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Abstract

Particles containing the heavy bottom (b) quark decay into particles contain-
ing the charm (c¢) quark. Measuring the lifetimes for this decay gives impor-
tant information about the weak interaction, e.g. the CKM matrix element
|Veb|. The lifetimes of the charged B, and neutral B; meson have been mea-
sured using 19.3 pb™! of pp collisions at /s = 1.8 T'eV recorded by the CDF
experiment at Fermilab during the 1992-93 Tevatron Collider Run 1A[1]. Un-
binned likelihood fits of the proper lifetime distribution of fully reconstructed
B — UK candidates, where ¥ represents either a J/¥ or a 4(25) and K rep-
resents a meson containing a strange (s) quark, give c7t = 482 +48 £ 15 um
and cr® = 472 £ 55 + 25 pum, and 7 /7% = 1.02 &+ 0.16 + 0.05 where the
first error is statistical and the second error is systematic. Combining the
method and results of Reference [2] with the value of 70 quoted here yields
|Vp| = (36 £ 5 +4) x 1073,
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0.1 Introduction

High energy physics endeavors to discover the ultimate building blocks of
(anti)matter and to understand the forces that bind these building blocks
together. These building blocks form everything around us — trees, cars, the
stars, ourselves, everything. The matter that makes up our everyday world
is composed of stable configurations of the fundamental building blocks. Ex-
perimental high energy physicists learn more about these fundamental objects
by creating highly energetic, or excited, configurations, which ultimately de-
cay back into stable ones. By studying the decay products, we learn what
(anti)matter is composed of; by studying the ways in which these particles
decay, we learn about the forces that govern these particles.

Consider the simplest atom, the hydrogen atom, which consists of a proton
and an electron. The proton is an everyday example of what high energy
physicists call hadrons. The electron is a familiar example of the family of
particles referred to as leptons. Leptons are fundamental building blocks;
protons, however, are not. Rather, protons, like all hadrons, are composed
of still smaller particles called quarks. Hadrons which are composed of three
quarks, like the proton, are called baryons. Hadrons composed of a quark
and its antimatter equivalent, the antiquark, are called mesons. All of the
experimental data collected so far confirm this relatively simple arrangement
of the fundamental building blocks; i.e., all of (anti)matter can be grouped into
two large categories known as hadrons and leptons. If the object is a lepton,
it is a fundamental constituent of (anti)matter. If the object is a hadron, it
is composed of the fundamental particles known as quarks. Finally, particles
known as gauge bosons act as “force carriers”, i.e. fundamental particles
interact with each other by exchanging gauge bosons. The theory that puts
this in a neat and tidy package is known as the Standard Model; it will be
given a more thorough treatment in Chapter 1. For now, let us focus on
quark/antiquark pairs, i.e. mesons.

This thesis is concerned with a type of meson known as the B meson. It
is so noted because it contains a bottom (b) quark. B mesons can be pro-
duced when protons collide at high energies with their antimatter partner,

antiprotons. These collisions occur at the Fermi National Accelerator Labora-
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tory (Fermilab) in a proton-antiproton (pp) accelerator called the Tevatron at
the rate of about 100,000 times per second. Surrounding the collision point,
referred to as the interaction region, is a particle detector called the Collider
Detector at Fermilab (CDF). This detector measures the energy and momen-
tum of the particles produced when the protons collide with the antiprotons.
At a rate of approximately 60 times per second, a B meson is produced in
such a collision and subsequently decays. By studying the decay products of
the B meson, we can learn its mass, its electric charge, its lifetime. By lifetime
we refer to the amount of time a B meson exists before it decays into other
particles. This thesis describes a measurement of the B meson’s lifetime.

B mesons used in this analysis can travel up to about 3 mm due to relativis-
tic time dilation before decaying into other particles, called daughter particles.
Because of the high precision tracking capability of a device known as the Sili-
con Vertex Detector (SVX), the location of where the B meson decayed can be
measured directly by forming the intersection of the tracks left by the charged
daughter particles in the SVX. This process is called vertexing, and the vertex
at which the B meson decayed is referred to as the secondary vertex. The
point at which the B meson was produced is called the primary vertex. The
distance the B meson traveled before it decayed, i.e. its observed decay length,
is simply the difference between the primary and secondary vertices.

If all of the B meson’s daughter particles have either a positive or negative
electric charge and are detected in CDF, the event is said to be fully recon-
structed, which means that the B meson’s mass, momentum and light quark
partner (@ or d) are completely determined. Knowing the B meson’s light
quark partner assures a pure sample of charged B, and neutral B; mesons,
respectively. Precise measurements of the mass and momentum are needed
because the equation that relates the observed decay length and the proper
lifetime of the B meson depends on these terms, i.e.

Bmass
B

T = Lgy-

(0.1)

pr "€
where L, is the transverse decay length, B, is the mass, B, is the trans-
verse momentum, and c is the speed of light.

The B meson lifetime averaged over the various b hadrons is 1.46+0.06(sys)+

0.06(stat) ps[3]. Qualitatively, the lifetimes () of the individual bottom quark
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(b) hadrons are expected to exhibit the following hierarchy:[4, 5] (see Sec-
tion 1.6)
T(B) > 7(B]) ~ 7(Bg) > 7(Ay). (0.2)

The expected value for 7(BJ)/7(Bg) is 1.0 to 1.1. The most precise mea-
surement of this ratio, adding the statistical and systematic uncertainties in
quadrature, prior to the results described in this thesis was 0.96 =+ 0.22[6],
with values of 77(r°) = 1.47 £ 0.26(1.52 £ 0.22) ps[6]. It is worth noting
that measurements leading to these results relied on inclusive decay modes
and Monte Carlo techniques. Such measurements are plagued by systematic
uncertainties. The method employed in this analysis, however, is conceptually
simple and straightforward, is dominated presently by statistical, rather than
systematic, uncertainties, and gives the most precise (and probably the most
accurate) published values for 7+, 7%, and 7+ /7° for the B, and B, mesons[1].

Largely because the bottom quark is much heavier than the charm quark[5]
(see Section 1.6), 7(B})/7(B3) is not expected to deviate from 1.00 by the
dramatic amount measured in the D meson case*. Nevertheless, various QCD
corrections are postulated to contribute to an analogous lifetime difference in
the B meson system. Calculations by Tanimoto indicate that (B} )/7(BS)
must be greater than 1.00 in order to obtain reasonable semileptonic and in-
clusive b — cés decay rates (< 12% and < 20%, respectively)[8]. However,
a recent CLEO measurement of the 2-body B decay topology implies that
71 /7° < 1.00[9] since their results indicate that in the case of the B¥(B°) me-
son, the internal spectator diagram contributes constructively(destructively)
to the partial B*(B°) width. The aim of this analysis is to measure 7(B),
7(BS) and their ratio with a previously unattainable precision in order to
constrain/test theoretical predictions.

B, and B, mesons produced in Pp collisions in Fermilab’s Tevatron can
decay via the fully hadronic decay chain given below (references to a specific

charge state imply the charge conjugate as well throughout this thesis):
B, — J/Y KT,

B, — J/¢¥K*(892)",
B, — ¢(2S)K+,

*r(DF) /(DY) = 2.58 & 0.09 + 0.08[7]
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B, — 1/)(2S)K*(892)+,
and

By — J/Y K3,
By — J/$K*(892)°,
B; — 9(25)K2,
By — $(28)K*(892)°,

where

Jp —ptp,
$(28) - T, I
K} >t
K*(892)° —» K*n~,

and
K*(892)" — K2n*, K§ — nhn.

In all of these decay modes, the two daughter muons from the J/4 provide a
unique signature, or trigger, for B — WK events, where B represents either a
B, or a By, V¥ represents either a J/19 or a ¥(25), and K implies any of the
strange mesons listed above. The two muons also facilitate the determination
of the secondary vertex position of the B meson in the r — ¢ plane, since muon
tracks in the SVX are all that are required to precisely determine the secondary
vertex of the parent B meson. The signed decay length in two dimensions,
L.y, is taken to be the difference between the nominal beam position and the
secondary vertex position projected onto the B flight direction. Because the
B mesons are fully reconstructed, the light quark partner of the b quark, i.e.
% or d, is unambiguously determined. Full reconstruction of the events also
enables a precise calculation of the relativistic boost factor, 4. As a result,
model independent proper decay length distributions for B, and By mesons are
obtained. From these, the individual lifetimes, 7+ and 7°, are extracted using
an unbinned maximum likelihood fit. The ratio, 7% /7P, is then calculated, and
a value of |V| is obtained by combining a CLEO result with the CDF value

for 9.
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During the 1980’s, the surprising discovery and subsequent study of the
dramatically different lifetimes of the charged Dy and neutral D, mesons led
not only to a better understanding of the mechanism responsible for this dif-
ference, but also to a more complete picture of charm quark (¢) decay. Because
of the copious production of B mesons at /s = 1.8 T'eV at Fermi National
Accelerator Laboratory (Fermilab), perhaps the Collider Detector at Fermi-
lab (CDF), with its Silicon Vertex Detector (SVX), will make the 1990’s the
decade in which the analogous B meson regime is explored with equal rigor.
The measurement and analysis described in the pages that follow represent a
first step in achieving this goal.

This thesis describes an analysis performed at Fermilab with 19.3 pb~! of
data collected by CDF between May 12, 1992 and June 1, 1993. It is divided

into 5 main sections:
1. Theoretical Framework
2. Experimental Facilities
3. Tracking at CDF
4. Analysis
5. Conclusions and Comparisons

Chapter 1 describes the current theoretical framework used to describe the
interactions between fundamental particles, partons, in general, and focuses
on expressions relevant to the decay of B mesons in particular. Chapter 2
describes the apparatus used to accelerate protons and antiprotons and to
bring them into collision at 4/s = 1.8 T'eV. This chapter also describes the
general characteristics of CDF subsystems used to detect B mesons, while
chapter 3 focuses on the charged particle tracking detector that makes this
analysis possible, namely the SVX. Chapter 4 describes the analysis procedure
in detail, and this thesis ends, fittingly enough, with Chapter 5, the conclusion,
where results of this measurement are listed and compared with theoretical

expectations and previous measurements.



Chapter 1

Theoretical Background for B

Lifetimes

This section is devoted to theoretical topics relevant to the lifetime of hadrons
containing a b-quark. A rapid overview of the standard model of particle
interactions is first presented before focusing on the b quark. Because this
analysis only considers B meson decays involving an intermediate daughter
¥, ¥ production at CDF will be quickly discussed and an estimate for the
branching ratio of B — ¥X will be given. Next the b quark cross section at
the Tevatron will be considered, followed by a more detailed treatment of the b
quark lifetime. The lifetime discussion will ultimately give an equation for the
b lifetime and will examine mechanisms that contribute to lifetime differences

between b hadrons.

1.1 The Standard Model

The standard model of particle interactions, referred to simply as the Standard
Model[10], describes three of the four interactions found in nature. These are
the strong, weak and electromagnetic interactions. The fourth force, gravity,
does not fall under the umbrella of the Standard Model for essentially two main
reasons: (1) the relative strength of the gravitational interaction relative to
the strong(weak)[electromagnetic| interaction is ~ 107%8(~ 10733)[~ 1073,

and (2) an acceptable quantum field theory of gravity does not exist. The

18



CHAPTER 1. THEORETICAL BACKGROUND FOR B LIFETIMES 19

fundamental fermions (spin 1/2 particles) of the Standard Model are referred to
as leptons and quarks; these are listed in Table 1.1. According to the Standard
Model, the fundamental particles are pointlike and massless; the Higgs boson
is postulated to be responsible for the experimentally observed masses of the
leptons and quarks[11]. Leptons and quarks are grouped in sets according to
the way in which they interact. Leptons are grouped into three generations,
with each generation having its own quantum number. For example, the muon
and muon neutrino carry a muon lepton number. Similar to the leptons, the
quarks also belong to one of three generations, but instead of a quantum
number being associated with each generation of quarks, the individual quarks
themselves carry a quantum number, referred to as the flavor of the quark. For
example, the ¢ and s quarks belong to the same generation, but each carry
their own quantum number, charm and strangeness, respectively. Finally,
gauge bosons, listed in Table 1.2, are associated with the quantized fields of
the strong and electroweak interactions.

Strong interactions, according to the branch of the Standard Model known
as Quantum Chromodynamics (QCD)[12], are described by the the group
SU(3), i.e. strong interactions are symmetric under local gauge transforma-
tions in SU(3). According to QCD, quarks and gluons do not exist as free
particles but are confined in colorless objects of g pairs called mesons or in
qqq states called baryons.

The second branch of the Standard Model, referred to as the Electroweak
or Glashow-Salam-Weinberg (GSW) Model[13], asserts that the weak and elec-
tromagnetic interactions are a manifestation of single electroweak force that
is described by a SU(2), ® U(1)r, group, where the subscript L refers to “left-
handed” and draws attention to the fact that the electroweak interaction is
sensitive to the helicity of the particle. A process known as symmetry breaking
is responsible for the fact that the electroweak force appears as two separate
forces (weak and electromagnetic) at low energy scales. Because the decay of
a b quark into a ¢ quark lies in the domain of the weak interaction, additional
details of the GSW model are presented in Section 1.2; QCD is mentioned
here mainly for completeness, although the effect of gluon emission in weak

annihilation diagrams is important and will be discussed in Section 1.6.
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Generation: 1 2 3 I3 Y Q

Left — Handed ( Ve ) ( v, ) ( v ) 1/2 | -1 0
Lepton Doublets e J,\ k), \ 7T/, —1/2 -1 -1
Left —Handed U ¢ t 1/2 1/3 2/3
Quark Doublets d ;. s /. b/, -1/2 | 1/3 | —-1/3

Right —Handed

Lepton Singlets (e)r (n)r (7)x 0 —2 -1
Right —Handed (w)r (c)r (t)r 0 4/3 -2/3
Quark Singlets (d)r (s)r (b)r 0 2/3 | —1/3

Table 1.1: Properties of particles of the Standard Model[14, 15]; the superscript
* denotes particles for which only indirect evidence exists. Right handed neu-
trinos have not been observed and are not included in the Standard Model. The

quantum numbers of the third component I3 of weak isospin, weak-hypercharge
Y and the charge @ are related by Q = Iz + %Y.

1.2 The Electroweak Interaction

According to the GSW Model, the left handed fermions form doublets of the
SU(2)., ® U(1)r, weak isospin group, while right handed fermions transform as
singlets. The coupling constants of the electroweak interaction, g and ¢, are

related to the electric charge, e, and the weak mixing angle, 6y, by[10]
gsinfy = g'cosfy = e, (1.1)

where g[g'] is the coupling constant of the SU(2)[U(1)] weak isospin|[weak hy-
percharge| group and e is the coupling constant of the U(1) electromagnetic
interaction. The gauge bosons of the electroweak field are the photon, ~, the
Z° and the W*. The massive Z° and W* bosons are associated with the

short range weak interaction, while the massless photon propagates the infi-
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Spin | Charge Color Mass (GeV/c*) | Width (GéV/c2) |
4 1 0 NA < 107% stable
- z° 1 0 NA 91.173 4 0.020 | 2.487 4 0.010
w* 1 +1 NA 80.22 + 0.26 2.12 +0.11
g (i=1,..,8)] 1 0 | red, green, blue| 0 NA

Table 1.2: Standard Model gauge boson properties[14]. The subscript z denotes
the eight gluons of the QCD SU(3) color octet.

nite range electromagnetic force. The weak mixing angle, 6y, the Z° mass
and the W* mass are related via[10]

M3,
= — . 1.2
P M?Z cos? 6y (1.2)
Experimentally, p = 1[16]; hence, Eq. (1.2) is often given as
M2
.2 w
sin 0W = - M_% (1.3)

Feynman diagrams for various electroweak interactions are shown in Fig. 1.1.

. 0 '
’ _zle’Yu o7 —Z_ - —zcosgow 7“%(0{/ - C£75)

f f

Figure 1.1: Feynman diagrams for charged and neutral current couplings[10].
The parameter C 6(0 ﬁ) is the fermion vector(axial-vector) coupling constant,
given by I:{ — 25in®(0w)Qr (I:{), where the f refers to the particular fermion,

Q7 is the fermion charge, and I:{ is the third component of the weak isospin.
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1.3 The CKM Matrix

The decay of a b quark into a ¢ quark involves a change in flavor and electric
charge and occurs via an electroweak interaction. The weak eigenstates are ro-
tated with respect to the observed mass eigenstates, i.e. the weak eigenstates
are linear combinations of the mass eigenstates shown in Table 1.1. The rota-
tion between the weak and mass eigenstates was first proposed by Cabibbo[17]
to explain the long lifetime of s — u transitions relative to u — d. This model
was later generalized by Kobayashi and Maskawa[18] to include all six quarks.
According to this model, the left-handed quark doublets are arranged as fol-

() () ()

where the d', s’ and b’ quarks are the mass eigenstates that are rotated with
respect to the weak eigenstates d, s, and b. By convention, the u, ¢ and ¢
quarks are unmixed. The Cabbibo-Kobayashi-Maskawa (CKM) matrix relates

the two bases, i.e.

d' Vud Vus Vub d
sl = | Va Voo Va s (1.5)
b V;‘d V'ts Wb

The present 90% confidence level magnitudes of the individual CKM matrix

elements are[14]

Ve Vs Vi 0.9747 to 0.9759 0.218 to 0.224 0.002 to 0.007

Ve Vo Vi | = 0.218 to 0.224 0.9735 to 0.0.9751  0.032 to 0.054

Via Vis Vi 0.003 to 0.018 0.030 to 0.054 0.9985 to 0.9995
(1.6)

where unitarity and the existence of only three generations is assumed. The
analysis described in this thesis actually provides a measurement of one of the

CKM matrix elements, V,;, as described in Section 5.2.
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1.4 V¥ Production and the Decay B — VK

The analysis described in this thesis considers B meson decays of the form
B — UK, where ¥ represents either a J/9 or a 9(25) and K denotes K ,
K2, or K*(892). The trigger for this analysis (see Section 4.1.1) relies on the
decay J/¢¥ — ptp~. As shown in Fig. 1.2, the b cross section at the Tevatron
is large enough (e.g. a factor of ~ 3 x 10* larger than at CESR and ~ 4 x 103
larger than at LEP[19]) to allow CDF to exploit the relatively small branching
ratios[14, 20] of the decays considered here:

BR(B — J/¢X)BR(J/¥ — ptp™) = (7.74£1.3) x 107*
and

BR(B — ¢(25)X)BR(v(25) — J/yrTn )BR(J /¢ — ptu") =
(9.34 & 4.14) x 107°.

The production of ¥ mesons at the Tevatron occurs via two mechanisms[21]: (1)
by direct production via gluon fusion and (2) through the production and de-
cay of b hadrons, i.e gg,qq — bb and gg — bbg with b - B — WX[22]. As
the b quark fragments, b-hadrons are produced in a highly non-perturbative
process that currently can only be described by phenomenological models, e.g.
Peterson et al. fragmentation model[23] The Feynman diagram that describes
the decay modes considered in this analysis is the color mixed or internal spec-
tator diagram, shown in Fig. 1.3. This diagram is “color suppressed” because
the color of the ¢,s quarks from the virtual W must match the color of the

parent b quark.

1.5 The Lifetime of b hadrons

The first observation in 1983 of the long lifetime (~ 1 ps) of the b quark
by the MAC and MARK II collaborations at PEP[24] was unexpected, e.g.
Barger, Long, and Pakvasa predicted that 7, < 0.12 ps[25] using results from
the strange meson sector. Up to 1983, it was generally assumed that mixing

between the third and second generations, the mechanism responsible for b — ¢
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CDF Preliminary

NLO QCD MRSDO
— — my=4.75 GeV, A,=275 MeV,

M= ,u,0/4 = \/(mBz+PT2)/4

N /v X — — mg=4.75 GeV, A,=215 MeV,
\ ¥(28) K= fo = \/(m32+PT2)
e % !
178K -
, % 14K me1992- 1993 data
b ©1988—1989 data

N e vD%X

\%\ %Mix

' \%\e*X
~

There are correlated uncertainties
among the measurements

| | | |

o . 20 30 40
Pr [GeV/c]

Figure 1.2: Integrated b-quark cross-section measurements made by CDF for
ly] < 1.0. The v(2S) points assume that all 1)(25) mesons come from the
decay of b-quarks.
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" I%,(29)
b <C
Bu(Ba) w S K, K*(892), K2
u(d) | - a(d)

Figure 1.3: Internal spectator diagram for the decay B — VK.

transitions, was essentially identical to mixing between the second and first
generations. This assumption yields 7, ~ 0.1 ps[4]. Hence, the observation of
the long b lifetime was the first indication that the third and second generations
are not as strongly coupled as the second and first.

When deriving an equation for the b quark lifetime, the expression for
the semileptonic decay width is used because the uncertainties in the Stan-
dard Model parameters are smaller than in the hadronic case and because
the semileptonic branching ratio is well measured[4]. The lifetime and the
semileptonic decay width, I's; are related by

1 BRgsy,
Ty = = .

Ftotal FS’L

(L.7)

The simplest diagrams that relate the lifetime of the b quark to a particular
B meson are shown in Figs 1.3 and 1.4. These are referred to as spectator
diagrams because the light u(d) valence quark does not participate in the
decay. If the spectator diagram does in fact describe the decay of B mesons,
the lifetimes of the B, and B; mesons should be equal. The principal aim of
the analysis described in this thesis is to measure the degree to which these
lifetimes differ. As will be discussed in Section 1.6, it is expected that non-
spectator effects should cause no more than a 10% difference in the lifetime of
the B, and B; mesons.

