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Abstract

B¥* mesons are reconstructed via two decay modes: B* — x.K* and B* —
J/WwK* from data collected by the CDF experiment, corresponding to an
integrated luminosity of 109 pb~!. An unambiguous B* — J/y K= signal is
observed; however, the B* — x.K* signal was not of sufficient quality to allow

for the determination of the relative branching ratios of the two processes.
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Résumé

Nous reconstruisons les mésons B* pour les deux modes de désintégration
B%* & x.K* et B* - J/¢ K% a partir de données prises lors de I'expérience
CDF, pour une luminosité intégrée de 109 pb—!. Nous observons un signal clair
pour la réaction B¥ — J/¢K* , mais le signal de la réaction B* — x . K* est
beaucoup plus faible. Par conséquent, nous ne pouvons déterminer le rapport

de branchement relatif de ces deux processus de désintégration.
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Chapter 1

Introduction

The current theoretical construct which attempts to explain the behavior of
subatomic particles is known as the Standard Model (SM). Proposed in the
1970’s to explain experimental results, the SM has since made several success-
ful predictions regarding particle properties and interactions thus establishing
itself as the leading theory of subatomic particles. One such renowned predic-
tion was the twenty year old postulate of the existence of a sixth quark [1],
named the top quark. The existence of the top quark was finally proven in

1995 by two experiments at Fermilab![2].

Shortcomings of the SM, however, are believed to lie in its description
of physics at energy- and time-scales approaching the Planck limits. These
considerations have prompted the proposition of various extensions and alter-
natives to the SM. No evidence supporting any of those alternatives, however,
has been discovered. Thus the Standard Model currently remains the most

fundamental description of particle properties and interactions.

Quantum field theory [3] classifies all particles into two classes: fermions

and bosons. Fermions are objects with half-integer spin, S = 1/2, 3/2, etc. ..,

I The CDF and DO experiments discovered direct evidence of the top quark in pp collisions
at /s = 1.8 TeV at the Fermi National Accelerator Laboratory, Batavia, Illinois (Fermilab).
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while bosons have integer spin, § = 0, 1, 2, etc... . This classification applies
to composite systems such as mesons, hadrons, and atoms as well as funda-
mental particles. Within the framework of the SM the fundamental particles
constituting matter are fermions, while bosons are responsible for mediating
the forces between the fermions. Fermions, in turn, are divided into two cat-
egories: leptons and quarks, based upon whether or not the fermion interacts
via the strong force. The fundamental particles of the SM consist of six lep-
tons: electron (e), muon {(g), tau (r), and electron, muon, and tau flavored
neutrinos (v., ¥, ¥r); and six quarks: up (u), down (d), charm (c), strange (s),
top (t), and bottom (b). The different quark types are referred to as flavours.
All these particles have anti-particles with identical mass but opposite charge.
There are 12 bosans in the SM; 8 gluons (g) which mediate the strong force, 3
vector bosons (W¥, W—, and Z) which mediate the weak force and a photon

(v) which mediates the electromagnetic force.

Fermions, both leptons and quarks, are also categorized into three genera-
tions; fundamental interactions within the SM are postulated to be identical
among the generations up to kinematic factors dependent on the fermion’s
mass. Tables 1.1 and 1.2 illustrate the SM classification of the fermions and

list their properties. Table 1.3 lists the fundamental forces and their properties.

[ Fermion Generations Charge ||
1 2 3
Leptons | e 7 T -1
Ve Vy 7 0
Quarks | u c t | +2/3
d s b -1/3

Table 1.1: Classification of the fermions within the Standard Model [4]. The
entries represent both particles and anti-particles, where the charge of the anti-
particles is the negative of the charge of their particle counterpart. Particle
charges are in units of the absolute electron charge.
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Leptons Quarks
Particle | Mass (MeV/c?) || Particle | Mass (MeV/c?) ||

e 0.511 u 2-8

U, < 5.1 x 1076 d 5-15

U 105.7 c 1000-1600

| < 017 s 100-300

T 1777.1+75% t (1.76 £0.13) x 10°
Uy < 24 b 4100—-4500

Table 1.2: Experimentally determined fermion masses [5, 2]. The masses of
the neutrinos are 90% confidence level upper-limits. The mass range for each
of the quarks is a result of the various theoretical methods used to extract the
mass.

Force Strong Weak Electromagnetic ||
Mediator Boson Gluon W=, 2 Photon
Mediator Mass (GeV/c?) || massless 80.33, 91.19 massless
Range (m) 0o 10718 00
Relative Strength 25 0.8 1
Interacting Fermions Quarks | Quarks & Leptons | Quarks & e, u, 7

Table 1.3: Properties of the elementary interactions of the Standard Model [4].

The electromagnetic and weak interactions can both be described by a
single Lagrangian known as the ‘Standard Model of Electroweak Interactions’
[6, 7, 8], while the strong force is described by Quantum Chromodynamics
(QCD) [9] 2.

they obey. The electromagnetic and strong forces conserve flavour, there-

An important aspect of the forces is the conservation laws

fore, a strongly or electromagnetically interacting quark (lepton) will retain its
flavour. The weak force on the other hand does not conserve flavour; a weakly
interacting up-type quark (u, ¢, t) may be transformed into a down-type quark
(d, s, b). Similarly, weakly interacting charged leptons may be transformed into
neutrinos, and the analogous interactions where a down-type quark (neutrino)

interacts weakly will result in an up-type quark (charged lepton).

2Attempts at incorporating gravity into the SM at energy- and distance-scales of elemen-
tary particle interactions have been unsuccessful so far.
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The quark flavours referred to so far are known as quark mass eigenstates;
they are also strong and electromagnetic force eigenstates since these forces
conserve quark flavour. If the quark mass eigenstates were also weak force
eigenstates then the transitions from one flavour to another due to the weak
force would remain within the same generation, i. e. the only allowed flavour
transitions would be u & d,c & s,t & b. The quark mass eigenstates, how-
ever, are not eigenstates of the weak force; this means that transitions to quark
flavours from different generations are allowed. Such transitions are described
by the Cabibo-Kobayashi-Maskawa (CKM) matrix [10] which relates the quark

mass eigenstates to the weak force eigenstates as shown in equation 1.1.

d Vie Ve Vi d
$ | =| Ve Ve Vo || 5 (1-1)
b Via Vie Vi b

The weak force eigenstates, denoted by the primed quarks, are linear combi-
natijons of the mass eigenstates. The up type quark mass and weak eigenstates

are taken to be equal (eqn 1.2):

~

u u
d |=| ¢ (1.2)
t t

The numerical value of the CKM matrix [5] is

0.9745 — 0.9757 0.219 — 0.224 0.002 — 0.005
0.218 —0.224 0.9736 —0.9750 0.036 — 0.046
0.004 — 0.014 0.034 — 0.046 0.9989 — 0.9993

where the range of values illustrates the uncertainty on each matrix element.
The large diagonal elements of the CKM matrix indicate that quark transition
within the same generation are favoured over transitions to different genera-

tions (off-diagonal elements).
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The nature and strengths of the fundamental forces allow for bound states
of fermions to exist. The lifetimes of such bound states (composite particles)
are dependent on the forces binding the constituent particles as well as the
other interactions available to them. Bound states of the electromagnetic
force include pasitronium as well as atoms and molecules, while there are no
known bound states of the weak force. The nature of the strong force requires
that all particles associated with it, i. e. quarks and gluons, can only exist
in bound states and never in isolation. This is the reason why quarks and
gluons cannot be observed directly. The known bound states of the strong
force are combinations of a quark and an anti-quark (mesons) as well as three

quarks(anti-quarks) (baryons), collectively known as hadrons.

The study of hadrons containing a b quark, known as B mesons and
baryons, is called B physics. B mesons and baryons are the heaviest bound
states of the strong force for which extensive experimental information exists,
thus they offer a unique system with which to test the SM and QCD predic-
tions. The large mass of the b quark, for example, allows its treatment in a
non-relativistic manner in models of B mesons [11], thus enabling theoretical
calculations of B meson properties. Various models of B mesons, both within
the SM framework as well as the various extensions and alternatives, predict
different values for the branching ratios (B.R.) of the B mesons into charmo-
nium (c¢) final states [12]. Studies of exclusive branching ratios of B meson
decays can, therefore, provide some evidence with which the validity of such
models can be evaluated. In addition, studies of exclusive branching ratios
of B mesons can provide information about the production cross sections of
B mesons. This is particularly relevant information in light of the current B
meson production cross section measurement by CDF which is higher than

theoretical predictions by a factor of two [13].
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This thesis investigates the ratio of branching ratios

B.R.(BE — x.K*)
BR.(B* — J/yK%)

(1.3)

at the Collider Detector at Fermilab (CDF) experiment using the following
decay chains of the B¥ mesons:
B* 5 x.K*

/vy
Lo pum

and
B* - J/YyK*

L~ pru-

This thesis is organized as follows: Chapter 2 describes B physics in more
detail, highlighting the ability of CDF to perform such studies. Chapter 3
describes the CDF detector in general and the detector components relevant
to this analysis in detail. The analysis is then described in chapters 4 and 5

and is followed by a conclusion in chapter 6.



Chapter 2

B physics at CDF

The CDF detector is lacated at the Fermilab Tevatron storage ring. The Teva-
tron (Fig 2.1) is a 6.28 km circumference ring which collides proton anti-proton
beams with a center-of-mass energy of /s = 1.8 TeV and an instantaneous

luminosity of £ =2 x 103 cm~2s!.

Figure 2.1: Illustration of the Tevatron main storage and acceleration rings.
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Particle physics programs being pursued at CDF range from QCD, elec-
troweak, and heavy flavor physics to searches for exotic phenomena. The heavy
flavor program led to the discovery of the top quark in 1995 [2]. The large
center-of-mass energy allows CDF to investigate high momentum transfer (Q?)
phenomena which can test the SM as well as leading and next-to-leading order
QCD approximations to a high degree of accuracy. The large W production
cross section, (ow = 23 nb [14]), translates into a large data sample of W
decays and the world’s most accurate measurement of the W mass. The large
interaction cross section at CDF also translates into a large B meson produc-
tion cross section: ag(Pr(B*) > 6 GeV/c, [n| < 1.0) = 2.5 ub [13]. Although
CDF was not designed with the goal of studying B physics it became evident
that such studies are indeed possible. Using a 110 pb~! data sample collected
from 1992-95, CDF has performed measurements of B meson masses [135], life-
times [16] and branching ratios [17], among others. It is expected that with
the higher luminosities and detector upgrade of the upcoming running period
the B physics program at CDF will be able to compete with thase of ded-
icated B physics experiments such as BaBar and Belle, possibly allowing a

measurement of CP violation!.

