.03(stat) -i;fl’%:; = 0.83 £ 0.03(stat)
Trigger efficiency (%) e;fl"’z.l =83.3 egyz.; 83.4

Table 6.9: Cut efficiencies with signal acceptance and trigger efficiency at

M; =80 and 90 GeV/c?
1
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Mf1 (GeV/c?) 100 110
Cut Cumulative Cut Cumulative
efficiency efficiency efficiency efficiency
(%) (%) (%) (%)
Muon selection 18.08 18.08 19.03 19.03
Z = pp veto 99.95 18.07 99.92 19.01
Muon isolation 88.91 16.07 89.29 16.98
Hadronic tau selection 21.83 3.51 22.34 3.79
Mr(u, Br) < 35 GeV/c? 70.68 2.48 67.33 2.55
pr(u) + pr(mh) + Br > 75GeV || 66.05 1.64 73.92 1.89
Njer 22 71.58 1.17 74.68 1.41
Signal acceptance (%) Aﬁ = 1.17 £ 0.04(stat) A‘tffzgl = 1.41 + 0.04(stat)
Trigger efficiency (%) e, =837 ers =836

tr
¢y

b

Table 6.10: Cut efficiencies with signal acceptance and trigger efficiency at

Mf1 = 100 and 110 GeV/c?
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J\/Ii-l (GeV/c?) 120 130
Cut Cumulative Cut Cumulative
efficiency efficiency efficiency efficiency
(%) (%) (%) (%)
Muon selection 20.36 20.36 20.65 20.65
Z — pp veto 99.89 20.34 99.83 20.61
Muon isolation 89.29 18.16 89.68 18.49
Hadronic tau selection 23.33 4.24 24.12 4.46
Mr(u, Br) < 35 GeV/c? 66.30 2.81 64.50 2.88
pr(p) + pr(m) + Br > 75 GeV 81.46 2.29 86.50 2.49
Njeg > 2 78.29 1.79 80.24 2.00

Signal acceptance (%)

AMC =179 + 0.04(stat)

4121

AME =200 + 0.05(stat)

1t

Trigger efficiency (%)

c;_r”— = 83.7

Ifl

tr

2L =838
1313

Table 6.11: Cut efficiencies with signal acceptance and trigger efficiency at

M; =120 and 130 GeV/c?
1
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OS | LS| OS-LS

Muon selection 511550

Z = pp veto 510290

Muon isolation 249050
Hadronic tau selection 163 | 82 81

Mz (i, Br) < 35 GeV/c? 131 | 75 56

pr(u) +pr(m) +Br>7GeV | 8 | 0 8

Nje > 2 0 |0 |NP2E =0
tit)

Table 6.12: #,%, events from data sample

processes is 1.13 +0.10(stat)+0.06(sys). The dominant background is Z — 77
events. The expected number of Z — 77 and W(— pv or 7v) + jet events is
estimated by VECBOS+HERPRT. For verification, we also estimate the Z — 77
events using ISAJET. The number of OS, LS and OS—LS events in the ISAJET
Z — 77 samples are 1.10 & 0.11(stat), 0.04 £ 0.02(stat) and 1.06 £ 0.12(stat),
respectively. The estimation of Z — 77 using VECBOS+HERPRT is consistent

with the estimation by ISAJET.
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Z(—>T7) W(— pv)+jets Data
Cut OS LS (ON] LS OS LS
Baseline yt + 7, samples 83.1 0.5 23.2 7.0 163 82
Myp(u, Fr) < 35GeV/c? 680 0.3 2.6 1.4 131 75
Hr(p,m, Fr) =2 75GeV/c 13.5 0.1 0.0 0.3 8 0
Njer 2 2 1.13 0.00 0.00 0.00 0 0

Table 6.13: Number of events in the data and background samples after each

cut (£,¢; analysis)

Process OS LS OS-LS
Z 7T 1.13 0.00 1.13+0.10(stat)+0.06(sys)
W — pr+jets negligible
W — tv+jets negligible
Y =TT negligible
it 0.05 0.05 0.00 +0.08 £ 0.01
Diboson (WW/WZ/ZZ) 0.02 0.02 0.00 £ 0.03 £ 0.01
QCD (LS data) N/A 0 0
Total background 1.20 0.07 1.13 £ 0.13 + 0.06
Data ( 105.3 pb ') 0 0 N =0

