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The production and subsequent decay to muon and neutrino of the W inter-

mediate vector boson has been observed in pp collisions at a center-of-mass 
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Chapter 1 

Introduction 

Because the electroweak theory proved so successful at describing weak interactions, 

it was important for experimentalists to actually observe the gauge bosons thought to 

mediate the weak force. Unfortunately, the center of mass energies attainable in fixed 

target experiments were well below those needed to produce a physical gauge boson. 

It wasn't until colliding beams of protons and antiprotons became available at CERN 

that experimentalists could probe the energy domain in the neighborhood of the gauge 

boson masses. This led to the first observations of the W and Z bosons by UA1 and 

U A2 experiments at CERN [1]. 

Similar work was going on at Fermi National Accelerator Laboratory (FN AL) to 

upgrade the existing fixed target program to provide colliding beams at a center of 

mass energy beyond that attainable at CERN. In this way, the Collider Detector F~cili ty 

(CDF) [3] at FNAL would not only provide confirmation of the observations of the gauge 

bosons at CERN, but extend those observations into a new energy regime. 

1 



CHAPTER 1. INTRODUCTION 2 

After an initial checkout run in the fall of 1985, the CDF detector was moved into the 

FN AL beamline in December of 1986 and began observing proton-antiproton collisions 

at a world record center of mass energy of 1.8 TeV. Over the course of a four month 

run, CDF accumulated 35nb-1 integrated luminosity out of a total of 67nb-1 delivered 

by the accelerator. The peak luminosity achieved by the accelerator was slightly more 

than 1.4 * 1029 cm-2s- 1 . 

For the 1987 run, the CDF detector was almost fully instrumented. Surrounding 

the beam pipe in the central region, was a vertex time projection chamber (VTPC) to 

aid in both primary and secondary vertex determination. On the outside of the VTPC, 

was a central tracking chamber ( CTC) used to provide track angle and momentum 

measurements for all charged tracks. The CTC, in turn, was surrounded by central 

electromagnetic ( CEM) and central hadronic calorimetry ( CHA) to provide neutral 

particle detection and to descriminate between leptons and hadrons. Completing the 

central portion of CDF, is the central muon system (CMU) built by the University of 

Illinois group. In addition to the central detector, CDF had forward tracking chambers, 

calorimetry and forward muon system for particle detection at low angles to the beam 

line. 

In what follows is a description of some of the theoretical predictions concerning the 

gauge bosons at 1.8 TeV, a description of the CDF detector used in the observation of 

the gauge bosons, and some results from the 1987 run. 



Chapter 2 

Theory 

In the 1930's, Enrico Fermi first attempted to characterize weak interactions with 

a point contact diagram. Consider neutrino-electron scattering as in figure 2.1. The 

cross section, CJve, is purely s-wave and is calculated to be CJve = s * G~j1r, where s is 

the Mandelstam s variable and GF is the Fermi constant. Unitarity requires that a 

purely s-wave cross section be bounded from above such that CJve < 27r /s. Unitarity 

is therefore violated in collisions with a center-of-mass energy, Js > J J21r /GF ~ 617 

GeV. It was noted however, that much better behavior was obtained by introducing 

an intermediate vector boson (IVB), analogous to the photon, to mediate the weak 

interaction. Moreover the short range nature of the weak force indicated that this boson 

should be massive. The resultant "theory" still violated unitarity but at much higher 

e 

e 

Figure 2.1: Contact Diagram for Weak Interactions 

3 



CHAPTER 2. THEORY 4 

center-of-mass energies. The Weinberg-Salam model (WS) successfully incorporated this 

massive mediator into a fully re-normalizable, consistent theory describing all electro-

magnetic and weak interactions. This theory required the existence of both a charged 

(W) and neutral (Z) mediator of the weak force. The masses of theW and Z are related 

by 
e 38.65 / 2 Mw = ----;-1--- ~ -.-Ll- GeV c = Mz cos (Jw 

2 §.G2 · Ll s1nuw 
4 p Sin Ow 

where (Jw is the weak mixing angle and e is the electronic charge. 

Neutrino-nucleon and neutrino-electron scattering experiments [4] measure the weak 

mixing angle to be 

sin2 (Jw = 0.224 ± 0.015 ± (0.012) 

where the last error represents the average theoretical uncertainties in the measurement. 

The predicted masses for theW, Z from theWS theory are then 

Mw = 81.7GeV/c2 

Mz = 92.7GeV/c2 

Such massive particles are only accessible at colliding beam accelerators and were dis-

covered at CERN in 1983 [1] using colliding beams of protons and antiprotons. The 

measured masses for the W and Z were found to be [2] 

Mw = 83.5~~:b ± 2.7GeV/c2 

Mz = 93.0 ± 1.4 ± 3.0 GeV /c2 

where the first errors are statistical and the second errors are systematic errors. The 

mass measurements then yield a value of 
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q 

q 

Figure 2.2: Drell-Yan Production of W Bosons 

A more precise measurement of sin2 Ow can be derived from 

. 2 (38.65)2 sm Ow = Mw = 0.214 ± 0.006 ± 0.015 

where the second error is the systematic error. These measurements are in excellent 

agreement with the predictions of the WS theory. 

The production mechanism for W, Z production at hadron colliders is predominately 

"quark fusion" in which a quark from the proton and an anti-quark from the anti-proton 

fuse to produce a vector boson [5]. Figure 2.2 is the lowest order diagram for this process. 

Higher order corrections to figure 2.2 have been calculated [6]. At Tevatron energies of 

1.8 TeV, there should be about a four-fold increase in the production cross section for 

W bosons over the measured value [1] at CERN energies of 0.63 TeV. 

The plots throughout the rest of this chapter are derived from Monte Carlo studies 

using ISA.JET [7] version 6.1. Figure 2.3 shows the expected rapidity distribution of 

the W's where rapidity, Y, of a particle is defined as 
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Figure 2.3: Rapidity distribution of W's at 1.8 TeV 

One way of observing IVB 's experimentally is in the lepton decay channel. 

where R = f.L, e. For W decay, the neutrino is observed as a transverse energy imbalance 

when the vector sum of transverse energy deposition in the detector calorimeter is 

calculated. Only the Pt of the neutrino is measured. The muons from W decay appear 

as high Pt tracks in the central tracking detector and leave minimum ionising energy 

in the calorimetry. After passing through the calorimetry, muons leave a track in the 

muon chambers. The expected Pt distribution of the muons (neutrinos) is given in 

figure 2.4. They are seen to have very high transverse momentum, with 87% having a 

Pt > 20 GeV /c. Figure 2.5 is a plot of the pseudorapidity distribution for the muons 

(neutrinos) from W decay. Pseudorapidity, ry, is defined to be ry = -log tan~ where e 

is the polar angle of the lepton with respect to the beam axis. For massless particles, 17 

is equivalent to rapidity, Y. The extent of the central muon chambers in ry is indicated 

by the dashed lines in figure 2.5. 
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Figure 2.4: Muon Pt distribution of the muons from W decay 

80 

,::-
'H 

60 
0 

"' ..., ·a 
::J 40 
l{) 
C\l 
c:i 
"'-.. 

"' 20 +-' 
~ 
Q) 
:> 
~ 

0 
-4 -2 0 2 4 6 

Muon Pseudorapidily 
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Figure 2.6: Transverse mass of W's 

Because the longitudinal component of the neutrino momentum is not known, the 

invariant mass of the W cannot be measured directly. The "transverse mass", Mt, of 

the W is defined to be 

where Et is the transverse energy and Pt is the transverse momentum vector. Figure 

2.6 is a plot of the expected transverse mass distribution for W's when the mass of the 

W is Mw = 83.0 GeV /c2 • 

TheW, Z's provide a laboratory for studying quarks within the proton. If quark 1 

carries momentum fraction, X 1 , of the parent proton and quark 2 carries momentum 

fraction, X 2 , of its parent antiproton, then four momentum conservation requires that 

where v's is the c.m. energy of the proton/anti-proton system and Mw is the mass of 

theW. 
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The longitudinal momentum of theW is given by 

so that 

A measurement of PI! requires a measurement of the longitudinal momentum of the 

neutrino, Pi! , which in turn is measured by constraining the lepton, neutrino invariant 

mass to be Mw and solving for the longitudinal component of the neutrino momentum. 

Pi! is then given by 

pv _ P!I(M~ + 2PtPr cos <P) ± P p, j(M'f.v + 2PtPr cos <P )2 - 4Pt2Pr2 

II - 2Pt2 

where Pt denotes transverse momentum, ¢ is the angle between the muon and neutrino 

transverse momentum vectors, P11 is the longitudinal momentum component, and P 1-' 

is the muon momentum. Pi! may have two solutions so that PI! = Pi!+ Pfl also may 

have two solutions. The ambiguity can be resolved in most cases either because one 

solution is unphysical or because one solution is highly improbable when compared with 

the expected parton distribution functions which have been evolved from lower c.m. 

energies. The quark momentum distribution functions for the proton can therefore be 

measured by using the W --+ fi + v decay as a tag. 

