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A B S T R A C T

Th is thesis presents the results of some of the author’s work in the High Energy 

Physics Group at Brown University, work done within the framework of the DO col

laboration at the Ferm ilab National particle accelerator. To allow a broader audience 

an easier understanding of the experimental data presented, a brief review of the 

relevant areas of Particle Physics precedes the description of the experimental setup 

and results. Monte Carlo simulations of Z boson production at the DO experiment 

were made to allow for precise predictions of expected data at the accelerator when 

construction reaches completion. The specific work that was executed is presented 

in detail, from the point of view of experimental high energy research, followed by 

comments on tiie results obtained and on possible future directions.
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1. A  Brief Introduction to Particle Physics

Scientists have the goal of understanding the world around them, and how they 

interact w ith it. Traditionally, this process has involved two different hut related 

research goals: understanding what the constituents of the world arc, and under

standing how they interact. From the first division of the world into its “ air, fire, 

earth and water” constituents, to the atomic classification of Mendeleev and the nu- 

cleonic structure that followed, a trend is consistently present. To better understand 

Physics, it is necessary to understand the different types of smaller scale constituents 

as well as what their similarities and differences are, so as to comprehend how they 

interact to build larger structures. This framework of research has existed for many 

centuries, and has proven quite productive. In the 1950’s and 19G0’s, however, ex

perimental results have provided us with data that did not satisfactorily fit existing 

theories. Hundreds of so called “elementary” particles had been analyzed, weighed, 

and named. Such a wide diversity conflicts with a basic assumption that exists 

throughout scientific research, that “ There must be a simple answer.”

Th is idea of a r.mple theory that explains complex experimental data appears in 

many implementations throughout the history of Physics. The concept of total energy 

being the sum of kinetic and potential energy, special relativity and its unification of 

the concepts of energy and matter are two such examples. W ith this concept of a 

“ simple solution” always in mind, theorists have developed mathematical formulations 

that try  to encompass as many of the experimental results as possible. A brief survey 

of the history of this unification process as it has been applied to the forces of the 

universe follows.

1 .1 .  E l e c t r o m a g n e t i s m

The first unified field theory, developed by Maxwell and others, unified two ap

parently very distinct forces, electricity and magnetism. Electricity acts only between 

charged particles, which sets it apart from other !;nown forces. Sim ilarly, the mag

netic force seemed to act only between matter that was magnetic, a characteristic 

exclusive to ferromagnetic metals. Electromagnetism provided a well-defined field
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theory which encompassed both the electrical and magnetic forces using a simple 

formulation, composed of a set of four first order linear differential equations. A 

massless gauge particle, the photon, mediates the force over an infinite distance. The 

symmetry group for this gauge theory is C /(l), or u i.itary group of dimension 1. The 

fact that it is of dimension one results from the requirement that the photon be an 

abelian interaction i.e ., that it carry no charge,

1 . 2 .  E l e c t r o w e a k  T h e o r y  a n d  t h e  Q u a r k  M o d e l

The next theory that promised to help unify forces is the electroweak theory. 

The name reflects the fact that it integrates into one formulation the electromagnetic 

interaction described above with the weak force. Th is force, unnoticeable in the 

everyday world, is responsible for such phenomena as the decay of neutrons into 

protons in unstable nuclei:

n —► p -f c“  4- v

To explain this phenomenon, it is necessary to present a small overview of the 

quark model of particle physics. In this model, nucleons (neutrons, protons) are 

made up of smaller, point-like constituents-guarfcs. These quarks are labeled u (tip), 

d (down), b (bottom), c. (char/.t) and s (strange). A sixth quark, the top quark (t ) , 

which has never been experimentally observed, is being sought at the new high en

ergy accelerators at C ER N  and Ferm iUb These quarks are usually arranged in the 

following families of six “ flavors:”

where the mass of the lower element is less than that of the upper one, and less 

than that of any quark to its right. The up quark has a charge of 1-2/3, while the 

down has a chargc of —1/3. A ll six quarks have antimatter counterpart.*, which are



called antiquarks. These quarks and antiquarks combine to make hadrons (3 quarks) 

or mesons (one qq pair). For example, a proton is made of 2 ups and 1 down quark 

(uud), a neutron of 2 downs and one up (udd). In the 0~ decay described above, an 

down quark in the n is changed into a up quark, an antineutrino and an electron. 

Th is “ flavor changing” process occurs through the action of the weak force, specifically 

through the exchange of a IV'" boson (:,ee Figure 1).

