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Abstract 

We have studied the production of the inclusive electrons and the bottom quark in 
proton-antiproton collisions at a center-of-mass energy of 1.8 Te V. 

In the QCD-improved parton model, the production of heavy quarks in hadron col­
lisions is described in terms of the parton-parton hard scattering cross sections, proton 
structure functions and the coupling constant of the strong interactions. Recent calcu­
lations of the heavy quark production cross sections in the next-to-leading order show 
that the correction to the lowest order is large. The analysis presented here is the first 
measurement of the bottom quark production at the Tevatron energy, and thus provides 
a good testing ground for the above picture. 

The data were collected in 1988-89 using the Collider Detector at Fermilab (CDF), 
located at the BO interaction region of the Tevatron collider. 

We first study the inclusive production of high transverse momentum electrons in 
the central rapidity region. It is expected that the heavy quark decays, bottom quark 
decays in particular, are the dominant source of these electrons. We detect them using 
the CDF central electromagnetic calorimeter (CEM). We describe the identification of 
the electrons and the separation from non-physics backgrounds. It is shown that the 
identification capability of the CEM is very good, and the background levels are man­
ageable. The statistical isolation of heavy quark decay electrons, especially semileptonic 
bottom decays, is shown to be possible. 

We demonstrate that our electrons originate mostly from bottom quark decays by 
partially reconstructing the semileptonic B hadron decays. In the electron events we 
observe the charm and strange particles, produced in the decays b - eve, and c - s, at 
predicted rates. 

The production rate of the electrons is converted to the bottom quark rate using 
the kinematical relationship between the electron and the parent bottom quark, the 
estimated electron detection efficiencies, and the semileptonic decay branching fractions 
from other experiments. We measure the bottom quark production cross section as 
a function of its transverse momentum. We obtain from the inclusive electron rates 
u (pp - bX) = 1220 ± 390, 220 ± 70, and 56 ± 18 nb for the rapidity range of \y\ < 1 
and the transverse momentum ranges of PT > 15, 23 and 32 Ge V / c, respectively, where 
the uncertainty is dominated by the systematic effects. From the rate of the associated 
charm production we obtain u (pp - bX) = 440 ± 100 ± 130 nb for the kinematic 
range of \y \ < 1 and PT > 19 Ge V / c, where the first uncertainty is statistical and the 
second is systematic. Two methods give consistent results each other. An extrapolation 
to a lower transverse momentum is consistent with another independent measurement 
using the full reconstruction of B meson decays into J /1/J and kaon, performed by other 
collaborators in CDF. The theoretical predictions are somewhat lower than our results. 
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Chapter 1 

Introduction 

In this chapter we discuss the production of heavy quarks in hadron collisions. Here a 

heavy quark refers to either charm quark or bottom quark, but an emphasis is on bottom 

quark. The history of the heavy quarks has begun in 1974 with the discovery of the 

Jj,,P resonance [1], a charmonium state, at a mass of 3.1 GeV/c2
• Charmonium is the 

name for a bound state composed of a charm quark (c) and its antiquark (c). In general, 

the word quarkonium is used to refer to any quark-antiquark bound state with zero net 

flavor; they are said to have "hidden" flavor. Two years later, the first D mesons were 

observed [2], which are composed of a charm quark and a light antiquark. They have a 

net charm quantum number; they are called "open" flavors. These hadrons decays into 

non-charm states via weak interactions. 

In 1977, the discovery of the T states followed [3], at a mass near 9 Ge V / c2
• This 

was soon interpreted as the quarkonium state with a new flavor, the bottom (b) quark. 

These resonances were confirmed with e+e- annihilation experiments [4]. The B mesons, 

equivalents to the D mesons for the charm quark, are observed at the T( 4S) resonance 

[5]. This state has a much large intrinsic width, about 20 MeV, compared with those of 

T(lS, 2S, 3S) states which are smaller than the resolution of the experimental apparatus. 

Therefore this state is considered to decay into B mesons by strong interactions. The 

high yield of large momentum leptons, expected from semileptonic B decays, also support 
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this interpretation. 

Heavy hadrons give us opportunities to study weak decays of the heavy quarks. 

Much progress has been made for the understanding of the heavy quark decays mainly 

by e+ e- annihilation experiments. Hadronization of the heavy quarks into hadrons are 

also studied. However, hadronic production properties of heavy quarks are yet to be 

investigated, especially for the bottom quark production, including the production cross 

section and the dynamics. 

1.1 Hadroproduction of heavy quarks 

Hard scattering processes in proton-antiproton collisions (or hadron-hadron collisions in 

general) are described in terms of the perturbative quantum chromodynamics (QCD) 

[6] and the parton model [7]. The basic picture of hard processes is that structureless, 

quasi-free partons (quarks and gluons) in hadrons undergo elastic scattering and emerge 

with high transverse momenta. As long as the momentum transfer in the process is large 

compared to the confinement scale, of order of GeV, the process can be treated with the 

perturbation theory. The various experimental results, the total hadronic cross section in 

e+ e- annihilation, deep inelastic electron, muon or neutrino scattering off hadrons, high 

transverse momentum (Pr) hadronic jet production, high-mass lepton pair production 

by the Drell-Yan process [8] including intermediate vector boson (W±, Z0
) production, 

support the perturbative QCD quantitatively [9]. 

Hadroproduction of the heavy quarks is described by this picture as well. The lowest 

order processes [10] are the gluon fusion and the quark-antiquark annihilation ("flavor 

creation") processes, of which Feynman diagrams are shown in Figure 1.1. As seen in the 

figure, all the propagators in these processes are off mass shell by at least 4M~, where MQ 

is the mass of the heavy quark Q. Therefore these are always a short distance process, 

regardless of the momenta of the final state heavy quarks. Hence it is expected that 

the production of a sufficiently heavy quark is reliably predicted with the perturbative 
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approach for all the phase space. This is quite contrary to the case with light quarks 

and gluons, particles with nearly zero masses, where a lower cutoff of order of hadronic 

mass scale is necessary. 

According to the factorization theorem [11], the inclusive cross section for the associ­

ated production of a heavy quark Q. and its antiquark Q is expressed as a convolution of 

the subprocess cross sections with parton number densities /i(zi, Q2
), with momentum 

fraction Zi at the scale· Q2
: 

du(hN- QQX) ~ E/ dz1dz2J:(z1,Q2)ff(z2,Q2)du(ab-QQ). (1.1) 
a,b 

The features of the dynamics [12] of these lowest order processes are summarized as 

follows: 

• Heavy quark pair is produced back-to-back in the parton center of mass system. 

Then the pair is back-to-back in the transverse plane in the laboratory frame. 

• The net transverse momentum of the QQ pair is small. 

• The cross section for these subprocesses is proportional to a~/ s, where a.8 is the 

strong interaction coupling constant, and v's is the parton center of mass energy. 

• The transverse momentum PT of the heavy quark is of order of its mass on the 

average, and falls rapidly with increasing PT· 

• The rapidity difference between two heavy quarks is of order of 1. 

Recently full next-to-leading order calculations for the single particle inclusive pro­

duction of a heavy quark are complete for both the total cross section [13] and the 

differential cross section with respect to the transverse momentum and rapidity [14]. 

Examples of the higher order diagrams are given in Figure 1.2. The results show that 

the correction to the leading order calculation is fairly large. 

In addition to the quantitative change in the cross section, which is normally referred 

to as the "K factor", the qualitatively new process is introduced by the higher order 
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correction. For example, there is a process called "gluon splitting", in which a virtually 

massive gluon is produced in the final state and splits into a quark antiquark pair, which 

can be a heavy quark pair when the gluon is massive enough. Since the pair is produced 

from a gluon with high PT, two heavy quarks emerge close together in the phase space, 

in contrast to the back-to-back feature in the lowest order processes. This is a process 

of order o:!, and a gluon splits into a heavy quark pair only a fraction o:6 (m2 )/27r of the 

time [15]. However, the process gg--+ gg is about hundred times more frequent than the 

:flavor creation process at the collider energy, and then it occurs at a comparable rate in 

the end. 

There is another process called ":flavor excitation" [16] as shown in Figure 1.3(a). 

This process had been considered to be one of the lowest order processes, with intrinsic, 

on-shell heavy quark component in the initial hadrons. The discrepancy between the 

charm hadroproduction data and the theoretical calculations were partly1 ascribed to 

the importance of this process in addition to the :flavor creation process. However, this 

process is infrared divergent when the momentum transfer t of the exchanged gluon 

goes to zero. Hence the cross section is highly sensitive to an arbitrary cutoff value of 

t. It is realized [11] that this process should be considered as a part of the higher order 

process shown in Figure 1.3(b ). In this figure, the internal quark line is highly off-shell; 

its virtual mass is greater than that of the exchanged gluon. Therefor, this process is 

a higher order hard process, which is calculable with perturbative approach. In this 

process, one of the heavy quarks is produced with very low transverse momentum and 

usually escapes detection. 

In spite of the large amount of radiative correction and the qualitatively new pro­

cesses, the differential spectra with respect to the transverse momentum and the rapidity 

stay almost the same [14]. This is shown in Figure 1.4. The PT spectrum with the ra­

diative correction and that with the lowest order calculation multiplied by a factor 2.5 

1There is a question of whether the charm quark is heavy enough to be dealt with the perturbative 
approach. 
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are shown for three different rapidity values. 

Although QCD gives quantitative prediction for the production cross section of the 

heavy quarks, it is uncertain to some extent. The following three are the major sources 

of the uncertainty. 

• Choice of the mass of the quark. We do not know the mass of the quark. We only 

know that it is of order of heavy meson masses. A change in the bottom quark 

mass from 5.0 GeV to 4.6 GeV results in the increase in the cross section by about 

a factor of two. A change from 5.0 GeV to 5.4 GeV gives the decrease by about a 

factor of two also. 

• Structure functions. We know only poorly the gluon density at the relevant value of 

z and Q2
• Most of the structure function measurements come from electron, muon 

or neutrino deep inelastic scattering experiments. They are for large z and small 

Q 2
, while in collider energy region those for small z and large Q2 are important. 

• Choice of the evolution (renormalization) scale (Q 2
) for the strong coupling con­

stant as( Q2
). This is an intrinsic theoretical· uncertainty. It is only known that it 

should be chosen of order of the energy scale of the hard collision process. Com­

monly used choices include Q2 = m~, 4m~, ands. 

These sources result in overall uncertainty in the cross section at a factor of two level. 

For example, Figure 1.5 shows the evolution scale (it is called µ in the plot) dependence 

of the total bottom quark cross section in second and third order at the Tevatron energy, 

as discussed in [13]. The cross section is approximately doubled by the inclusion of the 

higher order corrections, and it does not help stabilizing the cross section under changes 

of the scale Q or µ. It shows that the prediction of the bottom quark production at 

collider energies is quite uncertain. This is contrary in the case of the top quark, which 

is much heavier. 

Now let us look at the experimental results. The UAl experiment [17] at the CERN 

SPS collider has used muons to tag bottom quark production, including inclusive single 
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muons, dimuons, and high PT J/,,P's. The muon cross sections are directly measured, 

and are related to the parent bottom quark momentum. Inclusive muons are expected 

to come from the semileptonic decays of the heavy quarks. Dimuons can come from 

sequential decay b-+ µ- + c, c-+ µ+ + s, or the double semileptonic decays of a heavy 

quark pair. The former process gives small dimuon mass because two muons come from 

the same bottom quark, while the latter gives larger mass as two quarks are almost 

back-to-back in the transverse plane in the lowest order processes. 

They obtained the cross section at y's = 630 Ge V for the restricted range of the 

transverse momentum and rapidity of the b quark. The cross section is presented as 

a function of the lower cutoff of the b quark PT, as shown in Figure 1.6. Curves are 

the theoretical calculations by Nason, Dawson and Ellis [14], with their estimation of 

the theoretical uncertainty. A good agreement is claimed between the data and the 

calculation. 

Figure 1. 7 shows the corresponding theoretical calculations at the Tevatron energy. 

1.2 Heavy flavor tagging in hadron collisions 

Because the vast majority of the hard hadron collisions comes from those of light quarks 

and gluons, it is not an easy task to selectively pick up events with heavy flavors. Prompt 

leptons are a popular way to tag heavy flavors in hadron collision experiments. This 

is because they are produced at a sizable rate, about 10% for each electron and muon 

channel, and the light quark and gluon processes do not usually produce such leptons. 

Multilepton final states are especially distinctive. 

Leptons from heavy flavor decays are not in general isolated; they are produced in jets 

or accompanied by additional hadrons. Hence it is not trivial to identify such leptons. It 

is commonly believed that muons are more effective and efficient to be identified in such 

cases compared with electrons. However, the calorimeter system with finely segmented 

cells relative to the jet size enables us to identify such electrons. 
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In this analysis we use the proton-antiproton collisions at 1.8 TeV center-of-mass 

energy collected using the Collider Detector at Fermilab (CDF). In the CDF central 

detector, the calorimeter consists Of projective towers with a cell size of 0.11 in pseu­

dorapidity 'T/ and 0.26 radians (15°) in azimuth ¢. This is fairly small compared to the 

typical size of the hadronic jets expanding over the cone of 0.5 "' 0.7 in the 'T/-</J space, 

which corresponds to 27 to 53 towers. 
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Figure 1.1: Feynman diagrams of the lowest order processes of heavy quark production. 
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Figure 1.2: Example Feynman diagrams of the next-to-leading order processes of heavy 
quark producti9n. 

8 



( q_, ) 

Figure 1.3: Feynman diagram of the "flavor excitation" heavy quark production process. 
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Figure 1.4: Bottom quark transverse momentum spectra calculated in the lowest order 
only and with the next-to-leading order processes. Taken from Ref. [14]. 
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Figure 1.5: Scale dependence of the bottom quark production cross section at the Teva­
tron energy in second and third order. Taken from Ref. [9] (Figure 49). 
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Figure 1.6: The cross section for bottom quark production at CERN energy as a function 
of the lower cutoff PT of the b quark. Theoretical calculation by Nason, Dawson and 
Ellis [14], and data points from UAl [17]. 
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Figure 1.7: The cross section for bottom quark production at FNAL energy [14]. 
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Chapter 2 

The CDF Detector 

In this chapter we describe the experimental apparatus, the Collider Detector at Fermi­

lab (CDF). The emphasis will be on the central part of the CDF detector, where our 

sample of the electron candidates is selected and used for the study of the bottom quark 

production. 

The CDF detector [18] is a general purpose magnetic detector which was designed to 

study the proton-antiproton collisions at 1.8 Te V center-of-mass energy. The detector 

covers almost all of the solid angle, down to 2° with respect to the beam direction and 

27r in azimuth. It consists of three parts, central, forward and backward, as shown in 

Figure 2.1. 

The calorimetric devices are used in order to measure the energy flow of particles 

from the collision, and the tracking devices measure the tracks of individual charged 

particles. Calorimeters are segmented into towers with projective geometry; each tower 

points back to the nominal interaction point. The size of the tower is typically 15 degrees 

in azimuth and 0.1 in pseudorapidity 'T/, defined by 'T/ = - ln tan() /2, where ()is the polar 

angle with respect to the proton beam direction (z). The pseudorapidity rather than fJ 

is used as the tower segmentation variable because the distributions of any particles or 

hadronic jets in hadron colliders are roughly flat in this variable. 
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2.1 Tracking chambers 

In the central region of the detector (Figure 2.2), tracking chambers reside within a 1.4 

T solenoid coil [19]. They allow precise momentum analysis of charged particles. We 

describe two tracking chamber systems below. 

The vertex time projection chamber (VTPC) [20] is located just outside the beam 

pipe. It consists of eight time projection chamber modules along the beam direction z, 

and has a good track reconstruction capability in r-z plane. The main role of the VTPC 

is to determine the primary event vertex along the beam axis. The Tevatron beam has 

an r.m.s. width of about 35 cm along this axis. The VTPC determines the event vertex 

with an accuracy of about 2 mm. 

The central tracking chamber (CTC) [21] is a large cylindrical drift chamber, 1.3 m 

in diameter and 3.2 m long. It is located outside the VTPC and covers the angular 

region 40° < () < 140° (-1 < T/ < 1). The chamber consists of 84 layers of sense wires 

grouped into 9 "superlayers". Five of them consist of 12 axial wires, and four of them 

consist of 6 stereo· wires which have angles of ±3° relative to the beam direction. The 

resolution of a single hit point is about 200 µm, and gives a momentum resolution of 

(2.1) 

where PT is the transverse momentum of a charged particle in GeV /c. 

2.2 Calorimetry 

A calorimetric device plays an important role in high energy experiments, especially 

in hadron collider experiments. This is because it can measure the energy of neutral 

particles as well as charged particles. Identification of a particular class of particles, an 

electron for example, is also possible. 

The CDF calorimeters consist of three parts (central, plug and forward) depending 
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on the angular region. Each calorimeter has two longitudinal components, the electro­

magnetic in front and the hadronic behind. In this way an electromagnetic shower can 

be separated from a hadronic shower, because an electromagnetic (hadronic) shower has 

a faster (slower) development as a function of the amount of materials a particle passes 

through. All CDF calorimeters are of the sampling type, which consists of a passive 

absorber to create particle showers and an active medium to detect secondary particles 

in the showers. 

The CDF central electromagnetic calorimeter (CEM) [22] consists of alternative lay­

ers of a plastic scintillator as a sampling medium and a lead sheet as a showering material. 

It is segmented into 24 modules in azimuth, and two along the beam direction, total of 

48 wedge shaped modules (Figure 2.3). A "wedge" module has 10 towers, each of which 

covers 15 degrees in azimuth and about 0.11 in T/· 

The CEM has 31 scintillator and 30 lead layers, corresponding to a total amount 

of materials of 16 radiation lengths (X0 ). The layers are placed parallel to the beam 

line; each layer keeps the same distance from the beam irrespective of the angle 8. This 

means that a particle which is away from the 90 degrees passes more material per layer. 

In order for a particle to pass through a constant amount of materials as a function of 

the polar angle 8, some of the lead layers in some towers are replaced with acrylic plates. 

Also some of the scintillator layers are painted black, in order to keep the output signal 

for a given energy of particle independent of the angle 8. 

A typical size of a tower cell is 46 cm in r-</> ( x) direction and 24 cm along the beam 

direction z. This is larger than the size of the electromagnetic showers, which is only a 

few cm 's wide laterally. 

Scintillation lights are converted in two wavelength shifter plates located at ¢-boundaries 

of a tower, and are guided through light pipes to photomultiplier tubes (PMTs ). Optical 

properties of the scintillator (SCSN-38) and the wavelength shifter (Y7) are given in [23]. 
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Overall, a high photoelectron yield of 

Np.e."' 100/GeV /PMT, (2.2) 

is achieved. 

Each of the CEM towers is calibrated using the electron beam of 50 Ge V momen­

tum. The calibration is maintained using the 137 Cs radioactive sources for the overall 

calorimeter response and the LED and Xenon flasher system for the phototubes and 

light pipes [24]. 

The energy resolution of the CEM is measured using the test beam electrons to be 

u(E) 0.135 
~ = v'EsinO' 

(2.3) 

where E is the energy measured in GeV and (} is the polar angle. The dependence on 

the polar angle is due to the increase in the absorber thickness in lower angle towers. 

The response of. CEM varies as a function of the position within a tower because 

of the light attenuation in the scintillator plates. Detailed response maps are obtained 

using test beam electrons [25] and cosmic ray muons [26]. 

