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An Upper Limit on the B — D; 7+ Branching Ratio
A dissertation presented to the Faculty of the
Graduate School of Arts and Sciences of Brandeis

University, Waltham, Massachusetts

by Michael C. Kirk.

Abstract

This thesis reports the results of a study of B — D= decays. The analysis is
performed on 110 pb~! of data collected by CDF at the Fermi National Accelerator
Laboratory between 1992 and 1995. B mesons are reconstructed in the Run I inclusive
lepton dataset in the opposite hemisphere from the lepton. B4 and B, mesons are re-
constructed via the B — D channel for the first time in a hadron collider environment.
The reconstructed By and By mesons serve as a reference signal for the B, search. Six
By — D, decay modes are studied and an upper limit is placed on the B, — D7

branching ratio:

BR(B; = Dym) < 9.9% at 90% C.L.

BR(B; = D,7) < 15.9% at 95% C.L.

and

f(b— B,) x BR(B, » D,r) < 1.6% at 90% C.L.

f(b— By) x BR(B, - Dyr) < 2.6% at 95% C.L.

vi
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Part I
Theory

1 Introduction

To date, the Standard Model is the most complete theory describing the fundamental par-
ticles and interactions which make up our universe. However, despite its many successes,
questions persist about its ability to comprehensively describe all of nature's pheonomena.
Measurements of the Standard Model's parameters check its internal consistency and possi-
bly lead to the observation of physics beyond the Standard Model. The study of b-physics
provides an arena for measuring some of these parameters, specifically the CKM matrix
elements and CP-violating parameters. There are several B meson measurements that po-
tentially yield information on the CKM matrix elements, for example, the observation of
B — B? mixing. The ability to fully reconstruct the B, meson in mixing studies offers the
most precise measurements of its proper decay time, crucial to the observation of B°-B® mix-
ing for large Am. This thesis studies two-body fully hadronic B meson decays through the
Cabbibo favored b — ¢ transition and places an upper limit on the B — D; 7% branching
ratio’.

This analysis is performed on data collected by the Collider Detector at Fermilab (CDF)

at the Fermi National Accelerator Laboratory from 1992-1995, referred to as Run 1. The

!Charge conjugation is assumed throughout.
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Run I 110 pb~! inclusive lepton dataset is used to search for B — Dr decays. The reference
signal used in this analysis requires the reconstruction of B* and B® mesons via their charmed
hadronic decay products. These B mesons are reconstructed in the hemisphere opposite the
lepton’s hemisphere. After identifying the reference signal, six B, - D,r decay modes are
searched for. An upper limit on the B, — D,r decay rate is calculated based on the number
of reconstructed B* and B° mesons, the relative reconstruction efficiencies and branching

ratios, the b-quark fragmentation fractions and an upper limit on the number of B, events.

An introduction to the theoretical background and the motivation for this study is pre-
sented in Sections 2, 3 and 4. A description of the experimental apparatus is presented in
Sections 5 and 6. The goals of this analysis are outlined in Section 7. The data sample and
strategy for finding B mesons is presented in Section 8. The reconstruction of B¥ and B°
mesons is detailed in Section 9. The optimization of the B* and B reference signal is found
in Section 10. The search for B, mesons is explained in Section 11. The upper limit on the
B, — D,r branching ratio is calculated in Section 12. Finally, conclusions are discussed in

Section 13.

(V]
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2 Standard Model

The Standard Model describes fundamental particles and their interactions based on the
requirement of local gauge invariance. The Standard Model is composed of Quantum Chro-
modynamics (QCD) and Electroweak (GSW)? gauge theories. Gravity is not included in the
Standard Model and is best described by Albert Einstein’'s General Relativity Theory since
the gravitational force, at the current energy scale, is negligible at the atomic and sub-atomic

levels,

The Standard Model groups particles into half-integer spin {(fermions) and integer spin
(bosons) categories. Fermions are composed of either quarks or leptons. The six flavors of
quarks are divided into three generations of doublets and are shown in Table 1 [1]. However,
quarks are not found individually in nature. Instead, they are paired as quark anti-quark
pairs, called mesons, or quark triplets, known as baryons. Mesons and baryons are collectively
classified as hadrons. Leptons are also grouped into three generational doublets and are

shown in Table 2 [1]. Leptons can be found individually in nature.

Bosons are integer spin particles which obey Bose-Einstein statistics. The bosons serve as
the gauge fields of the previously mentioned gauge groups and mediate particle interactions.
The W and Z bosons mediate the weak force, gluons mediate the strong force, and photons
mediate the electromagnetic force. In the following sections, the historical development and

construction of the theories which constitute the Standard Model are summarized.

*Named for Glashow, Weinberg and Salaam who unified the weak interaction with Quantum Electrody-

namics (QED).
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Table 1: The mass and charge of the quarks in the Standard Model.

2.1 History

The multitude of particle discoveries during the last century began with JJ Thompson's
discovery of the electron in 1897. This established that the atom, once thought to be a
basic “building block™ of nature, was in fact made of more fundamental pieces of matter.
Albert Einstein followed Thompson's discovery by suggesting that electromagnetic radiation
consisted of photons. Based on this, Einstein proposed the theory of the photoelectric effect.
The examination of the atom’s substructure continued when Ernest Rutherford, in 1911,
discovered the presence of a positively charged nucleus in an atom, by colliding a-particles®
with thin gold foils and observing that some deflected at large angles. These positively

charged particles were known as protons. The makeup of the atomic nucleus was completed

Quark | Charge I_Mass [GeV /)
T
up | +2/3 | 0.001-0.005
down -1/3 | 0.003 - 0.009
charm | +2/3 1.15-1.35
strange | -1/3 0.075-0.170
top +2/3 4.0- 4.4
bottom | -1/3 | 174.3 + 5.1
m

in 1932 when James Chadwick discovered neutrons.

Though these initial discoveries answered some questions, they also introduced many new

3Helium nuclei.
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Lepton | Charge | Mass [MeV/c?]

e -1 0.511

Ve 0 <30x10""

7 -1 105.6

Vy 0 < 0.19 (90% C.L.)
T -1 1777.0

Vr 0 < 18.2 (95% C.L.)

Table 2: The mass and charge of the leptons in the Standard Model.

ones. For example, since it was not possible for the electromagnetic force to account for the
bound state of the nucleus, an unknown attractive force must be responsible. This unknown
force was thought to act on a very short range (10~'? cm) and be strong enough to overcome
the electromagnetic repulsion of the protons. In 1934, Yukawa proposed that a force existed
between protons and neutrons that was mediated by a massive boson. The boson’s mass

would explain why the force only acted over a short distance (on the scale of the atomic
nucleus).

In addition to questions about the unknown attractive force, it was believed that a
unknown force must also be acting in 3-decay. During 3-decay, a neutron decays to a proton
and an electron. However, the mean decay time of 3-decay was not easily explainable by the
attractive or electromagnetic force. Thus, a third force was theorized to exist. In addition,
the energy spectrum of the emitted electrons was continuous up to the maximum available

energy. To account for this, a nearly massless neutrino, v, was postulated by Wolfgang Pauli
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in 1930, to be an invisible third particle present in the decay: n — pe~v,. In 1938, the muon
was discovered by Carl David Anderson in a cosmic ray experiment. In a process similar to

G-decay, the muon also decays yu = e”7,u,.

In the middle of the last century there were many unanswered questions including newly
discovered but unexplained forces and particles. With the introduction of particle accelera-
tors in the 1950's, many ‘elementary’ previously unknown particles were being created and
observed. For example, the pion was discovered in 1947. As the number of ‘elementary’
particles increased and the symmetries in mass, charge and intrinsic spin between these par-
ticles were observed, doubts were raised that these were truly 'elementary’ particles. In 1963,
Murray Gell-Mann and George Zweig proposed that hadrons were in fact made of smaller,
more fundamental, particles they called quarks. Gell-Mann and Zweig's model consisted of
three quarks (up, down and strange) which interacted via the strong force. The theory of a
further layer of structure beneath the nucleon scale was proven correct with the discovery of

proton substructure in 1968 at the Stanford Linear Accelerator Center (SLAC).

To explain the large decay time of 3-decay and parity and flavor violation, a new in-
teraction was needed. Either a new field with its own coupling strength or a new field
with the same strength as the electromagnetic field but with a mediator that had a large
mass. Gell-Mann and Kazuhito Nishijma attributed this to a new quantum quantity called
'strangeness’ which would be conserved in strong and electromagnetic interactions but not
in weak interactions. However, the strangness changing decays observed were inconsistent
with the current SU(3) symmetry believed to explain the three quark flavors. To fix this

problem Nicola Cabbibo, in 1963, suggested that the charged weak interaction eigenstates
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were not the mass eigenstates, but linear combinations of them. In 1970, Glashow, Iliopouls
and Maiani predicted the existence of a fourth quark, charm, to solve the problem. In 1973,
Kobayashi and Maskawa proposed a new generation of quarks to solve the problem of CP
violation [2]. The charm quark prediction was confirmed the following year in 1974, when
two separate experiments led by Samuel Ting and Burton Richter discovered the cé-bound

state named the J/¢.

The discoveries of fundamental particles continued with Martin Perl’s discovery of the
7 lepton in 1975 at SLAC. The fifth quark, bottom, was discovered as a resonance in the
dimuon invariant mass spectrum by a group led by Leon Lederman in 1977 at Fermilab [3].
The last quark, top, was discovered at Fermilab by CDF and DO in 1995 (4] [5]. Recently,
experimental evidence for neutrino mass has been presented [6]. Based on this abbreviated
history of the development of particle physics the underlying theories of the Standard Model

are explored.

2.2 The Standard Model

The Standard Model breaks down all matter in the universe to basic fundamental particles
and three basic interactions. The interactions between these particles are all dictated by
local gauge invariance. The next three sections describe these interactions, Quantum Elec-

trodynamics, Quantum Chromodynamics, and Electroweak, which constitute the Standard

Model.
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2.2.1 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the gauge theory of electromagnetism. This theory
couples Maxwell’s classical electromagnetic equations with the modern formalism of quantum
field theory. It is a renormalizable field theory based on the concept of local gauge symmetry.

Renormalizable QED was the first successful quantum field theory.

The QED field is mediated by the massless photon. The gauge symmetry asserts that the
photon couple to all electrically charged matter with a strength proportional to the electric
charge. Because QED is gauge invariant, electric charge must be conserved in all electromag-
netic interactions. A Feynman diagram representing a basic QED process, electron-positron
annihilation, is shown in Figure 1. A electron and positron annihilate to from a photon
that produces a muon and anti-muon pair. The amplitudes are described by the interaction
vertices for the emission or absorption of photons. The vertices contribute a factor pro-
portional to the fine structure constant, o, to the amplitude of the process. Because « is
small, diagrams with an increased number of vertices representing more complex processes

contribute less to the final magnitude of the process.

2.2.2 Quantum Chromodynamics

QCD is the local gauge theory of the strong interaction, based on the non-Abelian SU(3)
gauge theory. The fact that QCD is non-Abelian leads to phenomena known as asymptotic
freedom and infrared slavery. QCD is mediated by gluons that have a quantum similar
to electric charge, known as color, that has three fundamental values. QCD requires eight
massless spin-1 gauge bosons, corresponding to the different ways they can couple to the

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1: A Feynman diagram representing the ete~™ — p*u~ process.

three colors of quarks. However, gluons are also colored and therefore interact with each
other, unlike photons. This leads to additonal vertices in QCD that are not found in QED.
QCD interactions are diagonal in quark flavors, that is, they dc not change the flavor of a

quark. Also, because leptons have no color, gluons do not couple to them.

2.2.3 Electroweak

The electroweak force lies at the heart of B hadron decay, since if there were nc cross
generational transitions, the B® meson, the lightest B meson, would not decay at all. The

electroweak force is a spontaneously-broken non-Abelian local gauge invariance based on the
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group SU(2), x U(1). After spontaneous symmetry breaking, the four massless bosons give
rise to three massive spin-1 bosons , W* and Z, which mediate the V-A structure of the weak
force and a massless spin-1 boson, v, which mediates the electromagnetic force. A Feynman
diagram representing the charged current interaction in which the W boson mediates the
d-quark to u-quark transition shown in Figure 2. A further spin-0 boson, called the Higgs

boson, arises in spontaneous symmetery breaking.