The relatively large cross section for light quark and gluon production at a
pp collider such as the Tevatron is a disadvantage since such events constitute
background for the B physics studies. Table 2.1 compares the b produc-
tion cross sections, oz, and total interaction cross sections?, d,,, between the
Tevatron and various existing and proposed pp and e*e~ colliders. In order
to reduce the large background rate and obtain a data sample with a higher
fraction of b quark and B meson decays, triggers are used to select and catego-

rize events based on b quark and B meson decay signatures. Those signatures

ICP violation is the violation of the charge conjugation (C) and parity (P) symmetries
and is expected to be measurable in the neutral B meson system.

2The total interaction cross section ,0,,¢, is not well defined for pp colliders and is usually
taken to mean the total inelastic interaction cross section.
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Collider | Beams s (TeV) | oy (ub) | orwe/0s;
Tevatron PD 1.8 50 1000
SppS 7] 0.63 10 5000
LHC pp 14 200 500
CESR ete 0.0095 | 1.1x10° 4
LE?P ete” 0.091 5.0 x 1073 7
PEP II ete” 0.010 1.0 x 104 3

Table 2.1: Comparison of b quark production cross sections with respect to
the total interaction cross section at various exisitng and proposed colliders.

are chosen based on the decay modes of interest of the B mesons, namely:
B* — x.K* and B* — J/yK%*. For the remainder of this chapter mentions
of a specific particle or decay process refer to the charge conjugate particle or

process as well.

B~ mesons consist of Tb quarks. Since the strong and electromagnetic
forces conserve quark flavour, the only way B~ mesons can decay is through
the weak force where the b quark emits a W~ and turns into a ¢ or u quark?® as

shown in figure 2.2. The fraction of b — ¢ quark decays with respect to b — u

W

Figure 2.2: Feynman diagram of the b quark decay by the emmission of a W~
boson.

quark decays is given by [V/Vis|? ~ 175. A model of heavy quark meson

decays, the spectator model, describes B~ meson decay by assuming that the

3Although the b — ¢ transition is theoretically allowed and has a large CKM matrix
element, it is kinematically forbidden in B meson decays due to energy conservation.
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light quark (u) is a spectator to the heavy quark (b) decay and combines with
its decay products to form a particular final state as shown in figure 2.3 for
the B*¥ — J/¢YK* and B~ — x.K~ decays. If the cC state, resulting from

— b c
- ] v
(L=0, 1)
W
B
;—_‘—_

12

L
»

Figure 2.3: Feynman diagram of the B~ meson decays B~ — J/YK~ and
B~ — x.K~.

the B* decay, had a total angular momentum L = 1 instead of L = 0 then it
would have been a x. instead of a J/¢¥ . The name x. refers to three distinct
CT states: X, Xc1; and x.2- The three x. states have slightly different masses,
their defining characteristic, however, being the total angular momentum J =

0, 1, 2 respectively.

The K~ is a long lived particle* and can therefore leave a detectable track
in CDF. The K~ cannot be triggered on, however, since there is not enough
information available to distinguish it from the numerous other charged tracks,
such as pions and electrons, present in the event in the time span available to
the trigger. Muons, however, are readily identified by the trigger; therefore we
use the two muons from the decays of the x. and J/¥ : x. = J/v¥v; J/Y —
p*u~ (Figs 2.4 and 2.5) as a signature of a B* meson decay. This analysis

used data collected by a trigger which required two muon candidates in the

iThe lifetime of the K~ is 7 = 1.237 x 10~% s. Therefore the mean distance travelled by
a relativistic K~ is yer = 3.709 m.
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c = 1
J/w|: hﬁﬁﬂﬂ‘
c n
v Z

Figure 2.4: Feynman diagram of the J/y¢ meson decay into u*u~.

c n
I
c T

v.Z
Figure 2.5: Feynman diagram of the x. meson decay into u*pu~7.

final state. Even though the branching ratios of the above mentioned decays
X and J/1 are only 27.3% and 5.97% respectively, they are used as an event
signature since the number of background events with a similar signature is

relatively small. Therefore

BR.(xe > J/¥ ) BR.(J/Y = p"u7)  BR.(xe = X)
BR.(pp — pu+ X) B.R.(pp — X)

(2.1)

and the ratio of B physics events in the data sample passing the trigger is
much larger than the fraction of the total B physics event rate to the total

interaction rate.

5The branching ratio quoted for x. is that of the x.; since it is the largest branching
ratio of the three x. states for this particular decay mode.



Chapter 3

The CDF Detector

3.1 Introduction

The CDF detector is a magnetic spectrometer. Protons and anti-protons col-
lide at the center of the detector and final state particles exit in all directions
uniformly distributed in rapidity!. The CDF detector covers 98% of the full
solid angle and is able to detect outgoing particles with a minimum angle of

2° with respect to the beam line.

The innermost detector component is the Silicon Vertex Detector (SVX)
whose purpose is to measure displaced decay vertices with a very high preci-
sion. Outside the SVX is the Central Tracking Chamber (CTC). The CTC
records the position and momentum of charged particles as they traverse it.
Both the CTC and the SVX are immersed in a 1.4 T solenoidal magnetic field
created by a coil just outside the CTC. Outside the solenoid coil are Central
Preradiator Chambers (CPR) followed by the Central Calorimeters, muon de-
tectors, and the return yoke for the magnetic field. The purpose of the CPR
is to detect electrons from photons which have converted in the 0.8 radiation

length thick (X,) solenoid.

'Rapidity, y, is given by y = } In(E*FZ) where P is the component of the momentum
along the z axis.

12
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In order to obtain the best possible coverage close to the beam line, com-
ponents of the calorimeter and the muon detectors, called the Forward/Plug
Calorimeters and Forward Muon Toroids, are placed up and down stream of
the nominal collision point at the center of the detector. Up and down stream
of the collision point are also a set of scintillator hodoscopes known as Beam
Beam Counters (BBC), the main purpose of which is to measure the instan-
taneous luminosity being delivered by the Tevatron. Figure 3.1 is a schematic

representation of one quadrant of the CDF detector.

CDF
Detector

Forward
(Not-To-Scale)

INTERACTION POINT

Figure 3.1: Schematic drawing of the CDF detector. The detector is symmetric
about the interaction point in both the horizontal and vertical axis. The
calorimeter is shown segmented in units of = 0.1.

The CDF coordinate system is defined as follows. The 2-axis lies along the

beams, with positive z pointing along the proton beam direction. The y-axis
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points vertically upward and the z-axis is such that the coordinate system is
right handed and orthogonal. Due to the cylindrical symmetry of the detector
a more convenient coordinate frame is defined by (7, ¢, n), where r is the radial
distance of a point from the z axis and ¢ is its azimuthal angle, measured from
the z-axis. n is a variable that provides information orthogonal to the r — ¢
plane. It is called pseudo-rapidity and is given by n = —In(tan(8/2)) where 6
is the polar angle with respect to the z-axis. Psudo-rapidity is derived from
rapidity (y) with the assumption of massless particles?, and at high energies
n = y . The calorimeters are segmented in units of n since the final state
particle density of a hadronic collision is almost constant as a function of 7.

For energetic pP collisions, such as the 1.8 TeV center-of-mass energy of the
Tevatron, the collision is described by the scattering of quarks/gluons in the
proton from those in the anti-proton. The scattering particles, however, carry
an unknown fraction of the (anti)proton’s momentum. This means that the
net momentum along the z-axis, Pz, of the interacting particles is unknown,
and may indeed be large. Pz, however, cannot be accurately measured since
a significant fraction of the collision products escape through uninstrumented
regions down the beam pipe. Consequently, conservation of Pz cannot be
used to constrain the collision kinematics since the total Pz is unknown and
unmeasurable. The transverse momentum, Pr = P% + P2 = |P|sin#8, of the
interacting particles , however, is always zero. Hence conservation of trans-
verse momentum remains a valid means of constraining the collision kinemat-
ics. Consequently, information in the transverse plane, such as momentum
and position, is very important for physical analyses and the CDF detector
has been designed to minimize the measurement resolution of these quantities.
Measurement resolutions in the z direction, however, are usually an order of
magnitude larger. In situations where the center-of-mass momentum is un-

known, such as pp collisions, rapidity (pseudo-rapidity) is a useful kinematical

2Hence the name pseudo-rapidity.
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variable due to its additive transformation properties under Lorentz boosts.
Quantities which are measured in the detector frame of reference cannot be
transformed into the center-of-mass frame of reference without knowledge of
its boost with respect to the detector frame of refence. Since rapidites are
additive under Lorentz boosts, the difference of rapidites and the shape of dis-
tributions as a function of rapidity will be independent of the center-of-mass

boost.

The detector components that were significant for this analysis are the

following:

e The Silicon Vertex Detector

The Central Tracking Chamber

The Calorimeters

e The Muon Chambers

and are described in more detail next.

3.1.1 The Silicon Vertex Detector

The SVX [18] is composed of four layers of single sided silicon substrates with
a strip pitch of 60 um for the first three and 55 um for the fourth. The four
layers are 50 cm long and are located at radii of » = 3.0,4.3,5.7, and 7.9 cm
respectively where r refers to the radius of the center of the silicon wafer as
shown in Fig 3.2. The SVX covers the region || < 1.9 with the exception of
a 2.15 cm gap at n = 0. Charged tracks passing through the SVX will create
hits on a silicon layer with a 93% efficiency. This means that the efficiency for
a track to have exactly three (four) hits in the SVX is 17% (75%). Therefore,
the probability for a track having three or more hits is 92%.
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Figure 3.2: A cross-sectional view of the SVX.

For tracks with P+ = 3 GeV/c the SVX produces an impact parameter
measurement with a resolution of 40 ym. For high Pr tracks the impact
parameter resolution approaches 10 um. This allows the measurement of decay
vertex positions with a resolution of 50 ym in the r — ¢ plane for vertices with

three or more charged tracks originating from them.

The SVX is relevant in this analysis due to its ability to distinguish sec-
ondary decay vertices from the primary pp collision vertex. B mesons typically
have a lifetime = 1 ps which means that the mean decay length of relativis-
tic mesons is = 100 um. For the fraction of B mesons with Py > 6 GeV/c
and which do not immediately decay, the SVX is able to clearly distinguish
between the meson’s decay vertex and the pp collision vertex. This allows the
elimination of all short lived decays which constitute a large portion of the

background to this analysis.

The SVX was replaced during the 1992-95 running period by another de-
vice, SVX’, which had radiation hard electronics, but was otherwise identical

in geometry and measurement resolution. When referring to the silicon ver-
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tex detector in a general manner the term SVX is used to mean either of the

devices.

