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ABSTRACT

A search for the pair production of supersymetric particles using data from the
D@ detector at the Fermilab pp Tevatron collider, with center of mass energy /s =
1.8 TeV, has yielded a null result. The search was performed looking for gluino and
squark decays with a signature of multiple particle jets and high missing transverse
energy. With a total luminosity of 7.5 pb™' of data, and with no signal events
observed above expected Standard Model backgrounds, the existence of gluinos and
squarks has been excluded with masses below 213 GeV/c? at the 95% confidence

level for equal squark and gluino mass.
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CHAPTER 1
SUPERSYMMETRY

1.1 Introduction

A fundamental belief held in the sciences is that the structure of the universe is
ordered. Discovering order is the first step toward an understanding of our physical
world. A symmetry is a type of order seen in nature. The German physicist Hermann

Weyl often said, “Nature loves symmetry.”

Throughout history symmetries have
played a key role in forming explanations for the physical world. The ancient Greeks,
upon discovery of the Polyhedra (three-dimensional figures with more than four sides
and angles), concluded that the whole world was built from these symmetrical shapes
[1]. In fact, our word symmetry comes from the Greek word summetros meaning
well-ordered or of like measure.

Since the sixteenth century, symmetries have been assumed to be a fundamental
law of nature. Kepler, the influential astronomer of the sixteenth century, concluded
his book Mysterium Cosmographicum with the sentence “Credo spatioso numen in
orbe” — “I believe in the geometric order of the universe” [2]. Today, our advanced
technology has allowed us to observe symmetry at all levels of nature.

A physical system exhibits symmetry if it remains unchanged under a particu-
lar operation. Symmetries observed in nature can be from translations, rotations,
and reflections. Geometric symmetries are encountered in molecules and crystals.
Dynamic symmetries were discovered in the development of quantum mechanics,
the order of states of a physical system. Wolfgang Pauli first observed a dynamic
symmetry in the regularity of the discrete spectrum of the hydrogen atom [3].

Symmetry arguments are often used to predict undiscovered effects and promote

the formulation of new theories. The mass spectrum of hadrons has been described
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by the special transformation group SU(3) [4]. Maxwell’s inclusion of the electro-
magnetic “displacement current” in his equation for the curl of the magnetic field

was based on grounds of symmetry rather than experimental results.

1.2 The Standard Model

All matter is comprised of elementary spin-1/2 particles (fermions) called quarks
(which make up the proton and neutron) and leptons such as the electron (see Table
1.1). These particles interact via four fundamental interactions: gravity and the
electromagnetic, weak and strong nuclear forces. The latter three interactions are
described by gauge field theories as the exchange of bosons, particles of integer
spin. The Standard Model predicts the strong [5], weak and electromagnetic [6]
interactions among the quarks and leptons. The top quark was the last of the six
quarks to be discovered [7] and completes the three matter families of the Standard
Model. Although the force of gravity is the most familiar of all the interactions,
there is not yet a testable quantum theory of gravity.

The gauge bosons of the Standard Model, shown in Table 1.2, include spin-1
particles which mediate the strong and electroweak interactions. The electromag-
netic force is described through the exchange of massless photons. Since photons
are massless, the range of the electromagnetic interaction is infinite. The weak in-
teractions are mediated by massive particles called W and Z gauge bosons with
only a short range. The W and Z bosons were first observed at the CERN collider,
confirming the predictions of the electroweak theory [9].

In the Standard Model, the generation of the fermion masses is accomplished
by the presence of the Higgs particle, a spin-0 boson that spontaneously breaks
the electroweak symmetry [10]. The Higgs boson interacts by a Yukawa coupling.



Table 1.1: Matter particles in the Standard Model with their masses [8]. The electric
charge is shown in units of the electron charge.

Name Electric Charge Mass (MeV/c?)
leptons

electron e -1 0.511
neutrino v, 0 <7.3x10°8
muon f -1 105.7
neutrino v, 0 < 0.27
tau 7 -1 1784
neutrino v, 0 < 35
quarks

up u —1/3 ~ 5.6
down d 2/3 ~ 9.9
strange s —1/3 ~ 199
charm c 2/3 ~ 1,350
bottom b —1/3 ~ 5,000
top t 2/3 ~ 180,000




Table 1.2: The four fundamental forces and their characteristics. The mediating
particles are bosons that are exchanged in the theory. Although the graviton has
not been observed, it may be the quantum exchanged in a quantum field theory of
gravity. The strength of the gauge couplings depend on the characteristic momentum
or distance of the interaction.

Interaction Relative Strength Range Mediating Particle
gravitational 5.3 x 1073 0o graviton?
electromagnetic Qe = 1/137 00 photon ()
weak 10°° 107 m Vector Bosons (W=, Z°)
strong 0.1-1.0 10715 — 107 m gluon (g)

Since the quarks have different masses, each quark must couple to the Higgs with a
different strength. The Higgs boson associated with the electroweak scale is expected
to have a mass of less than 1000 GeV/c? to maintain unitarity in the Standard Model.

Although the Standard Model has been sufficient to explain the observed phe-
nomena at high energy colliders to date, there are indications that the Standard
Model is not a complete theory. There are many parameters in the Standard Model
that cannot be determined except via experiment (nine fermion masses, charged
Higgs mass, electromagnetic coupling constant, Fermi coupling constant, and the
weak mixing angle, sin ).

Loop diagrams are higher order radiative corrections for particles spending a
short time in a virtual state. For any quantum field theory with elementary scalar
fields (the Higgs boson is an elementary scalar field), the radiative correction to
the scalar boson mass diverges quadratically as the internal momentum in the loop
becomes very large [11, 12]. A cutoff, A, can be imposed at some high energy scale
(usually the Grand Unification scale, where the electromagnetic, weak and strong

forces are expected to arise from one massive gauge boson) where degrees of freedom
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not included in the Standard Model become relevant. In lowest order perturbation
theory, m% = m2 + §m?% ~ m2 — g?A?, where my is the Higgs mass, mg is the bare
Higgs boson mass in the Lagrangian, and g is a dimensionless coupling constant.
The Higgs mass must be comparable to the electroweak scale, mg ~ 250 GeV/c%.
If A ~ Mgy or Mpianck, Where gravitation becomes relevant, and g? ~ 1, then
m3 and §m% are each ~ 10%° GeV?/c* and the difference must leave myg ~ 250
GeV/c?. Therefore, if loop corrections to the lightest Higgs particles are applied to
observables, Grand Unified Theories require fine tuning the mass order by order in
perturbation theory to an accuracy of 10726, This delicate tuning of the Higgs mass
in GUT Models is known as the hierarchy problem, the large difference between
symmetry-breaking scales in GUT and electroweak theories.

Although there is no experimental evidence for new particles or interactions, the
above deficiencies with the Standard Model may indicate that the Standard Model
is only valid in the current energy regime and new degrees of freedom, and new
particles or interactions, are at the energy scale of ~ 1000 GeV/c?. Ideas for the
new physics include compositeness (quarks and leptons are made of constituents),

supersymmetry (a symmetry relating particles of different spin), leptoquarks (a

particle with both lepton and quark quantum numbers), or something else unknown.

1.3 The Supersymmetry Model

Supersymmetry is a symmetry relating particles of different spin [13, 14]. The
spin of a supersymmetric particle differs by 1/2 from that of its ordinary Standard
Model counterpart, relating fermions to bosons, but other quantum numbers and
interactions remain the same. The known elementary particles and their superpart-

ners are listed in Table 1.3. Although no supersymmetric particles have yet been



Table 1.3: Standard Model particles and their supersymmetric counterparts. The
fermions have a fractional spin, and the bosons have integral spin. The theory of
supersymmetry relates fermions to bosons [12].

Particle Spin  Electric Charge R-parity
g gluon 1 0 1
g gluino % 0 -1
g quark % %, —% 1
¢ squark 0 %, —% -1
e electron % -1 1
€ selectron 0 -1 -1
v neutrino % 0 1
v sneutrino 0 0 -1
~ photon 1 0 1
W+, Z° intermediate bosons 1 +1,0 1
H Higgs bosons 0 +1,0 1
X3 2 3.4 Neutralinos : 0 -1
)"(fz charginos % +1 -1

discovered, supersymmetry offers several interesting solutions to problems found in
the Standard Model.

A unified theory is defined as one set of equations that unifies the gravitational,
electromagnetic, strong and weak nuclear forces. As science probes subatomic parti-
cles using higher energies, and thus at smaller distances, the strengths of the strong,
weak, and electromagnetic forces appear to converge. This indicates that the fun-
damental forces of nature, the strong, weak, and electromagnetic forces, are aspects

of a single interaction, mediated by exotic particles with a mass of ~ 10'® GeV/c?
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This led to the formulation of Grand Unification Theories (GUTs) [15]. The previ-
ously mentioned fine tuning problem can be solved by introducing a boson-fermion
symmetry to the GUT theory.

Gravity can be included in particle physics by requiring local supersymmetry.
Local supersymmetry, known as supergravity, reduces to general relativity, and re-
lates matter fields to gauge fields to unify all forces. Furthermore, the supersym-
metric extension of the Standard Model requires many new parameters that must
be specified, including some 26 coupled differential equations [16]. Within the su-
pergravity framework, the number of parameters required to specify all the masses
and interactions of the super particles reduces to a small set (see Section 1.3.2).

In a supersymmetric theory, a new fermion field with properties related to the
original spin zero Higgs field is included. The spin zero fields are then protected
from acquiring enormous masses via radiative corrections, referred to as loop graphs
[17]. The diagrams from fermion particles and their boson partners have opposite
signs that cancel the quadratic divergences when combined. In order for the graphs
to cancel, the supersymmetric particle masses must be less than ~ 1000 GeV/c? if
supersymmetry is to resolve the hierarchy problem.

In an elementary supersymmetric theory, the spin 1/2 operator () changes the
total angular momentum by 1/2 unit relating bosons to fermions, spinors (fermions
and their antiparticles) to vectors, and scalars to spinors: @,|boson) = |fermion)
where a is a spinor index. The (anti)commutation rules for the supersymmetry

generators are:

[Qaa P”] =0
[Qa, M*] =i(a*Q),
[Qa7Q_ﬂ]+ = _2(7”)(1’6}’”

[Qaa Qﬂ]+ = [@; Q_ﬂ]+
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where P* are the Poincaré generators and «, B, are spinors indexes and p, v are
4-vector indices, and o = %['y“,'y"]. Although more generators can be used, only
one supersymmetric generator is required to allow the fermions to be in chiral ! rep-
resentations, as experimentally observed. These transformation rules indicate that
the supersymmetric generator transforms as a spinor. Two successive supersym-
metric transformations involve a space-time translation; therefore supersymmetry
is not an internal symmetry and the supersymmetric generator commutes with in-
ternal symmetries such as electric charge. Therefore, the predicted supersymmetric
particles will have the same Standard Model quantum numbers as their ordinary
matter counterparts, except for spin.

The Minimal Supersymmetric Standard Model (MSSM) is the inclusion of the
minimum number of supersymmetric particles (sparticles) and their interactions to
the Standard Model [12]. Particles are assigned a multiplicative quantum number
R-parity defined as R = (—1)3B-L)+25 where B is the baryon number, L is the
lepton number, and S is the particle spin. Ordinary Standard Model particles are
assigned even R-parity (R = +1) and superparticles have odd R-parity (R = —1).
By conservation of R-parity, superparticles would be pair produced and eventually
decay to the lightest supersymmetric particle (LSP).

If R-parity is conserved, then the LSP should be both electrically and color
neutral, and absolutely stable. An electrically charged or strongly interacting LSP
would have been detected by its ability to bind with nuclei or atoms to make heavy
isotopes. The LSP is assumed to be the lightest neutralino, x?, a mixture of the
Higgsinos and gauginos, combinations of supersymmetric fermions with the same

quantum numbers. A weakly interacting particle escapes detection in a calorimeter.

!The Weyl field is used to describe the massless neutrinos in weak interactions, where the

neutrinos have only negative helicity states and the antineutrinos have only positive helicity states.
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Figure 1.1: E distribution from supersymmetry Monte Carlo for ms= 150 GeV/c?
and mgz= 100 (solid) and 200 (dotted) GeV/c?.

o T

This energy carried by the weakly interacting LSP will be indicated by “missing
transverse energy” (Kr), an energy imbalance in the direction transverse to the
beam direction. To illustrate the large Fr for supersymmetric events, Figure 1.1
shows the K distribution from supersymmetry Monte Carlo (see Section 5.7) for
mz= 100 and 200 GeV/c? for ms= 150 GeV/c®>. The F signature becomes more
pronounced for higher mass particles that provide more energy for the LSP to carry.
The canonical signature for supersymmetric particle production is Ky due to the
escape of the weakly interacting LSP.

Supersymmetry offers a solution to the fine-tuning problem, provides a mecha-
nism for including gravity, and the LSP is a good candidate for cold dark matter
[18].

1.3.1 The Supersymmetric Particle Spectrum
In a supersymmetric theory, each known particle and field is a member of a
supersymmetric pair. Superparticles have yet to be discovered; no known particle

can be the superpartner of another known particle. Therefore, supersymmetry must
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be a broken symmetry so that the mass degeneracy is removed but the other relations
and couplings remain the same.

The supersymmetric partners of the gauge particles are given their Standard
Model related names with the addition of the “ino” suffix. The spin-1/2 gluino is
the supersymmetric partner of the gluon, the mediator of the strong force.

The supersymmetric partner of the quark is called the squark. The squark has
the same interactions as the quark, only the squark is a boson with spin 0. There
are two degrees of freedom for the spin-1/2 quark (spin up and spin down). The
number of degrees of freedom for the squark must be the same as its ordinary matter
partner, the quark. Therefore there would be left and right-handed squarks since
both have spin 0. Due to the absence of the observation of strong flavor-changing
neutral currents in the K-meson sector, the squark masses of the first two generations
would be nearly identical in the simplest supergravity model [19].

The supersymmetric partners of the W, Z and Higgs gauge bosons are called
gauginos and Higgsinos. The mass eigenstates, charginos and neutralinos, are
complex mixtures of the Higgsinos and gauginos, combinations of supersymmetric
fermions with the same quantum numbers. Charginos and neutralinos may decay
into leptons, quarks, or supersymmetric particles and always finally decay into the
LSP since R-parity is assumed conserved.

