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Abstract

Using the ARGUS detector at the e*e™ storage ring DORIS II at DESY, a study
of the decay B® — D**+£~ 5 has been performed by exploiting a partial D"+ recon-
struction technique. The branching ratio was determined to be (4.4 £+ 0.3 +£0.3)%
for this mode, and for the higher excited Dy, states Br(B° — Dif £77) =
(2.540.6+0.5)%. Furthermore, the inclusive D** branching ratio in B decays was
measured by fully reconstructing D** candidates.

Using a tagged subset of this sample of B° meson decays in the mode
B® — D*tf~, BY «—— B9 oscillations have been studied. For this purpose two
tagging techiques have been applied: the standard method of using fast leptons, and
a new techrique which makes use of kaons to tag the b flavour content. Combining
the values obtained by these two methods, the B°5° mixing parameter xg4, used to
denote the strength of the oscillations, was determined to be x4 = 0.165 = 0.057.

In addition, using fully reconstructed D"* candidates, a third study of the B°B°
mixing parameter was carried out by investigating D*t K* correlations. The mixing
measurements obtained using kaons to tag the B meson flavour employ this tech-
nique for the first time. Future CP violation measurements at B Factories will place
critical reliance on this method.

Finally, using the extracted value for the mixing parameter x4, the CKM matrix
element V4 was determined and the BYB? mixing parameter x, was obtained.



Résumé

En utilisant le détecteur ARGUS, installé sur I’ anneau de collisions DORIS II &
DESY, on a étudié la désintégration B® — D +£~7 en exploitant une technique de
reconstruction partielle du D"+ . On 2 mesuré le rapport de branchement de ce mode
de désintégration,(4.4+0.3+0.3)%, et de’ état excité Dy, Br(B° — Dy, £79) =
(2.5 % 0.6 £ 0.5)%- De plus, le rapport de branchement inclusif du D** en B a été
mesuré en reconstruisant intégralement les candidats D=t .

En utilisant un sous-ensemble identifié de 1’ éckantillon de désintégrations du B®
dans le mode B° ~+ D*t£~ 7 une étude des oscillations BY «— BJ a été menée. Pour
ceci, deux techniques d’ indentifications ont été appliquées, la méthode standard
utilisant les leptons rapides et une nouvelle technique qui utilise les kaons pour
identifier le quark . En combinant les valeurs obtenues par les deux meéthodes, le
parametre de mélange, xq, du systéme B°B° qui mesure |’ amplitude des oscillations
a été déterminé a xq = 0.165 £ 0.057.

De plus, en utilisant les candidats D** entiérement reconstruits, une troisiéme
étude du parametre de mélange du systéme B°B° a été menée en étudiant les
corrélations D"t K=. Les mesures de mélange obtenues en identifiant le méson B,
utilisent cette technique avec des kaons pour la premiere fois. Les mesures futures
de violation de CP aux usines & B seront essentiellement basées sur cette méthode.

Finallement, en utilisant la valeur mesurée pour le parametre de mélange x4,
I’ élément V;4 de la matrice CKM a été déterminé ainsi que le paramétre de mélange
X, du systéme BOB?.

e
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Chapter 1

Theoretical Background

1.1 Brief description of the Standard Model

The goal of particle physics research is the formulation of a fundamental theory
which is able to describe all phenomena in nature. An important model which has
so far been spectacularly successful is the so called Standard Model, which is a gauge
theory that describes strong, weak and electromagnetic interactions. The model is
based on a SU(3) group of colour, a SU(2) group of weak isospin and a U(1) group of
weak hypercharge. Its two sub-theories are the Theory of Electroweak Interactions
which provides a consistent description of weak and electromagnetic interactions
and the Theory of Quentum Chromodynamics (often referred to as QCD) which
describes the strong interactions. It is a common belief, however, that the Standard
Model cz2anot be the “ultimate” theory of nature since the model has too many free
parameters and leaves questions like the equality of the proton and electron elec-
tromagnetic charge, the quark and lepton families etc., unanswered. The following
description of electroweak interactions aims to serve as a theoretical introduction

and to provide a necessary basis for further description of the theory related to the

work presented here.
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1.1.1 Electroweak interactions

The theory of electroweak interactions [1] is based on a SU(2) group of weak isospin
(T) and a U(1) group of weak hypercharge (Y). Quarks and leptons can be combined
into SU(2) multiplets as shown in Table 1.1. Left handed fermions form SU(2)
doublets (T’ = 1/2), while right handed fermions form SU(2) singlets (T' = 0). The
subscript “L” indicates that the weak isospin current couples only to left handed
fermions. Also, only left handed neutrinos are required.

The electric charge Q (in units of e, where e is the charge of the electron) of the
T° member of a weak isomultiplet (where T is the third component of the weak
isospin) is given by a generalization of the Gell-Mann - Nishijima relation

Y
Q=ﬁ+?

Quarks and leptons interact with each other by “exchanging™ particles called gauge
bosons. Quarks cannot be found free in nature but only in bound states which are
called hadrons. Indeed, the known hadrons are confined to either ¢qg (mesons) or ggq
states (baryons). Quarks exist in three “colours” and interact with each others by
exchanging gauge bosons which are called gluons. These interactions are described
by QCD. In the standard model the quark and lepton masses are generated via the
Higgs mechanism by introducing a complex doublet of scalar fields. This mechanism
produces a massive scalar particle called the Higgs boson. The basic electroweak
interaction
~ig(IyW; —iL (1B,

consists of an isotriplet of vector fields Wi coupled with strength g to the weak
isospin current J:, together with a single vector field B, coupled with strength ¢'/2
to the weak hypercharge current j¥. Linear combinations of these fields W and B,
constitute the physical bosons mediating the weak intera<tions. Hence, the massive

charged bosons which are usually called W+ and W=, are identified as:

wE = \/§ (W} W) (11)
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T s Y Q
Leptons
ve v, v, 12 | 4172 | =1 | o
( e )L ( p )L T )L 1/2 | =12 | -1 | -1
er “R - 0 > | 2| o1 |
Quarks
u ¢ t 12 | +1/2 | 3 | 23
) ) G) e e e
i
ug CR tr 0 0 4/3 2/3 h
dr SR bR 0 0 |-2/3| -1/3

Table 1.1: The three generations of fundamental fermions.



CHAPTER 1. THEORETICAL BACKGROUND 4

and their exchange results in the change of the charge of the leptons or the flavour
of the quarks taking part (where the flavour quantum number refers to the different
types of quarks). The process is thus called a “charged (or flavour-changing) current”
weak interaction. The weak charge current couples left-hand=d rotated quark states.
The neutral bosons, usually referred to as v (photon) and Z° boson, are identified

as:

A, = Bycosbw+W:sinfw  (massless photon) (1.2)

Z, = —B,sinfw +Wlcosbw  (massive) (1.3)

and give rise to the electromagnetic and the neutral current weak interactions, re-
spectively. The parameter 8y is the weak mixing angle, the value of which must
be deduced from experimental measurements. No transitions (at least to lowest
order) via flavour-changing neutral currents exist. ‘This is ensured by the so called
GIM mechanism [74] according to which weak interactions operate on doublets of

left-handed quarks ( “ ) ( ¢ ), where
d’ sl
d d
=l .
s s

In this relation, the weak eigenstates (primed quarks) are related to the quark mass
eigenstates (unprimed quarks) by the unitary rotation matrix:

U= cosfc sinfc
—sin 9(; cOs ac

with the quark or flavour mixing described by the Cabibbo angle fc. The “up”

quarks are, by convention, unmixed. To incorporate additional quark flavours, the
GIM mechanism is extended and for three quark doublets the 3 x 3 mixing matrix
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U, known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix, contains three real

parameters and a non-trivial phase.

d d Ve Vo Vi d
s |=Vexkm| s | =] Vu Vo Va s |- (1.4)
o b Ve Vo W b

This compiex phase introduces the possibility of a CP violating amplitude (C is the
Charge conjugation symmetry and P is the Parity). The values of the amplitudes
of the CKM matrix elements need to be extracted from experiment and they are

presently constrained to lie in the range [2]:

0.9747 — 0.9759 0.218—-0.224  0.002 — 0.005
Vekm =] 0.218—0.224 0.9738 —0.9752 0.032—0.048 |. (1.5)
0.004 —0.015  0.03 —0.048  0.9988 — 0.9995

The V;; values are measured using various techniques. V,2 is determined from S-
decay, V,, from the decay K — wev and from semileptonic hyperon decays; V is
obtained from charmed particle production by neutrinos i.e. v, d — p~¢; V,, fol-
lows from the decays v,s — p~c and D* — K%*v,. Finally, V, is extracted by
measurements of the B meson lifetime and the width of the semileptonic b — ¢
transition I'(b — cfv) and the value for V,;, comes from the determination of the
width of the semileptonic & — u transition I'(} — ufv). The values for V;, are in-
ferred by imposing 3 generation unitarity; only indirect measurements are available,
since hadrons containing the t-quark have not been studied. Information on Via for
example, can be extracted by studying the B§ «—— BS mixing as it is mentioned
in later sections of this chapter and similarly on V,, by studying the B «— B?
mixing.

The study of B meson decay properties provides a rich source of information

on the CKM matrix elements involving the b quark. The analyses described in this
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thesis are directed towards a measurement of the strength of flavour oscillations
in the B® — B° system, precision measurements of which may be used to extract
information on V;; as well as the top quark mass.

Many parametrizations of the CKM matrix exist. The particle data group quotes

the following parametrization [2]

—i5
12013 $12€13 S13e~"
VoM = | —s12623 — €12523513€% 8 €12C23 — $12823513€%P  smepn (1.6)

i1 ~C12523513€"% €23€C13

$128923 — C12€23513€

where ¢;; = cosf;; and s;; = sinf;; with ¢,7 = 1 to 3 for three generations are the
three rotation angles and & is the complex phase.

The o called Wolfenstein [3] parametrization arises from the empirical observa-

tion that the mixing angles bave a hierarchical structure. Expanding in powers of

A = sinfc = 0.22, this formulation of the CKM matrix is of the form:

— 3 A AX¥(p—1in)
Vexsm = =) —1x AX? (1.7)
ANV(1-p—in) —AN 1

plus corrections of order A%. From experiment, the values extracted for A, p,7 are
4, 70]

A=09£01 (p*+9°)*=0.36£0.14

The CKM matrix contains 4 of the Standard Model parameters which must
be determined experimentally. In its present form, assuming that neutrinos are

massless, there are a total of 19 free parameters not predicted by theory. These are:

o The six quark and the three lepton masses
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e The strengths of the coupling constants a, a, and G for the interactions

between quarks or/and leptons.
¢ The three real and one complex parameters of the CKM matrix
o The weak mixing angle sin® 8w and gcp

e The mass of the Higgs boson.

1.2 The T System

Since the measurements presented in this thesis are performed at the energy of the
T{(45) resonance, the T system is here described in more detail. The existence of the
b quark was experimentally established by the discovery of the T resonances in 1977
at Fermilab {5] as an enhancement near 9.5 GeV/¢? in the invariant mass spectrum
of p;"p' pairs produced in 400 GeV proton-nucleus collisions. A structure consisting
of two peaks was observed, ope at 9.4 GeV/c? and one at 10.0 GeV/c?, which were
identified as the T and T’ mesons. The measured widths of the peaks were consistent
with experimental resolution, possibly indicating very narrow natural widths. This
fact, together with the observed spacing between the two resonances which was found
in the charmonium system, led to the interpretation of the T states as bound ¢J
states of a new heavy quark: the b quark. One year later, the DASP II and PLUTO
experiments, botb carried out at the DORIS II storage ring at DESY, observed two
narrow resonances at 9.46 and 10.023 GeV/¢? (Fig. 1.1) [6] in e*e~ collisions.
Since the T mesons couple to the virtual photon created in ete™ annihilation,
they must have the quantum numbers of the photon, JF¢ = 1=, The T and Y’
were identified as the lowest lying b 35, states T(15) and its first radial excitation
T(2S). Later the T(3S5) was observed [8]. The narrow widths for the 18, 25, and 35S
states are due to the dominant decay of the T via annihilation of the bb into three
gluons as shown in Figure 1.2. Such a diagram is the only possible strong decay for

T states below the mass threshold for the creation of two B mesons, which are the
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Figure 1.1: a) The T and T’ resonances from the Lederman experi;nent (open
circles) [5] and from DORIS II experiments (full circles) [6]. b) Cross section of
ete~ — hadrons [7).
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b g
T(1S) g
b g

Figure 1.2: T(15) decay to three gluons.

Figure 1.3: T(45) decay to a pair of B mesons.

lightest hadrons containing a b quark. The widths of the T resonances above the
Y (3S) are several orders of magnitude larger, implying that these states lie above
this threshold and therefore decay predominantly into pairs of B mesons by the
OZI-favored channel as shown in Figure 1.3.

1.3 B Mesons

B mesons are bound states of the heavy & quark and a lighter u, d, s or ¢ quark.

The Y(45) is an excellent source of the b-flavoured B and B} mesons and their
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antiparticles:

T(45) — B°B°
T(45) — B*B-.

The B? and B* are the lightest mesons carrying the bottom or beauty quan-
tum number. A study of the momentum spectrum of charged particles from T(4S5)
supports the assumption that the Y(45) meson decays practically 100% into B me-
son pairs [9]. Recently, observations of J/¥ mesons arising from T(4S) decays have
been reported with momentum beyond that allowed for a B decay product [10], [11].
This claim has given rise to extensive searches for non-BB decay mechanisms on
the T(45). In the subsequent studies, an upper limit of 0.14 (95% confidence level)
on the overall fraction of non-BB decays of the T(45) was set [12] by comparing
lepton and dilepton production in T(4S) decays. Moreover, following an analysis of
the large accumulated CLEO continuum data sample it was concluded that contin-
uum production can adequately explain the high momentum J/¥’s observed on the
T(4S) [13]. Therefore, direct T(45) decays into non BB states, if they exist, should
constitute only a small fraction of T(4S5) decays. Measurements of the B meson
mass from fully reconstructed B mesons show that the T(45) mass lies just above
the threshold for BB pair production, which implies that B mesons are produced
nearly at rest. The production ratio of B+B~ and B°B® pairs in T(4S5) decays
= % = %&:—%}} strongly depends on the mass difference of the two types of B
mesons 1 Am = mps — mp-. If the masses were equal, isospin symmetry implies
that the production rates would also be equal. The mass difference is obtained by
reconstructing the B mesons and has been found to be [14], [15]:

~1.3+1.2 MeV/c® ARGUS

(1.8)
+0.4 £ 0.6 MeV/& CLEO

Am:mgo—mB-={

In the forthcoming analysis, the production ratio f is assumed to be 1, since the

1Throughout this work whenever reference to a specific charge state is made, the charge conju-
gate state is also implied, unless mentioned otherwise.
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mass difference Am is small enough not to cause any significant deviations from
unity.

The b quark decays through the flavour-changing weak interaction. The domi-
nant features of B(bg) meson decay are expected to be described by the spectator
model, where the heavy b quark decays into a lighter ¢ or @ quark, while the lighter
quark q acts as a spectator not influencing the decay rate (Fig. 1.4 ab).

In the spectator model, the semileptonic decay of the B meson proceeds through
the decay of the b quark to a & or a @ quark with the emission of a virtual W* boson

which then couples to the lv; system. The semileptonic width I, can be written as

2 5
G;"mb

= Toom3 RVARCIN fod. R _
T = o~ & falb— ) Vel 1T, 200) (1.9)
and the hadronic width T'joar
GZmd m? m? m?
F aar - F b adr * 2 I ': ?3 1 10
e = g e & el leel G T8 S 010
qJa=d,s

where the function I{z,y,z) describes the phase space corrections due to finite
quark and lepton masses. The factor fu(b — ¢) is equal to 1 and fiuqr is equal
to the colour factor 3, if the presence of gluons is ignored. Taking corrections for
radiative and hard-gluon effects into account, these factors deviate slightly from the
values mentioned above, enhancing the hadronic mode [16].

If the spectator diagrams were the only possible decay diagrams, the lifetimes of
the charged and neutral B mesons would be the same. It is clear, however, that the
spectator model is a simplified picture: non-spectator effects can also take place.
The widths for W-exchange (Fig. 1.4 ¢) and flavour annihilation (Fig. 1.4 d) are
expectr:d to be small, however, and theory predicts the contribution from “penguin”
decays (Fig. 1.4 e, f) to be in the range {1 —15) x 10~%. The experimentally observed
branching ratio for (B — K*(892) v) [17] supports this prediction. As mentioned
before, further decay channels via flavour-changing neutral current interactions are
excluded by the GIM mechanism.
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Figure 1.4: Feynman graphs of B decay mechanisms.
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1.4 Semileptonic B decays

In B decays, leptons can arise from two sources. The primary source is from the
virtual W in semileptonic B decays which are expected to proceed via the spectator
diagram of Figure 1.4 a. The secondary source is from the decay of charmed particles
(X. — Y£&*v) which are produced in the & — ¢~ decay. Leptons originating from
the virtual W produced in the & — ¢,uWW ™ decay can be used to tag the flavour
content of the parent B meson. Primary leptons have positive charge when they
come from B*, B® mesons and negative charge when they are daughters of B—,
B°® mesons. An important source of background for lepton tagging arises from the
cascade leptons which bave charge of opposite sign to the charge of primary leptons.
The standard approach to calculate the amplitude for the semileptonic transition is
to use factorization, so that it consists of a purely hadronic and a purely leptonic

part. The amplitude for the semileptonic decay of the B meson is thus given by
[20]:

- - G -
A(B = Xy +) = < Xull7*(1 = 1s)vi—5-Vasdn(1 — 15)b|B >

G -
= S-Valr* (L = w)u < Xolgn(l — )88 >

with the leptonic part #y*{1 ~ ~s)u, being derived by exact calculations. However,
this is not the case for the hadronic matrix element < X, [§v.(1 — vs)b]B > which
includes QCD effects. Hence, to calculate the hadronic matrix element use of a
model needs to be made. There are in general two categories of models. One treats
the b quark in the b meson as quasi-free, decaying via b — ¢’ with the light §
quark remaining a spectator, while the other category considers only the final-state
hadrons produced. The simplest model of heavy meson decay is therefore the free
quark model, belonging to the first category; a modified version of this approach has
been proposed by Altarelli et al. [18]. For models which consider only final state
hadrons, the description of the hadronic part of the amplitude is made possible
using all Lorentz invariant variables. Form factors are then defined as ¢*-dependent

functions, each multiplying one of the Lorentz invariant variables. In semileptonic B
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decays of the type P — P{i there are two Lorentz invariants; while in B decays of
the type P — V{0 there are four Lorentz invariants (P and V stand for pseudoscalar

and vector respectively).

1.4.1 Free-Quark model

As noted earlier, when a B-meson decays semileptonically, the decay proceeds

through the spectator diagram shown in Figure 1.4 a. In analogy with muon decay,
the decay width is

G}
(6 g89) = SETS. vy F(s ), (1.11)

where V,; is the CKM matrix element and F(z) is the three-body phase-space factor
F(z)=1- 8z + 82° — 2% — 122%Inz.