3.1.2 The Central Tracking Chamber

The Central Tracking Chamber [19] is the main detector component for mea-
suring the pasition of charged particle tracks. Since the CTC is immersed
in a magnetic field (B) charged particles will mave along a helical trajectory;
the radius of curvature (R) of which provides information about the particle’s

momentum:
Pr=03ZBR (3.1)

Where Pr is measured in units of GeV /¢, B in Tesla, R in meters, and Z in
units of the electron charge. This equation is derived from the Lorentz force
law, with the numerical factor, due to converting Z from Coulombs to units of

electron charge and Pr from kgm/s to GeV/ec:

e _ 1.6027'¢
c (10%V/c?) ~ (3 x 108)(10° x 1.782 x 10-36)

= 0.2995 (3.2)

For B=1.4T and Z = 1 we have:

Pr =0.42R (3.3)

The CTC'’s fiducial volume covers 28 cm < 7 < 138 cm and -160 cm < 2z <
160 cm. Therefore, tracks originating from the nominal interaction point at
z =0 with Pr > 0.3 GeV/c and |n| < 1.0 can traverse the entire CTC radially
and thus are reconstructed with better accuracy than tracks that exit through
the endcaps of the CTC (|r7| > 1.0) or those that curl on themselves within the
CTC (Pr < 0.3 GeV/c). Within the CTC are 84 cylindrical concentric layers
of sense wires grouped into 9 superlayers (Fig 3.3). Five of the superlayers are

axial layers, having the sense wires parallel to the beam line, containing 12
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Figure 3.3: An end view of the CTC endplate showing the 9 tracking super-
layers.

wire layers each. The remaining four superlayers are stereolayers with sense
wire tilted by + 3° with respect to the beam line and contain 6 wire layers
each. The stereolayers provide a measurement of the z position of a track as
well as its 7 — ¢ position. Axial and stereo superlayers are arranged in an
alternating manner. The gas used in the CTC is a 50%-50% mixture of argon-
ethane bubbled through ethyl alcohol at —7.2° C. This gas was chosen due to
its performance parameters, such as its electron drift velocities, its response to

impurities, and its aging effects, at the operating conditions of the CTC [20].

CTC sense wire hits are associated with tracks by an offline software al-
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gorithm. The algorithm reconstructs track segments within each superlayer.
Beginning at the outermost superlayer, the algorithm then attempts to match
track segments across superlayers thus forming a whole track through the
CTC. Track reconstruction is used to calibrate the CTC drift distance to drift
time relationship function through an iterative procedure in which the drift
distance to time relationship is updated based on the fitted drift distance of the
tracks. The resulting position resolution for each sense wire hit is = 200 um in
r — ¢. With stereo information from adjacent layers a z resolution of 4 mm is
obtained. For charged tracks with oy = 90° (7 = 0) a momentum resolution
of op, /P% < 0.001 (GeV/c)™! is achieved. The average momentum resolution
for tracks throughout the CTC fiducial volume is op,/P% < 0.002 (GeV/c)™!.

Since the path travelled by the charged particles through the CTC is a
helix, each track found by the algorithm is represented by a helix via five
parameters which fully and uniquely describe it. The five parameters used
at CDF are (R, ¢,20,d0,cot#). R is the radius of curvature of the track,
from which the transverse momentum, Pr, of the track is obtained. The
remaining four parameters, given with respect to the point-of-closest-approach
to the z-axis, are the azimuthal angle of the track (¢), the z coordinate, the
impact parameter (d0), and the cotangent of the polar angle of the track (6)

respectively.

Once tracks are constructed from the CTC information they are then ex-
trapolated to determine where in the SVX the particles have passed. If hits
are found in the SVX in the neighborhood of the extrapolated track positions
then they are associated with that track and the track is re-fitted with the
SVX information included. The central values of the track parameters are not
changed significantly by including those few points, however, the uncertainty
on those parameters improves considerably due to the good SVX resolution.

Of relevance to this analysis is the resolution on d0. Using solely CTC infor-



Chapter 3: The CDF Detector 20

mation 040 has a mean of 200 um and a tail which extends to 400 ym. If,
however, the track parameters are fitted using both SVX and CTC information

the mean of o4 becomes =~ 40um.

3.1.3 The Central Calorimeters

The purpose of the CDF calarimeters is to measure the energy of the final state
particles in the pp interaction. Since neutral particles cannot be detected by ei-
ther the SVX or the CTC the calorimeters are the only means of extracting any
information about them. The calorimeters [21] are divided into four sections:
the Central, End Wall, Plug, and Forward calorimeters. The four calorimeter
sections cover the n regions: [p] < 1.1, 0.7 < |n| < 1.3, 1.1 < |n| < 24,
and 2.2 < |n| < 4.2 respectively (Fig 3.1). Caverage in ¢ is complete for all
four sections. The calarimeters are segmented in  — ¢ space into towers with
dimensions 0.1x15°(0.1x5°) for the Central/End Wall (Plug/Forward) regions
respectively. Figure 3.4 illustrates a central calorimeter wedge, which consists
of ten towers grouped together to form a unit that is one unit in n and 15°
in ¢. The wedges are symmetrically placed about n = 0 (z = 0) to form the

central calorimeter.

Each calorimeter tower is divided into an electromagnetic and a hadronic
component, with the hadronic component located radially behind the electro-
magnetic component. This is done in order to distinguish energy depositions
(clusters) of photons and electrons from those of hadrons since hadrons have
a larger penetration depth than photons/electrons. High energy photons and
electrons interact predominantly by pair production and bremsstrahlung re-
spectively. The distance that high energy photons/electrons penetrate through

a material is characterized by its radiation length 3 (X;) which is inversely pro-

3The radiation length (Xo) of a material is the distance a photon/electron traverses
through the material before losing 1/e of its energy.
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Yd

Figure 3.4: An illustration of the CEM towers in a calorimeter wedge. Also
seen are the light guides that carry the output of the CEM to the phototubes.

portional to Z2n, where n is the density of the material. Interaction of hadronic
particles with calorimeter material includes elastic, inelastic, and quasi-elastic*
scattering of the hadrons off nuclei. Since these interactions occur largely via
the strong force the material with the largest cross section, and hence the
smallest interaction lengths® (\;) is the one with the highest atomic number,
A. Consequently, the materials used for the hadronic and electromagnetic com-
ponents of the calorimeter are different and are chosen based on their values

of Z?°n and A.

4Quasi-elastic scattering is a process in which the interacting nucleus gets excited or
broken up, but no new final state particles are created.

SInteraction length, Ar, is analogous to the radiation length, Xo, where the incident
particles are hadrons rather than photons/electrons.
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The Central Electromagnetic Calorimeter (CEM) is made out of a lead-
scintillator sandwich. Lead is used as the active material since it has a very
high value of Z2n. Wavelength shifters carry the light to a set of photomul-
tiplier tubes located at the outer end of the calorimeter tower. The CEM is
32 cm thick, corresponding to 18 X, thus providing excellent hermeticity for

electromagnetic showers and an energy resolution of

2
% = \l (%’) +(2%)2 (3.4)

where E is the energy deposited in the CEM and measured in GeV. At a depth

of 5.9 Xq, corresponding to the depth at which an electromagnetic shower
reaches its maximum lateral development, is a set of strip chambers (CES).
The strip chambers are gas proportional chambers with a strip and wire read-
out. The strip chamber is configured such that the wires are paralle] to the
z-axis while the strips are perpendicular to it and parallet to the face of the
calorimeter tower, thus the CES is able to provide information in two dimen-
sions. A local coordinate system is defined for the CES as follows. The CES
z-axis is parallel to the global z-axis with the zcgs = 0 point at n = 0, i.e. at
the center of the calorimeter. The CES z-axis is parallel to the face of the CES
and orthogonal to the CES z-axis. The CES measures the shape and position
of electromagnetic energy clusters and serves the dual purpose of distinguish-
ing photons/electrons from 7%s and determining the position of photons in
the CDF detector. The distinction between photons/electrons and 7%s within
the momentum range Pr < 100 GeV/c is based on the fact that 7%s predom-
inantly decay into two photons whose CES cluster shape differs significantly
from that of a single photon if the electromagnetic clusters from two photons
happen to partially overlap in the CES. If the overlap is large, however, such
a distinction cannot be made. The latter function of the CES is very relevant
to this analysis since it provides very accurate spatial information about the

photon. A position resolution of the centroid of an electromagnetic shower of
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+2 mm, combined with a lever arm of 184 e¢m, the perpendicular distance
from the beam line to the CES, gives a momentum direction resolution of
0.062°. This analysis only uses the Central calorimeters since the information
provided by the CES is crucial to the reconstruction of the x. decays. The
End Wall, and Forward calorimeters do not have strip chambers.

The Central Hadronic Calorimeter (CHA) is made of iron-scintillator sand-

wich. It is 4.7 Ay thick and has an energy resolution of

2
%E = \J (-’3_?) + (3%)? (3.5)

where E is the energy deposited in the CHA and measured in GeV. Separate

readouts for the CEM and CHA allow the measurement of the energy depasited
in the electromagnetic and hadronic components of the calorimeter. Photons
and electrons are expected to deposit most of their energy in the CEM and
very little to none in the CHA; the presence of a track pointing towards the
energy cluster distinguishes v's from e*’s. Hadrons, such as 7*’s and K*’s are
expected to deposit maost of their energy in the CHA, but with a non-negligible
fraction in the CEM.

3.1.4 The Muon Chambers

The muon detectors [22] played an important role in this analysis since they
were the detector components relevant to the trigger used to collect the data
sample. Placed outside of the calorimeter, after more than 5.5\, are several
independent muon detectors which cover different regions of the solid angle.

The muon detectors are:

e CMU Central Muon Detector

e CMP Central Muon Upgrade
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e CMX Central Muon Extension
¢ FMU Forward Muon Toroids
The FMU was not used in this analysis and is not described. The CMU,

CMP, and CMX together cover the region || < 1 as shown in figure 3.5 .
Individually, the CMU and CMP cover the region || < 0.6 with the CMP

-1 0 1

Figure 3.5: Schematic of the regions covered by each of the CMU, CMP, and
CMX in np — ¢ space. The circular features of the CMP coverage is simply the
shape of a square in n — ¢ space.

being placed outside of the CMU after an additional 2.3A; of steel. The CMX

covers the region 0.6 < |n| < 1.

Muons are minimum ionizing particles as they pass through the calorime-

ter. Muons with transverse momentum less than 1.4 GeV/c are usually stopped
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by the calorimeter; however, more energetic muons can penetrate through to
the CMU and CMX. In order for muons to reach the CMP they must have
Pr > 2.2 GeV/c. Maximum detection efficiency, however, is only achieved for

muons with Pr > 3.0 GeV/c.

