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Abstract

The large b quark production cross section at the Fermilab Tevatron and the
capabilities of the CDF experiment during the 1992{1993 pp collider running are
exploited to fully recontructed B mesons and measure their masses. Signals of
139.9 � 15.0 B� ! J= K� candidates, 56.5 � 9.5 B0 ! J= K� candidates,
and 32.9 � 6.8 B0

s ! J= � candidates are used to measure the masses:

� M(B�) = 5279.6 � 1.7 (stat) � 2.9 (syst) MeV/c2

� M(B0) = 5279.9 � 2.5 (stat) � 3.7 (syst) MeV/c2

� M(B0
s ) = 5367.7 � 2.4 (stat) � 4.8 (syst) MeV/c2

This work was supported by the Director, O�ce of Energy Research, O�ce of
High Energy and Nuclear Physics, Division of High Energy Physics, of the U.S.

Department of Energy under contract DE-AC03-76SF00098.
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Chapter 1

Introduction

The Quark Model predicts the existence of the B0
s meson, a bound state of a

bottom and strange quark/antiquark pair. The model does not directly predict
its mass. This dissertation describes the full reconstruction of the B0

s meson
through the decay chain B0

s ! J= �, J/ ! �+ ��, �! K+ K� using data
obtained at the Collider Detector at Fermilab (CDF). The mass of the B0

s meson
is determined by analyzing the �nal state decay particles. The B� and B0 mesons
are also reconstructed using the kinematically similar decays B� ! J= K� and
B0 ! J= K�.

In this chapter, a description of the Standard Model will be followed by a brief
history of B physics. Next, the environment of a hadron collider and the unique
capabilities of CDF will be discussed and compared with other experiments doing
B physics. The chapter ends by outlining the analysis of the mass measurement
of the B0

s meson. The following chapter will present the theoretical motivation
for the mass measurement along with further theoretical discussion.

1.1 Standard Model

The Standard Model of particle physics describes the fundamental particles and
the interactions between them. Table 1.1 shows these fundamental particles1

arranged in a way to highlight several aspects of the theory. The fundamental
particles are fermions and force-carrying bosons { having spin angular momentum
of odd half-integer and integer respectively. The fermions include six quarks {
particles which can interact via the strong force. The strong force is transmitted
by the exchange of gluons. Quantum Chromodynamics [1] (QCD) describes the
strong interaction using the property of color SU(3) group symmetry. Quarks

1Unless otherwise noted, references to a speci�c charge state should be implied to pertain

also to the charge conjugate state
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and gluons carry the color property. The quarks are arranged in three families of
doublets with a charge +2=3 quark matched with a charged �1=3 quark. This
grouping of doublets is relevant to the description of electroweak interactions
transmitted by the exchange of W , Z0, and . For W exchange between a u-
like quark and a d-like quark, the convention is that the d-like quarks mix to
allow each u-like quark to couple to any of the d-like quarks. This mixing will be
described in greater detail below. Electroweak theory [2] involves the SU(2)L 

U(1)Y group. Fermions can exist in a state of being left-handed (the \L") or
right-handed (except for neutrinos which are only left-handed in the Standard
Model). The hypercharge, Y, of the fermions is related to the electromagnetic
charge, Q, and z-component of the Weak force isospin, Tz, which the fermions
possess:

Y = 2� (Q� Tz) (1.1)

Leptons do not interact via the strong force but do interact with the electroweak
force and hence are arranged in a similar doublet structure. The Higgs boson [3],
which couples to the mass of particles, has not been experimentally observed and
is used in the Standard Model to explain the uni�cation of electromagnetism and
the weak force.

Fermions Bosons

Quarks Q(jej) Leptons Q(jej) W�,Zo; ;

up charm top [4] +2/3 �e �� �� 0 gluons (g),

down strange bottom -1/3 e � � -1 (Higgs �)

Fermions have antiparticle counterparts

Quarks come in 3 colors (R,G,B)

Gluons come in 8 colors

Neutrinos, , and gluons are massless

Table 1.1: Fundamental particles of the Standard Model

Leptons are directly observable in nature. Quarks, however, are not directly
observed in that they do not appear to exist by themselves as free particles. The
theoretical model describes quarks bound in objects which are color singlets. A
colored quark can be bound with an antiquark with corresponding anticolor to
form a meson. Three quarks of di�erent color can be bound to form a baryon.
Mesons and baryons are collectively called hadrons to be distinguished from the
leptons and �eld bosons as the \particles" which can be directly measured. Matter
which is most abundant in nature is composed of the �rst family of fundamental
particles. In the lepton sector, electrons appear along with its neutrino. In the
hadron sector, protons and neutrons are made of u and d quarks. The most
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abundant meson is the pion which is also made of u and d quarks. At high energy
accelerators such as the Fermi National Accelerator Laboratory (FNAL), collisions
take place which can cause the production of fundamental particles in the second
and third families. In this dissertation, the B0

s meson (bs) consisting of a bottom
and strange, quark/antiquark pair is studied and its mass is measured. Other B
mesons include the charged B� containing a b and u quark/antiquark pair and
the neutral B0 containing a b and d quark/antiquark pair. Though the study of
hadrons containing the bottom quark has been on going for over a decade, the B0

s

has been elusive in terms of direct observation.

1.2 History

In November of 1974, a \revolution" took place in the �eld of elementary particle
physics with the simultaneous discovery of a narrow resonance at 3.1 GeV/c2 by
experiments conducted at two national laboratories. One focused on hadropro-
duction and the other on e+e� collisions. This particle was observed both at the
Brookhaven National Laboratory (BNL) [5] where the particle was named the
J and at the Stanford Linear Accelerator Center (SLAC) [6] where the particle
was named the  . At BNL, protons incident on a Beryllium target were used
to search for a resonance decaying into e+e�. At SLAC, electrons and positrons
were annihilated and a measurement of the total cross section at various energies
indicated the presence of the resonance. The particle, now called J= , is known
as being a bound state of a charm and anticharm quark/antiquark pair.

Until 1974, the electron, muon, and their neutrinos were known to exist along
with a number of hadrons. The hadrons known in 1974 �t into a theoretical model
which contained only 3 quarks (up, down, and strange) and their antiquarks. In

the three quark model, weak decays involved the left-handed doublet (uL; d
=
L =

d cos �C + s sin �C) and the singlet s=L = s cos �C � d sin �C where �C is the
Cabibbo angle [7] { a measure of the d { s quark mixing. In this model, one would
expect to observe neutral strangeness-changing decays such as K0

L ! �+�� which
has a rate proportional to + cos �C sin �C . Such decays were not observed at the
expected rate. A theoretical explanation for the nonobservation was given in 1970
[8]. This \GIM mechanism" requires a fourth quark to form a second doublet,

(cL; s
=
L), allowing for K0

L ! �+�� to decay proportional to � cos �C sin �C which
cancels the contribution from the �rst doublet (assuming the u and c masses are
identical). The experimental discovery of the J= provided proof for the existence
of the forth quark, charm.

Before the experimental discovery of the charm quark, the doublet structure of
the weak interactions was extended to allow for a third family [9]. In this theory,
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the quark mixing is given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

0
BB@
d0

s0

b0

1
CCA =

0
BB@
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1
CCA
0
BB@
d

s

b

1
CCA (1.2)

The elements Vij of the matrix represent the coupling between an u-like quark
with the corresponding d-like quark. The elements Vud and Vus represent cos �C

and sin �C respectively (neglecting the small contribution of the third family).
The CKM matrix can be parameterized [10] as follows:

V �

0
BB@

1� �2=2 � A�3(�� i�)

�� 1 � �2=2 A�2

A�3(1 � � � i�) �A�2 1

1
CCA (1.3)

where the parameters have been determined to be �=0.22 [10], A = 0:90 �
0:12 [11], and

p
�2 + �2 = 0:39 � 0:07 [11]. Of particular interest is the fact

that the matrix contains a complex phase, �. The imaginary component in the
quark mixing matrix occurs when there are at least three families of doublets.
Furthermore, it is the imaginary component which can account for CP violation
which had been observed in the neutral kaon system [12]. Theory suggested that
a third family should exist. The tau lepton was discovered in 1975 [13] supporting
the existence of a �fth and sixth quark.

The search began for observing the �fth quark, the bottom or beauty quark.
The �rst experimental observation of bottom production came in 1977 by studying
400 GeV/c protons incident on a variety of targets. The experiment observed of
a resonance of �+ ��at a mass of 9.5 GeV/c2 [14]. In the following year, the
resonance was con�rmed by an experiment studying e+e� annihilation [15]. This
resonance known as the upsilon, �, is understood as being a bound state of a
bottom and antibottom quark/antiquark pair. Two additional narrow resonances
of higher masses were also observed, the �(2S) and �(3S).

The study of hadrons consisting of one bottom quark began in 1980 at the
Cornell Electron Storage Ring (CESR) [16] in e+e� collisions where a higher
energy and broad � resonance was observed. The broad width of the �(4S)
state indicated that it was above the mass threshold for decaying into mesons
containing a bottom quark as opposed to the lower lying � states which decayed
via the annihilation of the bottom quark and bottom antiquark (and hence were
very narrow). A series of measurements of inclusive decays of bottom mesons
where the meson was not fully reconstructed2 thus began. By tuning the e+e�

2A reconstructible decay mode is one where all the �nal state particles can be identi�ed

and measured. Usually this implies that there are only a few �nal state particles which are all

charged.
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collision energy to precisely the mass of the �(4S), B mesons could be produced
copiously and their inclusive decays could be studied. Further experimentation
at the PEP and Petra colliders was performed above the �(4S) resonance where
the e+e� could annihilate into pairs of B mesons. All of these studies began to
shed light on the weak decays of the bottom quark.

Studies of exclusive decays of bottom mesons where the meson was fully re-
constructed began three years later in 1983 [17] at CESR where both a charged
and neutral B meson were observed by identifying all of the decay products. Since
the B meson is heavy, it can decay into a large number of �nal states which often
involve di�cult-to-identify neutral particles or particles with very low momenta.
Thus, the probability of observing a fully reconstructed B meson is low (� 10�4).
Since 1983, e+e� experiments both at CESR and at the DORIS (located in Ham-
burg, Germany) storage rings began to study B meson decays both inclusively and
exclusively. Upgrades to the experiments involved trying to accumulate as much
data as possible in order to reduce the statistical error on their measurements.
In the 10 years of experimentation dedicated to measurements of the B meson
system, of order of 1000 fully reconstructed B mesons have been observed [18].
These B mesons include the charged B� and B0 but not the B0

s meson because
it is too massive to be a decay product of the �(4S). Higher state �(5S), which
is expected to decay into B0

s mesons, have not been produced in large enough
numbers (due to the relatively small production cross section) for B0

s to be fully
reconstructed.

The neutral intermediate vector boson, Z0, decays into bottom quarks approx-
imately 15% of the time [19]. These b quarks combine with other quarks to form b
hadrons. Experiments of e+e� collisions at the mass of the Z0 at the Large Elec-
tron Positron collider (LEP) and the Stanford Linear Collider (SLC), where large
numbers of Z0s are produced, also study both inclusive and exclusive b hadron
decays. The number of fully reconstructed b hadron decays at LEP and SLC is
smaller than at the machines tuned on the �(4S) due to the smaller integrated
luminosity and smaller cross section times branching ratio for Z0! bX decays.
However, since the Z0 is so much heavier than the b quark, the b hadrons which
are produced at LEP and SLC can be any species including the B0

s meson as
well as B baryons. In addition, b hadrons decay through weak interactions with a
lifetime of approximately a picosecond. At the �(4S), the B mesons are produced
nearly at rest so that they do not travel far in the laboratory before they decay.
At SLC and LEP, the b hadrons are produced with large momentum so that with
their lifetime, they will travel a measurable distance before decaying. This fact is
used to help in selecting those Z0 decays which have b hadron �nal states.

The early history of the experimental study of b hadrons has been described
for several reasons. First, the observation of heavy avors including b hadrons
provided strong evidence supporting the Standard Model. Second, because of
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the unique properties of the b quark such as its being a member of the third
family, its heavy mass, and its picosecond lifetime, important measurements of
fundamental parameters of the Standard Model as well as measurements of more
subtle e�ects which the theory predicts are able to be made. Finally, the early
history of the study of b hadrons shows that there are many approaches toward
making measurements { hadroproduction, e+e� collisions at the �(4S) and at
higher energies including at the Z0. Each of these approaches has made unique
contributions in this �eld of B physics. Each approach has certain advantages
and disadvantages. Another approach is to study B decays in a hadron collider
environment. Inclusive B measurements have been performed at hadrons colliders
both by the UA1 and CDF experiments. This thesis is the �rst example of an
exclusive B meson measurement which is best done in a hadron collider at this
time.

1.3 B Physics at a Hadron Collider

Hadron colliders have several aspects which make them a good place to do mea-
surements in B physics. At a hadron collider, large numbers of b hadrons are
produced due to a large integrated luminosity times cross section for b quark pro-
duction. The production cross section is very large relative to e+e� experiments.
The total cross section for bb production at the Tevatron is approximately 50 �b
and approximately 12 �b [20] for b quarks and antiquarks produced with rapidity
jyj < 1 and PT > 7.5 GeV/c. Rapidity is de�ned in terms of energy, E, and
z-component of momentum, Pz, by the relation:

y =
1

2
log

�
E + Pz
E� Pz

�
(1.4)

This dissertation is based on 19.3 pb�1 of data collected during the 1992{1993
(Run IA) year of collider operation. The experiment produced approximately
1 � 108 bb pairs with jyj < 1. Not all of the bb pairs are useable for measurements
and that will be discussed below. The bb cross section in pp collisions can be
compared to the 1.1 nb cross section for an �(4S) decaying into a B mesons. At
the Z0, the cross section of b quark production is 6.7 nb. Assuming operation at
107 seconds at a luminosity of 1032cm2s�1, an experiment at CESR could hope to
produce close to 106 bb pairs from �(4S) decay. At LEP, producing four million
Z0s a year would yield approximately 6 � 105 bb produced per year.

There are advantages and disadvantages of doing B physics at CESR and
LEP. At CESR, there is an additional bene�t of sitting at the �(4S) which is a
known initial state in terms of its mass and quantum numbers. In addition, the
�(4S) decays into BB mesons with a branching ratio of nearly 100%. Finally,
the ratio of the cross section for bb to the total cross section (which includes the



7

continuum e+e� spectrum) is approximately 1:3 which is quite large. However,
because the B mesons are produced from a JPC = 1�� state, the resultant B
mesons are restricted in terms of what states are allowed. At CESR, the b hadrons
have very little momentum since the decay is very near threshold. Thus, direct
measurements of a particular B meson lifetime cannot be easily made. Also, only
B� and B0 mesons are able to be produced since the decay is below the threshold
for the production of the more massive B0

s state. At LEP, the initial state is also
known and �bb=�TOT is a rather large 15%. The b hadrons are boosted as the Z0

mass is much larger than any B hadron mass. At LEP, production of all species
of b hadrons is theoretically possible. The main disadvantage is the relatively low
b production cross section which must be combined with the low branching ratio
(� 10�4) for exclusive b hadron decays. Thus, in a typical year, LEP may record
roughly 100 fully reconstructed b hadron decays.

The environment of a hadron collider also has advantages and disadvantages
for making B physics measurements. While the cross section for bb is large com-
pared to that at e+e� experiments, the cross section is small compared with
the total cross section in pp collisions: �bb=�TOT � 6 � 10�4. The challenge of
doing B physics at a hadron collider is to e�ciently trigger on events with a
high likelihood of being B enriched relative to other events. Practically this is
accomplished by triggering on high-PT leptons or by triggering on dimuons con-
sistent with J/ ! �+ �� decays. High-PT leptons arise from the semileptonic
decay of the B hadron. Backgrounds at very high-PT from W and Z0 decays
are easily removed. Backgrounds at lower-PT come mainly from semileptonic de-
cays of charmed hadrons, photon conversions, decays-in-ight, and other fakes

such as hadronic punch through { which are more di�cult to remove. Neverthe-
less, semileptonic decays are the subject of B physics studies in hadron colliders.
Measurements of the production cross section, mixing, and lifetimes are possi-
ble. However, since the neutrino from semileptonic decays is not identi�able, full
reconstruction of b hadrons is not possible.

By triggering on dimuons which could be coming from J= decays, one is able
to obtain a sample of events which is enriched in reconstructible B hadrons. b
hadrons decay into J= particles with a branching ratio of 1.12% [21]. Many
of these decays involve only a couple of additional charged tracks which can be
combined with the J= for complete reconstruction. With approximately 108

B mesons produced in a year at a hadron machine (in the central region of the
detector) and a reconstruction e�ciency of 1% for several modes, hundreds of
reconstructed b hadrons per year are expected. Dimuons are used because the
trigger is easier to implement with lower background rates than the dielectron
events. In short, the J/ ! �+ �� trigger allows one to obtain a sample of events
enriched in b hadrons which can be fully reconstructed.
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Obtaining large numbers of reconstructed b hadrons is di�cult in other ex-
perimental environments because the cross section times branching ratio is small.
There are several B physics measurements which require full reconstruction and
the hadron collider environment is competitive in doing these measurements. The
mass determination of the B0

s meson is one speci�c example and is the subject of
this analysis.

