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ABSTRACT 

Event Reconstruction 
Using the Linear Correlation Probability 

for Fixed Targets at 400 GeV 

by 
ROBERT CHRISTOPHER MOORE 

Adaptations of the Fermilab E609 event reconstruction 

program were made to increase its speed and versatility. An 

attempt to increase the number of chambers utilized per track 

prompted the examination of a new track selection criterion, 

the linear correlation probability. A comparative study of 

the merits of the probability of linear correlation, as op* 

posed to the reduced chi square, for determination of tracks 

shows that, for a limited set of track parameters, the linear 

correlation probability works better than the x /v. For op* 

timized parameters the X /v selection criterion has a 

slightly finer resolution. However, the linear correlation 

can achieve nearly the same resolution involving less com* 

puter time. In general the x /v should remain the preferred 

choice for accurate tracking while the linear correlation 

probability should be used for rapid track reconstruction 

suffering a 10% loss in resolution. 
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CHAPTER 1 

INTRODUCTION 

High Energy Physics today would be impossible 

without computers. To successfully complete an experiment an 

experimentalist may spend as much time programing as building 

equipment. A typical experiment requires multiple stages of 

computer effort. Programs for experimental design, calibra¬ 

tion and testing, data acquisition and runtime monitoring all 

precede the final series of analysis programs. Even the 

analysis is broken into pieces, usually starting with "first 

pass" data summary tapes and event tracking followed by de¬ 

tailed physics analysis. The Ferimlab experiment E609, an 

attempt to measure di-jet cross sections at Ss of 27.4 GeV, 

was no exception to the rule of massive programing 

requirements . 

This thesis presents the latest version of the E609 

charged particle tracking program. The introduction 

describes some of the experimental objectives and details the 

1 
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equipment used to collect the tracking data. Chapter 2 

presents an overview of various track reconstruction techni¬ 

ques and some of the ways they are employed. This chapter 

additionally examines the track acceptance criteria as well 

as the differences between the old and new versions of the 

E609 tracking. Chapter 3 discusses the parameters that in¬ 

fluence the quality of the tracking. Chapter 4 contrasts the 

old and new programs in their responses to tracking with 

simulated tracks and with real data. A summary and conclu¬ 

sions comprise the final chapter. 

The E609 experiment was proposed to measure the 

parton-parton high transverse momentum (high p^) cross sec¬ 

tion at" Js equal to 27.4 GeV to test the first order QCD 

cross section predictions in this energy region. Experiments 

using e~, or v's as probes show that protons have under¬ 

lying structure. Vithin the context of QCD, hadrons are made 

of partons which carry the quantum number color. Color is 

unobservable (known as color confinement) and as a result 

partons never appear as free particles. An energetic parton, 

as it breaks free from a proton, hadronizes into a collimated 

spray of particles called a jet. In some proton-proton col¬ 

lisions two of the constituent partons, one from each proton, 

will collide nearly head-on and scatter at large angles (near 
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ninety degrees) in the parton-parton center of mass frame. 

They each hadronize into two back to back jets accompanied by 

a jet from the beam proton's remnants and a spectator jet 

produced from the noninteracting portion of the target pro¬ 

ton. The experiment's goal was to measure high p^ di-jet 

production from 400 GeV protons on a fixed target and compare 

the results with calculations using known proton structure 

functions and QCD scattering cross sections. 

Collisions at 400 GeV result in mostly low p^. 

events. To look for "jet like" events, which arise from hard 

collisions between partons, one must measure the momentum 

distribution of a large number of events and selectively col¬ 

lect only events which satisfy the requirements of high 

transverse momentum. The collection process, known as trig¬ 

gering, is complicated for high p^ events by the rapidly fal¬ 

ling transverse momentum spectrum. Real events become rarer 

and increasingly hard to separate from a background of false 

high p^ events. 

The E609 experiment was divided into three major 

sections. A schematic of the apparatus is given in 

figure 1.1. A segmented calorimeter, the central portion of 

the apparatus , measured energy deposition and generated the 
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trigger to select the events of interest. The second portion 

of the experiment, an array of thirteen wire chambers plus a 

momentum analysis magnet, measured the charged particle's 

multiplicity and momentum. Using these two portions of the 

experiment one can identify jets: in the calorimeter by ob¬ 

serving the energy deposition in the calorimeter segments and 

in the wire chambers by reconstructing the tracks of the 

charged particles. The third portion of the apparatus, a 

second calorimeter, measured the energy in the beam jet. 

In E609 the tracking will be primarily used to 

determine the event vertex and charged particle multiplici¬ 

ties. Determination of the event vertex location will be 

especially important since the target empty to target full 

ratio in the experiment was nearly one half. This implies 

that half the collected events were background. The standard 

technique of background subtraction would produce a major 

loss in statistics as well as allowing possible entry of sys¬ 

tematic errors . Event reconstruction allows the identifica¬ 

tion of actual events that do not come from the target and 

can eliminate background with minimal loss of legitimate 

data. 
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FIGURE 1.1 

E-609 DETECTOR 

DEL» UNE CHAMBERS 

TOP VIEW OF E- 6(39 APPARATUS 
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The charged particle information has several uses 

in addition to determining the event vertex. For example, 

using the energy distribution in the calorimeter and the 

charged track information one could examine events in which 

one of the partons goes completely into neutral particles or 

into a single charged particle while the other jet hadronizes 

into multiple particles. One signature of such an event 

might be two energy peaks in the calorimeter but charged 

tracks pointing toward only one peak. The chambers are also 

useful for the momentum analysis of the charged particles. 

This information can be used to estimate the ratio of the 

charged energy to the total energy. Partial identification 

of high-planarity events (the signature of back to back jets) 

can be done with the tracking information. An event with two 

pairs of tightly clustered tracks could be attributed to di¬ 

jets. High planarity events tend to have lower multiplici¬ 

ties (two particles 180 degrees from each other have a 

planarity of one). Thus, the initial selection of low multi¬ 

plicity events and the examination of the spatial distribu¬ 

tion of the tracks would quickly select events with jet 

characteristics. 

To understand the difficulties involved in event 

reconstruction one needs to have some background into the 
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operation of wire chambers [Sauli 77]* E609 used three kinds 

of wire chambers, each selection based on the chamber *s 

operational advantages and cost* The chamber array consisted 

of one three-planed multi-wire proportional chamber, nine 

drift chambers and three delay-line chambers * 

A multi-wire proportional chamber utilizes the 

atomic ionization caused by a charged particle passing 

through a gas* If the gas is in a high electric field, the 

freed electrons drift along field lines to the nearest anode. 

In the very high field region, close to the anode, the elec¬ 

trons ionize other atoms, creating an avalanche of electrons 

toward the source of high potential * By making an array of 

closely spaced wires, one can determine the location of 

particles crossing the plane by recording which wires experi¬ 

ence a change in potential* The resolution of this array is 

limited to half that of the wire separation, (a particle half 

way between two wires will fire both wires thus giving the 

half wire resolution). Proportional wire chambers (PWCs) can 

be used to determine the incident particle *s energy at low 

energy, however in E609 the proportional wire chamber was 

used only to record hit locations* One advantage of this 

type of chamber is that it can operate in intense beams 

without substantial dead time. Thus, in E609, a PVC was 
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chosen for the chamber nearest to the target where the inten¬ 

sities per unit area would be the greatest. 

The proportional chamber consisted of three 

separate planes. In the coordinate system of the experiment, 

defined in a right handed frame with the positive Z axis down 

the beam-line, the X axis horizontal (positive to the left) 

and the Y axis vertical (positive upward), one plane of wires 

was vertical to give pure X information. The other two 

planes were rotated by plus and minus 15 degrees from verti¬ 

cal. Combining all three planes together one can determine 

an X and Y location of each track passing through the 

chamber. The wire spacing was 2 millimeters, giving a 

resolution of one millimeter. A loss in Y resolution is ex¬ 

perienced since the size of a cell in the Y direction depends 

on both the wire spacing and the wire tilt (the optimum in 

this case is 1.8 mm.). Furthermore it is possible to have 

some ambiguities in the Y. When many particles pass near a 

common set of wires, several possible Y locations will make 

consistent match-ups for each unique X location. 

The next type of chamber, the drift chamber, sacri¬ 

fices low dead time for greater spatial resolution. A drift 

chamber is constructed from three planes of wires. There are 
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two planes of wires spaced 4 mm apart with varying negative 

potentials on the wires creating a uniform field throughout 

the drift cell. Between these two planes is another plane 

with alternating wires of high negative potential and ground. 

The negative wires from the three planes define a cell . At 

the center of each cell lies a grounded wire, the sense wire. 

{See figure 1.2). 

FIGURE 1.2 

DRIFT CHAMBER CELL SCHEMATIC 

Wide Angle Cell SmolL Angle Cell 

Electrons, attracted to the sense wire, alter the 

wire's potential when they strike it. For a carefully chosen 

gas, the electrons, left after an ionizing particle passes 

through the cell, drift with a uniform velocity toward a 
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sense wire. Thus knowledge of the difference in time from 

when the particle passed through the cell and the time when 

the signal arrived at the sense wire, coupled with the drift 

velocity and the sense wire location, determines the parti¬ 

cles location as it passed through the chamber. Drift 

chambers reduce the number of cells required per chamber and, 

with accurate timing, achieve greater resolution than propor¬ 

tional wire chambers. 

The E609 drift chambers have a resolution near one 

half millimeter, while the typical cell is three centimeters 

across. (The chambers actually contained two sizes of cells 

with the smaller cells near the beam-line to compensate for 

the greater particle intensity in that region). The resolu¬ 

tion for drift chambers remains accurate for very large cell 

sizes, but a cell can record only one particle per event. A 

cell with two hits only measures the location of the particle 

crossing the cell closest to the sense wire. Special time to 

digital converters (TDC 's ) with double hit capability can al¬ 

leviate this problem but the E609 TDC 's digitized only one 

measured time per event. If a particle with a different 

"zero" time enters the cell, this particle may be recorded 

and produce a spurious hit. This source of chamber noise 

results when a previous beam-target interaction, not 
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triggered upon, leaves drifting electrons in the chambers 

when the actual event occurs. The double hit is the major 

disadvantage of this type of chamber* To avoid data loss and 

excessive noise, one must wait for the drift chamber cells to 

clear of electrons from previous interaction* The wait for 

the chambers to clear set one of the rate limiting factors in 

E609 data acquisition ; to increase the data accumulation 

rate the chambers were forced into recording many spurious 

hits left from low p^. interactions * Drift chambers have an 

additional disadvantage* When a drift chamber records a hit 

there is no information avaliable to determine which side of 

the sense wire the hit was on* This results in a two-fold 

ambiguity in the actual location of the hit* 

In E609 the drift chambers had cells only along the 

X axis* To get Y information requires a third kind of 

chamber, a delay line chamber. The basic construction of 

this chamber is the same as that of a drift chamber with one 

major addition * As in the drift chamber, the cell is created 

by two planes of field shaping wires* In the central plane 

(between the field shaping planes) the center of each cell is 

occupied by the delay line, a copper clad mylar strip etched 

in a narrow zig-zag of copper. Two millimeters on either 
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side of the delay line strip are sense wires. (See 

figure 1.3). 

FIGURE 1.3 

DELAY LINE CHAMBER CELL SCHEMATIC 

Wide Angle Cell Small Angle Cell 

The X location, as with the drift chambers, is 

given by the time one of the sense wires records a hit. In 

addition the electron avalanche will create an induced pulse 

in the delay line. That pulse will propagate in both direc¬ 

tions along the line; the time difference in the arrival of 

the signal at the top and bottom of the delay line gives the 

Y location of the chamber hit. (In practice the X location 

is found by the average of these two times). The zig-zag on 

the strip gives a greater time separation of the signals, 
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increasing the resolution. Again the disadvantages include 

dead time and multiple ambiguities. The problem with the am¬ 

biguities has now increased since there are four possible X 

locations for some of the hits . A track passing near one of 

the sense wires could be on either sense wire and on either 

side of that wire. 

In the laboratory frame, the particles experience a 

Lorentz boost forward, down the beam-line. The chambers were 

graded in size to subtend approximately the same solid angle 

in the center of mass frame so each track either crossed 

nearly all the chambers or was missed entirely. Table I 

lists the sizes of the chambers. The PWC lay first in the 

path of the particles, almost a meter from the target. 

Following this the particles crossed the first drift chamber 

and then a delay line chamber. Three more drift chambers and 

a the second delay line chamber completed the particle 's path 

up stream of the analysis magnet. After the analysis magnett 

six more chambers, consisting of five drift chambers and one 

delay line chamber, recorded the particle *s location. Thus 

there were 13 possible X points on a track and 4 possible Y 

points (the PWC and 3 delay line chambers ). When the magnet 

is in use there are 7 possible X hits upstream of the magnet 

and 6 points possible downstream, the Y information is not 
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effected by the magnet since the field is vertical. Table I 

also lists the chamber locations along the Z axis. 

TABLE 1 

PHYSICAL DIMENSIONS OF THE CHAMBERS 

SIZE OF ACTIVE CHAMBER REGION: (in centimeters) 
X is horizontal width, Y is vertical height. 
Z is the distance from the center of the target. 

Chamber Type X Y Z 

1 PWC 31.3 16.5 97 .23 
2 DRIFT 46.54 185.4 
3 DELAY LINE 48.68 23.62 189.8 
4 DRIFT 61.53 229.6 
5 DRIFT 64.14 234.2 
6 DRIFT 77.63 276.2 
7 DELAY LINE 79.85 37.34 281.0 
8 DRIFT 123.2 448.0 
9 DRIFT 125.2 453.9 
10 DRIFT 123.2 494.9 
11 DRIFT 125.2 500.6 
12 DRIFT 123.2 543.4 
13 DELAY LINE 125.2 73.60 549.0 

The remaining chapters explain the steps required 

to convert raw data, the chambers record of a particle's tra¬ 

jectory, into a reconstructed event. The next chapter dis¬ 

cusses the various techniques to preform this conversion. 



CHAPTER 2 

TRACKING PROGRAMS 

The basic task of sorting out true tracks from the 

sea of possible tracks can be divided into four steps. These 

steps are applied to some degree in most tracking programs 

although the specific requirements change drastically from 

experiment to experiment. The initial step is to select all 

combinations of points that satisfy a basic track require¬ 

ment. This selection creates a set of possible track candi¬ 

dates. Second, unique tracks are chosen from the candidates 

based upon specific quality criteria. Third, all candidate 

tracks which contain points in common with better tracks are 

eliminated. The final step, reqüired when true tracks are 

missed during the first pass, is to combine the good tracks 

to generate further information, such as a vertex location. 

This information is used to help with the selection of addi¬ 

tional track candidates from the remaining unused points. 

This process is then repeated until all possible unique 

tracks are located. In explaining each of these steps I will 

report some of the methods used in the high magnetic field 

15 
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tracking programs as well as the field free situation (the 

E609 case} to provide an overview of the subject. 

The initial number of points in the data sample to 

be tracked is determined by the number and kind of available 

detectors, the detector*s noise and efficiencies, and the 

typical event multiplicities. As noted in the introduction, 

E609's data comes from thirteen wire chambers. The ambigui¬ 

ties inherent in drift chambers cause a two-fold increase in 

the number of possible X locations. Noise adds additional 

points. Chamber inefficiencies, on the other hand, reduce 

the size of data array. (The E609 chambers ranged in effi¬ 

ciency from 80% to 95% ). A typical E609 global-trigger event 

contains 10 to 15 charged particles. Thus, the available 

data for tracking each event consists of nearly 300 coordi¬ 

nate points , each with a X and Z location. Other experiments 

have a variety of comparable data sets. 

The NA3 experiment at CERN had eight vertical 

proportional-wire chambers and six horizontal chambers in a 

magnetic field free region. Their analysis is made somewhat 

easier than the E609 's since the PWC *s lack ambiguities and 

NA3 had a lower track multiplicity. (Six tracks was a high 

multiplicity event for NA3 ). [Mur 80] Detectors in high 
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magnetic fields require much larger data arrays. Instead of 

following straight lines, the tracking must locate the decay¬ 

ing helical tracks that particles follow in a magnetic field. 

As a result of this much more complex task the CERN Omega 

Particle detector has 50 planes of multi wire proportional 

chambers [Lassalle 80] and the PETRA JADE detector contains 

drift chambers which make 48 coordinate measurements per 

track, [Olsson 80] 

An immediate problem in tracking in a magnetic 

field is the number of parameters needed to define a track. 

For an arbitrary trajectory five parameters must be defined 

at each Z. They are the locations X and Y, direction cosines 

dx/ds and dy/ds, and the momentum, H, Grote and P, Zanella, 

in their review article [Grote, Zanella 80] list four track 

recognition methods stating that, "No method is a piori 

clearly superior to the others," These methods are: 1) Ex¬ 

plicit Track Models, 2) Variational Methods, 3) Spline Fits, 

and 4) Multi Dimensional Function Parameterization. 

The explicit track model is clearly E609 's 

technique. Particles in a magnetic field-free region follow 

a straight line trajectory. The E609 chambers lie outside of 

the momentum analysis magnet so the tracks are known to be 

straight lines. Any data fitting will be to linear fits. In 
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general the explicit model would apply in any case of known 

geometry. 

Variational methods consist of starting with a 

known pair of points and estimating the track parameters from 

these two points. The program then locates additional points 

by searching the space in a region generated by varying one 

of the track parameters. Any point in the region would be 

considered part of the track. Myrheim and Bugge [79] use the 

Runge-Kutta variational method and show that it performs as 

well as the next track defining method, the spline fit. 

Given a known magnetic field, the spline fit ap¬ 

plies this information, coupled with a good estimate of the 

first derivative, to approximate the second derivative of the 

trajectory. The produced curve is known as a cubic spline. 

Double integration of the spline results in an equation 

linear in the 5 variables. The spline fitting method then 

becomes a linear fit to the data. Iteration to minimize the 

chi square gives the track candidates. The CERN Omega detec¬ 

tor employs this technique in its tracking program. 

[Lassalle 80 ] 
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A multi dimensional function parameterization re¬ 

lates the track parameters directly to the measured points. 