141

Table 6.14: Summary of estimated backgrounds.
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Systematic Uncertainties

The general concept to estimate the systematic uncertainty from a given source
is quite similar for most sources. To estimate the uncertainty from a given
source, we change the input parameter for the MC simulation, and evaluate
the impact by comparing its event acceptance with that of standard samples.
We want to measure the production cross section of 51?1 from experiment using
the calibration method introduced in Section 3.4. We calculate the production
cross section of {12’1 calibrated by Z — 77. Therefore, the systematic uncer-
tainties should be evaluated in both Z — 77 and fjl events with our strategy.
However, the calibration method cancels systematic uncertainties due to the
luminosity, z-vertex efficiency and tau branching ratio, and reduces system-
atic uncertainties due to the unknown effects related with muon and hadronic
tau. These advantages are main reason why we use the calibration method. It
should be noted that the uncertainty arising from the luminosity measurement

is included in the measurement of Z production cross section at CDF.
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7.1 Systematic Uncertainties due to Trigger Ef-
ficiency

The trigger efficiency of muon depends on its pr. Therefore, we use trigger
efficiency curves to correct the MC simulation. The systematic uncertainty
due to the trigger efficiency is estimated with the ratio of trigger efficiencies of
Z = 7T to 51?1 events. We vary the parameterized curves up and down by one
standard deviation for the L1, L2 and L3 triggers. We apply new curves for
the acceptance estimation. Then, we evaluate the impact by comparing new
acceptances with nominal acceptance. We choose maximum deviation as our

systematic uncertainty. They are summarized in Table 7.1.

M; (GeV/c") 70 80 90 100 110 120 130

Systematic uncertainties (%) | 0.03 0.08 0.07 0.08 0.07 0.08 0.03

Table 7.1: Systematic uncertainties due to trigger efficiency, where M{ =
1

70 ~ 130 GeV /c.

7.2 Systematic Uncertainties from Z — 77 analy-
SIS
Cross Section of Z(— 77)+ > n-jet Events

We use the production cross section times branching ratio, oz - B(Z — ee),
taken from the CDF measurement [40], as that of Z — 77 assuming lepton

universality. Therefore, we apply the uncertainties from the oz - Z(— ee)
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measurement. However, we use only Z(— 77)+ 0-jet events for calibration,
so we also apply the uncertainties caused by the measurement of the ratio of

Z(— ee)+ > n-jet cross section [41]. They are summarized in Table 7.2.

Parton Distribution Function (PDF)

The PDF affects the production cross section, relative contributions of gg
fusion and ¢g annihilation and event kinematics. Our nominal choice of PDF
is CTEQ4L [53]. For comparison, we choose GRV94LO and MRSG [51]. We
generate new simulated samples with two PDFs and evaluate each acceptance
deviation by the comparison to nominal samples. We choose the maximum
deviation as our systematic uncertainty due to the choice of PDF. Is is shown

in Table 7.2.

Source of systematic uncertainty | Systematic uncertainties (%)
Data statistics 24.9
PDF 4.7
MC statistics 1.8
oz-B(Z = 17) 5.2
R(0—jet) 3.1
Total 26.1

Table 7.2: Systematic uncertainties from Z — 77 analysis.
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7.3 Systematic Uncertainties from 51;1 analysis

Gluon Radiation from the Initial or Final State Partons

Gluon radiation, showing up as jet, can originate from the incoming initial
state partons, outgoing final state partons or interference between the two.
The interference effect is expected to be small, so it is not considered in this
analysis. The effect of Initial/Final State Radiation (ISR/FSR) is determined
by the following procedure. We prepare another signal sample by linking a
routine to turn FSR off in ISAJET. We estimate the size of FSR effect to be
the acceptance difference between nominal and new samples. Assuming that
the size of ISR effect is similar to that of FSR effect, we take a square-root of
quadrature sum of two estimates as our systematic uncertainty due to gluon

radiation. They are summarized in Table 7.3.