1.4 Outline of the Analysis

The analysis to determine the mass of the B0
s meson is outlined here. To begin,

events are used which pass the CDF dimuon J= trigger. From these events,
selections are made to remove background to obtain a relatively pure sample
of J= dimuons. In this �rst stage, e�ciency is emphasized over background
rejection since the J= signal is large compared with the background. From these
J= events, candidates of the following decays are reconstructed.

� B� ! J= K�

� B0 ! J= K�

� B0
s ! J= �

These decays are reconstructed by combining selected tracks with the J= and ap-
plying a further set of selection criteria to reduce combinatoric background. The
reconstruction begins by imposing track quality requirements in order to insure
that the tracks are well measured. In order to improve the mass resolution, the
tracks which are combined are subject to constraints that they all originate from
a common vertex and that the dimuons have an invariant mass equal to the world
average J= mass and that the resultant system points back to the determined
primary event vertex in the r-� plane. The combinatoric background is extremely
large compared with the expected signals. This background is reduced relative to
the signal by applying cuts on kinematic variables such as the PT of the mesons
in the decay. Cuts are also applied on the lifetime of the reconstructed B meson.
A further requirement is made on the CL(�2) of the constrained �t. As an exam-
ple, Fig. 1.1 shows the mass distribution of B� ! J= K� candidates with the
following requirements:

� jMass(�+��)� Mass(J= ) j < 100 MeV/c2

� PT (K) > 2 GeV/c

� PT (B�)> 8 GeV/c
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� c� > 100�m

� CL(�2) > 1%

Each of the selection requirements are studied in terms of their e�ciency for
preserving signal and for their ability to reject background. Care is taken to
insure that cuts used to reconstruct B0

s ! J= � have not been tuned on the
data where the possibility exists of enhancing a background uctuation. The mass
determination is studied and corrections are applied based on studying systematic
e�ects in track reconstruction. The mass distributions of the resultant decays
are �tted to obtain the number of candidate events with a mass and statistical
uncertainty. The reconstruction ofB� andB0 gives con�dence in the methodology
used to reconstruct B0

s . In addition, the reconstruction of the lighter B mesons
can be used to help in determining the systematic uncertainty of the measurement.
In addition to this determination of uncertainty, other sources are evaluated. The
conclusion of this analysis is the direct demonstration of the existence of the B0

s

meson, a precision measurement of its mass, and a demonstration that exclusive
B physics can be done at a hadron collider.
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Figure 1.1: Mass distribution of B� ! J= K� candidates.
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Chapter 2

Theory

This chapter will introduce important theoretical concepts which play a large role
in the physics behind this thesis topic. The mass measurement of the B0

s meson
is possible because b quarks are produced in pp collisions. The b quarks fragment
into B mesons carrying on average a large fraction of the original momentum of
the b quark. Also, a certain fraction of the time, a B0

s meson will result from
the fragmentation process. b hadrons are not stable and decay by means of the
Weak force. In the case where such decay is into all hadrons, QCD can play an
important role. The theory describes some of the e�ects QCD plays in B decays
including the speci�c B ! J= X decays. The theory uses models to predict
the masses of meson states. These models often involve a parameterization of the
QCD potential in a non-relativistic approximation expected to be valid for mesons
composed of heavy avor quarks. Recent calculations using techniques of QCD
lattice gauge calculations also carry predictive power on what the B0

s meson mass
is expected to be. The chapter concludes by describing the current experimental
evidence for the existence of the B0

s meson and its mass determination.

2.1 b Quark Production in pp Collisions

The production of b quarks in pp collisions is understood in the context of a QCD
process. Incoming u and d quarks and gluons from the proton and antiproton
interact producing a bb quark/antiquark pair. In Fig. 2.1, several Feynman dia-
grams of this process are shown. A QCD calculation (NDE) of these processes and
all others to next-to-leading order has been performed [22]. Using a set of parton
distribution functions which have been shown to match CDF data [23], one can
calculate the theoretical expectation of the cross section for b quark production
as a function of the PT of the quark. Figure 2.2 shows this theoretical prediction
along with a number of measurements using other CDF data.



Figure 2.1: Feynman diagrams which contribute to bb production in hadron collisions.



13

Figure 2.2: Cross section for b quark production showing both experimental data
points from CDF and a range of theoretical predictions.
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2.2 b Quark Fragmentation

2.2.1 Peterson Model

Once b quarks are produced, they fragment into b hadrons. The fragmentation
process involves the theoretical prediction of the fraction of the momentum the b
hadron carries relative to that of the original b quark. The Peterson model [24]
uses arguments based on kinematics to derive Equation 2.1:

DH
q (z) = Kz�1

�
1� 1

z
� �q
1 � z

��2
(2.1)

where DH
q is the fragmentation function for the quark q to fragment into the

hadron H, z is the fraction of the b quark momentum carried by the b hadron, K
is a constant, and �b is the Peterson parameter determined to be 0:006 � 0:002
for the b quark and 0:06+0:03�0:02 for the lighter c quark [25]. Figure 2.3 shows the
fragmentation function for b quarks. Note that there is a large peaking towards
high z. This implies that on average, most of the momentum of the original b
quark is carried by the B meson. For c quarks, the fragmentation function peaks
at a lower value around 0.7.
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Figure 2.3: Peterson fragmentation function for bottom quarks.

2.2.2 B Hadron Production

A second issue described by the fragmentation process is the expected species of
the b hadron. Since the s quark is heavier than the u and d quarks, it is less
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likely to be created during the hadronization process. Baryon production is also
expected to be suppressed. Based on measurements of the relative production of
pions to kaons to protons, an estimate can be made for producing the di�erent
species of b hadrons: B�:B0:B0

s :Bbaryons = 37.5%:37.5%:15%:10%. The relatively
lower production of B0

s to the lighter B mesons is one factor which makes looking
for the B0

s more di�cult. Besides the relative rates of production for the di�erent
species of B mesons, the relative number of each type expected to be reconstructed
also depends on the branching ratio into the particular �nal state as described
below.

2.3 B Hadron Decay

b hadrons are not stable { they decay. It is through their decay products that
they can be identi�ed. The Weak force is responsible for b hadron decays although
QCD plays a non-negligible role.

2.3.1 Weak Decays

The spectator model for a two-body weak decay of a B meson is illustrated by the
Feynman diagrams in Fig. 2.4. In the spectator model, the light quark appears
both in the initial and �nal state particles. The bottom diagram is relevant for
B ! J= X two-body decays. This same basic diagram applies to the calculation
of B� ! J= K�, B0 ! J= K�, and B0

s ! J= � depending on whether the
\spectator" quark is a u, d, or s. The decay width for a b quark decaying into a
lighter quark is given by Eq. 2.2:

�sl(b! q) =
G2

Fm
5
b

192�3
� jVqbj2 � F (�) (2.2)

where GF = 1:17� 10�5GeV �2 is the Fermi coupling constant of the weak decay,
Vqb is the element of the CKM [7, 9] matrix for the b ! q transition, mb is the
mass of the b quark, and F(�) [26] can be written as the product of a phase space
term and a QCD correction factor term:

F (�) = �PS(�)� �QCD(�) (2.3)

where � = mq=mb and

�PS(�) = 1� 8�2 + 8�6 � �8 � 24�4 log � (2.4)

Studies of two-body weak decays of B mesons shed light on the Standard Model
parameters (Vqb; �s, etc.) as well as subtle QCD e�ects which will be discussed



Figure 2.4: Feynman diagrams of the spectator model for the Weak two-body decay
of a B meson. The bottom diagram shows the color-suppressed B decay into a J= .

2.3.2 Hadronic B ! J= X Decays

The lower diagram in Fig. 2.4 is an example of a color-suppressed spectator di-
agram. The spectator quark in the decay begins by having the anticolor of the
b quark. The virtual W is a color singlet and the diagram is possible only if the
c and s from the W are such that their color matches to form a color singlet
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J= and daughter mesons. In the non-suppressed diagram (the top diagram in
Fig. 2.4), the c would combine with the spectator quark and the virtual W would
give rise to a set of mesons or leptons. The color suppression factor is expected to
be 1=N2

c = 1

9
where Nc = 3 is the number of colors; however, soft gluon exchange

mitigates the suppression.

Because of the non-purturbative nature of QCD in the soft regime which is
present in B decays, calculations rely on models and approximations. The BSW
model [27] makes a factorization assumption in which the soft processes can be
absorbed into a hadronic interaction and hard processes can be incorporated into
the weak decay and the hadronic component is the product of two currents. This
model includes QCD coe�cients and the e�ective color suppression factor into
two parameters, a1 (relevant for non-color suppressed decays) and a2 (relevant for
color suppressed decays). The numeric value of these decays can be obtained by
�tting di�erent two-body decays of B� and B0 [18] to obtain:

ja1j = 1:15 � 0:04 � 0:05 � 0:09 (2.5)

ja2j = 0:26 � 0:01 � 0:01 � 0:02 (2.6)

a2=a1 > 0 (2.7)

Theoretical predictions [28] based on the BSWmodel and based on the experimen-
tal determination of a1 and a2 give values of the branching ratio of B ! J= X
decays:

BR(B� ! J= K�) = (1:1� 0:6)� 10�3 (2.8)

BR(B0! J= K�) = (1:6� 0:5)� 10�3 (2.9)

BR(B0
s ! J= �) = (1:4� 0:4)� 10�3 (2.10)

(2.11)

In the reconstruction of B0, the K� is expected to decay into K��� roughly 66%
of the time. In reconstructing B0

s , the � is expected to decay into K+K� 50% of
the time.

In short, neglecting di�erences in acceptance and e�ciency for reconstructing
the various B mesons (the subject of future work) and assuming the branching
ratios of the decays are equal, one would expect to �nd roughly 2/3 the number of
B0 relative to B� (because of the K� decay branching ratio) and to �nd roughly
1/5 the number of B0

s to B� (because of the fragmentation di�erences and the
branching ratio of the �).

2.4 Meson Mass

The masses of B mesons are of interest because they are composed of a heavy
(the b) and a light (the u, d, or s) quark/antiquark pair. The heavy-light system
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allows calculations that use a nonrelativistic approximation for the heavy quark
and a fully relativistic approximations for the light quark. In the heavy-light
system, study of the meson mass sheds light about the form of the QCD potential
which binds the heavy and light quark together. A simple approach for predicting
the mass of the B0

s comes from adding the mass di�erence between the Ds and D
mesons to the B� mass. Deviations of the true mass from this �rst approximation
depend upon how parameters of the Quark Model scale from the charm system
to the bottom system.

In the short-distance approximation, the QCD potential takes the following
form in analogy with quantum electrodynamics (the factor 4

3
is a color factor):

V(r) = �4
3

�s(r)

r
(2.12)

The two quarks can exist with states of zero angular momentum (pseudoscalar)
or one unit of angular momentum (vector). A hyper�ne splitting term giving the
energy di�erence between these states [29] can be written as:

EHFS =
8�

3

3�s
3

j	(0)j2
mbmq

< Sb � Sq > (2.13)

where j	(0)j2 is the square of the wave function at the origin, mq is the mass of
the quark, and < Sb �Sq > is equal to 1 (3) for pseudoscalar (vector) mesons. The
mass of a B meson can thus be written as:

mbq = mb +mq + �+ EHFS (2.14)

where � represents the binding energy. Thus, measurements of the meson masses
give insight into the constituent quark masses, the binding energy term, the QCD
potential, the wave function at the origin, etc. The binding energy and the wave
function at the origin are expected to scale with the reduced mass of the heavy
and light quarks. Nominal quark masses are mu � md � 0:3 GeV/c2, ms � 0:5
and mb � 5:0 GeV/c2.

Quark Model

The Quark Model allows for phenomenological predictions of the B0
s meson mass.

One paper [30] uses three approaches to estimate the B0
s mass. In the �rst, the

vector meson mass is equal to the sum of the two quark masses plus a term con-
sisting of a parameterized expression (two parameterization are used) in reduced
mass, �:

(a) E(�) = A+ B�+ C�2 (2.15)

(b) E(�) = (A+ B�)=(1 + C�) (2.16)
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Known vector meson masses (�, K�, D�, D�
s , J= , B

�, and �) are used to �t for
the B and C parameters for given values of the A parameter. Minima for the �t
parameters are found which give the best agreement for the known vector meson
masses. This approach predicts a B0

s
� (vector state of a B0

s meson) with a spread
of 15 MeV/c2. A second approach uses a speci�c form of the QCD potential:

V(r) = C log
�
r

r0

�
(2.17)

Fitting to the known masses gives a value for C of 824+176�124 MeV/c2 which pro-
vides an estimate of the B0

s
� to within 10 MeV/c2. In the third approach,

the Feynman-Hellmann theorem [31] is used to make a prediction also at the
10 MeV/c2 level. All three approaches give a mass estimate for B0

s
� of approx-

imately 5410 MeV/c2. Assuming the hyper�ne splitting for the B0
s mesons to

be between 45 and 55 MeV/c2, the predicted value of the B0
s mass is between

5345 and 5388 MeV/c2. Other Quark Model based predictions [32] predict simi-
lar masses as summarized in Table 2.1.

Lattice QCD

Calculations involving lattice QCD are performed numerically. In the case of a
heavy-light quark/antiquark system, the approximation of a �xed b quark bound
to a relativistic light quark provides many tests of the model. In particular,
lattice calculations have been shown to agree very well with those of a nonrela-
tivistic Quark Model applicable to the study of mesons where both quarks are
heavy. Current agreement with results in heavy-light systems suggest that the
QCD potential in the Quark Model can be used reliably in lattice calculations.
However, in the lattice calculations, systematic uncertainties arise due to the ge-
ometry of the lattice used in the calculation. Recent methods which involve a
multistate smearing technique [33] to smooth out aspects of the discreteness of
the lattice allow for greater con�dence in the lattice calculation of the mass dif-
ference between the B� and B0

s masses. The results are included in Tab. 2.1.
The spread in the theoretical predictions 40 MeV/c2 which sets the scale for this
thesis in terms of making a useful measurement.

2.5 Current Evidence for B0
s and its Mass

Indirect evidence of the existence of the B0
s meson is obtained by observing a

non-B0 component in studies where a neutral B meson undergoes a mixing tran-
sition and becomes an anti-B [34]. Further evidence comes from the observation
of correlated Ds with high-PT leptons (the expected semileptonic decay of a B0

s
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Theoretical Model M(B0
s ) (MeV/c2) Prediction

M(B�) + M(Ds) - M(D) 5378

Kwong and Rosner 5345 - 5388

Godfrey and Isgur 5360

Martin 5354 - 5374

Duncan, Eichten, et al. 5348 - 5367 (assuming M(B) = 5280)

Table 2.1: Summary of theoretical predictions of the mass of the B0
s meson.
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meson) [35]. These indirect observations involve semileptonic decays with a miss-
ing neutrino such that a mass determination of the B0

s is di�cult. The �rst
experimental attempt at a B0

s mass determination involved measuring the energy
spectra of photons emitted from an admixture of B�

u;d and B0
s
� decays at the

�(5S) [36]. The component of the photon spectra coming from B0
s
� is expected

to be more energetic and to undergo larger Doppler broadening than the lighter
B mesons. In a multidimensional �t of B0

s meson mass and fraction of B0
s relative

to the lighter B mesons, two solutions are found for M(B0
s ): 5363 � 3 MeV/c2 or

5401 � 9 MeV/c2 (assuming M(B)=5280 MeV/c2). At LEP, a handful of fully
reconstructed B0

s [37, 38] candidates have recently been found in modes involving
Ds or J= . The most precise determination of the B0

s mass at LEP comes from
two candidates [38] of which one of the type B0

s !  (2S) � dominates the mea-
surement: 5368.4 � 5:6 � 1.5 MeV/c2. CDF published a B0

s mass measurement
[39] of 5383.3 � 4:5 � 5.0 MeV/c2 based on a sample of 14.0 � 4.7 events recon-
structed using 11 pb�1 of data. This thesis updates the CDF measurement using
the entire 19.3 pb�1 of data. For this analysis the data has been reprocessed using
better determined calibration constants and track reconstruction algorithms.
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Chapter 3

CDF Detector

This chapter will describe the experiment used to obtain the data for this analysis.
This description includes the steps involved in producing pp collisions at energyp
s = 1:8 TeV. The CDF detector will be described with particular emphasis on

those subcomponents most relevant for this analysis. This includes the tracking
system and muon systems. An important section is a description of the dimuon
J= trigger which allows an enriched sample of events containing J/ ! �+ ��

decays to be recorded. It is these events which are used to select the �nal data
sample for this analysis as described in the next chapter.