Figure 2: The charged current Feynman diagram representing d-quark to u-quark transition.

10
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2.2.4 CKM Matrix

The six quarks are arranged into doublets based on their weak isospin. Quarks in one

generation may mix with quarks in other generations. The weak force couples the pairs:

The Cabibbo-Kobayashi-Maskawa (CKM) matrix relates the weak interaction eigenstates to
the quark mass (physical) eigenstates. The CKM matrix, Vcky, is @ 3 x 3 unitary matrix.

in the quark flavor space:

d' Via Vis Vi d
s = L;:d "::.1 Vcb s !
b’ Via Vis Vi b

where d', s’, b’ are linear combinations of the physical quarks d, s,b. Every weak interaction
involving the W boson is proportional to some product of the elements of Vcky. Because
the matrix is unitary, the 18 free parameters of a non-unitary 3 x 3 matrix reduce to nine free
parameters. After applying five quark phase adjustments, the number of free parameters is
reduced to three amplitudes and one phase. The Wolfenstein parameterization approximates

the matrix elements and provides a good description of the magnitude and the relationship

of those elements with large phases [7]:

1- 42 A AN(p-in)
Voru = =) 1- A2 AN
AN(1-p—in) AN 1
11
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In this approximation, A = sinf, = 0.22, where 6, is the Cabbibo angle [8]. The parameters
p and 7 contain the phase information. The unitarity requirement forces the sum of the
absolute squares of the elements in any row to equal one. It also requires that any pair of

rows or columns of the matrix be orthogonal. The expression most relevant to B physics is:

VuaVas + VeaVp + ViaViy = 0.

This constraint is commonly represented by a triangle in the complex plane after rescaling
the sides by |V.q V3| as shown Figure 3. The angles can be measured and related to an

observation of CP violation:

n
tanle) = TE T =)
tan(3) = 7 Zp),
tan(vy) = %

2.2.5 CP Violation

Symmetry is one of the most important concepts in particle physics. The electroweak in-
teraction is a consequence of the symmetry requirement of local gauge invariance. A parity
transformation, P, is equivalent to looking at physics in a mirror. Strong and electromagnetic
interactions are invariant under parity transformations, however, weak interactions are not.
In 1954, it was discovered that neutrinos are exclusively left-handed (spinning anticlockwise
about their direction of motion) and anti-neutrinos are right-handed. Thus, both C and P

are separately violated in weak interaction. In 1964 it was experimentally established that

12
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Figure 3: The unitarity triangle representing the Vcg, matrix elements.

CP is violated in the K? system. In 1968, Salam, Glashow and Weinberg introduced C
and P violation into the electroweak theory. Recently, BaBar and Belle have measured CP

violation in the the B system[9][10].

3 bb Production

In this section, a brief introduction to b-quark production in pp collisions is discussed. bb

pairs are produced by collision between partons® inside the proton and anti-proton beams.

4Quarks or gluons.

13
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The bb cross section is large at pp colliders compared to ete™ machines, however, the cross

section is small compared to the total cross section in pp collisions:

Ts =6x10"%

Ototal
This difference in cross section means that a study of B hadrons must efficiently select the bb
events of interest from the majority of events. There are three main processes which occur
during the proton anti-proton collision. These are bb, cZ, and light quark/gluon processes.
The bb production cross section can be expressed as a pertubative series expanded in powers
of coupling constant, a,. First, a discussion of heavy quark production in lowest order is
presented, followed by the next to lowest order QCD calculations. This followed by an

introduction to the fragmentation of B hadrons.

3.1 Leading Order

The lowest order bb production processes are called s-channel and t-channel and are of order
a?. The t-channel mechanism is a 2 — 2 process of gluon-gluon fusion (g + g — b+ b) and
a s-channel mechanism is a quark anti-quark or gluon gluon annihilation process (¢ + § —
b+bg+g — b+b). These diagrams are shown in Figure 4. At leading order, a?, the
bb pairs move in opposite azimuthial directions in the parton-parton center-of-mass frame
and thus are back-to-back in the transvserse plane. The bb cross section is flat at small
pseudorapidity, n, where n = —In[tan(6/2)] and 8 is angle to the beam direction, and falls
at large . The center-of-mass of the system is boosted along the pp axis due to partons

carrying different fractions of the proton and anti-proton momentum.

14
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Figure 4: The leading order Feynman diagrams depicting b-quark production by quark anti-

quark annihilation and gluon-gluon fusion.

3.2 Next To Leading Order

There are four main types of next to leading order, NLO, production processes: gluon
splitting, virtual emission, real emission and flavor excitation. The NLO processes also
include initial and final state gluon radiation, producing b pairs plus additional light quarks
or gluons. Further complicating the production of bb pairs, is the underlying event that
is caused by partons not participating in the bb event. Some cf the Feynman diagrams
representing the NLO process are shown in Figure 5. Gluon-gluon processes, g +¢g — q + ¢,
are the dominate process. These processes result in particles with low transverse momentum
and high . NLO bb pairs are usually created closer together in phase space and are not
as likely as pairs from LO procesess to appear in the detectors central region. However,
the higher-order terms are similar in magnitude to lowest-order, thus they are not simply

higher-order corrections. Currently the theoretical predictions for the cross sections agree

15
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well with the shape of data cross sectons but the data is a factor of 3 higher [11] [12].

¥al)

gl

O
o

Figure 5: Some Feynman diagram depicting O(a?) production mechanisms of b-quark pro-

duction.

3.3 B Fragmentation

After the proton and anti-proton interaction, individual quarks exit the interaction region
and hadronize to form color neutral hadrons. The individual quarks are joined by other
quarks to form hadrons by pulling ¢g pairs out of the vacuum. This is a result of the color
(strong) force between quarks. One of the quarks joins the heavy quark and forms a hadron.
Fragmentation is a low Q2 non-pertubative, QCD process. Because this is a low energy
process, phenomenological models to quantify the process must be used. The fragmentation
process is characterized by the fraction of the initial b~quark momentum, z, carried by the
B meson. The fragmentation function, D(z), represents the probability distribution of the
B meson’s momentum transverse to the pp axis. Since it is a long distance process, a

semi-empirical parameterization is used [13]:

_ N
T z(1-1/z-¢€(1-2))*

D(z)
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where N is a normalization constant and

(E +py)qq
(E +pq) '

» —
~ -

and p is the projection of the momentum of the hadron onto the original direction of the
heavy quark. The Peterson fragmentation parameter, ¢, is related to the ratio of the heavy

and light quark effective mass.

One of the models describing fragmentation is the Lund Model [14]. The Lund model
assumes that fragmentation is independent of production. This is reasonable since the time
scale for fragmentation is much greater then the time scale for production. A naive model
suggests that as the colored particles are separated, the color field between them takes on the
shape of a tube. The tube’s energy is determined by its length. Thus, as the displacement
increases, the energy of the system increases until finally it fragments by producing ¢g or
qq-@G pairs. A fraction of parent quarks's energy (momentum) is carried by the resulting
heavy hadron{13]. Tt its theorized that a fast moving quark loses negligible energy when it
picks up a light anti-quark or di-quark. Since the s-quark is heavier then u and d-quarks,
it is reasonable to assume that it is less likely to be produced in the fragmentation process.
The first-order theoretical predictions for which flavor of quark joins the b-quark to form a
B hadron are:

u:d:s:c=1:1:1/3:107".

CDF has measured these fragmentation fractions [13]:

falfy = (84 £ 16)%,

17
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i/l + f2) = (21.3 £5.8)%,
fbaryon/(fu +fd) = (12-0 + 40)%

If it is assumed that f, +f; +f; +fieryon = 1. then:

fi = (37.6+1.3)%,

Ja

f = (16.0£2.35)%,

(37.6 £1.5)%,

fraryon = (8.9 2.8)%.

The Particle Data Group quotes the world average values as [1]:

fud = (389+1.3)%,
fi = (10.7£1.4)%,

fbaryon = (11.6:&2-0)%.

4 B Mesons

B hadrons are especially interesting to study since they are the heaviest hadrons experimen-
tally accessible’. The pseude-scalar B mesons are B’ =(bd), B* = (bu), B, = (bs) and B,
= (be). All of the lowest mass bound states with a b-quark have been observed. B decays
are also interesting because they have the potential to yield information on the weak mixing

matrix. B decay measurements hold information on five of the nine CKM elements [2][16].

5The t-quark decays weakly to a b-quark before it is able to hadronize.

18
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4.1 B Decays

Lowest lying B hadrons decay weakly with significant lifetime and hence have measurable
decay length. Two-body hadronic B meson decays usually occur through Cabibbo favored

b — c weak transition. Studies of two-body weak decays of B mesons give information on

; s
u
b — ol - T
B* B° B D°D'D
u,d,s >— u,d,s

Figure 6: The Feynman diagram for B — D decay.

the Standard Models parameters: Vg, a,, and others [1]. The decay width for a b-quark

decaying into a light quark is given by:

G% > 2
Falb—q) = 3><|Vb| x F(e),

where G is the Fermi coupling constant and Vg, is the CKM matrix element for the b — ¢
transition.

19
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4.1.1 Spectator Model

The spectator model for a two-body weak decay of a B meson is represented by a Feynman
diagram in Figure 6. The spectator model dictates that the light quark remain the same
flavor in the initial and final states. The dominate weak decay diagram is a spectator diagram
where a virtual W~ — ad, és, or fv,. The quark anti-quark pair becomes one of the final
state hadrons while the ¢-quark pairs with the spectator quark to form the other hadron.

The Hamiltonian for this process is:

H = SEVa{du) + o)

where (¢;q;) = ¢T (1 - T'5)g,, G is the Fermi coupling constant and V, is a CKM matrix

element.

The spectator diagram is modified by hard gluon exchanges between initial and final
quark lines. These effects can be taken into account by use of the renormalization group.
Gluons induce an additional term so the effective hamiltonian is separated into two terms.
The original hamiltonian is multiplied by the Wilson coefficent, ¢;(u), and an additional

Hamiltonian is multiplied by a Wilson coefficent, c;(u):

Hoy = G—\/;v;bcl(u)[(d‘u) + (3¢)](2b) + ca(u)[(eu)(db) + (cc)(3b)]-

Wilson coefficents can be calculated from QCD. However, the calculation is difficult since

6

its unclear at what scale these coefficents should be calculated. After setting u = m? ®, and

8ms is the mass of the b-quark equal to 4.0-4.4 GeV/c* [1].

20
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cx(#) = c1(p) £ co(p), the leading-log approximation{17] is:

-60 4+

o (M) Ty
ay(u) '

cx(p) =

It is hoped that factorization will be a better approximation in B decays then D decays
due to the larger energy release [18]. If factorization is valid, then Heavy Quark Effective
Theory (HQET) could provide a reliable model independent framework for the calculation

of properties of non-leptonic B meson decays [19].

4.1.2 Branching Ratios

B physics measurements have typically been the domain of e*e™ machines operating at the
Y (4S) or Z%pole. Since B mesons were first fully reconstructed in 1983 by CLEO, B, and
B, branching ratios have been been measured extensively and with a high degree of precision
at CLEO and ARGUS [20] [21] [22]. These measurements were the product of the T(4S)
resonance in e*e~ annihilations at CESR storage ring for CLEO and the Doris storage ring at
DESY for ARGUS. Since the T(4S) is just past the open beauty threshold, it cannot fragment
into a bb final state other than B* or B°. Thus, CDF has the advantage of measuring B,
decays also. This analysis relies heavily on these branching ratio measurements. The B

meson branching ratios used in this analysis are summarized below [1]:

e BR(B* - D'r*) = (5.3+0.5) x 1073,

e BR(B - D~n*) = (3.0+£0.4) x 1073
The D meson branching ratios used in this analysis are summarized below [1}:
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e BR(D™ - K*r™7n~) = (9.0 £ 0.6) x 1072,

e BR(D® — K*r~) = (3.83 £0.09) x 10~2.