Q? Dependence

The default Q? for the two body process in ISAJET is defined as follows:

25t ;
Q? = max (L.-AM[Z)

82 + 12 + 42

We examine the acceptance change varying the scale into 0.25Q7 and 4Q? using
two differenct routines in ISAJET. We choose the maximum deviation as our

systematic uncertainty. They are summarized in Table 7.3.

Parton Distribution Function

We estimate the uncertainty due to the choice of PDF with the same method as

that of Z — 77 mentioned in Section 7.2. They are summarized in Table 7.3.
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Jet Energy Scale

The systematic uncertainty due to the jet energy scale originates from the
error in the overall calorimetry calibration. We vary absolute and relative
energy scales by £5%. We choose the maximum deviation as our systematic

uncertainty. They are summarized in Table 7.3.

Mf] (GeV/c?) 70 80 90 100 110 120 130
Source of systematic uncertainty Systematic uncertainties (%)

Gluon radiation 24 24 23 23 22 22 21

Q? dependence 6.8 6.8 68 6.7 66 6.6 6.6

PDF 48 48 47 47 46 46 4.5

Jet energy scale 30 21 28 22 14 16 1.0

MC statistics 55 3.7 36 3.0 28 24 23

Total 10.7 97 97 93 89 88 &6

Table 7.3: Systematic uncertainties from iz, — (TTO)(77D) = puThbb + X

analysis, where Mt-1 =70 ~ 130 GeV/c?
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Results & Discussion

We have searched for the pair-production of the scalar top quarks which are
predicted by supersymmetric theory. We consider the R, violating decay of
the scalar top quark via non-negligible 333 and €3 couplings, £, — 7b, which
also violates tau lepton number, using the 105.3 pb™" data collected by the
CDF detector in pp collisions at /s = 1.8 TeV. The experimental signature
of i, + X = (r*b)(r"b) + X — p 7, bb+ X is considered, where 7, is a
hadronically decaying tau lepton. The data was inclusively triggered by a
muon. We use a sample of Z(— 77) + 0-jet events to calibrate the analysis.
We obtain a null result and set a 95% C.L. lower limit on M X An analysis has
been performed concurrently with this one based on the signature {1?1 +X —
(7*b)(17b) + X — e, bb+ X with the 106 pb~! data inclusively triggered
by an electron. In Section 8.2, the individual limits from both analyses are
combined to set a complete limit. Similar analyses have been carried out by
the OPAL and ALEPH Collaborations at LEP considering A3z (k =1, 2, 3)
couplings and the process ete™ — 1,1, — (r¢)(7~q) (see Section 3.3), and a

null result was also obtained. We compare our limit to theirs.
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8.1 Results

The statistical method setting a limit in new particle searches in the CDF
experiment is briefly presented in this section. Next, we describe our results

with the limit on ]\/[t~ .
L

In new particle searches, one selects from a large number of events those
which bear characteristics of the new process, while minimizing the events
from well-known processes. This results in a small number of events passing
the selection criteria. In our case, the result is consistent with the background
expectation. At first, we set an upper limit on the number of signal events
presenting in the sample at a Confidence Level (C.L.) of 95%, employing a
statistical method which allows us to take into account the systematic uncer-
tainties in the signal acceptance and expected background. For single-channel
counting experiments like this analysis, the classical Helene formula [67], with
Bayesian integration over systematic uncertainties in the signal acceptance and
background, is employed to determine upper limits on Poisson processes in the
presence of both statistical and systematic uncertainties, simultaneously in the
signal acceptance and background. This is the standard method adopted by

the CDF Collaboration [68, 69).