A set of "training tracks" are used with the five track 

parameters to define a polynomial function. Tracks can be 

located by fitting the hit locations to the polynomial. This 

technique is very sensitive to the set of training tracks and 

must be completely repeated for every new detector set up, 

2.1.1 Choosing Track Candidates 

Having now defined what a track will be, one can 

start the track finding procedure. Recall that the £609 pro¬ 

cedure uses the explicit track model in which all tracks are 

straight lines. (This requires a slight approximation in the 

region near the momentum analysis magnet). The first step is 

to choose the set of candidate tracks. To make this selec¬ 

tion there are three approaches : 1) Track following, 2 ) Glo¬ 

bal methods , and 3 ) Track roads. 

(1) Track following is useful in situations where 

the tracks are mostly recognizable by the human eye. The 

JADE detector [Olsson 80] records events of this type. The 

program starts well away from the event center and locates 

the beginning of a track segment. The segment then defines 
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the track and additional points are fit to the track using 

the track parameters. To first order, the next point on a 

track is the closest point to the existing segment. The 

Omega detector also uses this technique. Unfortunately 

tracks which lie nearly together are difficult to distin¬ 

guish. When the lab frame corresponds to the center of mass 

frame, this technique is useful since the tracks are well 

separated. When the lab frame contains a fixed target, for¬ 

ward Lorentz boosting of all the tracks reduces their spatial 

separation. The E609 tracks often lie within a few mil- 

liradians of each other making this technique unusable for 

our data. 

(2} Global methods have the advantage of not speci¬ 

fically requiring the points to be fit to a particular func¬ 

tion. Instead the points are either plotted in a histogram 

or linked into paths. The histograming technique, proposed 

for the UA1 detector at CERN [Eichinger 80], plots N func¬ 

tions onto an N-dimensional histogram. For straight lines 

passing through the origin, characterized by the equation 

X = Slope * Z, there are two degrees of freedom. To use this 

technique the detector would measure two coordinates for each 

point. A histogram of X/Z for each hit recorded by the 

detector would contain point clusters. Each cluster would 
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correspond to a unique track, every point in a cluster should 

belong to the same track with a specific slope. For each ad¬ 

ditional degree of freedom required to reconstruct the 

tracks, each chamber measurement would have to include 

another measurement as well, the particle's X momentum for 

example. The limiting factor for this method occurs when the 

experimental degrees of freedom exceed the number of vari¬ 

ables measured at each point. An inadequate amount of infor¬ 

mation exists to determine each hit's location on the 

histogram. This technique fails for the E609 data since the 

vertex location is unknown initially. The UA1 geometry, with 

a known vertex location for all events, allows application of 

this technique. 

The second global method, developed at PETRA for 

the TASSO detector [Cassel, Kowalski 81] "links'1 chamber hits 

together to form tracks. The links are created from pairs of 

hits. The links are then joined to other links which satisfy 

specific requirements. (Similar slopes would be the require¬ 

ment in straight line tracking ). The final track is the 

track candidate with the maximum number of links. The E609 

data could be tracked using this technique but for historical 

reasons, the development of the original E609 tracking 
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program preceeded the publication of the link method, its 

tracking is done with the final method, track roads. 

{3 ) Tracking with roads, in the simplest applica¬ 

tion, considers two points in different chambers. These two 

points define a track and the remaining track points are lo¬ 

cated by including all hits that lie within some predefined 

error region, the road. This method examines many different 

tracks candidates for every real track since there are hun¬ 

dreds of ways to combine pairs starting with two sets of 

twenty points, a typical data set for a drift chamber. A 

further flaw in this technique is that any time a true track 

point was not detected by either one of the initial chambers 

(due to inefficiencies) the track will remain invisible to 

the procedure unless several pairs of initial chambers are 

considered. The E609 program uses a modification of the road 

tracking scheme to avoid this last difficulty. The program 

defines its roads as though they were a search light. 

Picking a single "prime" chamber to define the initial track 

point, the program then looks through the remaining data sam¬ 

ple searching for every series of points with similar slopes, 

within a road error. After finding all track candidates us¬ 

ing the first prime point, the tracking moves to the next 

point in the prime chamber. The search light analogy is apt 
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since the data is viewed in sweeps, the road size defining 

the beam width. Only tracks which failed to register points 

in this single chamber are missed with this search. 

Consideration of two or at most three chambers as "prime" 

should locate all the tracks instead of requiring at least 

three complete searches based on pairs of points from four 

different chambers. 

2.1.2 Selection of Best Tracks 

Once a search picks an initial set of track candi¬ 

dates, the true tracks must be identified. The typical test 

is to find the reduced chi square (X /v or CHI for the fig¬ 

ures) of every candidate and then choose, from track candi¬ 

dates with common points, the track which has the smallest 

:x /v . This process will generate a set of unique tracks with 

the smallest possible reduced chi squares. Grote and Zanella 

report that the ultimate check to see if a candidate is a 

"true" track is done by a "Least Squares fit to the (proper) 

track model". [Grote 80] For straight line tracking this 

corresponds to checking tracks against the reduced chi 

square. This criterion is applied to the link search by 

selecting the tracks with the largest number of unique links. 

"[The link method] leads to a track finding program 
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whose quality is equivalent to fitting all possible hit 

permutations and choosing the best ones according to a 

chi square and the number of hits attached. It has a 

slight bias towards increasing the number of attached 

hits in a track since if there are two track candidates, 

both fulfilling the chi square cut, the track with the 

higher number of hits is chosen. This bias is easily 

controlled by keeping the chi square cut reasonably 

low.” [Cassel 81] 

The old version of the E609 tracking program used 

the reduced chi square as the primary selection criterion. 

It also included a somewhat arbitrary weighting scheme which 

was a function of the current status of the tracking for the 

particular event. If no vertex had been yet located, the 

square of the distance of the track to (0,0) (the X intercept 

for that track squared) was added to the reduced chi square. 

(One should note that this addition is truly arbitrary since 

there is no physical constraint to fix the vertex of the 

event to the origin). If a vertex had been previously lo¬ 

cated then the distance of closest approach of the new track 

to the vertex point was squared and added to the reduced chi 

square. If the track was down stream of the magnet and the 

momentum analysis magnet was in use, another series of 
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weights were invoked. A more detailed account of these 

parameters will be given in the next .chapter. The optimum 

weight for all the weighting factors was zero, ie. the track 

passed exactly through the vertex. Thus, the ultimate deter¬ 

mination of the quality of a track candidate rested on the 

x2/v. 

When we were studying the response of the program 

to various parameters we observed a bias toward tracks with 

fewer rather than the maximum number of points. A histogram 

of the number of points per track for 30 real data events is 

shown in figure 2.1. The maximum number of possible tracks 

is 13, the total number of chambers. The minimum number of 

hits required for a track candidate to be considered a true 

track was 7. Instead of peaking near 13 the histogram 

reaches its maximum near 8 points per track. This bias is 

particularly disconcerting for the E609 data since E609 

tracks have such a small angular separation. Multiple tracks 

in a small region produce a serious problem of accidental 

match-ups. It is possible to combine tracks many ways, all 

of which are nearly correct. 

When one performs a simpler experiment with scin¬ 

tillators to define the particle tracks, a coincidence signal 
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FIGURE 2.1 displays the distribution of the number of points 
on each track as found by the track reconstruction program 
using the reduced chi square criterion. There are no tracks 
with less that seven points since the input parameters were 
set so any track with less than seven points was invisible to 
the procedure. 
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recorded in several of the scintillators defines a track. To 

reduce the number of accidental tracks recorded, one in¬ 

creases the number of required scintillators in coincidence. 

In this respect the E609 data is similar, one desires a bias 

toward more points. The more points on a track, the smaller 

the chance that it is due to an incorrect match-up. For a 

perfect detector one would expect every track to have the 

maximum number of points. In the ideal system even a track 

with one missing point should be discarded. 

In contrast the reduced chi square is a measurement 

independent of the number of points in the data sample. The 

point is made even more clearly by looking at a specific ex¬ 

ample. Consider the data sample of â track made of thirteen 

points. The recorded points for a real track will lie near 

the actual path of the particle; the inherent smearing found 

in every drift chamber position measurement introduces the 

error (the chamber resolution). If this uncertainty is one 

sigma then 69 percent of the points should lie within one 

deviation of the line, at least 95 percent within 2 sigma and 

so on. At some point the deviation of the hit should be 

large enough that it is no longer considered part of the 

line. 
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FIGURE 2.2 
points are 
on chamber 
sigma. 

shows a track with thirteen points. Twelve 
smeared over the chamber uncertainty. The 
three is offset from the track by multiples 

of the 
point 

of its 

TRACK WITH HIT ON PLANE 3 SHIFTED 
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FIGURE 2.3 show s the X2/v for a track with thirteen points 
and the value for the twelve-point track with the minimum 
x3/v. (For small shifts of plane three the twelve-point 
track may include the hit on plane three and throw out 
another hit). Note that the lines never cross implying 
selection of a twelve point track over a thirteen point 
track. The error bars on this graph are smaller than the 
point size. 
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To see how the reduced chi square depends on the 

number of points on the track consider figure 2.2, This fig¬ 

ure represents a track through thirteen points with each 

point smeared from its nominal position by a Gaussian func¬ 

tion times the standard uncertainty in the points location. 

Table II lists the uncertainties for each chamber. 

Figure 2.3 traces the response of the reduced chi square as 

the point on plane three is moved away from the true track, 

in units of sigma. To generate this figure, and the follow¬ 

ing related figures, each point was determined from the aver- 

age X /v value for a thousand tracks. The X locations for 

the hits on the tracks were dependent on the plane of the 

hit; the hit on plane three was set at a fixed sigma (the 

graph's horizontal axis) and the other hits were given a ran¬ 

dom X value determined by a Gaussian smear over their partic¬ 

ular chamber resolution. The 13 point line is the average 

X /v found from a linear regression fit of all thirteen hits 

on each track. The second line on this graph was determined 

in a two step process. The X3/v was calculated for all com¬ 

binations of twelve hits. The minimum result from these 13 

permutations was then retained and averaged with the other 

thousand random tracks. When the hit on plane 3 is many 

sigma away from the line, one expects the flat nature of this 

second line; the thirteenth hit is no longer part of the 
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track and the remaining 12 points are uneffected by its posi- 

tion. Similarly one expects the X /v for the line containing 

13 hits to continually increase as the deviation of one of 

the hits grows . The remarkable thing is that at no point is 

the x /v of the thirteen hit track lower than that of the 

twelve point track. The program that chooses tracks strictly 

on the basis of the smallest reduced chi square will never 

pick the thirteen point track! Not only will a twelve hit 

track be chosen over a thirteen point track but an eleven 

point track is often chosen in preference to a twelve point 

track and so on. The preference for shorter tracks continues 

until all the hits on the track lie less than one standard 

deviation from the track. Only then, due to the division by 

the number of degrees of freedom, will the X /v tracking cri¬ 

teria select a longer track over a shorter track. Since each 

point has only a two-thirds chance of being within one sigma 

of the true line, there is only a 10% probability that even 

six points will all lie within one sigma from each other. In 

short, all tracking programs using the reduced chi square re¬ 

quire additional criteria to bias them toward tracks with 

more points. 

To study the validity of the chi square for select¬ 

ing tracks one returns to Bevington and looks at the chapter 
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TABLE II 

CHAMBER RESOLUTION 
[Kuehn 84] 

Chamber Type <rx (cm. ) <ry ( cm . ) 

i PWC .560 1.12 
2 DRIFT .581 
3 DELAY LINE .713 1.29 
4 DRIFT .714 
5 DRIFT .618 
6 DRIFT .708 
7 DELAY LINE .772 1.29 
8 DRIFT .644 
9 DRIFT .691 
10 DRIFT .647 
11 DRIFT .666 
12 DRIFT .670 
13 DELAY LINE .827 1.29 

following the description of the chi square. [Bevington 69] 

The next most complicated function after the chi square is 

the linear correlation coefficient. This coefficient is the 

result of a pair of least square fits on the data. First one 

must fit X vs. Y to get a slope b. Then one fits the data Y 

vs. X and obtains another slope b1. If the data lies in a 

perfectly straight line then b = 1/b1. Random data, on the 

other hand, will give a slope in each case that is nearly 

zero. The linear correlation coefficient is defined to be 

r = S b *b '. For a perfect data sample r will equal 1.0 while 

in random data r will approach zero. To test the quality of 

data using r one must consider what the probability is that 

the data sample will give the measured r. Clearly this 

probability is a function of the number of points on the 
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line; two points will always give an r of one. The proba¬ 

bility is most easily calculated for a random data sample 

giving an r equal to the resulting value. The probability is 

given by 

P ( r ) L P[(V*1)/2] (1_r2}(v-2)/2 

SW T(v/2) 

Where v is equal to the degrees of freedom, the number of 

points on the line minus two and T is the normal gamma func¬ 

tion. If we now plot the change in the deviation of plane 

three versus the linear correlation probability (LCP ), using 

the same lines generated for- the X /v graph, figure 2,4 

results. The probability that thirteen random points all lie 

on a single line having a reduced chi square near one is very 

small, thus the plots must be done on a logarithmic scale. 

As expected the thirteen point line has a positive slope, 

that is, as the deviation of plane three increases the proba¬ 

bility that random data could give this line increases. Also 

the twelve point line is nearly flat; the third hit is 

thrown out and the remaining points have a cons tant distribu¬ 

tion. The important point is that at low deviation the 

probability clearly favors the line with more points. When 

the point is over six sigma away then the twelve point track 

will be selected. In figure 2.5 the difference was taken for 
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both the LCP and x2/v as found for thirteen point track and 

the twelve point track. As shown above, selection based on 

the smallest reduced chi square would almost never select a 

thirteen point track over a twelve point track while the 

linear correlation probability will choose a thirteen point 

track as long as the deviation is less than six sigma. Note 

the negative log of the linear correlation probability is 

plotted making the tracking criterion pick the track with the 

largest value for the negative log of the probability of 

linear correlation. 

Six sigma seems like a rather large deviation, but 

this helps to determine a useful region for considering other 

weighting factors. Additional checks for the quality of the 

tracking include the consistency of the Y information and the 

vertex location. To estimate the effect of including points 

up to six sigma away from the line, figure 2.6 shows the dif¬ 

ference between the true slope and the slope found by fitting 

the points on the "best” line. Ideally the selection cri¬ 

terion would always find the true line and the difference 

would be zero. The deviation away from zero shows that in¬ 

cluding the shifted point modifies the calculation of the 

slope, distorting it from the true value. To pick the "best" 

track, all combinations of 12 and 13 points were considered 
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2 
and the line with with the smallest LCP or X /v was chosen as 

the "best" line* The CHI curve shows that the X2/v criterion 

includes the shifted point as long as it is within two sigma 

of the line. After the shift exceeds 4 sigma the point with 

the deviation no longer influences the track. On the other 

hand, the LCP, which always includes the shifted point up to 

a shift of 5 sigma and occasionally includes the shifted 

point when it is as much as eight sigma from the line, pro¬ 

duces an erroneous value of the slope. Figures 2.7 and 2.8 

show a similar response for the intercept value and for the 

closest approach distance to the origin. The closest 

approach graph is particularly important since this deter¬ 

mines how well the selection criterion can reconstruct the 

vertex of an event. These lines were generated to have a 

vertex at the origin. Figure 2.9 is an expanded view of the 

region where the shift is small. Here the selection criteria 

are shown to be the same until the point approaches 2 sigma 

of shift. The curve is much less smooth since each point is 

from the average of 100 lines instead of the 1000 used above. 

These two methods of choosing the "best” tracks candidate 

will be examined in detail in chapter 4. 
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FIGURE 2.4 shows the LCP for a thirteen point track and the 
minimum LCP of all possible twelve point tracks. Note that 
the lines cross at six sigma, implying that the "best" track 
will include hits with up to six standard deviations from the 
optimum location. Beyond six sigma the hit is no longer part 
of the "best” track. 
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FIGURE 2.5 displays the difference for both the LCP and x3/v 
between the 12 and 13 hit tracks. The points, averaged over 
all generated lines, represent the subtraction of the minimum 
12 point x3/v or LCP value from the 13 point value. Note 
that the average x2/v rarely selects tracks with 13 points. 

FUNCTIONAL DIFF (13 PTS AND 12 PTS) 

o 
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FIGURE 2.6 displays the difference of the true slope and the 
slope determined by the LCP and X2/v tracking criteria. The 
horizontal axis shows the third plane hit deviation. By dis¬ 
carding the shifted hit, the X2/v locates the proper slope at 
4 <r while the LCP locates the true slope only after 8 <r of 
deviation. 

*10" 6 DIFFERENCE FROM TRUE SLOPE 
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FIGURE 2.7 displays the difference between the true intercept 
and the "best" track intercept according to the LCP and X /v 
techniques. The functional response repeats the behavior 
displayed by the slope. 

10- 3 DIFFERENCE FROM TRUE INTERCEPT 
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FIGURE 2.8 displays the "best" tracks closest approach to the 
origin. This is important since this distance determines how 
well the event vertex can be located. 

10- 3 DISTANCE FROM LINE TO ORIGIN 
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FIGURE 2.9 is an expanded view of the closest 
tance for small shifts. The plot shows that at 
tions the two tracking criteria select the same 

approach dis- 
smal1 devia- 
tracks. 
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2*1.3 Elimination of Overlapping Candidates 

At this point the tracking job is nearly finished. 

Once the best track has been chosen all remaining track can¬ 

didates are examined. Any track candidate with points in a 

cell common to those of the best track loses the shared 

points and has its linear correlation probability recalcu¬ 

lated. Eventually all the candidates are either eliminated 

or are chosen as real tracks. The elimination process signi¬ 

ficantly reduces the track population since each point on the 

best track not only removes tracks containing that point but 

also all tracks that contain ambiguities of that point. 

2.1.4 Tracking the Remaining Points 

Having selected the best set of tracks the program 

must consider the remaining points in the data set. The 

number of tracks found in the first pass is a function of the 

parameters used in choosing the track candidates. If the 

road size were very narrow, for example, it is possible that 

other tracks exist in the data set with larger deviations. 

To help facilitate finding these tracks one can use the 

located tracks to give more information. In the E609 case 
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the tracks are examined to determine a vertex. This vertex 

is then treated as a possible hit on future tracks. For the 

post-magnet tracking, the tracks found in the pre-magnet 

tracking are projected into a common plane in the magnet and 

these points are considered as part of the post-magnet data 

set. Finally the program relaxes the track candidate re¬ 

quirements to provide for the location of additional tracks. 