Just as for electromagnetism, a gauge field theory for the weak force was devel

oped. In  this instance, the symmetry group is 5 t/(2 ). A restriction is placed on 

the Lagrangian L so that it  be invariant under local gauge transformations. This 

requirement is implemented by the introduction of massless gauge particlcs, which 

cancel out the asymmetry in the Lagrangian undergoing a transformation. Given 

the dimension 2 of the SU(2) symmetry group, there must be three invariants (the 

number of gauge particles for a symmetry group SU(n) is always n2 — 1). These three 

particles have been named JV +, W “ , and and are referred to as the intermediate 

vector bosons for the weak force. An important characteristic of these bosons is that 

they are non-abelian, i.e., that they posess a charge, and can therefore interact with 

one another. Further study of these particles is delayed until a later section, since 

their study constitutes the basis for the theoretical grounds of this thesis.

These two forces, the weak and the electromagnetic force, constitute the bases 

for the electroweak theory of particle interactions. According to a unified theory, 

the weak and electromagnetic forces are different manifestations of the same force 

different manifestations of the same force. A t high energy, however, the forces have 

comparable strengths. However, the Lagrangian is not at an energy minimum in its 

vacuum state-a situation often compared to the potential energy of a marble at the 

bottom of a wine bottle (see Figure 2 for a graphical representation of such a field). 

At high temperatures, the ground state is above the peak, therefore there is no such 

asymmetry. When the temperature is lowered, the ground state of the Lagrangian 

becomes assymetrical-the marble rolls in the trough of the bottle. Th is process is 

known as “ spontaneous symmetry breaking.” It has the crucial consequence that the 

gauge particles become very massive, thus explaining the large masses of W s  and Z.
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However, this simple combination of both groups provides us with an incomplete 

theory, as it docs not fit the data. Indeed, the SU(2) x  U{\) symmetry group cannot 

lead to the presence of massive gauge particles, but we know from experiment that 

W ’s and Z's have high mass. The correction factor that can account for that is a 

scalar field that, when added to the electroweak Lagrangian, provides us with the 

needed “symmetry breaking.” Just as the symmetrical center of the bottom of a 

wine bottle bottom is not at the energy minimum, so the Lagrangian is asymetrical 

when it is at a minimum. This scalar field, the Higgs field, allows for the apparent 

asymmetry between the massive bosons and the massless photon.

1.3 . Q CD  a n d  G r a n d  U n i f i e d  T h e o r i e s

There are nonetheless more forces in the universe than the electroweak interaction. 

Art example is the strong force, the force responsible for the confinement of quarks 

in matter. The theory of Quantum Chromo Dynamics, or Q CD , incorporates the 

strong force by assigning to quarks a new characteristic called color. By  imposing 

this new Huantum number on quarks, one solves the conflict with the Pauli principle 

inherent in the quark structure of hadrons (a proton would otherwise be symmetric 

under the exchange of two quarks). Furthermore, one notices that the limited number 

of existing hadrons can be explained by requiring the color combinations to combine 

to white, which provides an interesting insight into why some otherwise predicted 

particles have never been seen. QCD theory, not being wholly relevant to this work, 

will not be explored in any further detail.

One last force has not been dealt with in this unification process. It is however 

the force we nre most familiar with, as it affects our everyday life: gravity. The 

most important problem in integrating gravity into the same formulation as the other 

forces is the lack of a robust gravitational quantum theory. These theories are of 

considerable interest, however, especially in the field of cosmology, where they can 

provide insight as to the creation of the Universe, before the symmetry breaking which 

made the forces as distinct as they seem today.
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The intermediate vector boson under its multiple forms (neutral and charged 

is considered in the Standard Model to be the vector carrier of the weak force in 

the interaction between two locally interacting particles, just as the pion carries the 

strong force between two hadrons. Since the weak force acts at such small distances, 

the W  boson is difficult to detect as such-it dccays into two leptons or quarks before 

it can reach a detector. This is a consequence of the high mass (and therefore short 

range) of the W  boson. However, if one can accurately predict the physical properties 

of the W boson, one can detect its presence from the products of its decay. This 

is a fundamental tool throughout particle physics, and it will be used constantly 

throughout this work.

The W  boson can decay in many modes, the leptonic series being as follows:

W + —> + v

W +  -> e+ + u 

W ~  —► ft~' -{- i>

TK~ —* e~ -f- P 

Z° e+ + «T

z° -> /i+ -t / r

The high mass of the W and Z bosons explains why they have only recently been 

seen, at very high energy accelerators (Fermilab, C E ltN ), and why more powerful 

accelerators have raised hopes of better results in the production and study of these 

heavy bosons.