In a supersymmetric theory, two Higgs doublets are required to give masses
to the left and right quarks and charged leptons where only one is necessary in
the Standard Model. The quantum numbers of supersymmetric particles and their

counterparts are given in Table 1.3.

1.3.2 MSSM Parameters
Although supersymmetry roughly doubles the number of particles in the Stan-
dard Model, only six new parameters must be introduced into the theory within

the supergravity inspired model [16]. All superparticle masses and mixings are de-
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Table 1.4: Supersymmetry model parameters used for the ISAJET Monte Carlo in
signal cross section caculations.

Parameter | Value Used
tan 8 2

© —250 GeV

Myop 140 GeV/c?

my+ 500 GeV/c?

termined by six parameters of the supergravity-inspired MSSM and can only be
determined by experiment: the gluino mass (my), squark mass (mg), supersymmet-
ric higgsino mass parameter (u), the ratio of the vacuum expectation values of the
Higgs fields (v1/v2), the top quark mass (miop), and the mass of the charged Higgs
(mpuy). The ratio of the vacuum expectation values of the Higgs fields is usually
expressed as tan 8 = v; /v,. The model parameters chosen for this analysis are listed
in Table 1.4.

The supersymmetry Monte Carlo data was generated before the discovery of
the top quark (with measured mass of 180-200 GeV/c? [7]). At the time, the top
mass was thought to be close to 140 GeV/c?, the top mass chosen for this analysis.
Chosing the top mass of 140 GeV/c?, rather then the correct top mass, does not
have a strong influence on the production cross section of the first two generations

of squarks and therefore the results of this analysis.

1.3.3 Current Limits on Supersymmetry Masses
For supersymmetry to be a solution to the hierarchy problem, the supersymmet-

ric particles must have masses less than 1000 GeV/c? (see Section 1.2). In addition,
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various experiments have placed lower limits and constraints on sparticle masses
and MSSM parameters.

The UA1/UA2 collaborations were the first to place limits on the squark and
gluino masses by searching for high E events and, observing no events above Stan-
dard Model backgrounds [20]. The limits on the gluino and squark masses were de-
termined assuming that the squark and gluino only decays directly into the lightest
supersymmetric particle and the results were ms> 74 GeV/c? and mz> 79 GeV/c?
with a 95% confidence level

From the absence of anomalous decays of the Z boson and precise measurement
of its line shape (or the decay width), the ALEPH experiment at the electron-
positron collider of CERN has been able to place lower limits on the chargino,
slepton, sneutrino, and squark masses of 45 GeV/c? [21]. For small values of tan S,
supersymmetry theory predicts a light Higgs scalar which would have been detected
at LEP, thus the LEP measurements have indirectly excluded the entire range of
gluino masses [22] for tan 8 < 1.6. Also, for values of positive g, LEP has excluded
the gluino mass range currently accessible at Fermilab (~ 250 GeV/c?).

The CDF experiment at Fermilab presented a bound on the gluino mass from a
study of multijet and high Fr events in proton—antiproton collisions [23]. For direct
decays into the LSP, the CDF experiment has set a limit for equal mass gluinos
and squarks of ms=m;z> 225 GeV/c? at a 90% confidence level, where they have
chosen model parameters the same as this analysis. Depending on those model
parameters, the gluino bound from CDF measurements is diminished by 10 to 15
GeV/c? when the effect of cascade decays is included [24]. The squark mass bound
diminishes with increasing gluino mass since the LSP mass increases with increasing
gluino mass, absorbing more of the energy of the squark-pair events. By combining
the CDF bounds on the gluino mass and the LEP contraints on the MSSM model
parameters, a lower bound on the LSP mass of 18 GeV/c? results [25].
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The current squark and gluino mass limits are shown in Figure 6.4.

1.4 Search for Supersymmetry Using the D@ Detector

1.4.1 Squark and Gluino Signatures at DO

Although heavy particles require large amounts of energy to be created, gluinos
and squarks could be produced at a high energy hadron collider and the failure to
observe them would allow limits to be placed on their masses. A potential signal for
supersymmetric particles at the Fermilab Tevatron Collider is the strong production
of gluinos and squarks. The Fermilab Tevatron collides protons and antiprotons at
a center-of-mass energy of 1.8 TeV. The strong interaction between the proton and
antiproton dominates particle production. Since the gluino and squark interact via
known gauge couplings, the cross sections for their production are calculable in
terms of their masses.

For heavy gluinos and squarks, decay into charginos and neutralinos before sub-
sequent decay into the LSP will dominate rather than direct decays into the LSP
[26]. For gluino masses above 135 GeV/c?, an intermediate decay into charginos will
account for more than half of the gluino decays [27].

The final event signature will depend on the decay of the charginos, but by R-
parity conservation, the event will always end with the stable (weakly interacting)
LSP. The final fr spectrum from cascade decays is considerably softer than that of
direct decays, because the energy is shared among more particles, leaving less energy
to be carried by the LSP. The heavy gluinos and squarks will have intermediate
decays to charginos and neutralinos. This will introduce more jets into each event,
and possibly signatures with leptons as well as jets in the final state. The heavier

the produced particles are, the more the average number of jets per event increases.
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Figure 1.2: Fraction of signal events with multiple jets predicted by supersymmetry
Monte Carlo. For high gluino masses cascade decays into charginos and neutralinos
before decay into the LSP dominate the cross section. The squark mass is fixed at

500 GeV/c?.
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This can be seen in Figure 1.2, which shows the fraction of events with three, four
and five jets as a function of gluino mass.

Thus, production and cascade decay of supersymmetric particles would manifest
itself as events with multi-jets, leptons, and Ky from the LSP and neutrinos. The
cross sections for these decay channels have been calculated [28]. A signature of
high [ is relatively free from backgrounds and is the most prominent signature for
supersymmetry. This dissertation reports a search for the evidence of supersymmet-

ric particles at the Fermilab Tevatron collider in the channel four or five jets and

large Er.

1.4.2 Squark and Gluino Cross Sections at the Tevatron

The cross sections for gluino-gluino, squark-gluino, and squark-squark produc-
tion at the Tevatron were calculated with the Monte Carlo event generator ISAJET
7.13 [29]. The ISAJET Monte Carlo program is a leading-order calculation and in-
cludes only tree-level diagrams.

The cross sections were determined by a Supergravity inspired model [16]. The
model included the minimum supersymmetric extensions to the Standard Model
and assumed R-parity conservation. If R-parity is not conserved, there may be
a significant effect on the K signature and the squark-gluino cross sections [30].
The supersymmetry cross sections depend most strongly on the squark and gluino
masses. The supersymmetric parameters used in the calculation are listed in Table
1.4. The top squark mass was set to 500 GeV/c? since top squark production and
decays are diverse and complicated and warrant a separate study [31].

Divergences incurred while calculating the Feynman diagrams for these processes
are regulated by introducing a renormalization scheme and a mass scale. Cross sec-
tions calculated to all orders of pertubation theory do not depend on the renormal-
1zation scheme. However, ISAJET calculates cross sections only to leading order, and

the truncated series exhibits renormalization scale dependence. The arbitrariness of
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Figure 1.3: Cross section for squark and gluino production at the Fermilab Tevatron.
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becomes the LSP [16].
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the scale choice corresponds to an uncertainty in the cross section. The renormal-
1zation mass scale is usually chosen to be equal to the typical energy scale in the
process, where the theoretical predictions are less sensitive to its variation. Cross
sections in ISAJET were evaluated with the renormalization scale set to § (the center
of mass energy of the colliding proton and antiproton). By varying the scale choice
from §/4 to 45, the uncertainty in the cross section was determined to be about
a factor of two [32]. The mass renormalization scale choice introduces the largest
uncertainty in the calculation, and this would change a derived mass limit by less
than +£20 GeV/c%.

A next to leading order calculation would be less sensitive to the scale choice.
There has recently been a next to leading order calculation of the cross section
for squark-squark production at the Fermilab Tevatron [34]. This relatively new
calculation indicates that the cross sections determined from ISAJET may be about
25% too low. This would increase a mass limit by about 8 GeV/c?.

The proton (antiproton) distribution function, and its structure function, are
the probability that a parton (gluon or quark) carries a certain momentum fraction
of the nucleon’s total momentum. A contribution to the cross section uncertainty
comes from the choice of structure function. The CTEQ2L structure functions [33]
were used in the cross section calculations. Since a large fraction of the proton’s
(antiproton’s) energy is necessary for the production of heavy objects, the choice
between structure functions (which differ mainly at lower momentum fractions)
makes little difference. Figure 1.3 shows the production cross section contours in

the squark—gluino mass plane.
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1.5 Terminology and Definitions

In describing the detector and event configuration, cartesian and cylindrical co-
ordinates are used. A right-handed coordinate system is used where the z—axis is
along the proton direction and the y—axis is upward. The r—coordinate is the dis-
tance perpendicular to the beam axis. The angle ¢ is the azimuthal angle measured
from the z—axis in the plane perpendicular to the proton beam. The angle 8 is the
polar angle measured from the incoming proton direction where § = 0 is along the
proton beam direction.

Momentum transverse to the colliding beams is defined as pr = psinf. For
particles of equal mass and with equal but opposite momentum, the total momentum
before and after collisions is Efartidesﬁ} = 0. The “energy vector” in the calorimeter
is defined as

cells

E, = Z E;sin 6; cos p;

cells

E, = Z E;sin 0; sin p;
cells
E, = Z FE;cosb;

where E; is the energy deposited in calorimeter cell i, and 6§;, ¢; are the polar and
azimuthal angles of a vector from the interaction point to the center of calorimeter
cell 7, and the sum is taken over calorimeter cells. This energy vector is approx-
imately equal to the total momentum vector of all particles that deposited their
energy in the calorimeter.

Pseudorapidity is defined as 7 = — In(tan g) For highly energetic particles where
E > mc?, E? = m%c* 4 p*c? then E ~ pc. Pseudorapidity approximates the true

mcz

E

rapidity y = %ln(gf—i”z) for finite angles in the limit tha — 0.
For colliding beams with equal momenta, total momentum before a collision is

zero. Particles from spectator partons are produced at small 6 angles and escape
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Table 1.5: Units used in high energy physics compared with their equivalence in the
ST system.

Units High Energy Physics ST System

Energy GeV 10° electron Volts = 1.6 x 10719 joules
Mass GeV/c? 1.78 x 10727 kg

Cross Section pb 107'2 barns = 107*° m?

undetected in the beam pipe. However, these particles have very small transverse
energies, so that the total transverse energy can be measured accurately for the
event.

Transverse energy is the energy directed in the direction transverse to the beam.
For colliding beams of opposite directions (such as at the Fermilab Tevatron), the
total transverse energy before and after any collision is identically zero. The total
scalar transverse energy is measured after the collision and is defined as

cells
St = Z E;sinb;
with units of energy, GeV. Similarly, missing transverse energy K is defined as

By = (B, +E):

where
cells

B =— Z E; sin 0; cos p;

cells

Ey = — Z E; sin 0; sin p;
B
and i1s measured in units of energy.

Various units used in high energy physics are shown in Table 1.5.



CHAPTER 2
EXPERIMENTAL APPARATUS

The D@ detector, located at the Fermi National Accelerator Laboratory in
Batavia, IL, is a general purpose particle detector designed to detect the particles
produced in the pp collisions. It is optimized to observe evidence of new phenomena
by efficiently detecting leptons and accurately measuring energies transverse to the
colliding beams. The construction of the experiment, originally proposed in 1983
[35], was completed in 1992 when the finished apparatus was rolled into the collision
hall.

The DO detector consists of three separate detector subsystems (see Figure 2.1):
the central tracking system, the calorimeter, and the muon system. The central
tracking system is closest to the beamline to provide vertex as well as charged track
information. The calorimeter is a hermetic uranium /liquid argon sampling calorime-
ter that provides excellent energy resolution and particle containment. The muon
system resides outside the calorimeter for full solid angle detection of muons with a
momentum measurement determined by the particle deflection in the magnetic field
provided by a toroidal magnet. The total number of detector channels is approxi-
mately 70,000 with some 5.5 million meters of cable and 1000 high voltage power
supplies. The D@ detector has been documented in detail in reference [36].

2.1 Fermilab Tevatron Collider

The Fermilab Tevatron is a large proton synchrotron 1 km in radius, constructed

from superconducting magnets with a peak energy of 900 GeV. It has been modified

20
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to allow operation as a proton-antiproton collider. When the Tevatron is run in the
collider mode, bunches of protons and antiprotons are stored in the ring, circulating
opposite to each other. The bunches encounter each other at a number of points
along the ring. They are allowed to collide at the regions where experimental de-
tectors are located. At the other crossing points they are prevented from colliding
by separators which move the bunches out of each other’s way. In 1985, the first
colliding beams were produced in the Tevatron. Fermilab Collider Run Ia is the
third collider run.

Protons and antiprotons first go through a linear accelerator and then a series
of alternating gradient synchrotons: the Booster, Main Ring, and Tevatron. In a
synchroton, particles are accelerated by radio-frequency cavities in a circular path.
The maximum magnetic field available and size of the ring determines the final
beam energy. The Booster and Main Ring synchrotrons are made of conventional
copper-iron magnets, whereas the Tevatron was built with superconducting magnets
allowing for a high final beam energy. The superconducting magnets are cooled with
liquid helium kept at 4.6 Kelvin.

The protons originate from a negatively charged hydrogen ion (H™) source that
serves as input to a 750 keV Cockcroft-Walton electrostatic accelerator and provides
approximately 1.4 x 10'* H™ ions/sec. A linear accelerator then accelerates the ions
to 200 MeV. The H™ is stripped of electrons in a charge exchange before injection into
the Booster which raises the proton energy to 8 GeV. The protons are next injected
into the Main Ring and accelerated to an energy of 150 GeV before transport to the
Tevatron Ring.

Antiprotons were chosen for the collisions since the protons and antiprotons can
circulate in the same path in opposite directions. The antiproton source is comprised
of a target station, the Debuncher Ring, and the Accumulator Ring [37]. Protons are
extracted from the Main Ring with 120 GeV energy and directed onto a target disk
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of nickel. The secondaries from the target are focused with a lithium lens. Lithium
is chosen for its low density as a solid and small occurrence of antiproton absorption
and multiple scattering. An azimuthal magnetic field is established in the lithium
with a current of 0.5 amps. A pulsed dipole magnet selects exiting particles with
8 GeV/c momentum. The 8 GeV antiprotons are stored in the Accumulator and
later injected into the Main Ring for acceleration to 120 GeV.