4.2 B, Mesons

The B, meson was first observed, in 1990, by the CUSB collaboration with a collider op-
erating at the T(3S) resonance {23]. The discovery was confirmed in 1992 by the ALEPH
collaboration [24]. The B, meson has also been observed by the CDF collaboration via the

decay channel B, — J/¢¢ [25] and the corresponding branching ratio was measured [26).

4.2.1 B, Mixing

Information from numerous B, decay modes provide complimentary CKM information re-
lated to measurements involving B° decays. In B%-B? mixing, the d-quark is replaced with
an s-quark. In some cases, measurements involving the ratio of B, to By properties result
in the cancellation of theoretical uncertainties. For example, a measurement of the ratio of
the B, mixing parameter, Am,, and the B4y mixing parameter, Amy, results in the cancel-
lation of many uncertainties. In Run II, a measurement of Am, will be combined with the

; . Am : Vigl?
well-measured Amy to give the ratio of 37+ and a theoretically clean measurement of {;t—-lly

within Standard Model. This will place a precise constraint on the CKM parameters p and

n [27).
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4.2.2 CP Violation

CP violation is one avenue to investigate the underlying theory of the Standard Model. In
addition to measuring the side of the unitarity triangle, the value of Am, can be used as
a constraint in CP asymmetry measurements in CP violating B, decays. In the Standard
Model, small CP violation is accomodated by a complex phase in the CKM matrix. However,
this only means that the Standard Model allows CP violation but does not explain it. There
are a variety of B decay modes that potentially hold information. The more measurements
which are done the better the Standard Model picture of CP violation is tested. Some decay
modes give clean information on angles in the CKM matrix which are just the phases of
various CKM elements. This information will test the hypothesis that CKM phases causes
CP violation. In addition, if large CP violating effects are observed then other 'new physics’

sources of CP violation may exist other than the complex phase of the CKM matrix.

4.2.3 Future Prospects

Currently lower limits on the B — B mixing frequency have been placed based on analyses
using semileptonic B, decay modes. At CDF, the 91-’?* reach in semileptonic decays is
expected to be about 30 for a 50 observation [27]. For semileptonic modes, the uncertainty
in the momementum, due to the missing neutrino, is the limiting factor. However, fully
reconstructed hadronic decay modes, such as B, = D; ", are crucial for B, mixing analyses
since they require excellent proper time resolution. The proper time resolution is a product

of the measured B meson decay length and reconstructed B, momentum. The uncertainty
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is given by

=+t /(%2 4 (B2
O t\/( L ) +( P) '
where L is the decay distance and P is the momentum of the B. To resolve the rapid B,

oscillations, the proper time resolution must be on the order of the period of oscillation.

So far B, oscillations have not been observed and the current lower limit on x, is 22. The
most significant problem in Bs mixing analyses is the effective tagging efficiency. In Run
11, CDF expects to have sensitivity for a 50 observation for x, values of 39 to 74 [27]. The

Standard Model expection for Bg mixing is 22 < xg < 31 [28].

Part II
Experimental Apparatus

5 Accelerator

This analysis is based on data from the Fermi National Accelerator Laboratory (FNAL),
referred to in the scientific community as Fermilab. Fermilab is named after Italian particle
physics pioneer, Enrico Fermi. The collection of accelerators and detectors which make up

Fermilab are located about a one hour drive west of downtown Chicago, Illinais.
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5.1 Overview of Experiment

The accelerators at Fermilab consists of a series of linear and circular accelerators which
serve to increase the proton and anti-proton energy. An overhead schematic of the accelerator
complex is shown in Figure 7. The proton and anti-proton beams travel through accelerators
of increasing energies before being passed to the largest accelerator, the Tevatron’. Here, the
counter-rotating beams collide every 3.5 us with a center of mass energy (/s) equal to 1.8
TeV. The interactions occur at 6 regions around the Tevatron. Particle detectors sit at two
of these: B0 and D0. The data in this analysis was collected with the CDF detector during
Run T (May 1992 to February 1995). In the following sections, the particle acceleration

process and the specialized detector components are described in detail.

5.2 Acceleration of Particles

Protons begin their journey to the Tevatron as gaseous hydrogen. Electrons are added
through an electric discharge to form hydrogen ions and the gas is accelerated to 750 keV by
a Cockroft-Walton Chamber. A linear accelerator further accelerates the hydrogen atoms to
400 MeV during which the ions pass through a carbon foil stripping them of their electrons
and leaving protons. The booster, an alternating gradient accelerator (synchrotron) with
a 150 meter diameter, accelerates the proton beam to 8 GeV. While in the Booster, the
protons are divided into 12 bunches with approximately 2 x 10!! protons per bunch. The

bunches are delivered to the Main Ring, a larger synchrotron with a diameter of 2 km. Here

76.28 km circumference.
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the proton beam is accelerated to 150 GeV. At this stage, some percentage of the protons
are injected into the Tevatron, others are used to produce anti-protons, and the remaining

protons are sent to fixed target experiments via the linear accelerator.

The protons that are designated to make anti-protons are collided with a fixed tung-
sten or nickel target. Through a process which is essentially proton-nucleon scattering, the
anti-protons are produced in addition to other final state particles. Since the anti-protons
are produced with a spread of energy, they are sent to the Debunching Ring [29]. The De-
bunching Ring decreases the variance in momentum by adiabatic debunching and “RF bunch
rotation” and reduces the transverse profile of the beam by stochastic cooling. This reduces
the longitudinal and transverse oscillations. The anti-proton beams are concentrated before
stacking into the accumulator. The cooled anti-protons are stored in the accumulator and
are grouped into bunches consisting of approximately 6 x 10! anti-protons per bunch. The
anti-protons are then accelerated to 150 GeV in the Main Ring and are then delivered to

the Tevatron in the opposite (counter-clockwise) direction of the protons.

5.3 Particle Collisions

The protons and anti-protons are grouped into six separate bunches each orbiting the Teva-
tron in opposite directions. Each bunch is spread approximately 30 cm along the beam
direction. The bunches are accelerated to 900 GeV inside a 5.7 T magnetic field of super-
conducting dipole magnets. The beams are focused to a transverse diameter (perpendicular

to the beam direction) of 25 um?2. The center-of-mass energy of the collision is 1.8 TeV.

The rate of collisions, r, is the product of the physics cross section, ,, and the instanta-
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neous luminosity, £:

r= aPC.

The instantaneous luminosity is defined as a product of the number of protons and anti-
protons, N, and N, respectively, the number of bunches, Nyy,nch.s, and the bunch revolution

frequency, f, divided by the the geometric cross sectional area of the beam, o ,:

L= NprNbunchaf
ga '

The revolution frequency is approximately 50 kHz. The instantaneous luminosity is highest
at the beginning and steadily declines as the anti-protons are lost to collisions and other
environmental factors such as beam instability. The average instantaneous luminosity for

Run 1b equaled 1.6 x 103cm~2s~!.

The data collected during Run I is divided into two parts. Run 1A defines the period
between August 1992 through June 1993. The integrated luminosity was equal to 19.3
pb~!. Run 1B defines the period from December 1993 through July 1995. The integrated
luminosity was equal to 90.0 pb~'. The total integrated luminosity for the data collected
from Run 1A to Run 1B totaled 109.4 £ 7.2 pb~!. The highest instantaneous luminosity

was 2.5 x 103 cm~%s"!.
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Figure 7: Diagram of the Fermilab pp accelerators.
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6 CDF Detector

In this section the CDF detector is explained in detail. First the measured variables and
coordinate system are introduced in Sections 6.1 and 6.2. In Section 6.3 the specialized

detector subsystems are described. The CDF trigger system is outlined in Section 6.4.

6.1 Coordinate System

The CDF detector has a cylindrically symmetric layout which surrounds the beam pipe at the
interaction region. Measurements made by the detector are based on a cylindrical coordinate
system orientated with respect to the beam axis. Since the proton and anti-proton beams
are unpolarized, the physical process resulting from their interaction are invariant under

rotations about the beam axes.

The positive z-axis is arbitrarily chosen to point along the direction of the proton. The
polar angle is measured from the direction of the proton beam and the azimuthial angle ¢
from the horizontal plane. The angle 8 is thus referenced to the positive z-axis and angle ¢

is measured with respect to the positive x-axis.

Ideally, the center of the beam aligns exactly with the center of the detector, however,
the beam alignment is not perfect. The beam position changes from store to store. The
affect of this is a shift of approximately 400 to 1000 um in the y-direction and a 200 to 1200

pum shift in the x-direction. In addition, the beam and the detector z-axis are not exactly

parallel.
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6.2 Variables

The difference in the interacting parton momentum affects the choice of variables which are
the most useful to measure. As previously mentioned, partons inside the proton and anti-
proton carry an unkown percentage of the proton and anti-proton momentum. This fraction
is described by structure functions. The consequence of this inbalance (ZP, # 0) is a boost
of the final state particles along the z-axis. Obviously, this boost differs from event to event.
Therefore, variables which are invariant to boost are the best to measure. These include
quantities transverse to the beam-line such as the transverse momentum, Pr. Quantities
that are only measured in the plane transverse to incoming parton direction are denoted by

a 'T". For example:

Pr = Psiné.
The rapidity of a track is defined as:
1, E+P,
v=3hng=p))

Rapidities are additive for boosts. In addition, psuedorapidity, defined as:
n = —In[tan(8/2)],

is frequently used in place of the polar angle since for highly relativistic particles y = 7.

Charged particles are detected as tracks. A track is defined by five variables which define
the helical path of a charged particle in a constant magnetic, B, field. CDF uses the following

properties to define a track [30]:

e The cotangent of the polar angle (cotf),
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e The curvature (C) or transverse momentum (Pr),
e The z-position at the point of minimum approach to origin (zg),
e The azimuthial angle of the track at minimum approach (&),

e The impact parameter of the helix with respect to the beam line (dg).

6.3 Detector Components

The CDF detector is divided into three sections: the central (|n| < 1.1), the end plug
region (1.1 < |n| < 2.4) and the forward (2.2 < |n| < 4.2). For this analysis, only the
central portion of the CDF detector is used. From the interaction point outwards, there are
four tracking chambers and a calorimeter. The innermost detector is a solid-state tracking
device called the Silicon Vertex Detector (SVX). Surrounding the SVX is the Vertex Time
Projection Chamber (VTX). The VTX provides tracking in the r-n directions, the location
of the primary vertex along the z-axis and identifies multiple intereactions in the same beam

crossing. A cross sectional view of the detector is shown in Figure 8.

The Central Tracking Chamber (CTC) surrounds the VTX. The CTC provides the
primary tracking information. Specifically, it measures the three-dimensional momentum
and position of the track, which is required for exclusive B hadron reconstruction. All of
the these detectors sit inside a 1.4 T solenocidal magnetic field orientated along the proton
beam direction. Qutside the solenoidal magnet are the Central Electromagnetic (CEM) and
Hadronic Calorimeters (CHA). The CEM measures energy deposited in its towers, which can

be matched with tracks and used to identify electrons. Inside the CEM is the Central Strip
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Chamber (CES). The shape of the electromagnetic shower is characteristic of the incident
charged particle. A layer of steel surrounds the calorimetery and prevents all tracks except
muons and neutrinos from passing through. Outside the steel are two muon chambers: the

Central Muon Chamber (CMU) and the Central Muon Upgrade (CMP).

The luminosity is measured by beam-beam counters. These consist of two plates of
scintillator counters positioned on the front of each of the forward calorimeters. The details
of the detector components which are specialized for measuring certain particle properties

starting from the beamline moving outwards are presented in the following sections.

