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Abstract 

A study of Charged Intermediate Vector bosons (W's) observed in the Fermilab 

proton-antiproton collision experiment at "1/s = 1.8 TeV is described. The Collider Detector at 

Ferrnilab (CDF) is the first general purpose detector built to study the world highest energy region 

in proton-antiproton collisions. The first physics run was carried out from January 1987 to May 

1987. Event analysis is based on charged particle tracking, magnetic momentum analysis and 

fine-grained calorimetry. Charged particle momenta are analyzed in a 1.5 Tesla solenoidal magnetic 

field, generated by a superconducting coil, 3 m in diameter and 5 m in length. The calorimetry, 

which has a polar angle coverage from 2° to 178° and full azimuthal coverage, consists of 

electromagnetic shower counters and hadron calorimeters; and is segmented into about 5,000 

projective "towers" or solid angle elements. A custom front-end electronics system followed by a 

large Fastbus network provides the readout of the approximately 100,000 detector channels. 

During the period of data taking runs, approximately 4.8 x to5 events were recorded on 

magnetic tapes by high Pt electron triggers and jet triggers. After having eliminated runs with 

detector problems or recording problems, we have obtained 4.1 x 1<>5 events corresponding to an 

integrated luminosity of 27.4 nb-1. By selecting events which include at least one electromagnetic 

cluster whose ratio of hadronic to electromagnetic energy is less than 0.1, they were reduced to 5. 9 

x 104 events and were recorded on 134 DST's (Data Summary Tapes). In the offline data 

reduction, we first selected events containing a high Pt isolated electron by the following cuts: (i) 

the ratio of hadronic to electromagnetic energy is less than 0.05, (ii) the number of tracks pointing 

to the electromagnetic cluster equal to 1, (iii) the transverse energy measured by calorimetry should 

match the transverse momentum measured by the central tracking chamber, (iv) the high Pt electron 

should be isolated from hadronic jets. By requiring the presence of a large amount of missing 

transverse energy, we finally obtained 22 events of W candidates in the Tl (pseudo rapidity) range 

-1. 1 < Tl < 1. 1. Background estimations were made by a Monte Carlo simulation study and also by 

a visual inspection using a CDF event display program with a color graphic terminal. Of the 22 W 

candidates, 0. 7 ± 0.5 events are QCD jet background, 1 event is zO---+e+e- and 1.4 ± 0.4 events are 

W---+-r:v, followed by 't---+ew. Subtraction of the backgrounds from the 22 W candidates yields 18.9 

± 4.7 W---+eVevents. The overall efficiency for W boson detection is estimated to be 0.33 ± 0.03 

(sta) ± 0.03 (sys) from the Monte Carlo simulation study and the visual inspection. The cross 

section for the production of W's and subsequent decay to electron and neutrino is given by 

a•B(W---+ev) = 2.1 ± 0.6 (sta) ± 0.4 (sys) nb, where the first error includes statistical and an 

uncertainty in a track reconstruction efficiency and the second error includes systematic due to an 

uncertainty in a luminosity measurement and an uncertainty in estimating a geometrical acceptance 

by using different sets of structure functions. The measured value is in good agreement with 

theoretical predictions based on the Drell-Yan mechanism including higher order QCD corrections. 
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CHAPTER 1 

Introduction 

This thesis describes the structure and characteristics of CDF (Collider Detector at 

Fennilab) detector, and production cross section for charged intermediate vector bosons (W±) 

and its decay properties observed at 1987 collision run with its identification procedure. 

The W bosons are produced by the Drell-Yan mechanism [ 1-1 l as a lowest order process; 

a quark and an antiquark annihilation. The first order cross section is directly predicted from the 

quark momentum distributions in the proton (structure functions) and the weak coupling 

constant[l-2]; and the corrections of order a.s to these cross sections have also been calculated[1-

3]. From the predicted shape of the structure functions one expects an approximate three-fold 

increase in the W boson production cross section at the Tevatron energy of 1.8 TeV compared to 

the CERN collider energy of 630 Ge V. 

During the collision run, the data corresponding to JLclt = 32.4 nb-1 were stored on 

magnetic tapes which were taken under several trigger conditions including "electron" triggers 

and "jet" triggers. To search for events which include an electron candidate with a large amount 

of missing transverse energy, there are two different analysis paths. One path focuses on finding 

isolated electrons requiring only minimum requirements on the quality of the missing transverse 

energy. An independent analysis path focuses on the quality of missing transverse energy, and 

requires subsequent loose electron cuts. In this thesis, the first path which focuses on finding 

isolated electrons is described. 

The quantity described in this thesis is the production cross section times the branching 

ratio of the W to an electron and a neutrino, a•B(W---+ev), at 1.8 TeV. The quantity depends on 

the mass of the top quark. Previous measurements of a•B(W---+ev) at UAl and UA2 are 

consistent with the theoretical predictions assuming a mass of 40 GeV for the top quark. The 

analysis is based on the measurement of the energy of the electron and the quality of missing 

transverse energy which in the case of W decay corresponds to the transverse energy of the 

neutrino. 

The thesis organized as follows: Chapter 1 is composed of an overview of the CDF 

detector and a review of the Intermediate Vector Boson productions. In chapter 2 details of the 

detector used in the W boson study are reviewed. In chapter 3 details of the end plug 

electromagnetic calorimeter are described. In chapter 4 trigger and readout systems used in the 

1987 collision run are reviewed. In chapter 5 a data reduction stream including background 

estimation for W boson study is described. In chapter 6 the results obtained in the chapter 5 are 

compared to the theoretical predictions, and conclusions are presented in chapter 7. 

1.1 Collider Detector at Fermilab (CDF) Overview 

The Collider Detector at Permilab (CDF) is constructed as a general purpose detector for 

new physics research at high energy regionU-4]. Protons and antiprotons are accelerated in the 

same beam pipe to an energy of 900 Ge V and collisions occur at the center of the CDP detector. 

The accelerator is called Tevatron, in which superconducting magnets are used. The CDP 

collaboration is international, with members from universities and laboratories in Japan, the U.S. 

and Italy. A list of the collaboration is given in Appendix A. 

A perspective view of the detector is shown in Fig. 1-1-1. The CDF detector is 

constructed such that it surrounds the interaction region from 2° to 178° in polar angle and 360° in 

azimuthal angle. A cut view along the beam direction is shown in Fig. 1-1-2. The detector is 

divided into three regions in polar angle coverage; central region, plug region and 

forward/backward region, each covering 37°-90°, 11 °-37° and 2°-11°, respectively. The 48 

"wedge" modules of the central calorimetry (electromagnetic and hadron) form four C-shaped 

"arches" around the 3 m diameter 5 m long, 1.5 Tesla superconducting coil. The coil thickness, 

expressed in radiation length is 0.85 Xo. The endplug electromagnetic calorimeters are located in 
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the essentially uniform solenoidal field. The steel plates of the endplug and endwall hadron 

calorimeters form part of the solenoid flux return path~ 

Calorimetry plays an important role in the CDP detector by providing the basic information 

in the detection of quark and gluon jets and by giving a good measurement of the energy of 

electrons, and in some case, an indirect measurement of neutrino transverse momentum. The 

CDP calorimeters are segmented into about 5,000 "towers" or solid angle elements, and each 

calorimeter is constructed so that each "tower" or solid angle element point at the interaction 

region (tower geometry). The segmentation of the CDP calorimetry is shown in Fig. 1-1-3. In 

the central region, each calorimeter is segmented as liT)=0.09 in polar direction and £\Cl>= 15° in 

azimuthal direction. In the plug and the forward/backward region, each calorimeter is segmented 

as AT)=0.09 (partially AT)=0.045) in polar direction and liel>=5° in azimuthal direction. The 

calorimeters are all of the sampling type. The EM calorimeters contain lead sheet as absorber, 

whereas the hadron calorimeters use steel plates. The active medium is scintillator in the central 

region calorimeters (central electromagnetic, central hadron and wall hadron), and is proportional 

tube chambers with cathode pad readout in the plug and forward calorimeters (plug 

electromagnetic, plug hadron, forward electromagnetic and forward hadron). The proportional 

tube chamber calorimeters provide not only the tower (cathode pad) signals, but also some 

longitudinal information. The sum of wire signals, either from a section of a chamber or from a 

full chamber are read out and the detailed information about longitudinal shower development 

coming from these wire sums is very useful, both for diagnostic purposes, and for physics 

analysis, whenever particles are isolated. 

The tracking systems are designed to measure charged particle tracks over the full solid 

angle. In the central region inside of the solenoid magnet, the momentum of particles is also 

measured. The tracking system used in this thesis are Vertex time projection chamber (VTPC) 

and Central tracking chamber (CTC). The VTPC consists of 8 modules of time projection 

chamber and finds the z-position of collision point. It measures charged particle multiplicities 

over a large solid angle (-3.5 < T) < 3.5). The CTC is a large cylindrical drift chamber to measure 

3 

the trajectories and momenta of charged particles in the 1.5 T magnetic field. The momentum 

resolution at 8 = 90° is expected to be dPt/Pt = 0.003 Pt (Pt in GeV/c). 

Details of the calorimeters and tracking systems mentioned above will be described in 

chapter 2. 

1.2 Intermediate Vector Bosons 

The w±- and zO bosons described in the unified theory of weak and electromagnetic 

interactions[l-5) (see Appendix B) were observed through their leptonic decay modes in CERN 

proton-antiproton collision experimentsll-6],(1-7]. Several parameters observed in UAI and 

UA2 for thew±-, zO are shown in Table 1-2. In the theory leptons and quarks are classified into 

doublets by weak isospin as 

... (1-2-1) 

where the subscript L indicates the left-handed components of the wavefunctions. In proton 

anti proton collisions, w±- and zO particles are produced by the Drell-Yan mechanism[ 1-1] and 

mainly detected by leptonic decay modes 

u+d ---+ w+ ---+ e+ Ve, 

---+ µ+vµ, 

u+u ---+ zO ---+ e+ e- , 

(d+d) (µ+ µ-). 
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... (1-2-2) 

The Feynman diagrams of the W production up to and including terms of order as are presented 

in Fig. 1-2-1. From the parton model description, the cross section for a reaction 

... (1-2-3) 

is given by 

dG(p + p-, W + X) = ~ f~(x ) f~(x-) de(i + j-, W + X') ~ 1 p J p 
1,J 

... (1-2-4) 

where fi and ~ are the parton distributions of species i and j, and Xp and Xp are the momentum 

fractions of i and j in p and p, and & is the cross section of a elementary reaction i + j -, W + 

X'. The parton distributions for u, d, gluon and s for several Q2 are shown in Figs. 1-2-2 

through 1-2-5 by using a parton distribution parametrization 001[1-8]. 

The longitudinal momentum fractions xp and Xp must satisfy the following relation by 

energy conservation 

... (1-2-5) 

wheres represents the proton-antiproton center of mass energy. By using the actual values for s 

(1,8002 GeV2) and Mw2 ( = 80.52 Gev2), and putting that xp = Xp = x in Eq. 1-2-5, we have a 

rough estimate for the momentum fraction of the partons involved in producing W particles 

X = 0.04. 

• •. (1-2-6) 

The production cross section for w± and zO are estimated to be 

5 

aW± = 18.0 nb, 

aW = 5.6 nb , 

... (1-2-7) 

at -../s = 1.8 Tev[l-3] by using the structure function of DO1. The production cross section times 

the branching ratio for a leptonic decay channel is estimated to be 

G • B (W+ + W-) = 1.6 nb, 

a • B ( z0 ) = 0.18 nb, 

... (1-2-8) 

where the branching ratio to the leptonic channel is assumed to be 8.9%[1-3] for w± particle and 

3.2 % (1-8] for z0 particle (assuming mtop = 40 GeV). 
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CHAPTER 2 

Apparatus 

In this chapter, some descriptions of the detectors used in the analysis of W events are 

presented. The detectors presented in this chapter are (a) Beam beam counter, which is used to 

determine the luminosity of each run, (b) Vertex time projection chamber, which is used to 

determine the collision point, (c) Central tracking chamber, which is used to determine the 

number of tracks and its transverse momentum, (d) Superconducting solenoid coil, which is 

used to generate 1.5 Tesla magnetic field, (e) Central electromagnetic calorimeter, which is used 

to determine the transverse energy of the particles detected, (f) other calorimeters, that is, Central 

hadron, Wall hadron, Plug EM, Plug hadron, Forward EM and Forward hadron calorimeters 

which are used to calculate the missing transverse energy of an event 

2.1 Beam Beam Counter 

The counter surrounds the beam pipe and is 581.6 cm from the collision point. This 

system covers 360° in cp direction and from 0.317° to 4.47° in 8 direction, corresponding to 5.89 

to 3.24 in Tl respectively. Each counter covers approximately 1/4 of this rapidity range. The 

counter consists of a single layer of scintillator and is arranged in quadrants, with 4 counters per 

quadrant. The total number of counters is 16 in the forward direction and 16 in the backward 

direction, and are placed in front of the forward EM calorimeters. The counter have excellent 

timing properties (er< 200 ps), and so provide the best measurement of the time of the 

interaction. A crude (± 4 cm) measurement of the vertex position is also obtained from the 

timing. The BBC system of one side is shown in Fig. 2-1-1. The purposes of this system are 
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• Minimum bias trigger 

• Luminosity monitor 

To reject beam-gas collisions 

• To provide a good 'time zero' for the tracking chambers. 

In particular, this system is used to determine the luminosity in the 1987 p-p run. The method of 

the luminosity calculation is described in appendix C. 

1.2 Vertex Time Projection Chamber 

This detector SUffOunds the collision point and consists of eight modules of time projection 

chambers[2-1 ]. The 2.8 meter total length of the chamber covers well the long interaction region 

( O'z ... 35 cm). The VTPC chambers contain a total of 3072 sense wires for the measurement of 

track coordinates in r-z, where R ·is the radial distance from the beam and Z is the distance along 

the beam line from the center of the detector, and 3072 pads for the measurement of coordinates 

in R-cp. Fig. 2-2-1 is a schematic drawing of two octagonal VTPC modules. This detector is 

used to 

1. 

2. 

3. 

4. 

5. 

Provide z-vertex position of each event, 

Determine overall event topologies over a very wide range in polar angles (3.5° < 

8 < 176.5° or -3.5 < Tl < 3.5 ), and perform various charged particle 

measurements such as charged multiplicity <Nch>total and its Tl dependence 

dNchldTt, 

Identify multiple interactions in the same beam crossing, 

Provide intermediate angle tracking (10° < 8 < 30°). In this angular region, VTPC 

information is used in conjunction with limited CTC information to provide both 

pointing to the energy cluster and momentum measurements. This is essential 

ehr,O separation in the endplug calorimetry, 

Provide forward angle tracking (3.5° < 8 < 10°). 
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One module is divided into two region, and each has 15.25 cm long drift regions. Each endcap is 

divided into octants with 24 sense wires and 24 cathode pads in each octant. The chambers 

provide r-z information using lDC data from sense wire signals. Information on cp of tracks is 

obtained from cathode pad signals on a subset in chambers read out by a F ADC (Flash Analog to 

Digital Converters) system. The sense wires and pads in some endcaps are instrumented with an 

analogue pulse height readout using FADC, so that dE/dx and q> information is available for 

particles produced at angles between 5° and 25° with respect to each beam axis. Adjacent 

modules have a relative rotation angle of <p=arctan(0.2) about the beam axis. For tracks passing 

through at least two modules, this eliminates inefficiencies near octant boundaries and provides q> 

infonnation from small angle stereo. 

2.3 Central Tracking Chamber 

The Central Tracking Chamberl2-2] (CTC) is a 1.3 m radius 3.2 m long cylindrical drift 

chamber which gives precise momentum measurements in the angular region 40° < 9 < 140° (-1 

< Tl < 1). The end view of the chamber is shown in Fig. 2-3-1. The CTC is located inside of the 

superconducting solenoid coil, surrounding the VTPC. The CTC has 84 layers of sense wires 

arranged into 9 super layers. There are two kinds of super layers. Five of the super layers are 

called axial layers, and each layer has 12 sense wires which are parallel to the beam line. The rest 

of the super layers are called stereo layers, and each layer has 6 sense wires. Both axial and 

stereo superlayers are divided into cells so that the maximum drift distance is less than 40 mm, 

corresponding to about 800 nsec of drift time. Each cell has 45° tilt to the radial direction to 

correct the Lorentz angle of the electron drift in the magnetic field. The sense wires of the half of 

the stereo layers (2-nd and 6-th layer from inside) have +3° angle to the azimuthal direction and 

the other two stereo layers (4-th and 8-th layer) have -3° angle, to measure the z-positions of the 

particles generated by collisions. 
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The CTC is operated under the 15 kG magnetic field, and Pt resolution is expected to be 

&Pt I Pt = 0.003 • Pt (in GeV at 90°). The resolution of the longitudinal coordinate (z) is 

expected to be 0.2 mm/ sin 3° ... 4 mm or equal to the position resolution of the calorimetry. 

Summaries for the central tracking chamber such as mechanical parameters and performances are 

shown in Table 2-3-1 and 2-3-2. 

Each sense wire is connected to a multiple hit TDC, with the option available to add analog 

information at a later date. The double track resolution is expected to be less than or equal to 5 

mm or 100 nsec. Cancellation of the lit tail of sense wire pulses due to ion motion (up to 250 

nsec) is accomplished by special filters in the electronics. 

2.4 Superconducting Solenoid Coil 

Precise momentum determination for charged particles produced in the central region is 

provided by the CTC, which is in a uniform 1.5 Tesla magnetic field oriented along the incident 

beam direction. The field is produced by a 3 meter diameter 5 m long superconducting solenoidal 

coil. The coil is made of 1164 turns of an aluminum stabilized NbTi/Cu superconductor, 

fabricated by the EFr (extrusion with front tension) method in which high purity alminum is 

friction welded to the superconducting wire during the extrusion process. The coil was designed 

to have no inneI"_ bobbin: the radial_!y outward magneti~o__rces ~~~pporte_cl_by a thin.aluminum.

alloy cylinder outside the coil. Cooling is by forced flow of two-phase helium through aluminum 

tubes welded to the outer support cylinder. The overall radial thickness of the solenoid is 0.85 

radiation lengths. 

2.5 Central Electromagnetic Calorimeter 

2.5.1 Structure 
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The calorimeterl2-3] consists of 33 layers of lead(l/8")-scintillator(l/4") pairs, and its 

effective radiation length is about 20 Xo, The calorimeter modules are placed outside the 

solenoid in a 24-fold configuration (A<p = 15°), covering the range from -1.1 < T\ < 1.1 (36° < 0 

< 144°) in polar direction and are divided into two along the beam axis. The segmentation in T\ 

direction is divided into 10 in each side as shown in Fig. 2-5-1. Each tower has projective 

geometry such that it points at the interaction region. The signal of each tower is read through 

two Y7 wave shifter sheets and acrylic light guides by two phototubes located outside of the 

hadron calorimeter. The efficiency of the portion where the wave shifter covers is low for any 

particles, and is called <p crack. It covers totally 5 % along <p direction in central region. 

Energy resolution of the calorimeter is measured in a test beam and is given by 

a/E = 13.5 % t ..JE. 

... (2-5-1-1) 

The position resolution of the module with only phototube information is about 

a ( cp direction ) ... ± 7 cm / ..JE (E in Ge V), 

a (T\ direction ) ... ± 7 cm. 

... (2-5-1-2) 

A layer of wire proportional strip chamber is embedded in a module. The chamber is at 

5.9 Xo around shower maximum to measure the precise position of electromagnetic shower. The 

position resolution from the strip chamber is given by 

a (cp direction)=± 5 mm 

<J (11 direction ) = ± 3 mm. 
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... (2-5-1-3) 

The gain of a tower will be corrected by us~g the information from the wire strip chamber. 

Details of the mapping correction will be described in section 2.5.2. The summary of the central 

electromagnetic calorimeter is presented in Table 2-5-1. 