The Main Ring is designed to accept 8 GeV protons (antiprotons) and accelerate
them to 120 GeV. Before leaving the Main Ring, the protons are coalesced into
a bunch and then injected into the Tevatron. The proton bunches are stored at
120 GeV until 6 bunches are accumulated. The Main Ring and Tevatron ring are
located in the same tunnel and both operate at 53 MHz, allowing for the high
efficiency in transfering particles from Main Ring to Tevatron. Once six proton and
six antiproton bunches are in the Tevatron, the proton-antiproton energy is raised
to 900 GeV for a final collision center of mass energy of 1800 GeV.

The six proton bunches, as well as the six antiproton bunches are separated from
each other in time by 3.5 psec. The proton bunches circulate in opposite direction
on the same orbit as the antiproton bunches, so that there are 12 bunch crossing
points along the Tevatron ring. Each proton (antiproton) bunch typically contains
about 150 x 10° (50 x 10°) particles per bunch. Each store lasts for typically 12
hours before the instantaneous luminosity is sufficiently degraded.

In collider Run Ia, the bunch orbits were separated with electro-static separators
to produce helical orbits. This resulted in collisions only at two interaction points,
the D@ and B experimental regions, called the luminous regions. The peak instan-

lem~2. Quadrapole magnets were

taneous luminosity for Run Ia was 1.0 x 103'sec™
on either side of the luminous regions to reduce the beam spot size to o, ~ 40 pm.
The quadropoles were not of equal strength surrounding the D@ luminous region,

resulting in the interaction vertex being shifted by 10 cm in z from the center of
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the detector. The vertex position along the beam axis varied from event to event
due to the finite bunch size. The distribution of event vertices measured by the D@
tracking chambers was o, ~ 30 cm.

One bunch revolution takes about 21 psec and is split into 1113 states corre-
sponding to RF buckets, a frequency of about 53 MHz. The bunches are not equally
spaced since there is an odd number of RF buckets, and the bunch spacing alter-
nates between 186 and 187 buckets. A timing signal is sent from the Tevatron to

the D@ detector master clock system coherent with the bunches in the accelerator.

2.2 Calorimeters

A calorimeter intercepts particles and measures the energy deposited via a cas-
cade or shower of decreasingly lower energy particles. The incoming particle loses en-
ergy by interacting with the absorbing medium to create new particles with smaller
energies. A sampling calorimeter is made of a number of active layers interspersed
with passive absorber. The signal is extracted from the active layers. Calorimeters
are sensitive to both charged and electrically neutral particles. Calorimeters may
be constructed to distinguish between particles (such as hadrons, electrons, muons)
based on characteristic shower paterns. A calorimeter can be made to contain high
energy particle showers, because the size of the calorimeter scales as log(E) [38]
with the particle energy it can absorb. Calorimeters are ideal for measuring global
event characteristics such as total scalar Er, Ky, and jet production (see Section
4.2). Calorimeters can be segmented to allow for measurements of the direction of
particles and to aid in triggering (by ganging the segmented cells into towers).

In a sampling calorimeter, highly energetic particles produce particle showers

that develop in the absorber. The energy resolution for a calorimeter is statistically
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dependent on the number of particles in the shower. A calorimeter produces a
signal that is proportional to the energy of the incoming particles and with energy
resolution that is proportional to 1/4/E. The statistical variation in the energy
deposited into the active layers is called sampling fluctuation.

Since a high energy jet may contain an unknown fraction of electromagnetic
and hadronic energy, a uniform response to both types of showers is important
for consistent energy measurement among jets. The size of the gaps between the
absorber and the active medium type of absorber and active medium are optimized
for good electron/hadron response, as close as possible to compensation, where
response to a purely electromagnetic shower is the same as the response to a purely
hadronic shower of equal energy, i.e. e/h = 1. Noncompensation contributes a small

constant term to the energy resolution.

2.2.1 Electromagetic Showers

High energy electrons and photons with £ > 1 GeV primarily lose energy by
Bremsstrahlung and pair-production. Electrons and positrons interact with the
nuclear electric field that radiates photons and alters the incident particle’s directon.
The amount of deviation is usually small and depends on the atomic number of the
absorber (strength of the electric field). As the electron energy diminishes, shower
multiplication eventually stops at the critical energy, where ionization dominates.

A unit frequently used to describe the shower characteristics is called a radia-
tion length. The radiation length (Xo) is material-dependent and is the distance
over which a high energy electron (> 1 GeV) loses on average 1 — 1/e of its energy
by Bremsstrahlung. The laws of quantum electrodynamics dictate the electromag-
netic shower development and energy loss mechanisms for interactions with the
Coulomb field. They are simulated in detail with Monte Carlo techniques, where
random processes too complex to derive analytically are simulated on a computer

with pseudorandom numbers.
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2.2.2 Hadronic Showers

When hadrons (strongly interacting particles) of high energy traverse dense ma-
terials, their interactions with the protons and/or neutrons of the nuclei will lead
to the production of new hadrons, which in turn will produce secondaries by strong
interaction with the absorber nucleons, thus causing a "nuclear or hadronic cascade
or shower” to develop. The more complicated nature of the strong interaction and
the wide variety of shower particles that can be produced make the hadronic showers
much more difficult to calculate than the relatively simple electromagnetic showers.
Also, some of the energy lost by a hadron in a dense absorber may be used for
excitation of nuclei, or to produce shower particles whose presence in the absorber
does not give measurable signals (e.g. muons, neutrons,...). Thus, in general, the
energy measured in the calorimeter due to a hadron depositing its energy is smaller
than that due to a particle of the same energy losing its energy by an electromag-
netic shower. The situation is further complicated by the fact that a pi0 can be
produced in a hadronic reaction which via its decay into two photons initiates an
electromagnetic shower, thus making part of the shower initiated by a hadron elec-
tromagnetic in nature. The large variety of possible processes mentioned leads to
much wider fluctuations in the value of the seen energy for hadronic showers than
for electromagnetic showers. As a consequence, the “energy response” (energy seen
per energy lost in the calorimeter) is in general smaller for a hadronic shower than
for an electromagnetic shower, a fact which in general is referred to as “e/h > 17.
Furthermore, since a variable fraction of a hadronic cascade can become electro-
magnetic, and due to the other possibilities whereby the energy seen in a hadronic
shower can fluctuate, the hadronic energy resolution is in general worse than the
elecromagnetic one.

A hadronic calorimeter measures the energy deposited by particles by their nu-

clear interactions. The hadronic calorimeter is coarsely divided longitudinally and
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primarily measures energy by particle showers that knock out protons and neutrons
from the nuclei of detector atoms. The hadronic energy resolution is dominated by
sampling fluctuations which cause an unevenness in the energy deposit. The energy
resolution for hadrons is broader because of secondary particles like u, v, neutrons
and K9 that partly escape. The probability for a hadron to not interact via nuclear
interaction after traversing a depth z is P(z) = e~*/A, where A is called the inter-
action length. The nuclear interaction length is the mean free path of a hadron and

depends on the substance.

2.3 DO Calorimeter

The D@ calorimeter is a uranium liquid argon sampling detector with 47 full
angular coverage for detection of electrons, photons, and hadrons, see Figure 2.2.
The D@ calorimeter was constructed to contain nearly all of the particles produced in
pp collisions, as represented in Figure 2.3. D@ measures Ky well because of the good
overall energy resolution of the calorimeter and the hermeticity of the calorimeter
— cracks and dead material were kept at a minimum. Endcap cryostats were chosen
to provide a pseudorapidity range down to || = 4 and to allow access to the central
detectors. Some of the advantages of liquid argon are: nearly compensating, low
cost, high density, good electron mobility, non-flammable, and radiation damage
resistant. A disadvantage is that it must be operated cold in an accompanying
cryostat, expensive in both cost and inactive material.

The calorimeter was made to measure two types of particle showers, electromag-
netic and hadronic particle showers. A tower structure is used to allow for simple
trigger design. The towers were segmented in units of pseudorapidity, Anp = 0.1,

and phi, Ap = 27 /64, except for the third electromagnetic layer where the electron
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Figure 2.3: This is a pictorial representation of the D@ calorimeter displayed in
interaction lengths by 7. The calorimeter is constructed to contain 95% of the
highest energy hadronic showers produced from the pp collisions. The center of the
calorimeter 1s 7.2 interaction lengths deep and at high 7 the end calorimeter is 10.3
interaction lengths.
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shower has its maximum spread, Ayp = 0.05, and Ap = 27/128. The minimum
cell size was determined by matching the typical partonic jet transverse size of
R=(Ap*+ Anz)é = 0.5. A smaller size was built to allow for shower studies. Each
tower 1s sampled in four electromagnetic and four hadronic layers. The Main Ring
passes through the three cryostats above the centerline where the Tevatron beam
line 1s positioned. Effects on data analysis due to the Main Ring are discussed in
Section 5.2.2.

The liquid argon is cooled to a final operating temperature of 78 K. Double
walled stainless steel cryostats contain forty layers of superinsulation filling the inner
vacuum space. Oxygen has a high affinity for electrons and reduces the calorimetric
energy response. The O, contamination is less than 0.6 ppm, and is monitored with
a radioactive [ source.

A sampling calorimeter cell consists of a depleted uranium absorber plate, a
liquid argon gap, G-10 signal board, and a second liquid argon gap. The variation
in thickness of the uranium plates is less than 2.3%. The Uranium plates act as
absorber material, while the liquid argon plays the role of the “active medium”: the
charged particles produced in the shower ionize the liquid argon when traversing it.
The G-10 signal board is coated with high resistivity epoxy to provide an electrode
which is maintained at 2.5 kV with respect to the Uranium plates which are at
ground potential. The electric field between the Uranium plates and the resistive
coating causes the charge from the ionization of the liquid Argon to be collected
on the electrode. An interior surface of the read-out board has copper pads in
the shape of the desired read-out segmentation. By capacitive coupling, a charge
collected on the resistive coating causes a signal on the nearest copper pad which is
then transported to the preamplifier.

Tefzel 30 2 coaxial cables bring signals out of the liquid argon cryostats and

into a charge-sensitive preamplifier with shaping circuits (BaseLine Subtractors)
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to counteract the reactance in the long cables that alters the signal shape. The
signal is integrated just before beam crossing and 2.2 usec after the beam crossing.
The output is sent to 12-bit analog to digital converters (with an extension of the
dynamic range by amplification of either 1 or 8 times) to measure the DC output
of the BLS circuits that is proportional to the measured charge. One least count
corresponded to 3.75 MeV of energy, where a minimum ionizing particle deposits
between 8 and 90 MeV, depending on the layer. A pulser is used to inject charge

into the electronics at various stages for calibration.

2.3.1 Electromagnetic Calorimeter

The electromagnetic (EM) calorimeter was designed for electron identification
and energy measurement. The EM calorimeter was built to contain high energy
electrons and extends out to approximately 20 radiation lengths, see Figure 2.3.
The EM section is comprised of relatively thin uranium plates sandwiched with
liquid argon and G-10 signal board. The electron energy resolution and electron to

hadron response in the calorimeter was determined from testbeam studies [39], see

Table 2.1.

2.3.2 Hadronic Calorimeter

The hadronic calorimeter was designed to detect and measure jets containing
hadronic particles which pass through the electromagnetic section. The hadronic
calorimeter has a deep interaction length for containment of hadronic particles, see
Figure 2.3. The hadronic calorimeter section is separated into 4 independent layers

for readout. The pion energy resolution was measured from test beam measurements

[40], and is shown in Table 2.2.



Table 2.1: Characteristics of the calorimeter electromagnetic section.

Electromagnetic
7 Tange Inl < 1.1, 1.4 < |5| < 4.0
Liquid Argon Gap 2.3 mm
Absorber plates 3 mm uranium
Number of Readout Layers 4
Total X, (at 5 = 0) 20.5
Total A (at n = 0) 0.76
Uranium Xo=0.32 cm
Electron Energy Resolution 15.5%/VE
Electron to Hadron response 1.04
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Table 2.2: Characteristics of the calorimeter hadronic section.

Hadronic
7 range In| < 4.0
Liquid Argon Gap 2.3 mm
Absorber plates 6 mm uranium (fine)

47 mm copper (coarse)

Number of Readout Layers 4
Total X, (at 7 = 0) 128.9
Total A (at n = 0) 6.4
Hadronic Energy Resolution 41%/VE

2.3.3 Intercryostat Detector

The area between the central and end cryostats, called the intercryostat region,
contains support structures. Scintillator tiles were placed in this region to detect
any particles otherwise unmeasured by the calorimeter. The intercryostat detectors
(ICD) were mounted on the outer surface of the end cap calorimeters [41].

The 384 scintillator tiles were segmented to match the calorimeter as Anp =
0.1, Ap = 327/64. These tiles were made from Bicron BC-414 scintillator with 3
mm grooves to allow 0.2 mm polystyrene wavelength-shifting scintillating fibers to
collect the light produced in the tiles and transport it to a phototube to measure
the light yield. The typical minimum ionizing particle produced approximately 20
photoelectrons detected by the phototube.
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2.4 D@ Tracking System

The D@ tracking system is comprised of drift chambers including a vertex de-
tector, central and forward drift chambers, and a transition radiation detector. The
tracking system is located closest to the collision point and detected trajectories of
charged particles in gas. The vertex position of each pp collision is determined by
analyzing the tracks of particles from the central tracking system.

Drift chambers measure the spatial position of charged particles. A charge is
collected on the sense wires produced by ionization from the traversing charged
particle. A high voltage on the wires attracts the ionized particles for collection.

Response of the central detectors is expected to vary with gas content and
changes in atmospheric conditions. Small test chambers measure the response to a

radioactive source to detect changes in the gas composition.