1.4. W  A N D  Z  BOSONS

In a pp collider, such as the Fermilab Tevatron Collider, one can infer the creation 

of W ’s and Z's from the rcsultb of their decay. These decay modes are known, and 

can therefore be used as “ signatures” for the W and Z bosons. High energy W ’s and 

Z ’s usually decay into cither lepton pairs (neutral /?°), or into lepton-neutrino pairs
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(charged W ’s). From the detection of the charged leptons, their energies and pr's, 

we can derive several characteristics of the bosons we are interested in, such as their 

mass and “ width” (more specifically the width of the mass distribution).

The values for M %  and M\v are especially useful since they allow for a measure of 

$W  ftnd p, two key components of the V/einberg-Salaam model, the Standard Model 

of Elcctroweak interactions.

Other physics goals beyond the specific values of the boson masses can be expected 

from weak boson research. Such research is expected to test the Standard Model 

in many ways. Moreover, testing for weak interactions at high energies may give 

experimental evidence supporting or disproving proposed theories, as well as new 

physical phenomena.

9



2. T h e  D O  e x p eriment at Fermilab

2 .1 . T h e  F e r m i l a b  T e v a t r o n  a n d  t h e  DO d e t e c t o r

The Fcrm ilab Tevatron accelerator is a large ( «  6.4 km in circumference) pp 

collider located in Illinois. It  has been in operation since 1983, and collides protons 

and antiprotons agains each other at an energy of 1 TeV  each (y'.s = 2TeV).

The protons are created and accelerated in a small synchrotron, while antiprotons 

are created and stored in the antiproton accumulator ring, before both particle beams 

are sent to the Tevatron, where they are accelerated to lTeV, After circling around 

in the beam tunnel in opposite directions, the beams collide at one of six collision 

points (see Figure 3).

The DO detector at the Fermilab pp collider simulated in this work is scheduled to 

undergo its first run in middle 1991. It , along with two other experiments at Fermilab, 

consists of a large underground detector. Th is detector, consisting of physical and 

electronic detection devices, has a total mass of 4750 tons, and is set on a rolling 

platform.

The detector setup around the collision point at DO was designed to detect 

hadrons and leptons coming away from the central collision, to measure their en

ergies and momenta as well as to rccord their trajectories. Also, it is hoped that 

the leptons produced by the collision w ill be identified by the detector. Th is com

plex device w ill provide physicists with the data needed to study the physics of the 

collision.

By examining Figure 4 and Figure 5, we see that the detector is composed of 3 

different types of detectors. The central tracking chambers are designed to measure 

the particle trajectories. Th is allows among other things for a precise measurement 

of the vertex position of the collision, that is to say the prccise location along the 

beam where the pp collision occurs. Th is value is especially useful in increasing the 

accuracy of missing neutrino p r ’s, given the available calorimeter data.

The second type of detector located radially is our main data-collection tool for 

this thesis, the three liquid argon calorimeters. The first one, of cylindrical shape, is



coaxial to the beam pipe, and provides coverage for the particles leaving at an angle 

nearly normal to the beam pipe. The other two provide coverage for particles that 

would escape the central calorimeter, down to a few degrees of the beam direction, so 

as to provide maximum coverage and resolution over the entire distribution of particle 

tracks. Evidently, particles created in 'he collkion chamber which follow trajectories 

along the beams’ direction will not be detected by any detectors.

The third detector installed at DO is the muon detector, located Outside of the 

calorimeter. Th is calorimeter’s main task is to detect the existence of and measure 

the momenta and direction of the charged muons which have gone through the two 

previous kinds of detectors.

2.2. T h e  p h y s i c s  a t  DO

The DO detector was designed with a specific set of physical processes in mind. 

Indeed, a high-energy, high-luminosity collider like the Tevatron will be most useful 

for the study of processes that require these conditions. Th is effort to best utilize 

available resources explains many design decisions that were made in the building of 

the DO detector, as well as the choice of planned ; xiperiments.

The physical processes of intermediate vector bosons, namely the Z  neutral current 

and the W *  charged currents, given their high rest mass (several tens of G e V ’s), 

and therefore their short lifetimes, need high energy collisions to be created. This 

explains why the 1 TeV  energy scale of the Fermilab accelerator is a useful tool in 

vector boson research. Moreover, the high-luminosity (a standard year-long run will 

have a luminosity of L — 2.0 103Ocm "2sec"1) will provide us with a large enough 

number of events to do significant statistical analysis. As an example, about 2500 

Z° —► e+e~ events are expected per collider year.

The UA1 and UA2 experiments at C E R N , and the C D F  data from Fermilab have 

proven that advanced calorimetry that provides good hadron jet resolution, precise 

measurements for missing transverse energy, along with detectors that identify and 

measure the energy of the produced leptons, can produce interesting and accurate 

physics results.
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A list of specific results that are expected to come out of DO follows:

• The mass difference between the W  and Z  bosons should be measurable with 

an accuracy of ±QAGeV.