2.5.2 Gain Monitoring and Mapping 

To obtain the absolute calibration constant, 137cs sources with the strength of 3 mCi are 

used for the central EM calorimeter one per module[2-4]. The source can be moved through the 

module at a depth of 5.9 Xo, thereby illuminating nearby scintillators in all the towers in tum by 

remote control. The resulting DC currents, about 50 nA in the central EM calorimeter are 

measured to an rms accuracy of 0.3-0.4 %. The modules have been exposed to the 50 GeV 

electron beam, and the response was compared with the output from the 137cs source. It is 

possible to assume that the response ratio beam/source does not change with time. The 

assumption have been tested by repeated calibration of 3 modules over a period of about 5 

weeks, as shown in Fig. 2-5-2-1. The result of this check is that the procedure has an accuracy 

of0.6 % rms. 

The response maps of central EM calorimeter are obtained for 5 wedge modules out of 50 

modules by using 50 Ge V electron beam[2-5J. For all 50 wedge modules, the electron beam was 

injected into the center of one tower as shown in Fig. 2-5-2-2 (a). For 5 wedge modules, the 

beam scanning was performed so as to obtain response map of a tower. The coordinates used 

are 

X =R tancp 

z' = R cot0 - zo, 

... (2-5-2-1) 

where R = 184.15 cm is the distance from the beam line to the imbedded strip chamber and zo is 

reference point at each tower (Fig. 2-5-2-2 (b)). The response is taken as the sum of phototube 
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pulse heights. The gain is higher about 10 % at around tower edge near cp crack, and 10 % lower 

at around 11 boundary of adjacent two towers as shown in Fig. 2-5-2-3. The map covers the full 

width of 24.1 cm in z', but xis limited to the region -225 cm< x < 225 cm, thus excluding the 

boundary region in cp, where the wavelength shifters are located. A common response map 

resulting from the scanning of five wedge modules describes the module response to about 1.5 

% nns within the area -225 cm < x < 225 cm. The response map is parametrized as a function 

of x and z' as 

where 

S(x,z') = Ft • F2(z') • F3(z') • F4(x,z') • F5(x,z') , 

Ft =P1 

F2 = (I +p2•exp<P3•lz'l)- l 

F3 = (l+p4•z'+p5•z'2) 

... (2-5-2-2) 

F4 = cosh(x/m(z')), m(z')=Cll(0)•F(z'), with m(0)=p6•P7 and F(z')=l+p3•z'+p9•z'2 

F5 = (l+p10•exp(lxl•(p11+P12•1z'D»- 1 

... (2-5-2-3) 

with 12 coefficients for each tower of towers 0 to 9 (For tower 0, p3•lz'I should be replaced to 

p3•z'). The coefficients are presented in Table 2-5-2, and the typical fitting result of the 

parametrization is shown in Fig. 2-5-2-4. Within this area, the combined error from the absolute 

calibration (0.6 %) rms and from the deviations from the average map (1.5 %), are comparable 

to the energy resolution for 50 Ge V electrons (2 % ). The total rms eITOr is of the order of 3 % 

for 50 Ge V electrons within this area. 

2.6 End Plug Electromagnetic Calorimeter 
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The end plug electromagnetic calorimetersl2-6] cover the 11 region from 1.1 (8 = 36°) to 

2.4 (8 = 10°) with a segmentation of .!111=0.09 (1.41 < 11 < 2.40) or 0.045 (1.32 < 11 < 1.41), 

and .!14>=5° as shown in Fig. 2-6-1. Gas calorimeter is preferred as a shower counter in this 

region, because of the existence of the magnetic field and for the purpose of fine segmentation. 

The energy resolution of the gas calorimeters is not so good compared with the that the 

calorimeters made of scintillator. However, transverse momentum resolution is almost 

comparable with that of the central lead/scintillator electromagnetic calorimeter. 

This detector consists of 34 layers of proportional counters and lead sheets. One layer 

consists of 2. 7 mm lead sheet and proportional tube arrays sandwiched with two printed circuit 

boards as shown in Fig. 2-6-2. One is called pad board (Fig. 2-6-3), and another is called 

dummy board (or strip board from layer 6 through 15, Fig. 2-6-4 and 2-6-5). There is no pattern 

on dummy board, and it is directly connected to the ground Total radiation length is 18.2 X0 at 

8=0° as shown in Table 2-6-1. This thickness corresponds to 0.88 absorption length including 

0.5'' iron plate at upstream from the interaction region as a gas vessel material. Resistive plastic 

tubes with 7 mm x 7 mm internal dimension are used as proportional counters. The surface 

resistance is chosen to be in a range of 60 kO/square to 100 kn/square. The resistive plastic 

tubes work as a conductor for low frequency pulses to make a de field, and high frequency 

pulses penetrate the tubes and it can be picked up at outer electrodes called pad. Proportional tube 

array is pref erred also because it reduces the solid angle for secondary &-rays which are sources 

of the fluctuation in energy deposit The gold plated tungsten wire with 50 µm diameter is used 

as anode wire. The anode wires are supported by Y-shaped plastic pieces at both ends of each of 

the tubes as shown in Fig. 2-6-6. One quadrant plane consists of 156 tubes and each wire is 

connected to the high voltage bus via 100 0 resistor to avoid cross talk of the signal. Only one 

high voltage line is connected to one quadrant plane. 

The pads are etched out of the copper clad G·I0 panels and face to the surface of the 

conductive plastic tubes. The signal picked up at the pad is transmitted to the signal line that is 

also etched at the other side of the 0-10 panel via a through hole. Some pads are ganged together 
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to fonn a tower, and one tower is divided into three segments longitudinally. The first segment 

consists of 5 layers of proportional counters and lead sheets, the second segment consists of 24, 

and the third segment consists of 5. The second segment contains about 90 % of the total pulse 

height of an electromagnetic shower below 200 GeV (see for example Fig. 3-2-2). The event 

trigger was determined only by using this segment. 

The two types of strip patterns are implemented around the shower maximum of the 

calorimeter. These are orthogonal with each other as illustrated in Fig. 2-6-4 and 2-6-5. The T} 

strips with AT}=0.02 are implemented in odd-numbered five layers (7,9,11,13 and 15), and the q> 

strips with .1.q>=l O are implemented in even-numbered five layers (6,8,10,12 and 14). The 

coverage of these strips is limited to a region of 11=1.2 (8=33°) to 1.84 (8=18°), because of 

inferior energy measurement due to the leakage at the boundary around 8=37° and the smaller 8 

region is already finely segmented by the pads. All five 8 and T} strips are ganged together in 

depth forming well defined projected towers. 

Basic parameters of the plug EM calorimeter are summarized in Tables 2-6-1 through 2-6-

5. Details of the performance of the plug EM calorimeter is described in chapter 3. 

2.7 Forward Electromagnetic Calorimeter 

The forward electromagnetic calorimetersC2-7] are located approximately 6.5 m from the 

interaction point and enclose the beam pipe at either end of CDF. The calorimeters cover the 

small angle region between 2° and 10° in polar angle. Each calorimeter consists of 30 sampling 

layers, each of which is composed of a lead sheet and a chamber of gas proportional tubes with 

cathode pad readout. The sampling layers are constructed so that the insulating side of the 

cathode pad readout boards is bonded to the proportional tube walls using resistive epoxy. The 

lead sheets are 80 % of a radiation length thick and contain 6 % antimony for improved strength 

and flatness. The gas tubes are run at a nominal high voltage of 1900 volts, which is in the 

middle of the proportional region. The calorimeters use argon-ethane 50-50 for its gas mixture. 
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Each calorimeter is roughly 3 m on a side, 1 m deep, and weighs about 18 metric tons. The 

proportional tube layers in the calorimeter are divided into quadrants, each of which is a self

contained chamber which can be removed if repairs are required. The cathode pad geometry of a 

typical chamber is shown in Fig. 2-7-1. Each pad covers 0.1 units of pseudorapidity 11 and five 

degrees of azimuthal angle q,. The pads are ganged longitudinally into towers with two depth 

segmentations, both of which are 15 layers thick. There are 1440 pads per layer, resulting in a 

total of 5760 tower segments to be read out for both ends. The measured energy response of the 

calorimeter energy is linear up to 160 Ge V and the measured energy resolution is approximately 

25 % I {E + 0.5 %. The position resolution varies between 1 mm and 4 mm depending on 

location in the calorimeter. The calorimeter offers good ehr. discrimination, where typically the 

pion misidentification probability f 1t->e < 0.5 % with electron identification efficiency e > 90 %. 

2.8 Central and Endwall Hadron Calorimeter 

The CDF central and endwall hadron calorimeter[2-8] covers the polar region between 30° 

and 150° and a full 21t in azimuth. The central calorimeters consist of 48 steel-scintillator layers 

with 2.5 cm sampling, and the endwall calorimeters consist of 48 steel-scintillator layers with 

5.0 cm sampling. Each calorimeter module is divided into projective towers which covers 

approximately 0.1 units of pseudo-rapidity and 15° in azimuthal angle. This segmentation is fine 

enough that quark and gluon jets will normally spread over more than one tower. The central 

modules, covering polar angles between 45° and 135°, are 32 layers deep (Fig. 2-8-1). They are 

stacked into four free standing "C" shaped arches which can be rolled into and out of the 

detector. The endwall modules cover polar angles from 30° to 45° and from 135° to 150° (Fig. 2-

8-2). They are plugged into cavities in the CDF magnet yoke and are parts of the flux return 

path. 

2.9 End Plug Hadron Calorimeter 
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The end plug hadron calorimeters[2-9] cover the intennediate angular region from 10° to 

30° to the beams and the corresponding pseudorapidity range of 1.3 to 2.4. The 2 inch steel 

plates of the end plugs are instrumented with pad proportional chambers in the 3/4" air gaps 

between the steel plates. The 2" steel plates of these calorimeters are in the flux return path of the 

solenoid The wire chambers are designed with a high degree of modularity. Each detector plane 

is divided into 12 (30°) sectors in azimuth. Each sector is an independent chamber with its own 

gas volume. The principal readout consists of pads etched into standard printed circuit board 

forming one cathode plane. The calorimeters use argon-ethane 50-50 for its gas mixture. 

2.10 Forward Hadron Calorimeter 

The forward/backward hadron calorimeterl2-1 OJ is composed of proportional tube 

chambers and steel plates. It is designed to cover a pseudorapidity region of 2.2 < Tl < 4.2 with 

full azimuthal coverage with respect to the beam axis. Each of the forward and backward 

calorimeters is segmented into four independent sections (~cp = 90°) which provide the necessary 

full azimuthal coverage. These calorimeter segments are each composed of 27 (213 cm x 213 cm 

x 5 cm) steel plates and 27 (204 cm x 196 cm x 2.5 cm) ionization chambers which are located 

between neighboring steel plates. The cathode surface of each of the ionization chambers has 

been segmented into 20 bins in pseudorapidity (AT\= 0.1) and 18 bins in azimuth (A<p = 5°). The 

signals from each chamber pad at fixed Tl and <p are summed together to produce the total energy 

signal for a given projective tower. The calorimeters use argon-ethane 50-50 for its gas mixture 

resulting in an operating range of high voltage from 1.9 kV to 2.4 kV. 
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CHAPTER 3 

Performance of the End Plug Electromagnetic Calorimeter 

In this chapter, the performance of the plug EM calorimeter such as linearity and gas gain 

monitoring is described. The longitudinal shower shape observed in the calorimeter and its high 

voltage dependence is also presented. Some towers in the plug EM calorimeter have a large 

amount of source capacitance. The charge amplifier response with the source capacitance is also 

described 

3.1 Beam Test in 1985 

3.1.1 Experimental Setup 

The two plugs, east and west plugs have been brought to the M-Bottom beam line and 

tested in electron or negative pion beam. The energy of the beam was from 20 GeV to 200 GeV 

with the interval of 20 GeV. The both plugs were placed on a rotating stand and moved in the 

polar direction so that incident beam always came just like from the interaction point These were 

also rotated in cp direction and total 2304 pads were scannecfby using 100 GeV electron beam. 

The beam momentum was tagged by using 11 layers of PWC's (Proportional Wire Chambers) 

and bending magnets with an accuracy of 0.3 %. The beam position was also determined from 

the above PWC's. The Tl and q, encoders were connected to the ga..c; vessel, and the actual 

position of the gas vessel was calculated from the output of these encoders. 

The RABBIT (Redundant Analog Based Bus Information Transfer) system was used in 

the calibration run. Details of the RABBIT system will be described in chapter 4, but the system 

used in the beam test was a little different from that used in the p-p collision run. One RABBIT 
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hutch contained one EWESIM which included 16-bit ADC, and some charge amplifier cards and 

one NIMBA T which transmitted timing signals called BEFORE and AFfER gates generated by a 

hand made NIM module called DINGGBAT. The BEFORE gate has been opening and closing 

all the time until the incident beam came in. When the beam came into the detector, the BEFORE 

gate started opening until the data taking finished. The AFfER gate started closing when the 

beam came in, and opened after 2.6 µsec. The time was changeable through the external gate 

generator. 

Circuit diagram of the charge amplifier is shown in Fig. 3-1-1-1 with test pulse circuit 

(Fig. 3-1-1-2) which is common for 24 channels in a card. Output charge from the test pulse 

circuit is determined by the 100 pF capacitance and voltage from the voltage amplifier called 

VCAL. The charge stored in the capacitance is released when FET switch is opened or closed. 

The control signal that open or close the FET switch is called TCAL, and it was supplied from 

outer gate generator through NIMBAT. 

3.1.2 Source Capacitance of The Detector and Charge Amplifier 

Gain 

The rise time of a charge amplifier output was not fast enough due to the large magnitude 

of source capacitance of the calorimeter. The amount of source capacitance is determined by pad 

size and distance between the pad and the surface of the resistive plastic tubes; that is, 

... (3-1-2-1) 

where A is the area of pads and dis the distance between the surface of the plastic tubes and the 

pads, and e is a dielectric constant of the material between the tubes and the pads. Typical source 

capacitance distribution is presented in Fig. 3-1-2-1 along 11 direction, and these values on some 
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rows are also shown in Table 3-1-2-1 through 3-1-2-3. These values are from about 20 nF 

through 120 nF for the 2 nd segment, 3 nF through 20 nF for the 1 st and 3 rd segments. The 

rms spread of the source capacitance along q> direction is not so small, because it is very difficult 

to control din mass production. From the Table 3-1-2-1, the typical values of the spread is about 

5 %. 

The rise time of a charge amplifier is determined by the source capacitance and input 

impedance of the electronics, that is, 't=RinCsource· The rise time varies from 220 nsec to 1.3 

µsec because the input impedance of the charge amplifier is about 11 - 12 Q and the distribution 

of the source capacitance for the 2 nd segment pads are from 20 nF to 120 nF. 

The gain of a charge amplifier card with source capacitance Cs is expressed as 

. .. (3-1-2-2) 

where Go, Gopen• Cp, RIN and t denote the gain factor with no source capacitance, the open 

loop gain, the feedback capacitance (200 pF in mass production, Fig. 3-1-1-1 ), the input 

impedance and the sampling time, respectively. 

The open loop gains and the input impedance of CARROT cards were measured by using 

ceramic capacitors of 22 nF, 47 nF, 68 nF and 100 nF as source capacitance. The measurement 

was made for a sampling time of 1.80 ± 0.02 µsec. The measurements were made on 24 

channels of a card, and the data obtained were fitted with the equation 3-1-2-2. From the fitting, 

the obtained values of the open loop gain and input impedance are 

Gopen = 5180 

RIN = 11.1 Q 

(280 in rms) 

(0.6 n in rms) . 
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It is possible to estimate charge amplifier gain from the above equation if the source capacitance 

is known. For example, if the source capacitance is 100 nF, and the sampling time is 2.6 µsec, 

the gain will be reduced to about 85 % from the gain compared with the case of no source 

capacitance. 

3.1.3 Performance of the Calorimeter 

<Longitudinal Shower Shape> 

Longitudinal shower profiles for several incident energies of the electron beam are 

presented in Fig. 3-1-3-1. They are fitted with the empirical function 

y = A • t c:x • exp ( - 13 t ), 

... (3-1-3-1) 

where t is in radiation length. The energy dependence of the coefficients were obtained from the 

data taken by injecting electron beams of 20 GeV - 200 GeV to a point at 9=21.0° at 1.8 kV. 

Fitting results for these coefficients are shown in Fig. 3-1-3-2 for c:x and 13. In Fig. 3-1-3-3 is 

shown these ratio c:x/l3 where the ratio c:x/13 represents the position of shower maximum. 

A= E pa+l/r(c:x+l) 

c:x = (1. 75 ± 0.02) + (0.509 ± 0.005) lnE 

13 = (0.559 ± 0.002) - (0.0104 ± 0.0005) lnE 

(HV: l.80kV) ... 1985. 

<Shower Leakage into the Plug Hadron Calorimeter> 
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... (3-1-3-2) 

Expected longitudinal shower leakage into the plug hadron calorimeter is estimated by 

fitting the shower tail with a function 

y = A•exp(-Bt) 

... (3-1-3-3) 

and by integrating the leakage part. The shower curve (Eq. 3-1-3-1) was not used for this 

estimation because the parameters c:x and 13 were slightly affected by setting high voltages due to 

gas gain saturation, as will be mentioned later. 

Longitudinal shower leakage fraction is defined as follows 

Y(%) 
Estimated charge leaked from the detector • 

00 
Visible charge in the detector 

1 
' 

... (3-1-3-4) 

where the visible charge is defined as an integration value from (0.722+0.514 x 0.5)/cos(8) X0 

to (0.722+0.514 x 34.5)/cos(8) X0 on the empirical shower function Eq. (3-1-3-1). Estimated 

longitudinal shower leakage fraction at 9=20° is plotted in Fig. 3-1-3-4 for several energies. The 

error bar at each point comes from the error of the fitting parameters A and B in Eq. (3-1-3-3). 

Expected longitudinal shower leakage at different 8 points are also shown in the same figure. 

These are results of parametrization as a function of incident angle and energy in the form of 

Y(%) = P(Tt)•EQ(Tt) (E in GeV), 

P(Tt) = (-0.51 ± 0.15) + (0.60 ± 0.11) Tl 

Q(fl) = (0.46 ± 0.09). 

. .. (3-1-3-5) 

Longitudinal shower lost at the front steel plate is also estimated by integrating the 

empirical shower function from O X0 to (0.722 + 0.514 x 0.5)/cos(8) X0 and divided by 

visible charge defined previously. It is expressed as a function of energy and incident angle as 
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Y(%) = P(Tt)/(EQCtt)) (E in GeV), 

P(Tt) = 9.7 - 2.5 Tl 

Q(Tt) = 1.07 + 0.08 Tl 

... (3-1-3-6) 

and is shown in Fig. 3-1-3-5. 

<Shower Shape for 100 GeV Electrons at Several High Voltages > 

Shower curves for 100 Ge V electrons at several high voltages are fitted with the empirical 

shower function of equation (3-1-3-1) and correlation between high voltages and fitting 

parameters are obtained. The high voltages were varied from 1.65 kV to 1.90 kV with an interval 

of 0.05 kV. The parameters a and~' and the ratio a/~ are plotted in Fig. 3-1-3-6. These 

parameters have a slight supplied voltage dependence. For example, if the setting high voltage is 

changed 0.1 kV, a changes 1.3 % and ~ changes 1.6 % and the shower maximum shifts about 

0.2 X0• 

To confirm the above results, the pulse height of each layer normalized at the shower tail 

(the last 8 layers) is plotted in Fig. 3-1-3-7 for 100 GeV electron data. The gas gain saturation 

effect is large at the front part of the shower because of high charge density. 

Q0=(0.175±0.002)xl0-4 

A =(9.50±0.01) 

for the anode signal and 

Q0=(0.127±o.001)x10-4 

A =(9.55±o.01) 

(pC/100 GeV) 

(kV-1) 

(pC/100 GeV) 

(kV-1) 

... (3-1-3-7) 

. .. (3-1-3-8) 

for the pad signal. 

Though the calibration run was performed at 1.8 kV, the charge/energy ratio of the plug 

EM calorimeter should satisfy 125 pC/100 Ge V for the trigger purpose. If the high voltage is 1.8 

kV, total charge at 100 GeV is 370 pC for pad signal, and if the high voltage is 1.70 kV, total 

charge will become 140 pC. The value is a little higher than 125 pC, but it is easily correctable. 

Therefore the setting high voltage was changed to 1.70 kV in the 1987 collision run. 

<Energy Resolution> 

In Fig. 3-1-3-9 the energy resolution of the summed pad signals at 1.8 kV is plotted 

against a quality lNE and expressed as 

cr/E (%) = 28 (%)/...JE ... pad. 