3.1 Fermi National Accelerator Laboratory

The Fermi National Accelerator Laboratory (FNAL) provides proton-antiproton
collisions at a center of mass energy of 1.8 TeV. The process of producing these
collisions begins by ionizing hydrogen gas and accelerating the H� ions to 750 KeV
in an electrostatic accelerator, the Cockcroft-Walton. From here the negative
hydrogen ions are accelerated to 200 MeV in a linear accelerator. At the end
of the linear accelerator, the ions pass through a carbon foil which strips the
outer electrons leaving only protons. These protons are stored in the Booster
Ring, a synchrotron accelerator, that raises the energy to 8 GeV. In the booster,
proton bunches are collected and injected into the Main Ring which is also a
synchrotron. The Main Ring consists of four miles of alternating sections of dipole
bending and quadrupole focusing magnets. A section of the ring contains RF
cavities which boosts the proton energy to 150 GeV. The Main Ring can then send
these high energy protons to �xed target experimental areas or to the Fermilab
Tevatron. During pp collider activity, protons are removed from the Main Ring
and focused on a long beryllium target which produces many secondary particles
including antiprotons. The antiprotons are selected by magnets and stored in
the Accumulator ring. After su�cient numbers of antiprotons are stored, they
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are reinjected �rst into the Main Ring and then into the Tevatron where they
are accelerated and then collide with protons. Figure 3.1 shows a schematic
representation of the layout at Fermilab.

p Inject
_

D0 Interaction Region

(D0 Detector)

C0 Interaction

           Region

E0 Interaction

          RegionAnti-proton Source

Tevatron

B0 Interaction Region
(CDF Detector)

Booster

LINAC

p Inject

p Extract

Main Ring

Accumulator
Debuncher

Figure 3.1: Layout of Fermilab

3.1.1 Tevatron

The Tevatron is an accelerator ring which sits beneath the Main Ring. It consists
of superconducting magnets. Normal operation of the Tevatron is to accelerate
protons and antiprotons to 900 GeV. In �xed target operation, the protons are
sent to the �xed target experimental areas. In collider operation, protons and
antiprotons are accelerated simultaneously and collide at regions where strong
focusing magnets exist.
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3.1.2 B0 Interaction Region

The instantaneous luminosity of the Tevatron during pp collisions can be calcu-
lated using Eq. 3.1:

L =
NpNpf

4��x�y (3.1)

where Np and Np are the number of protons and antiprotons in a bunch, f is the
collision frequency, and �x and �y are the major and minor axis of the elliptical
cross section of the beam pro�le at the interaction point. The interaction region
for the CDF experiment is at B0 (see Fig. 3.1). Quadrupole magnets focus the
beam so that its shape at the center of the CDF detector is roughly circular in
cross section with a radius de�ned by one � of 40 �m. The longitudinal extent
of the interaction region is approximately Gaussian with a width of 30 cm. In a
typical store, six bunches of 12� 1010 protons collide with six bunches of 3� 1010

antiprotons every 3.5 �s. Filling in these typical numbers into Eq. 3.1, one derives
a typical instantaneous luminosity of 5� 1030 cm2s�1 at CDF.

3.2 CDF Detector

Centered about the B0 interaction region of the Tevatron is the CDF detector.
CDF is a multipurpose detector consisting of tracking, calorimetry and muon
subsystems. Tracking is restricted to the central part of the detector. The CDF
tracking system achieves excellent resolution due to a high solenoidal magnetic
�eld of 14.1 KG and large volume. The muon system consists of drift chambers
to record position information for charged particles which are not absorbed in the
calorimeters. The calorimetry systems consist of towers of alternating absorber
and scintillator which point back to the nominal interaction vertex for energy
measurements of both electromagnetic and hadronic showers. Figure 3.2 shows
the representation of the CDF detector and its coordinate system [40]. The CDF
coordinate system has the z-axis along the proton beam direction, the x-axis
pointing away from the center of the Tevatron, and the y-axis pointing up. A
useful geometric parameter is the pseudorapidity de�ned as � = � ln[tan(�=2)]
because particle production is roughly uniform in pseudorapidity. Figure 3.3 is
another representation of the CDF detector giving a full 3D perspective.

3.2.1 Tracking

The tracking system is used to provide position information of charged particles
along their helical trajectories in the solenoidal magnetic �eld. In addition, the
absence of a track matched to an electromagnetic calorimeter cluster aids in the
identi�cation of photons. The primary components of the tracking system include
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Figure 3.2: Side view representation of the CDF detector used in the 1992{1993 run.

Figure 3.3: Representation of the CDF detector used in the 1992{1993 run.
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the solenoid, a silicon microstrip vertex detector (SVX), a vertex time projection
chamber (VTX), and the central tracking chamber (CTC). Each of these subsys-
tems is discussed below.

Solenoid

The CDF solenoid magnet coil provides an axial magnetic �eld within a volume
of 3 m in diameter and 4.5 m in length. The magnet consists of NbTi/Cu su-
perconductor. During normal operation, a current of 4650 amps ows resulting
in a magnetic �eld of 14.1 KG in the tracking volume. The magnetic �eld ux is
returned through a steel yoke which supports the calorimeters. A precision map-
ping of the �eld has been performed [41]. For this analysis, the high axial �eld
improves the momentum and hence mass resolution for reconstructing B decays.
Some non-uniformities in the �eld do contribute to the systematic uncertainty of
mass measurements as will be discussed later.

SVX

The silicon vertex detector, SVX [42], was installed in early 1992 as part of the
upgrade for the data taking on which this dissertation is based. It is the inner-
most tracking element consisting of silicon microstrip detectors which surround
the beam pipe and is surrounded by the VTX detector. It provides precise track-
ing in the r-� plane in order to obtain a measurement of the impact parameter
of traversing particles. The SVX is segmented into two halves, barrels, which
sit side-by-side on either side of the nominal interaction region. Each barrel is
composed of 12 wedges each of which cover 30 degrees in azimuth. Figure 3.4
shows schematically several features of the SVX barrel. Each end of each barrel
has a precision machined beryllium bulkhead support structure. Beryllium is used
to minimize radiation interaction lengths while providing support for the silicon
detectors. Precision placement with an accuracy of 10 �m [43] in r-� within a
SVX wedge results in excellent internal alignment. Further improvement in align-
ment constants can be derived from physics data. Mounted to the readout end of
the bulkhead which is closest to the nominal interaction region are cooling tubes
through which chilled water ows to remove heat generated by the readout elec-
tronics. Typical operating temperature for the silicon is 20�C [42]. The ear cards
and port cards are thick �lm multilayered hybrid circuit boards which are part
of the readout system discussed below. In Fig. 3.4, the wedge structure of four
layers of silicon detectors can be seen.

Each wedge consists of 4 layers of 280 �m thick silicon strip detectors. Each
layer contains the fundamental detector unit called a ladder. Figure 3.5 shows a
schematic representation of a ladder. A ladder consists of three 8.5 cm long rect-
angular silicon strip detectors laid end-to-end with wirebond connections joining
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Figure 3.4: Schematic representation of a SVX barrel.
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Figure 3.5: Schematic representation of a SVX ladder.



29

the corresponding strips of one detector to the next, resulting in strips with an
e�ective length of 25 cm. Thus, both barrels of the SVX give an active length
which subtends 50 cm along the beam axis. The strips are in turn wirebonded to
the SVX readout chips which are mounted on the ear card. The silicon detectors
and the ear cards are supported on lightweight rohacell with carbon �ber sup-
port. An optimization to minimize the amount of material used while providing
rigid and stable support led to the choice of these materials. The dummy ear
consists of a passive gold �lm electrically connected to ground to which unuseable
strips with very high leakage currents can be connected to minimize the e�ect on
neighboring strips [42]. Ladders of di�erent layers have di�erent characteristics
as shown in Table 3.1. Layer 0 and Layer 3 have the active silicon facing towards
the beam pipe while Layer 1 and Layer 2 face outward. This was done so as to
make position measurements as close as possible to the beam pipe.

Layer Face Radius Tot. Width Act. Width Pitch Num Num

[cm] [cm] [cm] [�m] Strips Chips

0 IN 2.9899 1.6040 1.536 60 256 2

1 OUT 4.2710 2.3720 2.304 60 384 3

2 OUT 5.7022 3.1400 3.072 60 512 4

3 IN 7.8508 4.2925 4.224 55 768 6

Table 3.1: Characteristics of each SVX layer.

The SVX readout chip is the central component for converting charge de-
posited on a silicon strip to an electrical signal which can be recorded. Each
SVX chip consists of 128 channels of ampli�ers and storage capacitors. Each
channel is connected to a calibration capacitor upon which a threshold charge
can be stored. In \sparse" mode operation, only those channels with a signal
charge exceeding the calibration threshold charge will be read out. Sparsi�cation
is critical to reading out the SVX within approximately 2 ms as required by the
Level 2 trigger to be discussed later in this chapter. The SVX chip is also able to
collect charge on each strip twice, once in time with the beam crossing and once
out of time. In each charge integration, the analog level is sampled twice. This
\quadrupole" sampling scheme allows for subtraction of charge collected by the
chip due to leakage currents within the bulk of the silicon detectors. The chip
responds to clocking control signals which reset various ampli�er stages and stor-
age capacitors. The SVX stores the leakage-current subtracted charge collected
on those strips which are likely to have been hit by a traversing particle since the
charge is above the noise threshold. By reading out the channel address and the
analog charge information, the r-� position of a charged particle passing through
the SVX can be recorded and combined with information from the other layers.
The impact parameter resolution of high PT tracks is 17 �m and the r-� position
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resolution is 13 �m [42].

Each wedge functions as an independent readout unit consisting of 1920 chan-
nels. With 12 wedges per barrel and 2 barrels, the total channel count of the
SVX detector is 46,080. During operation, typically 98% of the channels were
functioning. The readout chips of a wedge are connected in series. Each ear card
has a common bus for clocking control of the chips and for readout to the data
acquisition system. This bus is present on the pig-tail copper-on-kapton cable
connected to each ear card. Each of the four pig-tails from each layer is con-
nected to another copper-on-kapton cable called the \mother cable". The mother
cable connects the bus to the port card. The port card is a multilayered thick
�lm circuit board which functions to drive the signals between the SVX chips and
the data acquisition electronics. The port card suppresses noise by sending both
analog and digital signals di�erentially. On board voltage regulators provide a
stable power source for the SVX readout chip. Crates mounted on the outside
of the CDF detector contain FASTBUS modules which communicate to the port
card through small coaxial cable and copper-on-kapton cable. These Digitizer
modules are responsible for digitizing the analog readout of the SVX chips and
for passing the information between the port card and another FASTBUS mod-
ule, the Sequencer. The Sequencer is a programmable module which generates
the SVX clocking signals. It receives information from the Digitizers and passes
that information to the CDF data acquisition system so that SVX information
can be added to the data record.

The SVX has operated successfully in the hadron collider environment of CDF.
This analysis makes use of SVX information when it is available for a given track.
By combining SVX hit information with a given CTC track, improvements in
the helical track parameters are obtained. In particular, the excellent impact
parameter resolution obtained by using SVX information provides an additional
and very valuable handle for studying particles which have a lifetime of order
a picosecond. By adding precise tracking measurements close to the beam axis,
the rejection power is enhanced when selecting candidate B mesons consisting of
track combinations consistent with originating from a displaced secondary vertex.
This enhancement will be quanti�ed in later chapters. Further improvement is
also made in the curvature and �0 measurements after adding SVX information.

VTX

The vertex time projection chamber, VTX, is a new addition to the upgraded
CDF detector for the 1992{1993 run. It provides tracking information in the r-z
plane. The chamber replaces a similar detector used in previous CDF data taking
[44]. The VTX is divided into an east and a west half each surrounding a SVX
barrel. Each half of the VTX is composed of 28 octagonal modules which cover
out to 22 cm in radius and to j�j < 3:25. The 18 modules which surround the
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SVX contain 16 sense wires strung in the r-� plane perpendicular to a radial line
extending from the origin. Ten additional modules with 24 sense wires are located
at larger z. The drift gap in the argon-ethane atmosphere to the sense wires is 4
cm. Adjacent modules are rotated by 11.3� in � so that CTC r-� track segments
can be better matched to the VTX segments.

For this analysis, the primary use of VTX information is to provide a measure-
ment of the z coordinate of the primary event vertex to check the value obtained
from r-z measurements using CTC information.

CTC

The central tracking chamber [45], CTC, is a cylindrical wire tracking chamber
which extends from outside the VTX to inside the solenoidal magnet covering
out to pseudorapidity of 1.1. Table 3.2 lists some of the mechanical parameters
associated with the CTC. There are a total of 84 sense wire layers arranged in
nine superlayers. Five of these superlayers have wires aligned parallel to the beam
axis. Between each pair of these axial superlayers are a set of wires with a �3�
tilt to the beam axis in order to provide stereo information. Figure 3.6 shows
a view of the CTC end plate which highlights the superlayer arrangement. Hits
on the CTC wires are matched to tracks and a �t is performed to measure the
�ve helical track parameters. Within each layer, groups of sense wires and �eld
shaping wires form cells which are tilted at 45� with respect to the radial direction.
The tilt angle of 45� is used to compensate for the Lorentz angle so that the drift
trajectories are axial and the time-to-distance relationship is linear. In addition,
the compacti�cation obtained with a 45� tilt is such that a particle with PT > 2.5
GeV/c will pass close to at least one sense wire in each superlayer, resulting in
a fast pulse to be used by the central fast tracker (CFT) in the trigger to be
discussed below.

This analysis relies on the CTC measurements. Its performance will be de-
scribed later by showing a number of known mass peaks and comparing �tted
values with the corresponding world average measurements. Particle momenta
are derived from the track parameters obtained using the CTC hit information.
Excellent momentum resolution, as listed in Table 3.2, is achieved because both
the tracking volume and the magnetic �eld strength are large. Constrained �ts
are used in this analysis to further improve the momentum resolution.
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Figure 3.6: View of the CTC end plate showing the superlayer structure of the drift
cells.
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Number of layers 84

Number of superlayers 9

Stereo angle for each superlayer 0�, +3�, 0�, -3�, 0�, +3�, 0�, -3�, 0�

Number of super cells per layer 30, 42, 48, 60, 72, 84, 96, 108, 120

Number of sense wires per cell 12, 6, 12, 6, 12, 6, 12, 6, 12

Sense wire spacing 0.1 cm

Tilt angle 45�

Radius at innermost sense wire 30.9 cm

Radius at outermost sense wire 132.0 cm

Wire length 321.4 cm

Electric Field 1350 V/cm

Magnetic Field 14.1 KG

Nominal r-�spatial resolution 200 �m

Nominal r-zspatial resolution .6 cm

Nominal �PT=PT .002 � PT (GeV/c)

Nominal �PT=PT (beam constrained) .0011 � PT (GeV/c)

Table 3.2: CTC mechanical parameters.

3.2.2 Muon Systems

The CDF muon system is instrumental in this analysis because it allows for the
identi�cation of muons in events containing J/ ! �+ �� decay. The muon sys-
tem also provides fast signals which can be used in the trigger system to distin-
guish J= events from enormous backgrounds due to all other QCD processes.
The CDF muon system consists of three di�erent detector subsystems which are
discussed below. Included are two subsystems which were part of the upgrade for
the 1992{1993 run.

CMU

The central muon system [46], CMU, provides muon identi�cation and measure-
ment out to j�j of 0.6. The CMU consists of wire chambers embedded in the CDF
calorimeters after �ve absorption lengths. The thickness of the calorimeter makes
it unlikely that a muon with PT below 1.4 GeV/c would reach the muon cham-
bers. The arrangement of the muon chambers within the calorimeter wedge is
shown in Fig. 3.7 where three muon towers subtend 12.6� in � in each 15� central
calorimeter wedge. The total coverage in � is 85%. The chambers extend 226.0
cm along the z-axis. Each tower consists of four layers as shown in Fig. 3.8. Sense
wires in each cell are slightly staggered to allow chamber readout to be ganged
together while allowing for unambiguous hit association. Timing information is
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used in the trigger. The slope of the muon track segment is obtained by taking
the larger of t4 � t2 and t3 � t1. This time di�erence gives an estimate of the PT
of the track which is used in the trigger decision. The timing information gives
an r-� position measurement and charge division provides an r-z position mea-
surement. Both of these positions can be compared to the position obtained from
extrapolating a track found in the CTC to the muon chambers. In this manner,
muon track segments may be matched to CTC tracks resulting in a well measured
and identi�ed muon candidate.

Figure 3.7: Arrangement of central muon chambers within a calorimeter wedge.

CMP

Since the calorimeters have only �ve absorption lengths of material, hadrons that
do not shower in the calorimeter can \punch-through" and leave hits in the muon
chambers. The central upgrade chamber, CMP, provides additional muon cham-
bers behind steel shielding resulting in a total of 8 absorption lengths. Only muons
with PT above 2.5 GeV/c are expected to be able to reach the CMP chambers.
The purity of real muons is larger when CMP con�rmation is required for muon



Figure 3.8: Four layers of a central muon chamber tower.
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candidates that leave hits only in the CMU system. Hadronic punch-through is
unlikely to pass through roughly eight absorption lengths. The CMP covers the
pseudorapidity range of j�j < 0:6 and covers 80% in �. This analysis makes
use of the small additional coverage of the CMP which is not covered by the
CMU { notably the � gaps between calorimeter wedges are sometimes covered
only by CMP chambers. CMP con�rmation of a CMU hit in the overlap region is
not required since the muons from J/ ! �+ �� decays have PT often less than
2.5 GeV/c.

CMX

Another upgrade in the CDF muon system is the addition of the central extension
chambers, CMX, which cover the j�j range between 0.6 and 1. Coverage in �
during the 1992{1993 CDF run was 80% and the chambers were located behind
� 6 absorption lengths of calorimeter. During the early part of the run, noise
hits from the scattering of particles o� the beam pipe and forward calorimeter
resulted in a rate which prevented full utilization of the CMX in the trigger. A new
beam pipe with less material was inserted mid-run to reduce the noise hits and
the trigger requirements for CMX muons were relaxed somewhat. Approximately
20% of the recorded J= s contained a CMX muon.