• The result above can allow precise measurements of the Weinberg angle , 

since:

38.5 GeV
sin(0w)

M w

• the p parameter-the relative strength of neutral (J^c-Z°-J^c ) current to 

charged ( current  (see Figure 6)-can then also be computed using:

Mtv
P - Ml  cos2 9\v

• the mass of the Z  boson, Mz, and the width of the Z, l'z can be measured, as 

w ill be described further in more detail. The mass and width of the W , M\v 

and Tw , w ill also be measured at DO, with an expected accuracy of ±Q.3GcV,

Careful measurements of the mass of the intermediate vector bosons and their 

widths w ill allow for precision tests of the accelerator design and construction, as well 

as tests for the Standard Model.
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3. T h e  Simulation

3 .1 . O v e r v i e w  o f  t h e  S i m u l a t i o n

As noted in the introduction to particle physics, as well as in the chapter on DO, 

precise measurement of the mass of the Z  boson, as well as its width, can provide 

useful insights into the physics of high-energy processes. Indeed, knowing the mass 

of the gauge bosons gives us a measure of the strength of the force. Such is the 

motivation for the work presented in this thesis.

Although the first complete run of DO is not expected until June 1991, computer 

simulations allow for studies that provide tools for adjusting the final construction 

details of the detection and measurement devices, as well as the analysis software. 

W ith  this in mind, a two-part experiment was conducted throughout the year. In the 

f.rst part of the experiment, simulated data was generated from a precise physical and 

geometrical description of the DO detector, specifying the types of events that were 

to be generated by the simulation. The data that was created should theoretically 

be equivalent to the data that can be provided by the DO experiment when it begins 

operation. In  the second phase of the experiment, the data was reconstructed using 

the analysis tools that w ill be used in the experiment, Th is allowed for development, 

testing and debugging of the software as well as the establishing of preliminary results, 

resulting from a combination of theory (the standard model) and experiment (the 

geometry of the detector, the validity of the analysis decisions that were made, etc.).

The procedure that was followed for these two steps will be developed in detail 

below.

3 .2 . S i m u l a t i o n  p h a s e : g e n e r a t i o n  o f  e v e n t s

For this type of analysis, a very specific type of event needs to be chosen and 

analyzed in depth. A valid question is what event type should be chosen, among 

all the possible particle productions at such energies. Given the origin d goal of 

measuring the mass of Z ° , two criteria were established. The first criterion, given 

the test nature of the software packages that were to be used, is that the decay mode
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have a very “ clean” signature. That condition is met by the dccay Z° —► e+e~, since 

both electrons deposit nearly all their energy in a small area of the electromagnetic 

calorimeters. The second requirement is that it be an event with significant statistical 

value. As was mentioned above, a year-long run of DO is expected to yield sa 2500 

such events, therefore giving this simulation a realistic scale.

ISAJET: Generation of a parton and hadron cascade

To simulate the phy Jcs of the DO accelerator and detector, the ISAJET program 

was used to obtain a physically realistic parton and hadron cascades that would 

correspond to the laws of physics. In onr set of runs., ISAJET input was specified so 

that a 2TeV pp collision be simulated and a Z° boson be generated. It was further 

specified that this Z° boson decay into two charged leptons, specifically e+ and e~. 

Running ISAJET then produced both a listing file (see Figure 7), and a data file in 

the Zebra file format to be read by the GEANT program.

CQSEANI

The DOGEANT program is a version of the GEANT program developed at CEHN  that 

was customized to generate data appropriate for the DO experiment. Th is program 

is a Monte-Carlo simulation of the physical behavior of an detector’s (in this case 

Ferm ilab’s) collision chamber detectors (in our case the DO detector), which requires 

as input a precise description of the particles generated in the pp interaction. For 

example, the ISAJET data we have described above outputs the energy, mass, and 

direction of flight of each particle in the event. This data was input to GEANT, at the 

same time as a “geometry” file describing the detector characteristics. The results of 

the simulation are a set of data banks (in the case of 1)0 they follow the Zebra format, 

so they w ill be referred to as Zebra banks). This set of Zebra banks corresponds to 

the data that would be obtained from a real accelerator run. From this stage on, the 

analysis is identical to that done on actual experimental data.
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3.3. A na ly s is  phase: D e te c t io n  o f  Z ’s, M easurem en t o f  M z

I f  one were given an unknown Zebra bank from an detector, one would have to 

perform complex analyses to identify exactly what type of event had occured, using 

the signature of the particle tracks through the calorimeters, tracking and muon 

detectors. Th is phase of “event recognition” was overlooked for this *hesis, given 

that the main objective was a measurement of M z , not the filtering of events. This is 

an important stage in physics analysis, however, and can introduco additional margins 

of errors that should be taken into consideration when examining the results of this 

work*

DOUSER, a general purpose event analysis package, was used in two steps of the 

analysis: the jet-finding and the calorimeter data reconstruction. Both of these tasks 

w ill be described in detail below.

