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Abstract 

The lifetime of the Ab baryon is measured using the semileptonic decay Ab-+ e-DeAt, where 

At -+ A1r+1r+1r- and A-+ p1r-. The data sample consists of 110 pb- 1 of pp collisions at vs= 
1.8 TeV, collected by the CDF detector at the Fermilab Tevatron collider during 1992-1995. 

From a fit to the decay length distribution of the Ate- system from 57 ± 12 events, the lifetime 

of Ab is measured to be TAb = 1.36~8:~r(stat.)~gJg(syst.) ps. 
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Chapter 1 

Introduction 

In the modern knowledge of the structure of matter, there are two major categories of fun­

damental building blocks, quarks and leptons. They are governed by four interactions: elec­

tromagnetic, weak, strong, and gravitational interactions. Quarks have 6 flavors: up, down, 

charm, strange, bottom and top. Leptons have six types: electron, muon, tau lepton and their 

associated neutrinos. Quarks and leptons are spin 1/2 fermions. No free quarks have been 

observed. Quarks always come in the form of hadrons which consist of either 3 quarks(baryon), 

or quark-antiquark pairs(meson). The electromagnetic interaction is mediated by photons. The 

gravitational interaction is too weak to have detectable effect in the world of subatomic par­

ticles. Weak and strong interactions are mediated by the W, Z bosons and the gluon bosons 

respectively. This modern picture of fundamental particles and interactions took its shape from 

the results of numerous experiments in conjunction with a series of theoretical developments. 

The developments of particle physics keep moving forward nowadays. Among the several 

important developments, the studies of CP violation in the B physics play a key role in answering 

the asymmetry between matter and antimatter. From the year 2000, a blooming era of B physics 

study is going to start. The knowledges of the B hadrons' fundamental properties, e.g., the 

masses and lifetimes, are necessary for the further studies of B physics. In this thesis we report 
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a lifetime measurement of Ab, the ground state of B baryon. 

In section 1.1 we briefly describe how the experimental results and theoretical concepts 

pushed this field forward . We introduce the mechanism of b quarks production and fragmenta­

tion in section 1.2 and section 1.3. In section 1.4 we describe a simple model of the B hadron 

decays. The formal treatment is introduced in section 1.5. The Ab lifetime predictions and 

current measurements are described in section 1.6. 

1.1 Development of Particle Physics 

Electron is the first known fundamental particle. It was discovered by J. J. Thomson in cathode 

ray experiments in 1897. The uranic radiation, discovered by Becquerel in 1896, was soon to 

be realized to have at least two components, a- and /3- particles, among them the /J-particles 

were identified as electrons because of the same e/m ratio. 

The energy spectrum of /J-particle revealed a mystery. The a-particle carry discrete energy 

which was measured to be equal to the energy difference between the initial state and final 

state of the nucleus that the a-particle is emitted from. On the contrary, the /J-particle has 

a continuous spectrum, and the emitted energy is smaller than the energy released by the 

decayed nucleus. The phenomena of missing energy found in /J-particles emission violated the 

energy conservation law. This puzzle was resolved in 1933 by W. Pauli, who postulated that 

there exists a new particle which always accompanies the electron in the process of /J-particle 

emission. This new particle was named neutrino 1 and was discovered experimentally in 1956 

[1]. 

Rutherford proposed a nuclear model of atom in 1911 based on the results of a-particles 

1 Neutrino was named by Fermi. At the beginning Pauli called it neutron. 
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scattering experiment. In this model, atoms are made of electrons and protons. Later on a 

neutral particle, the neutron, was postulated to be another component inside the nucleus in 

addition to protons. 

In 1932, Chadwick discovered neutron [2]. It brought new impact on nuclear physics. Fermi 

pointed out that the decay process of neutron into proton and electron-neutrino pair is the 

underlying mechanism behind the phenomena of ,6-particles emission. In 1934, Fermi proposed 

a theory of (3 decay and introduced the weak interaction. The weak interaction was later 

on described as mediated by the W boson in 1958 [3, 4]. In this model, the electron and 

its corresponding neutrino are the decay products of the W boson. In the theory of weak 

interaction, e and Ve form a weak doublet ( :e ) . 
From the subsequent nuclear physics studies it was gradually realized that the force binding 

protons and neutrons together within the nucleus was a new interaction, which is effective in 

short ranges and strong enough to overcome the electromagnetic repulsion between the protons. 

In 1935 Yukawa proposed a meson theory [5] in which he used the process of meson exchange 

between protons and neutrons to explain the nuclear force. The meson mass was estimated to 

be about 200 times of the electron mass based on the interaction range of the nuclear force. 

In 1936 a new particle with a mass of about 207 times of electron mass was discovered [6]. In 

the beginning, it was thought to be Yukawa's meson and named as the µ meson. But this new 

particle did not interact with the nucleus strongly enough to explain the nuclear force. The 

true Yukawa meson was discovered in 1947 by Powell [7], and was named as the 7r meson. 

The µ meson mentioned above in fact is a cousin of the electron, and was appropriately 

named muon. Its associated neutrino was discovered in 1962 [8]. The two-family picture of 

( ~e ) and ( ~ ) was extended to three families when , , the tau lepton, was discovered in 
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1975 at SLAC [9, 10]. Because e, µ, T and their associated neutrinos are not involved in strong 

interaction, they are called leptons. 

Proton, neutron and 1r meson are classified as hadrons because they interact via the strong 

interaction with nucleus. After the discovery of the pion, more hadrons were found in cosmic 

rays and accelerator experiments, including K, A,~, I;, B ... etc. The facts that these hadrons 

can decay to other particles and that there are too many hadrons imply that there should exist 

another type of fundamental particles. In 1961 Gell-Mann and Ne'eman proposed a SU(3) 

scheme to explain the family structure of hadrons [11, 12], and predicted a new hadron n. 

After the discovery of n in 1964, Gell-Mann and Zweig proposed that all hadrons are made 

of more fundamental particles, which they named "quarks". In this model there were three 

flavors of quarks: u , d and s. It explained the experimental results very well. But there 

was one conflict. In this model, n was made of 3 identical spin 1/2 s quarks, all in the same 

quantum state. It violated the Fermi-Dirac statistics. It was gradually realized that quarks 

should carry a new attribute, the color charge. Since hadron's color charges can not be detected 

experimentally, the bound states of quarks have to be colorless. 

Color charges exist in three types, which may be called red, blue and green. They are 

the coupling charges of strong interaction which is mediated by spin 1 gluon bosons, just like 

the electric charge couples to electromagnetic interactions mediated by photons. A major 

difference between photon and gluon is that the gluon carry color charge while the photon does 

not carry electric charge. For electromagnetic interaction, an electric charge is surrounded by 

a cloud of photons and electrons generated in vacuum polarization. This is a screening effect. 

The effective strength of electrical coupling is stronger when two charges are closer. For the 

strong interaction, the gluon-gluon interaction will contribute an opposite effect to vacuum 

polarization and cause anti-screening effect. The coupling strength becomes smaller when two 
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quarks come closer. This is known as the asymptotic freedom. On the other hand, when two 

quarks move farther away, their coupling become stronger, eventually a new quark pair will be 

pulled out from the vacuum. Therefore, no free quark can exist. This effect is known as the 

color confinement. Asymptotic freedom and color confinement are two important features of the 

strong interaction. A SU(3)c non-Abelian gauge theory, known as quantum chromodynamics 

( QCD), can explain the behavior of asymptotic freedom and is thought to be the correct theory 

of strong interaction. 

In the deep inelastic scattering experiment conducted in 1968 [13, 14], the proton was found 

to be consisted of partons. Among them some were identified as quarks. This experiment 

turned the "quark" from a theoretical concept into a physical object. Besides the valence 

quarks (u u d), the constituents of proton also include gluons and sea quarks. In the proton 

and antiproton collisions, the heavy quark pair production is contributed significantly from the 

gluon gluon interactions. 

In the quark model, the neutron f3 decay can be explained by the process d ---+ u + e- + Ve, 

That means the u and d quarks are involved in the weak interaction and can also form a doublet 

( ~ ) , just like the ( ~e ) doublet. But actually the doublet structure among quarks is more 

complex. The strange meson decay K+ ---+ 1r0 e-De can be explained by the corresponding quark 

level decay s ---+ u + e- + Ve, which implied that u and s might also form a doublet. In 1963 

Cabibbo proposed a quark mixing theory in which d ands are mixed by an angle 0c [15]. The u 

quark actually form a doublet with one of the mixing states of d and s quark as in the form of 

( d 0 
u . 

0 
) . However, one new problem was induced. This theory allowed the decay 

cos c + ssm c 

K 0 ---+ µ+ µ-, which was not observed in experiments. In 1970 Glashow, Iliopoulos and Maiani 

extended Cabibbo's theory and introduce a new flavor of quark, named the charm quark [16]. 

In this new model the charm quark and another mixing state of d and s quarks form a new 
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doublet of ( d . 
0 

c 
0 

) . This new model is known as GIM mechanism. It eliminated 
- sm c + s cos c 

the problem of the decay K 0 --+ µ+ µ- and gained its evidence when the bound state of cc, the 

J/'lj; meson, was discovered in 1974 [17, 18). 

The quark mixing suggested in the GIM mechanism can be expressed by a mixing matrix, 

as follows, 

( 
d' ) = ( co~ 0c sin 0c ) . ( d ) 
s' -sm0c cos0c s 

(1.1) 

the d' and s' are called the weak eigenstates because they are coupled to the W bosons in the 

weak interaction. While the d and s are called the mass eigenstates. 

More experimental results kept coming out to stimulate new concepts in quark model. In 

1964 J. Cronin and V. Fitch observed the CP violation in the K 0 decay. With the structure of 

four quarks arranged in two families, it would need new mechanism to explain the phenomena of 

CP violation. In 1973 Kobayashi and Maskawa proposed that the phenomena of CP violation 

can be accommodated automatically if the two-family quark model is generalized to three­

family [19). In this theory they introduced two new quarks, the bottom(b) quarks and the 

top(t) quarks. The b quarks were discovered in 1977 by a Fermilab fixed-target experiment 

through the decay of bb bound states, the Y mesons, to dimuon state [20]. The t quarks were 

discovered in 1995 by the CDF collaboration at Fermilab [21]. 

The mixing of three quark families is expressed as in the following equation, 

(1.2) 

where VcKM is a 3 x 3 matrix, 
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(1.3) 

The elements in the matrix VcKM exhibit a hierarchy structure; the diagonal elements are of 

the order of unity, while the off-diagonal elements are roughly suppressed by the powers of the 

factor sin 0c rv 0.22. A more intuitive parameterization method to manifest this characteristic 

was proposed by Wolfenstein [22], as follows, 

( 

1-),,2 /2 
VcKM = ->,, 

A>,,3 (1 - p - irJ) 

),, 

1 - ),,2 /2 
-A>,,2 

(1.4) 

where ),, is equivalent to sin 0c, A, p and rJ are real numbers being of the order of unity. The 

existence of the complex term irJ in the 3 x 3 VcKM matrix gives a room to describe the CP 

violation. In a 2 x 2 matrix the complex term can always be absorbed by re-defining the quark 

fields, therefore it is impossible to explain the CP violation for the case of 2-family quark model. 

On the complex plane the points (0,0), (1,0) and (p,irJ) form a triangle. The measurements of 

the three angles associated with this triangle are the key issue in the study of the CP violation. 

Masses and charges of the quarks and the leptons are listed in Table 1.1. The hierarchy 

structure among quark masses is essential to our understanding of the hadrons. It is worth 

noting that the t quark mass is too heavy such that the semileptonic decay of b -+ u-v£ is 

forbidden kinematically. The major semileptonic decay of b quark is b -+ d.-D£. However, the 

b quark to c quark decay is suppressed by the off-diagonal element ½b in the VcMK matrix. 

This suppression enhances the B hadron lifetimes significantly. The basic interactions except 

the gravitation are also summarized in Table 1.2. 
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Quarks Leptons 
flavor mass (GeV /c2

) charge flavor mass (GeV/c2
) charge 

u 0.0015 - 0.005 2e / 3 lie < 1.5 X 10-ll 0 
d 0.003 - 0.009 -e / 3 e 5.11 X 10-4 -e 
C 1.1 - 1.4 2e / 3 llu < 1.7 X 10-4 0 
s 0.06 - 0.17 -e / 3 µ 0.1057 -e 
t 173.8 ± 5.2 2e / 3 ZIT < 0.018 0 
b 4.1 - 4.4 -e / 3 T 1.777 -e 

Table 1.1: Masses and charges of quarks and leptons 

Interaction Mediate Boson Range 
Electromagnetic "( CX) 

Weak w± and z ,.._, 10-rn m 

Strong gluons ,.._, 10-15 m 

Table 1.2: Fundamental interactions and gauge bosons 

1.2 bb Production 

A static proton can be thought of as the combination of the valance quarks: (u,u,d). However, 

in a dynamics situation like the pp collisions at y's = 1.8 GeV at Tevatron, the contributions 

from other partons like gluons and sea quarks have to be considered as well. Each parton 

possesses a fraction of proton's momentum. The probability of finding a parton carrying a 

momentum fraction x is described by the parton distribution function (PDF) Fi(x, Q2
), where 

i is the parton type and Q2 is the momentum transfer. The parton distribution functions are 

measured from the processes such as the deep inelastic scattering, Drell-Yan, jet and direct 

photon production. Several groups have been providing regular updates on the PDF when 

new data or theoretical developments are available. In the hadron collider experiments, the 

PDF provided by two major groups, the Martin-Roberts-Stirling(MRS) group [23, 24] and the 
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(a) (b) 

b 
g 

g b g 
b 

(c) (d) 

Figure 1.1: Leading order bb (a;) production processes in pj5 collision. 

