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Chapter 1

Introduction

We are always asking questions. \What is everything made of?" is an ancient one. The

answer has evolved from the realm of the Greek philosophers to the particle and high

energy physicists of today. The answer itself is now expressed with the Standard Model,

a theory that describes what are believed to be the fundamental units of matter and the

nature of their interactions.

The Standard Model is a remarkable achievement of modern physics. Indeed, there

has not been an experiment yet that has been able to disprove any of its many predictions.

The Standard Model, however, is a complicated theory and contains some inconsistencies

leading to the belief that it is really only a part of some grand theory. Extensions to the

Standard Model try to �x the inconsistencies and add some simplicity and \beauty" to

the model. One such extension is Supersymmetry. Supersymmetry predicts the existence

of additional particles beyond what the Standard Model alone describes. The topic of

this thesis is a search for two of these additional particles predicted by Supersymmetry,

namely the squarks and gluinos.

Chapter 2 starts with a review of the Standard Model and a discussion of some of its

problems. The di�culties lead to the formulation of Supersymmetry. What Supersym-

metry is and how it �xes some of the problems are explained. Supergravity, the particular

Supersymmetry model used in this search, is presented followed by a brief listing of some

other Supersymmetry models that have recently become popular. If squarks and gluinos

do exist, what evidence would they leave in a detector? That question is answered in
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Chapter 3, which describes the characteristics of the signal and the overall strategy of the

search. Previous experimental searches for squarks and gluinos are also brie
y reviewed.

Chapter 4 covers the apparatus used for this experiment, namely the Tevatron collider

and the D� detector at the Fermi National Accelerator Laboratory located near Chicago,

Illinois. Those detector systems of particular importance to this analysis will be explored

in some detail. Algorithms and procedures for identifying particles and measuring the

characteristics of events are brie
y explained in Chapter 5.

The analysis itself is discussed in Chapter 6, which describes the event selection criteria

used to select squark and gluino candidates and reject background events, the collider

data passing the selection requirements, and the background estimates with the methods

used to calculate them. Chapter 7 discusses the sensitivity of the analysis to the signal

and gives the results. Finally, Chapter 8 o�ers a summary of the analysis and what may

be expected for the future. Many chapters end with a short summary that is written in a

(hopefully) more accessible manner. The result of the analysis, a limit in the Supergravity

M0 { M1=2 plane, is shown in Figure 7.7 on page 184.

2



Chapter 2

The Theories

2.1 The Standard Model

The Standard Model (SM)[1{3] accurately predicts all observed phenomena at distances

smaller than the diameter of the atomic nucleus (�10�15 m). It is one of the must

successful theories ever invented.

2.1.1 Fundamental Particles

There are two basic types of particles in the Standard Model, fermions and bosons. The

fermions have spin 1/2 and are the building blocks of matter. Fermions adhere to the

Pauli Exclusion Principle: only one fermion can occupy a particular quantum state. The

fundamental bosons are either spin 0 or spin 1 particles and are thought of as the force

carriers.

Some characteristics of the SM fermions are shown in Table 2.1. They can be further

broken down into the categories of quarks and leptons. Quarks are the constituents of

protons and neutrons and are a�ected by the strong force which holds the protons and

neutrons together in nuclei. The quarks have fractional charge: the up, charm, and

top quarks have electrical charge 2/3 e (�1 e is the electron charge), and the down,

strange, and bottom quarks have charge �1=3 e. The quarks make up particles called

hadrons. Hadrons with three constituent quarks (such as protons and neutrons) are

called baryons, and those with a quark and an antiquark are mesons. An important

3



Generation Particle Name Mass (MeV/c2) Charge (e)

Quarks (spin 1/2)

1
d Down �7.5 �1=3
u Up �4.2 2/3

2
s Strange �150 �1=3
c Charm �1100 2/3

3
b Bottom �4200 �1=3
t Top 172,000 2/3

Leptons (spin 1/2)

1
e Electron 0.511 �1
�e Electron neutrino < 15 eV 0

2
� Muon 105 �1
�� Muon neutrino < 0:17 0

3
� Tau 1777 �1
�� Tau neutrinoa < 24 0

Particle Name Mass (GeV/c2) Charge (e) Force

Gauge Bosons (spin 1)


 Photon 0 0 Electromagnetic

g Gluon 0 0 Strong

W W 80.2 1 Weak

Z Z 91.2 0 Weak

Fundamental Scalar (spin 0)

H Higgsb ? ? Couples to matter

aThe tau neutrino has not been directly observed yet.

bThe Higgs boson is only predicted; not yet observed.

Table 2.1: Particles of the Standard Model.[4]
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theoretical advancement was the realization[5] that quarks must have color charge in

addition to electric charge, since without color quarks in some hadrons appear to occupy

the same quantum state (since they are fermions, that is not allowed). Color charge has

three \polarities" represented by the primary colors, red, green, and blue. There are also

anticolors for the antiquarks. Mixtures of a color and its anticolor or of the three separate

colors or anticolors are referred to as colorless. As discussed below, individual free quarks

with color are not observed, and the quarks seem to be con�ned inside colorless mesons

and baryons. The type of quark (up, down, charm, etc.) is referred to as the quark 
avor.

The top quark, the last SM particle to be discovered, was �nally observed in 1995 with

the D� and CDF detectors at Fermilab.[6, 7]

Leptons are particles that are una�ected by the strong force. For each charged lepton,

there is a neutrino that is electrically neutral. Unlike charged particles that interact

electromagnetically, neutrinos are only a�ected by the weak force; the force responsible

for nuclear decay. As the name suggests, the weak force is the weakest of the three

interactions described by the SM (in the small distance regime gravity has virtually no

e�ect and is not addressed by the SM) and so neutrinos are virtually undetectable directly.

Their existence can be inferred by looking for imbalances in events where momentum is

conserved. Experiments have put constraints on the masses of the neutrinos such that

they are presumed to be massless and therefore must always travel at the speed of light.

The possibility of massive neutrinos, however, is still one of the important questions in

particle physics and the subject of much study.

A common feature of the quarks and leptons is that they can be grouped into three

generations. Each generation of quarks has one charge +2=3 e quark (up type) and

one charge �1=3 e quark (down type). Each generation of leptons has a negatively

charged particle (electron type) and a massless neutrino. As seen in Table 2.1, the second

generation contains heavier particles than the �rst and similar for the third. The particles

of the heavier generations are unstable and ultimately decay down to the �rst generation

or to photons. Only particles of the �rst generation make up matter in the everyday

world, while particles of the second and third generations can be produced with cosmic
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rays and in high energy particle colliders. In fact, even when only the up, down, and

strange quarks were known, the existence of the charm quark was theoretically required

in order to explain the observed suppression of 
avor changing neutral weak interactions,

and the third generation was needed to introduce CP violation into the SM. Aside for

this fact that three generations are needed to make the SM theory work correctly, the

second and third generations appear to play no role in the everyday world. Experiments

at CERN's LEP e+e� collider have shown that there are no more than three light or

massless neutrinos,[8] strongly suggesting that there are only three generations.

2.1.2 Fundamental Interactions

When fermions interact by the electromagnetic, strong, or weak force, the interaction is

thought of as being transmitted between the particles by a spin one gauge boson. The

gauge bosons of the standard model are shown in the lower part of Table 2.1. They

represent some quantized state of the �eld of that interaction (i.e. the photon is the

quantization of the electromagnetic �eld). For example, the scattering of two electrons

is depicted as one electron emitting a photon which is absorbed by the other electron.

For a brief instant, there are three particles present, the two electrons and the photon,

representing more energy than is available in the initial or �nal states. This situation

is allowed, because some energy can be \borrowed" for a very short time as stipulated

by the Heisenberg uncertainty principle. The photon is virtual; it only lives for the brief

amount of time it takes to carry out the interaction.

The gauge bosons couple to the fermions with a strength appropriate with the force.

For example, photons do not couple at all to the neutral neutrinos, since neutrinos are un-

a�ected by the electromagnetic force.� As discussed below, the strengths of the couplings

are not constant, but in fact change for di�erent energy scales.

The strong force is mediated by the gluon. The gluon is massless and electrically

neutral, but does carry color charge. While the quark is characterized by one \polarity"

�Photons do couple to some electrically neutral particles. For example, the �0 meson is neutral but
does interact electromagnetically since its constituent quarks have electric charge. The �0 can, in fact,
decay to two photons.
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Figure 2.1: An example of Hadronization. Remove one of the up quarks from the proton
and what remains are not free quarks, but a �+ meson and a neutron. The color charge
of the quarks are also shown. Note that all of the hadrons in the initial and �nal states
are colorless.

of color (red, green, blue, antired, antigreen, or antiblue), the gluon must carry two

polarities (a color and an anticolor) since it may be exchanged between two quarks that

are interacting via the strong force. The fact that the gluon carries the charge of the

strong force implies that it can interact with itself, corresponding to self interacting loop

diagrams. The photon does not have this ability, since it is electrically neutral.

As mentioned, the quarks and gluons are never observed as free particles. That is

because the strength of the strong force increases with increasing distance. For example,

if the quarks making up a proton are close together, they feel little from the strong

force and just \rattle around" inside the proton (this phenomenon, called asymptotic

freedom, is described in more detail in Section 2.1.3). If one quark begins escaping from

the others, it starts feeling the strong force pulling it back towards the other quarks. The

force will increase with the distance between them. This e�ect is opposite to gravity and

the electromagnetic force which weaken as distance is increased.

If a quark within a proton is given a big enough kick so that it cannot stay inside

(possibly due to a collision at high energy with another quark), the quark may leave

the proton, but the potential energy of the strong force will be so great that a new

quark-antiquark pair will appear out of the vacuum, one to bind with the leaving quark
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picture of the e�ects of the weak interaction, since it does not attract or repel particles

like the other forces. Rather, the weak force is the cause of beta{decay of nuclei, allowing

neutrons to transmute into protons and vice-versa. All particles may be a�ected by the

weak force.

2.1.3 Gauge Theories and the Electroweak Force

The Standard Model is comprised of two separate theories, quantum chromodynamics

(QCD) and electroweak. Electroweak uni�es the electromagnetic force, described by

quantum electrodynamics (QED), with the weak force. All of these theories are gauge

theories in that they involve �elds (mathematical constructs that represent the particles

and interactions) that are invariant under a change of phase or gauge. For example, if

the phase of the electron �eld of QED is changed arbitrarily, the resulting physics is not

altered so long as the �eld for the photon is also changed in the appropriate manner. In

fact, for spin 1/2 �elds to be invariant under change of gauge, there must be a massless

spin 1 boson (the photon for QED). This rule would seem to be violated by the weak

force with its massive gauge bosons, but there is a �x discussed below.

The manner in which the gauge enters the theory characterizes the interaction. For

instance, QED involves phase factors of ei�(x), which are members of the symmetry group

U(1) { unitary transformations in one dimension. For the weak force, it is convenient to

group the particles into doublets,0
B@ �e

e

1
CA ;

0
B@ ��

�

1
CA ;

0
B@ ��

�

1
CA ;

0
B@ d

u

1
CA ;

0
B@ s

c

1
CA ; and

0
B@ b

t

1
CA : (2.1)

Instead of using a �eld for every particle, there is a two-component �eld for each doublet.

The gauge transformations are now quite complicated since matrices are involved, and, in

fact, the transformations can cause a particle to transform into its doublet partner. Such

transformations belong to the SU(2)L symmetry group (the L subscript indicates that

the weak interactions only a�ect particles in left handed helicity states). For the theory

to be gauge invariant, there must be three massless gauge bosons, W+, W�, and the W 0

(note these massless bosons are not the same as the massiveW and Z bosons described in

9



Section 2.1.2; at least not yet). At this stage, the electromagnetic force can be combined

with the weak force by adding in the U(1) group and its gauge boson, the massless and

neutral B0 which will eventually become part of the photon. This SU(2)L�U(1) theory
with the massless gauge bosons does not re
ect the fact that electromagnetism and the

weak forces are separate in the everyday world, and that theW and Z weak gauge bosons

have mass. Therefore, the symmetry must be broken in some way.

The Higgs mechanism provides the method for spontaneously breaking electroweak

symmetry by forcing one to choose a vacuum expectation value (vev) for a Higgs �eld.

The results are that the W+, W�, and the neutral Z (a mixture of the W 0 and the B0)

acquire mass. The photon (a di�erent mixture of the W 0 and the B0 bosons) remains

massless. The price one pays is the introduction of a new �eld representing a scalar (spin

zero) particle, the Higgs boson, and a new parameter in the model, �W , the mixing angle

for relating the Z and 
 to the W 0 and B0. The scalar Higgs couples to any particle

with mass: the heavier the mass, the stronger the coupling. The triumph of the Higgs

mechanism is the prediction of the masses of the W and Z weak bosons. These particles

were discovered at CERN with the UA1 and UA2 detectors in the late 1980's. Their

masses were measured to be right at the SM prediction. This strong evidence for the

validity of the Higgs Mechanism is the only evidence, for the Higgs particle has never

been observed in an experiment.

2.1.4 Running Coupling Strengths and GUTs

Although in the everyday world the weak and electromagnetic forces are separate to �rst

order, above the weak energy scale, O(MW ), these forces are uni�ed into the electroweak

force. There are still two coupling strengths for the interaction (one for the SU(2)L part

which is mediated by the W+, W�, and W 0 bosons, and another for the U(1) part me-

diated by the B0). QCD also has an SU(3) symmetry involving the color charge with

its own coupling strength (there are eight generators of the SU(3) symmetry resulting

in eight two{color combinations that can be carried by gluons). Note that that phrase

\coupling constant" has been avoided since the couplings are indeed not constant. They

10



change with the energy scale (the scale of the momentum transfer between the two in-

teracting particles) and thus are \running constants." This phenomenon is due to higher

order e�ects of virtual bosons spontaneously forming loops of fermion{antifermion pairs

and fermion{antifermion pairs appearing and disappearing from the vacuum. Indeed, the

picture that a proton is composed of three quarks is simplistic. The three valence quarks

are constantly exchanging gluons, which may transform into quark{antiquark pairs (sea

quarks) and back into gluons again. In fact, about half of the momentum of a moving

proton is carried by gluons. For QCD, the coupling strength decreases with increasing

momentum transfer (shorter distances). That is why when quarks within a nucleon are

probed with high energy electrons, the quarks appear to be free. This e�ect is asymptotic

freedom. The quarks and gluons within protons are collectively called partons.

The root cause of the running coupling strengths has to do with the fact that the

higher order e�ects can cause some calculations to result in in�nities. The in�nities can

be absorbed into quantities that cannot be directly measured and are safely \swept under

the rug" or renormalized, making the theories calculable again. The price one pays is an

additional term that must be added to the coupling strengths that is dependent on the

energy scale. The renormalized quantities are the running constants.

A goal of particle physicists is to invent a theory where all of the symmetries of the

Standard Model can be expressed by one symmetry, and consequently, all of the forces

are uni�ed into one force. Such theories are called Grand Uni�ed Theories (GUTs). If

the running coupling strengths are extrapolated to huge energy scales, they appear to

converge at a scale of MGUT � 1016 GeV (though not all three at the same point, see

Section 2.2.3 and Figure 2.6a). This convergence may be a hint that GUT theories are

valid. One also presumes that gravity can be uni�ed at the Planck scale, MPL � G�1
N �

1019 GeV, where GN is Newton's constant. Below those scales the grand symmetry is

broken at some point, yielding the particles and interactions observed presently.

A high energy physicist's dream is the ability to probe physics at huge energy scales.

The Tevatron collider at Fermilab produces interactions with momentum transfers near

the weak scale O(100 GeV). The now defunct SSC would have been able to probe the

11



Figure 2.3: Self interaction diagram of fundamental scalars. This diagram is quadratically
divergent.

TeV scale, and the soon to be completed LHC collider at CERN will get close to that.

Directly probing anywhere near the GUT or Planck scale does not seem remotely possible

with current technology. Instead, the predicted e�ects of the di�erent GUT theories on

weak scale physics (new particles and interactions) are the subject of searches. So far, no

new particles or unexpected interactions have been observed beyond what are included in

the SM. Though some proposed GUT models have been ruled out or severely constrained

with experiments, it is still unknown what kind of GUT model is correct, let alone if

GUTs are indeed the right description of physics at high energy scales.

2.1.5 Problems with the Standard Model

The SM is extremely successful in predicting the phenomena of the subatomic realm.

Some aspects of the SM, however, are worrisome. Although the masses of the W and Z

bosons are predicted with the Higgs mechanism, the SM gives no hint as to the masses of

the quarks and leptons. They are input into the model by hand. And though the Higgs

Mechanism seems to work, it was added in an ad hoc manner; the SM does not predict

electroweak symmetry breaking (EWSB) by itself. This de�ciency is addressed by some

GUT models that have EWSB built into them.

There is a more serious problem. The scalar Higgs boson is a special kind of particle in

that it gives mass to the fermions. Since the Higgs itself is massive, it can be involved in

self-interaction loop processes as shown in Figure 2.3. Unlike similar diagrams for gluons,

self interaction loop diagrams for fundamental scalar particles involve integrals that are

quadratically divergent. When such an integral involved in calculating the Higgs mass

is integrated over all momenta, an in�nity results that cannot be renormalized away. A

nonrenormalizable theory is a disaster, so there must be something that alleviates the
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quadratic divergence. One can imagine cutting o� the integral at some energy scale

where new physics becomes important, MX , which is likely near the GUT scale. The

mass parameter of the Higgs from EWSB runsy from an energy scale at Q1 down to a

lower energy scale of Q2 according to,

M2(Q2) =M2(Q1) + Cg2
�
Q2
2 �Q2

1

�
+ g2R+O(g4) (2.2)

where C is a dimensionless constant, g is a coupling strength, and R is some parameter

that grows at worst logarithmically as Q1 � Q2 ! 1. The running of the Higgs mass

from the high scale MX down to the weak scale MW is thus given by,

M2
H(MW ) �M2

H(MX)� Cg2M2
X (2.3)

where MX � O(MGUT ) � MW . Since the Higgs mass at the weak scale is supposed to

be on the order of MW (that is the scale where EWSB takes place), the terms on the

right hand side of Equation (2.3) must be tuned to a precision of � 10�26 in each order of

perturbation theory. A tuning to that degree would be an incredible feat of nature and

is unnatural. This di�culty is called the �ne tuning problem. A related question is the

hierarchy problem: why do the coupling constants of the SM appear to converge at such

a huge energy scale (MX � MW )? Nothing in the SM can answer these questions, thus

providing the expectation that there must be some theory beyond the Standard Model.

2.1.6 Beyond the Standard Model[9, 10]

Theorists have introduced two schemes for eliminating the quadratic divergence of the

Higgs mass. One solution involves treating the Higgs not as a fundamental particle, but

comprised of fermions. Some force must keep the constituent fermions con�ned within

the Higgs, similar to how the strong force con�nes the quarks within a hadron. Like QCD,

the theory of this new interaction would be renormalizable, thus alleviating the quadratic

yA mass parameter is a parameter of the theory, like a coupling strength, and for some particles runs
with the energy scale. The actual mass of the particle that one measures is the pole mass and does not
change with energy scale. The pole mass for the Higgs can be calculated within the theory by solving
the one loop diagram discussed here and involves the running mass parameter. If one could solve to all
orders of perturbation theory, the dependence on the energy scale would cancel out completely.
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divergences. Keeping with the strong force similarity, this new force is called Technicolor

(recent reviews can be found in References 11 and 12), which introduces its own color

charge that is carried by the constituent fermions called techniquarks. Technicolor theo-

ries predict the existence of technipions and technirhos, particles made up of techniquark

pairs. No such particles have been observed and severe constraints can be placed on the

validity of this theory. Though Technicolor can alleviate the �ne tuning problem, it has

nothing to do with uni�cation of forces and does not address the hierarchy question.

A variation of Technicolor, compositeness, posits that none of the SM particles are

fundamental, but are, in fact, made up of preons. If compositness is reality, then the

cross section (reaction rates) for some processes would be di�erent than what the SM

predicts. No such signi�cant deviations have been observed. Compositness also su�ers

from the same de�ciency as Technicolor in that it cannot address the hierarchy problem

and is constrained by experiments.

The second scheme for eliminating quadratic divergences is Supersymmetry, which

adds fermions and scalar particles to the Standard Model to introduce new loop diagrams

that cancel out the quadratic divergent loops. Models of Supersymmetry may be based

on GUTs that build in EWSB and provide relations between the weak scale and the GUT

scale, addressing the hierarchy problem. Described in this thesis is a search for two of

the particles that Supersymmetry predicts, and so Supersymmetry is explored in some

detail in subsequent sections of this chapter.

2.2 Supersymmetry

Supersymmetry (SUSY)[10,13{15] is a theory that cancels the quadratic divergence from

the fundamental scalar Higgs particle by adding new particles to the Standard Model.

First, a simple SUSY model is presented to explain how the cancellation is achieved.

More realistic SUSY models will then be explored.
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2.2.1 Basics of SUSY

A simple supersymmetric model is one by Wess and Zumino[15{18] and shows the basic

features of SUSY. This theory involves two real scalar �elds (A and B) representing spin

zero bosons like the Higgs, and a two degree of freedom spinor �eld ( ) representing a

Majorana (particle and anitparticle are one and the same) spin-1/2 fermion. The Wess

and Zumino lagrangian describing the theory is,

L =
1

2
(@�A)

2 +
1

2
(@�B)

2 +
i

2
� @=  � 1

2
m �  � 1

2
m2A2 � 1

2
m2B2

+mgA(A2 +B2)� 1

2
g2

➀

(A2 +B2)2 �
➁

ig � A + ig � 
5B 

(2.4)

where the three particles have the same mass m and same coupling constant g (a circled

number will be used later to refer to the term underneath it). The A, B, and  �elds

can undergo certain transformations. Transformations are written as,

A! A0 = A+ �A = A+ ��QA (2.5)

where � is the constant parameter of the transformation and Q is the transformation

generator. Wess and Zumino de�ne supersymmetric transformations for the scalar �elds

to be,

�A = i��
5 �B = ��� (2.6)

and for the fermion �eld,

� = F�� iG
5�+ (@= 
5A)�+ i(@= B)� (2.7)

where F = mA� g(A2 �B2) and G = mB � 2gAB.

With some work,[18] one can show that the lagrangian of Equation (2.4) is invari-

ant under the Wess and Zumino transformations. That is if the transformed �elds are

plugged into the lagrangian, it changes at most by a total derivative and thus the resulting

physics remains unaltered. The transformations of Equation (2.6) and (2.7) are called

supersymmetric, because boson transformations involve the fermion �eld and the fermion

transformation involves the boson �elds. This \Supersymmetry" relates the bosons to

the fermion and vice-versa.
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Figure 2.4: Interactions involving the A scalar particle. The vertex factors are shown
with each interaction.

Using Equation (2.5), one can identify the transformation generator, Q, in Equa-

tion (2.6) and (2.7). Q appears to be an operator that transforms a fermion �eld into a

scalar boson �eld and vice-versa, altering the spin of the particle by �1/2. The anticom-
mutation relation for Q is,

�
Qa; �Qb

	
= 2(
�P

�)ab (2.8)

where P � represents the translation generators of the Poincar�e group (Lorentz boosts and

rotations). The a; b subscripts are components of the spinor �elds. Since the transfor-

mations are involved with space{time transformations, Supersymmetry is a space{time

symmetry. This distinction is important, since it di�ers from the internal symmetries

of particles, such as electric and color charge, lepton number, and baryon number. The

Wess and Zumino supersymmetric generator acting on a �eld will only change the spin;

the particle retains its mass, charge, and its other internal quantum numbers. For the la-

grangian to be invariant under the transformations, one particle is needed for each degree

of freedom of its partner, so the two scalar bosons are the super-partners of the fermion

and vice-versa.

The interaction terms marked ➀ and ➁ in the Lagrangian (Equation (2.4)) describe

how the A scalar particle interacts with the B and the  . These terms are expanded

below,

L = : : :� 1

2
g2(A4 + 2A2B2 +B4)� ig � A + : : : (2.9)

and predict the interactions shown in Figure 2.4 (the B4 term is ignored for this discus-

sion). With these interactions, the self interacting one loop diagrams for the A can be
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drawn as in Figure 2.5. Diagrams (3), (4), and (5) are separately quadratically divergent,

but when their amplitudes are added together, the quadratic divergent terms cancel,[18]

leaving a logarithmically divergent term that can be renormalized. The self interaction

diagrams for the B cancel in a similar manner.

Supersymmetry eliminates the quadratic divergences by introducing new particles so

that each fermion is paired with two scalar particles causing the divergences to cancel.

Clearly, the Wess and Zumino theory is not realistic, since all of the particles must have

the same mass. If that were the case, then SUSY could be ruled out immediately, since

a scalar electron with the electron's mass has not been observed. Supersymmetry must

be broken so that there can be mass splitting between the SUSY partner particles. A

splitting is allowed because the quadratic divergences do not have to cancel exactly. The

�ne tuning problem is still alleviated so long as masses are not more than �1 TeV apart

(see Section 3.6 for some constraints on the splittings). The Wess and Zumino model is

too simplistic for the real world, but it shows the basic characteristics of SUSY models.

The basis of the model used for this search is the Minimal Supersymmetric Standard

Model.

2.2.2 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model[19{22] (MSSM) is a scheme for introducing

Supersymmetry to the Standard Model that adds the fewest new particles. Each SM

particle receives supersymmetric partners or sparticles, one for each degree of freedom.

These additions re
ect N = 1 Supersymmetry, where N is the number of supersymmetric

generators (Q in the previous section) that alter spin by 1/2 unit. One can conceive of

N � 2 models, but one gets into trouble in relating fermions with di�erent helicities

incompatible with the left{handed weak interactions.

The particle content of the MSSM is shown in Table 2.2. The particles and sparticles

form supermultiplets, similar in spirit to the doublets of electroweak theory in Equa-

tion (2.1). There are two kinds of supermultiplets. A chiral supermultiplet contains a

chiral fermion (fermions that couple di�erently to the weak gauge bosons depending on
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Figure 2.5: Self interaction loop corrections for the A scalar particle.
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Particle Sparticle

Lepton    Slepton
L 
,    

R
(only ν

L 
)

Quark q Squark q
L 
,  q

R
(b

1,2 
, t

1,2  
)

Gluon g Gluino g

Photon γ Photino γ
Z boson Z Zino Z

light Higgs h Higgsino h

heavy Higgs H Higgsino H

Pseudoscalar Higgs A Higgsino A

W boson W ± Wino W ±

Charged Higgs H ± Higgsino H ±

Graviton G Gravitino G

Fermion
(spin 1/2)

Gauge Boson
(spin 1)

Higgs Boson
(spin 0)

Gauge Boson
(spin 1)

Higgs Boson
(spin 0)

(spin 1)

(spin 2)

(spin 1/2)

(spin 3/2)

Sfermion
(spin 0)

Gaugino
(spin 1/2)

Gaugino
(spin 1/2)

Higgsino
(spin 1/2)

Higgsino
(spin 1/2)

Neutralino
χ1,2,3,4

Chargino
χ1,2

~ ~ ~

~

~

~

~

~

~

~

~

~

~

~

~

~ ~ ~

0

±

Table 2.2: Particle content of the MSSM. The mixings are explained in the text.

their helicity state) and two spin zero scalars. The vector supermultiplet consists of a

spin-1 vector boson and a fermion. These supermultiplets hold a Standard Model particle

and its partner(s).

As shown in Table 2.2, each charged lepton receives two spin zero sleptons, since

fermions have two degrees of freedom. Each neutrino is paired with only one sneutrino,

since neutrinos have only one helicity state. The quarks are similar to the leptons and

receive two scalar squarks each. The squarks and sleptons are labeled left and right

handed. Since these particles are scalars, the labels re
ect how they couple to the partners

of the weak gauge bosons instead of denoting helicity. The massless spin 1 gluon has 16

degrees of freedom (2 helicity states � 8 color) and is associated with the massive spin

1/2 gluino, also with 16 degrees of freedom.

The partners of the gauge and Higgs bosons are more complicated. For the MSSM, two

Higgs doublets are required in order to give mass to the up type and down type quarks

(in the SM, the single Higgs �eld and its conjugate ful�ll this role, but in the MSSM
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conjugate �elds cannot be used[23]). Consequently, �ve Higgs particles exist: two charged

scalars (H�), two neutral scalars (h and H) and one neutral pseudoscalar (A) as shown

in Table 2.2. Since there are two Higgs doublets, there are two vacuum expectation values

(< v1 > and < v2 >). The vevs are constrained so that < vSM >2=< v1 >
2 + < v2 >

2,

where < vSM > is the vev of the single Higgs �eld in the SM. The ratio of the two

Higgs doublet vevs is still undetermined, however, and is denoted by the parameter

tan� =< v2 > = < v1 >. There is also a free Higgsino mass parameter, �.

The Z, photon, and neutral Higgses add up to eight degrees of freedom (three helicity

states for the Z, two for the 
, and one each for h, H, and A). Their partners, the zino,

photino, and Higgsinos, respectively, mix to form four, neutral, spin 1/2 neutralinos,

where M~�01
< M~�02

< M~�03
< M~�04

. The SUSY partners of the W boson (two charges �
three helicities = six d.o.f.) and the charged Higgses (two charges � one helicity) mix to

form two charged spin 1/2 charginos which have eight d.o.f. The couplings of the scalar

squarks and sleptons to the charginos and neutralinos depend on the chargino/neutralino

\gauge content." The parameters tan � and � determine what fraction of the chargino

and neutralino mixtures are higgsino and wino/zino/photino. Since the right handed

SUSY scalars only couple to the Higgsino part, the branching fractions of the charginos

and neutralinos depend heavily on tan� and �.

Since Supersymmetry commutes with the SU(3)C�SU(2)L�U(1) symmetries of the
SM, the gauge interactions of the sparticles are the same as their partner SM particles

with the same coupling strengths, although the di�erence in spins must be taken into

account. For example, if the chargino is mostly wino, it will decay to quarks and leptons

with the same branching fractions as a SMW boson. If it is mostly higgsino, it will decay

like a Higgs.

The MSSM also introduces a new multiplicative quantum number, R { Parity. R {

Parity is de�ned to be,

R = (�1)3(B�L)+2S (2.10)

where B is the particle's baryon number, L is the lepton number and S is the spin.

According to this de�nition, R { Parity is +1 for SM particles and �1 for their sparticle
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partners. In the analysis described here, R { Parity is assumed to be conserved. Although

R { Parity conservation is not required by any model, its violation implies that lepton

and baryon number conservation are violated as well.

In R { Parity conserving SUSY, sparticles are always produced in pairs, and each

decay of a sparticle yields another sparticle. Consequently, the lightest supersymmetric

particle (LSP) must be stable. R { Parity conservation is theoretically favored, since

it does not allow sparticles to play intermediate roles in processes that involve only SM

particles, and so the predictions of the SM remain unaltered. Fast proton decay is also

prohibited.

