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MEASUREMENT OF THE Bf MESON LIFETIME USING B — J/y+1*+ X
DECAYS

Mark P. Hartz, PhD

University of Pittsburgh, 2008

This thesis describes a measurement of the average proper decay time of the BE mesons,
the ground state of bottom and charm quark bound states. The lifetime measurement is
carried out in the decay modes B — J/v +e* + X and Bf — J/¢ + p* + X, where the
J/¢ decays as J/i — ptp~ and the X are unmeasured particles such as v, or v,. The
data are collect by the CDF II detector which measures the properties of particles created
in /s = 1.96 TeV pp collisions delivered by the Fermilab Tevatron. This measurement uses
~ 1 fb~! of integrated luminosity. The measured average proper decay time of BF mesons,
7 = 04750 0% (stat.) + 0.018(syst.) ps, is competitive with the most precise measurements

in the world and confirms previous measurements and theoretical predictions.
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1.0 INTRODUCTION

The B} = bc and B, = bé are the ground state of the meson formed by the bound state of
an antibottom b and a charm ¢ quark or its charge conjugate. The BF provides a unique
laboratory for the study of quantum chromodynamics (QCD) since it is composed of two
heavy quarks but decays via the weak force. This allows for the application of nonrelativistic
QCD (NRQCD), which is normally applied to bb and cé systems that decay by the strong
and electromagnetic forces, while calculating quantities such as weak decay form factors.
The average proper decay time (lifetime) of the BT is a physical property of the BX meson
that can be measured and used to test the applications of NRQCD while calculating the
properties of weak decays.

The B decays through either of the constituent quarks or by the annihilation of the
constituent quarks to a virtual W boson, as illustrated in Figure 1. The decays through
the ¢ quark account for the largest fraction of decay modes since the transition from ¢ to
s quarks has a large associated CKM matrix element. The decays through the b quark are
suppressed by the CKM matrix element, but can offer useful experimental signatures since
the decay products often include a J/v (¢€) mesons that decays to u*p~. The decay modes
Bf — J/ +e* + X and Bf — J/¢ + p* + X, where the J/v decays to u*u~ and X
are unmeasured particles, are used in this measurement of the B lifetime described in this
thesis.

The BF lifetime has previously been measured using semileptonic decays to J/v¢ by
CDF Run I, 7 = 0.461013(stat.) £ 0.03(syst.) ps [1], CDF Run II, 7 = 0.463700%3 (stat.) +
0.036(syst.) ps [2], and DO Run II, 7 = 0.44870 038 (stat.) 4 0.032(syst.) ps [3]. These mea-
surements are consistent with the theoretical predictions, which suggest a lifetime of 0.4 to

0.7 ps depending on the theoretical approach [4, 5, 6, 7.
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Figure 1: Inclusive decay modes of the B, through decay of the b quark (a), decay of the ¢
quark (b), and weak annihilation of the b and ¢ quarks (c).

The lifetime measurement uses events created in /s = 1.96 TeV pp collisions. The
properties of the particles created in the collisions are measured by the CDF' II detector [8].
An integrated luminosity of ~ 1 fb™!, collected between February 2002 and February 2006,
is used for the measurement. Since the production of BX mesons is suppressed by a factor
of ~ 1000 relative to c¢ and bb production, the background sources of B candidates can
be significant and must be accurately modeled. The measurement procedure consists of
constructing models for the BF background sources, as well as modeling the unmeasured
particles X in the decay of B to the final states of interest. The signal and background
models are used to construct a fitter that measures the BF lifetime when applied to candidate

events in data.

The thesis is organized as follows. Chapter 2 provides an introduction to the standard
model of particle physics, and Chapter 3 discusses the portion of the standard model describ-
ing hadrons containing b quarks including the BF meson. Chapter 4 contains a description of
the experimental apparatus used in the measurement, and Chapter 5 includes a discussion of

the various experimental techniques used to study the collected data. The selection criteria



for candidate B events are discussed in Chapter 6. The modeling of background contribu-
tions are presented in Chapter 7, and the combination of background and signal models to
construct a lifetime fitter is discussed in Chapter 8. The measured value of the B average
proper decay time (lifetime) is presented in Chapter 9, and systematic uncertainties in the
measurement are discussed in Chapter 10. Chapter 11 discusses the measurement in the

context of previous BX measurements and theoretical expectations.



2.0 THE STANDARD MODEL

The current best understanding of fundamental particles and their interactions is described
by the standard model (SM) of particle physics, which was developed in the 1960s and
1970s to explain a number of mysteries concerning the interactions of fundamental parti-
cles including explanations for the origin of particle masses and the menagerie of hadrons
discovered in the 1950s and 1960s. The SM builds upon the relativistic theory of quantum
mechanics originally developed by Dirac [9] and expanded on by others [10, 11, 12]. Since
its inception it has been confirmed by nearly all experimental tests, the lone exception being
the discovery of masses and mixing amongst the neutrinos. In fact, over the last 30 years
the Standard Model has been experimentally tested for fractional deviations from theory as
small as 107! [13] and no significant deviation has yet been found.

The Standard Model consists of fields describing structureless elementary particles and
their interactions. The particles can be classified as those with integer multiples of A spin
called bosons and those with half-integer multiple spin called fermions. The bosons, listed
in Table 1, are typically described as the force carries for the three elementary forces in the
standard model. The photon () is a massless spin 1 boson that mediates the electromagnetic
force, the Z and W are massive spin 1 bosons that mediate the weak force, and the strong
force is mediated by an octet of massless spin 1 bosons that carry strong charge themselves
called gluons (g).

The fermions, listed in Table 2, are the particles that make up matter and can be broken
into those that interact via the strong force, quarks, and those that do not, leptons. The
quarks carry charge for all three forces and are always found in bound states. Leptons are
classified as charged leptons, which carry electromagnetic and weak charge, and neutrinos

which only carry weak charge. Within the fermions the particles are classified in three gen-



Name Force Carried Charge | Mass Interacts With

Photon (v) | Electromagnetic | 0 0 All charged particles

W+ Weak +1 80.4 GeV/c? Left handed leptons and quarks
Z Weak 0 91.2 GeV/c? Left handed leptons and quarks
Gluon (g) | Strong 0 0 Quarks

Higgs (HY) | - 0 > 114 GeV/c? | Massive bosons and fermions

Table 1: Table of elementary bosons in the standard model with electric charges and masses
listed. The Higgs boson has not yet been discovered. There are 8 gluons, making an SU(3)

color octet, that carry color charge.

erations, each containing two quarks, a charged lepton and a neutrino. The first generations
contains the electron (e), its associated neutrino (v,) and the up (u) and down (d) quarks.
Ordinary matter consists primarily of particles in the first generation. As one moves to the
second and third generations, the masses of the particles increase. Among the second and
third generations, the quarks and charged leptons are not stable particles and eventually
decay through the electroweak interaction. The neutrinos were originally assumed to be
massless, but experimental results have shown that they have a mass hierarchy, although
their masses are much smaller than the other fermions. Recent measurements of neutrino
mixing show large mixing angles, implying that the mass eigenstates should be thought of
seperately from the flavor eigenstates. When studying most properties of the quark and
charged lepton sectors of the SM, however, the neutrinos can be treated as massless and

neutrino mixing can be ignored.

All particles within the SM have antimatter partners with the same mass but opposite
charge, although the v and Z bosons are their own antiparticles. The antiparticles are
usually denoted by changing the sign of the charge, e~ — e*, or by including a bar over the
particle, p — p. For electromagnetic and strong interactions, processes are symmetric under
exchange of particles and antiparticles. For the weak interaction the symmetry only holds

when a reflection of parity is included, and even then, the symmetry is only approximate.

The interactions of fermions via the electromagnetic and weak forces are unified in the

electroweak theory where an additional scalar boson, the Higgs boson, is introduced. The



Leptons Quarks
Generation | Flavor Charge | Mass Flavor Charge | Mass
1 Electron (e) —1 0.511 MeV/c® | Up (u) 2/3 1.5—4 MeV/c?
e Neutrino (v,) | 0 <3eV/c? Down (d) ~1/3 | 4—8 MeV/c?

2 Muon (u) -1 106 MeV/c? Charm (c) | 2/3 1.2 — 1.4 GeV/c?
’ p Neutrino (v,) | 0 < 0.2 MeV/c? | Strange (s) | —1/3 | 80 — 130 MeV/c?

3 Tau (1) -1 1.78 GeV/c? | Top (t) 2/3 178 GeV/c?
’ 7 Neutrino (v;) | 0 < 18 MeV/c® | Bottom (b) | —1/3 | 4.1 — 4.4 GeV/c?