2.4.1 Vertex Chamber

The vertex chamber, a drift chamber, is used to detect charged particle trajec-
tories arising from proton-antiproton interactions [42]. The chamber is the closest
detector to the Tevatron ring and interactions and constructed of three layers of cells
supported by G-10 material and mounted on carbon fiber support tubes. Each cell
contains 8 wires staggered in ¢ to remove left-right ambiguity and provide position
information. Sense wires are read out from each end and the integrated charge and
timing information from the wire is used to measure the z position. Table 2.3 lists

the construction details for the vertex chamber.

2.4.2 Transition Radiation Detector

A transition radiation detector (TRD) surrounds the vertex chamber, see Ta-
ble 2.4. It is used to distinguish between electrons and hadrons with energies up to
200 GeV. Discrimination between electrons and pions is accomplished by comparing

the amplitude and timing of the X-ray spectrum produced when highly relativistic



Table 2.3: Characteristics of the vertex chamber.

Layers 3

Radius 3.7 cm (inner), 16.2 cm (outer)
Phi Sectors by Layer 16/32/32

Sense Wires/Cell 8

Sense Wires NiCoTin

Sense Wire Stagger 100 pm

Maximum Drift Distance 13.7

Field and Grid Wires 152 pm Gold Plated Aluminum
Gas CO,/C,H,4

Track Resolution 63 pm

Pair Resolution

7 mm

35
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particles (where the Lorentz factor v = 1/4/1 — (v/c)? > 10%) traverse the bound-
ary between media with different dielectric constants producing transition radiation
X-rays. The total energy radiated by a single interface between two media is pro-
portional to the Lorentz factor 7; the total energy emitted by an assembly of foils
of finite width reaches a limiting value as ¥ — oo which depends on the number
of foils and other properties of the detector [43]. The X-rays were detected by a
proportional wire chamber surrounding the conversion stage.

The TRD consists of three separate chambers each with a conversion stage and
an X-ray detection chamber or amplification stage. The two stages are separated
by a cathode grid. The conversion stage is made of radiator foils. The X-ray
energy spectrum peaks at 8 keV and is detected by a proportional wire chamber.
Conversions into charged particles takes place in the first few millimeters and the

charged clusters are detected by sense wires.

2.4.3 Central and Forward Drift Chambers

Drift chambers surrounding the TRD chamber are used to detect the trajectories
of charged particles [44], see Table 2.5. The central drift chamber (CDC) surrounds
the TRD chamber, is parallel to the colliding beam direction, and is used for mea-
suring the trajectories of charged particles for vertex position determination. The
forward drift chamber (FDC) extends the coverage for charged particle tracking
(down to 6 ~ 5°) and is perpendicular to the colliding beam direction at either end
of the vertex detector.

Charged particles traversing the chambers interact with the gas in the chamber
leaving an ionization trail that is collected on sense wires. High voltage wires were
used to produce an electric field causing the ionization trail to drift toward the sense

wires. Field shaping is accomplished by resistive strips on the cathode surfaces.
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Table 2.4: Characteristics of the transition radiation detector.

Layers 3

Wires/Layer 258

Conversion Stage 393 radiator foils

Foils 18 pum polypropylene, 150 pm gaps filled with N gas
Inner Cathode 70 pm gold-plated tungsten wires
Potential Wires 100 pm copper-beryllium wires

Anode 30 pm gold-plated tungsten wires
Outer Cathode helical copper strips deposited on Kapton foil
Gas Xe(91%)/CH4(7%)/CoHe(2%)

Drift Time 0.6 psec

Electron to Pion Rejection 1/10




Table 2.5: Characteristics of the central and forward drift chambers.

Gas

Sense Wires

Ar(92.5%)/CH4(4%)/CO4(3%)/H,0(0.5%)
30 pm gold-plated tungsten wires

Voltage 1.45 kV
Drift Distance 5.3 cm
Sense Wire Stagger 200 pm
Central Drift Chamber

Layers 4
Cells/Layer 32
Wires/Cell 7
Sense Wire Resolution 200 pm
Pair Resolution 10 mm

Forward Drift Chamber

Chambers

Theta Sectors/Quadrant
Theta Quadrants
Wires/Theta Sector

Phi Sectors

Wires/Phi Sector
Range

Position Resolution

3 (on each end)
6
4
8
36
16
6 > 5 degrees
200 pm
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Within a cell, two delay lines (one delay line in the FDC) embedded in the inner
and outer shelves are read out at both ends. The difference of arrival times at the
delay line ends is used to measure the track z-position. Sense wires are staggered
in ¢ (z in the FDC) by 4200 pm to remove left-right ambiguity.

The vertex position and event multiplicity in this analysis is primarily found

using the central drift chamber (> 90% of the time) and forward drift chambers.

2.5 D® Muon System

The muon system was designed to determine the momentum and position of
muons produced in the high energy collisions. The muon detector is made of solid-
iron toroidal magnets and proportional drift tube chambers. Muons interact with
matter via electromagnetic interactions. For high energy muons, energy loss by
radiative processes (e.g. Bremsstrahlung) become significant compared to that by
ionization and becomes dominant at muon energies above a few hundred GeV.

The large interaction length of the calorimeter and the presence of iron in the
muon detector allow nearly all of a jet to be contained in the calorimeter, leaving
only muons and weakly interacting particles to traverse the muon chambers. The
characteristics of the muon system are shown in Table 2.6.

The iron toroids are separated into a wide angle muon system (WAMUS) [45]
and a small-angle muon system (SAMUS) that covered large pseudorapidity. The
proportional drift tubes are oriented in the same direction as the magnetic field and
with one layer before the and two layers after the toroids. The chamber planes are
offset to allow breaking of the left-right drift-time ambiguity. The WAMUS copper-
clad cells are made of Glasteel cathode pads, polyester and epoxy copolymer sheets

with chopped glass fibers.
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Table 2.6: Characteristics of the muon chambers. The momentum resolution is the
multiple scattering limit assuming 100% chamber efficiency.

Magnetic Field Strength 2 Tesla

Cells 5308 (WAMUS)

Muon Sign pr < 200 GeV/cat =0
pr < 30 GeV/cat n=3.3

Momentum Resolution 20% < ép/p < 50%

Interaction Lengths 13-18

There are two methods of determining the hit position on a wire. Either the
time difference for the pulse read from each end of the anode or the signals from
cathode pads could be used. The cathode pad signals are amplified with a charge
sensitive preamplifier, sent to a baseline subtractor that reads the signal before and
after the event, and subsequently read out with 12-bit ADC circuits. The anode
signals are discriminated from each end with time to voltage hybrid circuits.

There are several background sources which cause a muon chamber to misidentify
an object, such as a cosmic ray, as a muon from a pp interaction. Punchthroughs are
any track in the muon detector produced by a hadron incident on the calorimeter.

Interacting hadrons may produce muons from secondary particles.



CHAPTER 3
TRIGGER AND DATA ACQUISITION

The purpose of the D@ triggering and data aquisition system is to select events
of interest and save them for future analysis [46]. The data acquisition system is
required to reduce the collision rate of 100 kHz to a rate of 2 Hz for writing to tape.
Because of the large number of electronic channels, the data acquisition system also
selectively reads only those channels thought to have important event information.

There are four levels of triggers:

o Level 0: This is a trigger implemented in hardware consisting of scintillation
counter signals. The collision cross section is ~ 47 mb, with a collision rate of

approximately 100 kHz.

o Level 1: Calorimeter and muon chamber information is used here with an

input rate of ~ 10 kHz.
e Level 1.5: Used only by the muon triggers (in Run Ia).

o Level 2: This is a trigger implemented on a farm of 48 — 4000/60 VAX com-
puters for fast software analysis of each event and reduced the event rate from

100 Hz to about 2 Hz for writing to 8mm tapes.

The Level 0 and Level 1 triggers are implemented in hardware, with a decision
time shorter than the time between bunch crossings to cause no data aquisition dead
time. However, once the Level 1 decision is made to pass the event to Level 2 triggers,
the time require by the electronics to readout the detector channels accounts for less

than 10% dead time. The Level 2 trigger decisions are implemented with software
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and required a significant processing time, depending on the specific routines or
tools that are necessary to analyze an event and to decide if it should be accepted
or rejected. Studies that model this system have shown that the dead time was well
under 2% [47]. A schematic legend of the D@ data acquisition system is shown in
Figure 3.1.

3.1 Level 0 Trigger

The purpose of the Level 0 (L0) trigger system is to identify beam crossings con-
taining non-diffractive inelastic collisions and to measure the instantaneous luminos-
ity [48]. The LO signal is also used to determine the z-coordinate of the interaction
point for triggering and to detect multiple interactions. The LO trigger counters
are two arrays of hodoscope scintillation counters (Bicron BC-408 PVT scintillator)
mounted on the front surface of the endcap cryostats: long counters with a pho-
tomultiplier tube (Philips XP-2282 photomultiplier) readout on both ends (~ 80
ps time resolution) and short counters with a photomultiplier readout only on one
end (120 ps time resolution). Combined, the LO scintillators provide nearly com-
plete coverage over 2.2 < || < 3.9 and partially covers the pseudorapidity region
1.9 < |p| < 4.3.

The short counters provide a fast determination of the vertex position (“fast z”),
using the time difference of the analog sums between the north and south arrays.
Approximately 400 nsec after the beam crossing, the “fast vertex” is passed to the
calorimeter Level 1 triggers for vertex position correction to correct the -coordinate
of each calorimeter cell. The calorimeter Level 1 trigger towers allow for corrections
to the vertex in 8 cm increments, although this was not done in collider Run Ia.

The “slow vertex” position is calculated by using the average time from each

photomultiplier tube on the long counters. The difference in average time for hits in
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the north and south LO arrays is available approximately 2 upsec following the beam
crossing and is used by Level 2 triggers. If the spread in time between L0 arrays
exceeds a programmable cut, then the interaction is flagged as a multiple interaction.
If there is more than one interaction, then it is not possible for L0 to accurately
determine the primary vertex position. Beam-halo, Main Ring backgrounds, and
beam-gas collisions introduce errors in the LO counting rate, although the vertex
position is required to be to be within |z| < 1 meter of the center of the detector to

reject interactions from beam-gas and beam-halo events.

3.2 Level 1 Trigger

The Level 1 (L1) triggers (32 specific L1 triggers) are used to reduce the rate from
~ 10 kHz to under 100 Hz [49]. Projective towers pointing back to the center of the
detector are subdivided in depth (see Figure 3.2) and used in triggering. Information
from electromagnetic and hadronic trigger towers (segmented into divisions of 7 and
@: Anp = 0.2 and Ap = 0.2, see Section 2.3) is used in the L1 triggering up to
In| < 4.0. Each trigger tower sums the BLS circuits and is weighted by the sin 6 of

the tower for the vertex postion as given by the Fast Vertex.

3.3 Level 2

Once an event passes a L1 trigger, the data are sent to one of 48 VAX station
nodes connected to the detector electronics via eight 32-bit high speed data cables.
Cables connected the VME crates in the moving counting house, grounded with the
detector, through optical isolator circuits, to the fixed counting area where the Level

2 (L2) nodes are located.
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Each L2 node is comprised of a VAX station 4000/60 processor and a VME
Buffer Driver board for data transfer to the host computer. Software algorithms are
used to determine if the event should be passed on to the host computer, a VAX
6620. Once sent to the host computer, the DATA LOGGER program writes the
event to tape [50]. The L2 processing time is less than 200 msec per event. The L2
framework provides for 128 individual triggers, although fewer than 64 are used.

The available bandwidth for writing to the host computer is 1500 kbytes/sec
and the typical event size is ~ 500 kbytes. The actual rate of events out of L2 and
written to 8 mm tapes is about 2 Hz. For collider Run Ia, about 13 million events

were recorded on 3000 8 mm tapes for future retrieval and analysis.

3.4 Missing Transverse Energy (f;) Trigger

The Fr (defined in Section 1.5) for L1 was calculated by knowing the z and y
components of the Er (with a threshold > 500 MeV) for the electromagnetic and
hadronic sections of the calorimeter. Various limitations of the £ trigger prevented
the L1 calculation of . from being very accurate. For example, the Er for each
tower is not corrected by the vertex position, available from LO called the fast vertex.
Also, the energy deposits into the ICD and coarse hadronic layers are not included.

The L2 Fr trigger uses raw calorimeter information. The Fr L2 trigger filter
tool used the CL2 fast calorimeter unpacking [51] and is calculated by

E, =) Er(n,p,1)ex™(n, 2) cos p

B, = Y Br(n, ¢, e (n, 2) sin g

where 7, ¢, [ are the address of the cell, E7 is the transverse energy for the cell with

the nominal vertex position, and ef™ is the correction for the slow vertex to the
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transverse energy from the nominal vertex position. Corrections for energy deposits
in the ICD are included. Also, a routine to suppress anomalous energy deposits
by finding isolated cells in energy was implemented [52]. The [, triggers were not
active during the Main Ring cycle.

The triggers used in this analysis are the F; and Jet-Miss triggers, see Tables
3.1 and 3.2. The Fraction column shows the fraction (in percentage) of total data
taken with that trigger configuration. Most of the data used Trigger Version 7.2.
The symbols used in describing the trigger configurations are: MS(z) means that
at that trigger level, B> z GeV; for L1, JT(n, z) requires at least n trigger towers
with Er > ¢ GeV; and for L2, L2J(n, z,r) requires at least n jets with Er > ¢ GeV
using a cone size of radius 7. A Er-significance parameter is used in the L2 trigger

and was defined as

By
(B + M 5 Br;)

where M = 0.029, and B = 0.9 based on offline reconstructed F and scalar Er

Sp =

[561]. The Er-significance was required to be Sy > 5 for Trigger Version 6.0 and was

not used for any other Trigger Versions.

3.5 Luminosity

For luminosity determination, the L0 system records the in-time hits for each
Tevatron bunch, measuring the non-diffractive inelastic collision rate with 99% ef-
ficiency. Monte Carlo studies were used to determine the fraction of nondiffractive
cross section seen by the LO counters. The event rate out of L0 was typically 150
kHz. The LO visible cross section used the non-diffractive cross section of (46.7+2.5)
mb, as calculated by using a world average cross section and comparing unbiased

D@ collider data to Monte Carlo event generators [53]. The total D@ integrated
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luminosity for data written to tape was 13.5 pb~!. In addition, approximately 1
pb~! of data was taken for calibration and special runs. Dead time due to the Main

Ring was 9% and the overall data taking efficiency was 54%.
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Table 3.1: F; Trigger History. The Fraction column is the fraction (in percentage)
of total data taken with that trigger configuration.