A layer of wire proportional chamber (CES) is imbedded near shower maximum of 

the CEM (nominal depth at 5.9 X 0 including the coil). A chamber has two orthogonal 

views, anode wires measuring the r-¢ view of the showers and cathode strips measuring 

the z view. A channel has a typical width of 1.5 cm. The fine segmentation enables 

us to measure more precise profiles of showers than with CEM towers. The position 

resolution of a few mm's is achieved for electromagnetic showers. 

Behind the CEM there exist the central (CHA) and the wall (WHA) hadron calorime­

ters [27]. They both consist of layers of plastic scintillator and iron absorber. Towers 

have the same segmentation as the CEM. 

Calorimeters covering the plug (1.1 < 1711 < 2.4) and forward (2.2 < 1711 < 4.2) 

regions of the detector employ gas proportional chambers with cathode pad readout as 
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detection device, and lead and iron plates as showering material for electromagnetic and 

hadron components, respectively. A tower size of A1J x A</>= 0.1 x 5° is used. 

2.3 Trigger and data acquisition system 

2.3.1 Data acquisition system 

The CDF detector has a total of about 100,000 electronics channels, consisting of 

calorimeter phototubes, gas chambers (wires, strips and pads), drift chambers and so on. 

Calorimeter signals are sent to an analog front-end system called the RABBIT system 

[28]. It consists of amplifier cards including the sample-and-hold circuits and a digitizer 

card. After the signals are digitized, they are read out by scanners called MXs [28], 

which are interfaced to the Fastbus data acquisition system [29]. Drift chamber signals 

are shaped at the detector and then sent to commercial Fastbus TDC modules. They 

are then read out by scanners called SSPs [29]. The data acquisition system reads out 

events with an approximate event size of 100 kbytes at 10-20 Hz, and sends them to the 

level 3 trigger system described below. 

2.3.2 Trigger system 

The Tevatron was operated in the 1988-89 run with six bunches of protons and antipro­

tons, respectively. They cross each other at the BO interaction region every 3.5 µsec. 

The pp inelastic cross section at 1.8 Te V is about 50 mb, and results in a total event 

rate of 50 kHz at a luminosity of 1 x 1030 cm- 2
• Therefore we need to reduce it to a 

manageable level, a few Hz, by selecting events of physics interest. 

The CDF trigger consists of four levels, level O, 1, 2 and 3. The level 0 trigger 

requires the occurrence of an inelastic collision. The beam-beam counter (BBC) system, 

scintillator hodoscopes located in front of the forward and the backward detectors, is 

used to provide a coincidence signal and to tag the inelastic events. 

The level 1 and 2 triggers [30] use signals from the calorimeters and the tracking 
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chambers to make decisions on the events accepted by the level 0 trigger. Calorimeter 

signals are summed into trigger towers with a size of tl..11 X fl..</> = 0.2 x 15°. In this way the 

whole CDF calorimeter is represented by a 42 x 24 array for both electromagnetic and 

hadronic energies. They are sent to the trigger electronics modules. The level 1 trigger 

makes a decision based on calorimeter signals in excess of a programmable threshold, 

a stiff CTC track from a fast hardware track processor [31], and the muon triggers 

[32]. The level 2 trigger can form clusters of energies using the 42 x 24 array. Other 

information can be combined to form the level-2 trigger. For example, a calorimeter 

cluster is required for an associated CTC track to form an electron trigger. 

The level 3 trigger system performs a more sophisticated event selection by executing 

FORTRAN-77 programs. It uses an Advanced Computer Program (ACP) [33] processor 

located in VME creates, and its processing capacity is equivalent to about 67% of a VAX 

11/780. In the 1988-89 run 50 such processors were used. 

We had two triggers for the inclusive electrons on the central detector in the last 

run, employing different transverse energy (ET) thresholds. One uses a threshold at 

12 GeV and the other at 7 GeV. The 12 (7) GeV trigger requires a trigger tower with 

electromagnetic transverse energy deposition in excess of 6 (3) GeV at level 1. At Level 

2, the trigger required an electromagnetic cluster of ET above 12 (7) GeV, and a small 

hadronic energy (HAD/EM < 0.125), and a matched CTC track with a PT of at least 

6 (4.8) GeV /c. The 12 GeV trigger had existed for the full period of the run. The 

7 Ge V trigger was implemented later in the run when the level 3 trigger became fully 

functional. It also used a pre-scaling of a factor of four at level 2. 

2.4 Luminosity measurement 

The luminosity can be obtained by counting the rate of a certain process of which cross 

section is known. We use inelastic pp events, and the BBC's to detect them. That is, 
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we have 

.c _ RBBC 

- ' O'"BBC 
(2.4) 

where .C is the luminosity, RBBC is the BBC event rate, and O'"BBC is the effective cross 

section visible to the BBC's. We estimate O'"BBC at 1800 GeV as follows. 

We first calculate the corresponding quantity for the U A4 experiment at 546 Ge V, 

using their absolute measurements of the total and elastic pp cross sections, to be 38.9 ± 
1.8 mb. A small correction due to the difference in the geometry of the trigger counters 

at CDF and UA4 is made in order to convert the above quantity into the corresponding 

CDF quantity at 546 GeV, u~fc· We then relate it to the value at 1800 GeV, u~'ffg, 

by using the measurements of the Tevatron luminosities (.Cacc) based on accelerator 

parameters, and the observed BBC rates RBBC at the two energies. They have a relation 

We obtain 

0'"1800 
BBC 

0'"546 
BBC 

RBBc(1800) 
Rssc(546) 

.Cacc(546) 
.Cacc(1800) • 

u~~g = 46.8 ± 3.2 mb, 

(2.5) 

(2.6) 

or a 7% uncertainty in the luminosity measurement. More details on this subject may 

be found in (34] and references therein. 
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Chapter 3 

Electron Identification 

In this and the following chapter we describe the electron identification and the extrac­

tion of the bottom quark events. In high energy hadron collisions hadronic jets from the 

gluon and the light quarks are copiously produced with high transverse momenta. The 

rate of these events are a few orders of magnitude higher than that of heavy quarks. 

Thus it is very difficult to identify heavy quarks through their hadronic decays. 

An alternative is to select events containing one or more leptons. As described in 

Appendix A, the heavy quarks have substantial branching fractions for semileptonic 

decay modes (of order 10% each in electron and muon channels), which will be a source 

of single leptons. Multilepton signature can come from double semileptonic decays of a 

heavy quark pair, sequential decays of the b quark, and the B hadron decays involving 

J /t/;, followed by its dilepton decays. 

Since there exists no mechanism of producing prompt leptons in gluon and light 

quark jets, these leptons are a good signature of the heavy quark production. The 

semileptonic bottom and charm quark decays are expected to be the dominant source of 

single leptons. The present analysis uses the inclusive electrons in the central detector. 

In this chapter the identification of the electrons is described, along with the back­

grounds to the electrons. 
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3.1 Identification methods 

The CDF electron triggers on the central calorimeter select events having a large en­

ergy deposit on the electromagnetic calorimeter with a small hadronic leakage and an 

associated high transverse momentum track. At this level of event selection most of the 

events are backgrounds, rather than real electrons. The "electron" signature can occur 

by an overlap of multiple photons (which create electromagnetic energy deposit) and a 

charged particle (which leaves a signal in the tracking chamber). These overlap events 

occur at a high rate because their source is the jets of light quarks and gluons, which 

produce mainly pions. 

In order to suppress these overlap events, we require that the observed "electron" 

cluster behave in a consistent way as expected for a real electron. We examine signals 

on the calorimeter and the tracking chambers and require that they are consistent with 

the patterns expected for a single electromagnetic particle. We use 

• Longitudinal shower shape. 

• Lateral shower shape. 

• Geometrical matching of the calorimeter shower and the track positions. 

• Comparison of the calorimeter energy and the track momentum. 

We will discuss each item in more detail later in this Section. 

Heavy flavor decay electrons are not isolated; they accompany additional hadrons 

or the lighter flavor jet. For example, a bottom quark decay is expressed at the parton 

level as 

(3.1) 

where the c quark forms hadrons. Since the transverse momentum of the parent bottom 

quark is larger than its mass in the kinematic region now under consideration, the 

electron and the c quark are emitted in nearly the same direction. If electrons are 

completely buried in the jet, such electrons cannot be identified. 
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The identification capability depends on how finely calorimeter cells are segmented. 

The central calorimeter tower size is 0.11 in pseudorapidity 'T/ and 0.26 (15 degrees) in 

azimuth ¢. A typical hadronic jet extends over a cone of 0.5 ,....., 0. 7 in the 'T/-<P space. 

The calorimeter tower size is smaller than the size of the jets, and thus we expect that 

we can identify those heavy flavor qecay electrons. As described below, the isolation of 

electrons in three central calorimeter towers is required to identify electrons. This would 

be the minimal degree of isolation we have to require, implicitly or explicitly. 

3.1.1 Identification variables 

In this subsection we describe various tools to identify electrons. Before going into each 

item, the clustering algorithm is briefly described. 

We first note that the physical size of the central electromagnetic calorimeter ( CEM) 

tower is typically 24 cm by 46 cm and is much larger than the size of the electromagnetic 

showers, which is only a few em's wide. A single electron deposits its energy on a single 

tower almost entirely, unless it hits near the tower boundary. Therefore we do not really 

need to form a cluster, unlike the case of hadronic jets. 

The electron clustering algorithm first looks for a seed tower with an electromagnetic 

energy deposit above a certain threshold value (typically 3 Ge V in transverse energy), 

and adds an adjacent tower on each side of the seed tower in the same azimuthal wedge 

when its energy deposit is above a lower threshold (typically 0.1 GeV in transverse 

energy). In the case of CEM clusters, the maximum number of towers in a cluster is 

limited to three, a seed tower and towers on each side in 'T/· Towers adjacent in <P are 

not added because an electromagnetic shower does not extend over the </> boundary of 

wedges by construction. For the same reason a cluster across the 90° wedge boundary 

is prohibited. 
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Longitudinal shower shape: HAD /EM 

An electron and a hadron show different longitudinal shower profiles. The former shows 

a faster development as a function of the amount of material it passes through. The CDF 

central calorimeter has the electromagnetic ( CEM) and the hadronic (CHA) components, 

and we can differentiate electromagnetic showers from hadronic showers by comparing 

energy deposits on CEM and CHA and requiring a small hadronic energy. Figure 3.1 

shows a typical distribution of the hadronic energy for high energy electrons. 

After a cluster is formed, electromagnetic and hadronic energies of the cluster are 

compared. The cluster is accepted as "electromagnetic" when the ratio of the hadronic 

to electromagnetic energy (HAD /EM) is below a certain value. We usually use 0.1 for 

this ratio as a starting point. Later we tighten the cut in order to purify the sample. 

Lateral shower shape: LSHR 

First let us consider to reject background from QCD jets, namely overlapping charged 

hadrons and photons. We require an electron to be isolated in three CEM towers in 1/ 

direction. As noted earlier in this subsection, a CEM tower is large enough to contain 

a full electromagnetic shower. Suppose an electron hits a region in a CEM tower well 

away from its boundary. Its energy deposit will be observed on that tower and nearly 

none on adjacent towers. This will be the shape of a single electron (strictly speaking, a 

single electromagnetic particle) on three CEM towers. On the other hand, overlap events 

would show a different distribution. Naively the shape of these overlaps is expected to 

be flat in the three towers because they consist of multiple particles reflecting the larger 

size of the parent jets. These are illustrated in Figure 3.2. To be quantitative and to 

treat properly the case in which the electron impact point is close to the tower boundary, 

a variable called LSHR [35] is defined as follows: 

(3.2) 
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where the sum is over towers adjacent to the seed tower in the cluster, Mk is a measured 

energy on the adjacent tower k, Pk is the same quantity predicted using the impact point 

in z on the strip chamber, the event vertex and the shower profile obtained from the 

test beam measurement. tl.Pk is an error in Pk associated with a 1 cm variation in the 

impact point, and Ec1 is the cluster electromagnetic energy. The factor 0.14 represents 

a statistical :fluctuation. The value of tl.Pk is very small most of the time, since a CEM 

tower with 24 cm width in z has full containment of showers (>993) when a shower is 

more than 2 cm away from the z boundary. 

This variable LSHR gives zero when an observed shape matches the expectation for a 

single electromagnetic particle. For overlapping multiple particles extending over towers, 

extra energies are observed on adjacent towers and the LSHR value becomes larger than 

zero. We shall demonstrate that 0.2 is an appropriate cut value. 

For an overlap of charged and neutral hadrons, the momentum p of a charged particle 

measured by the tracking chamber is smaller than the calorimeter cluster energy E. This 

characteristics is well shown in Figure 3.3, the distribution of E/p for the sample of all 

"electron" clusters. Here an electron cluster is .defined as any cluster with HAD /EM 

ratio below 0.1 with at least one track pointing to the cluster. The distribution is fiat 

over the range, and no peak is seen. After applying an LSHR cut of 0.2, the sample is 

cleaned up and a peak is observable at E /p ,..., 1. Also shown is the same distribution 

for the sample with LSHR larger than 0.2, where no peak is observable. 

Lateral shower shape: CES x2 

LSHR is useful in rejecting multiple particle showers extending over more than one CEM 

towers. However, a single CEM tower is still large enough to contain a few particles in 

it. Some QCD jets (or a part of them) with a few well collimated particles can produce 

such a shape. The strip chamber (CES) provides useful information in rejecting such 

kind of background by virtue of its finer segmentation than CEM towers. 

The minimum distance d between two photons from a 7ro decay at the depth of the 
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CES ( 184.15 cm from the beam line) is expressed as 

50 
d-;::::, - cm, (3.3) 

PT 

where PT is the transverse momentum of the 11'
0 in GeV /c. The distance dis about 7 

cm (2 cm) for 7 (25) GeV/c 11'
0 's. 

A typical electron shower spreads over several CES channels and enables us to mea­

sure its shape and position. By applying a single shower hypothesis and checking the 

consistency between a measured shower shape and a predicted one, showers from multi­

ple photons, namely 11'0 's, can be rejected. A least squares fit is performed for a measured 

CES cluster with the shower center as a free parameter. The x2 is defined as 

1 n ( <;>bs _ ~red)2 
2 - ~ q, q, 

x--L..J 2 ' 
4 i=l (jq; 

(3.4) 

where q; is a normalized pulse height on channel i, n is the number of channels in a 

cluster. <Tq; is an error in q; and is defined as 

u;i = (0.026)2 + qred (0.096)2
' (3.5) 

for 10 GeV electrons. The shape of the electron shower is measured using test beam 

electrons [36]. Let us denote the shower density by p, with the normalization 

(3.6) 

where :e is the distance from the shower centroid. We define an integral shape I by 

I( :e) = 1= p( z') dz'. (3.7) 

The I( :e) represents a fraction of shower which resides outside a certain distance :e from 

its centroid. Figure 3.4 shows the shape I on the CES for 50 GeV /c test beam electrons. 
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A two component exponential function is fitted to data and is shown by curves in the 

plot. 

The standard CES clustering algorithm uses a fixed number of channels, 11 by de­

fault, corresponding to a half width of about 8 cm. It ensures that both high PT photons 

from a 7ro decay are contained in a single cluster, when the 7ro has a transverse momen­

tum of 7 Ge V / c or above. This in turn results in a larger x2 value when the profile is 

examined with a single shower hypothesis. This way we can achieve rejection of 7r0 's 

or QCD jets. Also expected is the rejection of charged pions. We show the CES x2 

distributions for electrons and charged pions in Figure 3.5. 

Here we mention the energy dependence of the x2 value. Since the shower fluctua­

tion scales with the number of secondary electrons, it is plausible to assume x2 scales 

with 1/../E. The error used for the x2 evaluation above does not include this energy 

dependence. Since the CES gives a relatively poor pulse height measurement1
, we use 

the CEM energy to correct the CES x2 value. The CES is located at a fixed depth 

("" 5.9 X 0 ) in the CEM. Therefore it sees a different age of the longitudinal shower de­

velopment depending on the electron energy, and -shows a nonlinear response. We use a 

parameterization based on test beam measurements: 

EcEs = 2.11 In(EcEM) x 1. 792, (3.8) 

where EcEs and EcEM are pulse heights in GeV. We cut on the average of the x2 's in 

two views at 10, after correcting for the energy dependence. 

Position matching 

Requiring a geometrical matching in the CES shower and the extrapolated track posi­

tions is useful in rejecting the overlaps, where the main part of energy deposit comes 

from photons, instead of a charged hadron, which usually leaves only a minimum ionizing 

1The resolution of CES pulse height is about 203 and 303 in r.m.s. for 50 GeV /c and 10 GeV /c 
electrons, respectively. 
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signal on the CES. 

The intrinsic position resolution of the CES is measured using test beam electrons to 

be a few mm's. In the real data the resolution of the tracking chamber contributes also. 

We apply the correction for the wedge alignment [37]. Figure 3.6 shows the distributions 

of the differences in the CES shower and the extrapolated track positions in both r<P 

and z views for the W electrons and inclusive 12 Ge V electrons. We usually require 

l~r<PI < 1.4 cm, 

l~zsin81<2.5 cm. 

The sin 8 dependence is used in order to make the CES resolution constant. 

The number of associated charged tracks 

(3.9) 

We usually require that one and only one track is pointing to the calorimeter electron 

cluster towers. The reason is twofold. First, we want to measure the electron energy 

accurately. Existence of an additional track, which is most likely a charged hadron, 

always increases the calorimeter energy. The subtraction on an event-by-event basis is 

almost impossible, since hadron showers fluctuate in a complicated way. The other is 

because the requirement makes the estimate of the electron selection efficiency easier 

and more reliable. Hadrons in the electron cell deposit their energies on the hadronic 

compartment, as well as on the electromagnetic compartment. The estimate of the cut 

efficiency of the hadronic energy fraction thus requires a detailed knowledge of hadron 

showers and their simulation, although not impossible. 

Energy and momentum comparison 

After applying the cuts on the variables described above, we are left with a sample of 

electron candidates. We should see a matching in the calorimeter energy and the track 

momentum, because we have selected electrons which are isolated in three CEM towers. 

Figure 3. 7 shows the E / p distribution for the sample. We see a peak around E / p of 
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unity. 

Fiducial region 

In order to measure electron showers properly, we limit ourselves to the electrons found 

in a fiducial region 

lr</>I < 21.5 cm, 
(3.10) 

9 cm < I z I < 200 cm. 

In addition to these we require the electron is located on CEM towers 0 through 6 ( 111 I ::; 

0.8). This is to achieve high acceptance of CTC tracks used for particle reconstruction 

(Section 4.2). 

3.1.2 Other backgrounds 

A combination of calorimeter and tracking information described above removes the 

overlap events and cleans up the initial sample to an electron-rich sample. However, 

there still remain backgrounds. They include an isolated charged hadron showering 

early in the calorimeter, and a photon conversion electron. They both can satisfy the 

identification cuts and reside on the peak of the E /p distribution. 

Photon conversion electrons 

Photons are copiously produced in jets, mainly through decays of neutral pions. They 

can convert to a pair of an electron and a positron while traversing detector material 

preceding the tracking chamber. Electron-positron pairs are also produced in the Dalitz 

decays of 7r0 's. 

Some of them are removable on an event-by-event basis. We use the fact that the 

pair mass is of order of the electron mass, or practically zero. We should see a pair of 

tracks coming from a common point on the detector. In the axial magnetic field they 

separate in r</> view and are approximately collinear in r z view. Thus we look for a 
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partner CTC track satisfying 

ISi < 0.2 cm, 

Ill cot Bl < 0.06, 
(3.11) 

where Sis the separation of two tracks in r</> plane at the point where they are tangent 

(conversion point). If a partner track satisfying the above requirement is found for an 

electron, we remove it as a photon conversion electron. Figure 3.8 shows the distributions 

of the above cut variables. The bottom plot shows the r</> separation S for pairs with 

Ill cot Bl < 0.06. In the ll cot B plot the solid (dotted) histogram corresponds to all pairs 

(pairs with ISi > 0.2 cm). We see a correlated peak at zero in S and ll cot B. We call 

this method of identifying photon conversion pairs a pair algorithm. 