As the quarks fuse to produce the IVB, they may radiate a gluon and impart a 

transverse momentum kick to the IVB. Because the radiating quark is unlikely to be very 

far off mass shell, the Q2 of the quark-gluon pair is close to zero. For high momentum 

gluons, the gluon is emmitted in the direction of the radiating quark. Therefore W + 
jet events should be characterised by a forward jet and a soft W transverse momentum 

spectrum. The transverse momentum of the W's is plotted in figure 2.7 and indicates 

that W's are usually produced with very little transverse momentum. 
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Chapter 3 

Detector 

The CDF detector [3] is shown in figure 3.1. The CDF polar coordinate system has 

the +Z axis along the beam line in the direction of the proton beam. The azimuthal 

angle, </J, is defined with <P = 90° in the vertically upward direction while the polar angle, 

(), is defined with () = 0° along the +Z axis. 

The CDF detector consists of a cylindrical central detector which covers the angular 

region, 10° < () < 170° in polar angle and forward/backward detectors consisting of 

electromagnetic and hadronic calorimetry and muon toroids for the angular region 2° < 
() < 10°. The focus will be on the central detector. 

On the outside of the beam pipe, which is a 25.4 mm in radius Be tube, are eight 

small vertex time projection chambers (VTPC) which provide information on the event 

vertex. 

3.1 Central Tracking Chamber 

Surrounding the VTPC at a radial distance of 272 mm is the central tracking chamber 

(CTC), which provides spatial and momentum measurement of all charged tracks. Per-

meating the CTC, which extends out to a radial distance of 1380 mm, is a 1.5 Telsa 

axial magnetic field. The CTC consists of nine super layers of sense wires. Five of 

these super layers consist of 12 axial sense wires provide tracking information in the 

11 
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Figure 3.2: CTC Residuals (a) R-¢ Fit (b) R-Z Fit 

R-<P plane. The remaining four stereo super layers consisting of 6 sense wires tilted by 

±3° relative to the beam axis provide tracking information in the R-Z plane. 

Figure 3.2 (a, b) are plots of the CTC rms residual errors for the track fit in the R-<P 

plane and for the fit in the R-Z plane respectively. For tracks with Pt > 10 GeV /c and 

small impact parameters, the helical equation for the track in the R-<P plane reduces to 

a linear equation of the form 

<P =<Po_ eRB 
2 Pt 

where <Po is the azimuthal angle of the tangent to the track at the beam line, e is the 

charge, B is the magnetic field strength, and <P is the azimuthal angle of the track at a 
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radial distance, R. A least squares fit for cfo and e B / (2 P t) yields an error estimate for 

Pt as a function of the R-c/J fit residuals, cr[{'.::_~. 

2 p (Trms 
t R-4> 
eB "'· R;2 "'· R~ - ("'· R?)2 

WI I WI I WI I 

where Ri is the radial distance of the ith axial sense wire. By assuming that the 60 axial 

sense wires are evenly spaced radially within the CTC gives 

OPt rms p Pt = 0.0444 Pt erR-</> = 0.0013 t 

over a pseudorapidity range of Jry/ < 1 when erR~~ = 0.03 em. 

The fit in the R-Z plane reduces to an equation of the form 

Z ~ R cot () + Zo (3.1) 

where Z0 is the Z of the track at the point of closest approach to the beam axis. The rms 

residual error in the R-Z fit from figure 3.2 (b) is about 0.025 em so that the uncertainty 

in an individual Z measurement is 

cr~{~8z = 0.025/ sin 3° = 0.5 em 

A least squares fit to equation 3.1 gives for the error on Z0 and cot() 

where the 24 stereo wires were assumed to be uniformly distributed radially within the 

CTC. Figure 3.3 is a plot of the difference in Z between a CTC track extrapolated to 

the beam axis, and the vertex as found by the VTPC. Figure 3.3 shows a gaussian 

peak with non-gaussian tails. The full width half maximum of the peak is 1.5 em so 

that crzcTc-ZvTPc = 0.6 em which is consistent with the CTC and VTPC resolution in 

quadrature. 
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3.2 Central Drift Tubes 

15 

On the outside of the CTC are three layers of central drift tubes ( CDT) which were 

constructed at the University of Illinois. Each tube is 12.7 mm in diameter and provides 

both R-¢> and R-Z tracking information. Figure 3.4 (a,b) are plots of the difference 

between the CTC and the CDT in phi and Z. Again the difference is consistent with 

the resolutions of the CDT and CTC in quadrature. Surrounding the CDT is the 0.85 

radiation lengths of the superconducting coil. 

3.3 Central Calorimeter 

After the coil, come the central electromagnetic ( CEM) and central hadronic ( CHA) 

calorimeters. They are divided into projective towers of size 0.1 in '17 and 15° in phi. 

The CEM consists of lead and scintillator sandwich and extends from 1676 mm to 

2076 mm in radial distance from the beam axis. The energy resolution of the CEM is 

8EcEM/EcEM = 0.14/~. Figure 3.5 is a plot of the CEM energy deposition for 57 
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GeV /c muons in a testbeam. The energy deposition, EcEM, due to muons is Landau 

distributed with a mean of about 0.3 Ge V. 

The CHA consists of steel and scintillator sandwich and extends from 2076 mm to 

3487 mm in radial distance. The resolution of the CHA is 8EcHA/EcHA = 0.78/vfEcHA· 

Figure 3.6 is a plot of the CHA energy deposition for 57 GeV /c muons in a testbeam. 

The mean energy deposition, EcHA, in the CHA calorimeter due to muons is about 2.1 

GeV. 

3.4 Central Muon Chambers 

On the outside of the CHA calorimeter at a radial distance of 3487 mm from the beam 

axis are the central muon chambers (CMU). A complete description of the CMU cham-

bers may be found in reference [8] which has been included as Appendix A. The central 

calorimetry provides 5.3 absorption lengths of shielding from penetrating hadrons [9]. 

The CMU detector was entirely constructed at the University of Illinois and consists of 

144 chambers of drift cells. Three chambers are bolted together into a single unit atop 
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a central calorimeter wedge and cover 12.6° in phi. Each chamber contains four layers 

of cells with four cells per layer. Figure 3. 7 shows and end view of a typical chamber. A 

typical drift cell is rectangular in shape and is 63.5 mm in width and 25.4 mm in height. 

Running down the length of the cell, is a 50 f-Lm diameter stainless steel sense wire. The 

cells operate in the limited streamer mode which provides an amplification factor of 107 . 

The output of each sense wire is read by a channel of a RABBIT ADC/TDC card [10]. 

The arrival of the signal triggers a clock which records the arrival time of the signal 

while the size of the signal is stored as charge on a capacitor. Figure 3.8 is a plot of the 

arrival times for typical events from pp data. The edge of the distribution in figure 3.8 

at 26600 TDC counts represents CMU hits occurring directly at the sense wire while 

events from the trailing edge at 14700 TDC counts are CMU hits for which the drift 

electrons traversed the half width of the cell. The difference between the two edges is 

about 11900 TDC counts or about 690 ns. This is consistent with a maximum average 

drift distance of 32 mm and a drift velocity of 50 mm f-LS- 1 . The arrival time of the signal 

determines how far from the sense wire the charged track passed. The size of the signal 
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determines the location of the track along the sense wire by use of the method of charge 

division. In a layer of four drift cells, each sense wire is connected at one end to another 

sense wire which is separated from the first by an intervening drift cell. Because the 

sense wire is resistive, the size of the signal measured at each end depends linearly on 

the location of the track along the sense wire pair. 

The sense wires from alternating layers lie on a radial line pointing back to the 

interaction point (figure 3.7). The two sets of two sense wires from alternating layers 

are offset from each other by 2 mm at the radial midpoint of the chamber so that the 

track ambiguity in phi can be resolved. Because the sense wires lie along radial lines from 

the interaction point, the track angle with respect -to the sense wires can be measured 

by comparing the arrival times of hits from alternating layers in the muon chambers. 

The track angle in turn is related to the transverse momentum of the particle since the 

solenoidal B field deflects tracks away from a radial line by an amount 8cjJ = eUB/2DPt 

where L is the radius of the solenoidal field, B is the field magnitude, and D is the radial 

distance to the muon chambers. The central muon chambers can therefore provide a 
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measurement of the transverse momentum of the muons. 

CMU tracks are reconstructed independently in the R-<P plane, using TDC informa-

tion, and in the R-Z plane by the use of charge division information. Figure 3.9 (a) is a 

plot of the relative number of three and four hit tracks reconstructed in the R-<P plane 

while 3.9 (b) is the same plot for CMU tracks reconstructed in the R-Z plane. The ratio 

of the number of three hit tracks to four hit tracks is a measure of the chamber efficiency 

since if there are four layers of cells, the probability of having three out of four hits is 

P3 = 4c3(1- c) and P4 = E4 so that the ratio is 4(1- c)/E. From figure 3.9, the single 

cell efficiency in R-<P is seen to be about 92%. The expected single cell efficiency should 
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be about 98% and the lower actual efficiency is in part, due to TDC readout problems 

when the ADC channels overflow. 