Version L1 L2 Runs Fraction (%)
6.0 | MS(35)+JT(1,3) | MS(40) | 54965 - 55200 0.75
6.1 | MS(35)+JT(1,3) | MS(40) | 55217 - 55600 0.87
6.2 | MS(35)+JT(1 (40) | 55601 - 56297 45
6.3 | MS(35)+JT(1 (40) | 56298 - 57711 17
6.4 | MS(30)+JT(1 (35) | 57712 - 58141 3.2
6.5 MS(30) (35) | 58142 - 59378 17
7.1 | MS(30)+JT(1,3) | MS(35) | 60100 - 62149 16
7.2 | MS(30)+JT(1,3) | MS(35) | 62150 - 64085 31
7.3 | MS(30)+JT(1,3) | MS(35) | 64086 - 65423 9.5

Table 3.2: Jet-Miss Trigger History.

Version L1 L2 Runs Fraction (%)
6.0 | MS(20)+JT(1,7) | L2J(1,20,0.3)+MS(20,5) | 54965 - 55200 0.75
6.1 | MS(20)+JT(1,7) | L2J(1,20,0.3)+MS(20,5) | 55217 - 55600 0.87
6.2 | MS(20)+JT(1,7) | L2J(1,20,0.3)+MS(25,0) | 55601 - 56297 45
6.3 | MS(20)+JT(1,7) | L2J(1,20,0.3)+MS(25,0) | 56298 - 57711 17
6.4 | MS(20)+JT(1,7) | L2J(1,20,0.5)+MS(25,0) | 57712 - 58141 3.2
6.5 | MS(20)+JT(1,7) | L2J(1,20,0.5)+MS(25,0) | 58142 - 59378 17
7.1 | MS(20)+JT(1,7) | L2J(3,20,0.5)+MS(25,0) | 60100 - 62149 16
7.2 | MS(20)+JT(3,5) | L2J(3,20,0.5)+MS(25,0) | 62150 - 64085 31
7.3 | MS(20)+JT(3,5) | L2J(3,20,0.5)+MS(25,0) | 64086 - 65423 9.5




CHAPTER 4
EVENT SELECTION

4.1 Data Collection

The data (~ 13 million events in total) were collected during Fermilab Collider
Run Ia, including most runs from 54967 to 63827, 743 runs total, from October
1992 to April 1993. Once an event passed a specific filter, the raw data of that event
(~ 0.5 megabyte) were stored on disk and spooled onto an 8 mm tape at a rate of
approximately 2 events/sec.

The raw data were processed on a farm of 36 Silicon Graphics Crimson ma-
chines with 4D /35 processors provided by the Fermilab Central Computing Facility,
using a program called D@RECO (which contained roughly 150,000 lines of code)
that converted the digitized information from the detector electronics into physics
variables (energy deposits, track directions, etc...). The reconstruction farm was
capable of processing 90,000 events/day on the 36 33-MIP machines, and required
approximately 30 cpu sec/event. Smaller format files containing the most interesting
physics variables called Data Summary Tapes, or DSTs, were used to store data on
disk, readily accessible with a size of approximately 0.5 megabytes/event. A larger,
more complete file format called a Standard Tape stored data on 8 mm tapes at the
Feynman Computing Center, with an event size of ~ 1 megabyte.

Corrections to convert ADC counts into energy include pedestal subtraction,
gain corrections for pulser variations, sampling fraction corrections, and corrections
for variations in liquid argon gaps.

The measurement of Er can be spoiled by the inclusion of anomolous energy de-

posits from a source other than the interaction of interest. During data collection,
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the pedestals measured by the CALIB program were used to suppress calorimeter
channels that exhibited bad hardware behavior, usually fewer than 10 channels per
run. Some noise had a lifetime shorter than the frequency at which the pedestals
were taken. Those cells isolated in space were removed from the event before recon-
struction of jets and i calculations.

Cells containing an exceptional energy deposit with no other surrounding energy
deposits that were found consistently throughout a series of runs, were removed
from the reconstruction program so as to not affect the particle finding algorithms
[64]. About half of the runs had no cells suppressed, and usually only one cell in any
run required suppression. A separate routine in the reconstruction program (AIDA
[62]) identified and eliminated high energy cells without neighboring hit cells on an
event by event basis. These methods were found to be sufficient to eliminate the

influence of noisy cells on the jet finding algorithm and F; calculation.

4.2 Jets

At very small distances, the QCD strong interaction between quarks and gluons
are analogous to the electromagnetic force, while at larger distances the potential
increases with distance confining the quarks inside a hadron. High energy colli-
sions of hadrons will sometimes scatter the partons (quarks and gluons) with high
transverse momentum, also called hard scattering. The strong color force of QCD
will hadronize these partons into particles that cluster into groups along the initial
parton direction; this is called a jet. Clusters of energy detected in the calorimeter
are reconstructed to form the original parton jet. One such method is called the
cone algorithm [55].

Partons have virtual gluons that surround them and for very energtic partons, a

real gluon may be radiated. For example, a gluon emitted from an outgoing quark
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is called gluon Bremmstrahlung or parton splitting. From quantum field theory, the
probability that a parton may emit another parton is determined by a probability

density function derived by solving the Altarelli-Parisi evolution equation [56].

4.2.1 DO Cone Algorithm
The D@ jet definition is consistent with the Ellis, Kunszt, and Soper definition
[67] and is as follows.

e Pre-clusters are formed by sorting calorimeter towers (in 7 — ¢) in descending

order of Er.
o Only those towers with Er > 1 GeV, called seed towers, are intially considered.

e Neighboring towers (within +0.3 units of 7 or ¢) above a threshold of Er > 1

GeV are joined to form a precluster.
o The Er weighted 5, ¢ of each precluster is calculated.

e Each precluster is used as the center of a cone. A cell is considered inside
the cone if its distance R from the center of the cone, R = 1/(61)% + (6¢)? is

smaller than a reference value R¢one. Standard values of Rcone used in D@ are

0.3, 0.5, 0.7 and 1.0.
o All cells in a cone are added together to form a cluster.
o New 5 and ¢ are calulated using Er weighted z and y positions of the cluster.

e This procedure is repeated until the center of the cone is equal to the average

7 and ¢ of the cluster.

e If two clusters share more than 50% of their energy, they are merged into one

cluster.
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o Ounly clusters with Ex > 8 GeV are accepted as jets.

The measured jet Er occasionally does not equal the parton Er: energy can
be lost in uninstrumented parts of the detector such as cracks, energy from an
underlying event can contribute energy inside the cone radius, or some jet energy
may be outside the cone due to fragmentation effects. The jet energy resolution is

determined from collider data to be o/E = 80%/+vE.

4.3 Energy Corrections

The E; is determined by the measured energies in the detector. This physics
analysis selected events based on the Er of the jets and the . Thus, any systematic
variation in the jet Er or the Fr is important to this analysis.

The energy corrections applied to the D@ calorimeter can be summarized in two
categories: calibration of the energy scale measured in the detector and corrections
of jet energies due to the jet reconstruction algorithm. The jet energy is corrected
in both data and Monte Carlo as accurately as possible in order to determine the
final quark energy from the hard scattering process.

The D@ collider data jet energy was corrected by approximately 5% for out-of-
cone particle showering, 6% for electromagnetic scale corrections, less than 10% for
dijet pr balancing, and 5 to 20% for v/jet p; balancing [59]. The jet correction is
dependent on both 7 and jet energy.

At the time the preselection analysis cuts were applied to the data (see Section
4.5), uncorrected energies for the jet Er and the E; were used since the energy
correction algorithms were not in place. The effects of the energy corrections on the
E7 of the leading jet (ordered by jet Er) and Fr after data streaming are shown in
Figure 4.1.
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Figure 4.1: Comparison of £r and leading jet (highest jet Er) Er before and after

energy corrections after data streaming.
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4.3.1 Electromagnetic Energy Scale

To calibrate the electromagnetic energy response in the calorimeter, the mass
of the Z boson was measured from its decay into electrons (mz = 85 GeV/c?) and
compared with the Z boson mass previously well measured by other experiments
(mz = 91.17 + 0.02 GeV/c? [60, 61]). A measurement of the Z boson mass was
determined by using data that required two electrons each with Er > 20 GeV, some
shower shape cuts, track cuts, and a fit to the dielectron transverse mass with a
Breit-Wigner curve. The energy measured in the electromagnetic sections of the
calorimeter was renormalized to the Z boson mass.

Possible reasons for this discrepancy could be systematic shifts due to liquid
argon impurity or temperature variations, test beam particle momentum (+0.5%),
test beam clustering algorithms (40.2%), zero supression (+0.5%), n-dependence,
p-cracks, sampling fractions, timing (pulsers, control signals), pulser stability and

uniformity (—0.7%), electronic gains (1 — 2%), or software errors.

4.3.2 Hadronic Energy Scale

Since jets contain both hadronic and electromagnetic energy, a separate correc-
tion must be used to calibrate the hadronic energy scale. The missing projection
fraction method was used to determine the jet energy correction [59] (first used by
the CDF collaboration [62]). The technique assumes the F is on average balanced
(zero) for dijet and photon-jet events. The jet energy scale was determined from
direct photon events with one jet by adjusting the pr balance. The jet energy cor-
rection was found to be between 5 — 20% depending on the E7 of the jet. A dijet
event sample was used to determine an 7-dependent correction of 0 — 10%. The
overall uncertainty of the corrections was 6 — 12%.

The jet energy was calibrated with respect to the direct photon using the missing

projection fraction (MPF). If E'J;t is the uncorrected reconstructed jet Er and E5™
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is the actual jet Er, then the calorimeter response to the jet is

Ejet
Rypr = —o
MPF E%orr
MPF = jet = jet = R -1
Er Er MPF

4.3.3 Out-of-Cone Showering

The jet fragmentation is the hadronization of partons into many low energy
hadrons and is one of the least understood features of QCD. Out-of-cone showering
is energy loss that results when a pion or electron, which is inside the applied cone,
showers and deposits some amount of energy ouside the cone. For the D@ mixture
Monte Carlo [63] (see Section 5.4.1), there were non-negligible out-of-cone losses
in the forward region, although only a small effect (< 1% for Reone = 0.3) in the
central region [58]. From the test beam particle library, about a 2 — 3% out-of-cone
loss was observed for cone sizes of Rcone = 0.5,0.7 and 3 — 5% for Reone = 0.3. As
observed from the mixture Monte Carlo, central jets (|n| < 0.4) with a cone size of
Rcone = 0.5 have a better energy response than with a cone of Reone = 0.7; the larger
cone size admits more soft particles which are not part of the jet and tend to have
a lower response. The percentage of energy measured inside the jet cone has been
parametrized using the D@ mixture Monte Carlo. For a cone size of Reone = 0.7 and

energy of 20 GeV, the percentage of jet energy retained inside the cone is 94.3%.

4.3.4 Zero-Suppression

In order to keep the event size small, allowing fast transfer of event data, “zero-
suppression” was used in the read-out, i.e. only those data channels were read
out that were significantly above the pedestal value. A gaussian width (o) of the
pedestal distribution was determined from data taken when the collider beam was
off with a program called CALIB. To be read out, each channel was required to be

more than twice its width (20) above the pedestal value.
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Since the pedestal values for the D@ calorimeter cells had an asymmetric distri-
bution, a simple suppression of channels based on a threshold of two sigma above
the mean will produce a positive side tail. After zero suppression the total sum of
energy is non-zero with positive offset. This effect contibuted to overmeasured jet
energy.

During showering of a jet, many particles may be generated with small energies.
Combined with the preamplifier response, the measured energy of the particles may
fall below the zero-suppression limit. Then the spread of the jet energy over many
cells will contribute for a net energy loss.

The net effect of zero-suppression is that the energy of high energy particles is
underestimated while that of low energy particles is overestimated. The net energy
loss due to zero suppression is determined by parameterizing the jet energy in the
D@ calorimeter with collider data comparing suppressed and non-suppressed data.

For a 20 GeV jet, the energy loss for a cone of R = 0.7 is ~ 8%.

4.3.5 Underlying Event

The inclusion of energy in the jet which is due to particles from a beam jet must
be subtracted from the jet energy to accurately determine the initial quark energy.
The average underlying event energy has been determined by CDF by selecting dijet
events and measuring the amount of energy seen at right angles from the jet axis.
The mean value measured was 1.2 GeV/steradian and 1.85 GeV for a jet with a

cone size of R = 0.7.

4.4 Missing Transverse Energy (f;) Resolution

The F (defined in Section 1.5) resolution was determined [64] by studying events
from low Er jet triggers. The dominate process for the low Er jet triggers are QCD
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dijet events that contain no true Ky . Events with similar transverse energies are
grouped together and the Fr is fitted to an “RMS Gaussian” distribution. The

resolution was determined to be a function of scalar transverse energy
O'T:(L—I-bST—I-CSIZw

for transverse energies of 70 GeV < S7 < 330 GeV, where a = 1.89 4+ 0.05 GeV,
b=6.7+£0.7x10"% and ¢ =9.9£2.1 x 107 GeV~'. The F resolution was about
+5 GeV for scalar Er of 350 GeV.

4.5 Data Streaming

Data files were accessed via a CERN utility called FATMEN modified for use at
D@. A program called FATMEN coordinated a robotic library of 8 mm tapes with
16 tape drives and staging disks to provide data access over an FDDI network to
the primary data analysis VAX cluster FNALD® for physics analysis.

The Jet-Miss and E; triggers were used in this analysis because of the high
acceptance for ISASUSY Monte Carlo events. The event criteria for these triggers
are listed in Section 3.4. For the runs analyzed, the Level 2 E. trigger passed 143,177
events, and 227,752 events passed the Jet-Miss trigger.

Before final analysis, to avoid events with fake or mismeasured Fr, the relevant
physics objects were required to be well measured in each event, including jets
and Fr. The following data reduction was accomplished offline before final analysis.
Events from the two online triggers were processed with reconstruction version 11.19

and filtered from the RGE stream with the following loose selections.

e Calorimeter £y > 25 GeV.
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The Fr was determined by including the transverse energies measured in the
calorimeter, excluding any muons that may be detected in the muon chambers.
This cut reinforces the K trigger requirement. At the time of filtering, the
energy correction algorithms were not in place, thus uncorrected energies had
to be used for filtering. The uncorrected energies were generally lower than
corrected energies. Since muons only leave a minimum ionizing energy deposit
in the calorimeter, any muon energy in the event will contribute to the missing

energy of the event.