Another handle on the photon conversions is hits on the VTPC [38]. When the 

conversion occurs at the outer wall of the VTPC or at the inner wall of the CTC, no 

signal will be observed on the VTPC. 

The radial distribution of the conversion points is shown in Figure 3.9, which re­

veals the detector structure. The shaded area corresponds to pairs with low VTPC hit 

occupancy, which come from the walls as expected. 

In our method of identifying photon conversion pairs (pair algorithm), the partner 

track has to be found and reconstructed in the CTC. As we shall see later the PT spectrum 

of the conversion partner peaks strongly at zero where the track finding efficiency is 

expected to be low. In this region we can fail to find some of the pairs. We will present 

the estimate of the residual photon conversion electrons in Section 3.4. 

The purity of the identified photon conversions is high; roughly 90% of them are the 

real electron pairs (Section 3.4). The origin of these pairs is "known" to be QCD jets of 

g;luons and light quarks. Thus they serve as a good control sample to be compared with 

the prompt electron sample. 
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Interacting charged pions 

Behavior of charged pions in the calorimeter is studied using test beam data. Sometimes 

a charged pion begins showering early in the detector and deposits almost all of its energy 

in the electromagnetic component. Although the probability is very small, of the order 

of 10-3 , the initial number of pions produced in collisions is huge enough to compensate 

the small probability and to make the rate of such hadrons comparable to that of the 

prompt electrons. 

When such a pion is produced isolated within three CEM towers, it contributes as 

background to electrons. The shape on calorimeter towers (LSHR) will be consistent 

with the expectation. Since the shower is developed by the pion itself, the position 

from the track matches automatically the one on the calorimeter. Also since the energy 

deposit is produced only by the pion, it matches the measured momentum. This way 

these pions form a background which is hard to reject. 

In order to minimize these hadron contamination, we cut on the hadronic leakage 

energy fraction at 0.04. We estimate the residual hadron background in Section 3.5. 

3.2 Inclusive electron sample 

In the 1988-89 CDF run we have two inclusive central electron triggers having different 

transverse energy thresholds. One uses a threshold at 12 GeV, and the other at 7 

Ge V. The 12 Ge V trigger had existed since the beginning of the run, and the sample 

corresponds to the full luminosity of the run, 4.1 pb-1 • On the other hand, the 7 GeV 

trigger was implemented later in the run, when the level-3 trigger system became fully 

functional. It also employed the pre-scaling of a factor of four at the level-2 trigger. The 

7 GeV sample corresponds to an integrated luminosity of about 250 nb-1 • 

A full event reconstruction was performed for these data sets. We have extracted 

events from the output streams called TOS03 for 12 GeV electrons and TOP04 for 7 

GeV electrons. The electron candidates are selected with the following cuts: 

33 



• LSHR < 0.2. 

• CES-track position matching, jllzl < 1.4 cm and j.!lz sin 81 < 2.0 cm. 

• CES x2 < 10 on the average of wire and strip views. 

• HAD /EM < 0.04. 

• Number of charged particles pointing to the cluster is 1. 

• 0.75 < E/p < 1.40 

Photon conversion electrons are removed using the method described in the previous 

Section. After applying the identification cuts, we have about 13,000 and 10,000 events 

in 12 and 7 GeV samples, respectively. Figure 3.10 shows the transverse momentum 

(PT) spectrum of the electron candidates. 

The spectrum consists of two parts; one is a steeply falling part starting at lower PT, 

and the other is a shoulder above about 25 Ge V / c. The latter originates from W and Z 

decay electrons, which exhibit a Jacobian peak at about a half of their masses, 40 GeV. 

The removal of these Wand Z events is the subject of the next Section. 

3.3 W and Z decay electrons 

W and Z events are rather distinctive in their global event topology. Decays of W's 

into the electron channel involve an emission of a neutrino, which roughly balances the 

electron momentum. On the detector, the neutrino is inferred from the imbalance in the 

observed calorimeter energy, or the missing transverse energy, E!f88
• In the case of Z 

decay, we should see an additional high PT electron which forms the Z invariant mass 

(about 91 GeV /c2 ) together with the first electron. 

The missing transverse energy is defined as 

(3.12) 
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where the sum is over calorimeter cells, ETi is the transverse energy on tower cell i, and n; 
is a unit vector in transverse plane pointing to the cell i. In an ideal detector this vector 

coincides with a neutrino transverse momentum vector. In practice various detector 

effects introduce a finite and relatively poor resolution in this quantity. Calorimeter 

resolutions, nonlinear responses of the calorimeter to hadrons, and inactive regions of 

the detector are the main sources of the missing ET resolution. To optimize it we scale 

the hadronic energies of the event (the electron is not included, because the resolution 

is much better) by a factor of 1.4 [39] and recalculate the E!fss (corrected missing ET)· 

We remove Wand Z electrons requiring 

• Corrected missing ET < 8 vfET, where ET is the electron transverse energy in 

GeV/c. 

• Mass (e,jet) < 80 GeV /c2 if the jet has EM fraction above 0.85. 

Distributions of the cut variables are shown in Figures 3.11 and 3.12. We see that the 

separation is good and expect little residual Wand Z events. 

We show in Figure 3.13 the PT spectrum of the electron candidates after the W 

and Z decay electrons are removed. We also show the corresponding distributions for 

the identified photon conversion electrons (Figure 3.14), and the "charged hadrons", 

electron candidates with large hadronic energy fraction (HAD/EM> 0.07) (Figure 3.15). 

We note that the spectra are similar in shape each other. This fact suggests that 

the background fraction in the prompt electron sample is approximately constant as a 

function of PT· 

3.4 Residual photon conversion electrons 

Photon conversion electrons are one of the background sources to the prompt electrons. 

We can remove some of them on an event-by-event basis as stated in Section 3.1.2. There 

it was required that the track of the conversion partner was found and reconstructed 
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("pair algorithm"). When the PT of the partner is small enough, it will be curled within 

the axial magnetic field and will not be reconstructed as a track with high efficiency. 

As we will see later, the spectrum of the conversion partner is soft, and the loss at low 

PT region is not negligible. This is the main cause of the inefficiency of the pair finding 

algorithm. 

Since we measure the absolute PT spectrum of the photon conversion electrons identi­

fied by the pair algorithm, we can calculate the number of residual conversion electrons 

in the prompt electron sample, once the efficiency for finding the pair is known. We 

attempt to do this as a function of the PT of the electron. 

In an event of a photon conversion in a 71"
0 decay, we have three particles: an electron, 

a positron and an unconverted photon. We refer to the primary conversion electron which 

makes the electron cluster as electron, and to the conversion partner, with normally lower 

PT, as positron. The electron and the positron point to the same direction in space at 

the conversion point. As they pass through the magnetic field, they are bent in opposite 

directions and separate in the r-</> plane. They separate also in r-z view, although small, 

because the momentum difference is in general not zero. As a good approximation, 

however, two particles have the same z coordinates at any radius. 

There are several possible configurations of these particles as seen on the detector, 

and we divide them into two classes. The first class (we refer to as Ntrack = 1) consists of 

those events where the electron cluster has only one track pointing to it, and the second 

( Ntrack > 1) with more than one track. In other words, the first class of events have the 

partner positron outside the electron cluster towers. The second class of events have 

both the electron and the positron in the same cluster. The unconverted photon can 

be anywhere in either case. We ignore the rest of the jet particles so here we have two 

tracks at most. 

The energy E and the momentum p of the electron cluster are expressed using the 

electron (positron) energy E_ (E+) and the momentum P- (P+) and the energy of the 
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unconverted photon E"Y as 

E = E_ (+E"Y), } 
Ntrack = 1 

p=p_, 
(3.13) 

for the first class of events. For the second class of events, we have 

(3.14) 

In an ideal detector, the energy and the momentum are identical for each particle. We 

note that the kinematics is different for the two classes, since the positron has to have 

a large PT to reach the same cell as the electron after going through the magnetic field. 

The minimum transverse momentum of 1.2 Ge V / c is necessary for the positron to reach 

the same tower as the electron with the infinite momentum, if they are produced on the 

beam axis, r = 0. 

We are interested mainly in the first class of events, since for the second class the 

track finding efficiency is unity by definition. We have shown the observed ET spectra 

of the "prompt" electrons2 (Figure 3.13) and the identified photon conversion electrons 

(Figure 3.14). Contribution of the W and Z decays is removed in the prompt electron 

sample. Two spectra are similar in shape, steeply falling with PT, and the relative rate 

is about 5 to 1. 

3.4.1 Efficiency of the photon conversion removal algorithm 

Photon conversion Monte Carlo generator 

We use a Monte Carlo calculation to predict the kinematics of the photon conversion 

events, the spectrum of the partner positron in particular. We provide here a description 

2The "prompt" electron sample here of course includes fake and non-prompt electron backgrounds. 
The word "prompt" is used to refer to the electron candidates which are not identified as photon 
conversion pairs. 
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of the photon conversion Monte Carlo generator. 

An event is generated as follows. We assume that the 71"0 is the only source of the 

photons. We parameterize the 71"
0 PT spectrum as Pr°', where a of 5.5 is used in order 

to reproduce the observed electron spectrum. The fiat distribution in T/ is used. The 71"0 

is then decayed to two photons. One of them is picked up at random and then forced 

to covert to a pair of an electron and a positron. The energy sharing function between 

the electron and the positron is taken from Ref. [40]. The case for the ultra-relativistic 

limit is used (Figure 3.16). The radius of the conversion point is generated according to 

the distribution observed in the real data (Figure 3.9), therefore the Dalitz decays are 

automatically included. Then each particle is propagated to the CES plane. 

The event is passed through the detector simulation (Section 5.3.1) of the CEM 

and the CES, the reconstruction of the electron cluster and the CES showers, and the 

electron identification selections (LSHR, CES x2
' track-shower position matching, EI p). 

This process is necessary in order to reproduce the situation in real data, because the 

application of the identification cuts changes the kinematics of the events. For example, 

the E /p cut explicitly restricts the range of the energy /momentum of the particles other 

than the electron. 

We first demonstrate that our Monte Carlo generator reproduces the PT spectra of 

the electrons and the positrons in the real data shown in Figure 3.17. Figure 3.18 shows 

the corresponding Monte Carlo predictions. In comparing the PT spectra, we require the 

minimum positron PT of 1 GeV and the minimum electron ET of 15 GeV. With these 

cuts we can avoid possible biases to kinematics due to the inefficiencies in the positron 

track reconstruction and in the hardware trigger for the electron cluster. We see that the 

Monte Carlo events reproduce the kinematics of the photon conversion pairs reasonably 

well. 
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Track finding efficiency 

Figures 3.19 and 3.20 show the electron and the positron spectra without the cut on 

the positron PT. We note that the Monte Carlo positron spectrum is strongly peaked at 

zero, where the track finding efficiency is expected to be low. 

By comparing these positron spectra between the data and the Monte Carlo, we get 

the track finding efficiency as a function of the positron PT. We have normalized the 

Monte Carlo distribution to data in the region above 2 GeV. The efficiency is shown 

in Figure 3.21. We refer to this efficiency as €track· We see that the efficiency becomes 

fl.at at 1.5 Ge V and above. Actually we do not really know the absolute value of the 

efficiency in the plateau region, although it would be close to unity. We estimate the 

efficiency in this region later in this subsection. 

Efficiency of the cuts 

Now we estimate the efficiency of the cuts (Eq. (3.11)) used to identify photon conversion 

pairs. A pure sample of photon conversion pairs identified by methods other than the 

pair algorithm enables us to extract the cut efficiency of the pair algorithm. We use two 

different methods to evaluate the cut efficiency. 

The first method relies on VTPC hit information [38] to identify photon conversions 

occurred at the outer VTPC and the inner CTC walls. These "outer" conversions should 

appear with low VTPC hit occupancy. We assume that the VTPC is 100% efficient. We 

define a photon conversion if the VTPC hit fraction3 is less than 0.2 and an electron track 

is away from a radial board of VTPC modules. Then we look for a candidate partner 

track having the minimum value in the squared sum of the r</> separation S and the 

cot() difference. We note that the candidate track found here is not necessarily the true 

partner. If the PT of the real partner positron was very low its track may have been lost. 

3 The VTPC hit fraction is defined as the ratio of the number of active wires to the number of 
expected hit wires along a road defined by the CTC track parameters for an electron. There are 24 
wires along the radial direction for a particle with normal incidence. 
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Hence the candidate track defined above can be a random particle in the event, which 

is most likely a charged hadron. In order to reduce this hadron background, we require 

that the PT of the track be above 1.5 Ge V / c, and that the radius of the conversion po.int 

for the candidate track pair be between 20 cm and 30 cm, being consistent with the 

outer conversions. We also require a large pulse height (more than minimum ionizing) 

on the CES4 • For those tracks, the distributions of the ~ cot fJ and the separation S are 

plotted in Figure 3.22. It is seen that the distributions are fairly clean. We find the 

efficiency of the cuts, I~ cot 81 < 0.06 and ISi < 0.2 cm, as 

€cuts= 525/543 = 0.967 ± 0.008, (3.15) 

for the outer conversions. 

The second method uses strip information of the CES to identify photon conversions. 

As described before, a distinct feature of the photon conversion pairs is that the electron 

and the positron have approximately the same z position at any radius, on the CES 

plane for example. When the separation in r-</J is large enough and the electron and the 

positron reach different wedges, we can measure the two z positions independently on 

the CES. 

In an event with an electron we look for a charged track pointing to the wedge next 

to the electron. The charge of the track has to be the opposite of the electron, and has 

to point to the right wedge as expected from the given charge combination. The track is 

then extrapolated up to the CES plane. In order to remove charged hadrons, we require 

a large pulse height both on the strip chamber (Eces/P > 0.5) and the CEM (E/p > 0.7). 

For events passing and failing the cuts we look at the distribution of dz, the difference 

of the electron and the positron z coordinates, and count the number of events on 

peaks. We do this for inner (R < 15 cm) and outer (R > 15 cm) conversions separately. 

Distributions of dz are shown in Figure 3.23. We obtain the efficiency as 

4 We use the sum of five CES wires around the extrapolated track position. 
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Method 
CES VTPC 

R < 15cm 0.961 ± 0.014 
R > 15cm 0.953 ± 0.010 0.967 ± 0.008 

R =all 0.956 ± 0.010 

Table 3.1: Efficiency of the cuts of photon conversion finding algorithm. 

Ecuts 0.953 ± 0.010 (R > 15 cm), 

0.961±0.014 (R < 15 cm), 

0.956 ± 0.010 (R =all). 

(3.16) 

We find efficiencies consistent with that obtained by using the VTPC information. 

The cut efficiencies are summarized in Table 3.1. 

Track finding efficiency above 1.5 GeV /c 

We have obtained the (PT dependent) track finding efficiency ( ftot) by comparing the 

observed and the predicted PT spectra of the partner positron. We have normalized 

them in the region above 2.0 GeV /c, and have found that the efficiency is constant 

above 1.5 GeV/c (Figure 3.21). We now estimate the track finding efficiency in this 

region, although we expect that it is fairly close to unity. 

We use the CES information again and look for a peak at zero in the difference 

between the electron and the positron z coordinates (dz). We do this for the events 

where a track is found and where it is not found. 

We first reconstruct CES showers on the "right" next wedge adjacent to the electron 

tower. We pick up the largest pulse height shower within three towers in T/ direction. 

We also require a large pulse height on the CEM (E/p > 0.7 assuming PT= 1.5 GeV /c). 

In order to ensure that the positron track PT associated with this CES shower is 

above 1.5 Ge V / c, we require that the shower be "close" to the primary electron shower 

in r-</> view. As noted earlier, the separation in r-</> space is smaller for the higher PT 
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positron. Once we fix the conversion point, there exists a unique relationship between the 

PT of the positron and the r-</J position difference between the electron and the positron. 

We assume the radius of 30 cm or the maximum possible value. If the conversion had 

occurred really at a smaller radius, the positron with the same value of r-</J separation 

would have had a larger PT· Hence this is a safe assumption. 

Figure 3.24 shows the distributions of the dz. We find the number of events on the 

peaks as 707 ± 39 and 40 ± 10 from the fit, and accordingly the track finding efficiency 

above 1.5 Ge V / c as 

fi:,~ = 0.947 ± 0.013. (3.17) 

Overall efficiency 

By using the efficiencies obtained above, we now can calculate the fraction of unseen 

photon conversions for a given electron ET. We first fix ET of the electron. Let Nid 

be the number of identified photon conversions. This is related to the number of total 

conversions, Nprod, the sum of the identified and the lost, as 

~d = Nprod ftot• (3.18) 

We have factorized the total efficiency as 

>1.5 
ftot = ftrack ftrack fcuts • (3.19) 

Since the track finding efficiency ftrack is dependent on the PT of the partner positron, 

we need to integrate over the PT spectrum of the partner positron: 

I dN ( +) + 
Nid = d + ftot PT dpT, 

PT 
(3.20) 
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where the positron spectrum dN / dpj: is normalized so that 

I dN + 
dpj: dpT = Nprod· (3.21) 

The fraction fid of identified photon conversions for a given electron ET is 

(3.22) 

We note that HJ'nv varies as a function of ET of the electron, since positron PT spectrum 

is dependent on ET. Monte Carlo positron spectra are shown in Figure 3.25 for four 

different electron cluster ET values. We use these positron PT spectra, and the track 

finding and the cut efficiencies obtained from the real data. The overall efficiency for 

finding photon conversion pairs We calculate Hdonv in this way and plot in Figure 3.26 

as a function of electron cluster ET. We see that f{J'nv increases as ET increases. This 

behavior is expected because the partner positron PT spectrum becomes harder with an 

increasing cluster ET and then the loss at the low PT region becomes smaller. 

We can measure the same quantity directly in the real data by using the VTPC 

information for the "outer" conversions. We regard the electron candidate as a photon 

conversion electron when the track has the VTPC hit fraction less than 0.2. By checking 

whether this event is also identified as a photon conversion electron by the pair algorithm, 

we obtain the overall efficiency of the pair algorithm as 

Jtd'nv(12 GeV) = 1219/2379 = 0.512 ± 0.010, 

J{d_onv(7 GeV) = 803/1799 = 0.446 ± 0.012, 

(3.23) 

(3.24) 

integrated over the electron ET spectra in the 12 GeV and 7 GeV electron samples with 

the mean ET values of 14.6 GeV and 8.8 GeV, respectively. They are plotted also in 

Figure 3.26. 

The Monte Carlo calculation predicts the efficiencies of 0.582 at 14.5 GeV and 0.510 
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at 8.5 GeV electron ET. There exists a relative 13% difference. In order to estimate the 

residual background in the "prompt" electron sample, we use the PT dependent shape 

of the efficiency as predicted by the Monte Carlo calculation, and scale the absolute 

value so as to match the efficiency obtained from the VTPC-identified conversions. The 

difference of 13% is taken as the systematic uncertainty of the efficiency. 

3.4.2 Over-efficiency 

The pair finding algorithm can be over-efficient to some extent, due to a contribution 

of a random track in the event. When a random track in the prompt electron event 

happens to satisfy the requirement of Eq. (3.11), we misinterpret the electron as a photon 

conversion electron. Since the magnitude of the effect depends on the event topology, or 

the source of the electron, we estimate the loss of the electrons due to the over-efficiency 

using the Monte Carlo b quark events and absorb in the electron selection efficiency. We 

estimate the loss of b quark decay electrons to be 0.033 ± 0.002 (Section 5.3.5). 