The stable LSP is generally assumed[24] to be the lightest neutralino, ~�01 . It must be

neutral since charged LSPs would have been seen in atomic physics. The LSP only inter-

acts weakly, like neutrinos, producing missing energy (imbalanced events) in a detector

which can be used as an experimental signature for SUSY. It is also a candidate for cold

(nonrelativistic) dark matter.

2.2.3 GUT Frameworks for the MSSM

Although the MSSM allows one to add the fewest number of new particles to the SM,

it unfortunately leads to an enormous number of new parameters. The MSSM gives no

prediction on the masses of the sparticles (of course, they must be heavier than their

partners or else they would have been observed already). The mixing angles are also

completely unknown. With > 100 parameters that must be input by hand, the MSSM is

a cumbersome theory to use in systematic searches for sparticles.

The usual method for reducing the number of independent parameters is to work

within the framework of a Grand Uni�ed Theory (GUT). In fact, the MSSM gives a hint

that a GUT with SUSY particles may be the correct description of physics at high energy

scales, since the additional particles of the MSSM cause the running coupling strengths

to converge at the same point as shown in Figure 2.6. A \GUT inspired MSSM" relies

on some symmetry at a high energy scale to give relations between some of the sparticle

masses. For example, with such models the masses of the squarks are degenerate except
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Figure 2.6: Evolutions of the coupling constants. Shown are the evolutions of the U(1)
(�1), SU(2) (�2), and SU(3) (�3) coupling constants with the energy scale. Plot (a)
shows the evolution in the Standard Model. Plot (b) is the evolution within the MSSM.
The addition of the sparticles changes the running of the coupling strengths so that they
all converge at the same point, suggesting that the interactions arise from a single grand
uni�ed force.

for the scalar top.z In GUT models, the gauginos are mass degenerate at the GUT

scale, and so their masses are related at the weak scale (i.e. typically, ~��1 � ~�02 � 2~�01).

Although such relations are helpful, one still must input by hand the degenerate squark

mass, masses for the sleptons, tan �, �, and so on.

The D� experiment has performed many searches within the framework of the GUT

inspired MSSM. As shall be seen, the decays of squarks and gluinos are highly dependent

on the parameters of the model, and so it is advantageous to use a framework with the

least number of free parameters and most predictive power possible.

2.3 Minimal Supergravity

Minimal Low Energy Supergravity[23,25{28] (mSUGRA) is a model that not only uni�es

the strong, weak, and electromagnetic forces, but also includes gravity at some large

energy scale MX . Typically, MX is the GUT scale (1016 GeV) or the Planck scale (1019

GeV). At MX , the mass parameters (see footnote on page 13 for the di�erence between

mass parameters and the measured mass) for the gauginos are degenerate as for any GUT

model, and in the simplest supergravity models, the inclusion of gravity means that all

zBecause the top quark is so heavy, the left and right top squarks can mix into a light scalar top (~t1)
and a heavier one (~t2), as shown in Table 2.2.
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Figure 2.7: Evolution of sparticle mass parameters in Minimal Supergravity. This plot
shows the mass parameters of various sparticles vs. energy scale (Q). Note that the

gauginos are in states before electroweak symmetry breaking (fW and eB). The Higgs
mass parameter running negative is the originator of EWSB. These evolutions shown
are for a particular choice of the model parameters. Choosing M0, M1=2, and the other
parameters di�erently will result in di�erent evolutions. There are some with Higgs
masses that stay positive, meaning EWSB is not predicted by those models.
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of the SUSY scalars also share a common mass parameter. The only parameters needed

to describe mSUGRA models are then as follows:

� M0, the common mass parameter for all scalar sparticles at the MX scale.

� M1=2, the common mass parameter for all gauginos at the MX scale.

� tan �, the ratio of the vacuum expectation values of the two Higgs doublets.

� sign(�), the sign of the Higgsino mass parameter.

� A0, a common trilinear coupling constant in the lagrangian (for searches at the

Tevatron, A0 only a�ects scalar top mixing).

Along with A0 there is a bilinear coupling constant, B0, but it is recast into tan � and �.

Only the sign of � is needed, because its magnitude is constrained to yield the correct Z

mass by electroweak symmetry breaking.

Given the mSUGRA parameters and masses of the SM particles, masses and mixing

angles for the sparticles can be determined at the weak scale by solving the renormal-

ization group equations (RGEs) of the model and evaluating loop diagrams. The evolu-

tions of the sparticle mass parameters are shown in Figure 2.7. For many choices of the

mSUGRA parameters, a Higgs mass parameter starts positive at MX and, as the energy

scale is decreased, runs negative, thus breaking electroweak symmetry. For the SM, the

negative Higgs mass parameter must be put in by hand. The prediction of EWSB is

one of the features of mSUGRA that makes these models favored among many SUSY

phenomenologists.

Describing masses of the sparticles with just M0 and M1=2 is convenient, but one

loses the physical aspect of the model. The correspondences of squark and gluino masses

to M0 and M1=2 are shown in Figure 2.8.x In mSUGRA, the squark masses are not

quite degenerate. While the masses of the scalar up, down, charm, and strange (both

left and right varieties) are typically within 1 GeV=c 2 of each other, the scalar bottom

can sometimes mix its left and right states into lighter and heavier mass eigenstates.

xAll of the contours were determined with code within the isajet Monte Carlo event generator.[29]
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The lighter sbottom is not more than 15 GeV=c 2 less than the four other squarks. The

squark mass contours shown in the �gure are an average of the masses for left and right

squarks excluding scalar tops. Similar plots of mass contours for some other sparticles

are shown in Figure 2.9. The values of the other model parameters are tan� = 2, A0 = 0,

and � < 0. For small M0 and M1=2, electroweak symmetry breaking does not occur

in mSUGRA, and so that region can be ruled out immediately. There are also points

where the electron sneutrino is lighter than ~�01 and thus becomes the LSP. Cosmological

considerations disfavor a sneutrino LSP, but aside from that, there is no evidence why

that situation cannot occur.

2.4 Other SUSY Models

Of course, one would like to experimentally test the validity of all SUSY models, but

the details of squark and gluino decays are highly model dependent. Therefore, Monte

Carlo simulations must be performed for each model to be tested. For models with many

parameters, this task is prohibitive. The mSUGRA framework requires a minimum of

free parameters and is used for the analysis described here. Aside from the fact that

mSUGRA is a \nice" model in that it has few parameters, includes gravity, and predicts

EWSB in many cases, there is no evidence that mSUGRA is the true, correct model of

SUSY, assuming that SUSY itself is correct in the �rst place. As Monte Carlos become

faster, however, more models will be able to be tested on a reasonable time scale.

Some new models have surfaced recently that are di�erent from mSUGRA in an

attempt to explain one event[30] collected by CDF, the other collider experiment at the

Tevatron. The event has an electron, a positron, two photons, and is quite imbalanced

(remember that LSPs give rise to imbalanced events). No similar event has been observed

at D�. The SM does not predict the occurrence of such an imbalanced ee

 event. It

also turns out that mSUGRA does not predict a signi�cant rate for SUSY processes

ending up with photons in the �nal state. Other models, called \Gauge Mediated SUSY"

which involve how Supersymmetry is broken, explain how such an event could result from

SUSY.
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Figure 2.8: Mass contours of squarks and gluinos on the M0 { M1=2 plane. The nearly
horizontal lines are gluino mass contours, and the lines forming the radial patterns are
squark mass contours. The diagonal dashed line marks where squarks and gluinos have
equal mass. The lower hashed region is where mSUGRA does not produce electroweak
symmetry breaking. The upper hashed region is where the sneutrino is the LSP. These
contours are valid for parameters tan � = 2, A0 = 0, and � < 0.
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Figure 2.9: Contours of other sparticle masses on the M0 { M1=2 plane. These contours
are valid for parameters tan � = 2, A0 = 0, and � < 0. Note that the mass contours for
the scalar electron are nearly the same as the sneutrino contours shown.
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There are two types of Gauge Mediated SUSY models,[21,31,32] those where the LSP

is the ~�01 and those where the LSP is the gravitino ( eG), the SUSY partner of the graviton

(the spin 2 graviton carries the gravitational interaction and has never been observed).

In the ~�01 LSP type model, the ~�02 is mostly photino and the ~�01 is mostly higgsino so

that the decay ~�02 ! 
 ~�01 occurs often. If the
eG is the LSP, then photons are produced

when the ~�01 radiatively decays via ~�01 ! 
 eG. Both models predict that imbalanced

events with two photons should occur more often than what the SM predicts and should

be observable in the data sets at CDF and D�. Searches have been performed and no

such excess has been found aside for the one event at CDF, so severe constraints can be

placed on these models.

Forming conclusions on the basis of only one event is always a bit dangerous, since the

measurements may be 
uctuations. Nevertheless, the new SUSY models are interesting in

their own right, and, if nothing else, serve as a reminder that there are other possibilities

than mSUGRA.

2.5 Summary

The fundamental constituents of matter are described by the Standard Model (SM), a

theory that has been used with great success to explain the sub-atomic and sub-nuclear

regime. Although there has been no experiment that conclusively disputes the Standard

Model, the theory has some internal problems and cannot predict some basic, fundamental

parameters of nature. Thus, many believe that the SM is not a �nal theory but is part of

some grander theory of nature. Supersymmetry theories (SUSY) are such extensions to

the SM. SUSY predicts that there should be more particles beyond those of the SM, and

so many experiments have been performed to search for these \sparticles". The search

described here is for two sparticles called squarks and gluinos.

Although it eliminates a nagging problem with the SM, SUSY alone is also a com-

plicated theory with more than one hundred free parameters. Therefore, many types of

models have been introduced to make SUSY tractable. One such model is Minimal Super-
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gravity (mSUGRA) that only has four free parameters and a free sign. The mSUGRA

framework will be used for this search.
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Chapter 3

The Strategy of the Search

The Tevatron at the Fermi National Accelerator Laboratory (Fermilab) is the highest

energy collider in the world, colliding protons and antiprotons at a center of mass energy

of 1.8 TeV. This machine at the \energy frontier" is the best place to search for direct

production of new particles not yet observed. This analysis involves searching for squarks

and gluinos of the mSUGRA model described in the previous chapter. The strategy of

the search is now discussed.

3.1 Production of Squarks and Gluinos

Since squarks and gluinos will be produced through the strong interaction at the Tevatron,

the production cross sections� may be large and will only depend on the masses of the

squarks and gluinos themselves. Some examples of production diagrams[33] are shown in

Figure 3.1. Since R { Parity is assumed to be conserved, squarks and gluinos are always

produced in pairs. The protons and antiprotons of the Tevatron collide at very high

energy (center of mass energy of 1.8 TeV), so the collisions actually involve individual

quarks and gluons within the p and �p. As shown in the �gure, squarks and gluinos can

be produced from quark{quark annihilation, gluon fusion, and quark{gluon interactions.

Some examples of next to leading order e�ects are also depicted in the �gure.

�See Section 4.1 for an explanation of cross section and luminosity.
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Figure 3.1: Examples of production diagrams for squarks and gluinos.[33] The �rst three
rows are leading order diagrams involving ~q~q and ~g~g pair production and associated
~g~q production, respectively. The last row contains examples of next to leading order
processes.
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Figure 3.2: Contours of next to leading order cross sections for squark and gluino pro-
duction.[33,34] Scalar tops are not included.

Next to leading order (NLO) cross sections[33] for squark and gluino production are

calculatedy with the prospino program.[34] prospino does not include scalar tops in

its calculation (that will be available in the near future from the program's authors),

therefore, this analysis will not be a search for scalar tops. This is no great loss since

an analysis strategy di�erent than the one used here is better suited for a scalar top

search.[35]

To obtain a cross section from prospino for values of M0 and M1=2, the equivalent

gluino and squark masses must be determined. The conversion is done with code within

the isajet event generator.[29] The resulting squark masses are averaged (excluding the

scalar tops) to calculate the degenerate squark mass that prospino requires. Typically,

yThe MRSA0 NLO parton distribution function (pdf) is used here.
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Figure 3.3: Fractions of the type of squark and gluino events produced shown on the
M0 { M1=2 plane.

the NLO cross sections are anywhere from equal to double the leading order cross sections

returned by isajet. Figure 3.2 shows contours of the NLO cross sections on the M0 {

M1=2 plane.

Figure 3.3 shows the relative production of ~g~g, ~q~q, and ~g~q events on the M0 { M1=2

plane. This �gure along with Figure 2.8 on page 26 explains the shapes of the cross

section contours in Figure 3.2. For example, in the region of large M0 and small M1=2

(say M0 = 350 GeV; M1=2 = 50 GeV), the squarks are much heavier than the gluinos,

so ~g~g events dominate the production. The gluino mass is not very dependent on M0, so

the cross section contours form asymptotes close to lines of M1=2 in the large M0 region.
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Figure 3.4: Examples of direct decays of squarks and gluinos. Here, squarks decay directly
into a jet and an LSP. Gluinos decay via a squark (virtual if M~q > M~g), producing two
jets and the LSP. If squarks are heavier than gluinos, the squark may decay �rst to a jet
and a gluino; the latter decaying as shown.

3.2 Squark and Gluino Direct and Cascade Decays

R { Parity conservation also dictates that each squark and/or gluino produced must

ultimately decay to an LSP. Squarks and gluinos may undergo direct and cascade decays.

Examples of direct decays are shown in Figure 3.4, where squarks and gluinos decay

to jets and the LSP without going through intermediate gauginos (the quarks are always

observed in a detector as collimated jets of hadrons; see Section 2.1.2). Since the squarks

and gluinos sought in this analysis are quite heavy (> 100 GeV=c 2), the jets and the LSP

will typically have high energies.

Weakly interacting LSPs are not directly observed in events, but their existence and

energy can be inferred. In p�p collisions at the Tevatron, the quarks and gluons within

the proton and antiproton interact. The longitudinal momentum (along the beam direc-

tion) of these partons is some unknown fraction of the beam momentum, but at collision

their momenta transverse to the beam are constrained to be very small. Since longitudi-

nal momenta of the partons is unknown, total momentum conservation cannot be used.

However, since the initial transverse momentum of the collision is small, one can demand

transverse momentum conservation; the vector sum of the transverse momenta, pT , and

the vector sum of transverse energy, ET , in the event must be zero. Any imbalance is

interpreted as evidence of a weakly interacting particle, such as a neutrino or an LSP,

with transverse energy equal to the missing transverse energy, E/T . Since direct decays
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Figure 3.5: Examples of cascade decays of squarks and gluinos.

of squarks and gluinos produce high energy LSPs, one expects such events to have large

E/T .

Conservation of R { parity requires pair squark and gluino production, so if both

particles decay directly one expects some very high ET jets along with E/T due to the

two LSPs. E/T is really a vector sum of the LSP energies, and may be quite substantial

when the LSPs travel close to the same direction. Since all R { parity conserving SUSY

processes ultimately decay to LSPs, large E/T is an excellent signature for SUSY events.

Some distributions of E/T and jet energies will be shown later.

Examples of cascade decays are shown in Figure 3.5. In this decay scheme, the squarks

and gluinos decay through virtual or real charginos and neutralinos eventually down to

the LSP. Many more jets are produced compared to direct decays, but their transverse

energies as well as the E/T will be softer. Note that the charginos and neutralinos may

decay through sleptons and sneutrinos instead of squarks as shown in the �gure. In those

cases, leptons will be produced instead of jets. This search for squarks and gluinos is only

concerned with the hadronic decays. Searches with the leptonic decays are the subject of

other analyses[36] not covered here.
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M0 = 75 GeV; M1=2 = 100 GeV M0 = 300 GeV; M1=2 = 50 GeV

~qL ! Direct (5%) ~g ! Direct (17%)

~qL ! Cascade (95%) ~g ! Cascade (83%)

~qR ! Direct (100%) ~��1 ! `� ~�01 (32%)

~��1 ! `� ~�01 (100%) ~��1 ! q�q0 ~�01 (68%)

~�02 ! `+`� ~�01 (2%) ~�02 ! `+`� ~�01 (36%)

~�02 ! �� ~�01 (98%) ~�02 ! q�q~�01 (64%)

Table 3.1: Branching fractions for two example mSUGRA points. For smallM0 and large
M1=2 (M0 = 75 GeV; M1=2 = 100 GeV) production of squarks dominate. For the other
point at large M0 and small M1=2 (M0 = 300 GeV; M1=2 = 50 GeV), the production of
sparticles is dominated by ~g~g pairs.

3.3 The Signal of Squarks and Gluinos

The signal for this squark and gluino search is events with three or more jets, large missing

transverse energy, and no leptons. Rejecting leptons makes this analysis orthogonal to

leptonic searches and so combining results will be easier. The characteristics of the signal

varies substantially over the M0 { M1=2 plane.

The nature of squark and gluino decays depends heavily on the model parameters. For

example, changing tan� and � alters the gaugino and higgsino content of the charginos

and neutralinos, changing their branching fractions and how right handed SUSY scalars

couple to them. As one surveys theM0 {M1=2 plane, the masses of the sparticles change,

opening and closing decay channels and changing branching fractions in a complicated

way.

Table 3.1 shows the branching fractions determined by isajet[29] for two points in

the M0 { M1=2 plane (as usual, tan � = 2, A0 = 0, and � < 0). The point on the left in

the table is for small M0 and large M1=2 (M0 = 75 GeV; M1=2 = 100 GeV). According

to Figures 2.8 and 3.3, squarks dominate the production, since the gluinos are heavier

than the squarks. The left handed squarks almost always undergo cascade decay, and

the charginos and neutralinos always decay to leptons. In fact, because the sneutrino is

lighter than the second lightest neutralino, the ~�02 always decays to neutrinos, an invisible

decay mode. The leptonic signature nearly disappears for this point. Fortunately, the
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right handed squarks always decay directly to jets and the LSP, which will yield a very

strong signature for this analysis.

For the other point in Table 3.1 at large M0 and smallM1=2 (M0 = 300 GeV; M1=2 =

50 GeV), the squarks are very heavy and so gluino pair production dominates. The

majority of gluinos cascade decay through the ~��1 or the ~�02, which in turn decay to jets

and leptons with branching fractions similar to the SM W and Z, respectively. For the

hadronic decays, more jets will be produced compared to the other point, but their ET

and the E/T will be softer.

A comparison of some distributions of the signal are shown on the M0 { M1=2 plane

in Figures 3.6 through 3.9. The event quantities displayed are discussed in more detail

in Chapter 6. One sees that for small M0 and large M1=2, the direct decays of the right

handed squarks produce events that may have very large E/T and highly energetic leading

jets (the jet with the most ET in the event). From Figure 3.7, typically two or three jets

with ET > 25 GeV are produced. Events produced in the region of large M0 and small

M1=2, where gluinos dominate the production and cascade decay, have softer E/T and jet

ET spectra, but more jets are produced. The quantity HT is the scalar sum of jet ET in

the event but not including the leading jet. As seen in Figure 3.9, the HT distributions

from the upper left corner to the lower right corner remain quite constant, since for small

M0 and large M1=2 a small number of very energetic jets are produced while for large M0

and small M1=2 there are many jets produced but with lower ET .

Of course one has no idea which point in mSUGRA space is the one that nature

has picked, assuming Supersymmetry and mSUGRA are correct at all. In performing

an analysis, one applies requirements to the data to pick out as many potential SUSY

candidate events as possible while keeping the backgrounds small. Because the signal

varies substantially over the M0 { M1=2 plane, more than one set of requirements will be

needed.
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Figure 3.6: E/T of the signal on the M0 { M1=2 plane. The vertical line in each plot is
at E/T = 75 GeV. In each histogram, the upper (lower) number is the mean (rms) of the
distribution.
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Figure 3.7: Number of jets with ET > 25 GeV for the signal on the M0 { M1=2 plane.
Events beyond the vertical lines have three or more such jets. In each histogram, the
upper (lower) number is the mean (rms) of the distribution.
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Figure 3.8: Leading jet ET for the signal on the M0 { M1=2 plane. In each histogram,
the upper (lower) number is the mean (rms) of the distribution.
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Figure 3.9: HT of the signal on the M0 { M1=2 plane. HT is de�ned to be the scalar sum
of the ET of jets with ET > 25 GeV, not including the leading jet. In each histogram,
the upper (lower) number is the mean (rms) of the distribution.
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3.4 Backgrounds

While hadronic decays of squarks and gluinos have the largest branching fractions, there

are a large number of processes from the SM and detector e�ects that produce events

mimicking the signal. The background sources with many jets and large E/T fall under

two categories: those with E/T due to physics processes where a neutrino is in the �nal

state and those where detector e�ects are solely responsible for the E/T in the event.

Backgrounds due to physics sources of E/T include W ! `� + jets, Z ! �� + jets,

and t�t ! leptons + jets. Each of these examples involve at least one neutrino in the

�nal state. The electrons and muons must be lost or misidenti�ed for such events to be

collected by this analysis. Such detector e�ects may sometimes act to enhance the E/T .

The invisible decays of the Z with jets and events with the Z and W involving hadronic

tau decays also mimic the desired signal.

There are also many types of backgrounds that arise from pure instrumental e�ects.

Balanced QCD multijet and t�t ! all jets events with mismeasured jets may acquire

large E/T . Energy in the calorimeter may be very unbalanced in events with main ring

activity, large number of interactions pasting the inner calorimeter, and negative energy

(due to preamps saturated by the previous collision). Balanced jet events where the

primary vertex is misplaced far from the hard scattering position may have E/T grossly

mismeasured. Finally, balanced Z decays where a lepton is lost or mismeasured may

also be a source of background events. The requirements on events for this analysis are

designed to retain as much of the signal as possible while reducing the background from

these sources. All of the background sources will be discussed in subsequent chapters.

3.5 Previous limits on Squarks and Gluinos

Squarks and gluinos have been the subject of searches for quite some time. Figure 3.10

displays limits[37{44] on the masses of squarks and gluinos within a GUT inspired MSSM

framework from D�, CDF (the other detector at the Tevatron), and other experiments.

Note that the masses of the sleptons were set large enough so none are involved in
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production and decay. The D� and CDF jets and E/T limits are based on data collected

during the 1992{1993 Tevatron run. The CDF dielectron limit uses NLO cross sections,

while the CDF jets and E/T search and the D� search use leading order cross sections

from isajet. The boot shape of the jets and E/T limits is due to the fact that the LSP

mass increases with the gluino mass. At the turn around point, the LSP is so heavy

that little E/T is produced when the squarks decay (since the gluinos are so heavy there,

only squarks get produced). D�'s calorimeter has better E/T resolution than CDF, which

allows the D� limit to extend farther. The straight line limits from UA1/UA2 and Delphi

at CERN and Mark II at SLAC assume only direct decays. The diagonal dashed line on

the bottom of the plot indicates where the squarks are lighter than the ~�01, and thus they

become the LSP. As mentioned previously, models with a charged LSP can be ruled out

immediately.

The D� limit is a combination of two separate jets and E/T analyses. One required

three jets and large E/T
[37,45] while the other required four jets with a lower E/T thresh-

old.[46] The analysis described here is an extension of the three jets analysis.

The mass relations of the mSUGRA models allow indirect limits to be placed from

CERN LEP results. For example, in Figure 2.9 on page 27 the LEP 1 limit on the

lightest chargino[47] is shown. Experiments from LEP 1 have also resulted in limits of

M~�01
> 20 GeV=c 2 for the ~�01

[48] and M~e > 45 GeV=c 2 for the selectron.[47] These limits

are model independent, since they come from analyses involving visible Z decays and

the Z width instead of direct production of the sought particle. Newer LEP 2 limits

on the lightest chargino mass are highly model dependent. The latest searches from

OPAL[49] at
p
s = 161 GeV exclude charginos with mass less than 62 GeV=c 2 and second

lightest neutralinos with mass less than 45 GeV=c 2. These limits are only valid within

the mSUGRA framework with tan� = 1.5 and M0 as small as other limits allow. The

LSP must also be at least 10 GeV=c 2 lighter than the ~�02 and the ~��1 . For M0 at 1 TeV,

OPAL excludes up to a 78.5 GeV=c 2 ~��1 and up to 51.9 GeV=c 2 for the ~�02.

The �rst experimental limits in theM0 {M1=2 plane are from the dielectron search for

squarks and gluinos at D�.[36] That analysis required at least two electrons, two jets, and
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Figure 3.10: Previous MSSM squark and gluino limits. Masses within the contours are
excluded. The heavy solid line is the previous preliminary D� jets + E/T limit[37,38]

based on 7.2 pb�1 of data from the 1992 { 1993 Tevatron run with MSSM parameters
tan� = 2 and � = �250 GeV. The hashed line is the current CDF limit[40] from a dilepton
search based on 81 pb�1 of data taken during the 1993{1995 run and using supergravity
parameters tan� = 4 and � < 0. The heavy dotted line is the preliminary CDF limit[39]

from their jets + E/T search based on 19 pb�1 of data from the 1992{1993 run with MSSM
parameters tan � = 4 and � = �400 GeV. The CDF dilepton analysis uses NLO cross
sections; the others all use LO cross sections. The diagonal dashed line markedM~q =M~g
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plot are discussed in the text.
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E/T > 25 GeV. Data corresponding to 92.9 pb�1 were analyzed. No events were observed

over those predicted by the SM. The resulting limit contour is shown in Figure 3.11.

The large dip in the limit is in the region where the ~�02 decays to only sneutrinos and

neutrinos, practically eliminating the lepton signature.

3.6 Outcomes of this Search

This search for squarks and gluinos with jets and E/T will be a counting experiment. A

lack of an excess of events in the collider data over what is predicted by the SM would

indicate no physics beyond the Standard Model within the sensitivity of the analysis. No

experiment has observed any excess so far, and this analysis will be no di�erent. There-

fore, the current limits on squark and gluino masses will be extended. Certainly, observing

an excess consistent with production of squarks and gluinos would be a landmark event

in particle physics. Unfortunately, that day has not arrived yet.

Although there is no experimental evidence for Supersymmetry, it has survived for a

long time because experimental constraints can be easily avoided by tweaking the many
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parameters of the models. It will be di�cult for experiments to totally exclude all of

the parameter space for all the di�erent SUSY models. There is a point, however, where

theorists start to get \worried" if mass limits are pushed up too high. If the mass

splittings between the sparticles and their partner SM particles are too great, then SUSY

parameters must be increasingly �ne tuned for the weak scale to be predicted at the right

place (the quadratic divergences discussed in Section 2.2.1 do not cancel enough). The

degree of �ne tuning required is a measurement of naturalness of the theory and can

be used to place somewhat vague limits on sparticle masses. Of course, experimental

limits are the most important for proving or disproving a theory, but naturalness limits

can serve to give one a stopping point in performing searches when the theory gets into

trouble. Indeed, common sense says that if no sparticles are found with masses below

several TeV, then SUSY is probably dead. One measurement of naturalness[50] indicates

that the most natural masses for the squarks and gluinos is 250 GeV=c 2. If squarks and

gluinos are not discovered with mass below �700 GeV=c 2, then, at some level, SUSY is

unlikely to be a true theory.

3.7 Summary

The Tevatron particle collider at Fermilab collides protons and anti-protons at higher

energies than any other collider in the world. Therefore, it is the place where previously

unknown heavy particles may be produced in the collisions. The analysis described here

takes advantage of the high energy Tevatron in a search for two particles predicted by

SUSY called squarks and gluinos. If the unstable squarks and gluinos are produced in a

collision, they would decay most often to quarks (the constituent particles within protons

and neutrons) and the theoretically predicted lightest SUSY particle (the LSP). The

quarks are observed in a detector as collimated sprays of particles called jets. The LSP,

if it exists at all, rarely interacts with matter and so its existence and energy must be

inferred by looking for energy imbalances (missing energy) in collision events.

In an e�ort to pick out a squark and gluino signal among all of the other processes

that can occur in proton-antiproton collisions, events with many jets and large energy
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imbalances are sought. Ordinary processes from the SM can mimic such events, as well as

mismeasurements and glitches in the detector, therefore events are required to have other

characteristics so that most events from backgrounds can be rejected while accepting as

many squark and gluino candidate events as possible. Simulations and studies of collisions

allow one to predict how many background events one would observe passing the analysis

requirements. If the number of events seen in the actual data from the proton-antiproton

collisions is signi�cantly more than the prediction, then perhaps a new discovery is at

hand. So far, no signi�cant excess of events consistent with any theory beyond the SM

has ever been observed.

If an excess of events is discovered, then perhaps squarks and gluinos do indeed exist.

This would be a huge discovery for particle physics. In the event of no such signi�cant

excess, then constraints can be placed on the SUSY theories. For such a case, the results

from a \null" analysis are generally mass limits on the particles sought. In other words,

one can say that squarks and gluinos must be heavier than a lower limit, or else they

would have been discovered in the course of the analysis. All previous searches for SUSY

particles have resulted in such mass limits.
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Chapter 4

Apparatus

High Energy Physics has reached a state where experiments can only be executed with

very large and expensive equipment. This analysis was performed with data taken by

the D� detector, located on the four mile circumference Tevatron proton-antiproton

collider at the Fermi National Accelerator Laboratory (Fermilab), a site thirty miles

west of Chicago. D� is a huge detector, weighing 5,500 tons and standing over four

stories tall. The accelerator complex and the detector have been described in great detail

elsewhere[51,52] and are brie
y covered in this chapter after introducing the concept of

cross section and luminosity.

4.1 Cross Section and Luminosity

Experimental results are most often reported in a quantity called a cross section (�). The

cross section is the interaction probability per unit 
ux of incident particles and has units

of area. The idea is that a larger probability for an interaction to occur is thought of

as a larger target in cross sectional area for a beam of incident particles to strike. Cross

sections can be presented in units of cm2, but a far more convenient unit is the barn (from

\hitting the broad side of a barn"); 1 b = 10�24 cm2. For example, the cross section for a

proton and an antiproton to interact when collided at a center of mass energy of 1.8 TeV

is �48 milli-barns (mb). Theoretical probabilities for squark and gluino production from

proton-antiproton collisions are on order of a few to tens of pico-barns (pb).
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For colliders, the 
ux of the beam is given by the instantaneous luminosity (L), such
that the event rate (R) for a certain interaction is given by,

R = �L (4.1)

Since R is events per second, the units on L are cm�2 s�1. For the 1993{1995 run of

the Tevatron, typical instantaneous luminosities ranged from 5� 1030 cm�2 s�1 to about

25 � 1030 cm�2 s�1. The total number of events an experiment has collected is given in

terms of the total integrated (over time) luminosity,

N = �

Z
L dt (4.2)

For example, the total integrated luminosity collected by the missing et trigger at

D� for the 1993{1995 collider run is about 79 pb�1. Thus, for any interaction where the

cross section is known or theoretically predicted, Equations (4.1) and (4.2) can be used

to determine the rate or number of events one would expect to observe, but one must

also take into account ine�ciencies of the detector and analyses. For example, 79 pb�1 of

data correspond to � 4�1012 p�p interactions. Information about each and every p�p event
is not needed since most events are boring (a good thing since 1012 events correspond

to about 10,000 Terabytes of information in the most compressed data format used by

D�). The rare processes are the interesting ones. For example, top quark pair production

(p�p! t�t) occurs with a cross section of 5 pb, amounting to only 400 events, though the

actual number of top quark events seen in the data is much fewer due to ine�ciencies.