Given the semileptonic spectator diagram in Fig. 1.4, it is possible to ex-

press the decay amplitude as a simple product of the leptonic and hadronic
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Vey, Uy, Vr

130 €, Uy T
COrTUu

d

SH]

Figure 1.4: Spectator diagram for the semileptonic B® meson decay.

currents (see e.g. [26]), i.e.

Gr. ]

Map(b— q) = ——=Vab [@7*(1 — 78)8] [Iv*(1 — 7)) , (1.8)
V2

where Gp is the Fermi coupling constant obtained from observed rates for

muon decay, equal to 1.16639 x 105 GeV ~2[14] and V,, refers to the particular

CKM matrix element governing the b — ¢ transition. Squaring Mg, and

integrating over phase space yields

_ Gimy

Poulb = 4) = Tgge0

| Vaol” - F(e), (1.9)

where the term F(€) = F(€)ps X F(€)gcp with F(€)ps denoting a phase space
term, F(€e)gcp describing a QCD correction term that describes the effect of
b hadrons radiating gluons, and € = :—Z The expression for the phase space
term is

F(e)ps = 1 — 82 + € — € — 24¢€*Ine, (1.10)

while the QCD radiation correction term is given by

g(e), (1.11)

gle) = (”2_Z) (1—¢€)® + % (1.12)

The Standard Model asserts that the b quark can decay only to a ¢ or u quark.
Combining Eq. (1.9) and Eq. (1.7) gives the lifetime of the b quark:

_ BRsy, _ BRgsy, (113)
Tsp SEM . [P(e,)|Vis|? + F(eo)|Viol?]

19273

Th
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Because |V, /Viy| = 0.10 £0.03[14], the F(e,)|V.s|? term is generally neglected
in Eq. (1.13), resulting in a model dependent method for extracting |V| from
a measurement of 7. Such measurements are actually dominated by the un-
certainty in m;, and by the quark decay model used to describe the inclusive
semileptonic decay of the B meson. ,

An essentially model independent method of extracting |V,;| that relies on
Heavy Quark Effective Theory (HQET)[27] to describe B — D*{v transitions
is described in Reference [28]. HQET can be applied to hadrons containing
a ¢, b or t quark, denoted by ¢). Such a hadron can be treated as an atom-
like system, with the heavy @ quark defining the system’s center of mass. As
mqg — 00, the heavy @) quark can be treated as a static source of gluons, the
internal dynamics of the hadron become independent of the @ quark’s spin
and mass, and the universal function (v - '), where {(v - /') is the Isgur-Wise
function[29] and v -/ is the scalar product of the four-velocity v,, can be used
as the hadronic form factor. The term v - v/ is the rapidity given as

, _ Ep: m%—}' + mZD‘ — ¢

= . — = 1.14
y vy mp« 2mBmD* ’ ( )

where y = 1 corresponds to the kinematic endpoint (c produced at rest relative
to the b), the kinematic region where HQET can reliably calculate the total
b — c decay rate. In practice, however, mg is not considered to be infinite,
and a variety of model dependent corrections to the Isgur-Wise function are
used as the hadronic form factor; a number of these are listed in Table 1.3.
The experimentally observed decay rate at yZ1 for B — D* decays is not
helicity suppressed, as is the case for B — D{v decays. As a result, the
dly_./dy distribution for B° — D**£~¥ decays measured by CLEO[2] can
be extrapolated to y = 1. A fit to these data yields the results presented in
Table 1.3. Rather than averaging these, CLEO takes the ISGW form for £(y)
and obtains |V,,| = (37 £ 5(stat) & 4(syst)) x 1073[2].
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Isgur-Wise £(y) form V| (1073) p?
1 —ﬁz(y— 1) 38614 [1.2405+03
Zrexp(—(28* — 1)) BSW | 38+£6+4 | 1.240.6 £0.3
(-2)% POLE 38£5+4 | 1.14+05+£0.2
exp(—p*(y — 1)) ISGW 37+5+4 |1.0+£04+£0.2
1—pRy—1)+e(y—1)7° [38+10+4|1.2+0.5+0.3

Table 1.3: CLEO93 results for |V,3|, a CKM matrix element, and the fit param-
eter p°, the charge radius, extracted from the dI'y_../dy distribution measured
for B° — D**£~¥ decays.

1.6 Mechanisms Responsible for b Hadron Life-

time Differences

Theorists generally predict the following hierarchy of b hadron lifetimes:[4, 5]
T(BS) > 7(B;) ~ T(Ba) > T(A3).

The “lifetime spread” of the b hadron system, generally expressed as ﬂ%%’”—”,
goes as —5[5]. Hence, it is readily apparent that the significant lifetime dif-
ferences which were observed between the ¢ hadrons (e.g. T(D})/m(D°) =
2.58+0.0940.08[7]) should not manifest themselves in the equivalent b hadron
regime, since (z—:)s ~ 0.03, % ~ 8%.

Two mechanisms contribute to lifetime differences between the b hadrons[5]:

1. Weak Annihilation (WA) processes like W exchange, shown in Fig. 1.5,
affect the width of the B° meson, while

2. Pauli Interference (PI), shown in Fig. 1.6, modifies the B~ width, e.g.

b — cudi.

The stronger of the two mechanisms is PI because WA is strongly suppressed
by helicity and by the fact that the weak interaction has such a short range.
The wave functions describing the b and light spectator u(d) quarks must
overlap for WA to occur, causing the WA contribution to the spread in b
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\/C
' q
e
/\q

d i

Figure 1.5: Diagram for W exchange.

3 U
d
B
Cc
< - u
U

Figure 1.6: Feynman diagram that motivates Pauli Interference in B~ decays
of the form b — cudi.
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hadron widths to fall off like m} relative to the PI contribution, even after the
effects of gluon emission have been taken into account. The net effect of WA
in the b(c) hadron sector is 1%(10-20%)[5]. Hence, PI is essentially responsible
for the lifetime differences between the b hadrons, even though it is suppressed
by the fact that the decay product @ quark wave function must overlap with
that of the spectator @ in order for PI to occur. Symbolically, the contribution
to the width of the B~ meson due to PI can be expressed as

I's = I(B)specs + AT(B ™ )pr. (1.15)

Eq. (1.15) ultimately leads to the following numeric result (see Reference [5]

for details):
T 2
By 104005 — 1%

"By (200 MeV)?’ (1)

where fp ~ 100 MeV is the B meson decay constant. An analogous analysis

T+
in the ¢ quark sector yields T—Zd- ~ 2, which is consistent with the experimental

result of 2.58 £+ 0.09 + 0.08]7].



Chapter 2

Experimental Apparatus

2.1 The Accelerator

When operating in colliding beam mode, Fermilab’s accelerator complex ul-
timately brings protons and antiprotons into collision in the superconducting
Tevatron with a center of mass energy equal to 1.8 TeV at a luminosity that

2571, Four principal subsystems work in concert

routinely exceeds 5 x 10%° em~™
to achieve this combination of high luminosity and high energy; they are the
Linear Accelerator/Booster, the Antiproton Accumulator, the Main Ring and
the Tevatron. It is a convention to refer to these four systems, when taken as a
whole, as the Accelerator. The accelerator complex is shown in Fig. 2.1, while
the steps involved in accelerating protons to 900 GeV are shown in Fig. 2.2.
The purpose of this section is to outline the steps necessary to achieve this un-
precedented combination of high energy coupled with high luminosity, ending
with pp collisions occurring at the nominal CDF interaction region, BO0.

The source of initial protons is actually ionized hydrogen gas, H~. The
ions are first accelerated to 750 KeV by a Cockroft-Walton electrostatic ac-
celerator. Next, these ions reach an energy of 200 MeV after traversing the
Linear Accelerator (LINAC). As the hydrogen ions pass through a thin carbon
strip, the electrons are stripped off and the resulting bare protons are injected
into the Booster Ring, where they are accelerated to an energy of 8 GeV. The
protons are assembled into six bunches before they are transferred to the Main

Ring. Once in the Main Ring, one of two things may occur: (1) the proton

31
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Debuncher LINAC

and
Accumulator

“—— Booster

Switchyard

——
Y

p extract p inject

p inject

Main
Ring

+— Tevatron

Figure 2.1: Schematic representation of accelerator complex at the Fermi Na-

tional Accelerator Laboratory.
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GAS BOTTLE

COCKROFT—WALTON
750:Kev
LINAC (150 m)
200|Mev
BOOSTER (475 m)
R
8 Cl;eV
MAIN RING (6300 m)
150|[Gev
TEVATRON (6300 m)

N
10" PROTONS
900 GeV

Figure 2.2: Diagram of steps involved in accelerating protons to 900 GeV .

Any number between 1 and 2 x 10'3 protons can be accelerated in a process
that takes about 60 seconds.
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bunches are accelerated to 150 GeV and then transferred to the Tevatron, or
(2) the proton bunches are accelerated to 120 GeV, and focused to a trans-
verse size of 1.5 mm by a quadrapole magnet onto a Ni target[30]. Protons
striking the Ni nuclei produce a variety of particles, including antiprotons.
The antiprotons are momentum selected out of the decay products by a dipole
magnet, focused by a lithium lens, and transferred to a debuncher, where the
momentum spread of the antiprotons is reduced. The antiprotons are then
injected into the p Accumulator Ring, where they are stored into six bunches.
Negatively charged pions, kaons, and muons simply have decayed away by
the tenth turn in the Accumulator, and positrons fall out of the ring due to
synchrotron radiation. The remaining antiprotons are allowed to collect, i.e.
“stack”, until the p stack has reached at least 60 x 101° particles. It takes about
12 to 24 hours to attain a p stack of 60 x 10'? particles. Once the stack is large
enough, 6 p bunches, each containing 4 x 10! particles, are injected into the
Main Ring. The remaining p particles are saved in the Accumulator Ring and
become part of the next stack. The p particles that have been injected into
the Main Ring are accelerated to an energy of 150 GeV before transfer to the
Tevatron. Once in the Tevatron, protons and antiprotons are simultaneously
accelerated to an energy of 900 GeV, which yields a pp energy of 1.8 TeV.

Luminosity is governed by

_ N,N;B fo

2
Ao

L , (2.1)
where N, and N; are the number of protons and antiprotons per bunch (12 x
10'° and 4 x 10°, respectively), B is the number of bunches (6), fo is the
revolution frequency (47.7 kHz), and o} is the transverse RMS bunch size,
assumed horizontally and vertically equidistant. At an interaction region, e.g.
B0 in Fig. 2.1, the time between Pp collisions is 3.49 us. The number of

interactions per second is given by
R = Lo, (2.2)

where R is the interaction rate, L is the luminosity, and o is the interac-
tion cross section. For example, the average luminosity during Run 1A was

3 x 10 ¢m~257!; because the inelastic cross section is 46 mb, about 138,000
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potentially interesting interactions per second occurred at B0. The total lu-
minosity delivered at BO during Run 1A was 27.2 pb™', of which CDF wrote
19.3 pb~! to 8 mm tape, yielding a detector efficiency of 71%.

2.2 The Collider Detector at Fermilab (CDF)

2.2.1 Overview

CDF is a general purpose detector designed to measure the energy and momen-
tum of particles produced in pp interactions. The several subsystems which
comprise this azimuthally and forward-backward symmetric detector provide
a complete picture of pp interactions at BO — charged particle tracking, mo-
mentum information, finely segmented calorimetry and muon identification.
The purpose of this section is to describe briefly CDF and to focus on the sub-
systems used in this analysis. Consequently, only the central region of CDF
will be considered; no discussion of the forward or plug regions of the detector
will be presented here. Rather, the reader is referred to References [31, 32],
which cover the entire detector in detail, including upgrades. A more detailed
treatment of CDF’s tracking detectors, with emphasis on the Silicon Vertex
Detector (SVX), is given in Chapter 3.

When the Tevatron is operating in colliding beam mode, CDF is located
in the B0 collision hall, see Fig. 2.3. CDF envelopes the nominal interaction
region and provides nearly 47 coverage. Using the geometric center of CDF as
the origin, it is convenient to define a Cartesian coordinate system in which the
z axis is taken to be the beamline, pointing in the proton flight direction, as is
shown in Fig. 2.4. The = and y axes form a plane transverse to the beam, i.e.
the »— ¢ plane. The zenith angle, , is measured with respect to the z axis, and

is more commonly related to pseudorapidity, expressed as 7 = —In[tan(6/2)).

2.2.2 CDF Tracking Detectors

Three subsystems were responsible for charged particle tracking at CDF during
Run 1A. These are the SVX, the Vertex Time Projection Chamber (VTX),
and the Central Tracking Chamber (CTC). Both the SVX and the VTX are
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Figure 2.3: A view of CDF in the collision hall with RUN 1A upgrades.

upgrades and were installed in 1992 for Run 1A, while the CTC was installed
in the original CDF and has been in use since the 1986 engineering run.

As its name suggests, the SVX([32] is a precise r — ¢ tracking device that
utilizes four layers of silicon microstrip detectors. The azimuthally symmetric
SVX is located just outside the 1.9 ¢m radius beryllium beampipe. It spans
~ 51 e¢m in z and covers the pseudorapidity range |y| < 1.9. The inner-
most(outermost) layer is 3.0(7.9 ¢m) from the beamline. The pitch between
readout strips is 60 pm (55 pm ) on the 3 inner (1 outer) layers. The fine
microstrip pitch combined with the use of pulse height information results in
an individual hit resolution of 13 pm. Fig. 2.5 shows an isometric view of one
of the two SVX barrels. Both barrels are placed end-to-end at z =~ 0; to allow
space for cooling pipes and cables, there is actually a 2.15 ¢cm gap between
the barrels centered at z = (0. Because of this gap and the fact that the z
position of the primary interaction varies as a gaussian of width 30 cm, the
geometrical acceptance of the SVX is ~ 60% that of the CTC. Nevertheless,
the SVX is vital to this analysis because it enables the resolution of secondary
vertices resulting from the decay of long lived particles, e.g. B mesons. The

SVX track reconstruction will be discussed in greater detail in Section 3.3.
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Figure 2.4: Cross sectional view of CDF in the collision hall with Cartesian

coordinates.
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Figure 2.5: Isometric view of a single SVX barrel.

38
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The SVX resides inside the VTX, which provides »—z tracking information.
The VTX is a time projection chamber utilizing 28 argon-ethane drift modules
which cover the pseudorapidity range || < 3.25 over the full 2 azimuthal
range. A single module contains two drift regions. A single drift region spans
5 ¢cm in z, which implies a maximum drift time of 400 ns, well within the
3.49 ps beam crossing window. An isometric, cut-a-way view of 16 VTX

modules is shown in Fig. 2.6. The VTX is used to determine the z position of

Figure 2.6: This figure shows a cut-a-way view of 16 VTX modules. Each
module is 12 c¢m in length. Note that the drift plane in the center of each

module is not shown.

the primary interaction to within 1 mm. As will be discussed in Section 4.2.1,
the measured z position is used to calculate the nominal z and y position of

the primary interaction vertex.
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Particles exiting the VIX encounter the CTC. The CTC is a right cylindri-
cal argon-ethane gas drift chamber 3.2 m in length, covering the pseudorapidity
range || < 1. It provides 7, ¢ and z tracking information via 9 radially distinct
clusters of drift wires, numbered 0 through 8. These wire clusters are referred
to as superlayers, and are clearly visible in Fig. 2.7. The innermost(outermost)
superlayer has a nominal position in r of 78 c¢m (225 e¢m). The five even num-
bered superlayers (0,2,4,6,8) are refered to as axial superlayers because they
have wires that are arranged parallel to the z axis and only provide » — phi
information. The four odd numbered superlayers (1,3,5,7) are known as stereo
superlayes because they have wires that are tilted by +3° with respect to the
z axis to give a stereo angle and z position measurement. Wires comprising
a superlayer are grouped in cells which are clearly visible in Fig. 2.7 and are
referred to as super cells. Axial super cells contain twelve sense wires, while
each stereo super cell contains 6 sense wires. The plane containing the wires
comprising a cell is tilted by 45° with respect to the radial direction. This tilt
insures that the drift trajectories are nearly azimuthal by correcting for the

Lorentz angle, 3, given by
vB
tan(f) = 15

where v is the drift velocity (m/s) in the absence of a magnetic field, B is the
magnitude of the magnetic field (T), E is the electric field strength (V/m), and
k is a constant that depends on the drift gas. For the argon-ethane-ethanol
mixture used at CDF, k = 0.7. Because of this 45° tilt and the fact that
cells within a superlayer overlap one another, high pr tracks (> 2.5 GeV/c)

(2.3)

produce at least one “prompt” hit (short drift time) per superlayer. This fact
is used in the Central Fast Tracker[33], referred to as the CFT.

The CFT utilizes prompt hits in the 5 axial superlayers to measure the
pr of all high momentum tracks in an event within the 2.5 us allowed by
the Level 2 trigger {34]. CDF uses a 3 level trigger system [35, 36, 37] to
select out J/¢y — ptp~ events, which will be discussed in Section 4.1.1.
Prompt hits on the 4392 axial sense wires are digitized and then read out
within an 80 ns coincidence latch that is opened after beam crossing. The
time over threshold wire chamber signals are piped into Lecroy 1879 TDCs
(Time to Digital Converters). Pre-defined patterns of prompt hits map to 8
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Figure 2.7: » — ¢ view of the CTC.
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pr bins; tracks producing these patterns are assigned to one or more bins, e.g.
2.5 GeV/c, 5 GeV/e, etc. A second coincidence gate is opened 500 — 650 ns
after beam crossing to look for delayed hits which are used to verify high pr
tracks. The momentum resolution achieved by this method is 6—:,;— ~ 0.035,
while the efficiency smoothly increases from 50% at pr = 2.6 GeV/c to 94%
for pr > 3.1 GeV/e.

The entire tracking volume of CDF is contained in a superconducting
solenoid of radius 1.8 m which generates a 1.5 T magnetic field. The direction
of the B field is negative z, i.e. B = —Bg,. The strong solenoidal B-field, the
precise impact parameter resolution provided by the SVX, and the large track-
ing radius enable CDF to boast a combined CTC/SVX transverse momentum
resolution of 6pr/pr = [(0.0009pr)? + (0.0066)%]z.

2.2.3 Central Calorimetry Overview

CDF’s cental calorimetry system played only a minor role in muon identifi-
cation in this analysis. The central calorimetry system consists of 4 central
calorimetry arches. The Central Electromagnetic Calorimeter (CEM) provides
nearly 2w coverage in ¢ and spans over 2 units of pseudorapidity, |p| < 1.1.
Similarly, the Central Hadron Calorimeter (CHA) nearly covers the full 27
in azimuth, and almost 2 units in pseudorapidity, || < 0.9. Each arch is
composed of projective tower calorimetry wedges, each subtending 15° in ¢
and 0.1 in 7. Individual wedges are generally referred to as towers. Each
tower measures both the electromagnetic and the hadronic energy deposited
by particles.

The electromagnetic portion of the tower (CEM) consists of interleaving
layers of lead and scintillator sheets which, including the solenoid coil, span
approximately 18 radiation lengths. Light generated in the scintillating sheets
is read out by photomultiplier tubes. This arrangement yields an electromag-
netic energy resolution, og,, / Eem, of 0.137/v/E.,, @ 0.02, where @ indicates
that 0.02 is added in quadrature. A proportional strip chamber is strategically
located at a depth corresponding to the maximum average transverse shower
development in order to provide shower profile information with a resolution

of £2 mm. Hence, the central electromagnetic calorimetery system not only



CHAPTER 2. EXPERIMENTAL APPARATUS 43

! Detector| Number off Azimuthal Longitudinal |I Interaction

| Type | Modules | Acceptancel  Acceptance i Length
CMU | 2304 o n <065 | 49 |
CMP ~ 1000 2m In| < 0.67 ~9
CMX | 1536 137 | [0.65 <7< 1.12] 6 to12

Table 2.1: This table lists the number of chambers, azimuthal and longitudinal
acceptance, and the number of interaction lengths for the CMU, CMP and
CMX muon detectors.

provides a precise energy determination, but also gives a detailed picture of
the electromagnetic shower profile.

Interleaving layers of steel and scintillator comprise the hadronic portion of
a central tower. Including the solenoid coil and the preceding electromagnetic
region, the thickness of the CHA is equivalent to 4.9 interaction lengths. Light

generated in the scintillating material is read out by photomultiplier tubes.

The energy resolution of the CHA, og,_,/Fhad, is 0.50/\/Ehad® 0.03.

2.2.4 Muon Chambers

CDF relies on three principle muon detectors: (1) the Central Muon (CMU)
system, (2) the Central Muon Extension (CMX), (3) and the Central Muon
Upgrade (CMP), which are all shown in Fig. 2.3. The CMX and CMP are
upgrades for Run 1A, while the CMU is the original central muon system used
by CDF. All of these detectors are y single wire proportional drift chambers
sitting behind absorption steel, and essentially differ from each other only in
their azimuthal and longitudinal coverage. General characteristics of these
muon detectors are given in Table 2.1.