There is a strong dependence of the decay width on the b quark mass which is only
poorly known. Altarelli et al [18] proposed an improved spectator model including
corrections arising from QCD effects and dealing with the bound-state effects of
the b quark in the B meson, both of which affect the lepton spectrum particulaily
near the high momentum endpoint. In the ACCMM model [18], the B meson is
represented by a pair of quarks 57 with a Fermi motion attributed to the quarks in
B rest frame. Then g remains a spectator and the b quark decays as a free quark
b ~ ¢'lv (where ¢’ = c,u). The spectator antiquark is treated as a particle of
definite mass m,,, and momentum p, while the heavy quark is viewed as a virtual

particle of invariant mass W

W? = M3 + m2, — 2Mp /7 + m2,,

where Mp is the B meson mass. A Gaussian distribution is assumed for the spectator

momentum
ezp |71

¢(171) = —g)

o
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where the parameter for the momentum spread pg is adjustable. The lepton spec-
trum is obtained in this model after folding ¢(|p]) with the decay spectrum of the

heavy quark of effective mass W.

1.4.2 Form factor models
The Wirbel-Bauer-Stech model (WBS)

The decay amplitudes are given by the product of a leptonic (< »|J,}{€ >) and 2
hadronic V — A current (< X(WJ,|B >); where X(JF = 07), X"(JP =17) is
the meson produced in an exclusive sernilept'onic B decay B — X®)¢-5. In the

WBS model [19], nearest pole dominance is assumed for the dependence of the form
factors on ¢* ;
F(g®) = 1=/,

The form factors & (F(g2 = 0) = k) are called overlap factors since they can be
expressed as the overlap of the initial and final state meson wave functions. In the
case B — X€~ b, there are 5 form factors, V{(q?), 4o(q?), Ai(g?) with i = 1,2,3, of
which 4 are independent. The authors claim that the overlap factors 4, ks, can be
reliably calculated, while to estimate Ay and k4, an additional free parameter Jas
reeds to be introduced. This parameter can be fixed using experimental information.
The choice of Jas has a strong influence on the I'sy (B — X*). To fix the form factors
at ¢*> = 0, the initial and final mesons are described as relativistic bound states of
quark-antiquark pairs in the infinite momentum frame. The meson wave functions

are solved in a relativistic harmonic oscillator potential using an infinite momentum

frame.

The Isgur-Scora-Grinstein-Wise model (ISGW)

In the ISGW model [20] the hadronic tensor

b =37 < B(p=)li7 1 X (P, 52) >< X(pe,5:)ljul Blpg) >
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for the decay B — Xeb is expressed in terms of a set of Lorentz invariants multi-
plied with form factors. ISGW use exponential form factors. For the total lepton
spectrum, these form factors are calculated for each channel X with quantum num-
bers 1S, 1P and 2S using a non-relativistic quark model and all contributing final
states are summed: < B|j#*(0)|X >= T; fi(¢® — ¢2..) X" where X} are vectors
constructed from the available kinematic variables, and f; are the Lorentz-invariant
form factors. In the non-relativistic limit the Lorentz-invariant form factors f; and
those appearing in the quark model calculation (called f;) are in one-to-one cor-
respondence. The form factors are calculated in the limit of zero recoil (p2 = 0,
where the momentum transfer is maximum). ISGW have chosen to use Schradinger
wave functions in a Coulomb plus linear potential. The formulas derived are only
valid for wave functions with %’33 << 1 (p; and m; are the momentum and mass
of the quark z). At large p2, a constant factor, x, is introduced so that the form
factors computed as functions of (¢ — ¢3,_.) are replaced by the same functions of
(¢® — ¢2,.)/x*. Comparing to the experimentally determined F,(Q?), the authors
find x = 0.7. For B — X.e~ 7 the model predicts

I(B° = X.e~7) =T(B~ — X.e™7) = 0.41 x 10™ |V|? sec™™.

1.5 Kaon production in B meson decays

The most common production mechanism for kaons in B meson decays is via the
production of s quarks in the  — ¢ — s decay chain. The charge of the kaons which
are produced in this way may be used to tag the flavour content of the parent B
meson. There exist, however, secondary processes which lead to the production of
kaons, namely through the virtual W#* decay or through vacuum excitation of an
s5. An additional complication arises from non-spectator decays of the B meson.
A diagram illustrating a spectator decay of the B is shown in Fig. 1.5. The num-
ber of kaons expected per B meson is shown in Table 1.2. The numbers presented
in Table 1.2 include QCD and phase space effects for the b — ¢, u part [21], while
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Figure 1.5: Feynman diagram showing s quark production in B decays which may
lead to K* production.

the ¢ — s,d part consists of estimates based on simple arguments. These numbers

account only for spectator decays.

From Figurz 1.5 one therefore obtains the & — s, 5 rates shown in Table 1.3. Produc-

tion of s5 pairs from the vacuum, which is expected to have only a minor contribution

and for which there exist large theoretical uncertainties, is not taken into account.
From experiment there exist only limits for processes that involve vacuum exci-

tation of an s5 pair. The 90% confidence level limits

Br(B — D" K- X) < 0.8% (1.12)
Br(B — DY R°X) < 1.2% (1.13)

quoted in [22] for the process shown in Fig. 1.6 b, should be compared with the
Br(B ~ (D,D",Dy,;)t"5), ( Fig. 1.6 ), which is & (10.4 & 0.4)% [2]. The above
quoted limit allows at most = 10% s3 production from the vacuum. The corre-

sponding number from the Monte Carlo simulation is 12%. The resulting change
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Table 1.2: Expected rates for various b and ¢ quark decays leading to s quark

THEORETICAL BACKGROUND

Decay process expected rate

b—cX 98.0%

b — cfis) 2.3%

b — ¢(cs) 20.3%

b — u(es) 0.4%
c— sX 95%

¢ — s(5u) 3%

¢ — s(du) 53%

¢ — d(3u) <1%

production which in turn may lead to kaons.

N
Decay process | expected rate
b— sX 117%
b— 35X 23%

19

Table 1.3: Expected rates for s, 5 production from b decays.

in the expected rate for & — s,3 does not influence the calculation of the expected
number of kaons per B meson very much and will be considered when using these

numbers for later computations.

1.6 Phenomenology of the B° B’ mixing

The two neutral bottom meson states BY(dd) and B3(bd) have, in the absence of
weak interactions, the same mass and carry the same quantum numbers apart from
the b flavour. The weak interaction gives rise to B® — B° oscillations, that is tran-

sitions for which the flavour quantum number changes by two units, AB = 2. This
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phenomenon of particle-antiparticle mixing can be described in the Hamiltonian

framework.

The total Hamiltonian consists of two pieces: H = Mg+ Hgw. The strong
interaction Hamiltonian H; is flavour conserving, while the electroweak Hamiltonian
Hew is flavour changing. Once a state is produced, say |B?), under the influence of
Hew there will be transitions, (oscillations), between this state and the state with
opposite beauty quantum number, thus resulting in non-exponential decay of the
state [B9).

The evolution of the system B® — B° is dictated by the non-Hermitian Hamilto-

0
gl g = e ?o (1.14)
B° Hn He | \ B°

The existence of non-diagonal elements in the Hamiltonian is responsible for mixing.

From 1.14 it follows that

nian H.

(BOIHIBO) = Hu and (BOIHIBO) = Hzl. (1.15)

Assuming CPT invariance Hj; = Hzz = H, which is then written as

H
H=M-—- -2-P
with M, T real. Writing H,» as
:
Hyz = My2 — 51"12

where in general M, and I';2 can be complex, and requiring CPT invariance, one

obtains for Ha,
- i -
Ha = M), - §r12'

Equation 1.14 therefore becomes

B M—il' My — i B
H} - | = 2 R i (1.16)
B° My—-3T,  M-—30 B°
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Using certain linear combinations of the flavour eigenstates |B®) and [B°) to di-

agonalize the matrix in 1.16, one obtains the normalized physical eigenstates for

H:

1 _
|BY2) = Nyl [1B° = 7|B%)] (1.17)
' 1+ |nf?
where
1—c_ (Mp—} ;2)”’
= = A 1.18
=1 +e (Mlz ~- 3T (1.18)

In the case of CP conservation, M, ard Ty2 will also be real, giving || = 1 and

| BY,} will have CP eigenvalues F1. The time evolution of these states is simply:
B2 t) = eTatflemimat By ) (1.19)
with
my2 = M £ Re[HypHn|Y? and Ty, = T F 2Im[H o Hay 2 (1.20)

The states |B°) and |B°) produced in a strong interaction at ¢ = 0 have at some

later time ¢ become:

¥(t)) a0 = £+(8)|B%) + nf- @B
(L.21)
¥ = F4lt)1B%) + ~1-()1B%)
respectively, with
f=(t) =

From 1.22 one infers that a state which at ¢ = 0 was a pure [B%) (or |B%), is at a

[e-imzte-r: tf2 + e—im:te—rzlll’]. (1.22)

D) =

later time a mixture of [ B°) and |B%). Hence, the probabilities of finding the various

states at time t starting with |B°) (or |B°)) are:

PB* = B%t) = [f(t)  PB - B%)= |f(0)f
(1.23)
P(B" = B%t) = o’ If-()°  P(B° — B%1) = L |f-()[*



CHAPTER 1. THEORETICAL BACKGROUND 22

with
@) = % [e'r“ +e7T2t £ 2e Tt eos AMt]

F-(F = % [e“r“ +e T —2e T cos AM t] .

The quantity

| =

[=3(T1+T1y)

4

is the average width of the long and short-lived state and the oscillation frequency
AM = m; — Ma

is the mass difference of the states. From the above equations it is clear that only
if CP is conserved do the rates for B° — B° and B® — B® become equal. For this
“single particle initial state” the mixing rate is expressed as the total number of B°

mesons found per B® produced and vice versa.

P - Bod Wl R+ & - e

r= =
I3 P(B° — B t)dt HF‘:'*‘F‘;"‘E%??
(1.24)
2, .2
- 2 I +y
- l’?' 2 + xz _ yz
e EPE B 1 2ty 025
TP P(B* - BY%t)dt  lp? 2+3%-y? )
where the definitions
_AM AT
=TT ¥=or
have been used. In the case in which CP is conserved,
_ T
r=r= m-_—yi (1.26)

If CP is not conserved, the asymmetry

4

T—
r+

a= 2 —4Re(e)

~N
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can be used to measure the strength of the CP vioclation. For B mesons,

= e'-'-‘iéld

[23], where ¢¢q is the phase of the CKM matrix element Vi4. Hence, also in the case

of CP non-conservation, |g,| = 1. From 1.20, it follows that

AM = 2Re\/(7’1'f1~—1&)(M12 ;2)

(1.27)

AT = —4Im\/M12—z )(M12‘12L2)

M2 and T';2 can be determined from theory by evaluating a second-order weak
transition matrix element known as a box-diagram (Fig. 1.7). M2 corresponds to
virtual B°B® transitions, while I'y» describes real transitions due to the decay modes
which are common to the B° and the B°, such as B B® — uddii, uddé or cddz.
Of these common modes, the first two are Cabibbo suppressed, while the last is
suppressed by the small phase space of the decay; they therefore represent only a
very small fraction of the total B decay rate. Neglecting I'j2 in the B®B° system,
the above equations for AM and AT simplify to

AM = 2|Mps| and AT =0. (1.28)

Hence, it is expected that L << 1. and one can therefore neglect y? in the expres-

sion for r, which then reduces to

~

= ‘zi_.-ﬁ (1.29)

B® — B transitions proceed via the “box diagrams™ shown in Fig. 1.7.
Theoretical calculations performed by [24], [25], give the explicit formula for Mia

for any pseudoscalar meson P composed of one hé;.vy(h) and one light quark(l),

(P = hl), neglecting the internal momenta of the two quarks as well as the mass of
the light quark. They find

r12

(POIHE - alP°) = My —i-22
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Figure 1.7: Box diagrams for B°BP° transitions.

(1.30)
GE M2 - -
o P HA7(l = ) 1PO) 30k Bist,
Wi

where the sum extends over i,j=u,c,t(d,s,b) for the heavy quark % of down(up) type
and A; = Vi3V where Vi are the corresponding CKM matrix elements, and the
coefficients B;; are functions of the masses of the quarks involved (m;,m;) and the
W mass Mw.

From the previous equation it follows that in the case of the By system

GEM;
My = ]f?ﬁ?rgv %:z\i AJ' My_, B.'_.,: (1'31)
where
= = 8
My-s = (B°|(br(1 — 75)d)*|B°) = = fpmaBa. (1.32)

For the “bag” parameter By, which arises from the vacuum insertion approximation,

and for the B decay constant fg, from the parametrization of the hadronic matrix
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A=
(S]]

element, the values By = 1.0£0.2 and fp, = 180350 MeV will be used respectively

[70]. Equation 1.31 is then written as:

G%:Bafgm M,

My, = Ton? [A2Urm + A3Uamz + 2AcA Vs (1.33)

where 7; are QCD corrections and U; are functions of m,, m, ms, s and Mw. This
expression can be simplified knowing that for a wide range of values for the top
quark mass U, >> Uy, Us. Also, A2,A2 and A\, for the B; meson system are
comparable in magpitude {in cuntrast to the Kaon system). U is found to be [26]

m?
U —_

2 = 3 (Mw) (1.34)

Since the U, term is by the far the dominant contribution to eq. 1.34, AM = 2|M;|

cau be approximated as

GEBafgmuMiy (e, ami  m?
AM & SRRV Vil g F (3 )aeo (1.35)
where
1 9 3 3z%nz

Fle) = st qi—g " 20—2F Q-oF (1-36)

From 1.35 it follows that for the mixing parameter z4 one obtains:
AM G2 -
Ta= = 57 my g (Baf},)|VaVul® ZF(“—) nQCD (1.37)

with Tp being the B hadron lifetime.

Experimentally, pairs of B hadrons which are produced in e*e™ (or pp) annihila-
tion are used to perform measurements of the mixing parameter r (or z). The flavour
content of both B hadrons needs to be tagged, so that the ratio of B mesons with
the same and different b quark content {mized over unmized B mesons) is formed.

This ratio,

_ Ngg+ Npgp

: 1.38
‘NBB ( )

will be used for the determination of the mixing parameter ». In the absence of

mixing » = 0. In the case of the YT(45) resonance, the two b quarks hadronize into
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a BSBY pair, so one has to deal with a “correlated two-particle initial-state wave
function™. In general, for a BBC system produced with relative angular momentum

L, the quantities relevant to mixing which can be related to experimental data are

[27):

_ P(B°B%), = P(B°B%),

In the framework of the S.M. these are given by:

R, = L (+2(EyY) - (1 -y Fe?)
ETWE Q2R )+ Q-1 F29)

(1.40)
A +2PQ£y%) -1 -)PQF?)

Ry =|nf*- 1+ 2051 £v?) + (1 — 221 F o)

where the upper(lower) sign should be taken for L =even(odd). The two B meson
system coming from the decay of the T(4S5) isin a P-wave state and its wave function
should be antisymmetric. Since the T(4S5) has J = 1 and the B mesons have spin
equal to 0, the two B mesons should have a relative angular momentum L = 1. For

L =1 the expressions 1.40 become:

R 1 4y -
-l =TT =T
ST hE 2+ -
(1.41)
_ . z? + 32
B =l s =T

The relation between Roga{R.¢a) and #(r) arises from the fact that since the two
particle wave function is antisymmetric under the exchange of the two particles, the
appearance of either B°B° or B°B° is forbidden by Bose statistics. This implies
that if one of the two particles decays at time? = #; as a BO, then at that very
moment the other particle is a pure B°. This particle for ¢ > #, oscillates just as the
one particle system and will decay at time ¢ = ta(t2 > t;). Hence the probability to
observe a B°B° event is the probability that the B° oscillates into B°, which is the
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quantity already defined in 1.26 as 7. According to 1.39, 1.41, after tagging the b

quark content of the two B mesons, the relation 1.38 for p becomes:

_ Ngogo + Ngogoe

- R 1.42
N BoA° ( )

which assuming CP invariance reduces to

p=T.

When the B mesons are produced incoherently, e.g. via Z° decay or in pp annihila-

tion, the ratio of “mixed” to “unmixed” events is given by [27]

Rincoh = 1+ 2

Experimentally, the way to proceed is to measure the quantity p given in equation

1.42, or equivalently the quantity p’, defined as:

Ngogo + Ngogo
! — .
P Ngogo + Npogo + Ngoge’ (143)
which leads to the determination of the mixing parameter x
1 2
x=§ 1+z2. (1-44)

To accomplish this, the flavour of both B® and B° mesons has to be identified. For
this purpose, several tagging techniques have been developed. Usually, the leptons
originating from the semileptonic decays of the B mesons are employed as B favour
tags as shown in Figure 1.8.

To extract the value of p (or ¢'), the contribution of charged B mesons to the lepton
tags has to be determined; for which a certain value of A = b2 f, /52 fo has to be used.
Here, f+ (f°) is the branching ratio for T(4S) decaying into charged (neutral) B
mesons and by (%) the semileptonic branching ratio of charged (neutral) B mesons.
Therefore, the measurement performed using dileptons depends on the value of A
used. To obtain 2 measurement of p or p’ which is independent of A, techniques which

involve reconstruction of one of the neutral B mesons in an exclusive decay channel
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Figure 1.8: Leptons coming from the semileptonic B and B° decays used as B

flavour tags.

(mostly the B® — D*+£-5 decay, using the “missing mass” technique described in
Section 3.1) are employed. For the other B meson the charge of a daughter particle
is used as a tag. Other particles used as tags are the D"t mesons coming from the
hadronization of the cg pair in the b — cgW = decay. In this work, in addition to
these particles, kaons originating from the b — ¢ — s decay will be nsed as B flavour
tags. While exclusive reconstruction of a certain decay mode provides low statistics
samples, the background is usually larger when both B mesons are tagged using
the charge of the particle-tags. To achieve both low background and high statistics,
partial reconstruction techniques, are invented. These involve tagging in a specific
decay channel of the B meson. A detailed description of the partial reconstruction

technique applied in this work, is illustrated in Section 3.1.



Chapter 2

The ARGUS Detector

2.1 DORIS II e*e™ Storage Ring

DORIS is an acronym for “Doppel Ring Speicher” reflecting that, in its original
incarnation, the storage ring actually bad two separate magnetic guide fields for
positrons and electrons. This facility was upgraded in energy and turned into a
more conventional single ring collider starting in 1978 with the discovery of the T
resonances. DORIS II provides counter-rotating electron and positron beams that
collide at two interaction regions, one of which is the site of the ARGUS detector.
The layout of the accelerator complex is shown in Figure 2.1

Electrons are supplied by a small linear accelerator, LINAC I, which accelerates
them to an energy of 55 MeV. The electron beam is then injected into the DESY
synchrotron. Positrons are produced by bombarding a tungsten target with electrons
from a second linac, and are accumulated in a small storage ring called PIA (Positron
Intensity Accumulator). When enough positrons have been accumulated, they are
also transferred into the DESY synchrotron. Here, electron and positron bunches are
accelerated to the requested energy, between 4.5 and 5.5 GeV, before being injected
into the DORIS storage ring. In DORIS, the beams circulate in single bunches with
currents of about 30 mA per beam and a crossing period at each interaction point

of 1 us. Typical run periods of the order of one hour are achieved before the beams
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are replenished, corresponding to beam lifetimes of 2-3 hours. Beams are focused
at the interaction points to about 80 pm in y, 500 pm in r and 2.5 em in z,(the
coordinate system is defined with z along the beam axis and z in the plane of the
storage ring), if they are assumed to have Gaussian distributions.