CTEQ group [25], are commonly used. 

In pj5 collisions, the bb pairs are produced via the hard scattering of partons inside p and j5. 

The Feynman diagrams of the leading order(LO) processes are shown in Figure 1.1, in which 

l.la is called the quark-antiquark annihilation process, and l.lb-d are the gluon-gluon fusion 

processes. 

When the quark mass is similar to or greater than the average momentum carried by each 

parton, the production will be dominated by quark-antiquark annihilation process. At Tevatron 

the average momentum is about (x) (,,/s/2) rv 90 GeV where (x) is the average momentum 

carried by each parton and is about 10% of the proton momentum. Therefore, the gluon-gluon 
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(a) (b) 

b 

(c) (d) 

Figure 1.2: Next-To-Leading order (a!) bb production processes in pp collision. 

fusion processes dominate the bb production, in contrast to the tt production, where the quark­

antiquark annihilation dominates. As a result, the next-to-leading order (NLO) contributions 

of bb production are not just correction terms; they are actually as important as leading order 

contributions. Some of the NLO processes are shown in Figure 1.2. Among them, l.2a-b are 

gluon radiation processes, 1.2c is flavor excitation process, 1.2d is gluon splitting process. The 

complete contributions from NLO processes had been calculated by Nason, Dawson and Ellis 

(NDE) [26]. The b quark production cross section had been measured at CDF through several 

B decay channels. Figure 1.3 shows the results in a comparison to the NDE calculation. 
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Figure 1.3: Integrated b quark production cross section versus Pr at CDF 
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The b and the b produced via the leading order process are always back-to-back in ¢­

coordinate. In the next-to-leading order processes, a gluon or third light quark is involved in 

the calculation so that in this case b and b are not back-to-back. For the gluon splitting case, 

the b and the b can actually come very close to each other. 

1.3 b Quark Fragmentation 

When a b quark is produced, since it carries color charge, it will pull out a quark pair qq from 

the vacuum and form a hadron with the antiquark q. Usually q is the light quarks such as u or d 

quark and sometimes it's s quark. If there is enough energy, the other quark q will also pull out 

another quark pair. This process is referred to as fragmentation or hadronization. Unlike the 

bb production, in which the hard scattering between partons is calculable by the theory of per­

turbative QCD(pQCD), fragmentation is a soft process and can not be calculated using pQCD. 

Usually fragmentation is described by phenomenological models. For collider environments, 

the Peterson model is commonly used [27] . This model describes the fragmentation by using 

the function D{f (z) which gives the probability of generating hadron Hin the fragmentation of 

quark Q with energy-momentum fraction z. D{f (z) is expressed in equation (1.5), 

H 1 
Dq (z) = 2 

z [1 - 1/z - €.Q/(1- z)] 
(1.5) 

where the fraction z is defined as 

Er1 +P11 (H) z=---~-
Eq +PQ ' 

(1.6) 

with P11(H) being the hadron momentum component parallel to the parent quark. The EQ in 

equation (1.5) is an input parameter to be determined from experimental results. For the case 

of b quark fragmentation, Eb = 0.006 ± 0.001 ± 0.002 [28]. 
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1.4 Spectator Model of B Hadron Decay 

The hadron decay processes are difficult to calculate because of the involvement of soft processes 

which are beyond the regime of perturbative QCD. The semileptonic decay, on the other hand, is 

of special interest from the experimental and theoretical point of views. From the experimental 

aspect, the lepton produced in this decay mode is easier to be identified in the detector. From 

the theoretical aspect, since the lepton is not involved in the strong interaction, the lepton part 

can be decoupled from the hadron part in certain approximations and simplify the calculation. 

In addition, there is one more advantage in B hadron decays. Since the b quark is heavy, the 

semileptonic decay of the bound state bij meson or bqq' baryon is dominated by the process 

b ---+ cl De, where qq' E ( u, d, s). This approximation is called the spectator model, where the 

contribution from the light quark is neglected. The decay widths of B hadrons have similar 

expression as the µ decay: 

(1.7) 

where f(x) is the phase space factor, 

f(x) = 1- 8x2 + 8x6 
- x8 - 24x4 lnx (1.8) 

and 

(1.9) 

In the spectator model, all the B hadrons have equal lifetimes, so do the charm hadrons 

if we take c quark as heavy quark. In Table 1.3 we compare the lifetimes of B hadrons and 

charm hadrons [29, 30]. The spectator model predictions fit the data much better for the B 

hadron sector than the charm hadron sector. It can be explained by the fact that the mass 

13 



of b quark is heavier than the mass of c quark, and therefore the spectator approximation 

is more reasonable for b quark. However, the differences among the lifetimes of B hadrons 

are distinguishable in current experimental precision. To explain these differences, we need to 

consider the non-spectator effects such as final state interference, annihilation diagram, and 

helicity suppression. 

charm hadron lifetime II B hadron lifetime 

T(D 0
) 0.415 ± 0.004 ps T(B- ) 1.66 ± 0.03 ps 

T(D+) 1.057 ± 0.015 ps T(Bu) 1.55 ± 0.03 ps 
T(Ds) 0.467 ± 0.017 ps T(BJ) 1.47 ± 0.06 ps 
T(Ac) 0.206 ± 0.012 ps T(Ab) 1.19 ± 0.05 ps 

Table 1.3: Comparison of charm and B hadron lifetimes. 

1.5 Heavy Quark Effective Theory 

With the developments in B hadron theory, the corrections for the above intuitive phenomeno­

logical picture can be treated in a systematical way based on the following features of B hadrons 

[31], 

where AQcD is the QCD scale, ,......, 0.2 GeV. The momentum transfer between the heavy quark 

b and the other light quark if. is of the order of AQCD· The light quark mass Mq is smaller 

than the AQcD (for the case of u and d quarks) or of the same order of AQcD (for the case of s 

quark). Inside the B hadron, the light quark q is strongly fluctuated and therefore is treated as 

a light cloud surrounding the b quark. On the other hand, the heavy quark mass Mb,......, 4.5 GeV 

is about 20 times of the AQcD; the creation and annihilation processes of bb could not occur 

from the gluon field fluctuation. Therefore the quantum field theoretical treatment of b quark 
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can be simplified to a quantum mechanical treatment, in which the b quark serves as a static 

color charge source just like the nucleus providing static electrical charge source in atoms. 

The above features of B hadrons bring a way to construct an effective QCD theory to treat 

B hadrons formally. We use the example of neutron {3 decay to illustrate the concept of effective 

theory. In the electroweak theory the neutron {3 decay is described by the propagation of a 

virtual weak gauge boson W* between d quark and u quark, as follows, 

The virtual W* boson only lives over a short interval of time rv l/Mw. For a low energy 

effective theory, the W field as well as the gluon fields inside the neutron and proton can be 

integrated out, resulting a theory with the four-field operator VJnVJp'l/Je'1/Jv. and a new vertex 

coupling G F / y'2. In fact this is the original /3 decay theory which Fermi proposed to explain 

the neutron {3 decay. 

For the effective theory of B hadron decays, two fields are integrated out. At the first, the 

b quark is almost static inside B hadron, the anitparticle part of the Dirac spinor for the b 

quark 'l/Jb is not involved in the decay process and can be integrated out. This is also called 

the Non relativistic Expansion. Secondly, the high frequency components of the gluon fields and 

the b quark filed are also integrated out because they are calculable using pQCD. The scale 

µhad separating the high frequency and low frequency has to be larger than AQcv to ensure 

the strong coupling constant a 8 (µhad) to be in the perturbative region. On the other hand, in 

order to expand this effective theory in the powers of 1/ Mb, the µhad has to be smaller than Mb. 

Usually it is selected as about 2 rv 3 AQCD· This step is an application of the Operator Product 
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Expansion. This theory is called the heavy quark effective theory(HQET). The characteristic 

energy scales involved in the HQET are listed below. 

1.6 Ab Lifetime 

HQET is useful in describing the B hadrons and eharm hadrons spectroscopy as well as the 

lifetimes. Several groups had predicted the individual B hadron lifetimes and their ratio in the 

framework of HQET. The earliest predictions made by M. Neubert [32] are shown in equation 

(1.10). 

T(B-) 
T(Bd) 
T(Bs) 
T(Bd) 
T(Ab) 
T(Bd) 

1 + O(1/Ml) 

(1.00 ± 0.01) + O(1/Ml) 

0.98 + 0(1/ Mt) 

One of the other major predictions by I. Bigi [33] are also shown in equation (1.11), 

T(B-) 
1 + 0.05 · [ fB ]2 

T(Bd) 200MeV 

T(Bs) ,...., 1 
T(Bd) 

,...., 

T(Ab) ,...., 0.9 
T(Bd) 

,...., 

(1.10) 

(1.11) 

where fB is the B meson form factor, ,...., 200 to 250 MeV. The predictions of lifetime ratios 

for ~1~~] and ;~~:~ are consistent with the experimental results. However, the ;f Z~~ ratio in 
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data is much smaller than the theoretical prediction, as shown in Table 1.3. The Ab lifetime 

measurements from the collaborations of ALEPH, DELHPI, and OPAL at LEP and the CDF 

Collaboration at Tevatron are shown in Table 1.4. 

I Experi. I Data set # of event I Method I Ref. I 
ALEPH (91-95) 4 X 10° Z 705 ± 32 ± 62 Af- 1.20 ± 0.08± 0.06 

137± 2 A+e-
C l.18~g:g± 0.03 

{ At --+ pK-1r+ 

} A+-+ pK0 
C S 

A+-+ A-rr+ 
At -+ A1r+1r+1r-

39.5~t~ Af- g+ 1.30~0:~t± o.o4 
DELHPI (91-94) 3.6 X 106 Z 82± 9 A+f -

C 1.11~0:i~± o.o5 
{ At --+ pK-1r+ } A+-+ pK0 

C S 

At -+ pK~1r+1r+ 
235 ± 25 pf- 1.19 ± 0.14± 0.07 

OPAL (90-94) 3.6 X 106 Z 490 Af- i.p. 1.21~0:B± 0.10 
356 Af- vtx. 1.15 ± 0.12± 0.06 

(90-95) 4.4 X 10° Z 129 ± 25 A+f -
C 1.29~0:~~± 0.06 

{ At -+ pK-1r+ } 

CDF (92-95) 110 pb-1 197 ± 25 A+e-
C 

1.32 ± 0.15 ± 0.06 
{ At -+ pK-1r+ } 

Table 1.4: The measurements of Ab lifetime. 

The raito ;f~!) from LEP's measurements is 0.78 ± 0.04 [39], which is significantly reduced 

compared to the theoretical predictions. If the measurement of this ratio remains the same in 

future results, it might indicates that the assumption behind the heavy quark effective theory, 

the quark-hadron duality, has to be re-examined seriously. If the duality violation is true, then 

we can not trust the predictions of semileptonic branching ratio and charm yield in B decays, 

which are considered to be sensitive to new physics, within the framework of heavy quark 

expansion [40]. However, it is worth mentioning that the result from CDF's measurements is 
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0.87 ± 0.11 [38], which is closer to the predicted values. This result is based on the 197 ± 25 

signal events in the channel Ab ---+ Ate-D, where At ---+ pK-1r+. The resolution is limited by 

the statistical uncertainty. It is of great interest to increase the statistics for the the Ab lifetime 

measurement from CD F's current data and, if possible, to clarify the problem of" Ab lifetime 

puzzel" [40]. Below we discuss the major methods for Ab lifetime measurement. 

The best channel to study Ab lifetime is the decay channle Ab ---+ J /'lj;A. But due to the low 

statistics for the Ab events currently collected and the low branching ratio of the J /'l/J decay, 

so far the major measurements are from the data of Ab semileptonic decay Ab ---+ Ate-Df., in 

which the At is reconstructed through several methods, as described below: 

• Ae-: In this method, the At is reconstructed from the inclusive decay At ---+ AX. The 

signal is determined from the excess of the right sign pair Ae- over the wrong sign 

pair Ae+. The Ab lifetime is determined from the fit of the lepton impact parameter 

distribution or the fit of Ab proper decay length distribution. For the latter fit, the Ab 

vertex is reconstructed from the intersection points of A and lepton. 

• A.e-e+: In this method, the At is reconstructed from the semileptonic decay At---+ Af+ve. 

The signal is the right sign pair Ae+ with invariant mass M(Af+) < 2.3 GeV /c2 and the 

combination of Ae-.e+ with the invariant mass M(A.e-.e+) > 2.3 GeV /c2 . The Ab vertex 

is determined from the intersection point of e- and .e+. 

• At .e-: In this method, the At is fully reconstructed from its hadronic decays such as 

At ---+ pK-1r+ and At ---+ A1r+1r+1r-. The signal is the peak in the M(At) spectrum with 

right charge correlation with the .e-. The Ab vertex is determine from the intersection 

point of lepton and At. 
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Among the above methods, the At g- method provides the best signal against the back­

ground and gives the best quality of Ab vertex. Therefore, in this thesis we attempt to fully 

reconstruct the At from another channel: At ---+ A1r+1r+1r- in a hope to increase the statistics. 

The chapter 2 of this thesis is dedicated to introducing the experimental facilities used 

for the events producing, data collecting and physics analyzing. The methods for the events 

selection and reconstruction are described in chaper 3. The lifetime fitting result is presented 

in chapter 4. The chapter 5 gives the conclusion of this analysis and its prospects in the future. 
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Chapter 2 

Experimental Apparatus 

The advances of particle physics rely heavily on the progress of particle acceleration and detec­

tion techniques. In this chapter, we describe the accelerator and detector systems used to obtain 

data for this analysis. The process of accelerating p and p to collide with each other at center­

of-mass energy vs = 1.8 TeV is described in section 2.1. The Collider Detector at Fermilab 

(CDF) is a hybrid of various detector components, including tracking chambers, calorimeters, 

front-end electronics, and on-line computer clusters. They are discussed in section 2.2 with 

emphasis on the components responsible for the track detection and energy measurement. 