The calorimeter data reconstruction phase corresponds to the extracting from 

the Zebra banks the energy readings from each of the calorimeters, along with their 

positioning (77 and <f>). Figure 8 shows a 2-dimensional projection of these readings, 

which can be interpreted in the following fashion. One should imagine that the 

calorimeters arranged concentrically around the beam axis are unrolled on a plane, 

and that each calorimeter cell now corresponds to a square on the 2-dimensional 

grid it creates. I f  the corresponding calorimeter energy reading is assigned to each 

square, and a parallelepiped of the corresponding height is put on that square, we 

obtain what is referred to as a lego plot. It should be noted that the top-right bar is 

always assigned a standard value (in this case 25 G eV ), so as to provide a scale to 

the drawing. Th is type of plot is useful in giving a qualitative view of the calorimeter 

data, but the difficulty of reading static 2-dimensional projections of 3-dimensional

*  As w ith  an y  filte rin g  system , there m ay be “falsc-positives” and “false-negatives” , viz , some 
events th a t we are filte r in g  foi' m a y  be dropped by the filte r program , whereas some other 
irre le v a n t events m a y  be considered to be the events we are looking for. These la tte r  events 
w ill p ro b ab ly  ( i f  they  are n o t detected in fu rth e r tests) d is to rt the results som ew hat, therefore  
add in g  uncerta in ty  to  the results.

15



data makes it a poor medium for precise quantitative analysis. Jet finding is an 

appropriate alternative to this.

Je t finding

The calorimeter data was used most importantly in the jet-finding phase. During 

this stage of the analysis, one has to recognize groups of neighboring towers that 

correspond to the emission of jets from the collision. Jets are collections of particles 

that have sim ilar directions, as a result of quark fragmentation in the qq collision. 

See Figure 9 for a schematic representation of quark generatio, Figure 10 for an 

illustration of a two-jet collision, and Fig . 8 for a lego plot of the calorimeter readings 

corresponding to such an event.

The specific jet-finding algorithm that was used is usally referred to as cone 

algorithm. In  this method, a cone is centered on top of the highest energy towers, 

and the energy data corresponding to the calorimeter readings under the cone are 

summed together. Th is technique reduces the aliasing, or “ faking” , due to the discrete 

sampling inherent in the calorimeter granularity, and allows for a more accurate 

detection of energy clusters.

The jet finder outputs a list of ail the jets it finds, with the corresponding energy 

sums, their pseudo-polar coordinates ?/ and <f> (?/ is the pseudo-rapidity, related to 

the angle the particle trajectory makes with the beam direction (r; = ln(cot(#/2 ))), 

and <f> describes the angle about that axis), and the electromagnetic fraction. This 

last number corresponds to how much of the energy was deposited in the electromag

netic calorimeter, the rest being deposited in the hadron calorimeter. It  is crucial 

in differentation of various high energy clusters, such as an electron shower (high 

electromagnetic ratio) or a quark jet (low electromagnetic ratio).

Once the jets for all the events are found, the relevant data are stored into files that 

can be read by the IDA program. Th is program, Interactive Data Analysis, allows for a 

quick graphical output of relevant data depending on user input at interactive speeds, 

thereby giving the user the possibility of adjusting threshold levels and modifying 

small analysis programs with great case.
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For this experiment, a total of 670 p + p —* Z° —> e+ -f e~ events were generated 

on two D E C  M ic ro V a x™  I I I  workstations, and analyzed on a M icro V ax™  I I .

Detection of the electron pairs

To infer the existence of a Z  boson in a specific event, it is necessary to detect 

electrons specifically. Given the possible decay modes of pp collisions, the most dis

crim inating characteristic of electron tracks is the high electromagnetic ratio. Th is 

value (always between 0 and 1) was graphed foi all 670 events. The results are shown 

in Figure 11 .

ft is clear from this plot that most of the electrons can easily be detected if  a cut 

is made for an electromagnetic ratio p > 0.95. For this reason, three cuts were made, 

each resulting in a different set of data. These cuts required electromagnetic ratios 

greater than 0.92-5, 0.05, and 0.975.