Ar important quantity of a storage ring is the luminosity, L, which is defined as:

Iti-

- 2.
£ 4re? foro, (21)

where I* I~ are the currents of the positron and the electron beams in Amperes
respectively, e is the electron charge, f is the revolution frequency and o, o, are the
beam sizes in the x-y plane in em. The luminosity during typical running conditions
at DORIS is about 1 x 103erm™257! and the typical integrated luminosity collected
by the detector per day is about 800 nd~!. Data has been accumulated on the
resonances T(15), T(25), T(4S) and in the continuum, that is at energies which
lie away from resonances. Here, the continuum data are taken at energies just
below each of the resonances mentioned, and they mainly comprise events of the
type ete™ — ¢¢. The T system is described in Section 1.2. At DORIS II the T(45)
resonance has a visible cross section of 0.95+0.05 nb and “sits” on top of a continuum
background of 2.5 £ 0.2 nb. For the work described in this thesis, the T(4S) data
are used as a source of B mesons. The continuum data below the T(4S5) resonaace

are also considered since they provide a description of the continuum background

underneath the resonance.

2.2 The ARGUS detector

The ARGUS detector [28] is a magnetic solenoidal spectrometer which was designed
as a universal tool to analyze final states from electron-positron interactions in
the energy range of the T resonances. In this region of centre-of-mass energies of

approximately 10 GeV/, a large variety of physics topics can be studied including:
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weak decays of B mesons produced in the decay of the T(45) resonance,

direct T decays and transitions between the various T states,

decays of charmed hadrons produced in non-resonant e*e~ annihilation,

weak decays of 7 leptons, which are produced in the QED process ete™ — 77~

two-photon interactions, i.e. interactions in which the electron and positron

do not annihilate, but instead interact via two emitted virtual photons.

The study of these processes leads to a number of design requirements for the
ARGUS detector. Since B meson decays have high multiplicities and are almost
isotropic, a very large solid angle coverage is necessary in order to achieve a high
acceptance for the particles produced in B decays. Good momentum resolution for
charged particles over a wide momentum raage is needed since the momenta of the
decay products of B mesons are low in the laboratory frame, while those from con-
tinuum production of charmed mesons may extend to several GeV/c. Similarly, for
neutral particles, good energy and space resolution are important. Furthermore, the
detector must provide excellent particle identification, again over a large momentum
range, in order to suppress the large combinatorial background encountered in high
multiplicity events.

To meet these requirements the ARGUS detector, shown in Figure 2.2, was
constructed in fine segments from components with the best possible resolution
and the lowest possible multiple scattering. Proceeding from the interaction point
outwards, ARGUS consists of a Vertex Drift Chamber (VDC) replaced in 1990 by
a Micro-Vertex Drift Chamber (gz-VDC), the Main Drift Chamber (DC), the Time
of Flight counters (TOF), the Shower counters (SC) and finally a set of Muon
Chambers (pC) outside the magnet coil and the return yoke.

Charge particle identification is realized both through measurement of the spe-
cific energy loss, dE/dz, in the main drift chamber and through measurement of
the velocity using the Time-of-Flight system. The vertex drift chamber adds 8 more
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Figure 2.2: The ARGUS detector




CHAPTER 2. THE ARGUS DETECTOR 34

layers of information to that of the drift chamber, thus providing a considerable im-
provement in the accuracy of the measurement of the track parameters and vertices.
Discrimination between electrons and hadrons and measurement of the energy of
photons are performed by the electromagnetic calorimeter. Identification of muens
is achieved by the three layers of muon chambers.

The components of the ARGUS detector are discussed in more detail in the

following pages.

2.3 The ARGUS magnet

The ARGUS magnet system consists of the main solenoid which is constructed of 13
separate coils and provides a 0.8 Tesla field, the mini-beta quadrupoles and the inner
and outer compensation coils. The field is known to a precision of better than 0.1%
within the volume occupied by the main drift chamber allowing th;t good spatial
resolution of the drift chamber to be converted to a good momentum resolution.
The mini-beta quadrupoles are introduced to provide strong focusing of the beam
in the vertical plane, thereby increasing the luminosity. A set of compensation coils
were placed around the mini-beta quadrupoles to protect their field from leakage
from the main solenoid field. A second set compensates for the influence of [ Bdl

from the ARGUS magnet on the beam orbit.

2.4 The main Drift Chamber

The drift chamber is the most important component of the ARGUS detector [29]
and as in all HEP experiments is considered the heart of the experiment. It provides
information on the position, the momentum and the size of the energy deposition
for charged particles.

The chamber has a cylindrical geometry with inner and outer diameters of 30

and 172 cm respectively and a length of 2 m. The inner wall consists of 3.3 mm
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thick carbon fiber epoxy composite to minimize multiple scattering and the outer
wall is composed of 6mm aluminum.

5940 sense and 24588 potential wires are arranged in 36 concentric layers, forming

5940 drift cells, each 18 mm by 18.8 mm in size. In order to allow measurements of
the z-coordinate of tracks, half the layers are arranged so that the sense and field
wires lie at an angle to the axis of the chamber i.e. in the order +«,0°, —a,0°.
The stereo angle o« increases with the radius r as /r from 40 mrad in the inner
most layer to 80 mrad in the outermost layer. The values are chosen to limit the
maximum displacement of a sense wire from the center of the cell to Imm.
The layout of the wires is shown in Figure 2.3. The chamber is operated with a
gas mixture of 97% propane (C3Hs), 3% methylal (CH,(OC H3),) and 0.2% water
vapour. The water was added after discharges occured in one of the chamber’s
sectors [30]. Propane was chosen due to its narrow Landau distribution i.e. the
energy loss along the length of the particle track fluctuates less with propane than
with other gases typically used.

Charged particles passing through the drift chamber ionize the gas along their
path. The electrons and ions from this initial ionization then cause further ionization
of the gas. The electrons resulting from this process drift toward the positively
charged sense wires which then produce pulses which are recorded by the chamber
electronics. The field wires shape the electric field around each sense wire, so that
the time needed by the electrons to drift to the wire is used to determine the distance
of the charged track from the wire. The magnitude of the recorded pulse is used
to infer the specific ionization deposited along the track length, (dE/dx), which is
further used for particle identificatiox.

In order to maintain the data quality, the drift chamber is monitored and cali-
brated on a regular basis. Pulser runs, during which a pulse of known amplitude is
provided to each ADC, are performed daily to supply the calibration constants for
the dE/dz measurements. In addition, daily trim runs are performed on the TDC’s

to maintain their time resolution and hence the spatial accuracy of the chamber
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measurements.

For fast particles ( p > 1 GeV/c ), the momentum resolution is dominated by

the errors on the track position measurement and is given by the expression :

Y

{(Pr)
Pr

=0.009 - Pr [GeV/d] (2.2)

where Pr is the transverse momentum of the particle. For momenta below 1 GeV/e,

the momentum resolution can be expressed as

o(Pr)

o V/0.012 + (0.009 - Pr [GeV/c])? (23)

The constant term represents the contribution of multiple scattering which domi-
nates the resolution in this momentum region.

The non-zero angle of the stereo wires with respect to the longitudinal chamber
axis allows the determination of the track coordinates along the beam direction,
and therefore measurement of the polar angle 8 of the tracks. This in turn makes
it possible to convert the measurement of Pr to a measurement of P. Figure 2.4

shows a distribution of the specific energy loss, dE/dx, versus momentum.

2.5 The Vertex Drift Chamber

The ARGUS Vertex Drift Chamber (VDC) [31] allows precise measurement of a
track’s position very close to the interaction point thus enhancing the spatial reso-
lution of the primary vertex position and improving the accuracy in reconstructing
secondary vertices from short lived particles.

The chamber is a small cylindrical high-resolution drift chamber with inner and
outer diameters 10 cm and 28 em respectively, and a length of 1 m. It was designed
to fit into the space available between the dmift chamber and the beam pipe and

between the two compensation coils thereby providing 95% solid angle coverage for
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Figure 2.4: Specific energy loss versus the momentum of the particle.

tracks hitting all layers. In order to reduce multiple scattering, the inner and outer
cylindrical walls of the VDC are made of a carbon fiber epoxy composite. There
are 594 sense wires and 1412 field wires arranged in a closed-packed hexagonal cell
pattern to maximize the number of hits per track. (Fig. 2.5)

The small size of the drift cells (inscribed radius 4.5mm) is necessary in order
to be able to maintain good efficiencies at high track densities using single hit elec-
tronics. All wires are parallel to the chamber axis, and therefore no information is
obtained concerning the track coordinate along the beam direction.

The chamber is operated with pure CO; gas at a pressure of 1.5 bar and a high
voltage of 3500V. In order to slow down the degradation of the chamber caused by

— deposits on the wires, 0.3% water vapour was added to the VDC gas, as it was done
in the case of the main DC.

The spatial resolution as determined from Bhabha scattering events is better

. than 100um for about half the cell (Fig 2.6).

For multihadron events the effective resolution is worse by a factor of about 1.4
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Figure 2.5: The hexagonal cell pattern of the vertex drift chamber. The sense wires

are located in the center of the hexagon and the field wires on the corners.
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Figure 2.6: VDC resolution versus drift distance.
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mainly due to different ionization effects, and multiple scattering of low momentum
tracks. A great improvement on the precision of the measured track parameters
for charged tracks was achieved using the additional information from the VDC
in the track fit. The momentum resolution for 5 GeV/¢ muons improved from
1%:?-1 = 0.9% - Pr to 0.6% - Pr. Single high momentum electron tracks can be
extrapolated to the vertex with a precision better than 100um as found by studying
the distance of closest approach between the two tracks in Bhabha events. The

improved track and vertex parameters lead to considerably higher reconstruction

efficiency for secondary vertices from K? and A decays.

2.6 The micro-Vertex Drift Chamber

Ir March 1990 the VDC was replaced by a micro-vertex drift chamber (xVDC) [32].
The uVDC was designed to resolve secondary vertices from the decays of short lived
particles like charmed mesons or 7 leptons. This requires high resolution in both
the r — ¢ and r — z projections, and ability to measure the track coordinate close
to the beam line. A schematic drawing of the xVDC is shown in Figure 2.7.

It is a cylindrical drift chamber with 1070 sense wires arranged in 16 layers, of
which four are axial. The other 12 layers have stereo wires with angles of alter-
nately +45° and —45° with respect to the beam axis. The stereo wires are guided
around the chamber axis using a mechanical support structure of 5 longitudinal
plates (“vanes”), extending between the two endcones. The vanes are made of
0.94mm thick beryllium sheet. This material was chosen because it combines great
mechanical stiffness with low multiple scattering. Due to the small drift cells (5.320
x 5.178mm?), the 4VDC was designed to run at high pressure (up to 4 bar) in order
to compensate for the resolution deterioration due to ionization statistics towards
the sense wire. The small diameter berylliuin beam pipe forms also the inner wall
of the pVDC. At first pure CO, with 0.3% admixture of water was used as the

chamber gas and the pressure was set to 2.45 bar. Later 2 mixture of 80% CO; and
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5.178 mm

0.25 mm

Figure 2.8: Design of the uVDC drift cell. Sense wire (open circle) and cathode
wires (full circles) are not parallel in the stereo layers. The isochrones for CO; at
2.45 GeV/e and HV=23350 V, for drift times 20-520ns in steps of 20ns are also

shown.

20% propane with admixture of methylal (3%) and water (0.3%) was used and the
chamber was operated at a pressure of 3.1 bar.

For the pVDC calibration bhabha events in the barrel region were used. To
measure the spatial resoiution, the standard deviation of the distribution of residuals
was taken; the residual being the difference of the measured and the fitted distance
between the track and the sense wire. When drift distances are calculated from the
measured drift times, an angular correction needs to be taken into account. This
correction is due to the fact that the shape of the isochrones (shown in Fig. 2.8) is
increasingly non-circular for distances further from the sense wire.

Figure 2.9 demonstrates the effect of this angular correction. After this correction
is applied, the spatial resolution obtained is shown in Figure 2.10.
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Figure 2.9: Residuals vs. track angle in the drift cell for two drift time intervals

with and without application of the angular correction of the measured drift time.

2.7 The Time of Flight System

The ARGUS Time of Flight system (TOF) [33] consists of 160 scintillation counters,
64 of which are located in the barrel region and 48 in each endcap. The barrel covers
75% and the endcaps (0.78 < | cos 8| < 0.95) cover 17% of the full solid angle.

The main purpose of the TOF system is to determine the velocities of charged
particles by measuring their flight time. Combining this with the momentum mea-
sured in the drift chamber, an estimnate of the rest mass, and thus the identification

of a charged particle, can be made.

c-TOF me?\? 2 2 (1 1
( ) »nt=r- (5 3) (24)

The TOF system is also a part of the ARGUS trigger.
Scintillation light generated by a charged particle passing through a TOF counter
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travels the length of the counter before entering a light guide which transports the
light to photomultipliers operating outside the main magnetic field of the detector.
Signals from the photomultiplier tubes are sent to a splitting unit which provides
signals to a discriminator, whose logical signal, after a cable delay of 200 ns, stops
the TDC, and a charge-sensitive ADC. The ADC information is used off-line to
correct the time measured by the TDC. An rms TOF resolut:on of 220ps is achieved
for hadrons. For constant time resolution, the mass resolution varies with the square

of the momentum

o(m?) = 2- (’7’)2 .TOF - o(TOF) (2.5)

For a time resolution of 200 ps, this measurement leads to three standard devi-
ation w/K separation up to 700 MeV/¢, and K/p separation up to 1200 MeV/e.
The particle identification power of the ARGUS TOF system is shown in a scatter

plot of mass squared versus momentum in Figure 2.11.

2.8 The Electromagnetic Shower Counters

Another important component of the ARGUS detector is the electromagnetic calorime-

ter [34]. The ARGUS shower counter system serves to:

e measure the energy of electrons as well as the energy and direction of photons;

e separate electrons from muons and hadrons using the shape of the shower and

the amount of energy deposited in the counters;
o perform an on- and off-line measurement of the luminosity;

e construct a total energy trigger that selects events with an energy deposition

in the calorimeter exceeding a preset threshold.
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Figure 2.11: Mass squared from TOF measurements versus the momentum of the
particle for hadron tracks.

The calorimeter is composed of 1760 lead-scintillator sandwich type shower coun-
ters which cover 96 % of the total solid angle. It consists of two parts: the barrel
calorimeter (|cos8] < 0.75) which detects particles in the central region, and the
endcap calorimeter (0.75 < [cosf| < 0.96) which detects particles travelling in the
forward and backward regions.

Electrons interact with the calorimeter material primarily through radiation and
to a lesser extend through ionization. The bremsstrahlung photons then scatter
off the heavy lead nuclei producing e*e™ pairs which further cascade. Hadrons
also interact with the heavy lead nuclei but through a different process. An enet-
getic hadron’s collision might result in the break up of the nucleus, thus leading
to a hadronic interaction cascade, which normally has a much wider lateral spread
than the electromagnetic shower. Finally, muons are too heavy to generate electro-
magnetic showers and cannot produce hadronic showers since they do not interact

badronically. For muons, the only significant contribution to the energy loss is the
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lonization process, and they therefore provide a minimum ionizing signal in the
shower counters.

The shower counter modules are placed inside the magnet coil. The counters are
read out by wavelength shifters which are coupled via light guides to photomultiplier
tubes. The total amount of material in front of the counter is 0.16 radiation lengths
in the barrel region and 0.52 radiation lengths in the endcaps. This arrangement
allows the detection of photons with energies as low as Ey = 0.05 GeV with high
efficiency and good energy resolution. The energy resolution at high energies was
determined from the energy distribution of electrons from Bhabha scattering and of
photons from the process ete™ — 4. For low energy photons, the energy resolution
is determined from the mass spectrum of =° and 7 mesons. The energy resolution

achieved can be parametrized by the expression

a(E) _ oy , (0.065)2
o \l0.0lZ + E[GeV] (2.6)
for the barrel region and by
o(E) —=p , (0-076)%
5 _J0.0ra + E[GeV] (2.7)

for the endcaps. The constant term is known to be due mainly to losses in the

support region.

2.9 The Muon chambers

The ARGUS muon chambers [35] form the outermost part of the detector. These
assist in muon identification because muons, as minimum ionizing particles, do not
loose energy through showering processes and therefore have a good chance of pass-
ing through to the chamber layers. Most of the hadrons on the other hand are
absorbed through nuclear interactions within the magnet coil and yoke, while elec-

trons and photons shower long before they reach the muon chambers.
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The chambers are installed in three layers, one between the magnet coil and
yoke, and the other two outside the yoke. The inner layer covers 43% of the full
solid angle and is separated by 3.3 absorption lengths of material from the interaction
point. The outer two layers cover 87% of the full solid angle and are separated from
the innermost layer by an additional 1.8 absorption lengths of material. The two
outer layers have a 93% overlap. The presence of the absorbing material imposes a
momentum cutoff for muons. This is 700 MeV/c for the inner and 1100 MeV/c for
the outer layer of muon chambers. In total there are 218 chambers, each consisting
of 8 proportional tubes of 56mm x 86mm cross-section, and lengths of 1 to 4 m
depending on their location in the detector. The efficiency of the muon chambers
was determined from an off-line analysis of cosmic data where the tracks were traced
from the central dnift chamber to the muon detection system. In this way, an
efficiency per layer, averaged over all chambers of € = 0.98 & 0.01 was determined.

2.10 The ARGUS Trigger system

The bunch crossing frequency of DORIS II is 1 MHz, leaving the experiment with
1 ps time to decide whether to accept the eveant or not. The ARGUS trigger system
performs this decision in two separate steps. First, a fast pretrigger discriminates
between background and “good” event candidates within 300ns. If a candidate for a
“good” event is found, a slower second level trigger, called the Little Track Finder,
(LTF), is activated, and this makes the final decision to accept an event or not.

2.10.1 The Fast Pretrigger

The fast pretrigger processes information from only the Time-of-Flight and the
shower counters. The similar spatial segmentation and solid angle coverage of TOF
and shower counters enables the combination of a basic trigger unit made up of 2
few TOF counters with a basic trigger unit made up of a few shower counters. The

flexibility of the trigger is enhanced by the use of different subtriggers. ARGUS has
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four different fast pretriggers and two test triggers.

e The Total Energy Trigger (ETOT) is designed to detect events with balanced
energy deposition in the shower counters. The shower energies of both detector
hemispheres are summed separately and in each hemisphere must exceed 2

threshold corresponding to 700 MeV deposited energy.

e The purpose of the High Energy SHower trigger (HESH) is to detect events
where single particles carry a large portion of the total energy. This trigger uses
only the barrel shower counters. There are 16 HESH trigger groups in total.
If the signal from one HESH group exceeds a preset threshold correspornding
to roughly 1 GeV, a trigger signal is generated.

e The Charged Particle Pre-Trigger (CPPT) is designed to detect events with
charged particles. At least one track in each hemisphere is required; a track
being defined by the coincidence of a TOF counter group and a shower counter
group which cover each other. A TOF CPPT group is formed by four neighbor-
ing TOF counters, while 2 shower CPPT group consists of 6 adjacent rows of
shower counters. In total, there are 16 CPPT groups in each hemisphere. The
threshold corresponds to an energy deposit of 50 MeV. The energy deposited
by a minimum ionizing particle is approximately 160-200 MeV, ensuring an
efficiency of more than 95% for those particles. The coincidence of signals
from the TOF and shower counters of all CPPT groups are transferred to the
central CPPT unit. This forms an .OR. of all signals in one hemisphere, and
makes an .AND. between both hemispheres.

e The Coincidence MATRIX Trigger (CMAT) was designed for events with
tracks opposite in the azimuthal angle ¢, but not necessarily in z, that is
both tracks can be in the same hemisphere. Here, tracks are defined as in the
CPPT, and the signals from CPPT groups at the same ¢ are .OR.-ed. This

. leads to 2 set of 16 channels, which are fed into a 16 x 16 coincidence matrix
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unit whose elements can be programmed in hardware to select events fulfiiling

the conditions desired.

o The Cosmic Ray Trigger is the first test trigger. It triggers on cosmic muons
travelling close to the beam line, and requires a coincidence between two op-
posite groups of four barrel TOF counters. This trigger is switched off during
normal data taking. It is only used in order to test and calibrate the various

detector components.

o The Random Trigger is another test trigger. It gives a random signal to all
electronics at a rate of 0.1 Hz. It has been installed to ‘estimate the random

noise contribution to ARGUS events.