The data used in this analysis were collected during Tevatron Run 1, which started in Dec. 

1992 and ended in Feb. 1996. Run 1 comprised of three separate data-taking periods, i.e., 

Run lA Dec. 1992 - Jun. 1993, Run lB Dec. 1993 - Jul. 1995 and Run lC Dec. 1995 - Feb. 

1996. Among them, Run lC was dedicated to a special trigger data set, and not used in this 

analysis. The total integrated luminosity delivered to CDF during Run 1 was about 175 pb-1 
. 

The collected integrated luminosity was 19 pb-1 for Run lA , 90 pb-1 for Run lB and 10 pb-1 

for Run lC. This analysis is based on the data collected in Run lA and lB, about 110 pb-1 in 

total. 
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2.1 The Fermilab Tevatron Collider 

In the Tevatron, the proton accelerating process begins with an electrostatic accelerator called 

Cockcroft-Walton, which can be thought of as a 750 KV DC voltage source, where gaseous 

hydrogens are ionized into H- ions and accelerated to 750 KeV. The resulting negative hydrogen 

ion beams are directed into a linear accelerator Linac, which consists of 5 drift tubes and 9 

side-coupled cavities. Unlike the DC acceleration in Cockcroft-Walton, the charged ions are 

accelerated through AC electromagnetic wave generated by these cavities in Linac. As a result, 

the original continuous beams are separated into several pulses. After traveling through the 

500 feet long Linac, the ion beams can be accelerated to 400 MeV. 

The next stage is a synchrotron accelerator named Booster. Before the H- ion beams enter 

Booster, they have to pass through a thin carbon foil to strip the two associated electrons. In 

Booster the resulting proton beam circulates around 20,000 times until they are accelerated 

to 8 GeV. Then, the proton beam is injected into another synchrotron accelerator Main Ring, 

which is 4 miles in circumference. 

If running in fixed target mode, the proton beam will be switched to the Tevatron when 

they reach 150 GeV. While in collider mode, when the proton beam is accelerated to 120 GeV 

a fraction of it will be extracted to bombard a Tungsten target to produce antiprotons. The 

newly produced antiprotons have a wide spread in energy and direction. These randomly mov­

ing antiprotons are directed into the Debuncher to reduce their random motion through an 

important process known as stochastic cooling [41]. The cooled-down antiprotons are stored 

in the Antiproton Storage Ring. After sufficiently accumulated, the antiprotons are injected 

back into the Main Ring. When the energy of protons and antiprotons reach to 150 GeV, they 

are transfered to Tevatron where they will be accelerated to 900 GeV. The Tevatron shares 
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the same tunnel with the Main Ring, but it employs superconductor dipole magnets to provide 

strong magnetic field to bend these high energy protons and antiprotons. Inside the Tevatron, 

the proton and the antiproton beams are both divided into 6 bunches, each with length of,._, 

30 cm. A schematic diagram of Tevatron is shown in Figure 2.1. 

Main Ring 

Antiproton Storage Ring 

½ 
( Antiprotons 

~ 
/ 

Tevatron CDF 

~~ 
Proton) ) 

7~-:J 
\ 

~, Booster 

, Linac 

Cockroft-Walton 

Figure 2.1: A schematic diagram of Tevatron. The position of CDF detector is shown in the 
diagram. 

Along the Tevatron, there are two pp collision points, each with a separate collider detector: 

DO and CDF. The quadrupole magnets at both ends of CDF focus the beams into a small 
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transverse cross sectional area with a radius of about 35 µm. The instantaneous luminosity (L) 

can be expressed as 

(2.1) 

where NP and NP are the numbers of particle in proton and antiproton bunches, about 2 x 1011 

and 6 x 1010 respectively. NB is the number of bunches, which is 6 in Run 1 operation mode. 

f is the revolution frequency at which proton or antiproton travel around the Tevatron, about 

45K Hz. OA is the cross sectional area, about (35 µm) 2 
. The average instantaneous luminosity 

for Run lA and lB were 0.54 x 1031 cm-2s-1 and 1.6 x 1031 cm-2s-1 respectively. 

The pp collisions occur when two bunches are crossing each other. The collision points are 

peaked roughly at the center of the detector, forming a Gaussian distribution with CJ = 30 

cm along z direction. The time between each crossing is 3.5 µs. It's an important parameter 

in detector design, especially for the front-end readout system. In each crossing there could 

be more than one pp collisions. They are called pile-up events. In the Tevatron, the average 

number of pp collisions in each crossing is 1.8 for Run lA and 2. 7 for Run lB, respectively. 

2.2 Collider Detector at Fermilab 

The CDF detector [42] is a general-purpose detector designed for many topics of particle physics 

with pp collisions. This detector is capable of studying top, QCD, electroweak and heavy 

flavor physics, as well as searching for exotic particles. In the Tevatron, the proton and the 

antiproton beams are unpolarized and make head-on collision at the same energy. Accordingly, 

the detector is nearly cylindrically symmetric around the beam direction, and has forward-
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Figure 2.2: A side view of the CDF detector. The interaction point is at the lower right corner. 

backward symmetry with respect to the interaction point. Figure 2.2 shows the side view of 

the CDF detector as well as the coordinate system. Figure 2.3 provides an isometric view. 

A natural choice of z-axis in the CDF coordinate system is the beam direction. Positive 

z-axis is pointing to proton beam direction, positive x-axis is pointing outward horizontally 

and y-axis is pointing upward. The polar angle 0 is measured from positive z-axis. A quantity 

called rapidity, defined as 

(2.2) 

is often used instead of the polar angle 0 in the laboratory coordinate frame. Under a boost in z 
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Figure 2.3: An isometric cut-away of CDF detector. 

direction with velocity /3, the rapidity will transform up to a constant, namely, y' = y+tanh-1 /3. 

The advantage is that the shape of rapidity distribution, dN / dy, is invariant under the Lorentz 

transformation. For high energy particles, E > > m, the rapidity can be approximated by 

pseudo-rapidity, 

1 P + Pz 0 
rJ = - ln( p p ) = - ln tan(-) 

2 - z 2 
(2.3) 
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After being produced in the pj5 collisions, the particles will travel through the tracking system, 

which is enclosed by a superconducting solenoid providing a 1.4 T axial magnetic field. The 

tracks of charged particles in the magnetic field are helical curves with the helix axis parallel 

to Z-axis. The projection on the transverse plane is a circle, as shown in Figure 2.4. At CDF 

there are 5 tracking parameters used to describe a track : (cot 0 , C , ZO , DO , ¢) where 0 is 

the polar angle, cot 0 = Pz / Pr. For a particle with charge Q, the half curvature C is equal 

to 1/2Qp, p is radius of the circle on transverse plane. C is proportional to the inverse of 

transverse momentum Pr and has the same sign as charge. ZO is the z position of the closest 

approach point relative to the coordinate origin. DO is the minimum distance between the helix 

and the origin on transverse plane, as indicated in Figure 2.4. DO= Q ·( jx~ + y5 - p), (x0 , y0 ) 

is the center position of circle. ¢ is the azimuthal angle at the closest approach point. DO is 

called the impact parameter. With properly translating the coordinate system from detector 

center to beam position in offiine analysis, DO can be a good indication to distinguish tracks 

from the primary vertex and the secondary vertex. 

Outside the tracking system is the the calorimeter system, including electromagnetic and 

hadronic calorimeters. Hadrons, electrons and photons deposit most of their energy in the 

calorimeter system. 

Unlike hadrons and electrons, muons only deposit minimum ionization energy in the calorime­

ters. In order to identify muons, the muon systems located outside the calorimeter system are 

used. 

The further details of the tracking system, calorimeter system and muon system are ad­

dressed in the following sections. In addition, the triggering method is also discussed. 
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Figure 2.4: The projection of a track on the transverse plane. 

2.2.1 Tracking System 

There are three types of detectors in the tracking system. SVX is a silicon vertex detector 

providing excellent resolution in vertex and impact parameter measurements, and therefore 
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plays an important role in detecting events with B decays. VTX is a time projection chamber, 

used for the z position measurements of the primary vertices in an event. CTC is a central 

tracking chamber, which provides good track finding efficiency as well as good Pr measurement 

resolution for charged particles. 

svx 

The SVX detector [43] consists of two identical barrels positioning along the z direction at both 

sides of the detector center. There is a gap of 2.15 cm between these two barrels. One of the 

barrels is shown in Figure 2.5. The length of SVX in z direction is 51 cm . Because the spread 

of pp collisions is about 30 cm, the geometrical acceptance of SVX is about 60 % . 

Each barrel comprised 4 concentric layers of silicon microstrip detectors. The radii of these 

4 layers are 3.0, 4.2, 5.7 and 7.9 cm. The 21r azimuth coverage of each layer is constructed 

from 12 identical ladders. The ladders at outer layers are wider to ensure the 30° coverage at 

different radius. The 4 ladders in the same azimuthal direction form a wedge. The detector 

read the data out by wedges. 

The ladder structure is shown in Figure 2.6. Each ladder consists of three 8.5 cm long, 300 

µm thick rectangular silicon sensors. There are hundreds of metal strips on the surface of the 

silicon sensor. These strips run in the z direction and can provide r - ¢; hit information for 

tracks. The bulk of silicon sensor is p-type while underneath the metal strips are n-type regions. 

The interface of p-type and n-type region form a p-n junction. With proper reverse bias voltage 

the p-n junction becomes depletion region. When charged particles pass through the silicon 

sensor, a few thousand to hundred thousand electron-hole pairs are generated in the depletion 

region and collected by the metal strips. The pitches, or the separation between strips, are 60 

µm for the inner three layers and 55 µm for the outermost layer. The hit resolution resulted 
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Figure 2.5: An isometric view of SVX barrel. 

from these fine strips are 10 µm to 25 µm, depending on the number of fired strips. The typical 

value is 15 µm. The impact parameter resolution can reach 50 µm for tracks with Pr,..._, l GeV 

and 15 µm for tracks with Pr,..._, 10 GeV . 

During the Run lA data taking period, SVX had experienced a performance degradation 

due to radiation damage. For Run lB, SVX was replaced with a new silicon detector SVX', 

featuring a higher radiation hardness, and lower noise level. In other aspects, SVX and SVX' 

had similar configuration . 
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Figure 2.6: A SVX ladder consists of 3 silicon detectors. The readout chips are at the upper 
end in this diagram. 

VTX 

VTX is a time projection chamber to determine the z position of primary vertex candidates. 

This detector consists of 8 octagonal modules. Each module is 31 cm long and consists of 8 

wedges. The active area of the chamber extends from the outside of SVX detector to r=21 

cm. A central high voltage grid divides each module into two 15.25 cm long drift regions. This 

length ensures that the maximum drifting time will be smaller than the time between bunch­

bunch crossing, 3.5 µs. The endcaps of each module is also divided into 8 wedges. Each wedges 

has 24 sense wires and 24 cathode pads. The arrival time of electrons detected by these sense 

wires provides the r - z hit information of tracks. Primary vertices in each event are obtained 

by fitting the tracks in r - z plane. The primary vertex z resolution is about 1 mm. 
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layer radius pitch number of channel 
(cm) (um) 

0 2.9899 60 256 
1 4.2710 60 384 
2 5.7022 60 512 
3 7.8508 55 768 

Table 2.1: Geometrical parameters of SVX 
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Figure 2.7: A cross section view of VTX module(left) and a side view of a wedge (right) . 

CTC 

CTC [44] is a cylindrical wire chamber, located outside the VTX detector, and covers the 

detector region of radius from 30 cm to 130 cm. Its length is 320 cm, covering TJ range from -1.1 

to 1.1 . There are 84 layers of sense wires in CTC, grouped into 9 superlayers. Five of which 

are axial superlayers containing 12 sense wires each, the other four are stereo superlayers with 

6 sense wires each. In axial superlayer the sense wires are in z direction. They can provide 

the hits in r - c/> view. In stereo superlayers, the wires have an angle of ± 3° with respect 
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to z direction. They can provide the hits in r - z view. The wire spacing is 10 mm. The 

hit resolution is 200 µm and 0.6 cm in r - </> view and r - z view, respectively. Within each 

superlayer, the sense wires in all layers form cell structures with a tilt angle of 45° with respect 

to the radial direction. Figure 2.8 shows one of the end plates of CTC, in which the structure 

of tilt cells is visible. Inside the cell a set of field-shaping wires can provide electric field at 1350 

V/cm. 

554.00 mm I.D . 

2760.00 mm 0 .D. 

Figure 2.8 : CTC end plate. The structure of cell and superlayer are shown. 
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The CTC chamber is filled with argon-ethane-alcohol gas mixture. When charged particles 

pass through the chamber, the gas molecules will be ionized. The ionization electrons will 

move toward the sense wires under the influence of the electric field. With the presence of 

electric field ( 1350 V /cm) and magnetic filed ( 1. 4 T), the electrons actually do not drift along 

the E-field. There is an angle between drifting direction and E-field, called Lorentz drifting 

angle. The 45° tilt angle for each cell is designed to compensate the effect of Lorentz drifting 

angle and ensure the ionization electrons can drift azimuthally. The hit positions are calculated 

based on the drift time of the ionization electrons. The maximum drift time for CTC in Run 

1 is 800 ns, which is much less than the bunch crossing time of 3.5 µs. 

The momentum resolution of CTC is about 

c5Pr - = 0.002Pr. 
Pr 

(2.4) 

The combined CTC-SVX fitting can provide a better resolution of 

6
:: = J o.00662 + (0.0009Pr )2

. (2.5) 

In each sense wire, the pulse heights resulted from the deposition of ionization electrons 

are recorded as well. The pulse heights are proportional to energy loss of the tracks. In offl.ine 

analysis stage, the energy loss ( dE/ dX) information is used for the identification of charged 

particles. 