A complex triggering system is used to save only special events from processes that the

collaboration wishes to study (see Section 4.3.5).

4.2 Fermilab Accelerator Complex

It is clear that if squarks and gluinos exist at all, they are not part of our natural

surroundings and can only be produced by colliding particles together at extremely high

energies. At Fermilab, protons and antiprotons are accelerated to 0.9 TeV and collide

head on at a center of mass energy of 1.8 TeV at two locations on the Tevatron collider.

A diagram of the entire accelerator complex is shown in Figure 4.1.
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Figure 4.1: The Fermilab accelerator complex. Note that the Tevatron and the Main
Ring accelerators have the same radius but are separated here for clarity. The �gure is
not drawn to scale.
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Because accelerators are e�cient only over a range of energies, �ve machines are

required to take protons from a bottle of hydrogen gas up to an energy of 0.9 TeV.

The �rst accelerator in the chain is the Cockroft{Walton electrostatic generator, marked

preaccelerator in Figure 4.1 and is probably the device at the lab that would �t in most on

an old Star Trek set. Within the dome of the Cockroft Walton is the negative hydrogen

ion source, where electrons are added to ordinary hydrogen gas to make H� ions. The

ions, whose protons may eventually make their way to the Tevatron, are forced out of

the dome by an electric �eld that accelerates them to 18 keV. The Cockroft-Walton itself

is made up of large capacitors that are discharged in series, accelerating the H� ions to

750 keV.

The ions are then passed to the linear accelerator (Linac). The Linac is 500 ft long and

consists of nine resonant cavities constructed from copper cladded steel tanks. Within

each tank are 42 drift tubes which the ions pass through. Electromagnetic waves at

radio-frequencies (RF) are set up in the cavities. The ions \ride the RF wave" down

the cavities, accelerating except when passing through the drift tubes where they coast,

so they are not a�ected by the decelerating part of the wave. They exit the Linac at

200 MeV.

The H� ions are transferred next to the Booster accelerator. The Booster is a circular

synchrotron with a diameter of 151 m. The �rst phase of the Booster operation involves

stripping the electrons from the ions, leaving only the protons. Acceleration begins once

the booster is �lled with 2:5�1012 protons, split amongst 83 separated groups or bunches.
In contrast to a linear accelerator where particles are accelerated all the way down

its length, a synchrotron accelerates particles by giving them a kick at one station on the

ring (the RF station), sending them coasting around the circle with slightly more energy

than before. The next time around, they get another kick when they pass by the RF

station to accelerate further. Magnetic �elds are needed to keep the beam of particles

traveling in a circle and must increase as the energy of the beam increases.

When particles are �rst injected into a synchrotron, they are traveling at less than

relativistic velocities (slow compared to the speed of light c). The momenta of particles
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in a bunch will be spread about some average value. Particles traveling faster than the

average will be at the head of the bunch, while those going slow will be at the tail. To

keep the particles in the bunches, the accelerating �elds in the RF cavities are set up so

that particles arriving at the RF station early (too fast) receive less of a kick compared

to particles at the correct momentum. Particles arriving late (too slow) get a bigger kick

with respect to the rest of the bunch. This situation reverses when the particles reach

relativistic velocities. At that point, all particles are essentially going the same speed

(close to c), but particles with more than the average momentum are bent slightly less

by the magnets. They follow a slightly longer path around the ring and end up trailing

the bunch. Particles with less than the average momentum are bent more and follow a

shorter path around the ring, thus leading the rest of the bunch. The �elds set up by

the RF cavities must be altered to have the opposite e�ect as before to keep the bunches

from blowing up. Many particles are lost in the transition.

The booster accelerates the 200 MeV protons to 8 GeV in about 33 ms. The beam

cannot be accelerated beyond that energy, because the magnets cannot generate a �eld

large enough to keep the beam in the machine. To reach higher energies, another accel-

erator is needed with either stronger magnets or a larger circumference (so the curve of

the circle is more gentle). The next machine in the chain, the Main Ring, uses the latter

approach.

The Main Ring (MR) was the �nal accelerator in the chain until the Tevatron was

constructed in 1983 in the same tunnel just two feet below the MR. The MR is a 400 GeV

proton synchrotron with a radius of �1 km. The ring itself rises at the B� station to

completely bypass the CDF detector. Unfortunately, the MR is elevated only 89.2 in

above the Tevatron at D� and passes through the upper part of the D� calorimeter and

muon system.

The MR serves a dual purpose for the complex, since it is used as an injector for the

Tevatron and for accelerating protons needed to create antiprotons. Anti-matter, though

plentiful in science �ction TV shows, does not exist naturally. The fact that anti-matter

must have been around in the early universe but has since disappeared is a great mys-
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tery (perhaps explained by CP violation). Fermilab can make antiprotons by extracting

120 GeV protons accelerated by the MR to collide with a stationary Nickel target. The

cross section for creating antiprotons in the collisions is small; only 10 antiprotons are

produced for every million protons striking the target. About 1011 antiprotons are nec-

essary in order to do physics. Thus, the antiprotons that are produced must be stored

until enough are collected.

Beyond the target and a lithium lens, antiprotons created with energy near 8 GeV

are directed to the Debuncher ring (actually somewhat triangular shaped). Once the

antiprotons are in stable orbits, they are transferred to the Accumulator ring, which is

just slightly smaller than the Debuncher and shares the same tunnel. As more antiprotons

are produced by protons from the MR, they go through the Debuncher and are added

to those already in the Accumulator. These antiprotons, called the stack, are stored

and continue to circle in the Accumulator until needed for collisions with protons in

the Tevatron. It can take a little more than 24 hours to collect a stack of antiprotons

large enough for physics purposes when starting from scratch (when HEP operations are

just beginning or when a power glitch in the Accumulator causes all of the antiprotons

collected so far to be lost). While protons and antiprotons are colliding in the Tevatron,

the MR is used to make more antiprotons and increase the stack. The bunches of particles

in the Tevatron usually last long enough so that the stack can be fully replenished before

a fresh batch of antiprotons is needed again.

Antiprotons are convenient since they are just like protons but have the opposite

charge, so they will accelerate in the same Main Ring and Tevatron accelerators but will

travel in the opposite direction of the protons. In the MR, the beams are di�use enough

so that protons and antiprotons do not inadvertently collide. When colliding beams are

required in the Tevatron, the 8 GeV antiprotons in the Accumulator are injected into the

MR along with a fresh batch of protons from the booster. They are then accelerated to

120 GeV and are injected into the Tevatron, the machine capable of the highest energies.

To reach energies of 900 GeV (0.9 TeV), extremely large magnetic �elds are necessary

to keep the particles con�ned to the circle of the ring. The Tevatron uses magnets with
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superconducting coils that can withstand the huge currents with negligible resistance.

To keep magnets superconducting, the coils are immersed in liquid helium at 4.3 degrees

Kelvin. Fermilab has the largest liquid helium facility in the world (but soon to be

surpassed by the LHC at CERN).

Once particles are injected from the Main Ring into the Tevatron, they are coalesced

into 6 separate bunches of protons and antiprotons with about 1011 particles in each and

equally spaced around the ring. These bunches of particles are accelerated from 120 GeV

to 0.9 TeV. Once this energy is reached, the Tevatron will remain at this 
at top for quite

some time while the bunches of protons collide with the bunches of antiprotons. The

procedure for �lling the Tevatron and ramping to 
at top is called the shot.

Once the protons and antiprotons reach 0.9 GeV, stray particles on the edge of the

beam orbits are scraped away by means of mechanical shutters and collisions begin. The

bunches are only allowed to collide at two collision points: one at the center of the CDF

detector at B� and the other at the center of the D� detector. There are special low-beta

quadrupole magnets just before and after the collision points that squeeze the beams to a

very small size before colliding to maximize the luminosity. With six bunches, the beams

cross every 3.5 �s.

The beams in the Tevatron at 
at top are called the store. The store can be lost

abruptly when magnet power supplies fail or when the coil of a magnet suddenly goes

nonsuperconducting and quenches. If all goes well, however, the beams will collide for

many hours; hopefully long enough for the antiproton stack to be re�lled. As time passes,

many of the particles in the bunches are lost and the instantaneous luminosity decreases.

This reduction occurs as protons and antiprotons collide with each other, collide with air

in the beam pipe (beam-gas events; even though the beam pipe is at very high vacuum), or

particles on the outer edges of the beam strike the beam pipe itself. When the luminosity

falls to a point where the event rates for interesting physics is too small, the Tevatron

is emptied of particles by aborting the beam, and a new shot begins by injecting fresh

bunches of protons and antiprotons from the Main Ring. When the Tevatron was running

well, stores would typically start at about L = 25� 1030 cm�2 s�1 and would be dumped
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when the instantaneous luminosity dropped to about 8 � 1030 cm�2 s�1. Beam could

collide for nearly a full day before the luminosity dropped too low to continue and the

store aborted.

The high energy particle collisions are needed to produce the rare interactions, such

as production of top quarks and, perhaps, squarks and gluinos. One needs a detector to

examine the particles released in the collision in order to learn more about the interactions

that occur.

4.3 The D� Detector

A detector's job is to measure properties of the particles emanating from the proton-

antiproton collisions. Because the collisions occur at such high energy, particles heavier

than protons and antiprotons can be produced, such as top quarks that have nearly 200

times the mass of a proton. Such heavy particles decay so quickly that before they even

leave the beam pipe, they have already disintegrated into their daughter particles. Using

di�erent sub-detectors that measure the direction, energy, and momentum of the daughter

and subsequent particles, one may be able to reconstruct the original parents.

The D� detector resides at the D� station on the Tevatron ring as shown in Figure 4.1.

The detector was built to be multipurpose, capable of high precision measurements of

particle direction, energy, and momentum as well as reliable particle identi�cation neces-

sary for a variety of physics topics. Such analyses include the search for the top quark,

measurement of the W boson mass and the W and Z production cross sections, and the

exploration of QCD and b{quark physics. High sensitivity is also crucial for new physics

not yet observed, like Supersymmetry.

The squark and gluino jets + E/T analysis requires good measurements with high

resolution of the energies of jets and the missing transverse energy (E/T ). To obtain

such measurements, the vertex of the event, or where the collision occurred within the

detector, must be known well. Since events with electrons and muons should not be

included in the analysis, electron and muon identi�cation are important. Furthermore,

E/T is very sensitive to problems in a detector, therefore there should be low noise and
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proper safeguards so particles external to the event have little e�ect. Details of the

D� detector have been extensively covered in the literature.[52] Given here is a brief

description of the detector with some discussion as to how the squark and gluino analysis

is a�ected by the design. The principles of particle detection are covered in Appendix A.

4.3.1 Overview

An isometric cut-away drawing of the D� detector is shown in Figure 4.2. The detector

consists of three main parts: the central detector, the calorimeters, and the muon system.

In order to discuss where parts of the detector are located and describe the direction

of particles, a consistent coordinate system is required. The right handed D� coordinate

system has the positive z-axis along the proton direction (towards site South), the y-axis

pointing straight up, and the x-axis pointing towards site East. x; y; z = 0 is at the center

of the detector. � indicates the polar angle with respect to the z axis (� = 0 is along the

proton beam direction), and � is the azimuthal angle in the x�y plane. As seen from the

�gure, the calorimeter and central tracking chambers are nearly symmetric in � except

for the presence of the Main Ring accelerator beam pipe passing through the top of the

calorimeter and the upper part of the muon system.

For physics at a hadron collider, � is not a convenient measurement of polar angle.

Since the collision energy is so large, one actually collides a parton of the proton with a

parton from the antiproton. Since each of these partons carries a di�erent fraction of the

proton or antiproton momentum, the colliding system will be boosted in the lab frame

along the �z direction. If the beams are aimed correctly, there should be no signi�cant

transverse momentum of the incident partons. The longitudinal boost a�ects the polar

angle in a complicated way. A more relativistically invariant quantity for representing

the angle is the rapidity (y) de�ned as,

y � 1

2
ln
E + pz
E � pz

=
1

2
ln
1 + � cos �

1� � cos �
(4.3)

where E, pz, and �, are the particle's energy, z component of momentum, and v=c respec-

tively. A boost in z only adds an additive constant to the rapidity. In the calorimeter,
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Figure 4.2: A cut-a-way view of the D� detector.
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one usually does not know the true velocity of a particle since that involves knowing

its mass and thus its identity. Therefore, an approximation to the rapidity called the

pseudorapidity (�) is used instead. � is the rapidity in the limit of a massless particle (�

= 1) and is given by,

� = yjm!0 = � ln tan
�

2
(4.4)

and the inverse,

cos � = tanh � (4.5)

So long as the particle's mass is small compared to its transverse momentum, � will be

a good approximation for y. Note that � = 0 corresponds to � = 90�, and very large

positive � corresponds to the direction of the incident proton beam. The other directional

quantities that the detector will measure are the transverse momentum and energy (pT

and ET ) de�ned to be pT = p sin � and similar for ET , the azimuthal angle �, and the

event missing transverse energy E/T .

4.3.2 Central Detector

The Central Detector (CD) consists of four subsystems: three tracking chambers and

a transition radiation detector (TRD). The tracking chambers measure the direction

of particles. Such information is necessary to determine the event vertex and aid in

particle identi�cation. Furthermore, they can also measure the dE=dx of a particle passing

through which helps distinguish isolated electrons from overlapping e+e� pairs produced

by photon conversion.

The Tevatron beam pipe within the detector is a very thin cylinder of beryllium with

outer radius of �3.7 cm. The pipe is necessary to maintain the vacuum, and beryllium

was chosen to minimize multiple scattering. Forming a concentric cylinder around the

beam pipe is the vertex detector (VTX). The next subsystem is the transition radiation

detector (TRD) that helps to discern electrons from isolated pions. The last concentric

layer of the CD is the central drift chamber (CDC). Capping the ends of the cylinder

formed by these three detectors are the Forward Drift Chambers (FDC). The entire CD
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and antiprotons collide, is centered about the middle of the �gure.
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extends out to a radius of 78 cm from the beam pipe and to z = �135 cm longitudinally.

Figure 4.3 is a side view of the CD arrangement. The CDC and FDC detectors are

important for the squark and gluino analysis for tracking and vertex �nding. The VTX

chamber and the TRD are not used by this analysis.

D� has an unusual tracking system in that the tracking detectors are not immersed

in a magnetic �eld, meaning that they cannot perform momentum measurements. A

tracking magnet was not a part of the design to keep the detector compact and less

expensive, though a magnet will be installed for the upgrade of the detector. The lack

of a magnetic �eld means that the charge of tracks cannot be determined, so electrons

cannot be distinguished from positrons.

Brief descriptions of the CD subsystems are now provided. Appendix B gives some

details on the principles of drift chambers and how they pertain to the D� tracking

detectors.

4.3.2.1 Vertex Drift Chamber[52{54]

The VTX chamber resides just outside of the beam pipe with an inner radius of 3.7 cm

and an outer radius of 16.2 cm. It consists of 3 concentric layers in the radial direction.

The inner layer is 97 cm long and has 16 drift cells in azimuth. The two outer layers are

10 cm longer compared to their next inner layer and have 32 cells each. To measure the

r � � coordinate of a hit, each cell contains eight sense wires that are o�set �100 �m
with respect to each other to eliminate the left-right ambiguities. The layers themselves

are also rotated with respect to each other to further aid pattern recognition. This

arrangement is shown in Figure 4.4.

The z component of a hit is measured using charge division (see Appendix B). Un-

fortunately, this technique does not work well if occupancies (number of particles passing

through each cell) are high, as is the case at the Tevatron. The z position resolution is

only about 1.5 cm. Due to this poor resolution, the VTX chamber is not used by this

analysis. The VTX chamber does have good r � � position resolution (�60 mm) and

also has 90% e�ciency for separating two hits 0.63 mm apart. Thus, some other analyses
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Figure 4.4: End view of one quadrant of the VTX chamber

requiring good electron identi�cation make use of the VTX. Table 4.1 gives some VTX

chamber properties.

4.3.2.2 Central Drift Chamber[52, 53, 55]

The central drift chamber (CDC) comes after the transition radiation detector (TRD)

and before the electromagnetic calorimeter with inner radius at 49.5 cm and outer radius

at 74.5 cm. It extends �92 cm in z out to j�j � 1:2. It consists of four concentric rings

of 32 azimuthal drift cells each. Each cell contains seven sense wires that are staggered

by �200 mm. In addition, the rings themselves are situated so cells are o�set by one-half

cell width. The construction of the CDC is unique in that none of the 32 free standing

modules alone form a complete drift cell, as evident in Figure 4.5.

To measure the z position of the avalanche, delay lines are embedded in the inner

and outer shelves (at the top and bottom of each cell). A higher voltage is applied to the

adjacent sense wires so that a large signal will be induced. The delay lines are carbon

�ber rods wrapped with a winding of magnet wire.[55] Signals propagate at 2.35 mm/ns,
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Fiducial dimensions
Rinner = 3.7 cm, Router = 16.2 cm, 3 layers
Llayer: L0 = 97 cm, L1 = 107 cm, L2 = 117 cm

Sectors
16 azimuthal sectors in layer 0,
32 sectors in layers 1 and 2

Sense Wires

8 per sector, 640 total
4.57 mm radial separation
�100 �m stagger in r � �
+2.5 kV

Wire Properties
Sense: 25 �mNiCoTin, 80g tension, 1.8 k
=m
Field/Grid: 152 �m Au plated Al, 360g

Gas 95% CO2, 5% Ethane, 0.5% H2O

Drift Properties

Max. Drift Distance 1.6 cm
<Drift �eld> 1 kV/cm
< vdrift > 7.3 �m/ns

Gas Gain 4� 104

Channels 2 � 640 (sense wires read out on both ends)

Resolutions
r � � �50 �m
z �1.5 cm
two hit 90% e�. at 0.63 mm separation

Table 4.1: Properties of the Vertex Drift Chamber.[52{54]

Figure 4.5: End view of part of the CDC.
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Fiducial dimensions
Rinner = 49.5 cm, Router = 74.5 cm, 4 layers
Length = 184 cm

Cells 32 in azimuth

Sense Wires

7 per cell, 896 total
6 mm radial separation
�200 �m stagger in r � �
Outer two cell wires at 1.58 kV
Inner �ve cell wires at 1.45 kV

Delay lines
2 per cell, 256 total
vsignal = 2.35 mm/ns

Wire Properties
Sense: 30 �m Au plated W, 110g tension
Field: 125 �m Au plated CuBe, 670g
Delay: magnet wire around carbon �ber epoxy core

Gas 92.5% Ar, 4% CH4, 3% CO2, 0.5% H2O

Drift Properties

Max. Drift Distance 7 cm
<Drift �eld> 620 V/cm
< vdrift > 34 �m/ns

Gas Gain
6� 104 for outer two cell wires
2� 104 for inner �ve cell wires

Channels 2 � 896 (sense read out at one end) + 2 � 256 (delay)

Resolutions
r � � 150 { 250 �m
z �2 mm
two hit 90% e�. at 2 mm separation

Table 4.2: Properties of the Central Drift Chamber.[52,53,55]

and the resulting z position resolution is 2 mm. The CDC has r � � resolution between

150 and 250 �m, which is poorer than the VTX since the CDC is so much larger. The

CDC can resolve two hits with 90% e�ciency at a separation of about 2 mm.

The CDC is crucial for the jets and E/T analysis since it measures the vertex position

of the event from which the measurements of the jets and the E/T depend upon. Because

D� has no central magnetic �eld, the CDC does not measure the momentum of the

found tracks, and as a result the vertex can be misplaced as discussed in Section 5.8.

Some details of the CDC are displayed in Table 4.2.
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Figure 4.6: Exploded view of one of the two FDC packages. The sense wires run parallel
to the rectangles in the � modules.

4.3.2.3 Forward Drift Chambers[52, 53, 55, 56]

As seen in Figure 4.3, the central detectors are capped by the two forward drift chambers

(FDC), covering the forward regions of the detector. Particles traveling at � as small as

5� can be measured by the FDC. Each FDC device consists of a � module sandwiched

in between two � modules, as shown in Figure 4.6. The � chamber has its sense wires

directed radially from the beam to measure the � coordinate. It is one chamber containing

36 sectors over the full 2� azimuth. Each sector has sixteen anode wires spaced 8 mm

apart along the z direction staggered transversely by �200 �m.
Each � chamber consists of four separate quadrants with six rectangular cells each.

Each cell contains eight anode wires strung transverse to the direction of the beam, as

shown in Figure 4.6. Like the � chambers, the sense wires are spaced 8 mm apart in z

and are staggered. The sense wires in the three inner cells are situated near the edge

of the cell, so there is only one drift direction. These chambers also contain delay lines

identical in construction to those in the CDC to measure the orthogonal coordinate. The

two � chambers are rotated 45� with respect to each other.
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� Chamber � Chambers

Fiducial dimensions
11 < R < 61.3 cm
113 < jzj < 127 cm

11 < R < 62 cm
104.8 < jzj < 111.2 cm and
128.8 < jzj < 135.2 cm

Cells 36 in azimuth 4 quadrants with 6 cells each

Sense Wires

8 per cell, 288 total
8 mm z separation
�200 �m stagger in r � �
1.55 kV

8 per cell,
384 total (2 chambers)
8 mm z separation
�200 �m stagger in r � �
1.66 kV

Delay lines none
1 per cell, 48 total
vsignal = 2.35 mm/ns

Wire Properties

Sense: 30 �m Au plated W, 50� 100 g tension
Field: 163 �m Au plated Al, 100� 150g tension
Delay (� only): magnet wire/carbon �ber core

Gas 92.5% Ar, 4% CH4, 3% CO2, 0.5% H2O

Drift Properties

Max. Drift Distance 5.3 cm
<Drift �eld> 1 kV/cm
< vdrift > 37 �m/ns (�), 40 �m/ns (�)

Gas Gain 3:6� 104
2:3� 104 for inner cell wires
5:3� 104 for outer cell wires

Channels 288 for sense wires
384 for sense wires +
2 � 48 for delay lines

Resolutions
r � � �200 �m
z �2 mm
two hit 90% e�. at 2 mm separation

Table 4.3: Properties of the Forward Drift Chamber.[52,53,55]

The gas used in the FDC is the same as that used in the CDC, and so it shares many

of the CDC characteristics. Some properties of the FDC are given in Table 4.3.

4.3.2.4 Transition Radiation Detector[52, 57]

The TRD is a device located in between the VTX chamber and the CDC (17.5 < R <

49 cm). Its purpose is to provide independent electron identi�cation, speci�cally to help

separate electrons from charged pions since they can produce similar signatures in the

calorimeter. This analysis only requires loose electron identi�cation for the veto, so TRD

information is not used.
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4.3.2.5 CD Read Out[52, 58]

The read out electronics for all of the components of the central detector are nearly the

same. Signals from preampli�ers located on the chambers are routed to shaper circuits on

the detector platform below the calorimeter. From there, they are routed to the movable

counting house (MCH) outside of the collision hall. There they are digitized by 8-bit


ash analog to digital converters (FADCs) operating at 106 MHz. The full read out of

the CD consists of 6080 channels.

The CD is not used for the �rst stage of the trigger, and so data from the system

is read at a rate of about 200 events per second (200 Hz), which is the level 2 trigger

input rate (see Section 4.3.5). At that rate with 256 FADC samples necessary to cover

full drift times, a data transfer rate of over 300 Mbytes/sec is needed. Since the data

cables transferring the digitized information from the FADCs to the level 2 computers

can handle up to 40 Mbytes/sec, data compression is required. Zero suppression is thus

applied as part of the digitization process, so regions of the signal not in between the

leading and trailing edges of a pulse are discarded reducing signi�cantly the amount of

data.

Even with zero suppression, the FADC information makes up more than half of the

size of a D� event, contributing to the time it takes to write an event to tape. Near

the end of the 1993{1995 run, an algorithm to �nd hits in the VTX and CDC detectors

was run in the level 2 nodes instead in the reconstruction program o�-line, reducing the

amount of data to be written out and increasing the data taking rate from �5 Hz to

�20 Hz. Of course, hit �nding cannot be redone on that data, since the raw FADC

information was discarded.

4.3.3 Calorimetry

Calorimeters are devices that measure the energy of particles. They play an extremely

important role in every D� physics analysis, especially since the tracking chambers are

not capable of determining momenta. The total energy of all visible particles except for

muons are measured by the calorimetry system. It was designed so that even the total
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energy of weakly interacting particles (neutrinos and perhaps LSPs) can be accurately

inferred. The properties of the calorimeters were chosen to aid in identifying electrons,

photons, jets and muons. Without the excellent performance of the D� calorimetry, a

search for squarks and gluinos with the jets + E/T signature would be impossible. The

principles behind calorimeters and how they pertain to D� calorimetry are covered in

Appendix C.

4.3.3.1 D� Calorimeters[52, 59{63]

The D� calorimeters are sampling, compensating, 4� hermetic (few uninstrumented holes

and cracks), �nely segmented devices for measuring energies of particles. Liquid Argon

(at 78 Kelvin or �319� F) was chosen for the ionization medium, and so the calorimeters

are contained in three separate cylindrical cryostats: one holding the central calorimeter

(CC) and two mirror image vessels containing the end cap (EC) calorimeters capping both

ends of the CC. The cryostats extend to a radius of 2.6 m from the beam line. The CC

cryostat is 3.1 m in length and the EC vessels are 2.6 m long. The calorimeters are divided

further into electromagnetic and hadronic sections. Each calorimeter in constructed from

separate modules consisting of read out cells.

The basic calorimeter cell structure is the same regardless of its position in the

calorimeter and the type of calorimetry (electromagnetic or hadronic). This structure

is shown in Figure 4.7. The liquid argon gap between a grounded absorber plate and a

signal read out board is 2.3 mm thick. Ionization occurs in this gap and charge drifts to

the signal board within 450 ns. The signal boards for most of the calorimeter consist of

two laminated sheets of 0.5 mm thick G10. The outer surfaces of each sheet are coated

with a high resistivity epoxy and are held at high voltage (approximately 2.5 kV) to act as

the \anode". One inner G10 surface is left bare while the other retains its original copper

cladding but milled into the desired read out pad shape and size. The pad shapes are

typically square and sized to match the transverse dimensions of electromagnetic (EM)

and hadronic showers (side lengths of �1 { 2 cm for the EM calorimeters and �10 cm for

hadronic). Signals from several pads at the same � and � are ganged in depth to form
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Figure 4.7: A calorimeter cell. The cell is immersed in liquid argon, the ionization
medium.

a read out layer. The endcap electromagnetic calorimeter (ECEM) and the two smallest

angle EC modules use multilayer circuit boards instead of the G10 sandwich.

Figure 4.8 shows the structure of the read out layers. A map of the detector indicating

the placement of di�erent calorimeter sections is displayed in Figure 4.9. From Figure 4.8,

one sees that the calorimeter modules form towers emanating from the nominal interaction

point and following rays of pseudorapidity (�). The alternating light and dark patterns set

o� one tower from the next to guide the eye. The arrangement is called pseudoprojective:

though the centers of the modules follow lines of constant pseudorapidity, the module

boundaries are aligned perpendicular to the absorber plates. All towers except those

extremely forward are 0:1� 0:1 in � � �.

The calorimeter is divided into electromagnetic and several hadronic sections. Speci�cs

of the calorimeters in the CC and EC cryostats are shown in Table 4.4 and Table 4.5, re-

spectively. The EM calorimeters primarily measure the energies of electrons and photons

and are made of four read out layers, each containing from two to ten unit cells. The

EM layers of the CC (CCEM) use 3 mm thick depleted uranium 238U absorber plates,
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Figure 4.9: Map of the calorimeters and central detector. A one quarter view showing
half of the CC and one EC cryostat is displayed. All of the parts displayed except for
the MR accelerator beam pipe are symmetric in azimuthal angle, �, about the Tevatron
beam pipe.
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Calorimeter CCEM CCFH CCCH

# Modules 32 16 16

Absorber Platesa 3 mm U 6 mm UNb 46.5 mm Cu

# Read Out Layers 4 3 1

# Cells / Read Out Layer 2, 2, 7, 10 20, 16, 14 9

Layer Thicknesses 2.0, 2.0, 6.8, 9.8 X0 1.3, 1.0, 1.9 � 3.2 �

Total X0 Thickness
b 20.5 96.0 32.9

Total � Thickness 0.76 3.2 3.2

Sampling Fraction 11.79% 6.79% 1.45%

# Channels 10,368 3,000 1,224

� Coverage � 1.2 � 1.0 � 0.6

aU = depleted uranium 238U (tank armor), UNb = depleted uranium + 1.7% niobium alloy.

bAll thicknesses measured at � = 0.

Table 4.4: Central cryostat (CC) calorimeters[52,55,59,62]
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while 4 mm plates are used in the EC (ECEM). The third longitudinal read out layer

(EM3) is at the depth where an EM shower will, on average, reach its maximum (most

number of particles). Therefore, the transverse segmentation of that layer is very �ne,

0:05 � 0:05 in � � �, in order to measure the shower properties most precisely. Since

EM showers develop quickly with the uranium absorbers, the EM calorimeters are the

thinnest, corresponding to 20.5 X0 or 0.76 �.

In the CC, the EM calorimeter is made up of thirty-two � modules arranged in a

cylinder around the beam pipe. The CCEM is 260 cm in length, and each module is

�12 cm in depth and weighs 0.6 metric tons. The ECEM is comprised of one disk shaped

module in order to avoid uninstrumented inter-module cracks. The inner radius is at R =

5.7 cm, and the outer radius ranges from 84 to 104 cm depending on depth. Each ECEM

module weighs 5 metric tons (there are two of them, one for each end cap cryostat). The

cross hatched region in front of the ECEM calorimeter shown in Figure 4.9 is a lattice of

hardened Rohacell foam called the liquid argon excluder, displacing LAr with the much

less dense Rohacell. Without it, the LAr in front of the �rst ECEM layer would be

too thick and electromagnetic showers would develop prematurely.[64] Although the �rst

ECEM layer is very thin, 0.3 X0, there is enough material in the excluder and the cryostat

walls to bring the total absorber thickness up to the desired 2.0 X0 for that layer.