The CMU muon chambers consist of a number of single wire drift chambers
(cells). The cells are 63.5 mm wide, 26.8 mm high, and 2260 mm long and are
grouped into modules consisting of four layers of four cells each. Each calorime-

ter wedge contains three modules as shown in Fig 3.6. For two alternating lay-

2260 mm:

\\-—J <

L 0=88.5" i~ \
. 0=55.9

Figure 3.6: Schematic of the muon chamber wedges.

-
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ers, the sense wires are placed at the center of the cell, along a radial line from
the origin of the detector. For the other two layers the wires are placed along
a line offset by 2 mm from the radial line as shown in Fig 3.7. This is done in

- 63.5 mm -
o
' O 50 um sense wire
i o ..... Radial line passing through the arigin
; E ......... Line offset by 2 mm
o
°
2mm

Figure 3.7: Ilustration of the sense wire configuration in a CMU muon tower.

order to resolve the left-right ambiguity of a track passing through the tower
(four radially consecutive muon drift chambers). The CMP (CMX) consists of
single wire drift chambers with dimensions: 150 x 25 x 6400 (1800) mm. The
CMP drift chambers form a box around the CDF detector while the CMX

drift chambers lie on a conical surface whose axis coincides with the z-axis.
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Within the CMU, track segments (stubs) are measured with a spatial
resolution of 250 ym in the r — ¢ plane and 1.2 mm along the z axis. A
more relevant quantity, however, is the amount of multiple scattering (mul-
tiple scattering resolution) a muon undergoes between entering the calorime-
ter and the muon detector. This is important since it governs how well a
track reconstructed with the CTC can be extrapolated to match a stub in the
CMU/CMP/CMX. If such an extrapolation is possible then the CTC track
and muon stub are associated with each other and form a muon candidate. The
multiple scattering resolutions for the CMU, CMP, and CMX are 12 cm/P,
15 cm/P, and 13 cm/P respectively, where P is measured in GeV/c [23].

3.2 The CDF Trigger

The operating conditions of the Tevatron during the 1992-5 running period

are described in Table 3.1. The inelastic interaction rate (Wj,.;) is a dominant

[ Tevatron 1992-95 ]

[ Beam Types — 771}
Beam Energy 0.9 TeV
Bunches per Beam 6
A'rBunc.hCrcuniin} 3.5 HS
Luminosity (£) 2 x 10 em~%s~!
Inelastic Cross Section (iner) 50 mb
Inelastic Interaction rate (W’,-,,,,_)_ 1 MHz

Table 3.1: The operating conditions of the Tevatron during the 1992-5 running
period.

component of the total interaction rate at the CDF detector. Other contribu-
tions to the total interaction rate include elastic pp scattering, beam-gas and
beam-pipe collisions and cosmic rays. Since the data acquisition and storage
capabilities of the experiment are limited not all the interactions detected by

CDF (events) can be recorded. A trigger system [21] is used to select events
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which are of interest to physical analysis at a rate consistent with the capa-
bilities of the data acquisition and storage systems. Event selection is based
on event signatures which distinguish the physical processes of interest from
background events. The majority of event selection (or rejection) has to be
made on a timescale smaller than the bunch crossing time of 3.5 us in order

that events from the subsequent bunch crossings be considered.

CDF accomplishes this task by using a three level trigger to reduce the
event rate from ~ 1 MHz down to ~ 10 Hz which is the rate at which events
can be written to tape for storage. The Level 1 trigger is a hardware based
trigger and is designed to reduce the ~ 1 MHz event rate down to a ~ 1 kHaz.
Using information from the fastest detector componenets, such as the calorime-
ters and the BBC's, the Level 1 trigger produces a decision regarding an event
in less than 3.5 us. Levels 2 and 3 then reduce the accepted event rate to
100 Hz and 10 Hz respectively. The Level 2 trigger requires ~ 20 us to pro-
duce a decision and has information from other, slower, detector components
available. The 20 us decision time interval causes the subsequent 6 bunch
crossing to pass unexamined; this illustrates the importance of reducing the
the accepted event rate as much as possible with the Level 1 trigger. While
an event is being considered by the Level 2 trigger the output of the entire
detector is digitized and the event is prepared to be sent to the Level 3 trigger
which is the most time intensive trigger. Unlike the Level 1 trigger which is
completely hardware based, the Level 2 trigger uses a combination of hard-
ware and software and Level 3 is totally software based. Using a software based
Level 2 and Level 3 trigger allows for the modification of existing triggers or

the implementation of new ones to look for different event signatures.

The data used in this analysis was collected with the dimuon trigger. At
Level 1, the dimuon trigger requires hits (stubs) in at least two muon towers in
either the CMU, CMP, or CMX with Pz > 1 GeV/c. Online, the momentum
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of a muon is determined by measuring the inclination of the track segment
defined by the stub with respect to a radial line. At Level 2, CTC tracks are
reconstructed in the r — ¢ plane and extrapolated to the muon chambers. The
Level 2 dimuon trigger requires that at least one of the muon stubs matches
an extrapolated track within 15° in ¢. At Level 3, the CTC tracks are fully
reconstructed, although with not as much precision as in the offline reconstruc-
tion. Both muon stubs are then required to match an extrapolated CTC track
within 40 where o is based on multiple scattering and measurement resolu-
tions. The invariant mass of the two muon candidates (M,,,) is also required
to lie in the range: 2.8 GeV/c? < M, < 3.4 GeV/c2.

The 1992-95 running period was divided into two parts referred to as
Run 1A and Run 1B. Integrated luminosities (f £ dt) of 19 and 90 pb~!

were collected during Run 1A and Run 1B respectively.

3.3 Event Structure

Analyses are concerned with physical objects such as muons and photons
rather than raw detector hits. Consequently, events passing the Level 3 trig-
ger are processed by various offline software algorithms in order to transform
all the detector electronic output into such physical objects. CDF data is
stored in YBOS data bank structures [24]. Three generalized levels of YBOS
banks exist for describing data from detector output to reconstructed physical

objects:

1. Digital detector output.
2. Calibrated detector output.

3. Reconstructed physical objects.
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Other banks exist which complete the information about the event, such as

the run and event identification and the triggers which selected this event.

The first level of YBOS banks, commonly referred to as detector banks
stores the digital output of the various detector components. Offline software
algorithms then use these detector banks along with calibration functions and
constants to create the second level of YBOS banks, element banks. The
element banks contain a more physical description of the detector output such
as the energy depositions in the calorimeter towers, however, they are still
specific to a single detector component. Segment banks are the third level of
YBOS banks. They are created by using information from several detector

components to form a complete description of a physical object.

Of concern in this analysis is the creation of muon, photon, and charged
track objects. Third level YBOS track banks describe the charged track (K¥)
candidates. These banks are called TRKS banks and are based solely on CTC
information. If SVX as well as CTC information is used to determine the track
parameters the results are stored in an SVXS bank. This analysis considers
SVXS banks only if hits in at least three layers of the SVX were associated with
the track. This is done in order to avoid SVX information due to random noise

hits and subsequently underestimating the track measurement resolution.

CMUO banks, which provide information about the muon candidates, are
created by extrapolating and matching a CTC track segment with a stub in the
CMU/CMP/CMX. The CTC track segments are required to have a minimum
transverse momentum of Pr > 1.5 GeV/c in order to reduce misidentification

of calorimeter punch-through® particles as muons.

8Since the calorimeters have a finite interaction length, some particles may leak through
the end of a tower and cause hits in the muon detectors. These are referred to as punch-
throughs.
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CESS banks store information about the energies, shapes, and locations
of energy clusters reconstructed in the CES along either the wire or strip
views. This information is obtained by fitting the magnitude, shape, and
position of the energy cluster in the CES to test beam data. The result of
this fit is used to determine whether the energy cluster is due to a single
photon/electron or to two photons from a 7° decay. The energy cluster is
identified as a photon/electron if the x? of the fit is small (x* « 20). TOWE
banks contain information about the magnitude of energy depaosited in the
various calorimeter towers. Unlike the CESS energy information which is
derived from a fit to the shower shape in one sampling region, the TOWE
energy information is that which is directly measured by the entire calorimeter
tower. Photon candidates are reconstructed by identifying the calorimeter
towers with more than 0.6 GeV of energy deposited in the electromagnetic
component. For each such tower, the CESS banks are searched to determine
whether there exist recanstructed energy clusters in the CES, in both the wire
and strip views, within the boundaries of the tower. A single photon candidate
is then associated with that TOWE/CESS cambination with the energy of the
photon taken from the TOWE bank and its position taken from the CESS
banks. If more than one CES energy cluster falls within the boundaries of a

tower, for a particular view, then the one with the highest energy is chosen.
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The BT Signal

The goal of this analysis is to measure the ratio of branching ratios

R= B.R.(B* = x.K*)
" BR.(B* = J/yK#%)

(4.1)

There are both thearetical and experimental reasons for measuring the branch-
ing ratios of the B* meson relative to each other, rather than independently.
Theoretically, the calculation of the ratio of branching ratios allows for the
cancellation of certain terms which may be difficult to calculate or which are
known with little accuracy. Such terms are related to the production mecha-
nisms of the B* mesons and include production cross-sections of the b quarks,
their fragmentation into B* mesons and the Pr spectra of the B* mesons.
These terms are independent of the decay mode of the B* and hence will can-
cel when the ratio is taken. Experimentally, the branching ratio of a process

can be determined, in principle, from the equation:
Nioe(B* = x K*) = / Ldt-o(B*) - BR.(B* = x.K*)  (4.2)

where N, is the total number of decays that actually occured during the
experiment. The absolute values of [ £ dt, o(B¥), and N, however, are not

known with great accuracy. When the ratio of branching ratios is taken the

32
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luminosity and cross-section terms will cancel; and R is given by:

p o BR(B* > xcK*) _ Nig(B* > xK*)

= BRB= = J/0K%) ~ Nuw(B= S J/9K7) (4.3)

In order to measure the value of R ane must be able to reconstruct both
decay modes from the CDF data to determine N,, for each decay mode. The
final state particles that are observed, however, are not the x. or the J/ since
their lifetimes are 6.6 x 107?° s and 7.5 x 10~!? s (5] respectively. The decays

through which the x. and J/v are reconstructed are the following:
Xe = I/

and
J/p = ptu~

The K%, being a long lived particle, is detected in the CTC. Therefore, the

full decay chains which are considered are:

Bt — x.K*
[ P
wru
and
B* - J/yK*

Le ptpm

It should be noted that the three x. states (Xxco, Xc1, Xc2) have masses within
150 MeV/c? of each other. The x.o decays into a J/v¥ and a photon with
a branching ratio of (6.6 + 1.8) x 107!% compared to branching ratios of
(27.3 £ 1.6)% and (13.5 + 1.1)% for the x.; and x. respectively. This means
that the majority of reconstructed x.'s will be x.; and x if production cross-

sections of the three mesons are similar. These three x. states have masses 5]
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of
M., = 3.415 GeV/c? (4.4)
M,.. = 3.510 GeV/c? (4.5)
M, = 3.555 GeV/c? (4.6)

The mass difference, M., — My.,, of 45 MeV/c? is smaller than the mass -
resolution of the individual states with the CDF detector, hence the two mass
states (X1 and x.z) cannot be distinguished. The mass difference, M., — M, _,,
of 95 MeV/c? is barely larger than the mass resolution of the individual states,
therefore, the two x. states cannot be distinguished. Throughout this analysis
the term x. will refer to all three x. states. However, the value of branching
ratio B.R.(x. — J/¢ v) and mass used will only be those of the x.'.