2.2.2 Calorimeter System 

Outside the tracking system and the solenoid is the calorimeter_system. Hadrons, electrons and 

photons will deposit their energy in the calorimeter through different mechanisms. Hadrons 
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lose their energy through nuclear interactions. The characteristic length in hadron energy loss 

has a relation with the calorimeter material, 

Ao ,..__, 35 g cm-2 A 1!3 (2.6) 

where Ao is the interaction length. Electrons and photons lose their energy through bremsstrahlung 

and pair production processes. The characteristic length is: 

"'!( _ 716.4 g cm- 2 A 

~ 0 
- Z(Z + 1) ln(287 / Jz) 

(2.7) 

X 0 is the radiation length. The different energy loss mechanism can be used to distinguish 

between different particles. Two different types of calorimeter are used in CDF: the electro­

magnetic(EM) calorimeter with lead (Pb) as absorber to detect electrons and photons, and the 

hadronic(HA) calorimeter with iron as absorber to detect hadrons. Electrons and photons will 

be absorbed in electromagnetic calorimeter with only small leakage into hadronic calorimeter, 

while hadrons will penetrate deeper into the hadronic calorimeter. The energy sharing between 

EM and HA calorimeters is used in electron identification. The calorimeter systems, as shown 

in Table 2.2, cover a broad range in 77 from -4.2 to 4.2 with several components. In the central 

region ( I 77 I< 1.1), there are central electromagnetic calorimeter ( CEM) and central hadronic 

calorimeter (CHA). A wall hadronic calorimeter(WHA) is used to complete the 77 coverage of 

CHA. The plug calorimeters PEM, PHA, and forward calorimeters FEM, FHA cover different 

77 ranges. In this analysis only CEM and CHA are used. 

The central calorimeter is divided into two halves at 0 = 90°. Each half is 2.5 m long and 

segmented into 24 wedges in azimuthal direction and 10 towers in 77 direction. The size of each 
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System Tower size rJ Range Absorber Medium Depth Energy Resolution 
CEM 15° X 0.1 ITJI < 1.1 Lead Scint. 18 X 0 13.7%/ ET EB 2% 
CHA 15° X 0.1 ITJI < o.9 Iron Scint. 4.5 >.o 50%/)Er EB 3% 
WHA 15° X 0.1 0.1 < ITJI < 1.3 Iron Scint. 4.5 >.o 75%/./E EB 4% 
PEM 5° X 0.1 i.1 < ITJI < 2.4 Lead Gas 18-21 X 0 22%/./E EB 2% 
PHA 5° X 0.1 1.3 < ITJI < 2.4 Iron Gas 5.7 >.o 106%/vE EB 6% 
FEM 5° X 0.1 2.2 < ITJI < 4.2 Lead Gas 25 X 0 26%/vE EB 2% 
FHA 5° X 0.1 2.4 < 1'1}1 < 4.2 Iron Gas 7. 7 >.o 137%/vE EB 3% 

Table 2.2: CDF calorimeter systems. 

tower is 0.1 x 15° in the TJ- cf> space. These towers form a projective geometry, with the towers 

pointing to the interaction region. One of the wedge with the structure of 10 towers is shown 

in Figure 2.9. In the central region, the phase space of rJ x cf> = 2.2 x 21r, i.e., the range of rJ 

from -1.1 to 1.1 and cf> from Oto 21r, is covered by 480 calorimeter towers. 

CEM & CES 

CEM [45] is located at the front side of central calorimeter tower. There are 30 layers of 3.2 

mm lead absorber sandwiched between 31 layers of 5 mm ploystyrene scintillator in CEM. 

Total length of CEM is 34.5 cm, equivalent to 18 radiation length. When electrons or photons 

enter CEM, they develop electromagnetic showers. In order to measure the shower position 

and shower profile , a central electromagnetic strip chamber (CES) [46] is installed between 8th 

lead layer and 9th scintillator layer in CEM. This position corresponds to 5.9 radiation length. 

At this depth electromagnetic showers reach the maximum lateral profile. Figure 2.10 shows 

the schematic plot of CES. For each segment there are 64 wires running in z direction providing 

r - cf> positions of showers and 128 strips perpendicular to z direction providing z positions. 

Each of the 69 strips at the end near 0 = 90° has a width of 1.67 cm, and the other 59 strips 
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Figure 2.9: Central calorimeter wedge. 
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at the farther end have a width of 2.01 cm. The position resolution obtained from 50 GeV 

electron test beam data is 2 mm. 
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Figure 2.10: A schematic view of CES, showing the structure of strips and wires. 

CHA 

CHA [47] occupies most of the space in each tower, it contains 30 layers of plastic scintillators 

and steel plates. The total depth of CHA is about 4.5 interaction length. 

2.2.3 Muon System 

Since the muon mass is 200 times higher than electron mass, its bremsstrahlung radiation is 

about 40000 times weaker than electron. Therefore muon only deposits very small amount of 

energy in the calorimeter. In order to detect muons, some wire chambers are positioned outside 

the calorimeter system. 

CMU 

The central muon chamber (CMU) [48] is separated to two halves at 0 = 90°, each half is 

segmented into 24 wedges. The wedge segmentation in cp direction is the same as the central 

calorimeter. Each wedge consists of 3 towers, covering 226 cm in z direction, as shown in Figure 

37 



2.11. Each tower contains 16 cells with arrangement shown in Figure 2.12 . The cross section 

of each cell is 6.35 cm x 2.68 cm. In the center of each cell lies a single stainless wire, and 

the drift time information recorded by this wire provides the r - </> position of muons while the 

charge division provides the r - z information. 

X 

MUON 
CHAMBERS 

r 
s s 

<1>=6.31 ° 

<1>=7.50° 

@=88.5° 

-----2260 mm ------> 

CENTRAL 
CALORIMETER 

WEDGE 

@=55.9° 

Figure 2.11: One wedge of central muon detector(CMU). Each wedge consists of 3 towers. 
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Figure 2.12: Cross section view of a CMU towers. The 4x4 arrangement of CMU cells is shown. 

CMP 

The central muon upgrade (CMP) chamber is located outside the magnetic field's return yoke. 

The muons arriving at CMP have to pass an additional steel material of 60 cm. It is equivalent 

to 8 interaction length, including the 4.5 interaction length in CHA. Requiring CMP stub for 

muon candidates can further reject the punch-through hadron background. 

2. 2 .4 Triggering 

The minimum-bias interaction cross section in pp collisions at vs= 1.8 TeV is about 50 mb 1
. 

With the typical Tevatron luminosity of about 1031 cm-2s-1
, the event rate is about 300 kHz. 

1The total cross section including elastic scattering is 80.03 ± 2.24 mb[53). 
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The bandwidth of data to storage is limited to 5 Hz. It is difficult to collect every event for 

offline analysis and in fact it is not necessary. CDF used a four level trigger system to reduce 

the data size to a manageable level, while keeping the physically interesting events as much as 

possible. 

Level O Trigger 

Level O trigger is based on the Beam-Beam Counters(BBC) which consists of two planes of 

scintillator counters. BBC covers the range 3.2 <I 'T} I< 5.9 in both forward and backward 

directions. A coincidence of hits in both counters indicates a pp collision. This trigger can 

reject events from other sources like cosmic rays, and beam-gas interactions. 

Level 1 Trigger 

At level 1, the decision of whether or not to accept an event has to be done within 3.5 µs, 

which is the time before the next bunch crossing occurs. Therefore, the decision has to be 

made based on simple measurements. The energy deposition in calorimeter and the presence 

of muon stub are the basis of this decision. The analog outputs of the photomultiplier tubes 

from two neighboring calorimeter towers are summed together. The inclusive electron trigger 

requires at least 8 Ge V in a trigger tower ( = 2 calorimeter towers). The muon trigger requires 

a stub with a minimum Pr. In muon system, a stub's Pr can be estimated from its angle 

with respect to the radial direction. Including other trigger sources, the event rate in level 1 is 

reduced to about 1 kHz. 
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Level 2 Trigger 

At level 2, the available decision time is 20 µs, and more sophisticated methods can be employed 

for further decision making. In Run 1, CDF used a hardware track processor, central fast 

tracker(CFT), to calculate track's Pr based on the hits pattern from the 5 axial superlayers 

in CTC. With the special geometry design of 45 ° tilt angle, a track entering CTC is ensured 

to have a near hit in axial superlayer. The hits recorded by CTC sense wires within 80 ns 

after beam crossing is called prompt hits, the hits recorded 500-650 ns later is called delayed 

hits. CFT used a hardware look-up table to recognize the pattern of prompt hits and delayed 

hits associated with a track in each axial superlayer to reconstruct particle trajectory. The Pr 

resolution of CFT is oPr/ Pr ,......, 0.035. 

In the calorimeter, a triggering tower with sufficient energy makes a seed tower. The elec­

tromagnetic energy in the seed tower and in the neighboring towers are added together to form 

an electromagnetic cluster. An electromagnetic cluster with Er > 5 Ge V is linked with a CFT 

track to form an electron candidate. The muon stub is also linked to a CFT track to form a 

muon candidate. Overall, the level 2 selection requirements reduce the event rate to 12 Hz. 

Level 3 Trigger 

In Run 1, level 3 trigger is a software system, event selection using 64 commercial computers. 

The events passing level 2 are processed with the almost identical software filter as offl.ine 

analysis programs. The major CPU-consuming task is the reconstruction of 3-D tracks. The 

energy cluster and muon stub are linked to CTC tracks. At this final stage, the event rate is 

reduced to 5 Hz. 
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Chapter 3 

Event Selection and Reconstruction 

The bb production cross section in pp collision at vs = 1.8 Te V is about 50 µb, which is quite 

large compared to 1 nb in e+e- collision at Y(4S) and 6 nb at Z pole [50). With a total 

integrated luminosity of 110 pb-1 , about 5.5 x 109 bb events were produced in Tevatron during 

Run 1. Compared with other experiments, the large number of bb events is an advantage for 

B physics study with the Tevatron collider. However, the total cross section is about 80 mb 

at Tevatron, about 3 orders of magnitude higher than the bb production cross section. To 

distinguish B events from the overwhelming background is a big challenge. 

In CDF the B events are selected by detecting their associated J /'l/J and semileptonic decays. 

B ----+ J / 'ljJ X events and B semileptonic decay events are collected using the dimuon trigger and 

the inclusive lepton trigger respectively. The J /'l/J particles are very easy to be identified due to 

their strong invariant mass peak of 3.1 Ge V / c2
. In the candidate events of B ----+ J / 'ljJ X, all the 

charged daughter tracks in the B decay are detectable. The mass and lifetime measurements 

of B hadrons through the channels Bu ----+ J / 'ljJ K, Bd ----+ J / 'ljJ Ks, B s ----+ J / 'ljJ </), Ab ----+ J / 'ljJ A 

have been reported in CDF. Unlike the J /'lj) decay mode, the B semileptonic decay is not fully 

reconstructed since the neutrino accompanying the lepton is not detectable. But the large 

branching ratio of B semileptonic decay ( rv 10% for all B hadrons for each e and µ decay) 
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makes this channel attractive. Since the single lepton sample is not as pure as J /'l/J sample, it is 

necessary to apply tighter lepton identification cuts to improve the purity of lepton sample in 

the offi.ine analysis stage. However, even in a high purity lepton sample, there is no guarantee 

that all of them are from B decays. The contributions from W and Z decays, charm decays 

and photon conversion to e+ e- pairs are the possible background sources. 

The other important product in the B semileptonic decay is the charm hadrons. At Tevatron 

energy, the B hadron usually is boosted by a /3, factor of 2 rv 4, therefore in its semileptonic 

decay mode the charm hadron daughter usually appears in the vicinity of the lepton track. The 

combination of a charm meson and a proper charge correlation with a high Pr(> 6 GeV /c) 

lepton is the signal of a B semileptonic decay that we search for. In this analysis, we are looking 

for the decay sequence Ab -+ Ate-ve, where Ac -+ A-n-+1r+1r-, and A -+ p1r- and its charge 

conjugate decay. We describe the track quality and the primary vertex requirements in section 

3.1, and the electron identification cuts in section 3.2. The generation of Monte Carlo sample 

is described in section 3.3. The event reconstruction method consists of two major steps: to 

select eA sample at the first and then to reconstruct the signal of At -+ A1r+1r+1r-. They are 

discussed in section 3.4 and 3.5 respectively. The backgrounds are discussed in section 3.6. 

3.1 Event Reconstruction 

During the on-line data taking stage, the events were recorded in the form of hits or pulse heights 

for various tracking chambers and in the form of energy clusters for various calorimeters. The 

recorded events are therefore called "raw data". Before physics results can be analyzed and 

extracted, these raw data have to be processed and turned into the fundamental physical objects 

like particle tracks, electron and muon candidates, jets and photons. Among the various steps 
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in the event reconstruction process, we will introduce the methods for track and primary vertex 

reconstruction in the following sections. 

3 .1.1 Track Reconstruction 

In the track reconstruction procedure, the hits in each CTC layer are linked together to form 

helical curves with 5 tracking parameters. The first step is to search for track segments or 

stubs inside each axial superlayer. It takes at least 3 hits in a row to form an axial layer stub. 

These stubs are then linked together to form CTC tracks. Since the hit density is lower at 

the outer layer, the linking procedure started from the outer layer. The remaining hits in each 

axial and stereo superlayer within a road size 1 of a CTC track will be added to that track, and 

the associated tracking parameters and the error covariance matrix are updated accordingly. 