<High Voltage Dependence of the Pulse Height> ... (3-1-3-9) 

The high voltage dependence of the pulse height (induced charge) is shown in Fig. 3-1-3-

8. This curve is fitted with a function Q = Q0exp(A V), where V is supplied high voltage in units 

of kV. The obtained values are 
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Though the operating voltage was set to 1.70 kV in the 1987 collision run, the above 

measurement was performed at 1.8 kV. To estimate the energy resolution at 1.70 kV, the energy 

resolution for several high voltages is plotted in Fig. 3-1-3-10. There is no significant change for 

energy resolution below 1.85 kV. Therefore we can use the same energy resolution curve which 

was obtained at 1.8 kV. 
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<Linearity Curve and Charge to Energy Conversion at 1.70 kV and 1.80 

kV> 

In the 1985 calibration run, the nonlinearity of the response against the incident energy 

was observed. The linearity curves at 1.8 kV are presented in figs. 3-1-3-11 and 3-1-3-12 for 

anode signals and 3-1-3-13 and 3-1-3-14 for pad signals for several angles. There are several 

factors that cause nonlinearity effect on the plug EM calorimeter. The main contribution to the 

nonlinearity effect is gas gain saturation. The longitudinal shower leakage into the hadron 

calorimeter and large magnitude of source capacitance with the limited slew rate of the charge 

amplifier are also the reasons of nonlinearity. 

Unfortunately, linearity data at 1.7 kV were not taken in the calibration run. However, 

among the reasons that cause the nonlinearity effect, only the longitudinal shower leakage is a 

function of incident energy. The others are functions of total chargeC3-l] deposited in the 

calorimeter or collected in a charge amplifier. Therefore we can predict linearity curve at a high 

voltage of 1.70 kV from the linearity curve taken at 1.8 kV. A predicted linearity curve at 1.7 kV 

is presented in Fig. 3-1-3-15 at 8 = 21 °. A curve that determine the energy of a event from its 

observed charge is obtained by exchanging the axes of linearity curve, and the curve was refitted 

with quadratic function in the form for later convenience 

Energy (GeV) = B•q + C•q2. 

... (3-1-3-10) 

where q is the corrected charge in pads. The predicted curves at 1. 7 kV are shown in Fig. 3-1-3-

16 and 3-1-3-17 only for pad and at several angles. 

Scanning data were taken only by using 100 GeV electron beam. It is necessary to 

consider the behavior of the quadratic function along Tl direction. H the ratio of the coefficients 

(C/B) were parametrized as a function of incident angle, we can obtain one definite curve at any 
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position by using scanning data. The linearity data were taken at 4 different 11 positions (15.0°, 

21.0°, 24.9° and 29.7°) in 1985 calibration run. We used these data to parametrize the ratio (C/B) 

of the coefficients. The data at 29. 7° was not used because there is not full longitudinal coverage. 

The coefficient ratio (C/B) are plotted in Figs. 3-1-3-18 and 3-1-3-19 as a function of incident 

rapidity at 1.70 kV and 1.80 kV. These are parametrized as 

C/B (11) = (0.60 ± 0.46)x104 +(1.04 ± 0.08)xl041l 

C/B (11) = (0.97 ± 0.44)xl0--4+(0.67 ± 0.25)x104'11 

.. 1.70 kV, 

.. 1.80 kV. 

... (3-1-3-11) 

where the T) region is restricted in 1.32 < 11 < 2.22 where there is enough longitudinal coverage. 

However, in the analysis stream, the linearity correction will be made in the last stage. 

Until then, only one constant is used as a conversion factor. The factor is chosen so that it is 

correct only for 100 Ge V. 

The linearity correction has to have the following form at the last stage, 

Ereal = B' E + C' E2. 

... (3-1-3-12) 

The relation between q and E is q = 1.25 E. Finally, the following equation was obtained in the 

form with Tl dependence, 

EREAL = 
1.01 + 0.013 11 

-4 -4 
_____ E + 0.75xl0 + l.30xl0 11 E 2, 

1.01 + 0.01311 

... (3-1-3-13) 

The above equations actually satisfy Ereal = 100 Ge V at E = I 00 Ge V. 

3.1.4 Gas Gain Monitoring 
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There are 6 tubes per each quadrant, and total 48 tubes are used to monitor the gas gain 

variation caused by the pressure, temperature and gas mixture change. The tubes of the same size 

and the same diameter of anode wires as those of the proportional counters in the calorimeter are 

used as monitor tubes as shown in Fig.3-1-4-1. The length of the monitor tube is about 10 cm 

and a Fe55 radioactive line source with the strength of 1 µ Ci is put to the surface of the monitor 

tubes that emit 5.9 keV X-rays. The pulse height distribution observed in the monitor tube is 

presented in Fig. 3-1-4-2. Tracing ability for 100 GeV electron beam events versus the output of 

the monitor tube is studied in 1984 beam test run and proved to be within 0.6 %; though the gas 

gain fluctuation itself is about 20 % in a day. The gas gain is monitored during the beam 

scanning continuously. The signal from the monitor tube goes to the LeCroy preamplifier 

TRA 1000 and is sent to the LeCroy ADC 2280 system and read out by a computer, DEC POP

I 1. Though the monitoring of the gas gain is achieved with about 1-2 % level, the absolute value 

measurement so that we can connect M-Bottom data to BO collision run data is not so good, that 

is, ± 5%. Details of the gas gain monitoring is described in reference [3-2]. 

3.2 Electromagnetic Component Identification in the Plug Region 

To identify electromagnetic signal such as electron or photon in the plug EM calorimeter, 

the following method called generalized x2 method is used. By using the electron events 

obtained in 1985 beam test run, a covariant matrix element is defined as 

... (3-2-1) 
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where N, Xi(n) and <Xp are the total number of electron events, the i-th variable for n-th 

electron events, and the average of the i-th variable for all electron events. For the k-th event 

which we want to examine, a single variable ,k is defined as 

... (3-2-2) 

where L is total number of variables, M-1 is the inverse matrix of the M, Xi(k) and <Xp are 

the i-th variable fork-th event and the average of the i-th variable for all the electron events. The 

variables used as Xj are 

Energy fraction that 1-st segment contains against total EM energy, 

El/(El+E2+E3). 

Energy fraction that 1-st segment contains against total EM energy, 

E2/(E 1 +E2+E3). 

The distributions of Rt and R2 for various different energies are presented in Fig. 3-2-1 

and 3-2-2, respectively. The mean of R1 becomes smaller as energy becomes higher, but R2 

has the opposite tendency. The correlation between R 1 and R2 for various energies are also 

presented in Fig. 3-2-3. For low energy electron the correlation is very strong. However it 

becomes weaker as incident energy becomes higher. The mean values and its o's ofR1 and R2 

are parametrized as a function of energy by using 4-th order polynomials. The results of the fit 

are presented in Fig.3-2-4, and the fit parameters are presented in Table 3-2-1. 

By using the means and cr's ofR1 and R2, the matrix element of Mis calculated from the 

Eq. 3-2-1. These values are parametrized as a function of energy by using 4-th order 

polynomials (Table 3-2-2) and are shown in Fig. 3-2-5. By using the matrix Mas a function of 
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energy, generalized x.2 values are calculated from Eq. 3-2-2 for the events of various energies, 

and are shown in Fig. 3-2-6. These distribution should be energy independent because the 

energy dependence is included in the matrix M. The probability distribution P( x.2 ,v) for x.2 is 

given by 

P(x2, V) ( 
2.. ll2(v-2) ~,.2,2 

---- XJ e , 
2v12 r(v/2) 

... (3-2-3) 

where vis the number of degree of freedom. In the case of V=2, P( x.2,v) becomes 

P(X.2, V) 1 .rx,2,2 =2e 

... (3-2-4) 

The x.2 distributions for the test beam data are fitted with a function Y=eBx. If the 

distribution of R 1 and R2 have beautiful Gaussian shape, the fitted value B should be around -

0.5. However the results are 0.74 ± 0.02 for various energy as is shown in Fig. 3-2-7. Since 

there seems no energy dependence about coefficient B, we will use 0.74 as a standard value to 

calculate electron efficiency. 

For a threshold ~O , electron efficiency is defined as 

~o 

electron efficiency = 0.74 f e -o,74-l d (x,2) • 

0 

... (3-2-5) 

For example, if we choose ,o = 4.0 the electron efficiency is 94.8 ± 0.4 %. 

Because of limited thickness of the plug EM calorimeters, it is necessary to study the ratio 

of the electron energies deposited in the electromagnetic calorimeter to the hadron calorimeter. 
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Though there are electron data from 20 GeV up to 200 GeV with the interval of 20 GeV, only 

100 GeV and 200 GeV data are with hadron calorimeter high voltage on. The parameter 

EhadlEMtot distribution is presented in figs. 3-2-8 and 3-2-9. The electron efficiency is almost 

100 % if we apply the cut of EhadlEMtot < 0.1. 

30 



CHAPTER 4 

P-P Collision Run in 1987 

In this chapter, a readout system, an online control system and a trigger system used in the 

1987 collision run are described. A trigger logic for detecting W-+ e v signals and the overview 

of an analysis stteam for these signals are also presented. 

4.1 Readout System 

In the CDF calorimeter readout stream, RABBIT (Redundant Analog Based Bus 

Information Transfer) system[ 4-1 l was used as photomultiplier output readout for central 

calorimeters and pad/wire/strip readouts for plug and forward/backward gas calorimeters. The 

RABBIT system consisted of 129 hutches mounted on the detector which handle all of the 

calorimeters, about 60,000 channels out of the 100,000 total of the CDF detector. One RABBIT 

hutch consisted of one EWE (Event Write Encoder) which contained 16 bit ADC, and one BAT 

(Before After Timing) as a control module and some charge amplifier[4-2] cards. The timing 

signal called C&S (Clear and Strobe) was supplied by external modules synchronized with the 

beam crossing. The BAT module supplied several sets of timing signals called BEFORE 0, 1 and 

AFrER 0,1,2 (Fig. 4-1-1) after receiving C&S signals. Gate switches before sample and hold 

(S&H) capacitances in amplifier cards were controlled by the BEFORE and the AFIER signals. 

The energy of a event was recognized as a voltage difference between the two S&H capacitors. 

The voltages in the S&H capacitors were transmitted through bus lines on the backplane of the 

RABBIT hutch and go into a differential amplifier in the EWE. If this value was greater than a 

threshold value, this channel was digitized by 16-bit ADC mounted on the EWE. These data 

were sent to a module called MX, in which pedestal subtraction and multiplication of constants 
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from charge injection calibration and gas gain correction were applied. These correction factors 

were normalized around 1. The data were sent to the host computer and written to a magnetic 

tape. 

4.2 Online Control System 

The control of the reading of events, detector calibrations, and haroware diagnostics was 

by a computer process called RUN_ CONTROL Subsystems of the detector were isolated into 

separate DAQ systems for calibration or diagnosis by multiple copies of RUN_ CONTROL 

executing simultaneously on one or several of the VAX processors in the CDF cluster of 

computers. 

During physics data acquisition a single RUN_ CONTROL process managed the DAQ 

hardware and the flow of data. Monitoring programs and data diagnostics as well as physics 

analysis and event selection filters accessed the data as independent "consumer processes" on 

either any VAX in the CDF cluster, or remotely via a network. For example, standard processes 

which accessed events during data acquisition were programs to identify bad electronics 

channels, to monitor trigger rates, and to accumulate luminosity information. A separate process 

C' Alarm and Limits") monitored the status of the detector. 

Between data runs, calibration processes measured pedestal offsets and gains for the 

calorimeters, and measured constants for other systems. These data were then stored in large 

data bases, where they were extracted at the start of each data run for downloading to the detector 

subsystems. Other data bases have been created for storing data on external run conditions, 

integrated luminosity, etc., which were generated both by the monitoring consumer processes 

and by the Fermilab Control System (ACNET}. 

4.3 Trigger System 
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Both electromagnetic and hadron calorimeter towers were summed into trigger towers with 

a width in pseudo-rapidity of 6.11 = 0.2 and a width in <p of 6.<p = 15°, in such a way that the 

entire calorimeter was divided into 42 (in 11) by 24 (in <p) array. The trigger outputs from the 

calorimeters were transmitted to the CDF control room via dedicated cables, and were weighted 

by sin8 to represent the transverse energy in the tower. The signals were DC levels (0-100 GeV 

in ET correspond to 0-1 volts). The voltage levels stayed on these trigger cables until a Level I 

decision was made. 1f Level 1 was not satisfied in a given crossing, a reset was automatically 

sent in time for the next beam crossing. No deadtime was introduced by events which did not 

pass Level 1. 

The Level 1 triggers required that the sum of ET for all calorimeter towers which were 

individually over a lower threshold (typically 1 GeV) be greater than a higher threshold (typically 

30-40 Ge V). The two thresholds were programmable, and four (EM and hadron; single tower 

and sum of tower) such comparisons were made in a given beam crossing. The results of these 

comparisons were combined in a trigger "look-up" table with the beam-beam counter 

coincidence, muon triggers, a stiff track trigger from a fast hardware track processor, and other 

optional signals to generate the Level 1 decision to accept or reject the event. Different patterns 

could be rate-limitted so that minimum bias events, for example, could be taken intermixed with 

jet or electron triggers. 

4.4 Trigger for the W Boson Detection 

High transverse momentum electrons were triggered by two kinds of CDF trigger set, 

electron trigger and/or jet trigger. Both triggers were made by setting a threshold value for the 

sum of transverse energies over all trigger-towers whose transverse energies are above a 

threshold; 5-12 GeV for the electron trigger and 1 GeV for the jet trigger. The trigger-tower in 

the central EM calorimeter consists of two adjacent calorimeter-towers (6.11 = 0.2, 6.q> = 15°). 

The threshold values for the sum of transverse energies were changed in the range, 7-15 GeV for 
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the electron trigger and 20-45 GeV for the jet trigger, depending on the luminosity of a data 

taking run so that the trigger rate was kept about 1 Hz. 

4.5 Offline Analysis Overview 

Raw data are stored in the detector specific D-banks, such as CEMD for the central 

electromagnetic calorimeter or CHAD for the central hadron calorimeter. Since there are 7 major 

EM and Hadron calorimeters (CEM, CHA, WHA, PEM, PHA, FEM and FHA), there are 7 

major D-banks corresponding to each calorimeter. The contents of the calorimeter D-banks are 

corrected ADC counts (amplifier gain correction or gas gain correction). In the subsequent 

analysis stream, all the D-banks are converted to the corresponding E-banks that contain energy 

of each tower or pad. Then all E-banks are merged to form one calorimeter tower bank called 

TOWE. Since the <p and 11 segmentation is a little different from detector to detector, there are 10 

tower types in the TOWE bank. The energy clustering (electron clustering and jet clustering) 

algorithm are applied for this TOWE bank. In the case of electron clustering algorithm, for 

example, the algorithm finds a seed tower which has more than 3 GeV transverse energy. 

Looking around the seed tower, if there is a tower whose transverse energy is less than that of 

the seed tower and above 0.1 GeV, then the tower is recognized as forming a single cluster 

together _with the seed tower. Details of _!he_clustering algorithm is described in chapter 5. A_\l~-

called CALS stores the information of the cluster such as vertex corrected transverse energy, 

rapidity centroid, azimuthal centroid etc. 

The track reconstruction is made for each tracking detector, and stored in a specific 

segment bank such as CTCS or VTCS. These information is merged to form a tracking segment 

bank called TRKS or TREX, in which the TOWE tower number to which a track points and 

track momentum and its directional cosine, etc., are stored. 

The quality of missing Et information is stored in METS bank. This bank contains the 

missing Et value itself and its <p position and the sum of scalar Et's. 
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CHAPTER 5 

Data Reduction for W Boson Study 

In this chapter, an analysis stream to find events which include an isolated electron with a 

large amount of missing transverse energy is described. We first describe the electron finding 

algorithm to identify electron candidates in a event. Based on the energy cluster found by the 

algorithm, we search for events which include at least one isolated electron candidate by using 

the parameters of Isolation, E/p, Number of tracks pointing at the energy cluster and HAD/EM. 

Requiring a large amount of missing transverse energy, we obtain a W ~ ev sample. By a 

Monte Carlo simulation study, we estimate a background to W ~ ev from W ~ 'CV, 1: ~ evv. 

We also estimate a background from QCD jet events from a distribution of the data itself. 

5.1 Electron Clustering Algorithm 

The electron (electromagnetic) clustering algorithm finds a seed tower whose 

electromagnetic transverse energy exceeds 3 GeV. If the transverse energy in an adjacent tower 

is lower than that for the seed tower but higher than a tower threshold transverse energy, 0.1 

GeV, then the transverse energy in the adjacent tower is summed up to a cluster transverse 

energy. This process continues until no towers become satisfying these conditions. Since the 

lateral size of the electromagnetic shower is studied well in a test beam, the size of a cluster can 

be limited in a certain size. For the central EM calorimeter, the tower which is to be merged 

should be the next to the seed tower (seed± 1) in the Tl direction. The number of towers in the <p 

direction is limited just 1 (seed tower itself). Because there is inactive area between the wedges 

caused by the wave length shifter bar, and it is possible to ignore the lateral shower leakage. 
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Thus the number of towers in a cluster is limited to within 3 (Fig. 5-1-1) in the central EM 

calorimeter. For the endplug and forward calorimeter, the cluster size is limited to 5 by 5. 

5.2 Missing Transverse Energy 

The quality of missing transverse energy of an event is defined as minus of the vector sum 

of the transverse energy over all EM and hadron cells of the calorimeter 

~ss=-L Et ' 
all towers 

. .. (5-2-1) 

corrected for the position of the vertex along the beam direction; excluding the six rapidity rings 

of the forward calorimeters closest to the beam (2° < 8 < 3° and 177° < 8 < 178° or 11 > 3.6) 

which do not have complete azimuthal coverage due to the intrusion of the low-beta quadrupoles. 

Because of the neutron problem of the gas calorimeters in 1987 collision run (see appendix D), 

any cluster with less than 5 % electromagnetic energy is regarded as background. A study of a 

sample of jet triggers shows that 0.03 ± 0.03 % of real clusters would be eliminated by the 

above cut. There are some off set for the missing Et distribution, therefore off set corrections that 

was detennined from the minimum bias events are applied. 

5.3 Data Reduction 

During the period of data taking run, approximately 4.8 x to5 events were recorded on 

tapes for the runs which include electron triggers and jet triggers. These amount of data 

correspond to an integrated luminosity of fr.at = 32.4 nb-1. After having eliminated runs with 

detector problems or recording problems, we obtained 4.1 x Io5 events corresponding to 27.4 

nb-1. 
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The data is reduced by selecting events with electromagnetic clusters which a ratio of 

hadronic to electromagnetic energy less than 0.1. In addition for clusters with no associated 

charged tracks, the criterion that a transverse energy should be greater than 15 GeV are required. 

Approximately 5.9 x 104 events which passed the above requirement are recorded on the 134 

DST's (Data Summary Tapes). Overall analysis stream is presented in Fig. 5-3-1. The number 

of events are reduced to 3.4 x 1o4 events by requirement of a single track association. In order to 

enhance electrons from W against backgrounds, we examined several quantities for the data on 

134 DST's and Monte Carlo events simulated by the ISAJET 5.2[5-1) together with the CDF 

detector simulation programs. The quantities examined are 

(a) Isolation, the ratio of total transverse energy inside a cone of R < 0. 7 excluding the 

considering cluster to the cluster itself 

Et (R<0.7) - Et (electron) 

Et (electron) 

... (5-3-1) 

where R is the distance in the Tl and <p plane from the centroid of a EM cluster to the 

center of each tower 

... (5-3-2) 

(b) HAD/EM, the ratio of hadronic energy to electromagnetic energy, 

(c) Et, the transverse energy of electromagnetic cluster, 

(d) E/p, the ratio of the transverse energy measured by the calorimeters to the transverse 

momentum measured by the central tracking chamber. 

In the analysis stream for W boson study, a track reconstruction is required for only the 

tracks within ±15° in q> about the electromagnetic cluster. The minimum transverse momentum to 

be reconstructed is 2 GeV. 
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The distributions of these quantities are shown in Figs. 5-3-2 (a)-(d), where solid lines 

represent experimental data in 134 DST's, and dashed lines show Monte Carlo results. The 

simulated events show electrons from W bosons and the experimental data are mostly QCD jet 

events. 