Contvd Wuon
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Cenwa Nuon > Forwerd ‘ w
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Figure 8: A cross sectional view of a quarter of the CDF detector.
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6.3.1 Silicon Vertex Detector

The SVX is a silicon microstrip vertex detector [31]. A three-dimensional view of the SVX
is shown in Figure 9. The SVX provides high precision measurements in the transvere plane
close to the beam line. The SVX was designed to allow extrapolation of the track’s helical
path inside the beampipe. This allows the identification of secondary vertices of non-prompt

tracks. The identification of these vertices is essential for B physics measurements.

The detector is enclosed in a 51 cm long cylinder, that is separated into two barrels on
each side of z = 0. The SVX consists of four concentric layers of silicon detectors surrounding
the 1.9 cm radius beryllium beampipe. The four layers are at radii: 3.0, 4.2, 5.7, and 7.9 cm.
Each layer has 12 axial 'ladders’ that subtend 30 degrees in azimuth. Six 8.5 c¢m long silicon
sensors are mounted on each ladder. A charged particle passing through the silicon ionizes
the silicon atoms causing the resulting drift electrons to be picked up by copper strips on the
surface of the silicon. The strips run parallel to the beam and thus provide ¢ information.
This results in a 13 um transverse spatial resolution and an impact parameter resolution, g4,
equal to 17 um for the SVX. Because the pp interaction region is 60 cm long, the geometric

acceptance of the SVX is 60%.

For Run 1B, the SVX was replaced by the SVX'. The SVX' has lower noise and is more
radiation hard. In addition, the inner radius is 2.9 cm (instead of 3.0 cm). The SVX' offers
an improved spatial resolution of 11.6 um and an improved impact parameter resolution of

15 um.
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6.3.2 Vertex Time Projection Chamber

The VTX surrounds the SVX (SVX') and has an outer radius of 22 cm. A schematic of
the VTX is shown in Figure 10. The detector volume extends 132 c¢cm from z = 0 in each
direction and contains 28 drift modules azimuthally segmented into octants. Each module
contains 2 drift regions separated by an aluminum high voltage grid to minimize drift time.
The electric field is 1.6 KV /cm and the gas mixture is 50:30 argon and ethane. Each octant
contains 16 or 24 sense wires depending on the z position. The VTX measures charged
particle trajectories in the r-z plane for |n| < 3. The z position of a track with respect to a
wire in a given module is determined by drift time. The radius information is determined
from the radial location of the wire. The average position resolution is 2 mm but depends

on the number of detected tracks and primary interactions.
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Figure 10: A schematic of the VTX detector.
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6.3.3 Central Tracking Chamber

The CTC surrounds the VTX and has an outer radius of 1.38 meters and extends 1.6 meters
from z = 0 in both directions with pseudorapidity range |n| < 1.0 [32]. The cylindrical volume
is filled with an argon, ethane, and alcohol mixture that is subjected to an electromagnetic
field provided by wires strung through the chamber. There are 84 layers of 40 um diameter
gold-plated tungsten sense wires arranged into nine superlayers. Five of the superlayers
contain 12 layers of axial (parallel to the beam) sense wires. Four of the superlayers contain
six layers of stereo sense wires at £3% relative to beam. The stereo superlayers lie between
each axial superlayer. The superlayers are divided into drift cells such that the maximum

drift distance in any cell is less than 40 mm. An end view of the CTC is shown in Figure 11.

A charged particle ionizes the gas molecules and the liberated electrons travel toward
sense wires. The drift time of these electrons is used to measure spatial position. This
causes the electrons to drift in a direction perpendicular to the radial direction. The large
number of sense wires provides the ability to reconstruct the helical path of the tracks.
Stereo layer information, when combined with axial layers, gives a measure of zq and cot(6,)

of tracks.

The Pr of charged particles is calculated by measuring the track curvature, R, inside the

1.4 Tesla magnetic field, B,:
1 cB

—_— = — -19
58 = 3p, <10

As the momentum increases, the curvature of the tracks becomes more uncertain as the arc
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approximates a straight line. The momentum resolution of CTC is:

§P
—F =0.002(GeV/c)™".
Pf

In addition, the tracks are projected into SVX to search for matching SVX clusters. If 3
or 4 SVX layers have matching clusters a combined fit of CTC and SVX information is

performed. The tranverse momentum resolution of SVX and CTC is:

5Py
Pr

= /[(0.0009P7)? + (0.0066)?].

6.3.4 Central Electromagnetic Calorimeter

The CEM sits just outside of the solenoid and inside the hadronic calorimeter [33]. It consists
of 48 wedge shaped modules, each subtending 15 degrees in ¢. Each 2.5 cm long wedge is
divided into 10 projective towers of width 0.1 in pseudorapidity. These 480 towers are
orientated radially and point towards the interaction region The 7 - ¢ projection of tower
is An = 0.1, A¢ = 15 degrees. Each CEM modules is constructed of 30 layers of 3.2 m
lead sheets clad in 0.38 mm aluminum plating between 31 layers of 3 mm thick polystrene
scintillator clad in 0.38 mm vellum drawing paper. The layers rest on an aluminum base

plate.

The radiation length of material is uniform for all azimuthial angles as the amount of
lead in specific towers varies as a function of . The total depth of 34.5 cm is approximately
18 radiation lengths (approximately one hadronic interaction length). The CEM is designed
to measure the ioinization shower produced by electrons. The shower is produced by the
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interaction of the charged particle with the lead. The electrons and positrons excite malecules
in the scintillator which emit photons. Wavelength shifters on the sides of each towers collect
the scintillator light and propogate it to photomultiplier tubes via light guides. The inital
electron energy can be calculated based on the total light collected. The average energy

resolution is:

6.3.5 Central Strip Chamber

The CES provides the position and transverse development of electromagnetic showers near
shower maximum in the CEM. It sits between the eighth and ninth scintillator layer of the
CEM. At a depth of approximately 3.9 radiation lengths, the CES transverse profile of the
shower is measured with a gas chamber with sense wires transverse to the radial direction.
It consists of proportional wire chambers with orthogonal cathode strips and anode wires.
Gold plated tungsten wires in the center of each cell run the length of the chamber and are
cleaved in the center of the chamber providing independent readout at both ends. Electron
showers profiles were measured during test beam runs. The CES has a position resolution

of 2 mm for 50 GeV/c electrons with the resolution degrading for lower energy electrons.

6.3.6 Central Hadronic Calorimeter

Each tower in CEM is matched in the CHA. The CHA is constructed of 32 layers of 2.5 cm

thick steal absorber alternating with 1.0 cm thick plastic scintillator [34].
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6.3.7 Muon Detectors

The muon chambers are located behind the CHA. Only muons and neutrinos are likely to
reach the muon chambers. Muons are heavier then electrons and thus do not lose as much
energy to bremsstrahlung. The central muon system, CMU, is located at 5.4 pion interaction
lengths. The central muon upgrade, CMU, is outside the return magnetic yoke at 8.4 pion
interaction lengths. A schematic of a CMU module is shown in Figure 12. Both the CMU
and CMP are made of four layers of rectangular drift chambers which measure track stubs
that are then matched to tracks in the CTC. Sense wires are parallel to the beam in the
center of each cell. If a track appears to point from CTC to a stub it is a likely match. The
r-¢ location of the sense wire is offset by 2 mm for alternate layers. The CMU has || < 0.6
and 85% coverage in ¢. Beyond the CMU, there is an additional 60 cm of steel, followed by
the central muon upgrade chamber (CMP). The CMP covers |n| < 0.6 with 65% coverage in

¢. The Central Muon Extension, CMX, extends the coverage in 7.

6.4 Trigger

The interaction rate is so high that it is not possible to record every pp event. Events occur
every 3.5 microseconds which is equivalent to 300,000 collisions per second. Since interesting
events occur less often then uninteresting ones, the CDF trigger was built to reduce the
overall rate while being efficient for events of interest [35]. The trigger system records, at

most, 500 events per second. To record events at a higher rate requires faster electronics

and more data storage.
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The trigger has four stages (0 through 3). The first three levels are hardware based.
Level 0 requires a proton anti-proton bunch crossing and thus eliminates cosmic ray events.
On average 1.5 pp collisions occur per beam crossing. The number of collisions is governed
by Poisson statistics. There are two sets of scintillator plates, called Beam-Beam Counters
(BBC), located 6 m on either side of z=0 with 3.2 < || < 5.9. Almost every interaction has

particles in the fiducial area for beam counters.

The detector elements are connected to “front end” electronics. Level 1 requires a high
Pr electron or candidate in muon chamber or two neighboring calorimeter towers above
threshold and thus low Pr electron or muon candidate. The level 1 trigger has an input rate
of 300 kHz and outputs data at 1 kHZ. The level 2 trigger combines calorimeter and muon
information with the tracking information. Level 2 outputs at 12 Hz. Only tracks with Pr>
7 GeV/c are matched to electron or muon candidates. If the event passes level 2, then whole
detector is read out in approximately 3 ms and the data is passed to the level 3 trigger. The
level 3 trigger is a software based trigger. Data can be recorded at 5 events per second (5
Hz). The event builder collects data and sorts at rate of approximately 30 Hz. The average

size of an event is 200 kB.
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Figure 11: The Central Tracking Chamber endplate.
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Part III

Analysis

The goals and procedures used in this analysis are described in Section 7. In Section 8
the dataset used to reconstruct B Mesons is described. The B reconstruction process,
including the basic selection requirements, optimization procedure, mass distribution of the
B candidates and a measurement of the b fraction, are described in Section 9 and 10. The

B, search is detailed in Section 11.

7 Goal

The original goal of this analysis was a measurement the B — D; 7% decay rate. Based
on the number of events reconstructed in the reference signal, it was noted that the actual
observation a B! = D;r* signal was unlikely and the focus centered on placing the lowest
possible upper limit on the B! — D;w* branching ratio. Calculating the branching ratio
directly requires detailed information on the cross section (¢(B)), luminosity (L), acceptance

(a), and efficiencies (€), as given by the following equation:
Ns(f) = /Edt x 0(B) x BR(B = f) xe x a.

All of these factors must be measured separately and all systematic uncertainties on these
factors (acceptance, selection efficiency and reconstruction efficiencies) will add into the total

systematic error on the measurement.
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7.1 Relative Measurement

In the indirect method, a measurement of the branching ratio of the decay of interest is
performed relative to a reference signal (a similar decay with known decay rate). In this
method the B production cross section, integrated luminosity, acceptance and their system-
atic uncertainties cancel. A simplified calculation of the branching ratio using the indirect

method is:
BR(BS) _ NB.
BR(B,.;) - Ns,,

x € x 4

where N, and Ng_,  are the number of B, and B,.; mesons reconstructed, ¢ is the relative
efficiency for B, and B,.s reconstruction, BR(B,) and BR(B,.y) are the respective branching

ratios, and the factor A is the ratio of fragmentation fractions.

7.2 Reference Decay Modes

The reconstruction of B and B® decays via their charmed hadronic decay products provides
a reliable reference signal on which to base our limit on the B! - D;n* branching ratio,
since the B* — D%+ DY —+ K*r~and B® - D~ n*,D~ — K*n~rn~ product branching
ratios are well known. In addition, the similar decay kinematics of these decays will eliminate
many systematic uncertainties which would exist in a direct measurement. The product

branching ratio of the B* and B? decay modes studied are [1]:
e BR(B* - D%+, D% - K*r~) = (0.027 £ 0.004) x 1072,

e BR(B° - D~n*,D~ — K*r~n~) = (0.020 £ 0.002) x 1072
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8 DataSet

The inclusive lepton dataset, which should contain a large number of B mesons is used.
However, a large portion of the events in this sample do not contain the decays of interest.
To identify the events of interest, the topology of the decays and the copious background
events must be understood. To reconstruct and identify B mesons in the presence of a copious
background, the events selection cuts must be chosen to reduce the number of fake B'’s while
retaining the real B’s. The datasets and trigger criteria are described in Section 8.1. The
Monte Carlo dataset used to model the real B events and guide the selection cuts is detailed

in Section 8.2.