The hadronic calorimeter sections measure energies from showers of hadronic particles

making up jets. The very �ne transverse segmentation is used to accurately measure the

position of jets and to probe their shapes. The CC has two hadronic calorimeters: the �ne

hadronic (FH) and coarse hadronic (CH). The FH is segmented into three longitudinal

read out layers, each comprising of from 14 to 20 unit cells with 6 mm thick absorbers

made from depleted uranium plus 1.7% Niobium alloy. The bulk of a hadronic shower is

contained within the 3.2 � thick FH. Behind the FH is the coarse hadronic section made

up of one read out layer of nine cells with 46.5 mm thick copper absorber plates. The

CH is also 3.2 � thick and is meant to catch shower tails extending beyond the FH. The

FH and CH are each made up 16 separate � modules. Note that rings of CC modules are

rotated with respect to each other so that a projective ray only crosses one inter module
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crack. The entire CC is 305 metric tons in weight, not including 26 metric tons due to

the LAr. Its total thickness of 7.2 � at � = 0 is su�cient to reduce punchthrough, or

showers leaking out the back of the CH modules and into the muon system.

The EC contains three hadronic sections pictured in Figure 4.9. From Figure 4.8, one

sees that the inner hadronic (ECIH) and middle hadronic (ECMH) sections are comprised

of four �nely segmented layers and one large coarse layer, very similar to the FH and CH

calorimeters in the central cryostat. Thicknesses and other details are shown in Table 4.5.

The outer hadronic section (ECOH) consists of 46.5 mm thick stainless steel absorbers

to catch the tail of hadronic showers and reduce punchthrough. Each EC cryostat weighs

238 metric tons.

Particles traversing the region of 0:8 � j�j � 1:4 encounter a large amount of unin-

strumented material, such as cryostat walls, endplates, and other hardware. In order to

correct for energy deposited in this material and to improve the energy resolution of the

calorimeter as a whole, scintillator counter arrays called intercryostat detectors (ICD) are

mounted on the front surface of each EC, as shown in Figure 4.9. Each ICD consists of

rings of 384 scintillator tiles sized to match the transverse segmentation of the calorime-

ter. In addition, inside each cryostat in between the �rst or last calorimeter module and

the cryostat wall are the massless gaps (MG), also shown in Figure 4.9. A massless gap is

a ring of calorimeter signal boards without absorbers, sampling the shower energy before

its particles leave the cryostat or just as they enter. Note that in between 1:1 � j�j � 1:4

there is little EM coverage, thus reducing the acceptance for electrons and photons.

Figures 4.8 and 4.9 also indicate the passage of the Main Ring (MR) accelerator

through the upper ECOH and CCCH layers. During colliding beam in the Tevatron, the

MR is still accelerating protons for antiproton production, as discussed in Section 4.2.

Losses from the MR make distinctive energy deposits in those layers of the calorimeter.

Such \Main Ring events" can be avoided by inhibiting data taking for certain sensitive

triggers (such as those requiring missing energy) when beam in the MR passes through D�

and when MR losses are high during proton injection and transition (see Section 4.3.5.1).
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4.3.3.2 Calorimetry Read Out[52]

Signals induced on the read out pads within the 450 ns drift time are brought outside

of the cryostats by means of four feedthrough ports and are routed to charge sensitive

preampli�ers mounted outside of the CC and ECs. From there, signals are sent to base

line subtractor (BLS) cards located on a platform below the detector for shaping and

sampling. One purpose of the BLS modules is to form the level one calorimeter trigger

information by picking o� the leading edge of signals from all FH and EM modules and

summing them into trigger towers of size 0:2�0:2 in ���. The resulting signal is passed
to the level 1 trigger framework described in Section 4.3.5.1.

For the main readout, the BLS cards also take the original calorimeter read out

signals and samples them just before a beam crossing, when the calorimeter is supposed

to be quiet, and again 2.2 �s later (signal shaping circuits slow the signals so that all

reach their peak near 2.2 �s after the beam crossing). The di�erence is a DC voltage

proportional to the collected charge for a read out layer. Those results are passed to the

ADCs in the movable counting house for digitization. The ADC counts are then sent to

the software trigger (level 2) for further processing and are saved with the event if the

trigger requirements are ful�lled. If the event is not accepted by either the hardware or

software triggers, the BLS cards are reset and their information is discarded.

On some occasions, a negative energy can be read out from a section of the calorimeter.

This occurs when the signal level sampled before the beam crossing is higher than after

the interaction takes place. Such an elevation in signal can be due to a 
uctuation in the

uranium noise when the �rst sample is taken. In addition, if losses from the MR are large

and the calorimeter preamps have not reached base line levels by the next beam crossing,

negative energy will be observed in the outer calorimeter layers.

4.3.3.3 Calorimeter Performance[52, 59{61, 65]

The response of the calorimeter to particles has been studied by exposing CCEM and

ECMH calorimeter modules to electron and pion beams with energies ranging between
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10 and 150 GeV at a test beam facility at Fermilab. Studies determine that the CCEM

calorimeter modules produce signals that are linear with electron energy to within 0.5%.

The energy resolutions of the modules were also determined. Calorimeter energy

resolution is usually parameterized as

�

E
= C +

Sp
E
+
N

E
(4.6)

where C, S, and N are constants representing calibration errors, sampling 
uctuation

errors, and errors from noise, respectively. The noise term is usually only important at

low energies, and the sampling term has the 1=
p
E dependence discussed in Appendix C.

Ignoring the noise term, the EM calorimeter resolution measured with an ECEM module

in the electron test beam was determined to be

�(EEM )

EEM
= 0:3%� 16%p

EEM
(4.7)

and the hadronic resolution measured with an ECMH module in a pion beam is

�(Ehad)

Ehad
= 3:2%� 50%p

Ehad
(4.8)

Note that � indicates addition in quadrature.

The compensation value of the hadronic calorimeter was also measured with the test

beam. Using an EMIH module, the e=� ratio was measured to be 1.11 for 10 GeV pions

and electrons and falls to 1.04 with 150 GeV pions. The equivalent e=h value is about

1.08, and so the D� calorimeter is nearly compensating.

4.3.4 D� Muon System[52, 66]

Only loose requirements are placed on muons, therefore a brief description of the muon

system is given here.

Because muons are rather massive electromagnetic particles, they do not usually un-

dergo bremsstrahlung nor do they interact with nuclei. Thus no showers are formed, and

they leave energy in the calorimeter consistent with a minimum ionizing particle. Since

the calorimeter cannot measure the energy of muons, their momenta are measured by

bending the directions of muons in magnets. Beyond the calorimeter is the region where
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Figure 4.11: D� muon system. A full side view of the detector is shown.

muons are identi�ed by a system of toroid magnets and drift tubes. One hopes that

particles reaching the muon system are indeed all muons. Because the calorimeter is so

thick that is usually the case, and the magnets themselves also serve to stop and �lter out

particles other than muons. A pro�le of the thickness of various regions of the detector

is displayed in Figure 4.10

Figure 4.11 shows a side view of the D� detector with the muon system. The system

is split into two parts: the Wide Angle Muon System (WAMUS) for measuring muons at

� > 10� or j�j < 2:5, and the Small Angle Muon System (SAMUS) that measures muons

close to the beam pipe in the region 2:5 < j�j < 3:6.

The WAMUS system consists of large iron toroid magnets to bend the direction of

muons. There are three WAMUS toroid magnets: muons within j�j < 1 encounter the

central toroid (CF), and two end toroid magnets (EFs) cover 1 < j�j � 2:5. The CF

magnet surrounds the calorimeter and is about 1 m thick with its inner surface 318 cm

from the beam pipe. Currents of 1900 A generate a 1.9 T magnetic �eld in the iron.
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The CF weighs 2000 metric tons. The two EF toroids cap the CF, completely enclosing

the calorimeter. Each EF magnet is located at 447 < jzj < 600 cm with the outer edge

427 cm from the beam pipe. The SAMUS magnets are placed within a 183 cm square hole

centered about the Tevatron beam pipe in the WAMUS end toroids. Like the calorimeter,

the Main Ring accelerator beam pipe passes through the upper part of each EF toroid.

Again, 2000 A currents generate a 2 T magnetic �eld in the iron. Each EF weights

800 metric tons.

The magnetic �elds set up in the toroids run in the �̂ direction, so the path of a muon

is bent in the r � z plane as it passes through the iron. Muons with more momentum

bend less than slower muons, so the muon momentum can be determined by measuring

the bend angle. For the WAMUS system, three stations of proportional drift tubes

(PDTs), one before the magnets (the A layer) and two beyond (B and C layers), are used

to measure the muon direction before and after bending. Details of the WAMUS drift

tubes are shown in Table 4.6. The position of the muon track must be measured well to

achieve good momentum resolution. Position resolution is about �0:3 mm and yields a

momentum resolution of, �
�(1=p)

1=p

�2

� (0:18)2 +

�
0:01p

GeV

�2

(4.9)

where p is the muon momentum. The constant term (18%) is due to multiple scattering

in the calorimeter and iron, and the linear term comes from the position resolution of the

PDTs.

Because occupancies are much greater in the forward regions, the SAMUS PDTs

are much smaller than those used for WAMUS. The two SAMUS magnet toroids are

embedded in the WAMUS EF magnets just around the beam pipe (outer edge at 170 cm

from the beam). 1000 A of current generates the 2 T magnetic �eld. Details of the

SAMUS PDTs are displayed in Table 4.6

4.3.5 Triggering and Data Acquisition[52]

At the Tevatron, the beams of protons and antiprotons cross every 3.5 �s for a potential

interaction rate of 286 kHz (286,000 p�p collision events per second), but interesting physics
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WAMUS SAMUS

Organization

164 total chambers in A, B,
and C stations.
3 or 4 cells per chamber in
depth, 14{24 cells in width.

3 doublets of tubes in x, y,
and u (45�). 864 tubes for A
and B stations, 926 tubes in
C station.

Sense Wire Properties
50 �m Au plated W,
300g tension, 4.6 kV

50 �m Au plated W,
208g tension, 4.0 kV

Cathode Properties
Glasteel coated copper
strips, 2 per cell, 2.3 kV

No Cathode

Gas 90% Ar, 5% CF4, 5% CO2 90% CF4, 10% CH4

Drift Properties
Max drift dist 5 cm
hvdrifti 6.5 cm/�s

Max drift time 150 ns
hvdrifti 9.7 cm/�s

Total sense wires 11,386 5,308

Resolutions
Bend view 0.53 mm
Non-bend view 0.3 mm

0.35 mm
0.35 mm

Table 4.6: Muon system properties.

does not occur at every beam crossing. In fact, the processes D� physicists are looking

for occur very rarely. The trigger system is designed to quickly examine an event to see

if it contains physics deemed important enough for the event information to be written

to tape. This task is accomplished by the Level 1 hardware trigger system and the Level

2 software �lter system. The data acquisition system handles assembling the digitized

signals from the 
ash ADCs and ADCs into an event and transporting it to the various

trigger nodes and eventually to tape if it is accepted. The DAQ system can write out

events to tape at �5 Hz, so the entire trigger system must reduce the input rate of 286 kHz

by a factor of 57,000!

4.3.5.1 Hardware Trigger Framework (Level 1)[52, 63, 67, 68]

The hardware trigger is made up of the Level 1 and Level 1.5 frameworks and their inputs.

The Level 1 framework is the master in charge of producing the result of the hardware

trigger and is the �rst step in the decision to accept an event.
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The Level 1 framework takes inputs from the calorimeter, muon, main ring veto, and

Level 0 trigger components (each discussed below) to form up to 256 trigger terms. A term

is a yes/no answer to a particular requirement on the event. For instance, \Was there a

hard scattering collision?", \Are there 2 calorimeter towers with ET > 3 GeV?", \Is the

E/T > 40 GeV?", \Was the Main Ring active during the Tevatron beam crossing?", and

so on. The framework is very 
exible in that the thresholds for most of the requirements

are downloaded by a control computer and can be changed.

The trigger terms are grouped into AND/OR networks to form 32 speci�c triggers

(usually just called triggers). The requirements of at least one of these triggers must be

ful�lled in order for the event to be read out and passed to Level 2 for further analysis.

For example, the trigger for the jets + E/T analysis required the terms for calorimeter

E/T > 40 GeV and at least one calorimeter trigger tower with ET > 5 GeV to be true.

There are a wide variety of triggers at D�, representing the physics that the collaboration

wants to examine. The requirements of the speci�c triggers are also downloaded and can

be altered, as they were many times over the run. Triggers can also be prescaled; that is

triggers that �re at too high a rate are instructed to only accept one out of every n events

(e.g. a prescale factor of 5 means to accept only one of every �ve events that �re that

trigger). The prescale factors change as the instantaneous luminosity of the collisions

changes, since at high instantaneous luminosity, the rates are much higher and thus more

triggers must be prescaled and at a larger factor. As the luminosity drops over the course

of a store, the prescale factors drop as well, and some triggers will not be prescaled at

all. A few triggers designed for new particle searches, including the trigger used for this

analysis, were never prescaled.

The Level 1 and Level 1.5 frameworks are specialized hardware designed to examine

parts of the detector very quickly, but coarsely. If no speci�c trigger is satis�ed, the event

is discarded and the detector is allowed to accept a new event. The Level 1 framework

can usually make its decision within the 3.5 �s beam crossing time, so it is deadtimeless.

The detector is \dead", that is unable to examine new events if the trigger system is

still considering the current event or the event is being read out. Some triggers require
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a Level 1.5 con�rmation, discussed below, that can extend the Level 1 decision time to

between 5 �s and 100s of microseconds. Since new events will be ignored while Level 1.5

is working, those triggers are designed to �re rarely to keep the deadtime low. If the one

or more triggers are satis�ed, the FADCs and ADCs start digitizing the central tracking,

calorimeter, and muon system signals and the results are passed to the Level 2 processing

farm for further examination. Level 1 reduces the input event rate of �300 kHz down

to 200 { 300 Hz. The four main components of the Level 1 trigger framework are now

brie
y described.

Level 0 Trigger[52, 55, 69]

Level 0 determines if there was an interaction during the most recent beam crossing and

gives an estimate on the z position of the collision vertex (the position along the beamline

where the proton{antiproton collision occurred). Its hardware consists of scintillator

hodoscopes mounted on the inside faces of both EC calorimeter cryostats at jzj = 140 cm.

The hodoscopes cover a partial range in � between 1:9 < j�j < 4:3 and have full azimuthal

coverage between 2:3 < j�j < 3:9. When a hard scattering interaction occurs in the

detector, jets of particles from the quarks of the proton and antiproton not participating

in the collision (spectator quarks) travel close to down the beam pipe. The Level 0

counters detect these jets and ful�lls a Level 1 trigger term (\There was an interaction").

By measuring the time di�erence in the arrival of the jets at the counters on either side

of the detector, an estimate of the z vertex can be calculated. Two values are reported: a

vertex available within 800 ns after the beam crossing with a z resolution of 15 cm (FastZ),

and a more re�ned value available 2.6 �s after crossing with a resolution �z = �3 cm
(SlowZ). The FastZ number is used by the calorimeter and muon hardware triggers to

calculate ET and pT values. SlowZ is passed to the Level 2 processing farm if the event is

accepted by Level 1. If a soft collision occurs along with the hard scattering, the vertex

can be unreliable and the Level 0 trigger sets a multiple interaction 
ag that is recorded

with the event. The Level 0 system has a timing resolution of 226 ps and is �91% e�cient

for detecting non-di�ractive inelastic collisions.
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Calorimeter Trigger[63, 68, 70]

The calorimeter trigger uses the 1280 0:2 � 0:2 in � � � trigger towers read out directly

from the BLS cards. Signals representing the total energy in a tower (FH + EM; CH

is not used by the trigger) and the energy in just the combined EM layers are digitized

by 
ash ADCs, which are less precise but faster than the main calorimeter ADCs. The

number of towers with total ET and EM exceeding certain thresholds are determined

and passed to the Level 1 framework for constructing trigger terms. Global calorimeter

quantities are calculated as well, such as a coarse measurement of the E/T (negative of the

vector sum of all but the most forward towers) and total scalar ET (scalar sum of over

all towers).

Certain electron triggers (e.g. one might require at least one electromagnetic tower

with ET > 7 GeV) will ask for a Level 1.5 con�rmation if their requirements are met. The

calorimeter Level 1.5 system consists of 12 digital signal processors (DSPs) that examine

the 1280 towers to apply an isolation requirement. While the Level 1 calorimeter trigger

can only count towers exceeding thresholds, Level 1.5 is able to compare energies in towers

near a high energy EM tower. If an EM tower is isolated, that is there is little energy in

towers nearby, then Level 1.5 is passed and the speci�c Level 1 trigger passes as well. The

calorimeter Level 1.5 DSPs may take up to 250 �s to reach a decision, thus introducing

some deadtime but providing a rejection factor of 5 with greater than 95% e�ciency for

electron con�rmation (a real electron will be accepted by the trigger 95% of the time).

Level 1.5 is helpful since the rejected events do not have to be digitized and sent to Level

2 only to be rejected there after introducing much more deadtime.

Muon Trigger[55, 71]

The muon hardware trigger receives a bit corresponding to each muon chamber tube

indicating whether or not it was hit. By looking for patterns of hit tubes in di�erent

regions of the detector, the muon trigger can count tracks (contiguous muon hits leading

back to the interaction vertex) representing possible muons. The Level 1 muon system

only looks quickly for patterns and cannot measure muon pT . Some speci�c muon triggers

83



require a Level 1.5 con�rmation where the hit patterns are examined more closely with

specialized hardware for a rough pT determination so that pT requirements can be made.

Depending on the number of hits in the muon system, the decision made by Level 1.5

can take up to 5 �s for WAMUS regions and can exceed 100 �s for SAMUS.

Main Ring Veto[72, 73]

Protons traveling in the Main Ring accelerator can be lost in the regions where the MR

passes through the D� detector. Such losses make hits in the muon chambers and deposit

energy in the calorimeter, especially in the CH layer where the MR passes through. Since

MR losses will add energy to calorimeter trigger towers and will confuse the muon triggers

with the additional hits, two schemes have been devised to veto on triggers that occur

when the Main Ring is active and producing losses. The �rst method uses timing signals

from the accelerator system to set two MR veto trigger terms. The MRBS LOSS term is set

if the MR is in injection or transition when losses are particularly high (see Section 4.2).

Those conditions occur between 100 ms and 500 ms in the 2.4 s MR cycle. So for 400 ms

of every MR cycle, triggers checking MRBS LOSS are inhibited amounting to a 17% loss in

integrated luminosity seen by those triggers. Furthermore, even after transition there may

be losses occurring when bunches of protons are coasting through D�. The MICRO BLANK

term is set if there is a MR bunch passing through the detector in coincidence with a

Tevatron crossing. Triggers inhibited by MICRO BLANK lose 9% of the total integrated

luminosity. All muon, nearly all jet, some electron triggers, and the missing et trigger

are inhibited if either MRBS LOSS or MICRO BLANK terms are set.

Since electrons are well de�ned objects and are measured in regions of the detector

far from the Main Ring pass through, an active vetoing system was developed in order

to keep the lost luminosity down to a minimum. Instead of using timing signals from the

accelerator, scintillator counters were mounted near the Main Ring beam pipe to measure

the losses directly. Only when the rate in the counters exceeds a threshold are the so

called MAX LIVE triggers inhibited. Certain triggers are also inhibited for an additional

100 �s after the counter rate drops below threshold to allow the calorimeter signals to

84



return to base line levels. The advantage of the active veto scheme is that the trigger

deadtime is directly linked to the losses in the Main Ring. If the Main Ring is running

cleanly, then the live time can be increased dramatically for those triggers. Since E/T is

very sensitive to any spurious energy in the detector, the active veto is not used.

4.3.5.2 Software Filter (Level 2)[52, 63, 74, 75]

If Level 1 accepts an event, then all of the FADCs for the central detector and ADCs for

the calorimeter and muon systems begin digitizing the detector signals. Analog signals

from the detector are read into 80 VME front end crates and processed by the FADCs

or ADCs. The central tracking output is also zero suppressed (see Section 4.3.2.5). To

reduce deadtime, output from the digitizers are doubled bu�ered, so an event can be

digitized while others are waiting to be passed to Level 2. If all of the bu�ers are full,

the detector is inhibited from taking a new event until bu�ers are free.

Each crate contains a VME bu�er/driver board (VBD) attached to one of eight data

highways that connect VBDs to the Level 2 system. A VAX computer called the sequencer

circulates a token to each VBD in turn on the data highway. If the VBD has data to be

read out, it grabs to token, transmits the data for its part of the current event on the

highway, and then returns the token to the network. Embedded in the token is a numerical

tag for the current event, so a VBD knows which of its bu�ers to read. The token ring

network is very e�cient since the system can read out completed digitizers while slower

ones are still processing. The data are passed from the VBDs to the Level 2 nodes on 32

bit wide 40 Mbyte/s highways. There are eight separate data highways that particular

VBDs connect to: one for each central tracking detector, two for the calorimeter, one for

the muon system, and one for trigger information. All of the data highways are connected

to each Level 2 processor, yielding an e�ective bandwidth of 320 Mbytes/s.

The �nal step in the decision to accept an event occurs in the Level 2 farm of �fty

VaxStation 4000/60 and 4000/90 computers. Each computer processes an event and

decides if it passes certain �lter requirements and should be written to tape. Level 2
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reduces the input rate of �200 Hz down to the rate that can be written to tape { about

�ve events per second.

As mentioned above, the data highway cables are all connected to each Level 2 com-

puter. When an event is being readout from the VBDs, a supervisor computer decides

which Level 2 node is available and directs the data there. The Level 2 nodes are con-

nected to the data highways through multiport memory boards (MPMs), which are di-

rectly addressed by the Vaxes, eliminating the need for copying data into the computer

itself. Data coming over the cables are assembled in the MPMs and eventually form a

complete event once all of the front end VBDs have transmitted their information. The

Level 2 node then converts data into Zebra[76] format (the memory format used for D�

data) and begins processing.

The Level 2 node does rudimentary reconstruction of physics objects in the event

based on the entire detailed readout of the detector. For example, where Level 1 only

had access to calorimeter trigger towers, Level 2 can examine all of the calorimeter readout

layers in the �ne 0:1�0:1 towers. Level 2 is capable of performing high level algorithms on
the event, such as tracking, electron identi�cation, jet cone algorithms and muon �nding.

The �lters that are run by the Level 2 node depend on which Level 1 triggers passed.

For example, if a Level 1 jet trigger passes, Level 2 will attempt to further examine the

calorimeter by �nding jets with a R = 0.7 cone algorithm so that requirements on the jets

themselves, such as ET , can be made. If the event passes none of the attempted �lters, it

is discarded and the Level 2 node becomes free. It can take a Level 2 computer anywhere

from 200 ms to 5 s (for some muon �lters) to make its decision. If all of the Level 2 nodes

are busy processing events, the detector is inhibited from taking new events.

4.3.5.3 Recording of Events[63, 74]

If Level 2 accepts an event, then it is has been selected to be written to tape and used for

physics analyses by the collaboration. Each Level 2 node has its own VBD card where

the event is copied and awaits transfer. Another sequencer computer circulates a token

to each Level 2 node VBD. If a VBD has data, it holds the token and transmits the
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event over a data highway, similar to those used to read out events from the detector,

to the sequencer computer's multiport memory. The sequencer then copies the event to

preallocated memory in the host VAX and signals the host that the event is there.

The host VAX is responsible for the �nal handling of events. When the host is ready

to accept the next event, it tells the sequencer where in memory it should be written, and

the sequencer allows the token to be circulated amongst the VBDs. The host VAX logs

the event and copies it to a disk bu�er. The event is also copied to other memory locations

so programs monitoring the quality of the data can do some rudimentary analysis. A tape

server copies the events from the disk bu�er onto 8 mm tapes that are transported by

hand to the Feynman Computing Center at Fermilab for processing and storage.

4.4 Summary

The Tevatron proton{antiproton collider and the D� detector at Fermilab are the ma-

chines used for this search. Squarks and gluinos can only be produced in high energy

particle collisions, since they clearly are not present in the every day world assuming they

exist at all. The Tevatron may possibly be producing these particles in proton{antiproton

collisions.

The collider is only half of the required apparatus. Once a proton-antiproton collision

takes place, there must be a device that looks to see what happened. Therefore, collisions

are made to occur in the middle of detectors that measure characteristics of the particles

emanating from the collision point. There are two detectors for collider physics on the

Tevatron, D� and CDF. The D� detector is used for this analysis. If squarks and

gluinos are being produced, they would not be observed directly. Heavy particles decay

almost immediately into lighter daughter particles. The particles that end up entering

the detector are leptons and jets of hadrons. By examining their properties, the existence

and properties of their heavy parents may be inferred.

As described in the section, D� is made up of three main subsystems. The trackers

(central detector) accurately measure the directions of particles, the calorimeter measures

the energy and direction of electrons, photons, and jets, and the muon system measures
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the momentum of muons. The calorimeter makes the D� detector especially well suited

for this squark and gluino jets and missing transverse energy search. Since the calorimeter

has few holes, energy imbalances are measured very accurately. Such measurements are

crucial for this analysis.
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Chapter 5

Event Reconstruction and Particle Identi�cation

The data direct from the detector consist of digitized ADC traces for the tracking cham-

bers, raw ADC counts for the calorimeter, and hit information from the muon system.

The D� reconstruction program and other software convert these raw detector signals

into information about the physics objects in the event: the electrons, photons, muons,

jets, and the E/T . This chapter describes the identi�cation and reconstruction algorithms

that pertain to the squark and gluino jets and E/T analysis.

5.1 The Reconstruction Program[77,78]

The reconstruction program (RECO) converts the raw digitized detector signals into mea-

surements that can be used more easily. The RECO program performs particle ID with

very loose requirements, but provides much detail on the candidate objects. One can then

place further requirements to re�ne the de�nitions of electrons, photons, muons, and jets.

Details of particle ID and reconstruction are given in subsequent sections.

Running RECO is a major endeavor. RECO is run o�ine, that is not in real time with

data taking. With the huge amount of data D� collects, it is still important that the

processing rate for RECO be close to the data taking rate, or else reconstruction would get

hopelessly behind. To speed the process along, D� employs a farm of about one hundred

high speed (at the time) Silicon Graphics and IBM workstations all running RECO in

parallel. The farm can process a few events per second, nearly as fast as the detector

output rate.
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5.2 Tracking and Vertex Reconstruction

One of the �rst steps in RECO is to process the 
ash ADC output from the tracking

chambers. The central detector and muon FADC signals are analyzed, and the points

where particles ionized in the drift cells are located. A pattern recognition algorithm

searches for contiguous lines of these hits to build tracks. A track reconstructs the path

of a particle within the tracking volume and indicates the direction the particle took

through the detector. The amount of ionization can also be determined from the raw

data to calculate the dE=dx for each track.

The vertex is the position within the detector where the proton{antiproton collision

occurred and is the location from where the particles in the event emanate. Quantities

involving the polar angle (�) of a particle's direction, such as �, ET , and, pT , all depend

on the vertex position, so it is a very important measurement.

The beam size is constrained to be approximately 40 �m � 40 �m in the x� y plane
(well within the beam pipe). The x � y vertex position changes little from store to

store except when some accelerator maintenance or realignment was performed during a

shutdown. The average x� y vertex position for a store is determined online and is used

by RECO.

Because the proton and antiproton bunches in the Tevatron are quite long (the 1�

distance is 30 cm), the z position of the vertex must be measured event by event. RECO

determines the vertex z position from tracks in the CDC and the FDC detectors in several

steps.

1. CDC tracks in the event are extrapolated back to the beam pipe to determine

where they cross the z axis. The z positions of the intersections are recorded in a

histogram. If the CDC has no tracks, then tracks from the FDC are used.

2. A clustering algorithm is applied to the histogram to �nd groups of tracks that

emanate from the same point in z. A cluster must have at least three tracks, unless

only one cluster is found. A Gaussian is then �t to each cluster and the means are

recorded as the event vertices.
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Figure 5.1: Primary vertex z distribution for Z ! ee events. The �t is to a Gaussian.

3. If more than one vertex is found, then the vertex with the most tracks emanating

from it is the primary vertex.

The primary vertex is used to calculate physics � and � that go into ET , pT , and

the E/T measurements. The vertex z resolution can be as good as 6 mm if many tracks

are involved. If a single CDC track determines the vertex, the resolution worsens to

2 � 3 cm. The resolution is �10 cm if RECO must resort to FDC tracks. Multiple

vertices are separated if they are at least 8 cm apart. The presence of multiple vertices

indicates possible multiple interactions which may cause RECO to choose the wrong vertex

as discussed in Section 5.8. An example vertex distribution from Z ! ee events is shown

in Figure 5.1.
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5.3 Jet Identi�cation

Light quarks and gluons released in an event will hadronize, producing collimated jets

of particles. The electromagnetic and hadronic calorimeters are used to reconstruct the

jets, which point along the direction of the original quarks and gluons. The number of

jets found in an event and their size and shape are in
uenced by the algorithm chosen to

identify them.

This analysis uses the cone algorithm[79,80] to identify jets. Since the particles making

up a jet are collimated in the detector, jets are found by drawing a cone in � � � space

around energy deposits in the calorimeter. The total energy absorbed by the calorimeter

within a cone is, to �rst order, the energy of the jet. The D� calorimeter is well suited

to the cone algorithm with its pseudoprojective tower structure seen in Figure 4.8.

Before the cone algorithm is run, theET in each calorimeter tower must be determined.

A projective tower consists of all the cells in the calorimeter than lie along the same

detector � and � (detector angles are always measured from a vertex at z = 0, while

physics angles are measured from the event vertex). Note that here a cell refers to a read

out layer, not the individual unit cells. Each calorimeter cell has an energy vector de�ned

as,

~Ei = n̂Ei (5.1)

where Ei is the measured energy deposited in cell i and n̂ is a unit vector directed from

the event vertex towards the cell center. The energy vector of the kth tower, ~Etower
k , is

the vector sum of the energy of its cells. The transverse energy of a tower is given by,

Etower
T = Etower

q
(Etower

x )2 + (Etower
y )2q

(Etower
x )2 + (Etower

y )2 + (Etower
z )2

(5.2)

where Etower is the scalar sum of the cell energies for that tower and Etower
j (j = x; y; z)

is the speci�ed component of ~Etower.

A cone in � � � space has a �xed radius of R =
p
��2 +��2. A radius of R = 0:5

is used for this analysis. The cone �nding algorithm has three steps: preclustering,
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clustering, and splitting/merging. RECO is nearly 100% e�cient for identifying 0.5 cone

jets with ET > 25 GeV.[81]

5.3.1 Preclustering

Preclustering generates a list of starting positions for the cone clustering algorithm.

Calorimeter towers with ET > 1 GeV are sorted by ET to make a seed list. A precluster is

formed by taking the largest seed tower in the list and examining adjacent towers around

it (� 1 cell in � and � 1 cell in �). Any adjacent towers in the seed list (ET > 1 GeV and

not already assigned to another precluster) are added to that precluster and removed from

the seed list. Then, towers adjacent to those newly added towers are checked and added

to the precluster in the same manner. This process continues until towers a distance of

R = 0:4 from the precluster start tower are checked and added if necessary. At that

point, the precluster is complete and its center position is calculated by averaging over

the ET weighted �; � centers of its towers. The total precluster ET is also determined.