The CMU track residuals for both the R-¢> fit and for the R-Z fit are given in figure 

3.10 (a) and (b). From figure 3.10, the CMU resolution is seen to be 250 p,m in the R-</> 
plane and 0.6 mm in the R-Z plane. 



Chapter 4 

Trigger 

The CDF trigger [11] consists of three stages of increasing sophistication. A level 1 

trigger decision is required between beam crossings, which for 1987 was every 7 f-LS. A 

level 2 decision may take several beam crossings, while the level 3 trigger is a software 

trigger which may take up to a second. 

4.1 Central Muon Level 1 Trigger 

The Level 1 central muon trigger [12] requires that the signals from hits on alternating 

layers in the chamber arrive within a programmable time difference of one another. If 

an infinite momentum track passed through the chamber, it would do so on a radial 

line passing through the interaction point and the time delay between hits in the CMU 

chamber would be zero for the two sense wires which lie along the radial line. Real 

particles undergo multiple scattering while traversing the 110 em equivalent of steel be-

tween the muon chambers and the interaction point. The multiple scattering deflection 

is approximately gaussian distributed with a sigma of 0.12/P radians in the R-q) plane, 

where P is the momentum. Multiple scattering therefore introduces inefficiency into 

the CMU level 1 trigger since some particles might be scattered into large angles with 

respect to the CMU sense wires and so not pass the timing coincidence. Figure 4.1 

is a plot of the calculated efficiency as a function of P for two possible level 1 comc1-

23 
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dence thresholds. From figure 4.1, the level 1 trigger efficiency is 50% for tracks with 

transverse momentum, Pt, when the coincidence threshold is set to select tracks with 

transverse momentum Pt. 

4.2 Central Muon Level 2 Trigger 

Once an event has passed the CMU level 1 trigger, a central fast track processor [13] 

( CFT) finds all high momentum central tracks in the CTC and provides momentum, 

charge, and phi information to a Fastbus device called the Muon Matchbox (MMB). 

Within the MMB are lookup tables which predict the location of the muon hits based on 

the central track information and multiple scattering contributions. Bits corresponding 

to the most likely location of the muon hits within a programmable error margin are 

enabled in the Fastbus MU2T cards. The level 1 CMU trigger bits are also passed to 

the MU2T cards where a coincidence is made. Information for those tracks passing the 

coincidence are fed to the Level2 Trigger Processors [11] via the Cluster Bus. Within the 

level 2 processors, additional information from the event such as jet activity and other 
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calorimetry information can be combined with the muon information. A level 2 trigger 

decision is then made based on the combined muon and underlying event information. 

4.3 Trigger Performance 

For the 1987 run, much of the level2 hardware was not available. The MU2T and MMB 

cards were available as was the CFT track processor, but the level 2 processors did not 

exist. The muon trigger, consisting of the CMU + CFT track match was modified to 

run at level 1 speeds i.e. between beam crossings. For events with very many tracks, 

there was not enough time for all tracks to be sent from the CFT to the MMB. This 

led to trigger inefficiencies of at most 30% [13]. 

In what follows, CMU level 1 refers to the CMU level 1 trigger only while CMU level 

2 will denote the CMU level 1 matched with a CFT track and the match occurring at 

level 1 times. 

4.3.1 CMU Level 1 

The CMU level 1 hardware may be checked by looking at events for which there was 

another trigger besides a central muon trigger. The 1987 data consisted of approximately 

equal integrated luminosity from a CMU level 1 threshold of 5 GeV /c and a CMU level 

1 threshold of 10 GeV /c. The 5 GeV /c threshold requires that the drift electrons, 

in cells from alternating layers of the CMU chamber, arrive at the sense wires within 

about 35 ns of each other while the 10 Gev / c threshold has a gate width of about 17 

ns. Since the data is a combination of these two thresholds, there should be no events 

in which the CMU level 1 trigger fired with a TDC difference greater than 35 ns and 

conversely, there should be no events in which the CMU level 1 failed to fire with a 

TDC difference less than about 17 ns. Figure 4.2 is a plot of the TDC difference for 

muon hits from alternating layers which caused the CMU level 1 trigger to fire (a) and 
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the TDC difference of hits for which the CMU level 1 trigger didn't fire (b). There 

are very few events in (a) with a TDC difference above 35 ns corresponding to the 5 

GeV /c trigger threshold. In (b) there are very few events with TDC difference less than 

the 17 ns cutoff corresponding to the 10 GeV /c threshold. The conclusion is that the 

timing hardware for CMU level 1 was performing correctly. This is a necessary but not 

sufficient condition for successful operation of the CMU level 1 trigger since it may still 

be selecting tracks with the wrong transverse momentum due to chamber misalignment 

or uncertainties in multiple scattering. In principle, figure 4.1 may be extracted from the 

data by again looking at events for which there was an a.lternate trigger to CMU Level 2. 
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Figure 4.3 is a plot of the P t spectrum for tracks which generated a CMU level 2 trigger 

and also some other trigger. Figure 4.4 is the P t spectrum of tracks which passed the 

CFT threshold but failed to fire the CMU level 1 trigger. In the case where CMU level 

1 failed to fire, there may be events in which a particle from a hadron shower escaped 

the central calorimeter and entered the muon chambers (interactive punch through). 

To remove such events, the muons in these two figures were required to be consistent 

with minimum ionising particles with CEM energy deposition, EcEM < 1.0 GeV, and 

CHA energy deposition, EcHA < 3.0 Gev, and have a CMU, CTC track match within 

3 em in intercept difference and within 0.030 radians in slope difference in the R-<f 
plane (see chapter 5 for definitions of slope and intercept). The bin by bin ratio of 

events from figure 4.4 to the events from figure 4.3 is then the measured CMU Level 1 

inefficiency as a function of track Pt. Unfortunately the statistics are too low to make 

this measurement meaningful. 
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4.3.2 Central Fast '!rack Processor 

The CFT processor hardware can also be checked with the data. Figure 4.5 shows the 

phi difference between the CFT predicted muon hits and the actual muon hits. The 

margin of error allowed by the MMB for the phi match was set to 0.26 radians for this 

data. This error margin can be seen in figure 4.5 since an error of 0.26 radians translates 

to a difference of ±6 muon towers. 

The CFT track processor efficiency can be checked by looking at events for which 

there was another trigger and a CMU level 1 trigger. Figure 4.3 again provides the 

normalization while figure 4.6 is a Pt spectrum for inefficient CFT tracks. Again a bin 

by bin ratio of events from 4.6 to events from figure 4.3 gives the CFT track processor 

inefficiency as a function of track Pt. The inefficiency measurement is again curtailed 

by limited statistics. 
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4.3.3 CMU Level 2 

Finally since limited statistics prevent measurement of the overall CMU trigger effi-

ciency, the trigger efficiency is estimated as a function of P t by the average of the two 

curves in figure 4.1 multiplied by a factor which is derived from figure 4.7 and contains 

the inefficiency due to both CMU hardware problems and timing problems in matching 

the CMU hits with a CFT track. Above 15 GeV /c the CFT track processor should be 

fully efficient (neglecting timing problems). Figure 4. 7 is a plot of the phi distribution of 

level 2 triggers. Figure 4. 7 shows a depleted region close to <P = 1r /2 which is caused by 

CMU chamber hardware problems. There is also a depleted region for <P > 4.9 radians 

which is due to the timing problems with the CMU, CFT match. The total number of 

events excluding those in the depleted regions is 686 in a phi region of size 4.15 radians. 

The total number of events in the depleted region is 137 in a region of size 2.13 radians 

so that the efficiency due to the phi non-uniformity of the trigger is 

ETrig = (4.15 * 823)/(686 * 6.28) = 0.79 
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Figure 4.8: CMU Level 2 Trigger Efficiency 

Figure 4.8 gives the overall estimated trigger efficiency as a function of Pt. Figure 4.8 

is only valid for Pt > 15 Ge VIc since below 15 Ge VIc, the CFT processor efficiency is 

less than one. 



Chapter 5 

Analysis 

The integrated luminosity per day delivered by the accelerator is shown in figure 

5.1. The accelerator provided 67 nb- 1 of which about 35 nb-1 was logged to tape. 

The peak luminosity reached 1.4 X 1029 cm-2s-1 . The following analysis will treat the 

27.2 ± 4.1nb-1 of data for which the CMU trigger was believed to be operating reliably. 

Figure 5.2 depicts a high Pt muon from a W decay as it traverses the detector. The 

signature of high Pt muons in the CDF detector is a stiff track in the CTC, minimum 

ionising energy deposition in the calorimeters, and a muon track which matches the 

extrapolated central track to within multiple scattering errors. The following sections 

describe the details of the cuts applied to the data. 