8.1 Inclusive Lepton Dataset

Since the semileptonic branching fraction of B mesons is relatively large, the inclusive lepton
dataset should provide an ample source of B’s. These decays occur through the electroweak
process via the b — c transition. The c-quark from the decay fragments and forms a D
meson, which also in turn decays. The virtual W mediating the b — ¢ transition, forms a
quark anti-quark pair or a lepton and its neutrino. The event topology of interest occurs
when the W mediating one B hadron decay forms a lepton and its neutrino and a W boson

from the other B meson forms a quark anti-quark pair (pion).

The inclusive lepton dataset consists of leptons which pass the single lepton trigger. At
level 1, the inclusive electron trigger requires the presence of single calorimeter tower with

Er > 6-8 GeV/c?. The inclusive muon trigger requires the presence of a track in the CMU
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and CMP. The level 2 electron and muon triggers require a charged track with Pr > 7.5
GeV /c measured in the r-¢ plane of the CTC by a hardware track processor, the CFT. The
electron trigger demands that the track match a cluster in the electromagnetic calorimeter
with E7 > 8.0 GeV/c2. The muon trigger demands the track match a segment in the CMU
and CMP. The overall trigger efficiency turns on at Pr = 6 GeV/c, reaches 50% at Pr = 8
GeV/c, and reaches a 90% plateau at Pr = 10 GeV/c. At Level 3, more stringent electron
and muon quality cuts are applied. Approximately 7.5 x 10° electron events and 2.5 x 10°

muons were recorded in this dateset.

The lepton with the highest transverse momentum in the event, most likely the trigger
lepton, is used as the lepton that defines the hemisphere to look for the hadronic B decay
products. Selecting events with one or more leptons of moderate to high transverse mo-
mentum is an efficient way to separate bb or ¢z events from the background. The cZ events
will have kinematic features similar to both the bb events and background events. However,
the ¢C events have stable daughters with smaller, on average, transverse momentum, impact

parameter, and proper decay length compared to bb events.

Events with at least one electron or muon passing a single-lepton trigger are selected. In
addition, the leptons are required to be in the central detector and have P§ > 8.0 GeV/c.
This purifies the sample by eliminating events which passed the trigger but did not have

a real lepton. In the following sections the electron and muon identification criteria are

described.
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8.1.1 Electron Dataset

The basic definition of an electron candidate is a track which points to a cluster in the
electromagnetic calorimeter. Additional kinematic requirements are made on the electron
candidates. These criteria include the transverse momentum of the tracks and transverse
energy deposited in the calorimeter. In addition, the transverse profile of the electromagnetic
showers are required to be consistent with known electron shower profiles based on test-beam
measurements. Since the electron is not involved in the B reconstruction, no requirement
is made on the electron to be within the SVX tracking volume. A summary of the specific

electron quality cuts are:
e No SVX requirement,
e Eliminate conversions,
e Pr, > 8.0 GeV/c,
e Ratio of the hadronic to electromagnetic energy, Had/Em, < 0.04,

e Distance between the strip-chamber shower position and the extrapolated track posi-

tion, Az(CES), < 1.5 cm,

e Distance between the strip-chamber shower position and the extrapolated track posi-

tion, Az(CES), < 3.0 cm,

e Strip chamber cluster shape consistent with an electron shower, xf,ﬁp, < 10.0 and

xsn're’ < 100,

e Lateral shape of the shower, Lshr, < 0.2.
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8.1.2 Conversion Electrons

In addition to the semileptonic decay of B mesons, electrons are also produced through pho-
ton conversions, v — e*e™. To determine if an electron is the result of a photon conversion,
a search for a conversion partner for each trigger electron is done. Conversion pairs originate
from a common vertex with very small opening angle between them (since the parent parti-
cle, a photon, is massless). All tracks in the events are combined with the trigger electron to
determine if they form a conversion. The following criteria are used to eliminate conversion

candidates:

e r-¢ separation at tangent point < 0.5 cm,

e Acotan(f) < 0.06,

e z mismatch at tangent point < 5 cm,

-10 cm < radius of conversion < 50 cm,

Difference in azimuthial angles, Ag, < 0.05,

e Pointing residual to origin < 1.0 cm.

After the quality cuts, there are approximately four million electron events in the dataset.

8.1.3 Muon Dataset

The basic definition of a muon is a track which extrapolates into the muon chambers and

is consistent with a muon stub. There are two single muon triggers. The first requires a
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CTC track with Pr > 7.5 GeV/c that matches with muon stubs in both muon systems.
The second requires a CTC track with Pr > 12 GeV/c with a hit in any muon system with
In| < 1.0. The criteria eliminate major sources of muon background due to charged kaons
and pions decaying in flight to yield muons and hadronic particles entering or “punching-
through” and entering the muon systems. The only kinematic constraints are a transverse

momentum requirement and matching requirements. A summary of the muon selection cuts

are:
e Muon stub in CMU, CMP, CMX, CMU/CMP, CMU/CMX,
e Transverse momentum Pr > 8.0 GeV/c,
e CMU, CMP, CMX z and z matching x? < 25,

e CMX Az < 50.

After the quality cuts, there are approximately 2.5 million muon events in the dataset.

8.2 Monte Carlo

In this section, the simulation of heavy flavor creation and decay is described. To model the
decays of interest, Monte Carlo events are generated. The Monte Carlo is supplemented with
phenomenological models of hadronization and decays. These Monte Carlo events are used in
the optimization procedure by providing a measurement of the reconstruction efficiencies for

various selection criteria. PYTHIA simulates the entire pp collision according to pertubative
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QCD (36]. We use PYTHIA 5.7 to generate bb events. The fragmentation is described by

models. The Monte Carlo input parameters are:
e Mass(b-quark) = 4.75 GeV/c?,

e Pr(b-quark) > 9.0 GeV/C?,

Rapidity, |y(b-quark)|, < 1.5 GeV/c?,

Peterson Fragmentation Parameter, ¢, = 0.006,

NDE generation with MRSDO0 and p = y,.

The events are processed by CLEOMC (also called QQ) which forces the B mesons into
the specific decay mode of interest [37]. These events are then filtered based on their decay
and lepton quality cuts. The events are processed with a detector simulation program QFL'.
This simulation creates hits in the SVX and peforms the complete track reconstruction in the
SVX and in the CTC to simulate the detector response. The parameterized track resolutions
are used. QFL’ also forces conversions and bremsstrahlung. QFL’ models the reconstruction
resolution of the various detector subsystems. The effect of QFL’ is a smearing of the
generated tracks parameters. The output of QFL’ is in the same format as real data and is

processed in the same manner from this point forward.

9 B Meson Reconstruction

This section describes the basic reconstruction process for all B meson flavors. B meson
are reconstructed from their decay products since the B does not live long enough, 1.6
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picoseconds, to be observed directly. To reconstruct a specific B decay, basic quality cuts
are applied to ensure that the track parameters are well measured, for example the tracks
must be fully reconstructed inside the CTC volume. The generic decay topology is described
in Section 9.1. The vertex identification, track quality cuts and B meson reconstruction are

described in Sections 9.2, 9.3, and 9.4, respectively.

9.1 Decay Topology

The basic decay topology of interest is B meson decay opposite the semileptonic decay of
the other B meson produced in the event. A schematic of this topology is shown in Figure

13.

Figure 13: A schematic of the bb events of interest. One B meson decays to Dr while the

other B decays semileptonically.
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9.2 Primary Vertex

The z-location of the primary vertex is measured by the VTX with a fixed uncertainty of 1
mm. The z — y coordinates of the primary vertex is determined by the tracks in the event
with a resolution of 40 um. During Run I, the £ — y beam position is measured for multiple
events and a run average value is calculated. The vertex position varied by approximately
10 um during the run. The slope and intercept of the beam position when combined with
the z-position for each event allows the measurement of the primary vertex location on an
event-by-event basis. The impact parameter with respect to the primary vertex is measured
for each of the daughter tracks. The ratio of the impact parameter and the uncertainty of
the impact parameter error is used in this analysis to distinguish between prompt tracks
coming from the primary vertex and displaced tracks coming from a displaced secondary

vertex. Thus, tracks are required to have an impact parameter inconsistent with zero.

9.3 Track Selection

All tracks are required to have a three dimensional fit with four hits in the axial superlayers
and two hits in the stereo superlayers. In addition, due to the need for precise vertex
information, the SVX fit information is added to the CTC fit information for tracks with a
mininimum of three SVX hits. If pions coming from a K, have less then three SVX hits, the

CTC fit is used alone.

The tracks are required to have a Py > 400 MeV /c to ensure a high and reliable efficiency

and a good resolution of the track parameters. Tracks with Pr < 250 MeV /c do not exit
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through the outer cylinder of the CTC and spiral until they exit the volume through the
endplates. Additionally, low momentum tracks are produced in large numbers, and their
reconstruction is difficult due to the large number of intersecting helices. The pattern recog-
nition algorithm therefore is tuned to only find tracks with Pr > 250 MeV/c. However,
high track-finding efficiency and good resolution of the track parameters is only achieved for
tracks with Pr > 400 MeV/c. The impact parameter significance, the ratio of the impact
parameter of the track, with respect to the primary vertex, to the uncertainty on the impact
parameter, is required to be greater then 3. This cut is intended to eliminate tracks obviously
coming from the primary vertex. The kaons and pions are stable daughters and usually have
large impact parameters with respect to the primary vertex. The beam spot = — y resolution

is 30 um, thus the impact parameter with respect to the beam spot will also be large.

9.4 Reconstruction

The reconstruction of D* and D° mesons is a process of combining appropriately charged
tracks. An oppositely charged pion and kaon are combined to make a D’ meson, and two
oppositely charged pions are combined with a kaon to make a D* meson. The difference in
the z-position of these tracks is required to be less the 5 cm. This is an adequately wide

restriction considering that the z-resolution is approximately 1 cm.

Pion-kaon combinations whose invariant mass is within 100 MeV /c? of the respective
nominal D mass are constrained to originate from a common vertex. During this process,
the tracking parameters are allowed to change within their errors to find the most probable

solution with the common vertex constraint. This effectively changes the track parameters
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and thus changes their invariant mass and improves the mass resolution. The resulting fitted
vertex is required to pass a maximal chi-squared of the fit, where the probability of the chi-
squared be greater than 0.1%. This removes candidates which obviously do not come from
the same vertex. In addition the invariant mass of the vertex pair is required to be within
20 MeV/c? of the nominal D mass. The Monte Carlo mass distribution for D’ and D*
candidates are shown in Figures 14 and 15. A final pion candidate is combined with the
D candidates tracks to form a B candidate. The mass of the B candidate must be within
1.0 GeV of the nominal B mass. Tracks which pass this cut are vertexed together, with the
invariant mass of the D candidate constrained to the nominal D mass. Additionally, the
impact parameter of the B candidate is required to be within 80 um of the primary vertex.
Events with a B candidate mass between 4.5 < Mp < 6.0 GeV/c? are accepted. The Monte

Carlo mass distributions for B* and B candidates are shown in Figures 16 and 17.

9.5 Summary of Reconstruction Cuts

A summary of all the basic reconstruction cuts performed before the optimization cuts are:

o 1.8445 < m(D") < 1.8845 GeV/c?,

1.8493 < m(D™*) < 1.8893 GeV/c?,

e Probability of the vertex fit > 0.1% for D and B,

Pr(mp) > 0.4 GeV/c,

PT(TFB), PT(KD) > 0.6 GeV/c,
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e |Az| < 5 cm for all final state tracks,

e The number of SVX hits for all tracks > 3,

¢ Impact parameter significance for all tracks, |£ﬂ;|, > 3,
e Isolation > 0.63,

e Impact parameter of B candidate < 80 um.

10 Signal Optimization

This section describes the final selection of the B candidates. Most of the reconstructed
events which pass the basic selection cuts are combinatorics (random combinations of tracks)
which happen to have a mass in the required mass region. For example, in the reconstruction
of Bt - D%+, D% - K*rn~events, all bb and ¢z events which produce a D — K7 have
potential to produce a B* candidate. For instance, a track from the primary vertex may

form a good vertex with the D and fake a B signature.