3.2.3 Calorimetry

Calorimetry information was not used directly in this analysis other than to aid
in muon identi�cation. The CDF calorimetery system consists of the central
electromagnetic and hadronic calorimeters (CEM and CHA) which cover to j�j
of 0.8. The endwall (WHA) covers from j�j of 0.6 to 1.3. These calorimeters
consist of steel and scintillator. Plug calorimeters (PEM and PHA) and forward
calorimeters (FEM and FHA) are gas calorimeters which provide coverage from
j�j between 1.3 and 2.4 and 2.4 to roughly 4 respectively. The CDF calorimeters
are highly segmented into towers which point back to the nominal interaction
point.

Since most muons are minimum ionizing, they are expected to deposit a small
amount of energy within the calorimeter as it traverses. Muons from decays-in-
ight (i.e. K ! ���) are likely to have the muon direction di�erent from the
K direction resulting in energy deposition in the calorimeter tower di�erent from
the one pointing to the muon hits. Muon backgrounds from hadronic punch-
through are often accompanied by a large amount of energy in the calorimeter
tower pointing to the hit muon chamber. Requirements on the energy deposition
in the calorimeter tower can improve the purity of the muon sample as will be
shown later.
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3.3 Trigger System

This analysis and any B physics measurement in a hadron collider environment
relies on the ability to trigger e�ectively on events which are of interest. At CDF,
pp collisions take place every 3.5 �s or close to 300,000 collisions per second.
Data is able to be recorded at a rate of 5 events per second. It is the job of the
trigger system to reduce the total event rate to a rate at which events can be
recorded while being e�cient for the most interesting events. This analysis uses
the dimuon trigger to select events with J/ ! �+ �� decay. The CDF trigger
system consists of three levels of triggering for �ltering events. This section will
�rst give an overview of the CDF data acquisition system followed by a description
of the three trigger levels.

3.3.1 Data Acquisition

Detector elements are attached to front end electronics which send signals to
digitization modules for assembly into a CDF event record. Some speci�cs of the
data acquisition system for the SVX are discussed above. The front end electronics
includes FASTBUS TDCs (Time to Digital Converter) to read out tracking and
prompt muon data. These fast signals are used in the trigger decision. Other
front end modules, RABBIT cards, are mounted on the detector and are used
to read out calorimeter and the muon drift chamber information. These front
end systems are connected to digitization modules SSPs and MX scanners which
include some processing such as formatting and adding in header information.
Data is then collected by an event builder which sorts data at a rate of � 30 Hz.
The average event size assembled by the event builder is � 200 KB. After passing
the Level 3 trigger, the events are logged onto 8 mm computer tape at a rate of
� 5 Hz.

3.3.2 Level 1

The Level 1 trigger functions to �lter the incoming 300 KHz event rate to 1 kHz
while retaining events which have large amount of energy in the calorimeter, single
high-PT electrons or muons, or two low-PT electrons or muons. Large energy
showers in the calorimeter potentially due to high-PT electrons and photons are
identi�ed by single towers which have an energy typically above a threshold of
8 GeV/c. High-PT muons are found by requiring hits in the muon chambers with
PT above 6 GeV/c. Lower-PT thresholds are placed on electrons and muons when
they occur in pairs: pairs of 4 GeV/c electrons or a 4 GeV/c electron with a
3.3 GeV/c muon.

The low-PT dimuon trigger requires two muon track segments with PT larger
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than 3.3 GeV/c. For most of the run, one of the muon segments had to be a
CMU type muon because backgrounds in the CMX chambers caused too high a
rate in Level 1. Some of the later data did allow two CMX muons to initiate the
Level 1 trigger. In Fig. 3.9 the e�ciency of the Level 1 trigger as a function of
muon PT is shown. For this study [61], J= candidates that passed single muon
triggers were studied as to whether the appropriate Level 1 bit was set. The
gradual turn-on in the e�ciency below the nominal threshold of 3.3 GeV/c gives
some indication of the PT resolution using only timing information in the muon
chambers. Remaining background to be removed includes events where one or
both candidate muons are noise or background hits in the muon chambers.

3.3.3 Level 2

The Level 2 trigger �lters events to a rate of 12 Hz before being fed into Level 3
by removing backgrounds which pass Level 1 and making requirements on better
de�ned thresholds. For calorimeter triggers, clusters of energy are required to be
above thresholds as opposed to single towers. Electrons and photons are required
to have mostly electromagnetic energy deposition in the calorimeter tower. Muon
triggers require a match between a muon track segment and a track found by
the fast tracking hardware processor. Low-PT dilepton triggers also require a
CFT track to match the electromagnetic cluster or muon stub. Other Level 2
triggers are speci�c for events with large missing energy or those which satisfy

neural network algorithms. The CFT has a momentum resolution of �PT
PT

�
0:035 � PT (GeV/c) and has an e�ciency of 93:5 � 0:3% for isolated tracks with
PT above 10 GeV/c.

For the low-PT dimuon triggers, the Level 2 trigger requirement is that one of
the two muon stubs be matched to a CFT found track. For much of the run, the
requirement was that if the dimuon involved a CMX muon, it had to have the
CFT track matched to it. In addition, for some parts of the run, hadronic energy
deposition in the calorimeter tower towards which the muon track pointed was
required to be larger than 0.5 GeV as expected for a minimum ionizing particle.
Figure 3.10 shows the Level 2 trigger e�ciency versus muon PT . The e�ciency
was determined by studying how often the second muon leg was matched to a CFT
track when the �rst leg was responsible for the trigger [57]. Notice that there is
a gradual turn-on between 2.4 and 3.2 GeV/c. Only one leg of the dimuon is
required to pass the CFT requirement. Often, one of the two muon legs has a PT
less than the nominal threshold of 3 GeV/c.
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Figure 3.9: Level 1 dimuon trigger e�ciency as a function of muon PT .
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Figure 3.10: Level 2 dimuon trigger e�ciency as a function of muon PT .
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3.3.4 Level 3

The Level 3 trigger reduces events to allow for 5 Hz data writing. In Level 3,
full event reconstruction is performed in software and thresholds are much more
sharply de�ned. Algorithms for clustering calorimetery energy are used to de�ne
jets which must pass certain transverse energy requirements. Photon candidates
must pass low thresholds and be well isolated or pass higher thresholds and not
necessarily be isolated. Muons must be well matched to a CTC track taking into
account uncertainties in extrapolation due to multiple scattering. Electrons must
have a track matched to the electromagnetic calorimeter cluster and must have a
shower pro�le consistent with being an electron. Similar strategies are used for
low-PT electron and muon pairs. A number of other specialty triggers also exist
in Level 3. The Level 3 dimuon J= trigger passes a \Stream 2" trigger and is
discussed below.

3.3.5 Stream 2

In Level 3, CDF separates approximately 10% of the most interesting events as
de�ned by the di�erent physics analysis groups into the Stream 2 path. These
events were given priority in o�ine processing and data accessibility. The dimuon
J= trigger events were part of Stream 2.

In order to select events which pass the Level 2 dimuon trigger to include
mostly J/ ! �+ ��candidates, the following requirements were made on the
online processed events during the end of the run1:

� Two muon stubs of any type except CMP { CMX

� Two muons had opposite charge

� Invariant mass(�+��) between 2.8 and 3.4 GeV/c2.

� Minimum muon PT of 1.4 GeV/c.

� Matching between muons stubs and CTC tracks within 4 �.

The Level 3 e�ciency was derived from hand scanning events which were col-
lected during the run where Level 3 was not required and from looking at dimuon
candidates which passed other independent Level 3 triggers [48]. Both of these
methods are consistent with a Level 3 e�ciency of 97 � 2 %.

Events which pass the dimuon J= Stream 2 trigger are used as the data
sample for this analysis. Speci�cs about this data sample are discussed in the
next chapter.

1During the early part of the run, dimuons with a CMX muon had stricter requirements.
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Chapter 4

Data Set

This chapter describes the data set which was used for this analysis. The data set
is de�ned as the set of events which contains J= candidates used to search for
exclusive B meson decays. This data set is �rst put in the context of coming from
a subset of the entire collection of events observed by CDF during the 1992{1993
run. A description of the o�ine event reconstruction follows. The emphasis of
this chapter is on the �nal J= selection.

4.1 Statistics of the 1992{1993 Run

The 1992{1993 CDF run recorded 19.3 pb�1 [49] of data to tape. The total cross
section of pp collisions at

p
s = 1:8 TeV has been measured to be 80:03� 2:24 mb

[50]. Thus, CDF \saw" a total of 2 quadrillion pp collisions. A total of 15.5 mil-
lion events (approximately one out of every 100,000 collisions) passing a Level 3
trigger were recorded onto tape and were processed. From these events, a total of
1.7 million passed a Stream 2 trigger. All events which passed a Stream 2 trigger
were processed using o�ine reconstruction code termed \Express Production"
which is discussed in the next section. These Stream 2 events include 205,610
which passed the J= Stream 2 triggers. Figure 4.1 shows the vertex constrained
dimuon mass distribution for all dimuon combinations in events which pass the
Stream 2 J= trigger. The mass distribution is unscaled in that systematic cor-
rections to dE=dx and the magnetic �eld which will be discussed in Chapter 7
have not been applied.

4.2 Express Production

The data acquisition system wrote raw event �les of the Stream 2 events onto
8 mm tapes. These tapes were then mounted on a farm of IBM RS6000 computers
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Figure 4.1: Dimuon mass distribution from events which pass online Stream 2 trigger
requirements. All such mass distributions are made after constraining both muons to
originate from a common vertex after partially correcting track parameters for energy
loss and multiple Coloumb scattering. The distribution is shown before momentum
scale corrections are applied. The �t is a linear background and a double Gaussian with
a single mass parameter.
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and were processed using a version of the o�ine production code (version 6.1).
The result of the express production was that processed Stream 2 events were
separated by speci�c Stream 2 trigger and were rapidly accessible on disk. For
the data stored on disk, raw detector information and other lower level information
was dropped from the event record.

The production of event �les takes raw detector information and yields higher
level quantities. For example, production will look at digitized wire hits in the
tracking and muon systems to form a muon candidate. This muon candidate
has calculated momenta, vertex, CTC{muon matching variables, etc. Pattern
recognition of CTC hits is performed and �tting is done to calculate track pa-
rameters for identi�ed tracks. The analysis uses these higher level quantities to
calculate the physics quantities of interest and to make requirements to improve
the signal-to-noise.

Further processing (termed \6.15") on the events was done to correct for sev-
eral systematic e�ects present in the version 6.1 processing. First, the pattern
recognition and �tting for SVX hits to CTC tracks was redone with a modi�ed
algorithm. The SVX performance worsened as the run progressed due to radi-
ation damage. The modi�ed algorithm removed a bias toward picking up SVX
hits from the innermost layer where the radiation damage was greatest. A second
modi�cation was to correct the helical track parameters for e�ects due to the mag-
netic �eld not being uniform. These corrections were greatest for for tracks which
passed near the outer edge of the CTC. Figure 4.2 shows the �tted J= mass as a
function of the largest pseudorapidity of the two muons before and after such �eld
corrections are applied. The corrections clearly improve the performance of the
CTC. Systematics which are still present in this data are discussed in Chap. 7.

4.3 J= Sample

4.3.1 Approach

The approach used to select J= events involves a relatively loose set of selection
criteria emphasizing e�ciency over background rejection. The signal-to-noise ratio
of the J= in the dimuon data set is large even at the trigger level. In Fig. 4.1, the
signal-to-noise at the J= mass is 15.7. Improvements to the signal-to-noise can
be made without much loss of e�ciency; that is done and will be discussed below.
However, in the reconstruction of B mesons, further requirements on PT , c� , and
CL(�2) also improve the signal-to-noise of the J= . Final plots of a reconstructed
B mass do not look much di�erent if, for example, a cut is placed on the matching
between the muon hits and the CTC track at three or four standard deviations.
In other words, the more important backgrounds to reduce in this analysis do not
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Figure 4.2: J= mass distribution as a function of the maximum � of the two muons
without and with corrections for non-uniformities in the magnetic �eld.
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come from the background under the J= ; rather, they come from combinatorics
associated with combining tracks with the dimuon.

4.3.2 Trigger Requirements on Processed Events

Events which satisfy the Stream 2 J= trigger online are required to also pass the
�nal Stream 2 trigger requirements calculated with the o�ine quantities. Since
the online reconstruction cannot make use of calibration constants which are de-
termined later from the data, it is expected that \better" reconstruction can be
performed o�ine. Thus, this �rst requirement removes background events which
in principle should not have passed the trigger. Out of the 205,610 events which
pass Stream 2 J= triggers, 150,738 events pass the �nal requirements on the
o�ine banks. There is no discernable J= signal in the mass distribution for the
dimuon events removed by this requirement.

4.3.3 Muon Characteristics

Additional selection criteria on the muon candidates can be applied to the events
in order to improve the signal-to-noise for the J= signal. The improvement in
signal-to-noise will be described for a set of minimal cuts, loose cuts, and tight
cuts. This description should allow for a better understanding of the important
characteristics present in the dimuon sample.

The additional criteria involve making requirements on the PT of the muon
candidate, matching between the CTC track and muon stub, and presence of
energy deposition in the appropriate calorimeter tower. The requirements dif-
fer depending on which muon chambers are involved. Muon backgrounds arising
from hadronic punch through, decays-in-ight (real �), muon chamber noise, and
back-scattered particles are less likely to have well-matched CTC tracks to the
hits in the muon chambers compared to actual muons from J= . These back-
grounds also tend to have lower PT tracks matched to the hits since there are
more low-PT tracks. A real muon should also leave a minimum ionizing signal in
the calorimeter. Quantities on which requirements are to be made are studied by
comparing the distribution of interest for sideband dimuons (mass between 2.9
and 3.0 GeV/c2 or between 3.2 and 3.3 GeV/c2) and for the sideband-subtracted
J= candidates (mass between 3.0 and 3.2 GeV/c2). Sideband-subtracted refers to
the distribution of the quantity of interest which has a bin-by-bin subtraction of
the quantity observed in the sideband mass region. Based on these distributions,
the values for the relevant selection criteria are determined. In the �gures and
discussion which follow, these distributions will be presented to justify the �nal
set of requirements to be made for muon candidates.
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Muon candidates can be classi�ed on the basis of which muon detector sub-
system had hits matched to a given track. A track may be matched to two muon
subsystems. For example, a muon may cause hits in both the CMU and CMP
which is often expected since these chambers overlap in coverage. A muon can-
didate which is matched to the CMU and CMX is probably better classi�ed as
being either a CMU or CMX since there is a small probability that a single muon
could cause hits in both chambers. For this analysis, muons which have hits in
two detector subsystems are reclassi�ed if the Stream 2 matching requirements
(For instance, �2CMU < 16) are not satis�ed for one of the subsystems. Thus,
a CMU{CMX muon candidate with poor CMX matching would be reclassi�ed
as a CMU muon. The histogram in Fig. 4.3 shows the muon type for the signal
(sideband-subtracted) and sideband regions. The ratio of the number CMU{CMP
muons to the number of muons with CMU hits is larger for the J= region. This
feature is expected because real muons from J= decays are more likely to have
CMP con�rmation than non-muon background present in the sideband region.

Figure 4.4 shows the transverse momentum of muon candidates for the sideband-
subtracted J= and sideband regions. The distributions are separated by the
detector type (a single candidate can contribute to more than one plot). The
edge which appears at 1.4 GeV/c is due to the reconstruction code which will
not match muon hits to tracks with that low momentum. Muons with PT below
1.4 GeV/c on average will not traverse �ve absorptions lengths of calorimeter.
The edge which appears at 2.5 GeV/c is an artifact of the Level 2 trigger re-
quirement which requires one of the muon legs (the CMX leg if present) to be
found by the CFT which becomes e�cient around 2.5 GeV/c. For the CMP, only
muons with PT larger than about 2.5 GeV/c would be expected to pass through
the 8 absorption lengths of calorimeter. Any entries below 1.4 GeV/c are due to
slight changes in the momentum after vertex constraining the muon pair.

Dimuon background under the J= is reduced by applying selection criteria
on the \goodness" of match between the hits in the muon chamber and the ex-
trapolated track in the CTC. For real muons, the uncertainty in extrapolating
the CTC track to the muon chambers is dominated by multiple scattering within
the calorimeter through which the muon traverses. The multiple scattering un-
certainty including energy loss is approximately given by Eq. 4.1 [51] which takes
into account the CDF geometry:

�x =
13:8cm

PT

"
(0:59 + 0:41= sin �)

(1� 0:71=PT )

# 1
2

(4.1)

where PT is the transverse momenta of the track in GeV/c. The typical uncer-
tainty is such that a 3 GeV/c muon is expected to be extrapolated to within
roughly 5 cm of the muon hits. A �2 is formed by dividing the extrapolation
distance by the multiple scattering uncertainty. This is done only in the muon
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Figure 4.3: Distribution of muon types for dimuons bit encoded so 0=CMU, 1=CMP,
and 2=CMX. Sign indicates muon charge. A negative muon candidate with hits in
both the CMU and CMP would correspond to type -3. In the top plot, the distribution
comes from the sideband-subtracted J= region. In the bottom plot, the distribution
comes from the sideband J= region.
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Figure 4.4: Transverse momentum of muon candidates for (solid) sideband-subtracted
J= and (dashed) sideband regions classi�ed by the detector subsystem.
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chamber local x coordinate except for the CMU where a �2 is formed also in the
local z coordinate. These muon matching �2's are calculated during production
and are accessible to the analysis program. The square root of these matching �2

are expected to be Gaussian distributed with a mean of zero and a width of one
for real muons. The distribution is expected to be broader for muon background
such as noise hits. Figure 4.5 shows these quantities for the sideband-subtracted
signal and sideband regions. Table 4.1 shows the result of Gaussian �ts to the
distributions. From this table, one would expect improvement in signal-to-noise
by requiring matching to within three standard deviations (except for the CMU
z where 3.5 � could be required to preserve signal).