Table 2: Table of elementary fermions in the standard model with the electric charges and
masses listed. All charges are for matter particles; anti-matter particles have opposite charge.
All charges are given as multiples of the electron charge. All particles carry weak charge
and the quarks carry strong charge. Quark masses, except for top, are approximate since

confinement limits the ability to measure a bare quark mass.

standard model Higgs boson remains undetected with an experimental lower limit on its
mass of 114 GeV/c? [14] from direct searches. Global fits of measured quantities in the
electroweak theory place an upper limit on the mass of 193 GeV/c? [15]. Given these limits,
if the Standard Model Higgs boson does exist, it should be discovered at the current or next
generation of high energy experiments.

The interactions of quarks via the strong force are described by the theory of quantum
chromodynamics (QCD). The nature of the strong interactions leads to the experimentally
observed fact that quarks are always found in composite particles, either 1/2 integer spin
baryons or integer spin mesons, that are collectively called hadrons. The proton of ordinary
matter, the lightest of the baryons and only stable hadron, is a bound state of two u quarks

and a d quark.

2.1 ELECTROWEAK INTERACTIONS

The interactions of particles via the electromagnetic and weak forces are unified in the

electroweak theory developed by Weinberg, Salam and Glashow [16, 17, 18]. The initial



configuration of the theory describes an SU(2), x U(1)y gauge group that represents the
fermions’ local gauge symmetry in the Lagrangian. To account for parity violation in the
weak interaction, the SU(2), symmetry only applies to the left-handed fermions and makes

transformations within the quark doublets:

(2.1)
d S b
L L L
and lepton doublets:
Ve v vy
g (2.2)
CJ\NF )L NT )y

The U(1) symmetry has a corresponding gauge boson B, while the SU(2), gauge bosons
are described by the three component isospin triplet W®. For the theory to be renormalizable
B and W should be massless, but observations of weak decays show that the mediating
bosons of the weak force do have considerable mass. This problem is solved by the so-called
Higgs mechanism [19], where the presence of an additional scalar field can lead to massive
bosons if the symmetry of the scalar field’s potential is broken. In the case of electroweak
symmetry breaking, a complex scalar field ¢ with a quartic potential like that in Figure 2 is
introduced. The ¢ field interacts with the gauge bosons and transforms under the SU(2),

symmetry so it is written as:
ot
O = ¢0 (2.3)
As ¢ settles to small variations around one of its minima, the symmetry of its poten-

tial is broken and the field can be written as variations around the minimum, the vacuum

expectation value v/ V2

0
¢ = (2:4)

Under this symmetry breaking, the interaction terms between the gauge bosons, B and
W, and ¢ lead to three massive bosons called the W* and Z as well as a massless boson that
is labeled the photon. The field H?, called the Higgs boson, has a mass that depends on the

exact shape of the ¢ potential. The fermion masses can also be accommodated by including



Figure 2: Picture of the shape that the potential for the complex scalar field should take for

spontaneous symmetry breaking to be possible.



interaction terms between the fermion fields and ¢. The theory after symmetry breaking
includes interaction terms between the fermions/gauge bosons and H°, which provide the
avenue for the discovery of H°.

After the symmetry breaking, the theory contains interaction terms between the new
gauge bosons and the fermions that are described by the diagrams in Figure 3. The scale
of the coupling between the charged particles and the photon is given by the fine structure
constant:

e? 1

hc%ﬁ

(2.5)

Within factors and for small energies relative to the Z and W¥ masses, the coupling of the
fermions to the massive gauge bosons is suppressed relative to the photon coupling by the

inverse mass of the gauge boson squared.

0 e © Ve

Figure 3: Diagrams of the electroweak interactions via the photon () (a) and the massive

W= (b) and Z (c) bosons

Since the weak interaction via the W7 is the only interaction that couples to particles of
different flavor, it is solely responsible for flavor changing processes in the Standard Model.
The electromagnetic and strong interactions will only produce flavors in particle-antiparticle

pairs, where the total flavor is null, or leave flavor unchanged between initial and final states.



2.2 STRONG INTERACTIONS AND QUANTUM CHROMODYNAMICS

The theory of quarks and the strong interaction, also know as quantum chromodynamics
(QCD), grew out of the study of the large number of mesons and baryons discovered in the
1940s-60s. Physicists found that mesons could be classified in groups defined by symmetries
under transformations of charge and a new quantum number called strangeness. Figure 4
shows this symmetry for spin 0 mesons. This classification scheme, known as the quark model
and developed by Gell-Mann and Nishijima [20], explains the symmetry by postulating three
types of quarks, u, d and s, that form the mesons in quark-antiquark pairs and baryons in
triplets of quarks or antiquarks.

The presence of one baryon, the AT, introduced a problem for the quark model since it
is composed of three u quarks with parallel spin in seeming violation of the Pauli exclusion
principle. This was solved by the introduction of an SU(3) gauge degree of freedom for
quarks that would eventually be identified as the color symmetry of the strong force [21, 22].
Associated with this symmetry is the octet of vector gauge bosons that are now called the
gluons.

When high energy hadron collisions were interpreted to show point-like constituents
within hadrons such as the proton, the quarks, till then a theoretical construct, were identified
as fundamental particles that make up the mesons and baryons. The later discovery of the
¢, b and t quarks combined with u, d and s quarks as well as the postulated SU(3) color
symmetry form the modern theory of QCD in the Standard Model.

In QCD, the quarks belong to color triplets of the SU(3) representation where the color
charges are defined as red (r), yellow (y) and blue (b). The gauge bosons are the octet of
gluons that mediate the color interaction and carry color charge as well. The interactions
of the theory are shown in Fiq 5 and include gluon-gluon interactions since they carry color
charge as well. The fact that color is not observed directly in nature means there must be
an exact color symmetry for observable states in QCD. These color singlet states exist for

qqq and gq combinations with the irreducible representations:

33R3=108®8a 10 (2.6)

10



Figure 4: Mesons in the spin 0 nonet.

303 =138 (2.7)

Here the antiquarks belong to the complex conjugate representation 3*. There are no color

singlet representations for qq or qqgq and these types of states have not been observed.

The limitation of QCD states to color singlets is referred to as quark confinement since it
means quarks are always observed as constituents of ggq or ¢g bound states. An explanation
of confinement as a dynamical consequence of QCD is beyond the reach of calculations but it
is possible to postulate a qualitative explanation. Since the gluons carry charge, they interact
with each other in addition to interacting with the quarks. Figure 6 shows an approximate
description of field lines between two quarks interacting via the strong force. One can see
that the fields lines tend to bunch together compared to the electric interaction. This is
due to the fact that the gluons carry charge and interact. If the quarks are separated, the
amount of energy in the strong field increases until there is enough energy to produce a gq

pair from the vacuum. Two new mesons form from the orignial ¢qq pair and the new ¢q pair,

11
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Figure 5: Diagrams of the strong interactions via the gluons of QCD. Notice the gluons

interact with themselves since they also carry color charge.

preserving confinement.
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Figure 6: Qualitative picture of the strong field lines between two interacting quarks.

The confinement of quarks in color singlet states characterizes the theory at small energy
(long distance) scales. The inability to derive a quantitative description of confinement stems
from that fact that the coupling constant of the strong force aj is of order 1 for the binding
energy scales within hadrons. If one looks at higher energies however, one sees a running
of the coupling constant towards lower values as shown in Figure 7. This property, known

as asymptotic freedom, means quarks will couple "weakly” in high energy interactions and
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the theory can be treated with a perturbative expansion in powers of the coupling constant

as [23].
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Figure 7: Running of the coupling constant a.

The interplay between the short distance perturbative asymptotic freedom and the long
distance, nonperturbative confinement of QCD plays an important role in understanding the
phenomenology of the theory. While experiments often probe strongly interacting particles
at energy scales where asymptotic freedom applies, these particles are still the color singlets
of the theory and must be handled in the nonperturbative regime. The theoretical methods

for handling these two aspects of the theory are discussed in the next chapter.
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2.3 MIXING IN THE QUARK SECTOR

The three SU(2)., doublets for the three quark generations shown in (2.1) allow transitions
from one quark type to another within the doublet, but do not allow for transitions between
generations. Since stable s or b quarks are not seen in nature, an explanation for their decay
is needed. The solution is to discard the assumption that the quark eigenstates for the weak
interaction are the same as the quark mass eigenstates.