As shown in Fig. 5-3-2(a), the simulated electrons from W bosons are well isolated, while 

most of QCD events are not. The isolation I is a good parameter to separate W ~ ev events from 

QCD background events, providing a high efficiency for W ~ ev events and a large rejection 

power for QCD events. From the test beam data, the electron efficiency is greater than 95% at 

HAD/EM=0.05. This result is incorporated in the simulation program. (Fig. 5-3-2(b)). The 

distribution of transverse energies of electrons from W bosons forms a Jacobian peak at half of 

the W mass, while the QCD background decreases exponentially (Fig. 5-3-2(c)). Fig. 5-3-2(d) 

shows that the QCD backgrounds as well as electrons have a peak at E/p = 1.0, though the 

former has much broader distribution. 

The distributions of the missing transverse energy divided by the square root of the sum of 

scalar Et's for the data in 134 DST's are presented in Figs. 5-3-3 (a) for x component and (b) for 

y component. From the figures, the missing transverse energy resolution is given by 

... (5-3-3) 

The above value is compared with the results of Monte Carlo two-jet simulations in which both 

jets have at least 20 GeV or 40 GeV transverse energy. These are presented in Figs. 5-3-4 (a) 

and (b) (each jet Et> 20 GeV) and in Figs. 5-3-5 (a) and (b) (each jet Et> 40 GeV). The widths 

of x component and y component of the quality of missing transverse energy divided by the 

square root of the sum of scalar Et's are 0.57 ± 0.01 for two-jet events with Et> 20 GeV and 

0.59 ± 0.01 for Et> 40 GeV. These are in good agreement with the result (0.60 ± 0.01) for the 

data in 134 DST's. 
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Two sets of cuts, loose and tight cuts, are applied to the data in the 134 DST's to select 

events which include at least one electron candidate. These cuts are shown in Table 5-3-1 for 

both the central and plug regions. The tight cut positions are shown by arrows in Figs.5-3-2 (a)

(d). 

The loose cuts reduced the number of events to 1560; among which 305 events are in the 

central region and 1255 in the endplug region. These events were recorded on 3 mini-DST's for 

the analysis of the W signals and their backgrounds. In this thesis only events in the central 

region will be discussed. 

5.4 W ~ ev sample 

Applying the tight cuts to the 305 events, we have obtained 53 events in the central region. 

So far we have not used one of the most powerful signatures for the W ~ ev decay, a quality of 

missing transverse energy. It is convenient to define a quantity 

x= 
Etmiss • Etmiss 

I.Et 

... (5-4-1) 

where Et miss is the quality of missing transverse energy and l:Et is the sum of scalar Et's over 

all towers. A distribution of the X for the events passing the tight cuts (53 events) is shown in 

Fig. 5-4-1. The data for X less than 5 Ge V is well fitted by a straight line in the semilog plot. The 

result of the fit is 

f(X) = exp(a+bX) , a= 2.27 ± 0.21, 

b = -0.63 ± 0.12. 
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... (5-4-2) 

This fit is used to estimate the QCD backgrounds to the W ~ ev events later. However, the 

slope is not so steep compared with the value expressed in Eq 5-3-3, that is, the slope from QCD 

jets should be 1/(2•0.60•0.60) = 1.4. A cut X > 5 GeV is added to the tight cuts and we call it W 

cuts (Table 5-4-1 ). 

The number of events which satisfy the W cuts is 22 and we call it a W sample. Figs. 5-4-

2 shows the distribution of the parameters I, HAD/EM, Et, E/P for these 22 events. The 

distributions of the data are in good agreement with the results of the Monte Carlo simulations 

except for the energy-momentum matching, E/p (Fig. 5-4-2(d)). The energy was already 

corrected by a response map of the central calorimeters which was created from test beam data. 

The error in E/p is evaluated from the energy resolution of the central EM calorimeters, 0.14/..JE 

(E in Ge V), and the momentum resolution of the central tracking chamber, 0.003•Pt (Pt in Ge V). 

Fig. 5-4-2 (d) shows that the momentum of electrons measured by the central tracking chamber 

is lower than the value determined by calorimetry. In Figs. 5-4-3 (a) and (b) are shown the 

difference of the positions measured by the central tracking chamber and by the strip chamber 

imbedded in the central EM calorimeter. 

5.5 Background Estimation 

Background contamination in the W sample (22 events) were estimated from the real data 

and the Monte Carlo simulations. The event sample (210 events), which passed the loose cuts 

with additional requirement of HAD/EM less than 0.05, was used to estimate QCD jet 

background contamination in the W sample. Fig. 5-5-1 shows a scatter plot of the isolation 

parameter I versus the missing Et significance x for these events. The distribution shows a clear 

separation of W candidates from the background. The W candidates are populated in higher x 
and lower I, while the background is located in lower X and higher I . 

A scatter plot of the elecb'on transverse energy versus the missing transverse energy is also 

shown in Fig. 5-5-2. There is a strong correlation between the transverse energies and the 
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missing transverse energies of these events. Event display for the 22 events are shown in Figs. 

5-5-3 (1) to 5-5-3 (22). 

The background from two-jet events with one jet faking an electron and with the energy of 

other jet badly mismeasured is estimated by the same method as used in UAtl5-2J. Extrapolating 

the straight line in Fig. 5-4-1 from the region of X < 5 GeV to the region X > 5 GeV, we 

estimated the contamination from QCD jets as 0. 7 ± 0.5 events. The Monte Carlo W ""' ev 

events are superimposed in the figure. In order to confirm this calculation, visual scans of the 22 

events were made using the CDF event display program. After careful inspection, especially for 

the existence of additional high Pt tracks and lateral shower shapes in the strip chamber, we 

found one Z ""' e+e- and one QCD jet event. The event that is identified as zO ""' e+e- (Run 

7700, Event 6524, Fig. 5-5-3(20)) has two high Pt tracks (44.61 GeV/c and 36.44 GeV/c), but 

one track points at the tower 9 of the central EM calorimeter which does not have enough 

longitudinal coverage causing a high missing transverse energy. The event that is identified as 

QCD jet has multiple peaks in the lateral shower shape in the strip chamber, and is regarded as an 

overlap of x+ and 3-4 1t0's. The remaining 20 events are consistent with W ""' ev, (11 w+·s and 

9 w-'s). Both estimations for QCD backgrounds are consistent with each other. An event list 

for all the 53 events passing the tight cuts are shown in Table 5-5-1. The two events found in the 

visual scans are indicated in Fig. 5-5-2. 

The background from W ""' 'CV, 't ""' evv is estimated as 1.4 ± 0.4 events using ISAJET 

5.20. In Fig. 5-4-l(b) the contribution of the W ""''CV, 'C ""'ew is plotted as an upper curve, 

which is the sum of W ""'ev and W ""''tV, followed by the 'C ""'ew decay. Most of the 't 

background events have lower electron transverse energy and missing transverse energy in 

comparison with W ""' e v decays. 

The backgrounds estimated in this section are summarized in Table 5-5-2. Subtracting 0.7 

± 0.5 QCD jet evnets, 1.4 ± 0.4 't background and one zO ""' e+e- from the 22 W candidates, we 

obtained 18.9 ± 4.7 W ""'ev events. 
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CHAPTER 6 

Results and Discussion 

We have obtained 22 events of the W sample and we have estimated backgrounds of 3.1 ± 

0.6 events in the previous chapter. In this chapter, we evaluate the production cross section of W 

times its branching to ev mode a•B(W""'ev). An overall efficiency accepting W""' ev events are 

estimated from Monte Carlo simulation studies and visual inspections by using the CDF event 

display program with color graphic terminals. The result is compared with the theoretically 

predicted values. 

6.1 W Boson Production Cross Section 

The production cross section for w± bosons in the process of p p ""' W ± + X followed 

by the decay W ""' ev is evaluated from 

... (6-1-1) 

where NW is the measured number of W ""' ev decays after background subtraction, J L dt is the 

integrated luminosity and E is the overall efficiency for detecting W ""' ev events. As described in 

the previous chapter, we have 18.9 ± 4.7 W ""'ev events after subtracting background 

contributions in the central region. The corresponding integrated luminosity is estimated to be 

27.4 ± 4.1 nb- 1, where the error is a 15 % uncertainty in the BBC cross section. The details in 

estimating J L dt are described in Appendix C. 
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The overall efficiency e can be divided into four factors, a track reconstruction efficiency 

in the central tracking chamber Etrack, a cut efficiency except the track reconstruction efficiency 

Ecut, a geometrical acceptance Egeomet and a trigger efficiency £trigger 

E = Ecut • £track • Egeomet • £trigger • 

... (6-1-2) 

The Ecut includes the efficiencies applying the cuts of HAD/EM, Isolation and Et of electron. To 

estimate the efficiencies, we used the ISAJET Monte Carlo program VS.20 again in conjunction 

with a full simulation of the CDF detector V4.3. The Ecut and Egeomet are estimated by using 

2,000 simulated events. The Ecut is estimated to be 0.83 ± 0.01 (sta) where the error is statistical 

due to the limited number of the simulated events. The Egeomet is estimated to be 0.50 ± 0.01 

(sta) ± 0.05 (sys) where the first error is statistical and the second error is systematic due to the 

uncertainty in estimating it by using different sets of structure functions. The trigger efficiency 

£trigger is estimated by using 800 simulated events and found to be 0.99 +0.01-0.05 {sta) where the 

error is statistical. However for the track reconstruction efficiency Etrack, we have not used the 

value estimated from the simulated events because we have found the £track is a little 

overestimated from a visual inspection. From the Monte Carlo simulation study, the track 

reconstruction efficiency Etrack is estimated to be 0.90 ± 0.01. However from the visual 

inspection for an event sample which satisfies the W cuts except E/p < 1.8 and Ntrack = 1, we 

found additional 5 events in which the track finding algorithm failed to reconstruct the transverse 

momentum of the electron correctly. If we assume the track reconstruction efficiency from visual 

inspection is 100 %, we can replace the track reconstruction efficiency of 0.90 ± 0.01 with 0.81 

± 0.07 (sta), that is, 22/(22+5). We thus estimate the overall efficiency E to be 

e = (0.83±0.01(sta))•(0.81±0.07(sta))•(0.50±0.01 (sta)±O.OS{sys))•(0.99+0.0t _o.os(sta)) 

= 0.33 ± 0.03 (sta) ± 0.03 (sys). 

. .. (6-1-3) 
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The cross section at Vs= 1.8 TeV is then calculated to be 

cr•B(W4eV) = (18.9 ± 4.7)/((27.4 ± 4.1)(0.33 ± 0.03 ± 0.03)) 

= 2.1 ± 0.6 (sta) ± 0.4 (sys) nb, 

... (6-1-4) 

where the first error includes the statistical error due to the number of events measured and the 

uncertainty in the track reconstruction efficiency, and the second error includes the systematic 

error due to the uncertainty of BBC cross section and the uncertainty in the geometrical 

acceptance Egeomet by using different sets of structure functions. 

The cross section is in agreement with the theoretical expectation of =1.6 nb which is 

interpolated to Vs= 1.8 TeV from the results of Altarelli et al. (1-3] at Vs= 1.6 and 2.0 TeV or 

1.8 nb from the estimation of Eichtenl6-1]. In both estimations, the branching ratio B{W4eV) is 

assumed to be 0.089[1-3] corresponding to Mt= 40 GeV. The theoretical prediction curve of 

Altarelli et al.l 1-3] for the total production cross section for W partic1es are presented in Fig. 6-1-

1 with obtained values at CDF, UAl (..Js = 630 GeV)[6-2] and UA2 (Vs= 630 GeV)[6-3] 

cr•B(W~e v) = 0.63 ± 0.04 ± 0.10 nb .. (UAl) 

cr•B(W4e v) = 0.53 ± 0.06 ± 0.05 nb .. (UA2). 

... (6-1-5) 

All these results are in good agreement with the theoretically predicted values. 

6.2 Transverse Mass Distribution of the W boson 

We examined a transverse mass distribution of the 22 W candidates. The transverse mass 

is defined by the equation 

44 



... (6-2-1) 

where Ete is the transverse energy of electron, Et miss is the missing transverse energy, and 

6q,ev is the difference in azimuth between the momentum vectors of electron and neutrino; the q, 

of neutrino is assumed to be the q> of the missing Et vector. The transverse mass distribution of 

the W candidates is plotted in Fig. 6-2-1 together with the Monte Carlo events. The data is in 

agreement with the expectation from a Monte Carlo simulation in which the W mass is assumed 

to be 83.4 GeV. 
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CHAPTER 7 

Conclusion 

The data corresponding to 27.4 nb· l have been analyzed. By applying the cuts to select 

events which include a high Pt isolated electron and a large amount of missing transverse energy, 

we have obtained 22 W -4 ev candidates. The several distributions of the W candidates are in 

good agreement with the Monte Carlo simulation. Background estimations are made by the 

Monte Carlo simulation and the visual inspection using the CDF event display program. We have 

found 0. 7 ± 0.5 events of QCD jets, 1 event of zO -+ e+e· and 1.4 ± 0.4 events of W-+tv, 

followed by 't->ew. Subtraction of background from the 22 W candidates yields 18.9 ± 4.7 W 

-+ ev events. The overall efficiency detecting the W bosons in the 11 range -1. 1 < 11 < 1.1 is 

estimated to be 0.33 ± 0.03 (sta) ± 0.03 (sys) by the Monte Carlo simulation and the visual 

inspection. Subtracting the backgrounds and correcting for the efficiency, we have obtained 

a•B(W-+ev) = 2.1 ± 0.6 (sta) ± 0.4 (sys) nb, where the first error includes statistical and the 

uncertainty in the track reconstruction and the second error includes systematic due to the 

uncertainty in the luminosity measurement and the uncertainty in the estimation of the geometrical 

acceptance by using different sets of structure functions. The result is in good-agreement with the 

theoretically predicted values based on the Drell-Yan mechanism including higher order QCD 

corrections. 
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Appendix · B The Weinberg-Salam Standard Model 

In the Weinberg - Salam standard model, The full Lagrangian is given by[6-1] 

L = ~ [ if 'f ca - i g -t« ( l - 'Ys ) w _ i £ ( l - 'Ys ) y . g ' I + 'Y 
£.J µ 2 2 µa 2 2 LBµ-•2(--y2-)YRBµ)f] 

(cu,d,v,c 

- -4
1 L ca w - a w + g e w w / µ va v µa abc µb vc 

a 

-L rr7LfRii> + h.c. 
f = u,d,v,c 

where the covariant derivative is expressed as 

B 
D = a - i g -ti W - i g' -1!. 

µ µ 2 µa 2 

... B-1 

... B-2 

According to the local gauge invariance, the Lagrangian for the coupling of the gauge bosons to the 

Higgs scalers is 

[( aµ - i ½ g wµ t - i ½ g' I B µ) <l>] • [ ... ] t - V ( 4>+ <I> ) 

... B-3 

and the potential is 

Transfonning the Bµ and wµ3 as 

Bµ = cos8w Aµ + sin8w Zµ 

W µ3 = sin8w Aµ - cos8w Zµ 

... B-4 

... B-5 



and picking up the terms involving Bµ and W µ3 from the equation B-3 

[ 
g 3 g' ] 

- i 2 w J;t3 + 21B 11 ~ 

=- i[ A• (gsin8w½•, + g' cosew½I) + Z• ( g' sin8w½J-gcos8,.½"<, >] ~ 
... B-6 

where 8w is the Weinberg angle. It is possible to choose the vacuum expectation value for complex 

scaler fields as follows 

<1>=4> -=[ : ] VIC -

.fi 
... B-7 

andif 

gsin8w = g'cos8w (or tan8w "" g'/g), 

... B-8 

= g2v2[w+wJ.L++--\-z zµ] 
4 µ 2cos 8 µ · 

w 

... B-9 

where 

vi ""_l_(Wl + iW2) J.L.fi. µ µ 

... B-10 

are the fields of the charged vector bosons. Thus for the charged boson W µ +, the mass is given by 

~=g; 

... B-11 

and for the neutral boson Zµ the mass is 

gv ~ M=--=--z 
2 cos8 w cos8w 

... B-12 

From the connection to the low-energy phenomenology via 

Op g2 
.fie sM!, 

... B-13 

and the relation 

g sinew"" e' 

••• B-14 

the W mass is expressed as 

[ 
gg ]

2 

~ = .fi. op sin2
8w 

37.3 0 y1 2 ,.. __ e ,c. 
sin 8w 

... B-15 



Appendix C Luminosity determination in CDF[C-l] 

The integrated luminosity is calculated as the number of BBC E•W coincidences divided by 

the part of the Pbar-P total cross section seen by the BBC. The average luminosity is just this 

number divided by the live time. The BBC cross section can be measured in the standard fashion 

outlined in the run plan by simultaneously measuring the BBC rc1te and the total Pbat-P cross 

section using the Forward Silicon. Unfortunately, it is not done successfully during the past run, 

so it is necessary to estimate the cross section only by using the information from BBC. 

In order to estimate the BBC cross section, the total cross section must be broken up into its 

various components, elastic, diffractive and hard core (inelastic minus single and double 

diffractive), and the BBC acceptance for each determined. The acceptance used here are those 

determined from the simulation using a Monte Carlo simulation program developed in the 

Rockefeller University. 

To estimate the total cross section at "./s = 1800 GeV, the predictions from the recent literature 

have been used. These predictions span a range of only 74 mb to 80 mb where both extremes come 

from a paper by Block and Cahn[C-21. The smaller value is arrived at by extrapolating from lower 

energy data and assuming that the cross section is asymptotically constant at very high energies by 

locally proportional to log2s, while the larger value results from assuming the cross section to 

continue to evolve proportionally to log2s. Taking the mean of these two values the total cross 

section is estimated to be 

O'tot = (77 ± 6) mb 

... (C-1) 

where the error is chosen simply to allow the value to comfortably span the entire range of the 

predictions. 

Next the elastic cross section is assumed to be as follows. UA4 has measured[C-3) the ratio 

Ge1lO10t at a center of mass energy of 546 GeV. They find Ge1lotot = 0.215 ± 0.005. Taking the 

ratio ofUA5 elastic and total cross sections, a value 0.194 at 200 GeV and 0.230 at 900 GeV are 

assumed. Another prediction is given by Goulianos[C-4) for "./s = 1800 GeV to be O'el/O'tot = 

0.229. This gives 

Gel= (17.6 ± 1.6) mb 

... (C-2) 

where the error results from the uncertainty in the total cross section above, and the uncertainty in 

the ratio. 

Given the above values for O'tot and Gel• the inelastic cross section is given by 

Gin = O'tot - Gel = (59.4 ± 4. 7) mb 

... (C-3) 

The inelastic cross section itself breaks up into three components, hard core, s
0

, and single 

and double diffractive, Ssd and sdd respectively. UA5 has measured[C-5] the single diffractive 

cross section to be (7.8 ± 1.2) mb at 900 GeV. In CDP convention, this value should be multiplied 

by 2. From the analysis of BBC scalers by Giokaris and GoulianosCC-6], the single diffractive 

cross section is given by 

O'sd = (15.0 ± 5.0) mb 

... (C-4) 

and the double diffractive cross section is given by 

odd= (4.2 ± 1.0) mb 

... (C-5) 

where the error is assumed to be a conservative 25 %. 

Using these values, s0 is expressed as 

Oo = O'in - O'sd - odd = (40.2 ± 6.9) mb 



... (C-6) 

and, finally, using the Rockefeller Monte Carlo acceptances for the BBC we get 

(JBBC = 0.134 Gsd + 0.618 add+ 0.924 Go. 

..• (C-7) 

The integrated luminosity is calculated as 

J L dt = Number of events observed at BBC . 