Sideband-subtracted Sideband

Mean Width Mean Width

CMU x 0.00 0.99 0.02 1.38

CMU z 0.00 1.13 0.02 1.47

CMP x 0.01 0.99 -0.01 1.14

CMX x 0.01 1.05 -0.03 1.57

Table 4.1: Fits to Gaussians for the muon matching distributions.

As mentioned previously, calorimeter information can be used to increase the
signal-to-noise for the J= by requiring non-zero energy deposition in the calorime-
ter tower towards of the muon candidate. If hits in the muon chamber were not
caused by a particle from the interaction point, then zero energy deposition in the
appropriate calorimeter tower would be more likely. Figure 4.6 shows the energy
deposition of the muon for each of the three muon subsystems.

4.4 Muon Selection

In the previous section, a number of distributions are presented which show vari-
ous characteristics of both muons from J= decays and muon candidates present
in the sideband region. From these distributions, we can consider making cuts
based on these distributions in order to improve the signal-to-noise of the J= .
Beginning with the basic distribution shown in Fig. 4.1 with no additional cuts,
we can consider a minimal, loose, and tight set of cuts in terms of e�ciency and
background rejection de�ned as:

� Minimal: � matching < 3� for x and 3.5 � for z.

� Loose: Require one � (the CMX � if present) to have PT > 2:5 GeV/c.

� Tight: Require energy in the appropriate calorimetery tower.
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Figure 4.5: Muon matching distributions in units of standard deviation due to multiple
scattering for (solid) sideband-subtracted J= and (dashed) sideband regions. The
sign indicates the muon charge. The dashed histograms are normalized to the solid
histograms.
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Figure 4.6: Hadronic energy in the tower of the � candidate for (solid) sideband-
subtracted and (dashed) sideband J= regions. The dashed histograms are normalized
to the solid histograms.
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Figure 4.7 shows the dimuon mass distributions for events that fail each of the
above cuts. Each of these distributions can be �t to a single Gaussian and linear
background and compared with the �t of Fig. 4.1 to determine the e�ciencies in
Table 4.2.

Cut J= s Lost Background per E�. Signal E�. Background

5 MeV/c2

None { 587 1.000 1.0000

Minimal 686 523 0.991 0.891

Loose 2170 467 0.973 0.796

Tight 2425 449 0.970 0.765

Table 4.2: Muon selection requirements

In this analysis, the minimal [52] set of cuts are applied with a 1% ine�ciency.
We wish to remain as fully e�cient as possible and do not apply additional cuts.
The muon matching cuts remove only 5% of the background level in a typical
B� ! J= K� reconstruction such as shown in Fig. 1.1 since PT , c� , and CL(�2)
cuts also reduce the background dimuons.

4.5 J= Mass Window Requirement

From Fig. 4.1, one can see that nearly all the J= s come from dimuons within
100 MeV/c2 of the world average J= mass of 3096.9 MeV/c2. A window of
100 MeV/c2 around the world average J= mass is required. An alternative
approach requiring the measured dimuon mass to be within three standard devi-
ations (calculated using the mass uncertainty of the event) of the world average
gives virtually identical results in the B candidate mass distributions. The sim-
plicity of a 100 MeV/c2 window is preferred and is used.
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Figure 4.7: Dimuon mass distributions for events failing a minimal, loose, and tight
set of muon cuts as described in the text.
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Chapter 5

Analysis

The analysis has been outlined in the Introduction in section 1.4. In this chapter,
the analysis will be described in greater detail with emphasis on the justi�cation
for making various choices. A set of selection criteria will be motivated using
Monte Carlo and physics arguments for preserving b hadron signal and by using
combinatoric background for background rejection. In the following chapter, the
results of applying the analysis on various reconstructed modes will be discussed
including the reconstruction of B0

s ! J= �.

5.1 Track selection

Applying selection criteria to track candidates is done to remove certain patholo-
gies, reduce background, and to improve the mass resolution. These selection
criteria are to require that the track be well-measured in the CTC and to use
SVX information if and only if the match between the CTC and SVX track seg-
ments is good. The main requirement is that the track must be measured in three
dimensions by the CTC and must have a minimum number of associated hits on
a minimum number of axial and stereo superlayers. Figure 5.1 shows the number
of axial (stereo) CTC superlayers with more than four (two) hits for muons from
the sideband and the J= sideband-subtracted regions. Notice that real tracks
associated with muon hits tend to have more superlayers with hit information.
The requirement is made that there must be at least two axial and two stereo
superlayers with a minimum of four axial and two stereo hits. This loose require-
ment removes two dimensional track candidates (without stereo information, or
found only in the VTX, etc) and other poorly measured track segments. This
requirement also speeds up the computational time of the analysis.

Selecting well-measured tracks helps remove possible pathologies which allow
background to enter into the signal region. For instance, consider a CTC track
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Figure 5.1: Number of (top) axial and (bottom) stereo superlayers with a minimum
of four and two hits respectively. The solid histograms shows the sideband-subtracted
signal region and the dashed histogram shows the normalized sideband region.
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matched to SVX hits either due to noise in the SVX or to another track. In this
case, one would expect the track impact parameter to be large since it is being
steered by misassociated SVX information. Further, since SVX information is
present, the covariance matrix will indicate that the impact parameter is well
measured. We require that SVX information be used for a given track only if the
�2=dof of the SVX-CTC match is less than six. This requirement has been shown
to remove pathologies with misassociated SVX information [53].

5.2 Daughter Meson

The daughter meson refers to the K, K�, or � candidate in B� ! J= K�,
B0 ! J= K�, and B0

s ! J= � decays respectively. CDF does not have particle
identi�cation which clearly distinguishes kaons from pions. Thus, a K candidate
is any charged track assigned a kaon mass. A K� candidate consists of any two
oppositely charged tracks that have an invariant mass in a window around the K�

mass when one track is assigned a kaon and one a pion mass. In the case where
the two tracks are consistent with the K� in B0 ! J= K� decay under both
mass assignments, only the K� candidate closest to the world average K� mass is
used. This procedure has been estimated to be correct approximately 65% of the
time with insigni�cant loss of mass resolution [54]. A � candidate consists of any
two oppositely charged tracks which have an invariant mass in a window around
the � mass when both tracks are assigned kaon masses. Speci�cs concerning the
size of the window used for the daughter mesons will be discussed below.

5.3 Constrained Fits

The mass resolution is improved by using the best possible estimates of the track
parameters. In order to demonstrate possible improvements in mass resolution,
consider the reconstruction of J/ ! �+ ��. In Fig. 5.2 are shown a number of
dimuon mass distributions of events where both muons have SVX information
available. In (a), the mass distribution is shown where track parameters are
measured only by the CTC without dE=dx and multiple scattering corrections.
In (b), again CTC measured tracks are used but here both the corrections and
a vertex constraint have been applied. In (c), the mass distribution is shown
using SVX information for the tracks. In (d), both SVX information and a vertex
constraint are used for the muon legs and noticeable improvement in resolution
is observed. Table 5.1 shows the results of �tting the J= peak to a Gaussian for
each of these distributions.

The improvement in mass resolution can also be observed in the reconstruction
of exclusive �nal states. In addition to applying dE=dx and multiple scattering
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Fig. Tracking dE=dx + MS Constraints Mass Width

5.2 Corrections (MeV/c2) (MeV/c2)

a CTC No none 3091.3 � 0.2 27.3 � 0.2

b CTC Yes Vertex 3093.3 � 0.1 22.5 � 0.1

c CTC + SVX Yes none 3093.7 � 0.1 20.6 � 0.1

d CTC + SVX Yes Vertex 3093.8 � 0.1 15.3 � 0.1

Table 5.1: Fit results of dimuon mass spectra in Fig. 5.2.
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Figure 5.2: Dimuon mass distribution for J= candidates reconstructed with various
corrections and constraints as described in the text.
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corrections, to using SVX information when it is available, and to using a vertex
constraint, the reconstruction of exclusive �nal states is further improved by the
addition of a constraint of the dimuon to the world average J= mass and by a
constraint which requires the �nal state to point back to the primary vertex in two
dimensions. A three dimensional pointing constraint is not done because there is
little improvement in resolution and the interaction of r-� and r-z measurements
is less well understood. In Figs. 5.3, 5.4 are shown a number of mass distributions
of J= K� where the events have been selected as discussed in section 1.4. In
Fig. 5.3 (top), CTC or SVX information is used without dE=dx and multiple scat-
tering corrections. In Fig. 5.3 (bottom), the corrected CTC or SVX information
is used. There is little improvement since the corrections are small compared with
the nominal resolution. Figure 5.4(top) shows the improvement in mass resolu-
tion when applying a vertex constraint and simultaneously mass constraining the
dimuon to the J= mass. In (bottom), the additional r-� pointing constraint is
applied. Table 5.2 shows the results of �tting the J= K� peak to a Gaussian for
each of these distributions. Addition of the pointing constraint improves the mass
resolution because it uses information which in principle should give better esti-
mates of the track parameters. Further, selecting combinations which pass a 1%
requirement on CL(�2) is more stringent for the �t with the pointing constraint
than without it.

Figure Tracking Constraints Mass Width

MeV/c2 MeV/c2

top CTC + SVX no dE=dx 5286 � 6 47 � 7

bottom CTC + SVX with dE=dx 5285 � 4 47 � 7

top CTC + SVX Vertex + J= Mass 5278 � 2 18 � 2

bottom CTC + SVX above constraint + 2D Pointing 5277 � 2 15 � 2

Table 5.2: Fit results of mass spectra in Fig. 5.3 and Fig. 5.4.

5.3.1 Unconstrained Mass Window Requirements

In order to reduce the computational time for the analysis, requirements are
made on the reconstructed mass of the resonances and PT of the tracks using
track parameters which are not subject to constraints and which have not been
corrected for dE=dx and multiple Coulomb scattering. Care is taken to insure
that the e�ects of these requirements do not impact the �nal distributions. That
is, since the mass will change after corrections and after constraints are imposed,
one needs to make sure that requirements on the uncorrected and unconstrained
quantities will not inuence a corrected and constrained distribution. The trigger
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Figure 5.3: J= K� mass distribution for B� candidates reconstructed without and
with dE=dx corrections.
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Figure 5.4: J= K� mass distribution for B� candidates reconstructed with vertex
and pointing constraints.
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selects dimuons with mass between 2.8 and 3.4 GeV/c2. After a vertex constraint,
the background is at between 2.85 and 3.35 GeV/c2 which includes the entire
sideband and signal region from 2.9 to 3.3 GeV/c2. When reconstructing exclusive
B states, an unconstrained and uncorrected mass window 300 MeV/c2 wider than
requirements on the constrained B reconstruction is used. Figure 5.5 shows the
mass distribution for J= K� candidates (solid) with constraints and (dashed)
without constraints with the following minimal cuts:

� Vertex constrained mass(�+��) between 2.9 and 3.3 GeV/c2

� PT (K) > 1:5 GeV/c (unconstrained)

� Mass(J= K�) between 4.7 and 6.1 GeV/c2 (unconstrained)

� PT (K) > 1:8 GeV/c (fully constrained)

� Mass(J= K�) between 5.0 and 5.8 GeV/c2 (fully constrained)

� CL(�2) > 1% on the constrained �t (lower �gure only)

The issue is whether a signi�cant number of additional combinations could enter
the constrained mass region (5.0 to 5.8 GeV/c2) if the requirement on the uncon-
strained region would be wider than 4.7 to 6.1 GeV/c2. In the top �gure, there
is some evidence that the tails for the unconstrained mass do extend past the 4.7
to 6.1 GeV/c2 region, but, the bottom �gure shows that those combinations are
most likely to fail an additional requirement on the CL(�2) of the constrained �t.

5.3.2 Primary Vertex

The interaction region at CDF is distributed along the z-axis with a width of
approximately 30 cm. At any given z, a beam spot can be de�ned as the one
sigma distribution of x and y positions of collision points. The primary vertex
is determined by measuring the beam position on a run-by-run basis. The beam
position is determined by �tting a straight line to the beam in the r-� plan
giving the x0 and y0 positions of the beam center with respect to the CDF origin
and the slopes in x and y as a function of the longitudinal position z. The
beam position can be determined online during data-taking using the �rst several
hundred events. Slightly better precision can be obtained with an o�ine analysis
which stores results in a database. For this analysis, these di�erences are minor.
The uncertainty in the r-� plane is 40 �m which is roughly a 35 �m beam spot size
convoluted with a 20 �m measurement uncertainty. Figure 5.6 shows the beam
pro�le calculated for a particular run. Figure 5.7 shows the sideband-subtracted
di�erence in the primary vertex z0 between a calculation which uses the average
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Figure 5.5: Constrained (solid) and unconstrained (dashed) mass distributions of
J= K� candidates which satisfy a minimal set of cuts. In the bottom �gure, an
additional quality requirement on the goodness of the CL(�2) from the constrained �t
is required.
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muon z0 after the vertex constraint and a calculation which picks up the vertex
found in the VTX which has the highest total PT originating from it. Fitting to
a Gaussian gives the z0 resolution of approximately 0.5 cm which is taken to be
the uncertainty in z0.

5.3.3 Constrained Fit and Secondary Vertex

As already described, track parameters are subject to several geometrical and
kinematic constraints to improve the mass resolution. The constrained �t [55]
involves an iterative adjustment of the track parameters imposing constraints so
as to minimize the �2 calculated from the change in parameters with respect to
their errors. The iterative process is needed as some non-linear derivatives are
approximated by linear terms in a Taylor's series expansion. Several constraints
are available including mass, vertex, and a pointing constraint which requires
a system of tracks to point back towards a given primary vertex. The result
of the constrained �t is a new set of track parameters and a secondary vertex
along with the associated error matrices. The �t also returns a CL(�2) which
is calculated using the change in each of the track parameters weighted by the
appropriate uncertainties contained in the covariance matrix. For tracks which
do not come from the same vertex as the two muons, the attempt to constrain
the track parameters to come from that vertex results in a large �2 which can be
used to distinguish these tracks from those which have a much higher probability
of originating from a common vertex. The power of making requirements on
both the calculated c� and CL(�2) which come from the constrained �t will be
demonstrated below.

5.4 Preserving Signal

A set of selection criteria are used to reject combinatoric background while pre-
serving the signal. These selection criteria were chosen on the basis of their power
to improve the signal-to-noise in reconstructing B� ! J= K� andB0 ! J= K�

and on the basis of simplicity. By \simplicity," the requirements involve round
numbers (PT (X) > 2 GeV/c not PT (X) > 1.875 GeV/c). The selection criteria
include making cuts on kinematic quantities such as the transverse momentum
of the daughter mesons, the transverse momentum of the B meson, c� of the
reconstructed B, and CL(�2) from the constrained �t. In this chapter, a brief
discussion is given of what is expected for these quantities for signal events. A
quantitative description will be given for what happens to the combinatoric back-
ground upon application of the selection criteria. In the next chapter, using the
reconstructed decays, the e�ects of the selection criteria will be quanti�ed for the
signal.
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Figure 5.6: Beam pro�le in (1) r-�, (2) x only, and in the (3) x� z plane. In (3), each
primary vertex is indicated by a circle or triangle depending on whether the track was
matched to SVX hits in the East or West barrel.
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Figure 5.7: Di�erence in z0 between the average muon z0 and the primary vertex
found by the VTX. The �t is a Gaussian.
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5.4.1 Kinematics of B ! J= X

The kinematics of B ! J= X can be studied using a Monte Carlo simulation
which incorporates the NDE b quark production spectrum, Peterson fragmenta-
tion, and a model of CDF including the dimuon trigger. The characteristics of
the dimuon trigger impact greatly the kinematics of reconstructed b hadrons at
CDF. The e�ciencies which will be quoted are after simulation of the trigger and
detector. Work is in progress to calculate cross sections [56] which relies on the
trigger e�ciencies and detector acceptance. The histograms in Fig. 5.8 show the
PT spectrum of J= s from two-body B meson decays in the Monte Carlo along
with the spectra for the daughter meson and the B meson. The points represent
the spectra observed in the sideband-subtracted data using B� ! J= K� and
B0 ! J= K� decays described in the next chapter. Some di�erences in the PT
distribution for the K and K� are expected but those di�erences are small and
inconsequential for this discussion as are polarization e�ects [57]. Note that a
requirement on PT (X) > 2 GeV/c has been applied to both the data and the
Monte Carlo events.

The agreement between Monte Carlo and data provides con�dence in using the
Monte Carlo to calculate the e�ciency for the signal when the kinematic selection
criteria are varied. Figure 5.9 (solid) shows the Monte Carlo transverse momentum
distribution for the daughter meson in two-body B0 ! J= K� decays and for the
B meson itself. The PT distributions are nearly identical for the kinematically
similar B0

s ! J= � decay. The dashed (dotted) histograms show the distribution
after requiring the PT (B) > 6 (8) GeV/c or PT (X) > 2 (3) GeV/c. Also shown
are the corresponding ine�ciency curves for making a PT cut at a particular
value. From this curve, imposing the PT (B) to be above 6 GeV/c, we expect
to lose approximately 35% of the signal when also making a cut on PT (X) at
2 GeV/c. This ine�ciency for signal will be compared with the power of rejecting
combinatoric background as a function of these cuts.