Since this analysis only uses a particular final state of the x. and J/v to
reconstruct the B* meson decay it is important to know the branching ratios
of the x. and J/¥ into that final state in order to correctly scale the number of
reconstructed B* meson decays. The branching ratio of the x. into a photon
and a J/v¢ is

BR.(xc = J/¥v) = (273+£1.6)% (4.7)

while the branching ratio of the J/% into two muons is
BR.(J/¢¥ — utyu™) = (5.97 £0.25)% (4.8)
This means that only a fraction of the total B¥ — x.K* decays, given by
BR.(xc = J/Y¥)B.R.(J/¥ = putu~) = 1.63% (4.9)

can be reconstructed via the decay chain used in this analysis. Similarly only
5.97% of the B* — J/y¥K%* decay can be reconstructed. The disadvantages of

using such an infrequent decay chain are offset by the advantages of using the

IThe xc1 was chosen since only the BX¥ — x.; K* decay has been observed so far.
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dimuon data sample which contains little non-muonic background and has a

high trigger efficiency. In addition, reconstructing the B meson decay through

an exclusive decay mode allows for gopod B* mass resolution.

4.1 Recanstruction Strategy

4.1.1 Calculation of Invariant Masses

Invariant masses are calculated using the 3-momenta of decay product candi-

dates and their corresponding mass assumption as shown in equations 4.10-

4.13

Miny
Prot
Etot

E;

Etat - Ptot
:B;
YE;

P? + M?

(4.10)
(4.11)
(4.12)
(4.13)

where M;n,, E;o¢, and 15,0, refer to the reconstructed particle, and M;, E;, and

P; refer to the decay products. Since the momenta of the final state particles

have a non-zero measurement resolution the following techniques are used in

order to improve the reconstructed particle mass resolution and to suppress

background events:

1. Vertex constraint
2. Mass constraint

3. Pointing constraint

Vertex constraints require that the charged tracks being considered be con-

sistent with originating from the same point in space {vertex) by varying the



Chapter 4: The B* Signal 36

track parameters to satisfy the vertex hypothesis. The vertex constraint is use-
ful in suppressing background due to track combinations in which the tracks
do not all originate from the same decay vertex and hence are not the decay
products of a particular particle. The mass constraint fixes the invariant mass
of the particles to a specified value and is useful in suppressing background in
which the final state particles do not originate from the hypothesized particle
decay. The pointing constraint requires that the sum of the momenta of the
particles be parallel to the displacement vector between two specified points,
namely the creation and decay vertices of a reconstructed particie. This con-
straint is useful for suppressing background events due to incorrect charged
track combinations since the total momentum of a random track combination
is uncorrelated with the displacement vector between the primary collision

vertex and the possible point of intersection of the tracks.

All the constraints are applied in the form of a fit which adjusts the track
parameters of the particles such that they satisfy the required constraints. For
the cases in which the fit is successful a x? is calculated based on the mea-
surement errors of the track parameters and the amount by which they were
adjusted. The probability that the particles in question satisfy the constraints
is then calculated from the x? and the number of degrees of freedom used in

the fit.

4.1.2 Reconstruction of the Decay Chains

Since the muons, from the J/i decay, are common to both B decays we
begin by searching for muons in each event and reconstructing the J/1’s. We
consider all pairs of oppositely charged muons in the event as J/ candidates

to be used in subsequent steps of the reconstruction.

For the B* — J/¢K%* reconstruction we combine all the J/v candi-



Chapter 4: The B* Signal 37

dates with all charged tracks that are not associated with the J/¢ candi-
date. A vertex constraint is applied to the three charged tracks and the
two muon candidates are mass constrained to the J/y¥ world average mass
of M,;, = 3.0969 GeV/c. Also, a pointing constraint is applied in which the
pp collision point and the vertex returned by the vertex constraint are used
as the displacement vector’s end points. In the surviving events a few such
B* — J/K* candidates exist. Most of them, however, are still due to ran-
dom combinations of charged tracks. In order to further reduce this type of
background we accept the B meson candidate with the highest probability of
satisfying the three constraint hypothesis. Such an approach is also physically
motivated since B mesons are typically created in pairs in a pp collision and
the probability that bath mesons decay into J/¥K* in the abovementioned
manner is? (6.09 - 1075)? = 3.7-107%.

The B* — x.K* reconstruction is similar to that of the B* — J/yK* .
After the J/¢ candidates have been identified they are each combined with
photon candidates in arder to construct x. candidates. The momentum of
the photon is taken to lie along the line connecting the J/vy vertex and the
centroid of the electromagnetic energy cluster. Once the x. candidates are
reconstructed they are then combined with all the K* candidates in order
to reconstruct the B* meson. Just as in the B* — J/¢ K< reconstruction
the two muons are mass constrained to the J/¢¥ mass and the pointing and
vertex constraints are applied. In addition, however, the energy of the photon
is adjusted such that the invariant mass of the x. candidate is equal to the
Xc1 world average mass of 3.51053 GeV/c? (x. mass constraint). Again, only
one B* - x.K* candidate is accepted per event. However, in this case the
majority of multiple B meson candidates in an event is due to multiple photon

candidates in the reconstruction of the x. rather than multiple K* candidates.

2This number is arrived at by multiplying the branching ratios B.R.(J/¥ — ptu~) with
the branching ratio B.R.(B = J/¢¥K) = 1.02 x 10~2 [5].
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The chosen B meson candidate must have the highest probability of satisfying
the vertex, mass, and pointing constraints. If several such candidates exist,
each containing the same charged tracks but different photon candidates, then
the one with the highest probability of satisfying the x. mass constraint is

chosen.

4.2 Selection Criteria

The data sample used in this analysis was taken by the dimuon trigger. This
data sample, however, is dominated by events in which the two triggering
muons did not originate from the decay of a B meson. Consequently, cuts have
to be applied to the various physical objects in order to enhance the fraction
of events containing a B meson which decayed as described above. These
cuts were also designed to improve the identification efficiency of the various
decay products and to minimize the resolution of their measured kinematical

quantities. This section introduces and describes these cuts.

The physical motivation behind those cuts stems from the following argu-
ments: Energy and transverse momentum spectra of pp collision products are
steeply falling. The large mass of the B meson (Mgz = 5.2787 GeV/c?), how-
ever, combined with the transverse momenta of the meson itself means that
the small mass decay products, such as the muons, will have some significant
boost in the transverse plane. Consequently, the Pr spectra of the B meson
decay products will be less steeply falling than the average Py spectrum, and a
minimum muon Pr cut, for example, will produce a data sample with a larger

fraction of events containing a B meson than the original data sample.

The efficiency of correctly identifying muon and photons candidates im-
proves with increasing muon Py and photon energy. A minimum E, cut is

very important in this analysis since the number of fake photon candidates
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from calorimeter noise decreases dramatically with an increasing E, cut.

4.2.1 Muon Selection

Muons reconstructed in the CMU, CMP, and CMX were used in this analysis

if they satisfied the following cuts:

X2 < 9.0 (4.14)
X2 < 120 (4.15)

x2 and x? are the x? on the extrapolation of the CTC track to the muon cham-
ber stub in the z and z directions of the wedge coordinate frame respectively.

The x? distribution are shown in figures 4.1 and 4.2 with their respective cuts.
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Figure 4.1: The x2 distribution of the muon candidates in the Run 1A data.
The x? distribution of the Run 1B data is similar to this. The arrow denoted
the value of the x2 cut.

Figure 4.3 shows the momentum spectrum of muons passing the above cuts

for the total dimuon data sample.
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Figure 4.2: The x? distribution of the muon candidates in the Run 1A data.
The x? distribution of the Run 1B data is similar to this. The arrow denoted

the value of the x3 cut.

4.2.2 J/¢¥ Reconstruction

All oppositely charged muon candidates satisfying the vertex constraint were
combined in pairs to farm J/¢ candidates. Ta improve the J/vy mass resolution

and to reduce background combinations the following cuts were imposed :
e Smaller Pt of the two muons > 1.8 GeV/c

e Larger Pr of the two muons > 2.5 GeV/c

o Pr(utu~)>4.0GeV/e

The effectiveness of these cuts can be seen by comparing figure 4.3 with
figures 5.5 and 5.6. Figure 4.4 shows the invariant mass distribution of the
J/v candidates for the total data sample as well as for the individual Run 1A

and Run 1B samples. For this plot all the J/3 candidates in an event were

included.
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Figure 4.3: The Pr spectrum of the muons in the total data sample.

The p*u~ invariant mass distribution was fitted to a sum of a Gaussian,
which described the J/i mass peak, and a first order polynomial, which
described the background. The fitted width of the Gaussian was oMy =
0.021 GeV/c?, thus the J/v signal region, used for the subsequent steps in the
B reconstruction, is

3.04 < My < 3.16 GeV/c? (4.16)

corresponding to 3¢ about the peak.
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Figure 4.4: The invariant mass distribution of the J/1 candidates. Plot a)
shows the u* 1~ mass distribution for the Run 1A sample, while b) and c) show
the p* 1~ mass distribution for the Run 1B and total samples respectively.

4.2.3 K% Selection

Since CDF does not have the ability to distinguish K'* tracks from the other

charged tracks in an event for the momentum range relevant to this analysis, all
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charged tracks were used as K* candidates. A Py cut of Pr(K*) > 2 GeV/c
was applied for K* candidates if the track was reconstructed only with CTC
information (CTC track). If the track was contructed with SVX information
as well (SVX track) then the Pr cut was relaxed to Pr(K%) > 1.25 GeV/c.

4.2.4 B* - J/YK* Reconstruction

To further enhance the fraction of B mesons in the remaining events the fol-
lowing cuts were made on kinematical quantities of the reconstructed B can-

didates:

e Pr(J/vK%) > 6.0 GeV /c if all three tracks were SVX tracks.
e Pr(J/¢¥K=*) > 8.0 GeV/c if at least one track was not an SVX track.