All pretrigger signals, except the one from the cosmic trigger, must be in coin-
cidence with the bunch crossing signal delivered by the storage ring. As soon as a
pretrigger is accepted, the pretrigger logic is inhibited in order to prevent further
pretriggers during event processing. The logic is reset either by the second level trig-
ger if the minimal trigger requirements are not fulfilled, or by the online computer

after all processors have been read out and reset.

2.10.2 The Second Level Trigger ( LTF )

The Little Track Finder (LTF) forms the second level of the ARGUS trigger {36).
This is a programmable electronic device which is activated when a pretrigger signal
is received. It is capable of finding and counting circular tracks passing through the
interaction point in the r — ¢ plane of the detector. .

A track is characterized by a well-defined sequence of hits in the drift chamber
and the TOF counters. The loaded memories of the LTF contain a complete list of
these possible sequences, termed m§§!<s. The LTF then scans this list, compares its
entries to the actual hit patterns of the event, and counts matches as found tracks.

If the required number of tracks is found, the event is accepted. The operation
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time of the LTF depends on the hits in the drift chamber. During normal detector
running, it is approximately 20 us. The track finding efficiency of the LTF has been
measured to be 97%, and is mainly determined by the drift chamber efficiency.

In order for an event to be accepted, at least two LTF masks are required for
the CPPT and the CMATRIX triggers, one mask is required for the HESH trigger,
while no mask is required for the ETOT trigger.

2.10.3 On-line DATA Acquisition

The hardware for the on-line data acquisition system consists of four major compo-
nents. A CAMAC module system, a CAMAC booster, an online computer { DEC
PDP 11/45 ) and 2 VAX 11/780 which was later replaced by a uVAX 3200. Data
from the various detector components are digitized by a CAMAC system, and then
read out by a fast microprocessor, the CAMAC booster. This constructs the com-
plete event records, and passes them to the on-line computer. The PDP receives
the data on an event-by-event basis and transfers them to the VAX which in turn
sends them to the IBM main computer. The VAX disc is capable of short-term data
storage in case the link to the IBM fails.

The PDP controls the calibration processes for the hardware components of the
detector, monitors the most important operating parameters, and through a set of
menus allows the operator to control the on-line process. The VAX is used to perform
an on-line monitoring in order to maintain the quality of the data collected. For
this reason, histograms describing the detector performance are accumulated, and
continuously updated information on trigger rates, numbers of events transierred
and integrated luminosity is provided.

Upon transfer to the IBM the data are written first to disk, and later to tapes
to be used for off-line analysis.
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2.11 Luminosity Monitoring

Luminosity determination in electron positron colliding beam experiments is usually
performed by counting events from Bhabha scattering ete™ — e*e™, since the cross

section for this QED process is well known. The luminosity, £, is given by the

expression:
dN
—ZMbM = L * OBhatha (2.8)
1
where ﬂ%ﬂm is the observed Bhabha rate and ogaqcsna the visible Bhabha cross sec-

tion. In ARGUS, an online luminosity monitor allows an estimation of the quality of
the data, while the off-line luminosity determination is essential for calculating cross
sections. The online luminosity monitor uses information from the endcap time of
flight and shower counters. For a Bhabha count to be recorded, the signal from a
shower counter group must be in coincidence with the signal from the TOF group in
front of it. These signals must in turn be in coincidence with their “diagonal” coun-
terpart in the opposite endcap. A further requirement is that the energy deposited
in each endcap must exceed 1 GeV. The off-line luminosity determination is based
on fully reconstructed Bhabha scattering events recorded in the barrel region of the
detector. A track is accepted if its momentum is greater than 1 GeV and if the
energy deposited in the calorimeter exceeds 0.6 GeV. Events are required to have
exactly two charged tracks with an opening angle larger than 165°. The systematic

error on the luminosity is 1.8 %, except in the T(1S) resonance region where it is

122%.

2.12 Event Reconstruction

The ARGUS raw data, i.e. ADC, TDC, and hit information from the various de-
tector components, are processed by the ARGUS main reconstruction program to
find particle tracks, calculate their momenta and determine their identity. The
ARGUS program is designed as a set of modules most of which are independent of
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the others, and are responsible for the analysis of individual detector components.
This modularity facilitates reanalysis of parts of the data. The ARGUS program also

has a built-in feature which allows the interactive display of reconstructed events.

2.12.1 Drift chamber reconstruction and pattern reco-
gnition

A charged particle travelling with constant velocity in a homogeneous magnetic field

parallel to the z-axis follows a helix which is described by specifying five parameters

at a uniquely defined reference point. The reference point is usually chosen to be

the track point which, projected into the x-y plane, is closest to the origin. The

track parameters used are:

e « : the curvature of the helix (the inverse of its bending radius R) multiplied
by the charge of the particle in units of e (@ = %1.)

¢ d; : the signed distance between the origin and the reference point measured

in the x-y plane, also multiplied by the charge Q
¢ ¢p : the azimuthal angle of the tangent to the track at the reference point

® zp: the z-coordinate of the reference point
o cotl : the cotangent of the polar angle 8, with respect to the z-axis.

The first three parameters describe the projection of the helix onto the x-y plane,
and the information about them is deduced from paraxial as well as stereo wires;
whereas information regarding zo and cotf can be obtained from stereo wires only.

The reconstruction of tracks proceeds through two steps. Firstly, pattern recog-
nition is performed in the x-y plane using only the paraxjal wires. Then, the recon-
struction is completed by adding the cos® and z information. The search for tracks
is performed starting from the outermost layer, where the conditions are expected

to be the cleanest. Since three drift chamber hits are needed to define a circle in
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the x-y plane, the algorithm starts by making triplets of hits which are possible
segments of a track. For each triplet, the curvature « is determined. A fourth hit
is added to a track by comparing the curvature x calculated for a triplet made of
the hit considered and two hits of the original triplet. In a similar way, a fifth and
any following hit can be added. The decision about whether or not a new hit will
be assigned to a track candidate is made on the basis of the x?-like quantity

(Km:w - ’Cold)z
o2, +02
new old

which is required to be less than 25. Once a new hit has been added, the average

(2.9)

of the two curvatures (Knew and x.q) is calculated and stored. This procedure is
repeated until all possible hits have been tested. Also, the procedure takes into ac-
count the drift time circles of the hits and attempts to resolve left-right ambiguities.
In most cases the algorithm succeeds, but if ambiguities cannot be resolved multinle
possible tracks are stored. After a track is completely reconstructed, the parameters
¢o and dg are determined. For an event to be accepted, there must be at least two
tracks with dp < 1.5¢cm.

When all possible track candidates are found in the x-y plane, the pattern recog-
nition moves to three dimensions and includes the information from the stereo wires.
This is done in a method similar to the one described above. The remaining param-
eters, zp and cotf are then calculated. After the pattern recognition is completed,
all wires are uniquely assigned to tracks, and approximate values for the five track
parameters are determined.

The next phase is the track fit. This uses as input the track parameters de-
termined by the pattern recognition and performs an iterative simultaneous least-
squares fit to improve the track parameters. For a low momentum particle, the
energy loss inside the drift chamber volume causes substantial deviations from the
predicted trajectory. Hen%e the theoretical ‘prediction for the ionization loss for the
mass hypothesis from the dE/dx analysis is used tc correct the predicted trajectory.
Multiple scattering is also taken into account by dividing the track into segments
and allowing for kinks between adjacent segments. After the track recognition in
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the main drift chamber has been completed, the tracks are traced back into the ver-
tex drift chamber. All kits on their projected path are then assigned to the tracks.
Since z-information is not available in the VDC, no attempt to find new tracks is
made. An improved track fit is then performed using the VDC hits only, but with

the track parameters determined from the DC fit employed to impose a constraint.

2.12.2 Vertex Reconstruction

The vertex finding procedure used with the ARGUS reconstruction program was
designed for identifying possible interaction vertices and separated vertices of neutral
particles which produce reconstructable tracks upon decay. The tracks are first
extrapolated close to the beam lire. In this procedure, erergy loss is accounted
for using the theoretical ionization loss for the mass hypothesis from the dE/dx
measurement; errors due to Coulomb scattering in the beam pipe or in the chamber
walls are included where appropriate. To find the coordinates of the primary vertex
an iterative least squares fit procedure is used. The contribution of each track to
the x? is examined, and if no single contribution exceeds a predeiermined value,
the vertex which minimizes the x? is retained. If the minimization procedure does
not converge the track with the largest contribution to the x* is discarded and
the process repeated. After the main vertex is successfully identified, all remaining
unassociated track pairs are considered for secondary vertices. A final pass is then

made over all pairs of tracks in order to improve the efficiency for identifying K°

and A vertices.

2.12.3 Particle identification

ARGUS provides two independent methods for charged particle identification, namely
the measurement of the specific energy loss due to ionization in the drift chamber
gas, and the measurement of the time-of-flight, which together with information on

the momentum from the drift chamber allows the reconstruction of a particle’s mass.
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Energy loss

The energy deposition in a drift chamber cell is calculated for each hit on a track,
using the ADC value and information derived from the track fit such as the track
length in the drift cell and the distance of the track from the wire. A correction is
made to the ADC values of the wires assigned to the track according to the angle
between the track and the sense wire. The energy loss of a particle in a medium
follows a Landau distribution, and since this has distinct long tails, a truncated mean
is used to estimate the most probable energy loss. The truncated mean is obtained
by discarding, for each track, the highest 30% and the lowest 10% of the measured
dE/dx valves, and then averaging the remaining measurements. This method is
applied to make the distribution of the average energy loss resemble a Gaussian
distribution. The energy loss per unit distance of a charged particle traversing a
medium is given by the Bethe-Bloch equation:

d_E _ D-Zncd* Proed [zinc 2 [ 2m 1B _m é __Fc
dz - Amed . B ] x I,In I ﬁ 2 zmed (1 +”)

where D = 4xNyrim. 2 = 0.3070 MeV - cm?/gr, Zpmed and Apmeq ave the charge
and mass numbers of the medium, pmes the density of the medium, and I, &, c and
v are phenornenological functions [2]; which depend on the particle velocity. From
the measure-ment of the energy loss one can determine 5. In conjunction with the
momentum measured in the track fit, an estimate of the mass of the charged particle
can then be made. In this way, the identity of a particle is determined by comparing
the truncated mean energy loss with that theoretically expected for different particle
species. A x? for each mass hypothesis is calculated:

2

dE

T ), .

xf(dE/dz) = m where i = e nr, k, P- (2.10)
t
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dE[dTmeq, and dE/dz® are respectively the measured and theoretical specific ion-
ization losses for the i** particle hypothesis respectively; o4g/4- 20d oy are the

corresponding uncertainties.

Time-of-Flight analysis

A procedure similar to the one described above is used for the TOF information.
TLe velocity measured from the TOF system is compared to that expected for the
different particle hypotheses, resulting in 2 x* of the form

2
1_ 1
XHTOF) = gﬁ-—"l) (= e 7, K, p) (2.11)
o1oF + 04
where 8, 8" are the particle velocities, measured and expected for the i** particle
hypothesis respectively, and oror and oy are the uncertzinties of the measured and
expected velocities, the latter coming from the momentum uncertainty. Eventually,

at high momentum, particles with # — 1 can no longer be differentiated within

the timing resolution of the TOF system.

Shower Counter analysis

Data from the shower counter ADC’s are converted into measurements of energy
deposition via a set of calibration constants pre-determined for each counter using
Bhabka events. Using the information from “he shower counters and the fact that
the lateral energy deposit for electrons, muons and hadrons is different, separation
of these particles can be achieved. Electrons are the only particles that deposit
almost all their energy in the calorimeter. Also, for electrons the deposited energy
and the particie momentun are strongly correlated, while for hadrons no correlation
is observed. Furthermore, the lateral energy deposits of electrons and interacting
hadrons differ drastically. For hadrons the energy is shared by more counters and is
distributed more uniformly. Two “shower shape” parameters are therefore defined.
The lateral width of the energy distribution
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3 -~ 2
Ep = z -(-’:'——Fl- - E; (2.12)
where

e r; is the position of the center of counter ¢
e FE; is the energy deposition in counter ¢ (with By > E; > ... > E, )
e < Ar > is the average distance between the two shower counters and

e 7 is the position of the center of gravity of the shower

and the fractional lateral energy spread

f — Elot
fot Elc! + El + E2

The two counters with the highest energy deposit E, and E, do not contribute to

(2.13)

Ejs. The variable fi.. is used for the separation of electrons from hadrons as shown
in Figure 2.12.

This method works only for energies greater than 0.6 GeV because hadronic
showers do not develop at lower energies, and the particle identification capability
based on it improves with increasing momentnum. The energy deposition in a cluster

of counters not associated with any charged track serves as the energy measurement

of a photon.

Likelithood function

Since the dE/dx and TOF measurements are independent, the two x? ’s can be
combined to give a single charged-particle discrimination variable:

X} = xi(dE/dz) + xi(TOF) (2.14)
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Figure 2.12: Distribution of fi,, for electrons and hadrons with £ > 1 GeV.
which is used to form a likelihood function
2
Lize™ where i=e,p,7,k,p. (2.15)

From these likelihood functions, normalized likelihoods A; are constructed for each
mass hypothesis:
wL;

A=
Zj:e,u,r,k.p w; L.f

(2.16)

where @' are the relative production abundances. Roughly 80% of all measured
charged particles can be uniquely identified by the dE/dx and TOF measurements.
As noted above, electrons are identified by independent dE/dx and TOF mea-
surements, as well as by using shower counter information. However, none of these
methods provide particle identification over the entire momentum range. Therefore,”
a combination of all available information is used in the form of a universal likelihood
function. The normalized likelihood has the form
e . W ILpi(z)
¥;w [ pi(z)

where {=dE[dz,TOF,SC; j=e,p,n,k,p.
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where pl(z) are the probabilities for measured parameters z to be identified as
particle type j by device i. The weights w’ are again the relative production rates.
For muon identification, a similar procedure is applied. Here, there is an addi-
tional condition to be met, namely that the tracks reconstructed in the drift charnber
can be traced through the electromagnetic calorimeter, magnet coils and iron voke,
and can be assigned to hits in the muon chambers. During tracing, multiple Coulomb
scattering, magnetic field and energy loss are taken into account. In this case the
normalized likelihood has the form
A = w* [1: pf (=)
Ziw ;P (=)

where the information from the muon chambers (MC) is also considered. Pions

where i=dE/dz,TOF,S5C,MC; j=e,u,xk,p.

decaying in flight and punch-through together result in a2 ¢ — x misidentification
probability of (2.2 £ 0.2)% per pion. For 4 — K misidentification the fake rate is
(1.9 £ 0.5)% per kaon. The fake rates due to e — 7 and e — K misidentification are
both (0.5 4 0.1)%.

2.13 Monte Carlo Simulation

In order to determine detector efficiencies and resolutions, and to make use of the
theoretical models referred to in this thesis, a Monte Carlo simulation of the physics
process under study and of the detector performance is required. The Monte Carlo

simulation steps are:

e Event Generation: The event generator is the source of information about
all physical processes involved in e*e~ collisions. For this work, two event
generators were used. B meson pairs from T(4S5) decays were generated and
allowed to decay using the MOPEK (MOntecarlo Program for Event Kinemat-
ics) event generator [37], while ¢Z pairs from e*e™ annihilation were generated
and allowed to fragment according to the JETSET 7.2 which includes higher
excited charmed states or the JETSET 6.3 [38] string fragmentation model.
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e Detector Simulation: The ARGUS program SIMARG [40] which is based
on the CERN GEANT program [41] is used to simulate the response of the
detector. All particles in the event record are traced through the detector ge-
ometry. Interaction with matter such as multiple scattering, ionization energy
loss and photon conversions are included in the simulation. The treatment
of electromagnetic interactions basically follows the procedure of the EGS
program [42], while the simulation of hadronic processes is performed using
GHEISHA [43]. The output of the detector, such as TDC and ADC values, is

written in a format identical to that of real data.

s Event Reconstruction: Here, the events are processed through the normal
reconstruction program and the output is used for subsequent aralysis using

KAL. In this step the events are treated identically to the data.

A large amount of CPU is required to process events through SIMARG. As an
alternative, a less detailed simu;ation called “MINI-Monte Carlo” is also available.
This is sufficient for modeling kinematics and convenient in the sense that very large
Monte Carlo samples are possible, in contrast to cpu-limited SIMARG. During this
work, whenever the “MINI-MC™ was used, single particle momentum-dependent

efficiencies were tuned to match the values obtaired from detailed Monte Carlo

simulation,

2.14 KAL: Kinematical Analysis Language

KAL is a special interpretive language [44] written in FORTRAN 77 and specifically
intended to simphfy the data analysis in ARGUS. KAL is used to perform particle
identity determination, construct invariant mass combinations, calculate kinemat-
ical quantities for different systems of particles in different rest frames, carry out
kinematical fits to measured particle masses, etc. The full event record is converted

to a special condensed format for use by the KAL program, thus greatly simplifying
the analysis.



Chapter 3
The decay B? — D*t¢—p

In this chapter a pertial reconstruction technique for studying the decay B° — D*+&-5
is introduced. This semileptonic decay proceeds via the spectator diagram shown in
Figure 3.1 and the semi-exclusive reconstruction technique applied here is described

in Section 3.1.

o"n;

Figure 3.1: Feynman graph for the decay B° — D~+¢=5 .

The standard method requires reconstruction of the D"+ candidate which is realized
in the D™t — D%z% mode. Therefore, due to the low value for Br- ef ficiency for
the D° meson, the event samples used for the study of the decay B® — D**¢-5 are
statistically limited. The technique applied here makes use of the kinematics of the
decay D** — D°x+, together with the fact that B mesons are produced almost at

62
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rest in T(45) decays, to provide a larger statistical sample of B® — D"*£~ 5 events.
The lepton from the B® — D**¢~ 7 decay is combined with the slow pion from the
decay D*t — D%x+ to tag B® mesons in the decay B° — D*+¢~7 , thus bypassing
the low D° reconstruction efficiency. Compared to the full reconstruction method,
more sources contribute to the background arising from the use of the partial recon-
struction technique, thus necessitating a careful background study. This chapter is
organized as follows: The m.:thod followed i described in Section 3.1. In Sections
3.2 and 3.3 the event seleciion criteria and the requirements that leptons need to
fulfill are given, respectively. The background studies are presented in Section 3.4
where alsc the branching ratio for this decay is derived. Using the same method,

the branching ratio for the process Br(B° — Df,y £77)is extracted in Section 3.5.