The next precluster is then started with the largest ET tower remaining in the seed list.

Preclustering stops once the seed list is exhausted.

5.3.2 Clustering

The ET sorted preclusters provide the starting point for the jet clustering algorithm.

Clustering is performed by associating all towers within a cone of radius R (R = 0.5 for

this analysis) centered about the direction of a precluster. The ET weighted �; � axis of

this new jet is calculated and clustering is repeated about the new axis. This process

continues until the jet axis stabilizes or �fty iterations have been performed. The latter

condition allows escape from a bistable solution. The total ET of the jet is determined

as well as its �; � axis. If the jet has ET < 8 GeV, the reconstruction threshold, it

is discarded. The cone algorithm repeats for each precluster. If a precluster is within

R < 0:5 of any previously found jet, that precluster is skipped.
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5.3.3 Splitting and Merging

There is nothing in the clustering algorithm to prevent jets from sharing towers. Splitting

and merging is a mechanism to either split jets that have towers in common or merge the

jets into one large jet. The jets are checked in the order they were found. Starting with

the second jet (by de�nition, the �rst jet does not share any towers with a previously

found jet), the jets are checked if they share any towers with a jet previous in the jet list.

If shared towers are found between two jets and the jet axes are less than 0.01 apart in

� � � space, the newer jet is dropped since it is just a rediscovery of a previous jet. If

that is not the case, then the split/merge fraction is calculated,

fSM =
Eshared
T

Emin
T

(5.3)

where Eshared
T is the total ET of the shared towers and Emin

T is the lesser ET of the two

jets. If fSM � 0:5, then the common energy is split amongst the two jets giving each

common cell to the jet that is closer to it. If fSM > 0:5, then the two jets are merged

into one jet. Note that merged jets may be larger than the speci�ed cone size.

5.3.4 Kinematic Quantities

The �nal kinematic quantities for a jet are,

Ei =
X
cells k

Ek
i ; (i = x; y; z); (5.4)

ET =
X

Ek
T ; (5.5)

E =
X

Ek; (5.6)

� = tan�1(Ey=Ex); (5.7)

� = cos�1
�
Ez=

q
E2
x +E2

y +E2
z

�
; (5.8)

� = � ln tan(�=2) (5.9)

where Ei indicates the i
th component (i = x; y; z).

Two other important quantities are also determined. The EM fraction is the fraction

of the jet's energy that comes from cells in the electromagnetic layers of the calorimeter.
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A large EM fraction (> 90%) indicates that the jet could really be an electron or a photon.

Since hadronic showers are made up of electromagnetic particles as well, hadronic jets

should have some EM fraction (5% at the very least). A jet with close to zero EM

fraction is probably in reality noise in the hadronic calorimeter. Similar to EM fraction,

CH fraction is the fraction of the jet's energy from coarse hadronic calorimeter cells. Jets

with large CH fraction (> 40%) are due to noise in the CH or losses from the Main Ring.

Details of jet resolutions can be found in Reference 82. For 100 GeV jets in the very

central region (j�j < 0:5), the resolution is �7%. The resolution changes only slightly for

other calorimeter regions except for jets in the intercryostat region (measured with the

ICD and the massless gaps). There, the resolution for 100 GeV jets worsens to nearly

10%.

5.4 Missing Transverse Energy Reconstruction

As mentioned previously, the presence of neutrinos and LSPs, if the latter exist, can

be inferred by measuring the missing transverse energy (E/T ) of the event. Remember

that since the actual collision involves a parton from the proton and a parton from the

antiproton, the longitudinal or z component of momentum of the colliding particles is not

known and one cannot use conservation of pz. The px and py components of the initial

partons, however, are constrained to be negligible, and so conservation of transverse

momentum and energy can be used to calculate the imbalance in ET . This imbalance is

the E/T .

Calorimeter E/T is based on energy deposits in all cells of the calorimeter, including

energy in the ICD and massless gaps. From the cell energy vector of Equation (5.1), the

~E/T is de�ned to be,

E/x = �
X
cells k

Ek
x ; E/y = �

X
cells k

Ek
y ;

~E/T = x̂E/x + ŷE/y (5.10)
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where the sums are over all cells in the calorimeter and E/x and E/y are the x and y

components of ~E/T , respectively. The azimuthal direction of the E/T vector is then,

�E/T
= tan�1(E/y=E/x) (5.11)

Obviously, the z component of ~E/T is meaningless.

The muon corrected E/T vector takes into account pT of muons (calorimeter E/T minus

~pT of muons). This analysis uses the calorimeter E/T only.

The E/T resolution has been studied elsewhere[83,84] and is parameterized with the total

calorimeter scalar ET (ST ). ST is the scalar sum of cell ET over the entire calorimeter.

The E/T resolution is given by,

�(E/T ) = 1:08 GeV + 0:019ST (5.12)

A signal scalar ET spectrum is shown in the top histogram of Figure 6.1. For a typical

value of ST = 500 GeV, the E/T resolution is �10 GeV.

5.5 Electron, Photon, and Muon Reconstruction

Reconstruction of electrons and photons is quite complicated. They are identi�ed by

small isolated clusters of energy in the electromagnetic layers of the calorimeter. Such

clusters with an associated track in the tracking chambers are probably electrons. Since

photons are neutral, they do not ionize the gas in the tracking chambers and so no tracks

will be associated with their clusters. Reference 85 has a concise description of the latest

D� electron ID algorithm. To veto electrons, this analysis only uses the EM fraction to

determine if a jet is actually an electron.

Muon reconstruction is similar to the tracking algorithm for the CDC and FDC. A

global �t is performed as the last step using the muon system tracks, the primary vertex,

the MIP (minimum ionizing particle) trace in the calorimeter, and a track from the CDC

or FDC if present. The muon pT is determined from the bend of the track due to the

muon passing through one of the toroid magnets.[86] Various information about the track

discussed in Section 6.1.5 are used to determine the quality of the muon.
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The �ne segmentation of the calorimeter allows one to use the muon MIP trace for

tracking and muon con�rmation. The MTC[87] software package (muon tracking in the

calorimeter) performs the tracking and is described in Section 6.1.5.

5.6 Corrections

Various corrections must be applied to the physics objects. Only those concerning jets

and E/T are described here.

5.6.1 Jet Corrections

Jet corrections are described in much detail elsewhere.[85,88] The main corrections that

are made are as follows,

Underlying event: The remnants of the proton and antiproton that are not involved

with the hard scattering may deposit some energy in the detector. There is also

noise in the calorimeter due to the radioactive uranium plates and the electronics.

Low energy particles: Many low energy particles are produced in hadronic showers.

Since the calorimeter response is nonlinear at low energies, a correction is necessary.

Out of cone: The cone used by the jet algorithm may not be large enough to enclose

for all of the energy of a jet. A correction is made for the energy leaking outside of

the cone.

Some details on how these corrections are applied are given below.

5.6.2 Electromagnetic Energy Scale

A sampling calorimeter measures only a small fraction of the energy it absorbs. Data

from a testbeam, where the response of calorimeter modules from electrons and pions

of known energies is measured, are used for basic calibration and determination of the

sampling weights. Testbeam data, however, cannot give the �nal corrections. Further

re�nements are made with in situ measurements.
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One would like to determine the energy of the original parton that produced the jet.

The calorimeter measures the energy \
ow" of the jet, which is related to the energies

of the constituent particles in the jet, and, in some way, is related to the energy of the

original parton. The energy scale determines the correction factor that gives, on average,

the energy of the jet at the particle level when applied to the measured jet energy. The

particle level energy should be close to the energy at the parton level, but the details

depend on the model of parton fragmentation. The corrections described here do not

attempt to go back to the parton level, which is �ne for the purposes of this analysis.

The energy scale of the EM calorimeter is determined from very pure samples of

Z ! ee, J= ! ee, J= ! 

, and �0 ! 

 events. Since the masses of the Z, J= , and

�0 have been measured accurately elsewhere, the EM energy scale is just the correction

factor to take their masses measured by the calorimeter to the correct values.

5.6.3 Hadronic Energy Scale

Determination of the hadronic energy scale is much more complicated, since it is impossi-

ble to obtain large pure samples of events equivalent to those used in determining the EM

energy scale (such as W ! qq). Instead, hadronic jets are balanced against EM objects

or other jets in a procedure described here.

The basic form of the hadronic jet energy scale correction is,

Ejet
true =

Ejet
measured �O

R(1� S)
(5.13)

where Ejet
true is the \true" energy of the jet at the particle level, O is the o�set correction,

S is the showering correction, and R is the hadronic calorimeter response. The o�set

correction is the corrections from underlying event, uranium noise, electronic noise, and

the e�ects of multiple interactions. Showering e�ects are the out of cone corrections and

are determined from Monte Carlo events overlayed with test beam data.

The response involves the correction due to low energy particles and energy from par-

ticles lost in intermodule cracks and other dead (uninstrumented) material. The response

is measured from data using the Missing ET Projection Fraction (MPF) method.[85,88]
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Figure 5.2: Jet corrections for the central region

The basic idea is that the hadronic energy scale is determined by balancing jets against a

highly electromagnetic object (a high quality photon or electron). For unbiased results,

the EM object is used to trigger the event. Since the EM energy scale is well known

and the EM calorimeter resolution is very good, EM objects are measured precisely. Any

E/T in the event is then due to mismeasurement of the hadronic jets, since no neutrinos

are expected. The hadronic energy scale is computed by projecting the E/T vector along

photon direction. There are few photon events with high ET jets, and so dijet data is

used to extend the response measurement. Since quality cuts are applied to the trigger

jet, the E/T may be biased. What matters, however, is the relative response with respect

to some observable in the event, and so the e�ects of the bias can be normalized away.

The jet corrections are determined as a function of jet ET , �, and EM fraction.

Figure 5.2 shows the correction factor from Equation (5.13) as a function of uncorrected

jet ET for jets in the central region of the detector (� < 1.1).

5.6.4 E/T Correction

Since the jet corrections change the ET of the jets in the event, the E/T should change

as well. The only corrections that are applied to the E/T vector are those from the

electromagnetic and hadronic response (the energy scale corrections). Thus, the E/x and

E/y components of E/T are adjusted to re
ect the response corrections to each jet in the

event.
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from t�t Monte Carlo (e.g. > 50 GeV indicates the number of events in the MC sample
with jet ET or E/T > 50 GeV). The nominal value is the corrected jet ET or E/T . �1� is
the energy scale error described in the text.

The other corrections are not made to E/T for various reasons. The o�set correction,

O, is assumed to be � independent. Since E/T is calculated by summing over the all cells

in the calorimeter, the e�ects of O cancel. Similarly, the out of cone corrections, S, re
ect

energy lost by the algorithm. E/T is independent of the jet algorithm, and so S does not

apply as well.
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5.6.5 Correction Errors

The error on a jet's ET due to the energy scale corrections is determined by the following

formulae,[89]

ET+1� = 4% �ET + 1 GeV (5.14)

ET�1� = �4% �ET � 1 GeV (5.15)

where ET is the corrected transverse energy of the jet. The error on the E/T is the

cumulative e�ect of applying the energy scale error to each jet and then adjusting the

E/T accordingly. Figure 5.3 shows integrated jet ET and E/T spectra from t�t Monte Carlo,

indicating the size of the energy scale errors.

5.7 Anomalous Energy Deposits

Anomalous energy deposits, or hot cells, are isolated calorimeter cells measuring a large

amount of energy. Since electrons, photons, and jets typically span many cells, these hot

cells are probably caused by intermittent shorts or sparks in calorimeter modules due

to contaminants in the liquid argon or contaminants inside the modules themselves. A

hot cell can generate E/T and spurious jets. Since events with hot cells will quickly drive

up trigger rates and swamp high E/T data samples, a \hot cell killer" run at level 2 for

some triggers and in the reconstruction program removes isolated high energy cells from

events.

The hot cell killer, called aida,[77] removes hot cells by looking for large energy de-

posits that are isolated longitudinally. For a cell to be removed, it must meet the following

criteria,

� The suspect cell must have ET > 10 GeV.

� ETneighboring cell
< 0:05ETsuspect cell

is true for each cell neighboring the suspect cell in

depth.

aida does not examine transverse neighbor cells. The hot cell killer in Level 2 can only

remove one hot cell from the E/T and total scalar ET calculations and was only run on

101



events taken by the missing et and scalar et triggers. aida in RECO will remove as

many hot cells as it �nds. Those removed cells will not be included in E/T and scalar ET

calculations and will not make up any jets.

The hot cell killer keeps spurious events with large E/T due only to a hot cell from

swamping the high E/T data sample. Unfortunately, aida can sometimes inadvertently

remove good cells that are within jets. The e�ects of such mistakes are discussed in

Section 6.1.3.

5.8 Multiple Interactions

Multiple interactions are events with one or more soft p�p collisions that occur in the same

beam crossing as the hard scattering. A soft interaction is an uninteresting event that

may produce many particles from the remnants of the proton and antiproton, but very few

at high ET . Samples of these events can be collected with a minbias trigger that requires

only hits in the level 0 hodoscopes, and so these soft interactions are generally called

minbias events. Minbias events alone are not interesting, except for special purposes, so

the detector will not trigger on them. But sometimes the detector triggers on a hard

scattering event (an interesting event with high ET particles) with one or more soft

interactions in coincidence.

The multiple interaction rate changes with the instantaneous luminosity. The average

number of minbias interactions in addition to the hard scattering, assuming the hard

scattering triggers the detector, is given by,

� = L�p�p � (5.16)

where L is the instantaneous luminosity, �p�p is the visible p�p cross section, and � is

the crossing time. For D�, �visp�p =44.5 mb and � = 1/(286 kHz). For example, the

average number of minbias interactions in addition with the hard scattering at the average

instantaneous luminosity for the 1993-1995 Tevatron run (�8� 1030 cm�2 s�1) is 1.25.

The probability for multiple interactions to occur with the hard scattering trigger is

given by the Poisson probability. For example, at the average instantaneous luminosity,
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Figure 5.4: E/T and total scalar ET for minbias events. These events were collected at
very low luminosity, so there is most likely only one soft interaction per event. The lower
two plots show the x and y components of E/T . The �ts (solid lines) are to Gaussians.
The E/T spectrum in the upper right hand plot

there is a 71% chance that a hard scattering event will be overlayed with one or more

multiple interactions. The additional transverse energy added by a minbias event is

typically very small and only very rarely produces new jets in events. Figure 5.4 shows

the E/T spectrum for minbias events collected at very low instantaneous luminosity.

One may worry that Monte Carlo (MC) may underestimate backgrounds, since MC

only produces the hard scattering interaction and additional energy from the minbias

events will not be included in the E/T . This e�ect was checked by taking a MC t�t sample

and randomly adding the E/T due to several minbias interactions. There was no signi�cant

di�erence between the resulting E/T spectrum and the E/T spectrum with no minbias
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events added. The t�t E/T spectrum is steeply falling, but not enough to be a�ected by

extra energy from multiple interactions.

Although minbias interactions do not add much extra energy to an event, their extra

particles make additional tracks in the tracking detectors. Rarely, a minbias event will

make more tracks than the hard scattering interaction, causing the minbias vertex to be

chosen as the primary. If the minbias vertex is far from the hard scattering, the ET of the

jets and the E/T may be grossly mismeasured. The e�ects of such mistakes are discussed in

Section 6.1.10. Misvertexing would occur much more rarely if D� had magnetic tracking,

since only the high pT tracks would be used in the vertex determination.
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Chapter 6

Analysis

With any triggering system, one runs the risk of discarding potentially interesting phy-

sics events. The trigger and �lter requirements are thus made as loose as the bandwidth

allows, and so data samples that (perhaps) contain signal events may be heavily contam-

inated with uninteresting background events. Further event selection criteria or cuts are

placed on the data to select the events that could be signal.

It is di�cult to design a set of criteria that will select every signal event and reject

every background event, especially since one usually does not know on an event by event

level which events could be signal and which are background. The signal e�ciency is

the fraction of signal events the cuts accept. Similarly, the background rejection rate

is the fraction of background events not accepted by the cuts. The idea is to design a

set of requirements that keeps the most signal (high signal e�ciency) while reducing the

background contamination as much as possible (large background rejection). In some

sense, this part is the art of the analysis.

Monte Carlo (MC) simulations are used to determine the characteristics of the signal,

and MC and collider data are used to examine the backgrounds. The cuts exploit well

understood di�erences between the signal and backgrounds. In this chapter, Section 6.1

details the cuts that are applied to the data and the di�erences between signal and

background events that justify them. The backgrounds to this analysis were introduced

in Section 3.4 and are covered in more detail in Section 6.3.

105



Section 6.2 discusses the e�ects of the cuts on the collider data passing the analysis

�lter. The events that pass are the candidates. Since this candidate sample is still con-

taminated with background events, the background contribution to the data is estimated

using MC and collider data. That procedure is described in Section 6.3. If the back-

ground estimate accounts for all of the data passing the analysis requirements, then the

desired signal is not observed.

6.1 Event Selection Criteria

The criteria used to select the squark and gluino candidate events and reduce background

contamination are described in this section. One must be careful not to examine in detail

the collider data passing the analysis trigger and �lter until after the analysis requirements

are decided upon. Setting the event selection criteria based on the candidate data will

result in picking out data 
uctuations, rendering incorrect results from the analysis.

Keeping that in mind, a summary of the event requirements is shown below. Subsequent

sections describe them in detail.

Total Scalar Transverse Energy (Clean up) Removes events with main ring activity,

beam halo activity, negative energy, electronics failures, and cosmic rays.

Vertex Position (Clean up) Assures a well centered event.

Removed Cells from Jets (Clean up) Events are rejected if a jet had a cell removed

by the hot cell killer.

Bad Jets (Clean up) Remove events with jets that fail good quality requirements. Also

removes events with electrons.

Jet { Missing Energy Correlations Reduces mismeasured QCDmultijet background.

Muon Veto De�nes signal and reduces background with muons.

Missing Transverse Energy De�nes signal and reduces all backgrounds.

Three Good Jets De�nes signal and reduces all backgrounds.
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Figure 6.1: Total calorimeter scalar ET . The top plot is a signal MC sample. The middle
histogram is from t�t MC. The bottom plot is collider data QCD multijet events with
at least three good jets. Events where the hot cell killer removed a cell from a jet are
rejected.

Leading Jet ET Allows use of jet85 multijet background model.

HT Removes vector boson backgrounds.

Con�rmation of Primary Vertex (Clean up) Removes events that are misvertexed.

6.1.1 Total Calorimeter Scalar Transverse Energy

In order to eliminate events due to high energy cosmic rays showering in the calorimeter

and calorimeter electronics failures (e.g. bad BLS cards), events are required to have less

than 1.8 TeV of scalar transverse energy deposited in the calorimeter. Total calorimeter

scalar ET was introduced in Section 5.4.

The top two plots of Figure 6.1 are histograms of total scalar ET for a signal sample

and a t�t Monte Carlo sample. The bottom plot is scalar ET for data QCD multijet events
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collected by the jet85 �lter where at least three good jets are also required (events where

aida removed a cell from within a jet are rejected; see Section 6.1.3). Events passing the

jet85 �lter, which requires at least one jet at Level 2 with ET > 85 GeV and no E/T

requirement (see Section 6.1.9 for further details), are used to examine the characteristics

of mismeasured QCD multijet events. Not seen on the bottom histogram are 10 over
ow

events with one event at scalar ET of 2.5 TeV and the rest over 80 TeV. Note that this

total scalar ET condition is used instead of a total energy requirement. Requiring total

E < 1.8 TeV may inadvertently remove events with multiple interactions.

To see what this requirement rejects, a plot of E/T vs. scalar ET for events passing

the missing et analysis �lter (requiring only Level 2 E/T > 40 GeV; see Section 6.2.1 for

details) is displayed in Figure 6.2. Several events in the three distinct regions of the plot

denoted by roman numerals were scanned in order to determine the type of backgrounds

that are present. Note that the plot is misleading; 99% of events lie in the \good" region

with E/T < 300 GeV and scalar ET < 800 GeV.

Region I contains events used by this analysis. Anomalous events with small E/T and

very large scalar ET seem to be due to beam halo where one end of the detector has large

energy deposits and many hits in muon and central tracking chambers. Events in region
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II have E/T much larger than expected for a good event. A scan of events there found

several clear cosmic ray events (where a muon showered in the calorimeter), a beam halo

event, and an event with large energy deposits from the main ring. In region III, events

have huge E/T and scalar ET and appear to be caused by enormous main ring losses.

Events are also required to have scalar ET > 0 GeV. This requirement eliminates

events with large amounts of negative energy in the calorimeter. Negative energy arises

when a previous event saturated some calorimeter preamps, and the current event was

taken before those preamps returned to baseline levels. The missing et �lter will not

�re on negative energy (see Section 6.2.1), but may still collect such an event if it is

accompanied by large amounts of noise due to the unsettled preamps. The scalar ET

requirements are not applied to the Monte Carlo samples and are assumed to be 100%

e�cient.

6.1.2 Vertex Position

To assure that events are well centered in the detector, the z position of the primary

vertex is required to be within �60 cm of the center of the detector. A sample vertex

position distribution is shown for Z ! ee events in Figure 5.1 on page 91. For MC

samples, this requirement is applied to the simulated vertex position and is 98% e�cient.

6.1.3 Removed Cells from Jets

Anomalous isolated high energy calorimeter cells (hot cells) and the hot cell killer routine,

aida, were described in Section 5.7. Generally, when a hot cell is removed from an event

the E/T will decrease, since most events are balanced QCD multijet events and will no

longer have the anomalous cell to drive up the E/T . Rarely, it has been observed that a

jet will have a longitudinal shower pro�le such that a cell within a jet cone will meet the

removal criteria, although the cell's energy is probably not anomalous. Since aida only

looks in the longitudinal direction to determine if a cell is anomalously larger than its

neighbors, such cells within jets will be removed, possibly raising the E/T of the event.
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Even though it is rare for the hot cell killer to remove a cell from a good jet, the

mistake has a signi�cant e�ect on the determination of the QCD multijet background.

Applying a E/T requirement also tends to select such balanced events with a good cell

removed and thus enhances the contamination. Therefore, some procedure must be used

to handle these events.

Top quark analyses[90] \recover" the removed cells by adding them back into the jet

and correcting the E/T accordingly. When they perform a E/T requirement, they use the

minimum of the hot cell corrected and uncorrected E/T . That procedure works to recover

events if the expected signal is balanced (or close to balanced) events. For squarks and

gluinos, the signal is very unbalanced (E/T of at least 75 GeV is required). An event of

this type will typically have most of the jets on one side of the calorimeter (in �) with

the E/T vector pointing on the other side. If a jet is reduced by a removal of a cell, the

E/T will decrease (opposite to that of a balanced event). When the cell is added back in,

the corrected E/T will increase back to the true value. Using the procedure of cutting on

the minimum of the hot cell corrected and uncorrected E/T will often result in use of the

wrong E/T value, as shown in Figure 6.3.

One may consider correcting the event if a hot cell is found within a jet and always use

the hot cell corrected E/T for testing the E/T requirement. But the hot cell killer sometimes
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does do its job correctly. Always using the hot cell corrected E/T would possibly introduce

events with real hot cells; a background that is hard to model.

Since this analysis is extremely sensitive to the E/T tail of QCD multijet events, events

with hot cells in jets are rejected altogether. The following criteria must be met to reject

such events:

� A cell that was removed by aida must be within DR = 0:5 (in � � � space) of the

axis of a jet.

� That jet must have ET >15 GeV and j�j < 3:5.

E�ciency of Removed Cells from Jets Requirement

A squark and gluino event will be rejected if a jet has a cell removed by aida, so an

e�ciency must be calculated. In fact, unless the event is corrected by putting the removed

cell back into the jet, this e�ciency is always present since removing a cell from a jet

in a very unbalanced event acts to lower the E/T that goes into the event information,

possibly causing the event to fail a large E/T requirement. To obtain a measurement of

the e�ciency from the data, one would like to start with a sample of clean events that

are not enhanced in hot cells. QCD jet triggers are unsuitable since they will �re on a

hot cell. In order to get an unbiased jet sample, the ele 1 mon �lter, which requires a

cluster in the electromagnetic calorimeter passing some electron shape criteria, is used.

An electron passing the Top group tight criteria is then required. About 6000 events pass

and there are approximately 4000 total jets (not overlapping with the electron) in the

sample. Since it is unlikely that a hot cell could masquerade as a good quality electron

that triggered the taking of the event, this sample should be as clean as possible. Out of

the nearly 4000 jets, twelve are 
agged as having a hot cell within a jet that would cause

the event to be removed by the hot cell in jet criteria. This information is displayed in

Figure 6.4.

The �lled points of Figure 6.5 show the cell removal rate derived from Figure 6.4.

Since the statistics for the last few bins are very low, the last point at �82 GeV is the

sum of bins from Figure 6.4 over 60 GeV. Its ET position is the weighted mean of the ET
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of the entries. The solid line is a straight line �t to those points with slope and intercept

shown in the solid lined box. To simulate the e�ects of aida removing cells from jets, each

MC event (signal and background) is rejected with a probability determined by applying

to each jet in the event the removed cell within jets frequency derived from the �t. With

this procedure, about 5% of squark and gluino events are rejected.

E�ect of Removed Cells from Jets on the Monte Carlo

One may ask why a Monte Carlo sample cannot be used to determine the hot cell within

jets rate, since MC events without noise do not have real hot cells. The answer is that

the detailed cell-by-cell structure of jets is not expected to be modeled correctly by

showerlibrary Monte Carlo�, and thus the rate at which cells are removed by aida in

Monte Carlo does not match the data. The discrepancy can be seen in Figure 6.5. The

open circles are the fraction of jets that have a cell removed by aida in an isajet t�t

�In order to speed up the detector simulation program, a showerlibrary is used. Tens of thousands of
calorimeter showers were simulated and placed in a library. When a particle is tracked into the simulated
calorimeter for showerlibrary MC, the appropriate shower is pulled from the library and added to the
event. The showerlibrary speeds up the detector simulation by more than a factor of 20.
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(Mt = 170 GeV/c2) sample where the top quarks always decay to jets. Such an all jets

sample will have low intrinsic E/T . The Monte Carlo grossly overestimates the number of

hot cells within jets. One is not even sure if the shape of the MC distribution is correct,

since it is not suggested by the data.

Since aida is run on MC samples, there will be cells removed from jets. Clearly,

any hot cell found in a Monte Carlo event with no noise added is a mistake by aida.

Therefore, for all Monte Carlo samples cells removed from jets are added back into the

event. Jet quantities and the E/T are corrected accordingly.

One may worry that an entire jet can disappear when a cell containing most of its

energy is removed and the remains of the jet has ET below the reconstruction threshold

of 8 GeV. An isolated hot cell in a Monte Carlo event would indicate an occurrence of

this e�ect. Fewer than 1% of squark and gluino events passing the analysis requirements

have such an isolated hot cell. Such events are deemed defective and are ignored (not

counted in event tallies).

6.1.4 Jet{Missing Energy Correlations (Angular Cuts)

One instrumental background to the squark and gluino signature comes from QCD multi-

jet events, where one or more jets are poorly measured creating missing transverse energy.

This background can be reduced by examining the correlation between the directions of

the jets and the E/T vector. For example, if in a balanced event a jet's energy is mis-

measured such that the jet becomes the leading jet, it will generate E/T opposite to its

direction (in �). If a jet's energy is mismeasured low, it will tend to lie along the direction

of the E/T . Figure 6.6 is a plot of � 2nd jet � �6ET
vs. �Leading jet � �6ET

for QCD multijet

events taken by the jet85 �lter, t�t Monte Carlo events (Mt = 170 GeV=c2), and two

mSUGRA signal Monte Carlo samples. Events displayed were required to have at least

three good jets with ET > 25 GeV, no other bad jets with ET > 15 GeV (see Section 6.1.7

for the good jet requirements), E/T > 25 GeV, and no removed cells from jets. Note the

clumping of events in the corners of the QCD multijet plot due to poorly measured jets.
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Prezap Postzap
CF � CF � EF �
j�j < 1 j�j < 1 1 < j�j < 2:5

ifw4 � 1 ifw4 � 1 ifw4 = 0

pT > 15 GeV

Hfrac > 0.6 and Efrac(H1) > 0
or

Hfrac = 1

ifw1 6= 5

DR(�;nearest jet) > 0:5

Table 6.1: Requirements for muon rejection. An event will be rejected if it contains a
muon meeting the criteria shown here.

No pronounced clustering of events is seen in any of the signal, top quark, or vector boson

background Monte Carlo samples.

To eliminate the poorly measured QCD multijet events, an event is rejected if any jet

with ET > 25 GeV is either along or opposite in � to the E/T vector within 0.1 radian.

In order to reject events where a 
uctuation of the second jet masks the correlation with

the leading jet, events are required to have
p
(��1 � �)2 � (��2)2 � 0:5 where ��i is the

azimuthal angle between the ith jet and the direction of E/T . The placement of the cuts

are displayed in Figure 6.6. An event falling outside of the heavy solid line is rejected.

All of these angular requirements are applied to the signal and background Monte Carlo

samples, but the background from QCD multijet events passing is estimated from data

(see Section 6.3.2.1). This requirement is �75% e�cient for the squark and gluino signal.

6.1.5 Isolated Muon Veto

Since only squark and gluino events with hadronic cascade decays are sought, events with

isolated muons are vetoed (electrons are vetoed with the good jet requirements discussed

in Section 6.1.7). An event is rejected if it has a muon meeting the criteria in Table 6.1.

These requirements are the standard loose muon criteria used by the Top group[91,92] and

are explained in more detail below.
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Prezap/Postzap: Only CF muons (j�j < 1) are vetoed for the Prezap era (Run #

< 89,000) when forward muon chambers su�ered low e�ciency due to accelerated

aging.[93,94]

ifw4 muon quality word: ifw4 starts at zero and is incremented for each failure of

the WAMUS muon track to meet the following quality criteria,[55]

� Every WAMUS module along the track contributes hits.

� Nonbend view impact parameter � 100 cm.

� Bend view impact parameter � 80 cm.

� Nonbend view track �t has hit residual RMS � 7 cm.

� Bend view track �t has hit residual RMS � 1 cm.

MTC quantities (Hfrac and Efrac): MTC[87] is a package run during reconstruction that

performs muon tracking in the calorimeter. It starts by forming a 5 cell � 5 cell

road centered about the muon track from WAMUS projected into the calorimeter.

The road extends through all electromagnetic and hadronic layers. Tracking begins

at the hit cell closest to the center of the road in the last layer of the calorimeter

before the muon system. Hit cells in inner layers are added to the track if they are

transversely o�set by no more than one cell in � or � compared to a hit cell in the

layer above. If a layer has no hit cells meeting the neighbor criteria, the layer is

skipped.