Three drift chambers per central calorimetry tower are located within a
tower at a radius just outside the CHA. This system of 48 x 3 = 144 drift
chambers is referred to as the CMU. A total of 16 drift cells comprise a single
drift chamber, as shown in Fig. 2.8. An individual cell is depicted in Fig. 2.9.
Hence, the CMU employs 144 x 16 = 2304 individual drift cells. Two sense
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Figure 2.8: » — ¢ view of a CMU chamber. A single sense wire is used in every
other cell in a given chamber layer. The angle relative to the radial centerline
and the muon track is related to the difference in drift times and is used to

calculate the transverse momentum of the muon for the Level 1 trigger.
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Figure 2.9: View of a single CMU cell

wires are used to detect hits in a given chamber layer, i.e. a single sense wire is
used in every other cell. This fact halves the number of data channels (1152)
that need to be read out without sacrificing spatial resolution. The CMU offers
27 coverage in ¢, and covers || < 0.65. Muon candidates entering the CMU
have traversed 4.9 interaction lengths and have a pr of at least 1.4 GeV/c. The
pr of CMU tracks is obtained from the differences in drift times to the sense
wires in alternating layers, see Fig. 2.8. Because the muon candidates have
traversed through the solenoidal magnetic field,B, they enter the CMU at an
angle o relative to the radial line-of-sight, as is shown in Figs 2.8 and 2.10. If
B is the deflection angle due to the magnetic field, then

D sin(a)=1L sin(g), (2.4)

where D is the distance from the beamline to the lower radius of the CMU
(3.47 m), and L is the radius of the solenoid (1.44 m). The relationship
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between B and pr is given by

. B el ‘El
=)= . 2.
in(3) = 50 (2.5)
Combining Eqgs. (2.4) and (2.5) yields
eL? ig 06
“= 2DpT ( . )

Finally, o is obtained from the difference in drift times between alternating
layers, At, via
Ha
At = —, (2.7)

v
where H is the spacing between the alternating sense wires (55.0 mm) and v

is the drift velocity of the ionization electrons. Since
At < a o [pr] 7, (2.8)

smaller time differences imply larger track transverse momentum. This fact is
used in the Level 1 trigger by flagging events with At less than a preset value.
Details of the trigger system used to select out J/¢ — ptp~ events will be
discussed in Section 4.1.1. Tracks are also reconstructed in the r — z plane
by taking advantage of charge division on the sense wires. This method not
only gives the z position of the muon to within 1.2 mm, but also determines
in which cell a hit occurred in each layer.

The CMP is essentially an extension of the CMU with the improvement
that the additional steel between the CMU and the CMP reduces the chances
of hadrons producing hits in the CMP and thereby being misidentified as
muons. The CMP consists of ~ 1000 extruded Al drift tubes, each having
dimension 2.54 x 15.25 X 640 c¢m. These are stacked 4 deep and are arranged
in a rectangular box that encloses the central portion of CDF, see Fig. 2.3.
The CMP provides symmetric, 2 azimuthal coverage, and spans the pseu-
dorapidity range |7| < 0.67. Particles entering the CMP have traversed ~ 9
interaction lengths and have a pr of at least 2.5 GeV/c. Unlike the CMU, each
individual sense wire in a drift tube is connected to the readout electronics.
However, like the CMU, digitized time-over-threshold data is sent to LeCroy
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CMU

Figure 2.10: This figure demonstrates the relationship between the incident

angle, a, and the deflection angle, 8 of the muon candidate.
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1879 TDCs. This method provides a transverse view of the candidate muon
track and is used to set a Level 1 trigger flag in the manner described in the
above paragraph. The sense wires in the CMP do not provide a stereo angle,
nor are the readout electronics setup for charge division. As a result, the CMP
does not provide a z coordinate for the candidate muon track.

The CMX[38] was added in 1992 to extend the 7 coverage in the central
region of the detector. The CMX is comprised of 1536 drift cells, each having
dimensions 2.54x15.24 X 183 ¢m. These drift cells are arranged onto 4 separate
free standing arches in the following way: 48 cells are arranged in a staggered
configuration that is 8 cells deep by 6 wide, forming an arc section; 8 of
these arcs connected end-to-end form a single CMX arch, giving 384 cells
per arch. These 8 layers of drift cells are sandwiched between two layers of
scintillating material. Fig. 2.3 shows three of the four CMX arches located
at the corners of the central CDF detector. Two arches taken together on
either the west or east side of the central region of CDF span 240° in ¢, i.e.
—45°(105°) < ¢ < 75°(225°). All four arches cover the pseudorapidity range
|0.65 < n < 1.12|. Muons entering the CMX have traversed anywhere from 6 to
12 interaction lengths (depending on 7) and have a minimum pr of 2.3 GeV/ec.
Hits in the CMX are recorded in coincidences between signals in the inner
and outer scintillators and pulses on the drift wires. Track reconstruction in
the CMX is essentially identical to that used in the CMP, which has been
described above. The main difference lies in the fact that the drift wires of
the CMX have an effective pitch angle of 1.5° with respect to each other due
to the fact that sense wires are arranged in an arc. Hence, the CMX not
only uses drift time differences to provide r — ¢ track reconstruction, but also
uses the effective stereo angle between adjacent sense wires to provide » — 8
track reconstruction. As has already been described in the above CMU and
CMP paragraphs, a Level 1 trigger bit is set based on the measured drift time

difference.



Chapter 3

Charged Particle Tracking

Crucial to this analysis is CDF’s ability to precisely measure the helical path
traversed by charged particles as they pass through the central detector’s
solenoidal magnetic field, where the axis of the helix is parallel to the B field.
This ability allows CDF not only to determine precisely the particle’s momen-
tum, but also to vertex the daughter tracks (constrain the tracks to come from
a common (z,y,z) point) produced when B mesons decay. For these reasons,
this chapter is devoted to charged particle tracking at CDF. In particular, the
five parameters used at CDF to describe a helix will be discussed. Secondly,
the method by which CTC tracks are reconstructed will be described. If an
SVX track segment is available for a previously reconstructed CTC track seg-
ment, the technique used to incorporate the SVX information in the track “fit”
will be detailed. Finally, the various types of track fits will be addressed in

turn.

3.1 Helix Parameterization at CDF

This section is devoted to CDF’s choice of helical track parameters. Five
parameters are required to unambiguously describe a helix. The choice of

these parameters is listed below and motivated in Fig. 3.1.

e cot 0: cotangent of the polar angle at the distance of closest approach

to the origin

49
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o +£C: half curvature (3 - radius of curvature), where the + sign indicates

the charge of the particle
e 2o: z position at the distance of closest approach to the origin
o D: signed distance of closest approach to the origin in the » — ¢ plane

e ¢o: azimuthal angle relative to the positive z axis at the distance of

closest approach to the origin
vt
Q=sign(C)
p = 1/]2C|
¢=Pp-qm2

B=(0,0,B)

Z

Figuré 3.1: Parameterization of the trajectory of a positively charged particle
at CDF.

3.2 Track Reconstruction in the CTC

The purpose of this brief section is to provide a schematic overview of the
method used at CDF to transform hits in the CTC into track segments de-
scribed by the five parameters listed in Section 3.1. The interested reader is
referred to [39] for a more detailed treatment.

Generally speaking, track reconstruction starts in the outer radius of the
CTC and works inward, through the VITX and SVX (when applicable) to the
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beam line. Track reconstruction in the CTC occurs via two main steps. The
first step is known as pattern recognition and involves associating groups of
hits that resulted from the passage of a single charged particle through the
CTC. Pattern recognition falls into two distinct classes, one for the r — ¢ view
using hit information from the 5 axial superlayers, and another in the r — 2
plane using hit information from the 4 stereo superlayers. Once hits have
been assigned to a potential track, the second step is performing a final helical
track fit to these groups of hits. The r — phi track parameters (C, ¢, D) are
primarily obtained from fitting the axial hits, while the » — z track parameters
(2o, cot 8) are gleaned from fitting the stereo hits. The version of offline code
used to recomstruct tracks in the CTC in this analysis is known as Version
6.10.

3.3 Track Reconstruction in the SVX

Detailed treatments of SVX track reconstruction in the » — ¢ plane can be
found in References [32] and [40]; a cursory treatment is given here. Individual
strips that have deposited charge above a predetermined threshold and their
nearest neighbors are read out, digitized and stored for offline processing. The
conversion of this “hit” information into SVX tracks is accomplished in three
main steps: 1) Pedestal Subtraction, 2) Clustering, 3) Pattern Recognition
and Track Fitting. These will be discussed in turn.

Charge levels are pedestal subtracted on a strip-by-strip basis, i.e. the
measured charge recorded on each strip is subtracted by the nominal baseline
charge level, or pedestal, due to both noise and the offset from ground for
that particular strip. Pedestals for the 46080 strips were obtained roughly
once every two days during standard calibration runs. Because the electrical
performance of the SVX was stable on a time scale of at least two weeks,
pedestal information was updated in the offline database an average of once
every two weeks.

A process referred to as clustering involves assigning hits on adjacent strips
on a given SVX layer to clusters (groups of associated hits on a particular

layer). Clustering improves the spatial resolution of tracks by taking full ad-
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vantage of the fact that the SVX records pulse height information. Clustering

is performed in the following way:
1. Assign adjacent strips to groups, including known dead strips.

2. Apply a threshold based on the strip noise and the number of strips
comprising the candidate cluster to each strip, excluding the known dead
strips. Candidate clusters that survive this threshold cut are saved for
later processing. For example, if the candidate cluster is comprised of a
single strip, the charge level must be at least a factor of four larger than
the charge level resulting from noise, i.e > 40 effect, in order for this

strip to be identified as a cluster.

3. If any strip(strips) in the candidate cluster fails(fail) the threshold cut
described in Step [2], the candidate cluster is broken at that(those)
strip(strips), resulting in at least two new candidate clusters. Step (2] is

repeated on the new candidate clusters.

4, Once clusters have been identified, their positions are calculated by
weighting the contribution of each strip in the cluster by the amount
of deposited charge. The position of the strip in each case is taken to be
the strip center. The spatial error for clusters containing four or more
strips and/or with a total charge greater than ~ 12 fc* is calculated via

the equation
[(strip pitch) x (number of strips)]/v/12. (3.1)

Clusters not satisfying this requirement that contain either one, two or
three strips are assigned an error of 15 um, 13 um, or 25 um, respec-
tively. These values are used because they give the normalized residual

distributions from final track fits a width of one sigma.

The » — ¢ SVX pattern recognition and track fitting algorithms start with
clusters that have been identified in the manner described above. Pattern

recognition and track fitting occur simultaneously because the SVX tracking

*The value 12 fc is just 3x the charge left by a typical minimum ionizing particle, i.e
4 fe.
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algorithm uses the progressive method[41]. Basically, this algorithm starts
with an existing CTC track and extrapolates it to the outermost layer of the
SVX. Any candidate SVX clusters on this layer that fall within the search road
are considered. The width of the search road is defined in terms of the track
error matrix, which also takes into account multiple scattering and dFE/dz
corrections due to any material between the current measurement plane and
the previous one. The existing track parameters and the error matrix are
then updated using each cluster. Hence, if there are two or more clusters
falling within a road on a given layer, two or more candidate tracks will be
extrapolated to the next available inner layer. If there are no clusters that fall
within a search road on a given SVX layer, the extrapolation simply proceeds
to the next inner layer. This process is repeated until the algorithm reaches
the innermost SVX layer. Finally, a single SVX track fit for a given CTC
track is selected among multiple candidates based on the track fit x? and the
number of clusters on different layers used in the fit. Table 3.1 elucidates the
final SVX track fit selection procedure. The version of offline code used to
reconstruct and select tracks in the SVX in this analysis is known as Version

7.09.

First Choice | lowest x? using 4 clusters on 4 different layers |

Second Choice | lowest x? using 3 clusters on 3 different layers

Third Choice | lowest x? using 2 clusﬁers on 2 different layers

Table 3.1: This table demonstrates the method used to select a single SVX fit
from multiple candidate fits for a given CTC track.

3.4 Available Track Fits at CDF

The purpose of this section is to list and described the types of track fits
that were available offline to the user at the time this analysis was performed.

These can be divided into two main classes: 1) Default track fits that are stored
on disk in the default CDF data structure, YBOS[42], and 2) Post-fit track
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parameters, i.e. tracking parameters resulting from the vertexing algorithm
(Version 7.09 CTVMFT) and/or the magnetic field corrections (Version 7.09
TRKFIX). It is important to note that the post-fit track parameters always
used the default track fits as input (see the listing below).

The default track fits available in YBOS format used in this analysis come

in two flavors:

1.

CTC ONLY: As the name suggests, the track parameters and the error
matrix reflect only the CTC hit information. This type of default track fit

was used as input to the vertexing algorithm (CTVMFT) after magnetic
field corrections were applied (TRKFIX).

. SVX: The track parameters and the error matrix are obtained from a

combination of CTC and SVX hit information. This type of default
track fit was used as input to the vertexing algorithm (CTVMEFT) after
magnetic field corrections were applied (TRKFIX).

Four types of post-fit track parameters/errors were used in this analysis:

1.

TRKFIX: TRKFIX is a routine that applies magnetic field corrections
to the default track fits listed above. All default track types used in this

analysis were modified by TRKFIX before being passed to the vertexing
routine (CTVMFT).

VERTEX CONSTRAINED: The five track parameters which are
returned by CTVMFT reflect the fact that the tracks were constrained
to come from a common point in space, e.g. the two muon tracks from
a candidate J/4¢ vertex.

VERTEX + MASS CONSTRAINED: Tracking parameters which
are returned by CTVMFT that result from simultaneously constraining
the tracks to come from a common point in space with a specific invariant
mass, e.g. the two muons tracks from the J/¢ in a B, — J/YKT

candidate.

. VERTEX + MASS + POINTING CONSTRAINED: Tracking

parameters which are returned by CTVMFT that are obtained after the
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tracks were constrained to come from the decay point of a particle of
known mass which “points” in the » — ¢ plane back to the production
point, e.g. the pion tracks from the K2 in a By — J/¢ K2 candidate.

More details concerning the various types of track fits used in this analysis can
be found in Sections 4.1.3 through 4.1.7, which describe their use in B meson

reconstruction/vertexing.



Chapter 4

The Analysis

The analysis described in this chapter is conceptually simple and straightfor-
ward. B mesons are fully reconstructed using exclusive decay modes of the
form B — VYK, where VU represents either a J/19 or ¢(25) and K denotes a
K*, Kg, or K*(892). Next, the proper decay length, cr, is determined for each
candidate. Finally, the proper lifetime, 7, of the fully reconstructed B, and
By mesons is obtained by fitting the resulting cr distributions. Because the
analysis naturally divides itself into three distinct steps, details of the meth-
ods and techniques used will be presented in three main sections; these are B
Meson Reconstruction, B Meson Decay Length, and B Meson Lifetime. This
chapter concludes with two sections that describe the systematic uncertainties

and a variety of cross checks.

4.1 B Meson Reconstruction

This section first describes the trigger used to define the J/9 dataset. Next,
it details the algorithms used to fully reconstruct B meson decays of the form
B — UK. Finally, this section ends with the techniques and cuts used to
perform the final B,(By) event selection.

56
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4.1.1 J/¢¥ Dimuon Trigger

As already mentioned in Section 2.2.2, CDF uses a 3 level trigger system [34,
35, 36, 37] to select out J/¢p — utpu~ events. The criteria that an event
must meet in order to pass this trigger is presented in Table 4.1. Unlike a
cross-section analysis, trigger efficiencies do not play a major role in a lifetime
analysis at CDF. As will be shown in Section 4.4.1, a systematic error is
assigned to the final lifetime result to account for the fact that the Level 2
trigger is somewhat sensitive to the impact parameter of the daughter muons
from the parent J/vy. Also, it is worth noting that kinematic cuts on the
muons are chosen to fall well within the fully eflicient regions of the Level 1
and 2 triggers. The interested reader is referred to Reference [43] for a detailed
treatment of the efficiency of the Level 1 and Level 2 J/¢¥ Dimuon Trigger.
The Level 3 trigger efliciency is discussed in Reference [44].

Level 1 | 2 Central Muon (CMU) Stubs pr > 3 Ge?/ci
Central Muon + Extension (CMX) Stubs
pr > 3GeV/c
2 Extension Stubs (CMX) pr > 3 GeV/c
Level 2 | At Least One Track with pr > 3 G’(:V/c
Level 3 | Good Track - Muon Chamber Match
2 Opposite Sign Muons
2.8 GeV/c* < pp Invariant Mass < 3.4 GeV/c?

Table 4.1: This table lists the requirements of the Level 1, Level 2 and Level
3 J/¢ Dimuon Trigger.

4.1.2 Muon Selection

Muons leaving stubs in any of the three muon detectors (CMU, CMP and
CMX) are considered in this analysis. Before they are used to form a candidate
J /1 invariant mass, they must pass a number of matching and quality cuts.
Muons are required to have a pr > 1 GeV/c and a minimum energy deposition
of at least 100 MeV in the associated hadron calorimeter. The hadron energy

cut is used primarily to reject fake muon stub candidates due to main ring
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splash in the CMX. A good matching in the » — ¢ plane (x* < 9) is required
between the muon stub and the associated CTC track. For CMU muons, a
similar matching cut is also applied in the » — z plane. Muons that have stubs
associated to them in several muon sub-systems are accepted only if they do
not hit both the CMP and the CMX (an unphysical muon stub) and if they
meet the above selection criteria for at least one of the sub-systems.

Muon pairs passing the above criteria are winnowed further by requir-
ing two oppositely charged muons with an invariant mass between 2.8 and
3.4 GeV/c?. At least one of the muons is required to have a pr > 2.5 GeV/c
(trigger verification). There are 131,236 events with at least one such muon
pair. The Level 3 online selection cuts are repeated in the offline analysis
because the Level 3 tracking algorithm is not as sophisticated as the one used

in offline production.

4.1.3 Track Quality Cuts

To ensure that the vertex of the B meson is well measured, the following
requirements are applied to all tracks that will be considered to form B can-
didates:

e at least 2 axial CTC superlayers having at least 5 hits;
e at least 2 stereo CTC superlayers having at least 2 hits;

e at least 2 SVX hits if the track is a J/¢ leg (muon).

For the muons, the combined CTC/SVX fit is used. For all the other tracks,
the combined CTC/SVX fit is used if available; otherwise, the pure CTC-Only
fit is used. Requiring SVX information only for the J /) legs (rather than for all
the tracks) allows partial recovery from the SVX inefliciency which appeared
at the end of Run 1A due to radiation induced pedestal shifts, but still ensures
that at least two good SVX tracks are used to form the B vertex.

4.1.4 J/¢¥ Reconstruction

Only those events containing at least one pair of oppositely charged muons
with combined CTC/SVX tracks are considered. The SVX muon pairs are
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vertex constrained, i.e. the two muons are constrained to come from a common
point, and their invariant mass is recalculated using the new vertex constrained
track parameters returned by CTVMFT (see Section 3.4). Figure 4.1 shows
the dimuon mass distribution; the arrows, placed at 480 MeV/c? around the
world average value of the J/1 mass (3.0969 GeV/c?), indicate the mass cuts
applied to define the J/1 candidates. The selection window appears to be
unreasonably wide in this plot. However, it actually corresponds to the 43¢
points for J/1 events with a large transverse momentum, pr > 15 GeV/c, as
demonstrated in Figure 4.2. A floating selection window based on the event pr
and measured mass error was used as a consistency check in the analysis (see
Section 4.5.6), resulting in no significant changes in the final results, i.e. ob-
served number of events or measured B meson lifetime. Estimating the J/1
background under the peak in the +80 MeV/c? mass window from the number
of candidates outside this window but within a +150 MeV/c? mass window
(assuming a flat background) yields 49631 & 261 background subtracted J/¢

events.

4.1.5 ¢(2S5) Reconstruction

All combinations of a J/1 candidate and two oppositely charged tracks (differ-
ent from the J/4 tracks, assumed to be pions) are formed. Using CTVMFT,
the two muons are mass constrained and all four tracks are required to come
from a common vertex. Combinations with a x? probability less than 1% are
rejected. The invariant mass of the two pions must be less than 600 MeV/c?,
and the total transverse momentum must be larger than 3 GeV/c. The dis-
tribution of the invariant mass (computed with the mass-vertex constrained
track parameters) is shown in Fig. 4.3. The 9(25) candidates are defined as
all the combinations having a mass within +20 MeV/c? of the world aver-
age value of the 9(25) mass (3.6860 GeV/c?), as indicated by the arrows on
Fig. 4.3. A fit to this distribution with a Gaussian function plus a parabolic
background indicates 764 + 53 1(2S5) signal events.
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Figure 4.1: Dimuon mass distribution. The two muons are required to be
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define the J/v sample.
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Figure 4.2: Dimuon mass distribution. The two muons are required to be
found in the SVX and to come from a common vertex; the pr of the J/v is
required to be greater than 15 GeV/c. The arrows, placed at +80 MeV/c?
around the true J/v mass, indicate the mass cuts applied to define the J/¢

sample correspond to the +30 points.
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Figure 4.3: J/v¢ mr mass distribution. The J/4 is required to be found in
the SVX. The 4 tracks are required to come from a common vertex, and
the dimuon mass is constrained to the J/i mass. The arrows, placed at
120 MeV/c?* around the true 4(2S) mass, indicate the mass cuts applied to
define the 9(2S) sample.
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4.1.6 K? Reconstruction

K3 mesons are searched for among all combinations of two oppositely charged
tracks (assumed to be pions) in the events that contain a J/1 and that have a
primary vertex measured by the SVX (see Section 4.2.1). Each pion is required

to have an absolute value of the impact parameter (with respect to the beam

line at the z of the primary vertex) at least twice as big as \/d'f)A—l— (40 pm)?,
where o7 is taken from the diagonal of the covariance matrix on the track
parameters and where the 40 pm accounts for the transverse size of the beam
spot. The two pions are vertex constrained and a 1% x? probability cut is
applied. The KZ candidate is then required to have a positive decay length
with respect to the J/1¢ vertex, and its impact parameter (computed as the
distance in the transverse plane between the K3 straight line trajectory and the
J /3 vertex) is required to be less than 2 mm. The distribution of the invariant
dipion mass (computed from the fitted track parameters) is shown in Fig. 4.4,
separately for the CTC/CTC, SVX/SVX, and CTC/SVX combinations. The
K candidates are defined as all the combinations having their mass within
420 MeV/c? of the world average value of the Kg mass (0.4977 GeV/c?), as
indicated by the arrows. The number of K§ signal events with 0, 1, and 2 leg(s)
in the SVX, determined from fits to these distributions of a Gaussian function
plus a flat background, are 1521 + 42, 1477 + 48, and 5757 + 95 respectively,
yielding a total of 8712 4 115, shown in the lower right hand plot of Fig. 4.4.