The idea of mixing between the weak and mass eigenstates was first proposed by Cabibbo
who postulated the universality of the weak interaction among fermions and a mixing angle
0c between the down and strange quarks to explain the ~ 1/4 rate of transitions when there
is a change in strangeness [24]. The concept was extended to three quark generations by
Kobayashi and Maskawa [25] by introduction of the Cabibbo-Kobayashi-Maskawa (CKM)

matrix which relates the weak (|d)) and mass (|d’)) eigenstates for the down-type quarks:

Vud Vus Vub ’d> ’d,>
Vea Ves Ve s) | = | Is) (2.8)
Via Vis Va 1) )

The magnitudes of the elements in the CKM matrix have been measured, and exhibit a

pattern of diagonal elements of ~ 1 and off-diagonal elements << 1 [15]:

0.9730 — 0.9746 0.2174 — 0.2241 0.0030 — 0.0044
0.213 —0.226  0.968 — 0.975  0.039 — 0.044 (2.9)
0.0 — 0.08 0.0 —0.11 0.07 — 0.9993

Since transitions between quark flavors is proportional to the matrix elements squared, one
can see that those transitions between flavors within a generation are preferred since they
depend on the diagonal elements of the matrix. On the other hand, transitions between
generations are suppressed by the magnitudes of the off-diagonal elements of the matrix.
This feature is of of particular interest when comparing for the decay rates of the ¢ quark,
which decays within its generation, and b quark, which decays between generations. Since
Vs is ~ 1 and V, is ~ 0.04, the decay width of the ¢ quarks is larger, despite its smaller

mass.
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The particles described by the Standard Model are generally not stable and will decay
to other particles within a given period of time according to an exponential decay law. The
exponential law describes the fact that particles have no memory so the probability for a
particle to decay at any instant is a constant. Given the CKM matrix, it is possible to give a
general description of the decays of hadrons. Hadrons can be broken into ground states and
excited states based on their orbital configurations. The orbitally excited hadrons decay to
the ground state hadrons through the emission of photons or pions. The lifetimes of excited
states are short since the strength of the strong interaction sets a time scale of < 10729 s.
For ground state hadrons, the decay depends on the compositions. Mesons that contain
a qq pair of the same flavor are referred to as quarkonium and decay via the strong and
electromagnetic interactions by annihilation. As with the the orbitally excited states, the
typical time scale for the decays is < 1072 s. For ground state baryons and mesons with
quarks of differing flavor, the only modes of decay involve changes in flavor that must be
determined by the weak interaction and the CKM matrix. Given the relative weakness of
the weak force, the flavor changing decays of the ground states will take place at the time

scale of 10719 s, considerably longer than for excited states and quarkonium.
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3.0 THEORETICAL CONSIDERATIONS

The previous chapter describes the general properties of the various sectors of the Standard
Model. To make connections with experimental results, it is necessary to apply tools to
calculate predictions for observables from the Standard Model. This chapter describes the
generic tools for calculating observables in the perturbative regime that includes calculations
of electroweak interactions and strong interactions in the limit of asymptotic freedom. This
is followed by a discussion of methods used for calculations in the nonperturbative region of
QCD. The final sections discuss the application of perturbative and nonperturbative methods

to mesons containing b quarks and the special case of the B, meson.

3.1 CALCULATIONS WITHIN THE STANDARD MODEL

The typical observables of interest in the standard model are quantities such as production
cross sections, lifetimes and masses for composite particles. In general, the calculation of an
observable depends on the amplitude for some transition between initial and final states and
a factor that accounts for the available phase space. The amplitude is written in terms of

the two states (S;,| and [S,y:) and some transition operator 7 as
A = (Sin|T|Sout)- (3.1)

The evaluation of A is generally broken into two steps: the determination of the operator
7 and evaluation of the matrix elements for 7 taken between the input and output states.
The techniques described in subsequent sections will include methods for determining the

operators and calculating the matrix elements.
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3.1.1 Perturbative Calculations

In electroweak interactions or the asymptotically free regime of the strong interaction, the
strength of the coupling between the fermions and the gauge bosons is small enough that
an expansion in powers of the coupling allows for a perturbative solution. In this case it is
useful to expand the operators for a given observable in powers of the coupling constant,
keeping only those terms necessary for the desired precision, and evaluate matrix elements
for each term in the expansion.

The most common procedure for such expansions uses the Feynman diagrams and rules
that allow the terms in the expansion to be expressed as diagrams of the particle interac-
tions where the number of vertices in the diagrams give the power of the expansion in the
coupling parameter. Figure 8 shows lowest order diagrams for ete™ scatter through the elec-
tromagnetic force. The presence of two vertices in each diagram means that the amplitude
is proportional to the square of the coupling parameter. The Feynman rules that accompany
the diagram are a prescription for writing the integral used to calculate the matrix elements

based on the configuration of particle lines and vertices in the diagrams.
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Figure 8: Feynman diagrams for ee™ scattering at lowest order.

3.1.2 Nonperturbative (QCD) Calculations

Calculations in QCD are complicated by the fact that a given system is usually characterized
by multiple energy scales, some of which fall in the non-perturbative regime. An example is

the collision of two protons with kinetic energies much larger than the binding energy of the
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proton. The interactions of the quarks and gluons within a proton are of an energy scale that
must be treated nonperturbatively, whereas hard interactions between the quarks or gluons
of the colliding protons involves large energy transfers an can be treated perturbatively.
An important question is whether it is possible to separate the nonperturbative and
perturbative mathematics when calculating the observables of such a system? In general
this can be done by describing the system in terms of noninteracting currents that describe
nonperturbative and perturbative physics. This concept, called factorization [26], is useful for
isolating the nonperturbative behavior of a system and treating it with special theoretical
tools. It will only work when the system can be accurately described by noninteracting
currents. For example, it may be applicable in two body decays where the final state particles

carry large momentum and quickly move away from each other.

Once the nonperturbative part of a calculation is isolated, special approaches are needed
for its calculations. The following sections describe a number of approaches that are relevant
to the properties of systems containing heavy quarks, quarks whose mass is much greater

than the typical binding energy of QCD, Agep ~ 0.2GeV.

3.1.2.1 Heavy Quark Effective Theory In meson systems where one of the quarks
is significantly heavier than the other, the heavy quark can be thought of as a stationary
source of the strong field. Making this assumption, it is possible to integrate out the large
frequency component of the heavy quark field and disentangle the long distance and short
distance processes using an expansion in the inverse of the heavy quark mass. This leaves an
effective field theory that can be used for the calculation of matrix elements [27]. To lowest

order, the heavy quark plays a role similar to the proton’s in a hydrogen atom.

3.1.2.2 Nonrelativistic QCD In systems with two heavy quarks (b or ¢ quarks) the
typical velocity of the quarks is small enough to treat nonrelativistically at lowest order.
This is true of the bb system where v2/c? is ~ 0.1 [28]. In NRQCD the Lagrangian is broken

into three parts.

Ly = Liight + Lheavy + 0L (3.2)
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Here Liign: is a fully relativistic Lagrangian that describes the gluons and light quarks, Liequy
describes a Schrodinger field theory for the heavy quark dynamics and 6L includes correction
terms that reproduce the full effects of the relativistic theory [29]. While an infinite number
of terms is necessary to exactly recover the fully relativistic theory, the terms can be ordered

according to velocity scaling rules and only those necessary for a given precision kept.

3.1.2.3 Lattice QCD One method for finding numerical solutions in a gauge theory
is to move the theory onto a discrete space-time lattice with a lattice spacing of a. The
equations of motion for the theory can then be solved numerically on the lattice, and by
increasing the size of the lattice and decreasing the spacing, one can hope to accurately
model the continuous theory. The application of this approach to QCD is called Lattice
QCD (LQCD). When dealing with hadrons containing heavy quarks, it is often useful to use
LQCD in conjunction with one of the previously described effective field theories. This allows

for better control of the systematic uncertainties inherent to calculations in LQCD [30].

3.2 APPLICATION TO B HADRONS

As discussed in previous sections, the quarks of the standard model are confined to color
singlets. Of particular interest for these color singlet states are their production, mass and
decay properties. The production and mass are governed by the dynamics of QCD and the
bare quark masses, while the decays also depend on the dynamics of the weak interaction for
baryons and mesons containing quarks of differing flavor. A discussion of these properties
in hadrons containing a b quark and light quarks (u, d and s quarks) and the methods for

calculating the observables of interest follows.

3.2.1 B Hadron Production in pp Collisions

The description of the production of B hadrons in pp collisions can be broken into parts: a

description of the quark and gluon components of the protons, the production of bb pairs
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from the interactions of the partons and the hadronization of the b quarks to form B hadrons.

The production of bb pairs necessarily depends on the center of mass energy at which
the pp collisions takes place. The protons can be thought of as composite objects containing
valence quarks, the v and d quarks, and particles that represent the strong interactions
within the protons, virtual gluons and quarks. At sufficiently high energies, the interactions
are between the quark and gluon components, the partons, of the proton instead of the
proton as a whole. To characterize the interaction it is necessary to use parton distribution
functions which describe the fraction of the proton’s momentum carried by the quark flavors
and gluons within the proton. In subsequent sections of this text the CTEQ5L [31] parton
distribution functions, which are based on a global analysis of experimental results involving

collisions of protons and anti-protons, are used.

Given parton distributions that describes the composite structure of the proton, it is
possible to give the correct weighting to the Feynman diagrams that describe the production
of bb pairs. To model bb production that is consistent with data, it is necessary to include
more than the lowest order diagrams. The leading order in a; (LO) and typical next to
leading order (NLO) diagrams are shown in Figure 9. The relative contributions of these

terms depends on the parton distribution function.