However, one electron is not enough to allow for the inference of a Z°, We need 

two opposing electrons, produced by the Z° — ► e+ + decay. To account for this 

requirement, a new filter was created. Only events with two electrons were used to 

build masses. These two cuts (high electromagnetic ratio and presence of two e- , s) 

reduced the number of events in the three cases to 307, 387 and 418 respectively.

Building of M z  from the electron data

When the two e~ jets were identified, the mass of the corresponding Z was com

puted using the following formula, where E x is the energy derived from the first 

electron je t reading, E 2 that from the second, and the p'l ,s arc the momenta of the 

two jets.

M Z =  (3.1)

Th is  value of M z  was obtained for each event, and graphed for all of the events 

that met the criteria described above. The resulting histograms are shown in F ig 

ure 12, Figure 13, and Figure 14.

17



The Z° mass distribution is given by a relativistic Breit-Wigner. Therefore, the 

distribution of M z  should theoretically fit the following curve, shown in Figure 15, 

where Mo  is the mean value of Mz, M z  is a given value of the mass of the Z, and 

d(Mz) is the proportion of events with that value for the mass of the Z:

( M i ~ M z 2y  +  M z 2Vz2

B y  fitting this theoretical curve-dependent on the three parameters a, Mo, and 

I V t o  our data, we can find the values of these three parameters that best fit our data. 

The program we used for this, HINUIT, uses several different minimization techniques, 

including the simplex method outlined by Nelder and Mead and a method based on a 

variable metric method by Fletcher1’1. The values that were produced by the MINUIT 

run for each of the values of the electromagnetic cut p are:

T a b le  1 : Summary of Numerical Results

p = 0.925 p = 0.95 p = 0.975

a 1.94 107 ± 1.84 105 1.77 107 ± 1.61 105 1.20 107 ± 1.45 105

Mo 89.3 ± 5.22 10- 2 89.3 :fc 4.99 10~2 88.9 ± 5.67 10~2

Vz 7.48 ± 4.49 10“ 2 7.38 ± 4.45 IQ ’' 2 G.57 ± 4.77 10" 2

These values can be averaged to yield as a final result:

T ab le  2: Comparison between Original ISA JET values and the results of the simulation

Brown Simulation ISA JET  input

Mz* 89.5 ± 5.29 lO" 2 91.0

r z 7.17 ± 4.57 10" 2 2.409
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4. C o m m e n t s  on the results

The average value of M z  for all three cuts was 89.5 ± 5.29 10“ 2, whereas the value 

for TZ averaged 7.17 ± 4.57 10~2. The original values input in the XSAJET program 

were of 91.0 and 2.043. Our result for M z  is relatively close to ISAJET’s value, but 

our value for Vz is significantly greater than ISAJET’s. The latter can be explained 

by remarking that the resolution of the detector was not taken into consideration in 

the building of Mz>  Suggestions for improving this result are presented in the next 

chapter. A  factor that may explain the difference between our value for M z  and that 

obtained at other experiments lies at the source of the processing pipeline that was 

outlined. Indeed, ISA JET requires estimates on the value of the mass of i ,  as well 

as M\y. These values were chosen w ithin a range derived from previously published 

work, but a variation on these in itial data may result in slightly different values for

Mz.

Given the simulation nature of this work, the more interesting comments about 

the experiment are about the technique used, its validity and accuracy. Therefore, a 

brief comment on each stage of the analysis and its results is presented below.

4 . 1 .  D a t a  G e n e r a t i o n

Apart from the variations allowed within ISAJET mentioned above, the package 

provided the author with a reliable, efficient and accurate particlc cascade generation 

tool.

4 . 2 .  V a l i d i t y  o p  t h e  Mz R e c o n s t r u c t i o n  m e t h o d

The qualitative fit between the curves shown in Figs. 12, 13, 14, and the theoreti

cal Breit-W igner curve shown in F ig . 15 proves the correctness of several assumptions 

made in the analysis:

• that the mass of the Z  can be reconstructed using the formula in (3 .1 ),

• that the Z° —> e+ +  e~ decay does follow the relativistic Breit-Wigner model, 

and that the resultant distribution for M z  is that outlined in (3 .2).
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5. Further w o r k

Th is simulation is not a standalone piece of work. It is tightly connectcd with 

the rest of the DO collaboration effort. Further work within the collaboration that 

pertains most directly to this thesis is distributed in the following areas:

6 .1 . T a k i n g  i n t o  a c c o u n t  D e t e c t o r  R e s o l u t i o n

The distribution function for the Z  is the convolution of two functions, one result

ing from theoretical derivations, one resulting from the specifics of the DO detector. 