4.1.7 B Reconstruction

B meson reconstruction begins by combining all possible combinations of a
J/v or (25) candidate with a track (assumed to be a K*), a K candidate,
two oppositely charged tracks (assumed to be a K* and a 7F), or a K2 can-
didate plus a track (assumed to be a pion). The total pr of the tracks that
form a candidate kaon is required to be above 1 GeV/c in order to limit the
combinatorial background. Tighter, optimized pr cuts will be applied later
(see Section 4.1.8).

All the tracks in a given combination are processed by the vertexing al-
gorithm, CTVMFT, assuming that they come from a B decay. This fit, per-
formed simultaneously by CTVMFT, includes a vertex constraint of all the
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tracks assigned to the B vertex and a mass constraint of the J/1 candidate.
If the combination contains a 1(25) candidate, that candidate is also mass
constrained. Finally, in cases where the combination contains a K3 a second
vertex constraint (tertiary vertex for the ~ 3 c¢m decay length of the K32), an
additional K2 mass constraint and a pointing constraint to the B vertex are
added for that K2 candidate. Note that the B candidate is not forced to point
back to the primary vertex (see Section 4.5.3). An overall 1% probability cut
is applied on the x? of this fit. From this point, only the track parameters
returned by CTVMFT (see Section 3.4) are used in the analysis.

The combinations that include a K*(892) candidate with a K=#F or K rF
mass more than 80 MeV/c? away from the world average mass (0.8916 GeV/c?
for K*(892)" and 0.8961 GeV/c? for K*(892)°) are rejected. Any combination
that has a total pr less than 4 GeV/c is also rejected to reduce the data sample
size. This procedure does not throw away real B data because the J/1 trigger
eliminates B events with a pr less than 4 GeV/c. In fact, tighter, optimized
pr cuts will be applied later (see Section 4.1.8).

4.1.8 Final B Candidate Selection

This section describes the optimized pr cuts, outlines a “duplicate removal
procedure” used to make the final B candidate selection, and lists the total
number of B, and By events reconstructed in each of the eight decay channels

considered.

Optimized py Cuts

The analysis described in Section 4.1.7 was done with relatively low pr cuts
on the B and the K. These cuts are efficient for the reconstruction of the B,
but also accept too much background. To correct this fact, the p; cuts should
be chosen to get the smallest statistical error on the background subtracted
signals. The B candidates with a ¢r > 100 pm will largely determine the
result of the lifetime fit because ¢ > 100 pm is significantly larger than the
typical resolution (see Section 4.2.2). Hence, the pr cuts were determined such

that the signals with ¢r > 100 pm are optimized.
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The study to determine the best pr cuts was done in an earlier version
of this analysis that required all tracks to be measured in the SVX, not just
the muons from the J/%[45]. Hence, the optimum cuts may not be exactly
the same for this version of the analysis because the background rates may
be slightly different. However, this difference is a small perturbation in the
analysis and, therefore, the results from the earlier version of this analysis are
used, i.e. require pr(K) > 1.25 GeV/c and pr(B) > 6 GeV/c in this analysis.

In this previous study, the number of signal events in the peak region as a
function of the pr cuts was obtained from Monte Carlo samples (normalized to
the data using the J/¢ K channel), and the number of events in the sidebands
was obtained from the real data. For each channel, this optimization was done
in the following way: the pr cut on the K was varied from 1 to 3 GeV/c in
steps of 0.25 GeV/c; for each value of the pr cut on the K, the pr cut on
the B was varied from 4 to 6 GeV/c in steps of 0.5 GeV/¢; for each set of pr
cuts, the relative error on the number of signal events with ¢ > 100 ym was
computed, and the optimum cuts were defined to be the ones that give the
smallest relative error.

For the purpose of this optimization the number of signal events was com-
puted as the difference between the number of candidates in the peak region
and 7 of the number of candidates in the sidebands. The peak region is de-
fined as a 430 MeV/c? mass window around the world average value of the
B meson (5.2786 GeV/c?). The sidebands are two mass windows on either
side of the peak region, each equal in width to the signal region, and centered
at 5.1886 GeV/c? and 5.3686 GeV/c?. The results of this optimization did
not depend heavily on the channels. Therefore, for the sake of simplicity, the
same pr cuts for all the channels were adopted — pr(K) > 1.25 GeV/c and
pr(B) > 6 GeV/c. These values were close to the optimum value for most of
the channels (the channels with a K*(892)" preferred pr(K) > 1.50 GeV/e,

but this preference was not significant).

Duplicate removal

The reconstruction described in Section 4.1.7 has been applied to all possible

combinations, allowing more than one B candidate per event. Such “duplicate
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candidates” could bias the lifetime measurements because two candidates in
the same event would use the same J/1¢ and, therefore, have B vertices very
close to each other. Including these two (or more) vertices in the lifetime
measurement would be almost equivalent to using the same B vertex twice.
Furthermore, “duplicate candidates” could introduce a statistical correlation
between the sample of B, candidates and the sample of By candidates. Most
of the duplicate candidates arise from the ambiguity of the mass assignment
for the two tracks forming the K*(892)°, but other duplicate topologies are
also present in the data. Details concerning the “duplicate removal procedure”
are presented in Appendix A; salient points are addressed in this section.

The procedure used to select only one candidate per event is as follows:

1. In each event, all B candidates (in any of the eight considered channels)
that satisfy pr(K) > 1.25 GeV/c and pr(B) > 6 GeV/c, and that have a
total mass within £120 MeV/c? of the world average B mass (this mass
window includes the signal region, the sidebands and the gaps between

them), are considered.

2. If there are two ¥K*(892)° candidates whose only difference is the mass
assignment of the two tracks forming a K*(892)°, the CTVMFT x? prob-
abilities will be equal to each other. A single ¥K*(892)° candidate is
selected in this case by picking the one that has its K*(892)° mass closer

to the world average value.
3. Pick the B candidate with the highest CTVMFT x? probability.

Table 4.2 shows the effect on this duplicate removal procedure on the can-
didates with ¢ > 100 gm. The biggest effect is on the channels that use
a reconstructed K*(892)° because of the K mass assignment ambiguity. In
particular, this procedure brings the By — J/v¥ K*(892)° signal (above back-
ground, with ¢r > 100 pm) down from 88 to 66.5 candidates; among the 21.5
rejected candidates, 20 are discarded because of the presence of the same track
combination in the event with a different mass assignment, and only 1.5 are
discarded because another candidate in the same event (reconstructed with a
different combination of tracks in any of the eight considered channels) has a
better x* value. Finally, as demonstrated in Appendix A, only 0.65%(1.4%) of
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the B,(Bj) candidates with an invariant mass within +£30MeV/c? of the world
average B mass had By(B,) duplicates in the same region with ¢r > 100 pm.

B Mass Plots

The final number of events for each of the channels is summarized in Table 4.3.
A total of 148 & 16 B™ and 121 4 16 B° mesons were reconstructed. Most
charged B mesons are found in the J/i) KT channels, while most neutral
B mesons are obtained in the J/¢ K*(892)° channel. Figure 4.5 shows the

combined invariant mass distribution separately for the B, and By channels.
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Table 4.2: Effect of the “duplicate removal” procedure on the B candidates
with ¢ > 100 um. For each channel and each mass region the following num-

bers are shown:

Nf;;fre = the number of candidates in the peak region with e > 100 um

before duplicate removal

Np;‘::r = the number of candidates in the peak region with ¢r > 100 pm

a

after duplicate removal

N4 — the number of candidates in the side bands with ¢7 > 100 um

e fore

before duplicate removal

N%e = the number of candidates in the side bands with cr > 100 pm

after duplicate removal

Neefore = N,f:}’ie—%N;é%re = the number of candidates above background

(in the peak region) with ¢r > 100 um before duplicate removal

Nafter = 5;?2 — 1 N}, = the number of candidates above background

(in the peak region) with ¢r > 100 pm after duplicate removal

fi candidates i candidates i candidates in peak
Channel in peak region in side bands above background
Nifore = Nige | Nostere — Nife, | Noegore = Napier
| J/p Kt 143 — 141 62 — 57 112 — 1128 |
J/p K*(892)* 8§ — 4 - 6 — 65
P(25) K+ 5 — 9 — 7 I - 17
$(25) K*(892)* 0 — 0 — 0o — 0
| Total B, 156 — 154 75— 67 1181 — 120!
J/¢ K9 19 — 17 8 — 8 15 — 13
T/ K*(892)° 148 — 110 120 — 87 88 — 661
- (25) K2 1 - 1 1 - 1 - ]
¥(25) K*(892)° 19 - 14 25 — 13 6; — T3
Total By 187 — 142 154 — 109 110 — 873
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N Number of B candidate events in final selection Estimate |
Channel Entire window | Peak region Side bands for the
|Am| < 120 |Am| < 30 { |Am| > 60 'number of
|Am| < 120 signal events
Tl K+ 1662 521 | 798 157.0 + 26.5
T/ K*(892)* 58 19 26 6.0 £ 50
$(25) K+ 7 20 40 0.0 £ 55
$(25) K*(802) 4 1 1 0.5+ 1.1
Total B, 1801 561 795 163.5 + 27.6
[ T/ K9 65 31 23 195 + 6.1
T/ K*(892)° 2780 747 1332 81.0 + 32.9
$(25) K2 5 9 1 15+ 15
$(25) K*(892)° 201 52 96 4.0 + 8.7
Total By 3051 832 1452 106.0 + 34.6

Table 4.3: Final number of reconstructed events for each channel and mass re-

gion. Mass ranges, defined in terms of the variable Am, the difference between
the measured mass of the reconstructed B and 5.2786 GeV/c?, are indicated

in MeV/c?. The number of events shown in this table are those obtained

after the duplicate removal procedure (without a ¢r > 100 pm cut). The

last column shows the estimates for the number of signal events computed as

the difference between the number of peak region events and one-half of the

number of sideband events.
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Figure 4.5: B mass distributions. The invariant mass distribution for all

reconstructed Bt and B° mesons. AM is the difference between the measured
mass and the world average B-meson mass. The upper plots show all events
passing the selection described in the text. The lower plots show the subset of
events with the proper decay length ¢7 > 100 pm. In the lifetime fit, the peak
region is defined as the 6 central bins, and the sideband regions are defined as
the 6 leftmost and the 6 rightmost bins.
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4.2 B Meson Decay Length

This section describes the techniques used to determine the proper decay
length of the fully reconstructed B,(B,;) mesons. The process of measur-
ing the B decay vertex, or secondary vertex, has already been described in
Section 4.1.7. The sections that follow will concentrate on the primary ver-
tex, or point at which the B meson was produced, on the signed decay length
measured in the » — ¢ plane, L,,, and on the calculated proper decay length,

CcT.

4.2.1 Determining the Primary Vertex

Two methods of determining the creation vertex of the candidate B meson
were considered in this analysis. These are (1) determine the primary vertex
on an event-by-event basis and (2) calculate the (z,y) position of the primary
vertex given the run-dependent beam line parameters as a function of the
measured z position. The latter method is the one used in this analysis;
Section 4.5.5 discusses the reasons for rejecting the event-by-event algorithm
in this analysis.

As already mentioned in Section 2.2.2, the primary interaction region is
distributed in 2 as a gaussian with a sigma of ~ 30 cm. For those interactions
occurring within the fiducial volume enclosed by the SVX, the beam position
can be determined with effectively perfect precision. The algorithm used is
described in detail in References [46, 47]. The procedure requires at least
250 tracks in each SVX barrel. Basically, it parameterizes the SVX measured
impact parameter, D(¢o, Zo), of each track in terms of the slope and offset
in ¢ and y. Minimizing the x2? gives the 4 parameters and an error matrix.
Iterations on the impact parameter of the tracks with respect to the fitted
beam position are performed until 40% of the originally selected tracks are
rejected. This procedure was performed at the beginning of each new run,
and the resulting slopes and offsets were stored in the VIVZ YBOS[42] bank
and in the CTC beam position database (CTCBPO).

Fig. 4.6 displays the results of the above procedure. Plot No. 1 of Fig. 4.6

is a projection of the beam onto the r — ¢ plane at z = 0. It demonstrates
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that the beam profile is circular and gaussian, while Plot No. 2 of Fig. 4.6,
which is a slice of Plot No. 1 in z, shows that width of the beam is distributed
as a gaussian with a sigma of ~ 40 ym. Note that the 40 pm is not the error
on the measurement but the actual physical width of the beam. Plot No. 3 of
Fig. 4.6 gives the = coordinate of the beam line as a function of z. The beam
line varied in z(y) during a store by an average of 5 pm(11 pm); during a run
these parameters were stable to within 4 pm [47].

The procedure used to calculate the z and y coordinates of the primary

interaction vertex is the following:

1. Because the run-by-run, SVX measured slope and offset values stored in
the Version 6.15 J/1 YBOS[42] banks are incorrect*, an alignment coz-
rection (translation/rotation) is added to these values via the TRKFIX

module (see Section 3.4).

2. The z coordinate of the primary vertex is taken from one of the primary
vertices available in the VTVZ bank; the one with the z coordinate
closest to the z of the fitted J/¢ vertex is selected.

3. The = and y coordinates of the primary vertex are then obtained from
the measured z coordinate using the run-dependent, SVX beam line

parameters via the equation
oy) = Xo(Yo) + 2- Ma(M,), (4.1)

where M, (M,) = %:—yl. The error on the calculated z(y) coordinate is
taken to be about the measured physical width of the beam, i.e. 0,5 &
oyy ~ 40 pm. Because the profile of the beam is circular, the cross terms
in the primary vertex error matrix are dropped, i.e. it is a 2-by-2 unit

matrix X (40 pm)?.

*Version 7.09 CTC tracking algorithm includes new CTC alignment corrections that
shift the center of the CTC relative to the beam line. The SVX beam line parameters
stored in the YBOS banks were obtained using Version 6.10 SVX tracking. Hence, the
rotation/translation correction added by TRKFIX transforms the old SVX beam line values

into the new Version 7.09 CTC reference frame.
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Figure 4.6: Beam-profile {1} and {2} at z = 0.0 and the & — vs — z-distribution
of the primary vertex {3} measured by the SVX. The beam profile is circular
and gaussian in {1}, and the gaussian fit to {2} yields ¢ = 36 um. The

triangles(circles) indicate that the tracks were measured in SVX barrel 0(1).
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4. If SVX beam line parameters are not available for the run in question,
then no primary vertex is made available to this run (1% of the data), and
the ¥(25), K% and B meson reconstruction steps are skipped. Nearly all
(99%) of the Version 6.15 J/+ data in this analysis had SVX measured
beam line parameters available, i.e. only 1,709 events over 205,606 events
(0.8%) do not have a beam line measured by the SVX.

4.2.2 Determining L., and c7

This section describes the method of measuring L., and calculating cr. The
proper time, 0., and normalized error distributions for B,(B,4) mesons are
presented.

For each final B meson candidate a value of the proper decay length is

computed as
mp
17|

B MB

er=1 X -pT@, (4.2)

where L., is the projection of the 2-dimensional vector joining the primary
vertex to the B vertex, X , onto the transverse momentum direction, p2, of
the B, and where mp is the world average B mass (5.2786 GeV/c? for B,,
5.2787 GeV/c? for By). This proper decay length will also be referred to as the
“lifetime” throughout this thesis. Projecting & onto the B meson’s transverse
momentum provides a physically meaningful, signed decay length. For real B
mesons, & should point in the same direction as p%, giving a positive decay
length. Candidates with a large |#| but negative L., are unphysical and are
recognized immediately as background candidates. The error on the “lifetime”
of each candidate is computed from the 2-by-2 error matrix on the B vertex
(returned by the vertexing algorithm CTVMFT) and the error matrix on the
primary vertex, described in the previous section. When calculating o, the
two vertexes are assumed to be uncorrelated, i.e. the error on the lifetime is
not a function of azimuthal angle since the beam profile is circular; this would
not hold if the beam profile were elliptical, as is the case at LEP [6]. Finally,
the error in the direction of p2 is altogether insignificant when compared with
the 40 pm uncertainty due to the physical width of the beam and is, therefore,
neglected.
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Figs 4.7 and 4.8 show the resulting cr distributions separately for B,(Ba)
signal and B,(B4) sideband regions. Note that the sideband regions were ex-
plicitly chosen to avoid the mass regions populated by poorly measured “real”
B mesons, i.e. [mass — 5.2786 GeV/c*| > 60 MeV/c?, and by candidates with
a missing 7°, i.e. (mass — 5.2786 GeV/c?) > —120 MeV/c?. A significant B
meson lifetime is evident in the B,(By) signal plots, while the correspond-
ing sideband plots contain asymmetric tails, an indication that there is also a
lifetime component in the sidebands. This apparent sideband lifetime is most
probably due to a J/4 from a b-hadron decay forming a good secondary vertex
with a random track. Regardless of the source, the next section describes the
procedure used to model the lifetime of the background and to extract ¢r from
the signal distributions. Fig. 4.9 shows the B,(By) c7 error and normalized
error distributions. The average error on cr is ~ 40 pm, and the normalized
error on ct has a fitted sigma of ~ 1.00, indicating that this error is calculated
correctly (see Section 4.3.3). Finally, Figs 4.10 and 4.11 demonstrate that can-
didates with long lifetimes are not the result of poorly measured vertices;i.e.,

the measured value of cr is independent of the error on cr (see also Fig. 4.18).
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Figure 4.7: Combined cr distributions for all reconstructed B, mesons. The

shading indicates the particular decay channel.



CHAPTER 4. THE ANALYSIS 78

CDF RUN 1A
Reconstructed neutral B mesons
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CDF RUN 1A
Proper Decay Length: Error and Significance
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Figure 4.9: Top plots: Distribution of the error on the proper decay length,
separately for the charged (left) and neutral (right) B candidates in a
+120 MeV/c? mass window around the average B mass. Bottom plots: Dis-
tribution of the proper decay length significance, (%), for the same samples.
The curves are binned log-likelihood fits, assuming a gaussian centered at zero

plus asymmetric exponential tails.
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Figure 4.10: Error on ct versus cr for B, signal and peak candidates. The
distributions demonstrate that the measured value of cr is independent of the

error on ct for et < 3 mm.
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Figure 4.11: Error on cr versus cr for By signal and peak candidates. The
distributions demonstrate that the measured value of c7 is independent of the

error on cr for et < 3 mm.
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4.8 B Meson Lifetime

This section describes the techniques used to extract the lifetime, cr, from the
measured proper decay length distributions of the fully reconstructed B,(Bq)
mesons. First, a general overview of the lifetime probability density function,
or PDF, is presented. Next, a variety of fitting techniques with varying levels
of sophistication will be discussed. The results of these fits will be presented
in turn. Then the results of fit confidence level and statistical error tests are

discussed.

4.3.1 The Lifetime Probability Density Function

The observed lifetime distributions, shown in Figs 4.7 and 4.8, are simply

resolution transforms of the true lifetime PDFs[48], i.e.
f(z') = A/dm [P(z;er) + B(z;er)] G(z; '), (4.3)

where f(z') is the observed lifetime distribution, A is a normalization fac-
tor, P(z;cr) is the signal lifetime PDF, B(z;c7) is the background lifetime
PDF, and G(z;z') is the gaussian resolution function. Hence, if appropriately
normalized, the measured lifetime distributions shown in Figs 4.7 and 4.8 are
actual observed PDFs. This fact will be exploited in the discussion that follows
regarding the fitting techniques used to extract c¢r from the data.

A number of assumptions about the measured lifetime PDFs must be ad-
dressed before giving explicit forms for P(z;cr) and B(z;cr). These are as

follows:

e The signal region contains both signal and background events. The
proper decay lengths of the signal events are distributed according to
an exponential function convoluted with a gaussian resolution function.
The exponential slope is the proper decay length to be measured. The

gaussian resolution for each event is the measurement error on cr.

e Background events in the signal region are assumed to have the same
cr distribution as the events in the sideband region. The proper de-

cay lengths of the background events are distributed according to the
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sum of a gaussian resolution function and two exponential tails, where
the exponentials are used to model the positive and negative lifetime
tails[49). It is further assumed that the background candidates have
a linear mass distribution and that the peak and sideband regions are

symmetric around the B mass.