In many programs this takes the form of allowing tracks with 

fewer points to be considered. 

The final set of tracks located depends not only on 

the input data but also on the parameters used to define the 

tracks. Each time the parameters are relaxed new tracks can 

be found. The parameters determine the program's efficiency 

for finding the true tracks. S. J. V. Evans points out how 

the parameters influence the selection of tracks from the hit 

array , 

"If enough points are found, the curves are fitted 

through them by a least squares method in both planes, 

ie. a straight line in the X-Z plane and a circle in 

the X-Y plane. The standard deviations and maximum 

deviations from these curves are computed, and only if 

these values are within certain tolerances is the col¬ 

lection of points considered as a track. " [Evans 68 ] 
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Tracks with parameters outside of the set tolerances can not 

be found. 

2.2 THE OLD E609 TRACKING PROGRAM 

As outlined above the original E609 tracking pro¬ 

gram located track candidates and selected the "true" tracks 

through the use of the reduced chi square. This program 

needed rewriting for several reasons. The initial desire to 

fix a basically working system came from a hardware require¬ 

ment. The program was developed by Rich Hollenhorst at the 

University of Wisconsin, Madison. It was designed to be used 

with a "hardware tracker” which selected the track candi¬ 

dates . The hardware tracker was built by the University of 

Wisconsin Physical Sciences Laboratory and was interfaced to 

the VAX 11/780 there. The hardware increased the tracking 

speed by a factor of 2 to 3. However, the hardware tracker 

did not have provisions to allow for drift chamber rotations 

perpendicular to the beam line, decreasing its effectiveness. 

Since the hardware tracker was unique to the University of 

Wisconsin, when the tracking program was run at any other lo¬ 

cation a rather cumbersome "hardware-simulator” subroutine 

was used. To accomodate the hardware tracker the tracking 

program contained massive amounts of data manipulation. 
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Manipulation required just to get the data into a format the 

hardware tracker could use; further data manipulation was 

required to decode the results. 

A second problem of the old program was the bias 

toward tracks with lower numbers of hits. This was even¬ 

tually traced to the use of the reduced chi square. As sug¬ 

gested above, the tracking program did include a caveat to 

produce maximum length tracks. During the selection of can¬ 

didate tracks, any series of points that satisified both the 

road width and minimum number of points requirements was con¬ 

sidered a candidate. However, the candidates were generated 

to contain the maximum number of possible points; subset 

tracks, identical except for missing points, were not con¬ 

sidered as additional track candidates. Any time the avail¬ 

able candidates for a track included only maximum length 

tracks the X /v would select one of these. The bias toward 

shorter tracks would manifest itself when the program choose 

between candidates of different lengths ; the shorter candi¬ 

date would almost always be chosen. An example of this bias 

appears when two tracks, which share common cells near the 

target (where the angular resolution is poorer) and different 

cells in the later chambers, compete to become the "best" 
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2 
track. The x /v criteria rarely selects the longer 

candidate. 

A third problem manifested itself when the road 

size was studied. Since tracking is sensitive to the parame¬ 

ters , we studied the response of the program to changing 

these parameters. As one decreased the road size oc¬ 

casionally a track would appear with more points rather than 

fewer. One would expect that making stricter cuts on the 

tracks would only decrease the the number of points on each 

track. This response was traced to the handling of candidate 

tracks. On the first tracking pass the program would select 

"true11 tracks which would in turn eliminate other track can¬ 

didates. However, instead of saving the tracks the program 

merely eliminated the ambiguities of the points determined to 

be on good tracks, leaving the points in the data bank to be 

tracked again with less sensitive parameters (usually fewer 

points were required to make a track). On the next iteration 

it was possible for a shorter track with a smaller reduced 

chi square to steal points from the longer track thus losing 

the track initially determined as a "true” track. Decreasing 

the size of the roads reduced this possibility, although this 

behavior is observed at every road size as long as the tracks 

remain in the bank to be retracked. 
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Finally, the general versatility of the program 

needed to be increased. An option was needed to allow the 

location of the event vertex while disregarding the hits in 

the chambers down stream of the momentum analysis magnet 

which is superfluous information if one only wants to deter¬ 

mine the event vertex. 

2.3 NEW E609 TRACKING PROGRAM 

In rewriting the program I made a first attempt to 

increase the efficiency of the code. Before we use the pro¬ 

gram to process large numbers of events a second efficiency 

study will be done using a program that evaluates Fortran 

code efficiency {currently on order). To replace the 

hardware tracker and its software simulator I eliminated the 

integer arrays which were filled every time the hardware 

tracker was called, in favor of a real array that was filled 

only once per event. I also managed to eliminate further ex¬ 

cess code by employing some larger arrays. 

I further allowed an option for the track criterion 

requirement to be that of the smallest linear correlation 

probability. An extensive parameter study elucidated this 

type of track selection as well as that of the reduce chi 
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square. Chapter 4 will be primarily concerned with the com¬ 

parison and will highlight the advantage and disadvantages of 

the x3/v and the LCP criteria. The additional calculation 

time for this change is rather small since the chi square re¬ 

quires nearly the same information for its fit to the data as 

the linear correlation calculation. 

To avoid the problem of track loss due to point 

stealing, I adopted the policy of only finding a track once. 

Having found a track, it is removed and considered "golden". 

This has a slight disadvantage in vertex finding. Because 

the vertex is found only after several "good" tracks have 

been located, the selection of the initial good tracks is 

done without the extra vertex point. It is possible that a 

track barely missing a vertex would shift to include the 

vertex if it were retracked with the vertex point available. 

Determination of the best time to label tracks as "true" be¬ 

comes another parameter• 

The arbitrary weighting of tracks toward Z=0 was 

removed in favor of no weighting until after the initial 

determination of a vertex. The weight for candidate tracks, 

originally based on a sum of factors to produce a single 

weight, was discarded for a decoupled version. The 
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separation of the weights allows for easier study of their 

individual effects. 

I added several new commands and revised some of 

the old commands to provide more versatility for running the 

program. Appendix A gives a description of all the commands. 

The appendix is split into two sections, commands used to in¬ 

itialize the tracking and commands used between individual 

events. The first class contains commands to tell the pro¬ 

gram the status of the momentum analysis magnet and so on. 

The second type of commands control the program's display of 

the event, the information written out for each event, etc.. 

Once all the changes were made the two programs 

were run on the same real data sample and compared. The 

results were inconclusive. Any comparison is difficult to 

make without knowledge of the event structure before start¬ 

ing. To solve this problem I wrote a subroutine that 

generates simulated tracking data for analysis by both pro¬ 

grams. Given the actual event structure an accurate compari¬ 

son of the two programs is made in chapter 4 of this thesis. 

The simulated events additionally allow tuning of the track¬ 

ing parameters. The next chapter consists of a detailed 

discussion of the tracking parameters. 



CHAPTER 3 

TRACKING PARAMETERS AND EVENT SIMULATION 

3.1 GENERAL TRACKING PARAMETERS 

There are two classes of parameters that enter into 

tracking of the charged particles in the E609 apparatus. The 

first set of parameters are based on the physical dimensions 

of the experiment. These parameters are initially determined 

by physical measurements, then optimized to give the best 

event reconstruction. The second parameter class governs the 

reconstruction of tracks from the chamber hits. These 

parameters determine which tracks are found and thus set the 

bias of the tracking program; an example of such a bias is 

the minimum number of points required to make a track. To 

tune each parameter one must make a reasonable guess at an 

operational value and then adjus t the guess based on easily 

tracked real events or on simulated data. A third class of 

parameters controls the generation of simulated events. 

50 
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Parameters in this class determine how closely a simulated 

event mimics real events. 

3.2 SPECIFICS OF THE PARAMETERS 

3.2.1 Physical Parameters 

The physical parameters determine the conversion 

from raw TDC counts to X, Y, and Z coordinates. All of the 

E609 drift chamber TDC 's were run in a common stop mode. 

Every cell hit recorded a time signal beginning when the 

first electron, ejected from an ionized gas molecule, com¬ 

pleted its drift to the sense wire. At a time large enough 

to accommodate the maximum possible drift, a stop signal 

(generated by the delayed signal from the beam scintillation 

counters ), was given to all the TDC's. The first physical 

parameter is t , the maximum time recorded by the TDC's , In 

common stop mode tQ corresponds to the minimum drift time, 

the time measured when a particle crosses a cell near the 

sense wire. The actual drift time is given by t minus the o 

recorded time. The drift distance is found from the product 

of the drift time and the drift velocity. Specific 

velocities are required for each kind of cell in each 
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chamber. Determination of the actual X location of each hit 

requires two more parameters. In addition to the drift dis* 

tance, the measured location of the wire within the chamber 

and the shift of the chamber from the nominal zero position 

on the beam line. All three of these numbers combine to give 

the final X coordinate of a hit. 

To calculate the Y location from the delay line 

chambers one subtracts the drift time recorded on either ends 

of the delay line. Half of this difference, times the rate 

of signal propagation along the delay line, gives the Y posi¬ 

tion in the chamber. An additional offset to align the 

center of the chamber to the beam line sets the final Y coor¬ 

dinate . 

The initial Z coordinate is simply the distance of 

each chamber from the target center, a surveyed distance. 

This distance is then modified to accomodate the chamber ro¬ 

tations from perpendicular to the beam line. This rotation 

results in a small correction in Z for each point as a func¬ 

tion of its distance from the beam line (its X coordinate). 

Many of the physical parameters were shifted 

slightly from the original surveyed numbers to optimize the 
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tracking, A chamber in which the surveyed Z was smaller than 

the actual Z would produce tracks where the points in the 

chamber would consistently lie at larger absolute X values 

than expected for the track. This would be the case in which 

the chamber was thought to be closer to the target than it 

actually was . The difference of the true location of the 

point in the chamber, calculated by knowing the slope of the 

track, and the reported value will be positive on one side of 

the chamber and negative on the other side. By changing the 

Z of the chamber, the difference between the expected posi¬ 

tion and the recorded position, and thus the error in the 

chamber's position, can be made to be zero, A shift of the 

chamber along the X axis produces a correction in hit loca¬ 

tions with the same sign for both positive ane negative X. 

Drift velocities and chamber rotations also required adjust¬ 

ments from their measured value. 

Once the spacial coordinates are picked there are 

several other physical parameters to be determined. By stu¬ 

dying many reconstructed tracks one can determine the ex¬ 

pected error in the hit locations due to the chamber 

resolution. A systematic study for each chamber produced a 

sigma X and sigma Y to be used in calculating the chi square 

and linear correlation of candidate tracks. Finally an 



54 

acceptable Z location for matching tracks in the momentum 

analysis magnet was determined by an iterative process 

similar to that used in choosing the correct Z positions of 

the chambers. Detailed documentation on the determination of 

these parameters is given elsewhere. [Kuehn 84] 

3.2.2 Parameters for Track Finding 

The second parameter class, track selection toler¬ 

ances , had values originally determined through statistical 

studies of actual events. Chapter 4 presents the study of 

these parameters with simulated data. The first parameter 

encountered by the tracking program is the road width, or 

search light width. This width fixes the allowed error in 

slope between various chamber points ; only hits with differ¬ 

ences in slope less than the road width are considered part 

of the same track. The allowed error is a function of the 

chamber resolution; chambers with poor resolution allow a 

greater slope deviation for the hits which they record. An 

additional check is made that the slope is physically possi¬ 

ble, eliminating a search for tracks which would extend 

beyond the chambers. The next parameter sets the minimum 

number of points required to classify a set of points as a 

track candidate. In the current tracking program the minimum 
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number of points per track is the parameter that is relaxed 

after each set of golden tracks is located. 

Doth the probability of linear correlation and the 

reduced chi square are calculated for each track candidate. 

Track candidates with a reduced chi square over six are 

eliminated. This reduction in the sample of candidate tracks 

is based on the assumption that another candidate track will 

correspond more closely to the true track than one with a 

large reduced chi square. The probability that any line with 

six points on it would have a chi square above 6 is well 

under 0.1%. A second cut on the error allowed for each point 

eliminates points with large deviations from the fitted line. 

This cut, currently twice as stringent as the original cut, 

checks on the deviation of each point from the slope calcu¬ 

lated by linear regression. Any point beyond the accepted 

limit is discarded. The program repeats the least squares 

fit on the remaining points unless the track no longer con¬ 

tains the minimum number of points. 

Limitations on the tracking are imposed by the ar¬ 

ray bounds. In general this is not a dramatic cut and the 

arrays can be increased to accommodate the highest 

multiplicity events. Currently the bounds allow the location 
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of thirty tracks. This is an adequate size for hydrogen 

event tracking but may have to be increased to track the 

higher multiplicities found in nuclear targets. An addi¬ 

tional limit is placed on the number of candidate tracks. 

Currently this limit is rarely reached except in cases of 

very high multipiicities or when the tracking parameters al¬ 

low numerous candidates to be located on the first search 

light pass through the data (caused by a wide road, for exam¬ 

ple ). 

A subset of the tracking parameters involves secon¬ 

dary track weighting. These weights are based on additional 

tracking information as it becomes available. Examples in¬ 

clude vertex location, matching of tracks through the 

momentum analysis magnet, and Y information. The relative 

weighting of each of these factors is somewhat arbitrary. 

The need to include each factor is clear but just what the 

weight should be must be determined by trial. Currently all 

weighting factors enter only in selections between tracks 

when the probability of linear correlation of both track can¬ 

didates is within an order of magnitude. The choice of when 

to introduce the weighting is another parameter in itself. 

Appendix B gives a list of the parameters and their specific 
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values * In some cases these parameters have not yet been 

thoroughly studied to determine their optimum value. 

Once a vertex has been located, the physics of an 

event implies that many of the additional tracks may come 

from the same vertex. The vertex point can be considered as 

another possible point for building additional tracks. To 

encourage additional tracks to pass through the vertex, as 

opposed to nearby, an extra weight can be added in the selec¬ 

tion criteria. Using the same reasoning, a counter weight 

must be imposed against tracks which miss the vertex en¬ 

tirely. As stated in chapter 2 the weight is currently set 

as the square of the track's closest approach to the vertex 

point. The optimum value for this weight has yet to be 

studied. 

A second weight is used for the track reconstruc¬ 

tion after the momentum analysis magnet. A weight is applied 

to increase the probability of matching a pre- and a 

post-magnet track. The physics requires that almost every 

true track exist on both sides of the magnet. One can postu¬ 

late several useful ways to weight the tracks, but the diffi¬ 

culty in matching tracks through the magnet forced the old 

tracking program to make the final stipulation that any 
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tracks that matched through the magnet took precedence over 

track candidates failing to make matches t regardless of any 

track weight. In selecting between the remaining track can¬ 

didate weights can be applied. The primary weight is the 

square of the distance separating a pre- and post-tracks in 

the plane of the magnet, Tracks which fail to match receive 

a counter weighting. Since the momentum distribution of the 

charged particles is centered near 10 GeVt another weighting 

factor is appropriate to increase the chance of finding the 

expected distribution of high momentum tracks. 

The Y information dictates a third criterion. 

There are 4 possible track points in the Y plane. If the X 

coordinates make a true track then the Y data should fall on 

a straight line. A possible weight is the reduced chi square 

for the Y data points. Not all tracks will have Y informa- 

tion since the chambers are not 100% efficient, 

A final useful weight biases against tracks which 

have ail of their points in a small number of consecutive 

wire chambers. Since the chambers are built with 2 in a box, 

it is possible to have noise that fires both chambers in one 

box. When a track spans many chambers there is a greater 

chance that it is a true track. This weight also favors 
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tracks defined over longer distances, an advantage in deter¬ 

mining the slope more accurately. 

The final post magnet weight is the sum of these 

four factors, the match up through the magnet, change in 

slope of matched tracks, consistency of the Y information, 

and a weight against tracks in only two chamber boxes* The 

track candidate, among a sample of candidates with close 

linear correlation probabilities, with smalles t total weight 

is selected as the actual track. Again it is worth reiterat¬ 

ing that the difficulty in making match-ups through the 

magnet required the old version to choose matched tracks over 

all others -- including the reduced chi square, the primary 

tracking criterion ! 

The post magnet weights have yet to be studied in 

great detail nor have they been optimized. The lack of op¬ 

timization of these parameters is less critical than it might 

sound. First, the requirement that the tracks match will 

most likely be the primary weighting in the revised program 

as well as in the original version. Second, the emphasis on 

the analysis of the most recent E609 data will be to obtain 

the best possible vertex ; less than half of the data was 
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recorded with the momentum analysis magnet on » making the 

need for good matching moot. 

3.3 EVENT SIMULATION 

The purpose of the data simulation routine was to 

create tracks with the same characteristics as those found in 

the actual data set and to use these events to determine the 

optimum choices for the track selection parameters discussed 

above. To mimic real events, the chamber noise and ineffi¬ 

ciencies were included in the simulation. The routine did 

not attempt to create a Monte Carlo simulation, a program 

which generates events based on a fragmentation model, but 

instead attempted to reproduce the distribution of track 

slopes, multiplicities, momentum and other parameters found 

in the actual data. The parameter distributions were taken 

to be in that of a Gaussian function (here after referred to 

as a Gaussian) and the width of each Gaussian was adjusted to 

match the actual data. 

The vast majority of events contain a single vertex 

(over 95% of all events). On occasion there will be two 

vertices in an event (due to a double interaction or particle 

decay into secondary particles). To allow for 'this 
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possibility, the data simulation has an input parameter to 

determine the percentage of events which will have multiple 

vertices . 

The number of tracks in each event is a function of 

the particular trigger. The global trigger, which fired any 

time the transverse energy deposited in the calorimeter ex¬ 

ceeded a set threshold, typically had 13 tracks. A Gaussian 

around this value reproduces the actual data distribution 

reasonably well. The width of the Gaussian that determined 

the number of tracks was set to one third its mean value (al¬ 

lowing adjus tment of the number of generated track per 

event). Other triggers tend to have smaller numbers of 

tracks. The location of the vertex, (set by the X, Y, and Z 

coordinate of the vertex) is randomly set in a Gaussian cen¬ 

tered at zero. The X and Y are multiplied by 2 cm. since 

the beam had a Gaussian distribution around four centimeters. 