We observe no candidate events passing our selection criteria in the
data, while we expect 1.13 & 0.04 events from the Standard Model processes,
v [Z(— T7)+jets, W(— pv or Tv)+jets, tt and WW/W Z/ZZ. Therefore, we
calculate the 95% C.L. upper limits on the pair-production cross section of the
scalar top quark, when M{I is 70, 80, 90, 100, 110, 120 and 130 GeV/c*. We
first calculate NP%CL ysed to calculate o¥%CL by the formula introduced in

1h tit -
Section 3.4, Equation (3.9), which calibrates the f,f, analysis with Z — 77
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analysis. In the Equation (3.9), Ng:”zil - Ni% is modified to Nt?:i_y‘;c" for the
calculation of agf%"lu and we assume § = B(f, = 77b) =1 (100%). A¥C, £5°
and N2 — NEC are obtained from the Z — 77 analysis and summarized in
Table 8.4 (see Section 8.2). The results are shown in Table 8.1. We combine
all uncertainties in quadrature to obtain total systematic uncertainty shown in
the table (see Tables 7.1, 7.2 and 7.3). We also calculate the 95% C.L. expected
upper limits assuming that we observe one event in the data as expected from
our background estimations and assuming exact consistency between the data
and MC simulation in the Z — 77 analysis. For the calculation, we modify
the number 23 for OS data to 33 (~23/0.7) and 2 for LS data to 3 (~2/0.7)
using simple proportionality, since 30 (~(23-2)/0.7) Z(— 77)+0-jet events are
expected from MC simulation after OS—LS subtraction. These new numbers
give N2* — NBC = 29.146.0(stat)£0.2(sys) and change systematic uncertainty
due to data statistics in Z — 77 analysis from 24.9% to 20.6%. Thus, the total
systematic uncertainty in Z — 77 analysis decreases from 26.1% into 22.1%
and as a consequence the total uncertainty changes. The results are shown in
Table 8.2. Both limits are calculated using the Poisson statistics. Figure 8.1
shows both calculations at the same time with NLO QCD calculation. We set
a 95% C.L. lower limit on Mfl at 75 GeV /c? by taking the cross point between

the limit derived by this analysis and NLO calculation. The expected limit is

80 GeV/c?.
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Figure 8.1: 95% C.L. limits for {11, + X — (7b)(r"b)+ X — u7ubb+ X along
with the NLO QCD calculation
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M i Acceptance s%'l”;l Total uncertainty N gf’;—.%l’CL t?:’%f‘;CL
(GeV/c?) (%) (%) (%) (pb)
70 0.37 83.6 28.2 3.46 73.8
80 0.58 83.3 27.8 3.44 47.0
90 0.83 83.4 27.8 3.44 32.8
100 1.17 83.7 27.7 3.44 23.2
110 1.41 83.6 27.6 3.44 19.2
120 1.79 83.7 27.5 3.44 15.1
130 2.00 83.8 27.5 3.44 13.5

Table 8.1: 95% C.L. limits on the production cross section of 512‘1 + X -
(7Fb)(T7b) + X — u7bb+ X, where Mf =70 ~ 130 GeV/c*.
1

8.2 Limits

We set a 95% C.L. lower limit on Mfl at 75 GeV/c?. The analysis considering
the “electron” signature, £;2, + X — (TTO)(TTD) + X > e, bb + X, sets a
95% C.L. lower limit on Mfl at 111 GeV/c’. Here, we combine two individual
limits to set a complete limit for {,, + X — (TTO) (T b) + X — €mybb + X.

We use a Bayesian statistical method which calculates the upper limits
on Poisson processes at 95% C.L. given a certain number of observed events, an
expected number of background events from known processes, and uncertainty
on both the overall acceptance and the expected backgrounds.

The combination has been done by multiplying the likelihood results
from the electron and muon analyses. Both are Poisson probabilities for the

observed number of events and are smeared with two Gaussian likelihoods
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M i Acceptance E%'lg:l Total uncertainty N ;:%/:C" t?f?’l“
(GeV/c?) (%) (%) (%) (pb)
70 0.37 83.6 24.6 4.57 67.3
80 0.58 83.3 241 4.54 42.8
90 0.83 83.4 24.1 4.54 29.9
100 1.17 83.7 24.0 4.54 21.1
110 1.41 83.6 23.8 4.53 17.5
120 1.79 83.7 23.8 4.53 13.8
130 2.00 83.8 23.7 4.53 12.3

Table 8.2: 95% C.L. expected limits on the production cross section of 51?1 +
X = (710)(77b) + X — p7pbb + X, where Mfl =70 ~ 130 GeV/c”.