In  the simulation that was presented, this fact was not taken into account. One way 

to improve the accuracy in Vz would be to simulate a set of events with absolutely 

no theoretical variations in the mass of the 2 , thereby obtaining the detector res- 

olugion function, which could then be convoluted with the Breit-W igner theoretical 

distribution to produce the expected distribution.

5 .2 . S o f t w a r e  E n h a n c e m e n t s

The daia generation and analysis software custom tailored for the DO project, 

DOUSER and DOGEANT, need to undergo complete widc-scale testing before they can 

be entrusted with large amounts of analysis. Instability in test releases, lack of doc

umentation and/or support, and constant upgrades made using the software more 

difficult than necessary.

5 .3 .  E v e n t  F i l t e r i n g

Throughout this work, XSAJET generated very specific Z° c+ e" events. To 

adequately test the statistics of this analysis setup and technique, it is necessary to 

generate random events, and perfect the filtering techniques so that when computing 

M z  as described above, one can assume a low to very low level of false events (events 

that in reality do not correspond to those assumed).

20



5.4. Q uantitative  in c rease  in test data

Analysis of 670 events of a specific type was presented in this thesis. To ensure 

the valid ity of the analysis system in use at DO, it would be helpful to execute a 

full-scale testing of a large number of event types, with a large number of events per 

decay type. Hopefully, the microprocessor farm in development at Brown University 

can provide enough computing power so that the data generation and analysis process 

can be automated and executed without great delay.

Overall, it can be said that the work presented allowed for in itial testing of the 

analysis tools needed for DO, as well as some preliminary results specific to the deter

mination of M z  and F z- However, a more thorough and exhaustive set of tests needs 

to be undertaken in order to achieve a satisfactory level of confidence in the accuracy 

of these tools.
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1) The W  boson as a vector in the weak (3~ decay

6) The W  and Z  bosons as vectors for charged and neutral currents respectively



2) An example of a field with an off-center minimum energy level



3) Aerial view of the Tevatron accelerator, indicating the location of the DO de

tector, that simulated in this thesis
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4) Artist’s rendering of the DO detector





* ISAJEI V6-2S 29-DEC-1989 11:17:02 **  ' *

U. 2 DRELL-YAN PRODUCTION, CORRECTED HIGGS AND TOP HASSES 

KUK3ER CF JETS TO 8£ GENERATES P£R EVENT 2 
P OH AP AT COM ENERGY 0.2000E+04
WUMdER Of DRELLYAK EVENTS TO 3£ GENERATED 
PRJMT A MAXTMUK OF 10 EVENTS SKIPPING 
RUN 10 900414 1414

50
10 EVENTS AT A TIKE

CUN ID 9004-»4 1414 EVENT NO 1 SEED 0.100983988754087E*1.5

JET PARAMETERS

JET TYPE PX PY P2 PO PT THETA PHI X T
- 20 0.00 0.00 97.80 133.63 0.00 1.S7C3 0.0000 0.0975 0.9328
1 E- -17.25 -IS.66 104.34 107.39 25.41 0.23S9 3.9662 0.1043 2.*200
2 £+ 17.25 18.66 -6.54 26.24 25.41 1.8225 0.8246 *0.0065 •0.2544

HASSOF 20 - 91.059
D(SICKA)/0(G*#2>D<YU> s 0.28115*11 
D(SIG«A)/0(Q**2>DCTW)D(CM£CA) » 0.2419E-12

PAP.TON CASCADE PARAMETERS
I JET CRIG TYPE DECAY PX PY PZ PO HASS

PARAMETERS FOR ZO 1 11 0 08 11- 12 •5.49 1.50 142.89 142.20 -15.1C
MASS LIMITS 0.8000E*02 C.1200E*03 2 12 0 ON 5- 6 15.15 *42.45 *29.08 9.56 *52.>8
TRAVERSE MOMENTUM LIMITS O.OOQCE+OO 0.cc00€*00 3 1 0 E* FINAL •11.31 •48.30 119.0? 129.00 o.co
THETA LIMITS 0.C000E+00 0.3142E+01 4 2 0 E+ F!NAL 20.96 7.14 •5.27 22.76 0.00
PHI UKJTS O.OOOOE+OO 0-0000£*00 5 12 2 GL 7- 8 -8.06 *0.74 -84.57 82.76 -19.19
RAPIDITY <Y) LIMITS -0-3217E+01 0.3217E+01 6 '2 2 DB FINAL -23.21 41.71 -55.49 73.20 0.30
FEYNMAN X LIMITS ■0.100CE-01 0.1GC0£*01 7 12 5 GL IS- 16 0.03 -2.18 -250.3S 250.18 *9.40