The Z vertex location is smeared over .+40 centimeters. This 

allows for testing of the tracking program around the target 

which lay between +25 centimeters. The extra distance is to 

allow for tracking the background events which do not come 

from the target. 
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A Gaussian around zero simulates the spread of 

track angles. This value times a scale factor sets the simu¬ 

lated slopes. The maximum slope of any track in the chambers 

is around 0.15 so a scale factor of .05 gives the proper 

shape to the events. The same scale is applied to the Y 

slopes. The final event generation parameter is the 

momentum. Physically the momentum distribution decreases ex¬ 

ponentially as the momentum increases. The function is sub¬ 

stantially changed when one considers events selected for 

high trans verse momentum. Because the momentum requirement 

is already satisfied the transverse sum of the momentum 

should smear around a specific threshold. To simulate this 

the momentum of the tracks follow a Gaussian centered around 

10 GeV with a width of 3 GeV. Positive and negative parti¬ 

cles are produced with equal probability. 

The event simulation attempts to reproduce the 

noise and accidentals in the chambers. The PWC operated with 

almost no noise and few accidentals. (About 2% of all PWC 

hits resulted from out-of-time accidental particles). As a 

result the simulator ignores this in generating random events 

although the option is available to include PWC noise if 

desired. The drift chamber's predominate source of spurious 

hits was from electrons, left from previous interactions, 
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which had not completed their drift. The simulator treats 

the noise as though it arose from additional hits in the 

chamber. For each .point it requests a drift plane hit, the 

cell of the interaction, the drift distance and ambiguity of 

the hit. The values for the plane hit, the drift distance 

and ambiguity are taken from a smooth distribution over the 

possible physical range. If the chamber is a delay line 

chamber, the program generates a Y location for the noise. 

The Y value and the cell location are chosen from a Gaussian 

around the Z axis. This choice simulates the source of noise 

as residual particles. The width of the Gaussian is chosen 

so that a few points will lie near the edge of the chambers. 

The quantity of noise was set to simulate a rather "clean” 

set of events, with 7 to 15 noise hits per event. An addi¬ 

tional study should be done to study events where there is a 

large quantity of noise. This situation was especially true 

for the post magnet chambers, which occasionally had events 

where many hits could not be linked to any reasonable track. 

Once the program ascertains the location of the 

various tracks and determines which cell each track hit, it 

then checks that no other track shares the same cell. If 

another track or noise hit already occupies the cell, the 

program keeps the hit with the smaller drift time and 
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discards the other. The physical analogy demands this selec¬ 

tion, since the chambers only record the particle which 

reaches the wire first. For the delay line chambers, the Y 

location and the drift distance combine to simulate the times 

recorded from each end of the delay line. 

The chamber inefficiencies are included by removing 

points to make the efficiency in the simulated data match the 

actual data. Points are removed at random in the PVC, 

Analysis of the drift chambers shows their efficiency is 

lower at small angles from the beam line. This data loss 

traces to track overlap in the cells near the Z axis. 

Especially in the chambers close to the target, the loss due 

to tracks through the same cell reduces the efficiency as 

much as 20 per cent. An additional inefficiency uniform over 

all cells is applied, corresponding to data lost due to 

general chamber inefficiencies. 

Figures 3.1 through 3.3 show typical real events 

tracked with the new program. Figures 3.4 through figure 3.6 

are tracked events created by the data simulator routine. 

Systematic analysis comparing the different values of the 

tracking parameters using the simulated data will comprise 

part of the next chapter. 
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FIGURE 3.1 displays an event of typical multiplicity. Note 
that most tracks have slopes near zero. The hits on the last 
six chambers are possible tracks that had no up stream por¬ 
tions. The tracking program required at least eight points 
per track so these track were not located. 

EVENT ®92 
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FIGURE 3.2 displays an event with a much higher multiplicity 
and a significant amount of noise. Possibly incorrect 
tracks, due to the congested central portion of the chambers $ 

appear since two tracks fail to vertex. The large quantity 
of noise in the post magnet chambers might be due to back 
scattering from the calorimeter or chamber break down. 

X VIEW 
EVENT S91 
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FIGURE 3.3 displays an event with the momentum analysis 
magnet on. The near match of one the tracks shows the diffi¬ 
culty of creating matches through the magnet. Heavily 
weighting matched tracks reduces the number of almost-matched 
tracks. 

EVENT *27 
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FIGURE 3.4 displays a simulated event with low multiplicity. 
(The event numbers are arbitrary.) 

EVENT ÏS3 
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FIGURE 3.5 displays a simulated event with high multiplici¬ 
ties and some noise. In general the simulated data never had 
extremely noisy events. 

EVENT #53 
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FIGURE 3.6 displays a simulated event with the momentum 
magnet on. The unmatched track is a result of the dead 
chamber cells along the beam line. 

EVENT #33 



CHAPTER 4 

PARAMETERS COMPARISONS BASED ON DATA 

4.1 COMPARISONS OF STATISTICAL CORRELATION METHODS 

The most important use of the E609 tracking is for 

elimination of events which do not come from the hydrogen 

target. Tracking identifies event origins by locating their 

vertices. Thus, for our application, the primary test of 

tracking quality is reconstruction of the vertex location. 

Secondary comparisons of the reconstructed events are also 

useful. Given a known event (in this case a simulated one) 

one can compare, event by event, the various slopes of the 

tracks, the intercepts of the tracks with the X axis, and 

number of tracks located. 

To accurately compare the programs each version 

tracked the same simulated data. Appendix B lists the 

parameters, described in Chapter 3, used to create the data. 

A second set of simulated data, with the the magnet on, 

71 
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allows study of the momentum reconstruction. Optimization of 

the two methods produced different parameter values for the 

best tracking. Two pairs of comparisons are therefore neces¬ 

sary, one with identical parameters and one with optimized 

parameters. The optimum parameter most different for the two 

methods was the road width. For the like-parameter study the 

road size was chosen midway between the optimized values. 

As one would expect, the comparisons between the 

linear-correlation-probability and the reduced-chi-square 

tracking techniques reflect the functional response shown in 

chapter 2. The chi square tends to select tracks with the 

most colinear points. The linear correlation probability 

selects tracks with the maximum number of available points. 

4.1.1 Vertex Location for Identical Parameters 

Three hundred simulated events were generated and 

then tracked using both versions of the program. Using 

identical parameters, figures 4.1 and 4.2 show the difference 

between the true event location and the reconstructed vertex 

location in the form of an X-Z scatter plot. The vertical 

axis corresponds to Z, the beam direction, and the horizontal 

axis corresponds to X, the horizontal direction in the 
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experiment. A perfectly reconstructed vertex would lie at 

(0,0), while errors produce deviations from this point. 

Figure 4.1 was generated using the linear correlation proba¬ 

bility (LCP) while figure 4.2 was generated using a reduced 

chi square (x /v or for figure labels CHI) to define the best 

track. Two features stand out upon comparing the scatter 

plots. First, the LCP produces a scatter plot in which rela¬ 

tively few points lie outside of the central cluster. 

Second, the X /v has many points scattered outside the cen¬ 

tral cluster but the cluster itself is smaller. This can be 

quantified by examining the sigma of the two scatter plots 

and the full width at half maximum (FWHM) values. Excluding 

the double vertex events (which, when incorrectly tracked, 

give wildly erroneous vertex locations) the widely scattered 

points cause the LCP to have =0.21 cm, <rz = 2.1 cm. The 

double vertex events increase these values to <r■ =0.46 cm. 

and crz = 6.4 cm. (The R.M.S. values reported in figures 4.1 

and 4.2 include only the points which do not overflow the 

bounds of the histogram). The x /v, on the other hand, has 

er =0.38 cm. and a-z = 6 • 3 cm » including the double vertices , 

o=0.51 cm. and <rz = 8.7 cm. Expanded scatter plot projec- 

tions, figures 4.3 thru 4.6, show that the X /v has a smaller 

FWHM value than the LCP. A narrow FWHM value implies that 

the X /v method, when correctly locating the vertex, does so 
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more accurately than the LCP method* But the points away 

from the central cluster imply more improperly vertexed 

events as well. Making a cut on vertex resolution of approx¬ 

imately ±5,0 cm. in the Z direction and ±0.4 cm. in the X 

direction (the exact cut is that of the expanded projections) 

indicates the LCP incorrectly locates vertices 2,1% of the 

time while the x /v , with the same resolution, misplaces 8.8% 

of the reconstructed vertices. On the other hand, with a 

tighter cut on the vertex location, ±3 cm. in the Z direc- 

tion and ±0,12 cm. in the X direction the X /v accurately 

locates 85% of the vertices while the LCP correctly places 

only 80% of the vertices. For the task of identifying back¬ 

ground events a Z resolution of 5 cm. must be compared to 

the target length of 45 centimeters. This resolution could 

be enough to identify a reasonable fraction of the background 

although not precise enough to separate the events coming 

from the target container's walls as opposed to coming from 

within it. 

The difference in the ability of these two methods 

to locate the vertex can be elucidated by looking at the 

number of points found on each track. Figure 4.7 shows the 

distribution of tracks with various number of points for the 

simulated data. Initially, every track had thirteen points 
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but chamber inefficiencies produce tracks with fewer points* 

Points were removed for two reasons; first, hits would fail 

to be registered if a track passed through the dead cells in 

the center of chambers 2 thru 7* Second, hits were lost on 

all but one track whenever multiple tracks passed through the 

same cell. Figure 4*8 shows the same distribution for tracks 

reconstructed using the LCP track selection technique* The 

cutoff at 8 results from setting the minimum number of points 

per track equal to this value. The number of generated 

points per track minus the number of points found with the 

LCP method is plotted in figure 4*9* The difference between 

actual and generated peaks at zero, indicating that on the 

average this method correctly locates the proper complement 

of points on a "typical track. On the other hand, the points 

per track distribution for the x /v method, shown in 

figure 4.10, appears quite different* The difference between 

the actual distribution and the distribution created by the 

x /v technique, figure 4.11, indicates that the x /v selects 

tracks typically missing at least one to two points. 

Elimination of one or more points on the track allows the 

x /v to choose the actual track more precisely than the LCP 

(clustering more of the events closer to zero, as shown by 

the FWHM value) but introduces the inherent hazard that 6.7% 

more of the events are reconstructed incorrectly, they fail 
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to vertex well enough to lie within 5,0 cm. of the true 

vertex's Z location. It is important to mention that as the 

tracking parameters are changed this problem can be 

eliminated. 

2 
The bias in selecting tracks with minimum x /v is 

shown again when one examines the reduced chi square of 

tracks chosen with the two different criteria. The true dis¬ 

tribution of the reduced chi square for the simulated tracks 

comprises figure 4.12. Of special interest is the long tail 

at higher values of chi found in the actual distribution of 

tracks. Selection of lines based on their LCP produces 

tracks with the reduced chi square too high by 0.32 on the 

average. Figure 4.13 displays the reduced chi square as lo¬ 

cated by the LCP method. The width of the peak is much 

larger (a FVHM of 0.95) than the actual distribution (FWHM of 

0.45). This difference in widths shows up in the subtraction 

of the LCP reduced chi square from the true reduced chi 

square, figure 4.14. The broad and negative difference can 

be explained by returning to figure 4.9. A reasonable frac¬ 

tion of the LCP selected tracks contain more points than the 

actual track. These extra points must have come from noise 

hits in the chamber or from other tracks. The noise of the 

simulated data ranged between 3 to 8 points per event-- 
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FIGURE 4.2 was generated from the true (simulated) vertex 
position minus the vertex position found by X /v tracking for 
295 events. (Two events had too few tracks to resolve a 
vertex and 3 events could not be processed by the tracking 
program). The scales are in centimeters. The X projection 
has a mean of -.009 cm. and a R.M.S. value of ,37 cm. 
while the Z projection has a mean of -.61 cm and a R.M.S. 
value of 3,0 cm. (This value is much less than the <r^ given 
above since 12 overflow events are not included in the R.M.S. 
calculation ). Circled points correspond to double vertex 
events incorrectly recons trueted as single vertex events. 
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FIGURE 4.3 is the X projection of the 
the LCP scatter plot in figure 4.1. The 
bins giving a 1.04 centimeter resolution 

(Mean- 2.61E-2 cm. and R.M.S.- 

central box shown 
FWHM value is 

0 .0888 cm. ) 

on 
13 

FIGURE 4.4 is the Z projection of the box shown on the LCP 
scatter plot in figure 4.1. The FWHM value is 15 bins giving 
a 1.6 centimeters resolution. 

(Mean1 -0.113 cm. and R.M.S.= 1.27 cm.) 
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FIGURE 4.5 is the X projection of the box shown on the X /v 
scatter plot in figure 4.2. The FWHM value is 10 bins giving 
a 0.08 centimeters resolution. 

(Mean= .00807 cm. and R.M.S.= 0.0674 cm.) 

2 
FIGURE 4.6 is the Z projection of the box shown on the x /v 
scatter plot in figure 4.2. The FVHM value is 13 bins giving 
a 1.4 centimeters resolution. Note that the R.M.S. is 
slightly smaller on this projection than it was for the LCP 
vertex resolution plot. 

(Mean- -0.239 cm. and R.M.S.= 1.20 cm.) 

PROJECTIONS OF X-Z SCATTER PLOT 
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FIGURE 4.7 displays the actual distribution of the number of 
points on each track. 

,10 3 ACTUAL NUMBER OF POINTS PER TRACK 
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FIGURE 4.8 displays the number of points found for each track 
by the LCP tracking technique. There are no tracks with less 
that eight points since the input parameters were set so any 
track with less than eight points was invisible to the pro¬ 
cedure . 

FIGURE 4.9 shows the difference between the actual number of 
points per track and the reconstructed number using the LCP, 

(Mean= 0.363 tracks and R.M.S.= 1.55 tracks) 
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FIGURE 4.10 displays the number of points found for each 
track by the X2/v tracking technique. The cut off occurs at 
7 points in this histogram because the x /v tracking program 
allows tracks that count the vertex as a point. 

FIGURE 4.11 shows the difference between the actual number of 
points per track and the reconstructed number using the X /v, 

(Mean= 2.34 tracks and R.M.S.= 1.93 tracks ) 



87 

FIGURE 4.12 gives the distribution of the X /v values for the 
simulated data (3334 tracks ) , 

(Mean= 1.07 and R.M.S.= .463 ) 

ACTUAL REDUCED CHI SQUARE OF TRACKS 
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spread over a thousand cells. Since 24% of the tracks have 

extra points, the LCP must collect points from several tracks 

and create tracks with synthetically high numbers of points. 

Creating false tracks by combining points with large devia¬ 

tions will shift the vertex location (recall figure 2.9). An 

additional problem of stealing points from shorter tracks is 

that it often leaves the remaining track with too few points 

to be located. This can be observed in figure 4.15, which 

shows the difference between the number of tracks the program 

should have located per event less the number located by the 

LCP. Typically the LCP misses at least one track each event. 

Conversely, tracks selected for a minimum x /v lo¬ 

cate smaller chi square than the true value by 0.78 on the 

average, twice the error of the LCP method. The shape of the 

distribution created by the X /v criterion (figure 4.16) mim¬ 

ics the actual data 's shape closer than the LCP criterion but 

the X /v selection severely underestimates the length of the 

true distribution's tail. The error resulting from truncat¬ 

ing the high reduced-chi-square tail is shown in figure 4.17, 

the difference between the reduced chi square of the actual 

2 
and the X /v method. Although the peak is very narrow the 

R.M.S. value of the distribution is 1.18, twice as large as 

that found using the LCP method. The x3/v method also 
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underestimates the number of tracks in an event, figure 4.18, 

but the effect is less severe, averaging a half track missed 

per event. The width of this distribution is smaller than 

that of the LCP. This point is further illus trated by 

figures 4.19 and 4.20 . These figures show the number of 

tracks failing to have at least half of their points in com¬ 

mon with a true track per event. The average number of 

non-matched tracks for the LCP is half a track greater than 

it is for the x2/v. 

The vertex response can now be explained, better 

clustering in the X /v criterion comes from a better matching 

of tracks with small reduced chi square than matched by the 

LCP criterion. The widely scattered vertex positions result 

when a true track with a poor chi square is discarded for an 

incorrect, and typically shorter, track with a smaller re¬ 

duced chi square. This error results, for example when a 

track is easily tracked only on one side of the momentum 

analysis magnet; instead of locating the entire track on the 

other side of the magnet the X /V (occasionally ) selects just 

enough points to fulfill the minimum number of points re¬ 

quirement. If this can be done by selecting a single point, 

the "best" track may be quite different from the actual 

track. The LCP is less sensitive to this error. The larger 
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FWHM of the LCP peak results from tracks which gained points , 

both true and stolen, with large deviations from the rest of 

the track. As a result the vertex is determined less pre¬ 

cisely . 

4.1.2 Secondary Tracking Comparisons 

The secondary track characteristics are important 

for additional applications of the tracking program. 

Comparisons between the actual tracks and the located tracks 

are hampered whenever the tracks are not identical. For both 

the techniques nearly 14% of the located tracks did not match 

the actual tracks. Secondary comparisons can be made, but 

the unmatched sample of tracks must be discarded. At least 

three features of each event should be examined; these 

include : the slopes of the located tracks, the track inter¬ 

cepts , and the number of tracks located. 

The distribution of simulated slopes, shown in 

figure 4.21, was generated from a Gaussian with part of the 

central peak missing. The reduction in the number of tracks 

with near zero slope resulted from the inability of dead 

cells, along the beam line in the chambers upstream of the 

momentum analysis magnet, to record hits. Examination of 
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FIGURE 4.13 displays the reduce chi square as by the LCP 
tracking technique. 

(Mean2 1.41 and R.M.S.2 0.410 } 

FIGURE 4.14 shows the difference between the actual reduced 
chi square and the reconstructed number using the LCP. 

(Mean2 -.321 and R.M.S.2 .555 ) 

FIGURE 4.13 REDUCED CHI SQUARE - LCP 
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FIGURE 4.15 displays the delta of number of tracks per 
as found by the LCP tracking technique. Nearly 72% of 
events have too few tracks while 5% have extra tracks. 

(Mean= 1.42 tracks and R.M.S.= 1.32 tracks) 

DELTA IN NUMBER OF RECONSTRUCTED TRACKS 

FIG. 4.15 (TRUE-LCP) NUMBER OF 

event 
the 
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FIGURE 4.16 displays the reduce chi square as found by the 
X2/v tracking technique. 

(Mean= .847 and R.M.S.= .302 ) 

FIGURE 4.17 shows the difference between the actual reduced 
chi square and the reconstructed number using the X /v 
technique. 