CJBBC 

... (C-8) 

Appendix D Neutron Problem of the Gas Calorimeters 

During the collision run especially in forward hadron calorimeter, many trigger events were 

observed than expected from the luminosity. These are now thought as events caused by slow 

neutron produced in the beam pipe or somewhere and comes into the gas calorimeters and it knocks 

out the proton through the following process; 

n + p -> n + slow p (order 1 MeV), 

and it would deposit of order 1/3 MeV energy in a gas per centimeter. For CDF gas calorimeters, 

the effect of that neutron is estimated as follows, 

PEM PHA FEM FHA CEM CHA 

#of layers 34 20 28 13 30 30 

Equiv.µ "energy" (MeV) 250? 3,000? 250? 4,000? 300 2,200 

Min. Ioni. / layer (Me V) 7.4 150 8.9 308 10 73 

Sensing material Gas Gas Gas Gas Scinti Scinti 

Sensing material thickness 7 10 7? 10 s 10 

(mm) 

Energy loss of MIP (KeV) 2.7 3.8 2.7 3.8 1,005 2,010 

in a layer* 

"Energy" from 1/3 MeV 0.91 13.1 1.10 27.0 0.003 0.012 

proton (Ge V) 

* 3.8 Ke V / cm is assumed for the gas of Ar : ethane = 50 : 50. 



Appendix E Electromagnetic shower simulation in CDFSIM[E-l] 

The electromagnetic shower simulation in CDFSIM is based on the results of a beam test 

study earned out in 1984 by using the CDF endplug electromagnetic calorimeter. The structure of 

the endplug electromagnetic calorimeter is described in chapter 2. The calorimeter consists of 34 

pairs of a proportional chamber and a lead sheet, and it enables us to study event by event shower 

profiles. The calorimeter was exposed to positron and positive pion beams whose energies were 

from 10 GeV to 200 GeV. Pad signals of a 30 degree sector and 34 anode signals of the 

proportionalchambers. were readout._ 

The longitudinal shower profile is fitted with the well-known function y=A•t<l•exp(-Pt), 

where t is in radiation length. A scatter plot of event by event a and (3 is shown in Fig. E-1. As 

shown in Fig. E-1, these two parameters seem to have strong positive correlation each other. The 

correlation factor Cap, which is defined by 

<ctP> 

... (E-1) 

was about 0.8 over all incident energy. Since event by event shower maximum is given by a/(3, the 

positive correlation means that the shower maximum does not move so much but the width of the 

longitudinal shower profile varies event by event for incident particles with a constant energy. 

The energy deposit of the k-th event to the i-th longitudinal segment of a calorimeter, Eik is 

given by the following formula 

E.k = J yk(t) dt + R•rk•JJ yk(t) dt 
I ~i 6i 

... (E-2) 

where Yk(t) is a shower profile fork-th event whose integration is normalized to the incident 

energy, ~i is an integration region of the i-th segment, rk is a random number which follows 

Gaussian distribution with CJ=l, µ=I and Risa detector dependent over all resolution parameter. 

When the energy deposit in the segment is small, Poisson like distributions are used as the 

fluctuation in the second term instead of Gaussian distribution. Correlation between energy 

deposits in segments causes the fluctuation of the first term. If the leakage behind the calorimeter is 

small enough, the energy resolution have nothing to do with the profile, but it is determined by R 

as a/E=R/VE. Choosing the resolution parameter R for each calorimeter, we can use common 

shower profile for all detectors. 

The event by event shower profile Yk(t) is essentially determined by two parameters ak and 

(3k. Both parameters can be decomposed to fixed terms and fluctuating terms. 

(lk = <Ct> + 6(lk 

Ilk = <13> + 6 1lk 

... (E-3) 

The mean value of the Gaussian fit mentioned above can be regarded as these fixed term <a> and 

<P>. Distributions of these fluctuating term should be consistent with test beam results and they 

should satisfy the correlation between a and (3. In order to generate such pair of random numbers, 

the following procedure is earned out. 

I. Oa, 013 and Cap are calculated as a function of incident energy. 

2. A 2 x 2 symmetric matrix M whose elements are oa2 op2 and Ccxpcraap is made . 

3. 

4. 

M = [~ Capcra O'p] 

cap(J'a(J'p ~ 

Two eigenvalues and an unitary matrix are obtained by disgonalizing this matrix M. 

[
i o] 

D= 
1 

=UtMU 
0 i 2 

Two independent random numbers are extracted from two Gaussian type 

distributions whose sigmas are equal to the square roots of the eigen values. 



5. Transforming these two independent ramdom numbers by the unitary matrix, the 

correlated pair Aak, A Pk is obtained. 

For transverse profile of an EM shower, two components of Gaussian functions which have 

three parameters S 1, S2 and A 1 are used. 

where 

2 2 
r r 

P(r) = A •N •exp(--)+ ~·N •exp(--) 
1 1 l•S2 2 2•52 

r 

S1 

S2 

N1 

N2 

A1 

A2 

1 2 

distance from shower center, 

narrow component of EM shower (cm), 

wide component of EM shower (cm), 

... (E-4) 

normalization factor for narrow component which is a function of s1, 

normalization factor for wide component which is a function of S2, 

relative intensity for narrow component, 

relative intensity for wide component = 1 - A 1 · 

The narrow component may come from the hard part of the shower secondaries with high energy, 

and the wide one the soft part of the shower secondaries with lower energy. The depth dependence 

of S 1 and S2 are assumed to be 

S = (a+b•Xo) Xeq / Ee, 

... (E-5) 

where Xo, Xeq and Ee are 

Xo distance in radiation length, 

equivalent radiation length of the calorimeter, 

critical energy of the material in MeV. 

Both parameters a and b are estimated from test beam analysis results as 

0.0 

8.19 

0.389 

0.0 

The above list shows only parameter S 1 depends on the depth. In parameter A 1, we assumed 

constant value 0.6. 

Fig. E-2 shows j-crack response in CDFSIM program (A 1 = 0.6) compared with the test 

beam result The same type of response for A1 = 0.76 is given in Fig. E-3. Both case are in good 

agreement with the test beam results . 
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Central electromagnetic calorimeter summary. 
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Material thickness of the plug EM calorimeter. 

The types and numbers of signals of the plug EM calorimeter. 

Longitudinal layer configuration of the plug EM calorimeter. 

Mechanical parameters of the plug EM calorimeter. 

Performance of the plug EM calorimeter. 

Table 3-1-2-1 Source capacitance distribution of a part of the plug EM calorimeter 

2 ndsegment. 

Table 3-1-2-2 Source capacitance distribution of a part of the plug EM calorimeter 

1st segment. 

Table 3-1-2-3 Source capacitance distribution of a part of the plug EM calorimeter 

3rd segment 

Table 3-2-1 

Table 3-2-2 

Coefficients of 4--th order polynomials for R 1 mean and its sigma, R2 

mean and its sigma as a function of energy. 

Coefficients of 4--th order polynomials for the matrix element of M as a 
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Table 5-3-1 

TableS-4-1 

Table 5-5-1 

function of energy. 

Cuts for electron identification. Both the loose one and the tight one for the 

centtal region and the plug region are presented. 

Cuts for W identification (W cuts) for the central region. This is the same as 

the central tight cuts plus x = Etmiss.Eimiss,IEt > 5 GeV. 

A list of the events which pass the central tight cuts (53 events). There are 

22 events of W candidates in the upper part of the list 

Table 5.;5;;.2---w sample and estimated backgrounds.-
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Fig. 1-1-1 

Fig. 1-1-2 

Fig. 1-1-3 

Fig. 1-2-1 

Fig. 1-2-2 

Fig. 1-2-3 

Fig. 1-2-4 

Fig. 1-2-5 

Figure Captions 

A perspective view of the CDP detector showing the central detector and the 

forward and backward detectors. 

A cut-away view through the forward half of CDP. The detector is 

forward-backward symmetric about the interaction point 

Hadron calorimeter towers in one of eight identical T)-q> quadrants 

(~q> :a: 90°,1'1 > 0).The heavy lines indicate module oicliamber boundaries. -

The EM calorimeters have complete q,-coverage out to 11 = 4.2. 

The Feynman diagrams for the W production up to and including terms of 

order <Xs in proton-antiproton collisions. 

The up quark distribution, xu(x,Q2), of Duke and Owens parametrzation 

(1984) with A :a: 200 MeV as a function ofx for various Q2. The solid, 

dashed, dot-dashed and dense dotted lines correspond to Q2 = 102, 103, 

104 and to5 Gev2, respectively. 

The down quark distribution, xd(x,Q2), of Duke and Owens 

parametrization ( 1984) with A = 200 Me V as a function of x for various Q2. 

The solid, dashed, dot-dashed and dense dotted lines correspond to Q2 = 

102• 103, 104 and 1o5 oev2 , respectively. 

The gluon distribution, xG(x,Q2), of Duke and Owens parametrization 

(1984) with A= 200 MeV as a function of x for various Q2. The solid, 

dashed, dot-dashed and dense dotted lines correspond to Q2 = 102, 

1o3, 1o4 and to5 Gev2, respectively. 

The strange quark (sea) distribution, xss(x,Q2), of Duke and Owens 

parametrization (1984) with A= 200 MeV as a function of x for various Q2. 

The solid, dashed, dot-dashed and dense dotted lines correspond to Q2 = 
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Fig. 2-1-1 

Fig. 2-2-1 

Fig. 2-3-1 

Fig. 2-S-1 

Fig. 2-5-2-1 

102, 103, 1<>4 and 1oS GeV2 , respectively. 

A beam's eye view of one of the beam-beam counter planes. 

Two of the eight Vertex Time Projection Chamber (VIPC) modules. 

An endplate of the Central Tracking Chamber (CTC) showing the 

arrangement of the blocks which hold the 84 layers of sense wires. 

Schematic of a wedge module of the CDF central calorimeter showing 

the coordinate system used for the response map. 

Reproducibility of the calibration procedure for four wedges. The arrow 

indicates the expected shift of+ 0.22 % in the beam / source ratio due to 

the 30 year half-life of 137cs. Therms error is 0.6 %. 

Fig. 2-5-2-2 (a) Reference points used for the response map. 

Fig. 2-5-2-2 (b) Tower coordinate system used for response map. 

Fig. 2-5-2-3 Typical raw data of response map with 50 GeV electrons. 

Fig. 2-5-2-4 Typical three dimensional representation of the response function. 

Fig. 2-6-1 

Fig. 2-6-2 

Fig. 2-6-3 

Fig. 2-6-4 

Fig. 2-6-5 

Fig. 2-6-6 

Fig. 2-7-1 

Fig. 2-8-1 

Isometric view of a quadrant showing the projective pad tower structure 

and the longitudinal layers. 

Exploded view of a layer of the proportional tube array, the p.c. board 

with pad patterns, and the p.c. board for ground plane. 

Patterns of the outer pick-up electrodes, pad. 

Patterns of the outer pick-up electrodes, 8-strip. 

Patterns of the outer pick-up electrodes, q>-strip. 

Plastic anode wire support. 

The pad geometry of a chamber of a forward electromagnetic calorimeter 

at layer 10. 

A central hadron calorimeter module. A light guide is sketched: scintillators 

in successive layers are read from opposite 8-sides. For each tower light 

Fig. 2-8-2 

Chapter 3 

is collected by two symmetrical positioned guides. 

A endwall calorimeter module. Module side faces are equipped with steel 

tubes positioned on the center lines of the towers and used for insertion of 

linear -y sources. The movable point source is also schematically drawn: 

the source, moving inside a steel tube, traverses all the towers at a fixed 

longitudinal depth along scintillator centerlines. 

Fig. 3-1-1-1 A circuit diagram of a charge amplifier for pad readout 

Fig. 3-1-1-2 A circuit diagram of a calibration circuit of an charge amplifier card. It is 

common for 24 channels. 

Fig. 3-1-2-1 Source capacitance distribution along 11 direction. The solid line represents 

the distribution for the 2 nd segment, the dashed line for the 1 st segment 

and the dot-dashed line represents the 3 rd segment. 

Fig. 3-1-3-1 Longitudinal shower profile of various energy of electron beam. 

Fig. 3-1-3-2 Parameters of empirical shower function y=A•ea•exp(-f3t) as a function 

of incident energy at 1.8 kV. The upper curve is for a, and lower curve 

is for (3. 

Fig. 3-1-3-3 The ratio a/(3 at 1.8 kV. This quantity represents shower maximum 

position. 

Fig. 3-1-3-4 Expected longitudinal shower leakage into the plug hadron calorimeter at 

various angles, ie. 15°, 20°, 25°, 30° and 35° as a function of energy. 

Fig. 3-1-3-5 Expected longitudinal shower leakage lost at front iron plate at various 

angles, ie. 15°, 20°, 25°, 30° and 3S0 as a function of energy. 

Fig. 3-1-3-6 High voltage dependence of the shower parameters a, f3 and a/(3. Those 

Fig. 3-1-3·7 

parameters have a slight high voltage dependence because of gas gain 

saturation of a shower. 

Response of each layer normalized to the response at 1.65 kV. The ratio 



are further nonnalized for their absolute values using the ratios at the last 

eight layers. 

Fig. 3-1-3-8 Pulse height as a function of operational high voltages for 100 GeV electron 

for anode signal and pad signal. 

Fig. 3-1-3-9 Energy resolution measured in pad at 1.8 kV. 

Fig. 3-1-3-10 Energy resolution for 100 GeV electron as a function of operational high 

voltages measured in pad. 

Fig. 3-1-3-11 Energy dependence of calorimeter response at 1.8 kV for anode 

signal. The curve is fitted with a function y:::;:B•E+C•E2. The upper 

-left-curve is a linearity curve at 8 ... 15° .- and the upper right curve 

is a deviation from the linear line y=B•E. The lower left curve is a 

linearity curve at 8 = 24.9°, and lower right curve is a deviation from 

the linear line Y""B•E. 

Fig. 3-1-3-12 Energy dependence of calorimeter response at 1.8 kV for anode 

signal. The curve is fitted with a function Y""B•E+C•E2• The upper 

left curve is a linearity curve at 8 ::: 21.0°, and the upper right curve 

is a deviation from the linear line y:::B•E. The lower left curve is a 

linearity curve at 8 = 29. 7°, and lower right curve is a deviation from 

the linear line y=B•E. 

Fig. 3-1-3-13 Energy dependence of calorimeter response at 1.8 kV for pad 

signal. The curve is fitted with a function y=B•E+C•E2. The upper 

left curve is a linearity curve at 8 ;;::: 15.0°, and the upper right curve 

is a deviation from the linear line y=B•E. The lower left curve is a 

linearity curve at 8 = 24.9°, and lower right curve is a deviation from 

the linear line y=B• E. 

Fig. 3-1-3-14 Energy dependence of calorimeter response at 1.8 kV for pad 

signal. The curve is fitted with a function y:::::B•E+C•E2. The upper 

left curve is a linearity curve at 8 = 21.0°, and the upper right curve 

is a deviation from the linear line y=B•E. The lower left curve is a 

linearity curve at 8 = 29. 7°, and lower right curve is a deviation from 

the linear line y=B•E. 

Fig. 3-1-3-15 Energy dependence of the calorimeter response at l.8·kV at 8:::;: 21°, and 

predicted linearity curve at 1.7 kV at the same position. 

Fig. 3-1-3-16 Predicted curve at 1. 7 kV for observed charge to energy conversion for pad 

signal. The upper left curve is at 8 = 15.0°, and the lower left curve 

is at 8 = 24.9°. 

Fig. 3-1-3-17 Predicted curve at 1. 7 kV for observed charge to energy conversion for pad 

signal. The upper left curve is at 8 = 2 l.0°, and the lower left curve is 

at 8 = 29.7°. 

Fig. 3-1-3-18 Coefficient ratio C/B at 1.70 kV, where C and Bare the coefficients of a 

fitting function y=B•q+C•q2 to the curve of energy as a function of 

observed charge. The upper curve is for anode signal and the lower curve 

if for pad signal. 

Fig. 3-1-3-19 Coefficient ratio C/B at 1.80 kV, where C and B are the coefficients of a 

fitting function y=B•q+C•q2 to the curve of energy as a function of 

observed charge. The upper curve is for anode signal and the lower curve 

if for pad signal. 

Fig. 3-1-4-1 A gas gain monitor tube located in the plug EM calorimeter. The same size 

of plastic tubes and anode wires are used. A 1µ Ci Fe55 radioactive line 

source is put on the surface of the plastic tube. 

Fig. 3-1-4-2 Pulse height distribution observed in the gas gain monitor tube. 

Fig. 3-2-1 R 1 (El/(E0+El +E2)) distribution for various energies of electron beams. 

The distribution becomes sharp as incident energy goes up. 

Fig. 3-2-2 R2 (E2/(E0+El+E2)) distribution for various energies of electron beams. 

The distribution becomes sharp as incident energy goes up. 

Fig. 3-2-3 Correlation between R1 and R2, The correlation is strong for low energy 



Fig. 3-2-4 

Fig. 3-2-5 

Fig. 3-2-6 

Fig. 3-2-7 

Fig. 3-2-8 

Fig. 3-2-9 
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Fig. 4-1-1 

Chapter 5 

Fig. 5-1-1 

Fig. 5-3-1 

Fig. 5-3-2 

Fig. 5-3-3 

electron beam. 

R 1 mean and sigma, R2 mean and sigma as a function of incident energy. 

The dashed lines are parametrization in the form of 4-th order polynomials 

presented in Table 3-2-1. 

Matrix elements as a function of incident energy. The dashed lines are 

parametrization in the form of 4-th order polynomials as presented in Table 

3-2-2. 

The generali:zed chi-2 distribution for various energies of electrons 

calculated from Eq. 3-2-2. The distributions are almost the same shape. 

The solid line is a fit function in the form of Y:::AeB•E. 

The coefficient B distribution defined above as a function of incident 

electron energy. The B is energy independent. 

Ehad/EMtot distribution for 100 GeV electron. 

Ehad/EMtot distribution for 200 GeV electron. 

Timing diagram of the RABBIT readout system. The normal BAT (used in 

the central and FIB calorimeter) and the plug BAT are slightly different and 

shown separately. 

Electron clustering algorithm. 

Analysis stream of data reduction for W boson study. 

Distributions of parameters (a)Isolation, (b)HAD/EM, (c)Et of EM cluster 

and (d)E/p. The solid lines represent the data in 134 DST's and the dashed 

lines are the Monte Carlo simulation ofW -> e v events. 

A distribution of the missing transverse energy divided by the square root 

of the summation of the scalar Et E1miss1-.JI.Et. 

Fig. 5-3-4 

Fig. 5-3-5 

(a) The x component of the missing transverse energy divided by the square 

root of the summation of the scalar Et E1misstJI:Et 

(b) The y component of the missing transverse energy divided by the square 

root of the summation of the scalar Et 8t misstvI,Et · 

The curves are fitted with a Gaussian distribution. The a in the graphs 

are both 0.60±0.01. 

Distributions of the missing transverse energy for 1,000 simulated two jet 

events in which both jet have at least 20 GeV transverse energy. 

(a) The x component of the missing transverse energy divided by the square 

root of the summation of a scalar Et Etmiss1..JI,Et. The O' of the 

distribution is 0.57 ± 0.01. 

(b) The y component of the missing transverse energy divided by the square 

root of the summation of a scalar Et E1miss1..JI.Et. The a of the 

distribution is 0.57 ± 0.ot. 

(c) The missing transverse energy divided by the square root of the 

summation of a scalar Et E1mis8tJI.Et. 

(d) The scalar Et 

Distributions of the missing transverse energy for 1,000 simulated two jet 

events in which both jet have at least 40 Ge V transverse energy. 

(a) The x component of the missing transverse energy divided by the square 

root of the summation of a scalar Et Etmiss1..JI.Et. The <J of the 

distribution is 0.59 ± 0.Ql. 

(b) The y component of the missing transverse energy divided by the square 

root of the summation of a scalar Et E1misst..JI,Et. The <J of the 

distribution is 0.59 ± 0.Ql. 

(c) The missing transverse energy divided by the square root of the 

summation of a scalar Et E1miss1..JI.Et. 

(d) The scalar Et 



Fig. 5-4-1 

Fig. 5-4-2 

Fig. 5-4-3 

Fig. 5-5-1 

Fig. 5-5-2 

The missing Et significance distribution (X) of the events 

satisfying the tight curs. The straight line at lower X is a fitting line 

in the form y = A•exp(-xt2cr2) by using the points ofx < 5 GeV. 

The inner curves are Monte Carlo simulations The lower one is W -> e v 

events and the upper one is the summation of W -> e v events and 

W -> t v events, followed by t -> e v v. The lower curve is normalized 

so that the area is equal to the 22 events. 

Distributions of the W sample (22 events, solid line) in comparison with the 

Monte Carlo events (dashed line). (a)Isolation, (b)HAD/EM, (c)Et, and 

- ~(d)(E/p - 1)70'~ 

Distributions of the W sample (22 events, solid line) in comparison with 

Monte Carlo events (dashed line). (a)x(ctc)-x(strip) and (b)z(ctc)-z(strip). 