8 12 5 Si 9- 10 8.10 *1.44 *165.78 167.42 21.90
FOLLOWING PARAMETERS HAVEBEEN FIXED OTU PhU 9 12 8 CL FINAL -6.90 •3.21 •38.15 38.90 0.00

10 12 8 GL FINAL 15.CO T.77 -127.63 123.52 o.co
11 11 1 08 13- 14 •0.32 0.09 194.40 193.93 *12.69

- JET HO. 1 12 It 1 GL f:kal 5.17 *1.21 51.51 51-78 0.00
13 IT n 03 INITIAL 0.00 o.co 194.32 194.32 0.30

MOMENTUM LIMITS 0.1000£*01 0.1000E*04 14 11 11 GL FINAL 0.32 -0.09 -G.C8 0.34 0.00
TRANSVERSE WOfttKTUM LIMITS 0.1000E+01 0.1000E-04 15 12 7 GL 17- 18 -1.05 0.16 -302.18 3C2.CS *7.96
TKETA L5MTS 0.1000E-02 C.3141E*01 16 12 7 GL FINAL •1-09 2.34 -51.84 51.90 o.co
PKI LIMITS C.CCOOE-GO 0.6283E*01 17 12 15 GL INITIAL 0.00 0.00 -307.63 307.63 0.00
RAPIOITT (Y) IIKITS -0.?6C1E*01 0.7601£*01 18 12 15 GL FINAL 1.05 -0.16 -5.45 5.55 0.00
FEYKMAN X LIMITS '0-1C00E*01 0.100CE*01
JET TYPE E* £•

NUM3EROF POMrRZSS = 4

JET NO. 2
HADRON PARAMETERS

MOMENTUM LIMITS C.10006*01 0.10CCc*04
TRANSVERSE MOMENTUM LIMITS 0.1000E-01 0.1000E-04 I JET CRIG TTPE DECAY PX PY PZ PO PT tketa PKI
ThETA LIMITS 0.1000£*02 0.3141E*01 1 11 -12 R*D0 69- 70 0.03 -1.01 4.24 4.43 1.01 0.2332 4.7385
PHI ClMiTS 0.CCC0£*C0 0;628JE*01 2 11 -12 PIO 71- 72 0.98 0.54 1.20 1.64 1.12 0.7533 C.5018
RAPIDITY <Y) LIMITS -0.7601E*01 0.7601E+01 3 n -12 RhOO 73- 74 -0.22 0.10 1.15 1.41 0.24 0.2C65 3.5692
FEYNMAK X LIMITS '0.100CE*01 0.1000E+01 4 n '12 ETAP 75- 77 1.15 •0.05 1C.98 11.08 1.15 0.1C43 6.2356
JET TYPE E+ E- 5 11 •12 ETA 78* 79 0.98 0.10 9.c: 9.08 0.99 G.1C92 0.1X1

6 11 -12 RHOO 80- 81 1.56 -0.41 7.20 7.42 1.61 0.2203 6.0230
7 n •12 K- stasle •0.38 0.53 2.80 2.91 0.65 C.22S1 2.1977

EICHTEN STRXT̂ E FUNCTIONS 8 ii -12 K-0 82- S3 0.39 -0.1$ 1.44 1.74 0.42 0.2319 S.9070
9 n -12 RMO- 8i- 85 0.57 0.53 6.47 6.56 0.73 C.1199 0.7S03

10 u *12 J?HO 56- 87 -0.67 *0.67 0.32 1.27 0.95 1.2465 3.93:9
CCD LAMBDA = 0.2000 JET CUTOFF MASS * 6.000 11 n -12 PI- STA31E 1.39 0.52 1.23 1.93 1.48 0.8765 0.3562

1? :t •12 Pi* STA31E -C.35 ■0.24 0.3-S 0.59 0.43 0.8477 5.7550
HEAVY SUARC MASSES * 150.00 oo8 13 n •12 ki.0 85- 83 -0.60 ■0.43 0.06 0.89 0.73 1*4910 3.7667

14 ii -14 PI* stable -0.06 ■0.37 •0.20 0.45 0.53 2.C661 4.5407
15 12 •6 PI* s:a$̂e *3.36 5.11 -6.76 9.12 6.12 2.4063 2.1520

WEI*E£RG MODEL Srii**2<TH£'iA-U)= 0.2300 16 12 -6 ETA 89- 91 *1.05 2-93 -3.75 4.93 3.15 2.4418 1.9C83

7) Sample ISAJET Listing



8) Two-jot lego plot
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9) Schematic representation of quark generation



10) Two-jet collision
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14) Distribution of M z  for an electromagnetic threshold of 0.975
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15) Theoretical Brcit-Wigner Curve for M z ~  90 and Vy, — 10