(Mean= .779 and R.M.S.= 1.18 } 

REDUCED CHI SQUARE 

FIG. 4.17 (TRUE—CHI) REDUCED CHI SQUAPK§ CHI 
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FIGURE 4.18 shows displays the delta of the number of tracks 
per event as found by the X2/v tracking technique. Over 13% 
of the events contain too many tracks while 33% have too few 
tracks . 

(Mean= .475 tracks and R.M.S.= 1.04 tracks) 

DELTA IN NUMBER OF RECONSTRUCTED TRACKS 

FIG. 4.18 (TRUE—CHI) NUMBER OF TR5®STRACKS 
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FIGURE 4*19 displays the number of unmatched 
for the LCP method of tracking. 

(Mean= 3.06 tracks/event and R.M.S.= 1.96 

tracks per event 

tracks/event) 

FIGURE 4.20 displays the number of unmatched tracks per event 
.for the X2/v method of tracking. 

(Mean= 2.45 tracks/event and R.M.S.- 2,33 tracks/event ) 

UNMATCHED TRACKS 

FIG. 4.20 UNMATCHED TRACKS— CHI 
TRACKS 
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slopes reconstructed by the two selection techniques shows 

that they recreate track slopes with reasonable accuracy and 

with relatively small errors. In addition, within statis- 

tics, the errors of both techniques are nearly indistinguish¬ 

able . Figures 4.22 and 4.23 display the slope distributions 

for the LCP and the x /v tracking methods. The difference in 

these distributions from the true distribution comprise 

figures 4.24 and 4.25. In both cases the mean is peaked near 

zero and the R.M.S. is small. 

As with the slope, both methods locate the X inter¬ 

cept reasonably well. Figures 4.26 and 4.27 display the dif¬ 

ference between the actual intercept and the reconstructed 

intercept for the LCP and the x /v technique. Tracks in the 

long tail of the distribution are one of the causes for the 

much larger uncertainty in the Z location of the vertex than 

that of the X location. Since the slopes are very small, a 

track with a slightly incorrect X intercept will signifi¬ 

cantly effect the intersection point with other tracks (which 

is used to determine the vertex location). Tracks with large 

errors will not be included in the vertex. 

As mentioned earlier, a difference in the two 

tracking methods appears in their ability to locate all the 
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tracks present in the original event * The LCP underestimates 

the total number of tracks. Figure 4.15 shows that on the 

average the LCP misses one and a half tracks. Figure 4.18 

shows that the x2/v typically underestimates the total number 

of tracks by half a track. The number of tracks located 

needs to be accurate; this number gives the charged particle 

multiplicity. There is an inherent danger in requiring a 

minimum number of points per track; real tracks with fewer 

than the required minimum will automatically be overlooked. 

The comparisons in figures 4.15 and 4.18 only consider the 

tracks that should have been observed with the minimum number 

of points set to eight. Figure 4.28 displays the total 

number of tracks per event in the simulated data sample re¬ 

gardless of their length. The total number of tracks not lo¬ 

cated per event, shown in figures 4.29 and 4.30, for the LCP 

and x /v, proves to be much larger than half-a-track. 

Typically the LCP misses 3.9 tracks and the X /v misses 3.0 

tracks each event. The two methods still differ by one in 

the the number of tracks they find. To get the true multi¬ 

plicity one must include some kind of offset. 

The error in locating the total number of tracks is 

due, in part, to requiring a minimum of 8 points per track. 

A second look at figure 4.7 shows that .28% of all the tracks 
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generated contain fewer than eight points. Thus, at least 3 

tracks per event will remain invisible when 8 or more 

chambers are required to define a track. In the ideal case, 

decreasing the minimum number of chambers required to locate 

a track by two reduces the lost percentage of tracks to 12%, 

Requiring 4 out of 13 chambers to be hit excludes only 3% of 

the tracks from ever being reconstructed. Clearly, to 

properly estimate the charge multiplicity, one must reduce 

the number of points required to create a track or correct 

for the inherent tracking inefficiencies. 

Part of the difficulty in locating every track 

hinges on the chambers and their cell size. Table III shows 

the chamber efficiencies for the simulated data. Recall that 

points are lost due to hits in the dead cells found in 

chambers 2 thru 7 and due to double hits in one cell, possi¬ 

ble for all the chambers. The later chambers have a . better 

efficiency since the cells, which are similar in all 

chambers , subtend a smaller solid angle when they are at a 

larger distance from the target. Real data will have addi¬ 

tional inefficiencies caused by the chambers failure to 

record true hits. The figures in table III are the best pos¬ 

sible efficiencies for tracks with the same spatial 

distribution as the simulated data. (Softer events, as might 
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occur for proton collisions with nuclei heavier than hydro¬ 

gen, will have fewer particles at small angles and therefore 

the chambers should have a better efficiencies for these 

kinds of events ). 

The discussion, so far, has centered on comparisons 

using identical parameters. One would hope that the parame¬ 

ters could be optimized to produce more accurate results. 

The process of optimizing will produce different sets of 

parameters depending on the specific application. The next 

section discusses the optimization of parameters to produce 

the best vertex resolution for the LCP and x fv tracking 

techniques. 

4.2 TRACK PARAMETER OPTIMIZATION FOR VERTEX RESOLUTION 

To select the optimum parameters for tracking, a 

systematic study of each variable is required. Parameters of 

interest include the track road width, the minimum number of 

points required to make a track, and the order in which the 

"best" tracks are obtained. The parameters used in the 

identical parameter comparison were studied individually. 

All parameters but one were kept constant for each study. 



TABLE III 

CHAMBER EFFICIENCIES FOR SIMULATED DATA 

Chamber Type 

1 PWC . . . 
2 DRIFT . . 
3 DELAY LINE 
4 DRIFT . . 
5 DRIFT . . 
6 DRIFT . . 
7 DELAY LINE 
8 DRIFT . . 
9 DRIFT . . 
10 DRIFT . . 
11 DRIFT . . 
12 DRIFT . . 
13 DELAY LINE 

% Efficiencies 

. . . 93 

. . . 62 

. . . 63 

. . . 66 

. . . 69 

. . . 59 

. . . 62 

. . . 81 

. . . 81 

. . . 82 

. . . 82 

. . . 83 

. . . 82 
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FIGURE 4.21 displays the actual slope distribution of 
tracks that should have been located by either version of 
program, 

(Mean5 .00133 and R.M.S.= .0538 ) 

the 
the 
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FIGURE 4.22 displays slope as found by the LCP tracking 
technique. The units are given as the tangent of the track 
angle to the beam line. 

(Mean= -.00132 , R.M.S.= .0553 and Entries= 2957) 

FIGURE 4.23 displays slope as found by the x2/v tracking 
technique. -The units are given as the tangent of the track 
angle to the beam line. 

(Mean: -.00153 , R.M.S.= .0538 and Entries= 3204) 

FIG. 4.22 SLOPE- LCP 
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FIGURE 4.24 displays delta in slopes as found by the LCP 
tracking technique. The units are given as the tangent of 
the track angle to the beam line. 

(Mean* 1.31E-5 , R.M.S.* 8.44E-4 and Entries* 2586) 

FIGURE 4.25 displays delta in slopes as found by the x2/v 
tracking technique. The units are given as the tangent of 
the track angle to the beam line. 

(Mean* 3.55E-5 , R.M.S.* 8.27E-4 and Entries* 2765) 



D
IS

T
R

IB
U

T
IO

N
 D

IS
T

R
IB

U
T

IO
N

 

101 

FIGURE 4.26 shows the delta of the true intercept vs. LCP 
intercept, 

{Mean= -.00212 cm, R.M.S.= .298 cm and Entries= 2586) 

FIGURE 4.27 shows the delta of the true intercept vs. x2/v 
intercept. 

{Mean1 -.00454 cm, R.M.S.= .249 cm and Entries3 2765) 

DELTA INTERCEPT DISTRIBUTIONS 
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FIGURE 4.28 shows the number of tracks per event for all the 
simulated data, regardless of the number of points on the 
track„ 

(Mean- 13.6 tracks, R.M.S.= 4.7 tracks and Entries3 300 
events ) 

TOTAL NUMBER OF TRACKS/EVENT IN SIMULATED DATA 
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FIGURE 4.29 displays the delta between the 
generated tracks per event and the number of 
as found by the LCP tracking technique. 

(Mean= 3.91 tracks and R,M.S.= 2,80 

actual number of 
tracks per event 

tracks ) 

FIGURE 4.30 displays the delta between the actual number of 
generated tracks per event and the number found by the op¬ 
timized x/v tracking technique. 

{Mean= 2.95 tracks and R.M.S. = 2.60 tracks ) 
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This is necessary to accurately study the program 's response 

to each variable. 

4.2.1 Road Widths for the Tracking 

The earlier discussion provides some guidance for 

finding the optimum road width parameter. A detailed 

development verifies one's intuitive feelings. The LCP tends 

to gain points-- with minimal regard to how well they fit the 

track. Tracking with a narrow road width solves this 

problem. Track candidates, limited to a small road width, 

contain no points with large deviations from the actual 

track. For the X /v the opposite is true, narrow roads allow 

short false tracks-- tracks which follow a short part of the 

actual track plus one or two erroneous points. Wide roads 

enable the x /v to consider more possible track candidates, 

linked with a requirement of more points per track, this 

forces the X /v technique to locate the best portions of the 

full-length real tracks. 

Various road widths were studied to determine the 

optimum val ue. Road widths cor res pond to the of each 

2 
chamber. Table IV lists the X /v technique vertex resolution 

for road widths ranging from 1 «r to 16 <r. The distances 
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corresponding to the <r values, in cm., comprise the second 

column. The program uses this distance in its calculations. 

Three estimates of the vertex resolution are given in the 

table. The standard resolution measurement is the delta 

vertex-location R.M.S. value for the X and Z projections. 

The R.M.S. is sensitive to points that lie in the tails of 

the distribution. To estimate the effect of the tail, two 

R.M.S. values are listed. The first estimate, R.M.S.^ in¬ 

cludes most of the events, excluding vertices which are wrong 

by more than ±20 cm in the Z direction and ±3 cm in the X 

direction. The cut events consist largely of two vertex 

events which were reconstructed with a single vertex. The 

second res olution measurement R.M.S.j, includes vertices 

which are more nearly correct. The must be within ±5 cm in Z 

and ±0.4 cm in X of the true location. No two vertex events 

were allowed in this event sample. This resolution value 

should roughly correspond to the resolution obtained in 

tracking real events for determination of their vertex loca¬ 

tion. A third resolution measurement, the FWHM, gives the 

typical resolution for most events; it is insensitive to the 

tail of the distribution. The standard value of the road 

width used in the identical parameter comparison was 4 a- or 

0.3 centimeters. (See appendix B for a complete list of the 



106 

parameters used). The final column lists the percent of the 

events in which a vertex could be reconstructed. 

TABLE IV 

STUDY OF ROAD WIDTHS FOR x2/v 

CHMBR ROAD  R.H. S .  —  FWHM  
<T WIDTH --R.M. s.,-~ --R.M. S • o  TRK 

{crn ) X{ cm} Ztcm) X( cm ) ZTcm ) X( cm ) Z ( cm ) 

1 0.07 .117 1.23 .044 .812 .088 2.14 86 
2 0.15 .107 1.24 .045 .807 .080 1.32 97 
4 0.30 .370 2.98 .067 1 .20 .072 1 .38 99 
8 0.6 .235 3.10 .052 .978 .080 1.10 66 
8* 0.6 .147 1.32 .051 .762 .080 0.99 97 
16* 1.2 60 

In this table the minimum number of points was held 

constant at 8 points per track * The tracking efficiency is 

low for the smallest road widths because fewer tracks per 

event are found. The missing events typically had too few 

tracks to determine the vertex location. The reduction in 

located tracks can be expected for narrow roads since most of 

the tracks have many points that are more than 1 <r from the 

track. Without these points the tracks to have too few hits 

to be reconstructed. The low efficiency for the wide road 

widths results from the candidate track array overflow-- the 

missing events had over 600 candidate tracks during the 

reconstruction process. When too many candidates are located 

the program aborts the event. The last two entries in the 

table are with the minimum number of points per track 
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increased to 10. This helps limit, for the 8 <r road width, 

the track candidates to a number small enough for the program 

to operate. Nine events still exceeded the array bounds for 

the 8 <r tracks . For the 16 cr tracking this parameter must be 

set even higher; even with 9 points minimum, 1 out of 3 

events overflowed the array. 

The optimum road width parameter for the x /v 

technique appears to be with the road width equal to 8 cr (0.6 

cm.} coupled with an increase in the minimum number of points 

per track to 10. This allows most of the events to be 

reconstructed with the best resolution. The increase in the 

number of points per track helps reduce the number of incor¬ 

rectly vertexed events as well . The 2 a* road with has a 

similar vertex resolution, it is slightly better for R.M.S.^ 

and slightly worse for the FWHM value. However, the secon¬ 

dary tracking characteristics do not correspond with the 

simulated data as well. For example the R.M.S. value for 

the error in locating the proper reduced chi square is twice 

as large for the narrow road tracking. Further, there is no 

way to recover the missing tracks for a small road width, 

whereas some of the tracking inefficiencies in the wide road 

tracking can be corrected by increasing the size of the array 

storing the candidate tracks. 
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Table V displays the LCP vertex resolution. The 

LCP tracking improves with narrow roads. As shown in the 

table, LCP tracks the best when the road width includes only 

points that lie within 2 o- of the line. The very narrow road 

size, 1 er, eliminates a fair fraction of the tracks because 

it does not allow the LCP to examine enough points to 

reconstruct the actual tracks. The 2 <r road width limits the 

possible errors due to point stealing and produces the best 

vertex resolution. Larger road widths allow the LCP to 

choose candidate tracks with erroneous points. 

TABLE V 

STUDY OF ROAD WIDTHS FOR LCP 

CHMBR ROAD  R.M. S .  —  FWHM  
cr WIDTH --R.M .S—- --R.M. s • 2  TRK 

{ cm ) X( cm ) Ztcm ) X( cm ) zf cm ) X( cm ) Z ( cm ) 

1 0.07 .228 1.92 .064 1.12 .104 1.80 89 
2 0.15 .130 1.63 .063 .824 .064 1.21 99 
4 0.30 .248 1 .91 .089 1.26 .104 1.51 99 
8 0.6 .229 1.59 .096 1 .39 .120 1.51 97 

Once the best road width has been determined the 

next parameter to study is the minimum number of points re¬ 

quired to define a track. As seen in the road width optimi¬ 

zation study, the is sensitive to this parameter. Not 

only d oes it effect the number of candidates for examination, 

but the quality of the located tracks is effected along with 
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the final number of tracks found. The next section discusses 

this parameter. 

4.2.2 Minimum Points Per Track 

The LCP and the X7fv methods differ in their 

response to changing the number of points required to define 

a track. The x3/v track reconstruction varies as the parame¬ 

ter varies. The LCP is only slightly dependent on the 

parameter. This follows, in part, because the LCP tends to 

select maximum length tracks while the x /v selects the 

shortest possible tracks. 

For tracking with the LCP, I examined minimum 

points requirements of 6, 8, and 10 points, Recall that 13 

chamber hits plus the vertex is the maximum number of points 

a track can have. Three hundred events were tracked with the 

road width set to 4 <r. {The results should be the same for 

the optimized road width of 2 <r), As expected, much of the 

event reconstruction appears to be independent of the minimum 

number of points. The primary difference caused by allowing 

shorter tracks appears in the total number of tracks found 

(also in the number of possible candidates). The vertex 

resolution is nearly independent of the number of points 
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required per track. The R.M.S. values vary 10% in the Z and 

2% in the X between the 6 and 10 point parameters, The 10 

point requirement reproduces the vertex locations slightly 

more accurately, although statistical variation could explain 

the differences. The located track slopes and intercepts are 

identical in all three cases. Varying the number of points 

does not even effect the slight over estimation of the actual 

reduced chi square (too high by 0.3). 

To study the effect of track exclusion due to re¬ 

quiring long tracks, table VI examines the percentage of 

reconstructed tracks verses the total number of generated 

tracks . As one allows shorter tracks to be included in the 

candidate sample the program finds a higher percent of the 

total number of tracks. The table also displays the percen¬ 

tage of tracks found verses the number expected to be found 

(excluding tracks too short to be located). The efficiency 

for which the program finds the expected sample of tracks 

remains reasonably constant for all minimum point parameters. 

The table 's final column lists the percent of the tracks that 

match the true tracks for at least half of their points. The 

increase in number of matched tracks for the smaller minimum 

points parameter results from a combination of two effects. 

First, the number of erroneous tracks created by combining 
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short tracks into longer tracks remains constant, independent 

of the acceptance of shorter tracks. Additional tracks, too 

short to be located under the high parameter, are less likely 

to contain extra points so they will match more frequently. 

TABLE VI 

MINIMUM NUMBER OF POINTS/TRACK FOR LCP 

[IN « OF % OF TOTAL % OF EXPECTED PERCENT 
POINTS FOUND FOUND MATCHED 

6 83% 90% 90% 
8 74% 89% 87% 
10 61% 94% 79% 

The final determination of the optimized parameter 

for event reconstruction depends on the particular applica¬ 

tion of the tracked events. For the optimization of the 

vertex location it is better to have a high resolution and 

few events which fail to produce a vertex. To estimate the 

event multiplicity, the program must find both short and long 

tracks. Therefore a lower minimum points per track parameter 

is required. Since the LCP is not extremely sensitive to 

this value a compromise choice was made; for the remainder 

of this thesis the minimum points per track for the optimized 

LCP tracking will be set to 8. 

Optimization of the minimum points parameter for 

j 
the x /v is limited by the requirement of a large road width. 
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The tracking was done with 300 events and a road width of 

8 <r. Allowing both large roads and short tracks easily 

creates candidate track samples with a thousand members. As 

a result the parameter is limited on the small end by the 

need to be able to track most events. Although the X /v is 

sensitive to the number of points per track, the final deter¬ 

mination is set by allowing only 600 track candidates per 

event and demanding good vertex resolution. Table VII dis¬ 

plays the resolution for the events tracked with various 

minimum numbers of points. Ten points per track appears to 

be the optimum value for the X /v tracking. This value is 

not too small, preventing array over flow, and enables the 

x /v to select the tracks which have the smallest X /v 

without simply selecting the shortest track candidate. 