Note that the gaussian resolution assumption is addressed in more detail in
Section 4.4.2. Furthermore, the assumption concerning the asymmetric ex-
ponential tails in the background PDF is not motivated by a physical mech-
anism. Instead, exponential tails are selected simply because they are the
most elementary functions that appear to describe the observed background
distribution. Section 4.4.3 describes an alternate, extreme background param-
eterization that is used to assign a systematic uncertainty due to the particular
choice of background parameterization.

Sections 4.3.2 through 4.3.4 describe three fitting techniques. All three
methods are similar in that they involve maximizing a likelihood function.
However, each fit differs substantially in detail, a fact that not only warrants a
separate discussion for each method, but also enables a variety of consistency
and cross checks in the lifetime analysis. The first method involves a binned fit
of background subtracted B,(Bgy) cr distributions starting with a minimum
proper time greater than 100 pm. The starting value of z;, = 100 um was
selected simply because it is a convenient value that happens to be much larger
than the typical error on cr (~ 40 wm, see Fig. 4.9). The second fit that is
examined is essentially identical to the first with two main differences: (1) the
fit is an unbinned fit, and (2) an actual fit is performed to the sideband data to
subtract out the background. The final fit, discussed in Section 4.3.4, is also
an unbinned fit, but it differs from the other two in that a likelihood function

i1s maximized simultaneously for the sideband and peak cr distributions.

4.3.2 Fitting Technique # 1

This fitting technique is the least sophisticated of the three methods used in
this analysis. Nevertheless, it provides an important test of the assertion that
the observed peak cr distribution is indeed a lifetime PDF. The arithmetic

mean of a quantity distributed according to an exponential distribution is
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equal to the slope of the exponential. Furthermore, since the lifetime is just
the slope of the exponential , the fitted value of the lifetime should not depend
on the starting point of the fit, in this case the value of z}. For these reasons, a
quick, binned likelihood fit to the background subtracted peak cr distributions
is performed for peak events with ¢ > 100 um. The results obtained from this
fit are then compared with the mean value of the distributions and with results
from the other two fits. The details of this procedure and the quantitative
results/comparisons are given in the text below.

The mean value of an exponential PDF is equal to the slope of the expo-

nential, i.e.
1 z
T = — dz ¢ e e (4.4)
et Jo
and
er + 100 pym ~ — de © e e, (4.5)
et J1oo

where the approximation in Eq. (4.5) is obtained assuming 100 pm < cr.
Given a pure exponential PDF, the mean value of the binned distribution
(calculated in PAW[50], for example) should equal the slope obtained from
fitting the distribution. Furthermore, since the fitted slope of an exponential
does not depend on the initial starting value, it is convenient to consider
only that part of the distribution with ¢r > 100 um. Fig. 4.12 shows the
results of using a pure exponential PDF (see Eqs. (4.15) and (4.16)) in a
binned likelihood fit[48] on a background subtracted signal distribution for
those events with e¢r > 100 yum. It is unnecessary to consider the resolution
transform of the exponential PDF in this exercise because the effect of gaussian

smearing for events with e¢r > 100 um is essentially zero, i.e. substituting

G(oja)) = —— - exp (_% [”'_”r) (4.6)

o

and

into Eq. (4.3) yields

f@) = A/0°° do exp (‘T”) - exp (—% [”;”r) (4.8)
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where A = ¢ and A = ,\\/12—1”. Substituting y = 2z’ — z into Eq. (4.8) yields

f(a) = AL/_ZIo dy exp <M) exp <_% [%r) (4.9)

Combining the arguments of the exponentials in Eq. (4.9) and completing the

square yields

, z! —2 1 o? 2 o?
f(m):A[wdyexp(A _ﬁ< —T> ﬁz—) (4.10)

Combining common terms in Eq. (4.10) gives

o? z ! l/y o\?
Substituting v = ¥ — § and dy = odu into Eq. (4.11) gives the more illumi-

nating form

1 o 1 5% 1,
fz') = 3 " exp <ﬁ -~ X) \/—2_;/_00 du exp (—Eu ) (4.12)
The integral expression in Eq. (4.12) is just the CERN program library routine
freq(t)[51], i.e.

1 t 1

freq(t) = E/—w du exp (—Euz). (4.13)

Substituting Eq. (4.13) into Eq. (4.12) and taking advantage of the fact that
freq(z) + freq(—z) = 1 yields the important equation

f(z') = %-exp (21:2- - %I ) [1 — freq <§ - %)l L (4.14)

Eq. (4.14) is the measured lifetime PDF for B mesons in the signal region.
Hence, it can be combined with a suitable background PDF and used to fit
a cr distribution that has not been background subtracted (see Sections 4.3.3
and 4.3.4). A simpler technique, i.e. the one being considered in this section, is
to use Eq. (4.14) to fit a background subtracted cr distribution, noticing that
for events with ¢r > 100 pm, Eq. (4.14) degenerates (to a good approximation)
into a pure exponential PDF

o ~ 500 pm

- exp (K) for ~ 40 pm (4.15)
> 3.0

f(z') =~

> | =

A, 9 >
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which is the desired result.

Eq. (4.16) gives the general form of the Poisson PDF for a binned likelihood
function, where ¢ is common for all events and can be constrained to be equal
to the bin width and the ! for each bin is distributed according to Eq. (4.15):

—Hi T
€ Ty

Ppi, N;) = : (4.16)

ni!

where

e i denotes the 1** bin,

e n; is the number of events in the ** bin,
pi = Af(z3;A),

f(z!;A) is just Eq. (4.15),

¢ Ais a normalization constant; 2! is the value of the center of the i** bin;

and A is the fit parameter = cr.

The likelihood function is then

Nyins
L = H P(/”’i,Ni), (417)
1=1

where P is just Eq. (4.16), and the corresponding log-likelihood function®
L = —2log(L) (4.18)

is minimized via MINUIT[52]. Fig. 4.12 shows the results of this binned log-
likelihood fit.

In spite of its “back of the envelope” heritage, this procedure demonstrates
a number of key characteristics concerning the measured lifetime PDFs. The
lifetime of the B,(B,) sample obtained from this exercise is 466 +47 pm(513 +
59pm), which is consistent with the calculated difference between 100 pm
and the mean value of the distribution returned by PAW[50], 572 — 100 =
472 pm(623 —100 = 523 pm). This fact shows that the background subtracted

*—2log (L) is used simply because of mathematical facility, i.e. it is much simpler to
manipulate a finite sum in FORTRAN than a finite product.
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signal cr distributions do indeed behave as exponential PDFs. Furthermore,
as will be shown in comparisons between these results and those presented
in the Sections 4.3.3 and 4.3.4 and summarized in Table 4.6, the results are
also consistent with fitting techniques that consider all of the events in the
distribution, not just those events with ¢ > 100 ym. This fact demonstrates
that the quoted lifetime values really are the slopes of a lifetime PDF because
good agreement between results that use different values for the initial starting

point, zy, is observed.

4.3.3 Fitting Technique # 2

The fitting technique described in this section is referred to as the two step fit-
ting method because an unbinned, log-likelihood fit is performed separately for
the sideband and signal cr distributions. In the two-step fit, the background
parameters in the fit to the B,(By) peak distribution are fixed to those ob-
tained from fitting the B,(By,) sideband distribution. Also, the unbinned fit
allows the o of the gaussian resolution function to vary on an event-by-event
basis instead of assigning a common o for each bin as was done in the binned
log-likelihood fit described in Section 4.3.2. Because the event-by-event cr
error is taken to be the o;, where 7 denotes the ** event, of the gaussian res-
olution function, the unbinned log-likelihood fit gives a “better” fit than the
equivalent binned technique as long as the event-by-event errors are correctly
determined. The top plots of Fig. 4.9 show the measured cr error distribu-
tions, while the bottom plots are the normalized versions of the upper plots
(%) If the errors are correctly determined, the fit to the gaussian portion
of the normalized distributions in the bottom plots should have a ¢ = 1.0,
which is identically the case for the B, mesons, approximately true for the By
mesons (0., = 1.06 + 0.02). Section 4.4.2 describes the manner in which a
systematic uncertainty is assigned due to incorrectly estimating the error on
ct in the data. Finally, no ¢r cut is made on the events considered in the
two-step fit; hence, the relative statistical errors should be smaller than those
obtained in the binned fit described in Section 4.3.2.

If o is the probability for a candidate in the peak region to be a real signal

event, then the probability distribution function for any candidate 7 is given
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Figure 4.12: Fitting Technique # 1. Top(Bottom) plot shows a binned log-
likelihood fit to the background subtracted B,(Bj) signal cr distribution. The
good agreement between < ¢ > —100 pm and the slope obtained from the
fit to the data demonstrate that the measured background subtracted cr val-

ues distributions are indeed distributed according to an exponential (lifetime

PDF).
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by:

P(‘U’)a,,\,a;,,\—,,\+,f—,f+ _ { a f(z')rq; +(1- @) g(#')o; A= At 1+ p.eak
g(z )a;,A—,A+,f—,f+ sidebands
(4.19)
The exact form of f(z')a; is given by Eq. (4.14), where o is replaced by o;
and is taken to be the measured event-by-event error on cr. The expression for
g(2")s; 2- 2+ 5- 1+ 1s obtained by convoluting a Dirac delta function (the physics
function chosen to model the zero lifetime component of the background) with
a gaussian resolution function and subsequently including asymmetric, falling
exponential distributions to model the observed tails. The resulting observed

background PDF (normalized to unity) is

f—f——ft _ 2
%2—'7{—6)(1) 2_:?_ +,\+6Xp(/\z) a}’>0

9(& g A=At -t = (4.20)

l;;f——L:/;_; exp ;—j; exp( ) ' <0

Note that Eq. (4.20) is continuous at ' = 0 only if ,\L: = {_, a condition
which implies that the mechanisms responsible for both the negative and the
positive tails are identical, when, in fact, they are not. Negative tails in the
cr distributions are caused by poorly measured tracks, while positive tails not
attributed to signal are the result of both poorly measured tracks and real
B — UX events in which tracks not associated with the B were assigned
to the secondary vertex. This additional source of long-lived, positive decay
length background is responsible for the discontinuity at #’ = 0 in the back-
ground PDF. The convergence of the fit is not aflected by this discontinuity
since there are no events in the data with cr identically equal to 0.0; fur-
thermore, a systematic uncertainty due to the particular choice of background
parameterization is assigned to the final results, as described in Section 4.4.3.
In the two-step fit, the corresponding log-likelihood function, £ = —2log(L),

is minimized separately for the peak and sideband regions. The exact form of
the likelihood function, L, in this case is given by

Np,s

II 2os(2)aroia-at 5= 14> (4.21)

where N, , is the total number of peak and sideband events, respectively,

and pps(2')an00,0-2+,7-,7+ 15 the observed PDF (the subscripts p, s refer to
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specific form of the PDF that is appropriate for either the peak or sideband
regions as indicated in Eq. (4.19)). In the first step, a fit to the sideband
cr distribution determines the shape of the background. The result of this
first fit is subtracted from the cr distribution of the peak region by fixing the
background parameters (f* and A*) when fitting the peak region to the values
obtained from the sideband fit. The overall normalization of the background to
be subtracted is free to adjust to the data in the peak region, i.e. the fraction
of background in the peak region, (1 — a), is a free parameter in the fit. An
alternative method is to constrain the background fraction, (1—a), to the value
obtained from a fit to the B invariant mass distribution; consistent results are
obtained with either method. A fit to the remaining peak distribution extracts

the B meson lifetime, A. Hence, there are 4 free parameters in the sideband

fit:

f~ = the fraction of negative tail in the background;
A~ = the slope of the negative tail in the background;
fT = the fraction of positive tail in the background;
AT = the slope of the positive tail in the background;

and 2 free parameters in the second fit to the peak region:

A = the mean lifetime of the signal;

a = the fraction of signal in the peak region.

Both fits are performed using an unbinned log-likelihood method where the
gaussian resolution function is assumed to have a sigma equal to the measured
error on ¢t on an event-by-event basis. The results of these fits and their
statistical errors, obtained via MINUIT|[52], are shown in Table 4.4. They are
in good agreement with the results from the fits presented in Sections 4.3.2
and 4.3.4 and summarized in Table 4.6.

4.3.4 Fitting Technique # 3

The most sophisticated fitting technique of the ones considered in this analysis

is the simultaneous, unbinned log-likelihood fitting technique. It was selected
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Parameter Fit results

Charged B ‘ Neutral B

J

- % | 21 + 07] 16 + 04
AT [pm] | 365
[

+ 104 | 526 + 131
ft % |10.1 + 1.4[106 + 1.2
At [pm] | 293 + 39| 202 + 20
A=cr [pm]| 485 + 48| 459 + 52
o (%] 259 + 26149 + 1.9

| Lifetime ratio = 7/7° = 1.06 + 0.16

Table 4.4: Results of the two-step fitting procedure. The quoted errors are
statistical only.

as the definitive fit for a number of reasons, but principal among these is
the fact that this technique takes full advantage of the available statistics.
Rather than effectively subtracting out the er distribution due to background
events in the peak region, the simultaneous fit uses a fraction of the peak
distribution in addition to the entire sideband distribution to determine the
shape of the background. Also, the number of background events in the peak
region is constrained to be equal, within Poisson fluctuations, to one half of
the number of events observed in the sidebands (the factor  comes from the
fact that the width of the sideband region is equal to the twice the width of the
peak region). Hence, the fraction of background in the peak region is neither
fixed nor allowed to float freely. By taking into account Poisson fluctuations,
the simultaneous fit considers the relatively small sample of Bu(Bd) mesons
in a rigorous, statistically correct manner. The net result is a more precise
background shape and an overall smaller statistical error in the final result.
The fit is performed as an unbinned log-likelihood fit within the context
of MINUIT[52]. The function that is minimized is —21In (L) where the L is a
likelihood function (the exact expression is given in Appendix B). Note that
the PDF in this likelihood function can include non-gaussian tails in the res-

olution function. This feature is not used in the fitting procedure described
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in this section, but is exploited when the possibility of a non-gaussian resolu-
tion function is considered in Section 4.4.2. The likelihood function in this fit

depends on the following parameters:

A = the mean proper decay length of the signal

a = the fraction of signal in the peak region
nygiy = the number of signal events in the peak region
f~ = the fraction of negative tail in the background
A~ = the slope of the negative tail in the background
ft = the fraction of positive tail in the background

AT = the slope of the positive tail in the background

All 7 parameters are free. The fits reach a good convergence, and find well
behaved minimum log-likelihood values. The results are displayed in Figs 4.13
and 4.14 and are shown with their statistical errors in Table 4.5. Note that
the results of the simultaneous fit agree well with the results presented in
Sections 4.3.2 and 4.3.3 and summarized in Table 4.6. The fit results described
in this section are referred to as the “default fits”; they will be used to quote

the final lifetime results in this analysis.

4.3.5 Confidence Level and Statistical Error Tests

This section describes the Monte Carlo technique used to determine the con-
fidence level of the fit and to investigate the statistical errors returned by
MINUIT[52]. The confidence level is determined separately for the simulta-
neous fit, for the fit to peak region only, and for the sideband fit only. The
statistical error tests result from the same study used to determine the simul-
taneous fit confidence levels. It is important to make sure that MINUIT[52]
returns sensible statistical errors because the overall error of the result is dom-
inated by the statistical, rather than the systematic, uncertainty.

The confidence level of the simultaneous lifetime fit is estimated by first
generating many Monte Carlo cr distributions that mimic the equivalent data

distributions. Next, each of these distributions is passed through the identi-
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Figure 4.13: Fit of the combined cr distributions of all recomnstructed B,
mesons. The 3 curves superimposed on the cr distribution of the peak re-
gion events (shown on top) are the contributions from the signal, the back-
ground, and their sum, as determined by the fitting procedure. The curve
superimposed on the cr distribution of the sideband events (show on bottom)

is also the result of the same fit. The expressions for these curves is given by

Egs. (B.24) and (B.25) of Appendix B.
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Figure 4.14: Fit of the combined cr distributions of all reconstructed By

mesons. The 3 curves superimposed on the cr distribution of the peak re-

gion events (shown on top) are the contributions from the signal, the back-
ground, and their sum, as determined by the fitting procedure. The curve

superimposed on the cr distribution of the sideband events (show on bottom)

is also the result of the same fit. The expressions for these curves is given by

Egs. (B.24) and (B.25) of Appendix B.
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j Charged B Neutral B J
Parameter Fit results

A=cr [pm] 482 + 48 | 472 4+ 55
o [%] 269 + 23 144 + 1.8
N fit [events] | 148 + 16 | 121 + 16
f (%] 23 £+ 06| 1.3 £+ 0.3
A [pm] 349 + 79| 514 + 114
fr (%] 102 + 1.4 |11.0 + 1.2
At [pm] 281 + 37| 191 + 19
—21n (Lunas) —9017 16041
Confidence level 43% " 32%

| Lifetime ratio = 7+ /7% = 1.02 + 0.16
l

}

Table 4.5: Results of the simultaneous lifetime fits. The errors are statistical

only.

gcihargedB ] Neutral B J

Fit Type

Binned Likelihood
Two-Step Unbinned Likelihood
| Simultaneous Unbinned Likelihood

Fit Results (um)

466 + 47
485 + 48
482 + 48

513 + 59|
459 + 52
472 + 55

Table 4.6: Summary of results of the three lifetime fitting methods. The errors

are statistical only.
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cal simultaneous fitting routine that was used for the data. From the results
of all these fits, the distribution of —2In (Lnqz),
—21In (L), is obtained. The confidence level of the fit to the data is then calcu-
lated as the fraction of Monte Carlo samples that yield a value of —21n (Laz)
larger than that obtained from the fit to the data.

Each Monte Carlo sample is generated as follows:

i.e. the minimized value of

1. The number of events in the peak and the sideband regions are randomly
determined according to Poisson distributions with mean values equal to

the number of events observed in the data.

2. For each event in the sample, a value for the error on the proper de-
cay length is generated separately for the peak and sideband regions

according to the distribution observed in the data.

3. For each event, a proper decay length is randomly generated according to
a PDF that is given by the fit to the data; i.e., the PDF is parameterized
as described in Appendix B and the values of the 7 parameters are fixed
to the results obtained from the fit to the data.

A total of 1000 B, and 1000 B; Monte Carlo c¢r distributions were gener-
ated independently to mimic the equivalent data distributions. The distribu-
tion of —21n(Lymqz) is shown on the upper left hand plot of Figs 4.15 and 4.16.
The black circles show the value obtained when minimizing the actual data.
From these distributions the confidence level of the fit to the data is estimated
to be 43% for B, and 32% for By. These probabilities indicate that the fits to
the data are “good.”

To estimate the confidence level of the fit to the sideband cr distributions
obtained from the B, and By data samples, the procedure described above is
repeated using a PDF suitable for the sideband distributions (see Eq. (4.20)).
In this case, the parameters are fixed to those obtained from the two-step side-
band fits to the data when generating the Monte Carlo samples. The resulting
Monte Carlo sideband cr distributions are passed to the two step fitting rou-
tine, and the number of times that —21n (Laz) is larger than that obtained
from the two-step fit to the data is recorded. This procedure finds a 51% (40%)
confidence level for the fit to the B,(By) sideband data cr distributions.
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Figure 4.15: Top left plot: Distribution of the minimum value of —21n (L), the
function minimized by MINUIT[52], obtained from Monte Carlo samples rep-

resenting the charged B data. These samples were generated with parameters

as shown in Table 4.5. The black circle shows the value obtained when fitting
the real data. Other plots: Distribution of the fitted lifetime, the error on the
fitted lifetime (as returned by MINUIT) and the relative error on the fitted

lifetime. The distributions are obtained from the same Monte Carlo samples

as above. The black symbols show the values obtained when fitting the data.

The vertical dashed lines indicate the mean values of the histograms.
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Figure 4.16: Top left plot: Distribution of the minimum value of —21n (L), the
function minimized by MINUIT[52], obtained from Monte Carlo samples rep-
resenting the neutral B data. These samples were generated with parameters
as shown in Table 4.5. The black circle shows the value obtained when fitting
the real data. Other plots: Distribution of the fitted lifetime, the error on the
fitted lifetime (as returned by MINUIT) and the relative error on the fitted
lifetime. The distributions are obtained from the same Monte Carlo samples
as above. The black symbols show the values obtained when fitting the data.

The vertical dashed lines indicate the mean values of the histograms.
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Finally, the confidence level of the fit to the B, and By peak cr data
distributions is determined by calculating the bin-by-bin x? using Fig. 4.17.
The curve is not a fit to the displayed background subtracted data. Rather, it
is simply the peak lifetime PDF obtained from the simultaneous fit overlaid on
the background subtracted data. The x? of the fit to the peak region is then
trivially calculated using the center value of each bin, the functional form of the
peak PDF, and the error on the number of events per bin. The corresponding

confidence levels for various bin ranges are given in Fig. 4.17, but are generally
around 20% (15%) for the B,(B,) peak data cr distributions.

4.3.6 Statistical uncertainties

Because the dominant uncertainty in the lifetime measurement is statistical,
it is important to determine whether or not the statistical error is correctly
estimated, i.e. that MINUIT|[52] returns sensible errors. The statistical errors
are checked by examining the distribution of the fitted values of the lifetimes
obtained from the Monte Carlo samples described in Section 4.3.5. The RMS
widths of these distributions give an “independent” estimate of the statistical
uncertainty.