Scatter plot of isolation I versus normalized missing transverse energy x 
for 210 events. There are 22 W -> e v candidates in the area O < I < 0.1 

and X > 5 Ge V clearly separated from QCD backgrounds. 

The missing transverse energy versus the electron transverse energy for the 

W sample (22 events). Error bars in the missing transverse energies 

are calculated as ~Et miss= (0.60 ± 0.01) ..JI.Et. 

Fig. 5-5-3 (1)-(22) 

Chapter 6 

Fig. 6-1-1 

Event display for the 22 W sample. Run 7170, event 72 (5-5-3(1)) is 

regarded as QCD two jet event, and Run 7700, event 6524 (5-5-3(20)) is 

regarded as zO -> e+e- , in which one electron goes to central tower 9 

which does not have enough longitudinal coverage. 

Total production cross section for W bosons. The middle solid line 

represents theoretical predictions by Altarelli et al.f5-l]. The upper and 

lower solid lines are theoretical error obtained by varying the sets of parton 

Fig. 6-2-1 

Appendix E 

distributions, the value of A and also the choice of as(<q?>) or a(Q2) in 

the first order terms. The data points are 

cr•B(W->e v) observed at CDF, UA1[6-2] and UA2[6-3] divided by 0.089 

which is estimated branching fraction of decay mode W -> e vU-31. 

Transverse mass distribution of the W sample (22 events) evaluated from 

the Et of electron and neutrino. The dashed line is ISAJET 5.20 W->e v 

Monte Carlo events with CDF simulation program. (2,000 events). 

Fig. E-1 - -- ~ Distribution of event by event a VS f3 f~r i 00 Ge V positron. 

Fig. E-2 

Fig. E-3 

Average response of central EM calorimeter (Wedge 1) as a function of test 

beam position. The calorimeter was exposed to 50 Ge V electrons. The 

horizontal axis is the beam position from the boundary of two wedges at the 

depth of the strip chamber. The solid line and open circles refer to CDFSIM 

V3.0 and test beam result, respectively. In CDFSIM V3.0, the following 

values are used; S1 = 0.61, S2 = 2.2, At= 0.6 at the depth of the strip 

chamber. 

Average response of central EM calorimeter (Wedge 1) as a function of test 

beam position. The calorimeter was exposed to 50 GeV electrons. The 

horizontal axis is the beam position from the boundary of two wedges at the 

depth of the strip chamber. The solid line and open circles ref er to CDFSIM 

V3.0 and test beam result, respectively. In this case, S 1 = 0.61, s2 = 2.2, 

A 1 = 0. 76 are used at the depth of the strip chamber. 



Table 1-2 Parameters for the Intermediate Vector Bosons. 

UAl UA2 

Mw (GeV/c2) 83.5 +1.1 _l.0 ± 2.1[al] 80.2 ± o.6 ± o.slh1J 

rw (GeV/c2) ~ 6.5 (90 % C.L.)[al] 

Mz (GeV/c2) 93.0 ± 1.4 ± 3.o[al] 91.5 ± 1.2 ± 1,7[bl] 

rz (GeV/c2) ~ 8.3 (90 % C.L.)l al] < 5.6 (90 % C.L.)[bl] 

sin 2aw 0.194 ± o.032[al] 0,232 ± 0.003 ± o.008lbtl 

p 1.026 ± 0.037 ± 0.019 1.001 ± 0.028 ± 0.006[bl] 

[al] 

a•B(W-> e v) (nb) 0.63 ± 0.04 ± 0.10 0.53 ± 0.06 ± 0.05 

(630 GeV) (a2] (630 GeV) Cb2J 

o•B(Z-> e+e-) (nb) 0.071 ± 0.011 ± 0.011 0.052 ± 0.019 ± 0.004 

(630 GeV) [a2) (630 GeV) Cb2] 

R(*l) 9.t+l.7_1.ia2] 1.2+1.7_1.2[bl] 

Nv ~ 5.9 (90 % C.L.)la2J 

*1 

[al] UAl Collab. G. Amison et al., Europhys. Lett. 1,327 (1986) 

[a2] UAl Collab. C.Albajaret al., Phys. Lett. 198B, 271 (1987) 

[bl] UA2 Collab. R. Ansari et al., Phys. Lett. 186B, 440 (1987) 

[b2] UA2 Collab. J. A. Appel et al., Z. Phys. C 30, 1 (1986) 

CDF 

2.1 ± 0.6 ± 0.4 

Table 2-3-1 Mechanical Parameters of the CTC 

NUMBER OF LAYERS 

NUMBER OF SUPER LAYERS 

STEREO ANGLE 

NUMBER OF SUPER CELLS 

NUMBER OF SENSE WIRES/CELL 

SENSE WIRE SPACING 

Tll..T ANGLE 

ENDPLATE 

OUTERCAN 

INNER SUPPORT CYLINDER 

GAS 

DRIFT FIElD (Eo) 
DRIFT FIElD UNIFORMITY 

84 

9 

ASASASASA 

0° +3° 0° -3° 00 +3° 00 -3° 00 

30 42 48 60 72 84 96 108 120 

12 6 12 6 12 6 12 6 12 

10 mm in plane of wires 
450 

2" Aluminium 

0.250" Aluminium 

0.080" Carbon Fiber Reinforced Plastic 

Argon-Ethane-Ethyl Alcohol 

(49.65 % : 49.65 % : 0.7 %) 

-1500V/cm 

dEo'Eo - 1.S % (rms) 

Table 2-3-2 Performance Specification of the CTC 

GAIN 3x 104 

RESOLUTION < 200 µm per wire 

EFFICIENCY > 0.98 per point 

DOUBLE TRACK RESOLUTION 

MAXIMUM DRIFT DISTANCE 

< 5 mm or 100 nsec 
35mm 

MAXIMUM mTS PER WIRE > 7 

STEREO ANGLE ± 3° 

Z RESOLUTION 

MOMENTIJM RESOLUTION 

<0.200mm/sin 3°-4 mm 

dPt / Pt < 0.001 * Pt (in Ge V at 90°) 



Table2-S-2 

Table 2-5-1 Central Electromagnetic Calorimeter Summary 
COEFFICIENTS IN RESPONSE FUNCTION S(}C,Z') 

Modules 

12/arch + 2 spare so Parameter TowerO Tower 1 Tower2 Tower3 Tower4 
Length 98 in. 

Width 15°in <p 
P1 1.00±0.001 1.00±0.001 0.998±0.001 1.00±0.001 0.999±0.001 

(17.9 in. at 68+ in. from beam line) 
P2 (xIO-s) 1.71±0.77 3.43±3.40 0.106±0.124 9.36±7.SO 14.6±21.S 

Depth (including base plate) 13.6 in. 
PJ -0.790±0.020 0.587±0.087 0.923±0.100 0.496±0.068 0.425±0.128 

Weight 2 metric tons 
P4 (x10·3 ) 1.83±1.17 -0.832±0.087 -0.941±0.099 -0.357±0.090 -0.529±0.107 

Towers 
Ps (xlo-4) -5.52±0.04 0.00 0.00 0.00 0.00 

1O/module 478 
P6 44.7±0.4 48.5±0.S 47.7±0.5 45.7±0.4 41.6±0.3 

Length~ -~Tl 0.11 (1/2 of width) 
P7 1.00 1.00 1.00 1.00 1.00 

Thickness 18 Xo, 1 Labs ( +coil etc.) 
Ps (x1Q·2) 1.170±0.08 0.146±0.059 0.196±0.062 0.586±0.054 1.140±0.064 

Layers 20-30 lead 
P9 (xt0·3) 0.721 (x10·8) 0.349±0.066 0.097±0.067 0. 722±0.062 1.69±0.07 

21 - 31 scintillator 
P10 3.O8±. l lxlO·26 3.O6±.O9x10·26 4.25±3.59xI0·191.39±.O3x10·18 S. 72±.22x10·1~ 

1 strip chamber 
Pu 2.491±.001 2.490±.001 1.782±.036 1.737±.001 1.196±.002 

Lead 1/8 in. alminum clad 
P12 (xI0-3) -1.68±0.21 -0.164±0.093 -1.28±0.13 0.876±0.067 -0.374±0.122 

Scintillator 5 mm SCSN-38 polystyrene 

Wavelength shifter 3 mm Y7 UV A acrylic 

Photomultiplier tubes (956 channels) Harnamatsu R58O (1.5 in.) Parameter Towers Tower6 Tower7 Towcr8 Tower9 
Chambers 

Depth 5.9 xO (including coil) 
P1 0.998±0.001 0.999±0.001 1.00±0.002 1.00±0.01 1.00±0.001 

Wire channels (64/module) 3072 
P2 (xlQ·S) 3.15±0.S8 33.9±27.5 114±117 45.8±40.1 589±7.8 

Strip channels (128/module) 6130 
P3 0.539±0.008 0.406±0.072 0.287±0.094 0.364±0.077 0.350±0.0003 

Angular coverage 
P4 (xI0·3) -0.369±0.123 -1.17±0.13 -1.16±0.16 -0.555±0.115 -4.66±0.26 

0 about 39° - 141 ° 
Ps (xlO-') 0.00 0.00 0.00 0.00 -3.01±2.33 

<p complete 
P6 43.0±0.3 48.2±0.5 46.0±0.5 49.9±0.S 50.9±0.9 

Pseudorapidity about ±1.1 
P, 1.00 1.00 1.00 1.00 1.00 

Performance (high = 30+ Ge V) Pa (xI0-2) 1.13±0.06 0.645±0.07 -0.431±0.07 0.956±0.08 -10.6±0.6 
pe/GeV 1OO+/tube P9 (xI0-3) 1.17±0.07 0.125±0.08 1.69 (xl0-10) 0.054±0.09 12.5±1.0 
Energy resolution a/E (GeV) 13.5 %/..JE Pio (xt0·13) 5.72±.25 5.72±.22 5.72±3.04 5.71±2.89 S.66±2.16 
Position resolution (high) ±2mm 

Pu 1.199±.002 1.190±.002 1.212±.023 1.212±.022 1.212±.021 
Strip/wire PH correlation 8·10% P12 (xl0-3) -0.145±0.124 0.396±0.149 -0.123±0.121 -O.SO2±0.168 6.46±0.28 
Wire PH resolution (high) ±25% 

Hadron rejection (at 50 Ge V) 2-3 X 10·3 
Note: Values ofp10 and p11 are replaced to 8.96xlo-4 and 0.384 for lxl~23.S cm, 

without strip chamber information respectively. 



Table 2-6-1 Material Thickness of the plug EM calorimeter 

Physical Radiation 

Thiw~s l&Dgtb 
Front Cover Plate : Fe 

(z = 173.99 - 175.26 cm) 12.7mm 0.722 Xo 

Each Sampling Layer 

(z = 175.26 - 226.06 cm) 

Lead Panel (Ca: 0.065 %, Sn: 0.7 %) 2.69mm 0.480 Xo 

Chamber Layer 

Cu-Clad G-10 1.6mm 0.013 Xo 
Conductive Plastic Tube 
(Wall:0.8 mm, ID:7.0x7.0 mm2) 8.6 mm 0.007 Xo 
Cu-Clad G-10 1.6mm 0.013 Xo 
Epoxy 0.2mm 

50-µm G-10 0.05mm 

(Only on Chambers with Strips) 

Total 12.1 mm 0.034 Xo 

Total Thickness (Front Cover Plate + 34 Sampling Layers) 

8 ""0° 51.4 cm 18.2 Xo 

8 = 11 ° (l/cos8 = 1.02) 18.5 Xo 

8 === 30° (l/cos8 = 1.15) 21.0 Xo 

Pion absorption 

Length 

0.05971 A. x abs 

0.0134 A. 7t abs 

0.0033 A 7t abs 

0.0037 Axabs 

0.0033 A.xabs 

0.0003 A. x abs 
0.0001 A. 7t abs 

0.0107 A.nabs 

0.88 A.1t abs 

0.89 A. 7t abs 

LOI A.1tabs 

Table 2-6-2 The Types and the Number of the Signals of the Plug EM 

Calorimeter 

Tl ~Tl No. of ~<p No. of No. of No. of Total No. of 

n-segm. cp-segm. Long- Modules Channels 

segm. 
------------

PADS 1.13 - 1.2 O.Q7 

1.2 - 1.32 0.06 

1.32 - 1.41 0.045 

1.41 - 2.40 0.09 

16 ~ 72 3 2 6912 

8 - strip 1.2 - 1.84 0.02 32 '!ff 12 1 2 768 

<p- strip 1.2 - 1.84 6.4 1 10 30 1 2 720 

Anode wire : 156 wires in a ~<p:a:90° chamber are ganged together. 

Layer No. 1-29: R=132 cm 
Layer No. 30-34: R:a:125 cm 

en 4 34 2 272 

Monitoring Tubes 48 

Total 8720 Channels 



Table 2-6-3 Longitudinal Layer Configuration .of the Plug EM Calorimeter 

@8 = 11° @8 =30° 

1.24 Xo 1.41 Xo 

3.33 Xo 3.78 Xo 

3.86 Xo ____ 4.37 Xo 

8.57 Xo 9.71 Xo 

15.89 Xo 18.01 Xo 

16.41 Xo 18.60 Xo 

18.50 Xo 20.97 Xo 

Chamber Number 

1 

2 I pad Longitudinal 

I Segment I 

5 I (1-5) 

__ 6_ ... 8-strip No.1 

7 .................. q>-strip No. I 

8 ... 8-strip No.2 

9 .................. q>-strip No.2 I 
10 ... 8-strip No.3 I pad Longitudinal 

11 .................. q>-strip No.3 I Segment II 

12 ... 8-strip No.4 I ( 6 - 29 ) 

13 .................. q>-strip No.4 I 
14 ... 8-strip No.5 I 
15 .................. q>-strip No.5 I 
16 I 
11 I 

29 ................................. 

30 ................................. 
31 ................................. I pad Longitudinal 

I Segment III 

34 ................................... I (30-34) 

Table 2-6-4 Mechanical Parameters of the Plug EM Calorimeter 

Gas Vessel 

Outer Diameter 

Inner Diameter 

(8 = 10°) 

280.7 cm 

61.0 cm at z=l 72.7 cm (Front End of Front Cover) 

81.5 cm at z:::;:231.1 cm (Rear End of Rear Plate) 

Total Weight with Calorimeter Loaded 12.4 metric tons 

Total Inner Volume 2.9 m3 

Total Gas Volume 1.2 m3 

Chamber -.Absorber Stack 

Lead Absorber Panel Ca : 0.065 %, Sn : 0.7 % 

2.69 mm Thick 

Chamber Layer : Sandwich of P.C. Board with pad Pattern, Conductive 

Plastic Proportional Tube Array, and P.C. Board with 

Strip Pattern or Ground Plane. 

Conductive Plastic Tube 

Anode Wire 

P.C. Boards 

Gas 

H.V. 

Polystyrene with Fine Grain Carbon 

Powder 

60 - 100 kQ/square 

I.D. = 7 x 7 mm2, Wall= 0.8 mm Thick 

50 µm Gold Plated Tungsten 

Tension - 150 gr 

1.6 mm Thick, Copper Clad 

Ar - Ethane 50 % - 50 % 

Isopropyl alcohol (-3°C) 0.9 % 

1. 7 kV (Monitoring Tubes : 1.9 kV) 
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cJ.. 
31.7 31.3 31.8 31.1 38.1 29.6 38.9 14.3 38.8(") .£ 
38.4 36.9 38.3 36.8 36.8 34.8 37,4 3.1 8.3(1) ~ 
43.4 41.2 4'1.7 4'3.8 42.9 48,2 44,1 a.1 7.8(,C) 

62.3 61.8 49.4 62.3 61.2 68,8 62,4 2.6 4.8(1) 

81.3 81.4 84'.8 82.e 68,2 69.1 83.2 4.8 7.3(,C) 

78.8 88.8 78.8 76.7 73.6 74.1 76.7 4.7 8.3(,C) 

88.9 84,9 91.7 92,1 87.2 98.8 91.1 4.9 6,4(,C) 

187.2 188,6 189.3 113,4 111.7 113.8 118,9 3.9 3.6(,C) 

86.9 86.8 84.2 88.4 88.1 88.8 85.6 2.6 3.8(1) 

73.8 72.7 72.8 77.2 77.3 73.8 72.7 3.3 4,8(,C) 

122.0 118.7 lU.7 128.4' 124.8 119.2 114.4 9.2 8.8(1) 

118.2 118.1 11118.4' 182.8 182.6 183.9 99.4 9.1 9.1(,C) 

88.3 67.8 48.9 61.6 66.3 83.3 61.4 8.8 18. 7(,C) 



Table 3-1-2-2 

Table 3-2-1 Coefficients of 4-th order polynomials for R 1 mean and its 

Cs for 1st segment 
sigma, R2 mean and its sigma as a function of energy. 

Y(E) :::a: C(0) + C(l)•E + C(2)•E2 + C(3)•E3 + C(4)•E4 
NO MEAN R.M.S (lfE > 200 GeV, Y(E) :::a: Y(200 GeV)) 

1 3.8 3.3 3.7 3.6 0.2 6. 7(") 
2 4.5 3.7 3.8 4.0 0.5 11.4(") C(0) C(l) C(2) C(3) C(4) 
3 5.7 3.8 4.4 4.6 1.0 20.5(") 
4 5.9 4.9 5.4 5.4 0.5 9.2(") 
5 6.6 5.8 5.3 5.9 0.6 10.9(") Rt (mean) 0.164E+OO -.323E-02 0.346E-04 -.171E-06 0.314E-09 
6 8.4 6.2 7.2 7.3 1.1 15.6(") 
7 10.5 8.1 8.8 9.1 1.2 13 .4 (") R1(<r) 0.664E-01 -.lSlE-02 0.181E-04 -.983E-07 0.195E-09 
8 11.7 8.4 9.9 10.0 1. 7 16 .8(") R2 (mean) 0.815E+OO 0.307E-02 -.360E-04 0.184E-06 -.343E-09 9 14.4 10.2 12.7 12.5 2.1 16. 9(") -

----10_18 .3 -------l.2...-'l- 15.9 15.6- 2.8 18-.0(") R2 (<1) 0.659E:.01 -.153E-02 0.177E-04 -.9i5E-07 0.173E-09 
11 14.8 15.8 18.9 16.5 2.2 13 .1(") 
12 12.8 9.6 11.8 11.4 1.6 14 .2(") 
13 15.4 10.7 13.0 13.0 2.3 17 .9(S) 
14 19.4 16.2 13.9 16.5 2.8 16.8(") 
15 15.6 12.8 15.5 14.6 1.6 10.9(S) 
16 38.1 31.8 35.1 35.0 3.2 9.0(S) 

Table 3-2-2 Coefficients of 4-th order polynomials for the matrix elements 

Table 3-1-2-3 of M as a function of energy. 