3.1 The “Missing-Mass” Technique

The presence of an undetected neutrino limits the capability for exclusive recon-
struction of the semileptonic B® decay B® — D*+£~5 . However, the exceptionally
low momentum of the B mesons produced in T(4S) decays offers the possibility
to infer the effective neutrino mass from the D* and ¢ kinematical quantities. The

momentum and energy of the B are:
Ps = Ppe + Pr + bo
Eg=FEp-+E/+ E,. (3.1)

The neutrino mass is given by:

M} = El-p)=(Ep—(Ep-+EJ)) ~(Ps— (P +P0)) = M, (3-2)

recotl -

that is, M? is the recoil mass M?2,,; against the D€ system in the center of mass

of the B-meson. The energy of the B meson is the beam energy Ei.om. So, we have

Mioq = (Ebeam — Ep- — Eo)* = |Bp- + Bel* ~ |P° + 285 - (Fp- + Po)- (3.3)
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This is the square of a quantity referred to as the missing mass. The only unknown
quantity in the above expression is the direction of motion of the B meson. The B
mesons produced in T(45) decays are nearly at rest ( pp = 340 MeV/c ). This
implies that the last two terms in this expression give a very small contribution, so
that by approximating |fp| ~ 0 the mean value of M2, is not shifted significantly.
The experimental resolution in M2, ;; is dominated by the smearing introduced by
ignoring the B momentum in equation 3.3. Since the neutrino mass is very small,

or zero, we expect that the effective neutrino mass should be consistent with 0,
Ms = (Ebcu.m - ED' - Ef)z - IﬁD‘ + }3-"2 = :-2cr:m'l (34)

that is for D* £ combinations coming from the decay B° — D*t¢~7 , the M2,
distribution should peak at zero.

The technique described above was first introduced by ARGUS [50] for measure-
ments of exclusive semileptonic B meson decays and has been used extensively to
study the decay B® — D*t£~5 where the D"t is fully reconstructed in its decay
mode D"+ — D%=* . Here this method is carried one step further by tagging the de-
cay D*t — D%z* using only the =+ without reconstructing the D°. This approach
is conceivable because the energy release in the decay is only about 6 MeV, so the
7+ is nearly at rest in the D" frame, which implies that the direction of the pion is
close to that of the D" and that their momenta are strongly correlated.

Two different approaches to parametrizing the D® momentum are used. The
first one makes an approximation to the D® momentum, while the second one makes
an approximation to the D" energy. In both cases the flight direction of the low

momentum 7 is taken as the D" direction.

A) Using 2 Monte Carlo simulation study, it was found that the relation between

the momenta of the D" meson and the soft % can be approximated by

PD = Otpfr+ﬁ (3-5)

with & = 8.23 and 8 = 0.41 GeV/c (Figure 3.2).
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Figure 3.2: Correlation between the D"+ and the soft #* momenta. The linear

relation used to calculate ppe+ from p; is indicated by the solid line.

B) From the kinematics of the decay D"t — D°=* the momentum pS™ of the
soft pion in the D" rest frame is 40 MeV/c. In the lab frame the D" energy is

Ep. = ymp-, and the energy of the #* is given by a Lorentz transformation
E, = ~(ES™ 4 8pEMcosh) (3.6)

where 6 is the decay angle of the =% in the D"* rest frame with respect to the
D=+ direction in the lab; since the the D*+ direction is approximated with the
7+ direction, cosd = 1. The mean energy of the 7+ in the lab is then yESM

where ESM = 145 MeV/c. Substituting v = E%V in Ep. = ymp. one gets

E.

ED- = -Es—wM-'mD-. (37)
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3.2 Event Selection

The event selection criteria are chosen so as to enrich the data sample in BB events.
For this purpose it is necessary to suppress continuum events as well as beam-gas
and beam-wall events, which are events where the beam electrons interact with
gas molecules in the storage ring or the beam pipe. The suppression of the iast
two classes of events is realized by demanding that tracks originate from a certain

volume around the nominal interaction point with
r<lbem and |z]<50em

where r is the radial distance from the nominal interaction point perpendicular to
the beam axis and z the distance along the beam axis. The fact that continuum as
well as background events have lower total multiplicities than BB events is taken ad-
vantage of: requiring that the total multiplicity of the event Nygtot = Ny + N, /2 > 5,
where N, is the number of charged tracks (originating from the interaction region),
resulis in an efficient suppression of the above mentioned background sources, while
BB events remain unaffected. Ounly tracks that point to the main vertex with a
x? < 36 are considered. All mass hypotheses for each charged track are accepted
for which the combined likelihood ratio, determined by dE/dz and TOF measure-
ments (see Section 2.15.4), exceeds 1%. Using the knowledge that continuum events
contain tracks with momenta above the limit for decay products of B mesons,

the requirement that no track exists in the event with 2 momentum greater than
3.0 GeV/cis applied.

3.3 Lepton Selection

For the identification of electrons and muons the likelihood functions Lhe and Lhp
described in Section 2.15.4 are used. For lepton candidates

e Lhe 2 0.7 and |cosf| < 0.9
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o Lhy > 0.7 and |cosf,]| <0.9

are required, where cos @ is the angle of the track with respect to the beam direction.
For muons, at least one hit in an outer laver of muon chambers is required. Also, for
both electrons and muons, the tracks were required to originate from the interaction
region with a x? < 36.

Electrons originating from converted photons were rejected by excluding all e*e”
pairs with invariant mass less than 100 MeV/c?, as well as e¥e~ pairs from sec-
ondary vertices. The x? for forming a secondary vertex was requested to be less
than 36. '
To estimate the efficiency for leptons to pass the above selection criteria a Monte
Carlo simulation was used (Fig.3.3).

There are three semileptonic quark traansitions contributing to the resulting lep-
ton sample: b — c £ v and b — u £ v, constituting the primary lepton spectrum, and
the cascade lepton component ¢ — s £ v, as shown in Figure 3.4. Cascade leptons
are also referred to as secondary leptons.

To minimize the cascade lepton component and to achieve a reduction of the
contribution from continuum events, shown in Figure 3.5, a cut (1.4 < p, £ 2.5
GeV/c ) is applied to the lepton momentum. The upper cut on the momentum of
the lepton is appliéd to minimize the continuum contribution since the kinematical

limit for leptons originating from B decays is 2.5 GeV/c.

3.4 Study of the decay B — D**¢ o

In order to reconstruct D" mesons,

e every =7 with momentum less than 200 MeV/c is used as a candidate for

D™t | thus incorporating 96% of the pions coming from D"t decays;

e the D+ direction is assumed to coincide with the =% direction;
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Figure 3.3: Lepton efficiencies obtained from Monte Carlo simulation for the selec-

tion criteria mentioned in Section 3.3.
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Figure 3.4: Inclusive electron and muon spectra from B-decays (crosses) as taken
from [46). The contribution of primary leptons (& = c£ v, b — u £ v ) and the

contribution of cascade decays of charmed hadrons { ¢ — s £ v ) are also shown.
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Figure 3.5: Lepton spectrum in the continuum under the T(45).

e the D" mementum is calculated using parametrizations (A) or (B) described

in Section 3.1.

The M2, distribution resulting from a Monte Carlo simulation of the decay
B°® — D*t¢-7 where the D" furtker decays to D"t — D%+ based on the IGSW
[45] model is shown in Figure 3.6.

The signal can be distinguished from feeddown from the cascade decay

l—nr Dt

by a positive shift of about 1.0 GeV?/c* in the recoil mass spectrum. The shape of
the contribution from this process is also shown in Figure 3.6.

The contribution from continuum events was determined using data collected at

centre-of-mass energies below the BB production threshold, scaled using a scaling

factor which takes into account the difference in the cross sections and the collected
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Figure 3.6: M2, spectrafor B° — D**¢~7 (histogram) and B — Dj;,év (dotted
histogram) obtaired from Monte Carlo simulation. a) and b) correspond to the
parametrizations (A} and (B) respectively. For comparison, the two histograms are
normalized to unit area. A clear shift in the recoil mass between the two processes
can be observed. In addition, one can see that parametrization (A) has better

resolution than parametrization (B).
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luminosities. The continuum scaling factor f is:

f: £On 'soff

Tor S (3.8)

where £,, and L.g are the measured time integrated luminosities on and off the
T(4S) resonance respectively and s,sy and s.n are the corresponding squared center
of mass energies. The scaling factor f is found to be f = 2.40+0.003. To account for
the different center of mass energies for T(4S) and continuum data, the momenta
of the tracks measured in the continuum are scaled according to:
\/‘m .

N YT

After continuum subtraction, the M2, spectrum shown in Figure 3.7 was

Dscgled = P (3.9)

obtained for (£*7~) combinations. The prominent peak at M7 _; ~ 01is attributed
to B — D* (=) £ v decays. To extract the contribution from the decay chains

B — D+ and B—tDEJ) a7
Ly z+ DO Lz D=t
L,.,r+ Do

to the recoil mass spectrum, the corresponding M2, ;; spectrum arising from uncor-
related lepton-pion combinations, which constitute the main source of background,
needs to be studied. The M2, spectrum obtained for wrong-sign (£*7*t) combi-
rations is used to describe this background.

The shapes of the spectra for right- and wrong-sign £x combinations are well
reproduced by 2 Monte Carlo simulation of T(45) — BB events. Moreover, the
shape of the background for the right-sign combinations is the same as that for the
wrong-sign, with a well reproduced relative normalization (Fig. 3.8). This means
that the pion is generally soft enough so as not to have a strong correlation with
the lepton, as assumed, and that this correlation is charge independent.

The spectrum was fit using the shape of the background provided by the wrong-

sign (£*z%) combinations as derived from the data, and contributions from both the
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Figure 3.7: M2, spectra for right-sign £ ~ = combinations (points with error
bars), wrong-sign £ — © combinations (dotted histogram) and the result of the
fit (histogram). Also shown are the B® — D*+¢~5 and B — Diyév contributions
determined from the fit (dashed-dotted histograms). 2) corresponds to parametriza-

tion (A) and b) to parametrization (B). The expected continuum contribution has

been subtracted.
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D+ and D{;y channels (Fig. 3.7). The expected shapes of these last two contribu-
tions to the M2_ ., distribution were derived from a Monte Carlo simulation based
on the YGSW model [45] since this is so far the only model in which B — Dinfv
decays are calculated.

From the fit

Np- = 2705162

_ . (3.10)
Np: = 476+£107
were found using parametrization (A) and
Np. = 2466 £ 171
° (3.11)

Np;, = 520123

using parametrization (B).
Correlated background, that is D"-lepton events in which the lepton and the D*
come from the same B meson decay, arises from the processes:
BO — Dt 7= Us (3 12)
I—»E‘ v. 7 )

B° — Dt D_(,")'
L(D;4) (3.13)
Lo (X)

Using the value B° — D**r~i7, = 1.2% [62] and 2 Monte Carlo simulation, the
contribution of this decay mode was estimated to be 19.2 & 1.6 events. The cor-
responding recoil mass spectrum for (=¥ — £*) combinations is shown in Figure
3.9. Since the M2, distribution is clearly shifted to positive values, this source

contributes mainly to the Df;, yield and does not affect the D** signal.
The same holds for background arising from B® — D** D{*)=, For semileptonic
decays of the D,, only the branching ratio for D7 — o {77 is measured experi-
“mentally. Taking the value Br(D; — ¢ £~ 7) = (3.2 + 1.4)% [51], the branching

ratios for D7 — 5 £~7 and D] — n' £~ 5, where £ is an electron or a muon, can be
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Figure 3.9: M2 ., distribution for (¥ — £*) combinations arising from the decay
process B° -5 D*+7-17. obtained from Monte Carlo simulation. a) and b) corre-

spond to parametrizations (A) and (B) respectively.

determined via the BSW Model and used to estimate the ratio of widths for these

three D, semileptonic processes:
I(D; - ¢ £5):T(D; »n&5):T(D; -y £5)=12:15:4.  (3.14)

The values obtained are shown in Table 3.1.

decay channel | Branching ratio
(1| Dy o6t | B2414% |
| Df—qp&p | (40+1.7%
) D; -4 €5 _(1.1 :t_(l5)%

Table 3.1: Values considered for the different D, semileptonic branching ratios.

The D, daughter lepton momentum distributions for these channels are shown in

Figure 3.10. Since the lepton momentum is required to be greater than 1.4 GelV/c,
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Figure 3.10: a) Lepton momentum distribut.ons for the various D, decays, and b)
Monte Carlo provided M2, distribution for (=¥ — £=) combinations arising from
the decay channel = D — 5 7. The vertical line represents the cut imposed on

the lepton momentum.

only the decay D; — 7 £~7 is expected to contribute to the background. The
background recoil mass spectrum is shown in Figure 3.10.

The sum of the branching ratios for the processes B° — D*tD; and
B® — Dt D7 is measured by the ARGUS and the CLEO Collaborations to
be (4.0 1.8)% [52], [22] and (5.6 £2.2)% (53] respectively. The weighted average
of these measurements, Br(B° — D*+*D{W) = (4.6 = 1.4)% is further used to ex-
tract the contribution from this background source. The number of events obtained
is 4.1 & 2.2 events. As before, the background is subtracted from the Dy, yield

given by the fit. Finally, background arising from purely leptonic D, decays should
be considered. Taking

L7 = u™P)
Dy —¢7)

= 0.245 + 0.052 £ 0.074, (3.15)

from [54], and Br(D; — ¢=~) = (2.8+0.5)% [2], the value for the Br{D; — u~7,)
shown in Table 3.2 is obtained. To estimate Br(D; ~+ r~¥,) the following formula
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Figure 3.11: Lepton momentum distributions for the D, decays D; — u~ 7, (a),
and D7 — 77 (— e~ fp~v¥) b, (b).

is used.

2
[(D} = £°7) = 5= Ghf3,mEMp, (1 = 2 VIVl (3.16)
T MD_
Therefore,

me
ND; =»775) mi (1~ )

d . —2s 3.17
Dy —p~p,) m2 (1- ﬁ;g.)z (3.17)

l decay channpel ' Branching ratio l

v D (0.69 + 0.28)%
(6.29 = 2.55)% x (35.51 £ 0.37)%

—upv,

D; — (= &~ /u~vb)5,

Table 3.2: Values considered for the different D, leptonic branching ratios.

The purely leptonic branching ratios of the D, are shown in Table 3.2. The mo-
mentum distributions of the D, daughter leptons for the two leptonic decays are

shown in Figure 3.11; while the recoil mass spectra are shown in Figure 3.12.
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decay channels D] — g~ 5, (2), and D7 — 7=(— e~ fu~vP) &, (b).

Using the branching ratios quoted in Table 3.2, process IV is found to contribute
8.8 4= 4.5 events to the background; while process V is found to contribute 7.1 £3.6
events. Considering the shape of the recoil mass spectrum shown in Figure 3.12 for
(=¥ — ££) combinations arising from these decay channels, the background coming
from process IV is subtracted from the D** yield, whereas the background coming
from process V is subtracted from the Df;, yield.

It is also possible to have correlated background from a combination of a D* and
a fake lepton (misidentified hadron) which are the daughters of the same B meson.
(The contribution from fake leptons where the D* and the lepton are uncorrelated
is already taker into account using the wrong-sign lepton-pion combinations). The
number of fakes contributing to this background was estimated by performing the
same a.nalysis using 7-hadron combinations where the fast hadron is not identified
as a lepton and scaling by the appropriate momentum dependent misidentification
probability per hadron. To determine the hadron misidentification probability, data
collected on the T(1S) resonaace are used. The T(1S) resonance decays predomi-

nantly into hadrons via T(15) — ggg, and thus comprises a lepton free data sam-
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ple. Applying the same selection criteria as for the lepton sample from the T(45)
resonance, the momentum distribution of the misidentified hadrons is obtained. Af-
ter continuum subtraction in the Y(1S) data, the misidentification probability (or
fake rate ) is found when dividing by the momentum distribution of all hadrons in
the T(15) data. The fake rate was estimated to be 0.5 + 0.1% for electrons and
1.5 % 0.15% for muons and is shown in Figure 3.13.

By this means, the background due to fake leptons was fourd to be 6 & 3 using
parametrization (A) and 5 * 2 events using parametrization (B). These numbers
were obtained by fitting the recoil mass spectra for (¥ — k%) combinations when
the M2 . spectrum for (¥ — h¥) combinations is considered for the background
parametrization. Taking the momentum dependence of hadrons in {(# — k) combina-
tions into account, the number of fakes obtained is 5 + 4 events using parametriza-
tion (A) and 4 + 3 events using parametrization (B). The difference between the
numbers obtained with these two methods is taken into account when estimating
the systematic error. The fake lepton contribution was subtracted from the yields
mentioned above.

The above mentioned background sources should be subtracted from the number

of events Np. and ND(-J) obtained from the fit. The resulting yields are:

Np. = 2690 +162

(3.18)
Np. = 451107
&)
using parametrization (A) and
Np. = 2453 %172
° (3.19)

Np:, = 4904123

using paramet. ization (B).

Fitting the recoil mass distribution in bins of ' ton momentum allows the ex-
tracticn of the lepton momentum spectra for each subprocess. Once again, the fit
is performed using the shape of the background provided by the wrong-sign (£+r+)

combinations for the same lepton momentum intervals, and the contributions from
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Figure 3.13: Fake rate for electrons and muons as a function of the momentum.
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both the D™t and Dy, channels as taken from a Monte Carlo based on the IGSW
model [45]. For the extraction of the lepton spectra the D{;) was taken as a pure *P;
state. The resulting distributions are then divided by the lepton efficiency to give the
desired lepton momentum spectra. In order to improve the statistical significance,
the fits are performed for electrons and muons together. The spectra obtained, as
well as the ones expected according to the IGSW model, are shown in Figure 3.14.
The acceptance was obtained from a Monte Carlo simulation using the IGSW
model [45]. The overall efficiency n was determined to be 0.215£0.011 for parametriza-
tion (A), and 0.199 £ 0.012 for parametrization (B). The branching ratio for the

process B® — D*t{~p is:

- "VD-+
— DY p) = 9
Br(B0~ D*E0) = ge—pp (3.20)

The number of BB pairs for the data sample used for this analysis is 209000 + 9500.
The error is dominated by the uncertainty in the ratio of luminosities for the T(4S5)
and the continuum data, which is 1.7% [47]. Assuming the branching ratios of the
T(4S5) to charged and neutral B mesons to be equal f = %o‘- = 1.0, the number of
neutral B mesons is Ngo = 209000 + 9500. Using the CLEO measurement [53] of

Br(D** = D°z*)=(68.1 £1.0 £1.3)%
the branching ratio obtained is:
Br(B® — D*+¢p) = (440 £0.26)% where £=coru
using parametrization (4) and
Br(B® — Dt 7)) =(4.33+0.30)% where £=eoryu

using parametrization {B).
.';

3.4.1 Systematic errors

To study the systematic error:
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IGSW model expectations (histogram).
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cut applied systematic error
slow pion momentum G.10%
lepton identification 0.05%

background estimation

and fitting procedure 0.23%
number of B mesons 0.2%
scaling factor for the continuum subtraction < 0.01%
error on Br(D** — D%+ 0.1%
L B total 0.34%

Table 3.3: Sytematic errors for the study of the decay B® — D**¢-5 .

o The cut on the momentum of the slow pion used to tag the D** — D%+
decay was varied. The influence of this variation constitutes an additional

0.1% to the systematic error.

e To study the uncertainty on the lepton identification in ARGUS, radiative
Bhabha events were used as an electron sample, while for muons cosmic-ray
muon events were used. A comparison of the resulting efficiencies with the ones
obtained from a Monte Carlo simulation was then made. This contribution to

the systematic error was found to be 0.05% for electron and 0.04% for muon

identification [61].

o The background estimation and the fitting procedure used in this analysis lead

to an additional systematic error of 0.23%.

e Introducing the uncertainties on the number of B° mesons, on the scaling
factor for the continuum subtraction and on the measured branching ratio for

the D°* — D%z% decay, another 0.22% should be added to the systematic

€ITOT.
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Br(B° —-_D"*‘E‘ﬁ) BrEchinira.tio_

(52+£05+06% | ARGUS[58 |

(46 £05£07)% CLEO [60]
{44+0.3+0.3£0.3)% | this measurement

Table 3.4: Comparison of the value obtained for Br(B°® — D+£-5) with previous
ARGUS and CLEOQ resuits.