To filter out the real B events, additional selection criteria are introduced. Multiple cut
thresholds for each criteria are scanned to select the optimal value. Some of the sources
contributing to the background, the variables used to reduce this background, and the opti-

mization procedure are presented in the following sections.

8Described in Section 10.2.3
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10.1 Sources of Background

There are essentially three types of backgrounds present in the reconstructed sample. There
are B candidates formed from random combinations of tracks in bb, cZ, and QCD-events,
track combinations in actual bb-events made from fake D candidates and track combinations

in b5 and cc-events made from real D candidates.

Fake B candidates can come from many different souces. Occasionally, the random
combination of tracks from QCD production of u,d,s-quarks can form B candidates. This
is usually referred to as combinatoric background. In these events, the track parameters
may be so poorly measured, for instance a track formed from hits of more then one real
track, that B candidates are formed that appear to have the B’s characteristic lifetime.
Secondary vertices and detached tracks can also be the products of misreconstructed tracks,
multiple intereactions per beam crossing, fake vertices, and strange particles. Thus, tracks
with impact parameters which are too large must be removed. Strange particles have long
lifetimes but are produced 10° — 10° more readily then B hadrons. Other sources arise

when a real D candidate is combined with a non-B track to produce a fake B candidate.

10.2 Background Reduction

To reduce the number of background events, variables whose distributions allow the efficient
removal of fake events are selected. The choice of variables is guided by the Monte Carlo
simulation of the particle decay of interest. For each variable the Monte Carlo distribution

is compared with the distribution from the data candidates outside the B signal region. The

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



variables used are presented in the following sections.

10.2.1 Transverse Momentum

The transverse momentum of real B and D mesons will be, on average, higher then the
fake B and D candidates. Since the fake events constitute the majority of the background
events, a minimum transverse momentum requirement is expected it to significantly reduce

the background. A range of minimum Py values from 6 GeV/c? to 15 GeV/c? are scanned.

10.2.2 Proper Decay Time

Although there are numerous background processes with large cross sections, they do not all
produce particles with large proper decay time. A B or D meson has a long lifetime allowing
for a displaced secondary vertex. Due to relativistic kinematics, it travels far enough away
from the primary vertex such that its decay products can be discerned from those tracks
coming from the primary vertex. The proper decay time, c7, is defined as c times the proper
decay time and is given by:
M
cT = ny-ﬁ,
where the transverse decay length L, is the projection, in the xy-plane, of the decay length

vector on the transverse momentum:

The Z;y vector points from primary vertex to the B-vertex or from the B-vertex to the D-

vertex. The Monte Carlo proper decay time of B and D mesons is shown in Figure 18. The

a7
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cuts on the proper decay time do not efficiently reduce the background events from other B

and D meson decays.

10.2.3 Isolation

An additional variable used to reduce the background is called Isolation. In real B events
the B daughter tracks carry a majority of the energy in the direction of the B meson. Thus,
there is on average little track activity in the vicinity of the B hadron decay. In general,
QCD B candidates carry a smaller percentage of the momentum. This information can be

used to remove background events. Isolation is defined as:

Pr(B)
Pr(B) + Zi Pr(i)’

Isol(B) =

for all non-B daughter tracks inside a cone AR < 1 around the B candidate, where AR =

Vv (An?) + (A¢?). The definition of the cone AR is illustrated in Figure 19. The Monte
Carlo distribution of the Isolation variable is shown in Figure 20. The isolation of the B

meson is required to be greater than 0.63.

10.3 Higher Order B Decays

The branching ratio for B = D*r decay is approximately equal to the B — D7 decay
rate[l]. The D* meson decays via the D — Dx or D — D~ channels. The reconstruction
of B candidates that decayed through the B — D*7° mode results in a invariant mass less
then the nominal B mass since the neutral pion or photon is not included in the invariant

mass. The Monte Carlo distribution of the B — Dr and B — D*r decays reconstructed via
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the B — D7 mode is shown in Figure 21.

10.4 Optimization Procedure

The selection criteria are varied such that the ability to observe a small signal is maximized.
To reduce bias, the optimization is performed without regard to the number of events in the
signal region in the actual data. Instead, Monte Carlo events are used as our reference, S,
sample and are scaled to the expected number of signal events in data. Since there is not
a reliable Monte Carlo simulation which models our backgrounds, the sideband regions in
data are used as the background, B, sample.

The figure-of-merit in the optimization procedure is the significance, defined as S/ VvB.
The selection critera with the largest corresponding S/v/B value are the optimal cut values.
To avoid a bias from selecting a low fluctuation in the background, the background is sep-
arated into even and odd alternating bins of width 10 MeV /c?. In addition, the B — D"«
mass window is not included in the background region. The optimization is performed on the
even bins and the final background fit is performed using the odd bins. The final selection

cuts and mass plots are shown in the following sections.

10.4.1 B* 5> Dt DV K*n~

Three final state tracks are combined to form a B* candidate. The optimized selection

requirement for B* events are shown in Table 3. The mass of the B* candidates for election

and muon events are shown in Figure 22.
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Variable Min Max Step Size

Optimized Value

Pr(B) [GeV/c] | 5.0 15.0 1
Pr(D) [GeV/c] | 1.0 5.0 5

c7(B) [um] 60 160 10

cr(D) [pm] -90 90 20

9.0

Table 3: The range of values and step size for each variable used in the optimization. The

B* optimized selection criteria are found in the last column..

1042 B> D n*,D- > K*r~n~

Four final state tracks are combined to form a B® candidate. The selection requirements

for B® events are shown in Table 4. The mass of the B? candidates for electron and muon

events are shown in Figure 22.
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Variable Min Max Step Size | Optimized Value
Pr(B) [GeV/c] | 5.0 15.0 1 8.0
Pr(D)[GeV/c]| 1.0 5.0 3 2.0

cr(B) [um] | 60 160 10 140
cr(D) [um] 90 90 20 10

Table 4: The range of values and step size for each variable used in the optimization. The

B° optimized selection criteria are found in the last column.
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Figure 19: Definition of the cone around the B meson used in the isolation calculation.
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Figure 22: These four plots show the mass of the reconstructed B meson candidates. The top
row shows mass of B¥ — D%%*, D% — K*r~candidates for electron (left) and muon (right).
The bottom row shows the mass of B - D~n*, D~ — K*r~n~ candidates. The solid
histogram represents B candidates in the signal region and the dashed histogram represents

B candidates outside the signal region.
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10.4.3 Bt and B° Combined Result

Due to the limited number of statistics in each B decay mode, the electron and muon
events for both B* and BY candidates are combined. The mass of the combined Bt —
DO+, D% - K*rn~and B - D~n*, D~ = K*7~n~ candidates is shown in Figure 23. The
fitting method and estimates of the number of signal and background events are described

in the following sections.

10.4.4 Fitting Method

Based on the mass distribution of the combined sample, the number of signal events can
be determined by fitting for the number of signal and background events. A binned fit is
reliable, but less powerful, method in principle. A more powerful method is using a unbinned
fit method. An unbinned extended maximum log-likelihood fit is used to determine the
number of signal events. The mass distribution is fit to a Gaussian distribution, f,;g, for the
signal events, plus a linear distribution, fy,., to describe the background. A Poisson term in
the total number of events is included to correctly account for uncertainties in the fit. The
fit is extended over the mass region 4.5 to 6.0 GeV/c2. Specifically, the likelihood function

is a product of the probability distribution of the invariant mass of each event in the region:

L =e(ntns)

(Tl_, + nb)N N N f.n'g + 1 - fback
N! s ng+n )
. s b

where N is the total number of events in the mass region 4.5 < m; <6.0 GeV/c? and n, and

ny are the measured number of signal and background events. The signal region is described
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by a normalized Gaussian function, fy;,, that has the form:

1 -L(2oMpae
Liy = e * s ’
vV 2ro;

are Mg is the nominal B mass and m; is the event mass and o; is the uncertainty in the

mass fit. The background function, fy,, is a first-order polynomial:
Joack(mi) = am; + b,

where a is the slope and b is the y-intercept. The background function must be normalized:

Mu

Soack(my)dm; =1,

my
where m, is upper limit of the mass range and m, is the lower limit of the mass range.
The likelihood function, L, is maximized to determine the free parameters. When the fit
is performed with the mean of the Gaussian fixed to the nominal B mass, the maximimum
likelihood fit yields 4.2%27 signal events with an expected background is 0.85132% events.
If the fit is peformed with the mean allowed to float, the maximimum likelihood fit yields
41727 events and a mean of 5.274729!3 GeV/c® with an expected background of 0.897(:3
events. Since the best fit mean is within one sigma of the nominal B mass the deviation
is most probably a statistical fluctuation. The results quoted are based on the fit with
the constrained mean. Both methods give similar final results, which are equivalent given

the error on the number of signal events. The signal represents a 4.1¢ deviation from the

expected background.
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10.4.5 Signal Cross Checks

There are many methods to determine the validity of the signal. Feldman and Cousins
propose a single algorithm that decides if a one-side or double-sided limit should be quoted
[38]. The Feldman and Cousins 95% confidence interval for 4.2 signal events over an expected
background of 0.85 events is [0.5, 8.9]. Thus, the null hypothesis is eliminated at the 95%

confidence level.

Since the events in the signal region are not used in the optimization process, there
should be no inherent bias. However, several checks are performed to determine if the signal
peak is real. The selection criteria are varied around their optimized values to measure the
signals dependence on the specific cut values. The number of signal events varies around the

optimized values, but the excess remains.

The normalized mass, 1'";—":"’1, for the electron and muon events in each B decay mode
is shown in Figure 24 and 25. The o,,, term is equal to the uncertainty returned from the
likelihood fit scaled by a factor of 1.3. An unbinned likelihood fit of the normalized mass
is performed with a width of 1 and a mean of 0.0. The number of events returned from
the normalized mass plot gaussian fit is 4.9%35. This is consistent with the result of the

unbinned likelihood fit of the B candidate mass.

Another check of the validity of the signal is to examine the distribution of the B and
D meson properties. The proper decay time of B* — Dor*, D® — K*r~and B° —
D n*,D~ — K*r~ 7~ candidates are shown in Figures 26 and 27. The agreement of

the shape of these distributions with Monte Carlo is reasonable.
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Figure 23: The combined mass of the B® and B* candidates for electron and muon data.
The Gaussian and linear function plotted on the data use the parameters returned from the
the extended log-likelihood fit. The width of the Gaussian is equal to the average uncertainty
in the mass fit scaled by a factor of 1.3. The solid histogram represents B candidates in the
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Figure 26: The proper decay time of the combined B* and B candidates.
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Figure 27: The proper decay length of the combined D* and D° candidates.
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10.5 Measurement of b Fraction

bb and ct-quarks are produced in pairs in pp collisions. The lepton sample is a result of many
semileptonic decay processes originating from bb, c¢ and other processes. By measuring the
number of B* and B mesons in the lepton sample, the fraction of bb events in the total
lepton sample can be determined. The b and c-quarks fragment independently into different
B and D hadron flavors and the subsequent decay of the hadrons is also independent. All

B and D hadrons can decay semileptonically:

b— BX = X.

or

c—>DX > X.

If the b and c-quarks fragment into a neutral B or D hadron, the neutral hadron could mix

before decaying semileptonically:
b— B - B® 5 /X,

thus there is not lepton charge correlation requirement between the charge of the recon-
structed meson and charge of the lepton. In addition, a fraction of the events in the lepton

sample also originate from other hadrons most notably sequential decays:
b—+B—- XX

Thus, the bb fraction measure will include leptons from B semileptonic decay (mixed or

unmixed) and sequential decays.
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Since b-quarks are produced in pairs, if there is a lepton on one hemisphere then the
other B hadron’s decay products are most likely in the opposite hemisphere °. The efficiency
calculates the fraction of B reconstructed in the detector after the selection criteria have been
applied. Based on the measurement of the number of B* and B signal events, ! signal: the

bb fraction can be calculated from the following equation:

1\’—,,- nal 1
Nws ~ (2 BR(BY)  €(B%) + (. x BR(B*) x «(B))’

bzfraction -

where N, is the number of lepton events after basic lepton quality cuts, f, and f; are the
b-quark fragmentation fractions, and BR(B) are the B meson product branching ratio, and
€(B) is the reconstruction efficiency for a B meson in the oppaosite hemisphere of the letpon.
The factors used in this calculation can be found in Table 5. Based on the 4.2 B* and B°

signal events reconstructed, the bb fraction is determined to be 27 + 14.8 + 5.6%.