Here we study the same effect with a different approach, as a check of the above 

number. Since the random track picked up by the pair algorithm is most likely a charged 

hadron, estimating the over-efficiency is equivalent to measuring the fraction of the 

hadrons in the "conversion" pairs defined by the pair algorithm. We use the strip 

chamber pulse height information for the purpose. 

First we check the CES pulse heights for the real electrons. We start with photon 

conversion pairs identified by the VTPC hit fraction. We require that the event be also 

identified by the pair algorithm with a radius of the conversion point consistent with the 

outer conversions. In order to ensure a high efficiency of the CES pulse height measure­

ment, the momentum of the partner positron is required to be above 1.5 GeV /c. We 

then extrapolate the positron track to the CES plane and require that the extrapolated 

position is within the fiducial volume of the CES. We define the pulse height as a sum 

of 5 wires around the extrapolated track position. Figure 3.27(a) shows the distribution 

of the pulse height normalized to the track momentum. We observe large pulse heights 
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as expected for electrons. 

We next check the pulse height for a random charged track. We pick up tracks 

with the same kinematic requirements but those pointing to the "wrong" wedge as 

expected from a charge of the primary electron. The pulse height distribution is shown 

in Figure 3.27(b). We see a peak i~ the first bin (less than 5%) due to the minimum 

ionizing particles and a tail to larger pulse heights. 

Finally we show the pulse heights for the partner "positron" tracks in the photon 

conversion events identified by the pair algorithm. The pulse height distribution is shown 

in Figure 3.27( c). It is similar to that for true electrons, Figure 3.27(a), except for an 

additional small peak in the first bin. 

We interpret the last distribution as a sum of the other two distributions, and we 

find the fraction of the charged hadrons in the photon conversion sample identified by 

the pair algorithm as 

/charged= 0.116 ± 0.025. (3.25) 

Since the rate of "prompt electrons" is about five times higher than that of the identified 

"conversions", the fraction of the lost "electrons" is 

/lost ~ 0.116/5 = 0.023 ± 0.005. (3.26) 

3.4.3 Residual conversion fraction in the prompt electron sam-

pie 

The number of the residual photon conversion electrons Nres in the prompt electron 

sample is expressed as 
1 - €tot 

Nres = Nid , 
€tot 

(3.27) 

where Nid is the number of identified real photon conversions and ftot is the overall 

efficiency for finding photon conversion pairs. Nid is related to the observed, raw number 
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of photon conversions Nabs by 

!{;_d = Nabs (1 - f charged)• (3.28) 

The fraction of residual conversion electrons in the "prompt" electron sample is then 

expressed as 

Nres 
fconv = l\T 

J.Yprompt 
---
Nprompt 

1 - €tot _ Nabs (1 - fcharged) 1 - €tot 

€tot Nprompt €tot 
(3.29) 

We show in Figure 3.28 the fraction fconv as a function of the electron ET. We ob­

serve that the fraction is about 203 and has very little PT dependence. We obtain the 

uncertainty in fconv by propagating the error in €tot (±133 relative). We use 

fconv = 0.20 ± 0.05 (3.30) 

as the final number for the residual photon conversion background. 

3.5 Misidentified charged hadrons 

This section describes the estimate of the residual hadrons in the prompt electron sample. 

As we have discussed earlier (Section 3.1.2), a charged hadron can mimic an electron 

by depositing most of its energy in the electromagnetic compartment of the calorimeter. 

Although its probability is small, a much higher rate of pions makes such kind of pions 

a significant source of background to electrons. 

3.5.1 Hadronic energy distributions 

We consider hadronic energy distributions of electrons and charged hadrons with high 

momentum, say 10 GeV /c and above. As shown in Figure 3.1 the HAD/EM distribution 

of electrons (about 50 Ge V) peaks near zero hadronic energy and gives few events above, 
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say, 0.04. On the other hand, hadrons leave only a small (minimum ionizing) signal 

most of the time. On the CEM the minimum ionizing peak corresponds to a 300 Me V 

electromagnetic particle. These minimum ionizing hadrons appear as ·a peak near unity 

in the hadronic energy fraction distribution. This behavior can be seen in Figure B.4, 

for example. 

Now we want to know the behavior of hadrons in the region of a smaller hadronic en­

ergy fraction. Figure B.6 shows the blowups of the hadronic energy fraction distributions 

for real data charged particles and Figure 3.29 shows the corresponding distributions for 

test beam 50 GeV pions (curve (a)). Both show a flat distribution in the relevant range 

of hadronic energy fraction, and no peak near zero is observed, for the relevant range 

of PT (above 10 GeV/c). In Figure 3.29 (curve (a)) 50 GeV pions show a slight positive 

slope, and in Figure B.6 10-20 GeV hadrons seem to show an almost zero slope, although 

the statistics are limited. In any case they exhibit smooth distributions and no peaks. 

Now let us look at the real data electron samples. Figure 3.30 shows the HAD/EM 

distribution for identified photon conversion electrons. As shown in the previous Section 

they are a very pure (about 90%) sample of real electrons. We thus expect the distribu­

tion to be similar to that of test beam and W electrons (Figure 3.1), and it is. A small 

difference is that the photon conversion electrons have a little larger tail. This can be 

understood as follows. Wand test beam electrons are isolated. The inclusive electrons, 

prompt or conversion, are produced by particles in jets. They accompany other parti­

cles around them. These hadrons can change the hadronic energy in the electron cluster 

towers. As shown in Appendix B, hadronic showers have a large lateral width of about 

10 cm. Thus the showers of hadrons near the electron can leak into the electron cluster 

towers across boundaries, and create a tail in the distribution. 

Figure 3.31 shows the corresponding distribution for the "prompt" electrons. Com­

pared with photon conversion electrons, the tail is much larger. This is most naturally 

explained with the presence of charged hadrons faking electrons, which show the roughly 

flat distribution. In other words, the difference between the two distributions is a con-
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tribution of charged hadron background. 

3.5.2 Estimate of the hadron fraction 

The amount of residual hadrons can be estimated by interpreting the observed HAD /EM 

distribution as a sum of two contributions, one from electrons and the other from pions. 

First we look at a region with HAD /EM between 0.04 and 0.08. We do not use 

the region above 0.08 because the distribution there is biased on account of the level-2 

trigger requirement on HAD /EM. In this region the contribution from real electrons is 

expected to be small. Strictly speaking, the electron contribution in that region cannot 

be neglected, and we subtract it using the distribution for photon conversion electrons. 

This can be done with an enough accuracy by normalizing the conversion and "prompt" 

distributions in the first bin, where electron contribution is much higher than in the tail. 

In this way we have a HAD /EM distribution for the "pions" in the region between 0.04 

and 0.08. We observe a small negative slope as shown in Figure 3.32. 

Next we extrapolate the distribution to the low side, below 0.04 of the hadronic 

energy fraction. Assuming a continuous linear shape, we obtain the fraction of charged 

hadrons in our "prompt" electron sample in the region of HAD/EM below 0.04 to be 

15%. 

3.5.3 Systematic uncertainty 

We have obtained a pion distribution at a higher value of HAD /EM, and then used it 

to extrapolate into the electron signal region. Now two questions arise. First, whether 

or not the distribution we obtained in the "pion" region is correct. Second, if our 

extrapolation is correct or not. 

We do not have many handles on the hadronic energy distribution for these low 

energy (10-20 GeV) charged hadrons. Test beam data lack high statistics for lower 

energy pions. Also the contamination of electrons in the beam is not negligible. 

We have shown in Figure 3.29 the distributions for 50 Ge V test beam pions, where 
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the statistics are relatively high. The curve (a) in the Figure is for all pions, and has a 

positive slope. When we select electron events in the real data, we apply the CES x2 

cut. Also an implicit cut on the CES pulse height is placed through the shower-track 

position matching requirement, which forces the hadron to deposit a large pulse height 

on the CES. These cuts select pions which are more like electrons, and the HAD /EM 

value of such pions may change in correlation with the cut quantities. Curves (b) and 

( c) in Figure 3.29 correspond to pions after these cuts. The cuts seem to change the 

distributions slightly. The slope after the cuts is :Batter, and a small bump is observable 

at very small hadronic energy. The latter is most likely due to the electron contamination 

in the pion beam and probably we do not have to worry about it. The former draws 

our attention, because the slope determines the number of pions in the electron signal 

region. 

Another question is that how the slope changes as a function of the pion energy. In 

the real data of high PT tracks we have observed similar, smooth distributions for lower 

energy hadrons (10 GeV to 20 GeV) (Figure B.6), where we have not applied any CES 

cuts. The slope for these lower energy hadrons is roughly zero. This could be compared 

with the positive slope for 50 GeV test beam pions (curve (a) in Figure 3.29). We cannot 

apply cuts on CES showers for real data charged tracks, since the statistics are already 

limited, and more importantly the cuts would just pick up real electron events. 

We have used real data HAD /EM distributions from photon conversion electrons 

and "prompt" electrons, and obtained a distribution for the "pions" which has a slight 

negative slope (Figure 3.32). Presumably the application of the shower cuts has intro­

duced the negative slope into the :Bat distributions for the unbiased, all pions. And the 

distribution we obtained for the "pions" is reasonably :Bat and probably correct. 

As for the extrapolation, all the above results show that charged hadrons give smooth 

distributions. Thus our linear extrapolation is probably right. We consider two cases, 

one with the :Bat distribution with zero slope, and the other with a negative slope which 

gives twice events in the electron signal region as in the "pion" region. We use them as 

49 



the systematic uncertainty in the final number. In summary we use 

/hadron = 0.15 ± 0.15 (3.31) 

as the fraction of residual charged hadrons in our electron sample. 
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Figure 3.1: Hadronic energy distribution for W electrons (points) and 50-GeV test beam 
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51 



(a) r 

(b) (c) 

Figure 3.2: (a) Schematic view of CEM towers. Expected energy deposit pattern in 
three CEM towers for (b) a QCD background (multiple particles) and ( c) a single elec­
tromagnetic particle. 
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Figure 3. 7: E /p distribution for electron candidates after all cuts. 
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Figure 3.10: The observed "prompt" electron PT spectrum. 

60 



co 
0 . 
0 

' rn 
.....,> 

r:1 
(l) 

> 
~ 

W removal 

Ee< 20 GeV 

0 6 12 18 24 

20 < E e < 30 GeV Ee> 30 GeV 

0 6 12 18 24 0 6 12 18 24 

Missing ET / .../ET e 

Figure 3.11: W electron removal. 

61 



Z removal 

225 

> 
Q) 

t!l 
"2 150 

........... 
Ul 

.+.) 

s::: 
Q) 

> 
r::r::::i 

75 

0 L-~~~~~.L-~~~~~.l-~~~~~.l-~~~===::::J 
12( 40 60 BO 100 

Mass{e,jet) 

Figure 3.12: Invariant mass distribution of an electron and a jet with large electromag­
netic fraction. 

62 



W/Z Removed 
105 

-• • • 
104 • • • 

\ 
103 

' > :lllr 
(I.) :m 

0 

'-LO 102 . 
0 

' *\ rn 
+> 
d 
(I.) 

> 101 In! ~ 

II 
I I 

100 I I 

0 20 40 60 

Pt (GeV/c) 
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Figure 3.21: The track finding efficiency for the positrons. 
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Figure 3.25: The Monte Carlo partner positron spectra. 
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Figure 3.29: Hadronjc energy fraction distributions for test beam pions and electrons. 
For the pions, three curves correspond to (a) no CES cut at all, (b) with CES x2 cut, 
and (c) with additional CES pulse height cut. 
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Figure 3.30: HAD /EM distribution for photon conversion electrons in real data. 
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Figure 3.31: HAD/EM distribution for "prompt" electrons in real data. 
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Figure 3.32: Estimated HAD /EM distribution for the "pions" in the prompt electrons. 
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Chapter 4 

Extraction of Bottom Events 

This Chapter is devoted to the extraction of the bottom events from the inclusive elec­

tron events. We first consider a physics background, charm decay electrons. Kinematics 

differences predict a relative enhancement of the bottom electrons in the inclusive elec­

tron events. 

We then present the partial reconstruction of the semileptonic decays of B hadrons. 

We reconstruct charm and strange particles produced near the electrons. 

4.1 Bottom and charm decay electrons 

As noted earlier, semileptonic decays of heavy quarks are expected to be the dominant 

source of prompt electrons at high transverse momenta. The relevant heavy quarks are 

charm and bottom quarks. They both have similar branching fractions into semileptonic 

decays, of order 103. Therefore charm electrons can be a physics background for the 

bottom electrons. We now discuss the relative rates of bottom and charm electrons at 

high transverse momenta. 

The production of high PT electrons in heavy quark events can be expressed schemat­

ically in the following steps: 

• Production of a heavy quark, with a steeply falling PT spectrum. 
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Source 
% Production 

Efficiency 
% Observed 

Bu,d 
60 
.43 
72 

Ba Bbaryons b -+ c -+ e 
9 5 4 

.43 .35 .13 
12 5 2 

B-+.,P-+e 
1 

.55 
1 

C-+ e 
20 
.17 
9 

Table 4.1: Fractions of the electrons with PT above 12 GeV in ISAJET band c jets. 

• Hadronization (fragmentation) of the heavy quark into a heavy hadron. 

• Decay of the heavy hadron into an electron and a system of lighter hadrons. 

At the Tevatron bottom and charm quarks are produced in strong interactions, which 

are flavor independent. The quark mass is the only difference between them. In the 

lowest order processes in QCD the differential cross section falls with (Pi + m~)-2 • 

Therefore two quarks are produced at the same rates when PT is large enough compared 

to their masses. This is the very region we are interested in now. We plot in Figure 4.1 

the differential production cross sections of the band the c quarks at the Tevatron energy 

predicted by the ISAJET Monte Carlo program (41]. As expected two cross sections are 

almost identical at high transverse momentum. 

It is known from e+ e- experiments that heavy quark fragmentation is "hard", that 

is, a hadron containing the heavy quark carries a large fraction of the parent heavy 

quark's energy-momentum (Appendix A). The fragmentation becomes harder as the 

heavy quark mass increases. As described in Appendix A, bottom hadrons carry 83% 

of the parent quark's momentum on the average. This number is 67% for the charm 

quark. Given the same production cross sections at the quark level, which fall rapidly 

with PT, the harder b quark fragmentation results in a harder PT spectrum of B hadrons 

than charm hadrons at high PT· This is shown in Figure 4.2. 

The PT spectra of decay electrons are accordingly harder in bottom than in charm 

decays. The larger mass of bottom hadrons, or the larger Q values in decays, also helps 

this. 

On an experimental side, bottom electrons are more isolated because of the larger 
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B hadron masses, and are easier to detect. The electron selection efficiency is about 

three times higher for bottom electrons than for charm electrons (Section 5.3.4). This 

fact enhances bottom electrons, too, in the observed electron rates. The PT spectra of 

electrons after the inclusion of the detection efficiencies are shown in Figure 5.12. 

Table 4.1 summarizes a Monte Carlo study of electron rates. Here we have started 

from the almost same production rates at the quark level for bottom and charm. In 

the electron rates the electron selection efficiencies are taken into account. We see that 

charm electrons account for only 1/10 of the total electrons. 

In summary, the relative rate of about 1 to 10 is predicted for charm and bottom 

electrons when we assume the same quark level rates at high PT, which is the prediction 

of the QCD. We use 10% as the fraction of charm electrons in our prompt electron sample 

after the photon conversion and fake hadron backgrounds are subtracted. Although this 

is a plausible number, we allow a factor of two variation in the production cross section 

ratio. That is, we use 

f. 0 lo+0.10 
charm = · -0.05 • (4.1) 

4.2 Partial reconstruction of semileptonic B decays 

In this Section we study the production of charmed and strange particles in association 

with the electrons, or the partial reconstruction of semileptonic B hadron decays. It 

serves as a rather direct evidence for bottom quark production and its semileptonic 

decays. 

Semileptonic decays of B hadrons are expressed at the parton level as 

(4.2) 

where the small b-to-u transition is neglected. At the hadron level the charm quark c is 

replaced by a charm particle, D 0 , n+, D~ and so on. We do not expect charm particles 

to be created from vacuum in hadronization processes because of their large masses. 
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Therefore a lepton and a charmed particle is the unique signature of the semileptonic B 

decays. Since we have tagged the flavor (or charge) of the parent b quark through the 

electron charge, the expected charm flavor is accordingly determined. 

4.2.1 Charmed particles 

We look for charmed particles produced near the electron. Although we can think of 

reconstructing various charmed particles in various decay modes, the neutral charmed 

meson decay into charged particles, 

Bu,d---+ e-vn° X, 

n°---+ x-?r+ 
' 

(4.3) 

would be the only mode1 we can reconstruct now with reasonable statistics and a signal­

to-noise ratio. 

Since the n° decays to x-?r+, but not to x+ ?r-, the charge of the kaon is identical 

to that of the electron ("right sign" combination) in the semileptonic B decays. 

Since the CDF lacks particle identification, we use all oppositely charged CTC track 

pairs and assign kaon and pion masses. In order to reduce combinatorial background, 

we use tracks within a cone of 0.6 in the 'T/-</> space around the electron. We also apply 

the following kinematical cuts on the tracks: 

PT(K) > 1.5 GeV /c, 
PT(?r) > 0.5 GeV /c. 

(4.4) 

Figure 4.3 shows the invariant mass distributions for the right sign K-?r+ pairs in 

the electron events. The n° signal is apparent. 

The signal is absent in the "wrong sign" combinations with the prompt electrons 

(Figure 4.4), and with the photon conversion electrons (Figure 4.5). These facts suggest 

1 In this Section a reference to a particular charge state also indicates the charge conjugate mode. 
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that the n° and the electron are the decay products of a single fJ meson. 

The inclusive n° rate in the semileptonic decays of non-strange B mesons has been 

measured by the CLEO collaboration at T( 4S). Therefore it is possible to predict a 

rather firm number of expected n° events we should observe in our electron sample. 

Conversely, we can measure the production cross section of b quarks using the number 

of reconstructed n°'s. We will do this in the next Chapter. We just note here that our 

observed n° rate is consistent with the prediction based on our estimate of non-prompt 

and fake backgrounds in our electron sample and the assumed charm fraction. 

We now describe another charmed particle, n•+. We try its reconstruction through 

the decay chain 

(4.5) 

Then•+ mass is 2010 MeV, which barely allows the first decay. We plot in Figure 4.6 

the mass difference 

(4.6) 

for the x-7r'+ pairs within the n° mass window (1865 ± 30 MeV). We observe a clean 

peak. When we require the wrong charge on the second pion, the peak is absent (dotted 

histogram). 

4.2.2 Strange particles 

Strange particles are produced in B decays via sequential decays of the charm particle: 

b - l-vc, c - s. (4.7) 

In this process flavors are also uniquely determined. We should observe a negatively 

charged lepton and a particle containing a strange quark, not an anti-strange quark. We 

cannot use single charged kaons for the study, because CDF cannot separate kaons from 

pions. Thus we try to reconstruct resonances of strange particles. 
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K* and ¢production 

A vector strange meson, K*0
( = sd), is a candidate for such a reconstruction. It has a 

mass of 896 MeV and a broad width of about 50 MeV. It decays into K-7r+ about 2/3 

of the time. The charge of the kaon tags the :flavor of the parent K*, in the same way as 

in n°--+ x-1r+ decay. The "right sign" combination is a negative electron and a K*0
, 

(4.8) 

where D is a particle containing a charm (not anti-charm) quark. Semileptonic charm 

decays 

(4.9) 

are a source of the "wrong sign" combination, a positron and a K*0 --+ x- 'Tr+. 