Niets Z 3

Jets were defined as energy clusters within a cone of size R = 0.5, within
|n| < 3.5, and with uncorrected energy Er > 15 GeV. Uncorrected jet energies
tended to be less than corrected energies. The cone size of 0.5 was chosen to

reduce noise and increase sensitivity for multijet events.

All jets within |g| < 3.5 and Er > 25 GeV must have 5% < EMF < 90%,
where the electromagnetic energy fraction (EMF) is the fraction of the total

jet energy measured in the electromagnetic calorimeter.

This cut served to remove events with electrons.

|6@seti| > /32, where §pjer; = Pp — Pie
T
By removing events where the Er in the event points directly toward a jet,

events with severely mismeasured jets are rejected. Mismeasured jets would

contribute to the fr signal. The /32 fraction is the width of one cell.

1 > 0.25, where ¢ = [Sojzeu + (7 — SOjetz)Z]l/Z

This removes events where both the leading and next to leading jet were

mismeasured. Jets are ordered in Er with highest being jet 1.
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This left 24,843 events (from all triggers). The triggers used in this analysis are
the Jet-Miss and Fr triggers. They both require £y and energy deposited into the
calorimeter. The trigger thresholds are shown in Tables 3.1 and 3.2. Only 9,163

events remained after requiring these triggers to be selected.



CHAPTER 5
DATA ANALYSIS

This analysis searched for events with high K5, 4 or 5 jets and no electrons.
Events allowed into the final data sample had jets with properties characteristic
of being well measured to preserve the true K signal. Likewise, the F must have
appeared to be from an object that escaped interaction with the calorimeter because
of its weakly interacting character. From the squark-gluino data stream 9,163 events
remained. Data runs with known electronics problems or data taking errors were

removed from the analysis, leaving 8,666 events.

5.1 Multiple Interactions

The transverse energy for a cell is defined as Er; = E; sin §; where E; is the mea-
sured cell energy and §; is the angle between the colliding beam axis and the cell (see
Section 1.5). The angle 6; depends on the event vertex position. This dependence
of the cell Er; on the event vertex position adversely affects the £ calculation for
those events that have their vertex position reconstructed incorrectly. If the event
vertex is substantially mismeasured, the calculated Zr will be mismeasured.

During the Fermilab Collider Run Ia, the average instantaneous luminosity (8 x
10%° sec 'cm™2) was sufficiently high to make the probability of a bunch crossing
containing multiple soft inelastic interactions significant (P(nvertices > 1) ~ 40%).
Although the probability that more than one hard interaction in a single bunch
crossing occurs is small, the presence of even a second “soft” interaction (i.e. an

interaction without high pr particles or jets) may make it impossible to determine
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the correct interaction vertex. Since the calculation of Ky requires knowledge of the
vertex position, using the wrong vertex introduces an error in the determination of
By

The error made in the calculation of the Er; (the cell Er) by using the wrong
vertex grows with the distance between the correct vertex and the vertex used in
the Er; determination. This is illustrated in Figure 5.1 which shows the effect of a
mismeasured vertex on the i resolution.

The central detector system software was optimized to determine the primary
vertex position and not the number of vertices. The central detector system de-
termines the primary event vertex (vertex position used for the F; calculation) by
the number of tracks reconstructed to a vertex position and not necessarily the
hard scattered interaction. The vertex resolution was determined to be +1 cm (see
Section 2.4.3), well within the necessary tolerance for the F calculation.

To avoid events with multiple vertices, a cut on the Multiple Interaction Flag
(MIF) [65] was used, which was determined using the Multiple Interaction Tool.
Events were selected which are most likely to have one primary interaction using
the MIF (< 2, see Figure 5.2 and Table 5.1), which combines information from the
LO trigger, central detectors, and the calorimeter. If the total energy measured in
the calorimeter is greater 1800 GeV, then the MIF is set to 4. The weight wgtl
(wgt2) is the fraction of tracks used to form the primary (second) vertex. The
efficiency for the MIF was determined by comparing the instantaneous luminosity
of collider data collected using a minimum bias trigger (to avoid biasing the data
sample with bunch crossings containing more than one interaction) with the fraction
of those events identified by the MIF as having a single interaction. The MIF was
found to identify single interaction events with an efficiency of 93.4 4+ 1.7% with
a misidentification rate of 10.0 + 1.6% for multiple interaction events [66]. After

multiple interaction events were removed, 3,347 events remained.



63

03/11/93 12.23

/; Resolution with Vertex Position

> r
8 28 B SUSY Data Sample 60 Events Reco 10
N 24 ; A ISASUSY Monte Carlo
<J 0 r 7.z 40 GeV
t‘> C MITOOL = 2
16 = + + + +
12 =
s | TR
- . A
4 = A
C ]
Oj‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
0 10 20 30 40 50 60 70 80 90
1z —Z.4) CmM
Eg\ 0.6 | M SUSY Data Sample 60 Events Reco 10
\F c
M 0.5 = A ISASUSY Monte Carlo
< C
t\) 0.4 ;, ;2 40 GeV
0.3 & MITOOL =2 +
0.2 v +
. " A
0.1 - ] A
- A
7\.\ L ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ |
10 20 30 40 50 60 /70 80

lz—Z. 4l cm

Figure 5.1: Effect of vertex mismeasurement on the £ for candidate events from
collider data (60 events). Vertex position is determined primarily from the central
drift chamber (CDC). The vertex position was varied from the measured CDC po-
sition zcq. and the Ey was recalculated. The top figure shows the average difference
in [ before and after changing the vertex (0 — § ) versus the difference in the
adjusted and CDC vertex position. The top figure show the average fractional dif-
ference in [y after changing the vertex (o — § Fip/ ETOId). For a large difference in
the vertex where the Ky is reconstructed (~ 20 cm), the recalculated E7 may vary
as much as the uncertainty of the £y due to the calorimeter energy resolution.
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Table 5.1: Results from the Multiple Interaction Flag (MIF). The flag is one or
two for an event that probably has a single interaction. three or four for a multiple
interaction, and zero if there is not enough information.

Central Tracking | LO | MIF

1 vertex bad | 2
1 1
2 2
3 3
4 3
4 3 vertex found from CDC
4 4 vertex found from FDC

2 vertices bad | 3
1 2 |zepe — 20| < 8 cm
1 3 |zepc — zLo| > 8 cm
2 2 |zepc — zLo| < 8 cm and wgtl < 0.7
2 4 |zepc — zLo| > 8 cm

and (wgtl — wgt2)/wgtl < 25

2 3 otherwise
3 3
4 4

3 vertices bad | 4
1 2 |zepe — 20| < 8 cm
1 3 |zepc — zLo| > 8 cm
2 2 |zepc — zLo| < 8 cm and wgtl < 0.7
2 3 otherwise
3 4
4 4
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Figure 5.2: Multiple Interaction Flag distribution before the final £y cut. A value
of one or two is considered to be a single interaction.

5.2 Jets

Jet energies must be well measured in each event to reduce the uncertainty in the
E;. A fake jet is any reconstructed jet object which was a result of something other
than particles from a proton-antiproton collision. This may be the result of a noisy
electronics channel, a change in pedestal values, hardware problems affecting a group
of channels systematically, losses of Main Ring protons, cosmic ray bremsstrahlung,
or beam-gas interactions.

The following jet cuts, Leading Cell Fraction, Electromagnetic Fraction, and
Hadronic Fraction, are standard analysis criteria for D@ jet studies and were about
95% efficient [67], depending on jet Er. Only those jets with corrected energy
Er > 20 GeV and |n| < 3.5 were considered.

5.2.1 Leading Cell Fraction

Cells isolated in energy, where there is a large energy difference between neigh-

boring cells in a jet, may be due to a calorimeter discharge, electronic failure, or
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other noise. The leading cell ratio (g—f, where E; is the leading cell in energy and
E, is the next leading cell in energy) was designed to remove events containing a
jet which has most of its energy concentrated in one cell. This ratio would be zero
for a single cell and almost 1 for a jet whose energy is spread among many cells.
A cut of > 10% was used and has been found to reject 90% of the noise jets due
to calorimeter discharges [67]. Cells isolated in space, where there are no nearby

cells with significant energy, are removed beforehand in the reconstruction program.

This selection leaves 3,023 events.

5.2.2 Main Ring Interactions

The Main Ring runs through the D@ detector directly above the Tevatron ring
and was used to accumulate anti-protons for collisions. Beam losses in the Main
Ring, in particular during injection and transition, can lead to large energy deposits
in the calorimeter cells nearest to the Main Ring, thus causing preamplifiers espe-
cially in the coarse hadronic section to saturate. The sampling of the BLS (baseline
subtraction) circuits before the crossing sets the baseline incorrectly so that any
events recorded during that crossing may have negative coarse hadronic energies.
The central detectors were adequately shielded from Main Ring losses by the ura-
nium surrounding them. The D@ calorimeter shows Main Ring events by the energy
deposited into the coarse hadronic modules adjacent to the Main Ring resulting in
the reconstruction of jets with a large hadronic fraction and large E; opposite the
Main Ring.

At the trigger level, Main Ring events were avoided by requiring the trigger tool
MICROBLANK to be set [68]. This vetoed Main Ring events within a window
of +£800 nsec. Since the calorimeter electronic sampling was ~ 2 usec, the MI-
CROBLANK veto was not fully efficient for vetoing events with Main Ring energy
deposited into the calorimeter. The typical deadtime due to the MICROBLANK
veto was ~ 9%. The MICROBLANK veto used accelerator timing signals only,
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making no effort to minimize the deadtime (such as when Main Ring losses were
negligible), although the veto efficiency was completely determined.

The coarse hadronic fraction (Ecn/Etotal) of the jets was used to eliminate the
remaining Main Ring events, since Main Ring losses were almost entirely contained
in the coarse hadronic layers. If this fraction was > 40% for any jet, the event was

removed. This left 2,845 events in the data sample.

5.2.3 Electromagnetic Fraction

Events with spurious calorimeter signals due to low rate calorimeter discharges,
as well as events with electrons were removed by an electromagnetic fraction require-
ment for each jet. The electromagnetic fraction of a jet is the fraction of the total
jet energy contained in the electromagnetic calorimeter (Egm/Eiotal). Jets usually
do not have a fraction close to zero or one. An EM fraction cut of > 5% rejects
95% of the noise jets [67] and a cut of < 90% rejects 95% of the Monte Carlo W
boson decay to electron events. After the electromagnetic fraction cut, 2,829 events

remain.

5.2.4 ICD Faction

If particles produced in a pp collision enter the region between the central and end
calorimeters, the energies of these particles may be deposited into the stainless steel
wall of the cryostat and not be measured by the calorimeter or the ICD. Although
the ICD will measure the energy of particles in this region, its energy resolution is
less than that of the D@ calorimeter. This will adversely affect the £r resolution.

If a jet 1s directed into this region, it faces a greater chance of energy mis-
measurement and will contribute to the Fp. To remove the influence of these
events, a cut on the fraction of total energy deposited into the ICD region was used
Eiop/Eiotar > 50%. For data taken with the Jet-Min trigger (no 5 requirement),
this cut was ~ 99% efficient.
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This cut was not used in the final analysis, although it was necessary when the

B threshold was lower (< 60 GeV).

5.2.5 Number of Cells in the Jet

A jet that has been reconstructed containing only one cell may be the result of
an eroneous energy measurement. The hot cell suppression programs (see Section
4.1) would most likely remove the influence of such events. For a low E; cut (< 60
GeV), an unusually large number of events containing a jet with only one cell with
Er > 1 GeV was observed

This cut was not used in the final analysis, but events were removed for £ < 60

GeV containing a jet with only one cell with Er > 1 GeV.

5.3 Signal Selection: Missing Transverse Energy (£;) and Number of
Jets

The [ signature is the most distinguishing feature of supersymmetric particles.
Events with high F are selected to remove the backgrounds and retain what could
be candidate events. Thus it is important to ensure that the Fr is really due to
the transverse energy carried away by a weakly interacting particle and not an
artifact of detector effects as, e.g., mismeasurement of jet energy due to cracks in
the calorimeter or jet energy fluctuations.

Events were discarded in which the £ vector is parallel to the transverse momen-
tum vector of a jet (see Section 4.5 ). All jets with Ex > 20 GeV and |n| < 3.5 were
required to pass this cut. Also, only those events whose two leading jets (highest in
Er) satisfy

¥ > 0.5
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were accepted (see Section 4.5). These cuts are shown in Figure 5.3, where the

events within the arc in the upper left corner are removed.

Each event was required to contain at least four jets, each with Er > 20 GeV
(see Figure 5.4). This left 223 events.

Missing transverse energy is the single most powerful variable for distinction
between signal and background. Each event must have high ., as is characteristic
of the LSP signature.

Muons interact in the calorimeter by depositing only minimum ionizing energy.
The Fr used in this analysis did not include any Er from the muons, only the
transverse energies measured in the calorimeter. No muons with Er > 5 GeV
(determined from the the muon chambers) were in the data sample after all analysis
cuts were applied. Therefore, any muons that were not detected contribute to the
By

The F; and jet energies were corrected offline, after the initial streaming filter.
Some events which did not pass the filter requirements may have uncorrected jet
energies below the initial threshold and corrected energies above the final threshold.
The latter cut must be high enough to avoid these events. A L cut of 50 GeV was
found to be sufficient. Figure 5.8 shows the collider data compared with the QCD,
W and Z boson backgrounds for changes in the Fr cut from 30 GeV to 100 GeV.

The Fr cut was varied from 50 GeV to 100 GeV, see Figure 6.5. A minimum
requirement of K > 65 GeV was found to support the best lower limit on the gluino
mass for a squark mass of 500 GeV/c? (see Section 6.3). This left 5 events in the
final data sample. All data cuts are listed in Table 5.2.
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Figure 5.3: Collider data (8,666 events) that passed the [ triggers. The angle
between the 7 and jet—: in the plane transverse to the beam is §pjet;. Shown is
the d¢pjer1 of leading jet vs. dpjetn of next-to-leading jet.