The hadronization or fragmentation of b quarks into B hadrons is a long distance (small
energy) process that cannot be treated perturbatively in QCD. The process can be described
qualitatively as the bare quark field creating ¢q pairs which combines with the b quarks to
form hadrons. For the analysis described in this text, the fragmentation in bb simulated data
is carried out using the Lund string scheme [32], [33]. This model represents the strong field
between the produced bb pair as a string. As the bb move apart, the string breaks by the
introduction of a ¢q pair which can take part in the fragmentation. This process continues
until there is no longer sufficient energy for the breaking of strings. Table 3 lists many of

the ground state B hadrons produced during the hadronization of the b quarks.
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Figure 9: Representative leading order gluon fusion (a) and quark annihilation (b) diagrams
for bb production. Representative next to leading order production through the scattering

of a virtual b quark (c) or splitting of an excited gluon (d).

B Hadron | Quark Composition | Production Fraction (%) [15]
B%or By | db 39.7+ 1.0
Bt or B, | ub 39.7+ 1.0
BY sb 10.7£1.1
Bf ch <<1
B Baryons 99+1.7
AY udb
Eg ush
=, dsb

Table 3: Listing of ground state B hadrons, their quark composition and their relative
production in /s = 1.8 TeV pp collisions and Z — bb decays. The list does not include all
B baryon states, and the relative productions of the baryons is unknown. Charge conjugate

hadrons exist with the same production rates.
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3.2.2 B Hadron Masses, Decays and Lifetimes

The masses and decays of the B hadrons are generally treated in the framework of HQET.
In particular, the ratio of lifetimes for different B hadrons are well determined in the heavy
quark expansion: 75, /75, = 1.00£0.01, 75, /75, = 1.06£0.01 and 75, /75, = 0.86+0.05 [34].
These results show good agreement with current worlds averages of measurements of the

lifetimes [35, 36].

3.3 THE B MESON

The B, meson, the ground state of b¢ and be bound states, represents a unique laboratory for
the study of QCD and weak decays. This is because the B, is the only meson that contains
two heavy quarks and decays weakly. Of particular interest is the calculation of weak decay
form factors in a doubly heavy system. As discussed in Section 3.1.2.2, the presence of two
heavy quarks allows for a treatment of the system in the framework of NRQCD where a
number of approaches including potential models, operator product expansions, and QCD
sum rules can be tested.

The following sections contain a discussion of the theoretical approaches for calculating
properties of the B, meson including: B, production, the mass of the B, meson, and its decay
properties. The theoretical predictions in these areas are important for the measurement
of the B, lifetime and discussed in detail in the following sections. Where applicable, a

discussion of experimental results is included as well.

3.3.1 Production of the B, Meson

The mechanism for the production of the B. meson should not be assumed a prior: to be
the same as that for mesons with a b quark and a light quark. In the latter case the B meson
forms when a bb pair is produced and the two b quarks subsequently fragment. This involves
the production of ¢q pairs from the energy stored in the color field which hadronize with the bb

pair. For the production of B, to take place through the fragmentation of a bb pair, a c¢ pair
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will have to created during the fragmentation. In the Lund string model for fragmentation,
the approximate ratios of ¢;¢; pairs produced are u:d:s:ca~1:1:0.3:107" [37]. This
suggests that B, production through fragmentation of bb (or cé) will be quite rare compared
to the production of the lighter B mesons.

Another possible mode of production is through the coupling W+ — ¢b. This production,
however, is suppressed relative to strong production by the weak coupling and the CKM
matrix element |V ~ 0.04 [38].

The dominant mode of production for B, in hadron collisions is through the hard pro-
duction of both a bb and ¢ pair where two of the different flavors form a color singlet. In
pp collisions, the initial and final states willbe g+ g — B.+b+cand ¢+ ¢ — B.+ b+ ¢c.
Figure 10 shows 2 of the 36 Feynman diagrams that contribute to B, production. The cross
section for B. and its excited states calculated for pp collisions at /s = 1.8 TeV is 5.3
nb [38]. This compares to the measured bb cross section for /s = 1.8 TeV pp collisions of
~ 2.5 ub for the pr > 6.0 GeV/c region [39]. From this one can expect a suppression of

~ 1000 in the B, production rate compared to B mesons containing a light quark.

b

Figure 10: Representative Feynman diagrams of the lowest order in «; processes that con-

tribute to the production of B. mesons in pp interactions. There are 36 diagrams in all.

A measurement of the production of B¥ — J/¢ + I* 4+ X relative to B* — J/¢ + K*
was carried out using CDF Run I data and found to be ~ 0.13 [1]. Given the hadronization
of b to BT ~ 40% of the time and a branching fraction of ~ 0.1% for B* — J/¢ + K* [15],
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one still needs to know the B — J/¢ + [* + X branching fraction to obtain the rate of
B. production relative to bb production. Theoretical calculations suggest that B. decays
semileptonically with a J/v in the final state ~ 2% of the time [40]. Applying the numbers
recovers a relative production of 1.2 x 10~2 which is consistent with the theoretical prediction.

The relatively low rate of B, production relative to bb production suggests that the largest
backgrounds for a measurement B, properties will come from bb. A suppression factor of

~ 1000 will be required to bring the backgrounds down to the signal size.

3.3.2 The B. Meson Mass

The mass of the B, meson is considerably heavier than B mesons with light quarks due to
the mass of the ¢ quark compared to the light quark masses. The mass can be calculated
in the framework of lattice QCD to be 6.304 + 0.004 £ 0.0111555 GeV/c? [41]. Calcula-
tions using non-relativistic potential models give similar values in the range 6.247 — 6.286
GeV/c* [42]. The mass of the B, has been measured in B — J/¢r* decays at CDF to be
6.2756 + 0.0029(stat.) £ 0.0025(syst.) GeV/c?, which is in good agreement with theoretical
predictions [43].

A precise and accurate value of the B, mass plays an important role in a measurement of
the lifetime using semileptonic decays for two reasons. The semileptonic nature of the decay
means there will be missing momentum leading to an inability to fully reconstruct the B,
mass for B, candidate events. Since the formula for proper decay time contains a factor of
the particle mass, the precisely measured mass from hadronic decays should be used. The
value for the mass also sets the upper end of the partially reconstructed mass distribution

for semileptonic decays.

3.3.3 The B. Meson Decays and Lifetime

As discussed previously, the lifetime of B mesons, where the second quark is light compared
to the b quark, can be evaluated in the spectator model where corrections are calculated
using the heavy quark expansion. For the B, meson this approach no longer works since the

mass of the ¢ quark (~ 1.2 GeV/c?) is of the same order as the b quark mass (~ 4.3 GeV/c?).
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A different approach is needed when working with this doubly heavy system.

Before proceeding with a discussion of quantitative methods for calculating the B, decays
and lifetime, it is useful to make some qualitative statements about the expected results.
Figure 11 shows the modes that should determine the B, decay width: decay of the ¢ quark
to an s quark and a virtual W boson, decay of the b quark to a ¢ quark and a virtual W
and annihilation of the b and ¢ quarks to a virtual W boson. The transition ¢ — s is within
a single SU(2) doublet and is proportional to the diagonal Vs term in the CKM matrix,
whereas the b — ¢ transition is between doublets and is proportional to the off-diagonal term
Vie ~ 0.04. Because of this the typical lifetime of weakly decaying D mesons (consisting of
a ¢ and a lighter quark) is shorter than that of B mesons; ~ 40 ps compared to ~ 150 ps.
By this reasoning one expects the largest contribution to the B, decay width to come from

decays of the ¢ quark and a B, lifetime that is closer to that of the D mesons than the B

mesons.
(a) (b)
b >
b > > Decay Decay
B ) c \Products T < Products
E -+ ‘E

Decay

Products

Figure 11: Inclusive decays modes that determine the B. meson total width. Decays can

happen through the b quarks (a), the ¢ quark, or weak annihilation of the b and ¢ quarks

(c).

Calculation of the decays and lifetime of the B, should begin by separating the con-

tributions from the annihilation mode from the b and ¢ decay modes. For the case of the
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annihilation mode, one can estimate the width in the exclusive approach. The total width
is simply a sum over final states with quarks or leptons given by the expression:
Lann. = Z G| Viel* [ Mpemi(1 — m? /M3, )C; (3.3)
i=l,q
Here GF is the Fermi coupling constant, Vj. is the CKM matrix element for b to ¢ quark
transitions, fg. is the leptonic decay constant, Mp. is the B. meson mass, m; is the mass
of the final state, and C} is a factor that is different for the cases of leptons or quarks in
the final state. In the case of leptons C; = 1, but when the final state is contains ¢ and s
quarks C; = 3|V,s|%a?, where the factor of 3 accounts for quark colors, V., is the CKM matrix
element, and a; = 1.22 4+ 0.04 [40] accounts for hard gluon corrections. The quantity fp. is
estimated to be ~ 300 MeV in potential models [44] or QCD sum rules [45]. The sum is
dominated by the transitions to the heavy ¢ and 7 generations due to helicity suppression of
decays to the lighter quarks and leptons.
Study of the decays of the B, through the b and ¢ quarks requires a different approach.
A first rough estimate of the B, lifetime can be carried out by estimating the partial widths
for decays through the b and ¢ quark using the lifetimes of the B and D mesons. For the ¢
quark decay an additional factor must be added to account for the much smaller phase space

in decays of the D mesons compared to the B.. The formula for the total width is then:

1 1 0.6
- — + — + Fa’rmi‘ (34)
TBe B D

This method of estimating the lifetime gives 0.4 ps [4], which is consistent with the previous
qualitative exercise.