TABLE VII 

X2/v VERTEX RESOLUTION FOR MIN. POINTS/TRACK 

MINIMUM 
PTS/TRK --R.M. 

X( cm ) 

 R.M. 
S ., 
Z*cm ) 

.S .  
--R.M. 
X( cm} 

S. — 
Zfcm ) 

 FWHM  

X(cm ) Z(cm} 

-%- 
TRK 

— —    — — — — —    — 

8 .235 3.10 .052 .978 .080 1.10 66 
10 .147 1.32 .051 .762 .080 0.99 97 
11 .161 1.65 .051 .704 .088 0.99 97 
12 .221 1.10 .049 .728 .080 0.99 96 

Examination of the tracking efficiency s upports the 

choice of the smallest feasible road width as the optimum 

parameter . The interesting column in table VIII is the 
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percent of the expected tracks that were found. For minimums 

of 11 and above the program actually locates more tracks than 

are available to be found. This can be traced to the X /v's 

tendency to split up the longer tracks into several shorter 

tracks. By recombining points, the program promotes short 

tracks into longer tracks at the expense of the long tracks. 

Verification of this statement comes if one includes tracks 

with as few as seven points in the list for track matching. 

The percentage of tracks matched goes up to 93% for the 

twelve point minimum, Each extraneous track comes from the 

recombination of several real tracks in a manner that satis¬ 

fies the tracking parameters. 

TABLE VIII 

MINIMUM NUMBER OF POINTS/TRACK FOR X3/v 

MIN If OF % OF TOTAL % OF EXPECTED PERCENT 
POINTS FOUND FOUND MATCHED 

8 74% 97% 88% 
10 64% 99% 82% 
11 59% 105% 77% 
12 54% 109% 73% 

4.2.3 Optimization of the Track Selection Order 

The order in which one selects the "golden” tracks 

can effect the overall structure of the event in two ways. 

The removal of points clearly limits the location of any 



114 

future tracks found with relaxed parameters. If the removed 

points are all true track points the only effect is to in¬ 

crease the speed of the next tracking stage; however, if 

points belonging to other tracks are removed these tracks may 

be lost. The second effect of the order of track choosing is 

in determining the vertex location and which tracks vertex. 

Once located, the vertex point is used to help determine ad- 

ditional tracks. The first tracks located determine the 

vertex. Once stored, a track which missed the original 

vertex will be unlikely to contribute to the final vertex lo¬ 

cation. On the other hand, if the same track had been lo¬ 

cated after the vertex point was available for selecting 

tracks, the "best" track candidate might have included the 

vertex point. 

The old version of the program never saved any 

tracks until all the relaxed parameters were considered. 

This has the advantage of avoiding the problem of creating 

tracks that "missed” the vertex because they were found too 

soon. The disadvantage of this technique is that the final 

set of tracks only satisfy the most relaxed tracking require¬ 

ments. Tracks that fulfill the rigid requirements are oc¬ 

casionally split up into tracks that satisfy only the relaxed 

requirements. Further, if the, data sample does not decrease 
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in size, the time required to track with the softer toler¬ 

ances is increased. The old version discarded the ambigui¬ 

ties of tracks as they were located (thus halving the data 

sample ) , but ■ had no requirement that the hit saved was part 

of a final track. 

Instead of locating the same tracks many times, the 

new program saved the "golden" tracks as they were located. 

This had two advantages, the tracks saved satisfied the more 

rigid requirements and the overall speed of the tracking was 

increased. Some tracks were excluded from the vertex, a dis¬ 

advantage. To limit this problem two fiats were considered. 

The first was to relax the parameters in steps, the step size 

would determine which tracks were located first. The number 

of tracks vertexed was not significantly effected by this 

parameter, however it allows events with a high number of 

tracks to be easily reconstructed without overflowing the 

candidate track arrays. By setting the step size small a 

limited sample of tracks was considered and the program could 

easily select the best tracks. The second attempt to reduce 

the bias of finding tracks without prior knowledge of the 

vertex location was track without saving any tracks and then 

retrack the entire event including the vertex point. This 

option has yet to be fully explored, partly because of the 
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increase in computation time required for a limited gain in 

vertex resolution and partly because it would require signi¬ 

ficant restructuring of the program. The step down option 

was employed to limit the number of array overflows. The op¬ 

timized LCP tracking first considered tracks of 11 points or 

more and then decreased the required number to 8 points per 

track. The old version was not arranged to allow a step down 

in the minimum number of points required per track. 

To recap, the optimized parameters for the LCP are: 

road width of 2 <r (0.15 cm.), a minimum number of points per 

track of 8, stepping down from 11 (out of 13) and then to 8. 

The X /v parameters are: road width of 8 <r (0,6 cm.), and a 

minimum of 10 points per track. Table IX lists the vertex 

resolution for the optimized tracking with these two methods. 

The ability to locate the vertex is nearly the same for both 

techniques . Choosing which technique to use then depends on 

what other criteria one requires in addition to the vertex 

resolution. The next section performs a detailed comparison 

using the optimized parameters. 
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TABLE IX 

METHOD 

LCP 
X /V 

X2/v OPTIMUM VERTEX RESOLUTION 

 R.M. s.   FVHM  
--R.M. S..- — --R.M.S.-  TRK 
X {cm ) Z( cm ) X( cm ) Ztcm ) X( cm ) Z ( cm ) 

.119 1.53 .061 .796 .064 1.21 99 

.147 1.32 .051 .762 .080 0.99 97 

4.3 COMPARISONS USING OPTIMIZED PARAMETERS 

2 
The LCP and the X /v tracking parameters can be op¬ 

timized to produce nearly equivalent vertex resolution. 

Figures 4.31 thru 4.36 show scatter plots of the error in the 

vertex location and the associated projections for both 

methods. The slope and intercept distributions found using 

the optimized parameters for the two techniques differ by 

less than 3% for the slope and less than 10% for the inter¬ 

cept. All val ues— mean , R . M. S . , and true-minus - found R . M. S . 

of both plots are within 3%. The number of points per track 

for the two methods has shifted to resemble the actual dis¬ 

tribution. Compare figures 4.37, showing the LCP distribu- 

tion, and 4.38, showing the X /v distribution, with 

figure 4.7, the actual number of points per track. The small 

road size, for the LCP tracking, limits the number of points 

possible for candidate tracks so the distribution is no 

longer peaked on the maximum possible number of points 
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although the distribution still favors longer tracks. The 

2 
X fv now selects longer tracks. This is a result of first, 

requiring longer tracks in the candidate sample, and second, 

allowing the program to consider the larger road widths. 

Similarly the reduced chi square distribution also resembles 

the true distribution more closely. The broad shoulder of 

the LCP reduced chi square distribution is much smaller. 

(Compare figure 4.39 with figure 4.13). The tail found ear¬ 

lier in this distribution is now missing since points with 

large deviation are no longer included as track points. 

Figure 4.40 shows the deviation from the true reduced chi 

square distribution. The R.M.S. value of this distribution 

has substantially decreased from that of the original parame¬ 

ters studied, (see figure 4,14). The distribution for the 

x3/v technique has improved as well. Figures 4.41 and 4.42 

show the reduced chi square distribution and the difference 

from the true distribution. The R.M.S. value for the 

true-minus-found distribution is half the original value, 

although the long tail, representing errors , is still 

present, 

The final point of comparison is in the number of 

tracks per event, an estimate of the charged particle 

multiplicity. In spite of the tendency for the LCP to 
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underestimate the total number of tracks, one expects the LCP 

to find more tracks than the x /v since the LCP optimized re¬ 

quiring fewer points per track. Figures 4.43 and 4.44 dis¬ 

play the difference in the total number of tracks and the 

number located for the two tracking methods. The LCP fails 

to locate 4.5 tracks on the average and the X fv missed 5.9 

tracks per event. Clearly, to find the true multiplicity one 

must lower t'he minimum number of points per track and add 

some kind of efficiency correction* The smallest correction 

to the multiplicity occurs with X*/v tracking and the minimum 

number of points per track set as low as possible. 

4.4 COMPARISONS USING REAL DATA 

Real data comparisons between the two techniques of 

choosing tracks has the difficulty that the correct answer is 

unknown. These comparisons combine both experimental uncer¬ 

tainties and tracking uncertainties. Understanding the dif¬ 

ferences in the techniques is difficult. Figure 4.45 

compares the vertex locations found by each method using the 

optimized parameters on 300 real events. The data was col¬ 

lected with the momentum analysis magnet off. The efficiency 

for the X /v tracking was only 81% (implying the need to 

increase the minimum number of points per track even further 
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FIGURE 4.32 is the X projection for the optimized LCP of 
figure 4.31. The FWHM value is 8 bins giving a 0.64 centime¬ 
ter resolution. 

(Mean= .0104 cm and R.M.S.= 0.061 cm) 

FIGURE 4.33 is the Z projection for the optimized LCP of 
figure 4.31. The FWHM value is 11 bins giving a 1.2 centime¬ 
ter resolution. 

(Mean= 0.023 cm. and R.M.S.= 0.80 cm.) 

OPTIMIZED PROJECTIONS OF X-Z SCATTER PLOT 
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FIGURE 4.34 was generated from the true 
position minus the vertex position found 

{simulated ) vertex 
by the optimized 

x /v tracking for 278 events (2 events had too few tracks, 12 
events had double vertices and 8 events could not be pro¬ 
cessed by the program). 
road width was set wide, 
width of figure 4.2. 

The scales are in centimeters. The 
corresponding to 8 twice the road 

FIGURE 4.34 
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FIGURE 4.3S is the X projection for 
figure 4,34. The FWHM value is 10 bins 
timeter resolution. 

(Mean= 2.4E-3 cm and R.M.S.= 

2 
the optimized x /v of 
giving a 0.08 cen- 

0.051 cm ) 

FIGURE 4.36 is the Z projection for the optimized x2/v of 
figure 4.34. The FWHM value is 9 bins giving a 0.99 centime¬ 
ter resolution. 

(Mean= 0,07 cm and R.M.S.= 0,762 cm) 
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FIGURE 4.37 displays the number of points per track as found 
by the optimized LCP tracking technique. Compare this to 
figure 4.7. 

(Mean= 11.2 and R.M.S.= 1.72) 

FIGURE 4.38 displays the number of points per tracks as found 
by the optimized X /v tracking technique. 

(Mean- 11.5 and R.M.S.= 1.35) 
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FIGURE 4.39 displays the reduced chi square as found by the 
LCP tracking technique with optimized parameters. 

(Mean5 .905 and R.M.S.= 0.192) 

FIGURE 4.40 shows the difference between the actual reduced 
chi square and the reconstructed number using the optimized 
LCP 

(Mean= .162 and R.M.S.= .474) 

OPTIMIZED LCP- REDUCED CHI SQUARE 
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FIGURE 4.41 displays the reduce chi square as found by the 
x3/v tracking technique with optimized parameters. 

(Mean3 1.14 and R.M.S.= .549 ) 

FIGURE 4.42 shows the difference between the actual reduced 
chi square and the reconstructed number using the optimized 
XJ/v technique. 

(Mean3 .175 and R.M.S.= ,597 ) 

OPTIMIZED CHI- REDUCED CHI SQUARE 

FIG. 4.42 (TRUE-OPT CHI)REDUCED CHI SQlRftP CHI 
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FIGURE 4.43 shows the number of tracks per event which the 
optimized LCP does not reconstruct. The figure comes from 
the difference of the number of tracks generated minus the 
number found. 

(Mean- 4.50 tracks and R.M.S.= 2.96 tracks } 

FIGURE 4.44 shows the difference between the generated tracks 
and the number reconstructed number using the optimized X /v. 
The error is larger for the X /v since the minimum number of 
points/track is higher. 

{Mean3 5.87 tracks and R.M.S,= 3.83 tracks) 

NUMBER OF TRACKS MISSED PER EVENT 
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for real data) thus, figure 4.45 only contains 243 entries. 

The tracking responses follow those of the simulated data; 

the techniques find similar vertices for most of the events. 

The central cluster is peaked reasonably tightly, with an 

R.M.S. value of .124 centimeters in X and 1.38 centimeters 

in Z. (See figures 4.46 and 4.47). As with the simulated 

data the LCP technique locates more tracks than the x /v. 

However, the number of tracks found is primarily a function 

of the tracking parameters. 

The remaining event features show similar patterns 

to the ones seen using simulated data. The LCP reconstructs 

tracks with a much broader reduced-chi-square distribution 

than generated by the x /v technique. Figures 4.48 and 4.49 

display the chi distributions, similar to the distributions 

in figures 4.13 and 4.16. The number of points per track 

distribution also reflects the shape of the simulated data. 

Figures 4.50 and 4.51, displaying the number of points per 

track, show that the LCP locates tracks with many points 

2 
while the X / v technique selects shorter tracks. 

A target empty data run shows a similar spread in 

the vertex locations found by the two tracking methods . The 

momentum magnet was turned on, which increases the number of 
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FIGURE 4.45 was generated from the LCP vertex position minus 
the vertex position found by the xJ/v tracking for 243 real 
events collected with the magnet off. The X and Z scale are 
in centimeters. The center region's X and Z projections are 
shown in figures 4,46 and 4.47. The central box has the same 
dimensions as the box in figure 4.1. 
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FIGURE 4.46 shows that 
vertex location for the 
methods. 

(Mean- - 

the X projection of the difference in 
optimized LCP and the X /v tracking 

,0122and R.M.S.= .120) 

FIGURE 4.47 shows that the Z projection of the difference 
vertex location. 

(Mean= -.207 and R.M.S.= 1.38) 

in 
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FIGURE 4.48 shows the CHI distribution for the optimized LCP 
technique used to track real data. Note the broad peak due 
to the inclusion of points well away from the line. 

(Mean3 1.34 and R.M.S.= .467) 

2 
FIGURE 4.49 shows the optimized CHI distribution for the X /v 
technique for tracking real data; the peak is much narrower 
than that of the LCP. The R.M.S. value is slightly larger 
than that of the simulated data value. 

(Mean= 1.45 and R.M.S.= .395) 
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FIGURE 4,50 shows the number of points per track found by 
optimized LCP technique for real data. Note the tendency 
select tracks with many points, 

(Mean= 11.4 points and R.M.S.= 1.86 points) 

the 
to 

FIGURE 4.51 shows the number of points per track for the op¬ 
timized y. /v technique for real data. The peak is sharply 
aligned with the minimum number of points, 

(Mean= 10.4 points and R.M.S.= 1.13 points) 

REAL DATA- NUMBER OF POINTS PER TRACK 

FIG. 4.50 POINTS/TRACK- LCP 
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disagreeing vertices since only seven points are available to 

determine a track upstream of the magnet instead of the thir¬ 

teen available when the magnet is off. Even limited to seven 

chambers the tracking program can resolve the vertex well 

enough to locate the sources of background events as seen in 

the Z projection of the vertex location, figure 4,52. This 

figure was generated by tracking events taken during a target 

empty run with the optimized LCP. It is possible to identify 

the various portions of the target bottle and its housing. 

The first peak corresponds to a mylar window. The next three 

peaks correspond to portions of the LHj bottle. (There were 

two portions to the vessel to allow for adjustments in the 

interaction length of hydrogen intersected by the beam). The 

final peak is due to a second mylar window. 

4.5 WEIGHT PARAMETERS 

The weighting of various tracks, although a useful 

concept, is rather delicate since any weight will be arbi¬ 

trary to a certain degree. A further difficulty arises in 

the multitudes of possible weights for consideration. For 

the purpose of this thesis I will mention some of the possi¬ 

ble variables to weight but postpone the process of studying 

each individual weight until a later time. 
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FIGURE 4.52 shows the empty target vertex sources. The peaks 
in the histogram correspond to the physical elements of the 
hydrogen target bottle and housing. A mylar window appears 
at - 30 cm , the upstream edge of the 30 cm portion of the LH~ 
bottle at -19.5 cm, the dividing wall of the LH^ bottle at 
10.5 cm, the down stream edge of the 15 cm target bottle at 
25.5 cm and the downstream mylar window at 40 cm. 
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4.5.1 Vertex Weighting 

Since most events have a single vertex, the physics 

implies that tracks which vertex should be preferred to those 

failing to vertex. Quantifying this preference determines 

one of the weights for the tracking program. Additionally 

there must be a weight applied to candidate vertices as they 

are located. The current weight is to select the true vertex 

as the candidate with the maximum number of points. Even 

this assumption is dangerous- in the simulated data only half 

the double vertex events were detected as such. The remain¬ 

ing half combined most of the tracks in the event into a sin¬ 

gle vertex. The creation of a candidate vertex is done in 

two steps. An initial vertex location is set by the the in¬ 

tersection of two tracks. Other tracks that come within a 

preset distance of this location are counted as part of the 

vertex. To compare two vertices with the same number of 

tracksf a weight is calculated by a least squares fit on the 

closest approach point of all tracks in each candidate 

vertex. The smallest size vertex is chosen. Several addi¬ 

tional weights could be included at this point. For example 

an extra weight could be given to tracks at wide angles to 

the beam line. These tracks introduce a much smaller error 

in their intersection point than lines near the beam line. A 
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small slope error in two nearly parallel lines changes their 

intersection point radically. Tracks with a much greater 

separation angle are much less sensitive to this problem. 

In the final vertex selection the following parame¬ 

ters should be considered: 1) a weight on the size of the 

vertex, 2) track weighting to minimize angle errors, 3) 
* 

weights on the number of tracks in a vertex, and 4) weights 

on the candidate vertices requiring them to come from a re¬ 

gion where the beam intersects the apparatus. The list can 

continue, hopefully adding less important effects each time. 

Once the vertex position has been determined, it 

can be used to generate weights which aid in the reconstruc¬ 

tion of additional tracks. Currently tracks found after a 

vertex has been located are weighted based on the square of 

their distance from the vertex. This favors tracks which all 

come from the previously determined vertex. An additional 

weight is applied against tracks which do not intersect any 

vertex. 
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4.5.2 Weighting for Matching through the Magnet 

There are as many possible weights for the matching 

tracks through the momentum analysis magnet as there are for 

weighting the vertex. Four possible weights were already 

listed in chapter 3. Determination of weights is somewhat 

less important if one requires the selection of matched 

tracks over all other candidates. Because of the difficulty 

in matching even one pair of tracks the problem of choosing 

between two or more matched tracks occurs only occasionally. 