The Hfrac value is the fraction of hadronic layers that have a cell contributing to

the muon track out of the total number of hadronic layers the track traverses.

Along with the standard 5 � 5 road, a 3 cell � 3 cell \core" road is also constructed.

Efrac(H1) is the fraction of energy in the outer most layer of the calorimeter within

the core road out of the total energy (sum of all layers) within the core.

The special case of Hfrac = 1 is to allow vetoing of muons with a very good track

(a hit in every calorimeter layer) that lies outside the 3 cell � 3 cell core cone and

fails the Efrac(H1) requirement.
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Quadrant Multiplicative E�ciency

musmear Postzap Monte Carlo non-musmear MC

CF 0.937 0.815

EF 0.400 0.337

Table 6.2: Corrections to Monte Carlo muon e�ciencies.[91,92]

ifw1 missed layer word: ifw1 indicates if the muon is an \A{stub" with only hits in

the �rst layer of WAMUS (A layer) before the toroid magnet. If ifw1 6= 5, then

the muon is not an A{stub.

Isolation (DR): Squarks and gluinos may decay to b{quarks, which in turn may decay

to muons that will appear within the b{jet. Therefore, only events with muons

isolated from hadronic activity are rejected. A muon is considered isolated if its

distance to the nearest jet is DR > 0:5 where DR is measured in � � � space.

The muon veto is applied to all signal and background samples. For Monte Carlo,

there is a correction to the e�ciency. If a muon meeting the requirements in Table 6.1 is

found in a Monte Carlo event, the event to be rejected at a rate[91,92] given in Table 6.2.

Overall, these requirements are �90% e�cient for the squark and gluino signal. 52% of

a MC W ! �� + � 3 jets sample is rejected.

6.1.6 Missing Transverse Energy Requirement

Missing transverse energy is one of the key event quantities used in selecting squark

and gluino events and reducing backgrounds. This analysis uses calorimeter E/T after jet

corrections (see Sections 5.4 and 5.6). The E/T thresholds are optimized for each mSUGRA

point that was tested. See Section 7.2 for details of the optimization procedure. The E/T

thresholds used are E/T > 75, 90, and 100 GeV. This requirement is applied to all signal

and background Monte Carlo samples. Several example spectra from Monte Carlo are

shown in Figure 6.7. Note that the Z ! �� sample has a generator E/T > 40 GeV
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Figure 6.7: E/T spectra. All distributions are from Monte Carlo. The upper right his-
togram is from a MC t�t sample where the mass of the top quark is set to 170 GeV=c 2.
The Z ! �� sample has a generator E/T > 40 GeV requirement already applied as de-
scribed in the text. The vertical axis scale re
ects the number of events in the Monte
Carlo sample.

requirement already applied.y E/T spectra for some other signal samples were shown in

Figure 3.6 on page 38.

6.1.7 Good Jet Requirements (Electron Veto)

Along with large E/T , the squark and gluino signature stipulates that such events should

have a large jet multiplicity due to the cascade decays. To be as inclusive as possible

while providing background rejection, the jet requirements are that an event must contain

at least three good jets of corrected ET � 25 GeV (backgrounds become unmanageable

if only two jets are required). Jets of cone size 0.5 in � � � space are used for this

analysis (DR =
p
(��)2 + (��)2). The 25 GeV requirement is placed beyond where the

reconstruction of 0.5 cone jets is fully e�cient.

A good jet must pass the clean jet requirements shown in Table 6.3, where EM

fraction and CH fraction are the fraction of the jet's ET deposited in the electromagnetic

yGenerator E/
T
is the negative vector sum over particle ET as calculated by the event generator with

no detector simulation and no resolution smearing.
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0:1 � EM Fraction � 0:9

CH Fraction � 0:4

j�j � 3:5

Table 6.3: Good jet requirements.

and coarse hadronic layers of the calorimeter, respectively. The low end EM fraction

requirement eliminates jets formed from hot cells in the hadronic calorimeter. The high

EM fraction cut eliminates electrons and photons, since they deposit nearly all of their

energy in the EM calorimeter. The calorimeter was built so that hadronic jets shower

in the FH with the CH catching the tails. A jet showering predominately in the CH

is in reality probably noise in a CH module or losses from the Main Ring accelerator,

thus the purpose of the CH fraction requirement. The large � requirement assures that

the jet is not extremely forward and close to the beam pipe. Figure 6.8 displays the

number of good jets passing these requirements with ET � 25 GeV for various signal and

background samples. Distributions for several other mSUGRA samples were shown in

Figure 3.7 on page 39.

The Monte Carlo e�ciency for true good jets passing the good jet requirements

matches the data (see Reference 95 for the data e�ciencies). Overall, a good jet is

�96% e�cient.

Because of degraded jet energy resolution and lack of good EM coverage, events with

the leading jet pointing to the intercryostat region (1:1 � j�detectorj � 1:4) are also

rejected. This requirement is �88% e�cient for the squark and gluino signal.

To further reduce contamination from bad jets, all jets in the event with ET > 15 GeV

are required to pass the good jet tests, or else the event is rejected. One e�ect of this cut

is to eliminate events with poorly measured jets and events with E/T due to main ring

noise or many interactions that paste the inner calorimeter with energy. In this analysis,

it also acts as a very e�cient electron veto for electrons with ET > 15 GeV. The signal is

75% to 85% e�cient depending on the values of M0 and M1=2. The electron veto rejects

83% of a W ! e� + � 3 jets sample.
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6.1.8 HT Requirement

A large HT requirement is used to reduce severely the Standard Model vector boson plus

jets backgrounds. It is de�ned as follows,

HT =

NX
i=2

ET jet i
(6.1)

where the sum is over the number N of good jets with ET � 25 GeV excluding the leading

jet. The good jet requirements are the same as in Table 6.3 except that the Top group's

requirement of j�j � 2:5 is applied (widening it to j�j � 3:5 makes no di�erence). An

HT requirement of at least 150 GeV is approximately 50% e�cient for the signal for the

worst case and reduces the vector boson background by nearly a factor of ten, leaving

t�t production as the dominant SM background. Shown in Figure 6.9 are histograms of

HT for various signal and background Monte Carlo samples. HT distributions for several

other signal samples were shown in Figure 3.9 on page 41.

Along with E/T , the HT threshold is optimized for each signal point (see Section 7.2).

HT thresholds of HT > 100, 120, 140, 150, and 160 GeV are used.

6.1.9 Leading Jet ET Requirement

A collider data sample of events passing the jet85 �lter (at least one Level 2 jet with

ET > 85 GeV) is used to determine the background from mismeasured QCD multijet

events (see Section 6.3.2.1). jet85 is the only sample suitable, since other jet triggers

were heavily prescaled and have little collected luminosity or have undesirable extra

requirements such as only passing events with a single interaction (such events will not

have the same characteristics as candidate events passing the analysis �lter). A leading

jet ET requirement of ET > 115 GeV is applied in this analysis so that the QCD multijet

background contributing to the data passing the missing et analysis �lter is described

by the jet85 model.

The ET > 115 GeV threshold is set where the jet85 �lter is fully e�cient as shown

in Figure 6.10 (the jet50 �lter requires at least one Level 2 jet with ET > 50 GeV).

Leading jet ET spectra for some mSUGRA points are shown in Figure 3.8 on page 40.
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Figure 6.10: jet85 turn on curve measured by the ratio of events taken by the jet50

�lter that pass jet85 requirements. The parameterization is described in the text.

The turn on curve is best parameterized by the following formula:

PassingFraction(ET ) = 1� e
�
�
ET

P2

�
P1�P3 (6.2)

This requirement is applied to all signal and background samples. Its e�ect on some

of those samples is shown in Figure 6.11.

6.1.10 Con�rmation of the Primary Vertex

In the D� searches for squarks and gluinos based on data from the 1992{1993 Tevatron

run,[45,46] it was discovered that some multiple interaction events contribute a large in-

strumental background to the squark and gluino signature. Such events are nearly always

QCD multijet events with very low true E/T but large measured E/T . The cause of the

mismeasurement is misplaced vertices. As described in Section 5.8, if an additional min-

bias event produces enough tracks, its interaction point will be assigned as the primary

vertex from where the event is reconstructed. If the true hard scattering vertex is far

enough from the misplaced primary vertex, the E/T can be grossly mismeasured to a very

high value.

These events with misplaced vertices are rare, but they are preferentially selected

by this analysis due to the large E/T requirement. The trigger and �lter use fastZ and

124



    21%
  138.9
  47.36

    10%
  114.4
  47.71

        6%
  106.7
  41.71

       5/11,000
98.00

  27.13

0

20

40

60

80

100

0 100 200 300 400
0

10

20

30

40

50

0 100 200 300 400

0

100

200

300

400

500

600

0 100 200 300 400
0

0.5

1

1.5

2

2.5

3

0 100 200 300 400

M0 = 75 GeV, M1/2 = 100 GeV M0 = 300 GeV, M1/2 = 50 GeV

W →  τν (τ → hadrons)  + 2 jets
tt (Mtop = 170 GeV/c2) Leading Jet ET (GeV)

Entries
Mean
RMS

Figure 6.11: Leading Jet ET after E/T > 75 GeV, HT > 100 GeV, and 3 good jets with
ET > 25 GeV requirements are applied. The top number in each plot is the fraction of
events surviving those requirements. The middle and bottom numbers are, respectively,
the mean and RMS of the leading jet ET distribution shown.

125



-100

-80

-60

-40

-20

0

20

40

60

80

100

-100 -80 -60 -40 -20 0 20 40 60 80 100

-100

-80

-60

-40

-20

0

20

40

60

80

100

-100 -50 0 50 100

ENTRIES     1990

Primary vertex z (cm)

Primary vertex z (cm)

Secondary vertex z (cm)

S
lo

w
Z

 v
er

te
x 

(c
m

)
S

lo
w

Z
 v

er
te

x 
(c

m
)

ENTRIES      828 ENTRIES      661

-100

-80

-60

-40

-20

0

20

40

60

80

100

-100 -50 0 50 100

Correctly vertexed
events

Primary vertex
misplaced

Primary vertex
misplaced

Figure 6.12: Trigger and o�ine vertex correlation. Data is from the jet85 �lter passing
E/T and HT requirements. The top plot is for events passing jet pointing (described in
the text). The bottom two plots are those events that fail. Note how slowZ and the
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slowZ vertices, respectively, which are generated by timing information from the level 0

hodoscopes, not the tracking system (fastZ and slowZ are described in Section 4.3.5.1).

However, in events where the primary vertex is far from the true hard scattering vertex,

the fastZ/slowZ vertex is still correlated with the incorrect primary vertex position as

shown in Figure 6.12. Thus not only will the o�ine requirements accept these events, but

the trigger will take them as well. Such balanced misvertexed events with large measured

E/T swamp the candidate sample.

The solution to this problem for the analyses based on the 1992{1993 Tevatron run

data[37,38,45,46] was to impose a single interaction requirement on the data using the

multiple interaction tool (mi tool).[96] Any event with mi tool value over 2, indicating

a probable multiple interaction, was rejected. This cut reduced the observed integrated

luminosity from �13 pb�1 to �7 pb�1, for a loss of just less than half of the data. In the
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1993-1995 Tevatron run used for this analysis, the average instantaneous luminosity was

much greater than in the previous run. Requiring only single interactions would result in

discarding a much larger fraction of the collected luminosity (approximately 2/3).

Most multiple interaction events are not a problem; rather it is only those where the

vertex has been misidenti�ed that give rise to mismeasured large E/T events and constitute

the instrumental background. In order to eliminate such events, the leading ET central jet

is required to emanate from the primary vertex selected by RECO, and this con�rms that

vertex as the true interaction point of the hard scattering. This requirement is executed

by using a technique for jet pointing[97] adapted and tuned for this analysis.

The procedure works in the following manner. Tracks within DR = 0:4 (in � � �

space) of the axis of the leading ET central jet projected into the Central Drift Chamber

(CDC) are marked as associated with that jet. The origin of each of those tracks is

determined by extrapolating them to the z axis (at r = 0). If a track extrapolates to

within 10 cm of a reconstructed vertex, it is recorded as emanating from that vertex. An

event will be rejected if the leading ET central jet does not con�rm the primary vertex

as stipulated by the following criteria,

� The primary vertex is not con�rmed if there are no tracks associated with the

leading ET central jet or none of the tracks emanate from any reconstructed vertex.

In the latter case, one has no faith that the primary vertex is correct. If no tracks

are found close to the jet, as in the former case, it is unclear how the primary vertex

was even determined.

� The primary vertex is not con�rmed if 50% or more tracks associated with the

leading ET central jet emanate from a di�erent vertex.

� The primary vertex is not con�rmed if half or more of the tracks associated with

the leading ET central jet emanate from jzj > 60 cm. This requirement handles the

case where the true interaction point falls in the region where vertex �nding is less

e�cient or outside of the region where vertices are reconstructed.
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Because full tracking is only performed for the CDC, only central jets can be used for

this jet pointing technique. Using only the leading ET central jet is su�cient to con�rm

the primary vertex and retains high signal e�ciency. Nearly 100% of squark and gluino

events have at least one central jet. Requiring a second central jet has an e�ciency of

approximately 90%.

This requirement is performed last in the analysis because more event information is

needed than what is available on compressed data �les.

Details of Jet Pointing

In order to tune the jet pointing procedure and determine its e�ciency, a QCD jet data

sample is needed. The goal is to keep the probability of rejecting a correctly vertexed

event small while reducing as much of the misvertexed events background as possible.

Since activity in the CDC increases as the instantaneous luminosity increases, the jet

pointing method will fail good events more often in periods of high instantaneous lumi-

nosity. Therefore, a sample of events is needed at a variety of instantaneous luminosities

to measure the luminosity dependent e�ciency. Ideally, one would like to use a sample

with a low ET jet trigger threshold so that the cross section for production of SUSY

particles will be negligible compared to the QCD cross section. Unfortunately, the �lter

with the lowest threshold, jetmin, was heavily prescaled and eliminated altogether after

about 3/4 of 1993-1995 run. Other slightly higher threshold jet triggers appeared for only

a short time or included a Level Zero single interaction requirement. The only jet triggers

that are usable are jet85 (one level 1 large tile over 35 GeV as well as two large tiles

over 6 GeV; level 2 jet over 85 GeV) and jetmax (one large tile with ET over 45 GeV and

two large tiles over 10 GeV at level 1; level 2 jet over 115 GeV). Fortunately, it appears

that jet spectra of the leading jet from squark and gluino events resemble the leading jet

spectra from these �lters, as shown in Figure 6.13. Events from these �lters containing

at least three good jets are used to tune and determine the e�ciency of jet pointing. One

still expects the SUSY cross section to be tiny compared to QCD when examining events

at the low end of the E/T spectrum.
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Figure 6.13: Leading jet ET spectra. The lower four plots are from mSUGRAMC samples
with (M0;M1=2) as denoted.
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Figure 6.14: Jet { track matching. The �rst three plots show how close tracks come to
the jet axis in � � � space. The vertical scale re
ects the number of events in the data
sample. The lower right plot displays the average number of tracks found in a DR = 0:4
cone about the jet axis vs. jet ET in GeV.
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Figure 6.15: Average number of tracks in jets vs. instantaneous luminosity.

As mentioned, the jet pointing method involves drawing a cone about the jet axis

extrapolated into the CDC tracking volume. Any good track found within this cone is

associated with that jet. Tracks are bad if they have no r � z view (tracking is done

in r � � �rst, then r � z), have only two or fewer hits, have a bad �2 from �tting the

hits, or have an x� y impact parameter indicating that the track emanates from outside

of the beam pipe. Figure 6.14 shows histograms of the distance that the closest, next

closest and third closest tracks come to the jet axis. The jets are only from the central

region (j�detectorj < 1:1). A cone size of DR = 0:4 about the jet axis, where DR is the

distance in � � � space, is appropriate to associate tracks with 0.5 cone jets. Enlarging

the tracking cone increases the probability that a stray track will be associated with the

jet and thus will decrease the jet pointing e�ciency.

The bottom right plot of Figure 6.14 shows the average number of tracks associated

with a jet (found within the DR = 0:4 cone) vs. jet ET . One would expect to �nd

more tracks within higher ET jets, since they are made up of more particles than jets

of low ET . The plot does not show that behavior and seems to indicate that the CDC

and/or tracking algorithm saturates if too many particles are present. Further indication

of this saturation e�ect can be seen in Figure 6.15, showing the average number of tracks

associated with the leading ET central jet vs. instantaneous luminosity.

Now that the size of the cone to use for associating tracks is set, the e�ciency of

the jet pointing requirement must be determined. Multiple interactions are not included
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Figure 6.16: E�ciency of jet pointing. Plots are described in the text.

in the Monte Carlo samples, and the MC tracking e�ciency is probably too high to

accurately model high occupancy regions of the CDC, therefore the QCD multijet data

(from jet85 and jetmax) are used to determine the jet pointing e�ciency. Events from

the QCD multijet sample are required to have at least three good jets (see the good jet

requirements in Section 6.1.7) and E/T < 25 GeV. The requirement of low E/T is used

to assure that the events examined are less likely to su�er from misvertexing, since the

e�ciency should indicate how often correctly vertexed events are mistakenly rejected by

the jet pointing procedure. This e�ciency is shown vs. instantaneous luminosity in the

plots displayed in Figure 6.16.

The top histogram in Figure 6.16 shows the instantaneous luminosity distribution for

the QCD multijet events (after the good jet and low E/T requirements are applied). The

remaining plots show the fraction of events in each luminosity bin yielding a particular
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outcome of the jet pointing algorithm. The fractions for the same luminosity bin sum

across the plots to one.

� Upper left plot: fraction of events where the primary vertex is con�rmed, because

the tracks in the central jet point to the primary vertex. Events shown here pass

the jet pointing requirement, and the fractions are thus the e�ciency of jet pointing

vs. instantaneous luminosity. All events in the other plots fail jet pointing.

� Upper right: fraction of events where the jet had more tracks emanating from the

secondary vertex than the primary.

� Middle left: fraction of events where the jet had more tracks emanating from the

tertiary vertex than the primary. Only a few events have three vertices found.

� Middle right: fraction of events where none of the tracks associated with the jet

point to a reconstructed vertex.

� Lower left: fraction of events where no tracks could be associated with the leading

ET central jet.

� Lower right: fraction of events where the jet had half or more of its associated

tracks emanating from beyond jzj = 60 cm.

The jet pointing e�ciency ranges from 82% for very low instantaneous luminosity to

68% for very large instantaneous luminosity (the last two bins displayed in the e�ciency

plots are for instantaneous luminosities where a minuscule amount of data was collected).

When the luminosity pro�le of the data run (integrated luminosity vs. instantaneous

luminosity, see Figure 6.20) is taken into account, the jet pointing method is 80% e�cient

overall.

Figure 6.17 shows at some level the e�ectiveness of the jet pointing procedure. The

data come from a jet85 QCD multijet sample passing most of the analysis cuts (except

E/T and leading jet ET ). The log plot shows three E/T spectra, normalized to the �rst

two bins. The open circles denote the spectrum for all events. The open triangles are for

events passing the single interaction requirement of mitool < 2. Note that only a small
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Figure 6.17: E�ectiveness of jet pointing. The curves are normalized to the �rst two bins.
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fraction of the data passes this condition, as seen by the large error bars on the single

interaction points. The �lled squares are the data passing the jet pointing algorithm. At

low E/T , all three types of points track together. As E/T increases, the \all data" points

develop the enhanced tail due to the misplaced vertex events. The \pass jet pointing"

points tend to lie well below the \all data" points for large E/T .

The expected background, that is misvertexed events that pass the jet pointing re-

quirement, is not explicitly determined since such events will contribute to the calculated

QCD multijet background (see Section 6.3.2.1). An examination of the �nal event sample

yielded no such mistakes by the jet pointing algorithm, indicating that the background

is probably quite small.

6.2 Collider Data

Now that the analysis requirements are set, the number of events passing in the collider

data can be examined. The data taken for this analysis correspond to an integrated

luminosity of 79.2 pb�1. Data were collected by an unprescaled �lter and then streamed

into manageable �le sets. The analysis event criteria were applied to the data and yielded

49 events from the loosest E/T and HT requirements (E/T > 50 GeV and HT > 100 GeV).

6.2.1 Trigger and Filter

Events were collected for this analysis with the missing et trigger and �lter. This trigger

was not prescaled at any time. The requirements of the trigger and �lter are,

Level 1: L1E/T > 40 GeV and at least one calorimeter trigger tower with ET > 5 GeV

and j�detectorj < 2

Level 2: L2E/T > 40 GeV

Level 1 calculates E/T from trigger towers within j�detectorj < 1:6, and does not include

energy in the ICD and CH layers of the calorimeter. Since the CH is excluded, the

missing et trigger will not usually �re on events with only negative energy. Level 2
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Figure 6.18: Turn on curve for the missing et trigger from the \jet erasure" procedure.

uses the entire calorimeter for its calculation and may remove at most one cell 
agged

as hot by the hot cell killer (see Section 6.1.3). The trigger also requires good beam,

which means that the trigger is inhibited from taking data while the Main Ring is in

injection or transition (MRBS LOSS) or while Main Ring protons are passing through the

D� calorimeter (MICRO BLANK).

Figure 6.18 shows the turn on curve for the missing et �lter. Obtaining a turn

on curve for E/T is nontrivial since there are many sources of E/T in events, including

instrumental ones. One would like to measure the turn on characteristics for events with

true E/T caused by physics processes, such as neutrinos. Two procedures are used.

One method[98] is used to generate the curve in Figure 6.18. The procedure is to take

balanced multijet events collected by QCD jet triggers and replace one jet cell by cell

with calorimeter noise. This \erases" the jet from the event, generating E/T as if the jet

were a neutrino. The altered events are then passed through RECO (version 12.20) and the

trigger simulator (version 7.08). Finally, the jet corrections are applied to the remaining

jets and the E/T . The trigger simulator was designed to mimic exactly the online Level 1

and Level 2 systems, giving the E/T that Level 1 and Level 2 would have seen. Figure 6.18
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displays the fraction of events passing the missing et trigger and �lter requirements vs.

corrected calorimeter E/T .

The other method involves a sample with high pT muons. Since muons pass through

the calorimeter leaving little energy, they generate calorimeter E/T . The statistics for the

muon sample are very small, but the turn on curve is consistent with what is measured

by the jet erasure method.

As seen in Figure 6.18, the missing et �lter is fully e�cient at �75 GeV. The curve
is parameterized by the function,

f(E/T ) =
1

2

�
erf

�
E/T � x0p

2�

�
+ 1

�
(6.3)

The �t parameters are,

x0 = 51:4 � 0:4

p
2� = 12:9 � 1:4

The �2 is 0.5 per degree of freedom.

The parameterization of the missing et turn on curve is only used to calculate back-

ground estimates for E/T < 75 GeV which only serve as checks. Since the QCD multijet

background rises dramatically in between E/T = 50 and 75 GeV, the optimized E/T thresh-

olds are always > 75 GeV where the trigger is fully e�cient.

6.2.2 Applying Analysis Requirements to the Data

All data were reconstructed with version 12 of the D� reconstruction program (RECO). The

jet and E/T corrections were applied with the cafix v5.0 software package.[88] Table 6.4

shows the e�ects of each of the analysis requirements on the data. The initial sample

comes from the run1b np met d�dad stream. A stream is a set of �les containing events

passing one or more speci�c �lters. d�dad streams are �les of run and event pointers,

allowing direct access to event �les. The run1b np met d�dad stream contains pointers

to all events passing the missing et, scalar et, and jet 1 miss �lters.

Some events from the run1b np met d�dad stream meeting loose requirements are

extracted to a smaller �le that can be managed more easily. The initial selection require-
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Analysis Requirement Events remaining

Events in run1b np met stream 1,628,939

Events passing initial selection (E/T > 40 GeV, 2 jet banks) 682,399

Pass missing et �lter 173,724

0 < Escalar
T < 1800 GeV 171,270

�60 � primary vertex z position � 60 cm 150,828

No cells removed from jets 118,762

All jets of ET > 15 GeV pass good jet requirements 79,190

Leading jet not pointing towards ICR 71,023

At least 3 jets with ET > 25 GeV 9,012

Jets not correlated with E/T vector 2,838

E/T > 50 GeV 1,218

HT > 100 GeV 418

Leading jet ET > 115 GeV 136

No isolated muons with ET > 15 GeV 135

Leading ET central jet con�rms primary vertex 49

Table 6.4: Analysis requirements on the data. The initial selection criteria are described
in the text.

ments are that events must have corrected E/T > 40 GeV and at least two jet banks (any

quality jets with ET over 8 GeV). Note that the missing et �lter requirement was not

made when �lling the initial selection �le to make it more usable to others.

A summary of the number of events passing for di�erent E/T and HT thresholds is

shown in Table 6.5. Some distributions of the data passing the analysis requirements are

shown in Figure 6.19. The points with E/T threshold of 50 GeV are used only as checks

and do not contribute to the �nal results of the analysis.

6.2.3 Luminosity

The observed luminosity is determined by running the production data base utilities over

the list of data �les that were examined in the analysis. The total luminosity seen by the

missing et trigger is 84.3 pb�1. 3.4 pb�1 of luminosity from runs 
agged as \bad" are
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E/T > (GeV) HT > (GeV) Candidates E/T > (GeV) HT > (GeV) Cand.

50 100 49 50 150 31
75 100 15 75 120 12
75 140 11 75 150 8
75 160 6 90 100 8
100 100 7 100 150 3

Table 6.5: Number of candidate events passing all requirements with varying E/T and HT

thresholds.
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Figure 6.19: Integrated distributions of E/T , HT , jet ET , and the number of jets for
missing et data passing analysis requirements with E/T > 50 GeV and HT > 100 GeV.
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missing et jet85 jet50

79.2 � 4.2 pb�1 55.9 � 3.0 pb�1 4.7 � 0.2 pb�1

Table 6.6: Luminosity for triggers used in this analysis.

subtracted as well as 1.6 pb�1 from �les that d�dad failed to locate. 79.2 pb�1 remains.

A summary of the luminosity information is given in Table 6.6. The systematic error on

the luminosity is 5.3%.[99]

A plot of the instantaneous luminosity pro�le is given in Figure 6.20. The average

instantaneous luminosity for the 1993{1995 run for events collected in the missing et

stream is 8:76 � 1030 cm�2 s�1.

6.3 Background Estimation

A disadvantage of the jets and missing energy signature for squarks and gluinos is the large

background. Section 6.1 describes the requirements on the analysis designed to reduce

the backgrounds as much as possible while still retaining signal e�ciency. There are two

types of background sources: those with E/T due to one or more neutrinos produced in

the event and those with E/T from purely instrumental e�ects. Many background sources

are considered. A summary of the background estimates are shown in Tables 6.9 through

6.18.

6.3.1 Physics Backgrounds

The examined SM processes that have E/T due to one or more neutrinos in the �nal state

are:

� t�t decays

� W ! e� + jets

� W ! �� + jets

� W ! �� + jets; � ! `�
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Figure 6.20: Luminosity pro�le for the missing et trigger.

� W ! �� + jets; � ! hadrons

� W ! `�; Z ! X

� W ! `�; W ! qq0

� Z ! �� + jets

� Z ! �� + jets

The background summary tables indicate the background estimates for di�erent E/T and

HT requirements.

The analysis requirements are applied to all background Monte Carlo samples. Events

where aida removed a cell from a jet are corrected by putting the cell back into the event

and adjusting the jet quantities and E/T accordingly. Events that have an isolated hot

cell, indicating that a jet was lost to the hot cell killer, are not counted. Furthermore,

the removed cell e�ciency as described in Section 6.1.3 is applied to all Monte Carlo

events. A summary of the background Monte Carlo information is given in Table 6.7.

Each background is discussed in subsequent sections. All Monte Carlo samples produced

were processed by the detector simulation program and the same RECO program as used

on the data.z

zshowerlibrary geant version 3.14 and 3.15[100, 101] and RECO v12.
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Process � (pb) ��� (pb) MC events generated

t�t! X 5.77 1.72 39512

W ! e� + � 3 jets 95.67 28.70 18052

W ! �� + � 3 jets 95.67 28.70 18205

W ! �� + � 3 jets; � ! `� 34.15 10.24 6665

W ! �� + � 2 jets; � ! hadrons 173.82 34.76 11165

pair W ! `�; W ! qq0 5.54 1.66 47579

pair W ! `�; Z ! X 0.32 0.10 48121

Z ! �� + � 3 jets 3.19 0.96 11987

Z ! ��; 25 < Z pT < 50 18.50 5.55 11932

Z ! ��; 50 < Z pT < 100 4.10 1.30 2971

Z ! ��; 100 < Z pT < 200 0.48 0.14 988

Z ! ��; 200 < Z pT < 400 0.02 0.006 982

Z ! ��; 25 < Z pT < 50 70.00 21.00 39929

Z ! ��; 50 < Z pT < 100 20.00 6.00 9976

Z ! ��; 100 < Z pT < 200 2.50 0.75 999

Z ! ��; 200 < Z pT < 400 0.08 0.02 981

Table 6.7: Background Monte Carlo Generation. Cross sections and errors are shown for
all processes generated with Monte Carlo. Events with hot cells are not counted.
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The t�t background is estimated from a 40,000 event Monte Carlo sample produced

by the herwig[102] event generator{ with the top quark mass set at 170 GeV/c2, close to

the D� measured value of 172 GeV/c2.[103] The D� measured cross section at that mass

is 5.77 � 1.82 pb.[90] So that errors are not applied twice, luminosity and energy scale

errors are removed from the uncertainty on the cross section, resulting in a value of 5.77

� 1.72 pb used for estimating the t�t background.

Figure 6.21 displays the number of events from di�erent t�t decay modes passing the

analysis requirements. The sample used there is from isajet instead of herwig, because

the herwig events do not contain enough information to determine the parents of all of

the daughter particles.

Single top

Although single top quark production has not been observed, one may imagine that such

events can mimic the squark and gluino jets and missing energy signature. However, single

top events typically do not have enough high ET jets to pass the analysis requirements.

With the low theoretical cross section for single top production, there is zero contribution

to this analysis.

6.3.1.2 W! `�

W boson decays can be an important background since the neutrino can produce substan-

tial E/T in the event. Though the leading jet produced in initial or �nal state radiation

may have substantial ET , the other jets are typically soft. By excluding the leading

jet from the HT calculation as described in Section 6.1.8, the HT requirement severely

reduces the contribution from these sources to the analysis background.