Y(E) = C(0) + C(l)•E + C(2)•E2 + C(3)•E3 + C(4)•E4 
Cs for 3rd segment (lfE > 200 GeV, Y(E) = Y(200 GeV)) 

NO MEAN R.M.S C(0) C(l) C(2) C(3) C(4) 

1 4.0 4.8 5.9 4.9 1.0 19.6(") 
2 6.2 7.0 6.8 6.7 0.4 6.3(") Mn 0.339E-02 -.949E-04 0.lllE-05 -.569E-08 0.106E-10 
3 7.0 9.2 8.2 8.2 1.1 13.3(S) 
4 8.6 9.7 9.2 9.2 0.6 6.0(S) M12 -.303E-02 0.912E-04 -.108E-05 0.560E-08 -.lOSE-10 
5 11.1 11.2 9.9 10.8 0.7 6 .S(S) M21 -.303E-02 0.912E-04 -.108E-05 0.560E-08 -.105E-10 
6 11.6 12.8 9.0 11.1 1.9 17 .4(") 

M22 0.366E-02 -.113E-03 0.140E-05 -.746E-08 0.143E-10 7 14.1 14.8 14.1 14.3 0.4 2. 7(") 
8 16.3 17.0 15.6 16.3 0.7 4 .O(") 
9 14.3 18.4 19.5 17.4 2.7 15.8(") 

10 17.3 18.5 19.1 18.3 0.9 5.0(") 
11 21.1 25.0 23.7 23.3 2.0 8.5(") 
12 18.8 16.1 15.5 16.8 1.8 10.6(") 
13 17.9 18.1 19.6 18.5 0.9 5.0(") 
14 0.1 0.1 0.1 0.1 0.0 0.0(") 
15 0.1 0.1 0.1 0.1 0.0 0.0(") 
16 0.1 0.1 0.1 0.1 0.0 0.0(") 



Table 5-5-1 

Table 5-3-1 Cuts for Electron Identification 

Loose Iiebt 
Central 

- No. of tracks ;;: 1 = 1 
- Had/EM < 0.1 <0.05 

.«< Ev.,nt Lbt »> Cuto on data: "Tight Electron ldontiUcation Criteria" . ·- ·-·--· -. -----•----•---•----. --------. ------. ------·--·-----·------. ------. -----•-----. ----. -RUIH EVTI I f • £Tl\ PHI ET ET HI\D/D'I lSO(L) 1S0($) C NET TRK-ST E/P ET NET MET TT s H E R<0.7 R<.25 II n s H p 
JIW T A H n £ u A H KR p D C s " C I . -----·----·-· --· -. -----. ----•---· ----. --------· ------. ------. --. -----. ------. ------·-----· -----. ----. -(22 cvcnta) 

w 7171 2000 1 3 3 0.011 2. 91 0. 7 45. 3 0 .15£-01 0.004 0.004 ·l lll.4 · 41.8 1.20 711.4 30.0 6.14 w 7261 269 1 3 1 0.97 5.71 0.5 33.1 0.14£-01 0.054 0.003 1 28.9 0.7 1.05 49.6 37.ll :Z.55 w 7311 4607 1 2 1 -0.79 2.06 0.1 32.1 0.45£-02 0.076 0.016 •1 19.6 1.0 1.08 106.7 '5.8 5.6' w 7311 5613 1 2 1 0.75 1.69 0.2 29.7 0.61£-02 0.023 0.003 1 18.6 0,5 o.,s 65.3 34.9 5.22 w 7353 2610 1 2 1 •0,08 2.61 0,8 311.3 0,21E-01 0.032 0.016 •1 27.5 1,1 1.39 78.0 46.3 5. 77 w 74311 38 1 3 1 0.43 1.31 0.8 36.0 0.21E·Ol 0.029 0.009 1 20,8 0.9 1.25 95.0 44.5 3.86 
- E/p < 1.8 < 1.8 

. 74311 38 2 3 2 0.66 0.1113.4 10, 7 0.13£•01 0.064 0.018 1 20.8 21.8 2,63 95.0 44.5 3.86 

" 7545 1874 1 2 2 -0.77 3.25 0.1 37.6 0.23£-02 0.029 0,002 -1 11.2 1.1 1.19 115.6 35,9 6.05 

- I (R < 0.7) < 0.3 <0.1 
- Et of electron (GeV) > 15 > 15 

Endplug 

- No. of tracks s; 2 = 1 
- Had/EM < 0.05 <0.05 
- I (R < 0.7) < 0.3 < 0.1 

w 7545 2450 1 1 1 0.35 0,39 0,0 34.9 0,00E•OO 0.012 0.000 1 24.3 1.0 1.52 66.7 40,3 3.51 

" 7572 2332 1 2 1 -0.04 2.84 0.3 31,5 0.94E-02 0.049 0,020 -1 30.3 1.0 1.19 62.8 43.6 5.97 

" 7582 1255 1 2 1 o.oo 3.32 0.3 25.0 0.12£-01 0.011 0.000 l 23.2 0.4 0.99 55.7 35.9 0.21 w 7584 4961 3 1 -0.53 2,19 0.3 45.0 0.64£-02 0.010 o.oos ·l 17.9 o.8 0.98 97.0 41.7 5.42 w 7612 388 1 ·2 3 0,31 0.34 0.4 51.8 0.75£-02 0.000 0.000 ·l 34.1 1.2 1.15 78.1 51,6 3.55 w 7613 2392 1 2 1 0.52 0.21 0.4 35,4 0,12£-01 0.003 0.000 1 22.5 4.7 1.46 60.5 36.9 J.47 w 7614 2359 1 3 2 -o. 50 2. 57 0 .1 36, 5 0. 33£-02 0.025 0.003 1 24.5 0.8 1,07 71.0 41.7 5.66 w 7614 5305 1 2 1 •0.74 5.87 0.5 36.1 0.13E·Ol 0.045 0.000 1 19.7 0.7 O.ll5 69.4 36.9 2, 77 w 7625 2730 1 2 1 •0,05 4,91 0.5 55.5 0.91£-02 0.013 0.006 -1 12.2 2.5 1.10 101.7 35.3 1.91 w 76&1 5510 1 2 1 0.39 0.85 0.3 27. 7 0.10£-01 0.020 0.008 ·1 11.4 1.11 1.19 61. 7 26,5 4.17 w 76117 1832 1 3 2 0.112 4.31 0.5 46,6 0.11£-01 0.005 0.000 1 lll.9 0.4 1.10 104.8 U.5 1,33 w 7787 2937 1 3 2 -0.21 2.72 0.8 39.0 0.19£-01 0.043 0.000 l 19.2 0,8 1.0, 120.2 48.1 5.76 w 7805 2045 1 3 1 -0.78 0.32 0.6 38.6 0.17£-01 0,023 0.012 1 15.4 1.2 0.85 76,8 34,3 3.50 
0 7170 72 1 2 0 -0.42 6.15 0.0 17 .3 0.00£•00 0.091 0,017 •1 6.3 0.0 1.31l 93,2 24.2 2, 78 

- Et of electron (Ge V) > 15 > 15 
. 7170 72 1 2 :Z -0.,0 0.02 o.o 4.7 0.00£•00 0.333 0,000 1 6.3 18.8 0.22 93.2 24,2 2,78 z 7700 6524 0 3 0 -1.111 0.39 6.9 9.7 0.72£•00 0.098 0.000 0 7 .o 113.8 28.3 0.52 . 7700 6524 1 2 1 -0.13 3.48 0.2 47.0 0.47£-02 0.022 0.008 -1 7.0 0.4 1.05 113.8 28.3 0.52 

(other events) 
z 7744 5364 0 8 0 2.69 1.5' 0.1 19.6 0.36E-02 0.299 0.021 0 1.1 86.2 9.6 2,84 . 7744 5364 1 2 1 0.19 4.81 0.3 22.0 0,13£-01 0.047 0.012 1 1.1 0.3 0.98 86.2 9.6 2.84 z 7767 940 0 2 1 •l,20 6.09 0.1 22.6 0.54E·02 0.121 0.014 0 2.4 144.5 18,4 5.41 . 7767 9'0 1 3 1 0.64 2.95 0.5 32.6 0.17£-01 0.033 0,013 -1 2.4 0.4 0,97 144.5 18.4 5.41 z 721111 1276 0 12 0 3.43 ·3.48 0.0 7,6 0.00£+00 0,610 0,278 0 0.6 54.4 5. 7 3.84 . 7288 1276 1 1 1 0.26 1.03 0,4 20.9 0,18£-01 0.029 0.000 -1 0.6 0.6 1.07 54.4 5.7 3,84 z 7377 1130 0 3 1 0.64 3.37 0.2 25.3 0.60£-02 0.327 0.047 0 2.4 108.2 16.1 3.64 . 7377 830 1 2 1 0,03 0,26 0.5 49.1 0.lOE•Ol 0.072 0.068 1 2.4 1.6 0.98 108.2 16.1 3.64 
z 7769 4235 0 2 2 0.77 3.111 0,0 12.11 0.00£•00 0,016 0,010 0 0.1 106.6 3.5 2.ll7 . 7769 4235 1 2 1 0.51 5.75 0.1 34.6 0.34£-02 0.039 0.013 •l 0.1 1.0 1.08 106.6 3,5 2.87 . 7769 4235 1 11 0 1.79 2.14 0.1 211.2 0.30£-02 0.083 0.017 0 0.1 0.0 o.oo 106.6 3,5 2.ll7 
Q 7145 3427 1 1 1 0.62 1.14 0.0 15.6 0.00£+00 0.020 0.020 •1 0.7 0.6 0.96 55.1 6.4 4.20 

Table 5-4-1 Cuts for W Identification (W cuts) 
. 7145 3427 1 2 1 0.50 4.49 1.0 5.9 0.18£•00 1.068 0.243 1 0.7 0.8 O.ll8 55.1 6,4 4.20 
Q 7167 1692 1 2 1 •0,47 2.1111 0.6 20.5 0.29E-01 0.087 0.025 -1 0,3 1.0 1.01 61.4 4.2 5.09 
0 7280 6233 1 3 2 0.12 1.12 o.8 21.6 o.37£-01 0.097 0.026 -1 0,6 10,6 1.77 110.4 7.1 4,90 
0 7287 2826 1 2 0 0.58 4.41 0.7 14.4 0,48£-01 0.039 0.039 1 0.0 0.0 1,03 48,5 1.5 4.80 
0 7331 2152 0 3 1 0,12 2,510,123.6 0.46E-02 0.235 o.oso 0 3.6 112.2 20.0 3.98 

Central 
. 7331 2152 1 2 l 0.38 6.13 0.2 33,C 0.56E-02 0.072 0,000 •l 3.6 3.2 1.10 112.2 20.0 3.98 
0 7353 2399 0 3 l -0.23 3.51 0.3 6.1 0.43£-01 2.004 0.646 0 1.4 207.5 17.2 1.63 

No. of tracks = 1 
- Had/EM < 0.05 

. 7353 2399 0 1 0 0.64 2.47 0.0 3.1 0.00E+00 1.322 0.056 0 1.4 207.5 17 .2 1.63 . 7353 2399 1 3 1 1.18 6.111 1.0 49.3 0.20E-01 0.042 0.024 0 1.4 167,8 0.00 207,5 17 .2 1,63 . 7353 2399 l 9 1 -0.87 1.91 2.4 17.7 0.13£•00 0.404 0.025 -1 1,4 54.0 8.73 207.5 · 17.2 1.63 . 7353 2399 1 3 2 -0.24 3.69 0.5 4.0 0.12£+00 2.566 1.406 1 1.4 2.2 0.81 207.5 17.2 1.63 . 7353 2399 3 3 .. 0.92 3.8, 3.3 7.2 0.47£•00 2,185 1,410 1 1,4 39.5 4.79 207,5 17 .2 1.63 

- E/p < 1.8 
- I (R < 0.7) < 0.1 

Q 7477 3287 1 2 1 0.29 2. 711 0.5 15.6 0.32£-01 0,069 0.000 1 3.3 1.4 1.36 79.8 16.2 5,92 
0 7512 1909 1 11 0,11 2.58 0.2 111.1 0.14£-01 0.049 0.022 1 2.1 1.0 1.05 84.3 13.3 6.20 
0 7569 937 1 3 1 -o.85 2.50 0.1 1s.8 o.43£-01 0.049 0.011, -1 0.3 4.7 1.42 64.8 4:1 2.58 
0 7572 .... 0 2 2 -1.03 5.62 .o.o 4.1 0.00£•00 1.230 0.025 0 0.6 95,5 7.8 4.17 . 7572 .... 1 2 l •0.97 0.39 0.4 17.4 0.20E-Oi 0.060 0.010 0 0,6 10.4 0.00 95.5 7.8 ,.11 

- Et of electron > 15GeV 
0 75112 1705 1 2 1 -0.50 0.12 0.7 111.0 0,39£-01 0.084 0,084 ·1 1.5 16. 7 0.15 "·' 10.7 3.39. 
0 7584 1024 0 3 1 1.57 2.83 O.O 11.0 0.00£•00 0.3113 0.262 0 0.8 110.1 1.0 2·.e5 

- X = Etrniss • Etrniss / D:t > SGeV 
. 7584 1024 1 2 2 1.15 5.311 0.1 15.1 0.49£-02 0.097 0.011 0 0.8 24.2 o.oo 80.1 7.8 2.85 
0 7585 3557 1 2 2 -0.52 0.05 0.6 17.0 0.37£-01 0,049 0,033 -1 0.7 31.0 1.10 711.1 1.2 2.s, 
0 7614 3600 1 3 1 -0.82 5.89 1.4 26,8 0.49£-01 0.071 0.023 -1 1.2 0.11 0.95 82.5 9.0 3.48 
0 7625 1061 1 2 1 •0,71 0,23 0,1 17.5 0.55E-02 0.001 0.004 1 0.7 3.3 0.93 67.0 6.9 1.52 
0 7680 1422 1 2 l 0,18 6.01 0.0 15.6 0.00£•00 0.067 0.033 -1 1.11 1.2 1.07 90.7 12.8 2.78 . 7680 1422 1 3 l 0,19 2.72 0.1 ,.e 0.26£-01 1.992 0.000 1 1.0 37.2 1.89 90,7 12.11 2.711 
0 76111 2096 1 2 1 -0,67 2.s• 0.1 29.2 o.24a-01 0.051 0.012 -1 4.1 2.0 0.95 86.5 18.7 6.12 
0 7687 2892 1 2 l!. -0.03 4.93 0.1 26.3 0.42£•02 0.051 0.000 1 2.4 2.1 1.08 70.6 13.0 1.00 
0 7607 4437 1 3 o -0.13 s.35 o.e 40.9 o.uE-01 0.067 0.014 1 1.7 o.o 1.62 97.2 12.8 2.211 . 76117 4'37 1 12 0 •l.911 1.tO 1,6 12.2 0,13E+OO 0,11611 0.340 0 1.7 0.0 0.00 97,2 12.1' 2.211 
0 76119 2862 0 2 1 -0.24 2.74 o.o 5.0 0.00£•00 0.916 0.549 0 0.1 60.7 2.3 2.49 . 7689 2862 1 3 3 -0.41 0.07 0.5 10.2 0.29£-01 0.100 0.007 -1 0.1 26.8 0.58 60.7 2.3 2.49 . 7689 2862 1 3 3 -0.58 3.711 0.7 7.5 0.90£-01 0.1135 0.083 -1 0.1 23.7 1.00 60.7 2,3 2.49 

,0 7700 3927 1 2 1 0.76 6.22 0,6 16.5 0.39£-01 o.033 0.009 -1 1.3 11.7 1.59 64.0 9.1 3.09 
0 7700 6384 1 2 1 1.20 2.00 o.o 19.7 0.00£•00 0.063 0.012 0 0.5 32.9 o.oo 79,1 6,3 5.90 
0 7744 2049 1 3 0 •0,68 5.47 0.6 14.6 0.40!·01 0,047 0.036 1 0.4 · o.o 1.08 71.1 !5.0 ·3_39 
0 7770 157 1 2 0 0.65 0.51 0.1 19.11 0,58£-02 0.090 0,045 ·1 1.0 0.0 1.10 57,8 7.7 3.64 
Q 7787 2245 1 2 3 0,33 4.10 0,0 17.0 0.00E•OO 0,078 0.000 1 2.11 0.3 1.05 60.3 12.9 1.16 
Q 7804 1925 1 2 1 0.11 3.06 0,3 1s.1 0.22£-01 0.082 0,029 -1 0.2 4 ,3 1.33 79.2 4,1 5.67 . -----•----· -·--. -· -----·----·---·----·--------. ------. -- ----•--•----- ·------· ------•-----·-----. ----· -

•••• • 12438 W: W candidate•. Z: Z candid3te1>, Q: QCD cvcmtu. •: aamct event oa above 



Table 5-5-2 W Sample 

W --> ev candidates 22.0± 4.7 

QCD Backgrounds 
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F-\Jn 7438 E1.ent 3B PHYSICS_J.106,01EL4 27M=IYBB 20=ff<87 1:39:23 

DAISE trens.1,.'l='r"&e Eta-Phi LEGO Plot. 
riaA t,:.UJ6r E= 3b,] t11r, lOla!f E= fl.~,0 M ,:Ju,;tL~.-.:.~ ':"· 

tElS: Etot.,I • 464,0 ~v. Et1s-caler.1• ':l':,.O ,~v 
Ft1111i,;.~1• ,:M,5 <t1 Phi• 221,0 Dt-q. 

.0 

.s-c9(,,,0'o_;? 

Et Th,-eshold 5.0 GeV 0,0,.~(" 
Clu6ler&:CLUST2 and Merging for JET U-- ....,. 
EM~ t-r Et Phi Eto tlo~ EHfroc, 
-, ,, 15 37.3 75.1 0,43 4 0.976 
I • 16 26,9 5,3 0.64 9 0.472 

Run 

Min and Max Str GeY 0.800 16,970 
Hin and Hax \,lir GeY e.000 18,617 

8APR87 1391 

3 3 
e e e e e e 

3 
I CHA TDC 

;, .. 1 

0 

PHYSICS_W06,01EL4 271"HYB8 141=F'R87 18: S: B 

MIS E trenr.verr..e Eta-Phi LEG(I Pkit. 
ti.;.~ to,o11:1r E= 39.1 111n to~,. E• 0.50 N L"l~1t:,.I~·,..,• ~ 

lf:TS1 Etohl • 33".l,.i llll'V, El1$i:oler'- ';'"O,O ,::~v 
i:t11~i$$l• ..:16.3 &t Pl,i• 330,5 [11!,q, 

.o,.. 
•(,,,O'o_ 0 

Et Threshold 5.0 GeV ,..o,0,0,:, 
Clus.teri.:CLUST2 and Merging for JET ,.6.-- ..._ 
EN m Nr Et Phi Ete tTow EHfrec • 
•• ti 11 40. 1 149.3 -0.08 6 0.969 
• • 12 6.6 251.0 -0.60 9 0, 795 
• • 13 6.3 122,5 -2.95 0,000 

Run 735 u•nt 2 18 PHVSI .81 4 1'4APR 181 51 8 27HAY 

Min .and Nax Str Ci•Y 8,000 14,419 
Hin and Hax IHr Ci•Y 0.000 8,205 

0 

~ 7438 E.....nt 38 

TRJ<N 

f 
·I 
5 

" 

PT 
38.63 
20.95 
4.09 

-2,36 
l.(17 

PHI .. 
"i"6. 

7, 
328. 
~.:,. 

CT 
o.;'6 
0.43 
0.65 

0, 1B 

Hin and Max Str GeY 
Hin and Max Mir GeY 

f.\an 735".i E'-Vnt 26J0 

CT 
--o.~ 

1..-:'8 
-0.01 
-u.o:,u 
-U, 13 
o • ..i~· 

-0.b3 
-0.60 

PHYSICS..J..06,01EL4 

W:.(Hl...ctU 
bl.11,ch 8 

\ 
\\ 
·,\ 

.'· 

S CL~ ,81 4 

PHYSJCS_l-l"J6,01El4 

EUC,(t'.LCtt.J 
bunch ~ 

ZMr/88 20=F'R87 1:39:23 

20.0 1?.eV 

139123 27HAV 

27t-.lY88 I~ 18: S: 8 



PHYSIC'5_H06.0lEL4 27~YOO 24J.'.ff'07 t9:34i42 

[rAIS E lr-am,<.•ttr&e Eta-Ph~ LE(") Plot 
11,.,_ lwo,.,,:,r E= 3---1."J t11r, t~o,.~·r F.• lJ.50 M ..:IL,• .. t.;-r..-.. 0 .1 

IIFT'j: i:lr,t,,I .. 31~ .. :LA ,:~v. Et1,;.,:t,l .... f ,. ;.,..:,.~· '""V 
f:t•m1s~1· --HJ,] ut Phi• ZOJ.O De.:.. 

Run 7_~~ Ewnt 2450 PHYSJCS_W06.01EL4 24APR87 19134142 "27t1AY 
t: EAST Wedge I Max Tower "' 37. 0441 GvV t: 

t: CEMD t AMP xt6, xl LEF'T towe-rs 0 - 9 

i 8 1"3 8 8 3 1ul 8 
t CEMD t AMP xt6, xi RIGHT towe-rl 0 - 9 8 • 3 .~i 3 3 • 1~3 • 
• ~HAD *3"''" x86, xl{ErT Stower! 0 - ~ 
t ~HAD t AMP x16, xi RIGHT t01o1e-rs 0 - 7 

I 8 ! ! I I! !cH•rnc 

Min and Max Str GeV 0.000 20.543 
Min and Max Wir Gel/ 0,000 20,173 

PHYSJCS_W06,01EL4 271"AY88 

0015 E traniover&E< Eta-Phi LE(il) Plot 
MaY lUt"6r E 0 -~-·; t-1111 t.:iw.;,r F.• 0.50 11..:lu~td,.-

tl:'TS: [t,~t:il • bU':,,7 •A·V, ll1Htll,:r \ .. J (" .• 1·, •tt.·V 
Fttrn,,.,;1• !";',,~, ,,1 t'l11• ),1(,,ll l.1<.·,.,, 

o_. 
$4'0'0 ..... z . 