A track with hits from axial and stereo superlayers is called a 3-D track. If only axial hits are 

found, it's a 2-D track. For a better track quality, in this analysis we select 3-D tracks only and 

require that the tracks should have at least 2 axial superlayers ( out of 5) and at least 2 stereo 

superlayers (out of 4). We also require at least 5 hits (out of 12) fired for an axial superlayer 

and at least 2 hits ( out of 6) fired for a stereo superlayer. To make sure that the reconstructed 

tracks travel through all the layers in CTC, we require the radius where the tracks exit the 

CTC volume to be larger than 130 cm, which is the radius of the outermost layer. Under 

the influence of the 1.4 T magnetic field, this requirement implies a Pr minimum cut at 0.25 

GeV /c. Those tracks with Pr < 0.25 GeV /c will just loop around inside the CTC inner layers 

and won't provide any useful information. In CDF usually only the tracks with Pr > 0.4 GeV /c 

are used in analyses, because we have a better understanding of the tracks in this range. 

The hit resolution in SVX detector is much better than CTC. But because there are only 

1The CTC hit resolution is about 200 µm. The road size is usually chosen to be a few times of this resolution. 
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4 layers of SVX microstrip detectors, it is not sufficient for a stand-alone tracking. Instead, 

the SVX hits are used based on the matching CTC tracks. Each CTC track is extrapolated 

to the surface of the outermost layer of SVX to search for the SVX hits within a road size of 

4 CY of the tracking resolution. When a hit candidate is added to the CTC track, the tracking 

parameters are updated. This updated fitting procedure is repeated for the remaining inner 

layers. In general, a SVX track should have at least 2 hits. In this analysis, in order to have a 

stable vertex quality, we require each track to have at least 3 SVX hits. 

3.1.2 Primary Vertex and Beam Position 

In Tevatron Run I, more than one pp collisions could occur in each bunch crossing. Only one 

of them is the event which activates the trigger system, the remaining events, usually known as 

pile-up events, are from minimum bias interaction. These pile-up events and the triggered event 

are recorded in the same event, and therefore contribute additional tracks and extra primary 

vertices. The list of primary vertices determined by the VTX detector is available in offiine 

stage. Each primary vertex candidate is assigned a class number according to the number of 

associated VTX tracks. The one with more VTX tracks is classified with higher number. The 

highest class is 12. 

The average beam position varies from run to run, but they remain stable within each run. 

In this analysis, the beam position is taken from the run average. The beams are also not 

exactly on the detector axis. For the primary vertex candidates provided by VTX, each of 

them has different position in transverse plane. In a B event, the primary vertex is selected as 

the one closest to the trigger lepton, trigger dimuon or the secondary vertex. 
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3. 2 Electron Identification 

3.2.1 Longitudinal and Transverse Shower Sharing 

The calorimeter system in CDF covers the 'r/ range from -4.2 to 4.2. The electromagnetic shower 

generated by the electrons can be detected in CEM, PEM and FEM. But the tracking system 

only covers the central range ( I 'T} I< 1.1), therefore we select the central electrons only to have 

better tracking measurements. 

In the central region, the electrons traverse CEM and deposit most of their energy, only a 

small fraction would leak into CHA. On the other hand, hadrons go deeper and deposit most 

of their energy in CHA, as we mentioned in section 2.2.2. We use the ratio of EcHA/ EcEM to 

distinguish electrons from hadrons, where EcEM and EcHA are the electron candidate's energy 

deposition in CEM and CHA respectively. We require this ratio to be EcHA/ EcEM < 0.04 for 

electrons. Figure 3.1 shows its distribution. In some instances there are more than one 3-D 

tracks associated with an electromagnetic energy cluster due to the presence of extra hadrons 

and leads to a higher EcHA/ EcEM ratio. For such a case we require EcHA/ EcEM < 0.10. The 

multiplicity of 3-D tracks is shown in Figure 3.2(a). An electron surrounded by hadrons would 

tend to have higher EcHA/ EcEM ratio and is more likely to be rejected. Therefore this energy 

ratio cut also implies an isolation requirement. 

The EcHA/ EcEM cut takes advantage of different longitudinal shower profiles of electrons 

and hadrons. The behavior of transverse shower profile is also useful as well for electron 

identification. In general, hadronic showers have larger sizes and usually will span across 

several calorimeter towers. Because electromagnetic showers generated by electrons usually are 

only a few centimeters in diameter, most of the time they are contained in a single calorimeter 

tower. The energy sharing occurs when a electron enters the boundary of two adjacent towers 
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Figure 3.1: The ratio of energy deposition in CHA and CEM for Run 1 inclusive electron data. 
The spike near zero is contributed from those electrons which were absorbed completely in 
CEM. 
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Figure 3.2: The multiplicity of 3-D tracks associated to electromagnetic cluster(a), and the 
lateral shower profile for three-tower case (b). The drop at 0.2 is due to the requirement of 
Lshr < 0.2 at level 3 electron trigger for two-tower cae. 
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in rJ direction. In CDF the energy sharing is examined in two-tower case and three-tower case. 

It is expressed as a x2-like variable Lshr,n defined as follows. 

n-1 M p 
k - k 

Lshr n = 0.14 L -,======== 
' k=l /0.142 Er+ (l:lPk) 2 

(3.1) 

The summation is over the n - l adjacent towers, where n denotes the two-tower or three­

tower case. Mk is the measured energy in tower k, Pk is the energy prediction based on the 

z measurement in CES, 0.14-J'Er is the energy resolution of CEM, and l:lPk is the estimated 

uncertainty of Pk. The electron trigger at level 3 requires Lshr,2 < 0.2. In this analysis we 

further require Lshr,3 < 0.2 according to the test beam result with 50 GeV /c electrons [54]. 

3.2.2 Shower Profile in r - cp View and z View 

The transverse shower profile at the shower maximum is measured by the strips in z view and 

wires in r - </J view in CES chamber. The measured strip and wire pulse heights should be 

consistent with the test beam measurements. In both r - </J and z view, the goodness of the 

shower profile match is characterized by the x2
: 

1 11 (q(!bS _ q1:1·ed ) 2 
x2=-:Z:::. 2i 

4 i=l aqi 
(3 .2) 

Where qfbs is the measured pulse height for each wire or strip, and <Jqi is the uncertainty. The 

qrred is the predicted value determined from the test beam result. Level 3 trigger requires 

x;triv < 10 in Run lA and lB, and requires x;ire < 15 in Run lA and x;ire < 10 in Run lB. 

We require X~ire < 10 in this analysis. Their distributions are shown in Figure 3.3. 
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Figure 3.3: The x2 of transverse profile match with test beam results, for z view strips and 
r - c/> view wires in CES. The drops at x2 = 10 for plot (a) and (b) are the results of level 3 
electron trigger requirements for Run 1 data. 
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3.2.3 Match between CTC Track and Energy Cluster 

An electron can be identified as a track in CTC, an energy cluster in CEM, and strip and wire 

cluster in CES. All these position information have to be consistent. To check the consistency, 

the CTC track is extrapolated to the CES plane; and the x and z coordinates of the intersection 

points are denoted as Xcrc and Zcrc- In the calorimeter tower containing the CEM cluster, 

the CES strip cluster with the largest deposited energy is selected as the best strip cluster to 

provide electron candidate's z position, denoted as Zstrip· The best wire cluster is defined as the 

cluster closest to Xcrc in r - <p plane, and used to provide the electron candidate's x position, 

denoted as Xwire· We require J Zstrip - Zero I< 3 cm and J Xwire - Xcrc J< 2 cm. Figure 3.4 

shows these distributions. 

The momentum and energy of an electron candidate are measured independently by CTC 

tracking chamber and CEM calorimeter, respectively. They have to be consistent with each 

other. Since an electron must have at least 6 Ge V / c in Pr to pass the trigger requirement, 

the electron mass is negligible. The electron's measured energy and momentum should be 

comparable. The distribution of this E / P ratio is shown in Figure 3.5. In this analysis we 

require 0.75 < E / P < 1.5. 

3.2.4 Non-B Electron Removal 

An electron candidate passing all the above requirements is identified as a good quality electron. 

For B hadrons analysis we must select electrons from B decays. We will briefly describe how 

we remove the electrons from the non-B sources such as the photon conversion processes and 

the W, Z decays. 
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Photon Conversion Electron 

An early study at CDF [55] showed that photon conversion electrons could comprise about 30 % 

of the good electron sample. Photon conversion produce e+e- pairs. To reject this background, 

we look for the events having a partner track associated with the good quality electron with 

opposite charge. Their opening angle, 0c, should be small. We required ..6. cot 0c < 0.06. Both 

the electron and its partner have a circular curve track on the transverse plane. The separation 

S at the closest points of these two circles is required to be smaller than 0.2 cm. 

W, Z Decay Electron 

The electrons coming from the decay of Z -+ e+ e- can be identified through the invariant 

mass spectrum of e+ e- pairs. Both electrons are expected to pass the electron ID cuts we have 

mentioned so far. However, in order to reject the Z background as much as possible, one of 

the electrons is applied with loose cuts in which a calorimeter energy cluster with more than 

90% of electromagnetic (EM) energy is required. An electron candidate would be rejected if 

the invariant mass of the electron and a high EM fraction cluster is greater than 75 Ge V / c2 . 

The neutrino from the decay w- -+ e-ile is not detectable in the CDF detector, its en­

ergy is determined from the imbalance of the vector sum of transverse energy(Er) over all 

the calorimeter towers. This imbalance is called missing transverse energy, and is defined by 

I/r =I Eri I, where Eri is a vector with the magnitude of transverse energy for calorimeter 

tower i and the direction from interaction point to calorimeter tower i. An event with electron 

Er exceeding 25 Ge V and I/r greater than 20 Ge V in the opposite direction is identified as W 

event and is rejected. 

Table 3.1 is the summary of the electron ID cuts. 
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electron cut 
N(3D track) 2: 1 

region central 
EcHA/ EcEM ( N(3D track) = 1 ) < 0.04 
EcHA/ EcEM ( N{3D track) > 1 ) < 0.10 

Transverse profile in CEM < 0.2 
x'/, of strip profile < 10 
x2 of wire profile < 10 

I ~x I between CES and CTC < 2.0 cm 
J ~z I between CES and CTC < 3.0 cm 

Pr > 6 GeV/c 
E/P >0.75 , <1.5 

Photon conversion ] SI< 0.2 cm 
~ cot 0c < 0.06 

Z removal M(e , EM-cluster) > 75 GeV /c'/, 
W removal Er(e) > 25 GeV 

Jlr > 20 GeV 

Table 3.1: Summary of electron identification cuts. 
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3.3 Monte Carlo Generation 

3.3.1 Generation of b Quarks and Ab Hadrons 

In this analysis, we use BGENERATOR [56] to produce Ab Monte Carlo samples to model 

the signal. In BGENERATOR, only B hadrons events are produced; the underlying events 

and pile-up events are not taken into account. The b quarks are generated according to a 

next-to-leading-order calculation of d2 r7/dydPt spectrum by Nason, Dawson and Ellis [26]. The 

MRSD0 parton distribution function [23] is used. The b quark mass is set to 4.75 GeV/c2 . The 

generated b quarks are then hadronized to Ab with the Peterson function of Eb = 0.006 [27] . 

The generating conditions for b quark are listed in Table 3.2. The spectrum of b quark Pr and 

electron Pr are shown in Figure 3.6. 

Pr(b quark) > 8 GeV /c 
I y(b quark) I< 2.0 

M(Ab) = 5.641 GeV /c2 

Table 3.2: Generation conditions for Ab Monte Carlo sample in BGENERATOR. 

3.3.2 Decay of the Ab Hadron 

The decay of Ab ----+ Ate-De and At ----+ A1r+1r+1r- are simulated in a separated package QQ 

developed by CLEO [58]. The advantage to use QQ is the up-to-date B decay branching ratios. 

The decay of the long-lived particle A is simulated in the detector simulation package. 

3.3.3 Detector Simulation 

The detector simulation is done by a CDF's package QFL' [59]. The output has the same format 

as real data for the consistency and convenience in analysis. CTC hits are not generated in 
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Figure 3.6: (a)PT spectrum of b quark, and (b) PT spectrum of the semileptonic electron from 
BGENERATOR. 
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Pr(e) > 6.0 GeV /c 
I rJ(e) I< i.1 

level 2 trigger modeling 

Table 3.3: Requirements for the Monte Carlo data reduction prior to detector simulation. 

QFL'. The CTC tracks are obtained from a parameterization procedure based on the tracks 

generated from BGENERATOR and QQ according to the detector performances. Since we are 

interested in the behavior of secondary vertices, the SVX hits are generated and linked to form 

SVX tracks. 

Although we set the b quark minimum Pr at 8 Ge V / c, only a small fraction of electrons 

from B decay pass the trigger requirement. To save CPU time, prior to the detector simulation 

we reject the Monte Carlo events in which the electrons are too soft or out of the detector's 

acceptance based on the result from generator. The requirements are listed in Table 3.3. 

In order to have a correct electron Pr spectrum in Monte Carlo data, the Level 2 electron 

trigger efficiency has to be taken into account. We used a simple function to parameterize this 

12 efficiency, as shown in equation (3.3), 

Fr - 6.18 PT - 7.48 
L2 = 0.927 · Freq( 

4
_
20 

) · Freq( 
0

_
504 

) (3.3) 

where Freq(x) is an error function defined as 

1 ix 1 2 Freq(x) = tn:::. e-zt dt 
y 21r -oo 

(3.4) 
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Figure 3. 7 shows the electron Pr spectrum before and after this level 2 efficiency simulation. 

The function plot of the level 2 efficiency used in equation (3.3) is also shown in the same 

Figure for comparison. 