Figures 4.15 and 4.16 show the distribution of the fitted lifetime (upper
right), the distribution of its error as returned by MINUIT (bottom left),
and the distribution of the fitted lifetime divided by its error (bottom right),
separately for the B, and B; Monte Carlo samples. The mean values of the
errors are 47.3+ 0.2 ym (B,) and 54.14+0.3 pm (By), in good agreement with
the RMS widths of the lifetimes values obtained from fitting the Monte Carlo
samples (46.7+1.1 ym and 53.9+1.2 um, respectively). This fact demonstrates
that, on average, the errors are properly estimated by MINUIT[52].

To estimate the “error on the statistical error,” the RMS width of the rela-
tive error is considered because there is a strong correlation between the fitted
lifetime and its statistical error, while there is no correlation between the fit-
ted lifetime and its relative error. The distributions of the relative errors have
RMS widths of 0.0068 and 0.0095, corresponding to 3.3 um and 4.5 um when
multiplied by the lifetimes values obtained by fitting the data. This observa-
tion indicates that, even though MINUIT[52] does, on average, a good job of
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Figure 4.17: Background subtracted cr distributions. The content of each bin
is equal to the number of peak region events minus one-half of the number of
sideband events. The error bars are calculated assuming gaussian errors. The
curves are the signal functions for the parameters indicated in Table 4.5 (not
fits to these histograms). The x? values are displayed for various cr ranges,
and the number of degrees of freedom is taken as the number of non empty

bins in each range.
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‘Source of systematic error Error on BT " Error on B°
Residual misalignment 10 pm 10 pm
Trigger bias 6 um 6 um
Beam stability 5 um 5 um

| Resolution function uncertainty 7 pm 4 pm

\ Background parameterization 6 pm 21 um
Fitting procedure bias 2 pym 2 ym
Total ) 16 pm 25 p;n ;‘

Table 4.7: Summary of systematic uncertainties.

estimating the statistical errors, individual estimates of these errors could be
different from the true errors at the 5 pm level. It appears that the relative
errors returned by the fits to the data samples both fluctuated up by a frac-
tion of a sigma with respect to their true values, as illustrated in Figs 4.15
and 4.16 by the shift between the mean value of the distribution of the rela-
tive errors (vertical dashed line on the bottom right-hand histogram) and the
corresponding data point (black inverted triangle). The final conclusion from
this Monte Carlo study is that the statistical errors returned by MINUIT[52]
are correct, and that, since the distributions of the fitted lifetimes are fairly
symmetric around the mean values, it is not worth quoting the final results
with asymmetric errors, i.e. the positive (negative) errors would just be a

couple microns above (below) the parabolic errors.

4.4 Systematic uncertainties

Table 4.7 summarizes the various systematic uncertainties that have been stud-
ied and found to be significant or included in the final measurement. The total
systematic uncertainty, computed as the quadratic sum of the individual con-
tributions, is smaller than the statistical uncertainty at least by a factor of
two. When calculating the uncertainty on the lifetime ratio, the first three

uncertainties listed in Table 4.7 (residual misalignment, trigger bias, beam
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stability) are assumed to be completely correlated in the charged and neutral
lifetimes; the remaining errors are taken to be uncorrelated. Sections 4.4.1
through 4.4.4 give details about the various contributions to the total system-
atic uncertainties quoted in the final results. Other consistency checks are
described in Section 4.5.

4.4.1 Systematic Uncertainties Obtained from CDF’s
Average b-Hadron Lifetime Analysis

Some systematic uncertainties can be taken directly from CDF’s average b-
hadron lifetime analysis[3] because that analysis relied on inclusive J/v decays
in which the muons were measured in the SVX. Also, the identical J/+ dimuon
trigger (see Section 4.1.1) was used in the inclusive analysis. For these reasons,
a number of systematic errors obtained in the inclusive analysis are applicable
to the exclusive analysis described in this text. In particular, the uncertainty
due to misalignment of the SVX with respect to the CTC, the uncertainty due
to the acceptance of the trigger with respect to c¢r, and the uncertainty due
to the stability of the beam line are taken from the inclusive lifetime analysis

and will be discussed in turn.

Misalignment

The uncertainty due to misalignment is determined in the context of the in-
ternal alignment of the SVX[47]. Specifically, wedge-to-wedge misalignments
and/or radial shifts of the silicon layers are possible causes of a bias in the
lifetime. The internal alignment constants used for this analysis are identical
to the ones used for the inclusive measurement. As a result, the uncertainty
determined in the inclusive analysis, 10 gm, can be used in this analysis. The
global alignment constants, however, did change in the interim between the
the inclusive analysis and this analysis, but, to first order, the alignment of
the SVX (as a rigid body) with respect to the CTC does not affect the life-
time measurements because both the primary and the secondary vertices were

measured using SVX information.
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Trigger

The same trigger (J/4 dimuon trigger, see Section 4.1.1) is used for both the
inclusive and the exclusive lifetime analyses. The systematic uncertainty due
to possible trigger bias, determined to be 6 um in the inclusive analysis[47], is

used in this analysis also.

Beam Stability

The uncertainty due to possible instability of the beam line during a run,
5 pm, is taken from the work done for the inclusive lifetime measurement[47].
This uncertainty is determined using only the runs in the first part of Run 1A.
Nevertheless, it is valid to assume that the beam was stable throughout the
entire course of the run because this uncertainty is related to the manner in
which the Tevatron operates. No change in the Tevatron operation occurred
in the course of Run 1A that would justify more work on the determination
of this uncertainty. For this reason, a 5 pm systematic uncertainty due to
beam line stability, determined in the inclusive analysis, is included in the

total systematic uncertainty in the exclusive lifetime analysis.

4.4.2 Uncertainty due to the Resolution Function

In this section, the uncertainty due to the modeling of the resolution function
is addressed. It is assumed that the resolution function is gaussian and that
the sigma of this gaussian is equal, on an event-by-event basis, to the measured
error on the proper decay length. Based on the studies described below, the
uncertainty on the B,(By) meson lifetime due to possible non-gaussian tails in
the resolution function is 7 um (4 pm), while the uncertainty due to a possible

error in the scale of the measured errors is 1 pm (2 pm).

Non-gaussian tails

The best place to look in the data for evidence of non-gaussian tails in the
resolution function is the negative ¢t region of the background subtracted sig-
nal. However, because the background is parameterized with exponential tails

on both sides, these would automatically hide possible tails in the resolution
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function itself. Similarly, the positive cr region for the signal is described
with an exponential, again making it difficult to identify a tail in the resolu-
tion function. Figure 4.17 shows the proper decay length distributions of the
background subtracted signals with 50 pm binning. The overlaid curves are
the signal functions as determined in the simultaneous fit described in Sec-
tion 4.3.4. There is no evidence in these plots that the negative part of the
signal distributions is not well described by the signal function. However, the
statistical uncertainty of these distributions in the region between —200 pm
and 0 pm is large enough to allow for the existence of some amount of tail in
the resolution function.

Figure 4.18 shows, separately for the the peak region and the sidebands,
the “average resolution functions”. These functions (which are defined as the
normalized sum of the gaussian resolution functions of all the B candidates
in the corresponding mass region) have non-gaussian tails because the error
on the proper decay length varies from candidate to candidate. The follow-
ing distinction is important: the tails referred to in this section are not the
tails of the average resolution functions; rather, they are the tails of the indi-
vidual candidate resolution functions. The average resolution functions have
widths of ~ 40 pum over nearly three orders of magnitude. This observation
demonstrates that the measured value of ¢7 is independent of the error on cr,
i.e. candidates with large values of ¢t are not the result of poorly measured
vertices, because all candidates are plotted regardless of their cr.

To assign a systematic uncertainty due to possible non-gaussian tails in
the resolution function, the lifetimes are refit assuming that the resolution
functions of all the events have identical symmetric non-gaussian tails. The low
(high) side tail is parameterized as a growing (decaying) exponential function.

Two new free parameters are added to the default fitting procedure:

B = the fraction of the resolution function which is gaussian;
g = the slope of the tails of the resolution function.
The equation for the convolution of the lifetime exponential with this new

resolution function is given in Appendix B.
For the B, events, the fit converges® on 8 = 0.97 £ 0.12 and p = 448 £+

*The convergence is good, and the error matrix can accurately be determined, but the
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these average resolution functions, showing that their central parts have a

sigma of approximately 40 um.
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702 pm. This result is consistent with no tail in the resolution functions, but
the fitted lifetime changes by —7 pm. Therefore a 7 um uncertainty is assigned
to the charged lifetime due to possible tails in the resolution function. For the
By sample, the fit converges with 8 at its upper limit (i.e. # = 1), and the
minimum cannot be improved (compared to the minimum found in the default
fit). This fact indicates that the sample does not tolerate tails in the resolution
function. However, a systematic uncertainty of 4 ym, which is the amount by
which the B, fitted lifetime decreases when 8 and u are fixed to the values

obtained in the charged case, is conservatively assigned to the By lifetime.

Gaussian Sigma

The lifetime distributions are refit assuming that the resolution function is
gaussian with a sigma equal to a scale factor p times the measured error on

each event:
p = a common scaling factor for the errors on the individual values of c7.

When this new parameter is free to adjust, the fits yield p = 1.01 + 0.03 and
p = 1.07 £ 0.02 while the fitted lifetimes change by 1 pym and —2 pm in the
charged and neutral case respectively.

Figure 4.9 shows, for all the B candidates in the full +120 MeV/c? mass
range, the distributions of the error on the proper decay length as well as
the distributions of the proper decay length significance (proper decay length
divided by its error). Fits to these significance distributions of functions similar
to the ones used to describe the backgrounds (see Eq. (4.20)) indicate that the
gaussian parts have sigmas equal to 1.002 4+ 0.025 (charged) and 1.055 4+ 0.021
(neutral), in agreement with the values obtained for p. Based on this study a
1 pm(2 pm) systematic uncertainty is assigned to the B,(B,) lifetime.

4.4.3 Background Parameterization Uncertainty

Unlike the parameterization of the cr distribution from signal events (the ex-

ponential function convoluted with a resolution function) which has a physics

MOS[SZ] analysis fails, which is attributed to the fact that the 1o uncertainty on the tail

covers unphysical regions in the space of the parameters.
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Charged B " Neutral B
 “box” [] ‘ lifetime [pm] l —2In (Linag) || “box” [%] ‘ lifetime [pm] \ ~21n (Lmas) |
0.0 fixed | 482 + 48 —9016.8 || 0.0 fixed | 472+£55 . —16041.1
1.0 fixed | 476+ 48 ~9017.5 | 0.6 fixed | 463+£54 | —16051.6
1.5 fixed 470 £ 47 —9015.5 1.4 fixed 437 4+ 53 —16051.4
0.5 = 0.5 482 + 48 —9018.4 1.0 £ 0.4 451 + 54 —16052.6

Table 4.8: Systematic studies with a flat background.

justification (the decays of the B mesons), the asymmetric, falling exponential
parameterization of the background events is arbitrary because there is no a
priort reason to expect that the background cr distribution due to candidates
with mismeasured tracks should follow an exponential. The background pa-
rameterization has been chosen to be as simple as possible while describing the
data in a reasonable way. Although the confidence levels of the fits performed
with this arbitrary background function are satisfactory, there might be some
systematic error associated to this choice of parameterization. In order to
evaluate this uncertainty the proper decay length distributions are refit with a
different background parameterization. The change in the fitted value of the
lifetimes is taken to be a reasonable estimate of this uncertainty.

To be conservative, a new background parameterization that is extreme in
that it is expected to directly affect the fitted lifetimes is selected. To this
end, a flat contribution to the background between 0.0 and 0.2 c¢m, the region
where the background and the signal “compete” the most for events in the
peak region, is included. This flat component adds one more free parameter

to the simultaneous fitting procedure:
box = the fraction of background in the flat component.

The results with this new parameterization are shown in Figs 4.19 and 4.20
and in the last line of Table 4.8.

The fitted fractions of background in the flat component are (0.5 £0.5)%
and (1.0 £ 0.4)%, the fitted lifetimes change by 0 pm and —21 pm, and the
minimum values of —21n (L4, ) go down by 1.6 and 11.5 units for the charged
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and neutral B mesons respectively. Additional fits are made where the pa-
rameter “box” is fixed at +1 statistical error around the value returned by
the previous fits. In the case of the charged B mesons, the lifetime changes
by 6 um and —2In (Lpq,) goes down by 0.7 (compared to the default fit) if
the “box” is fixed to 1%. For the neutral case, variations of the fitted lifetime
of order 10 — 15 pum around the result are obtained when the “box” was free
to adjust. Based on this study, systematic uncertainties of 6 (charged) and
21 pm (neutral) are assigned due to a possible inability to correctly describe

the background shape.

4.4.4 Bias due to the fitting procedure

Figures 4.15 and 4.16 show the distributions of the fitted lifetimes obtained
from the Monte Carlo samples. The shift of the mean values of these distri-
butions with respect to the true values of the lifetimes used to generate the
samples (which are also the values of the fitted lifetimes from the data sam-
ples, as shown in Table 4.5) is a good indication of the bias due to the fitting
procedure itself. These shifts are equal to 1.8 1.5 pm and 2.0+1.7 um for the
charged and neutral case, respectively. Although these shifts are compatible
with zero given the Monte Carlo statistics, a 2 um systematic error due to the

possible existence of a bias is assigned to the lifetime results.

4.5 Consistency Checks and Cross-Checks

This section is a collection of various checks that have been performed to
gain confidence in the analysis, the B signals and the lifetime results. The
numerical results of these checks are not used to determine or correct the final
numbers quoted in the conclusion of Section 5. Their purpose is mainly to
bring additional justification to various assumptions of the analysis, and to
answer questions that have been raised by the CDF collaboration during the

course of this analysis.
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4.5.1 Events with Large Positive or Negative cr Values

A number of B, and By peak events with long positive (cr > 1500 pm) or
negative (cr < —150um) lifetimes have been hand-scanned[53] in an effort to
understand the pathologies responsible for large, negative values of cr, and
to see if large, positive values of ¢t are, in fact, valid. The details of this
hand-scan study involved reprocessing the raw data files, i.e. DST files, of 8
peak region events with Version_7_.09 TRCONTROL, followed by a modified
Version_7_09 SVX Retracking Module, T709_SVCN[54]. This module creates
a special YBOS[42] bank, SVCN, that contains cluster, x? per layer, and hit
pattern information for all possible SVX tracks.

The four events with large positive cr values have well measured SVX
tracks which are cleanly associated with a secondary vertex in the event display
and they contain muons that are well separated in ¢. In addition, two of the
events have clear evidence for the presence of a second B. For one of these
events, Fig. 4.21 shows the reconstructed exclusive decay and Fig. 4.22 is a
x4 magnification of the same event showing evidence of a second displaced
vertex. In other words, these are “good” B candidates that just happen to
have a large lifetime.

The events with large negative ¢ values have poorly measured muon tracks
in the SVX, and/or the A¢ opening angle in the » — ¢ plane between the two
muons is < 2 degrees. The two muon tracks from the ¥ candidate largely
determine the vertex position. Because the SVX provides only an r — ¢ view
of an event, it is crucial for the transverse opening angle of these two tracks
to be large enough to allow the vertexing algorithm to take full advantage of
the SVX tracking information. In the limit that this opening angle becomes
zero, the J /v vertex becomes “undefined”; basically any additional track will
form with the two muons a reasonable 3-track vertex in the transverse plane.
The probability to obtain a junk B candidate in this case seems quite high.
Finally, no clean secondary vertices are observed in the event displays, a fur-
ther indication that indeed these candidates are just combinatoric background

resulting from poorly measured tracks.
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Figure 4.21: Reconstructed B, decay with a 0.52 ¢m decay length (Run 42326,
Event 78838).
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4.5.2 K*(892) signal

The natural width of the K*(892) is broad (compare Tgex 892) = 50 MeV/c?
with FJ/¢ = 86 keV/c?). Hence, observing a K*(892S

enormous combinatoric background is difficult in the data. Nevertheless, it
is important to check whether the K*(892) candidates in the reconstructed

B — VU K*(892) are indeed selected from a resonance instead of from random,

signal above the

combinatoric background.
To look for the K*(892) signals from the B samples the procedure is as

follows:

1. Start with the sample of B candidates before the duplicate removal pro-
cedure has been applied. Duplicate B events must be included because
the duplicate removal procedure may artificially create or enhance a peak

at the K*(892) mass since it selects the K*(892) candidate with a recon-

structed mass closer to the world average K*(892) mass.

2. Remove the £:80 MeV/c? mass cut that would have been applied around
the world average K*(892) mass. Removing this mass window provides

ample room to measure the level of combinatoric background.

3. Select only B candidates in the peak region (430 MeV/c? around the

world average B mass).

4, Require that the proper decay length of the B candidates is larger than
100 microns. This provides a clean sample of B mesons and subsequently

reduces the combinatoric background under the K*(892) peak.

5. Plot separately the K*7¥ mass of the remaining By candidates, and the

K27% mass of the remaining B, candidates.

According to Table 4.2, there should be a K*(892)% signal of 6 + 3 events,
and a K*(892)° signal of 94.5 4 14.3 events (these numbers are the sum of the
numbers of B candidates in the peak region above background for the B —
J/¢YK*(892) and B — 1(25)K*(892) channels, before the duplicate removal
procedure). Note that these expectations become 6.5 + 3.0 and 74.0 £ 12.2

after duplicate removal.
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Results of the fit Expectation |
to the K*(892) mass plot based on
(B-W + linear background) B signal
Mass [MeV/c? l Signal [evts] = (Table 4.2)

K*(892)* from B — J/4 and %(25) 895 £ 17 ‘ 78+ 39 | 6.0+ 3.0
‘ K*(892)* from B — J/4 only 806 £14 | 9.6+ 4.2 ’ 6.0+ 3.0
K*(892)° from B — J/¢ and 9(25) | 897+ 7 |97.1+£17.3 |945+143
‘ K*(892)° from B — J/% only 899 + 8 ’ 86.6 £ 16.3 | 88.0 + 13.3

Table 4.9: K*(892) signal statistics.

Figure 4.23 shows four different K*(892) mass distributions in 20 MeV/c?
bins: the K9r* mass of the B, — J/v and the B, — (25) candidates,
the K*7¥ mass of the By — J/vy and the By — (25) candidates, the
K2n* mass of the B, — J/4 candidates only, and the K*x¥ mass of the
By — J/¢ candidates only. A non-relativistic Breit-Wigner function above a
polynomial background has been used to fit each of these distributions, using
a binned maximum-likelihood method. The width of the Breit-Wigner has
been fixed to 50 MeV/c?, the natural width of the K*(892). In the case of
the K27* mass plots, a linear function is used to describe the background.
In the case of the K*xF mass plots, both a linear function and a quadratic
function are alternatively selected for the background description. The results
of the fits with a linear background, as well as the expectation for the signals
(computed from Table 4.2) are summarized in Table 4.9. In all cases, the
fitted K*(892) signals (obtained assuming a linear background) agree well with
the expectations, and the fitted masses are compatible with the world average

values (891.6 MeV/c? for the K*(892)* and 896.1 MeV/c? for the K*(892)°).

4.5.3 B Impact Parameter

The B candidates in this analysis were not required to come from the primary
vertex, i.e. no pointing constraint in CTVMFT was applied and no impact

parameter cut was made. Fig. 4.24 shows that the impact parameter of the
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Figure 4.23: Left column: Distribution of the K 7% mass in the K*(892)*
region. The curves are fits of a Breit-Wigner function over a linear back-
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B candidates with respect to the primary vertex is distributed according to a
gaussian for almost two orders of magnitude. After all the cuts of the analysis
are applied, only ~ 1% of all the candidates seem to be very unlikely to come

from the primary vertex.

4.5.4 The “Decay Length and Az”

One method that can be used to determine whether or not the primary vertex
was selected in a reasonable way is to look at the distribution of the difference
in z between the secondary vertex (B vertex) and the primary vertex. Fig. 4.25
shows that this distribution is fairly gaussian with a sigma of 0.46 — 0.47 cm,
which is of the order of the expected resolution in 2 of the CDF tracking. Note
that when c7 is requested to be above 100 um, this sigma increases by 430 um,

giving some indication of the flight of the B in the » — 2 plane.

4.5.5 Using the Run-By-Run Beam Line Versus the
Event-By-Event Primary Vertex

The primary vertex used in this analysis is determined from the average beam
line measured by the SVX for each run. The size of the beam spot is approx-
imately 40 ym and contributes directly to the error on the individual proper
decay lengths. Another possibility would be to use a primary vertex that is
measured for each event using tracks in the SVX. Such a primary vertex finder
is available at CDF and is called VXPRIM. If the VXPRIM algorithm was
used to determine the primary vertex, the error on the measured proper decay
lengths would become smaller, because VXPRIM uses the average beam line,
in addition to tracks in the event (the error returned on the primary vertex is
guaranteed to never exceed the size of the beam spot, even in case of a low
multiplicity event). Nevertheless, studies described in this section demonstrate
that a better measurement of the primary vertex (as provided by VXPRIM)
does not improve significantly the precision of the lifetime results.

By considering 509 B, events, which satisfy a Version_7_08 SVX x? prob-
ability cut of > 1% and have been reprocessed with Version_7_09, it has been
determined that VXPRIM returns, on average, a 16 pm error on the z and y
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analysis.
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primary vertex coordinates. Propagating these errors yields 29.3 pm for the
average error on cr using the event-by-event vertex, while the average error
on ct using the beam line is 38.1 um (see Fig. 4.26).