To estimate the systematic uncertainty introduced by the use of a particular

theoretical model for the description of the decay B° — D*+¢~5

e a variation of the value of the Dt polarization within measurement errors

was performed.

o the decay B® — D"*{~5 was simulated using the BSW [48] and the KS [49)]

models.

These resulted in an additional systematic error of 0.25% and 0.76% for the
Br(B® — D*+£-7) aud 0.06 and 0.09 for the 2= ratio, when making use of parametriza-
tion (A) or (B) respectively.

The value obtained for the branching ratio is therefore:

Br(B° — D™+£-5) = (4.40 £ 0.26 (stat) & 0.34 (sys) £ 0.25 (model))%
using parametrization (A) and
Br(B° — D**£~p) = (4.33 £ 0.30 (stat) & 0.34 (sys) £ 0.76 (model))%

using parametrization (B).
The result is in good agreement with previous measurements by ARGUS [58],
[59] and CLEO [60].
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3.5 Br(B'— Dy ¢p)
The branching ratio for the process
B — D'('_,f &
Lo+ 7o
is given by:

1 N e
E‘VD(J) (3 91)
Ngo - BT‘(D"‘I’ — DOx+) . CD(-J) -

Br(B° = Dt 9=

where €p-_ 1s:
Dl

Br(B° — Di**e-5)
by = 2 )

=+ _, D*tz%) . n. )
Br(B = Dep) P D )7 (322)

i
To extract the last expression for €Dz, the following assumptions have been made.

= fi= — Np~ _
.f_'.foo "‘Tv%"l'

«2 . Br(B° — D¥-p) . Br(D™+ 5 D*x° =
Br(B~ — D*%" ) Br{D*® — D**z~)

The last relation follows from isospin conservation and is responsible for the factor
1/3 in the numerator of equation 3.21. The additional assumption that the decay
D™ -+ D"t X is saturated with X = #°/7~ is made, thus neglecting radiative
and multi-pion decays of the D"* mesons. To obtain €D; 0 3 theoretical model
must be used to determine the production fractions of the different Dy;, modes,
g:ig::g.::::;, and to extract the efficiencies n;. The GISW model was employed
for this purpose as in [58], and the resulting values are shown in Table 3.5.

Inserting the values shown in Table 3.5 in equation 3.22, €y, is calculated to be
GD(-J) = 0.021.

Substituting ep:, in equation 3.21, the value obtained for the branching ratio is:

Br(B° — D'(‘_,i" Cp)=(246£0.59)% where {=ecoryu
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i | type of Dy, | ZAE=DI700) GISW | Br(D;™* — D+=%) | 5 GISW
1| pap) | 0.41 1x1/3 0.090
2| D(*R) 0.1 0x1/3 0.000
3| D@R) 0.21 1x1/3 0.052
4t D(I3P) 0.14 1/4 x1/3 0.115
5| D(2'S,) 0.07 1x1/3 0.090
6| D) 0.06 3/4 x1/3 0.126

———

e —

Table 3.5: Values considered for the estimation of €7,

cut applied systematic error
slow pion momentum 0.06%
leptorn identification 0.03%

background estimation

and fitting procedure 0.37%
number of B mesons 0.11%

scaling factor for the continuum subtraction < 0.01%
error on Br(D*t — Do=*) 0.06%
variation of the D** polarization 0.33%

total 0.52%

Table 3.6: Systematic errors for the study of the decay B® — DY £75.
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using parametrization (A) and
Br(B° - D} €5)=(2.70£0.68)% where £=cory

using parametrization (B). All sources of systematic error considered for the study of
the Br(B® — D +{~5) were taken into account for this study as well and are sum-
marized in Table 3.6. In addition, variation of the D** polarization value introduces
a systematic error of 0.33%.

The value obtained for the branching ratio is therefore:
Br(B® — D{;; €7 p)=(2.46 % 0.59 (stat) £ 0.52 (sys))% where £=eorp
using parametrization (4) and
Br(B® — Di,;f £ 9)=(2.70 £ 0.68 (stat) + 0.30 (sys))% where £=eor

using parametrization (B).



Chapter 4

BB mixing using partial

D** reconstruction

In this chapter further use of the partial reconstruction technique introduced in Sec-
tion 3.1 is made. An approach which was first applied by the ARGUS Collaboration,
and has since been extensively used for studies of B°B°® mixing, is to reconstruct
one of the B mesons in the B® — D*t£~7 decay mode using the missing mass tech-
nique described in Section 3.1, and then tag tke other B meson using the charge of
a fast lepton. Unlike the dilepton analysis, which tags the flavour content of botk B
mesons using the charge of their daughter leptons from the decay B — X ¢, this
method provides a result which is independent of A = 82 f./b3 fo. Here, f+ (f°) is
the branching ratio for T(45) decaying into charged (neutral) B mesons and b, {bp)
the semileptonic branching ratio of charged (neutral) B mesons, and A enters the
calculation of the mixing parameter to account for the number of dileptons coming
from the decay of charged B mesons. An attempt is made here to apply the same
principle and at the same time have the advantage of working with a larger statisti-
cal sample. Making use of the partial D"+ reconstruction technique, the statistical
significance of the result should increase, with the advantages of using full recon-
struction remaining available. It is expected that in this analysis the background

cannot be as clean as for the D** in the decay B® — D*t{~7 [71]. It is shown in

89
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Section 4.1 however, that an efficient description of the background can be made,
thus making possible the determination of the mixing parameter.

The results presented in the following analysis have been obtained using only the
first approach (A) introduced in Section 3.1. to parametrizing the D% momentum,
because of the better resolution provided (Fig. 4.1). When making use of parametriza-

tion (B) similar results are obtained, but with a smaller statistical significance.

Figure 4.1: M2_, mass spec-
tra for (& — =¥F) combinations
for Monte Carlo simulation of the

1 decay B° — D"+~ obtained using

arbitrary units

parametrization (A) and parametri-
1  zation (B) (dash-dotted histogram).

For comparison, the two histograms

are normalized to unit area.

4.1 Measurement of the B°B° mixing parameter

Tagging in the B° — D"+£~% mode provides a sample of B° mesons, with which a
measurement of the B°B° mixing rate can be made. This can be achieved using the
sign of a fast lepton as a tag for the flavour of the other B meson, as indicated in
Table 4.1.

The mixing parameter r which is equal to the ratio of mixed over unmixed events
will then be

.

%%‘ (a1)
The requirement of an additional lepton with momentum 1.4 < p; £ 2.5 GeV/e

Td

in the event is therefore made. Furthermore, the charged track multiplicity, noe,
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L B°RB° events B°B® or BYR° events —J'
== — ——
B° — DTy B® = DTy
TERY A, v S TE Y per g
B o fvX B°— BY'—=fvX

Table 4.1: Signature for mixed/unmixed events in (D"£)¢ correlations.

was required to be ncy, > 4. To extract the mixing parameter r, the MZ_ .,

distribution for these events was studied.

a) 1 | b)
p 60 :. -
0 r N :
| 4wl 1 ]
20 . [
2 taty |, :
- T+ ' R el
0 P W S N T | —t d W e 0 U S R R DU S T S Y A f =
2.0 25 3.0 3.5 40 20 25 30 35 4.0
mass (e"e”) [GeV/c?] mass (') [CeV/e?]

Figure 4.2: Mass spectra for e*e™ (a) and x*p~ (b). The mass intervals used for

rejecting leptons from J/v decays are also shown.

To suppress leptons coming from J/14 decays, all ete™ pairs with invariant mass
in the region 2.9 — 3.2 GeV/c?, and all p* ¢~ pairs with invariant mass in the region
3.0 — 3.2 GeV/&?, were rejected. The e*e™ and ptpu~ invariant mass spectra are
shown in Figure 4.2. The asymmetric mass cut is due to the distortion of the J/

invariant mass distribution due to the radiation of a Bremsstrahlung photon from
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the decay electrons.

Using a Monte Carlo simulation, the shape of the uncorrelated background with
and without the requirement of an additional lepton in the event was compared.By
this means it was found that the background shape used in the D"-lepton analysis
(described in Chapter 3.3) provides a good description here as well. For comparison,
the MZ.,; spectrum resulting from a Monte Carlo simnlation for “wrong sign”
(&£ — =*) combinations is normalized separately to the number of uncorrelated
(£ — =¥) background events for the cascs of (£ — #T) £ and of (£ — =¥) £¥ and
the spectra are shown in Figure 4.3 (a) and (b) respectively.

The M2, distributions are therefore fitted using the shape of the background
from the previous analysis; that is, using the shape of the “wrong sign® (£* — x¥%)
combinations obtained for T(4S5) events after subtracting the continuum contribu-
tion. The resulting distributions for like- and unlike-sign dileptons, as well as the
result of the fit, are shown in Figure 4.4.

The relative contributions of D7 and D"* to the spectra were fixed from the

one lepton case, and the fits were performed taking into consideration that
2. Br(B° — D% %) Br(D**t — D*+z% =

Br(B~ — D*%¢5)- Br(D"™® — D**z~)

according to isospin invariance. Charged B mesons accompanied by a primary lepton

are expected to contribute only to the unlike-sign dilepton signal.

B~ — DPr b
]-—r Dtz-
BY — f;b'x

The continuum contribution was also subtracted. The fit yielded

N (£ —#7) £2) = 42.4+106

(4.2)
N (& —7%) F) = 1T1.6£178.
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Figure 4.3: M2 . spectra for uncorrelated “right-sign™ (£* — =¥) combinations
in the case of (£ — x~)é* (points with error bars) and normalized “wrong-sign”
(€& — 7%) combinations when no additional lepton is required (histogram), both
obtained from Monte Carlo simulation. a) and b) correspond the cases of ({+ —x=)¢+
and (£* — =7 ){" respectively.
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Figure 4.4: M2_, spectra for £z~ (points with errors) for events with an addi-
tional lepton with momentum 1.4 < p; < 2.5 GeV/c¢ showing background (dotted
histogram) and the result of the fit (full histogram) a) for like-sign dileptons (mixed
candidate events); b) for unlike-sign dileptons (unmixed candidate events).
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Figure 4.5: M2 _; mass spectra for (&£ — %) h* (2) and (£ — =F) k¥ (b) for
T(495) data. The results of the fits are also shown.
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Figure 4.6: M2, mass spectra for (k* — #¥F) £* (points with error bars) and
(h* —7%) £* (dash-dotted histogram) (a) and (h* —#F) £F (points with error bars)
and (h* — 7%) £F (dash-dotted histogram) (b) for T(45) data. For comparison, all

distributions are normalized to unit area.
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Figure 4.7: MZ_; mass spectra for (h* — =¥) h* (points with error bars) and
(h* —7%) h* (dash-dotted histogram) (2) and (A% — #¥) AT (points with error bars)
and (R* — x%*) k¥ (dash-dotted histogram) (b) for T(4S) data. For comparison, all

distributions are normalized to unit area.

The number of fake leptons was determined from the data by taking those events
with 2 right sign (& — =¥) combination containing an additional hadron with mo-
mentum lying in the same interval as that of the additional lepton. The M2_
spectrum was then fit in the same way as for (£= — #¥F) £ combinations, as shown in
Figure 4.5, and the resulting N({*7~)h* were multiplied with the hadron fake prob-
ability. As already noted in Section 3.4, the latter was estimated to be 0.5 £ 0.1%
for electrons and 1.5 & 0.15% for muons.

The case (A*=~)¢* was also studied by taking right and wrong-sign (k — %)
combinations, where the hadron momentum was again required to lie in the ir:erval
1.4 < pi £ 2.5 GeV/e, along with an additional lepton. The M2, distributions
for the cases of right and wrong-sing {h—=)¢ combinations were found to be the same,
as expected, implying that this case is already accounted for in the uncorrelated
background. The M?._; spectra are shown in Figure 4.6.

For the same reason, (k — 7)h combinations are also expected to contribute no
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"~

background to the M:. . distribution under study. The recoil mass spectra for
(k* — =) A= and (h* — =*) h* are shown in Figure 4.7. The total number of fake

signal events was found to be:

N (&5 —=%) %) = T.0£039

(4.3)
N ((65 - =) k¥) = 6.7£09

The number of (D"£)£ events therefore has to be calculated according to:
ﬁ“D"f*')fi = (Neventsfromfit — Njakes) - (1 — D™ contribution) (44)

The numbers obtained using 4.4 still contain contributions from (D"£),.. combi-

nations which are a significant source of background for the processes shown in
Table 4.1:

BO—PD"[-EI-I-I D--!-g- 2_ BO_»D""(I-';? D.+£_ £+
B XY = P B LB LXY = bR
05 7 2 —8G. 72

To extract the {D*£){,rim contribution, the fraction of primary leptons was de-
termined from Monte Carlo simulation.

Before taking the value for this contribution from Monte Carlo, a check was
made to ensure that the Monte Carlo provides a good description of the data. For
this purpose, the momentum distributions for the additional lepton were extracted
for electrons and muons separately, when MZ_ > —2.0 GeV?/ct. Ta this case
the momentum cut for the additional lepton was relaxed to p. > 0.5 GeV/¢ and
p. > 0.9 GeV/e, since the cut of p; > 1.4 GeV/c would leave very few cascade
leptons, and the fit would therefore provide a very poor estimate. The cut on M2,
is made to enrich the sample in events of the type B — D"fvX. After continuum
subtraction, the fake lepton contribution is found by taking the hadron momentum
spectrum for (D*£)h% combinations for events for which the calculated MZ
for the (D"£) combination is again M?,,; > —2.0 GeV?/c!, and multiplying by
the momentum dependent hadron-lepton fake probability. The contribution of fake
leptons is then subtracted and the momentum spectrum of the additional lepton
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obtained after dividing by the lepton efficiencies. These lepton momentum spectra
are subsequently fitted with the primary and secondary lepton spectra taken from
the ISGW model. The fits for (D"7£5)e*, (D76 )p®, (D*F85)eF and (D*F5)u™
are shown in Figures 4.8 and 4.9.

A comparison is then made between the fractions of primary leptons given from

the fits and the corresponding Monte Carlo fractions. The resulting fractions for

the case of electrons for the data are:

(D"FeE)er  0.71£0.12

(D=E)e= ~ 0442007 (43)
or a ratio of 1.62 % 0.37; the corresponding Monte Carlo fractions are:

(DF65 )= 0.74£0.06 46)

(D=¢%)e= _ 044 £0.03° (=

with a ratio of 1.66 4 0.18. In the case of muons, where the statistics is lower, this
ratio is 1.51 = 0.76 from the data and 1.71 % 0.61 from the Monte Carlo. For the
specific interval 1.4 < pe £ 2.5 GeV/e¢, these fractions give the following ratio:

fraction of primary leptons in {D"F&%)e*
fraction of primary leptons in (D*F£%)eF

= (.88 % 0.24 (4.7)

while the corresponding Monte Carlo value is 0.93 £ 0.11.

The same test was performed for the region M2.; < —2.0 GeV?/ct. The
values extracted from the data for the fractions and ratios mentioned above agree
well with the ones obtained from Monte Carlo. Since the comparison shows that the
Monte Carlo provides a consistent description of the data, the fraction of primary
leptons for signal events was taken from the Monte Carlo.

The results are summarized in Table 4.2,

A correction facter for the anti-J/y¥ cut efficiency needs to be applied. This
correction factor was calculated using Monte Carlo and was checked by fitting the
J/ signal as obtained in the data. For this check, the anti J /% cut was removed and
the recoil mass spectra for the cases of like and unlike-sign dilepton pairs were again

fitted. A comparison of the excess of events given from the fit for the N((D*F¢*)e*)
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Figure 4.8: Fit results for (D*T££)f* combinations with M2 _,, > —2.0 GeV?/c'.

recoil

Also shown are the primary (dashed-dotted histogram) and cascade {dotted his-

togram) lepton components.
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togram) lepton components.
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Table 4.2: Observed numbers of events and corrections

N(D =)+ | N(D=—¢&+)e-
T(45) — Continuum(scaled) 42.4£10.6 | 171.6 £17.8
Fakes 7.0+£09 6.7+£0.9
fraction of primary leptons 0.794 0.955
(1 - D= contribution ) 0.941 0.824
Direct leptons from neutral E—decays 26.5 & S_E 129.8 +£14.0 "

and N({D*F¢*)fF) was then made with the ratio of background under the J/v
signal and the signal itself. The number extracted from the data using this method
agrees well with the one given from Monte Carlo, but since the statistics is very
poor, the Monte Carlo value for this correction factor 7,y = 0.95 was taken.

The mixing parameter ry is

N((D=Fe)ex) |
N(D=e&)w) P

T =

(4.8)

Using (4.8), the value

rqe = 0.194 = 0.062

is found.

4.1.1 Systematic errors

To study the systematic errors contributing to this measurement:

¢ Different fitting procedures were followed to test the sensitivity of the result

to the way the fit of the distributions was performed (e.g. the M2

recoil

spectra
in Y(45) and continuum were fitted separately and then the scaled continuum
yield was subtracted). The contribution of this source to the systematic error
was found to be 0.015.
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o The cut on the momentum of the additional lepton was changed and the
procedure described above repeated. The variation of the mixing parameter

with the lepton momentum cut contributes 0.049 to the systematic error.

e The uncertainties for the measured branching ratios for the different cascade
lepton production mechanisms were considered. Taking a deviation of 1 ¢
from the values quoted by the Particle Data Group [2] for the various ¢ — s
semtileptonic processes, resuits in an error in the knowledge of the fraction of
primary leptons which in turn imposes an additional contribution of 0.006 to
the systematic error.

o The %.%1 ratio used in the fitting procedure was changed to 22.0% which is
the value reported in [58] corresponding to p; = 1.4 GeV/c for the momeatum
of the lepton that accompanies the D" in the B — Dp;,fv decay mode. This

resulted in a contribution of 0.010 to the systematic error.

¢ To study the uncertainty on the lepton identification in ARGUS, radiative
Bhabha events were used as an electron sample, while for muons cosmic-ray
muon events were used. A comparison of the resulting efficiencies with the ones
obtained from a Monte Carlo simulation was then made. This contribution
to the systematic error was found to be 1.2% for electron and 1.0% for muon

identification {61}, leading to a systematic error of 0.002.

e Finally, uncertainties in the ratio of the fractions of primary leptons obtained
from Monte Carlo for the two samples, that is for (D*~£*)¢* and (D*~£+)é-,
and in the correction factor for the anti J/¥ cut efficiency required an addi-

tional systematic error of 0.013 and 0.006 respectively.