11 The Search for B, —» D,7

Based on spectator decay diagrams, B? = D;n* decays are expected to occur at the same
rate as B® - D~ n*. However, due to the lower probability of the b-quarks to fragment into
B, mesons compared to B; mesons, the number of B, mesons in our data sample is expected
to be smaller then the number of B; mesons. The numerous decay modes of the D,, with
relatively equal branching ratios, results in a more complicated B, reconstruction. The six
modes are chosen based on the relative branching ratio and the number of final state tracks.

The six D, decay modes and the basic reconstruction cuts are introduced in Section 11.1.

9Though not necessarily in the detectors acceptance
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Nuotal 6429302
Nignai 42+21
fu 38.9 £ 4.8%
f4 38.9 + 5.4%
BR(B* — D%+, D% - K*7™) 0.020 + 0.002%
BR(B® - D~n*,D~ - K*n~n"~) 0.027 + 0.004%
eff (BY) 2.0+0.1%
eff (B°) 0.8 +0.08%
b8 fraction (27.3£14.8+5.6) x 1072

Table 5: The bb fraction in the inclusive lepton dataset.

The optimization procedure is described in Section 11.2. The resulting mass plots after the
selection criteria have been applied and are shown in Section in 11.3. The combined mass
plot is presented in Section 11.4. The combined mass plot using the average selection criteria

is presented in Section 11.5.

11.1 B, Reconstruction

To enhance the probability of reconstructing B, mesons, multiple D, decay modes are stud-
ied. However, certain decay modes may have greater sensitivity then other modes. Thus,
each mode is studied individually. After the optimization, the expected background and
efficiency for different combinations of modes are studied to determine which combination

achieves the best sensitivity. The D, modes studied in B} — D7+ are:
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1 D; 51,0 K*K~,

2 D 5¢n "%, 0> KYK™,
3 D7 - KK~ K" - K*n~,
4 D; - K,K~ K, - n*n~,

5 D7 = for~, f0 5 ntp,

6 D - K“'r K" = K*r~.

A summary of all the basic reconstruction cuts performed before the optimization cuts

are:

e Probability of the chi-square for the vertex fit > 0.1% for ¢, K, K%, f°, D and B

mesons,

Pr(rg), Pr(Kp) > 0.6 GeV/c,

Pr > 0.4 GeV /c for all other final state particles,

|Az| < 5 cm for all final state particles,

Each final state track has greater then 3 SVX hits,

Impact parameter significance with respect to the primary vertex, abslﬁ;l, > 3,

1.9486 < M(D,) < 1.9886 GeV/c>.
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Figure 28: The reconstructed Monte Carlo mass of B, in all mode.

11.2 Optimization Procedure

Based on the number of B* and B® reconstructed, and the respective fragmentation fractions
and branching ratios, the probability of observing a significant B! - D; 7+ signal is unlikely.
The optimization strategy is thus to select criteria which are most likely to place the lowest
possible upper limit on the B¢ — D 7" decay rate. Despite the lack of a universally accepted
method, it has been suggested that when setting limits in cases with Poisson distributed data
and few observed events and a small expected background, the sensitivity of the experiment
should be reported [1]. The sensitivity is the average upper limit which would be obtained

by an ensemble of experiments with the expected background and no true signal [38]. This

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



factor allows the respective experiments to be ranked by their expected results. Thus, the

selection criteria for the D, decay modes are chosen based on the value of the sensitivity, S.
The sensitivity, S, is defined as:

_N(I‘B) )
S=<By <A

where €(B,) is the reconstruction efficiency from Monte Carlo for the B, decay mode and
A is a normalization factor. The expected background, ug, is estimated from the sideband
regions. The background estimates are extrapolated from the number of events in the side-
band regions normalized to the +30 signal region. The two sideband regions extend from
4.5 t0 5.3156 GeV/c? and 5.4236 to 6.0 GeV/c?. The large sideband size is used to minimize
fluctuations in the background. In addition, the two regions are divided into even and odd
bins. The even bins are used for the optimization study while the odd bins are used for the

final background fit, which will help reduce bias from low background fluctuations.

The average upper limit, N(ug), is calculated from the number of signal events and
expected background in signal region. Thus, N(ug) is the sum of the upper limits on the
number of B, candidates, N(n, ug), weighted by the Poisson probability, P(n, ug), to observe

that number of events:
[> +}

N(ug) =) P(n,up) x N(n, up),

n=0

oo P
E : B -
= Fe BB » IV(TZ, uB).

n=0

The factor A represents the normalization factor:

(fd+ fu) % BR(Nrcf X e(ref)) x 1

A= 1 BR(D: — X¥) Noes'
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Variable Min Max Step Size
Pr(B,) [GeV/c] | 5.0 15.0 1
Pr(D,) [GeV/c] | 1.0 5.0 .5

cr(Bs) [um] 60 160 10

cr(D,) [pm] |-100 100 25

Table 6: The range of values and step size for each variable used in the optimization. The

B, optimized selection criteria are found in the last column.

where V..;, BR(V,.;) and €(re f) are the number of reference signal events, branching ratios
and reconstruction efficiencies respectively, f, 4, is the fragmentation fraction and ¢(B,)

denotes the reconstruction efficiency.

11.3 B? = Dynt+ Candidates

To determine the selection criteria which minimize the sensitivity, the optimization variables
are scanned over there possible values. The range of values for the selection criteria are listed
in Table 6. This optimization procedure is applied to all B, decay modes. The mass of the
individual B, candidates for each B, decay mode are found in the following sections. The

optimization criteria for each mode and the average value of all modes is shown in Table 7.
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11.3.1 B o D;n*, D7 - ¢r~,0 - K*K~

For the reconstruction of B, candidates via the B® - D; 7%, D; = ¢7~, 9 - KK "mode,
the mass of the ¢ meson is restricted to 0.979 < m, < 1.059 GeV/c?. After the optimization
cuts are applied, the reconstruction efficiency is 0.85%. The selection criteria optimized for
the B - D, n*,D; — ¢7~,0 = K* K "mode are listed in Table 7. The mass distribution
of the B? candidates is shown in Figure 29. There are no events in the signal region and
the expected background is 0.0 events. The expected sensitivity for this mode is 32% and is

listed in Table 9.
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Figure 29: The mass of B, candidates in the B — D;7*,D; = ¢7~,¢ = K*K~mode.

The shaded region denotes a +3¢ region around the nominal B, mass.
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11.3.2 B D;n*,D; » ¢r 7 nt, ¢ > K*K~

For the reconstruction of B, candidates via the B - D;7t, D7 = ¢r~n~nt,0 > K*K~
mode, the ¢ mass is restricted to 0.979 < m, < 1.059 GeV/c?. After optimization the re-
construction efficiency is 0.18%. The selection criteria optimized for the B — D;r*, D] —
¢r~n~nt, ¢ = KYK~ mode are listed in Table 7. The mass distribution of the B® can-
didates is shown in Figure 30. There is one event in the signal region and the expected

background is 0.1 events. The expected sensitivity for this mode is 331% and is listed in

Table 9.
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Figure 30: The mass of B, candidates in the B! — D;7%,D; = ¢n~n"n%,9 - KTK~

mode. The shaded region denotes a +3¢ region around the nominal B, mass.
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11.3.3 B D;n*,D; - KK, K - K*1~

For the reconstruction of B, candidates via the B - D;n*,D; - K*K~,K*° - K*r~mode,
the K* mass is restricted to 0.719 < mg. < 0.919 GeV/c?. After optimization, the recon-
struction efficiency is 0.91%. The selection criteria optimized for the B! — D;n*, D7 —
K*K~,K*° - K*r~mode are listed in Table 7. The mass distribution of the B® candidates
is shown in Figure 31. There are no events in the signal region and the expected background

is 1.0 event. The expected sensitivity for this mode is 24% and is listed in Table 9.

CDF Preliminary (1992 — 1996) 110 pb™
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Figure 31: The mass of B, candidates in the B? — D;n* D; — KK~ K -

K*n~mode. The shaded region denotes a +30 region around the nominal B, mass.
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11.34 B> D;n*.D; - K,K~,K, - n*tn"

For the reconstruction of B, candidates via the B - D%, D; - K,K~, K, = n*r~mode,
the K5 mass is restricted to 0.398 < mg, < 0.598 GeV /c? before constraining the K5 mass
in the B fit. After optimization, the reconstruction efficiency is 0.42%. The selection criteria
optimized for the B® - D;x*,D; — K,K~,K, - 77 mode are listed in Table 7. The
mass distribution of the B? candidates is shown in Figure 32. There is one event in the
signal region, and the expected background is 0.1 event. The expected sensitivity for this

mode is 89% and is listed in Table 9.
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Figure 32: The mass of B, candidates in the B —» D;x%, D; — K,K~, K, = n*7~mode.

The shaded region denotes a +30 region around the nominal B, mass.
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11.3.5 B! — D;yn*,D; — J4(980)7~, f5(980) — n*n~

For the reconstruction of B, candidates via the B — D;n*, D; — f,(980)7~, f;(980) —
n+*r~ mode, the f° mass is restricted to 0.88 < mp < 1.08 GeV/c®. After optimiza-
tion, the reconstruction efficiency is 0.79%. The selection criteria optimized for the B —
D; %, D; — f4(980)7, f3(980) — 7+ 7~ mode are listed in Table 7. The mass distribution
of the BY candidates is shown in Figure 33. There are no events in the signal region, and
the expected background is 0.6 events. The expected sensitivity for this mode is 46% and is

listed Table 9.
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Figure 33: The mass of B, candidates in the B¢ — Dy 7%, Dy — f5(980)7~, /5(980) — w*m~

mode. The shaded region denotes a +3¢ region around the nominal B, mass.
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11.3.6 B° > D;n*,D; - K, K" - K*n~

For the reconstruction of B, candidates via the B - D;n*,D; = K “7=, K*° = K*r~mode,
the K* mass is restricted to 0.719 < mg. < 0.919 GeV/c®. After optimization the recon-
struction efficiency is 0.72 %. The selection criteria optimized for the B — D;yn*,D; —
K*’r~, K*° = K*n~mode are listed in Table 7. The mass distribution of the B? candidates
is shown in Figure 34. There is one event in the signal region and the expected background

is 0.3 events. The expected sensitivity for this mode is 119% and is listed in Table 9.
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Figure 34: The mass of B, candidates in the B¢ - D;x*, Dy = K*'1~,K** - K*r~mode.

The shaded region denotes a +30 region around the nominal B, mass.
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Figure 35: The six plot shown above are the six B? — D;r*decay modes. The shaded

region denotes a +30 region around the nominal B, mass.

11.4 Combined B, Mass

In the mass distribution of the combined By candidates for all decay modes, there are three candidate
events in the signal region with an expected background of 0.825 events. The candidates in each

mode after the optimized cuts are applied are shown in Figure 35. The combined mass plot is shown
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MODE Pr(B,) [GeV/c] Pr(D,) [GeV/c! c7(By) [pm] cr(D,) [pm]
on 8.0 3.0 90 -50
R 8.0 2.0 90 25
KK~ 11.0 2.0 90 -25
K.K- 8.0 2.0 100 -50
for- 9.0 2.0 100 -25
K*r- 10.0 2.0 120 -75
AVERAGE 9.0 2.0 100 -25

Table 7: The optimization cuts for each B, — D,n decay mode. The D,m decay mode modes

are identified in the first column. The last row contains the average values.

in Figure 36. All of the candidates events found in the signal region are assumed to be signal events.