To assess the effect of this smaller error on the lifetime measurements, the
Monte Carlo studies described in Sections 4.3.5 and 4.3.6 are repeated with
a single modification in the generation of the Monte Carlo samples: all the
generated values of the error on the proper decay lengths are multiplied by
0.76 to simulate the use of the VXPRIM resolution. Otherwise, everything
else is the same, including the sequence of random numbers. The average of
the errors returned by MINUIT on the fitted lifetime for the B, (B;) Monte
Carlo sample is 46.6 £ 0.2 um (53.5 & 0.3 pm). Hence, the average error
on the lifetimes decreases by 1 pum at most when using the event-by-event
vertex. In other words, a primary vertex resolution of 40 pm is already “good
enough” when compared with the long lifetime (~ 480 um) of the B meson.
Finally, using the event-by-event primary vertex method involves an additional
systematic uncertainty that would need to be evaluated since tracks from the
other B in the event, if included in the primary vertex determination, would

bias the primary vertex measurement.

4.5.6 Tighter J/¢ and 9(2S) mass cuts

As can be seen on Figs 4.1 and 4.3, the mass cuts applied on the J/v and
1(2S) candidates seem unjustifiably broad, when, in fact, the large fixed mass
windows are motivated by the pr dependence of the measured mass width
(mass error o« error on pr = [(0.0009p7)? + (0.0066)2] - pr, see Fig. 4.2).
These apparently wide mass windows are, in practice, tighter than they appear
because the J/¢ and (2S5) candidates are always mass constrained in the
CTVMET fit of the B candidates. Hence, J/v and %(25) candidates that
have a mass significantly different from their world average values will tend
to produce large x? values in the CTVMFT fits. Since a x? probability cut is
applied, the fixed mass windows are actually fairly tight.

To check this expectation, the analysis is redone with tighter mass cuts.
The 9(2S5) mass cut is tightened from +20 MeV/c? to £12.5 MeV/c?. For
the J/v candidates, in addition to requiring the absolute value of the differ-
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ence between the pu mass and the J/¢ world average mass to be less than
80 MeV/c?, the measured mass is also required to be less than 3o, where the
value of o is parameterized as a function of the pr of the pp combination.

This parameterization is obtained as follows:

1. Plot the pup mass combinations in 6 pr ranges, 2 to 4, 4 to 6, 6 to 8, 8
to 10, 10 to 15, and > 15 GeV/c.

2. Plot the fitted sigma of the pp mass distribution versus the corresponding
mean pr (see Fig. 4.27).

3. Fit the 6 points to obtain
o =9.582 + 1.031 pr,

where o is expressed in MeV/c? and pr is expressed in GeV/ec.

Table 4.10 compares some of the relevant results of this “tight mass cuts”
analysis with the default analysis. The excellent agreement in the results
obtained from the two methods indicates that the vertex x% cut on the B
candidates effectively tightened the fixed J/¢ and (2S) mass windows, as

expected.

4.5.7 B Lifetimes Versus B Lifetimes

This consistency check is performed by dividing the samples of B candidates
into 3 categories: 1) events with a reconstructed candidate containing a b
quark, 2) events with a reconstructed candidate containing a b quark, and
3) J/¢¥ K2 and 4(2S) K2 events for which it is not possible to distinguish
between b and b. The lifetimes fits are then performed separately on the
samples corresponding to category 1) and 2). The results, shown in Table 4.11,

agree with each other.

4.5.8 “Time Dependence”

As an additional consistency check, the lifetime fits are performed separately
on the first part of the data (run < 44000) and on the second part of the data
(run > 44000). The results, shown in Table 4.12, agree with each other.
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Figure 4.27: Resolution on the J/+ mass as a function of the J/v transverse
momentum. The data points were determine by fitting the J/+) mass spectrum
for all the J/4 candidates in the corresponding pr bin. The curve is a linear
fit of the fitted width of the J/v signal versus the average pr in the bin.
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- - Tight mass cuts Default analysis
B, B, B, By

| Number of events in kpeak
above background with 119.5 87.5 120.5 87.5
cr above 100 pm
Number of events
in peak region 559 826 561 832
Number of events . 7
in sideband regions 791 1448 795 1452
Fitted signal [evts] 147 +16 | 120 =16 || 148 =16 | 121 £ 16
Fitted lifetime [pm)] || 485 48 | 473 155 || 482 + 48 | 472 £ 55

Table 4.10: Comparison of the “tight mass cuts” analysis with the default

analysis.

! Number of events

in peak region

Number of events

in sideband regions

Fitted signal [evts]

Fitted lifetime [pm]

bottom = —1 bottom = +1
bii bd bu bd
: il
293 392 268 4077
414 717 381 711
bs] 78 +12 447:1: 10 70 4 171 5871171
477 167 | 530 £ 103 || 488 &-68 | 463 1 77

Table 4.11: Comparison of the lifetime results on B and B events.
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Run < 44000 Run > 44000
B, B, B, Ba
| Number of events .
in peak region 280 392 281 440
Number of events
in sideband regions 368 703 427 749
Fitted signal [evts] 80+12 | 62+11 | 68+ 11 | 59 £ 12
Fitted lifetime [pm)] || 474 £ 63 | 481 £ 77 || 492 +72 | 457 + 78

125

Table 4.12: Comparison of the lifetime results on the first and second part of
the data.



Chapter 5

Conclusions and Comparisons

This chapter presents the measured lifetime values of the B, and B; mesons
and their ratio. These results are compared with existing measurements. Next,
it describes the use of the B° lifetime to determine Vg, Finally, prospects for

improving the precision of these measurements in the future are discussed.

5.1 Lifetime Results and Comparisons

The final lifetime results of this analysis are:

ert = 482 +48 +16 um,
er® = 472 £ 55425 um,

or

+ = 1.61+0.16 +0.05 ps,
0 = 1.57+40.18 + 0.08 ps,

\‘
l]

and
/% = 1.02£0.16 £ 0.05,

where the first uncertainty is statistical and the second is systematic. These
results are based on the entire CDF Run 1A data (19.3 pb™!).
This analysis obtains the most precise (and probably the most accurate)

values currently published[1] of 7+, 7° and 77/7° for the B meson. These

126
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measurements are consistent with those presented in References [55) and [56],
but have a smaller uncertainty. Because the decay modes are fully recon-
structed in this analysis, the B meson momentum is precisely determined,
thereby eliminating systematic uncertainties due to estimating the B meson
momentum present in previous measurements. They are also consistent with
recent average b-hadron lifetime measurements (1.49 4 0.038 ps) [57]. Graph-
ical comparisons with recent LEP direct B lifetime measurements are pre-
sented in Figs 5.1-5.3. The term “direct” refers to the fact that an actual
primary(secondary) vertex is measured and that the charge of the B meson is
determined in these analyses. Numerous “indirect” measurements exist that
rely on fits to impact parameter distributions or event topologies. Such anal-
yses have been used to determine the average b lifetime, but these indirect
methods are rapidly being supplanted by direct methods and are, therefore,

not considered in this comparison.

5.2 CDF Value for V

The measurement of 7° can be combined with CLEO measurements of the
g’ dependence of the partial width for B — D* {*y; to extract a value of
|Vt |[28] (see Section 1.5).

1
Ly ox n Vel é(y)*. (5.1)

Using Eq. (5.1), the results of Reference (2] (|Vi| = (37 + 5 £4) x 107%) and
the value of 7° quoted here, [V,3| = (36 &+ 5 +4) x 1073[58]. Using CDF’s
direct measurement of 7°, there is no increase in the overall error on |V,
and any systematic uncertainty associated with using the inclusive lifetime is

eliminated.

5.3 Prospects for Future B Lifetime Measure-
ments at CDF

As shown in Section 1.6, theoretical expectations for g(%;r% are that this quan-
tity is equal to 1.0 to within ~ 10%. Certainly before the end of CDF Run
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Comparison of 77 Measurements
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Figure 5.1: Comparison of Recent B, Lifetime Measurements. Smaller(Larger)

tick marks indicate statistical(total) uncertainties.
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Comparison of 7° Measurements
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Figure 5.2: Comparison of Recent B, Lifetime Measurements. Smaller(Larger)

tick marks indicate statistical(total) uncertainties.
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Comparison of 7% /7° Measurements
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Figure 5.3: Comparison of Recent B Lifetime Ratio Measurements.

Smaller(Larger) tick marks indicate statistical(total) uncertainties.
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1B, CDF will be in a position to come tantalizingly close to this precision once
the results of its lepton-charm B lifetime analysis[59] are finalized and are
subsequently combined with those obtained in this analysis. A little further
down the road, combining CDF Run 1A data with CDF Run 1B data should
give a factor of 4 increase in the size of the data sample. A factor of 4 increase
in the number of reconstructed B mesons will reduce the statistical error in
the lifetime results by a factor of 2, i.e. a ~ 5% statistical error in the life-
times, and an ~ 8% statistical error in their ratio can be attained using fully
reconstructed decays. Furthermore, combining the results of the Run 1A +
Run 1B version of this analysis with a Run 1A + Run 1B B lifetime analysis
using lepton-charm events could provide an additional factor of ~ 2 reduction
because the statistical uncertainty in the Run 1A versions of both analyses
are essentially equal. Also, the systematic uncertainty is comparable in both
methods and should certainly not increase. Therefore, it is not unreasonable
to expect a combined CDF lifetime result for the B, and By mesons with an
overall uncertainty of ~ 3% and a combined CDF B lifetime ratio with a pre-
cision of ~ 6%. The bottom line is that CDF will certainly be able to measure
™B%) 46 better than 10% and will be able to test theoretical predictions by

T(Bo)
the end of CDF Run 1B.



Appendix A

The Duplicate Removal

Procedure

This appendix is divided into 4 sections. Section 1 gives an overview of the
potential biases that could be introduced into the lifetime analysis by the use
of a duplicate removal procedure. Section 2 describes the duplicate removal
procedure in some detail and presents a table that demonstrates its effect on
the signal to noise. Section 3 considers those events in which a B,(B;) candi-
date was selected among multiple B,(B,) candidates. It is demonstrated that
the duplicate removal procedure does not bias the number of events nor the
lifetime of the B,(B,) samples by a measurable amount. Section 4 considers
those events in which By(B,) duplicates were rejected in favor of a B,(By)
candidate. It is shown that the duplicate removal procedure does not system-
atically favor a specific region of the B invariant mass distribution (bias the
number of events), nor does it measurably bias the lifetime of either the B, or

the B, meson.

A.1 Introduction

The duplicate removal procedure selects a single B meson candidate in events
containing multiple B meson candidates based on the CTVMFT x? prob-
ability. Hence, the selected candidate’s daughter particles reconstruct to a

secondary vertex “better” than the daughter particles of the rejected candi-

132
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date(s). If the event contains a real B meson, a duplicate removal procedure
based on the CTVMFT x? probability should preferentially select the real B
meson over combinatoric background candidates since daughter particles from
the real B in the event should be associated with a real secondary vertex. How-
ever, this procedure does not guarantee that the real B meson will be selected
in an event containing additional background candidates, since it is possible
for the background candidate(s) to have a better x? probability.

If the event does not contain a real B meson, the combinatoric background
candidate that is selected among multiple background candidates should not
come from a specific invariant mass range, nor should B,(By) background
candidates be favored over By(B,) background candidates. If the odds of
rejecting a duplicate peak background candidate are the same as rejecting a
duplicate sideband background candidate, no bias is introduced either in the
number of B,(By) peak events, or in their lifetime since an incorrect choice
will contribute the same in all bins within statistics and is equally likely in
either the B, or B, case.

The duplicate removal procedure can bias the measured lifetime results in
at least two ways. Multiple B,(B,) candidates in an event that use different
tracks for the strange meson have different values of pr. These candidates
will have the same L, within errors because the different kaon candidates are
combined with the same ¥. The calculated cr, however, will be different; i.e.,

M > .gMp

B
__:X-p ToR - (A.l
ar e )

et = L,

Hence, multiple B,(By) candidates in an event using different tracks for the
strange meson will have different cr values. If two or more duplicate can-
didates of this type happen to fall in the peak region (|mass— 5.2786| <
0.030 GeV/c?), the measured lifetime may be biased since the duplicate re-
moval procedure is not 100% eflicient* for selecting the real B meson. This

type of duplicate scenario (events with duplicates in the peak region) occurs

*The efficiency of the duplicate removal procedure is expected to be better than 50% in
the B, case. Table A.1 demonstrates that the B, signa,lz/background increases after the
duplicate removal procedure is applied. The By case is dominated by candidates using a
K*(892)°, as is shown in Table A.3. Picking the By candidate with the K« mass closer to
the world average K*(892)° mass is known to be ~ 65% efficient[60].
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no more than ~ 9%(~ 6%) of the time for candidates with(out) a cr > 100 um
cut, where By < By duplicates arising from the K7 mass ambiguity of the
K*(892)° are neglected since the reconstructed pr does not depend on the
mass assigned to the individual tracks forming the K*(892)°. We assign no
systematic uncertainty due to this effect for reasons discussed in Section 3.2,
Section 4.2, and the Conclusion.

The duplicate removal procedure will bias not only the lifetime measure-
ment, but also the number of events in the final samples if it preferentially
rejects background B,(By) events that fall in a specific invariant mass range.
For example, if the duplicate removal procedure systematically favors events
that fall in the peak region over those that happen to fall in the low mass
sideband region, regardless of whether or not there is a real B meson in the
event, this procedure would, in fact, bias the final number of events and the
lifetime of the B, and By samples. Consider the effect of B, peak candidates
being systematically selected over By lower mass sideband candidates. Such a
bias would inflate the number of B, peak events and would bias the measured
lifetime of both the B, and the By events.

For the reasons outlined above, two questions must be addressed if the
duplicate removal procedure is to be used in a B meson lifetime analysis.

These are:

1. Does the duplicate removal procedure bias the measured lifetime ob-
tained from the final B, and By events?

2. Does the duplicate removal procedure bias the number of reconstructed
B, and By candidates by preferentially rejecting background candidates

which fall in a specific invariant mass range?

This appendix will demonstrate that the duplicate removal procedure used
in the Run 1A exclusive lifetime analysis does not bias the number of signal
events by a measurable amount, nor does it introduce a measurable bias in
lifetime of the selected B, and By samples.

Given the potential pitfalls of the duplicate removal procedure, why use it
all? The Run 1A exclusive B lifetime measurement is dominated by statisti-

cal uncertainty. If events with duplicates were simply removed from the final
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sample, the statistical error would increase dramatically. On the other hand,
including duplicate events in the final B, and By samples would be equivalent
to using the same B vertex multiple times and would also introduce a statisti-
cal correlation between the two samples. These considerations motivated the

decision to use a duplicate removal procedure.

A.2 The Duplicate Removal Procedure

Because we looked for B — WK events, where ¥ is a J/¢ or ¢(25) and
Kisa KT, K*(892)t, or Kg, on an event-by-event basis, we occasionally
had more than one B candidate passing the final event selection cuts. When
this occurred, we applied a duplicate removal procedure to select a single B
candidate out of the multiple candidates in the event. This procedure consisted

of two parts applied in the following order:

1. If there are two ¥ K*(892)° candidates whose only difference is the mass
assignment of the two tracks forming a K*(892)°, the CTVMFT x? prob-
abilities will be equal to each other. A single WK*(892)° candidate is
selected in this case by picking the one that has its K*(892)° mass closer

to the world average value.
2. Pick the B candidate with the highest CTVMFT x? probability.

Table A.1 shows the effect on this “duplicate removal” procedure on the can-
didates with ¢t > 100 pym. The biggest effect is on the channels that use
a reconstructed K*(892)° because of the K mass assignment ambiguity. In
particular, this procedure brings the By — J/¢ K*(892)° signal (above back-
ground, with ¢7 > 100 um) down from 88 to 66.5 candidates. Among the 21.5
rejected candidates, 20 are discarded because of the presence of the same track
combination in the event with a different mass assignment, and only 1.5 are
discarded because another candidate in the same event (reconstructed with a
different combination of tracks in any of the eight considered channels) has a

better x? value.
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5

o il candidates il candidates il candidates in peak
Channel in peak region in side bands above background
Nifoe — N | Ngddee — N3 Nejore = Nugier
J/p Kt | 143 141 | 62 57 12 — 112}
J/y K*(892)* 8§ —» 8 4 - 3 6 — 61
%(25) K+ 5 — 5 9 — 7 1 - 11
%(2S) K*(892)* 0 — 0 0 — 0 - 0
Total B, 156 — 154 5 — 67 1181 — 120}
J/p K2 19 - 17 | 8§ » & | 15 — 13 |
J /¢ K*(892)° 148 — 110 | 120 — 87 88 — 661
%(25) K3 1 - 1 1 - 1 -;— — l
%(25) K*(892)° 19 - 14 25 — 13 6 — 17l
| Total By 187 — 142 154 — 109 110 — 87}

Table A.l: Effect of the “duplicate removal” procedure on the B candidates

with ¢r > 100 gm. For each channels and each mass region the following

numbers are shown:

N? 2k — the number of candidates in the peak region with cr > 100 pm

efore

before duplicate removal

Nf;?:r = the number of candidates in the peak region with ¢r > 100 um

after duplicate removal

Ngide = the number of candidates in the side bands with cr > 100 pm

efore

before duplicate removal

N:{ = the number of candidates in the side bands with cr > 100 pm

after duplicate removal

Niefore = Nf:}‘fre— %Ngé?‘;re = the number of candidates above background

in the peak region) with ¢ > 100 ym before duplicate removal
g I p

& .
Na.fter = NP2 _%stde

after

after

= the number of candidates above background

(in the peak region) with ¢r > 100 pm after duplicate removal
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A.3 Duplicate Removal of the Form B, <
B.(Bi <« By)

In this section, events in which one or more B,(B,) duplicates were rejected in
favor of another B,(By) candidate will be considered. Table A.2 lists the num-
ber of B,(Bqg) events containing a duplicate B,(By) candidate in various sub-
sets of the final B, and By event samples. Table A.3 lists the number of dupli-
cate B,(By) candidates in B,(B,) events by decay channel. These candidates
could bias the number and lifetime of the final B,(B;) peak events if the du-
plicate removal procedure favors a particular region of the +£120 MeV/c? mass
region. This class of duplicate candidates (excluding the By — UK*(892)°)
can also bias the measured lifetime because multiple B candidates that fall in
the peak region using different tracks for the strange meson will have different

pr values. These two issues will be addressed in turn.

A.3.1 B, < B, (B; < By) Duplicate Removal’s Effect

on the the B Invariant Mass Distribution

If the duplicate removal procedure selects or rejects B, « B, (Bs < By)
duplicates that fall in a specific invariant mass range, both the number of
B,(Bj) peak events and the measured lifetime will be biased. Figs A.1-A.8
demonstrate that the duplicate removal procedure does not preferentially re-
ject B,(By) candidates with B,(By) duplicates that fall in a particular mass
range within statistics. Notice that in Fig. A.4 and in Figs A.6 and A.8 there
appears to be a By signal in both the selected and rejected By samples. This
observation indicates that there is a By signal in those By events with By
duplicates. This signal is also present in the invariant mass distribution of
the rejected B, candidates because selecting a By — J/19K*(892)° candidate
by choosing the one with a K*(892)° mass closer to the world average value
is ~ 65% eflicient for signal[60]. Hence, this correlation between the selected
and rejected By candidates’ invariant mass is expected and does not bias the
lifetime since the calculated cr is the same regardless of the mass assigned to
the tracks forming the K*(892)°. There does not appear to be a B, signal
either in Fig. A.1, or in Fig. A.5, indicating that B, events with B, duplicates
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B.(By) Number of T Number of Number of |
Selection Selected Events with Events with
I [ Candidates B, Dup].icates ) By Duplicates !
| B, £120 1801 | 251 (14%) eventsin | 357 (20%) eventsin |
MeV/c? window, events +120 MeV/c? +120 MeV/c?
no cr cut window window
B; +120 3051 427 (14%) events in | 1312 (43%) events in
MeV/c? window, events 1120 MeV/c? +120 MeV/c?
no cr cut window window
B, +120 264 10 (3.8%) eventsin | 22 (8.3%) events in |
LﬂfeV/cQ window, events +120 MeV/c? +120 MeV/c? '
cr > 100 pm cut window window
By +120 328 22 (6.7%) events in | 101 (31%) events in
MeV/c? window, events +120 MeV/c? +120 MeV/c?
cr > 100 pm cut window window
B, +30 561 15(2.7%) eventsin | 34 (6.1%) eventsin |
MeV/c? peak, events +£30 MeV/c? +30 MeV/c2 |
no ct cut peak peak ’.
[ Bs +30 832 30 (3.6%) events in | 168 (20%) events in
MeV/c* peak, events +30 MeV/c? +30 MeV/c? l
no cr cut peak peak
B, £30 154 1 (0.65%) eventin | 1 (0.65%) eventin |
MeV/c? peak, events +30 MeV/c? +30 MeV/c? |
| cT > 100 pm cut peak peak ’
B; +£30 142 2 (1.4%) events in 28 (20%) events in
MeV/c? peak, events +30 MeV/c? +30 MeV/c? )
\LCT > 100 ym cut peak peak ‘

Table A.2: This table shows the number of B events with duplicates. The

B; < By duplicate column includes duplicates resulting from the K= mass

ambiguity of the K*(892)°.