More advanced calculations of the b and ¢ quark contributions to the total width depend
on the doubly heavy nature of the B, which suggest a treatment using NRQCD since the
total energy of the system is dominated by the rest energies of the b and ¢ quarks. The
methods for calculating the decay widths may be either inclusive, where the total widths for
the b or ¢ quark transitions are calculated, or exclusive, where the widths are determined
by calculating and summing over all final states. Exclusive results are of particular interest
since they include calculations of the branching fractions which are a useful input to any

analysis that will measure properties of the B, in data.
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Calculation of the lifetime in the inclusive approach has been carried out using the optical
theorem and an operator product expansion (OPE) [5]. From the optical theorem, which
relates the cross section to the imaginary part of the forward scattering amplitude, the total

width is written as:
1

° "~ 2Mp,

Here, 7 is the transition operator and is defined as:

I'p

(B.|T|B.) (3.5)

T=1Im @/d‘leHeff(x)Heff(o) (3.6)

One can see that 7 depends on a non-local operator product. Since the energy released in
heavy quark decays is large, the non-local operator can be represented by virtual particles
which carry large energy and, according to the uncertainty principle, exist only over short
distances. By this reasoning, it is possible to expand the non-local operator product in terms
of local operators. This is referred to as the as the operator product expansion (OPE). For
the case of non-relativistic B, decays, the terms in the expansion of 7 are ordered by powers
of the quark velocity v and those necessary for the desired degree of precision are kept.

After the expansion of 7 using the OPE it is necessary to evaluate the matrix elements
from equaton 3.5. Once again, this is carried out in the non-relativistic limit by reasoning
that anti-quarks cannot be produced in a system containing a non-relativistic quark, and
vice versa. With this reasoning it is possible to integrate out the anti-quark component of
the spinor, which can be treated perturbatively, leaving only a two spinor to describe the
quark component. The resulting matrix elements are evaluated using potential models for
the bound state.

The estimate of the B, lifetime in this approach depends on a number of input quantities,
including heavy quark masses, |V| and fg,. Applying best values yields a lifetime of 0.52 ps
where the mass of the ¢ quark is the largest source of uncertainty and is set to 1.5 GeV/c2.
For values ranging from 1.4 to 1.6 GeV/c? the calculated lifetime falls in the range 0.4-0.7
ps [5].

Another approach for estimating the b and ¢ quark contributions to the B, lifetime is the
use of QCD sum rules [46] to estimate the semileptonic decay widths and the factorization

approach [47] which allows for evaluation of the hadronic modes based on the semileptonic
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modes [6]. This exclusive approach provides branching fractions in addition to an estimate
of a lifetime.

A complete explanation of the QCD sum rules method falls beyond the scope of this
paper, but detailed introductions do exist [48]. The method begins with the correlation
function of quark currents which, through the dispersion relation, is related to the hadronic
states. In the limit of large momentum transfers the correlation function can be evaluated
using pQCD and the OPE. One then has a relation between the hadronic states and calculable
quantities.

In the cited paper [6], the QCD sum rules are applied to the calculation of the semilep-
tonic form factors for the decay of the heavy quarks, and the semileptonic widths are calcu-
lated. The hadronic decay widths are obtained using the assumption of factorization between
the weak transition of the heavy quark, which is described by the QCD sum rules applied
to the semileptonic decay, and the hadronic final state. The largest sources of uncertainty
in the calculation of the semileptonic decay widths are the heavy quark masses, which are
determined by the sum rules for heavy quarkonia. The calculated lifetime also depends on
the the scale for estimating the hard gluon corrections to the effective Hamiltonian in the

factorization approach. The predicted lifetime is 0.48 4= 0.05 ps.

A number of methods for estimating the lifetime of the B. meson are described in the
previous paragraphs. Table 4 gives a summary of lifetime estimates in the literature. All
estimates point to a B, lifetime that is considerably shorter than the other B mesons. In each
case, theoretical uncertainties arise from the choice of scales within the approach, whether
it is the ¢ quark mass or the scale of hard gluon corrections. A precise measurement of the
B, lifetime will not only test the general methods described, but also the assumptions that

must be applied in each method.

The previously described QCD sum rules method for calculating the B, lifetime used the
exclusive approach of including widths for all dominant final states [49]. The calculation of
final state widths is of particular importance since an estimate of B, branching fractions to
the specific final states is input to any study of the B, in data. In particular, the choice of
final state in which to search for the B, will depend on the fraction of B, decays to that final

state.
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Lifetime Calculation Approach Calculated Value

Estimate from B, D meson Decays 0.4 ps [4]
Optical Theorem, OPE, Potential Models | 0.4 — 0.7 ps [5]
Three Point QCD Sum Rules 0.48 +0.05 ps [6]

Light Front Constituent Quark Model 0.59 £ 0.06 ps [7]

Table 4: Estimates of the B, lifetime using various theoretical approaches.

Since the total decay width of the B, is dominated by the ¢ quark decay, one should
expect that decays to By have the dominant branching fractions. According to calculations,
this is true as BY — B 4 7% /p* account for 20 — 40% of decays. Various estimates of

these branching fractions are shown in Table 5.

Branching Fraction(%)
Decay Mode | [49] | [50] | [51]
BY + p* 202 |11 | 16.8

BY + p* 7.2 23 [386
BY 4 ot 6.5 |21 |12
BY + 7 16.4 [ 3.9 | 1.56

Table 5: Branching fractions of the B, through B,

In all models, the decay to B% + p* is found to have the largest branching fraction,
but this is not a useful channel from an experimental perspective since p decays typically
include a 7% which is difficult to reconstruct experimentally. The channel Bf — B + 7+
does not share this problem, but reconstruction of BY presents its own difficulties. The most
promising mode for reconstructing B? is through DE(¢+7%)+7F, but the branching fraction
for B — D* + 77 is only ~ 3%, while the branching fraction for D — ¢ + 7% is only
~ 4%. This leaves a total suppression due to branching fractions relative to B, production
of 2 x 107* in the most optimistic case.

If decays through the ¢ quark that leave a BY in the final state do not offer a promising
experimental signature for a lifetime measurement, what about decays through the b quark
where there is a J/v in the final state? Decay modes with J/1 have often been preferred in

experiments since J/1 decays to the clean signature of two muons 5% of the time and the
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J/1 has a relatively narrow peak. From Table 6 one can see that the Bf — J/¢+e/ui+ye/u
decays dominate the branching fractions through the b quark with charmonium in the final
state. If one reconstructs the .J/v using the two muon final state, the total suppression due
to branching fractions relative to B, production is 1 x 1073, since J/1 decays to two muons
~ 5% of the time. The disadvantage of this channel is that the semileptonic decay leads to
an unmeasured neutrino in the final state, so any analysis of the data will have to account for
the missing neutrino. The fully reconstructed J/v» + 7% does not suffer from this problem,

but is suppressed in the branching fractions by another factor of 10.

Branching Fraction(%)

Decay Mode [49] | [50] | [51]
J/ + pF 0.40 | 0.49 | 0.31
J/p +nt 0.13 | 0.17 | 0.11
T/ +e/uF +v., [ 1.9 207 | 1.44

Table 6: Branching fractions of the B, through charmonium.

The calculations of the B, branching fractions tell us that the combination of B, —
J/1 + 1 4+ v modes, where [ can be an electron or a muon, should give at least 10 times the
statistics of the most abundant fully reconstructed modes. In addition, the presence of the
the J/v, which decays to two muons, will provide an experimental signature for triggering,
which is an important aspect of experimental physics in pp collisions that will be discussed
in the next chapter. For these reasons the B, — J/¢ + [ 4+ v decay modes offer the first

chance to study the B, lifetime in an experiment with limited statistics.
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4.0 EXPERIMENTAL APPARATUS

The B. mesons studied in this thesis are created by the collision of protons and antiprotons
(pp) at a center of mass energy of /s = 1.96 TeV. The particle accelerator complex, located at
the Fermi National Acclerator Laboratory (Fermilab), includes the Tevatron, a synchrotron
with superconducting magnets, that accelerates the protons and antiprotons. The the p and
p beams circulate in opposite directions within the Tevatron and the beams are focused for
collisions at the locations of two multipurpose particle detectors. Of these two, the CDF II
detector provides the measurements used in this thesis. The accelerator complex and the
various parts of the CDF II detector necessary for measuring the B, lifetime are discussed

in detail in the following sections.