LargeW + jets vecbos[104] Monte Carlo samples produced by the Top group (�20,000
events per decay type) and hadronized by isajet are used. For all W decays except

{Event generators such as herwig, pythia, vecbos, and isajet are Monte Carlo programs that simulate
desired physics processes. They determine that particles that are produced with their energies and
directions. The detector simulation, showerlibrary geant,[100, 101] simulates the detector response to
those particles. Note that vecbos only generates quarks in the �nal state. vecbos is thus married with
isajet or herwig which hadronize the quarks into jets.
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for hadronic decays of the tau, a W ! `� + � 3 jets sample is used. Since a tau

decaying to hadrons will look like a jet, a W ! `� + � 2 jets sample is used to get

the W ! ��; � ! hadrons estimate (only W 's decaying to taus decaying to hadrons are

examined).

The vecbos cross sections are used with a 30% error applied for the 3 jet samples and

20% for the two jet sample (10% per generated jet).[45]

6.3.1.3 WW and WZ

Events with vector boson pairs are considered because the �nal states are somewhat close

to those of top decays though with fewer jets produced. Although the cross section for

production of WW is close that of t�t, there are not enough high ET jets for events to

pass the analysis requirements.

Two isajet samples with �50,000 events each produced by the Top group are used

for this estimate: one for pairW ! `�; W ! qq0 events and another for W ! `�; Z ! X

pair events. The WW pair production cross section is 5.54 � 1.66 pb and the WZ

cross section is 0.32 � 0.10 pb. Only a handful of Monte Carlo events pass the analysis

requirements, yielding no signi�cant contribution to the background.

6.3.1.4 Z! �� and Z! ��

Decays of the Z boson do not normally involve large missing energy except perhaps in

the invisible mode (Z ! ��) but even then, the neutrinos are back to back if the Z is

not boosted. Therefore, for Z events to mimic the SUSY signal, the Z must be heavily

boosted and a lepton must be lost for the visible modes. The HT requirement severely

reduces the amount of these backgrounds, since the secondary jets are typically soft like

the W backgrounds.

The Z ! �� and Z ! �� backgrounds are estimated with pythia.[105] As seen in

Table 6.7, several large samples of such events with varying ZpT were produced. In order

to reduce the number of events requiring processing with geant and RECO, events were

required to have three generator level jets (jet cones drawn around the particles) with
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ET > 7 GeV and generator E/T > 40 GeV (imbalance of the particle ET ). The larger the

ZpT , the more events that pass, but the cross section also drops. For ZpT > 400 GeV,

the cross section is so small that the contribution to this analysis is negligible. The cross

sections are determined by pythia with an assumed error of 30%.

6.3.2 Instrumental Backgrounds

Instrumental backgrounds arise from events where the E/T is solely due to mismeasure-

ments. Examples of possible sources are:

� QCD multijet events with mismeasured jets

� t�t! all jets events with mismeasured jets

� Z ! ee + jets; Z ! �� + jets events where both leptons are lost or mismeasured.

The Z sources yield little contribution (< 0.04 event for the loose requirements of

E/T > 75 GeV and HT > 100 GeV). A 12,000 event Z ! �� + � 3 jets vecbos Monte

Carlo sample was used to check the estimate. Although such events could rarely have

substantial E/T when a muon is lost, the HT requirement eliminates them.

The t�t! all jets source is essentially identical to mismeasured QCD multijet events.

QCD has a huge cross section, however, so it is expected that the t�t! all jets contribution

is small compared to QCD.

6.3.2.1 Mismeasured QCD Multijet Events

QCD multijet events can be a background when one or more jets 
uctuate and are

mismeasured, potentially generating E/T in what should be a balanced event. The jet {

E/T direction correlation requirements described in Section 6.1.4 eliminate much of this

background, but there is still some left over. The background is di�cult to estimate,

since one does not expect a Monte Carlo to model correctly the extreme tails of the QCD

multijet E/T spectrum where the jet 
uctuations are large. Therefore, collider data is used

to estimate the QCD multijet background.
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One cannot use QCD multijet data with very large E/T , since that overlaps with the

signal region and the events would be the same as those passing the analysis missing et

trigger. In order to stay in the region where the QCD cross section dominates over SUSY,

some characteristic of low E/T QCD data must be extrapolated into the signal region to

estimate the background. Two procedures are used: a shape �t and an extrapolation of

the QCD multijet E/T spectrum.

The shape �t is the primary method used for this analysis. The procedure involves

taking histograms of a certain distribution from data and background/signal sources and

then use a histogram shape �tter to estimate the contribution of each source to the

data. The histogram shape �tter itself is described in and References 106 and 107. The

distribution that is �t is derived from the two dimensional plot of � 2nd jet � �6ET
vs.

�Leading jet � � 6ET
shown in Figure 6.6 on page 115. The distance of each point from the

upper right hand corner at (�; �) is histogrammed for the data, QCD multijet events,

t�t Monte Carlo, and a squark and gluino signal sample as shown in Figure 6.22. Note

that the histograms have variable sized bins so that when random angles are plotted,

the resulting histogram is 
at. This rather peculiar distribution (henceforth referred to

as \distance from (�; �)") was chosen because the histograms from QCD multijet events

and t�t/ SUSY events are markedly di�erent. Since the QCD multijet background is the

goal of the �t, it is important to use a distribution where the QCD events are distinct.

The fact that t�t and SUSY histograms appear very similar (as expected since t�t decays

are similar to squark and gluino decays) will mean that the �tter will attribute left over

data to both t�t and SUSY about evenly. That is of no concern, since t�t background and

SUSY e�ciencies are determined by other means.

The QCD multijet data used in the shape �t are from the jet85 trigger. In order

for the extrapolating methods to work well, there must be a large amount of multijet

data in various E/T bins. A sample taken by the jet85 trigger, which was only prescaled

at the highest luminosities, provides the largest amount of data. The trigger with the

next lower jet threshold, jet50 yields a sample with less than one tenth the size of the

jet85 sample. The lower threshold jet triggers were either severely prescaled, eliminated
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altogether after a fraction of the run, or had some additional unwanted requirements such

as single interactions. The sample from jet85 is the only viable option. In order for the

jet85 sample to be a proper model of the background, the leading jet requirement of

ET > 115 GeV is made in the analysis as described in Section 6.1.9.k

All of the analysis requirements except for E/T are made on events from the jet85

trigger. The events are then binned by E/T , and histograms of the distance from (�; �)

distribution are made. A good feature of the distance from (�; �) distribution for QCD

multijet events is that it only changes slightly as E/T is increased, thus the shape most

likely holds for large E/T . Three or four E/T bins are used: 25 < E/T < 30 GeV, 30 < E/T <

35 GeV, 35 < E/T < 40 GeV, and for some samples 40 < E/T < 45 GeV. The last sample

is omitted if it is populated with fewer than 30 events.

Each of the QCD multijet histograms are independently fed into the histogram shape

�tter along with histograms from missing et stream data (the data histogram) , t�tMonte

Carlo and a SUSY signal Monte Carlo sample. The latter three samples also have all

analysis requirements applied including the various E/T and HT requirements.

The result of this procedure is a posterior probability distribution of the expected

QCD multijet contribution to the data done for each of the QCD multijet E/T bins. The

distributions shown in Figure 6.23 are all similar. They are peaked at or near zero with

large tails. The estimate for the expected number of QCD multijet events is taken to be

the average of the means of the three (or four) distributions with the error given by the

average of the RMS values. The means of the distributions are all within errors of each

other.

The histogram �tter can only handle three source histograms plus the data histogram.

Though one would like to include all of the backgrounds in the �t, that is di�cult to do

since there must be a more events in the histograms than the number of bins. For most

kIn order to generate a very large sample of low threshold jets in next run of the Tevatron with
the upgraded detector, it may be feasible to produce distributions in the level 3 trigger system (the
software �lter) instead of collecting and writing out each event. That procedure will work so long as
complicated event-by-event information and corrections are not needed. For the 1993-1995 run, events
that are misvertexed contaminate the jet samples and are removed by the primary vertex con�rmation
method described in Section 6.1.10. This procedure is too complex to run in the level 2 �lter nodes.
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of the backgrounds determined from Monte Carlo other than t�t, very few events pass.

Since t�t is the dominant physics background, adding in the others would have little a�ect.

In fact, replacing the SUSY signal sample with the W ! e� + � 3 jets histogram only

changes the result by 0.1 event. Replacing the SUSY histogram with ones from other

mSUGRA points also has little a�ect on the QCD estimate, since the distance from

(�; �) distributions are similar.

To verify that the QCD multijet background estimate is valid, an extrapolation of

the QCD multijet E/T spectrum is also performed, again using jet85 data with all the

requirements except E/T applied. Figure 6.24 shows a E/T spectrum and a �t with the

function,

f(E/T ) =
N�e

�
�p

� 6ET�
p
� 6ET cut

�

2
�
1 +

p
�E/T cut

� (6.4)

This function is essentially f(x) = e�
p
x with extra constants so that for a value of E/T cut,

the �t parameter N is almost the number of events expected for E/T > E/T cut (N is f(E/T )

integrated from E/T cut to in�nity). The estimate is obtained by dividing N by the bin

width (5 GeV) and then multiplying by the ratio of the missing et luminosity to the

jet85 luminosity (79:2=55:9). The estimate for the extrapolation in Figure 6.24 is 1.7 �
0.3 events for E/T > 75 GeV. One has no evidence that the very small errors are correct.

The �t region is 25 < E/T < 45 GeV and is chosen to avoid using points in the possible

signal region (E/T > 50 GeV). If the next point beyond the �t region is used (at E/T =

50 GeV), the estimate from Figure 6.24 changes from 1.7 events to 2.1 � 0.9 events with

�2=ndf = 7:8=4.

The QCD estimates from the shape �t shown in Figures 6.22 and 6.23 agree well with

the E/T extrapolation in Figure 6.24. Table 6.8 compares the estimates for some other

E/T / HT requirements.

For the QCD multijet background prediction at E/T > 50 GeV, the histogram shape

�tting procedure cannot be used, because it is not designed to handle accounting for the

missing et turn on curve (the trigger is ine�cient for E/T < 75 GeV). Therefore, the
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E/T > (GeV) HT > (GeV) Shape �t Estimate Extrapolation Estimate

75 100 3.5 � 2.6 2.8 � 0.9
75 150 1.8 � 1.6 1.7 � 0.3
100 100 1.7 � 1.6 0.6 � 0.1

Table 6.8: QCD background estimates from the shape �t and E/T spectrum extrapolation.

extrapolation of the E/T spectrum with the turn on curve folded in is used to obtain that

background estimate. The estimates are displayed in Tables 6.9 and 6.10.

6.3.3 Background Estimates

The background estimates for all the analysis requirements and varying E/T and HT

thresholds are shown in Tables 6.9 through 6.18. The expected background, < N >, is

given for 79.2 pb�1 of data. E{scale indicates the error due to the energy scale described

in Section 5.6.5. �L is the error due to the luminosity and �� is the error due to the cross

section. Only the backgrounds that contribute events are shown. The total background

expected without QCD is given at the bottom of the �rst block. The QCD background

with its error is then shown.

The bottom block shows the total background. The �rst error is the total statistical

error. The upper and lower errors are the sum of the upper and lower systematic errors.

The systematic errors are added in the following manner:

� Energy scale errors are added linearly.

� Luminosity errors are added linearly.

� All vecbos and pythia cross section errors are added linearly. The t�t cross section

error is then added in quadrature to form the cross section error.

� The energy scale, luminosity, cross section, and error on the QCD estimate are

added in quadrature to form the �nal error.

There are many background sources where no Monte Carlo events pass the analysis

requirements. Such backgrounds are not included in the total background estimate. The

\95% CL No Pass" value indicates the 95% upper limit on the number of events that
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could be contributed from those sources. This value is calculated in the following manner,

N95% CL No Pass =
3P

(# MC events generated)i

�X
�i

�
L (6.5)

where the sums are over those backgrounds with zero e�ciency.

The last number in each table is the number of events seen in the data passing the

analysis requirements with the speci�ed E/T and HT thresholds. It is clear from these

tables that no signi�cant excess over Standard Model backgrounds is observed. Plots

comparing the background estimates to the data are shown in Figure 6.25.

6.4 Summary

As mentioned at the beginning of this chapter, event requirements beyond those of the

trigger and �lter are necessary to pick out the events that could be signal and reject

those that are probably background. The main event criteria for this analysis are large

E/T , at least three jets meeting good quality criteria, large HT , and high ET leading jet.

Events with isolated electrons and muons are rejected since they do not �t the desired

jets and E/T signature. With these requirements, the data can be examined and the

backgrounds estimated. Most of the background estimates are based on Monte Carlo

simulation predictions. The most di�cult background to estimate is the QCD multijet

background. Fortunately, the excellent D� calorimetry allows use of a jet { E/T direction

correlation requirement to eliminate most of those events. However, some background

remains and it is estimated using collider data.

To be discussed in the next chapter, the E/T and HT thresholds are optimized for each

mSUGRA Monte Carlo point. Thus, there are actually 10 sets of cuts that are used.

When the number of events in the data passing the requirements are compared to the

estimates from Standard Model backgrounds, it is clear that no excess of events is seen.

Therefore, all of the collider data is consistent with being produced by SM processes, and

thus no new particles are observed.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 4.67 � 0.21 + 1.69 � 1.10 � 0.25 � 1.41

W ! e� + � 3 jets 1.35 � 0.67 + 0.03 � 0.03 � 0.07 � 0.40

pair W ! `�; W ! qq0 0.29 � 0.05 + 0.11 � 0.12 � 0.02 � 0.09

Z ! �� + � 3 jets 0.04 � 0.03 + 0.04 � 0.01 � 0.00 � 0.01

Z ! �� 0.22 � 0.08 + 0.01 � 0.09 � 0.01 � 0.07

Z ! �� 1.02 � 0.34 + 0.55 � 0.03 � 0.05 � 0.30

Total (w/o QCD) 7.59 � 0.79 + 2.45 � 1.39 � 0.40 � 1.49

< NQCD > 36.4 � 7.9

Total < N > 95% CL No Pass Events in Data

44:0 � 0:8 +8:5
�8:2 0.8 49

Table 6.9: Backgrounds for E/T > 50 GeV and HT > 100 GeV. The QCD background
is from extrapolating the jet85 E/T spectrum. < N > indicates the number of events
expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 3.13 � 0.17 + 1.17 � 0.81 � 0.17 � 0.95

pair W ! `�; W ! qq0 0.09 � 0.03 + 0.08 � 0.03 � 0.00 � 0.03

Z ! �� 0.09 � 0.02 + 0.01 � 0.02 � 0.01 � 0.03

Total (w/o QCD) 3.35 � 0.17 + 1.29 � 0.86 � 0.18 � 0.95

< NQCD > 21.9 � 5.14

Total < N > 95% CL No Pass Events in Data

25:2 � 0:2 +5:4
�5:3 0.8 31

Table 6.10: Backgrounds for E/T > 50 GeV and HT > 150 GeV. The QCD background
is from extrapolating the jet85 E/T spectrum. < N > indicates the number of events
expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 3.11 � 0.17 + 1.08 � 0.84 � 0.17 � 0.94

W ! e� + � 3 jets 1.35 � 0.67 + 0.03 � 0.03 � 0.07 � 0.40

pair W ! `�; W ! qq0 0.21 � 0.04 + 0.09 � 0.09 � 0.01 � 0.06

Z ! �� + � 3 jets 0.04 � 0.02 + 0.03 � 0.01 � 0.00 � 0.01

Z ! �� 0.14 � 0.06 + 0.01 � 0.06 � 0.01 � 0.05

Z ! �� 0.93 � 0.33 + 0.42 � 0.03 � 0.04 � 0.28

Total (w/o QCD) 5.79 � 0.77 + 1.67 � 1.08 � 0.31 � 1.04

< NQCD > 3.54 � 2.64

Total < N > 95% CL No Pass Events in Data

9:3 � 0:8 +3:4
�3:2 0.8 15

Table 6.11: Backgrounds for E/T > 75 GeV and HT > 100 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 2.65 � 0.16 + 1.02 � 0.71 � 0.14 � 0.80

W ! e� + � 3 jets 0.34 � 0.34 + 0.03 � 0.03 � 0.02 � 0.10

pair W ! `�; W ! qq0 0.13 � 0.03 + 0.05 � 0.06 � 0.01 � 0.04

Z ! �� + � 3 jets 0.02 � 0.02 + 0.01 � 0.02 � 0.00 � 0.01

Z ! �� 0.05 � 0.03 + 0.00 � 0.00 � 0.00 � 0.02

Z ! �� 0.61 � 0.27 + 0.02 � 0.02 � 0.03 � 0.18

Total (w/o QCD) 3.81 � 0.46 + 1.14 � 0.84 � 0.20 � 0.82

< NQCD > 2.68 � 2.23

Total < N > 95% CL No Pass Events in Data

6:5 � 0:5 +2:7
�2:6 0.8 12

Table 6.12: Backgrounds for E/T > 75 GeV and HT > 120 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 2.19 � 0.14 + 0.78 � 0.58 � 0.12 � 0.66

pair W ! `�; W ! qq0 0.08 � 0.02 + 0.03 � 0.04 � 0.00 � 0.03

Z ! �� 0.02 � 0.00 + 0.00 � 0.00 � 0.00 � 0.01

Z ! �� 0.25 � 0.15 + 0.05 � 0.10 � 0.01 � 0.07

Total (w/o QCD) 2.54 � 0.21 + 0.86 � 0.72 � 0.13 � 0.67

< NQCD > 2.05 � 1.82

Total < N > 95% CL No Pass Events in Data

4:6 � 0:2 +2:1
�2:1 0.7 11

Table 6.13: Backgrounds for E/T > 75 GeV and HT > 140 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 2.03 � 0.14 + 0.65 � 0.67 � 0.11 � 0.62

pair W ! `�; W ! qq0 0.06 � 0.02 + 0.04 � 0.02 � 0.00 � 0.02

Z ! �� 0.02 � 0.00 + 0.00 � 0.00 � 0.00 � 0.01

Z ! �� 0.09 � 0.02 + 0.01 � 0.02 � 0.01 � 0.03

Total (w/o QCD) 2.21 � 0.14 + 0.70 � 0.71 � 0.12 � 0.62

< NQCD > 1.78 � 1.61

Total < N > 95% CL No Pass Events in Data

4:0 � 0:1 +1:9
�1:9 0.7 8

Table 6.14: Backgrounds for E/T > 75 GeV and HT > 150 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 1.73 � 0.13 + 0.72 � 0.53 � 0.09 � 0.53

pair W ! `�; W ! qq0 0.06 � 0.02 + 0.01 � 0.03 � 0.00 � 0.02

Z ! �� 0.02 � 0.00 + 0.00 � 0.00 � 0.00 � 0.00

Z ! �� 0.08 � 0.02 + 0.01 � 0.01 � 0.00 � 0.02

Total (w/o QCD) 1.89 � 0.13 + 0.74 � 0.58 � 0.10 � 0.53

< NQCD > 1.72 � 1.54

Total < N > 95% CL No Pass Events in Data

3:6 � 0:1 +1:8
�1:7 0.7 6

Table 6.15: Backgrounds for E/T > 75 GeV and HT > 160 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 2.22 � 0.14 + 0.94 � 0.64 � 0.12 � 0.67

W ! e� + � 3 jets 1.01 � 0.58 + 0.03 � 0.03 � 0.05 � 0.30

pair W ! `�; W ! qq0 0.18 � 0.04 + 0.08 � 0.08 � 0.01 � 0.05

Z ! �� + � 3 jets 0.03 � 0.02 + 0.02 � 0.01 � 0.00 � 0.01

Z ! �� 0.11 � 0.05 + 0.01 � 0.03 � 0.01 � 0.03

Z ! �� 0.93 � 0.33 + 0.43 � 0.16 � 0.05 � 0.28

Total (w/o QCD) 4.47 � 0.69 + 1.51 � 0.96 � 0.24 � 0.76

< NQCD > 2.48 � 2.01

Total < N > 95% CL No Pass Events in Data

7:0 � 0:7 +2:7
�2:5 0.8 8

Table 6.16: Backgrounds for E/T > 90 GeV and HT > 100 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 1.75 � 0.13 + 0.73 � 0.54 � 0.09 � 0.53

W ! e� + � 3 jets 1.01 � 0.58 + 0.03 � 0.03 � 0.05 � 0.30

pair W ! `�; W ! qq0 0.16 � 0.03 + 0.06 � 0.08 � 0.01 � 0.05

Z ! �� + � 3 jets 0.02 � 0.02 + 0.02 � 0.00 � 0.00 � 0.01

Z ! �� 0.08 � 0.04 + 0.00 � 0.00 � 0.00 � 0.02

Z ! �� 0.79 � 0.30 + 0.28 � 0.03 � 0.04 � 0.24

Total (w/o QCD) 3.81 � 0.67 + 1.15 � 0.69 � 0.20 � 0.63

< NQCD > 1.77 � 1.59

Total < N > 95% CL No Pass Events in Data

5:6 � 0:7 +2:2
�2:0 0.8 7

Table 6.17: Backgrounds for E/T > 100 GeV and HT > 100 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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Background < N > � Stat + E{scale � E{scale � �L � ��

t�t! X 1.04 � 0.10 + 0.44 � 0.40 � 0.06 � 0.32

pair W ! `�; W ! qq0 0.03 � 0.02 + 0.03 � 0.01 � 0.00 � 0.01

Z ! �� 0.09 � 0.02 + 0.02 � 0.02 � 0.00 � 0.03

Total (w/o QCD) 1.18 � 0.10 + 0.49 � 0.43 � 0.06 � 0.32

< NQCD > 1.15 � 1.08

Total < N > 95% CL No Pass Events in Data

2:3 � 0:1 +1:2
�1:2 0.7 3

Table 6.18: Backgrounds for E/T > 100 GeV and HT > 150 GeV. < N > indicates the
number of events expected in 79.2 pb�1 of data.
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bars are the background estimates. The bars are the number of events observed in the
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Chapter 7

Results

No signi�cant excess over Standard Model backgrounds is observed for any of the analysis

requirement sets. Since no new physics will be discovered with this analysis, the result

will be interpreted as cross section and mass limits on squarks and gluinos.

7.1 Sensitivity to the Signal

The sensitivity of a search depends on the production cross section (�), the total inte-

grated luminosity of the data observed (L), and the fraction of signal events passed by

the analysis requirements, which is signal e�ciency (�). The number of signal events one

would expect to observe is then given by,

<N>= �L � (7.1)

Generally, one needs <N> � 3 events to be able to state that particles of some model

would have been discovered by the analysis if those particles actually existed, and so that

model can be ruled out. For this search, the cross sections are determined by prospino

and the total integrated luminosity of the data is 79.2 pb�1. The e�ciencies of the models

(each M0, M1=2 value is considered to be a di�erent model) are determined by applying

the analysis requirements to simulated events.

To determine the sensitivity of this analysis, production and decays of squarks and

gluinos are simulated using isajet v7.13.[29] Events are produced according to the
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mSUGRA parameters described in Section 2.3. Three mSUGRA parameters and the

top quark mass are �xed to the following values:

� tan � = 2,

� A0 = 0,

� � < 0,

� Mtop = 170 GeV=c 2.

A0 only a�ects the decay of SUSY light scalar top quarks. Since jets from the top squarks

are soft, this analysis is not sensitive to them and so the value of A0 has little e�ect. For

� < 0, the gluino mass is typically three times the LSP mass. For � > 0, the gluino

is more than 6MLSP. The analysis is not attempted for � > 0 since most of the region

below the resulting exclusion contour is already ruled out by the LEP limits. Changing

tan� alters the gauge and Higgs content of the charginos and neutralinos, thus changing

the branching ratios in cascade decays. tan � = 2 is a popular value among theorists and

the analysis is insensitive to small changes of this parameter. Altering tan � may be done

as an extension of this analysis. The M0 and M1=2 parameters are allowed to vary.

With those mSUGRA parameters set, events are generated at 49 various points

in the M0 { M1=2 plane as shown in Figure 7.1. The MC samples are processed by

showerlibrary geant v3.14 and reco v12.15. All of the analysis requirements are ap-

plied to these samples. The few events that have an isolated hot cell are defective and

are not counted (see Section 6.1.3).

Although in principle all sparticles can contribute to this analysis, squarks and gluinos

by far dominate the types of events that pass the requirements and also have the largest

production cross sections. Therefore, only squark and gluino type events are produced

by isajet. All decay modes are allowed.

Next-to-leading order cross sections are calculated by the prospino program discussed

in Section 3.1. prospino does not include scalar tops in its calculation (that will be

available in the near future from the program's authors). Therefore, any scalar tops
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produced by isajet are not counted. Typically, fewer than 1% of squark and gluino

events produced contain scalar tops, and only up to a percent or two of them will pass

the analysis requirements since jets and E/T from scalar tops are soft.

As mentioned, the NLO cross sections from prospino are anywhere from equal to

double the cross sections returned by isajet. For a given value of M0 and M1=2, the

ratios of the NLO squark and gluino production process cross sections (gluino{gluino,

squark{squark, etc.) match ratios of the types of squark and gluino events that isajet

produces to within 10%. A list of total production cross sections for the MC points is

given in Tables 7.1 through 7.3.

7.2 Optimization of the E/T and HT requirements

As seen in the �gures of Sections 3.3 and 6.1, the characteristics of the signal change as

M0 and M1=2 are varied. Therefore, more than one set of analysis requirements will help

maximize signal e�ciency and background rejection for each mSUGRA point. The two

requirements that can be easily varied within some limits are E/T and HT .

For a given signal point, the e�ciencies for passing the analysis requirements with E/T

ranging from 50 GeV to 150 GeV and HT varying from 100 GeV to 250 GeV (both with

5 GeV steps) are recorded. A similar procedure is performed for all of the background

e�ciencies along with keeping track of their energy scale errors (or the QCD estimate

error for the QCD background).

An \optimizing �gure of merit" (F) is calculated for each tested E/T �HT point,

F (E/T ; HT ) = S=
p
B + (�B)2 (7.2)

where S is the number of signal events expected, B is the number of background events

expected, and �B is the average of the sum high and low energy scale errors for all

of the backgrounds added in quadrature with the QCD background estimate error. The

optimal E/T �HT thresholds are found by looking near the peak of the 2-D F distribution.

Typically, the maximum of F is the center of a plateau in the E/T�HT plane where F only
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Figure 7.2: Optimizing �gure of merit (F ) for M0 = 50 GeV and M1=2 = 100 GeV. The
upper left plot shows F for the entire E/T � HT plane. The region around the peak of
F is displayed in the upper right hand plot (note the di�erent orientation of the plot).
The lower two plots show the projection of F on the HT axis (lower left) and the E/T
axis (lower right). The heavy solid line indicates the F trace for the E/T or HT slice that
corresponds to the peak (and shown in the plot caption). The long dashed lines show F
traces when the E/T or HT slice is moved higher the peak in �ve steps of 5 GeV each.
The dotted lines are for moving lower than the peak (obviously, there will be no dotted
lines on the E/T plot when the peak HT value is at the lower limit of 100 GeV). For this
signal point, the optimal thresholds are E/T = 100 GeV and HT = 100 GeV.
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Figure 7.3: Optimizing �gure of merit for M0 = 200 GeV and M1=2 = 80 GeV. For this
signal point, the optimal thresholds are E/T = 75 GeV and HT = 140 GeV.
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changes slightly. One chooses the lower edge of the plateau for greater signal e�ciency

to facilitate a discovery.

E/T �HT are optimized for all signal samples. Three example optimization plots are

shown in Figures 7.2 through 7.4. As seen in the �gures, the F value falls rapidly as

E/T drops below 75 GeV due to the rapidly increasing QCD background. An explanation

of the general trends of the optimization is given in Section 7.5. Note that many signal

samples have an optimized HT of 100 GeV, the lower HT limit. All of the mSUGRA

samples have HT peaked beyond 100 GeV, so decreasing HT will soon start the fall of

the F parameter as little signal is being added while the backgrounds are increasing. The

value of 100 GeV HT is probably very near true optimal for those signal points where F

in HT does not show a full plateau.

7.3 Signal E�ciency

Tables 7.1 through 7.3 include the optimizedE/T andHT thresholds as well as the e�ciency

(�) and number of events expected for each signal point (<N >). The errors on the

e�ciencies are the statistical and the high and low energy scale errors. The energy

scale errors are calculated in the same manner as the backgrounds. The error on the

expected number of events is the statistical and average of the energy scale errors added

in quadrature. The prospino NLO cross sections (�NLO) are also shown along with the

number of MC events generated not including events with scalar tops and isolated hot

cells as discussed previously.

7.4 Calculation of the limit

With no excess of events over Standard Model backgrounds, upper limits on the cross

section for production of squarks and gluinos are calculated. These limits indicate the

reach of the experiment. Models that predict cross sections greater than the upper limit

can be ruled out, since the resulting squarks and gluinos would have been observed in the

analysis. Lower limits on the M0 and M1=2 mSUGRA parameters and the squark and
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gluino masses can then be inferred from the upper cross section limits (a lower mass limit

states that the masses of squarks and gluinos must be greater than the lower limit, or

else they would have been observed). A 95% CL cross section limit is calculated within

Bayesian statistics� and is described in Reference 110. A brief outline of the calculation

for the cross section limit is given here.

The expression that drives this calculation is from Bayes Theoremy,

P (h j d; I) / P (d j h; I)P (h jI) (7.3)

This equation states that probability that a hypothesis h is true given the data d and

other information I is proportional to the likelihood of observing the data given the

hypothesis times the prior probability of hypothesis being true without considering the

data. The probability that hypothesis h is true is thus inferred from the data and the prior

information. The constant of proportionality is determined from normalizing P (h j d; I).
For this analysis, the model or hypothesis for the expected number of events (�) in

terms of the signal cross section (�), the signal e�ciency (�), the integrated luminosity

(L), and the expected background (b) is given by

� = b+ L�� (7.4)

The likelihood function for observing the data is a Poisson distribution; the probability

or likelihood of observing k events in the data given an expectation value of � is,

P (k j �; I) = e���k

k!
(7.5)

�For more information on Bayesian statistics, see the de�nitive 3000 page \Bible of all things Bayesian"
by Jaynes.[108] A superb introductory article is one by Loredo.[109]

yThe notation for probabilities re
ects the fact that all probabilities are conditional in the Bayesian
framework; they must depend on some knowledge about the problem. For example, the probability that a
tossed coin will come up heads would be written Prob(Heads jI) where I indicates the known information
relevant to the problem, such as knowledge about the initial conditions of the 
ip and whether or not the
coin is two headed. Assuming the coin is ordinary, the 50% probability of the coin coming up heads is
derived from the fact that one does has little knowledge of the initial conditions (for if one knew the initial
conditions exactly, the outcome of the 
ip could be predicted with certainty). P represents probability
distributions. For example, the probability distribution for observing k events as a function of k given
that the true expectation value is � would be written as P (k j �; I). I symbolizes relevant information
about the problem (such as how the k events were obtained, whether the process is governed by Poisson
statistics, etc.) that need not be shown explicitly. The expression is, in fact, the likelihood function for
k given �. P (AB j I) indicates a joint probability distribution, or the probability for A and B given
information I.
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With the model of Equation (7.4), Equation (7.5) becomes

P (k j �;L; �; b; I) = e�(b+L��)(b+ L��)k
k!