The lines shown parallel to the coordinate axes demonstrate the cut that removes
events where the ¢ B is near the ¢je; where the F originated from events with
T

mismeasured jet energies.
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Figure 5.4: Jet multiplicity for collider data after all cuts (excluding the Ey cut).
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Table 5.2: Offline analysis selection.

Selection Collider Data
New Phenomena Filtering (see Section 4.5) 24,843
Jet-Miss or By Trigger (see Tables 3.2 and 3.1) 9,163
Remove unusable runs 8,666
Remove events with multiple interactions 3,347

All jets: R =10.5, |p| < 3.5 and Ex > 20

Leading Cell Fraction > 10% 3,023
Coarse Hadronic Fraction < 40% 2,845
5% < Electromagnetic Fraction < 90% 2,829
= < |pi| < ZX, where ¢; = Y By — Piet—i 1,942
¥ > 0.5, where 1 = [p? + (T — @3)?]*/? 1,392
Number of Jets > 4 223
Er > 65 GeV 5

5.4 Background Calculations

Physics backgrounds to a multijet and F; analysis include processes with neu-
trinos, muons and electrons such as W and Z boson decays. Detector backgrounds
can be from QCD multijet events, where some events with hard scattered partons
may have enough F; introduced by calorimeter energy mismeasurement to enter
the final data sample. The backgrounds for the supersymmetry signal of 4 or 5 jets
and high Ky were W and Z boson decays into neutrinos and multijet QCD events

where the jets were significantly mismeasured.
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A muon leaves only a minimum ionizing particle trace in the calorimeter. Since
the Ky was determined from calorimeter cells, muons will contribute to the Ky of
the event and must be considered as a background.

The electromagnetic fraction cut was expected to eliminate most events with
electrons, although not every electron will deposit its energy into the electromag-
netic calorimeter. These events will be in the final data sample when the electron
energy is directed into an uninstrumented section of the detector. Some highly en-
ergetic electrons may “punch through” to the hadronic sections of the calorimeter;
or similarly, the hadronic section behind the electron may be noisy and contribute
substantially to the hadronic energy fraction of the so—called jet. The cross section
of backgrounds with electrons (high Er) is small and combined with the probability
of punchthrough renders this background negligible.

5.4.1 DO Detector Simulation

The DO collaboration uses a detector simulation program based on the GEANT
[69, 70] package provided by CERN to simulate the detector’s response to particles.
Multiple coulomb scattering, full showering of electromagnetic and hadronic parti-
cles, and bremsstrahlung by electrons and muons were included. Tracking chamber
volume materials were included fully down to the sense wires. The full support
structure for the D@ calorimeters was included, although the uranium plate and
liquid argon construction of the calorimeter were simulated by a mixture of effective
atomic weight. Sampling fluctuations were included along with the difference in
hadronic and electromagnetic response in shower developement as determined by
testbeam results. Tracking was done for particles down to an energy of 200 MeV.
The cell readout structure was included and a rough conversion to ADC counts was
included to allow the user to add noise and simulations of the online trigger. Simu-
lated Level 1 trigger and the actual Level 2 filter scripts and configuration files were

available to simulate the online triggers on Monte Carlo data.
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The long processing time required for a full simulation of the detector motivated
the production of the shower library [71, 63]. A library of single particle showers
generated by the full simulation of the calorimeter was produced. Accessing this
library of information instead of individually showering each particle improves CPU
speed per event by as much as a factor of 300.

Such a library cannot contain every possible shower; the available phase space
must be quantized. Vertex, eta, phi position, and momentum were all separated into
bins for each particle type. The shower library only stores calorimeter response and
no central detector information, although the central detector material was included
during generation. Building the calorimeter response in the shower library was
accomplished by using the DOGEANT 3.14 calorimeter module mixture Monte Carlo
with fully simulated electromagnetic showers and parametrized hadronic showers as
input.

Monte Carlo events were generated using the shower library to simulate detec-
tor response and trigger simulations were also included. The same reconstruction

algorithms were used on Monte Carlo as were used for collider data.
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5.5 Vector Boson Backgrounds

Any event whose final decay products include an energetic neutrino may exhibit
large missing transverse energy and is potentially a background to this search. In-
termediate vector bosons are produced in the high energy collisions at Fermilab and
can decay into leptons, jets, and neutrinos. These events are produced via the weak
interaction and have a small cross section relative to the strong interaction from
QCD.

To estimate the W and Z boson backgrounds, the VECBOS [72] Monte Carlo
program was used to calculate the parton 4-vectors and cross sections. Another
Monte Carlo program, ISAJET [29], fragmented the partons into jets producing input
for the detector simulation. The samples generated with VECBOS included W — ev
+ 4-jets, W — pv + 4-jets, W — 7v + 3-jets, Z — pp + 3-jets, and Z — vv +
3-jets.

Table 5.3 lists the background contributions after all cuts were applied. After
event, detector and trigger simulation the total background from W and Z boson
events was 5.2 + 2.2 events. Figure 5.6 shows the [ distribution for the collider
data compared with the W and Z boson Monte Carlo background.

5.6 QCD Background

Another significant Standard Model background because of its large cross sec-
tion can be hard scattered partons that radiate gluons, resulting in a final event
signature of multi-jets. An event may appear to have large F if the jet energies

were significantly mismeasured.
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Table 5.3: List of W and Z boson backgrounds estimated after all analysis cuts with
VECBOS Monte Carlo and D@Geant detector simulation.

Background o (pb) BF (%) e (%) ¢-BF -0 - L (events)
W — ev 146 +58 10.5+0.9  1.334+0.147327 1.54+0.7
W — pv 146 +58 10.5+0.9  1.4840.12%933 1.840.9
W — v 516 £ 155 6.84+1.0 0.290 & 0.096"3 58 0.9+0.5
Z — v 148 +44 20.3+0.4 0.43 +0.1473%7 0.9+0.4
Z — pji 148 +44 3.34+0.04 0.43+0.14%099. 0.14 £ 0.07
Total Events 52422
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Figure 5.6: Comparison of F; distributions of collider data (solid line) with that
expected from events with W and Z bosons (dotted line).
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5.6.1 Estimate from Collider Data

This background was estimated using events from a trigger with no E; require-
ment. A jet trigger with a hardware requirement of one jet tower with Ex > 3 GeV
and a software requirement of one jet with a cone size of R = 0.7 and Er > 20
GeV was used. The small amount of data collected with this trigger leads to a large
uncertainty in the final estimate.

The same analysis selection was applied to this data sample (no Er cut), with
63 events remaining, see Figure 5.7. To estimate the contribution of such events to
the SUSY sample, an extrapolation in £r was necessary. To do this extrapolation,
a parametrization of the E distribution was determined from a fit to the data.

In the absence of any theoretical guideline for the function, various functions

were tried. The best fit was found to be with a function of the form
NQCD = €A+B v ET

shown in Figure 5.7. The total number of background events estimated from an
extrapolation of data is 1.54 + 0.88 (stat) events.

Figure 5.8 shows the Fi distribution for the collider data and the Standard Model
backgrounds. The combined vector boson backgrounds and QCD backgrounds ap-
pear to accurately account for the events with E; > 45 GeV. Below 45 GeV, the
QCD background calculation fails to reproduce the data because no trigger estimate
has been used (the £y trigger threshold was set at 35 GeV for most of the data col-
lection). Furthermore, the lack of statistics does not allow for proper evaluation of

the functional fit to the QCD £, background.

5.6.2 Estimate from Monte Carlo with Jet Er Smearing
If the QCD background originates from mismeasured jets, then perhaps an es-
timate can be found by applying the D@ jet energy resolution to ISAJET Monte

Carlo. ISAJET was used to generate 2-jet events in various pr ranges, where gluon
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Figure 5.7: The [, distribution for events with at least one jet of Er > 20 GeV.

Also shown is a fit of this distribution to a function of the form Ngep = F1TE2Yy ET.
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Table 5.4: Parameters for the D@ jet energy resolution function. applied to ISAJET
four-jet events.

Noise Sample Constant
In] < 0.8 1.74 0.86 0.016
08 <|gl <15 | 7.81  0.346 0.117
1.5 < || 1.97 1.10 0.034

fragmentation may create additional jets in the event. A large number of events
were required from ISAJET so that a statistically significant number will pass the £,
cut after energy smearing. Therefore, the D@ detector simulator, DOGEANT cannot
be used due to its slow speed. Instead, each jet energy was smeared according to the
parametrized D@ jet energy resolution function [73] determined from collider data.
Events were selected with four or more jets (cone size of 0.5 and with |p| < 3.5), and
the minimum jet energy before smearing was 15 GeV to allow for smearing upwards
in energy. The jet energy resolution used was

0 Apoise . Bsample

E- E Y %

where the constants were separated into eta regions, see Table 5.4.

®C

For each jet, the smeared jet energy contributes to the Fr.

jets

E, = —Zcos v; - OET;

where p; = ¢ of jet i; § By = Egmeared _ punsmeared

The angular cuts, §p and 7, were applied, as well as the jet multiplicity cut
Niets = 4,5. The final Fp distribution, shown in Figure 5.9, was used to estimate
the QCD background. The jet efficiency was estimated to be 92% per jet, and the
trigger efficiency applied was 92%. The number of background events expected for
this estimate was 49 + 8 (stat) events.
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Figure 5.9: Distribution of £ for ISAJET four jet events, where the jets were smeared
according to the D@ jet resolution.

Because of the large systematic uncertainty in the estimate of the QCD back-
ground, this contribution to the background was not included in the final background
estimate used to establish the lower mass limit (see Chapter 6). Most high F events
from the QCD background result from a large fluctuation in the energy measurement
of the primary jet, and smaller contributions from the less energetic jets mismea-
sured in nearly the same ¢ direction. A large fluctuation in measured energy probes
the tail of the jet energy resolution parametrization. This analysis is very sensitive
to the parametrization of the tail of the jet energy resolution. Therefore, this is not
a very good method for determining the QCD background contribution and it is not

included in the final background estimate for determining the mass limit.



82

Table 5.5: Supersymmetry model parameters used for the ISAJET Monte Carlo in
signal cross section caculations.

Parameter | Value Used

tan 8 2

© —250 GeV
Myop 140 GeV/c?
my+ 500 GeV/c?

5.7 Squark-Gluino Efficiencies

The Monte Carlo program ISASUSY [74] was used to simulate the production of
gluino-gluino, squark-squark, and squark-gluino events in proton-antiproton colli-
sions at the Fermilab Tevatron. The shower library provided detector response and
trigger simulations were included as well. The ISASUSY data points were chosen
to match the experiment’s sensitivity range and to be complementary to the LEP
bounds for tan8 and p (see Section 1.3.3). The model parameters used in this
analysis are listed in Table 5.5.

The same cuts as applied to the collider data were applied to the signal Monte
Carlo sample. The summary of the generated signal Monte Carlo samples in Table
5.6 gives for every sample the gluino and squark mass, the total cross section and
the signal detection efficiency.

There are two myz and my combinations of particular interest. For squarks much
heavier than gluinos, the supersymmetry signal comes mostly from the production
of gluinos whose production cross section and decays do not vary significantly with
higher squark masses. Then the mass limit on the gluino doesn’t change for heavier

squarks reaching an asymtopic value.
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The other important combination occurs when the squark and gluino masses are
equal. The signal cross section will be maximum at this point since the squark and
gluinos can be equally produced. To interpolate the efficiencies for the mass limit,
the efficiencies for these two cases were parametrized to linear functions of the mass
in order to produce the D@ cross section limit and derive the mass limits. Figures

5.10 and 5.11 show the efficiencies and their respective parametrizations.

5.8 Systematic Uncertainties

An uncertainty that can influence all measurements of a particular quantity
equally is called a systematic uncertainty. This section describes the systematic
uncertainties affecting this analysis, see Table 5.7. The systematic uncertainties
were included in the final limit calculation by combining them in quadrature with
the statistical errors whose sources were binomial errors from the counting of events
passing kinematic cuts. The uncertainties in the backgrounds and signal estimates
were assumed to be random (normally distributed) and independent.

There is a systematic error due to the energy scale uncertainty. The jet energy
scale uncertainty was about 10% as described by the jet energy correction working
group [75]. For the Monte Carlo backgrounds, the jet Er threshold was varied by
10% and the resulting change in the number of background events was recorded as
the systematic error. A shift in the energy scale for an event will also systematically
change the missing transverse energy for that event. The missing transverse energy
was varied as well to estimate this uncertainty, and this effect has also been included
in the reported systematic uncertainty for the background efficiencies.

There was a systematic uncertainty in the VECBOS cross section of 10% per

jet, and for the 4-jet sample the total systematic uncertainty was 20%. D@ finds
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Table 5.6: Detection efficiencies from ISASUSY Monte Carlo are shown with statis-
tical errors. The gluino and squark masses are in units of GeV/c?.

mg | my | o (pb) e (%) mg | my | o (pb) e (%)

100 | 150 | 537. 1.24 +£0.38 || 200 | 220 129 | 12.21 £1.62
200 | 150 | 60.7 6.86 +=0.85 || 220 | 220 | 9.35 6.62 +1.20
300 | 150 | 35.3 4.95 4+ 0.73 || 400 | 100 | 154. 0.82 £ 0.50
150 | 100 | 511. 2.57£0.53 || 220 | 200 | 154 7.30 £1.27
150 | 200 | b52.8 6.11 £0.81 | 400 | 200 | 5.97 9.70 £1.01
150 | 300 | 27.5 5.59 £0.77 || 400 | 250 | 1.44 | 12.09 £1.13
150 | 400 | 26.0 3.42 £0.61 || 275 | 275 1.44 | 1297 £ 1.17
100 | 100 | 1411. 1.15+0.37 | 225 | 300 | 2.18 | 15.11 £1.27
100 | 500 | 346. 0.93+0.34 || 200 | 400 | 3.49 | 11.05+1.08
500 | 100 | 132. 0.41 £0.25 || 175 | 175 | 47.3 5.70 £0.78
200 | 200 | 194 7.26 £0.88 | 125 | 250 | 924 3.13 £ 0.58
150 | 500 | 29.6 455+ 1.02 | 125 | 300 | 83.1 2.16 +0.49
175 | 300 | 10.4 8.13+1.33 || 125 | 400 | 90.2 2.17+£0.49
175 | 500 | 10.4 8.07 £1.33 || 250 | 125 | 94.6 3.09 +0.58
300 | 200 | 8.43 9.74 £1.45 || 300 | 125 | 75.2 1.92 +0.47
225 | 500 | 1.61 | 10.804+1.52 || 350 | 100 | 169. 1.34 £0.40
400 | 150 | 25.2 2.93£0.83 || 375 | 100 | 162. 1.55 £0.42
250 | 250 | 3.34 9.97 £1.46 || 350 | 125 | 63.8 2.78 £0.55
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Figure 5.10: Plot of efficiency vs. gluino mass for a squark mass of 500 GeV/c?,
with a linear fit. The errors are combined statistical and systematic uncertainties.
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Figure 5.11: Plot of efficiency vs. Gluino mass for equal squark masses, with a linear
fit. The errors are combined statistical and systematic uncertainties.
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Table 5.7: Estimated systematic uncertainties included in the cross section limit.