which incorporate the errors in the acceptance and the backgrounds. We
normalize the channels according to the relative luminosities. The smearing
is done using a Monte Carlo method which averages over 100,000 pseudo-
experiments. This method effectively puts all the uncertainty into an effective

N¥Z%CL which can but put into Equation (3.9). Because the both analyses

ustelttlhe Z — 77 analysis for calibration, the same formula is adopted for the
calculation. See Tables 8.1 and 8.3 for the acceptance and efficiency estimations
for the signal events, and Table 8.4 for the summary of the Z — 77 analysis.
The final results are summarized in Table 8.5 and Figure 8.2. We set a 95%

C.L. upper limit on ;3
1

B=1.

at 4.69 pb and lower limit on MfL at 119 GeV/c? for
il



8.2 Limits 121

i o — I e s

CDF Preliminary (106 pb™)

pp =T, > T T bb— 11+ 2jets |
N Bt b) = 100%

7 (pb)

o)
S
1

NLO*

— 95% C.L. combined eﬂi upper limit

. oz 95% C.L. upper limit from e channel

----- 95% C.L. upper limit from p channel
| EFEFETSrE BT PG RSO |

[ -+ G0t CTEQ4M, Q=M

Lod

| I

60 70 80 90 100 2116“‘126
M'{'(G@V/C)

"
130

Figure 8.2: 95% C.L. limits for #,i, + X — (7+b)(r5) + X — £7,bb+ X along
with the NLO QCD calculation
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M i Ag’f ?1 6%'1%1 Total uncertainty N ;f%‘;m” g??lm‘ at”hgo?y
(GeV) | (%) (%) (%) (pb) | (pb)
70 0.55 77.1 22.3 3.26 39.4 86.5
80 093 77.5 21.2 3.23 20.1 42.8
90 1.57 T77.6 20.8 3.22 11.8 22.5
100 2.06 78.1 20.2 3.21 9.0 12.6
110 258 78.1 19.6 3.19 71 7.3
120 3.08 785 19.5 3.19 5.9 4.4
130 349 78.5 19.4 3.19 5.2 2.8

Table 8.3: 95% C.L. limits on the production cross section of 21?1 +X -
(7*b)(77b) + X — e 7,bb + X, where Mf1 =70 ~ 130 GeV/c? [27].

electron channel | muon channel
. 45.6+7.8 20.145.0
AYC (%) 1.48 0.86
ex? (%) 74.5 83.0

Table 8.4: Results of the Z — 77 analysis (27, 28]
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M, (Gev) | N2t | o5E (3b) | o8ES, (o)
70 3.67 25.7 86.5
80 3.60 15.3 42.8
90 3.56 9.6 22.5
100 3.54 7.0 12.6
110 3.1 9.6 7.3
120 3.51 4.6 44
130 3.51 4.1 2.8

Table 8.5: 95% C.L. Combined limits on the production cross section of t_jl +
X = (770)(77b) + X — £7,bb + X, where Mf =70 ~ 130 GeV/c’.
1
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Conclusion & Summary

A search for the lightest scalar top quark, a superpartner of the top quark, has
been performed with the signature, By 4 X — (7F0)(77b)+ X o L7, bb+ X,
where £ is an electron or a muon, and 7y, is a hadronically decaying tau lepton.
Both electron and muon analyses obtain null results and set 95% C.L. lower
limits on le at 111 and 75 GeV/c?, respectively. We combine the two limits
and set a 95% C.L. lower limit at 119 GeV/c?. This limit is stronger than the

current limit set by the ALEPH Collaboration at LEP.



Appendix A

The Main Injector (MI) and the

Antiproton Recycler Ring

The construction of the MI results in significant enhancements to both the

collider and fixed target experiments in Fermilab.

A.1 Brief History

The MI has been a decade in the construction. In 1987, a study of how
Fermilab could enhance the performance of the Tevatron beyond its original
performance goals, by integrating a new accelerator or accelerators within the
existing complex was undertaken and a report identifying several possibilities,
all with a common strategy — produce more antiprotons for the collider — was
written. The report contained several designs including the construction of
two new accelerators operating at 20 GeV and the construction of the second
Tevatron for proton-proton collisions, supported by a new Main Ring. Finally,

a Main Ring replacement supporting continued proton-antiproton collisions
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in the existing Tevatron was chosen. Fermilab proposed this project to the
Department Of Energy (DOE) in 1989, and funding for the MI project was
approved in 1991. After extended design and R&D period, the construction
was started in the spring of 1993. The project was completed in 1999.