¢ Probability of the tracks satisfying the combined vertex, mass, and point-

ing constraints > 0.5%.

e Displacement of the B* meson decay vertex in the transverse plane

(ny) > 0.01 cm.
e Isolation of the J/¥K* meson (Isol{J/yK*)) > 0.55.

e Containment radius of the J/¢¥K* meson decay products (Cont(J/yK*))
<1l0.

Lxy is the projection of the B* meson displacement vector (D) , in the r — ¢
plane, onto its transverse momentum vector; where the displacement vector D
is defined by the primary (pp) collision vertex and the B* decay vertex.

D-Pr

= (4.17)
[Pr|

Lxy =
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Isol(J/w K %) is the fraction of transverse momentum carried by the J/%K* in

a cone of radius R = /7% + @2 = 1.0, centered around its momentum vector.

Pr(J/vK*)
Pr(J/vK=*) + L, Pp

The sum ranges over all tracks ¢ within the cone, with P% > 0.250 GeV/c, that

Isol(J/YK*) = (4.18)

are not the B decay products. Cont(J/¥K=) is the radius of a cone in  — ¢
space, centered around the J/¥K* meson momentum vector, which exactly

contains all the decay products.

Figure 4.5 shows the invariant mass distributions of the B* — J/yK%*
candidates for the Run 1A and Run 1B data as well as for the entire data
sample. Figure 4.6 show the momentum distribution of the B* —» J/yK*

candidates for the entire data sample.

4.2.5 ~ Selection

All energy clusters deposited in a single calorimeter tower, with corresponding
strip and wire clusters in the CES and passing the following cuts are considered

photon candidates:

e The wedge coordinates of the energy cluster satisfy: |Twedge| < 20 cm, |2edge] >

10 cm (fiducial volume cut)

e No CTC track extrapolates to the calorimeter tower containing the en-
ergy deposition.

e E, > 1.0GeV.

The cut on the wedge coordinates of the energy clusters was made to ensure
that the energy deposition was sufficiently far away from calorimeter tower

borders where the calorimeter response is less understood.
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Figure 4.5: The J/9 K= invariant mass distribution. Plot a) shows the J/¢K*
mass distribution for the Run 1A sample, while the b) and c) show the J/¢K*
mass distribution for the Run 1B and total samples respectively.

4.2.6 x. Reconstruction

Xc candidates were formed by combining all the J/i candidates in an event

with all the photon candidates. Figure 4.7 shows the x. mass spectrum. What
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Figure 4.6: The Pr(J/¥ K<) distribution for the entire data sample.

is actually plotted in figure 4.7 is the mass difference between a x. candidate
and the J/vy from which it was reconstructed. This is done with the goal of
decreasing the effects of systematic error associated with the charged tracks,
and hence both the x. and the J/% . Therefore, a better x. mass resolution is
obtained than would have been obtained otherwise. All x. candidates found

in an event are included in the mass spectrum.
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Figure 4.7: The x. mass spectrum. Plot a) shows the p*yu~y, u*u~ mass
difference distribution for the Run 1A sample, while b) and c) show the dis-
tribution for the Run 1B and total samples respectively.

4.2.7 B* — x.K* Reconstruction

All of the cuts on kinematical quantities of the B¥ — J/¢¥ K% reconstruction

are applied to this decay mode. An additional cut regarding the x. mass
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constraint was used:
e Probability of the photon satisfying the x. mass constraint > 0.5%

Figure 4.8 shows the invariant mass distributions of the x.K* for the Run
1A and Run 1B as well as for the entire data sample. The gaussian function
is not the result of a proper fit to the data but is merely a guide indicating
the region where the B* — x.K* signal is expected to lie. Figure 4.9 shows

the momentum distribution for the B¥ — x.K* candidates.

4.3 Summary of Reconstructed Decays

Three particle decays have been reconstructed in this analysis: J/¥ , x. , and
B* | with the B* reconstructed via two decay modes. The mass spectra of
these particles contain entries from true decays (signal) as well as combinatoric
background entries. In order to determine the size of the signal (number of
reconstructed true decays) the mass spectra were fit with a linear combination
of functions which represented the signal and background. In the case of the
J/¢ and the B* — J/9K* decay mode the fitting function consisted of a
sum of a gaussian and a first order polynomial. The gaussian represented the
shape of the signal distribution while the first order polynomial represented
the background. For the x. mass distribution a gaussian was used to represent
the shape of the signal, however, a polynomial was inadequte to describe the
distribution of the background. Instead, a combination of a hyperbolic tangent
and an exponential were used to describe the background region with masses
less than and greater than the x. mass peak respectively. Table 4.1 summarizes
the results of the fits and table 4.2 compares the fit results with the world
averages. Since the results of the fits were not used in the remainder of the

thesis a thorough analysis of the systematic errors was omitted. The fit results
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Figure 4.8: The x.K* invariant mass distribution. Plot a) shows the x.K*
mass distribution for the Run 1A sample, while the b) and ¢) show the x.K*
mass distribution for the Run 1B and total samples respectively.

are only used as a consistency check and the quoted errors are statistical only.
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Decay Number of Events | Mass (GeV/Eﬁ om (MeV/E3) |
J/% — ptu~ | (3.015+0.015) x 10° | 3.0958 = 0.0001 | 21.34 &+ 0.05
Xe = J/vy 35844 £+ 527 3.5098 +0.0014 | 108.2+0.8
B= o J/yK= 723+ 73 5.2778 £ 0.0007 | 14.14 +0.65

Table 4.1: Summary of the decay reconstruction parameters for the total data
sample. The values and errors quoted in this table are only the results of
statistical fits to the data. They do not include systematic errors which are
expected to be larger than the statistical ones.
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Decay Mgzp (GeV/S3) M 4., (GeV/E2)
J/y = putu~ 3.0958 £ 0.0001 | 3.09688 + 0.00004
Xe = J/éy | 3.5008 £ 0.0014 | 3.51053 £ 0.00012

BE 5 J/YKE | 5.2778 £ 0.0007

5.2787 £+ .0020

51

Table 4.2: Comparison of the masses determined with this analysis (Mggp)

with the global average values (M4y).
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Relative Reconstruction
Efficiency of the B¥ Decay
Modes

Equation 4.3 expresses R as a function of Ny (B* = x.K* ) and Ny, (B —
J/WK*), the total number of decays of each process. What can be determined,
however, is N(B* = x.K* ) and N(B* — J/yK* ), the total number of
reconstructed decays for each decay mode. To determine Ny, the following is

required:
e The number of reconstructed decays (N)

e The reconstruction efficiency for each decay channel (e,..)

e The efficiency of each decay mode passing the trigger (€:rigq)

The total number of decays (N.) is then given by:
Nt = N/(erec . Etﬂ'gg) (5.1)

Therefore, the ratio of branching ratios is given by:

N(BE = J/4K*) - g |

52
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where €’/ and eXc refer to the efficiencies of the B* — J/¢YK* and B* —

xcK* decay modes respectively.

The number of reconstructed B* — J/9K* decays are listed in table 4.1.
€rec and €yigq, can be determined from Monte Carlo simulations of the decay
kinematics and detector response. Efficiencies determined in such a manner,
however, may contain systematic errors due to differences between actual de-
tector response and the Monte Carlo modeling of said response as well as the
differences between the Monte Carlo modeling of the B* production mecha-
nisms and the actual production mechanisms. Fortunately, since the two decay
modes have certain efficiencies in common their cancellation will remove the

source of systematic error entailed in the actual calculation of the efficiencies.

5.1 The Monte Carlo Simulation

The Monte Carlo program used in calculating the various efficiencies consisted
of three main components: the event generation and decay component; the de-
tector simulation component, and the event reconstruction component. Event
generation uses a program called BGENERATOR [25] to generate b quarks
according to the MRSDOQ structure function with the mass of the b quark
M, = 4.75 GeV/c® and the p parameter set to u = po' before hadronizing
them into B* mesons according to the Peterson fragmentation model [26].
The CLEOMC [27] program then decays the B* mesons according to the
desired decay modes with the proper kinematic behavior. The particles are
then propagated through the various detector components by the CDFSIM
program. CDFSIM fully simulates the detector’s response according to the
principles of interacting charged and neutral particles and the geometry and

material of the detector. The calorimeter response, however, is not sirnulated

!The u parameter determines the absolute scale of quark production cross-section. yq is
the nominal value of the ;2 parameter.
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but is parametrized based on information from test beam data. The test beam
data was collected for high energy particles and the response of the calorime-
ter was extrapolated to lower energies , such as the photon energies relevant
to this analysis. This extrapolation is not believed to be accurate and hence,
CDFSIM'’s simulation of the calorimeter response to low energy photons is not
considered very reliable. Event reconstruction is then performed in the same
manner as for data. The sole difference between the data and Monte Carlo
event reconstruction algorithms lies in the treatment of the photons. Since it
is desired to avoid using CDFSIM to simulate low energy photons the Monte
Carlo event reconstruction algorithm uses the photon information from the
CLEOMC program. The detector’s response to these photons is determined

separately from data and is described in section 5.3

5.2 BT Reconstruction Efficiencies

The reconstruction efficiency of the different decay modes can be broken down

into several components due to the following sources:

e Incomplete spatial coverage of the detector

Detector response

e Calibration and offline data processing

Decay Reconstruction algorithms

Kinematical cuts on the decay products

Although these components are listed and referred to individually they may
not be independent of each other. Correlation between the various components

have to be considered in order to correctly calculate the total efficiency.
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Since the CTC and CEM only cover the region || < 1, any BT decays
in which the decay products lie outside this region will not be found by the
event reconstruction algorithm. The component of the efficiency due to the
incomplete sp;atia.l coverage of the detectar relies as much on the spatial distri-
bution of the B* meson and their decay products as the fraction of the solid
angle covered by the detector. The B¥ spatial distributions are dependent on
the production mechanism of the mesons and may not be accurately modeled
in the Monte Carlo. This dependence, however, is diminished when the ra-
tio of efficiencies of both decay modes is taken since the spatial distribution
of the B* will be the same for both decay mades. The spatial distributions
of the B* decay products, however, are not expected to be the same for the
two decay modes. Hence, their contribution to the efficiency may not cancel
when the ratio is taken, and will have to be determined. This, however, can
be determined with gaod accuracy since the Monte Carlo can model the B

decay praduct distributions well.