Description Systematic Uncertainty
Luminosity 5.4%
Single Interaction Cut 4%

Jet Energy scale correction [59] | vary jet threshold Er by 10%

VECBOS uncertainty 10%/jet

agreement between the VECBOS and measured cross sections within 20% [76] for
inclusive W boson production cross section. There was also a systematic shift in
the jet energy spectrum of the data compared with the parton-level VECBOS output
[77]. VECBOS performs a leading order exact calculation and lacks some of the soft-
ening next-to-leading-order effects. This feature disappears when the parton jets are
hadronized, allowing occasional creation of extra jets due to splitting, accomplished
by the interface to ISAJET.

A systematic error in the luminosity was determined by comparing unbiased D@
data samples to Monte Carlo event generators with D@ Geant detector simulations
[63]. The overall LO trigger efficiency was determined to have a systematic uncer-
tainty of 5.4%. This error has been combined with other errors, statistical as well

as systematic, for the background events as shown in Table 5.3.



CHAPTER 6
RESULTS

From the data collected, 5 candidate events remain with high £ and 4 jets. The
background from W and Z boson production was estimated from Monte Carlo to
be 5.2 £+ 2.2 events, where the statistical and systematic errors have been combined
in quadrature. The QCD background has been estimated from collider data to be
1.54 + 0.88 (stat) events. Thus, the number of observed events with significant Fr
i1s compatible with that expected from the Standard Model, i.e. there is no evidence
for events requiring “New Physics” for their explanation. This null result is used to
establish a lower limit on the squark and gluino masses.

The QCD background is the least understood of all the backgrounds. Because
of the extrapolation to such large values of F, and small statistics available, a
small variation in the fitted function would result in a large change in the QCD
background estimate. Therefore, the QCD background has not been included in
the total background estimate for the calculation of the mass limits. This provides
a more conservative limit, since by underestimating the background a larger signal

cross section is necessary before any events can be observed.

6.1 Event Limit

The observed number of events was assumed to be the result of statistical fluctua-
tions originating from a Poisson distribution, convoluted with a gaussian-distributed
background whose mean is the expected number of background events and width is

equal to the background uncertainty.
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A Poisson distribution with mean p (the predicted non-negative real number)
and n (the observed non-negative integer) is

l.l/ne_(”)

f(n; 1)

n!

where f(n,; ) is the probability to observe n, events when the mean is g. When g
is large (~ 8), the distribution may be approximated with a Gaussian distribution of
mean p and variance o? = p. The confidence level (C), means that for any random
observation of n, C' percent of the time n lies below the observed n,. In the case of
no background, and when n, events have been observed, we define an upper limit
Niimit(C) at confidence level C to be the mean of that Poisson distribution for which
the probability of observing more than the n, events is = 1 — C, i.e. Ny 1s the

solution of the equation

i": (NliTit)ie_(Nlim“) _1_¢C
P 7!

To extract a limit for an experiment with background, both the signal and back-
ground are drawn from a Poisson distribution. The sum n, = n, +ny of two random
variables n, and n; drawn from Poisson distributions with means p, and py, respec-
tively, is also Poisson distributed, with mean p, = ps + pp. When the background
is estimated to be = 3, with negligible uncertainty, the upper limit on the number
of signal events, Njmii, can be found by solving the equation
> ME—(Nzimit+ub)

E?.:oo ’:—?’e—“b

However, in the presence of background with uncertainty, the Poisson-distributed

C=1-

signal is convoluted with a gaussian-distributed background whose mean is the ex-
pected number of background events and width is equal to the background uncer-

tainty. The equation for the confidence level is then [78]

C—1_ 9(Niimit)

9(0)
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where

® (2 Nimie)” Lot g

g(a) = i

i=0 z<l—a ’L!
For n, = 5 events observed and a background estimate of u, = 5.2 + 2.2 events,
and choosing the confidence level to be C = 95%, the above equation is solved to

obtain Ny, > 7.53 signal events.

6.2 Mass Limit

To extract mass limits for the squark and gluino, the theoretical cross section for
their production and their detection efficiency were parametrized as a function of
squark and gluino masses. This parametrization is necessary to allow interpolation
between the values of the squark and gluino masses for which cross sections and
detection efficiencies were calculated. The squark-gluino production cross section
from ISAJET (see Figure 1.3) was parametrized as an exponential function as shown
in Figures 6.1 and 6.2. The signal efficiencies were determined for 36 points in the
squark-gluino mass plane with ISASUSY Monte Carlo (see Table 5.6). The efficiencies
were parametrized with a x? fit to a linear fuction for two cases: ms= 500 GeV/c?
and mg=my.

The mass limit was derived from the comparison of the theoretical SUSY cross
section oyn(mg, my) with the experimentally determined 95% C.L. upper limit on

the cross section,

Olimit (Mg, myg) = _ Nimie
T L emg, my)

where Nimie = 7.53 events (the minimum number of signal events that may rule out

a squark-gluino mass combination at a 95% confidence level), £ = 7.45 4+ 0.41 pb~!

(the integrated luminosity) and €(mg, my) is the detection efficiency for squarks and
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gluinos of masses my and my. If olmi(mg, mz) < owm(mg, my), then the correspond-
ing mass values my and my can be ruled out. If the experimental cross section limit
is smaller than the supersymmetry cross section from Monte Carlo, then the squark
and gluino masses can be ruled out. Figures 6.1 and 6.2 show the D@ cross section
limit and the supersymmetry cross section. For heavy squarks (500 GeV/c?) the

gluino mass limit for 95% confidence level is
mgz> 163 GeV/c2.
For equal mass squarks and gluinos the limit 1s
ms= mgz > 213 GeV/c?

Since the efficiencies and cross sections vary between squark and gluino masses,
it 1s appropriate to determine the limit in the squark-gluino mass plane. To deter-
mine the mass limit in the squark-gluino mass plane, the cross section limits were
compared with the cross sections from ISAJET, Figure 1.3. The mass limit in the
squark-gluino mass plane is shown in Figure 6.3, where the open circles are the
Monte Carlo points that cannot be excluded, and the solid triangles are the Monte
Carlo points that can be excluded. There are a few comments that should be made
regarding this figure.

For mg>mg, the renormalization group evolution drives m;® to negative values
before the unification scale [79]. This is shown in Figure 6.3 as the contour at the
bottom right corner. This constraint comes from the squark mass being related to
the gluino mass in Supergravity theories [16], where the squark cannot be much
lighter than the gluino before becoming the LSP. In the minimal supersymmetric
model, the LSP cannot be charged or strongly interacting.

Right-handed squarks decay differently than left-handed squarks. The left-
handed squarks have large SU(2) gauge couplings, which causes decays into

charginos to dominate, whereas the right-handed squarks decay directly into the
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Figure 6.1: Squark-gluino production cross section (solid line) compared to the D@
lower limit contour (dotted line) with a 95% confidence level. The squark mass was
fixed at 500 GeV/c?. The intersection of the two curves indicates a mass limit of

163 GeV/c?.
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Figure 6.2: Squark-gluino production cross section (solid line) compared to the D@
lower limit contour (dot-dashed line) with a 95% confidence level. The squark and
gluino masses were equal with a limit of 213 GeV/c?.
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Figure 6.3: DO lower limit for the squark-gluino mass plane at a 95% confidence
level. For heavy squarks (mz= 500 GeV/c?) the gluino mass limit is mz; > 163
GeV/c?, and for equal squark and gluino masses the limit is my =m4 > 213 GeV/c%
The solid triangles are the signal Monte Carlo points that have been ruled out, and
the open circles are Monte Carlo points that cannot be ruled out. Below the contour
at the bottom right corner, no cross section was computed because the squark mass
1s not allowed to be much smaller than the gluino mass before it becomes the LSP

[16].
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LSP. Furthermore, the LSP mass is intricately tied to the gluino mass [16]. For
heavy gluinos, the squark-gluino cross sections are dominated by squark produc-
tion. For these reasons the lower limit for squarks with very heavy gluinos never
reaches an asympotic value. However, for heavy squarks, where gluino production
dominates, the LSP mass is not affected by changes in the squark mass, and the
gluino mass limit quickly reaches an asymptotic value.

Finally, this analysis is very similar to the D@ hadronic supersymmetry search
in the channel 3 or more jets and high K5, accepted for publication in Physical
Review Letters [80]. That analysis required more stringent cuts on the jet threshold
(Er > 25 GeV and Fp > 75 GeV); however, more observed data and backgrounds
caused a slightly lower limit set on the squark and gluino masses. The excluded
masses for that analysis were for heavy squarks ms;> 144 GeV/c? and for equal
masses mg = my > 212 GeV/c?. Figure 1.2 shows events from higher gluino masses
have higher jet multiplicities. Furthermore, requiring more jets in each event reduces
the backgrounds.

A comparison with published squark and gluino mass limits is shown in Figure

6.4.

6.3 Effect of Varying the ¥, Cut on the Mass Limit

If the £ cut is low (e.g., 50 GeV), the number of background events will be
high; therefore for a limit to be set the number of events from signal Monte Carlo
must be large, resulting in a low mass limit. Similarly, for a high £ cut (e.g., 100
GeV), the number of background events is close to zero but the signal efficiency is
very small, resulting in a low mass limit. The optimal F cut which maximizes the

lower mass limit lies somewhere between these extremes.
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Figure 6.4: Squark-gluino mass limits from various experiments, including the D@
limit for this analysis at a 95% confidence level (solid curve). The dashed curve
is the DO mass limit for the analysis of Njess > 3 and Fp> 75 GeV, accepted for
publication in Physical Review Letters [80].



95

The Er required by the data triggers was at most 35 GeV. A Er cut of 50 GeV
was found to be high enough to avoid the steep rise in trigger efficiency due to the
trigger threshold. To determine the best mass limit, the K selection was varied
between 50 and 100 GeV.

Figure 6.5 shows, as a function of the cut on the missing transverse energy, the
number of signal events expected to survive that F cut, for a fixed squark mass
and various gluino masses. Also shown is the 95% experimental upper limit on the
number of signal events versus the £y cut. The squark mass was held fixed at 500
GeV/c?. Events entered into Figure 6.5 were subjected to two additional cuts: the
ICD fraction (see Section 5.2.4) was required to be < 50% for all jets, to eliminate
fake QCD events where a jet was mismeasured in the intercryostat region, and events
with only one cell in a jet were removed (cells with E > 1 GeV energy, to eliminate
the influence of noisy jets). By closely examining Figure 6.5, the best solution for

maximizing the gluino mass limit was found to be for £.> 65 GeV.
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Monte Carlo than from the 95% confidence level can be ruled out. The squark mass

was fixed at 500 GeV/c?.

6.3.1 Effects of Varying Supersymmetry Model Parameters

The supersymmetry parameters g and tan 8 have been held fixed, although the
cross section and branching fractions are functions of these parameters. Variation
of these parameters [81] does not vary the cross sections and branching fractions
more than the theoretical uncertainty in the cross sections. The ISAJET Monte

Carlo program allowed for varying choices of supersymmetry masses and mixings.
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The tan 8 and p parameters were varied for a fixed mass gluino (150 GeV/c?) and
squark (500 GeV/c?). Figures 6.6 and 6.7 shows the variation.

The mass limits are insensitive to the changes in the charged Higgs mass if
mgy > mw [24], so therefore mg, was chosen to be 500 GeV/c2. For small
values of p, the gluino decay to a heavy neutralino dominates, causing a significant
reduction in the K5 signal. This is not a concern, since LEP measurements have
already excluded the region for p ~ 0 [21] as well as for positive g values within
the reach of the Fermilab Tevatron. The LSP gaugino content and mass varies little

with variations in g, as long as |u| is large compared to the W boson mass.
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6.4 Future Searches

Future searches at colliding beam facilities must handle large instantaneous lu-
minosities giving rise to many interactions every beam crossing. In order to retain
the full luminosity, and thus set higher limits, a new technique must be found. The
E; resolution will be significantly degraded due to the uncertainty in the choice of
a primary vertex. For Fermilab Collider Run 1b, the problem with multiple inter-
actions must be handled so as to retain the full luminosity accepted by D@. This
will require a new method for handling the primary vertex for the [ calculation.
One alternative is to use the jets in the event and their associated tracks to find the
primary vertex position. A search with an event signature including leptons could
also provide a method to locate the primary vertex and further reduce backgrounds.

Searches for supersymmetric particles at the LEP experiment ALEPH have pro-
vided a complementary search to the studies at Fermilab [16]. The LHC (Large
Hadron Collider) is expected to begin collecting data at a high center of mass en-
ergy (14 TeV) early in the next century and will be able to discover supersymmetric
particles or push the lower limits on their masses much higher than presently set
[16].

An indirect but important test of extended theories is the measurement of the
proton lifetime. The Standard Model does not require that the proton be stable and
does not make any prediction regarding its lifetime. Grand Unified Theories, how-
ever, include quarks and leptons in a common representation creating a mechanism
for protons to decay and their lifetime is estimated to be very large. Although no
proton decays have been observed, a limit has been established on the proton lifetime
by large-scale experiments such as IMB, Kamiokande and Frejus [82] of > 9 x 1032
years at a 90% confidence level. This limit is greater than any currently predicted
lifetime. Future experimental limits on the proton lifetime will be important to

studies of extended theories.
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