3.4 eA Sample Selection 

In the decay Ab --+ Ate-De the charm baryon Ac is very close to the electron. We can define 

the distance between the electron and Ac in 'TJ - ¢> space as 

(3.5) 

13..R is also known as the cone size. From the Monte Carlo sample we can see that most of 

the time the cone size R( eAc) is smaller than 1. The daughter tracks of Ac therefore are also 

contained within this cone. The Monte Carlo results of these cone sizes are shown in Figure 

3.8. 

To reconstruct the Ac --+ A3n events, we first attempt to find the A around the electron. We 

look for two opposite charge tracks in the cone 13..R < l. The track with higher Pr is assigned 

as p candidate and the track with smaller Pr is assigned as 7r candidate. This condition is 

always true based on the kinematics of two body decay. 

These two tracks are then required to form a vertex. The outermost layer of the SVX 

detector is at R = 8 cm. The long-lived A has a large probability to decay outside of the SVX 

detector volume and leave the decay vertex inside CTC. Our strategy is to use two CTC tracks 

to form a vertex at the beginning. If the vertex is inside R = 5.6 cm, then an attempt is made 

to find the associated SVX tracks and fit the vertex again. The radius of R = 5.6 cm is the 
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place between the layer 1 and 2 ( counting from O to 3 ) of the SVX detector. In this way we 

can ensure that once SVX tracks are used for the daughter particles of A, they each have at 

least 2 SVX hits. In the following we denote these two cases as Acre and Asvx. We require 

the x2 probability of the vertex fitting to be larger than 1 %. This cut is commonly used in 

CDF for the two-track vertices. 

A large fraction of the background is from the random combination of prompt tracks which 

come from the primary vertex. We cut on Lxy(A) > la to reject these background, where 

Lxy(A) is the transverse projection of the distance between the A vertex and the primary 

vertex, and a is its uncertainty. In pp collisions there are many sources of A production, but we 

are only interested in those coming from the Ab decay. The constraint on the invariant mass of 

the electron and A provides another cut. We require M(eA) < 4.5 GeV /c2
. The comparison of 

M(eA) between real data and Monte Carlo is in Figure 3.9. Table 3.4 is a summary of the cuts 

used to select A in the vicinity of electron. The A mass distribution for Run 1 data is shown 

in Figure 3.10. In the case of Acre, the A decay vertices are larger than 5.6 cm by definition. 

Therefore the background from prompt tracks combination is suppressed significantly. Clearly, 

the signal to background ratio of Acre is better than that of Asvx, as shown in Figure 3.11. 

However, due to the improvement in hit resolutions, the Asvx has a better mass resolution. 

The signals of Ac are searched through the decay channel A1r+1r+1r- and its charge conjugate 

from the eA sample described in section 3.4. The 3 1r tracks are selected within a cone size 

6..R < l around the electron. Each track is assigned the 1r mass. Among the 3 1r tracks, we 

require two of them carry positive charge and one carries negative charge for the case of A, or 
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Figure 3.9: M(e A) for real data(upper) and Monte Carlo(lower). 
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Pr(1r) > 0.3 GeV /c 
.6.R(e1r) < 1 
Pr(P) > 0.4 GeV /c 
.6.R(ep) < 1 
Pr(A) > 1.5 GeV /c 
.6.R(eA) < 1 
Prob(x2

) of A >1% 
Lxy(A) >la 
M(£A) < 4.5 GeV/c2 

Table 3.4: Selection requirement of A in the vicinity of electron. 

the opposite for A. Since Ac definitely decays inside the SVX detector, we require that all the 3 

1r tracks must be SVX tracks. The further cuts on kinematics, vertices and others are discussed 

in the following sections. 

3.5.1 Pre-selection Cuts 

In this decay channel there are 6 daughter tracks attached to 3 vertices: e+ from Ab, 1r+ 1r+ 7r­

from Ac, and p 1r- from A. We apply vertex constrained fitting on these 6 tracks and 3 vertices 

using CD F's internal secondary vertex fitting package CTVMFT [60]. We used a set of loose 

cuts, as shown in Table 3.5, to further reduce the data size. The resulting Ac mass is in Figure 

3.12, where no signal can be seen. 

3.5.2 Kinematics and Vertex Cuts 

Since the mass resolution of Acre is larger than Asvx, the final A mass selection windows 

is 5 MeV /c2 for Acre and 4 MeV /c2 for Asvx- The eAc pair is from Ab decay, the natural 

upper limit of M(eAc) is the Ab mass, 5.6 GeV /c2
. The lower limit is cut at 3.5 GeV /c2

. The 

comparison between real data and Monte Carlo for the Pr(e) and M(eAc) is in Figure 3.13. 
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M(A) 
M(A) 
Pr(31r) 
6.R( e31r) 
Pr(Ac) 
M(Ac) 
M(Ac) 
M(eAc) 
M(eAc) 
Ab - Ac - A vertices x2 

< 1.128 GeV/c'L 
> 1.104 GeV /c2 

> 2.0 GeV /c 
< 0.8 
> 4 GeV/c 
> 2.15 GeV /c2 

< 2.45 GeV /c2 

> 3.0 GeV/c2 

< 5.6 GeV/c2 

< 100 

Table 3.5: A31r pre-selection cuts. 

We also apply the following 4 Pr cuts: Pr(A) > 1.8 GeV /c, Pr(31r) > 2.2 GeV /c, Pr(Ac) > 4 

GeV /c, and Pr(eAc) > 15 GeV /c. Their distributions are shown in Figure 3.14 and 3.15. 

The x2 in the fitting for 6 tracks and 3 vertices must be smaller than 45. The transverse 

decay length of Ac relative to the primary vertex, Lxy(Ac), must be greater than lO". They are 

shown in Figure 3.16. To ensure good quality events for the lifetime measurement, the vertex 

uncertainty of Ab and Ac are required to be smaller than 500 µm. Among the various kinematic 

and vertex cuts, the Lxy(Ac) is the most important. The distribution of Lxy(Ac) significance 

defined as the ratio of Lxy(Ac) and its resolution, Lxy(Ac) / O", is shown in Figure 3.17, where 

all the kinematic and vertex cuts are applied except the cut Lxy(Ac)/O" > 1. The long tail on 

the right hand side indicates that Ac might come from the secondary vertex which is obviously 

separated from the primary vertex. The Ac mass with the cut Lxy(Ac) / O" > 1 is also shown in 

the same plot. Figure 3.18 compares the Ac mass with and without the cut Lxy(Ac)/O" > 1. 

The huge background is reduced to a manageable level by this cut. 
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3.5.3 K2 Reflection Removal and dE/dX 

In the method of A selection, p mass is assigned to the track with higher Pr and 1r mass to 

the other track. In pp environment, Kf production cross section is several times higher than 

A. With the wrong mass assignment, Kf can be mis-identified as A. We call this as the Kf 

reflection background. The detail is discussed in Appendix A. To see how many A's are reflected 

from Kf, we assign 1r mass to the p candidate and repeat the invariant mass calculation. Figure 

3.19 shows the spectrum of Kf reflection. A candidates are removed if they lie in the range of 

0.4977 ± 0.020 GeV /c2 with the new mass assignments . 

In CDF, the energy loss information(dE/dX) collected in CTC can be used to distinguish 

proton from other particle species. We define a variable proton level, or level(p), based on the 

difference of energy loss per unit length between the measured value and the predicted value. 

The exact definition is in Appendix A. For a real proton the level(p) is close to 1, while for 

other particles it's close to 0. Figure 3.20 shows the distributions of level(p) and the Ac mass 

spectrum. In this plot we have applied the cut level(p) > 0.2. Appendix A contains more 

discussions about this cut. 

3.5.4 Ac Signal Result 

All the cuts we used in the Ac search are summarized in Table 3.6. The final candidate sample 

we used for Ab lifetime analysis can be seen in Figure 3.21. 57 ± 12 events are reconstructed. 

The Ac spectrum for wrong charge combination pairs, i.e., e+ At and e-A-;,, is also shown. No 

signal is seen with wrong charge combination. 

We compare various kinematics and lepton impact parameter distributions between data 

and Monte Carlo. In Figure 3.21 the peak area is defined as 2.285 ± 0.020 GeV /c2 while the 
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I M(Acrc) - 1.1157 I < 0.005 GeV /c2 

I M(Asvx) - 1.1157 I < 0.004 GeV /c2 

Pr(A) > 1.8 GeV /c 
~R(eA) < 0.6 
Pr(31r) > 2.2 GeV /c 
~R(e31r) < 0.8 
Pr (Ac) > 4 GeV /c 
~R(eAc) < 0.6 
Pr(eAc) > 15 GeV /c 
M(eAc) > 3.5 GeV /c2 

M(eAc) < 5.6 GeV/c2 

A vertex Prob(x2
) > 1% 

Lxy(A)/CJ > 2.0 
Lxy(A - Ac)/CJ >0 
Ab - Ac - A vertices x 2 < 45 
Lxy(Ac) / CJ > 1.0 
CJ of Lxy(Ac) < 0.05 cm 
CJ of Lxy(Ab) < 0.05 cm 
K~ removal I M(K~) - 0.4977 I< 0.020 GeV /c~ 
level (p) > 0.2 

Table 3.6: Event selection cuts for Ac-+ A31r signal search. 
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side-band areas are defined as 2.200 ± 0.020 GeV /c2 and 2.370 ± 0.020 GeV /c2
. To compare 

with Monte Carlo, the distributions for the events in side-band areas are subtracted from the 

peak area. The distributions after this sideband subtraction procedure are shown in Figure 

3.22 and 3.23. 

3.6 Background 

In this analysis, we are looking for the signal of electron Ac pairs with proper charge correlation. 

However, the electrons and Ac particles can come from many different sources in the pp collisions. 

Some of them had been studied at CDF [38, 62]. We briefly discuss them below. In addition, 

the Kf reflection backgrounds from the charm hadron decays are unique in this analysis. We 

also describe them in this section. 

The B hadrons background 

The right sign combination of electron and Ac pairs coming from the single B hadron decays 

are shown below: 

• B -+ At D-; N X, D-; -+ e-X' 

In this background, the electrons coming from the Ds have softer momentum. They are rejected 

by the invariant mass cut M(eAc) > 3.5 GeV /c2 and the kinematics cut of Pr(eAc) > 15 

GeV /c2
. The branching ratio of D-; -+ e- X was measured to be 8~~ %, which further suppresses 

this background. 
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The heavy quark pairs background 

The bb pair become a background source when an electron is produced from one of the b 

quark while a Ac particle is produced from the other b quark. The bb pairs produced from 

the quark-anitquark annihilation process are back-to-back pair in ¢-coordinate; their invariant 

mass M(eAc) will be too large to pass the cut M(eAc) < 5.6. For the case of gluon splitting 

process, the band bare very close to each other. The cut M(eAc) < 5.6 might not be able to 

reject this background. However, the e and Ac pair from bb pair has wrong charge correlation. 

Since no mass peak is found for the wrong sign pairs, this background therefore is negligible. 

The charm mesons background 

Because the production rate of B 0 and Bs is about 5 times higher than Ab 2 . The semileptonic 

decays of B 0 -t n+e-De and Bs -t Dse-De will become the background sources when the 

charm meson daughters decay to K~ plus 3 tracks, and the K~ particles are misidentified as A, 

as shown in Table 3. 7. 

n+ -t K 0 1r+1r+1r­

n+ -t K 0 1r+1r+ K­
D -t k° K+7r+7r-s 

D -t K 01r+1r+ K-s 

7.0 ± 0.9 % 
1.0 ± 0.6 % 

< 2.8 % 
4.3 ± 1.5 % 

Table 3.7: The examples of charm mesons decays with the K~ plus 3 tracks. 

These backgrounds are supposed to be rejected by the K~ removal cut: I M(K~)-0.4977 I< 

0.02 GeV /c2
. The uncertainty of M(K~) from the data is about 0.0055 GeV /c2

; the K~ within 

± 3.6 a are rejected. 

2The production fractions for the major b hadrons are 39.7~t~% for B+, 39.7:!J:~% for B 0 , 10.5:!t;% for 

Bs, and 10.I:!::ti% for Ab, 
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The combinatorial background 

The A candidates plus the random combinations of three tracks contribute a certain fraction 

to the fake Ac background. Since there is no physics source responsible for this background, 

the fake Ac has not charge correlation with the lepton. 

The electrons background 

The photon conversion electrons could survive if one of the electron track in the e+ e- pair is not 

detected. This is a true electron background. However, the residual conversion electrons are 

not supposed to have any charge correlation with the Ac. This background should contribute 

equally in the right sign and wrong sign combination, and in the wrong sign pair we do not see 

any signal. 

There are also some fake electron backgrounds. For example, the charged hadrons depositing 

most of their energy in EM calorimeters or coming along with photons could be identified as 

electrons. Since these fake electron candidates do not have charge correlation with Ac. We can 

monitor this background from the wrong sign combination. 

In summary, we reject the background using the kinematics properties of the Ate- system, 

and monitor the remaining background from the wrong sign Ace pairs. In the lifetime mea­

surement, the background contributions are modeled based on a properly selected background 

sample and are subtracted from the data. 
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Chapter 4 

Lifetime Fitting 

In this chapter, we discuss the method to reconstruct Ab vertex and describe the procedures 

to extract Ab lifetime from the /!,Ac signal we obtained in section 3.5. In the decay channel 

of Ab -+ e-DeAt -+ e-DeA1r+1r+1r-, 3 decay vertices, including the secondary vertex (Ab), 

tertiary vertex (Ac), and fourth vertex (A) are involved besides the primary vertex. Although 

these 3 vertices can be simultaneously reconstructed using CDF's vertex-constrained fitting 

package [60], the vertex uncertainty estimation becomes more complicated when more vertices 

are involved. For example, it is straightforward to calculate the A vertex uncertainty which 

only depends on the tracking parameter uncertainties of its two daughter particles, p and 1r. 