4.1 THE ACCELERATOR COMPLEX

The Fermilab accelerator complex, which produces and accelerates the p and p particles,
has components used for p acceleration, p production and acceleration, and acceleration and

collisions of both p and p beams. Figure 12 shows a schematic of the accelerator chain.

4.1.1 The proton source and acceleration

The protons used for collisions begin as hydrogen (H) atoms with an electron added to form
H~. The ions are accelerated to 750 keV/c? and transfered to the Linac where they are
accelerated to 400 MeV/c? [52]. After acceleration in the Linac, the H~ ions are transfered

to the Booster proton synchrotron [53] where the electrons are stripped and the protons
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Figure 12: A schematic of the Fermilab accelerator chain showing the progression of protons

and antiprotons used in the Tevatron.
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are accelerated to an energy of 8 GeV/c®. The protons are then transfered to the Main
Injector [54] , a synchrotron that accelerates the protons to 120 GeV/c?, after which they

are used for antiproton production or collisions in the Tevatron.

4.1.2 Antiproton production and acceleration

The production of antiprotons [55] begins with 120 GeV/c? protons from the Main Injector
that are extracted and collided with a fixed nickel target. The shower of particles from the
collisions are bent in a dipole magnetic field that selects ~ 8 GeV/c negative particles and
sends them to the Debuncher. There the particles beams are cooled to reduce the beam size
and momentum spread. The antiprotons are then transfered to the Accumulator where they
collect until transfer to the Recycler, which is located in the same ring as the Main Injector,
for long term storage. From the Recycler, the antiprotons can be transfered to the Main

Injector and accelerated to 150 GeV/c? in preparation for injection into the Tevatron.

4.1.3 The Tevatron

The Tevatron [56] receives 150 GeV /c? proton and antiproton beams from the Main Injector.
A given injection of beams into the Tevatron is called a store, and under typical operating
conditions a store will circulate within the Tevatron for about 24 hours before the beams are
dropped in preparation for injection of a new store. A new Tevatron store begins with the
injection of protons from the Main Injector, followed by the injection of antiprotons. The
beams are then accelerated from 150 to 960 GeV /c?, also known as flattop. After acceleration
the beams are tuned and scraped to minimize the beam losses and halos. Finally the beams
are focused at the CDF II and DO detectors to initiate collisions between the protons and
antiprotons.

The rate of interactions depends on the luminosity of the beams, which is measured
instantaneously and integrated over the course of a store. The formula for instantaneous

luminosity is given as

L= f%. (A1)
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N, and Nj are the number of proton and antiproton particles, f is the revolution frequency,
and A is the cross sectional area of the interaction region. The instantaneous luminosity

_28_1

has units of cm . A typical store has an average instantaneous luminosity of ~ 1 x 1032

2,1 -2

ecm 257! and an integrated luminosity of ~ 5 x 10%® em™2. The integrated luminosity for
a typical store is ~ 5 pb™! (I b = 1072 cm?,). The cross section for a given interaction
type is expressed in barns, and cross section for B, production is ~ 5 nb. The expected
number of B, produced for a given integrated luminosity is simply the integrated luminosity
multiplied by the cross section. For 1 fb~! of integrated luminosity, ~ 5 x 10° B, mesons
are produced. The integrated luminosity delivered by the Tevatron to the CDF and D0

experiments is shown in Figure 13. The measurement discussed in this thesis uses the first

1 fb~! of luminosity integrated between February 2002 and February 2006.
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Figure 13: Integrated luminosity delivered by the Tevatron.
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4.2 THE CDF II DETECTOR

Particles created in the Tevatron’s pp collisions are measured by the CDF II Detector, which
provides the data for this analysis. The CDF II is a multipurpose detector designed for track-
ing of charged particles, energy measurement of electromagnetically and strongly interacting
particles, particle identification, and muon detection among other capabilities. Figure 14
shows an isometric view of the detector where subsystems used in this analysis have been
labeled. The details of the detector subsystems are discussed in subsequent sections.

Muon Detectors:
CMP
CMX
CcMmu

Solenoid

Time of flight
Detector

Electromagnetic
Calorimeter

COT Dirift Chamber
Calorimeter SVX II, ISL and LOO
Silicon Strip Detectors

Hadronic

Figure 14: Isometric view of the CDF II detector. The detector components used in this

thesis are labeled

The detector exhibits an approximate azimuthal symmetry around the axis defined by
the direction of the beams, leading to the choice of coordinates r, ¢, and n or z. The

coordinates r and ¢ are the radius and angle in the plane perpendicular to the direction of
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the beam. The coordinate 7 is the pseudorapidity and is defined as
0
n= —ln[tan(§)]. (4.2)

Here, 0 is the angle relative to the beam axis and 6 = 0 is the direction of the proton beam.
Figure 15 illustrates the relationship between 7 and . In the limit of relativistic particles,
the pseudorapidity approximates the rapidity of the particle which is

1. E+4pp

— -1
y 2ME_pL

). (4.3)

In some instances the Cartesian coordinates, where x and y describe the azimuthal plane
perpendicular to the beam and z describes the beam axis and increases in value in the
direction of the protons, are used to describe positions as well. The point of origin for all

coordinates is the center of the detector.

0 =90°
n= 0 _ o
0=122.5° A §=37.5
n=-0.6 n=0.6
0 =139.6° 0 =40.4°
n=-1.0 n=10
0 = 180° 0=0°
-4 >

> n:oo

Proton Beam Direction

Figure 15: Hlustration of the relationship between 7 and 6.

Typically particles of interest have momentum of ~1 GeV/c or greater. At the corre-

sponding velocities, a number of particles will usually travel through the detector before
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decaying. These ”"stable” particles include: 7%, K*, K9 p* e* u*, and 7. Of particular
interest are the trajectories of charged ”stable” particles, which are tracked by the detector

and used for the reconstruction events in this analysis.

4.2.1 Silicon strip detectors

Silicon strip sensors are solid state devices that make precision position measurements of
ionizing particles as they pass through the sensor. The sensor consists of a silicon wafer with
p-n junctions between the bulk and strips near the surface. The application of a bias voltage
between the surfaces serves to increase the size of the depletion region of the p-n junctions,
leaving the bulk depleted of free charge carriers. When a charged particle passes through
the wafer, it excites electron hole pairs that separate and drift to the surfaces of the sensor
where the charge is collected by the strips. The collected charge is typically amplified by
amplifiers located on the sensor and read out by electronics that include a storage pipeline
for the charge and convert the analog charge to a digital signal. The positions of the strips
and the collected charge are used to construct "hits” that provide a position measurement
of the particle in the coordinate perpendicular to the orientation of the strip.

The inner most detector subsystems of the CDF II Detector, the silicon strip detectors,
make precision measurements of charged particle positions near the pp interaction point.
The three silicon detector systems cover varying ranges of r: the layer 00 (L00) has a single
detector layer at a radius of ~1.35 cm, the SVX II [57] consists of five layers between radii
of ~2.5 and ~10.6 cm, and the intermediate silicon layers [58] (ISL) are 3 layers between
radii of ~20 and ~29 cm. Measurements from the SVX II and ISL detectors are used in this

analysis, and descriptions of these detectors follow.

The silicon detectors provide precise measures of charged particle trajectories (tracks).
For particles with a momentum projected on the r — ¢ plane of pr =2 GeV/c?, the mea-
surement resolution of the particles impact parameter relative to the pp interaction point
(including the uncertainty on the position of the interaction point) is ~ 45 pum when all
silicon detector systems are used and ~ 65 um when only the SVX II and ISL detectors are

used [59]. The SVX II and ISL detectors also provide important z hits that help determine 7
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and the z momentum of tracks. In this analysis discussed in this thesis the silicon detectors

provide precise measurements of decay vertices for B,. candidate events.

4.2.1.1 The SVX II detector The SVX II, the workhorse of the CDF II silicon trackers,
consists of 5 layers of double sided silicon strip sensors arranged in concentric cylinders of
increasing radius with a length of 90 cm in the z direction. Figure 16 shows the arrangement
of the sensors in an azimuthal slice. The sensors have strip pitches ranging from 60 pm
to 140 pm depending on radius. The double sided sensors have strips on both sides of the
silicon to allow for two position measurements at each layer. All layers have strips parallel
to the beam direction for ¢ measurements. Three layers have strips perpendicular to the z
direction to measure z position, while the remaining two have small angle stereo strips that
are tilted 1.2° relative to the ¢ strips. Hits in the small angle stereo sensors help remove the
ambiguity involved in matching ¢ and z hits where there is more than one particle leaving

hits in a given sensor.

Wwo 1g~

Figure 16: Arrangement of sensors in the five SVX II layers in an r — ¢ slice.