11.5 Average Selection

Since the cuts are all very similar and are most likely driven by limited statistics, the average value
of the cuts is used. The candidates in each mode after the average values are applied to each mode
is shown in Figure 37 and the upper limit on the number of events in the signal region is determined
from the combined mass plot. The B, candidates are combined into into a final mass plot shown
in Figure 38. The combined mass plot has two signal event with an expected background of 0.77

events.
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12 Branching Ratio Limit

An upper limit on the B¢ = D; =+ branching ratio is a product of the upper limit on the number
of events in Bg signal region, the number of B+ and B? events in the reference signal, and a scaling
factor. The scaling factor includes the fragmentation fractions, branching ratios, and efficiencies
used in the branching ratio calculation. For a direct measurement of the branching fraction, the
efficiencies and absolute geometric and kinematic acceptance, trigger, reconstruction and final se-
lection cuts must be known. However, in a relative measurement some of these factors cancel and
equally importantly the uncertainty on these values cancel. The dominate statistical and systematic
uncertainties are presented in Section 12.1. The methods used to choose which decay modes to
include in our branching ratio calculation is presented in Section 12.2. The calculation of the upper

limit on the B? — D; 7+ branching ratio is detailed in Section 12.3.

12.1 Uncertainties

Based on the number of events in the signal region and the expected background, an upper limit on
the number of events in the B, signal region. However, to convert the upper limit on the number of
events to an upper limit is placed on a branching fraction the uncertainties in the scaling factor must
be included. The number of events in the reference signal has an uncertainty associated with it.
The Gaussian term in the likelihood function returns an uncertainty on the number of signal events.
Also, the product branching ratios for the D, decay modes have significant uncertainties as well as
correlated uncertainties between the D, decay modes[l]. In addition there are uncertainties on the
fragmentation fractions. A 2% inefficiency for each track from a K is assigned. These uncertainties

are added in quadrature and are found in Table 8.
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Systematic Uncertainty | %

Reference Signal 30
BR x Efficiency 26

fs/(fa + fu) 18

K, Track Efficiency 4

Combined Systematics | 59

Table 8: Each of the systematic uncertainties in the components of the scaling factor are

listed as well as the total systematic error.

12.2 Limit Studies

In this section, the ability of the six B — D; 7*decay modes to set an upper limit on the BS —
D;n* branching ratio is studied. Because the expected background between various decay mode
and the reconstruction efficiency vary, the sensitivity of each mode will vary. In addition, different
combinations of modes will have different sensitivities. These issues are explored in the following
sections. Based on the relative value of these sensitivities, the B; modes to include are chosen based

on their ability to achieve the best sensitivity.

12.2.1 Comparison of Modes

Each of the B¢ — D;r* decay modes are evaluated individually. For each B¢ — Dy 7% decay
mode, the product of the branching ratio and reconstruction efficiency, the expected background
and sensitivity in each mode is shown in Table 9. This table indicates that the o7 and K*K modes

offer the best sensitivity while the ¢mmr modes has the worst sensitivity.
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Index | Dy Mode | BR x € (x10~%) | Expected Background | Sensitivity (%)
1 om 1.3 0.0 32
2 T 0.1 0.3 331
3 K*K 1.9 0.3 24
4 KK 0.5 0.0 89
b for 0.9 0.0 46
6 K*nm 04 0.1 119

Table 9: The sensitivity of each B, = D, m decay mode is found in the last column. The

D, modes are listed in the second column.

12.2.2 Combination of Modes

The sensitivity of different combinations of B? — D;w* decay modes is calculated. The
combination chasen will be the one which has the smallest expected sensitivity. The difference
in sensitivity for different combinations is not expected to be large. The expected sensitivity
for different combinations of B, decay modes is shown in Table 10. The greatest sensitivity,
9.6% is achieved when all decay modes, except the K*7 mode, are included. However, due
to the uncertainty associated with the combined sensitivity values, all B, decay modes are

included in the limit calculation. The combination of all B, modes has a sensitivity of 10.2%.
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Modes | BR x € (x10™*) | Expected Background | Sensitivity (%)
1,3,4,5,6 3.0 0.4 9.6
1,3,4,5 4.6 0.3 10.1
ALL a.1 0.8 10.2
1,3,5,6 4.5 0.4 10.6
1,2,3,4,5 4.7 0.7 10.7
1,3,5 4.1 0.3 11.2

Table 10: The sensitivity for different combination of B, = D, m decay modes.

12.2.3 Optimal Signal Region

The optimal width of the signal region around the nominal B, mass is studied based on the
expected background and the product of the branching ratio and reconstruction efficiency.
To simplify the study only +20 and +30 regions are studied. The one sigma width is equal
to the ratio of the B, and B*, B® Monte Carlo widths and the average uncertainty of B+, B°
candidates used in the reference signal (18 MeV/c?). The sensitivity for each region is listed
in Table 11. The signal region defined as 30 around the nominal B, mass offer slightly

better resolution.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Modes | BR x ¢ | Expected S

[107Y] | Background | %
e e e S
2 Sigma | 4.4 0.51 11.2

3 Sigma | 5.1 0.77 10.2

Table 11: The sensitivity for two definitions of the signal region around the B; mass. Top
top row lists the sensitivity for a +20 window and the bottom row lists the sensitivity for a

+30 window.

12.3 B? —» Dy 7+ Branching Ratio Upper Limit

The branching ratio for B — D7+ decay rate can be calculated in a variety of methods.
Since this is a relative measurement many uncertainties cancel. The upper limit on the

B? — D7 branching ratio can be calculated from the following equation:

N(B,) (f.+ fa) (BR(By— D7) x €% + BR(B, — Dr) x €5+)
NB)+ NGB, L S BR(D, - Xi) x € ’

BR(B, — D,r) =

where N(B,) is the upper limit on the number of B, candidates.

Currently there is no consensus in the physics community for setting confidence limits
when there are large uncertainties or when the number of signal events is small. Due to
uncertainties on the number of events in the reference signal, the branching ratios, fragmen-
tation factors and reconstruction efficiencies the calculation method varies. Two methods for
calculating the upper limit on the number of signal events in our B® — D7 reconstruction

are presented.
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12.3.1 Upper Limit Without Uncertainties

The upper limit on the BR(B, — D,7) branching ratio without considering the systematic
and statistical uncertainties are presented in this section. The upper limits are calculated
for both the average selection criteria and the individual decay modes optimized criteria.
The method suggested by References(1] [38] corrects for the overcoverage of the frequentiest
method for small Poisson signals. This method uses an ordering principle based on the
ratio of likelihoods when choosing values of the upper limit, n, to place in the acceptance
interval [38]. By simply using the number of event in the signal region, two, after the average
selection criteria, and the expected background, 0.77, the Feldman and Cousins approach
gives confidence intervals of (0.0, 4.4] and [0.0, 5.4] events at 90% and 95% C.L., respectively.
Using the upper limit of these confidence intervals, the upper limit on the BR(B; — D7)

branching ratio are found to be:
BR(B, = D,r) < 5.9% at 90% C.L.

BR(B, - D,r) < 7.2% at 95% C.L.

and

f(b— B,) x BR(B, = D,r) < 0.9% at 90% C.L.

f(b— B,) x BR(B, = D,r) < 1.2% at 95% C.L.

By simply using the number of event in the signal region, three, after the optimimized
selection criteria for each mode, and the expected background, 0.825, the Feldman and

Cousins approach gives confidence intervals of [0.0, 5.8] and [0.0, 6.9] events at 90% and 95%
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C.L., respectively. Using the upper limit of these confidence intervals, the upper limit on

the BR(B, — D,m) branching ratio are found to be:

BR(B, - D,r) < 7.7% at 90% C.L.

BR(B, - D,r) < 9.2% at 95% C.L.

and

f(b— B,) x BR(B, - D,r) < 1.2% at 90% C.L.

f(b = B,) x BR(B; = D,r) < 1.5% at 95% C.L.

12.3.2 Upper Limit with Systematic and Background Uncertainties

Since the amount of background in the combined B! — D;m"mass plot is significant the
uncertainty in the background in the upper limit as well as the systematic uncertainty must

be considered. The uncertainty in the expected background is found in Table 12. The upper

Systematic Uncertainty | %

Expected Background | 30

Table 12: This table shows the background uncertainty extrapolated from fit of background

to signal region.

limit, NV, on the number of expected events is defined as the value of u for which there is

some probability € to observe ng or fewer events [39]. The confidence interval is 1 - € where:
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and

I"‘Oe—“
P(ﬂol#) = nO!

In most experiments, there are background events in the signal region in addition to the signal
events. If one knows ppg precisely, then the above method can be extended to calculate the

Poisson upper limit .V on the number of signal events {40]:

~ o P(nlpg + N)

n=0

2_nzo P(nlus)

l—e=

The method suggested by Reference [39] is a Bayesian-style integration over the uncertainties

in the signal acceptance (04) and expected background (ug):

—(p-wpg)? —(¥-uh?
no 1 oo 00 ol ! 202 204 U ]
n=0 T-QWU?\, j;) fO P(Tl, HB -+ ug)e 8 (] N d“Bd#S
€= ~(ug—p'y)?

Yonlefo  P(nipple *5 d,
Where oy = iv—ji where A is the overall acceptance, V is the Poisson upper limit p, = Z¢
and p, is the expected background. A Monte Carlo method is implemented in a FORTRAN
program poilim.f. A large number of pseudoexperiments are generated in which the expected
signal and background are varied within their uncertainties. For each experiment an expected
number of signal and background events are chosen from Gaussian distributions to generate
a Poisson distributed number of signal (n,) and background (ug) events. For the trials in
which ng < n,, the fraction f in which ng + ny, > ng is recorded. The confidence level for
a given N is the value of f. The desired confidence level is achieved by varying N until the

desired confidence level (1-¢) is achieved.

If the uncertainties in the background, 0.30 events, are included and the systematic

uncertainties, 59%, the confidence interval after applying the average selection criteria, is
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(0.0, 7.4] and [0.0, 11.9 ] at 90% and 95% C.L. Inserting the upper limit of these confidence

interval, the upper limit on the BR(B, - D,r) branching ratio is found to be:
BR(B, - D,r) < 9.9% at 90% C.L.

BR(B, — D,r) < 15.9% at 95% C.L.

and

f(b = B,) x BR(B, - D,r) < 1.6% at 90% C.L.

f(b = B;) x BR(B, = D,1) < 2.6% at 95% C.L.

If the uncertainties in the background, 0.31 events, are included and the systematic
uncertainties, 39%, the confidence interval after applying the individually optimized selection
criteria, is {0.0,9.8] and [0.0, 16.0 | at 90% and 95% C.L. Inserting the upper limit of these

confidence interval, the upper limit on the BR(B, — D, ) branching ratio is found to be:
BR(B, =+ D7) < 13.0% at 90% C.L.

BR(B, — D,r) < 21.3% at 95% C.L.

and

f(b— B,) x BR(B; - D,n) < 2.1% at 90% C.L.

f(b = B,) x BR(B, » D,x) < 3.5% at 95% C.L.
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13 Summary

We have reported an upper limit on B, = D,r decay. The results of this thesis are summa-

rized as:

BR(B, - D,r) < 9.9% at 90% C.L.
BR(B; -+ Dsr) < 15.9% at 95% C.L.

and

f(b— B,) x BR(B, - D,r) < 1.6% at 90% C.L.
f(b— B,) x BR(B, = D,r) < 2.6% at 95% C.L.

This upper limit on the B — D; 7*branching ratio relys on B* — D%+, D% —» K*r~and
B° - D~n*,D~ — K*7~ 1~ decays previously unobserved in hadron collider environments.

The B* and B° signal measured is a 40 effect.

This limit is competitive with the previously published upper limit [1]*

BR(B, - D,r) < 13.0% at 90% C.L.

based on :

f(b— B,) x BR(B, = D,r) < 1.3% at 90% C.L.,

but is still an order of magnitude above Standard Model predictions. In addition, ALEPH
has recently reconstructed B, mesons via the B, — D,m channel, but have not cited a

branching ratio measurement [41].

10 Assumed f, = 10 %.
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