(7.6)

This expression is the probability of observing k events given �, L, �, and b.
The other needed part of Equation (7.3) is the prior probabilities for the parameters.

Since one has no knowledge about the true cross section for production of squarks and

gluinos, the prior probability is taken to be 
at (all values are equally likely),

P (� j I) =

8>><
>>:
1=�max if 0 � � � �max;

0 otherwise:

(7.7)

�max is chosen to be large enough so that the likelihood that the true signal cross section

is greater than �max is negligible. The prior probabilities for the luminosity, background,

and signal e�ciencies are represented by truncated Gaussians with mean of the param-

eter value and standard deviation the parameter 1� error. The correlations of errors is

explained below.

With these parts, Bayes Theorem gives,

P (� L � b j k; I) / e�(b+L��)(b+ L��)k
k!

P (� j I)P (L � b j I) (7.8)

This equation is the joint probability distribution for the signal cross section, luminosity,

signal e�ciency, and the background estimation. The desired result is the probability

distribution for the signal cross section (�), and so the other nuisance parameters are

marginalized by integrating them out,

P (� j k; I) =
Z 1

0
dL
Z 1

0
d�

Z 1

0
db P (�L � b j k; I) (7.9)

P (� j k; I) is the probability distribution for the signal cross section given the data ob-

served. The relevant result to report from a search is an upper limit on the signal cross

section. The standard limit is at the 95% con�dence level (CL) which can be determined

by solving,

0:95 =

Z �UL

0
P (� j k; I)d� (7.10)
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for �UL, the sought 95% CL upper limit.

The cross section upper limit is calculated with the limit program.[111] The program

performs Monte Carlo integration to solve the integrals and takes into account correlations

between the errors. The Gaussian priors are also truncated, which means that if a choice

of a Gaussian random variable yields a negative, unphysical value for its parameter, then

those results are discarded. The truncated Gaussians can create a problem if the signal

e�ciency (� is small with a large error). The cross section is given by

� =
k � b

L� (7.11)

Though � will never go negative since the Gaussian is truncated, if the Gaussian is peaked

near zero, very small values of � will be sampled in the course of the MC integration. Since

the signal e�ciency is in the denominator, the signal cross section can blow up. A remedy

to this problem is under study.

The output of the limit program is the posterior probability distribution for the

signal cross section. Two example distributions are shown in Figure 7.5. Note that

the posterior probabilities are peaked near zero cross section. If the cross section has a

negligible probability at zero, then perhaps a discovery could be at hand. The fact that

no excess of events was found over backgrounds is re
ected by the large probability for

zero cross section for every signal point.

7.5 Exclusion Contour

A 95% CL cross section limit is calculated in the manner described in the previous section

for each of the mSUGRA Monte Carlo points in the M0 { M1=2 plane. The problem with

small signal e�ciencies with large errors comes in for points with M0 > 300 GeV, and so

the limit beyond there is not known as of yet for this analysis. However, the D� squark

and gluino dielectron analysis covers that region. The appropriate background estimate

and signal e�ciency associated with an M0, M1=2 point are used by the limit calculator,

along with the number of events seen in the data and the luminosity. The limit calculator

accounts for the correlated energy scale, luminosity, and cross section errors (the t�t cross
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Figure 7.5: Posterior probability distributions for the signal cross section. The arrow
indicates integrating out to 95% of the total area under the curve.

section error is uncorrelated with the others). Backgrounds where no events in the Monte

Carlo pass the analysis requirements are not included in the limit calculation. The 95%

CL upper limit on the total number of events that could contribute from those sources is

0.8 events.

The 95% CL upper cross section limits, �UL, are shown in Tables 7.4 through 7.5.

Figure 7.6 shows which mSUGRA points are ruled out by this analysis when comparing

�UL to the NLO theoretical cross section (�NLO). Points where �UL < �NLO are excluded

by this analysis, because the theoretical signal cross section at that point exceeds the

upper limit. Theoretical and 95% CL cross sections for intermediate points are determined

by interpolating.[112]
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M0 M1=2 M~g M~q E/T > HT > �NLO �LO �UL

0 70 209 182 75 100 30.1 20.0 10.8

0 80 240 207 100 100 11.7 7.6 4.4

0 90 262 228 100 100 5.8 3.7 2.6

0 100 288 250 100 100 2.8 1.8 2.6

0 110 314 272 100 100 1.3 0.8 1.8

50 70 211 188 75 100 25.6 17.0 8.6

50 80 237 210 100 100 11.3 7.3 5.8

50 90 263 232 100 100 5.1 3.3 3.2

50 100 288 254 100 100 2.5 1.6 2.2

50 110 315 276 100 100 1.2 0.7 1.8

75 50 161 153 75 100 121.5 81.4 43.2

75 70 212 195 100 100 21.2 13.9 7.4

75 90 266 239 75 120 4.3 2.7 3.4

75 100 289 259 100 100 2.2 1.4 1.8

75 110 315 281 100 100 1.1 0.7 2.0

100 60 190 185 75 100 36.1 23.6 11.1

100 70 214 205 75 100 16.7 10.8 6.2

100 80 240 225 100 100 7.7 4.9 3.5

100 90 266 246 90 100 3.7 2.3 2.0

100 100 290 266 90 100 1.8 1.1 1.6

100 110 316 287 100 100 0.9 0.6 1.3

Table 7.4: 95% CL cross section upper limits (�UL) for small M0. All cross sections are
in pb. Masses and energies are GeV/c2 and GeV respectively. Points that are ruled out
(�UL < �NLO) have the 95% CL cross section in bold.
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M0 M1=2 M~g M~q E/T > HT > �NLO �LO �UL

150 50 165 196 75 100 48.6 30.0 12.0

150 70 221 231 75 120 8.7 5.4 4.4

150 80 243 249 75 100 4.4 2.7 4.2

150 90 269 268 75 100 2.2 1.3 2.5

150 100 294 287 75 120 1.1 0.7 2.2

150 110 319 305 100 100 0.6 0.3 1.2

200 50 169 234 75 100 27.6 16.0 14.7

200 60 195 247 75 120 11.4 6.7 8.8

200 70 224 263 75 120 4.7 2.8 4.4

200 80 246 278 75 140 2.4 1.4 4.8

200 90 272 295 75 140 1.2 0.7 2.3

200 110 322 330 100 150 0.3 0.2 0.9

250 50 170 274 75 120 19.7 10.9 14.6

250 60 198 286 75 150 7.1 3.9 7.6

250 70 223 299 75 160 3.1 1.7 3.5

250 80 251 313 75 150 1.3 0.7 2.5

250 90 277 328 75 150 0.6 0.4 1.8

250 110 326 359 75 160 0.2 0.1 1.1

300 50 172 318 75 120 15.7 8.6 14.2

300 60 200 328 75 120 5.3 2.8 6.1

300 70 228 339 75 160 2.0 1.1 3.2

Table 7.5: 95% CL cross section upper limits (�UL) for intermediate and large M0. All
cross sections are in pb. Masses and energies are GeV/c2 and GeV respectively. Points
that are ruled out (�UL < �NLO) have the 95% CL cross section in bold.
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Figure 7.7: Exclusion contour in the M0 { M1=2 plane. This analysis rules out M0

and M1=2 points below the solid black line. The dielectron squark and gluino analysis

contour[36] is shown in grey (note that analysis uses cross sections from isajet). The grey
lines are contours of gluino and squark masses so marked. The shaded region is where
mSUGRA yields some unphysical condition (such as no electroweak symmetry breaking).
The dashed line indicates where squarks and gluinos have equal mass.
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An exclusion region in the M0 { M1=2 plane is determined by again comparing the

theoretical next-to-leading order cross sections to �UL. The exclusion contour is shown in

Figure 7.7. For M0 < 100 GeV, points with M1=2 <�103 GeV are ruled out. Note that

the dip in the dielectron limit (shown in grey in the �gure) is not present in this analysis.

The dip is due to sneutrinos becoming lighter than the second lightest neutralino asM1=2

is decreased, spoiling the dielectron signature. Since this analysis is only concerned with

jets, changes in the lepton branching fractions produces no e�ect.

Beyond M0 of 100 GeV, the limit falls quickly. Figure 3.3 on page 33 indicates why

that happens. As seen in the �gure, for small M0 and large M1=2 mostly squarks are

being produced. Directly decaying squarks tend to produce larger ET jets and E/T than

cascade decaying gluinos, and so the e�ciencies for the signals samples there are large.

Accordingly, in that region the optimization tends to choose large E/T and lower HT , since

while the jets have large ET , there are fewer of them produced (compare the signal plots

in Figure 3.7 on page 39) than in gluino decays. As M0 is increased, the squarks become

heavier and so the gluinos processes start to dominate the production. Gluino cascade

decays yield more jets, but they are softer and less E/T is produced (compare the signal

plots in Figure 3.6 on page 38). The optimization tends to choose less E/T and then larger

HT to gain advantage over the large backgrounds.

The limit contour is quite robust. Altering the background estimates by �1 event

shifts the limit by only 3{4 GeV, and none of the ruled out Monte Carlo points move out

of the excluded region.

The limit on the M0 { M1=2 plane can be translated into limits on the physical

squark and gluino masses as shown in Figure 7.8. Note that there are squark and gluino

masses that have no corresponding model in mSUGRA. The excluded region includes all

mSUGRA models with m~q < 250 GeV=c 2. For small M0, gluinos with mass less than

300 GeV=c 2 are excluded. If squarks and gluinos have the same mass, that common mass

must be greater than 260 GeV=c 2 to not be ruled out.
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7.6 Summary

This analysis gives no evidence for physics beyond the Standard Model, since no excess

of events beyond the backgrounds are seen. This result is interpreted in the mSUGRA

framework. The sensitivity of the analysis to mSUGRA models needs to be determined,

since seeing no excess does not in and of itself rule out Supersymmetry. The analysis

can only rule out models that predict a signi�cant excess of events in the amount of data

analyzed. For example, some mSUGRA models (those with large M0 and M1=2) predict

that squarks and gluinos are produced at such a small rate that one would not expect to

see them unless much more data are collected. Furthermore, not all squark and gluino

events will pass the analysis requirements, so the signal e�ciency of the analysis also

determines which models can be excluded.

This analysis can exclude a large part of the Supergravity parameter space as shown

in Figure 7.7. Any theorist favoring a model withM0 andM1=2 below the solid black line

in that �gure (and the solid grey line for large M0) will have to search for a new model,

for models in that region are ruled out by this search.
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Chapter 8

Conclusions

This analysis searched for squarks and gluinos within the minimal Supergravity framework

through their hadronic decays. The desired signal events are those with many jets and

large missing energy. No signi�cant excess over Standard Model backgrounds is observed,

and so the results are in the form of cross section limits at 95% CL and corresponding

limits on the mSUGRA parameters of M0 and M1=2. Those limits can be translated for

limits on squark and gluino masses.

Section 3.6 discussed the naturalness of Supersymmetry, or when one gets worried that

the sparticles are too much heavier than their SM partners. Figure 8.1 shows the limit

from this analysis and the dielectron search superimposed on contours of a naturalness

measure[50,113] labeled ~
2. A model with a smaller naturalness measure is more natural

than models with larger ~
2. One sees that a large part of the most natural region is

excluded by these analyses.

Strong limits are set for low M0. To set strong limits in the region of large M0,

it is necessary to increase dramatically the signal e�ciency. In order to do so, the E/T

requirement must be lowered. To avoid the rapidly increasing backgrounds, one may

consider raising the number of jets required. To drop E/T lower to gain enough e�ciency,

it may be necessary to use another trigger with a lower E/T requirement than missing et.

The leptonic searches also win in that region, since though branching fractions to leptons

are small, the backgrounds are also small and are more easily understood.
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For the future, more SUSY models will be tested to expand the range of the analysis.

In the next run of the Tevatron (Run II) to begin in 1999, the instantaneous luminosity

will increase by an order of magnitude. Therefore, data corresponding to inverse femto-

barns (1000s of pb�1) will be collected within a few years, allowing searches to extend into

regions of heavier squark and gluino mass. For example, with 2 fb�1 of data, gluinos up

to �400 GeV=c 2 can be probed.[114] The e�ectiveness of the jets and E/T signature for the

next run is uncertain, since the backgrounds will be huge and estimating the background

due to QCD multijet events will be even more di�cult than for this analysis.

For the next Tevatron run, the D� detector will undergo a substantial upgrade.

The central detectors will be replaced with a silicon vertex detector and a scintillating

�ber tracker within a superconducting magnet (2 T �eld). Since the pT of tracks will

be measured, there should be little contamination from misvertexed events. While the

calorimeter will remain the same, its electronics will be upgraded to handle the faster

crossing times (132 ns). The muon system will be improved as well, increasing the

acceptance and resolution for measuring muons. All of these changes will greatly improve

identi�cation and measurement of leptons, allowing the leptonic SUSY searches to probe

more parameter space. With the silicon vertex detector, b{quarks are easily observable.

Requiring events with a \b{tag" will help to improve the jets and E/T search for squarks

and gluinos, since more of the QCD multijet background can be rejected.

In the farther future, the Large Hadron Collider (LHC) at CERN will collide beams

sometime in the next decade. With a center of mass energy of 14 TeV, squarks and

gluinos with TeV/c2 masses can be probed. If no evidence of sparticles at the LHC is

observed, then the mass splittings are so large that SUSY will probably no longer be a

viable theory.

Of course, the hope is that someday a new particle will be observed. There are still

plenty of chances with the Tevatron Run II and the LHC. Until that day, the SUSY

parameter space will be further constrained by other SUSY searches. With the Minimal

Supergravity models, the results from many searches for sparticles can be easily combined,

improving limits obtained by any one analysis. D� searches for squarks and gluinos in
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the dimuon and electron{muon channels are underway as are searches for charginos and

neutralinos, scalar tops, and R{parity violating SUSY processes. The work is still not

�nished if a sparticle is discovered, for the correct SUSY model must still be determined.

Theorists and experimentalists will worry about that exciting problem if that time comes.
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Appendix A

How particles interact with matter

This appendix gives some background on how particles interact with matter, the physics

behind particle detectors.[115,116]

A.1 Heavy Charged Particles

When particles pass through materials, there are two e�ects: they will lose energy and

may be de
ected from their original direction. Charged particles will lose energy primarily

from inelastic collisions with atomic electrons in the medium or at high energies (above

100s of MeV) from scattering with nuclei. More rarely, energy loss can also occur from

emitting bremsstrahlung radiation, Cherenkov radiation, or even nuclear �ssion. For

charged particles heavier than the electron, the predominant means of energy loss is

inelastic collisions with atomic electrons. A soft collision occurs when the energy imparted

to the atomic electron only results in the electron's excitation. Hard collisions are those

where the passing particle loses enough energy to ionize the electron, thus freeing it from

the atom. It is possible for so much energy to be given to the liberated electron that it

will cause secondary ionizations of other atomic electrons. Such high energy electrons are

called �-rays or knock{on electrons. Although each interaction with an atomic electron

or nuclei is statistical in nature, so many interactions occur as the heavy charged particle

passes through a material that the macroscopic average energy loss per unit path length,

dE=dx, can be predicted and measured.
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Figure A.1: dE=dx for several particles in some material vs. their energy. A log{log plot
is displayed[115]

A classical formula for dE=dx for heavy charged particles was �rst determined by

Bohr. One must assume that the atomic electron is initially at rest and is free, and that

the charged particle is not de
ected from its original path as a result of the interaction,

implying M � me. Therefore, a di�erent treatment is necessary for electrons passing

through the medium. Relativistic e�ects are also important, and so the Bethe-Bloch

formula[4, 115] is used rather than Bohr's classical equation.

Rather than write out the complicated Bethe-Bloch formula (see page 24 of Refer-

ence 115) its implications will be brie
y discussed. A plot of the average energy loss

for several particles traversing a block of some material as predicted by the Bethe-Bloch

formula is shown in Figure A.1. For low energy particles, dE=dx falls as 1=�2, where �

is v=c, until v � 0:96c when a minimum is reached. At that point, the particles lose the

minimum amount of energy as they traverse the medium and are called minimum ioniz-

ing particles. The last feature to note in Figure A.1 is the relativistic rise where dE=dx

increases slowly past the minimum. The rise is less than logarithmic due to the density

e�ect. A high energy particle traversing the medium will polarize atoms along its path,

so electrons far from the particle are shielded from the full electric �eld and contribute

less to the dE=dx than they would otherwise. Since more energy is lost at slow velocity,

more energy is deposited into the material towards the end of a particle's path than at

the beginning.
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Figure A.2: Energy loss for electrons in copper. X0 = 12.86 g/cm2, Ec = 24:8 MeV.[4, 115]

Note the log-log axes.

The minimum ionizing point and relativistic rise are very similar for particles of the

same charge traversing the same material, as evident from Figure A.1, but some of the

1=�2 parts of the curves are di�erent and can be used for particle identi�cation. In

addition, particles of the same velocity have similar dE=dx in di�erent media.

A.2 Electrons

The description of the standard Bethe-Bloch formula is not applicable to electrons and

positrons, because they are so light. e� will not only su�er collisions with other atomic

collisions but can also radiate photons due to scattering in the electric �eld of a nucleus

(bremsstrahlung radiation). Since the cross section for bremsstrahlung goes as 1=M2,

heavier particles radiate much less often than electrons (e.g. 40,000 times less for muons).

The energy loss for electrons traversing material is split into two parts,

�
dE

dx

�
total

=

�
dE

dx

�
collisions

+

�
dE

dx

�
radiation

(A.1)

For electrons with energy of a few MeV and below, collision (ionization) losses dominate.

At energies of tens of MeV and more, the radiation term of the total dE=dx takes over

as seen in Figure A.2. The point at which the average loss due to collisions equals that

due to bremsstrahlung radiation is the critical energy, Ec, as shown in the �gure. In
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Material A Z X0 [g/cm
2] � [g/cm2] density [g/cm3]

Air at STP { { 36.66 90 273

NaI Crystal { { 9.49 152 3.67

Liquid Argon 40 18 19.55 117 1.40

Iron 56 26 13.84 132 7.87

Lead 207 82 6.37 194 11.35

Uranium 238 92 6.00 199 �19

Table A.1: Properties of some materials.[4, 115]

general, dE=dx from collisions increases logarithmically with the energy of the electron

and linearly with the Z of the material. dE=dx due to radiation increases linearly with

E and quadratically with Z.

In order to refer to energy loss without explicitly stating the material, a quantity

called radiation length (X0) is used. A radiation length is related to the distance an

electron travels before its energy is reduced by a factor of 1=e due to losses. X0=�, where

� is the density of the material, gives the actual distance. A listing of such quantities for

a few materials is given in Table A.1.

Positrons will undergo one more type of interaction: annihilation with electrons.

When that happens, two photons with energy of at least 0.511 MeV are released.

A.3 Photons

Neutral particles interact di�erently with matter. Without an electric �eld, neutral par-

ticles rarely interact through ionization of atomic electrons. Depending on the mass and

type of neutral particle, di�erent interactions are possible.

Photons have zero mass and interact with matter electromagnetically through the

photoelectric e�ect, compton scattering and pair production. For the photoelectric e�ect,

an incident photon is completely absorbed by an atomic electron which is ejected from the

atom if the photon has enough energy. This process can only occur with atomic electrons,

since the nucleus must be present to absorb the recoil momentum. Compton scattering

is the scattering of photons with free electrons (or atomic e if the photon energy exceeds
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the ionization energy), such that the photon gives up some energy to the electron. Both

the photon and the electron survive the scattering, and the photon is de
ected.

If a photon's energy exceeds 1.012 MeV (E
 > 2me), it can transform into an electron-

positron pair. A third body must also be present, such as a nucleus, to conserve momen-

tum. This process occurs with the largest cross section for photons with energy greater

than a few MeV to tens of MeV, depending on the material.

For electrons and photons at high energy, an interesting consequence of the dominating

cross sections for bremsstrahlung and pair production is the production of electromag-

netic showers. Imagine a high energy electron entering some material. It will produce

bremsstrahlung radiation, releasing many high energy photons. Each of these photons

with enough energy will pair produce, creating more high energy electron and positron

pairs. The electrons can undergo bremsstrahlung again, creating more photons and so

on. This shower of electrons and photons continues to multiply until the average electron

energy falls below Ec, and each electron interaction with the material produces one or no

photons. Such showers are crucial for operation of a calorimeter.

A.4 Neutrons

Neutrons interact with nuclei through the strong force and are non-ionizing. Neutrons

can elastically scatter o� nuclei, inelastically scatter leaving the nucleus in an excited

state, be radiatively captured by a nucleus where the nucleus absorbs the neutron and

radiates a photon, and undergo reactions where the nucleus absorbs the neutron and

emits a charged particle (proton, deuteron, alpha, or combinations of those). Finally,

when traversing certain materials like Uranium, neutrons can cause a nucleus to undergo

�ssion.

A.5 Hadronic Showers

Hadrons are particles that feel the strong force, such as neutrons, protons, pions and

kaons. Like electrons, hadrons with enough energy can also create showers in materials.
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High energy hadrons (over hundreds of MeV) will interact with nuclei, exciting them

and producing mesons (hadrons made up of a quark and an antiquark, such as pions

and kaons). Highly excited nuclei will emit protons and neutrons. Photons and ionized

electrons will be released from atoms with nuclei excited to a lesser extent. All of these

particles will interact with the material as well, and, like electromagnetic showers, will

create a cascade of particles. Since electrons and photons are released in hadronic showers,

electromagnetic showers are also produced.

Somewhat similar to the radiation length, the nuclear interaction length � is the

distance a high energy hadron travels before interacting with a nucleus. A radiation

length is much shorter than an interaction length for the same material. Some example

interaction lengths are given in Table A.1.

A.6 Multiple Scattering

With every interaction in a material that a particle survives, there is a chance that the

particle's direction will be altered. The degree of de
ection depends on the particle's

energy and the nature of the interaction. Though each de
ection is statistical in nature,

the outcome of a particle passing through some medium, if it survives, is a net change in

direction due to multiple scattering. A Gaussian approximation for small angle multiple

scattering of charged particles gives,[4]

�rms =
0:015GeV/c

� p

r
X

X0
(A.2)

where �rms is the r.m.s. de
ection in the plane containing the particle, p is the particle

momentum, � is v=c, X is the material thickness, and X0 is one radiation length for that

material.
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Appendix B

Principles of Drift Chambers

Drift chambers are an important tool for measuring the properties of particles emanat-

ing from collisions. Some details on the principles and the operation of drift cham-

bers[115,117,118] are given in this appendix.

The D� VTX chamber, CDC, and FDC are drift chambers that measure the direction

of a particle by collecting electrons and ions released as the particle passes through some

tracking medium. Since the particle's direction should remain as undisturbed as possible,

gases are the optimal choice for the tracking medium, though liquids can also be used as

well.

A simpli�ed drift cell is shown in Figure B.1. It consists of a very thin sense or anode

wire, usually in the middle of the cell, a cathode at the edge of the cell, and electric �eld

shaping wires. The wires form a constant electric �eld so that electrons liberated by an

ionizing particle travel along the �eld lines towards the anode that is at a high positive

voltage. The liberated ions drift towards the cathode. At about one wire radius away

from the anode wire, the electric �eld strength increases very quickly. An electron in this

region becomes accelerated to a high energy and causes further ionizations of the gas.

The electrons liberated in those secondary ionizations will produce tertiary ionizations

and so on. Thus, an avalanche of electrons will occur just outside of the wire with their

positive ions moving away towards the cathode. This avalanche ampli�es the resulting

signal by several orders of magnitude. Such ampli�cation is called gas gain. Contrary to

intuition, the signal pulse on the anode wire is produced by induction due to the motion
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Figure B.1: An example drift cell, viewed looking down the anode wire. Shown in grey
are the electric �eld lines. Field shaping wires are not displayed.

of the positive ions. The movement of the electrons gives only a small contribution, and

even though the ions move very slowly compared to electrons, the rise time of the signal

is very fast.

As the liberated ions travel through the drift volume along the electric �eld lines, they

collide with gas molecules along the way. These very soft collisions slow the accelerating

electrons and ions so that, in e�ect, they travel at a constant drift velocity. The drift

velocity depends on the gas mixture in the drift volume. If one knows the drift velocity

and the time di�erence between the particle entering the chamber and the pulse on the

anode wire, the position of the primary ionization, and thus the position of the passing

particle at the time of ionization, can be determined. In D�, the �rst time marker, t0, is

given by the beam crossing time. For the VTX chamber, drift distances are up to 12 mm

and the position resolution is 40-60 �m for drift distance greater than 4 mm. For the

CDC, typical drift distances are a few centimeters with position resolution from about

150 mm to 260 mm as measured from test beam data.[52,53]

Although the distance of the primary ionization from the anode wire can be deter-

mined, one does now know which side of the wire the ionization occurred, because the

only information one has is the drift time. This confusion is called left-right ambiguity.

Drift cells are therefore usually stacked in layers, with each layer o�set from the others
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by some fraction of the cell width. By connecting the hits from several cells in two or

three layers, the correct sides of each wire can be determined by the sides that form a

contiguous track through the detector.

To measure the position where the avalanche occurs along the anode wire, D� tracking

detectors use either charge division or delay lines. The method of charge division involves

collecting charge at both ends of the anode wire. The ratio of the charge collected from

one end to the total is equal to the ratio of the distance the charge was injected from

that end to the total wire length. The use of delay lines is a more accurate technique. A

delay line is an additional wire running the length of the cell parallel to the anode and

is capacitively coupled to the cathode planes. Given a t0, the position of the avalanche

along the wire can be calculated from the time di�erence between the arrival of signals

from each end of the delay line. The VTX chamber and the CDC have their sense wires

running parallel to the z axis. To measure the z coordinate of a hit, the VTX chamber

uses charge division while the CDC uses delay lines.

Since the signal from a drift cell is proportional to the energy given to the ionized

electron and the ion, the dE=dx of the passing particle can also be measured. A frequent

particle identi�cation problem is to determine if a track was produced from one electron

alone or an electron and positron close together and following the same path (a magnetic

�eld would separate the particles, but, since D� has none, the e+e� pair will be unre-

solved). Photons and neutral pions converting to e+e� pairs will create such situations.

By measuring dE=dx, single particle tracks can be distinguished from doubly-ionizing

tracks produced by two particles following the same path.
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Appendix C

Principles of Calorimeters

Calorimeters[116,117,119] measure energy by total absorption of incident particles. Remem-

ber from the discussions of Appendix A that high energy electrons and hadrons shower

as a result of inelastic collisions. Each collision degrades the original particle's incident

energy. The number of particles produced in a shower, N , is proportional to the incident

energy, N � E. The cascades are statistical in nature, so 
uctuations in the number of

particles from shower to shower determine the energy resolution,

�(E)

E
� �(N)

N
� 1p

N
� 1p

E
(C.1)

A good feature of well designed calorimeters is that the resolution improves by 1=
p
E as

the energy of particles increase.

The shower energy is measured by its particles traversing some active region. The

D� calorimeters use liquid argon (LAr) as the active medium which is ionized by the

particles in the shower. The ionization is collected by read out boards with copper pads

at high voltage (similar to the anode wires of a drift chamber). In this case, there is no

avalanche e�ect, and so LAr has unit gain. Unit gain is a desired property, since the

energy lost to the ionization needs to be measured very accurately.

C.1 Sampling Calorimeters

The entire shower must be contained for calorimeters to measure the correct energy.

Since the depth of showers increase as lnEincident, containing higher energy electrons and
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hadrons does not mean adding enormous amounts of extra material. Because electro-

magnetic and hadronic particles interact with di�erent path lengths, (radiation length for

electromagnetic and the much longer nuclear interaction length for hadrons), calorimeters

are split into separate electromagnetic (EM) and hadronic sections. The EM calorimeters

are much shorter in depth than their hadronic counterparts, since much less material is

necessary to contain an EM cascade.

When the incident energies are very high, it is often impractical to make a calorime-

ter completely out of active material due to size and expense in material and read out

electronics. For example, the D� EM and hadronic calorimeters amount to �20 X0 and

�7 � of material, respectively. If that were entirely LAr, the depths would be about 3 m

for EM and 5 m for the hadronic calorimeters! Since D� needs to be a compact detector,

many plates of depleted uranium, copper, and stainless steel are inserted in the liquid

argon. These uninstrumented high Z and high density absorbers help to contain the

showers in a much shorter depth: 11 cm for EM and �1 m for the hadronic calorimeter.

The showers are sampled by instrumented gaps between the absorber plates, and thus

D� and similar calorimeters are called sampling. A consequence of sampling the shower

is that only a small fraction of the energy is read out, and thus the energy resolution can

su�er. Through careful construction and calibration, the sampling fractions can be deter-

mined and the original incident energy can be calculated by applying sampling weights

to the data.

C.2 Compensation

In Appendix A, some of the di�erences between hadronic and electromagnetic showers

were discussed. Hadrons interacting with nuclei can produce electrons and photons, so a

hadronic shower includes an electromagnetic part. �0 and � mesons will also be absorbed

electromagnetically since they quickly decay to two photons. A further di�erence is that

excited nuclei releasing protons and neutrons will absorb much more energy than they

release in order to overcome the nucleon binding energy. On average but with large


uctuations, 40% of the energy in the purely hadronic part of the shower is lost to
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exceeding the nucleon binding energies.[116] The calorimeter response to electrons is thus

greater than that compared to hadrons with the same energy; e=h > 1. This di�erence

in response has disastrous e�ects on a hadron calorimeter's performance: the resolution

will not improve as well as 1=
p
E, the signal shape for monoenergetic hadrons will be

nongaussian (and thus asymmetric), and the hadronic response will not be linear with

incident energy. Fortunately, there are techniques in calorimeter construction and o�-line

analysis to make calorimeters compensating, forcing e=h to 1.

One method for compensation is to accurately determine the EM component of the

hadronic shower event by event, since it does not su�er from binding energy losses. But

EM showers are much shorter in depth than hadronic showers, so the calorimeter read

out must be very �nely segmented in depth to get many accurate measurements of the

shower to identify the EM part. Weighting factors determined by the strength of the EM

fraction are applied when the data are analyzed o�-line to give compensation. Although

the D� calorimeters are �nely segmented, the longitudinal segmentation is not enough

to allow this technique.

Another method is careful choice of the absorber material and its thickness to increase

the energy of the purely hadronic shower. By using uranium plates, extra energy with

new photons and neutrons will be released when an uranium atom undergoes �ssion

due to a colliding neutron. If the plates have the correct thickness relative to the read

out material, the measured hadronic energy will be boosted by the correct factor and

compensation can be achieved. D� uses this technique and reaches near compensation.

A disadvantage of uranium absorbers is the extra noise from uranium radioactivity, but

that can be taken care of with careful calibration and recording of ADC pedestals.
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