This two-track vertex is well understood at CDF. On the other hand, the Ab vertex uncertainty 

depends on the vertex uncertainties of Ac and A, as well as the tracking parameter uncertainties 

of lepton track, 31r tracks and p,1r tracks. It requires more efforts to verify the reliability of Ab 

vertex uncertainty estimation in such a case. Fortunately, the 3 1r tracks in the decay Ac -+ A31r 

all have SVX information which can be used to determine a clear Ac vertex. Incorporating the 

lepton track, we can reconstruct the Ab vertex as well. This method is described in section 4.1. 

We deal with the lifetime fitting procedures in section 4.2. The discussion of the systematic 

error for this lifetime fitting procedures is presented in section 4.3. 
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4.1 Ab Vertex and Decay Length 

The topology of the daughter tracks and vertices in the A31r channel is shown in Figure 4.1. 

Ab is produced at the primary vertex (PV) and decays at the secondary vertex (XB, YB), The 

lepton(£) in the semileptonic decay has azimuthal angle <I>E. The closest point to the primary 

vertex for the lepton track on the transverse plane is (XE, YE), where <I>E is evaluated. The 

distance between (XE, YE) and the primary vertex is denoted as dE, which is also called the 

transverse impact parameter of the lepton track. The neutrino (v) from the Ab semileptonic 

decay is not detectable in CDF detector. The dash line means that there is no track associated 

with v. Ac is produced at (XB, YB) and decays at the tertiar:y vertex (XD, Yv). The azimuthal 

angle of Ac is denoted as <I> D. The proper decay lengths of Ab and Ac are about 400 µm and 

60 µm respectively. Considering the boost factor of about 3, the typical distance between 

(Xv, YD) and the primary vertex is smaller than 1.5 mm. This characteristics ensures that 

all the 3 1r tracks will travel through the SVX detector and have SVX tracking information. 

This enable us to determine Ac vertex without the information from A. The long-lived neutral 

particle A is produced at the tertiary vertex (XD, Yv). It leaves no tracking information and 

is able to travel tens of centi-meters. If its decay length is larger than 5.6 cm 1 then only CTC 

tracking information is available for its two daughter tracks p and 1r. The CTC tracking has 

poorer resolution (ahit rv 200 µm) compared with SVX tracking (ahit rv 15 um). In our current 

method, A serves as an event tagging and does not have effects in Ab vertex determination. 

The Ac vertex can be obtained from the 3 1r tracks using CDF's vertex-constrained fitting 

package CTVMFT [60]. Pr(Ac) can be calculated from Pr(A) and Pr(31r). To determine Ab 

vertex (XB, YB) we can draw a straight line from (XD, YD), pointing backward along Pr(Ac) 

1 see section 3.4 
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Figure 4.1: Schematic view of the decay Ab -, e-DeAt -, e-DeA1r+1r+1r-, in which the trans­
verse decay length Lxy for Ab lifetime fitting is defined as the distance between (XB, YB) and 
the primary vertex(PV). 
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and making an intersection with the lepton track. The intersection point then is the Ab vertex. 

The lepton and the Ac are both charged particles. The projection of their trajectories on the 

transverse plane are circular curves in CDF coordinate system. The curvature is proportional 

to the inverse of track Pr, so the radii of these circular curves are proportional to the track Pr. 

With the requirements of Pr(f) > 6 GeV /c and Pr(Ac) > 4 GeV /c , the radii corresponding 

to the transverse trajectories of lepton and Ac are 1418 cm and 946 cm respectively. Since the 

decay length of Ac with Lorentz boost is about 3 x 60 µm ,....., 180 µm, it's about 4 order of 

magnitude smaller than the radii of lepton and Ac trajectories, the tracks of the lepton and Ac 

can be approximated by straightlines. The position of the secondary vertex can be expressed 

as: 

Ys = X E -Xo + Yo cot cl?v - Ye cot <I> B 
cot cl? D - cot <J?E 

( 4.1) 

Uncertainties associated with the lepton track and the Ac vertex will propagate to the Ab 

vertex's uncertainty. There are several factors involved in this error propagation, as listed 

below. 

• uncertainty of the tertiary vertex : axD and ayD 

• uncertainty of the tertiary vertex's direction : acpD 

• uncertainty of the lepton transverse impact parameter : adE 

• uncertainty of the lepton azimuthal direction : a<PE 

88 



• uncertainty of the lepton curvature : acE 

Since a straightline is a good approximation for the lepton track, acE can be neglected. The 

decay length of Ac is around a few hundred µm, aq;v only contributes a tiny portion to the Ab 

vertex uncertainty. In the following context, we only consider axn, ayn, adE and a 1E in the 

error propagation. The error matrix of the lepton + Ac system can be expressed as in equation 

(4.2) . 

J) (4.2) 

The transformation matrix ArM is obtained from taking the derivative of equation (4.1) with 

respect to Xn, Yn, dE and <I>E . 

( Q& 
8Xa 8Xa 8Xa 

) ArM = ~~ 8~ a~ 8~ 
~ ~ fu.. 

8Xn 8Yn odE O'PE 

1 ( sin <I> D cos <I> E - COS <l> D COS <l> E COS <l> D S cos <I>n ) (4.3) 
sin ( <I> n - <I> E) sin <I> D sin <I> E - cos <I> D sin <I> E sin <I> n S sin <I> n 

Where Sis the distance between (XE, YE) and (X8 , Y8 ). The error propagation from the error 

matrix MeAc for the .e + Ac system to the error matrix MAb for the Ab vertex is expressed as: 

(4.4) 

where AfM is the transport matrix of ArM-
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The complete expression of Ab vertex (XB, YB) and its associated error matrix MAb are non­

linear equations. In a formal vertex-constrained fitting procedure they are obtained through 

iterative calculations. In our simplified method described in this section, however, they are 

estimated analytically using approximations. The Ac vertex and its error matrix of course still 

depend on the vertex-constrained fitting procedure method. But it is a three-track vertex, we 

have better understanding of it. In order to verify this method, we examine the pull distributions 

of the X and Y positions of Ac and Ab vertices, i.e., Vx(Ac),Vy(Ac), Vx(Ab), and Vy(Ab) in a 

Monte Carlo sample, as shown in Figure 4.2. The pull quantity, using Vx(Ab) as example, is 

defined as, 

( 4.5) 

where VfE0 (Ab) and O"(Vx(Ab)) are the X position of Ab vertex and its uncertainty from our 

calculation, and v_rc (Ab) is the true X position of Ab vertex in the Monte Carlo sample. For 

a correctively estimated variable, its pull distribution is expected to be a Gaussian function 

with mean value consistent with 0, and the width consistent with 1. Figure 4.2 shows that our 

method of estimating uncertainties is satisfactory. 

4.2 Proper Decay Length and Fitting Procedure 

The decay length of Ab is the distance between secondary vertex (XB, YB) and primary vertex 

(Xpv, Ypv ). Since the Z component of the tracking and vertex information are not well mea­

sured in CDF, here we only consider the projection of decay length on the transverse plane 

and denote it as Lxy(Ab)- The primary vertex position comes from either the primary vertex 
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Figure 4.2: Pull distribution test for (a) Vx(Ac) , (b) Vy(Ac), (c) Vx(Ab), and (d) Vy(Ab)- All 
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reconstruction in an event-by-event basis or the beam position on a run-by-run average. In pp 

collisions, the bb are produced as pairs. We detect one of the b quarks through its fragmen­

tation into Ab and decay into Acfv, while the other b quark will also fragment to a B hadron 

associated with a displaced secondary vertex. To reconstruct the primary vertex event-by-event 

we need to use many tracks associated to this event, including the tracks from the underlying 

event, from the b fragmentation process and B hadron decay. In this case, the secondary vertex 

from the other b quark will cause a bias in determining the transverse position of the primary 

vertex. For this reason, we select the run-by-run average beam position to provide the primary 

vertex position in this analysis. 

Prior to the lifetime extraction, the decay length of Ab, or Lxy(Ab), has to be transformed 

into the proper decay length by dividing Lorenz booster factor /31 , as in the following equation, 

X = L3n(Ab) = L3n(Ab) · JVI(Ab) 
/3, P(Ab) 

L$1/(Ab) · JVI(Ab) 
PT(Ab) 

(4.6) 

h th d 1 th . d t d X d /3 P(Ab) . th L b t f w ere e proper ecay eng 1s eno e as , an 1 = M(/\h) 1s e orenz oos ac-

tor. L3n(Ab) is the 3D decay length of Ab. X can be expressed in term of 3D quantities 

L3n(Ab), P(Ab), as well as 2D quantities Lxy(Ab), Pr(Ab)- However, since the neutrino in the 

Ab semileptonic decay is not detectable, the 2D quantity Pr(Ab) is not available. In this sit­

uation, the best approximated information we can use is Pr(RAc)- For the correction of this 

approximation in the lifetime fitting procedure, we define the ratio of Pr(RAc) to Pr(Ab) as the 

K factor, 

(4.7) 
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and we also define a new quantity: pseudo proper decay length X', 

X' = Lxy (Ab) · NI(Ab) = X 
PT(f Ac) K 

(4.8) 

For each event, the decay length Lxy(Ab) is transformed into the pseudo proper decay length 

X'. We extract the lifetime from the distribution of X'. In the fitting procedure we have to 

consider the resolution of X' as well, which is transformed from the resolution of Lxy(Ab) in the 

same way. Since we can not obtain the K factor from real data, in this analysis the K factor 

distributions are from Monte Carlo simulation. We refer to this distribution as H(K), which 

is shown in Figure 4.3. 

To extract lifetime information from the X' distribution, we have to derive its distribution 

function in advance. We start the derivation by considering the distribution of the Ab proper 

decay length (X = K X') for pure signal sample, which should be an exponential function with 

a time constant CTAb, where CTt..b is the lifetime we want to fit from data. Since the measurement 

of decay vertex is not perfect, what we measured actually is a Gaussian-like smeared result of X' 

with resolution CJ, denoted as x. The lifetime exponential function have to be convoluted with 

a Gaussian function to account for the smearing effects. The width of this Gaussian function is 

taken as the resolution of the measured quantity x. In principle the smearing effect is different 

from event to event. Although we have verified the calculation of Ab vertex uncertainty using 

the pull distribution test for a Monte Carlo sample at the end of section 4.1, in real data 

there could exist more factors, like the imperfect tracking chamber alignment, which will also 

contribute to the Ab vertex uncertainty. In order to accommodate those extra factors, we put 

a multiplicative factor s in front of <5, and call it the scale factor. Finally, we have to take 

into account the K factor correction. Since the K factor distribution H(K) has no obvious 

relation to the Gaussian smearing effect, we just simply convolute the function with H(K). 
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The whole function we discussed so far is for pure signal sample only, therefore we call it the 

signal function Fs, which is shown in equation ( 4. 9), 

K KX' 
F8 = -exp(--)® G(X' - x, sa) ® H(K) 

CT Ab CTAb 

K KX' 1 1 X' -x = I:jdX'-exp(--) · --exp(--(--) 2
) • H(K) 

K CTAb CTAb ,/'iirsa 2 sa 
(4.9) 

The signal function Fs is supposed to describe the distribution of the measured quantity x 

for a pure signal sample. However, in real data the distribution is more complex. Although 

in the invariant mass spectrum of M ( A31r) we can see a peak of signal at Ac mass above 

the background, as shown in Figure 3.21, we cannot distinguish the signal events from the 

background events among those events underneath the peak area. These peak area events are 

the mixture of signal events and background events. We need the knowledge of the background 

function Fb prior to extracting lifetime using the signal function F5 • The events in the side-band 

of invariant mass M(A31r) provide a good sample for the modeling of background function Fb. 

Different components of the Fb are described as follows. 

• The prompt background: The tracks coming from the primary vertex are called the 

prompt tracks. A A particle coming from the primary vertex combined with 3 prompt 

tracks is an example of this prompt background. For an event from the prompt back­

ground, the vertex we measured in fact is consistent with the primary vertex within the 

vertex measurement resolution. This background is a zero-lifetime component and can 

be described by a Gaussian function, as shown in the first item in equation ( 4.10). 
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• The combinatorial background: The pp collision is a high track-multiplicity environ­

ment. On average there are about 40 tracks in each events. There is a certain probability 

that the vertex we detect in fact is just a random combination of tracks, and no physics 

source is responsible for it. The events from this background are a result of mistake in 

vertex reconstruction. They will equally populate in the positive and negative side in x. 

They are described by the second and third terms in equation (4.10). 

• The heavy flavor background: The high Pr leptons (Pr > 6 GeV /c ) with tighter 

ID cuts are mostly contributed from B decay, and among them B mesons dominate 

overwhelmingly. These B mesons also have secondary vertices and can contribute to 

the background via wrong assignment of track masses. This background component is 

described by the forth term in equation (4.10). 

The complete background function Fb is a summation of the above components with proper 

fractions as shown below: 

Fb = (1 - f + - 2J_) · G(x, sa) (first item) 

+ f- exp(X') · G(X' - x, sa) (second item) 
A_ A_ 

+ f- exp(- X') . G(X' - x, sa) (third item) 
,A_ ,A_ 

+ f+ exp(- X') · G(X' - x, sa) 
A+ A+ 

(forth item) (4.10) 

The 4 parameters in the background function Fb are defined as follows, 

• A_ : decay constant for both negative slope exponential function and its reflection in 

positive x. 
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• f _ : fraction of negative slope exponential function 

• A+ : decay constant for positive slope exponential function 

• f + : fraction of positive slope exponential function 

The total function to describe the distribution of the measured quantity x for the events in 

the peak area is a linear combination of Fs and Fb, i.e., 

(4.11) 

where fb is the background fraction for the events in the peak area, determined from the fitting 

for the invariant mass spectrum of M ( A31r). 