5.1 Require Muon Pt > 10 GeV /c 

Approximately 500 raw data tapes were analysed. The CTC track reconstruction code 

provided tracks which were reconstructed in the R-<)6 plane and in the R-Z plane. These 

3-d tracks were required to satisfy the following conditions. Out of the maximum 

number of hits in the CTC possible along the track, more than 50% had to be used 

in the track In addition there had to be at least one track segment comprising more 

than 66% of the available sense wires in an axial layer other than layer 0 and in a stereo 

layer. There were several very loose cuts on the quality of the track match with the 

32 
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interaction vertex as well. These tracks were then filtered by requiring that the track 

have Pt > 10 GeV /c and be the best possible match to the CMU muon track within 

multiple scattering errors. The muon candidates were also required to be consistent 

with minimum ionising particles with energy deposition EcEM < 1 GeV in the CEM 

calorimeter and EcHA < 3 GeV energy deposition in the CHA calorimeter. Figure 5.3 

is the P t spectrum for the candidate muon events. It is seen to be a steeply falling 

spectrum with a long tail which should contain the W -t p + v sample. 

The expected multiple scattering error for 110 em of steel equivalent in the intercept 

match, oX = XcTc- XcMu, between the CTC and CMU tracks is rJsx = 12/P em where 

P is the momentum of the particle. The intercept, XcTc, is defined as the distance 

of the point, from the radial line passing through the center of the muon chamber, at 

which the CTC track intersects the lowest layer of CMU sense wires in the R-q) plane. 

Similarly the multiple scattering error in the slope match, oS = ScTc- ScMu, between 

the CTC and CMU tracks is rJss = 0.12/P radians. The slope, ScTc, is defined as the 

tangent of the angle between the CTC track and the radial line passing through the 

center of the muon chamber in the R-q) plane. Figure 5.4 and figure 5.5 are plots of oX 
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and 8S for the candidate muons. The peaks in these figures can be treated as gaussian 

with non-gaussian tails so that the errors, asx and ass, can be derived by 

asx = 0.42 X Wrwhm = 1.4 em 

ass = 0.42 X Wrwhm = 0.017 radians 

where in each case, Wrwhm, is the full width of the peak at half maximum. These errors 

are consistent with the multiple scattering of 10 GeV/c particles. 

5.2 Remove Cosmic Rays 

Cosmic rays continually bombard the CDF detector and might coincide with a beam 

crossing. If the cosmic ray passes close to the interaction point, it could mimic a high 

Pt di-muon event. Due to hardware problems with the CDF detector, a cosmic ray 

might also mimic a W decay. The Fermi Lab main ring passes over the top of the BO 

collision hall and so the top of the CDF detector was continually showered by low energy 

particles produced by the antiproton production cycle. This required that the voltage 

of the top 8 wedges (out of 48) of CMU chambers be reduced. Figure 4. 7 shows the 
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hole at <P = 1r 12 due to the reduced chamber voltage. Cosmic rays could pass through 

the top of the detector without leaving a muon track, pass near the interaction vertex, 

and exit through the bottom of the detector leaving a muon track. These events would 

then mimic a W --+ p + v event. An event was therefore cut if there were only two 

central tracks with Pt > 10 GeV lc and the cosine of the angle between these two tracks 

was less than -0.98. Both tracks also had to leave less than 5 GeV of energy in the 

calorimeters. 

5.3 Require Muon Pt > 20 GeV jc 

Decay kinematics [6] imply that the Pt of the muon from W decay should be peaked 

toward Mw 12. Figure 2.4 indicates that 87% of the muons from W decay should have a 

P t > 20 Ge VI c. Figure 5.3 indicates that any potential background is a steeply falling 

function of Pt and should have died away for Pt > 20 GeV I c. Therefore muons from W 

decay were required to have P t > 20 Ge VI c. 

5.4 Require Muon to be Isolated 

For real W events, there should be very little transverse energy surrounding the muon 

in a cone of radius, 8Rcone = -}8¢;2 + 8ry 2 = 0.4, due to energy deposition from the 

underlying event. The electron candidate W decays at CDF were studied to determine 

this contribution from the underlying event. The transverse energy in a cone of 0.4 

about the electron was subtracted from the transverse energy in a cone of radius 1.0 

about the electron. The difference represents the energy in 5.25 cones of radius 0.4 so 

that the average transverse energy from the underlying event could be calculated for 

electrons from W decay. Figure 5.6 is a plot of the EM transverse energy in a cone of 

0.4 which lies adjacent to the cone which surrounds the electron candidates for W decay 

as measured at CDF [14]. Figure 5.7 is the same plot for hadronic energy. The electron 
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Figure 5.8: EcHA versus EcEM in a cone of 8Rcone = 0.13 for the muon candidates. 

is seen to be well isolated from any underlying event energy so it is reasonable to expect 

that the muon candidates should be similarly isolated. 

5.5 Require Muon to be Minimum Ionising 

Because the muons from W events are isolated from the underlying event, the calorime-

try signature should match that of test beam muons. Figure 3.5 shows that, for isolated 

stiff muons in a test beam, EcEM > 0.5 GeV is highly unlikely while figure 3.6 shows 

that EcHA > 3.5 GeV is also unlikely. Figure 5.8 is a scatter plot of EcHA versus EcEM 

for candidate muons in a cone of radius, 8Rcone = 0.13. The CTC, CMU matching cuts 

of oX < 3 em and 8S < 0.030 radians were applied. A cut was made on calorimetry 

energy requiring that EcHA < 3.0 GeV and that EcEM < 1.0 GeV. 
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Figure 5.9: Et/Pt for the electron W candidates at CDF. 

5.6 Require CTC, Muon Track Match 

There are three sources of error in matching a CTC track with a muon track. Multiple 

scattering is one contribution with an error on 8X = XcTc - XcMU, of 

O"&X < 0.6 em 

for muons above 20 GeV. A second source of mismatch is due to mis-measurement of the 

central track Pt. Since the central track is extrapolated through the central magnetic 

field, an error in Pt can generate a CTC, CMU mismatch at the muon chambers. An 

estimate for the error in the Pt measurement of the central tracks can be obtained from 

a plot of Et/Pt for the electron W candidates as in figure 5.9. The error in the energy 

measurement of 40 GeV electrons in the CEM calorimeter is 

8EcEM = 0.14 }EcEM = 0.9 GeV 

so that the error in Et/P t from energy mis-measurement alone is 0.02. An upper bound 

for the Pt resolution of the CTC can be found by attributing all of the width of the 
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Et/Pt plot to Pt mis-measurement. The error derived from figure 5.9 is then 

O'E1 fP 1 = 0.42 X Wrwhm = 0.042 = Et 8Pt/P; 

For 40 GeV electrons with Et c:::: 40 GeV, 

The error in 8X due to momentum mis-measurement is then 

O'sx = eLB(D- L/2) 8Pt/P; = 184.4 x 0.001 = 0.2 em 

where L = 14 76 mm is the inner radius of the solenoid, eB = 4.545 x 10-3 em -l Ge V / c is 

the charge times the field strength, and D = 3487 mm is the radial distance to the muon 

chambers. A final source of error in matching CMU tracks with CTC tracks comes from 

CMU chamber misalignment with respect to the CTC. Cosmic ray data was taken using 

the CMU chambers and the central drift tubes (CDT). The cosmic rays which passed 

close to the beam axis were reconstructed using the CDT detector. This track was 

then extrapolated to the two muon chambers struck and compared to the reconstructed 

muon track. Figure 5.10 is a plot of the difference, 8X = XcoT - XcMu, between the 

CDT track and the muon track in the R-¢> plane. The cosmic rays undergo multiple 

scattering as they pass through the detector so that the width of the peak in figure 5.10 

is in part due to multiple scattering. An upper bound on the error in 8X due to CMU 

chamber misalignment can be derived from figure 5.10 and is found to be 

O'sx = 0.42 X Wrwhm = 1.5 em 

Combining the three matching errors in quadrature yields an upper bound on the CTC, 

CMU intercept matching error in the R-¢> plane of 

O'sx = J0.62 + 0.22 + 1.52 = 1.6 em 
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Figure 5.10: The difference, tiX = XcoT - XcMU, from cosmic ray data. 

A similar analysis can be made for the error in the CTC, CMU slope difference, tiS = 

ScTc - ScMu, in the R-<P plane. The error in tiS due to multiple scattering is 

D"os < 0.006 radians 

for particles above 20 GeV jc. The error in tiS due to Pt mis-measurement is then 

D"os = 2 mm/3487 mm = 0.001 radians 

where 2 mm is the uncertainty, tiX, due to P t mis-measurement and 3487 mm is the 

radial distance to the muon chamber. An upper bound on the error in tiS due to chamber 

misalignment is obtained from figure 5.11 which shows the slope difference between the 

extrapolated CDT track and the CMU tracks. The error is found to be 

D"os = 0.42 X Wrwhm = 0.010 radians 

The combined error in the CTC, CMU slope mismatch from all three sources is then 

O"~~ = V0.0062 + 0.001 2 + 0.0102 = 0.012 radians 

The muon W candidates were required to have tiX < 3.0 em and a tiS < 0.030 radians 

for the matching differences between the CMU track and the CTC track. 