The indicated selection cuts are in addition to

the default analysis cuts. The +120 MeV/c* window includes both the peak,
gap and sideband regions. The +£30 MeV/c? window includes only the peak

regiom.



APPENDIX A. THE DUPLICATE REMOVAL PROCEDURE 139

Dd Event Selection Number of Duplicates per Channel ]V)
T +120 MeV/c? window]| By — | B, - | By — B, — —F
no cr cut, J/HKS, JIOK(892)°, | $(25)KS, | $(25)K*(892)° I
1312 events 7 duplicates J(_1%24 duplicates| 0 duplicate F145 duplicates ]]
+£120 MeV/c? window,| By — By — By — By — |
I er > 100 pm cut, J/YK3, ) J/PpK*(892)°, ' ¥(25)K2, ) ¥(25)K*(892)° '
| 101 events 0 duplicates I 86 duplicates | 0 duplicates ' 19 duphcateAs |
ﬂiB“ Event Selectioq —ﬁuTnber of Dt Duphcates per ChannelA _«i ‘T
520 MeV/cz—window, B, — B — TBu HA“E—T o ‘ﬂ
no er cut, JIpK*, JIPE*(892)*, | $(25)K*, | $(25)K*(892)*)
251 events 220 duplicates| 11 duplicates | 29 duphcates 2 duphcates
+£120 MeV/c? window,| By — | B, - 1B, — B, —
er > 100 pm cut, JIpK+, JHK*(892)", | $(25)K*, | 9(25)K*(892)*
| 10 events 8 duplicates |1 duphcaﬁ e du&ate Vkiup]icat\es ‘[]

Table A.3: This table shows the number of duplicates per channel in B,(By)
events with B,(B,) duplicates. The indicated selection cuts are in addition to
the default analysis cuts.

are purely combinatoric background events.

A.3.2 B, < B, (By «< B;) Duplicate Removal’s Effect
on the the Measured B Meson Lifetime

Only those B,(By) events with one or more duplicate B, (Bg4) candidates that
fall in the peak region are considered in the discussion that follows. We find
15(21) such B,(Bj,) events. Duplicate By — $K*(892)° peak candidates re-
sulting from the Km mass ambiguity of the K*(892)° are not considered since
they have the same cr. Also, events with duplicates in the sideband regions
ate not considered for two reasons: (1) when fitting for the lifetime, the side-
band events are parameterized with the background function only; and (2)

the duplicate removal procedure does not reject candidates from a particular
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Figure A.1: Top plot: Invariant B, mass distribution (mass — 5.2786 GeV/c?)
of candidates selected by the duplicate removal procedure. Only those events
with B, duplicates are plotted. This plot contains 251 entries. Bottom plot:
Invariant mass distribution (mass — 5.2786 GeV/c?) of the rejected B, dupli-

cates. This plot contains 262 entries.
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Figure A.2: Top plot: Invariant By mass distribution (mass — 5.2786 GeV/c?)
of candidates selected by the duplicate removal procedure. Only those events
with By duplicates are plotted. This plot contains 1312 entries. Bottom plot:
Invariant mass distribution (mass — 5.2786 GeV/c?) of the rejected By dupli-

cates. This plot contains 1376 entries.
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B, events containing a B, duplicate are plotted. This plot contains 262 entries.
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Figure A.4: Scatter plot of the invariant mass distribution (mass —
5.2786 GeV/c?) of the selected By candidate versus the invariant mass dis-
tribution (mass — 5.2786 GeV/c?) of the rejected B, duplicates. Only those
B, events containing a B, duplicate are plotted. This plot contains 1376

entries.
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Figure A.8: Scatter plot of the invariant mass distribution (mass —
5.2786 GeV/c?) of the selected By candidate versus the invariant mass dis-
tribution (mass — 5.2786 GeV/c?) of the rejected By duplicates. Only those
B, events containing a By duplicate are plotted. This plot contains 105 entries.



APPENDIX A. THE DUPLICATE REMOVAL PROCEDURE 148

invariant mass region, e.g. upper sideband or lower gap regions. Fig. A.9
demonstrates that, despite the fact that the selected B,(By) candidate has a
different pr for the strange meson candidate than the rejected B,(B,) candi-
date(s), [Acr/o| < 3.0 for all B, events and for all but one By event (3.7¢
difference). Also, the distributions are symmetrically centered around 0 within
statistics, indicating that there is no systematic shift in ¢ due to p; mismea-
surement. For these reasons, we assign no systematic error to the lifetime
due to selecting a single B,(By) peak candidate among duplicate B,(By) peak
candidates based on the CTVMFT x? probability.

A.4 Duplicate Removal of the Form B, <
Bd(Bd — Bu)

In this section, events in which By(B,) duplicates were rejected in favor of a
B.(Bg) candidate will be considered, since such events could bias the measured
B, (By) lifetime if the “other” B meson is systematically selected or rejected.
Table A.2 lists the number of B,(By) events containing a duplicate By(B.)
candidate in various subsets of the final B, and By event samples. Table A.4
lists the number of duplicate B,(B,) candidates in By4(B,) events by decay
channel. As an example, suppose there are 100 B, candidates in the peak
region, of which 30 events had a B, candidate also falling in the peak region
that was rejected based on the CTVMFT x? probability. If the duplicate
removal procedure systematically made the incorrect choice in selecting the
B, candidates over the By candidates, the B, lifetime is biased by including

these 30 events.

A.4.1 B, < By(B; < B,) Duplicate Removal’s Effect on

the B Invariant Mass Distribution

There is no discernable B peak in Figs A.10-A.17, indicating that B,(Bj)
events with Bg(B,) duplicates are just combinatoric background. The frac-
tion of events in the final 120 MeV/c* B,(Bg) sample that contain By(B,)
duplicates is 20% + 1.2%(14% =+ 0.7%). It is reasonable to expect that the
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Figure A9: d
uplicates, cr > 100 pm.]Top plot: (cr of the selected B, peak candidate - cr
of rejected B, peak candidate(s))/o. There are no entries with |Acr/o| > 3.0.
Bottom plot: (cr of selected By peak candidate - cr of rejected By peak
candidate(s))/o. There is only one entry with |Aer/o| > 3.0. By —
¥ K*(892)° duplicates resulting from the K mass ambiguity of the K*(892)°

are not included in this plot because they will have the same cr.
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fraction of B, events with duplicate B, candidates is larger than the fraction
of B, events with duplicate B, candidates. For every final B, candidate, there
are 1.69 4 0.05 final By candidates. Notice that (14%+0.7%) x (1.6940.05) =
24% + 1.4%, which is within 30 of 20% (all errors have been calculated as-
suming uncorrelated systematic errors). Normalized for the relative number
of events, the fraction of B, events with B; duplicates equals the fraction of
By events with B, duplicates within statistics. This fact demonstrates that
the duplicate removal procedure does not favor B,(By) events over By(B,)
events. As a result, the duplicate removal procedure does not introduce a
bias in the number of B,(B,) events in the final +120 MeV/c? sample within
statistics. Similarly, the fraction of B,(Bjy) events with ¢ > 100 um con-
taining a rejected duplicate By(B,) is 8.3% + 1.8%(6.7% £ 1.5%). Again, the
larger fraction in the B, case is attributed to the fact that there are 1.2 + 0.1
By candidates for every B, candidate with a ¢r > 100 um. Notice that
(6.7% + 1.5%) x (1.2 £ 0.1) = 8.0% £ 1.9%, which is within 3o of 8.3% (all
errors have been calculated assuming uncorrelated systematic errors). This
fact not only demonstrates that the duplicate removal procedure does not fa-
vor B,(Bgy) events over By(B,) events within statistics, but also indicates that
this aspect of the duplicate removal procedure does not depend on the lifetime
of the B,(By) events.

Further evidence that the duplicate removal procedure does not bias the
number of final B,(By) events by preferentially selecting a specific invari-
ant mass region is provided by Figs A.12 and A.13, which plot the selected
B,(Bi) candidate’s invariant mass versus the rejected By(B,) duplicate’s in-
variant mass. No discernible pattern is observed in either of these two plots,
which demonstrates that the duplicate removal procedure does not favor a
particular region of the invariant mass distribution considered in the lifetime
analysis. The invariant mass distributions for events with duplicates are shown
in Figs A.10 and A.11. Finally, the above plots are repeated in Figs A.14-
A.17, but this time a ¢7 cut has been applied to the selected B,(Bg) events,
but not to their By4(B,) duplicates. Again, no discernible pattern is observed
in the scatter plots. In conclusion, the duplicate removal procedure does not
bias the final number of B, or B, events, either by selecting one over the other

(e.g. Bj over B,), or by selecting candidates out of a specific invariant mass
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[- Bu‘Event Selection ll

,—.lrﬁ()ﬂeV/ c? WindoW,
] 357 events

4120 MeV/c? window,
ct > 100 pm cut,

no cr cut,

22 events

Number of Duplicates per Channel

151

_

3 duplicates

18 duplicates

B> By By — By — |
JIWKS, | JpK*(892), w(29)KS, | $(28)K*(892)°,]
8 duplicates | 344 duplicates| 1 duplicate | 23 duphcates ’l

1 . -
Bd — Bd — Bd — ( Bd —
TjeKs, | IpKe(8920, was)KS, | w(2s)K*(802)

0 duplicates P2 duplicates _l

ﬂ: B, Event Selection

r:l:120 MeV/c? windowm
no c7 cut,
| 427 events

£120 MeV/c* window,
ct > 100 pm cut,
L}Z events

N
B, — B, — o
J/YKT, | J [y K*(892)F
382 duplicates 13 duplicates
B, — Jliu S|
J/YKT, J/¥ K*(892)*

20 duplicates

0 duplicates

umber of Duplicates per Channel

o

)

2 duplicates l 0 duplicates

B, — A] B, o
| B(2S)K+, | $(28)K*(892)* ”
;_4] duplicate% 0 duplicates JJ
B, — l B, — )
| Y(2S)KT, | $(25)K*(892)" ‘]

A

Table A.4: This table shows the number of duplicates per channel in B, (By)
events with By(B,) duplicates. The indicated selection cuts are in addition to

the default analysis cuts.

range (e.g. B, peak over By sidebands).

A.4.2 B, < B4(B; < B,) Duplicate Removal’s Effect on
the Measured B Meson Lifetime

B.(Bg) events that fall within the peak region of the invariant mass distri-
bution determine the B,(Bj) lifetime. As shown in Fig. A.18, although the

distributions are symmetrically centered around 0 within statistics, a number

of duplicate candidates in which B, < Bq(B; < B,) differ significantly in

cr (|Aer /o] > 3.0). It is reasonable to expect that the calculated cr of a se-
lected B,(By) candidate is significantly different from that of the rejected

B4(B,) duplicate since there is generally an extra track in the By recon-

struction relative to the B, reconstruction, e.g.

compare B, — UK with
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Figure A.10: Top plot: Invariant B, mass distribution (mass —5.2786 GeV/c?)
of candidates selected by the duplicate removal procedure. Only those events
with By duplicates are plotted. This plot contains 357 entries. Bottom plot:
Invariant mass distribution (mass — 5.2786 GeV/c?) of the rejected By dupli-
cates. This plot contains 376 entries.
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By — UK. As shown in Fig. A.18, 4(8) B,(Bjy) events have |Acr/a| > 3.0.
For this reason and for reasons already discussed in Section 3.2, we only con-
sider B,(Bgy) events with By(B,) duplicates that happen to fall in the peak
mass range in the following discussion. Table A.2 shows that we have 34(30)
B, (By) events satisfying this criterion.

Three tests were applied to check for biases introduced in the lifetime of

the B, and By mesons by this class of duplicate events:

1. Remove the 34(30) B,(Bq4) events with Bg(B,) duplicates and refit for
the lifetime. The observed shift in the lifetimes is Acr™ = +9 4 69 um
and Acr® = +11+79 pum, assuming uncorrelated statistical errors. Note
that the statistical uncertainty of the value of ¢ returned by the fit is
~ 50 pm.

2. Remove 34(30) B,(By) events chosen at random and refit for the lifetime.
The observed shift in the lifetimes is Acr™ = +4 + 69 um and Acr? =
+10 + 79 pm, assuming uncorrelated statistical errors. Note that the

statistical uncertainty of the value of cr returned by the fit is ~ 50 pm.

3. Replace the 34(30) B,(By) candidates selected by the duplicate removal
procedure with the 30(34) rejected candidates and refit for the lifetime.
The observed shift in the lifetimes is Actt = —8 4 69 um and Acr® =
+5 + 79 pm, assuming uncorrelated statistical errors. Note that the

statistical uncertainty of the value of ¢r returned by the fit is ~ 50 um.

The observed shift in the mean value of c¢r returned by the fit in all three
cases is negligible compared to the statistical error on the measurement. Also,
the observed shift of order £10 um is consistent with observed shifts obtained
from consistency checks described in Section 4.5. For these reasons, no sys-
tematic uncertainty due to selecting a B,(By) peak candidate among multiple

B4(B,) peak candidates is assigned to the measured B meson lifetimes.

A.5 Conclusion

This analysis represents the first high statistics, direct measurement of the

B, and B, meson lifetimes. Because this measurement was dominated by
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statistical uncertainties, every attempt was made to lower the statistical error.
This aim motivated the decision to select a single candidate among duplicate B
candidates passing selection cuts in an event, rather than to reject such events
altogether. This study has shown that the duplicate removal procedure did not
measurably bias the final number of B,(Bj) events, nor did it measurably bias
their lifetime given the available statistics. Nevertheless, it is arguable that a
systematic error of ~ 5 pm should have been included in the total systematic
uncertainty calculation. This additional systematic uncertainty would add
< 1 pm to the total systematic error quoted in the B, and By lifetimes and is
therefore negligible.



Appendix B

Lifetime Likelihood Function

This appendix derives the generalized equations for the unbinned likelihood fit
performed simultaneously on the peak and sideband regions. In the discussion
that follows, let : denote each B meson candidate; let . be the measured
proper decay length; let e, be the measured error on }; and let z; denote the
real proper decay length.

It is assumed that the measured proper decay length 2/ of a candidate that
has its mass falling in one of the sideband regions has a probability density
function (PDF) given by

>

LT it AP (“—,,; + i exp (55) @/ >0

905,)\_,)\+,f—,f+(m,) = - Ny - ] (B’l)
atom(38) + Eolg) 7o

The function g,, -+ - s+ ('), normalized to unity, is the sum of a Gaussian
function centered at zero with a width o; and two exponential tails with slopes
A™ (negative side) and AT (positive side); these tails represent a fraction f* and
f~ of the total distribution. The function g,, x- a+, ;- s+(2’) is not continuous
at ' = 0 (unless i—: = f\c—:) The fact that i—: +* i—: when using the values
returned from the fit to the data simply indicates that the physical mechanism
responsible for negative tails is different from the one causing positive tails.
The overwhelming majority of negative tails are the result of poorly measured
tracks, while positive tails are caused both by poorly measured tracks and
by a significant number of real B candidates in which one or more tracks

combined with the ¥ actually come from the underlying event. These poorly

163
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measured B candidates are responsible for the combinatoric background with
large positive values of cr, but do not contribute to events with negative
values of cT. Hence, it is to be expected that g(z') obtained from the fit to the
data is not continuous at @’ = 0. The discontinuity of the background PDF at
z' = 0 does not affect the convergence of the fit because no data candidates are
observed with 2’ identically equal to 0.0. A candidate that has a mass falling
in the peak region, but is actually contributing to the background under the
true signal, is assumed to be distributed according to the same distribution
Goi A=t g5+ ():

It is assumed that the proper decay length ) of a true B meson candidate
with a mass falling in the peak region has a PDF given by the convolution
of a “physics PDF” with a resolution function. The physics function, an

exponential distribution with a lifetime A = er, is given by

pa(z) = { (X)exp (_Tz) z i g (B.2)

The resolution function is assumed to be symmetric; it is parameterized as a
linear combination of a gaussian distribution (body) and exponential distribu-

tions (tails) as follows:

oY) = Bire®(y)+ (1—Bi) rie(y) (B.3)
1 a2

T (y) = Y (%) (B.4)

rL‘t’ls(y) = 2—M exp (#) , (B.5)

where o; and (; are the width and the fraction of the gaussian body, and g,
is the slope of the exponential tails. The PDF for a signal event is then given
by:

Frouan(®) = [ pr(#) T (o' 0) do (8.6)
= B f (@) + (1= B) (o), (B.7)

where
ey = [ (o) e — o) do (B.8)
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1 o o,

where freq is just a CERN program library routine[51]

freq(t) = —\/_12—7;/—:0 du exp <—lu2>, (B.10)

2
and
+oo ,
fas) = /_ pa(z) (2’ — z) da (B.11)
1 =
_ A—lua [—exp (52) + s exe ()] @ >0 (B.12)
vom Hhexe (37)] ' <0
—_)\2 ! i tails( .t !
Ny pA(e) + pi — A sign(1,z') i (@) 2 #0, (B.13)

where sign(1,z’) is just the FORTRAN intrinsic function that assigns the sign
of the second argument to the absolute value of the first. The function ft‘“’s(:n’)

is continuous at z’ = 0, i.e.

1
li tails —h tails - = —, B.14
mlzlo f/\'“' ( ) z! EIO f)‘ H ( ) 2()‘ + #”) ( )
and that ,
als ]' azls r
lim, £ (@) = 5 | (@) + o) (B.15)

If a is the probability for a candidate in the peak region to be a real signal
event, then the PDF for any candidate 7 is given by:

ho i Bipia= =+ (27) =
a faoigow () + (1 — &) gy a- 2+ p- s+(2")  for the peak region
Goir-a+ -+ (2) for the sidebands.
(B.16)
Let m, be the “width” of the peak region (or the number of bins in the
peak region) and n4 the number of candidates found in the peak region. Let
mp be the total “width” of the sideband regions (or the total number of

bins in the sideband regions) and np the number of candidates found in the
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sideband regions. The measured numbers ns and np are random variables
following Poisson distributions. Let 74 and np be the mean values of these
distributions.

If the background candidates have a flat mass spectrum (or if the back-
ground candidates have a linear distribution in mass and the peak and side-
band regions are symmetric around the B mass) then the following must be
true:

a=1_ 2B ™4 (B.17)

The above equation is just the mathematical form of the assumption that
the average number of observed events per bin in the sidebands is equal to
the average number of background candidates per bin under the signal in the
peak region. Defining 7., as the expectation value of the number of true
signal candidates in the peak region, n4 and np can be expressed as functions

of frye as follows:

1
'FLA - - ﬁtrue (B.]_S)
a
1—
ng = a @ Ngrue (B]‘g)
8 m 4

The likelihood of observing n4 candidates in the peak region with proper
decay lengths 2!, ¢ = 1,...,7n,4, and np candidates in the sideband regions
with proper decay lengths z/,7 =n4+1,...,n4 + np, is given by:

—1ia =N —n -7
e nA,nAA e "BR"B natnp

L=— : o TT hasousimr-ar -+ (- (B.20)

nA! np. i=1

This likelihood depends in principle on 3n4 +3np + 7 independent parameters
which are A, a, A7, At f7, T, fipue, and oy, Br, iyt = 1,- -+ ;na+np (the pa-
rameters 74 and Ap depend indeed on « and 7y as shown by Eqgs. (B.18) and
(B.19)). These parameters can obviously not be all determined by maximizing
L.

If the estimate e/ of the error on ! are a good enough approximation for
o;, all of the o; can be fixed to their measured estimates e;. Nevertheless, if
the overall normalization of the errors is uncertain, the o; can be assumed to

be proportional to the el, i.e.

o; =pel, fori=1,--,n4s+np. (B.21)
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In order to further reduce the number of parameters it can be assumed that

all the 8; and all the u; are equal:

B: =03, Wi = W, forizl,---,nA+nB. (B22)
In this case, the likelihood depends on only 10 parameters:

L(Aaa)ﬁtruc)p’ﬁall’)A_aA+’f_)f+) -
e—ﬁAﬁZA ) e_ﬁBﬁ;'BB ) HnA-}-nB b ’
n! ng! =1 av’\apeévﬁvus’\_w’\+|f_|f+(mi)’
(B.23)
where 74 and 7p are given by Eqgs. (B.18) and (B.19). Estimates for the 10

independent parameters A, &, gyue 5 o, B, 4, A~, AT, f7, and fT are obtained

by maximizing L. In practice, —2In(L) is minimized using MINUIT[52].

The results of the fit are displayed as two histograms (see Figs 4.13 and
4.14) of the quantity ¢’ with a bin size of Az’. The first histogram is filled with
the candidates falling in the peak region and displayed on top of a curve F,(z').
The second histogram is filled with the candidates falling in the sideband

regions and displayed on top of a curve Fg(z'). The functions F4 and Fp are

given by
! - ! 1 < / /
Fy(e') = nala’- o > [efrpersu(@) + (1= a)gpeprmar - g+ (2))] , (B.24)
=1
! — ! 1 &, 7
FB(:B ) = ’I’LBA:B . E nge$lA—|A+|f—,f+(m ), (B25)
1=1

where 724 and 7 are given by Egs. (B.18) and (B.19), and where A, a, A4y, p,
A7, AT ,f~ , and f* have their values that maximize the likelihood L. These
functions are not normalized to the number of events in the histograms, but

rather to the number of events returned by the fit, i.e.

/FA(m/)dm' =n Az’ /FB(m/)dm' = ngAz’. (B.26)
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