The completion of the MI represents not an end but a beginning. It
will take great effort to realize its full potential for the improvement of the
research program at Fermilab. At last, we have reached a point where we can

see clearly that Fermilab will reap the benefits of the MI for decades to come.

A.2 Particle Acceleration in Run II

A.2.1 The Main Injector

The MI is located south of the Antiproton Storage Ring and tangent to the
Tevatron Ring at the F@ straight section. It will perform all duties currently
required of the existing Main Ring with concurrent reduction in the background
rates seen in the colliding beam detectors. The MI will supply high intensity
proton beams for antiproton production, combine proton bunches from the
Booster into a single high intensity bunch to use in the collider, and effectively
accelerate antiprotons to inject into the Tevatron. The MI accelerates protons
from 8 GeV to 120 GeV for antiproton production, and provides high duty
factor 150 GeV beam to the Tevatron during collider operation, a capability
which does not presently exist in the Main Ring. Particles circle the MI’s
3.2186 km circumference nearly 100,000 times per second. The MI decelerates
antiprotons from the Tevatron, sending them to the Recycler Ring and sends

protons to the NuMI experiment for neutrino production.
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A.2.2 The Antiproton Recycler Ring

The Recycler Ring shares the tunnel with the MI, recovering and recycling
antiprotons from the Tevatron. It uses permanent magnets which operate
without the need for power and water.

The role of the Recycler Ring is to provide more antiprotons for the
Tevatron (for a tenfold increase in collisions), which proportionally increases
the luminosity (more possibility for discovery). This is accomplished by acting
as a high reliability post-Accumulator and receptable for recycled antiprotons
from previous collider stores. The Recycler Ring recovers and stores antipro-
tons that would have been discarded. The recycled antiprotons are transferred
to the MI, and accelerated to use in future Tevatron collider experiments.
Prior to the development of the Recycler Ring, the peak luminosity goal of the

upgrade was 8 x 10%! em~2s™!. With the construction of the Recycler Ring, a

2o—1

typical peak luminosity of 2 x 10%2 em~2s™! is expected.
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The CDF Upgrades

The goal of Tevatron Run II is to accumulate more than 35 fb™! at /s =
2.0 TeV, using luminosities up to 2 x 10** cm~2s~!. The modest increase in
the energy has a major impact on physics, but little impact on the detector
performance. The high luminosities, the number of bunches and the time
between crossings require extensive changes to the experimental apparatus.
Ten years of experience with CDF and Tevatron physics has been applied in
the design of an upgraded CDF detector called “CDF II.” It is described in
[45]. The crossing time defines an overall time constant for signal integration,

data acquisition and triggering. Two sets of Tevatron operating conditions for

Run II are:
e L=1x10*cm“s™!, 396 ns crossing time (36 bunches)

e £L=2x102% cm™s™', 132 ns crossing time (108 bunches)
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Perspectives on Scalar Top Search

in Run 11

In Run II, the luminosity enhancement provided by the MI in conjunction
with the good quality detector, the CDF II, will dramatically increases the
discovery reach. The CDF II will collect data at /s = 2.0 TeV. The integrated
luminosity will be greated than 35 fb™'. The production cross section for
heavy superpartners will increase significantly with the higher energy. SUSY
searches wil cover a wide range of parameter space. Figure C.1 shows the
pair-production cross section of the lightest scalar top quark at the Tevatron
in Run IL

For Run II, the CDF experiment is implementing a new tau trigger
which combines the information of specific physics signatures with tracking
requirements for the tau. The experience gained during Run I and Monte
Carlo simulations have taught that tracking information is more efficient than
calorimeter information, especially for low-pr taus. Track isolation can be used

to further reduce the acquisition rate.
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Figure C.1: The pair-production cross section of the lightest scalar top quark

at the Tevatron in Run II
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