CHAPTER 5. ANALYSIS 43 

-0.02 -0.01 0 0.01 0.02 
oS (radians) 

Figure 5.11: The difference, 8S = ScDT- ScMu, from cosmic ray data 

5. 7 Require Missing Et 

Missing Et, ;Et, is defined as 

where E~ is the energy deposition in a single tower of the CDF calorimeter. If a neutrino 

is present in an event, it carries away energy without interacting in the detector so that 

there will be a transverse energy imbalance and a non-zero ;Et· Minimum ionising 

particles such as muons deposit little energy in the calorimeter, and so look very much 

like a neutrino. ;Et for W -+ fl + v events from calorimeter measurements alone should 

therefore be small. In order to get the true ;Et due to the neutrino, the calorimeter 
__, Cal 

_E;t is corrected by 
__, --. __, Cal 

_E;t = -Pi+ _E;t 

where Pi is the transverse momentum of the muon. Figure 5.12 is a plot of I .itl versus 

muon Pt for all muon candidates after both minimum ionising and ma.tching cuts were 

applied. The dotted line indicates the cuts made on muon Pt and I ;Etl· Muon W 

candidates are required to have I ;Etl > 10 GeV. 
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Cut 

Total Passing CMU Trigger 

Require Muon Pt > 20 GeV /c 

Require Minimum Ionising Muon 

Require CTC, CMU Match 

Require I ffit I > 10 GeV 

Hand Scan for W's 

I Number of Events 

2.0 X 105 

103 

25 

6 

5 

3 

Table 5.1: Breakdown Of Analysis Cuts 

5.8 W Candidates 

45 

Table 5.1 sumarizes the breakdown of the 27.2 nb- 1 of data according to the cuts which 

were applied to the data. All 25 events which survived the minimum ionising cut were 

hand scanned. After the cuts have been made, there are 5 events left as W ----+ 1-l + v 

candidates. Two of the remaining events, 7787/2063 and 7787/102, can be identified 

as Z ----+ J.l+ + J.l- candidates. In event, 7787/2063, the second muon appears in the 

forward muon chambers while in event, 7787/102, the second muon exits the detector 

in a region without muon coverage after depositing energy consistent with a minimum 

ionising particle. The remaining three events look like legitimate W candidates. Table 

5.2 contains relevant information for the 5 events which pass all the cuts plus event 

7582/2280 which passed all but the missing Et cut. In table 5.2, momentum is in 

units of GeV /c, energy is in units of GeV and ¢; is measured in radians. Those events 

containing jets with Efet > 10 GeV have entries in the columns under jet Et and cPJet· 

Total scalar Et in the event is under column LiE~. Copies of the CDF event display for 

the events in table 5.2 may be found in appendix B. 

Event 7605/6279 is a muon of Pt = 60.7 GeV/c and is recoiling against a gamma 
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--+ 

Event p!L t <j;JL I ;Efall <Pw~ I:i E~ EJet t </JJet 

7582/2280 +22.3 335.5 17.6 320.3 53.6 17.4 158.7 

7605/6279 -60.7 168.2 36.3 196.5 72.1 32.8 20.1 

7589/1116 +27.1 127.9 12.9 239.5 58.3 

7604/2861 -35.1 129.7 9.6 21.2 52.0 

7787/102 -31.4 27.1 5.0 298.5 54.7 

7787/102 +33.5 215.7 5.0 298.5 54.7 

7787/2063 -23.3 161.0 10.8 316.8 37.4 

7787/2063 +15.5 342.4 10.8 316.8 37.4 

Table 5.2: Event parameters for W, Z events. 

which is highly uncharacteristic of a W decay although I ~t I = 32.5 Ge V suggests the 

presence of a neutrino. The other two events, 7589/1116 and 7604/2861 appear to be 

standard W decays. Figure 5.12 indicates where these three events fall in I ~tl· Figure 

5.13 and figure 5.14 are plots of the electromagnetic and hadronic energy from the 

underlying event and may be compared with figures 5.6 and 5. 7 for the electron W 

candidates. 

5.9 Background 

There are several sources of background to W decays. One source is due to interactive 

punch through where a particle from a high Pt hadron shower penetrates the central 

calorimeter and leaves a track in the muon chamber. A kaon or pion might also noninter-

actively punch through by passing through the calorimeter without strongly interacting 

and so fake a muon. Low Pt kaons (Pt ~ 10 GeV /c) can also decay into muons in the 

CTC and may be misreconstructed with a much higher Pt due to a kink in the CTC 
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Figure 5.13: EaEM in a cone of 5R = 0.4 from underlying event. 
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Figure 5.14: E6HA in a cone of 5R = 0.4 from underlying event. 
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Figure 5.15: Probability that a muon passes energy and matching cuts. 

track[16]. Finally there are prompt muons from semi-leptonic heavy flavor decay as 

well. Since the P t spectrum for muons from W decay indicates that 87% have P t > 20 

GeV /c, it is safe to assume that all muons with Pt < 20 GeV /care background. Figure 

5.15 is a plot of the probability of a muon candidate passing the energy and matching 

cuts listed above as a function of Pt. If the sample with Pt < 20 GeV /c consisted solely 

of muons, figure 5.15 would be flat. Instead, the probability of getting a good muon 

drops with Pt. This is due to increasing probability of interactive punch through with 

P t and also due to the increasing percentage of misreconstructed tracks as P t increases. 

Figure 5.16 is aPt spectrum of the muons which pass both energy and matching cuts. 

A fit with a function of the form, A e8 Pt, gives A = 5089 and B = -0.468 and a chi 

squared per degree of freedom of 1.3. Upon integrating the exponential over Pt > 20 

GeV /c, 0.9 events are predicted as the background to theW sample. 

5.10 Efficiency 

The efficiency for observing W decays in the muon channel depends on several factors. 
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Figure 5.16: Pt spectrum of muon background 

1. Trigger Efficiency 

The trigger efficiency is somewhat of an unknown. Because 1987 was an engi-

neering run for the CDF detector, significant alterations to the muon trigger were 

undertaken as the detector was taking data. In addition, the trigger hardware was 

operating under time constraints (a trigger decision was required between beam 

crossings) for which it was not designed. An estimate for the central track proces-

sor efficiency is AcFT ::::::; 0.70 but was expected to be much greater (AcFT ::::::; 1.0) 

for low multiplicity events with a high Pt muon above threshold (i.e. W events). 

The central muon level 1 trigger was expected to have ATrig > 0.98 for muons 

above 20 GeV /c. Thus the trigger efficiency should have been ATrig > 0.98 for 

muons with Pt > 20 GeV jc. Unfortunately this number can not be verified from 

the data directly but depends on trigger simulation of the central track processor 

using actual events and extimates for the level 1 efficiency. A conservative number 

of ATrig = 0.79 will be used for the trigger efficiency. 

2. Geometrical Acceptance 

The geometrical acceptance was studied using the CDF detector simulation and 
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Isajet version 6.10 [7] as the event generator. EHLQ I [15] was used as the structure 

functions. 1000 W --+ f-l + v events were generated and then simulated in the 

CDF detector. The events were reconstructed using the standard CDF analysis 

package. The purely geometrical acceptance of the detector was found to be 

AGeom = 0.28 ± 0.01 ± 0.02 where the second error is due to uncertainties in 

the structure functions. This systematic error was estimated by comparing the 

acceptance for EHLQ I with the acceptance using Duke-Owens I as the structure 

functions. 

3. W Cuts 

The efficiencies of the W cuts can be estimated by loosening each cut individually 

while applying all the rest. 

(a) Pt > 20 GeV /c 

Monte Carlo studies using EHLQ I structure functions indicate that aPt cut 

of 20 GeV /cis Ap1 = 0.87 efficient for W's. 

(b) Minimum Ionising Energy 

Figure 5.17 is a plot of EcHA versus EcEM with the matching cuts applied 

but no calorimeter energy cuts. There are five additional events, all with 

EcEM > 2.0 GeV. From figure 3.5, there is no probability that these can be 

real muons. There are no events with EcEM < 1.0 Ge V and EcHA > 3.0 Ge V 

so that the efficiency for the energy cut is AEnergy = 1.0. Note, from figure 

3.6, that with higher statistics the CHA energy cut would introduce some 

inefficiency for W selection. 

(c) Matching Requirement 

Figure 5.18 is a plot of oS versus oX for muons with Pt > 20 Gev/c which 

passed the calorimeter energy cuts only. From figure 5.18, the nearest event 

in oX to the candidate events has a oX = - 4. 7 em. The sigma in oX for the 
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Figure 5.17: EcHA versus EcEM with matching cuts only. 
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W and Z candidate muons is a = 1.4 em so that the probability that this 

event is a real W based on matching is less than 0.001. The efficiency of the 

matching cuts is therefore AMatch = 1.0 for this sample. 