~~u!7e~:~~~~T2\~ Ge~rging for Ji"0',,6-, ....., 
EH l,'A ~ El Phi Ete tT01.a1 EMfrac, 

11 ., 19 37.7 186.2 -0.77 2 0.998 
•• 20 7.1 99.3 2.73 11 0.703 
•• 22 6.5 65.9 -3.04 10 0.17'5 

[Run 7545 Event 1874 PHYsfcs'Jl06,01CL4 24APR87 19122126 27i1AY 
t I.IEST IJ•d9e 12 Max Towe-r • 48, 2106 GeY t 

t CEMD t AMP xl6, xi LEH towers 0 - 9 
~ 3 3 3 1212 ••• s .. ,, 3 

t ~EHD t AMP xl6, xl RIGHT towerg 0 - 3 
O : 3 : 1232 S623 0 

t ~HAD t AtlP xl6, xi LE:n towerJ 0 - 7 

t ~HAD tlAtlP J6, xl1RJGH11to!:,~s 0 - ' 

2 I I I I 1• 2! I LHrnc ~-
~ --··-·---._ 

Min and Max Str GeY 0. 000 13,289 
Min and Max Wir GeY 0.800 16,335 

lb1 754'5 Ewnl 2450 

TRl<N PT 
1 ;!2.~I 
:I L 70 

s :~; ~~ 
.J -11.54 

PHI 
,?l. 

~12. 
·-s.:7. 
185. 

bO. 

CT 
0. 3b 
1.3.J 
0.96 

-1, IB 

A.in 754S Event 1874 

TRKt~ PT 
I -·-:Jl,','ti 

14 -3.31 
19 -1.84 
1;· J,1j';I 
f, 1 •• 1::-
ll -1,;!(J 

,~~ L~ 
22 -1.01 

3 .. l.llO 

2~ ~:~ 
10 {1,9.:1 

(I -0,(J,? 
15 -0.88 
16 0.82 
2--1 -0, 77 

2i ~:~t 
18 0,66 

A 0,64 
1;,, O.ti2 

CJ -0.Gl 
,?0 EL 59 

PHI 
1H7. 
275. 
59. 

3-if: 
.".Jllo. 
2,'4, 

-1~~-
304. 
11(). 
n0. •a. 

LUO, 
tr.r.. 
330. 
312. 
122. 
lOh. 
306. 

4. 
209. 

2.?. 
l.?J. 
177. 

er 
··0.83 

11, ~.(, 
-0.?2 
-0.02 
··0.68 
-0.39 

-0 . ..JZ 
--fl.~ 

-1.12 
-0.61 

0.61 
1. 36 
o.-;-a 

-0.Bt:i 
-0.93 
0.94 

PHYSICS_l-06. 01EL4 

BUC.(U-.Ct-U 
l.,urll':h C 

27~Y88 2~'87 19:.3-1:42 

E'°"'~ • IB . .J 1:ie,V 



F\Jn ;,c-.)32 Ewn l 1255 PHYSICS_l-106.01EL4 27HAY88 27l=F'R87 17: 52: 37 

(IAIS E tren&verG.e Ela-Phi LEC-.0 Pint 
rl-"< tv.....,r E= 13.0 Hin t,11,11:,r Ee O.':.O tl c lu~l;•r,.= -1 

tlFT<;: Etnt3J • 32.:1.3 •:.O?V, El1E-c~ler1• ':.'5,1· •':tt·V 
r1uo1ii)• s: .. q~tP111• 11.ac~,1, 

~.s>vO'o 0 -~ 
~~u!~~=~~~~T/~~d ~rg ing for :~"O',.(J..- --.,. 
EH 1--.1 t--r El Ph, Elo flow EHfrec, 

• • 9 25.3 190. 1 0,00 2 0.988 
8 t 1(1 10.9 220 • .<I -0,9.<I 19 0.653 

r:J§n:7582 Event 1255 PHYSJCS_I-J06.01EL-4 27APR87 l7152t37 271'\AY 
* EAST 1-Jed~v 12 Max Tower "' 13, 0888 GvY * 

* CEMD t AMP )(16, xi LErT. towers O - 9 

301 i n .. ~ s s s s s * ~EM t.lMP xi6, xlllGHT0tower~ 0 - I 
3374 3310 0 0 0 0 0 * iHAD t AMP x16, xi LtrT tower! 0 - 7 
IH 3 3 3 8 ~ ~ 

t HAD ::t: AMP xl6, )(J RIGHT towers 0 - ' 

10•! l I ! I I I LH. TDC 

~ ---------. 

Min and Max Str GeV 0,000 7,6-46 
Min and Max I-Hr GeV 0. 000 7,095 

PHYSICS_I---UG.01ELA 27tt=IY88 

f\AJS E tran,;ver5e Eta-Phi LEG() Plot 

271=F'RB7 1:Z?:15 

H.;-.. tVluer E~ 31.'5 !1,n t,·,wcr Ea U.':,0 1-1 ..:.IL•··,\,-,··~' ,·1 

l'f'TS: Elot,ll • 3ll7,8 t1'::V, Et.l-s-U,lt-t· ,~ ,:;;,,a("='\' 

Min and Max Str G'i'V 0.000 10,692 
Min and Max I.Ur GeV 0.000 11,415 

Et,u1t,;.s1• -n,i; '-"' n,1• "3~2.0 ["·,;.. 

27APR87 112711, 27NAY 

RM"I 7582 Event 1255 

TRKH PT PHI 
I 25. 20 188. 
3 2.':;13 ,?1-l, 
C. -t .66 .?l:l.?. 
5 h s~ ;-!1~,. 

l{J 1,;,J,"? ."'I?, 
2 -1.29 205. 
9 ·1.24 241. 
., -l. ll ;:'Jb. 
fl o.~. ;::,;:'O. 
7 -fl.EB 209. 

CT 
-0.0L 
-1. tl 
-1.05 
-o.o-~ 
-0,02 

-L.(lb 
-l.21 
-0.9'5 

IRJn 7'ST.!. Event 2332 

TRKH PT PHI CT 
I 2'i.,I~ lh~. -0,07 
2 2.49 217, 

PHYSICS_l-l06.01EL4 

1302 .Cl1.J 
bunch A 

PHYSICS_l-0;;,01EL4 

noc.,:H....cru 
b~H1Ch H 

2M-IYBB 

27~Y8B 

zn:PR87 17:52:37 

Eme'"- • 13.0 G.V 

~W7 1:27:151 

Em.!t ... • lb. l 1-.eV 

: )) 

: • -~99.0 ,:m 
T • -'?':'9'?. 00 ,,'5-

:,-t -16 . .:a en, 



R.m 7612 Event. 388 PHYSICSJ.106.01EL4 

MIS E tran&verse Eta I LEGO Plot 
"'"'· tu""7tr E" '51.5 tlil"l ow,;,,- E~ El.~,0 N, lu-;.t.,:,r,;,.• ':-

tFT"j: Elvt,:,,I • ~3-1.i" Gr.V, Et1oi;Cblei-J• 78, I (.,..\I 

Ff1111i;:i,l• 51. ot r"'hi• aJJ,6 C~4. 

':-1.'; 

,0.5"11$1!<.,o: 0 
o_ 

Et Ttv-ashold 5,0 GeV ,..0 ..o,CY,,i' 
CIUGter•:CLL.1512 end Herglng for JET lJ.- ...., 

C 

EH~ t-r Et Phi Eh tT01.11 EMfrec • 
• • 13 52.2 19.5 0.31 2 0.993 
• I 14 5.6 IBB.4 0.72 13 0.655 

un 7612 E nt 3 B PH'l'SICS_U ,.e1 

I CHA TDC 

PH"l'SIC5-h06.01EL4 Z7Ff=RB7Z3:Zl:34 

r-=ats E lranowrce Eta-Phi LEl.-:.0 Plot 
ri;.~ tow,;,r E; .i.J.6 N,n tou,i;,r E; 0.':O I~ clut,lE-r,;,.• 7 

tETS1 El,:,t~I • 695.3 ~V, Et1&-calc-rl• 97,0 •~V 
F.t•1-iS$I• ... 1.7 &I Phi• 310,t) l"le-~l, 

""..-
•vo-o...._ 0 

Et ltv-Hhold 5,0 GeV .-0 ..o,Q'.,. 
i: l~ter& :CLl..1512 end Herg Ing far JET (J,.... ,..... 
EH~ ,.,... · Et Phi Eto now EHfrec. 
• • 17 45,5 125.2 -0,53 0.994 

.... •• u nt • • 8!EL4 

* UEST U•d9• S !'lax Taw•r • 31. 19'9 G<IY 
t: CEND -* Al1P xt6, xi Ltf'T tow•rs 0 • 9 ! I J"'' ··12 I I f * EHD *l X ,. X lIGHT towerg e -i e Jl•g 1e•y• f¥"l e , , HAD , A x ,. x LE tow•r1 e -

• HAD *IAMP x'6, 1:TTRIGHTltowors e · f 
I I I 1mf I I I 

0,009 17.628 e.eee 14,361 

I I 
l • 9 

I 

I Ct-(A TDC 

a 
: 

.. 1.i.1:. 

C 

AV 

A.In 7612 E"'8nt 

TRKN PT 
l --15.~ 
•. -3.00 
h l. 17 
~-1 1. 1n 
,I ··I ll5 

~ -8~1 
0 ·0.63 

10 -0.61 

PHI 
20, 

196. 
!ll8. 
311. 
.. 'IJJ, 
l,"?1, 
203. .n:.. 
lll. 
271, 

388 

CT 
0.31 
1.13 
0.69 
I.~ 

·l.01 
O,Cl9 
0.85 
LOS o.cu 

Rm 7584 Event 496 

TRIOI PT A-fI 
I ---16. 3A t.;.'6, 

12 -2,94 -.,, 
l) -:".fr. 31.i. 
e 1.06 2. 
9 1,01 196. 
7 0.99 3l9. 
3 --0.~ 2o.12, 

1t; -o.m n;. 
15 -0.77 339. 
l .fl. 7fJ Z3:>. 

10 -0.65 Z38, 
4 -0,61 .:'63. 
b 0,1:() 11:0. 
~ -0,f,9 :-133, 

14 0.59 312. 
1l -e.57 309. 

CT 
-D.S4 

L,55 

1.53 
0,59 

-0.83 

0.71 
El.78 
0,19 

·0,87 
·l.00 

AiYSJCS..Mi'J6.01EL4 

W:.Ci:t...CKJ 
hunch 8 

2'3=F'R87 14:56:53 

Ell'l!I>< " 27.1 ,;.y 
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R.m 7614 Event 2359 

Run 

Pun 7613 E1.-ent 23'32 

0 000 16.517 
0:000 14,657 

,.o.s-<S'vO'o...._;:1 

GeV 0,0,,Q'.,CJ... Et Three.hold 5 •0 ·ng for JET --.. 
Clusterr.:_CLUST2 8nd Ner~~o tloll! EMfrec, 
EM HA N-- Et Phi 2 0.988 
• • 9 35.8 12.2 0.52 

0, 000 17,495 
0.000 13,324 

2 27MAY 

! CHA TDC 

f;&.ri 7614 Event 2359 

PT PHI CT 
TRI<~ ~: t1: l~t -gJ~ 

~ ~:~ l~~: 
·;1 -0. 69 2%. -o. 37 

~ -8:~ ~: 0,80 

J~n 7613 Euent 

TRKN :r.t~o 
~. 0.l/'=I 
3 0.56 

PHI 
11. 

2fl--l. 
30, 

23'32 

er 
D,62 
0.(15 

PHYSICS h06,0tEL4 27NAY88 29=FRB7 18:52: l I 



Run 7625 Event 2733 PHYSJCS_l-106. 01EL<l ~7MAY88 :::e:F'R87 14: 6:34 

OOJS E trdn&vers;,3 Ete-Pl'.i i LEGO Plot 
~1,:i, t~1"""1r E= 51.5 1··1,r, .uWl:rr E; 0.':·0 14,: ll"~\~,.-._. ':, 

111:F,: Elotal • 31O.b·Gi..·V, fUsc.,lc-1· l• !OJ.-;' ,:~v 
Etl1n1~<;l• 35.J ,3t Ph;• 109.2 O,,,,:i. 

"' ·S',s,VO'o...._ 0 

El Thre&hold 5.0 GeV ,...o,0.,0',,t 
Clu ... ter&:CLUST2 and Mllr9ln9 for JET :,.J.-- ......, 

EM~ ~•- Et Phi Eta now EMfrec, 
_, II 15 56.3281.1-0.05 0.988 
• f 16 20.6 102.0 1.05 21 0.4135 

Min and Max Str GeY 0.000 13.668 
Min and Max ~hr GeY 0.000 17,243 

! CHA TDC 

~- J. ~ 

0 

Run 7614 Event 5335 PHYSJCS_\.-106,01EL4 27M=IY88 :::o:A<87 3: B: 13 

flAf5 E lren&vcw&e Ela-Phi LEGO Pie,! 
t1;1, lowur E• 3J.2 11ir, lowur E= O.'.""•O 1·1 ,:Ju,;l.;-r-~= '3 

tt=r'-',: Et.,)ll'II • .rt·:-.2 c~v. El•,;,:,.,Jt:rl• l:)<:i,-1 ,;.,.v 
H1111is,s.•• 36.':I {11 Phi• 17•8.':I fie,1, 

.c 
•'>'<5>£..,0'0...._ 0 

El Thre&hold 5,0 GeV ,...0 .o.,O',,;., 
Clusters:CLIJST2 and Merging for- JET l.J-- -.. 
EH ~ ~ Et Phi Eta now EMfre.c, 

11 II 7 36,6 336.l -0.7.d 2 P.1,986 

R'un 7614 [v9nt 5305 PHYSlCS_\.106,01EL4 

Min and Max Str Ge\/ 0.000 10,747 
11in and Max I-Hr Ge\/ 0,000 7,609 

~u.2 

30APR87 31 81 t3 27MAY 

R,n 7625 Event 2733 

TRKt~ PT PH[ 
1 -1;:·.o, -17' 201. 
6 -4. 93 75. 
,"? 1.53 1:12. 
l3 -t.50 87. 
5 1.29 3. 
3 -0. '/? 2!:,.J, 
-~ ·-O.b9 1J2. 
:· ·-0.6-1 lGn. 

CT 
-0.02 

o,,J3 
-o. 79 
-t].41 
-0. 70 

:?:~ 

R.1n 7614 Event 5315 

TRKt-1 PT 
I ,IJ. i::! 
2 1.33 
3 0,66 
4 0.6G 
'!5 -0,65 
b 0,52 

PH! 

r~i: 
3-1. 
:i,;, 
69, 

l','O. 

CT 
-0. 76 

0.16 

2. lb 

PHYSICS_W06.01EL4 

EE(.C~ •• CMU 
hunch A 

PHYSJCS_W06.01EL4 

El)( ,1:tt.J 
hunch D 

27HAYB8 ::o:FR8'714: 6:34 
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27/'Rt88 ::o:PR87 3:8:13 
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~- nrn Ev.,nt 6524 PHYSICS-~.01EL4 27MAY88 t1i-,:iya7 4:25: 13 

DAISE tran&verlioa Elc:1-Phi LEGO Plot 
Mc,, tu(.,.;,( E: .f7,0 11,r, tu1oJt-r f: 0.':-D H c !~1~tc-,··~-- -;-

t·i0l·~: El,:.t.1l • ~.,:,•J,7" 1.~V. Elt~~_,lc-1·•• 113.8 •~V 
l:_'.l!1n1$Sl> 28,3 ~,t Phi• 2<;1,9 (\ey. 

'°..s-<S'(..,o: 0 

o....._,...O,.o. 

~iu!~:;:~~~~T2 \~d ~rg ing for JET "o;,b.,. -..,. 
EN HA t-r Et Phi Ete, tlow EHfre,c, 
f • 17 47.6 199.3 -0.13 0,992 
• f 18 16.6 22.6 -1.18 0.583 

4NAY87 4 t 25 t 13 2711AY 

Min and Max Str GeV 0. 000 23. 234 
Min and Max l-lir Gel/ 0,000 26,204 

! CHA TDC 

Run 7681 Ewnt 5~10 PHYSJCS_J..106, 01EL4 27t1WOB ~YB? 15: B: B 

DAIS E trarn;ver1.e Eta-Phi LEGI) Pict! 
Mro lc.w.:>r E• 27,7 Nin low.,, E• O.~;[I I~ ,:Ju,;I.,,,,:., 2 

IIFIC~: L:1.(,1,)J • ,f,'(J,7 •:K.'V, Et(~,:-!ol.!-1·•· t;I, ;- ,_·..-v 
Etr1Qit;Sl• 26.5 ot Phi• 23'3,0 (),.-y . 

..c-S,s,('..,o: 0 

El _Threshold 5,0 GeV o....._,...O'..o,.O'.. 
Clu1;ter!;_:CLUST2 and Merging for JET ,.6-- .....,. 
EN~ Nr Et Phl Ete, tloi..i ENfrsc. 
• • S 28.0 48,6 0.~ 2 0.990 

Run 7681 [vent 5510 PHYSJCS-~106.0l[L4 2NAY87 I :Ii I 81 8 27MAY 
* [AST Weds• 3 Max Touer 11 30. 0395 G•Y * 

* CEND * AMP x16, xi LErT towers 0 - 9 

97g 97g 10!1 .,.3 8 1038 98! * CEMD * Al1P x 6, xt RIGHT tOYer$ 0 -
0 0 0 0 0 0 

97~ 982 1841 5447 8 8 980 * •.-HAD * AMP xl6, xi LEF"T tower! 0 - 7 

98g 3 • 10,l .. r 98! ~ * CHAD * AMP x16, xl RIGHT toue-rs 0 - ' 

i I Lm! i 98! I 
-

--------- / 

Min and Max Str GeV 0.000 22,257 
Min and Max t.Hr GeV O. 000 16. 559 

I CHA TDC 

. 

98! 
8 

984 

l~•n Tt\.lJ Ewnl 6524 

TRKl-1 PT PHI CT 
l --l<l.61 :\JO, ·0.13 
? ¥-.. ,I.J ;?J. -U. 7'3 

PH'l'SICS_l-EG.01EL4 

1788 Event 6'24 PHYStCS_\.J06, 01EL4 

Min and Max Str GeY 0,000 0,077 
Hin and Max \.lir GeY 0,800 0,076 

l~n 7601 fqml ~10 PHYSICS l-06.01EL4 

TRJ<N PT PHI CT BOC .Cl-I.I 
I -2J . ..j6 ..j';:I, IJ.38 bunc-11 fi 

27i-v:IY88 •-IHW87 -1:25: 13 I 

4HAY87 41 251 13 27MAV 

I CHA TDC 

27~Y88 

Emo.- • J';._..j G,,V 

00 ..... 
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"' J., 
J., 
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Run 7787 E.....-,n t cj'?:7 PHYSICS_l-106. 01El4 3'1=:IY87 5: 19:56 

(IAIS F. trenG.wr,;;u Eto-Phi LEGO Plot 
t-l:,, to«8r Eo 37.& Mu-,;to1~.;-,- E= 0.50 1-1 Cllo-i.lt'•rb' <J 

tlfTS: Etot'31 • 811.J C..-V, Et1sc-,ler1• 120.2 •>'!"V 
Fl•,~•~,.., •. :lfl.:I dt Phi• 330.0 [le,;,.. 

5119156 2i"HAV 

Min and Ii.ax S~r Gel/ 0.008 26,377 
Miri and M.ax \.hr GeV 0.000 21.24':J 

~n 7687 Event 1832 PHYSIC5-W06.01EL4 

I CHA TDC 

Z7HAYBB 

[lAfS E trar,,;;ver&e Ela-Phi LEGO Plot 

31=1Y87 5: 34 : 53 
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