Since strange particles are lighter, we ~ould expect that they are also produced in 

the hadronization process of partons. A Monte Carlo study [42) shows that requiring 

high transverse momentum is effective in suppressing these "fragmentation" K*'s and 

in enhancing K* 's coming from the B decays. We require that the PT of K* is above 2 

Ge V / c. We show in Figure 4. 7 the invariant mass distributions of the right and wrong 

sign K-7r+ pairs. The wrong sign pairs are scaled by a factor of 0.75 for the display 

purpose. A peak is present near 0.89 Ge V in right sign pairs, and is absent in wrong sign 

pairs. Curves show a fit to a Breit-Wigner resonance function and a smooth background 

representing the phase space. The number of right sign K*0 's is 844 ± 150 for the 

combined 7 and 12 GeV electron sample. It is rather difficult to predict an accurate K*0 

rate, because there exist no measurements of the K* rate in semileptonic B decays, or of 

the inclusive branching fractions into K*0 of various charm particles ( D 0
, n+, D~ and so 

on). We estimate from Monte Carlo events that about 780 right sign K*0 's are observed 

per 20,000 bottom electrons, which is an estimated number of prompt electrons in the 

data sample. 

The absence of a peak in wrong sign pairs supports the conclusion in Section 4.1 
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that our electron sample consists mainly of bottom decay electrons rather than charm 

decays. 

We next consider the production of</>, which is a vector ss state; The mass (1020 

Me V) is just above the K K pair threshold. We cannot use the flavor correlation in the 

case of</>. But we expect that high PT </>'s come mainly from the B decay, because </> 

is as heavy as K* and quite a similar kinematics is expected. We try to reconstruct </> 

decays into a charged kaon pair, 

</> ---+ x+ x-, (4.10) 

in a similar way as for K* decays. Figure 4.8 shows the invariant mass spectrum of kaon 

pairs. A peak is observable near 1.02 GeV. We check that the peak is absent in the 

control sample, consisting of photon conversion electrons. 

It is interesting to investigate the origin of the </>'s. In the decays of the strange 

charmed meson, n; ( = cs), </> is expected to be rich, since a pair of strange quarks is 

provided automatically. On the other hand, in the case of non-strange charmed mesons, 

n° and n+' the rate is expected to be low, because the production of </> requires a 

creation of an ss pair from vacuum. A Monte Carlo study [42) shows that about 90% 

of </>'s in semileptonic B decays come from the strange B meson, Bs, which produces 

a n; 100% of the time in the spectator decay picture. This would be a useful tool in 

identifying semileptonic Bs decays, once we get higher statistics in future runs. 

K~ and A production 

We now extend our study of the strange particle production to K~ and A. They are 

identified through decays 

(4.11) 

(4.12) 

at a displaced secondary vertex. A more detailed discussion on the reconstruction of 

these neutral vees may be found in [43). We plot invariant mass distributions in Fig-

89 



ures 4.9 and 4.10. K~ and A peaks are apparent, and the distributions are fairly clean 

with a relatively low combinatorial background. 

The production rates and the flavor correlation (for A's only) are also studied in [43]. 

K~'s and A's are observed about 5% and 1% of the time, respectively. These rates are, 

however, quite similar for the prompt electron sample and for control samples of photon 

conversion electrons and hadrons faking electrons. Also the charge correlation in A's is 

weak. Probably these particles are produced in fragmentation processes in comparable 

rates as in B decays, because of their lighter masses. 
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Figure 4.1: The bottom and charm quark production cross sections from the lowest 
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Chapter 5 

Measuring the b Quark Production 

Cross Section 

Now we turn to the measurement of the bottom quark production cross section using 

the observed rate of the inclusive electrons, which we have discussed in Chapters 3 and 

4. The process requires the knowledge of the kinematical relationship between the quark 

and its decay electron, and of the electron selection efficiency. We determine them using 

the Monte Carlo method. We describe below the Monte Carlo models employed and 

the estimate of the electron selection efficiency, and derive the bottom quark production 

cross section from the inclusive electron rates. We also describe the measurement of the 

b quark production cross section using the rate of the correlated electron-D0 production, 

which complements the above method. 

5.1 Relating the electron and the b quark rates 

A Monte Carlo calculation predicts a certain electron production rate, given a b quark 

rate. Since we measure the electron rates, we can obtain the b quark rates once we know 

the relation between them. Several factors go into this relation, including 

• b quark production PT spectrum, 
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• b quark fragmentation into B hadron, 

• Semileptonic decay branching ratio of the B hadron, 

• Decay kinematics/dynamics of the B hadron into the electron. 

In addition to these, we need to know the electron selection efficiency, which 1s PT 

dependent to some extent. 

There can be various ways of extracting the b quark cross section from the decay 

electron cross sections, and we follow the one by U Al [17]. We measure electron cross 

sections and relate them to the b quark cross section integrated over a certain kinematic 

range us~ng a Monte Carlo calculation: 

ub(MC) 
O"b(data) = O"e(data) ue(MC)' (5.1) 

We choose three PT intervals for the electrons, 10-15, 15-20 and 20-25 GeV, corresponding 

to the b quark PT thresholds of 15, 23 and 32 Ge V, respectively. 

5.2 Model of b quark production and decay 

We use Monte Carlo events to simulate bottom and charm jets. It is important to 

correctly model them because they are used to relate the electron rates to the b quark 

rates, and also to estimate the electron selection efficiencies. 

Fairly good understandings on the B meson decays are available from the CLEO 

and the ARGUS experiments, as well as on charm hadron properties from a number of 

experiments. Thus it is reasonable to expect that the decays of these heavy hadrons 

are well reproduced by Monte Carlo generators. The fragmentation properties of the b 

and c quarks are also measured by e+ e- experiments at PEP, PETRA and LEP. The 

momentum range of the current interest is about 15 to 30 Ge V for b quarks, or 10 Ge V / c 

and above for their decay electrons, and it is covered with these experiments. 
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We use the ISAJET [41] Monte Carlo program to describe the hard collision pro­

cesses of the heavy quark production, and its fragmentation into hadrons. We use the 

CLEO Monte Carlo (QQ) [44] to describe the weak decays of pseudoscalar non-strange 

B mesons. One of the important quantities in the B meson decays is an electron spec­

trum. Electron and muon spectra have been measured at T( 4S) state with contribution 

from continuum subtracted. A measurement [45] from CLEO is shown in Figure 5.1, 

together with the spectrum given by the QQ Monte Carlo generator. In the real data 

contribution from the sequential charm decay is not separable, which occupies low en­

ergy region. Another important quantity is the spectrum of the charmed particle. In 

the latest CLEO Monte Carlo, the semileptonic decays of heavy hadrons are described 

with the nonrelativistic quark model by Isgur, Scora, Grinstein and Wise (ISGW) [46]. 

The charmed particle momentum spectra in this model are shown in Figure 5.2. 

The ISAJET employs the Peterson model for the heavy quark fragmentation. In 

order to reproduce the e+ e- experimental results on the b quark fragmentation, we 

apply a slight modification to ISAJET routines. A more detailed discussion on the 

Peterson model and fragmentation issues will be given in Chapter 6.3. 

The underlying event, particle activities originating from other than the hard collision 

subprocess, is not well reproduced by Monte Carlo generators in general. We thus use 

the real data to empirically model it. This is discussed later in this Chapter. 

5.3 Electron selection efficiencies 

In measuring the b quark production cross section using semileptonic decay electrons, 

the observed electron rates are subject to the correction for the electron selection effi­

ciency. The electron identification methods impose an implicit isolation requirement on 

an electron, by cutting on quantities like longitudinal shower leakage (HAD /EM), lat­

eral shower shape tests (LSHR and CES x2
) and so on. Therefore the efficiencies of the 

cuts vary depending on the source of the electron. For example, W/Z decay electrons 
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are well isolated. On the other hand, the electrons from bottom and charm decays are 

located in jets; there exist other particles close to the electron. The mass of the parent 

particle (or the Q value of the parent particle decay) and the magnitude of the Lorentz 

boost, which creates most of the electron momentum in the kinematic range of interest, 

are what determines the isolation degree of the electrons. 

A typical set of the electron identification cuts is as follows (Section 3.2): 

• LSHR < 0.2. 

• CES-track position matching, J~xl < 1.4 cm and J~z sin BJ < 2.0 cm. 

• CES x2 < 10 on the average of wire and strip view. 

• HAD /EM < 0.04. 

• Number of charged tracks pointing to the electron cluster is 1. 

• 0.75 < E/p < 1.40 

These cuts minimize the contamination of additional particles within the electron cluster 

towers, and makes the electron energy measurement more accurate. Cutting on the 

number of charged tracks associated with the cluster, of which additional contribution 

comes mostly from charged hadrons, makes the estimate of the electron finding efficiency 

easier and more reliable. 

5.3.1 Simulating electromagnetic showers 

Given the correctly generated Monte Carlo events of a b or c jet, the next step is to 

simulate the detector responses to these particles. Since most of the electron cuts are 

placed on the quantities measured with the calorimeter, including the strip chambers, it 

is crucial to simulate correctly the particle responses on the calorimeter. 
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CEM and CES responses 

Phototube responses to electromagnetic particles are relatively easy to reproduce, as 

long as we know the shower shape and treat properly the fluctuations due to sampling 

and photoelectron statistics. We use a parameterization of shower shapes based on test 

beam measurements in order to calculate energies on adjacent towers, and model the 

fluctuation with the nominal CEM resolution of 14%/v'EsinO. 

As showers on the strip chambers are more complicated, we use real electron showers 

obtained from the test beam. This is the same method used for the CDF prompt 

photon production analyses [47]. A virtue of using real showers is that th~ fluctuations 

are given naturally. Then the distributions of CES x2
, for example, are reproduced 

almost by definition. We use 10-Ge V test beam electrons to simulate showers of Monte 

Carlo electrons. There are additional photons, although they are very low energy, which 

can change the shower shapes, thus the x2 value and the reconstructed shower position. 

Therefore the pulse heights by those low energy photons relative to the main electron 

shower are important. The CES response is nonlinear because the CES samples a shower 

at different age in its longitudinal development for. a different incident photon/electron 

energy. We use a parameterization (Section 3.1.1) based on test beam measurements 

above 10 GeV. In this region, the ratio EcEs/ EcEM decreases slowly with the increasing 

energy. We assume the response is linear below 10 GeV. 

We reconstruct the CES showers and calculate LSHR using the standard electron 

code. The efficiency for the CES-track matching cut is calculated by comparing the 

reconstructed CES shower and the extrapolated track positions. 

A check of the CES shower simulation is performed using the W decay electrons in 

the following subsection. 

Bremsstrahlung effect 

A photon can be emitted from an electron while passing through material preceding the 

tracking chambers (external radiation), or in the process of radiative decays (internal 
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radiation). Presence of a photon near the electron can change the shower shape on the 

strip chambers and thus can affect the efficiency of the cuts such as CES x2 on the r-</> 

(wire) view, the track-shower position matching and the E / p. 

We use a simple equivalent radiator approximation to describe the radiation. A 

photon is generated according to the spectrum [48] 

dN dT 4 2 - = - [ - (1 - y) + y ], 
dy y 3 

(5.2) 

where y is the electron energy fraction carried off by a photon, dT is the thickness of 

the equivalent radiator. Since the number of photons diverges as y approaches zero, we 

place a cutoff at 0.01. A photon is emitted collinear to the electron. 

The thickness of the equivalent radiator for the W decay is estimated to be 0.072 X0 

by examining the E/p tail [49]. Roughly a third of it (0.0252 ± 0.0012X0 ) is accounted 

for by the internal radiation [50], leaving 0.046 ± 0.008 X 0 due to detector material. In 

the semileptonic decays of the b quark, the effect of the internal radiation is equivalent 

to the external Bremsstrahlung in a radiator of thickness 0.015 X 0 [51]. 

Checking with W electrons 

The validity of our detector simulation can be checked with unbiased W decay electrons 

selected by means of the missing ET information. The missing ET W's are selected with 

the following cuts: 

• Electron ET > 25 Ge V 

• Missing ET > 25 Ge V 

• Event vertex lzl < 60 cm 

• CTC track z position matches to the event vertex within 6 cm. 

An additional E/p cut at 2.0 was applied by the missing ET event selection. 
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Figure 5.3 shows the E /p distribution and Figure 5.4 shows the CES x2 distributions, 

where the Monte Carlo includes the radiation effect. We see a resonable agreement 

between the data and the Monte Carlo. 

5.3.2 Underlying event 

Although we expect that each quark jet is well described by the Monte Carlo, it is 

not necessarily the case with the "underlying event". In fact we usually observe poor 

agreement between real data and Monte Carlo predictions in various processes. 

The best way would be to use real data events we observe and overlay one of them 

to the Monte Carlo single heavy quark jet. 

Figure 5.5 shows distributions of the jets observed in our electron events. A jet is 

defined by an energy cluster of a fixed cone size of 0. 7 in 17-¢ space with ET greater 

than 7 GeV. The jet including the electron in it ("toward jet"), and the highest ET jet 

("recoil jet") other than the toward jet are removed. "Recoil jets" show a basic two jet 

structure of events, locating back-to-back in transverse plane (Figure 5.6). Other jets are 

distributed fairly fl.at with respect to the electron in </>and 17, except for the region close 

to the electron, where less jets are observed because any activities have been merged 

into the toward jet. 

This way we can include in the "underlying event" everything other than a heavy 

quark jet which produced the electron. It includes "minimum bias" part of the events, 

initial state radiations, and any additional jet which may be, for example, a b jet which 

happens to come close to the b jet producing the electron. 

We pick up at random an event with an electron from the real data, and a wedge 

which is 6 modules (90°) away in </> from the one with the observed electron, and is 

flipped in east and west. The pulse heights of the CEM and CHA phototubes and the 

strip chambers are added to the previously simulated responses to the single Monte Carlo 

b jet particles. Then calorimeter showers are reconstructed. Given the above definition 

of the good electrons, a random charged track from the underlying event activity can 
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kill the electron when it points to the electron cluster. We check this by looking at 

the wedge which is picked up from the real data. If there is any track pointing to that 

wedge, the simulated Monte Carlo electron is killed. The addition of the underlying 

event changes the electron selection efficiency by about 83 (relative). 

5.3.3 Simulating hadron showers 

If there are only electromagnetic showers on the electron cluster cell, the HAD /EM cut 

efficiency should be essentially the same as for the isolated electrons. This is not strictly 

the case with bottom and charm electrons, because there are additional particles around 

the electron. Neutral hadrons within the electron cell, which cannot be gotten rid of 

with the number of track requirement, and the lateral leakage of the hadron showers 

across the cell boundary can change the original HAD /EM distribution. 

In order to study this effect, we need to simulate hadron showers. We have to re­

produce the energy sharing between electromagnetic and hadronic components, and the 

:fluctuation in the total amount of energy deposited, with a proper correlation between 

them. In order to achieve this, we employ the same approach as in the CES simulation. 

We make a file which is a collection of the real data charged tracks. Each record con­

tains the momentum, and electromagnetic and hadronic energies. We just need to read 

a record to simulate a hadron shower. Energy dependence of various distributions is 

taken care of by choosing a track with similar momentum. Lateral sharing of the shower 

is calculated according to the impact point of a Monte Carlo track using the average 

shower size. A study of hadron showers necessary for the simulation is described in 

Appendix B. 

HAD /EM cut efficiency 

Figure 5. 7 shows the HAD /EM distribution before the hadron simulation, or for iso­

lated single electrons. It is based on test beam measurements. Figure 5.8 shows the 

corresponding distribution for the bottom electrons with the hadron simulation, where 
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the electrons have passed all the identification cuts except the HAD/EM cut. Cutting 

at 0.04 retains about 85% of the events. This may be compared with the distribution 

for the photon conversion electrons in real data, shown in Figure 5.9. Figure 5.10 shows 

the same distribution for the charm electrons. Bottom and charm electrons have rather 

different distributions; the latter has a larger tail and thus have lower efficiency. This is 

natural because of the lower mass of the charmed particles, producing hadrons closer to 

the electron. 

Level-2 trigger efficiency 

A good electron cluster passing the offiine cuts may have been lost at the level-2 trigger 

selection, which imposes a loose cut on the hadronic energy (HAD /EM < 0.125) of the 

electromagnetic cluster which is defined in a different way than at offiine. A trigger 

tower consists of two physical towers of the central calorimeter. The level-2 clustering 

algorithm finds an electromagnetic cluster starting from a tower with transverse energy 

deposit of 4 Ge V or more and adding neighboring (shoulder) towers with ET above 3.6 

GeV. Hence a level-2 cluster can be larger in size·than an offiine cluster. When one of 

shoulder towers have a large hadronic energy deposit, the cluster can fail the HAD /EM 

cut even if the offiine cluster (three towers at most) has small hadronic energy. 

By using the hadron simulation, we can study the effect of the level-2 cut. The 

Monte Carlo predicts that 12% of the bottom electrons have at least one shoulder tower 

hit, and the efficiency is 98% for the good offiine clusters, roughly independent of the 

electron PT. 

5.3.4 Results 

Including all the effects described above, we obtain the electron selection efficiencies for 

bottom and charm electrons as shown in Figure 5.11. The efficiency is defined as the 

fraction of the electrons which satisfied the cuts described on page 104, with respect to 

all the electrons which fall into the fiducial volume of central calorimeter. 
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At 12 Ge V the efficiency is around 50% for bottom electrons and decreases as the 

PT increases. This is because we need more boost on the parent quark or B hadron in 

order to get higher PT electron, and then the particles are more collimated in the lab 

frame and come closer to the electron. The efficiency for charm electrons are about a 

third of that for bottom electrons. 

In Figure 5.12 we compare the observed electron spectrum to that predicted by 

ISAJET b jets and the estimated efficiency. In data we observe the inefficiency of the 

the level-2 hardware trigger below 15 GeV, so we normalize at the bin 15-15.5 GeV. The 

agreement is good. 

5.3.5 Other corrections 

Over-efficiency of the photon conversion removal algorithm 

It is known that the photon conversion removal algorithm is over-efficient; it sometimes 

kills a real electron by picking up a random charged track in the event and recognizing 

it as a conversion partner positron. 

This effect depends on how the particles distribute around the electron and then on 

the source of the electron. Hence we study this effect using the Monte Carlo and include 

in the electron selection efficiency. 

We use the algorithm and cuts described in Section 3.4. We look at particles arising 

from the same b quark jet as the electron, and also the "underlying event" tracks men­

tioned earlier. We find that the loss of the b quark electrons passing the identification 

cuts is 3.3 ± 0.2% (Figure 5.13), and that it comes most entirely from the jet particles 

rather than underlying event tracks. This number is consistent with an independent 

estimate (Eq. (3.26)). 

W and Z removal 

We have removed the Wand Z electrons using the following cuts (Section 3.3): 
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• Corrected missing ET < 8 VET, where ET is the electron transverse energy mea­

sured in Ge V. 

• Mass ( e,jet) < 80 if the jet has EM fraction above 0.85. 

The efficiency of these cuts for b electrons is studied using the photon conversion events. 

What really determines the missing ET in the b electron events is the resolution in 

the jet energy measurement, rather than the true missing energy due to neutrinos in 

semileptonic decays. 

We first show that the two set of events, "prompt" electrons and photon conversions, 

are quite similar in jet activities. The electron cluster ET is limited to below 20 GeV in 

order to avoid any confusion by the W / Z electrons. 