The possible weights are; 1) distance between matched tracks 

in the plane of the magnet , 2 ) a weight toward higher 

momentum tracks » 3) a requirement of multiple chamber boxes 

hit to reduce the chance of chamber cross talk, and 4) con¬ 

sistency of the Y tracking information on both sides of the 

magnet. The ability of the program to determine the momentum 

spectrum of the charged particles will be a function of how 

well the weighting for the matched tracks works. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

As initially desired the linear correlation proba¬ 

bility increases the number of points per track to near the 

actual number. Although the tracks located may be closer to 

the actual track, the inclusion of all possible points intro¬ 

duces two disadvantages. The first disadvantage is that 

although a point may belong to the track, for purposes of 

calculating a slope and intercept, it may be better to ignore 

the point. The primary purpose of a tracking program is to 

reproduce as closely as possible the charged particle tracks ; 

if the exclusion of an actual point allows a better calcula¬ 

tion of the slope and intercept values then it is to the pro¬ 

grams advantage to exclude the point. The second 

disadvantage is that the linear correlation probability, 

since it collects all possible points into a line, may group 

points from several tracks into a single track with more 

points. Not only will the slope of the track be in error but 

138 
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the total number of tracks in the data sample will be too 

low. 

For certain parameters, the LCP will perform better 

than the X /v selection criterion. When sorting track candi¬ 

dates that contain points with up to 3 cr of deviation {a 3 <r 

road width )% the LCP recreates the event more accurately than 

the x /v technique, especially if the minimum number of 

points required per track is low. For this set of parameters 

it is an advantage to select the tracks with the larger 

number of points, as done by the LCP. The LCP chooses a set 

of reconstructed tracks reasonably close to that of the true 

set of tracks. 

However these choices do not produce the best pos¬ 

sible set of tracks. Eliminating points with over 2 <r of 

deviation allows very accurate reconstruction of the tracks. 

This can be achieved in two manners ; for the x /v the op¬ 

timum conditions are very wide allowed errors in the track 

candidates and a requirement of many points per track. The 

X /v will then select the "best" track from a list of tracks 

that contain similar number of points to the actual tracks; 

a dramatic improvement in the event reconstruction is 

achieved by adjusting these parameters. For the LCP the 
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candidate tracks should be selected based on a very strict 

road width * thus preventing the LCP from erroneously select¬ 

ing points from other tracks. A low minimum number of points 

will help increase the number of located tracks. In this re¬ 

gion the x7 fv and the LCP will basically select the same 

tracks. The LCP has a slight advantage in this region of 

parameter space since it is not as dependent upon the minimum 

number of points required per track, while . changing this 

parameter slightly alters the tracks located by the x /v 

selection technique. 

The final choice between the two methods must bal¬ 

ance two factors. The first is the required speed of the 

tracking and the second is the need for accuracy. Setting 

the road width wide and examining all possible length tracks 

could produce the most accurate set of reconstructed tracks. 

Without time cons traints t one would choose the tracks with 

the least reduced chi square and the maximum number of 

points. This first pass would be followed by an iterative 

processes of decreasing the required number of points per 

track and again selecting the tracks with the smallest x7 fv. 

After cycling through all possible numbers of points one 

would have a set of track candidates. To select the final 

”bestM tracks one would choose the tracks with the smallest 
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3 
X /v at some low required number of points and then locate 

their first detection in the iterative process * thus deter¬ 

mining how many points were actually on the track. Practical 

time use for the x /v selection method requires no more than 

a few passes through the data sample with a few different 

number of points required. (The old E609 version made eight 

iterations through the data sample). 

The LCP selection method allows a possible alterna¬ 

tive. By setting the road size narrow and the minimum number 

of points required per track low* the LCP can locate the 

track sample reasonably quickly. The resolution will suffer 

since not every possible track will have been examined. 

Keeping the road width narrow* however, makes the LCP vertex 

resolution nearly as precise as that for the optimized X /v 

technique. The advantage of using the LCP over the x /v for 

the narrow road width parameter is that it is much less sen¬ 

sitive to the number of points required per track. The LCP 

can examine both the shorter tracks and the long tracks in 

fewer iterations. 

Thus the final conclusion is that for extremely ac¬ 

curate tracking one should use the reduced chi square and 

wide roads. For tracking large quantities of data* as one 
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must for cutting out non-target events, some loss in resolu¬ 

tion will be compensated by the gain in tracking speed. Thus 

for our application the LCP will be the most useful 

5 
technique, however the X /v technique will also be available 

for its increased resolution for tracking events of special 

interest. 

As a final note, the program steamlining did in¬ 

crease the speed of the tracking. The optimized LCP was 

slightly faster (5%) than the X7/v while finding more tracks. 

For the identical parameter set, the new program was a little 

over 3 times faster. The increase in speed almost equals 

that gained by using the hardware tracker ! 



APPENDIX A 

TRACKING PROGRAM OPERATING INSTRUCTIONS 

A.1 INITIALIZATION PROGRAM OPTIONS 

Listed below are the commands that are available at 

the "OPTIONS" stage of the program. The commands must be en¬ 

tered in capital letters and completely. The initial line 

for each command is the information given after issuing a 

'HELP' option. The value given is the default value. For 

yes/no or on/off options yes (or on)=l, no (or off)=0. 

BARRY or CHUCK=0 SET UP FOR 200GEV 
input 1 )= 0/1: 0=400 GeV/l=200 GeV 

This is useful for tracking the 1982 200 GeV data with 
the CID in place. The program adjusts the chamber loca¬ 
tions, deletes chambers 2, 3 and 8-13 from the chamber 
array, sets the prime chamber first to plane 1 then to 
plane 6, and finally sets the minimum number of points 
per track to 4. It should be used with the PREMAG op¬ 
tion for the fastest possible tracking. 

143 



144 

CHAMB-- SET UP NUMPLN AND IPLARR 
input 1-13)= Chamber Numbers 1-13 

This command changes the total number of chambers 
present (useful for 1984 data when some chambers were 
not present). To use the command one enters the avail¬ 
able chambers, one at a time, starting with the lowest 
chamber number available. Entry of a zero allows one to 
show the current array without changing the array. The 
default is all 13 planes in use. 

CHAMPRE-- SET UP NUMPLNPRE AND IPLARRPRE 
inputs 1-7)= Chamber Numbers 1-7 

This allows adj us tments of the pre-magnet chamber array, 
chambers 1-7, (required for magnet-on tracking if some 
chambers are missing). The format is identical to that 
of the CHAMB command. The default value is 'all planes 
1-7 in use. 

CHAMPST-- SET UP NUMPLNPST AND IPLARRPST 
inputs 1-6)= Chamber Numbers 8-13 

This allows adj ustments of the post-magnet chamber ar¬ 
ray, chambers 8-13, (required for post-magnet tracking 
if some chambers are missing ). The format is identical 
to that of the CHAMB command. The default value is all 
planes 8-13 in use. 

DATANAME=TRKOUT.DAT NAME OF BIT OUTPUT FILE 
input 1 )= 1/2; Number of output files, 
input 2 )= Data filename (no extension) 
input 3 )= Data filename (no extension )[optional] 

This is the file which records the output tracking in¬ 
formation. The command requests whether one wants 1 or 
2 files; 1 is appropriate for standard tracking, 2 is 
required for tracking with simulated data. (The simu¬ 
lated data output file default name is TRK0UT2.DAT) 
Enter only the file name; the extension .DAT is as¬ 
sumed. The data file lists chamber statistics (number 
of cells with good hits etc.), track information (number 
of points per track, X slope, X intercept, x2/v, 
-log(LCP), momentum of particle, etc.), and vertex in¬ 
formation (number of tracks into the vertex, X location, 
Z location, vertex size, etc.). Detailed hit informa¬ 
tion can be included by using the EXTEND command. The 
subroutine TRKOUT.FOR (not included in the program) can 
read this file. 
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DATA0UT=11 FORO##.DAT AS OUTPUT FILE 
input 1 )= Output file number (01-99) 

This controls the output data. If DATAOUT=0 then no bit 
file is written. If DATAOUT=l then only the bit output 
file is produced. If DATAOUT is any other value then a 
readable file, FORO##.DAT, will be written which will 
contain a detailed output of the tracking information. 
Two files, FOR007 and FOR008 are always written. FOR007 
contains an event by event summary of the vertex loca¬ 
tion. FOR008 gives the accumulative tracking efficien¬ 
cies. These are explained in the final section of this 
appendix. 

DIS = 1 
SHOW VARIOUS AMOUNTS OF DISPLAY 

input 1 )= 0/1/2 
This controls the amount of display given during run 
time. Use 0 for no display (for batch running). Use 1 
for interactive running, allows program to go to 
"INSTRUCT" phase. Use 2 to monitor progress interac¬ 
tively without interrupting program. 

ERASE- CLEARS SCREEN 
no input 

Removes graphic tracks from screen. 

EXTEND=1 LONG DATA OUTPUT FILE 
no input Sets extend value to 1. 

This adds the individual hit information to DATANAME 
file. It includes X locations, drift times, raw TDC 
times, and delay line times for each hit. 

EXTRAPLN/NOEXTRA= 1 USE MAGNET PSEUDO PLANE 
no input Sets extrapin value to 1/0 . 

This allows the magnet plane to operate as an extra 
plane during post-magnet tracking. 

FAKE/NOFAKE=0 USE FAKE DATA (ENTERED) 
no input Sets fake value to 1/0. 

Includes the use of simulated data. The if an input 
file is used it must be assigned to logical unit 4. If 
the file is to be set up interactively then SYS$INPUT 
should be assigned to FOR004. 

GO or G- CONTINUE (FINISHED WITH INPUT) 
no input 

Starts program. NOTE: For running with tape the pro¬ 
gram will ask for how many files to skip. The answer 
must come after the final 'GO' command. 
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HARDERR-- CHANGE HARDERR 
input 1) 1/2: Type of HARDERR change to be made* 

input 2) Multiply input by default if input 1)=1 
inputs 2-15) HARDERR value for planes 1-14 

{includes pseudo magnet/vertex plane) 
This determines the road width, The number is given in 
centimeters (1 sigma deviation is around 0.07 cm. ). 
This value can either be changed all by a constant or a 
plane at a time. Appendix B lists the default values. 

HELP- GIVE THIS DISPLAY 
no input ' 

This gives a list of all the possible commands. 

HIST= 0 DO HISTOGRAMS 
input 1) 0/1/2/3: Method of data accumulation. 

This allows the output of histograms. (The controlling 
variable is named MHIST). Currently there are no histo¬ 
grams produced by the program. 

KTAPE=0 >> 0=DISK , 1=TAPE 
input 1) 0/1 Disk or tape for input data, 
input 2 ) Filename for disk/Tape device name. 
input 3} Number of files to process. 

This option controls the input data. The entire data 
file name is required, up to 40 characters are possible. 
NOTE: For running with tape the program will ask for 
how many files to skip this must come after the final 
*GO* command. 

LCP/NOLCP=l TRACK USING THE LCP 
no input 

This controls whether the linear correlation probability 
or the x /v is used as the candidate track selection 
criterion. 

LIM=32000 MAX NUMBER OF EVENTS 
input 1 ) Number of events to track 

This is the number of events for which tracking can be 
attempted. Events with errors in the data on tape will 
not be counted. 
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LESSPT=2 *1*1 
input 1) 
input 2) 
input 3) 

This controls 
number available will be 
tion of the data set, 
down of from the maximum 
by MN. 

# OF PLANES LESS THAN MAX 
Step down size for no magnet tracking 
Step down size for pre-magnet tracking 
Step down size for post-magnet tracking 

how many planes less than the maximum 
used for the initial examina- 

A value of -1 allows the step 
possible to the minimum allowed 

MAGNET/NOMAG=0 MAGNET ON/OFF 
no input 

This determines whether the momentum analysis magnet is 
in use. 

MN=8 MIN NUM POINTS/TRACK 
input 1) Required number of points/track. 

This controls the minimum number of points per track re¬ 
quired for magnet-off tracking. 

MU=0 TRACK WITH MUJTO 
no input 

This allows a different TQ for tracking muons* 

MNPST=4 MIN NUM POINTS POST/TRACK 
input 1) Required number of points/track. 

This controls the minimum number of points per track re¬ 
quired for post-magnet tracking, 

PREMAG/NOPRE=0 TRACK ONLY PRE MAGNET 
no input 

This sets up tracking to only consider the chambers be¬ 
fore the magnet. It is useful for rapid vertex loca¬ 
tion* Care should be used to determine that all 
parameters are set as desired after issuing this com¬ 
mand. (Check with the SHOW option). 

POSTMAG=0 TRACK ONLY POSTMAG TRACKS 
no input 

This option, in theory, will allow tracking only of the 
post-magnet portion of events. It has never been 
tested, much less debugged* 
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PR0BVT=2 PROBABILITY RANGE W/ WEIGHT 
input 1) value of weight 

This determines how close the LCP track values are be¬ 
fore application of the secondary weights is used to 
determine the best track (ie. they have to be within a 
factor of two of each other to use additional 
weighting). This factor has yet to be optimized. For 
the NOLCP option it is set to 1, thus eliminating the 
offset. 

RAN=0/32000 
input 1-2 ) 

This is useful 

BEGINNING/ENDING EVENT 
First events/last event to track, 

for tracking a specific range of events. 

RUN=82 
input 1) 

This will be 
being tracked, 
tions. 

YEAR DATA WAS TAKEN 
82/84 

used to determine which E609 data set is 
The main change is the chamber loca- 

SELECT=0 TRACK EVENTS LISTED IN SELECT.DAT 
input 1 ) Data file name for the selected events 

This allows the tracking of specific events listed in 
the given file. The events must be listed 1 per line by 
event number. The entire name of the file must be 
given. 

SHOW- PRINT OUT WHAT THE VARIABLES ARE SET TO 
no input 

Writes out most of the adjustable parameters values. If 
the value given for DATAOUT is not zero this parameter 
list will also be printed out to the FORO## file. The 
table below contains the default parameters as given by 
the SHOW option for the 1982 data. 
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BARRY= 0 
DIS = 1 

EXTEND= 1 
HARDERR- 
LCP/NO= 1 

MN= 8 
PROBWT= 2.00 

SHOV- 

CHAMB= 13 
DATAOUT= 11 

EXTRAPLN/NO= 0 
HELP- 
LIM=32000 

MNPST= 4 
RAN= 0 

TRIGGER=TRIG.DAT 

CHAMPRE= 
DATANAME= 
FAKE/NO= 

HIST= 
LESSPT= 

PREMAG/NO= 
0 RUN82= 

7 CHAMPST= 6 
TRKOUT.DAT 
0 GO- 
0 KTAPE= 0 

211 MAGNET/NO= 0 
0 POSTMAG= 0 
1 SELECT= o 

TRKAMB= 0 VERW= 1.0000 WDANGLE= 2.0 WIDE=1 . 
XS=BELOW YOFF/YON= 0 ZS=BELOV 

MXHITSs 60 MXTRKS= 30 YWT= 0.200 
HARDERR.-O .300 0.300 0.400 0.300 0.300 0.300 
0.400 0.300 0.300 0.300 0.300 0.300 0.400 0.600 
SOFTERR.-O .300 0.300 0.400 0.300 0.300 0.300 
0.400 0.300 0.300 0.300 0.300 0.300 0.400 0.600 
Z-POSITIONS :97 .23 185.40 189. 82 229 .57 234. 23 276 .16 

280.95 447.97 453.94 494.91 500.55 543.35 
X-SHIFTS:-0.170 -0.050 -0.060 -0.460 -0.460 
-0.158 0.370 0.360 0.400 0.440 0.320 

549.00 
-0.158 
0.310 

TRIGGERsTRIG.DAT CUT ON TRIGGERS FROM FILE 
input 1) File of triggers to track, 
input 2) 0/1: 0 if 205,207=2 hi, global 

1 if 213,215=2 hi, global 
This allows the selection of specific triggers. 
One must enter the complete name of the file which 
contains the desired triggers (the triggers must be 
listed one per line). The second parameter allows 
for the two numbering schemes of the triggers over 
200 . 

TRKAMB=0 INCLUDE AMB. IN TRACK DISPLAY 
no input 

This allows all the ambiguities to be displayed in 
the graphic output of the tracked event. They are 
currently eliminated for clarity. 

VERW=1 WEIGHT OF LARGE SLOPES IN VERTEX 
input 1 ) enter weight 

This is to weight large angle tracks for calcula¬ 
tion of the vertex location. A weight of 1.0 makes 
all tracks equal. Numbers smaller than 1.0 will 
increase the weight of the tracks ; this follows 
since the weight is used as a sigma in the calcula¬ 
tion to determine the smallest vertex. Only tracks 
with slopes greater than WDANGLE are weighted. 
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WDANGLE=2.0 SLOPE TO USE VERV _WIDE 
input 1 ) Slope of track to be weighted* 

This determines which tracks receive special 
weights. A value of 2 is larger than any physical 
tracks. The units are the tangent of the angle 
from the beam line. Typical track slopes are 
around 0.1. 

WÏDE=1.0 HARDERR=HARDERR*WIDE FOR BIG SLOPE 
input 1 ) Extra wide angle track road width. 

This is used to allow larger road widths for wide 
angle track candidates. Use of this option may al¬ 
low the location of more tracks in the chamber re¬ 
gions where the resolution of the chambers is 
poorer but the angular separation of the tracks is 
greater. 

XS-- SET PLANE TO SHIFT 
input 1-2) plane, shift 

This is useful for determining the actual location 
of a wire plane. It allows adjustment from the 
nominal position along the horizontal axis. 

YOFF/YON=0 Y WEIGHTING 
input 1) Y weight (only for YON) 

This controls the use and size of the Y weight 
parameter. The 1982 value was 0.2. 

ZS-- SET PLANE TO ZCHAMB +SHIFT 
input 1-2) plane, shift 

This is useful for determining the actual location 
of a wire plane. It allows adjustment from the 
nominal position along the beam line. 

A.2 EVENT BY EVENT PROGRAM OPTIONS 

able 

tered 

each 

'H 1 

Listed below are the commands that are avail- 

at the "INSTRUCT” stage. The commands must be en- 

as a single capital letter. The initial line for 

command is the information given after issuing an 

instruction. The variables given in parenthesis instruction. 
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should also be entered along with the instruction 

letter. They must be entered in the format A1,I5,F9.5. 