The SVX II is unique among the silicon detectors because its hits are read out and
used as part of the trigger to identify events with displaced vertices. This feature and other

features of the CDF II trigger are discussed in section 4.2.6.
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4.2.1.2 The ISL detector The ISL detector serves as an extension of the SVX II to
larger radius, and allows for better matching of hits between the silicon detectors and the
central outer tracker (COT), a drifter chamber tracker that covers the r range beyond the
silicon. As with the SVX II the ISL is approximately symmetric for rotations in ¢. The
arrangement of ISL layers relative to the SVX II can be seen in Figure 17. The ISL sensors
are double sided with ¢ and 1.2° small angle stereo strips spaced with a pitch of 112 pm.
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Figure 17: Radial and axial arrangement of silicon layers including the ISL.

4.2.2 The COT drift chamber

The COT [60] drift chamber, ranging 40 < r < 140 cm and |z| < 155 cm, collects elec-
trons from the ionization of an argon/methane gas mixture by charged particles as they pass
through the 1.4 T magnetic field in which the tracking detectors are immersed. Figure 18
shows the position of the COT relative to other detectors. The COT consists of potential
wires, sense wires, and field sheets that span its 310 cm length arranged in super cells as

illustrated in Figure 19. Voltages applied to the potential wires and field sheets create an
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electric field configuration so the ionized charge collects on the sense wires. The collected
charge is amplified and digitized by readout electronics before being sent to the data acqui-
sition system. Half of the super cells within the COT are tilted at 2° relative to the z axis
to give small angle stereo information, allowing for z position measurements. The remaining
super cells are parallel to the z axis to give measurements of position in the r — ¢ plane. The

super cells are arranged in 8 super layers that cover all ¢ values and increasing r values.

END WALL
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EMD PLUG EM CALORIMETER

INTERMEDIATE
5 LAYERS SILICON LAYERS

Figure 18: One quarter r — z side view of the COT showing its position relative to other

detectors.

The COT hits play the dominant role in measurements of particle momentum in the
transverse direction, which is determined by the curvature of the particles path as it passes
through the magnetic field. The transverse momentum p7 resolution has a py dependence
described by

Spr = 0.001p3. (4.4)
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Figure 19: End view of three COT super cells.
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The combination of z and small angle stereo hit information from the silicon detectors and
the small angle stereo super layers also allows for the calculation of p, from the polar angle

0 and pr:
p. = pr/tan(0). (4.5)

The COT hit information also contributes to the measurement of track positions near the
interaction point, but such measurements are dominated by information from the silicon
detectors.

In addition to measuring the position and momentum of charged particles as they pass
through the detector, the COT also plays an important role in the identification of charged
particles. Since the curvature of its trajectory in the magnetic field only reveals the particles
momentum, additional information is needed to determine its mass. The Bethe-Bloche
formula relates the energy loss per unit of distance traveled (dE/dx) of a charged particle
passing through a medium to the properties of the medium and the velocity of the particle [61]

and can be written as

4rNe* . 2m.c*3*?
g I
mec?f3 1

(9)

dE/dx = ) — 3% — T]. (4.6)

N is the electron number density in medium, e is the electron charge, and m, is the electron
mass. z is the charge of incident particle, 3 is v/c of the incident particle v is 1/ m of
the incident particle, I is the mean excitation energy of atoms in the medium, and §(/3) is a
correction for large [ values.

Within the COT ionized charge is collected on the sense wires and converted to a digital
signal, where the length of the digital pulse is related to the total charge. From a comparison
of the pulse lengths the particle leaves as it travels through the detector, it is possible to
measure its energy loss over a short distance. The energy loss measurements are usually
compared to the expected value for a given particle type of a given momentum and divided
by the measurement resolution to give a pull distributions with ¢ = 1 for a sample of particles
of the same type. The resolution of the COT allows for a separation of 1.250 between pions

and kaons with momentums 2 GeV/c [62].
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4.2.3 Time-of-flight detector

The time-of-flight (TOF) detector [63] consists of scintillator bars located just beyond the
COT in r and contributes to particle identification. As with dE/dx, it is possible extract the
particle mass from the momentum by measuring the particle velocity. For the TOF detector

this is done by measuring the time it takes for the particle to travel from the interaction

p [c2t?

Here, L is the distance traveled as determined by the tracking system, and ¢ is the time of

vertex to the TOF detector:

travel as measured by the TOF detector. The measured elapsed time ¢ depends on tg, the
nominal time of the pp interaction, and the measured time at which the scintillator fires.
The time ¢ has a number of corrections applied to achieve the timing resolution necessary
for separating pions and kaons. The calibrated TOF system provides a resolution of ~100

ps [64] which corresponds to a separation of ~1o between pions and kaons at p=3 GeV/c.

4.2.4 Calorimetry

Beyond the tracking system and solenoid are the calorimeter systems which destructively
measure the energy carried by particles from each interaction. In the central region, parti-
cles first encounter the central electromagnetic calorimeter (CEM) followed by the central

hadronic calorimeter (CHA).

4.2.4.1 The CEM calorimeter The lead/scintillator CEM, which begins at r = 1.7
m and covers z = £2.5 m, consists of 31 layers of 5 mm thick polystyrene scintillator
interleaved with 30 layers of 1/8 in thick lead [65]. The CEM is arranged in towers that
subtend 15° of ¢ and ~ 0.11 in 7 [8]. The light from the scintillators is collected by acrylic
wave shifters and is transmitted through acrylic light guides to photomultiplier tubes located
beyond the calorimetry. The CEM provide an energy resolution for electromagnetic showers
of o5 /E = 0.14VE.

The central preshower detector (CPR) is radially located before the central calorimeter

and measures early particle showers. In this capacity it allows for better separation be-
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tween pions and other particles [8]. Originally the CPR was a wire chamber, but in 2004
it was upgraded to the CPR2, a scintillator tile detector [66] The central electromagnetic
strip chamber (CES), located at the average position of maximum shower development be-
tween the eighth lead and ninth scintillator layers of the CEM, provides shower position

measurements [65].

4.2.4.2 The CHA calorimeter The steel/scintillator CHA, with the same tower geom-
etry as the CEM, contains the particle showers that penetrate beyond the CEM. It consists
of 32 layers of 2.5 cm thick steel and 1.0 cm thick polystyrene scintillator [67]. The light
collection, illustrated in Figure 20, is similar to that in the CEM. The CHA provides a depth

of 4.7 radiation lengths for pions [68].

Figure 20: Diagram of wavelength shifters (WLS) and light guides for scintillator layers in

the central hadronic calorimeter.

The hadronic and electromagnetic calorimetry provide measurements of the energy de-
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posited as particles interact. In addition, the details of the showers created by the interacting

particles can be used to identify certain particle types, such as electrons.

4.2.5 Muon detectors

Among the “stable” charged particles, the muons have the smallest cross section to interact
with materials in the tracking and calorimeter. Hence, most muons survive to the region
beyond the calorimetry with only some amount of multiple Coulomb scattering. For this
reason, the outermost CDF II detectors in r are the muon detectors. These detectors match
hits to tracks that are extrapolated from the tracking region. Since other types of particles
usually do not survive to the muon detectors, hits in the muon detector can be used to

identify the matching track as a muon.

4.2.5.1 The central muon detector The central muon detector [69] (CMU), installed
at the outer radius of the central hadronic calorimeter wedges, covers |n|<0.6 with 226 cm
long 12.6° wedges covering the positive and negative z regions. Each wedge consists of 4
layers of 6.35 x 2.68 cm single wire drift cells containing a stainless steel 50 pm sense wire.
The the cells are arranged with an offset between the first /third layers and the second/fourth
layers, as shown in Figure 21, so the side of the cell through which the particle passes can be
determined by the charge arrival times at the wires. The difference in arrival times allows
for a measurement of the particles path in the r — ¢ plane using hits in the four layers. The
CMU hits, which are called a stub, are matched to a track from the tracking system, and the
slope of the stub relative to the radial direction gives an estimate the particles deflection due
to the magnetic field, which is a measurement of the particles momentum. The z position of

the stub is determined by comparing the charge collected at both z ends of the CMU cells.

4.2.5.2 The central muon upgrade detector The central muon upgrade detector
(CMP) offers coverage in the same |n|<0.6 as the CMU. Arranged in a box that surrounds
the central region of the detector, the CMP consists of single wire drift cells stacked in four

layers, much like the CMU. Since the CMP sits behind an additional 60 cm of steel, there
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Figure 21: A r — ¢ slice of the CMU cells stacked within a CMU wedge. Notice the offset of
the sense wire in layers 1 and 3 versus layers 2 and 4. The cells are 6.35 x 2.68 cm in height

and width.

46



are considerably fewer kaons and pions that penetrate to the CMP compared to the CMU.
The length of the CMP cells are constant, so the 1 coverage shows a ¢ dependence due to

its box shape as Figure 22 illustrates.
- CMX E-CMP EHH-CMU
0

Figure 22: Pseudorapidity coverage of the muon detectors including the CMP. The ¢ depen-
dence is due to the constant CMP length and its box shape.