(d) I ;Etl > 10 GeV 

Event 7582/2280 was the only event to pass all of the cuts except the ;Et cut. 
-Cal I ;Et I is 17.6 GeV at <P = 320.3° and is recoiling against an electromagnetic 

energy cluster of Et = 17.4 Ge V deposited at <P = 158.7°. The muon has 

Pt = 22.3 GeV at <P = 335.5° which is nearly the same magnitude and 

d. . W Cal 1rection as pt . This suggests that the missing Et is generated by the 

muon (which looks like a neutrino in the calorimeter) and not by a neutrino. 

In addition, there is a Pt = 3.1 GeV pion which nearly overlaps in <P with 

the muon so that the muon isn't isolated. This event therefore looks like a 

background event in which a hadron of Pt = 22.3 GeV passes through the 

central calorimeter without strongly interacting and is recoiling against a 

cluster of hadrons (the electromagnetic jet) which have a collective P t C:::'. 17.6 

GeV. 

The background extrapolation in figure 5.16 predicts a single background 

event with Pt > 20 GeV and because the background is exponentially decay-

ing, this event should appear with Pt C:::'. 20 GeV which is where 7582/2280 is 

found. The efficiency for the missing Et cut is therefore AMet = 1.0. 

5.11 Cross Section 

IJW x Bw-+1w, where IJW is theW production cross section and Bw-+1w is the branching 

ratio into p, + u, can be calculated based on the three observed W events, 7589/1116, 
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7604/2861, 7605/6279 and is given by 

crw x Bw--+~tv = E~ = 0.59 ~g:~~ (±0.09) nb 

where E = 0.19 is the combined efficiency, including geometrical acceptance, N = 3 is the 

number of observed W events, and L = 27.2 ± 4.1 nb-1 , is the integrated luminosity. 

The first error is the statistical error and the last error is the systematic error due 

to uncertainty in the integrated luminosity, L. The statistical error is derived from 

the integral over the mean of a poisson distribution where three events are observed. 

The values of the mean for which the integral is greater than 0.05 and less than 0.95 

are taken as the uncertainties in the observed number of W candidates, N. Figure 

5.19 is a plot of cr X Bw_.~t+v and cr X Bw_,e+v from CDF measurements as well as 

measurements for cr X Bw_,e+v from UA1 and UA2 versus the c.m. energy. The solid 

curve is a theoretical prediction by Altarelli, et. al. [ 6] and the dotted line represents 

the theoretical uncertainties. The theoretical curve has been adjusted for Mw = 80 

GeV /c2
• The points for UA2 and UA1 have been shifted ± 10 GeV in c.m. energy 

respectively for clarity. 
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Figure 5.19: Cross section times branching ratio for W-+ 1!. + v versus c.m. energy. 



Chapter 6 

Conclusions 

We have observed muons with Pt > 10 GeV fc in 1.8 TeV pp collisions at the Fermilab 

Tevatron collider. Cuts on the data were developed to extract a sample of muons with 

Pt > 20 GeV /c which are consistent with W -+ J-l + v and with Z -+ J-l+ + 1-"-. Based 

on a sample of three events, the cross section times branching ratio for W-+ J-l + v was 

calculated to be 

aw x B = 0.59~g:~~ (±0.09) nb 

which is consistent with theoretical predictions given the low statistics. In addition, we 

have observed several J-l + v +jet events which suggest the possibility of new physics. 
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Appendix A 

CDF Central Muon Detector 

A.l Introduction 

In this appendix we will describe the drift chambers for muon detection in the central 

rapidity region, I1JI ~ 0.63, of the CDF detector. These chambers identify muons 

by their penetration of the 5.3 interaction lengths of the central calorimeter, measure 

their positions and directions, and provide a level - one trigger for muons which have a 

transverse momentum greater than a given set value. In section 2 of this appendix, we 

describe the chamber geometry and how the level- one trigger is achieved. In section 3, 

we describe the method of construction and in section 4, the method of charge division 

is outlined. Section 5 contains some results obtained with cosmic ray and test beam 

data. 

A.2 Geometry 

The central muon detector is located around the outside of the central hadron calo-

rimeter at a radial distance of 3487 mm from the beam axis. The muon detector is 

segmented in phi into 12.6° wedges which fit into the top of each central calorimeter 

wedge. This leaves a gap in the central muon coverage of 2.4° between each wedge. 

Access to the muon detector is through a 300 mm by 120 mm opening at each end of 
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the central calorimeter wedge so that each detector is further segmented in phi into 

three modules of 4.2° each. The three modules are bolted together at each end to form 

a single unit. This single unit is suspended from the top of the calorimeter wedge at 

three points which provide for adjustment of the chambers in both () and ¢>[17]. Figure 

A.1 shows the location of the muon chambers within the central calorimeter wedge. 

Each of the three modules in a wedge consists of four layers of four rectangular drift 

cells. A typical drift cell is shown in figure A.2. Overall dimensions of the cell are 63.5 

mm wide by 26.8 mm high by 2261 mm long. A stainless steel resistive 50 J-lm sense 

wire is located at the center of the cell. 

Arrangement of the sense wires within a muon chamber permits a lower bound on 

the transverse momentum of a particle to be determined. Four drift cells, one from each 

layer, make up a muon tower (figure A.3). Two of the four sense wires, from alternating 

layers, lie on a radial line which passes through the interaction point. The remaining 

two wires of the tower lie on a radial line which is offset from the first by 2 mm at the 

midpoint of the chamber. The ambiguity as to which side of the sense wires (in q)) a 

track passes is resolved by determining which two sense wires were hit first. The angle, 

a, between a particle track and the radial line passing through the sense wires can be 

determined by measuring the difference in arrival times of the drift electrons. A muon 

tower therefore provides two independent measurements of a. 

Figure A.4 shows a transverse projection of a track as a particle passes through the 

central solenoidal magnetic field. If (3 is the angle of deflection due to the magnetic field 

and a is the angle between the track and a radial line from the interaction point, then 

a and (3 are related by 

Dsin(a) = Lsin(%), (1) 

where D = 3487 mm is the distance from the interaction point to the bottom of the 

muon detector and 1 = 1476 mm is the radius of the solenoidal magnetic field. 
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Figure A.l: Location of the central muon chambers within the central calorimder. 
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Figure A.3: Central muon tower consisting of four drift cells. 
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The angle f3 in turn can be related to the transverse momentum of a particle. If 

B = 1.5 Tesla is the magnitude of the magnetic field and Pt is the transverse momentum 

of the particle, then 
f3 eLB 

sin(-)=-
2 2Pt 

Equations (1) and (2) when combined give a in terms of Pt 

eVB 
a~ sin(a) = --

2DPt 

(2) 

The relationship between a and the difference in drift times, 6.s, for two sense wires 

in alternating layers is given by 

6.s = Ha 
v 

where H = 55.0 mm is the separation of the sense wire layers, and vis the drift velocity 

of the ionization electrons. 

6.s is compared to a preset value in the RABBIT muon level- one trigger card [12]. 

If 6s is less than this value, a level- one trigger signal is generated. 

A.3 Chamber Construction 

The top and bottom of a drift cell consist of 0. 79 mm thick aluminum sheets which span 

the width of the muon chamber. The sheets are held at ground through small brass 90° 

angle joints which are connected to the sheets and the aluminum chamber end plates 

with conductive epoxy. The sides of the cell consist of 25.4 mm aluminum !-beams 

( C-beams for those cells at the side of chamber) which are electrically insulated from 

the top and bottom sheets with 0.62 mm thick G-10 strips. The !-beams and C-beams 

are held at -2500 V. In the center of the cell is a 50 pm stainless steel sense wire with 

a resistance per unit length of 0.4 n mm- 1 . The sense wire enters the cell through the 

chamber end plate and is electrically insulated from it by a delrin sleeve. A hollow brass 

pin in the middle of the sleeve is crimped around the wire to hold it in place. The wire 
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Figure A.5: Electric field as a function of distance from the sense wire. 

is place under a tension of 110 gm which limits the wire sag to 90 p,m. The sense wire 

is normally held at +3150 V. 

Figure A.5 shows the electric field as a function of distance from the wire along a 

horizontal line passing through the center of the cell. The local minimum in the electric 

field near the wire is sensitive to the cell width and is also sensitive to the width of 

the top and bottom of the I-beams. The minimum in the field closest to the I-beam is 

primarily sensitive to the width of the top and bottom of the I-beam. Because the sense 

wire arrangement within a chamber requires cell widths ranging from 56.6 mm to 67.8 

mm, adjustment of the I-beam width is necessary to insure that the electric field at the 



APPENDIX A. CDF CENTRAL MUON DETECTOR 65 

wire is the same for all cells. A minimum field strength of 100 V mm- 1 is required to 

maintain a constant drift velocity in 50%/50% argon-ethane gas with 0.7% ethanol [1g]. 