Figure 5.14 shows the ET distribution of the jet including the electron in it ("toward 

jets") for the prompt and photon conversion electron sample. The jets are defined by 

the CDF standard jet algorithm with a cone size of 0.7. The transverse energies are 

uncorrected. Also shown is the ET fl.ow within a cone of 0. 7 around the electron. We 

also plot the distributions for other jets in the e~ent. We observe that the "prompt" 

electron sample and the photon conversion sample are virtually identical in those jet 

activities. 

Figure 5.15 shows the fraction of the photon conversion electrons surviving the W/Z 

removal cuts. We lose 3.4 ± 0.3% of the photon conversions independent of PT· We use 

this number as the loss of b quark decay electrons. 

5.4 Cross section from the inclusive electron rate 

Nason, Dawson and Ellis (NDE) present the b quark cross section integrated over a 

rapidity range of JyJ < 1 and a PT range from a certain threshold y,fn to infinity [14]. 

We obtain the same quantity using the electron rates as 

(5.3) 
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Pr y,rn(b) Number of e+ + e- (<Te/ <Tb)Mc <Tb (nb) 
10 - 15 15 40650/23780 0.0273 1220 
15 - 20 23 4083/2389 0.0153 220 
20 - 25 32 772/452 0.0109 56 

Table 5.1: b quark cross section from the inclusive electron rates. 

where Ne- (Ne+) is the number of bottom decay electrons (positrons) observed in data, 

and is given by 

(5.4) 

where N!~w is the raw number of electron candidates, and f's are the background frac­

tions discussed earlier (Eqs. (3.30), (3.31), (4.1)). The numbers before and after the 

background subtraction are given in the third column of Table 5.1. J Cdt is the inte­

grated luminosity of the data ( 4.1 pb-1 
). ( ue/ ub)Mc is the ratio of the electron and the 

b quark rates obtained using the Monte Carlo, defined by 

(5.5) 

where Ne- is the number of electrons (not including positrons) passing the same geomet­

rical, kinematical and identification cuts as in data, and Nb is the number of all b quarks 

produced in the kinematic ranges (PT and rapidity) and decaying into electron channel. 

In calculating the quantity using the Monte Carlo events, we use the bottom quark PT 

spectrum shape as predicted by NDE, rather than the ISAJET spectrum, although they 

are quite similar. The quantity does not include the semileptonic decay branching ratio 

of the B hadrons, Br(B --+ l). We use 10.3% as Br(B --+ l) [52]. The overall factor of 

two is necessary to get the b quark cross section (not including b). 

The choice of the b quark's minimum PT value is made so that 90% of the electrons 

in a given PT interval (10-15, 15-20 or 20-25 GeV) come from the b quark of pp-in and 

above. Figure 5.16 shows the Monte Carlo PT distributions of the parent b quarks for the 
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electrons of the three PT intervals. ·We find p~n as 15, 23 and 32 Ge V / c. respectively. 

It is worth noting that the choice is mathematically arbitrary, as long as the assumed 

shape of the b quark PT spectrum is correct. 

We obtain 

u(pp-+ bX; PT> 15 GeV/c, JyJ < 1) = 1220 nb, 

u(pp-+ bX; PT> 23 GeV/c, JyJ < 1) = 220 nb, 

u(pp-+ bX; PT> 32 GeV/c, JyJ < 1) = 56 nb, (5.6) 

for the three kinematic regions. They are summarized in Table 5.1. We discuss the 

systematic uncertainties in the above numbers in the next Chapter. 

5.5 Cross section from the electron-D0 rate 

In this Section we derive the bottom quark production cross section from the rate of n° 
production in association with the electron. The. reconstruction of n° is discussed in 

Section 4.2.1. 

5.5.1 D 0 --+ K-1r+ efficiency estimate 

In order to turn the n° rate into the b quark cross section, we need to correct for the 

n° reconstruction efficiency. It consists of the kinematical acceptance, the track finding 

efficiency of the kaon and the pion tracks, and the probability that a kaon exits the CTC 

before its decay. 

EK?r = Ekin• Etrack • Edecay• (5.7) 

We need to start with the events with an electron which has passed the various 

quality cuts, as in the real data. We use the Monte Carlo B meson events for this 

purpose. The Monte Carlo models and the estimate of the electron selection efficiency 

for the inclusive mode are described earlier in this Chapter. We use the same method 
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for the present purpose, the "exclusive" mode (D0 ---+ K-11"+). 

The exclusive mode is a subsample of the inclusive mode, and we can use the Monte 

Carlo events we already have. In order to achieve high statistics for the exclusive mode 

with a small branching fraction, we force the D 0 to decay into K 71" channel. Instead 

of re-generating the events, we modify the inclusive events. We look for a D0 in the 

semileptonic B decays, and replace its daughter particles with the charged kaon and 

pion. This is easily done because the D0 is a spinless particle and thus involves no 

angular correlations and polarization. 

The D 0 ---+ K-11"+ events thus obtained are then simulated for the calorimeter re-

sponses and subject to the electron cuts, in the same way as in the inclusive mode. We 

consider only those D 0 ---+ x-11"+ decay events where the associated electron has passed 

the identification cuts. 

Figure 5.17 shows the distributions of the transverse momenta of kaons, pions and the 

parent D 0 in these events. The average values are 3.2, 3.0 and 5.8 GeV /c, respectively. 

Figure 5.18 shows the distributions of the distance in the 11-</> space between the electron 

and the kaon or the pion track. 

Out of 3033 D 0 ---+ x-11"+ decays 1848 have passed the transverse momentum cuts 

(Eq. ( 4.4)). The cone cut at 0.6 reduces the number of events to 1343. Thus the 

combined kinematical cut efficiency is 

1343 
Ekin = 

3033 
= 0.443 ± 0.009. (5.8) 

The next question is what fraction of these kaon and pion pairs are reconstructed as 

D0 's with the correct mass. 

We are dealing with events with a relatively low charged multiplicity. The track 

density is low, therefore we expect a high track finding efficiency. 

We use the CDFSIM [53] detector simulation program to estimate the efficiency of 

the pattern recognition and the momentum reconstruction. The D0 ---+ K-11"+ events 

after the transverse momentum cuts are used as input to the CDFSIM. The standard set 
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of detector effects are included in the simulation, except that the kaon decay is disabled. 

The simulated tracks are then reconstructed using the same program as for the real 

data events. Figure 5.19 shows the invariant mass formed with the reconstructed track 

parameters. The curve is a fit to a single Gaussian. Therms width is 16.2 MeV. 

The n° reconstruction efficiency is defined as the fraction of pairs with the recon­

structed mass falling within the ±3u mass window. We find 

ftrack = 0.948 ± 0.008. (5.9) 

In the above plot the track parameters are fit without constraining to the beam 

position. Figure 5.20 shows the invariant mass distribution when the constraint to the 

beam position (:z:, y) = (0, 0) is used in the fit of track parameters. Here Band n mesons 

are treated as having zero lifetimes. That is, kaons and pions are produced at (0,0). The 

width now shrinks to 12.0 MeV. 

Of course Band n mesons have finite lifetimes, and thus the beam constraint fit does 

not necessarily improve the mass resolution. The lifetime effect on the beam constraint 

fit is studied as follows. The n° decay vertex, V = (:i:,y,z), is generated using the 

momenta and the nominal lifetimes of B and n°. The tracks are fit with the constraint 

to the position. (-:z:, -y). Figure 5.21 shows the invariant mass distribution. The width 

is now 16.4 MeV, which is not better than the unconstrained fit. 

A kaon can decay in the CTC volume and may fail to be reconstructed as a track. 

The probability that a kaon exits the CTC without decay is 0.939 ± 0.003, where we 

have averaged over the kaon momentum spectrum (Figure 5.17) above 1.5 Ge V / c. We 

use this number as the efficiency: 

fdecay = 0.939 ± 0.003. (5.10) 
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Combining the efficiencies above, we find 

EK1r = 0.367 ± 0.008. (5.11) 

5.5.2 Cross section measurement 

The number of the reconstructed n°--+ x-71'"+ decays in the electron events, Nevo, can 

be expressed using the number of produced semileptonic B decay electrons as 

N N prod B 
eDO = e- • eDO • fexc • EK'fr• (5.12) 

Here fexc is the electron selection efficiency for the exclusive mode, and EK'Tr is the total 

reconstruction efficiency of the n° --+ x- 71'"+ decay described in the previous section. 

Bevo is the product of the branching fractions 

The first term is the number of n° particles per semileptonic B decay, defined as 

R 
_ Br(B--+ n° X'l-ii) 

wo = Br(B--+ Xl-ii) · 

(5.13) 

(5.14) 

This quantity has been measured by the CLEO collaboration at the T( 4S). Therefore 

knowing the electron selection and n° --+ x-71'"+ reconstruction efficiencies enables us to 

extract the produced number of the semileptonic decay electrons. We can derive the b 

quark production cross section from it in the same way as we did for the inclusive mode. 

The numbers of produced and observed inclusive electrons are related by 

(5.15) 
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where fine is the electron selection efficiency for the inclusive mode. Substituting this 

into Eq. (5.12) leads to 

N N obs fexe B 
eDO = e- • - • eDO • EK.,.. 

fine 
(5.16) 

The number of inclusive electrons is expressed using the b quark production cross 

section as 
N obs 

N obs ( e- ) 
e- = CTb. -- MC, 

CTb 
(5.17) 

where we have used the last quantity to relate the electron rate to the b quark rate in 

the inclusive analysis. Solving for crb and using Eq. (5.16) we get 

(5.18) 

The electron selection efficiencies can in principle be different between the inclusive 

mode and the exclusive mode. This is because the isolation degree of the electron, which 

determines the electron selection efficiency, may be different for the different decay modes 

of the charmed particles produced in semileptonic_ B decays. We plot the efficiencies for 

the exclusive mode in Figure 5.22 and for the inclusive mode in Figure 5.11. We also 

plot the ratio of the two, fexe/ fine in Figure 5.23. We see a constant behaviour as a 

function of PT. The ratio integrated over the PT spectrum between 11 and 30 Ge V / c is 

1.029 ± 0.012. We use this value for the ratio: 

fexe 
- = 1.029 ± 0.012. 
fine 

(5.19) 

The CLEO collaboration [52] measures the number of D 0 's per semileptonic B meson 

decay, Rwo , to be 

Rwo = 0.67 ± 0.09 ± 0.10, (5.20) 

using the D 0 --+ K- 11"+ decay mode. The first error is the combined statistical and 

systematic error inherent to the CLEO analysis, and the second is 'the systematic error 
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purely due to the uncertainty in the n° ---+ x-7r'+ branching fraction. Since we use the 

same n° ---+ x- 'Ir'+ decay channel for the n° reconstruction, we only need to know the 

product branching fraction Bevo (Eq. (5.13)). In this quantity the second error due to 

the n° ---+ x-7r'+ branching fraction drops off: 

Bevo (0.67 ± 0.09) X 0.042 

0.0281 ± 0.0038, ( 5.21) 

where 0.042 is the n° ---+ x-7r'+ branching fraction used by CLEO to extract the number 

0.67. 

The quantity is an average over the mixture of Bu and Bd mesons produced in T( 4S) 

decays. The mixture is unknown, but is considered to be close to unity, since the masses 

are similar. 

We have used the electrons of the PT between 11 and 30 Ge V / c from the 12 Ge V 

trigger. Since the trigger hardware is not fully efficient below about 15 GeV, we have to 

correct for it. We use the 7 GeV trigger electron events for this purpose. We find the 

efficiency for the electrons of PT between 11 and 30 Ge V / c, weighted by the PT spectrum, 

as 

fL2 = 0.538 ± 0.015. (5.22) 

Using this efficiency, we modify Eq. (5.15) to 

N obs _ Nprod 
e- - e- ·fine· fL2, (5.23) 

and accordingly the cross section formula. 

We show in Figure 5.24 the PT spectrum of parent b quarks which produced the 

electrons with PT between 11 and 30 Ge V / c. As in the inclusive analysis we choose 

]f-fn so that 90% of electrons come from b quarks of ]f-fn and above. The Monte Carlo 
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calculation gives 19 Ge V / c as P¥n. For this P¥n value, we find 

(5.24) 

In calculating this ratio we use a perfect level-2 trigger turn-on in the Monte Carlo 

events, because we explicitly correct for the level-2 efficiency in Eq. (5.23). However, 

the turn-on effect is taken into account in obtaining the P¥n value above. 

The observed number of D 0 's is 68 ± 15. On the other hand, we can predict the 

number of expected D 0 's in our electron sample by substituting into Eq. (5.16) the 

observed number of electrons with our estimate of the backgrounds, the electron and 

D 0 ---+ K-1r+ efficiencies, and the combined branching fraction from CLEO. The D0 's are 

produced only in the semileptonic decays of non-strange B mesons, not in Bs or other B 

hadron decays. We that 783 of the observed bottom electrons come from non-strange B 

mesons. We obtain 77 ± 10 ± 19 events as the number of expected D0 's. The first error 

is due to the CLEO measurement of the combined branching fraction, and the second 

reflects the uncertainty in the estimate of backgrounds in the electron sample. The two 

numbers, observed and predicted, are consistent. 

Putting the numerical values into Eq. (5.18), we find 

u (pp---+ bX; PT > 19 GeV /c, IYI < 1) = 440 ± 100 ± 60 nb, (5.25) 

where the first uncertainty is statistical and the second is the systematic uncertainty 

due to the uncertainty in the combined branching fraction BeDo. 

There exist other sources of systematic uncertainties, which are common to both this 

and the inclusive methods. We will discuss them in the next Chapter. 
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Figure 5.1: Electron spectrum observed in B decay at T( 4S) at CLEO, compared with 
the CLEO Monte Carlo spectrum. 
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Figure 5.2: Pseudoscalar D meson momentum spectra in semileptonic B decays. 
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Figure 5.3: E /p distribution for the W electrons. 

122 



CES shower shape for W electrons 

•DATA: MET W -MC: Brem on 

R<fl view 

0 5 10 15 20 25 3C 

x2 
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Figure 5.5: Distributions of jets other than "toward jets" and "recoil jets" observed in 
the real data. 
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Figure 5.6: Distributions of the "recoil jets". 
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Figure 5. 7: HAD /EM distribution used in the electron simulation. 
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Figure 5.8: Monte Carlo HAD /EM distribution for bottom electrons. 
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Figure 5.9: HAD /EM distribution for photon conversion electrons in real data. 
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Figure 5.10: Monte Carlo HAD /EM distribution for charm electrons. 
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Figure 5.11: Electron selection efficiencies for bottom and charm decay electrons. 
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138 



150 

Ul 
d 
0 100 

•r-4 
+> 
«S 
Q 

•r-4 ..c s 
0 
u 

50 

D0 mass 

1.B 

With beam constraint: T(B/D)=O 
a = 12.0 MeV/c2 

1.84 1.BB 1.92 

Mass KTT (GeV /c2
) 

Figure 5.20: The x-7r+ invariant mass distribution from the Monte Carlo e- events 
with beam constraint. 

139 



180 

N 
C) 

' 120 > 
Cl) 

~ 
lO 

' rn 
~ 
0 ...... 80 +> 
«S 
~ ...... 

..c 
E 
0 u 

40 

0 

D0 mass 

1.8 

With beam constraint: -r(B/D)¢0 
a = 16.4 MeV /c2 

1.84 1.88 1.92 

Mass K7T (GeV /c2
) 
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Chapter 6 

Systematic Uncertainties 

In this Chapter we investigate various sources of systematic uncertainties in the bottom 

quark cross section measurement. 

6.1 Backgrounds 

The uncertainties discussed in this section is relevant for the inclusive method only. 

6.1.1 Photon conversion electrons 

We have discussed photon conversion electrons in Section 3.4. We found the fraction of 

residual photon conversion electrons in the prompt electron sample as 

fconv = 20 ± 5 % (6.1) 

independent of the electron PT. The uncertainty in this quantity arises from the uncer­

tainty in the estimation of the efficiency for finding photon conversion pairs. 
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6.1.2 Misidentified charged hadrons 

We have discussed hadron background in Section 3.5. We found the fraction of misiden­

tified hadrons in the electron sample as 

/hadron = 15 ± 15 %. (6.2) 

We take 15% as the uncertainty in the b quark cross section due to the hadron back­

ground. 

6.1.3 Charm electrons 

We have assumed the lowest QCD prediction of the ratio of the bottom and charm 

quark production cross sections. Although the absolute values of the production cross 

sections may be uncertain in the theoretical calculations, the uncertainties are expected 

to cancel each other in the ratio. The relative electron rates of bottom and charm 

quarks are about 10 to 1, given the production ratio of about unity. This is because of 

the different kinematics in the quark fragmentation and decays. We allow a factor of 

two variation in the production ratio, which gives a resultant charm electron fraction 

of 20% and 5% in the final electron sample. We use ±10% as the uncertainty in the 

bottom quark cross section. 

6.2 Monte Carlo models and electron selection ef­

ficiencies 

In this section we discuss the uncertainties related to the estimate of the electron selection 

efficiency. We have used the CLEO Monte Carlo to describe the semileptonic decays 

of B mesons. The most important quantity here is the electron momentum spectrum 

in the B meson rest frame. The Monte Carlo reproduces the CLEO measurement well. 

Another important quantity is the spectrum of charm mesons in the decay, because it 
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determines the isolation degree of the electrons. We try another model, where the decays 

are treated by a pure spectator picture, that is, the quark level decay b ~ eve, rather 

than the hadron level decays. When we repeat the procedure to calculate the quantity 

(<Fe/<Fb)Mc, the results differ by about 103. We take this as the uncertainty. 

The activities underlying the hard collision subprocesses (underlying event) is mod­

elled using the real data electron events, instead of using Monte Carlo events. We have 

found in Section 5.3.2 that the electron selection efficiencies change by 83 with and 

without the inclusion of the underlying event, and use it as the uncertainty. 

We have used the test beam data to simulate electromagnetic showers, and the 

behavior of W electrons was reproduced well. Thus we believe the uncertainty is small. 

As for the hadron simulation, we also used real data as much as possible. We have found 

in Section 5.3.3 that 153 of the Monte Carlo bottom electrons are killed by the HAD /EM 

cut due to the presence of nearby charged hadrons through their shower leakage across 

tower boundaries. We assign 103 uncertainty in the final answer due to this effect. 

6.3 Fragmentation issues 

When we measure b quark production cross section using the semileptonic decay elec­

trons, the momentum of the parent B hadron or the b quark is not directly accessible. We 

can convert the electron rate to the quark rate, once the kinematical relations between 

the two is obtained using the Monte Carlo events. The fragmentation of the b quark into 

the B hadron is obviously important since it determines the b quark's energy-momentum 

fraction transferred to the B hadron. 

In this section we discuss the issues related to the fragmentation of the bottom quark 

in measuring its production cross section. We first summarize the Peterson model and 

the e+e- experimental results of the heavy quark fragmentation. Next we discuss the 

adequate values of the parameter to be used as an input to a particular Monte Carlo, 

ISAJET. Finally we investigate the effect on the electron rates due to the uncertainty 
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in the fragmentation. 