The systematic errors are summarized in Table 4.3.

The value obtained for the mixing parameter ry is therefore

rq = 0.194 £ 0.062 £ 0.054
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source systematic error

———— — e —
—— p— p— —

background estimation
and fitting procedure 1.47%
cut on the lepton momentum 4.93%

uncertainty in the estimated

fraction of primary leptons 0.61%
. . D; .

uncertainty in the 2 ratio 0.96%

lepton identification 0.21%

uncertainty in ratio of the fractions of

primary leptons for mixed/unmixed candidates 1.26%
correction factor for the anti-J/ps: cut 0.56%
total 5.4%

Table 4.3: Systematic errors for the determination of the mixing parameter r.
leading to a x¢ = r4/(1 + ra) value of
xa = 0.162  0.044 = 0.038.

This measurement is independent of A = b2 f /b3 fo , where f* (f°) is the branching
ratio for T(45) decaying into charged (neutral) B mesons and by (Bo) the semilep-

tonic branching ratio of charged (neutral) B mesons.

4.2 Measurement of the semileptonic branching
ratio of the neutral B meson

Using the mode B° — D*t¢~5 to tag the B° meson, 2 sample of events where
T(4S) — BC°B° (B°B") is provided and hence a2 measurement of the semilep-

tonic branching ratio of the neutral B meson can be made.
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Br(B° = 7 5X) =

[N(B® = D=+£~5,B° — £+vX)] + [N(B® = D85, B° = £~ 0X)]
N(B® = D*+-7)

or

50 _, _ N (DM
Br(B® — £'5X) =~ (4.9)

m

where N (D"*£~)¢ stands for the acceptance corrected number of (D**£~)£ and

ef;ﬁu are the efficiencies of the multiplicity cut for the single lepton and dilepton

samples respectively.

N(D**e)e~ + N(D*+€~)et+
e

N (D) =

where 7. is the efficiency for observing a lepton with momentum in the momentum
interval 1.4 < p, £2.5 GeV/e. To calculate this efficiency, the fraction of primary
leptons that are produced with momentum lying in this particular interval has to
be known. For this reason, 2 model had to be used for the extrapolation of the
primary lepton momentum spectrum to low values of lepton momenta. Employing

the IGSW model for this purpose, n¢ was found to be

7e = 0.341 +0.022.

Also,
N(D™te ) = 163.9+16.9.

The fractions of primary leptons, as well as the D‘(‘ 7y contributions and the cor-
rection factor for the anti-J/4: cut efficiency 5y, are all considered separately for

the N(D**{~)¢~ and N(D*+{~)}£*, and the two numbers are then added to give
N(D™*+e&)e.
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From a Monte Carlo simulation it was found that

f:_l"dﬂ = 1.046 £ 0.023.
mult

Taking these values along with
Npete- = 2705 £161.5
and using (4.9), the B° semileptonic branching ratio is found to be
Br(B°—= X &5) = (93x1.1)%.
For the systematic error estimate:

o the sensitivity of the result to the fitting procedure followed introduced a

systematic error of 0.004;

o the dependence of the resulting branching ratio on the cut on the momentum

of the additional lepton required adding 0.010 to the systematic error;

e use of the BSW model [48] to calculate the fractions of primary leptons for
the cases of N(D*+t£~)f~ and N(D"+£)¢*, as well as for the calculation of
the efficiency 7, resulted in an additional systematic error of 0.009 and

¢ finally, including the errors on the ratio f;‘)*'-i and on 7., another 0.002 should

mult

be added to the systematic error.

The value obtained for the semileptonic branching ratio of the neutral B meson is

therefore:
Br(B° > X &9) = (93x1.1%15)%, (4.10)

which is in good agreement with the previous CLEQ [6§] measurement. The value
is also consistent with the mean semileptonic branching ratio obtained by taking
a weighted average of ARGUS [67) and CLEO {68] results, Br(B— X £%) =
9.85 + 0.5%. This value for the mean semileptonic branching ratio can be used
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together with the value obtained for the inclusive semileptonic branching ratio of
neutral B mesons 4.10 to extract a value for the ratio of lifetimes of charged and

neutral B mesons. Starting from the relation

< b >= f+b+ + fobo, (411)

where < b >= Br(B — X {tv), bo(b) = Br(B*(B°%) — X £*v) and f,,f- are
the branching ratios of the Y(45) to charged and neutral B mesons, and taking
f+/ fo = 1.00 £ 0.05 [68], one obtains:
by _<b>—fobo _ <b> 1 =<b>.(1+ 1 ) - 1
bo f+bo febo  filfo b felfo"  felfo

Since semileptonic decays proceed via W emission, the semileptonic widths of the

(4.12)

charged and neutral B mesons should be equal in the spectator model, implying
that

be v
b 7o
(since b=7-Ty).
Thus, using:
Br(B — X £-7)

Br(B° = X £-7) =106 £0.144£0.17

an estimate of the ratio of the lifetimes of charged and neutral B mesons can be

made. The value obtained is:

7(B+)/7(B%) = 1.12 +0.27 + 0.34.

The theoretical uncertainty in the ratio f./fo has only very small influence on the
result. The systematic error introduced by this source is 0.003.

This value is in good agreement with the expectation that non-spectator effects

in B meson decays are small.



Chapter 5

Study of the BYB? mixing using

D*t K= correlations

5.1 Introduction

In the analysis presented in Chapter 4, the flavour content of B mesons is tagged
_ by the charge of the fast lepton originating from the semileptonic decay of the B as
shown in the Feynman graph of Figure 5.1.

v
W*< .
b -t "“ - 69;1
g+° :.""""'" c_l
—____ -q
wd - u,d

Figure 5.1: B meson semileptonic decay in the spectator model.

Another possibility to tag the B meson flavour is from the charge of the kaon coming

107
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from the ¢ — s transition. The idea of kaon tagging is new and has bzen applied
for the first time in this work. The motivation comes from the measurement of
the number of kaons in T{45) decays [73], [75] which indicates that making use of
kaons for flavour tagging provides much higher statistics than the lepton tagging
technique. In this case, however, exact knowledge of the kaon production rates is
important. In this section, D** K= correlations are studied in an attempt to extract
a value for the mixing parameter x. To accomplish this, the flavour of one of the
B mesons will be tagged from the charge of the D® meson, while for the other B
meson the charge of the kaon will be used.

Thus, events containing D" and K of opposite charge provide a signature for

mixing as indicated in the following Table: (Table 5.1).

BPB° events B°B® or B°B° events
B - p+X B° o DX
= Dt K+ _ = D* K~
B K+tX B°—w B4, K-X

Table 5.1: Signature of mixed/unmixed events through D" K correlations.

In this case, if the charged D" and the charged kaon were “perfect” flavour tags, the
mixing parameter r would simply be given from:

P = S0
N(D-+K+)

In the spectator mod-i, D" mesons are produced when the ¢ quark hadronizes
together with the spectator quark as shown in Figure 5.2. When a B° decays,
however, a certain fraction of “wrong” charged D" mesons will also be produced due
to the fragmentation of the quark pair created by the virtual W from the b — ¢

transition as shown in Figure 5.3. For the same reason, and also due to the decays
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Figure 5.2: D"t production in the spectator model.
Decay modes || B%,B* — DX : B®—» DX : B* = DX

Ratio of branching ratios 0.05 : 1 028

Table 5.2: Ratio of branching ratios for the different D% production mechanisms.

of higher excited Df;, states produced in B meson decays, a number of D* mesons
arising from the decay of the B* will also be present, as shown in Figures 5.2, 5.3.

To extract the mixing parameter x the ratio %{g:—:ﬁ—:l) will be used. This depends
only on the ratio of branching ratios

Br(B% B* = D**X) : Br(B° = D~X) : Br{(B* - D""X)

and not on their absolute values as is also indicated by 5.13 and the set of equations
5.6 to 5.11 presented in Section 3.4. The D**, as well as the K* production rates,
are taken from Monte Carlo and are presented in Tables 5.2 and 5.3 respectively.
Comparisons of Monte Carlo and data are made in addition as a means to discovering

possible discrepancies in these production rates.
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Figure 5.3: Production of “wrong™ charged D" mesons in the spectator model.

Decay mode ' Branching ratio

Br(B® — K+X) | (54.66 + 0.22;%

Br(B® — K-X) | (14.38 £ 0.10:%

Br{(B* — K*X) | (66.38 + 0.23)%
Br(B* — K-X) | (13.94 £ 0.09)%

Table 5.3: K% production rates considered for this analysis.
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Figure 5.4: Invariant mass spectra for K~#* (2) and K~x*x*x~ (b) combinations.
A clear peak corresponding to the D° meson is observed. The accepted mass region
for D° candidates is also indicated on the plots.

5.2 The decay B —» D**X

As a consistency check, the inclusive Br(8 — D™+ X) has been determined. Here,
a D** is meant to imply the sum of D** and D"~ mesons and, in addition, the
charge of the B meson is not determined. For this analysis, events were required to
have at least 5 charged tracks originating from the interaction region and to contain
no track with momentum greater than 3.0 GeV/c which is the kinematical limit for
tracks originating from B decays.

D**+ mesons were reconstructed through the decay modes:

D+ — DOzt and Dt — DO gt
. Kt ()

DP candidates from the decays (i) and (ii) had to have a mass lying within 40 MeV/c
and 30 MeV/c?, respectively, of the nominal D mass (Fig. 5.4).
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It was further required that the D** candidate have a scaled momentum

Tpp. < 0.5, where z; is defined as

Tpp. = lp5-| where  ppo: = \/(1:',},,._,/2)2 - M}..

ma

(5.1)

This z,,. cut enriches the sample with D* mesons coming from B decays since z, =
0.5 is approximately the upper kinematical limit for B meson daughter particles.
The invariant mass distributions obtained for D"+ mesons reconstructed via the
decay channel (i) and (ii) are shown in Figure 5.5 (2) and (b) respectively.

To fit these distributions, a second-order polynomial multiplied by a (square
root) threshold function is used to parametrize the background and a Gaussiaa is

used to describe the D" signal. The nuinber of events resulting from the fit is:
¢ For D" mesons reconstructed via decay mode (i):
Np. = T702%50 (5.2)
with o = 0.954 + 0.048 MeV/*
e For D*’s reconstructed via decay mode (:i}):
Np. = 632190 (5.3)
with o = 0.988 £ 0.085 MeV/E2.

The D™* reconstruction efficiency is obtained from Mouate Carlo simulation and is

found to be:

o 7; =0.328 £ 0.007 when D"’s are reconstructed via decay mode (z) and

e n; =0.156 £ 0.009 when D"’s are reconstructed via decay mode (it).
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Figure 5.5: Invariant mass spectra for D%z* combinations where the D° meson is
reconstructed via the K~#* (a) and K~#z*7x*x~ (b) channels for T(45) events. The
expected continuum contribution is subtracted from both plots.
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The inclusive branching ratio for Dt is then calculated from:

Br(B—- Dt X) =
Npe+
Ng- Br(D* — D°z+). Br(D° — K-=+ .OR.K-m+z+z=) - (5 .OR. 1)

Using the CLEO measurement [55] for
Br(Dt > D% 2%)=(68.1 £1.0 £1.3)%
and for the D° decays
Br(D° — K~x%) = (4.01 £0.14)%

Br(D® - K~ z¥r*z") = (8.1 £0.5)%

as given in [2], the inclusive B — D"+ X branching ratio is extracted. The number

of B mesons is Ng = 396250 £ 18000. The value obtained for the branching ratio

is :

Br(B—=D"" X)=(198+14+16+08)% (5.4)
when D*’s are reconstructed via decay mode (z) and

Br(B— D"t X)=(186+27+35+1.2)% (5.5)

when [D™s are reconstructed via decay mode (ii). These measurements lead to a

combined average value of

Br(B = D™ X)=(19.6 £ 1.9)%.

The first error quoted in 5.4, 5.5 is the statistical error, while the next two are

systematic errors. The first systematic error includes: -
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source systematic error

decay channel (i) | decay channel (ii)

e . e . —
e — e

background estimation

and fitting procedure 0.80% 3.1%
cut on the difference of the mass of the
D° candidate from the nominal D° mass 0.98% 0.92%
number of B mesons and
error on the D** reconstruction efficiency 1.00% 1.36%
total 1 _f_i% _ 3.5%

Table 5.4: Systematic errors for the decay Br(B — D=t X).

e the error on the number of B mesons and the statistical error on the D" meson
reconstruction efficiency which contribute in total 1.00% and 1.36% to the
systematic error when D™ mesons are reconstructed via the decay channels (i)

and (ii) respectively,

e 2 contribution from the fitting procedure of an additional 0.8% and 3.1% to

the systematic error for the decay channels (i) and (ii), respectively,

o the influence of the cut on the difference of the mass of the D° candidates
from the nominal D° meson mass. This was determined by relaxing the cut to
60 MeV/c® and 40 MeV/c® for the decays D° — K-zt and
D° — K-z*g*z~, respectively, and refitting the obtained D** signal. This
results in an additional systematic error of 0.98% and 0.92% for the decay

channels (i) and (i) respectively.

The second systematic error quoted above is the propagated error on
Br(D* — D°x*) and the D° meson decay branching ratio. The systematic er-

rors are summarized in Table 5.4. The result is in good agreement with published -
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Br(B — Dt X) Reference
(26.8 £4.6)% ARGUS [56]
(21.2+4.0)% CLEO [57
(19.6 £ 1.9)% | this measurement

—.

Table 5.5: Comparison of the value obtained for Br(B — D"+ X)) with previous AR-
GUS and CLEO results. The error is the result of adding statistical and systematic

errors in quadrature.

measurements by ARGUS [56] and CLEO [57] as shown in Table 5.5 where, for
comparison, the values for the branching ratio have been re-evaluated to correspond
with the D"+ and D° decay branching ratios used in this work.

As already mentioned, good agreement between Monte Carlo and data is impor-
tant since the D** and K* production rates are taken from Monte Carlo. Hence, as a
first check, the observed momentum spectrum of D* meson will be compared to that
obtained from the Monte Carlo sirnulation which also incorporates the D** meson
production via the virtual W bosons. To extract the momentum spectrum of the
D™t meson produced in B decays the procedure described below is followed. The in-
variant mass distribution of the (D%x*) system was plotted for different momentum
intervals and these distributions were then fitted using a free width for the Gaussian
used to describe the D** signal. For this purpose, only the D® — K~x+ channel
was used since the signal to background ratio is much better and this channel there-
fore provides more accurate results. The width obtained from the fit for different
D=+ meson momentum intervals is shown in Figure 5.6. The z, spectrum of the
D% meson is obtained by following the same procedure and is shown in Figure 5.8
for T(4S5) events after subtracting the continuum contribution.

A fit was performed to extract the dependence of the D*¥ width on the D"+
momentum, as shown by the solid line in Figure 5.6. The width was then con-

strained to the result of this fit and the mass distributions were refitted to obtain
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Figure 5.6: Dependence of the D** width on the momentum of the D™+ candidate.

the momentum spectrum of the charged D* meson in B decays.

To extract the acceptance-corrected momentum spectrum of D** mesons pro-
duced in B decays (Figure 5.7), the momentum spectrum is divided by the D**
reconstruction efficiency. The D% reconstruction efficiency as a function of the
momentum of the reconstructed D** is found using Monte Carlo simulation and is

shown in Figure 5.9.

5.3 Comparison of the data with the simulation

A study of the B°B° mixing using D+ K* correlations requires exact knowledge of
the D" meson and kaon production rates, which for this analysis will be taken from
the Monte Carlo simulation. Figure 5.7 shows the (efficiency corrected) D"+ meson
momentum spectrum as obtained for BB eveats from data. For comparison, the

results of the simulation which also includes D**+ production arising from the virtual
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Figure 5.7: Efficiency corrected momentum spectrum for charged D" mesons pro-
duced in B decays as obtained from data (points with error bars) and through
Monte Carlo simulation (histogram). For comparison the distnibution for Monte
Carlo events is normalized to the same area as obtained in the data. The momen-
tum distribution of the D** mesons coming from the virtual W for Monte Carlo

simulated events is also shown (hatched histogram).
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W is indicated.

The kaon momentum spectrum obtained for BB events from the data also needs
to be compared to the Monte Carlo simulation. For this purpose, the kaon efficiency
- was calculated by studying the decay ¢ — K™K ~. For both T(45) data and Monte
Carlo, the number of ¢’s found when both selected kaons fulfilled the usual likelthood
cut LhK,;,LhK. > 0.01, was compared to the number of ¢’s obtained when one of
the kaons was required to have a likelihood greater than 80%, that is, LAK; > 0.01,
LhK, > 0.80. The K*K~ invariant mass spectra for different kaon momentum
intervals ( 0.2 < px £ 0.5, 0.5 < pr £ 0.8, 0.8 £ px < 1.0 GeV/c) are shown in
Figure 3.10 for T(4S5) events and for Monte Carlo generated events.

The numbers of ¢’s resulting from the fit for different momentum intervals with
and without the hard likelihood cut for the kaon hypothesis are shown in Table 5.6

and the efficiencies obtained are shown in Table 5.7.

PK T(45) simulation

LhKs > 0.01 Lth__z 0.80 | LhK,. = 0.01 ] LhK. > 0.80
pr (0.2-0.5) GeV/c| 3336 =69 3300 £ 68 2536 = 60 2474 £ 59

pi (0.5-0.8) GeV/c | 4164 81 2882 1+ 64 2502 £ 58 1737 £ 47

pr (0.8-1.0) GeV/c | 197172 | 48529 510 + 33 123 + 12

Table 5.6: Number of ¢'s obtained from T(4S) data and from the Monte Carlo
simulation for different intervals of the kaon momentum with/without application

of the hard likelihood cut.

Since the kaon efficiency derived from the data is in very good agreement with the one
obtained from the Monte Carlo simulation for all momentum intervals considered,
the momentum dependent efficiency used to extract the kaon momentum spectrum

shown in Figure 5.11b) is taken from Monte Carlo and is shown in Figure 5.11a).
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Figure 5.10: The K*K~ invariant mass spectra for combinations with
LhK,,LhK. > 0.01 (histogram) and with LK, > 0.01, LhK. > 0.80 (points
with error bars). Both YT(4S5) data (a),(b),(c) and Monte Carlo generated events
(d),(e),(f) are shown. The region (1.06 — 1.12) GeV/c* where the reflection from the
decay K* — K is expected, (7 misidentified as K} was not included in the fit.
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PK ratio for T{45) | ratio for simulation

— e

(0.2-0.5) GeV/c | 0.9833 % 0.0286 | 0.9755 + 0.0328
(0.5-0.8) GeV/c | 0.6921 = 0.0204 | 0.6942 + 0.0247
(0.8-1.0) GeV/c | 0.2460 £ 0.0173 |  0.2412 % 0.0282

——— ——med

Table 5.7: Comparison of the kaon efficiencies for T(45) and for Monte Carlo events

for different intervals of the kaon momentum.
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Figure 5.11: a) kaon efficiency derived using Monte Carlo simulation and b) com-
parison of the kaon momentum spectrum extracted from the data (points with error

bars) and from the Monte Carlo simulation (histogram).
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5.4 D't K* correlations

The number of D** K* pairs found in the decay of BB events is given by the

following set of equations:

[N(D"*K*)|g+5- = NI, =
(Br(B* = D**)- Br(B* — K~)) + (Br(B* — D"")- Br(B* = K*)) (5.)