Charge division is used to obtain the position of a track along the sense wire. In order 

to reduce the number of electronics channels and to enable readout of the chambers to 

occur at one end of the chamber only, each sense wire is connected at the (} = goo end to 

a sense wire in the same layer which is separated from the first by an intervening drift 

cell (figure A.6). At the(}= 56° end of the wire is a 0.1 p,F blocking capacitor which in 

turn is connected to the RABBIT muon ADC/TDC cards [10]. The blocking capacitors 

for all channels of a chamber reside in a single package which bolts on to the (} = 56° 

end of the chamber. This package also contains the positive HV connector and readout 

cable connectors. A smaller package bolted on to the(} =goo end contains the negative 

HV connector and distribution pads for the !-beams in each of the four layers. The 

electrical connections between the sense wires and the electronics packages are made 

with flexible cylinders made of conductive epoxy which fit over the brass pins holding 

the sense wires and butt up against distribution pads on the electronic packages. 

A total of 180 muon chambers or 60 wedges were constructed. An individual chamber 

is constructed starting with the layer furthest from the beam axis. The two aluminum 

endplates are mounted on a fixture which holds them precisely 2261 mm apart. An 

aluminum sheet 254 mm wide by 2286 mm long is glued on to the endplates with epoxy 

to form the top of the chamber. G-10 strips 112 mm wide by 2274 mm long are glued 

on to form the sides of the chamber. The endplates and acompanying sheets are then 

transferred to a fixture on a granite table which rigidly holds the end plates and sheets 

in the desired rectangular shape. C-beams are glued in on each side of the chamber and 

form the outer walls of the drift cells at the sides of the layer. The location of each of 

the three I-beams in a layer is determined by spacers which place the I-beam the correct 

distance from the I or C-beam already in place. An automatic gluing machine then lays 

down a bead of Eastman g10 along the entire length of the chamber. Another device 
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Figure A.G: Three drift cells in a plane. The sense wire lengtlL L, is 2261 mm. The 

Fe55 sources arc used for calibration of charge division. 
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with jaws which hold anI-beam straight along its entire length then presses the I-beam 

in place with air cylinders. The C and I-beams are internally connected together with 

jumper wires which connect adjacent beams so that only one negative HY feedthrough 

is needed for each layer of beams. An aluminum sheet is then glued on top of the I and 

C-beam to form the top of the cells and complete the layer. Holes have been cut in the 

interior aluminum sheets to allow gas to pass between layers. Each of the four layers 

is built up in this manner until the chamber is complete. The chamber is then strung 

with the sense wires which have 110 gm of tension on each. 

The tension of each wire is checked by placing a portion of the chamber in a magnetic 

field and driving the wires with an alternating voltage as in figure A. 7. A lock-in ampli-

fier is used to monitor the in phase component, Yin, and the out of phase component, 

Yout, of the voltage drop across RT = 50 n resistance relative to the driving voltage. 

The lowest resonance frequency of the sense wire is given by 

2n{f7P 
Wo = 

21 
~ 27r X 58 Hz, 

where T = 110 gm is the tension of the wire; p = 1.55 x1o-s gmmm- 1 is the linear 

mass density of the wire; and L = 2261 mm is the length of the wire. It can be shown 

that if the frequency of the driving voltage, w, is near that of the resonance frequency, 

W 0 , then Yin is given by 

and Yout is given by 

Y 
_ RTYowpT2 (w- w;jw) 

out- ) RT + Rwire (w- w'(,jw 2 r 2 + 1 

where Vo is the magnitude of the driving voltage; T is the damping time for the wire; 

Rwire = 904 D is the wire resistance and 

Wp = ---
MRwire 

(3) 



APPENDIX A. CDF CENTRAL MUON DETECTOR 

8 
' PULSE 

GENERATOR 

-

LOCK-IN 
AMI'LIFIEI~ 

HEF SIG 1--

MAGNET 

D 
~ 

T D 
SENSE 
WIRE 

H = 90<1 D 

68 

50 0 

Figure A. 7: The sense wire tension is tested by driving the sense wire with a Yaria ble 

frequency and monitoring the in phase and out of phase component of the voltnge drop 

across the 50 n resistor. The in phase component attains a maximum value while the 

out of phase component is zero at resonance. 
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In equation (3), B is the magnetic field; 1 is the length of wire in the field; and M is the 

mass of the wire. It is important to notice that Vout vanishes at resonance while Vin 

attains a maximum. The resonant frequency of the wire can therefore be determined 

by sweeping the frequency of the alternating voltage over a range of values until Vout 

vanishes and Vin attains a maximum. 

A.4 Charge Division 

The position of a track along the sense wire is found by charge division. If a streamer 

pulse, with total charge, Q0 , drifts to the wire from a point X mm from the() = 90° end 

of the chamber on wire 1 (figure A.6) then the total charge collected in ADC1 is given 

by 
Qo X 

Ql =- (1 + -) 2 L (4) 

and the charge reaching ADC2 is 

(5) 

where L is the length of the unpaired wire. The ratio 

is then linearly dependent on X. Because the input impedances of the charge amplifiers 

on the RABBIT muon cards are not zero, the absolute value of R does not range from 

zero to one but attains a maximum value somewhat less than one. The value of R is 

also depends on the exponential decay ( T = CRwire) of the charge accumulated on each 

of the 0.1 pF blocking capacitors at the ends of the wire pair. This leads to modification 

of equations ( 4) and ( 5) of the form 
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and the charge reaching ADC2 becomes 

R is then given by 

(6) 

The time, t, in equation (6) is the time interval measured by the TDC's so that R can 

be corrected for the charge decay. X is then a function of R of the form 

X= AR+ B 

where A = L and B = 0. 

In general there are variations in wire resistance and the location at which the sense 

wires have been crimped is not known. It is therefore necessary to calibrate the charge 

division (i.e. derive A and B) for each wire. To accomplish this calibration, Fe55 sources 

have been placed in two of the three !-beams of each layer so that each drift cell has 

a source 75 mm from each end directed into the cell (figure A.6). Each Fe55 source 

emmits 5.9 KeV "(rays which produce an interaction in the cell at the rate of about 30 

Hz. Source runs are taken in which plots are made of the number of events as a function 

of R for each source. A gaussian plus background curve is fit to each source plot and 

the mean location in R of each source is determined. Figure A.8 shows the location, in 

R, of the four sources in a muon tower. If R 1 is the mean value in R of the source at 

a distance of D1 along the wire and R2 is the mean value of the source at D2 along the 

wire then A= (D2 - D1 )/(R2 - R 1 ) and B = D1 - Ax R 1 are determined for each wire. 

A.5 Chamber Performance 

As part of the checkout procedure of the muon chambers, each chamber goes through a 

cosmic ray test stand. The test stand set up is illustrated in figure A.9. The chambers 
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Figure A.8: Location in R of the four Fe55 sources for a sense wire. 
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Figure A.9: Cosmic rny test stand setup. The top and bot.tom chamlwrs ddinc the 

cosmic ray track which is then interpolated into the center test chamber. Efficiencies 
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Figure A.lO: Efficiency as a function of R for a typical sense wire. 

operate in the limited streamer mode with the sense wires at +3150 V and -2500 Von 

the beams. The top and bottom chambers are used to reconstruct a cosmic ray track 

which is then projected into the center chamber undergoing testing. The sense wires 

are divided into 50 mm segments and an efficiency is found for each segment. Figure 

A.lO shows the results for a typical wire. The wire shows a drop in efficiency at the 

ends of the chamber due to the distortion of the electric field there. 

A cosmic ray run was taken with the muon chambers at cjJ = 67.5° and cjJ = 82.5° in 

the CDF detector. The muon level- one trigger card was set up to require a coincidence 

of all four layers in each muon tower. Prior to the cosmic ray run, source runs were 
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Figure A.ll: Residual errors of the fit to cosmic ray tracks in the ZY plane. 
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taken and A and B were determined for each sense wire. Figure A.l shows the local 

coordinate system used in the following analysis. 

For a cosmic ray track, the projection of the track into the ZY plane was fit using 

charge division information from four sense wires in a muon tower. Resolution of the 

chamber along the wire was determined from a plot of the residuals of the fit for all wires 

in the wedge at rj; = 67.5°. The residual error is defined to be the difference between 

the fitted track and the location of the hit on a sense wire. Figure A.ll shows a plot of 

the scaled residual errors for the fit in the ZY plane. Because the sigma of a residual 

plot tends to underestimate the resolution, the residual for each wire is multiplied by a 
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layer dependent factor which compensates for this underestimation. The residuals for 

the inner most and outer most layers were multiplied by 1.83 while the residuals for the 

two middle layers, were multiplied by 1.20. Figure A.ll gives an rms resolution along 

the sense wire of 1.2 mm. 