6.3.1 The Peterson model 

Since it is impossible to describe the hadronization (fragmentation) of partons starting 

from the first principles, we have to rely on some models. The fragmentation of heavy 

quarks is known to be "hard"; the hadron containing the heavy quark carries a large 

fraction of the energy-momentum of the parent quark. This is quite contrary to the light 

quarks and the gluon, which produce many soft particles. This has been understood with 

simple kinematical arguments [54]. Later Peterson et al. [55] derived an analytic form 

of the fragmentation function D( z) for heavy quarks as 

N 
D(z)= z[l-(l/z)-t:/(l-z)]2' (6.3) 

where z is the fraction of the parent quark energy-momentum carried by the hadron, 

and N is a normalization constant. The function includes only one parameter t:, which 

is approximately 
m2 

c: "" q ----2, 
mq 

(6.4) 

where mq( mq) is the mass of the light (heavy) quark. In practice it is to be determined 

experimentally for each quark species. The parameter controls the "hardness" of the 

fragmentation; the smaller the € value, the harder the fragmentation. The quark mass 

dependence of the € parameter predicts a harder fragmentation for a heavier quark. The 

energy-momentum fraction z is defined as 

( E + Pll )hadron 
z= ' (E + p)quark 

(6.5) 

where (E + PJJ)hadron is the sum of the energy and the momentum component parallel to 

the quark direction, and ( E + p )quark is the sum of the energy and the momentum of the 

quark after the gluon and photon radiation in the final state. 
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Although it is very simple and includes no dynamical arguments, the Peterson func­

tion is widely accepted as a standard form of the heavy quark fragmentation function. 

6.3.2 Results from e+ e- experiments 

The fragmentation of heavy quarks has been measured in various e+e- experiments at 

PEP, PETRA and LEP. Since it is hard to completely reconstruct the hadronic decays 

of B hadrons, the measurement of the b quark fragmentation is done through its decay 

leptons, whose kinematic distribution reflects that of the parent hadron, and thus the 

fragmentation of the parent quark. Here z value is not obtained on an event-by-event 

basis, and a typical way of determining the b quark fragmentation is to fit the observed 

lepton spectrum with the Monte Carlo distributions where f is varied as a free parameter. 

Here complications arise. First, different experiments quote fragmentation values 

using different definitions of the energy-momentum fraction. Some use the energy­

momentum fraction with respect to the beam energy, instead of the energy-momentum 

of the quark just before the fragmentation. This definition is usually referred to as :z:, 

and has been popular because it is more easily accessible experimentally, once a heavy 

hadron, for example D*+ meson, is fully reconstructed. :z: is not identical to z because 

of the existence of the initial and final state photon and the final state gluon radiation. 

By definition z is smaller than z. 

The second complication is a purely technical one associated with the Monte Carlo 

event generation. In Monte Carlo events the < z > value reconstructed using the final 

hadron and the parton energies and momenta is not in general identical to what we 

expect from the Peterson function with a given f. Generally the reconstructed z value is 

larger than the Peterson function's value. As we see later, this is also the case with the 

ISAJET Monte Carlo. In the Monte Carlo generators which employ the independent 

fragmentation model, such as ISAJET, there exists a problem of the energy-momentum 

non-conservation. This happens because massive jets of physical hadrons are created 

from the massless parton. In order to remedy this, the final state hadron momenta 
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are re-scaled so that they balance the parton momentum, after all hadronizations are 

complete. Due to this procedure, the original kinematical relations between the parton 

and the hadrons, z for example, are only approximately retained. 

Taking these effects into account, Chrin [56] presents a compilation of the PEP and 

PETRA results as 

< z >b= 0.83 ± 0.01 ± 0.02, 

< Z >c= 0.67 ± 0.02 ± 0.02, 
(6.6) 

where z is the momentum fraction defined by Eq. (6.5). These values correspond to the 

f parameter values of 

fb = 0.006:!:8:88~:!:8:88~, 
f - 0 06+0.02+0.02 

c - • -0.01-0.01. 
(6.7) 

The first error is statistical and the second error is systematic. More recently, a mea­

surement by ALEPH [57] at LEP gives 

0 006+0.004 
fb = . -0.003l (6.8) 

where the quoted error includes both the statistical and systematic effects. These are 

shown in Figure 6.1. These experiments cover the kinematical region of our interest, 

between about 15 and 40 Ge V / c in transverse momentum. The results show that < z > 

is independent of the quark energy, and is 0.83. 

6.3.3 Choice of E parameter value for ISAJET 

Now the question is what f value we should use as an input to ISAJET. As noted earlier, 

the Monte Carlo generators do not in general reproduce the< z > value of the Peterson 

function. Figure 6.2 shows the < z > as a function of the f parameter for the ISAJET 

b jets with the average transverse momentum (PT) of 26 Ge V / c. We observe that the 

ISAJET < z > value is larger than the Peterson function value. The same tendency is 

observed in other Monte Carlo generators [56]. 
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Moreover, the relation turns out to be dependent on the quark momentum, as shown 

in Figure 6.3. We note that this effect is of no physics origins; it is an artifact caused while 

ISAJET is trying to restore the energy-momentum conservation between the parton and 

the physical hadrons. 

Now we want the Monte Carlo events with < z > value of 0.83, independent of 

the quark momentum. We modify ISAJET fragmentation routines so that they give 

a constant < z > behavior as a function of the jet momentum, and provide with the 

e parameter value so as to give the desired < z > value. In practice, this is achieved 

by changing the input e parameter on a jet-by-jet basis knowing the jet momentum. 

Figure 6.4 shows the input e value necessary for ISAJET to give the < z > value 

of 0.83 ± 0.03, as a function of the b quark PT· It seems that the ISAJET < z > 

approaches asymptotically to the Peterson function's < z > value as the quark PT goes 

to infinity. The effect of the quark/hadron mass differences certainly vanishes in the 

infinite momentum frame. 

6.3.4 Effect on the electron rates 

Here we investigate the effect on the electron rates. We use 0.83 as a nominal value for 

< z > and 0.03 as its uncertainty. 

Analytic calculation 

First we present results of an analytic calculation, which does not involve the difficulties 

mentioned earlier. For a given b quark PT, we generate the B hadron momentum ac­

cording to the Peterson function. The electron momentum is generated in the B meson 

rest frame as measured by CLEO, and then Lorentz-boosted to the laboratory frame of 

the B hadron. We convolute them with the parent b quark PT spectrum calculated by 

Nason, Dawson and Ellis (NDE) [14]. 

The electron PT spectrum thus obtained is shown in Figure 6.5 together with the 

NDE b quark spectrum. Only b quarks with PT of 10 GeV and above are used. Two 
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PT y,rn(b) Relative electron rates 
< z >= 0.80 < z >= 0.83 < z >= 0.86 

10 - 15 15 0.877 ± 0.015 1.0 1.131 ± 0.017 
15 - 20 23 0.841 ± 0.024 1.0 1.152 ± 0.028 
20 - 25 32 0.823 ± 0.039 1.0 1.155 ± 0.043 

Table 6.1: Electron rates for three b quark fragmentation values. 

solid lines correspond to the bounds on < z >, 0.80 and 0.86. The shape of the electron 

spectrum remains almost the same against the change in the fragmentation value, while 

the absolute rate changes by about ±123 in the PT range of our interest, between 10 

and 25 GeV Jc. 
Figure 6.6 and 6. 7 shows the electron spectrum when the parent b quark spectrum 

is changed by a factor of 2 in every 10 GeV Jc PT interval. We observe that the electron 

spectrum is rather sensitive to the parent b quark spectrum. 

Full Monte Carlo calculation 

In order to include the possible effects on the electron selection efficiencies, we gen­

erate b jets with the ISAJET Monte Carlo with the modification applied, simulate the 

detector responses, and calculate the electron rates after the identification cuts are ap­

plied. Here we calculate the ratio of the electron rate to the b quark rate defined by 

(6.9) 

where Ne- is the number of electrons (not including positrons) passing the same geo­

metrical, kinematical and identification cuts as in data, and Nb is the number of all b 

quarks produced in the kinematic range (PT and rapidity) and decaying into electron 

channel. 
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Source I Uncertainty I 
Photon conversion e± subtraction 5% 
Hadron background subtraction 15% 

Charm electron subtraction 10% 
Models of B decays 10% 

Underlying event contribution 8% 
Hadron simulation 10% 

b quark fragmentation 15% 
B hadron semileptonic decay branching ratio 10% 

Luminosity 7% 
Total 32% 

Table 6.2: Systematic uncertainties in the b quark cross section measurement. 

We use three kinematic ranges: 

10 <PT < 15 GeV /c, p~ > 15 GeV /c. 
15 <Pr< 20 GeV /c, p~ > 23 GeV /c. 

20 < PT < 25 Ge V / c, p~ > 32 Ge V / c. 

(6.10) 

In calculating the quantity, we generate the b quarks with a flat PT spectrum rather than 

that by ISAJET, and later convolute them with the PT spectrum by NDE. 

The relative electron rates for the three fragmentation values are given in Table 6.1 

and in Figure 6.8. A modest change in the electron rates is observed. We take 15% as 

the uncertainty in the b quark cross section due to this fragmentation effect. 

6.4 Semileptonic decay branching ratios of B hadrons 

The semileptonic decay branching ratio of the non-strange B mesons has been measured 

at both CLEO and ARGUS. The latest CLEO value [52] is 

Br(Bu,d ~ rvX) = 10.3 ± 0.1 ± 0.2%. (6.11) 
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PEP and PETRA experiments measure the similar branching ratio averaged over all B 

hadrons produced at their energies. It suggests either that all B hadrons have similar 

semileptonic branching ratios, or that the hadron mixture at PEP and- PETRA energies 

is not so different from that at the T( 4S), or both. We use 10% for the systematic error. 

6.5 Luminosity 

As discussed in Section 2.4, the uncertainty in our luminosity measurement is 7%. 

We summarize the systematic uncertainties in Table 6.2. The first three items are the 

uncertainties due to background subtraction, and are relevant only for the cross section 

using the inclusive electron rates. The other items in the Table are common to both the 

inclusive and the exclusive (D0 ---+ K-11"+) methods. 

We add all items in quadrature to obtain 32% as the total systematic uncertainty. 
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Figure 6.1: The b quark fragmentation measurements from the various e+e- experiments 
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Chapter 7 

Results and Conclusion 

Using the results in Chapter 5 and the systematic uncertainties discussed in the previous 

Chapter, we obtain the final b quark production cross sections as 

u(pp - bX; PT> 15GeV /c, IYI < 1) 

u(pp- bX; PT> 23GeV/c, IYI < 1) 

u(pp - bX; PT> 32 GeV /c, IYI < 1) 

from the inclusive electron rates. 

1220 ± 390 nb, 

220 ± 70 nb, 

56±18 nb, (7.1) 

The method using the electron-D0 rate is free from the uncertainty in the background 

subtraction. We find 

u (pp - bX; PT > 19 GeV /c, IYI < 1) = 440 ± 100 ± 130 nb, (7.2) 

where the first uncertainty is statistical and the second uncertainty is systematic, in­

cluding the 13% uncertainty in the combined branching fraction Bevo (Eqs. (5.13) and 

(5.21)), and others which are common to both the inclusive and the exclusive methods. 

This method using the charmed particle D 0 is sensitive to only non-strange B mesons, 

Bu and Bd, while the b quark fragments into other B hadrons also. We assume the 

fraction of non-strange B mesons relative to all B hadrons produced to be 78%, and use 
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it without systematic uncertainty. 

We plot the results of the two methods in Figure 7.1. We show the systematic 

uncertainty which is common to the two methods separately. 

The curves in the plot are the theoretical calculation by Nason, Dawson and Ellis 

(NDE) [14] in the next-to-leading order of QCD. The dotted curves corresponds to an 

estimate of the uncertainty in the theoretical prediction, which reflects the uncertainties 

in the choice of renormalization (evolution) scaleµ and the bottom quark mass. 

The studies of bottom quark production properties have also been performed using 

events containing Jj,,P's by other collaborators in CDF. By using the number of fully 

reconstructed B± events, the production cross section of the bottom quark is obtained 

[58] as 

u(pp---+ bX; PT> 10.5GeV /c, IYI < 1) = 6.40±2.36±1.98 µb, (7.3) 

where the first uncertainty is statistical, and the second is systematic. The number is 

consistent with the extrapolation of the electron results, as shown in Figure 7.2. In this 

plot the error bars denote the combined statistical and systematic uncertainties. Our 

results show somewhat higher values than the theoretical predictions. 
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Figure 7.1: The b quark production cross sections measured using the inclusive electron 
rates and the e--D0 rate. Also shown is the theoretical calculation by Nason, Dawson 
and Ellis. 
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Appendix A 

Properties of Heavy Quarks 

This Appendix summarizes the current understandings of the fragmentation and decay 

properties of heavy quarks. 

A.1 Fragmentation of Heavy Quarks 

Let us discuss the hadronization process of the quarks produced with high momenta. 

An outgoing quark forms a color field along with its movement and produces a quark 

antiquark pair or diquark. Together with a parent quark, they form hadrons. This pro­

cess is called "fragmentation", and it is very hard to describe it from the first principles. 

Since perturbative approach can not be applied to such "soft" or long distance processes, 

where an effective coupling constant becomes large, we need phenomenological models 

for it. 

An initiative work was done by Field and Feynman [59]. For simplicity we consider 

the case where only mesons are produced in the hadronization process. They describe 

the hadronization of the quark as a recursive process: The initial quark q0 picks up a 

quark antiquark pair qi ifi from the sea, produces a meson q0 iji, which carries a certain 

fraction z of the energy-momentum of the parent quark, and leaves the fraction 1- z for 

the remaining quark qi .. Then the quark qi undergoes exactly the same process. This is 
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repeated until the quark loses its energy-momentum, in practice, until the momentum 

is reduced down to a cutoff of order pion mass. 

A.1.1 Fragmentation function 

In order to describe fragmentation and hadronization processes of the quarks, the vari­

able z is commonly used, which is defined as a fraction of parent quark's energy­

momentum carried by a resultant hadron. There exist several definitions of z, and 

the following definition is commonly used because it is invariant under Lorentz boost 

along the quark direction: 
_ (E + Pll)hadron 

Z = (E + p)quark ' 
(A.1) 

where Pil is a hadron momentum component parallel to the quark direction. The z can 

take a value between 0 and 1 by definition. The fragmentation function n;(z) is defined 

as a probability that we see a hadron of type h carrying the energy-momentum fraction 

z of the initial quark of type q. With this definition, the average total multiplicity of 

the hadrons is obtained by integrating over z and summing over the hadron species h, 

< N >= E f
1 

n;(z) dz. 
h lo 

The momentum conservation gives the relation 

1 = E f
1 

n;(z)zdz. 
h lo 

(A.2) 

(A.3) 

The fragmentation of the light and heavy quarks has been studied in various e+ e­

annihilation experiments. Originally it was assumed that the fragmentation of heavy 

quarks was similar to that of light quarks, which hadronizes mainly to pions and kaons 

with a steeply falling spectrum with increasing z. However, it turned out to be quite 

contrary, that is, the heavy hadron carries most of the quark energy-momentum. This 

is due to a kinematic effect by a massive quark, first postulated by Bjorken and Suzuki 
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[54]. The key feature here is that a heavy quark Q loses only a small fraction of its 

energy in forming a hadron containing the heavy quark, because of its large inertia or 

mass. This results in a "hard" distribution of the leading hadron energy, or a large mean 

value of z. 

A.1.2 The Peterson model of heavy quark fragmentation 

Peterson et al. introduced [55] an analytical form of the fragmentation function for 

the heavy quarks. The amplitude for a fast moving heavy quark Q to fragment into 

a hadron H = Qij and a light quark q (Figure A.1) is determined by the value of the 

energy transfer !::J..E in the break-up process, 

AE =EH+ Eq - Eq, 

Amplitude(Q ~ H + q) ex AE-1
• 

Expanding the energies using an approximation mH,....., mq, we get 

AE Jm'ir + z2p2 + Jm~ + (1 - z)2p2 
- Jm~ + p2 

(A.4) 

"' zp + mb/2zp + (1 - z)p + m~/2(1 - z)p - p - mb/2p (A.5) 

ex 1 - (1/ z) - eQ/(1 - z). 

Introducing a factor 1/ z for the longitudinal phase space, the following form is derived 

for the heavy quark fragmentation: 

N 
Dq(z) = z [1- (1/z)- eQ/(1- z)]2 (A.6) 

The parameter eq is approximately m~/mb, the ratio of the effective quark masses. The 

light quark mass mq is expected to be of order of the nonperturbative strong interaction 

scale ,....., (1/2 to 1) mp which gives EQ ,....., (1/8 to 1/2)/mb. The function peaks at 

z ~ 1 - 2eq with a width ,....., eq. This is illustrated in Figure A.2. 

Although the Peterson model is very simple and includes only the kinematical con-
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sideration, it describes the experimental data very well. The fragmentation of the heavy 

quarks is measured in e+ e- experiments mainly in two ways. One is to use the inclu­

sive leptons [60] which arise from the semileptonic decay of heavy quarks. The lepton 

momentum is dependent on the parent hadron momentum, and thus it enables us to 

extract information on the fragmentation. The other way is to use the charged multi­

plicity [61]. The contribution to the total multiplicity comes from the primary hadrons 

containing a heavy quark, and the remainder of the fragmentation. If the contribution 

from the primary hadrons is known, we can get information of the rest of the fragmen­

tation. There is another way which is applicable to the charm quark fragmentation 

measurement. Heavy hadrons can be reconstructed in some decay modes, for example, 

D*+ meson in D*+ -+ D 01r+ followed by D 0 -+ x-7r+. In this method the momentum 

of a heavy hadron is directly obtained. But it is difficult to apply to bottom hadrons 

since the decay modes of bottom hadrons are much more complicated. 

A compilation [56] of the various e+e- experiment results give< z >c= 0.67 ± 0.02 ± 

0.02 and < z >b= 0.83 ± 0.01 ± 0.02, which correspond to the parameter EQ values 

0 06-0.01-0.01 
Ee = · +o.02+0.02 

0 006-0.001-0.002 
Eb = · +O.OOl+0.002• 

(A.7) 

The ratio Ee/ Eb gives a value of lO:'J!~~, in agreement with an expectation of about 10. 

A.2 Bottom Quark Decays 

Decay properties of bottom quark are extensively studied [62] by e+e- machines, as well 

as those of charm quark [63]. The hidden form of the bottom quark like three lowest 

states of the T resonances does not give any information on the bottom quark decay. 

We need the bare form of the bottom quark, particles with the net bottom quantum 

number. The T{4S) resonance gives such a chance, since it resides higher than the BB 

pair production threshold. The T( 4S) resonance is considered to decay into a B meson 
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pair exclusively. 

Let us consider B mesons, which consist of a bottom quark band a light antiquark q. 

A bottom quark b cannot decay into a lighter quark via the strong or the electromagnetic 

interaction, since they strictly conserve the flavor quantum number. Hence it can decay 

only via the weak interaction. 

A weak decay of a heavy quark Q is proceeded by an emission of a virtual charged 

intermediate vector boson w+ or w-' 

Q-+ Q'W, (A.8) 

where Q' is a lighter flavor quark, followed by a decay of the W boson into either a 

lepton pair or a quark pair. 

A.2.1 Kobayashi-Maskawa matrix 

In the Standard Model of the electroweak theory [64], the transition amplitudes be­

tween quarks are proportional to the Kobayashi-Maskawa (KM) matrix [65] elements, 

which must be determined by the experiments. There are three known "generations" or 

"families" of quarks and leptons, each of which consists of a left handed weak isospin 

doublet and a right handed isospin singlet. (The sixth t quark is yet to be discovered, 

but nobody doubts its existence.) The matrix, V, which is an extension of the Cabbibo 

matrix [66], links weak eigenstates ( d', s', b') and mass eigenstates ( d, s, b) of quarks, 

d' 

s' 

b' 

Vud Vus Vub 

v;,d Vcs vcb 
Vfd Vf s Vfb 

d 

s (A.9) 

b 

The current experimental knowledge and the constraints from the unitarity of the 

matrix provide the limits [67] on the magnitudes of these complex elements on 903 
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confidence level as 

!Viii= 
0.9747 to 0.9759 0.218 to 0.224 

0.218 to 0.224 0.9734 to 0.9752 

0.003 to 0.019 0.029 to 0.058 

0.001 to 0.007 

0.030 to 0.058 

0.9983 to 0.9996 

(A.10) 

The off-diagonal elements are small, which means that transitions between different 

generations are relatively suppressed. Hence s and b quarks have longer lifetimes than c 

and possibly t, respectively. 