5.4.2 Expected c� Distribution for Signal

b hadrons have an average lifetime of 1.46 � 0.06 � 0.06 picoseconds [58] which
translates into a decay length of order 500 �m for PT (B) � 10 GeV/c. This
decay length is large compared with the expected resolution using the SVX and
comparable to the expected resolution using CTC information only. Thus, the
signal is expected to have a measurable proper lifetime distribution which is dis-
tinguishable from combinatoric background with no lifetime. Making a selection
on c� should preserve signal and reject background. The next chapter will give
some quantitative feel of the power of making a cut on c� . A detailed analysis
determining the proper lifetime of b hadrons is ongoing and will contain more
detail [59].
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Figure 5.8: Monte Carlo (histogram) transverse momentum spectra of J= com-
ing from B ! J= X decays. Also shown are the spectra of PT (X) and PT (B).
The points represent the sideband-subtracted distribution observed in the data using
B� ! J= K� and B0 ! J= K� decays. The sharp edge at 2 GeV/c reects one of
the selection criteria used in both the Monte Carlo and data.
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Figure 5.9: The solid histogramshows the Monte CarloPT distribution and ine�ciency
for preserving signal by making a cut on the PT of (a) the daughter meson and (b) the
B meson. The histogram shows the ine�ciency given that (a) PT (B) > 6 (dashed) and
PT (B) > 8 GeV/c (dots) and (b) PT (X) > 2 (dashed) and PT (X) > 3 (dots) GeV/c.
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5.4.3 Expected CL(�2) Distribution for Signal

If the track parameters and the covariance matrix are accurately described, the
\�2" from the constrained �t should be distributed as a true �2. A test of our
understanding of this distribution is seen if one converts the \�2" distribution into
a CL(�2) distribution which is expected to be uniformly distributed from zero to
one. Figure 5.10 shows the CL(�2) distribution for dimuons of J= candidates and
for dimuons in the sideband region after a vertex constrained �t. The dimuons for
J= decays are expected to originate from a common vertex while the sideband
dimuons are expected to consist of cases where both muons are produced from
a common vertex (such as a Drell-Yan process) and are produced from distinct
vertices (such as the dimuons coming from two separate long-lived semileptonic
decays). In the latter case, we expect a low CL(�2) since the constraint is likely
to grossly adjust the track parameters to satisfy the constraint. In examining
Fig. 5.10, the CL(�2) distribution for the J= signal is relatively at indicating
that the covariance matrix does a reasonable job in describing the uncertainties
on the measured track parameters. There is some excess for CL(�2) below 25%
and especially below 1%. Approximately 2.5% of real J= dimuons have a CL(�2)
after a vertex constraint of less than 1%. However, the CL(�2) distribution for the
sideband dimuons shows a clear enhancement at low values and a cut on CL(�2)
at 1% would enhance S/N with a small ine�ciency. The CL(�2) distribution for
B ! J= X decays will be described in the next chapter.

5.5 Combinatoric Background Reduction

In the reconstruction of exclusive B �nal states, there exist large combinatoric
backgrounds due to combining tracks with a J= candidate. In this analysis,
the combinatoric background is de�ned as the background level in mass distribu-
tions after imposing minimal selection requirements on the kinematic quantities.
These minimal requirements are arbitrary but allow one to study the e�ect of
more stringent requirements used to observe the signal. Table 5.3 lists the re-
quirements for the di�erent decay channels along with the measured background
level in a 10 MeV/c2 bin at the nominal B meson mass. For B� ! J= K�,
the combinatoric background level depends upon the PT distribution of tracks in
J= events. The background level under B0 and B0

s depends upon the two tracks
forming the K� ! K� �� or �! K+ K� respectively. Figure 5.11 shows the in-
variant mass distributions for K� and � candidates such that when combined with
a J= fall in � 200 MeV/c2 windows about nominal B0 and B0

s masses and pass
the minimal selection criteria. From this �gure, the combinatoric background is
much less for B0

s compared with B0 because both the mass window around the �
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Figure 5.10: CL(�2) distribution for dimuons from the sideband-subtracted J= signal
region and from the sideband region.
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is smaller than that around the K� and because the � is very close to the kine-
matic limit when combining two particles assigned kaon masses. The �nal set of
selection requirements will be tighter for B0 relative to B0

s due to the larger B0

background level.

Decay Mode J= Mass Daughter Mass Daughter PT Background

Window Window (GeV/c) per 10

(MeV/c2) (MeV/c2) MeV/c2

All modes Track Quality Cuts

B� ! J= K� � 100 1.8 190 � 10

B0 ! J= K� � 100 � 100 1.8 650 � 10

B0
s ! J= � � 100 � 20 1.8 50 � 7

Table 5.3: Minimal selection requirements for the reconstruction of di�erent decay
modes.

5.5.1 Kinematics for Background

Figure 5.12 shows the PT distribution for theK� and B0 candidates from the upper
sideband region (5.4-5.8 GeV/c2) of the B0 with a PT requirement of 1.8 GeV/c on
the K�. Also shown is the e�ect of cutting on these distributions. Notice that the
background is peaked much more at lower PT compared with the expected signal
as shown in Fig. 5.9. Imposing selection requirements on the PT of the daughter
and B mesons improves S/N for reconstructing B mesons. Table 5.4 summarizes
the background rejection power on making kinematic selection requirements for
the three B meson decay modes.

PT (X) Cut (GeV/c) 1.8 2.0 3.0

PT (B) Cut 0.0 6.0 8.0 0.0 6.0 8.0 0.0 6.0 8.0

B� ! J= K� 100 56 26 71 43 22 20 16 10

B0 ! J= K� 100 56 26 66 41 20 14 12 8

B0
s ! J= � 100 55 26 65 40 20 13 11 8

Table 5.4: Percentage of combinatoric background events remaining for the given cuts
on PT (X) and PT (B) relative to PT (X)> 1:8).
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Figure 5.11: Two track mass distribution for K� and � candidates of B0 and B0
s

decays respectively.
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Figure 5.12: The solid histogram shows the combinatoric background PT distribution
and ine�ciency when making a cut on the PT of (a) the daughter meson and (b) the B
meson. The histogram also shows the ine�ciency given that the (a) PT (B) > 6 (dashed)
and PT (B) > 8 GeV/c (dots) and (b) PT (X)> 2(dashed) and PT (X) > 3(dots) GeV/c.
Notice that a PT cut at 1.8 GeV/c on the daughter meson has already been applied.
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5.5.2 c� for Background

Figure 5.13 shows the c� distribution for the upper sideband region of B0 candi-
dates passing the minimal selection criteria separated into groups that have fewer
than 2 associated SVX tracks or with 2 or more matched SVX tracks. The distri-
butions for B� and B0

s candidates are very similar and the background rejection is
summarized in Table 5.5. A Gaussian �t of the peak region gives a resolution for
c� of 170 �m for the case when less than 2 SVX tracks are used and a resolution
of 60 �m for the case when 2 or more tracks have SVX information. In terms of
background rejection, the SVX helps little relative to only using CTC information
unless one requires a large positive lifetime relative to the resolution (100 �m, for
instance).

CTC+SVX < 2 � 2 % � 2

SVX tracks SVX tracks SVX

c� Cut (�m) none 0 100 none 0 100 none 0 100 tracks

B� ! J= K� 100 54 29 100 53 41 100 55 20 58

B0 ! J= K� 100 54 31 100 54 44 100 55 24 68

B0
s ! J= � 100 55 32 100 56 46 100 55 25 66

Table 5.5: Percentage of combinatoric background events remaining after the given
cuts on c� for all events, for events with less than 2 SVX tracks, and for events where
at least two of the tracks have SVX information.

5.5.3 CL(�2) for Background

Figure 5.14 shows the CL(�2) distribution for the upper sideband region of B0

candidates passing the minimal selection criteria. The distributions for B� and
B0

s candidates are very similar. From the �gure, requiring the CL(�2) to be larger
than 1% would remove 70% of the combinatoric background. The background
rejection of the CL(�2) cut for the three di�erent B decay modes is summarized
in Tab. 5.6. Note that more background is rejected with the CL(�2) requirement
when four tracks are part of the constraint than with the three tracks involved in
B� ! J= K� decays.

5.5.4 Correlations between the Selection Criteria

The e�ect on combinatoric background when applying each of the selection criteria
have been presented independently. However, there is some correlation between
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Figure 5.13: The combinatoric background c� distribution and ine�ciency when mak-
ing a cut on the c� for the upper sideband B0 candidates having SVX information for
less than 2 of the tracks and for 2 or more of the tracks. Note than underow and
overow bins have been �lled.
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CL(�2) Cut (%) 1 5 10 20

B� ! J= K� 46 40 36 30

B0 ! J= K� 30 26 23 19

B0
s ! J= � 30 27 24 20

Table 5.6: Percentage of combinatoric background events remaining after the given
cuts on CL(�2) for the respective upper B sideband regions.
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Figure 5.14: The CL(�2) distribution and ine�ciency of the combinatoric background
when making a cut on the CL(�2) for the upper sideband B0 candidates.
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the cuts on kinematic quantities, c� and CL(�2). The expected correlation be-
tween PT (X) and PT (B) is a direct result of the trigger bias and has already
been taking into consideration in the discussion of those quantities. Figure 5.15
shows the c� and CL(�2) distributions of the background candidates in the up-
per sideband region of B0 separated into (solid) PT (B) < 6. GeV/c and (dashed)
PT (B)> 8 GeV/c (normalized). The higher PT background candidates are slightly
less likely to contribute in the very high c� tails (positive or negative) and are also
slightly less likely to contribute to the CL(�2) < 1% region. Figure 5.16 shows
the c� (CL(�2)) distributions separated into two regions of CL(�2) (c� ). There is
a higher correlation between c� and CL(�2) in the background. Namely, tracks
which have a poor CL(�2) are also more likely to contribute to the extreme tails
in c� .
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Figure 5.15: The c� and CL(�2) distributions of the combinatoric background of
upper sideband B0 candidates separated into regions of low and high PT (B).
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Figure 5.16: The c� distribution (top) of the combinatoric background of upper side-
band B0 candidates separated into CL(�2) < 1% (solid) and CL(�2) > 1% (dashed).
Also shown is the CL(�2) distribution (bottom) separated into jc� j < 500 �m (solid)
and jc� j > 500 �m (dashed).
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Chapter 6

Reconstruction of Exclusive B
Decays into J= 

This chapter will show the results of applying the analysis just described on the
reconstruction of exclusive B meson decays into J= . A correction applied to the
PT scale will be described. Next the selection criteria used to improve S/N for the
reconstruction will be quanti�ed in terms of preserving the signal in the data and
will be compared with the e�ects on Monte Carlo and combinatoric background
distributions described in the previous chapter. The chapter ends by measuring
the mass of each the B mesons and assigning a statistical uncertainty. Systematic
uncertainties on the measurement will be discussed in the next chapter.

6.1 PT Scale Correction

The transverse momentum scale is used to convert measured hits in the tracking
chambers and the associated curvature into a transverse momentum. A charged
track traversing the tracking chambers in the presence of a uniform magnetic
�eld will travel in a circular path in the r-� plane. The hits in the tracking
chamber determine the curvature of the track which in turn is related to transverse
momentum by Eq. 6.1:

PT (GeV ) = 1:5 � 10�4 B (KG)=crv (6.1)

where the constant is proportional to the speed of light, B is the magnetic �eld,
and crv is the curvature. The PT scale thus depends on the value of the magnetic
�eld. In the default reconstruction, the magnetic �eld value is set to a constant of
14.116 KG based on measurements made with 5000 Amps current in the solenoid
and then extrapolating the measurement to the operating level of 4650 A. The
accuracy of the magnetic �eld measurement was to 0.05% [41] at 5000 A. A
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remeasurement of the �eld at 4650 A suggests that 14.116 KG should be scaled
up by 0.03% [60].

In addition to the magnetic �eld, the PT scale also depends on a correction to
the curvature due to energy losses experienced by the particle as it passes through
material such as the beam pipe, SVX, cables, supports, and inner wall of the CTC.
This correction can be applied as an average correction since the actual energy
loss of a particle is not known. The correction depends on the velocity, amount
and type of material, and type of particle. There is uncertainty in the accuracy
of the material database used for dE=dx corrections in the o�ine reconstruction.

Studies performed in the CDF analysis of measuring the W boson mass [61]
suggest that the material used for dE=dx calculations should be scaled by up
31 � 10% based on �tting the radiative tail in Z0 decays to dielectrons. The
studies also suggest a scale factor equivalent to scaling the magnetic �eld by
0.074 � 0.071% (B �eld equals 14.12673 KG). This scale factor is determined by
looking at the � and J= masses with the uncertainty coming from the material
scale uncertainty, the �tting procedure, and non-uniformities in the J= mass
when plotted with respect to several geometrical quantities. Many of the e�ects
also impact the mass measurement of B mesons and will be discussed in the next
chapter.

Figures 6.1, 6.2 show the reconstructed J/ ! �+ �� and �! �+ �� before
and after these corrections are applied. The J= mass is determined by �tting
a double Gaussian with a single mass parameter. The � masses are determined,
after using a vertex and pointing constraint, by �tting the linear background and
Gaussian signals to approximately 15 pb�1 of data. For the � candidates, one
muon is required to have PT > 2.5 GeV/c, both muons are required to have
PT > 2 GeV/c, and the CL(�2) is required to be larger than 1%. The uncorrected
masses are lower than the world averages while the corrected masses agree within
uncertainties to the world averages. The PT corrections consisting of scaling the
magnetic �eld and increasing the amount of material used in dE=dx calculations
are applied when reconstructing B mesons. Uncertainties associated with these
corrections will be treated as systematics in the next chapter.

6.2 Selection Criteria

Requirements are made on the transverse momentum of the daughter and B
mesons, the lifetime, and the CL(�2) coming from the constrained �t. The e�ect
of these cuts on combinatoric background has been described in the previous
chapter using the background region above the B meson peak. In this chapter,
we can study each of the quantities by looking at the e�ect on the signal region
(after subtracting the normalized upper sideband region). Each criteria with the
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Figure 6.1: Dimuon mass distribution for J= candidates before and after transverse
momentum scale corrections.
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Figure 6.2: Dimuon mass distribution for � candidates before and after transverse
momentum scale corrections.
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cut value is displayed. In addition, the e�ciency for preserving signal for the cuts
is calculated from the data. The philosophy used to choose the particular set
of cuts for the reconstruction of each of the B mesons is based upon optimizing
signal-to-noise. However, for the mass measurement, the speci�c selection criteria
has little e�ect. After demonstrating the power of these cuts to provide clear B
meson signals, the resulting mass distributions will be �t to determine the mass.

6.2.1 B Reconstruction

Table 6.1 lists the �nal set of cuts which will be used for each of the B mesons.
The table also lists the signal and sideband regions which will be used in the
following discussion to display the quantities on which cuts are imposed. The
exact cut values have been chosen �rst by obtaining good signal-to-noise for the
B� and B0 signals in the �rst half of the CDF data. Studies of the PT cuts using
Monte Carlo simulation of B production guided the optimization of the kinematic
requirements. The c� cut has been chosen based upon the expected picosecond
lifetime of the B mesons and the e�ect of the cut on background. The CL(�2)
cut has been chosen based upon its improvement of the B� and B0 signals. Due
to the larger background under the B0 peak as seen in Fig. 5.11, the PT (K�)
requirement is more stringent than the PT (K) requirement for B�.

The B0
s signal is small and care has been taken to insure that cuts have not

been chosen to enhance a background uctuation. That is, if cuts are tuned
to obtain the best-looking B0

s peak, the possibility exists that more background
events entered the signal region relative to the sideband region due to random
event uctuations. Rather than tuning on the signal, the speci�c requirements
for B0

s ! J= � is based upon the above optimization in B� and B0 reconstruc-
tion along with Monte Carlo studies. The Monte Carlo studies show that the
kinematics of B0

s ! J= � decays are very similar to B0 ! J= K� decays as ex-
pected. Because the combinatoric background is small for the J= � candidates
relative to the J= K� channel, looser requirements on the kinematic quantities
and c� have been chosen for B0

s reconstruction. The cuts used for all three B
mesons are nearly identical to those used for the previous CDF result based upon
the �rst half of the CDF data [62]. In terms of the mass measurement, the speci�c
selection criteria will be varied and the resulting uncertainty will be quanti�ed in
Chapter 7. Figures 6.3, 6.4, 6.5 show the mass distributions of the B candidates
with successive application of the �nal cuts in the order of CL(�2), PT (X), PT (B),
and c� .
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Selection Quantity Signal Sideband

B CL(�2) PT (X) PT (B) c� Window Window

Meson (%) (GeV/c) (GeV/c) (�m) (GeV/c2) (GeV/c2)

B� 1 2 8 100 5.22 { 5.32 5.4 { 5.8

B0 1 3 8 100 5.22 { 5.32 5.4 { 5.8

B0
s 1 2 6 positive 5.22 { 5.32 5.5 { 5.9

K� within � 50 MeV/c2 of 896.1 MeV/c2

� within � 10 MeV/c2 of 1019.4 MeV/c2

Table 6.1: Final selection criteria used to reconstruct B mesons. Also shown are the
mass windows used to de�ne the B meson signal and sideband regions.
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Figure 6.3: Mass distribution of the J= K� candidates with successive applications
of the cuts listed in Table 6.1.
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Figure 6.4: Mass distribution of the J= K� candidates with successive applications
of the cuts listed in Table 6.1. The K� candidate is required to be within 50 MeV/c2

of the K� mass world average.
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Figure 6.5: Mass distribution of the J= � candidates with successive applications of
the cuts listed in Table 6.1. The � candidate is required to be within 10 MeV/c2 of the
� mass world average.
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6.2.2 Daughter Meson Mass Window

The window on the K� invariant mass for K� candidates is � 50 MeV/c2 about
896.1 MeV/c2 and for � candidates is � 10 MeV/c2 about 1019.412 MeV/c2. For
the K� candidates, this requirement is expected to be 70% e�cient based upon
the Breit-Wigner natural width of the K� (51 MeV/c2). The natural width is
large compared to the mass resolution. For the � candidates, the requirement is
expected to be approximately 85% e�cient based upon studying the measured �
width in CDF. The mass resolution of the � is comparable to its natural width
(4.4 MeV/c2).