4.2.5.3 The central muon extension The Central Muon Extension detector (CMX)
extends the CDF II muon coverage to the 0.6 < |n| < 1.0 region. The CMX consists of 4 layer
stacks of single wire drift tubes arranged in ¢ wedges, similar to the CMU. Figure 23 shows
the orientation and position of the CMX detector in a side view of the CDF II detector. There
is no additional shielding added between the CMX and the interaction point as the long path

through the calorimetry and the intervening detector supports offer sufficient shielding [8].

4.2.6 The CDF II trigger system

The Tevatron provides pp collisions at a rate of 2.7 MHz with a typical CDF II event size
of ~ 200 kB. Since the CDF II detector only writes about 20 MB/s to tape, it is necessary

to reject 99.995% of the pp collisions. This is accomplished by a three level trigger system
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Figure 23: Side r — z view of the CDF II detector showing the position and orientation of

the CMX detector.
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where the first two levels use dedicated hardware to choose or reject events and the third

level uses a computer farm built with commercial computer hardware.

4.2.6.1 The level 1 trigger The level 1 trigger is a dedicated hardware trigger that
makes decisions using information from the COT, calorimeters and muon detectors. The
extremely fast tracker (XFT), a pattern recognition system for fast COT track reconstruction
using dedicated hardware, provides the tracks for the level 1 trigger [70]. The decision time
is fixed at 5 s, requiring a 42 buffer deep pipeline for the storage of events while decisions
are made. The typical and the accept rate is ~ 20 kHz, and the maximum accept rate is
50 kHz. For the analysis discussed in this thesis, events originate from one of two level 1
triggers: two XFT tracks with pr > 1.5 GeV/c are matched with stubs in the CMU detector,
or one XFT track with pr > 1.5 GeV/cis matched with a CMU stub while another with
pr > 2.0 GeV/c is matched with a CMX stub.

4.2.6.2 The level 2 trigger After an event is accepted by the level 1 trigger, it is passed
to the level 2 trigger [71]. The level 2 trigger uses the same information as the level 1 trigger
with additional track position information in the form of the silicon vertex tracker (SVT).
The SVT applies pattern recognition to SVX II silicon hits that are matched to XFT tracks
and calculates impact parameters for tracks [72]. Events with displaced vertices are chosen
by requiring SVT tracks with impact parameters that are not consistent with zero. For the
case of the dimuon triggers used to collect signal candidates in this analysis, the SVT is not
used at level 2, but SVT triggered events are used in some studies of related data samples

in this analysis. The level 2 system typically has an output rate of 200-800 Hz.

4.2.6.3 Level 3 Trigger The level 3 trigger system [73] runs on standard computer
hardware and uses reconstructed information from all parts of the CDF II detector. The
typical output rate for level 3 is ~100 Hz. For the J/v trigger used in this analysis, there is
very little additional selection applied by the level 3 trigger.
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5.0 ANALYSIS PROCEDURE AND TECHNIQUES

The measurement of the B, lifetime in B — J/(u"p™) +1* + X decays includes a number
of steps, most of which address the non-ideal nature of the data used for the measurement.
In the ideal situation, where the proper decay time of a B, event can be measured perfectly
with no background sources, the proper decay time distribution of an ensemble of events is
described by an exponential decay law:

F(t) = 1o+ (5.1)

T

Here, 7 is the average proper decay time of the events and ¢ > 0. Figure 24 illustrates the
ideal distribution along with distributions that model non-ideal effects seen in data including;:
unmeasured particles from the B, decay chain that cause an incorrect measurement of the
lorentz boost, detector measurement resolution effects, and the presense of backgrounds
events.

A measurement of the lifetime must model all of the non-ideal effects in such a manner
that a fit to the data can extract the true B, average proper decay time (lifetime). Figure 25
illustrates the procedure for such a measurement. B. candidates are selected using criteria
that maximize the signal significance with some feedback from the evaluation of the sys-
tematic uncertainties in the analysis. The selection, which is discussed in detail in Chapter
6, chooses candidates events in which two muon candidates reconstruct to the mass of the
J/1 and a third lepton candidate appears to originate from the same vertex as the J/.
The lifetime model for B, events, discussed in Chapter 8, accounts for unmeasured particles
from the B, decay and is determined using simulated B, events. The backgrounds sources
are identified and modeled using data where possible and simulated events otherwise. The

backgrounds, which are discussed in detail in Chapter 7, are:
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Figure 24: Evolution of the expected distribution of ¢t for B, events as non-ideal effects are
added. (a) An ideal distribution follows an exponential decay law. (b) Unmeasured particles
from the B, decay smear the distribution. (¢) Additional smearing of the distribution is due
to the detector measurement resolution. (d) The addition of background sources obscures

the B, events.

o1



e Misidentfied Leptons — The third lepton candidate is a hadron that is misidentified as a

lepton.

e Misidentfied .J/¢ — The J/v candidate is the result of random combinations of particles

or physics backgrounds such as Drell-Yan dimuon production.
e bb — The J/1 and third lepton candidates originate from opposite b jets.

e Residual ete™ — Unique to final states with an electron, the electron candidate is pro-

duced when a photon converts or a light neutral meson decays to produce an eTe™ pair.

e Prompt J/1) — Additional prompt J/1) candidates are present due to prompt charmonium

production. If a lepton is produced as well, a J/1¢ + [ candidate can be present.

The B, signal model and background models are used to construct a lifetime fitter that
is applied to the selected signal candidates in data to measure the lifetime, as described in
Chapter 9. Systematic uncertainties are evaluated in Chapter 10 using variations in the signal
and background models, with a feedback to event selection to allow for the minimization of
systematic uncertainties.

The various steps in the analysis are carried out using a number of experimental tech-

niques and procedures that are outlined in the following sections.

5.1 PER EVENT PROPER DECAY TIME MEASUREMENTS

A measurement of the average lifetime of the B, must begin with a definition of the per event
quantities that can be measured and used to measure the average lifetime. As discussed in
the previous chapter, particles passing through the detector have their track trajectories
measured by the silicon and COT detectors. Ignoring energy loss, the trajectory is described
by a helix, where the curvature is a measurement of the particles pr. The parameters

describing the helix are:

e dy — the distance of the closest approach to the z axis

e 2y — the 2z position at the closest approach to the z axis
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Figure 25: Diagram showing a simplified flow of the measurement procedure.
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e ¢y — the azimuthal angle describing the direction of the track at the closest approach to

the 2z axis
e cot(f) — the cotangent of the polar angle describing the track direction

e (' — The curvature of the track which is the inverse of the radius of the trajectory in the

r — ¢ plane

The helix parameters are determined by fits to hits within the silicon and COT detectors,
and a corresponding error matrix describes the uncertainty in these parameters. Given a
particle type hypothesis for a track, it is refitted, accounting for energy loss in the tracking

volume [74].

For two or more tracks, it is possible to define a vertex when the tracks intersect within a
reasonable interval of their measured uncertainties. For a real particle, the vertex describes
the position in the detector at which the particle decays into other particles. The uncertainty
on the vertex position is determined by propagating the uncertainties for the parameters that

describe the helices of the individual tracks.

Measuring the proper decay time of a particle requires knowledge of the point of origin
as well as the point of decay. When particles originate from the primary pp interaction
point, a precise measurement of the interaction point gives the particle’s point of origin.
The beamline, the path the p and p beams take through the detector is stable over short
periods of time and is fitted using minimum bias triggered events where the primary vertices
are reconstructed from tracks in the event [75]. A precise measure of the x and y position of
the primary vertex in a given event is determined by the beamline position at the z position
of the tracks of interest in the event. Even if the tracks of interest originate from a displaced
vertex, a BE decay for example, the determined z and y position of the interaction point

shows negligible bias since the slope of the beamline relative to the z axis is quite small.

With methods for measuring the distance traveled by particles before decaying and the
momentum of the “stable” decay products, it is possible to reconstruct the proper time
the particle survives before decaying to “stable” particles. From relativistic kinematics, the

displacement of a particle before decaying (over a short distance where the trajectory can
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be approximated by a straight line), its momentum, and its proper decay time are related:

mM =P. (5.2)
Here, the momentum and displacement are measured in the same frame, the lab frame. The
subscripts dv and pv stand for the displaced and primary vertices. The vector and magnitude
of the transverse component of the momentum are defined as pr and pr respectively. Taking
the dot product of both sides of the equation with the transverse momentum vector and
then dividing by the magnitude yields

Xgo — X)) - 7
m( ¢ w) D1 = pr. (5.3)
prt

For real particle decays, the transverse distance traveled before decaying in the lab frame
can be written as L,, = ()?dy — de) - pr/pr since the momentum and displacement vectors
are in the same direction. Therefore, the proper decay length for the particle, ct, using the

measured quantities L,, and pr and the particle’s mass is written as

mcLy,
pr

ct =

(5.4)

For the specific case of B — J/1 + I* + X decays, the unmeasured particles in the decay,
X, mean that the momentum of the B, is