The contribution of the detector response and the offline data processing
to the efficiency is based on the ability with which the various detector com-
ponents and offline algorithms correctly identify and reconstruct the charged
particle tracks and energy depositions of the B* decay products. These terms
are dependent on the Pr as well as the spatial distributions of the decay prod-
ucts. The Pr cuts imposed on the muons and kaons ensure that the particles
lie in the range where their respective detector and reconstruction efficiencies
have plateaued. This means that the component of the efficiencies due to
detector response and reconstruction efficiencies of the charged tracks will be
equal for both decay modes and will cancel when the ratio of efficiencies is
taken. The component of the efficiency related to the photon reconstruction,
however, remains to be evaluated. Since the efficiency due to the photon re-
construction is independent of the other components of the total efficiency it

can be evaluated separately.
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The components of the efficiency due to the decay reconstruction algo-
rithms are related to the method with which the decay products are identified
from the data and the way they are combined to reconstruct the B* me-
son. The efficiency with which the decay products pass the mass, vertex, and
pointing constraints are an example of the source of such efficiencies. With the
exception of the photan, the reconstruction algorithms for both decay modes
are identical and any efficiencies due to the particular decay reconstruction

algorithm used will cancel when the ratio of efficiencies is taken.

Finally, the efficiency of the kinematical cuts reflects the probability of a
B* decay passing the various Py cuts and the Lxy and isolation cuis. The
efficiency due to the Lxy cut is equal for both decay modes since the decay
time, and hence the distance travelled, of a particle is independent of the
particle’s decay made. The efficiency of the isolation cut cannot be accurately
determined from Monte Carlo since it requires a knowledge of the proton
fragmentation mechanism in addition to the knowledge of the B¥ production
mechanism. However, since the isolation cut depends on the environment
surrounding the B* and not on the decay mode of the B* the efficiencies of
the isolation cut will be equal for the two decay modes and will cancel when
the ratio is taken. The Pr cut efficiencies are related to the falling momentum
spectrum of the B¥ mesons. Since the momentum of a B* meson is shared
among more final state particles in the x. decay mode the momenta of the
charged particles will, on average, be less than that of the J/¢¥ decay mode
charged particles. Consequently, requiring the same minimum Pz cuts on the
K=, J/¢ , and the two muons is equivalent to higher Pr cuts on the B*
mesons which decay through the x. mode which means that the P cuts will

be less efficient for the x. decay mode.

The efficiencies which do not cancel when the ratio of efficiencies is taken

are listed below:
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e The coverage term due to the spatial distribution of the B= decay prod-

ucts.
e The Pr cuts term.

e All photon related terms.

The coverage and Pr cuts terms can be determined from Monte Carlo
simulation, while the photon related terms are determined from data. The

following sections describe how these efficiencies were determined and applied.

5.2.1 The Pr(K*) Cut Efficiency

It is expected that the Pr spectra of the K* will be different for the two decay
modes. Since the x. is more massive than the J/vy , energy and momentum
conservation implies that the K* from the x. decay mode will be less energetic
and will have a Pr spectrum peaked at lower momenta than that of the K=
from the J/+ decay mode. The Pr spectra of the K* from both decay modes
is shown in figure 5.2 for the generated Monte Carlo B* Pt spectrum shown
in figure 5.1. Imposing the minimum Pr(K%*) cut described in section 4.2.3
produces the B¥ Pt spectra shown in figure 5.3. Since the kaon momentum
cut required K* candidates with 1.25 GeV/c < Pr(K*) < 2.0 GeV/c to
be SVX tracks the fraction of such tracks needed to be determined. This
fraction, determined from data, was found to be independent of Pr in the range
1.25 GeV/c < Pr(K*) < 2.0 GeV/c and equal to 0.53 £+ 0.02. This fraction
was used as the weight of all events with 1.25 GeV/c < Pr(K*) < 2.0 GeV/c
when applying the K* momentum cut to the B* Pt spectrum. The ratio
of the two Pt distributions produces the relative efficiency for a B* —+ xy K*
decay to pass the kaon momentum cut with respect to that of a B*¥ — J/yK*
decay passing the cut (Fig 5.4). The solid line in figure 5.4 is a result of fitting

an exponential to the data points. An exponential function was used to fit the
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Figure 5.2: The Monte Carlo Pt spectra of the K* from B* decay. The solid
line represents the K* from the B¥ — x.K* decays while the dotted line
represents the K* from the B* — J/¢¥K* decays.

data points in the other efficiency plots as well since it matched the data well.
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represents the B* — x.K* decays while the dotted line represents the
B* — J/YK* decays.
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Figure 5.4: Efficiency of the K* Py cut, for the B* — x.K* decay mode with
respect to the B* — J/¢¥K* decay mode, as a function of B* Pr

5.2.2 The Pr(u) Cut and the Trigger Efficiency

Just as the Pr(K=) spectra are different for the two decay modes, so are

the Pr spectra of the two muons. The Pr spectra of the higher and lower
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energy muons are shown in figures 5.5 and 5.6 respectively for the B* Pr

spectrum shown in figure 5.1. Imposing the muon momentum cuts described
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Figure 5.5: The Monte Carlo Pt spectra of the more energetic muon from the
B* decay. The solid line represents the muons from the B* — x.K* decay
while the dotted line represents the muons from the B* — J/¢yK* decay.

in section 4.2.1 produces the B* Py spectra shown in figure 5.7, and the ratio
of the two B* Pr distributions produces the relative efficiency of the Pr(u)
cuts (Fig 5.8). The Pr(u) cuts ensure that the muons lie in the Pr range

where the trigger efficiency has plateaued. Therefore, €55, /e,‘ff',-‘ﬁg =1.

5.2.3 The P(J/¢) Cut

The Pr spectra of the J/¢ from both decay modes are shown in figure 5.9. Al-
though the Pr(u) cuts and the Pr(J/v) cuts are highly correlated the relative
efficiency of the Pr(J/v) cuts could still be different from 1. This efficiency is
determined in two steps by generating the B* Py spectra with only the Pr(u)
cuts and then with both the muon and J/¥ Pr cuts, for both decay modes.

For each decay mode, the ratio of the Pr(B¥) spectrum with the two sets of
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Figure 5.6: The Monte Carlo Pr spectra of the less energetic muon from the
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cuts with respect to the Pr(B%*) spectrum with only the Pr(u) cuts is taken.

The ratio of the two resulting distributions is the relative efficiency for the
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with respect to the B* — J/9YK* decay mode, as a function of B* Py

Pr(J/v) cuts after the Pr(u) cuts have been impaosed (Fig 5.10).
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Figure 5.9: The Monte Carlo Py spectra of the J/v¢ from the B* decay. The
solid line represents the J/1% from the B¥ — x.K?* decay while the dotted
line represents the J/vy from the B¥ — J/yK¥* decay.
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Figure 5.10: Efficiency of the J/v¥ Pr cuts, after the muon Pr have been
imposed, as a function of B* Pr

5.3 The Photon Reconstruction Efficiency

In principle, the photon reconstruction efficiency could be determined from
Monte Carlo. This method is inadequate, however, in this case since the
photons in question have energy on the order of 1 GeV while the detector
photon response was studied with photons with energy larger than 10 GeV.
Therefore, the detector response to low energy photons is not well understood

and incorrectly modeled in the Monte Carlo.

The alternative would be to determine the photon reconstruction effi-
ciency from experimental data. Since the calorimeter provides the only in-
formation about photons in an event, however, there is nothing against which
the calorimeter response can be checked in order to determine the efficiency.
Therefore, in order to determine the photon reconstruction efficiency from data
one must use electrons. This is possible since the behaviour of electrons and

photons in a calorimeter (i.e. electromagnetic showers) are identical. With
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electrons, one has independent position and energy information from the re-
constructed electron track in the CTC. Since the behaviour of muons, pions,
kaons, and other charged particles in the calorimeter is very different from
that of photons and electrons, one must be able to reliably identify electrons
in the same energy range as the photons used in this analysis. The only way
to reliably identify low energy electron tracks is through photon conversions.
The 0.08 X, of material between the beam pipe and the inner wall of the
CTC causes about 8% [28] of the photons to convert into electron-positron
pairs. Hence, by reconstructing photon conversions one can obtain a very

pure sample of electrons.

5.3.1 The Conversion electrons

All tracks in an event were assumed to be electrons or positrons®and were

combined in pairs to form a photon if they satisfied the following requirements:

e Pr of the track > 0.5 GeV/c.
e The track extrapolated to a central calorimeter tower.

e The tracks were oppositely charged.

The track pairs were also required to satisfy a vertex constraint and a con-
version constraint. The conversion constraint required that the two tracks
be parallel at the point of intersection. This is kinematically equivalent to
requiring that the invariant mass of the pair equal zero as is expected from
the conversion of a massless photon. The small number of conversions found
in the dimuon data sample did not allow for the determination of the photon

reconstruction efficiency with sufficient statistical accuracy. Consequently, the

2Depending on the charge associated with the tracks. Subsequent mentions of electrons
also refer to positrons.
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high energy electron sample was used. This data sample was collected by a
trigger which required an electron with energy E > 6 GeV in the event. The
energy range of electrons with E > 6 GeV does not significantly overlap the
energy range of the photons used in this analysis. However, if the high energy
electron (positron) did actually originate from a photon conversion it is likely
that the energy of the other conversion positron (electron) is lower, and thus

falls in the relevant energy range.

Figure 5.11 shows the radial distribution of the conversion vertices in the
r — ¢ plane after the following cuts were applied.

e Probability of satisfying the vertex and conversion constraints > 0.1%.

e Neither of the tracks associated with the conversion were SVX tracks.
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Figure 5.11: Radial distribution of the conversion vertices in the r — ¢ plane.

The peaks at 25 cm and 28 cm are due to the conversions in the outer wall
of the vertex tracking chamber and the inner wall of the CTC respectively.
The series of peaks with radii less than 10 cm are due to conversions in the

SVX and the surrounding support structures.
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5.3.2 Determination of the Photon Reconstruction Ef-
ficiency

For the lower energy electron track from the selected conversion pairs an at-
tempt is made to reconstruct a photon in the calorimeter tower to which the
electron track extrapolates. Exactly the same criteria are applied as for the
photon search in the analysis with the exception of the no track requirement?®.
Two distributions of the electron energy spectrum, as determined from the
track momenta, are then created. The entries of the first distribution are all
equally weighted, while the entries of the second distribution are weighted
with 1 or 0 depending on whether or not a photon was reconstructed in the
calorimeter tower (photon weighted) to which the electron track extrapolated.
The ratio of the photon weighted distribution to the equally weighted one gives
the photon reconstruction efficiency as a function of the actual photon energy
(again without the no track requirement). Figures 5.12 and 5.13 show the elec-

tron energy distributions and the photon reconstruction efficiency respectively.