A.2.2 Spectator model 

A so-called "spectator model" is frequently used to describe a decay of a hadron with a 

heavy quark. Here a light quark q consisting a meson M together with a heavy quark Q is 

assumed not to contribute to the decay process at all, or behave as a passive "spectator", 

as illustrated in Figure A.3. In other words, the decay of heavy hadrons is regarded as 

the decay of the heavy quark. This model is considered to be a good approximation 

because the energy released by the decay is large enough compared to the confinement 

energy scale, which is of order of the p meson mass. This model provides amplitudes 

for various decay modes, and predicts that all hadrons containing the same heavy quark 

have the same lifetimes. This is not the case with D mesons, where non-spectator effects 

are considered to be large. Hadronic decays are in general subject to large correction 

by QCD effects, and are enhanced relative to the semileptonic decays. In semileptonic 

decays this model is expected to give more reliable predictions because there is no QCD 

effect between the final state leptons and quarks. In fact all the D mesons have the 

very similar semileptonic decay widths [68), although the total widths or the lifetimes 

are different. 

To be specific, let us consider a bottom quark decay. First, there are two possibilities 

for b quark decay, that is, b ---+ cw- and b ---+ uw-. Of these, the b ---+ c transition 

dominates over the b---+ u transition with the KM-matrix elements given in Eq. (A.10). 
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At the other W vertex, the w- --+ du, sc transitions dominate over the w- --+ su, de 

transitions for the same reason. Hence there are nine possibilities of b decay, 

(A.11) 

with a color factor of three for quarks. The T-fi.,. and sc channels are suppressed by the 

phase space factor of order 1/5 to 1/10. If we adopt 1/5 for these modes, the total decay 

width is expressed in analogy to muon decay as 

r(b--+ all) ~ 5.8 G} mf I~ 12 F(m2/ 2) 
192 71"3 be c mb ' 

where Fis a phase space factor given by 

F(z) = 1- 8z + 8z3 
- z 4 -12z2 lnz, 

F(m~/mg) ~ 0.5. 

The electronic or muonic decay branching ratio of b is predicted to be 

Br(b--+ e) ~ 1/5.8 ~ 0.17. 

(A.12) 

(A.13) 

(A.14) 

QCD corrections to the simple spectator model can be taken into account. These 

are expressed in Figure A.4. As seen in the figure, the corrections are important mainly 

in the hadronic decay modes and enhance them relative to the semileptonic modes by 

10 to 15% (62). 

A.2.3 Semileptonic b decays 

Semileptonic decays of the bottom hadrons are expected to be well described by the 

spectator model, because no strong interactions can happen between the final state 

quarks and leptons. 

Measurements on semileptonic decay branching ratios from the various groups are 
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now available for both at the T( 4S) resonance (69] and at the continuum at PEP /PETRA 

[70]. The combined results give 11.6 ± 0.6% at T( 4S) and 12.4 ± 0.8% at continuum. 

These values are smaller than the prediction of the spectator model, which indicates that 

nonleptonic channels are enhanced. At T( 4S) only non-strange B mesons are produced. 

At higher energy continuum a mixture of various B-flavored hadrons is produced. The 

nearly equal semileptonic branching ratios at two energies suggest that all B hadrons 

have the similar semileptonic branching ratios, or that the mixture of hadrons at the 

continuum is not so different than that at T( 4S), or both. 

It is known that the b quark decays into c quark almost entirely. The charm contents 

in the semileptonic decays have been measured both inclusively and exclusively for non­

strange B mesons [52]. Semileptonic b -t c transitions are dominated by exclusive 

modes, 

iJ -t 1,-vn, 

iJ -t l-vD*, 

(A.15) 

(A.16) 

where D and D* are pseudoscalar and vector charmed mesons. These two lowest lying 

charm states account for 64 ± 10% of the total semileptonic decays. 

A.2.4 N onspectator effects 

A process where a light quark participates in the decay of a heavy hadron is called a 

nonspectator process. Examples of such processes are shown in Figure A.5, where a B 

meson produces a quark antiquark pair by annihilation into or by an exchange of a W 

boson. The annihilation process is restricted to the charged B meson, and the exchange 

process is restricted to the neutral one. In these diagrams initial states are spin-0, so 

light particle final states are suppressed by helicity conservation, in the same way as in 

the 7r± decay. 

Another example of the nonspectator process is the B 0 iJ0 mixing. This process can 
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occur by the box diagrams shown in Figure A.6. An evidence for the B 0 fJ0 mixing is 

first reported by the UAl collaboration [71] and the ARGUS collaboration [72]. 
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Figure A.1: Schematic diagram of a heavy quark (Q) fragmentation into a a heavy 
meson (hQ)· 
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Figure A.2: The Peterson fragmentation function for heavy quarks. 
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Figure A.3: Feynman diagram of the spectator decay of a heavy meson. 

Figure A.4: QCD corrections to the simple spectator decays. 
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Figure A.5: Examples of non-spectator decay diagrams. (a) annihilation into W and 
(b) W exchange. 
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Figure A.6: Box diagrams responsible for the B 0 ii0 mixing. 
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Appendix B 

Study of Hadron Showers 

In this Appendix we describe a study of the longitudinal and lateral developments of 

low energy hadron showers in the central hadron calorimeter. It is aimed for the better 

understandings of the central electrons, their reconstruction efficiency and the back­

grounds. 

An example is the energy deposit on the hadron calorimeter. The hadronic leakage 

energy is used as a primary handle for the estimate of the charged hadron background 

faking prompt electrons. Therefore it is crucial to understand the behavior of hadrons 

well, especially at lower energies, where test beam data lack high statistics and quality. 

It is also important to understand the lateral development of hadron showers. It is 

known that the hadron shower is larger than the electromagnetic shower. As we will see 

later the size is of order 10 cm, thus a hadron can deposit its energy on more than one 

calorimeter towers even with a relatively coarse segmentation of the ODF calorimetry. It 

means that a hadron near the electron can veto it through a cut on the hadronic energy 

fr.action even if not in the same cell. 

We investigate these features of hadron showers using real data at BO. Any data 

sample serves for this purpose, as long as it includes a track which is isolated, for 

example, within 3 by 3 calorimeter towers. We use events in tapes 002615 and 002616, 

which are triggered on a stiff track and therefore cover a wide range of the transverse 
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momentum (.PT) spectrum with reasonably high statistics. 

A good track is selected as follows. We start with a three-dimensionally reconstructed 

CTC track which points to the central calorimeter (towers 0-8). The minimum .PT of 1 

Ge V / c is required for the track. We use 3 by 3 calorimeter cells around the seed tower. 

In order to minimize contamination of other particles on the calorimeter cells we require 

there be no additional tracks pointing to the 9 towers. 

The calorimeter energy associated with the track is defined by 9 tower sum for the 

hadronic component and three tower sum in a single wedge for the electromagnetic 

component. The center tower is defined by the extrapolated track position on the CES 

plane, with the wedge alignment correction [37] applied. 

B.1 Longitudinal shower development 

The longitudinal development of hadron showers, the sharing of the energy between the 

electromagnetic and hadronic components, is one of the separation variables of hadrons 

from electrons. It is important to understand the behavior of hadrons, especially at 

lower energy. 

First we check the total energy distribution. Figures B.1 and B.2 show the distri­

butions of the sum of the electromagnetic and hadronic calorimeter energies divided by 

the track momentum (EToT/p), for different track momentum ranges. They are be­

having reasonably; The distributions are rather wide, the peak shifts downward as the 

momentum decreases (non-linearity). One thing we do not understand well is spikes 

at zero calorimeter energy, which become more noticeable for the lowest momentum 

tracks. Probably some of them are caused by fake tracks, others may be a true effect. 

For example, a hadron with very low momentum may lose its energy in the coil before 

reaching the calorimeter. 

Next we look at the energy sharing between the electromagnetic and hadronic compo­

nents. Figures B.3 and B.4 show the distributions of the ratio of hadronic to total energy 

179 



( EttAD / EToT) for the same tracks as in the previous plots. For higher momentum tracks 

peaks near 1003 hadronic energy, or minimum ionizing on the electromagnetic calorime­

ter, are clear. The other "fiat" part of the distribution corresponds to those hadrons 

which started showering earlier in the calorimeter. As we go down in momentum, the 

fraction of these early showers increases. At the lower end of the momentum spectrum 

we observe zero hadronic energy at a fair fraction of the time. This may be partly due 

to lower photoelectron statistics of the hadron calorimeter (about 10/GeV/tube) and 

an MX digitization cutoff at 10 ADC counts (about 60 MeV). Others may be due to 

photon conversion electrons. 

Figures B.5 and B.6 show the blowups of the same distributions in the region which 

is relevant to electron analyses. We again note that the distributions of EttAD/ EToT for 

the hadrons of the momentum of 10 Ge V and above are fiat or have only a slight slope 

and do not peak at O. Here we have applied no "electron" cuts to these hadrons, like 

CES x2 cuts and an implicit CES pulse height requirement in track-shower matching. 

Those cuts can in principle change the shape of the EttAD / EToT distributions. 

B.2 Lateral shower development 

A CTC track points to a random point on the surface of the calorimeter. When a 

charged hadron comes close to a tower boundary it can deposit its energy on multiple 

towers. A collection of many tracks effectively scans across the boundary and enables 

us to measure the shower shapes. 

Suppose we observe energy H1 (H2 ) on tower 1 (2), where towers 1 and 2 are any 

pair of towers sharing a boundary. We can always normalize so that Hi represents a 

fraction. And suppose that a track hits a point on tower 1 with the distance z to the 

boundary. We make z positive definite. The energy fraction H2 is the shower fraction 
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r</> view z view 
EEM/EToT A (cm) Io x2/dof A (cm) Io x2 /dof 
0.00 - 0.25 6.0 ± 0.2 0.025 ± 0.002 39.7 /23 7.1 ± 0.4 0.037 -± 0.008 10.4/10 
0.25 - 0.50 8.7 ± 0.4 0.041 ± 0.004 42.2/23 9.9 ± 1.1 0.032 ± 0.002 12.3/10 
0.50 - 0.75 12.1±0.7 0.050 ± 0.006 12.9/23 10.0 ± 1.3 0.098 ± 0.002 17.6/10 
0.75 - 1.00 13.9 ± 1.0 0.096 ± 0.009 47.3/23 7.3 ± 1.3 0.188 ± 0.020 31.9/10 

Table B.l: Lateral size of hadron showers as a function of the electromagnetic energy 
fraction. 

integrated over the distance from the shower centroid between z and infinity 

H2 = I(z) _ L(X) p(z') dz', (B.1) 

where pis the shower density which is normalized to unity 

1_: p(z') dz'= 1. (B.2) 

With this definition we have I(O) = 0.5. 

As mentioned earlier we use 3 by 3 calorimeter towers, which gives three lateral 

samplings each direction, z or r</>. The track points to the central tower in both directions 

by definition. Then we have three energy fractions for a given event, Hi, H2 and H3 , 

integrated over the other direction, and only two of them are independent. We cover 

the distance of 48.5 cm (24 cm) along r</> (z) direction. 

We consider only the hadronic component of the calorimeter. The integral shower 

shape thus obtained is plotted in Figures B.7 and B.8 for four different ranges of the 

electromagnetic energy fraction (!EM - EEM/ EToT ). Solid lines show a fit to a single 

exponential function 

I(z) =Io+ (0.5 - Io) e-x/). (B.3) 

with an attenuation length A. An offset Io is introduced in order to account for a uniform 

underlying energy, which is presumably due to neutral hadrons. The fitting results of 
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momentum r</J view 
(GeV /c) A (cm) Io x2 /dof 

1 - 2 10.7 ± 0.3 0.124 ± 0.003 34.6/23 
2 - 3 10.0 ± 0.6 0.094 ± 0.006 17.5/23 
3 - 5 9.8 ± 0.6 0.075 ± 0.005 39.6/23 
5 - 8.2 ± 0.2 0.034 ± 0.002 46.3/23 

Table B.2: Lateral size of hadron showers as a function of the track momentum. 

the shower size are given in Table B.1. 

The hadron showers are larger than the electromagnetic showers, which are only a 

couple of cm wide (Chapter 3.1.1). Figure B.lO(a) shows that the size depends modestly 

on the electromagnetic energy fraction /EM. This could be explained qualitatively in 

the following way. A smaller (larger) electromagnetic fraction means that the hadron 

component samples the earlier (later) stage of the longitudinal shower development. The 

observed tendency is that the lateral shower size becomes larger as the shower develops 

longitudinally. A fit of the observed data to a straight line gives 

A = ( 4.85 ± 0.22) + (10.67 ± 0.85) /EM (cm). (B.4) 

Here we have used the r</J view, although the other view is equally valid. 

Next we check the energy dependence of the shower size. Figure B.9 shows the 

shower shapes for tracks with different momentum ranges. These are averaged over the 

electromagnetic energy fraction. Lines are again a fit to an exponential, whose results 

are given in Table B.2. We observe a slight dependence of the shower size on the track 

momentum, as shown in Figure B.lO(b ), which may arise indirectly from the energy 

dependence of the average electromagnetic energy fraction. 
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B.3 Monte Carlo implementation 

Now we turn to the application of the study for a practical use, that is, to simulate 

hadron showers with a reasonable accuracy for the Monte Carlo events. We first create 

a data file containing the hadron shower information. Each record corresponds to a 

charged track observed in the real data, and consists of the electromagnetic and hadronic 

energy deposits and the track momentum. When we simulate a hadron shower, we read 

in a record from the file and put it onto the Monte Carlo event. This way various 

distributions, including correlations among them, are reproduced almost by definition. 

The energy dependence is taken care of by choosing a track of a similar momentum. 

183 



p 1-2 GeV p 2-3 GeV 

2000 600 

1500 
400 

1000 

200 
500 

~ 

LO 0 0 
.......___ 0 40 80 120 160 0 40 80 120 160 

rn 
+) 

r:: p 3-4 GeV p 4-5 GeV Q) 

> 
~ 

80 
180 

60 
120 

40 

60 
20 

0 0 
0 40 80 120 160 0 40 80 120 160 

ETOT I p (%) 

Figure B.1: The ratio of the calorimeter energy to the track momentum for lower mo­
mentum tracks. 
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Figure B.2: The ratio of the calorimeter energy to the track momentum for higher 
momentum tracks. 
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Hadrons: EM 3, Had 9 towers 
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Figure B.3: The fraction of hadronic energy for lower momentum tracks. 
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Hadrons: EM 3, Had 9 towers 

Figure B.4: The fraction of hadronic energy for higher momentum tracks. 
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Hadrons: EM 3, Had 9 towers 
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Figure B.5: The blowups of the hadronic energy fraction distributions for lower momen­
tum tracks. 
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Hadrons: EM 3, Had 9 towers 
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Figure B.6: The blowups of the hadronic energy fraction distributions for higher mo­
mentum tracks. 
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Hadron shower shape: PT>2 GeV/c 
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Figure B. 7: Integral shower shapes on CHA in r¢ view for different electromagnetic 
energy fractions. 
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Hadron shower shape: PT>2 GeV/c 
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Figure B.8: Integral shower shapes on CHA in z view for different electromagnetic energy 
fractions. 
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Hadron shower shape: all EE:w/EToT 
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Figure B.9: Integral shower shapes on CHA in r</> view for different track momenta. 
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Figure B.10: Hadron shower size A (in r</> view) as a function of (a) the electromagnetic 
energy fraction and (b) the track momentum. 
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Appendix C 

CES Shower Shape and its Gain 

Dependence 

In this Appendix, we describe a study of electromagnetic showers on the CES using test 

beam electrons. Data were taken during the 1987-88 fixed target run at the MT6 beam 

line [75]. 

A detailed knowledge of electromagnetic showers is important not only for the elec­

tron analyses, but also for the prompt photon production studies, for example, where a 

tighter cut on the CES x2 is applied. Here we consider shower shapes when we change 

the operational gain of the CES chambers. 

Shapes of electron showers at various chamber gains are measured using 50 Ge V / c 

test beam electrons, at four anode high voltage settings, 1360 V, 1420 V, 1470 V and 

1525 v. 1 

We use the integral shower shape I, which we defined in Section 3.1.1. We measure 

the shower using seven wires, where the center channel has the maximum pulse height, 

which accounts for typically 70% of the shower. The strip view is equally valid, except 

for the presence of an asymmetry [76] in the shower shape on two sides with respect to 

the center. The origin of the asymmetry is the difference in the amount of materials 

1 In the 1988-89 run, CES was operated at 1450 V. 
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an electron traverses through until it reaches the CES depth, because of the slanted 

electron incidence with respect to the CES plane. 

In order to get the shower center, we use the extrapolated beam position at the CES 

depth, obtained using the beam chamber hits on an event-by-event basis. 

We show the obtained shapes in Figures C.1 through C.4. Curves are a two com­

ponent exponential function. They are not the fit to data, but all are the same single 

curve representing the parameterization we usually use for the CDF analyses, determined 

based on 1985 test beam measurements. 

We observe that data points lie below the curve for lower high voltage settings, then 

almost coincide, and finally become higher than the curve. In other words, the shower 

width becomes larger as the chamber gain increases. 

To further investigate this effect, we show in Figure C.5 the CES pulse heights as 

a function of the applied high voltage. For 50 Ge V / c test beam electron showers, we 

used seven channels around the highest pulse channel in an event. We plot three pulse 

heights, the pulse height of the center channel, the sum of the other six channels, and 

the sum of all seven channels. All points are normalized at 1360 V. A CES channel is 

typically 1.5 cm wide, and then the center channel sees a core of an electromagnetic 

shower or a high charge density. The outer channels observe a lower density. The gain 

slope is steeper for the lower shower density. The data points give 

(C.1) 

for the outer channels. On the contrary, we get 

(C.2) 

for the center channel. Shown by a solid line is the gain measurement using 55Fe source 

peaks, with which we can by no means get high charge densities. It shows a good 

agreement with the behavior of the outer channels. 
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We think that a gas saturation is observed at the central channel, or at high charge 

densities. This can result in an energy dependent shape of the electron showers. When 

we consider the intrinsic shape of electromagnetic showers and its energy dependence, 

we would expect a narrower shower with increasing energy because of the energy depen­

dence of the Bremsstrahlung emission angle. The gas saturation effect may compensate 

this and can result in a weaker energy dependence of the effective shower shape on 

the detector by choosing an optimal gain. Indeed we have obtained almost no energy 

dependence of the shower size as discussed in [76]. 

196 



Shower Profile 1360V 

Shower center by beam chamber 

d 
0 

•r-4 
+> 

C.> ro 
S... 

'tool 

S... 
Q,) 

It: 10-1 
0 

,,q 
rll 

....-4 ro 
S... 
b.O 
Q,) 

+> 
d ....... 

0 1 2 3 4 5 

Distance (cm) 

Figure C.1: CES shower shape I of 50 GeV test beam electrons at the anode voltage of 
1360 v. 
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Shower Profile 1420V 
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Figure C.2: CES shower shape I of 50 GeV test beam electrons at the anode voltage of 
1420 v. 

198 



Shower Profile 1470V 
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Figure C.3: CES shower shape I of 50 GeV test beam electrons at the anode voltage of 
1470 v. 
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Shower Profile 1525V 
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Figure C.4: CES shower shape I of 50 GeV test beam electrons at the anode voltage of 
1525 v. 
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