6.2.3 Kinematics for Signal

De�ning the sideband and signal regions as given in Table. 6.1, one can plot the
PT distributions of the candidate B events after doing a bin-by-bin subtraction of
the normalized sideband region. Figure 6.6 shows the transverse momentum dis-
tribution of the daughter mesons for the various reconstructed B mesons. For this
�gure, the c� and CL(�2) cuts have been applied, but the kinematic cuts (except
the nominal PT (X)> 1.8 GeV/c) have not. The dashed line in the �gure shows the
PT distribution of the daughter meson after the B PT cut has been applied. Fig-
ure 6.7 shows the transverse momentum distribution of the B meson. The dashed
line shows the distribution after applying a cut requiring PT (X) > 2 GeV/c. In
order to compare the ability of the kinematic selection criteria in preserving sig-
nal, the sideband-subtracted spectra from all three B mesons are added together
and the corresponding ine�ciency as a function of PT can be calculated as shown
in Fig. 6.8. Comparing this �gure with the combinatoric background shown in
Fig. 5.9, the PT distribution for the signal is clearly peaked at higher PT .

For each mode, the ine�ciency of a particular cut can be measured by taking
the di�erence in the mass distribution obtained with and without a given cut.
Figure 6.9 shows the B� ! J= K� mass distribution (top) for events which pass
the standard cuts except for the kinematic cuts (a minimal PT (K) > 1:8 GeV/c
is implicitly applied). The �gure also shows (middle) the mass distribution for
events which pass the additional selection of PT (K) > 2:0 GeV/c and no PT (B)
requirement. Finally the �gure shows (bottom) the bin-by-bin mass di�erence
with a Gaussian �t (the width is �xed at 14.9 MeV/c2). The �t shows that
the cuts remove 22.1 � 7.9 events from the original 187.1 �tted events so that
88 � 4% of the signal is preserved. Table 6.2 summarizes the ine�ciencies for
all three decay modes in such a way that the numbers can be compared to that
of the combinatoric background rejection. Within the statistical uncertainties,
the values in Table 6.2 agree with the Monte Carlo expectations in the previous
chapter. Clearly more background is rejected relative to signal for the speci�c
selection criteria used in this analysis to reconstruct B mesons.
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Figure 6.6: Sideband-subtracted PT distribution for K, K�, and � coming from re-
constructed B mesons. The dashed line shows the distribution when a cut on PT (B) is
applied.
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Figure 6.7: Sideband-subtracted PT distribution for each of the reconstructed B

mesons. The dashed line shows the distribution when a cut on PT (X) > 2 GeV/c
is applied.
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Figure 6.8: The solid histogram shows the sideband-subtracted PT distribution and
ine�ciency when making a cut on the PT of (a) the daughter meson and (b) the B
meson. The histogram also shows the ine�ciency given that PT (B) > 8 (dashed) and
(b) PT (X) > 2 GeV/c (dashed). Notice that a PT cut at 1.8 GeV/c on the daughter
meson has already been applied.
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PT (X) 1.8 (GeV/c) 2.0 (GeV/c)

PT (B) evts 6.0 8.0 0.0 6.0 8.0

B� 187.1 93 � 4 79 � 6 88 � 4 83� 5 73 � 7

B0 106.9 94 � 6 80 � 10 89 � 8 85� 9 77� 11

B0
s 40.0 95+5�7 75 � 12 88 � 10 90 � 10 68� 14

PT (X) 3.0 (GeV/c)

PT (B) 0.0 6.0 8.0

B� 53� 8 54 � 8 51 � 8

B0 48 � 13 49� 13 50 � 13

B0
s 65 � 16 66� 16 64 � 16

Table 6.2: Percentage of candidate events remaining after the given cuts on PT (X)
and PT (B) relative to PT (X)> 1:8 GeV/c).
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Figure 6.9: An example using B� ! J= K� of calculating the relative e�ciency of
a cut by �tting the di�erence in mass distributions with and without the given cuts.
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6.2.4 c� for Signal

Figure 6.10 shows the c� distribution of each of the sideband-subtracted B meson
candidates. Figure 6.11 shows the c� distribution of B candidates obtained by
adding the individual distributions for B�, B0, and B0

s . The lifetimes of all three
B mesons are similar within the statistical uncertainty of current measurements.
The �gure is divided into those reconstructed B mesons with less than 2 of the
tracks using SVX information and with 2 or more of the tracks using SVX in-
formation. There is a clear enhancement at positive values of c� as expected.
When at least 2 tracks use SVX information, the c� distribution takes the char-
acteristic exponential shape. Table 6.3 presents the relative e�ciency of making
a requirement on c� . Agreeing with Fig. 6.11, the table shows that the e�ciency
of requiring c� to be larger than 0 or 100 �m is not very di�erent for the signal
when SVX is or is not used. However, in the previous chapter, it was shown that
when requiring c� to be larger than 100 �m a larger percentage of the background
is removed for the case when at least 2 SVX tracks are involved.

c� CTC+SVX < 2 � 2

Cut SVX tracks SVX tracks

(�m) evts 0 100 0 100 0 100

B� 164.3 93 � 6 85 � 8 87 � 8 74 � 11 95+5�8 86 � 11

B0 68.5 88 � 8 86 � 12 100+0�21 78 � 21 85� 11 89+11�15

B0
s 43.1 78� 11 39 � 16 82 � 15 65 � 20 70� 15 23 � 22

Table 6.3: Percentage of signal events remaining after the given cuts on c� relative to
no c� cut for all events and for events with fewer than and at least two of the tracks
having SVX information. The percentage of candidates with at least 2 SVX tracks is
53� 8, 67� 11, and 62� 12 for B� , B0, and B0

s respectively.

6.2.5 CL(�2) for Signal

Figure 6.12 shows the sideband-subtracted CL(�2) distribution for each of the
reconstructed B mesons. Especially for B0 and B0

s there is some peaking towards
low values of CL(�2). This is also seen when the three distributions are added
and the ine�ciency as a function of a cut in CL(�2) is shown in Fig. 6.13. There
are cases when the tracking covariance matrix does not accurately describe the
measurement uncertainties between the track parameters. However, requiring
the CL(�2) to be above a cut value improves signal-to-noise as can be observed
when one compares Table 6.4 which summarizes the CL(�2) e�ect on the B signal
with Table 5.6 which does the same for the background. The uncertainty in the
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Figure 6.10: Sideband-subtracted c� distribution for each of the reconstructed B
mesons.
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Figure 6.11: The c� distribution obtained by adding the sideband-subtracted c� dis-
tributions for B�, B0, and B0

s candidates. The ine�ciency of making a cut on the c�
is also shown. The plot is divided into cases when fewer than two of the tracks from
the B decay have SVX information and when 2 or more tracks from the decay do have
SVX information.
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covariance matrix is taken into account in calculating systematic uncertainties for
the mass measurement.

CL(�2) Cut none(evts) 1% 5% 10% 20%

B� ! J= K� 145.8 96 � 10 93 � 9 84 � 9 72 � 8

B0 ! J= K� 60.9 91 � 15 85 � 14 81 � 13 67 � 12

B0
s ! J= � 39.9 86 � 17 71 � 16 53 � 14 45 � 13

Table 6.4: Percentage of signal events remaining after the given cuts on CL(�2) for
each of the B decay modes. The numbers are calculated by �tting the mass distribution
with the given cut and dividing by the number of signal events �tted with no CL(�2)
cut (shown in the Table).

6.3 The Reconstruction of B0
s ! J= �

Figure 6.5 shows the B0
s peak being enhanced by the application of the selection

criteria. Further demonstration of the signal is given in Fig. 6.14 which shows
the mass distribution when combining J= with K+K� in the � region and in
a � sideband region. In addition, Fig. 6.14 shows the K+K� mass distribution
obtained from the B0

s signal region and from a B0
s sideband region.

6.4 Mass Measurement

6.4.1 Fitting

As mentioned previously, the mass distribution of the B meson candidates is �t to
a Gaussian signal function and a linear background function. The �t is a binned
likelihood �t which excludes the region larger than 140 MeV/c2 below the nominal
peak to avoid a region where possible partially reconstructed B decays with a
missing �nal state particle might contribute. For the speci�c mass measurement,
a bin width of 5 MeV/c2 is chosen for all decay modes in order to reduce e�ects
caused by a coarse binning. There are other methods of performing the �t and
those are discussed in the context of contributing to the systematic uncertainty
in Chapter 7.

6.4.2 Results

The mass distributions with the �ts superimposed are shown in Figs. 6.15, 6.16, 6.17.
The results are given in Table 6.5.
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Figure 6.12: Sideband-subtracted CL(�2) distribution for each of the reconstructed
B mesons.



103

Figure 6.13: The CL(�2) distribution obtained by adding the sideband-subtracted
c� distributions for B�, B0, and B0

s candidates. The ine�ciency for making a cut on
CL(�2) is also shown.
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Figure 6.14: Mass distribution of the J= � candidates formed from K+K� combi-
nations in the � � 10 MeV/c2 signal and a normalized sideband region. Also shown is
the K+K� mass distribution when selecting events around the � 30 MeV/c2 of the B0

s

signal and a normalized sideband region.
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B Number Mass Width Background Background

Meson (MeV/c2) (MeV/c2) (per 5 MeV/c2) Slope

B� 140 � 15 5279.6 � 1.7 15.2 � 1.8 3.2 � 0.3 -0.6 � 0.9

B0 57 � 10 5279.9 � 2.5 13.6 � 2.2 1.7 � 0.2 -1.1 � 0.6

B0
s 33 � 7 5367.7 � 2.4 10.5 � 1.9 1.1 � 0.1 -0.3 � 0.4

Table 6.5: Results from �tting reconstructed B mesons to a Gaussian signal and a
linear background shape. The background level is the level under each of the peaks.



106

Figure 6.15: Mass distribution of J= K� candidates using the Run IA data.
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Figure 6.16: Mass distribution of J= K� candidates using the Run IA data.
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Figure 6.17: Mass distribution of J= K+K� candidates using the Run IA data.
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Chapter 7

Systematic Uncertainties

The reconstruction of various B meson states has been described. The recon-
struction involved combining tracks with J= candidates and applying selection
criteria to observe B meson peaks in the mass distribution. The mass distribu-
tions are �t to obtain a measure of the respective B meson mass. In the course
of the description of the analysis, a number of arbitrary choices have been made;
a di�erent choice would result in a di�erent mass value from the one quoted. In
addition, there are e�ects in the CDF data which are understood and can impact
the mass value. These contribute to the components of the systematic uncertainty
which is the topic for discussion in this chapter.

7.1 Selection Criteria

The selection criteria to obtain Figs. 6.15, 6.16, 6.17 were chosen without bias with
respect to the �tted mass. A golden mass was taken from the �t of each of these
distributions. However, the choice of selection criteria was arbitrary and the �tted
central mass value depends on the set of cuts. To estimate a systematic, B meson
distributions are generated using di�erent cuts on c� , the mass window for the
K� and �, PT (X), and PT (B). Tables 7.1, 7.2 show the results from �tting each
of the distributions. There is no well de�ned procedure to obtain a systematic.
The di�culty is that the di�erent �ts are correlated and rarely vary by more
than the statistical uncertainty. If the maximum deviation between the di�erent
�tted masses and the golden masses is taken as the systematic, the uncertainty is
overestimated since part of the statistical uncertainty is double counted. In order
to account for this di�culty, the estimate of the uncertainty due to the selection
criteria is given by the following:

syst = max(di� 2 � �2)
1

2 (7.1)
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where the maximum is taken over the values in Table 7.1, 7.2 (except forB0 masses
with a statistical mass uncertainty larger than 3 MeV/c2), di� is the di�erence
between the value and the golden value, and � is the statistical uncertainty of the
golden �t. This procedure gives systematic uncertainties of 1.5 MeV/c2 to the B�

and B0 masses and 2.8 MeV/c2 to the B0
s mass.

7.2 Fitting Procedure

A systematic uncertainty due to the �tting procedure is obtained by varying
the histogram binning. Additionally, comparisons are made with an unbinned
likelihood �t with the likelihood function consisting of a Gaussian signal and
linear background. The width of the Gaussian was both �xed for each event
and also was taken as the uncertainty obtained by propagating the errors of the
covariance matrix (this was also scaled by di�erent amounts). A toy Monte Carlo
producing a Gaussian signal and linear background was used to study the ability
of a binned �t and unbinned �t to predict the generated masses. As expected,
there was very little di�erence and so I choose to quote the binned �t as the
central mass value. Table 7.3 show some of the variation of the �tted values upon
changing the �tting procedure. Estimating a systematic uncertainty by taking
half of the mass spread in Table 7.3, uncertainties of 0.4, 0.9, and 1.2 MeV/c2 are
assigned to the respective B masses.

7.3 Constrained Fits

The choice of adding a r-� pointing constraint to the constrained �t procedure
improves the mass resolution; however, it is not known as to whether a potential
mass bias could be introduced. Di�erences between a vertex constrained �t and a
vertex plus pointing constraint have been studied for B�, B0, and B0

s candidates.
Figure 7.1 shows the mass di�erence of B meson candidates with mass calculated
using a vertex constraint alone and using a vertex plus pointing constraint. The
mean of all three cases is less than 0.2 MeV/c2 which is taken as the systematic
uncertainty.

7.4 Pt Scale

As described, studies done for the CDF W mass analysis obtain a transverse
momentum scale factor of 0.076% � 0.071% after adding an additional 31% � 10%
of material used in the calculation of energy loss and multiple scattering. The
uncertainty in the scale factor includes e�ects from the variation of the J= mass
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c� > 0 c� > 100�m DW PT (X) PT (B)

Num Mass di� Num Mass di� (GeV/c)

B� ! J= K�

224 5278.3 � 1.8 -1.3 188 5277.3 � 1.7 -2.3 { 1.8 0

199 5279.3 � 1.8 -0.3 174 5277.8 � 1.7 -1.8 { 1.8 6

170 5280.0 � 1.7 0.4 151 5279.5 � 1.7 -0.1 { 1.8 8

190 5279.6 � 1.7 0.0 165 5278.4 � 1.6 -1.2 { 2.0 0

174 5280.2 � 1.8 0.6 157 5278.8 � 1.7 -0.8 { 2.0 6

152 5279.6 � 1.7 0.0 140 5279.6 � 1.7 { { 2.0 8

B0 ! J= K�

105 5283.4 � 3.9 3.5 106 5281.5 � 2.0 1.6 80 2.0 0

114 5284.9 � 4.2 5.0 99 5281.2 � 1.9 1.3 80 2.0 6

95 5281.0 � 2.1 1.1 95 5281.2 � 1.7 1.3 80 2.0 8

91 5281.2 � 2.4 1.3 85 5281.7 � 2.4 1.8 80 2.5 0

95 5280.6 � 2.4 0.7 84 5280.7 � 2.4 0.8 80 2.5 6

90 5279.6 � 2.1 -0.3 79 5280.5 � 2.3 0.6 80 2.5 8

85 5280.5 � 2.5 0.6 72 5282.4 � 2.2 2.5 80 3.0 0

87 5280.3 � 2.5 0.4 73 5282.2 � 2.2 2.3 80 3.0 6

87 5280.0 � 2.1 0.1 73 5282.1 � 2.1 2.2 80 3.0 8

102 5280.0 � 3.6 0.1 95 5279.6 � 2.2 -0.3 50 2.0 0

96 5279.4 � 3.3 -0.5 86 5278.6 � 2.0 -1.3 50 2.0 6

84 5278.0 � 2.4 -1.9 81 5279.0 � 2.0 -0.9 50 2.0 8

69 5278.4 � 2.9 -1.5 69 5279.0 � 2.9 -0.9 50 2.5 0

73 5277.7 � 2.7 -2.2 70 5277.7 � 2.7 -2.2 50 2.5 6

71 5277.0 � 2.5 -2.9 66 5277.6 � 2.6 -2.3 50 2.5 8

66 5277.7 � 2.8 -2.2 54 5279.6 � 2.7 -0.3 50 3.0 0

68 5277.8 � 2.7 -2.1 56 5279.5 � 2.7 -0.4 50 3.0 6

68 5277.8 � 2.3 -2.1 57 5279.9 � 2.5 { 50 3.0 8

Table 7.1: Fitted B� and B0 mesons masses reconstructed using di�erent selection
criteria. Masses are in MeV/c2and DW refers to the daughter window or jM(K�)-
M(K�)j.
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c� > 0 c� > 100�m DW PT (X) PT (B)