5.3.3 The ‘No Track Cut’ Efficiency

The no track requirement is used in the analysis in order to distinguish photons
from electrons. It is possible however, that some tracks randomly extrapolated
to the same calorimeter tower as the photon from the B meson decay. This
would cause the photon to be rejected and the B meson not be reconstructed.
In order to correct for this, one must determine how many photon candidates

are being rejected due to the no track requirement.

Again, this can only be determined with electrons. This efficiency was de-

termined in [29] with a sample of conversion electrons. Determination of the no

3Photon candidates were required to have no CTC track pointing at the tower within
which they were reconstructed (section 4.2.5)
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track requirement

efficiency entailed identifying the calorimeter tower to which

one of the conversin electrons extrapolated and counting the number of other

tracks which extrapolated to the same tower. The efficiency was determined to
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be enorrack(Y) = 89%2%. The reason that the value of €xorrack(7), determined
with the high energy electron data sample, is applicable to the dimuon data
sample is as follows: all the tracks associated with the B¥ — x.K* decay
or the photon conversion are accounted for by the reconstruction algorithms.
Therefore, any spurious tracks extrapolating to the same calorimeter tower
as the photon (electron) must have originated from the underlying event, i.e.
interactions not associated with the production of the B= mesons (photon
conversions). Such interactions are dependant on the instantaneous luminos-
ity and are thus expected to occur with equal frequency in both the dimuon

and the high energy electron data samples.

5.3.4 The ‘Photon Fiducial Volume Cut’' Efficiency

A fiducial volume cut of |Zyedge] < 20 cm, |Zyedge] > 10 cm was applied to
all photon candidates. The purpose of this cut was to ensure that the energy
depositions were sufficiently far from the calorimeter towers’ edge that the
amount of unmeasured energy is minimized. The fiducial volume cut eliminates
21.2% of the surface area of the calorimeter, hence its contribution to the
efficiency is €fia—vot(v) = 78.8%. The total photon reconstruction efficiency is

the product of the three photon efficiency terms.

5.4 The Total Relative Efficiency

The kaon, muon, J/% and photon efficiencies were fitted with the following
function: A; + exp (—A2(z — A3)) where the A; were the fit parameters. For
e(K*), e(u), and €(J/¥), z is the Pr of the B . For €(7y), however, z is the en-
ergy of the photon. Multiplying them together to determine the total relative
efficiency is, strictly, incorrect since there may be some correlations between

the kaon, J/v4 , and photon efficiencies. Correlations between the muon and
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J/¢ efficiencies were accounted for in the creation of ¢(J/v). Combining the
efficiencies together with the proper correlation produces the total relative ef-
ficiency € (Pr(B%),E(v)), which is a function of the Py of the B¥ and the
energy of the photon. € (Pr(B*)) and the abovementioned correlations have
been determined by the using the Monte Carlo with all the aforementioned

cuts applied. Equation 5.2 then reduces to:

R= N(B* = x.K%*) . 1 (5.3)
"~ N(B* - J/vK*) €(Pr(B*),E(7)) '
R is then determined by dividing the ratio of reconstructed decays, as a func-

tion of Pr(B*) and E(%), by the total relative efficiency.

5.5 Systematic Errors

The systematic errors on the relative reconstruction efficiency were evaluated
in the same fashion as the efficiency itself. The fit parameters (A;) of the
various efficiency functions were varied by +10 and ¢ and R recalculated.
The difference between the central value of R and the two extremes is taken

to be the systematic error.
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Results and Conclusions

It can be seen from figure 4.5 that B* — J/¢¥K* decays have been recan-
structed from the CDF data. For the case of the BX* — x.K* decay, a peak
can be seen at the approximate mass of the B (Fig 4.8). Prior to claiming
a B* — x.K* signal, the following studies were performed to determine the
signal’s robustness. The stability and significance of the peak, however, have

not been conclusively established due to some apparent self-inconsistencies.

The data was divided into three sub-samples: the Run 1A data, the first
60% of the Run 1B data (Run 1B,), and the final 40% of the Run 1B data
(Run 1Bg). The Run 1B data were divided in that manner to correspond
to a hiatus in the data-taking. The three sub-samples corresponded to an
integrated luminosity of 19, 55, and 35 pb™~! respectively. Figure 6.1 shows
the reconstructed x.K* mass spectra for the three sub-samples. A peak is
more readily seen in the Run 1B, plot. Run 1B,, however, is the sub-sample
with the largest integrated luminosity. In order to determine the behaviour
of the x.K* peak as a function of integrated luminosity each distribution was
fit to the sum of a Gaussian and a first order polynomial. The width of the
gaussian was fixed to the value determined from a Monte Carlo simulation

of B¥* - x.K* decays; oypc = 0.012 GeV/c?. This is done to allow the

70
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Figure 6.1: The invariant mass distribution of the B*¥ — y.K* candidates in
the three data sub-samples. Plot (a) is the Run 1A x.K* mass distribution
while plots (b) and (c) are for Run 1B, and Run 1Bj respectively.

comparison of the entries in the x.K* peak, between the three sub-samples.
The results of these fits are summarized in Table 6.1. The number of entries
in the x.K* peak (B¥ yield), and its error, for each sample were scaled to an
integrated luminosity of 10 pb~! to allow for a comparison of the B¥ yield.

The scaled B* yield for Run 1B, and Run 1B are both quite smaller than
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I Run 1A Run 1B, Run 1Bg
Mass(B= ) 5.276 + 0.008 | 5.292 + 0.008 | 5.262 + 0.010
Number of B= 9.2+4.3 11.2+6.1 6.0+ 4.1
B= per 10 pb~! 4.84 +2.26 2.04 +1.11 1.71 £ 1.17
Ratio of luminosities 1 2.89 1.84

Table 6.1: Comparison of the x.K* mass fit results for the three data sub-
samples. The entries of the third row are the results of scaling the values
number of B¥ to an integrated luminosity of 10 pb~!.

the value obtained for Run 1A, however, they are not totally self-inconsistent
since their errors are quite large too. The location of the peaks, however, in
both the Run 1B, and Run 1B distributions are mare than 1o away from the
mass of the B* meson (Mg = 5.279 GeV/c?). This is indicative of a possible

inconsistency between the three data samples.

Comparison of other kinematical quantities reveals more inconsistencies
between the Run 1A and Run 1B data. Figure 6.2 compares the J/¢ ,
Xc , and B¥ — x.K* candidate mass distributions as well as the isolation
(Isol(x.K= )) distribution between the Run 1A sample and the total Run 1B
sample. The distributions have been normalized to one in order to compare
their shapes. It can be seen in figure 6.2(a) that the signal-to-background ratio
for the J/v and x. distributions has deteriorated from Run 1A to Run 1B.
It can also be seen that the isolation of the B* candidates has noticeably
decreased. Both these effects might be explained by the higher instantaneous
luminosity in Run 1B. The lower signal-to-background ratio in the J/% and x.
distributions may explain an increased level of background in the x.K* mass
distribution but they cannot account for a diminution of the B* — x.K*
signal. The isolation cut, however, will reject more B* — x.K* candidates in
Run 1B than in Run 1A since they are less isolated. It is not expected that
this effect will substantially deteriorate the signal, However, time limitations

did not permit for it to be studied in more detail.
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Figure 6.2: Comparison of the p*u~ (a), u*u~y — utu~ (b), and x.K= (c)
mass distributions as well as the x.K* isolation, between the Run 1A and
Run 1B data samples. The solid histograms represent the Run 1A data while
the dashed histograms represent the Run 1B data.

A comparison of the data between the two Run 1B sub-samples was also
performed in an attempt to further understand the discrepancies in the x K*
mass distribtions. Figure 6.3 compares the photon energies between the Run 1B,

and Run 1Bg samples, as well as the u*u~, J/vy, J/YK*, and x.K* mass
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distributions and the isolation of the x.K* . On average, the photons in
Run 1Bg are slightly less energetic than those in Run 1B,. A fraction of the
low energy depositions in the calorimeter, especially around and below 1 GeV,
is due to calorimeter noise. A photon energy distribution that is shifted to-
wards lower energies implies that it contains more entries due to calorimeter
noise and is a possible indication of a deterioration in the calorimeter perfor-
mance. The isolation distribution of the Run 1Bg sub-sample is shifted towards
lower values. This effect is explained by the increasing instantaneous luminos-
ity, but is not believed to account for a smaller than expected B* — x.K=*
yield. The u*u~, J/¢+, and J/¢K* mass distributions exhibit a lower signal-
to-background ratio in the Run 1Bg sub-sample. These effects contribute to
the background of the x.K* distribution as described above. The location
of the J/¢¥ mass peak, hawever, is shifted slightly towards lower mass in the
Run 1Bg sub-sample. This may indicate that our knowledge of the solenoidal
magnetic field is incorrect in one of the sub-samples. An incorrect value of
the solenoidal magnetic field could slightly shift the x.K* mass on an event
by event basis and may result in a shifted and possibly wider signal peak.
The shift in the x.K* mass is a consequence of the systematic error of the
K* momenta since the J/v¢ candidates are mass constrained. It is important
to note, however, that since the unconstrained J/¢ candidate mass is shifted
from its nominal value, the efficiency of such candidates passing the mass con-
straint requirement is decreased, resulting in fewer B¥ — x.K¥* candidates.
This is qualitatively consistent with the shift towards lower (higher) masses of
the x.K* peak in the Run 1Bs ( Run 1B,) data, as seen in Figure 6.1 and
Table 6.1

Despite the lack of a strong B* — x.K¥ signal in the Run 1A and
Run 1B data, it is believed that the x.K* mass distribution contains en-
tries from B* — x.K* decays. Requiring stricter kinematic cuts, such as

the muon and kaon Pr cuts, the photon energy, the isolation and Lxy cuts



Chapter 6: Conclusion 75

eliminates a large fraction of the B¥* — x.K* candidates; the remaining
candidates, however, lie around M = 5.278 GeV/c? and are consistent with
originating from B* — x.K* decays. The remaining events, however, are

too few to enable a meaningful measurement of the ratio of branching ratios

_ B.R.(Bf—x.K¥)
(R - B.'R..(B*—b.llwh’*))'

The differences between the three data sub-samples are partially explained
by the changes in the instantaneous luminosity and the detector performance
over the course of the experiment. Such effects require further study in order
to determine whether a conclusive B* — x.K* signal can be extracted from
the CDF data, and are beyond the scope of this thesis. Further investigation
of these effects, however, holds promise that the B* — x.K* signal can be
conclusively established and the ratio R determined from the CDF data. The
CDF experiment has demonstrated that B physics can be successfully studied
within the hadronic environments of pp collisions; this analysis has shown that
exclusive decays of B* mesons (B* — J/¢K?* ) can be reconstructed within
that environment, and has hinted that even compler decay modes involving

four final state particles with low energy photons can be fruitfully investigated.
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