C= SET CLUSTER SIZE TO (INUM ) IN THE BACK CHAMS 
Controls the size of the cluster elimination for the 
back chambers. (This command is used to control the 
noise reduction). Currently the program eliminates 
hits, assumed to be noise, that lie in many consecutive 
cells and are sequential in time. 

D= ALL DONE 
Finished tracking. 

E= ERASE TRACKS 
Clears screen. 

F= FINISHED WITH A SET OF TRACKS 
Start to process the next input data file. 

G= GO TO NEXT EVENT 
Begin tracking next event, same as [BLANK], 

H= HELP LISTING 
Provides a help listing of these commands. 

L= SET LIMIT; PROCESS EVENTS AFTER (INUM) 
Next event to process is given event number. 

0= GO BACK TO OPTION STAGE WITH EVENT (INUM) 
Returns to option portion of the program. If no number 
is given the program continues with the next event. If 
a number is given the program starts with that event, 
whether it is higher or lower than the last processed 
event. 

P= WRITE OUT PLOT TO LINE PRINTER 
Prints out graphic display to line printer. 

S= SKIP NEXT (INUM) EVENTS 
Skip given number of events. 

T= WRITE OUT TRACK INFO 
Writes tracking information to the screen. 

V= PLOT TRACKS 
Produces graphic plot of the tracks. 
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W= CHANGE Y WEIGHTS 
Allows the alteration of YWT, originally set by YON in 
the "OPTIONS" stage. 

X= READ (PLANE) (XSHIFT) 
Give new X shift for indicated plane. 

Y= WRITE OUT Y INFO 
Write out Y information to screen. 

[BLANK ] = FINISHED 
Begin tracking next event. (This is the same as 'G 1 ) . 



APPENDIX B 

TRACKING PARAMETERS 

This appendix lists the parameters as determined 

for the best tracking using the simulated data. The second 

section of this appendix lists the parameters used to create 

the simulated data. Most of the physical parameter values 

were determined by the original authors of the E609 tracking 

program [Keuhn 85] and are again reported here for complete¬ 

ness . 

B.l OPTIMIZED TRACKING PARAMETERS 

The following presents a series of tables of the 

parameters that were used in tracking. They consist of the 

various physical parameters and program control parameters. 

Table X lists the physical location of the chambers including 

X, Y, Z locations and chamber rotations. Table XI shows the 

resolution of each of the chambers, listing both I/o-- and o- 

for the X and Y resolution for each plane. The program uses 

the I/o-- value in its calculations. The road width 
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parameters are listed in table XII. Table XIII gives the 

specifics of the drift chambers, presenting cell number and 

sizes and the number of ambiguities possible for each 

chamber. Table XIV lists the chambers that are used for the 

various types of tracking and shows which chambers are used 

as the prime chamber in the search light candidate track 

reconstruction. 

B.1.1 Physical Parameters Table 

Table X lists the chamber locations. The X is a 

shift, in centimeters, from the beam line location. The 2 is 

the distance, also in centimeters, that the indicated chamber 

lies from the target. The values reported are for the E609 

1982 data collection run. During the run, the chambers loca¬ 

tions were modified between the 200 and the 400 Gev data col¬ 

lection. The rotation values are assumed to be the same for 

both sets of data, (they have been optimized for the 400 GeV 

data). Also included are the rotations of the chambers from 

being perpendicular to the beam line. The small angles given 

are in units of the tangent of the angle. The Y locations 

are listed as the shift from the beam line needed to center 

the chambers providing Y information. These values are also 

in centimeters. Another physical parameter, initially 

determined through measurements and corrected by fitting to 
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the data, is the location of the plane where the pre- and 

post-magnet tracks match up. The optimum value determined 

for the 1982 data was that the magnet match plane should be 

362.41 centimeters from the target. A second useful parame¬ 

ter is the conversion factor from the difference in slopes 

before and after the magnet. This constant gives the 

momentum of the particles in GeV. The value used for this 

conversion is -0.0942. 

TABLE X 

PHYSICAL LOCATIONS OF THE CHAMBERS 

CHAMBER '82 400GeV '82 200GeV ROTATION 
NAME LOCATION 

X (cm) Z (cm) 
LOCATION 

X (cm) Z (cm) Y (cm) 

1 PWC -0.170 97.23 -0.028 70.27 - .0080 

O
 

H
 

2 DRIFT -0.050 185.40 -0.018 185.40 - .0050 
3 DELAY -0.060 189.82 -0.031 189 .82 - .0060 3.15 
4 DRIFT -0.460 229.57 -0.448 229.57 -.0037 
5 DRIFT -0.460 234.23 -0.437 234.23 -.0011 
6 DRIFT -0.158 276.16 -0.123 276.16 -.0025 
7 DELAY -0.158 280.95 -0.102 280.94 -.0015 3.5 
3 DRIFT 0.370 447.97 0.414 447.97 .0030 
9 DRIFT 0.360 453 .94 0.393 453.94 .0030 
10 DRIFT 0.400 494 .91 0.429 494,91 .0030 
11 DRIFT 0.440 500 .55 0 .468 500.55 .0030 
12 DRIFT 0.320 543 .35 0 .320 543.35 .0000 
13 DELAY 0.310 549 .00 0.330 549.00 .0000 3 .909 
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B.1.2 Chamber Resolution Table 

This table gives the resolution for each of the 

drift chambers . The resolution is used in calculating the 

y fy of each track. This calculation requires the value 

I/o* . Thus the program stores this value. The actual sigma 

value is also reported since this is useful for comparison 

irfith the road widths. The resolution in the Y direction is 

given only for four chambers since these are the only 

chambers that provide information along the Y axis. 

TABLE XI 

CHAMBER RESOLUTION 

CHAMBER 
NAME 

I/o-2 
' X 

( cm J 

<r 
X 

(cm) 

I/o-2 

y 

(cm"2 ) 

a~ 
y 

(cm) 

i PWC 246.45 .0637 0.80 1.118 
2 DRIFT 265.25 .0614 
3 DELAY LINE 150.92 .0814 0.60 1.291 
4 DRIFT 210.04 .0690 
5 DRIFT 222.10 .0671 
6 DRIFT 199 .50 .0708 
7 DELAY LINE 90.70 .1050 0.60 1.291 
8 DRIFT 132 .73 .0868 
9 DRIFT 113.41 .0939 
10 DRIFT 123.46 .0869 
11 DRIFT 124.84 .0910 
12 DRIFT 123.46 .0900 
13 DELAY LINE 69.44 .1200 0.60 1.291 
14 VERTEX 10.00 .3162 0.60 1.291 
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B.1.3 Road Width Table 

Table XII shows the optimized values used as road 

widths for the tracking. The LCP was tracked with the narrow 

road widths. These approximately correspond to twice the <r 

resolution values (compare with table XI). The wide road 

widths were the values used for tracking with the X /v selec¬ 

tion technique. In both cases a second check was made to 

eliminate tracks that had reduce chi squares larger than the 

specified value. For tracking with the LCP, this second cut 

is completely redundant, any track satisfying the narrow 

roads must also satisfy the second cut. An additional 

parameter used during the track candidate selection was the 

maximum allowed physical angle. This value was stored as the 

tangent of the angle and was 0.3. Two additional values also 

effect the event features. These are how closely tracks must 

come to intersecting to be considered 1) part of the same 

vertex or 2 ) to be labeled as matched through the magnet. 

The vertex distance was set to be 1.0 cm and the error al¬ 

lowed through the magnet was 0.5 centimeters. 
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CHAMBER 
NAME 

NARROW 
ROAD 
(cm) 

TABLE XII 

ROAD WIDTHS 

WIDE 
ROAD 
( cm) 

SECO 
CUT 

( cm ) 

1 PVC .15 .6 .3 
2 DRIFT .15 .6 .3 
3 DELAY LINE .2 .8 .4 
4 DRIFT .15 .6 .3 
5 DRIFT .15 .6 .3 
6 DRIFT .15 .6 .3 
7 DELAY LINE .2 .8 .4 
8 DRIFT .15 .6 .3 
9 DRIFT .2 .6 .3 
10 DRIFT .15 .6 .3 
11 DRIFT .15 .6 .3 
12 DRIFT .15 .6 .3 
13 DELAY LINE .2 .8 .4 
14 VERTEX .3 1 . .6 

B.1.4 Chamber Statistics Table 

Table XII gives the specifics of each chamber type. 

The drift chambers had two different cell sizes; near the 

center of the chamber, along the beam line, the chambers had 

smaller cells to reduce the solid angle seen by the Lorentz 

boosted particles. At wider angles the cell spacing is 

larger» allowing fewer cells. The table lists the large and 

small cell sizes and indicates the number of small cells as 

well as the total number of cells. The number of ambiguities 

is listed and repeats the numbers given in the introduction. 

A drift velocity was calculated for each type of chamber and 
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cell. The velocity sets the hit's distance from the sense 

wire. The values shown are those used in the program. To 

convert to a velocity in terms of cm./ns. one must multiply 

by 2.5 ns./cnt (the listed values are in terras of cm./cnt.). 

The final column gives the velocity of propagation along the 

delay line. The value stored in the program is half this 

value since the average velocity is used in the calculations. 

TABLE XIII 

PHYSICAL STATISTICS OF DRIFT CHAMBERS 

CHAMBER SMALL BIG # of # OF # OF DRIFT DRIFT DELAY 
NAME GAP GAP SMALL CELLS AMBG VEL. VEL. LINE 

(cm) ( cm ) GAPS SMALL BIG VEL. 

1 PWC 0.02/wire 0 86 1 .0 .0 
2 DRIFT 1.2 2.4 8 40 2 .00400 .00425 
3 DELAY 1 .2 2.4 8 42 4 .00400 .00435 .606 
4 DRIFT 1.2 3.2 16 46 2 .00345 .00465 
5 DRIFT 1.2 3.2 16 48 2 .00360 .00475 
6 DRIFT 2.4 3.2 12 48 2 .00405 .00480 
7 DELAY 2.4 3.2 12 50 4 .00410 .00495 .606 
8 DRIFT 2.4 3.2 35 85 2 .00390 .00450 
9 DRIFT 2.4 3.2 34 86 2 .00380 .00445 
10 DRIFT 2.4 3.2 35 85 2 .00400 .00485 
11 DRIFT 2.4 3.2 34 86 2 .00405 .00490 
12 DRIFT 2.4 3.2 35 85 2 .00410 .00465 
13 DELAY 2.4 3.2 34 86 4 .00425 .00485 .606 
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B.1.5 Active Chambers Table 

This table displays the chambers which are used in 

various portions of the program. In the table a "+" implies 

that the chamber is in use for that type of tracking. There 

are currently four possible tracking schemes the first, is 

tracking through the entire set of 13 chambers, the magnet 

off case. Additional cases include tracking for just the 

upstream chambers or down stream chambers of the momentum 

analysis magnet. To determine the momentum of a charged 

particle both regions must be independently tracked and the 

tracks between the two must be matched. The final column 

lists the chambers in use when the Cherenkov Image Detector 

(CID) was in place. Chambers two and three had to be removed 

to allow room for the CID to sit in the beam line. The 

numbers listed indicate the order and chamber used as the 

prime chamber. Recall that the prime chamber is the chamber 

that operates as the base for the search light examination of 

the data sample. The vertex, when located, serves as a prime 

chamber as well. (This is also true of the "pseudo" chamber 

created by pre-magnet tracks projected into the plane of the 

magnet for tracking with the magnet on). 
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TABLE XIV 

CHAMBERS USED IN TRACKING 

CHAMBER NO PRE POST CID 
NAME MAG MAG MAG IN 

1 PWC +1 +1 +1 
2 DRIFT 
3 DELAY LINE + + 
4 DRIFT + + 
5 DRIFT + +2 + 
6 DRIFT + + +2 
7 DELAY LINE + + + 
8 DRIFT + +2 
9 DRIFT + + 
10 DRIFT +3 
11 DRIFT +2 + 
12 DRIFT + +4 
13 DELAY LINE 
14 VERTEX +3 +3 (+1 ) +3 

STEP SIZE 2 1 1 1 

B.2 SIMULATED DATA PARAMETERS 

The recreation of physical collisions between pro¬ 

tons is a complicated process. Many models exist that com¬ 

bine QCD structure functions f fragmentation models and 

branching ratios in a Monte Carlo to predict the resulting 

particles from a collision. Generating the types of events 

collected by the E609 apparatus is an extensive, time consum¬ 

ing undertaking. However, to test the tracking program one 

does not require theoretically correct events, instead one 

only needs events which have the same general structure as 
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the actual data. To simulate events we assumed that most of 

the parameters were centered at a single value and then 

smeared from this value by a Gaussian function. Many of the 

parameters were discussed in chapter 3, their values will be 

tabulated here. Figure B,1 shows a histogram of a three hun¬ 

dred random points generated by the Gaussian function. 

Figure B.2 displays the same Gaussian generated over a mil¬ 

lion events. The R.M.S. value of this figure is nearly one. 

The random event parameters were generated by multiplying the 

Gaussian number by a constant to adjust the scale to match 

the physical event. In several cases an offset was added to 

create distributions around other numbers than zero. 

Percent Single Vertices 
96% 

Determines the number of single/double vertex events. 
This was selected from a flat distribution. 

Number of Tracks/Vertex : 
Width= 13/3 tracks, Offset= 13 tracks 

This determines the event multiplicity. Thirteen tracks 
was typical for an event selected by the global trigger. 
The final number of tracks to the vertex was determined 
by multiplication of a random number, selected from a 
Gaussian, 

Vertex Location; 
Width3 (2,2,20) cm., Offset3 (0,0,0) 

X smeared by ± 2 cm. 
Y smeared by ± 2 cm. 
Z smeared by +20 cm. 

Slope Values: 
Width3 0.05 radians, Offset3 0 radians 

Measured from the beam line, a slope of 0.2 is the phy¬ 
sical maximum. 
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Momentum : 
Width= 3 GeV, Offset= +10 GeV 

The momentum was smeared around 10 GeV and then the sign 
of the particle was selected randomly. 

Number of Noise Hits: 
Vidth= 5 hits , Offset= 0 hits 

The number of noise hits was always positive. 

Inefficiencies : 
None were simulated in the data sample. The option ex¬ 
ists for futuer studies to help estimate the final 
tracking quality. 
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FIGURE B.l shows the Gaussian distribution of 300 numbers. 
(Mean= -.063 and R.M.S.= .970) 

GAUSSIAN DISTRIBUTION OF 300 NUMBERS 
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FIGURE B.2 
numbers. 

shows the Gaussian distribution of a million 

(Mean- .0035 and R.M.S.= 1.001) 

,10 3GAUSSIAN DISTRIBUTION OF A MILLION NUMBERS 



APPENDIX C 

THE VERTEX OUTPUT FILES 

Two files, FOR007 and FOR008 give a detailed report 

on the vertex positions and the program response. FOR007 

contains an event by event summary of the vertex locations. 

Events that fail to vertexed are also reported and the reason 

for the failure is given. FOR008 lists the accumulative 

tracking efficiencies. These is useful for correcting esti¬ 

mates of the percentage of back ground events . 

C.l EVENT BY EVENT SUMMARY 

Each event is listed with at least five pieces of 

information in the FOR007 file. Table XV shows a portion of 

the output file. The first number given is the "MULTI" event 

number, the number assigned to the event when it was col¬ 

lected. The second number is the number of vertices located 

in the event. Vhen the tracking fails to process an event, a 

negative number is listed. Table XVI shows the cause of 

failure and the corresponding flags. A zero indicates that 
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no vertex was located. The third number in the line is the 

number of tracks found in the event. The last two pieces of 

information are letters, T or F, corresponding to true or 

false. The first letter indicates whether the event satis¬ 

fied a "2-HI" trigger. The second letter indicates if the 

event satisfied a "GLOBAL" trigger. 

For each vertex located, a line lists the location 

of the vertex and the number of tracks that were assigned to 

it. A few percent of the events have 2 vertices, very few 

have more than 2. Comparison of the number of tracks found 

and the number in the vertex helps give a quick estimate of 

how well the event was reconstructed. 

TABLE XV 

EVENT BY EVENT VERTEX LOCATION INFORMATION 

21 1 5 F F !EVENT 
8.7055147E-02 -11.55151 5 

25 1 7 F F 1 EVENT 
0.5149838 18.76199 6 

27 1 8 F F ! EVENT 
0.2569096 17.02031 8 

28 0 0 F F ! EVENT 
29 1 15 F F !EVENT 

6.0496069E-02 -3.028609 10 
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TABLE XVI 

TRACKING FAILURE FLAGS 

-1 Tracking failure because 30+ tracks were found. 
-2 Tracking failure because 300+ candidate tracks found. 
-3 Fewer than minimum pre-magnet chambers hit; can't track, 
-4 Fewer than minimum post-magnet chambers hit; can't 
track. 
-5 Fewer than minimum total chambers hit; can't track. 
-6 Too many hits in a single chamber; hit array overflow. 
-7 Error in the TDC word count; bad data from tape. 

C.2 TOTAL TRACKING SUMMARY 

Table XVII shows the summary listed upon the com¬ 

pletion of the tracking. Appearing in FOR008, it summarizes 

the efficiency for the tracking. The number of events ex¬ 

amined corresponds to the number of type one events encoun¬ 

tered on the tape. The number passing cuts is the number of 

events that satisfy the specified triggers or were listed in 

the select file. The number of events with errors cor¬ 

responds to events in which the data tape contained an error 

(flag -7 above). The number of events lost results from the 

sum of all tracking failures, errors -1 thru -6, listed 

above. These events could possibly be tracked if the track¬ 

ing array bounds were enlarged or the tracking parameters 

were altered. The number of events in which a vertex was 

found are listed. The vertexed events are finally divided 
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into events with one vertex and events with more than one. 

Combining all these factors one can estimate the tracking ef¬ 

ficiency . 

TABLE XVII 

VERTEX TRACKING SUMMARY 

# EVENTS IN FILE EXAMINED: 10 
# EVENTS PASSING CUTS : 10 FAILING: 0 
# EVENTS W/O ERRORS : 10 ERRORS : 0 
# EVENTS TRACEABLE : 10 LOST : 0 
# EVENTS WITH VERTICES : 9 NO VER : 1 
# EVENTS WITH 1 VERTEX : 9 2 +VER : 0 
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