Num Mass di� Num Mass di� (GeV/c)

B0
s ! J= �

40 5369.2 � 3.6 1.5 18 5366.7 � 3.6 -1.0 12 1.6 0

40 5368.8 � 3.1 1.1 22 5366.6 � 2.5 -1.1 12 1.6 6

29 5365.1 � 3.3 -2.6 18 5365.6 � 2.8 -2.1 12 1.6 8

43 5368.3 � 3.3 0.6 22 5364.6 � 4.1 -3.1 12 1.8 0

39 5367.9 � 2.9 0.2 23 5365.2 � 3.0 -2.5 12 1.8 6

33 5365.6 � 3.0 -2.1 20 5365.6 � 2.7 -2.1 12 1.8 8

33 5368.2 � 2.7 0.5 17 5365.0 � 3.3 -2.7 12 2.0 0

33 5368.2 � 2.5 0.5 18 5366.1 � 2.7 -1.6 12 2.0 6

27 5365.0 � 2.5 -2.7 18 5365.3 � 2.6 -2.4 12 2.0 8

38 5368.1 � 3.2 0.4 19 5365.6 � 3.5 -2.1 10 1.6 0

38 5367.9 � 2.7 0.2 21 5366.0 � 2.6 -1.7 10 1.6 6

26 5364.2 � 2.5 -3.5 18 5365.0 � 2.6 -2.7 10 1.6 8

40 5367.9 � 3.1 0.2 21 5364.0 � 3.7 -3.7 10 1.8 0

38 5367.2 � 2.6 -0.5 22 5364.4 � 3.1 -3.3 10 1.8 6

29 5364.5 � 2.6 -3.2 19 5364.9 � 2.5 -2.8 10 1.8 8

33 5367.3 � 2.6 -0.4 17 5364.2 � 3.2 -3.5 10 2.0 0

33 5367.7 � 2.4 { 17 5365.4 � 2.7 -2.3 10 2.0 6

27 5364.5 � 2.4 -3.2 17 5364.5 � 2.6 -3.2 10 2.0 8

39 5369.0 � 3.0 1.3 19 5367.2 � 2.9 -0.5 8 1.6 0

38 5368.3 � 2.8 0.6 21 5366.7 � 2.4 -1.0 8 1.6 6

26 5364.9 � 2.5 -2.8 18 5365.6 � 2.4 -2.1 8 1.6 8

39 5368.9 � 3.0 1.2 20 5366.4 � 3.0 -1.3 8 1.8 0

37 5367.4 � 2.7 -0.3 22 5365.1 � 3.1 -2.6 8 1.8 6

28 5365.0 � 2.6 -2.7 18 5365.6 � 2.5 -2.1 8 1.8 8

31 5368.6 � 2.6 0.9 15 5366.5 � 2.6 -1.2 8 2.0 0

32 5368.4 � 2.5 0.7 17 5366.3 � 2.6 -1.4 8 2.0 6

25 5365.1 � 2.5 -2.6 17 5365.4 � 2.6 -2.3 8 2.0 8

Table 7.2: Fitted B0
s mesons masses reconstructed using di�erent selection criteria.

Masses are in MeV/c2and DW refers to the daughter window or jM(KK)-M(�)j.
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Fitting Procedure B� B0 B0
s

Binned Fits

Bin Size Initial Bin Gaussian Width

MeV/c2 MeV/c2 MeV/c2 MeV/c2 MeV/c2 MeV/c2

5 5000 oating 5279.6 5279.9 5367.7

5 5001 oating 5279.3 5279.9 5367.6

5 5002 oating 5279.7 5279.8 5368.0

5 5003 oating 5279.4 5279.9 5367.9

5 5004 oating 5279.7 5279.8 5367.7

10 5000 oating 5279.0 5280.3 5368.4

15 5000 oating 5279.8 5279.3 5367.5

10 5000 15 14 11 �xed 5279.1 5280.3 5368.5

10 5000 18 17 14 �xed 5279.0 5280.2 5368.5

10 5000 12 11 8 �xed 5279.2 5280.8 5368.2

Unbinned Fits

Width �xed at 15 14 11 MeV/c2 5279.6 5279.8 5367.9

Width �xed at 18 17 14 MeV/c2 5279.6 5279.6 5368.1

Width �xed at 12 11 8 MeV/c2 5279.6 { 5367.2

Width from errors 5279.6 5280.1 5369.1

Width from errors�1.3 5279.6 5280.8 5368.9

Width from errors�1.5 5279.7 5281.0 5368.4

Width from errors/1.5 5279.2 { 5369.5

Table 7.3: Fitted B�, B0, and B0
s mesons masses using di�erent binned and unbinned

�tting procedures. No entry is made if the �t did not properly converge.
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Figure 7.1: Distribution of the di�erence in mass when using a vertex constraint alone
and when using a vertex and r-� pointing constraint. The mean of each histogram is
less than 0.2 MeV/c2. The events are B�, B0, and B0

s candidates which includes the
signal region and some of the sideband region.



115

versus the run number, J= mass �tting, the presence of radiative tails, scaling
to PT s relevant for W decays, and geometric and kinematic dependencies of the
J= mass.

To study how the uncertainty in the transverse momentum scale factor a�ects
reconstructed B mesons, event-by-event mass di�erences are calculated for B me-
son candidates (signal plus sideband) when the scale factors are varied. Compared
to the default value of 14.127 KG, Fig. 7.2 shows the distribution of mass di�er-
ences when magnetic �elds of 14.116 and 14.138 are used. The uncertainties for
B�, B0, and B0

s are 1.3, 1.2, and 1.1 MeV/c2 respectively. In Fig. 7.3, the mass
di�erences are shown when the material is scaled by 1.0 and 1.5 compared with
the default value of 1.31. The uncertainties are taken to be the mean of each plot.
The uncertainties for B�, B0, and B0

s are 0.4, 0.6, and 0.6 MeV/c2 respectively.

7.5 Covariance Matrix

Studies of the CTC covariance matrix [63] indicate that the uncertainties returned
by the track �t are underestimated. The o�ine analysis used in this dissertation
scales all the elements of the covariance matrix by a factor of 2.0. This scale factor
gives better agreement between with the data in terms of mass uncertainties,
constrained �t CL(�2) distributions, and CTC-SVX matching �2s. Since the
constrained �tting routine, CTVMFT, minimizes a �2 using the elements of the
covariance matrix, the uncertainty in the scale factor could potentially result in
systematic mass shifts. It is also known that even with the 2.0 scale factor, more
signal events in both the J= and B samples can be found at low CL(�2) than
expected. This could indicate that the covariance matrix is still not correct.
Figure 7.4 shows the mass di�erence for B meson candidates when scale factors
of 1.5 and 2.5 are used instead of 2.0. There is no indication of a systematic mass
shift although the mass measurement of an individual candidate could shift 1 or
2 MeV/c2. The uncertainties are taken from the means of these distributions.

Another potential concern is whether a systematic mass shift could result if the
individual elements of the covariance matrix are scaled di�erently. To exaggerate
this e�ect, I consider the mass shifts if the curvature and �0 elements are scaled
by 2.5 while cotangent and z0 are scaled by 1.5 (and visa versa). Figure 7.5 shows
the resulting mass di�erence. Notice that any systematic shift is small; however,
individual events can shift of the order of 10 MeV/c2. Studies [63] that have been
done suggest that the ratio of scale factors is less than 2.5:1.5 and so Fig. 7.5
presents a larger e�ect than expected in the data. Based on the observed mass
shifts, a 1 MeV/c2 systematic is assigned due to this uncertainty.
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Figure 7.2: Distribution of the di�erence in mass when using the indicated magnetic
�eld value and using the default value of 14.127 KG. The events are B�, B0, and B0

s

candidates which includes the signal region and some of the sideband region.
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Figure 7.3: Distribution of the di�erence in mass when using the indicated scale factor
on the amount of material used for dE=dx and multiple scattering corrections and using
the default value of 1.31. The events are B� , B0, and B0

s candidates which includes
the signal region and some of the sideband region.
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Figure 7.4: Distribution of the di�erence in mass when using the indicated global scale
factors on the elements of the CTC covariance matrix and using the default value of
2.0. The events are B� , B0, and B0

s candidates which includes the signal region and
some of the sideband region.
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Figure 7.5: Distribution of the di�erence in mass when using the indicated scale factors
on the elements of the CTC covariance matrix and using the default global value of 2.0.
The events are B�, B0, and B0

s candidates which includes the signal region and some
of the sideband region.
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7.6 False Curvature

Figure 7.6 (top) shows a systematic e�ect present in the CDF data. The �tted
J= mass is plotted for bins of PT of the negative and positive muon. Each
J= contributes twice to plot, which shows a 7 MeV/c2 spread in the �tted J= 
mass that depends on the PT of the negatively charged muon. Studies suggest
that this e�ect is the result of a false curvature and is caused by CTC tracking
misalignment. A false curvature correction of �8�10�7 is applied to the curvature
parameter for both muons. Figure 7.6 (bottom) shows the �tted J= mass after
this correction having a narrower spread as a function of the charge and PT of the
muon. Further study of a false curvature correction is needed and preferably new
CTC alignment constants should be used in a new reprocessing of the data to
remove this e�ect. To estimate the potential systematic e�ect in determining the
masses of B mesons, the same correction factor has been applied to B candidates.
Figure 7.7 shows the di�erence in the reconstructed B masses after applying
this correction. The e�ect is largest for B� ! J= K� where only one charged
particle (excluding J/ ! �+ ��) is in the �nal state. The systematic mass shift
is to a larger mass for the positively charged B meson and to a lower mass for
the negatively charged B meson. For B0 and B0

s , the hypothesis is that any
systematic e�ect is reduced since the K� and � decay into a pair of oppositely
charged tracks.

Figure 7.8 shows the J= K� mass distributions separately for positive and
negative kaon candidates. The lower reconstructed mass for the positively charged
B meson relative to the negatively charged B meson is what is expected based
on the above discussion on a curvature correction. A systematic mass shift arises
if there is an asymmetry in the reconstructed numbers of positive and negative
B. This is indeed observed with the �tted mass at 5279.6 MeV/c2 for the com-
bined sample, being 0.4 MeV/c2 from the average mass of the two charges of
5280.0 MeV/c2. For the systematic uncertainty, I allow for an asymmetry of 90
positive and 50 negative events consistent within 1 � of the number returned by
the �t. Weighting the positive and negative masses in this way gives an average
of 5279.3 MeV/c2 which is 0.7 MeV/c2 from the mass with no weighting. For
B�, I assign 0.7 MeV/c2 as the systematic and zero uncertainty for B0 and B0

s

candidates since the decay of the daughters is charge symmetric.

7.7 �cot�

There is a another systematic dependence of the J= mass as a function of the
di�erence in cotangents between the two muons as seen in Fig. 7.9 (top). The
cause of this e�ect is not known. To estimate the possible e�ect on B masses, a
phenomenological correction derived from Fig. 7.9 is developed. The e�ect of this
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Figure 7.6: Fitted J= mass for bins of PT in which the negative and positive muon
fall (each J= contributes twice to the plot). In the top plot, a large spread is observed
coming from the 6.15 data. In the bottom plot, the spread is reduced when corrections
are applied to the curvature as discussed in the text.
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Figure 7.7: Distribution of the di�erence in mass when using the curvature correction
factors discussed in the text and using no correction. The events are B�, B0, and B0

s

candidates which includes the signal region and some of the sideband region. For B�

candidates, a separate distribution is shown for positive and negative kaons.
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Figure 7.8: Mass distribution of J= K� candidates separated into candidates with
a positive and negative kaon.
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correction on J= reconstruction is shown in Fig. 7.9 (bottom). The cotangent
of both muons is scaled lower by 0.3% and a constant of .0012 was added to the
cotangent of the positive muon. In addition, the PT of both muons is scaled up so
that the average J= mass remained approximately constant. This correction can
also be applied to the tracks involved in forming B meson candidates and then
the mass di�erence compared with the standard analysis can be plotted as shown
in Fig. 7.10. This plot indicates that the �cot� e�ect a�ects B meson masses
at the level of 1.6 MeV/c2 or less. Because there are many uncertainties with
a correction on cotangent (there are fairly large correlations with curvature, for
instance), I consider another approach to estimating the systematic uncertainty.

The e�ect of this systematic on the reconstructed B masses is estimated by
comparing the �tted B masses as a function cotangent of the opening angles
for the decay. For each of the B mesons, Figs. 7.11, 7.12, 7.13 show the B
mass distributions separated into two regions of �cot� with equal statistics. The
di�erence in cotangent is taken between the J= and daughter meson. For B0

and B0
s , Figs. 7.14, 7.15 show the corresponding mass distributions where �cot�

is de�ned as the opening between the kaon and pion or two kaons respectively.
The results of the mass �ts are shown in Table 7.4 along with the estimated
contribution to the systematic uncertainty. The systematic uncertainty is taken
as half the di�erence between masses for the separate regions of �cot� assuming
that the correct value lies between the two extremes.

The overall systematic is taken to be the larger systematic either from what
happens to B masses after applying a cot� correction or from the study based on
dividing the signals into separate regions of �cot�.

B �cot� < x �cot� > x x syst �cot< x �cot> x x syst

Meson J= X J= X K=�K K=�K

B� 5278.2 5280.2 .35 1.0 { { { {

B0 5280.0 5284.4 .30 0.2 5277.4 5282.9 .12 2.8

B0
s 5369.2 5367.4 .40 0.9 5365.0 5371.3 .007 3.2

Table 7.4: Results of �tting the masses of reconstructed B mesons separated into
regions of �cot�.
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Figure 7.9: Fitted J= masses in bins of �cot� between the two muons. In the
top plot, a large spread is observed. In the bottom plot, the spread is reduced when
corrections are applied to the cotangent as discussed in the text.
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Figure 7.10: Distribution of the di�erence in mass when using the cotangent correction
factors discussed in the text and using no correction. The events are B�, B0, and B0

s

candidates which includes the signal region and some of the sideband region.
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Figure 7.11: Reconstructed B� mesons separated into two regions of �cot� between
the J= and K.
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Figure 7.12: Reconstructed B0 mesons separated into two regions of �cot� between
the J= and K�.
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Figure 7.13: Reconstructed B0
s mesons separated into two regions of �cot� between

the J= and �.
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Figure 7.14: Reconstructed B0 mesons separated into two regions of �cot� between
the K and � from the K�.
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Figure 7.15: Reconstructed B0
s mesons separated into two regions of �cot� between

the two Ks from the �.



132

7.8 Summary and Conclusions

Table 7.5 summarizes the systematic uncertainties in the mass determination of
B mesons. The masses of the B�, B0, and B0

s mesons have been measured and

Systematic E�ect B� B0 B0
s

PT Scale 1.3 1.2 1.1

Material Scale 0.4 0.6 0.6

Mass Fitting 0.4 0.9 1.2

Selection Criteria 1.5 1.5 2.8

Pointing Constraint 0.2 0.2 0.2

Covariance Matrix Scale 1.0 1.0 1.0

False Curvature 0.7 0.0 0.

�cot� 1.6 2.8 3.3

Total MeV/c2 2.9 3.7 4.8

Table 7.5: Summary of the contributions to the systematic uncertainties in the B
meson measured masses.

statistical and systematic uncertainties have been evaluated:

� M(B�) = 5279.6 � 1.7 (stat) � 2.9 (syst) MeV/c2

� M(B0) = 5279.9 � 2.5 (stat) � 3.7 (syst) MeV/c2

� M(B0
s ) = 5367.7 � 2.4 (stat) � 4.8 (syst) MeV/c2
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Chapter 8

Conclusions

The J/ ! �+ �� sample of the 1992{1993 CDF data taking run has been used
to reconstruct sizable quantities of exclusive B meson decays. The dimuon de-
cay mode is triggerable and is expected to be B enriched. The decay modes
B� ! J= K�, B0 ! J= K�, and B0

s ! J= � have been reconstructed. The
reconstruction involves imposing a set of selection criteria that takes advantage
of the kinematics of the decays and nonzero �nite lifetime. The masses of the
B mesons are measured by �tting the mass distributions which show signi�cant
signal above background after imposing the selection criteria.

The �rst sizable sample of fully reconstructed B0
s mesons has been obtained

resulting in a precise mass measurement. The method of measuring the mass of
a B meson results in agreement with the world average B� and B0 masses. This
provides additional con�dence that the technique may be applied to the B0

s case.
Systematic uncertainties in the mass measurement have been evaluated for all
three B mesons. These systematic e�ects include uncertainties associated with
corrections of the PT scale, alternative selection and �tting methods, and e�ects
observable in the large J/ ! �+ �� sample.

The results are given below:

� M(B�) = 5279.6 � 1.7 (stat) � 2.9 (syst) MeV/c2

� M(B0) = 5279.9 � 2.5 (stat) � 3.7 (syst) MeV/c2

� M(B0
s ) = 5367.7 � 2.4 (stat) � 4.8 (syst) MeV/c2

Clearly, it has been demonstrated that B physics can be done in a hadron
collider environment. A Silicon Vertex detector has operated in such an environ-
ment and has contributed to the measurements presented in this dissertation. The
large b production cross section at high energy hadron colliders is exploitable for
proposed future measurements in B physics. Precise measurements of B meson
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masses have been made with overall uncertainty considerably less than that of the
theoretical predictions.
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