A similar situation exists for the fit in the drift direction (XY plane). The calibration 

constants needed for fitting a track in the drift direction are the drift velocity and time 

zero, where time zero is the drift time of an event which passes through the sense wires. 

For technical reasons, time zero could not be determined for this cosmic ray run. The 

drift velocity, however, can be determined by comparing the difference in time between 

streamer pulses arriving at the wires which are offset by 2 mm from each other in a 

muon tower. Refering to figure A.3 where Ti is the drift time for wire i, a plot of the 

quantity 

8 = Tt - 3T2 + 3T3 - T 4 

4 

will have a double peak since tracks on different sides of the sense wires have a delta 

of opposite sign. The two peaks are separated in space by twice the offset of the wires 

(2 mm) so that the drift velocity is given by 4 mm divided by the difference in time 

between the two peaks. Figure A.l2 shows a plot of number of events as a function of 

8 for a typical tower. Figure A.13 shows the scaled residual plots of the fit in the drift 

direction (XY plane) for all the wires in the wedge. The rms resolution in the drift 

direction from this plot is 250 f-Lm. 

Data was also taken with the muon chambers when the central calorimeter wedges 

were undergoing calibration in a pion test beam. The central calorimeter was placed 

on a hydraulic table which allowed the wedge to be moved in both theta and phi. The 

beam pipe was directly over the pivot point of the table so that beam could be directed 

into each central calorimeter tower. Figure A.14 is a plot of the ADC distribution from 

the chambers. The single streamers peak at about 90 pC while a double streamer peak 
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Figure A.l2: A plot of 8 = T, - 3T?!3T,-T4 • The separation of the two peaks in time 

represents a separation of 4 mm in space. 
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Figure A.13: Residual errors of the fit to cosmic ray tracks in the XY plane. 
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Figure A.l4: Pulse height distribution for the muon ADC's. 
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is seen at about 160 pC. The valley in the distribution at about 30 pC is taken as the 

cut off for valid hits in the muon chamber. 

The pion beam energy ranged from 15 to 50 GeV so the punch-through probabilities 

as a function of pion energy could be studied. For each run, the beam was directed 

into the center of tower 2 of the central calorimeter wedge. At tower 2, there is the 

equivalent of 110 em of iron. Figure A.15 is a scatter plot of energy deposition in the 

central hadron calorimeter, EcHA, vs energy deposition in the central electromagnetic 

calorimeter, EcEM, for 50 GeV pions which produced at least two hits in the muon 

chamber. Those particles with total energy deposition less than 3000 ADC counts ~ 7 

GeV were assumed to be muons and were removed from the sample of punch-through 

candidates. The ratio of the number of events showing more than two hits in the muon 

chamber to the total number of pion interactions is plotted as a function of beam energy 

in figure A.16. Data from Bodek [18] for 110 em of iron is shown for comparison. With 

the beam in calorimeter tower 2, the muon chambers extend about 100 em on either 

side of the beam in the ZY plane. In XY plane however, the chambers only extend 

38 em to either side of the beam axis. To insure that no punch through events were 

lost because all of the particles passed through the side of the wedge and not through 

the muon chamber, the ¢ (in units of CMU cell number) of the particle which passed 

closest to the beam axis in a punch-through event was plotted in figure A.17. Each 

increment in cell number is an additional 63.5 mm from the beam axis. Figure A.17 

indicates that very few punch-through events fail to intersect the muon chambers so 

that the punch-through probabilities are correctly reflected in figure A.16. 

Figure A.18 is a plot of the number of tracks per event found for tracks in the drift 

direction (XY plane) for 50 GeV pion punch through events. The vast majority of such 

events produce only a single track in the muon chambers. 
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Figure A.15: EcHA vs EcEM for 50 GeV pwus. 
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Figure A.l6: Punch through probability as a function of incident pion energy for the 

CDF central calorimeter. 
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Figure A.l7: r/J, in units of CMU cell number, of the particle which passes closest to the 

beam axis in a punch through event. 
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Figure A.18: Number of tracks per punch through event from 50 GeV pions. 
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A.6 Conclusion 

In summary, the CDF muon chambers give adequate resolution in the drift direction of 

a-xy = 250 pm and exceptional resolution along the sense wire of a-zy = 1.2 mm. It is 

hoped that difficulties with hadronic punch-through can be overcome through the use 

of a programmable transverse momentum trigger. 
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CDF Event Displays 

This section contains the CDF event displays for the three W candidates, 7589/1116, 

7604/2861, 7605/6279 and for the two Z candidates, 7787/2063, 7787/102 and a back-

ground event, 7582/2280. The event displays are of two types. The first type is a 

display of the CTC looking along the direction of the antiproton beam. The azimuthal 

angle, ¢ = 0°, is along the horizontal axis to the right of the display and ¢ increases 

in the counterclockwise direction. The positive Z axis is vertically outward from the 

display. The magnetic field has a magnitude of 1.515 Tesla along the negative Z axis 

(i.e. into the display) throughout the interior of the large circular boundary of the CTC. 

The positively charged particles are therefore deflected toward increasing ¢. Around 

the outside of the CTC is displayed the central calorimeter energy deposited in each 

15° phi slice. The rectangles shaded by dots represent electromagnetic energy while the 

rectangles containing slanted lines denote hadronic energy. The rectangles forming the 

outermost circle are the central muon chambers and the muon hits are shown in the 

wedge through which the muon passed. The left-right ambiguity of the muon hits isn't 

resolved in the picture so both possibilities are shown. The transverse momentum, ¢ 

and cote, where e is the polar angle with respect to the positive z axis are indicated 

for each muon. 

The second type of display is the lego plot of the calorimeter energy in the CD F 

85 
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detector. The calorimeter has been unfolded into 77 x </> space where 77 is pseudora-

pidity. The vertical axis is the transverse energy deposited in an individual tower of 

the calorimeter where a calorimeter tower size is usually about 0.1 x 0.26 in 77 x </> 

space. Electromagnetic transverse energy is shown in the rectangles shaded with dots 

and hadronic transverse energy is shown by the rectangles containing slanted lines. A 

fJ, --t symbol in the lego plot, indicates the calorimeter tower through which the muon 
--+Cal 

passed. I ;Et I is indicated as is the azimuthal angle, </>F/1 , of the missing Et. 
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Fi,e;ure B.l: End view of the CDF cPntral detector for event 7605/6279. 
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Fi)Sure B.2: Le)So plot of the CDF calorimeter for event 7605/6279. 
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Figure B.3: End vie\v of the CDF central detector for ewnt 7589/1116. 
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Figure B.4: Lego plot of the CDF calorimeter for event 7589/1116. 
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Figure B.5: Eud view of the CDF central detector for event 7604/2861. 
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Figure B.G: Lego plot of the CDF calorimeter for event 7604/2861. 
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Figure B.l: End view oft he CDF central cletf'ctor for event 7187 /20G3. 
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Figure B.S: Lego plot of the CDF calorimctPr for event 7787 /20G3. 
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Figure B.9: End view of the CDF central detector for event 7787/102. 
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Figure B.lO: Lego plot of the CDF calorimeter for event 7787/102. 
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Figure B.ll: End view of the CDF central detector for event 7582/2280. 
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Figure B.l2: Lego plot of the CDF calorimeter for event 7582/2280. 
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Two Interesting Events 

This section contains the CDF event displays for two events, 7310/468 and 7343/1999, 

which failed to pass the central muon trigger but did pass the calorimetry trigger. They 

are both high Pt muons which are recoiling against jets. Event 7310/468 has a muon 

corrected missing Et of I :Etl = 30.0 ± 8.4 GeV at an azimuthal angle of¢ = 178.8° 

while event 7343/1999 has a muon corrected missing Et of I :Etl = 24.9 ± 8.9 GeV at 

an azimuthal angle of¢= 119.3°. 
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Figure C.l: End view of the CDF central detector for event 7310/468. ....... 
0 
0 
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Figure C.2: Lego plot of the CDF calorimeter for event 7310/468. 
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Figure C.3: End view of the CDF central detector for event 7343/1999. 
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Figure C.4: Lego plot of the CDF calorimeter for event 7343/1999. 
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Vita 

Little Tommy came into the world in more or less the conventional manner in Eugene 

Oregon at the tail end of 1958. He theri went south and east to Texas where he learned 

to rope and ride and pump black gold. He then moved to Oklahoma where he finished 

high school in 1977. Upon graduation he returned to Houston at Rice University to 

further refine his roping and riding and pumping of the black gold. Always looking for 

adventure in distant lands, not so little Tommy decided to show those damn Yankees 

in Illinois about roping and riding and pumping black gold. The only oil to be found 

however was made from corn. He also found that roping and riding weren't held in high 

esteem by those damn yankees so he studied physics instead. In December, 1988 he was 

awarded the Ph.D. for his efforts. But all he really wants to do is rope and ride and 

pump black gold. Maybe in Italy .... 
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