The total function F have six parameters, namely, CTAb, s, >._, f-, >.+, and f+· For a specific 

set of parameters, the function F gives the probability for an event to have the measured pseudo 

proper decay length x and its resolution O". To extract the best parameters from the data, we 

first calculate the probability of each event according to the measured x and a-, then we take 

the product of the probability for each event in peak area, as shown in equation ( 4.12), 

Ns 

L = IJ F(xi, O"i) (4.12) 
i=l 

where N8 is the number of event in peak area, L is called the likelihood function. The fitting 

procedure in essence is to maximize L. This fitting method is known as Maximum Likelihood 

method. From the point view of computational algorithm, to take the summation of a quantity 

associated with the events is more accurate and reliable than taking the product. Therefore, 
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rather than maximizing L, we minimize the negative log-likelihood function - ln Lin the fitting 

procedure, where 

Ns 

- ln L = - L ln F . (4.13) 
i=l 

So far everything is ready to extract a best set of fitting parameters, except that the back­

ground function parameters )._, f-, >-+, and f + will have to be extracted from the peak area 

events. The variation of these parameters could have significant effects on the lifetime fitting 

parameter, cr(Ab)- In order to stabilize the lifetime fitting, we need extra constraints on the 

background function parameters. As we mentioned before, the side-band area events are good 

modeling sample for the background events in the peak area. Because they have the similar 

kinematical and topological (like vertex, Lxy ... ) properties. Therefore we introduce an extra 

component of negative log-likelihood function based on the Fb and the side-band area events, 

as shown in equation( 4.14) 

Ns Nb 

- ln L = - L ln F - L ln Fb ( 4.14) 
i= l i=l 

where Nb is the number of events in side-band areas. With the extra component of negative 

log-likelihood function, the background function parameters,\_, f-,>..+, f+ are constrained by 

the side-band area events. The lifetime fitting result will be closer to the true property of the 

signal events in the peak area. 

We use a fitting package MINUIT [63] developed by CERN to accomplish this fitting task. 
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In the fitting, at the beginning we provide a set of initial values for each fitting parameter. 

The fitting program will calculate the function - ln F for each event in the peak area and 

the function - ln Fb for each event in the side-band area, and take the sum for all of them. 

By varying each fitting parameter to minimize the function value, the fitting program will 

eventually converge on the best fitted parameters. The fitting results are shown in Table 4.1. 

CT (µm) 407!i§~ 
s 1.67 ± 0.14 

f- 0.08 ± 0.02 
)._ (µm) 511 ± 156 

f+ 0.45 ± 0.05 
>-+ (µm) 461 ± 81 

Table 4.1: Fitting parameters. 

The fitted lifetime of Ab is 407!U~ µm in this analysis. The fitted background function for 

the side-band area events is shown in Figure 4.4. The fitted function for the peak area events 

is shown in Figure 4.5, where the signal function is shown in shaded area. In Figure 4.6, we 

also show the negative log-likelihood as a function of fitted CT Ab. 

4.3 Systematic Error 

In the lifetime analysis, we don't want the fitted lifetime result to have significant dependence 

on the event selection cuts, the lifetime fitting procedure, the background sample selection and 

the K factor distribution. In this section we will check the systematic uncertainties from these 

sources. 

First we apply identical method to extract Ab lifetime from several high statistics Monte 

Carlo samples with input lifetime of 360 µm, 380 µm, 400 µm, 420 µm, and 440 µm. The fitted 
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results have a shift of 15 µm, as shown in Figure 4.7. This shift is attributed to the effect of 

event selection cuts. The cut Lxy(Ac)/a > 1, among several other cuts, is the major reason of 

this shift. By changing this cut to Lxy(Ac)/a > 0, we have seen a shift of 6 µm. 

The fitting procedure used in section 4.2 is called the one-step fitting, in which all the 

parameters are fitted simultaneously. Here we use a two-step fitting to estimate the uncertainty 

induced from the fitting procedure. In the first step, we use side-band area events to extract 

the background function parameters and fix them. In the second step, we use the total function 

F to fit the peak area events, leaving only the er(Ab) as free parameter. The result from this 

two-step fitting is 396 ± 91 µm. We quote 11 µm as the systematic error from the fitting 

procedure. 

Ideally there is no need to restrict the range of the measured quantity x in a fitting 2
• 

However, the background events have a certain probability to populate at the long tail of er* in 

both positive and negative directions. We try two restricted ranges, -0.2 < er* < 0.4 cm and 

-0.6 < er* < 1.2 cm. We expect that only the combinatorial background will be affected. The 

fitting parameters for different er* restricted ranges and different fitting procedures are shown 

in 4.2. Figure 4.8 and Figure 4.9 show the curves of fitting function. Clearly only the shape of 

the long positive and negative tails are changed. In this analysis we select the restricted range 

of -0.2 < er* < 0.4 cm. 

The background fraction ]b is obtained from the mass fitting of the invariant mass of 

M(A3n). We vary it by one standard deviation and re-fit the lifetime. The result is changed by 

~~~ µm. We quote it as the systematic error for the background normalization. We also change 

the scale factor s from 1 to 2, which changes the fitting result by ~~o µm. The side-band area 

events we use as background sample are in the range of 2.200 ± 0.020 GeV /c2 and 2.370 ± 

2For a brief meaning in the following discussion, we denote x as cT* from now on. 
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fitting procedure two steps one steps 
CT range (cm) -0.2 ,...., 0.4 -0.6 ,...., 1.2 -0.2,...., 0.4 -0.6 ,...., 1.2 

CT 396 ± 91 395 ± 88 407 ± 124 423 ± 104 
s 1.69 ± 0.16 1.74 ± 0.16 1.67 ± 0.14 1.73 ± 0.13 

f - 0.09 ± 0.03 0.08 ± 0.02 0.08 ± 0.02 0.07 ± 0.02 
,A_ 469 ± 145 1162 ± 210 511 ± 156 1120 ± 185 

f+ 0.40 ± 0.05 0.42 ± 0.05 0.45 ± 0.05 0.47 ± 0.05 

A+ 489 ± 73 364 ± 69 461 ± 81 349 ± 67 

Table 4.2: Fitting parameters for two different fitting procedure and two different restricted 
range of er* . 

0.020 GeV /c2 on the M(A31r) spectrum. To select a different background sample, we change 

the range to 2.230 ± 0.020 GeV /c2 and 2.340 ± 0.020 GeV /c2
. The resulting lifetime variation 

is :!=g~ µm. 

The K factor distribution is obtained from Monte Carlo sample. This is the only place 

where the lifetime fitting result has a dependence on the Monte Carlo sample. We produce 

several Monte Carlo samples with different conditions to estimate the systematic bias. We 

change the input lifetime for each Monte Carlo sample from 360 µm to 460 µm, and find that 

the uncertainty is ±1 µm. The Peterson fragmentation function parameter Eb was measured 

to be 0.006 ± 0.001 ± 0.002 [28] for B mesons in e+e- collision. For the B baryon Ab this 

value could be different . We change it from 0.002 to 0.05, the variation for the fitted lifetime is 

:!=f µm. The uncertainty from the parton distribution function (PDF) is also tested, although 

the effect is supposed to be small because that the K factor is a ratio between two kinematical 

variables: Pr(R.Ac) and Pr(Ab)- We use two different sets of PDF: MRSD0 and MRSD- [23, 24]. 

The result is changed by ± 1 µm. 

The summary of systematic errors are listed in Table 4.3. Adding these errors in quadrature, 
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Sources 
event selection cuts 
lifetime fitting procedure 
background normalization (f b) 
scale factor( s) 
background sample selection 
K factor with different input CT 

K factor with different Eb 

K factor with different PDF 

I Total 

fj,_CTAb (µm ) 
+15 
± 11 

T<'l 
-25 
-t-<' 
-20 
T"" 
-51 

±1 
T'± 
-1 

±1 
+57 
-60 

Table 4.3: Summary of systematic errors. 

the total systematic error is ~~6 µm. 
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Chapter 5 

Conclusion and Future Prospects 

The heavy quark effective theory (HQET) provides a systematic method to exploit the proper­

ities of B hadrons. It gives good predictions for the B hadron spectoscopy and the B meson 

lifetimes. The discrepancy of Ab lifetime between the predicted value and the measured value 

is a challenge to the concept of quark-hadron duality which is the foundation of HQET. This 

"Ab lifetime puzzle" is a crucial issue for the understanding of heavy hadron structure. It needs 

more measurements to address this problem. 

In this thesis we attempt to measure the Ab lifetime using the decay channel Ab---+ Ate-D, 

where At ---+ A1r+1r+1r-. We have observed 57 ± 12 events from the inclusive electron data 

collected at CDF Run 1. The corresponding integrated luminosity is about 110 pb-1. The 

lifetime of Ab is measured to be: 

CTAb = 407~i~~(stat.)~~b(syst.) µm 

or 

The uncertainty of this measurement is still dominated by the statistics. In the previous 
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CDF Ab lifetime measurement from the channel At ----+ p K-1r+, 197 ± 25 signal events were 

used in lifetime fitting, and the statistical uncertainty is 45 µm. For the Run 1 data, we hope 

to get more signal events from the channel At ----+ p K~ as well as from the inclusive muon 

sample. The total number of signal events, including the results in the p K-1r+ channel and in 

this thesis, is expected to be about 400, and the statistical uncertainty can be reduced to 31 

µm. 

In Run 2, the total integrated luminosity is expected to be 2 fb- 1 , which is 20 times higher 

than Run 1. The coverage of silicon detector will be increased by a factor of 2. In total, there will 

be at least 40 times of signal events at Run 2. In addition, several important detector upgrades 

can also improve the B events identification significantly, including the ISL(Intermediate Silicon 

Layer) which extends the silicon layer to R=28 cm and enable the stand-alone tracking, the 

Layer00 which is silicon sensors mounted on the surface of beam pipe and can improve the 

impact parameter resolution, and the TOF(Time Of Flight) detector which provides the particle 

ID for the K-1r separation. All these new features in Run 2 are helpful to increase the efficiency 

of B events reconstruction. 

Furthermore, with the high statistics data in Run 2, the Ab fully reconstructed channel 

Ab ----+ J /1/J A will also play an important role in Ab lifetime measurement. 
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Appendix A 

Purification of the A Sample 

In the A reconstruction, two tracks with opposite charges are selected and the track with 

higher Pr is assigned with p mass. Without an effective proton identification method, the 

proton candidate being selected could be other particle species. Most of the time, the wrong 

proton candidate is 1r. In a sample of A candidates, if we assign 1r mass to the p candidates, a 

peak at Kf mass will appear. This is called the Kf reflection background. Figure A. l shows 

both the A and its K~ reflection spectrum for a A sample. 

At CDF the energy loss information collected by CTC can be used for particle identification 

[64]. The energy loss per unit length, or dE/dX, is a function of /31 which is equal to P/ M, 

where P and M are momentum and mass of a particle. A particle can be identified through 

the measurement of its dE/dX and P. The energy deposition for each hit in CTC is related to 

the area of the ionization pulse, which is converted to a TDC output width, and is counted in 

unit of ns. The outer 54 wires are used to give a 80% truncated mean of energy loss, denoted as 

QCTC, for each track. The number of measurements used in calculating the average, denoted 

as NCTC, is also available in offiine stage. The plot of QCTC as function of momentum P for 

the 5 particle species: e, µ , 1r , Kand pis shown in Figure A.2. The predicted curves depends 

on the performance of the gas in CTC, they varies from Run lA to Run lB. The curves shown 
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in this plot are typical for Run lB. 

A track of unknown specie is tested with 5 hypotheses of e, µ, 1r , K and p via a normalized 

~ QCTC defined as in equation (A.1), 

QCTCMEA _ QCTCf'R.E 
~QCTC = i (A.1) 

O'QCTC 

where QCTCMEA is the measured QCTC, and QCTCfRE is the predicted value of QCTC 

based on the hypothesis of specie i, where i can be e, µ, 1r, K or p. aQcrc is the uncertainty 

of QCTCMEA_ The normalized QCTC should have a Gaussian distribution centered at O with 

width of 1 if the hypothesis is correct. We take the p candidate in a A sample as an example to 

illustrate this point. For a better signal to background ratio, we require the impact parameter 

of p and 1r to be greater than 3 a . The A signal is shown in Figure A.3. We use the side­

band as a model of proton background. The normalized QCTC of p candidates from peak 

area and side-band with p hypothesis is shown in Figure A.4. With side-band subtraction, the 

distribution appears to be a Gaussian distribution with a = l, as what we expected. 

The probability that a track is consistent with the particle i hypothesis can be derived from 

the normalized ~ QCTC as follows. 

P b(
')- l ( l(QCTCMEA_ QCTCrns )2) ro i - ---- · exp --

a Qcrc-J'ii 2 a QCTC 

1 1 
rcc · exp(--(~QCTC) 2

) 

O'QCTCV~'ll 2 
(A.2) 

We define a proton identification confidence level based on these probabilities, as shown in 

equation (A.3), 
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L l Prob(p) + Prob(I<) 
eve (p) = Prob(p) + Prob(1r) + Prob(]( (A.3) 

For a pure sample of p candidate, the level(p) will peak around 1, otherwise it will peak around 

0. The level(p) distribution for p candidates from the peak area and side-band is shown in 

Figure A.5. In order to reject the background and keep most of the signal, in this analysis we 

require level(p) > 0.2. 

With better proton identification, the fraction of KJ reflection should be reduced for a A 

sample. Therefore we use the KJ reflection spectrum as a monitor to survey the effect of 

the level(p) cut. To magnify this effect, we use a tighter cut: level(p) > 0.6. The A and 

KJ reflection with and without level(p) cut are shown in Figure A.6. Clearly we see that KJ 
reflection background is reduced significantly by the cut: level(p) > 0.6. 
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