[N(D™ K™ )|+~ = Ni_ =
(Br{B* — D). Br(B* — K*)) 4+ (Br(B* — D*")- Br(B* — K~)) (5.7)

[N(D™ K" )]goge

(T—~x)- N-?-+ =
(1-x)- (Br(B®° -~ D**)-Br(B° = K7)) +
(Br(B°— D*7)-Br(B° = K*))] (5.8)

[IN(D"* K )goge = (1—x)- Ni_ =
(1—x) [(Br(B®— D**)-Br(B° — K*)) +
(Br(B° — D*")-Br(B° = K-))] (5.9

[N(D™*K*)lgogosgoge = X+ No_ =

x+ [(Br(B®~ D). Br(B® = K*)) + (Br(B° = D) Br(B® = K~))] (5.10)

[N(D™ K™ )poposgoge = x- Ny, =
x- [(Br(B®— D**)-Br(B® = K7)} + (Br(B° = D*)- Br(B° = K*))]. (5.11)
These give the ratio

N(D*K-) Nf_+(1~x)-N_+x-MNg,
N(D+K*) = Nf,+(1-x)- Nl +x N3’

(5.12)



CHAPTER 5. B°B°® MIXING USING Dt K* CORRELATIONS 124

or equivalently

N(DK") _ (VB NS 4+ x (M2 - MR) (5.13)
N(D*E+)+ N(D*K-) Ni, + Nf_+ N, + No_ '

The quantities N}, Ni_, A9, and N{_, which are the products of the branch-
ing ratios noted above, are all taken from Monte Carlo. The fact that there exists
no measurement in B decays of the ratio of “wrong” to “right” charged D* meson
production, or of “wrong” to “right” charged kaon production, constitutes the major
drawback of this method. One therefore has to rely on the Monte Carlo simulation.

Using the values presented in Table 5.3 for these ratios, x can be expressed as:

N(D*K~)/N(D*tK%)

= 2. .
X 588 I N(D<K-)/N(D K

~ 0.625 (5.14)

Events with a Dt candidate are further required to have at least one kaon
which has momentum 0.2 < px £ 0.8 GeV/c and a combined likelihood ratio for
the kaon hypothesis, determined by dE/dz and TOF measurements (see Section
2.12.3), exceeding 80%. The kaon used to reconstruct the D" candidate was not
selected as a K candidate for B tagging.

The number N(D"+ K=) is extracted by fitting the D** invariant mass distribu-
tion for events having a tagging kaon which fulfills the selection requirements noted
above. The main background consists of D"t K* combinations where both parti-
cles come from the same B meson. In Figure 5.12, the angle between the D** and
the kaon is plotted for Monte Carlo generated B decays. If they are daughters of
the same B meson, the D" and kaon are mainly produced back-to-back. Therefore,
a cut is applied to the angle, cosf(D"tK=) > —0.5, which results in an efficient
suppression of this background.

After subtracting the continuum contribution, the invariant mass spectra shown

in Figure 5.13 and 5.14 for the cases where the D* is reconstructed through the



125

BOB® MIXING USING D** K* CORRELATIONS

CHAPTER 5.

T 1 19 _ L L L — Y rr — Ll |

N
]
S’

T

|

i

11 | l

sjun Aredjiqae

1.0

0.5

0.0

cos$( D"+ K~)

-0.5

(b)

syun AredjiqJe

0.0
cos¥(D*tK+)

-0.5
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chanpels D°(— K=)x and D%(— K3x)=, respectively are obtained. The spectra
are fitted as described previously for the inclusive B — D"t X; the width of the
Gaussian used to describe the D*% signal in the case of D** K*= combinations is
fixed to the width resulting from the fit of the inclusive D** signal.

The fit vielded

N D+ K~ = 54 i 12 -
(5.13)
Npetg+ = 116 %15
when the D** is reconstructed in the decay channel (i) and
Npesg- = 68£25
D (5.16)
N D+E+ = 13.2 = 27

when decay chanrel (ii) is used.

From these yields one has to subtract the contribution of events with a Dt
accompanied by a fake kaon. The hard likelihood cut applied on the kaon hypothesis
guarantees that the fake rate is very low. For the momentum interval considered
here, only # — K misidentification needs to be taken into account. The = — K fake
rate was estimated using pions from K?'s with reconstructed secondary vertices and
is shown in Figure 5.15 as a function of the momentum.

To find the number of pions which are misidentified as kaons, the mass spectrum
of the D" candidate is fitted when the D" is accompanied by a pion and the fit is
performed for different intervals of the = momentum. The numbers resulting from
the fit are then multiplied by the fake rate for each momentum interval separately
and the results are added to obtain the fake kaon contribution. When reconstructing

the D% through decay channel (i)

N(D*#“K™") = 1.1 £0.1
N(D*“K™*) = 0.8+ 0.1

are found and when reconstructing the D** through decay channel (ii) the fake kaon

contribution is found to be:

N(D™“K™") = 0.4 £0.2



CHAPTER 5. B°B°® MIXING USING D+ K'* CORRELATIONS 127

N
0.5 MeV/c?

40 ——— T —————————

b

a0 b (a) { DK"

20

oE oy \d o «.+___‘L

0

2.00 2.01 2.02 2.03 2.04
mp. [GeV/c?]
N
0.5 MeV/c?®
60 "
50 F (b) { DK 3
40 F .
30 F * 3
20 F ]l + E
- L 5
10 F ]l IR i 1
C ‘H’ +1'!’nl 4 Fn 3
0 o ' l t;_Hl‘ i H:L_ ‘5,'1 ; !lh.' T +.H.+| v ‘..l__| + ].
s +‘ R It '[_lﬂ T S
_10 I Sy i ! L e I i i L . { . L s
2.00 2.01 2.02 2.03 2.04
mp. [GeV/c?]

Figure 5.13: Invariant mass spectra for D°7* combinations accompanied by a K~
(a) or by 2 K* (b). The D° is reconstructed through its K= decay channel for
continuum subtracted T(4S) events.
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Afier subtraction of the estimated fake kaon contribution, the D*% yields quoted
above transform to the following values for the ratio N(D*K~)/N(D*t K*):

N(D*K-) _
NDET) = 0460122 (5.17)
when reconstructing the D** through decay channel (i) and
N(D*K-) R )
NDKT = 0915026 (5.18)

when decay channel (ii) is used for the D°* reconstruction. Averaging these two

values, the ratio obtained is:

N(D™K-)

W = 0.470 £ 0.106 (3.19)

which in turn, using equation 5.15, leads to the following value for x:

x = 0196+0.126. (5.20)
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The dependence of the result on the rate of the D** production from the virtual
W, which produces D* mesons with opposite charge to those originating from the &
to c transition, was investigated. The extreme case of having no D* production from
the virtual W was considered. Hence, ignoring the “wrong™ charge D" production
and re-calculating the N(D*t*K+¥/K ") given by equations 5.6 - 5.11 leads to the

following expression for the mixing parameter x:

N(D*K~)/N(D*K*)
1 + N(D*K-)[N(D*K+) ~

x = 2.0%4. 0.449. (5.21)

The mixing parameter x resulting after putting the value found for the ratio
N(D**K~)/N(D**K*) in 5.21 is therefore

x = 0.268 £0.110

5.4.1 Systematic errors
For the systematic error:

e the uncertainty in the description of the background was estimated to produce

a contribution of 7.0%.

e the influence of the cut on the difference of the mass of the D? candidates from
the nominal D° mass was studied. For this purpose, the cut was relaxed to
60 MeV/c® and 40 MeV/c® for the decays D° — K-zt and
D® — R=xz*z*z~, respectively, and the procedure repeated. The contri-

bution of this source to the systematic error is 0.5%.

o the dependence of the result on the branching ratio for the process Dp;, was
investigated. To account for the large uncertainty in the production ratio
D rpect

iser, @ conservative variation of 40% was allowed which resulted in 2 sys-

tematic error of 3.0%.



CHAPTER 5. B°B° MIXING USING D** K* CORRELATIONS 131

e the influence of a change in the values used for the branching ratios for the
processes (B% Bt — K*X)} and (B° B* — K~X) was studied. There ex-
ists no information from experiment up to now on these individual branch-
ing ratios. As a check, the branching ratios for the processes B — D*X,
Dt — K+X, D* — K-X and B — D°,D°X, D° — K+X, D° — K-X
obtained from Monte Carlo were compared with the ones reported in {2] and
were found to be in good agreement. A change of 20% in these branching ra-
tios was made to account for a 1o variation of the product of branching ratios
Br(B — D*X)- Br(D* — K* .OR. K~ X) and Br(B — D°X)- Br(D°® —
K* .OR. K~ X) and the results implied a systematic error of 3.9%.

e the contribution from D** mesons coming from the virtual W was investi-

gated. For this purpose, the virtual W* — ¢5 decay rate was estimated using
Br(B — D¥X) - Br(D} = ¢xt) = (2.92+0.5)-10°3

reported in [22] and the value [2] Br(D} — ¢=%) = (3.5 £0.7)%. This re-
sults in Br(B — Df X) = (8.3 £2.2)%. Taking into account that the two
body component of the decay B — DX resuiting from the fit of the D,
T, spectrum is (58 & 11)% [22], the probability for the decay W* — 555
is expected to be ~ 2%. To find the production rate for D** mesons from
the virtual W the result needs to be multiplied by a factor 5, ~ 2.5 to
account for the rate for dd/ss production from the vacuum and a factor
2 = V/(V + P) ~ 3/4 to account for the formation of a D* meson(V
and P stand for vector meson and pseudoscalar, respectively). The factors
7 and 7, are taken from the LUND fragmentation model [38]. This rough
calculation results in Br(W+ — Dt X) ~ 3.7%. The value obtained from
the Monte Carlo is Br(W+ — D"+ X) = 2.4%. The ratio was accordingly
varied within the bounds 1.1% — 3.7% and the results indicated a systematic
error of 8.4%.
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systematic error

————
—

source

background estimation

and fitting procedure 7.0%

cut on the difference of the mass of the D°
candidate from the nomiral D° mass 0.5%
-g:h’—‘:::—: production ratio 3.0%

branching ratios for the processes
(B° B* - K* .OR.K~ X) 3.93%

contribution of the D"t mesons

originating from the virtual W 8.4%

total 12.0%

Table 5.8: Systematic errors for the determination of the mixing parameter .

The systematic errors are summarized in Table 5.8. The value obtained for the

mixing parameter is therefore

x = 0.196 £ 0.126 (stat) £ 0.120 {syst).



Chapter 6

Study of the B'BY mixing using
(D*?) K correlations

6.1 Introduction

In this chapter the sample of B° mesons provided by tagging in the B® — D*+{~&

mode is again used to study B°B° mixing. This study is based on the same principle
as the study presented in Chapter 4. To tag the flavour of one of the B mesons, the
partial reconstruction technique introduced in Section 3.1 for studying the decay
B® — D*+{~ i is again used. However, where in the previous analysis the flavour
of the other B meson was tagged using the charge of the lepton originating from
the semileptonic B decay, here, in order to achieve a larger sample, the charge of
the kaon coming from the b — ¢ — s decay is used. For this purpose, the kaon
production rates in neutral B decays need to be exactly known. The use of the
partial reconstruction of the B® — D"+{~7 decay results in a larger background
relative to the full reconstruction. However, as illustrated in Section 6.3, an efficient
background description can be achieved allowing the extraction of a value for the
mixing parameter. Hence, events containing D**£~ and K~ provide a signature for
mixing, as indicated in Table 6.1.

To achieve a large sample, the D"t is not fully reconstructed; rather, the tech-

133
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B® — Do
B 4 K+tX

B® — D+~

= Dt~ Kt _
B~ B K-X

}:» Det¢- K-

B%BY events B°B° or B°B° events

e ——— _—
—— — — — —

——

Table 6.1: Signature for mixed/unmixed events in D°¢ K correlations.

nique already employed for tagging in the B° — D**¢~5 mode, described in detail

in Chapter 3, is again used. Here, as was explained in Chapter 4, only the first

approach (A) introduced in Section 3.1 is used to parametrize the D** momentum

because of the better resolution provided (see Figure 4.1).

6.2 (D*f) K correlations

To extract the mixing parameter using (D"{)K correlations the number of events

with (D**€")K¥ needs to be calculated. This is done using a set of equations, as

in the case of D"t K= correlations:

[N(D*~&")K ")) g+g- = [Br(B* = D*"¢*vX)- Br(B* — K*)]
[N((D~€*)K*)] g+ p- = [Br(BY = D*~&'vX)- Br{B* — K~)]

[N((D™6")K™)|goge = (1~x)- [Br(B® = D™~ £*vX)- Br(B® = K*)]

(6.1)

(6.2)

(6.3)

[N((D*£)K* )lgogo = (1=x)- [Br(B° = D€*vX)- Br(B° — K~)] (64)

[N((D*~€*)K ™ )]gogosgoge = X+ [Br(B®— D*~€*vX)-Br(B°— K~)] (6.5)

[N((D'_F)K'I')]Bogo[gogo = x- [BT(BO - D tuX)- BT(BO — K*)). (6.6)
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Taking into consideration that, according to isospin invariance,
2- Br(B® = D% p)- Br(D™t — D™*2%) =
Br(B™ = D% %) Br(D*° — D**z7),
the above relations become:
N((D™~£")K*) = [(1-x)-Br(B°— K~)+ x - Br(B®° — K*)] - Np.-,
+[2/3-Br(B*—-K")+(1—-x)-1/3-Br(B°—> K~)+
x-1/3-Br(B° — K*1)]- Np;, (6.7)
and
N((DeH)K™) = [(1—x): Br(B°— K*) + x - Br(B® = K~)] - Np.-,
+{2/3-Br(B* - K*)+(1~x)-1/3-Br{B° > K*)+
x+1/3-Br(B°— K~)]- Np;  (6.8)

thus leading to the ratio

N({(D£7) K¥) =
N((D*-&) K*)+ N((D"-€+) K-)

[ —x)-Br(B° = K~) + x - Br(B° — K*)]
Br(B° — K%) ’

Using the values presented in Table 6.2 for the branching ratios (B — K*X), x is

(6.9)

given by:

N((D&) K¥)IN((D~ &) K7)

X = (LT 0012) - s N K

— (0.357 = 0.003).

6.3 Measurement of the B°B® mixing parameter

In order to reconstruct a B5° meson in the decay mode B® — D*~¢*v, a lepton and 2

pion which fulfill the criteria described in Sections 3.3 and 3.4 are selected. An addi-
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tional tagging kaon with momentum 0.2 € px < 0.8 GeV/c and combined likelihood
ratio for the kaon hypothesis (see Section 2.12.3) exceeding 80% is required.

To extract the mixing parameter y, the ! distribution for =+ — £~ com-

recoil
binations was studied. The observed M2, spectra are shown in Figure 6.1. The
estimated background contribution (extracted using (= — £+)K* combinations) is
also shown.

The peak at recoil masses M > —2.0 GeV?/c* contains contributions from the

TeC

following sources.
(I) B = D*¢"5 and B — K*/K-X

(II) BP— D*¢- 5 and B — K*/K-X

! y Do+ 0

(III) B? — D**¢~ 53X and BY — anythin
1 2 g
]——r Do+

. k*/K-x

(IV) B — D¢~ 7  and B} — K*/K-X

L, D +x=

(V) By — Dt » and B — anything
!—) D=

|_._ Doﬁ.o

s K*/K-X

Care must be taken in determining the number of events with

B> D¢ p and BY— KX,
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Figure 6.1: M2_. spectra for #* — £~ combinations a) accompanied with a K—,
and b) accompanied with 2 K*+. The expected background contribution estimated

using (x* — £+) K= combinations is also indicated.
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Decay mode | a) Branching ratio [2] | b) Branching ratio [69]

Br(D° = K~X) (53 +4)% (60.9 £3.2 £ 5.2)%
Br(D° = K+ X) (3.4139)% (28+0.9+04)%

Table 6.2: Measurements of Br(D° — K X).

because, as indicated in Table 3.3, the branching ratios for the decays
D® — K*/K- X and D* — K*/K- X are different. The contribution to
the D** yield from background (III) is:

N(B® = £75DH(D™ — =*D°)(D° — K+ .OR. K~ X))
= Np.s - (Br(D° — K*X) .OR. Br(D° = K~X) -1, (6.10)

where Npye+ is the number of D™+ ’s resulting from the fit shown in Figure 3.7. The
kaon efficiency for the cuts mentioned above, ng, is estimated with Monte Carlo
simulation to be nx = 0.365 % 0.001, where the error is statistical. The contribution
from backgrounds (IlI) and (V) to the Dp;, yield can be estimated in a similar
way. The current values for Br{D° — K X) are presented in Table 6.2 2) where the
values taken from the PDG [2] are displayed and b) where the latest results from
the MARK III Collaboration [69] values are quoted.

From Table 6.2 it is clear that the number of events with (#* — £~)K~ coming
from the processes (III) and (V), as calculated using equation 6.10, will produce
a large systematic uncertainty since this number strongly depends on the value
assumed for Br(D® — K X). Contribution from events arising from processes (III)
and (V) cannot be estimated reliably. To suppress these events, a cut on the angle
between the = and the selected K is applied. For “(x* —£~)K™ combinations where
both the pion and the kaon are daughter particles of the same D™t meson, the
angle 8(w — K) has a pronounced peak at cosd ~ 1, as shown in Figure 6.2; while
in the case where 7 and K are daughters of different B mesons this angle is flat

as expected. Monte Carlo studies show that only about 30% of the kaons arising
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from processes (III) and (V) which contribute to the “mixed” event signal lie in the
interval cosf(x — K') < 0.5. Therefore requiring events with cosf(=,K) < 0.5 results
in a significant reduction of this background.

The recoil mass spectra obtained when the requirement cosf(w, K) < 0.5 is made
are shown in Figure 6.4.

Using Monte Carlo simulation, the shape of the uncorrelated background for
(m*—£") accompanied by a K~ /K* was compared with the recoil mass distribution
obtained for wrong-charge combinations (=+ — £*)K~/K*. By this means it was
found that (7* — £*)K~ and (x* — £*)K* combinaticns provide a good description
of the shape of the uncorrelated background for the (z+* —£")K~ and (#* - £7)K*
samples respectively, as also shown in Figure 6.3.

To fit the signal observed in the recoil mass spectra of Figure 6.4 one needs to
re-consider equations 6.7 and 6.8, keeping in mind that even though background
arising from sources (III) and (V) is significantly reduced, the relative contribu-
tion of this background to the D"* and Di; cannot be neglected. Assuming
Br(Bt* — K-) = Br(B° — K~) and noting that the contribution from
background sources (IIT) and (V) depends on the sum

Br(B® = D ¢*vX) + Br(B* — Dt X),

N((D*~£2+)}K*) can be obtained by fitting the recoil mass spectrum with a combi-
nation of D™* and Df; channels where the relative contributions of Dj and D™+ to
the spectra are fixed from the one lepton case (Section 3.4).

For N((D*"¢*)K~) however, one must account for the fact that
Br(B* — Kt) # Br(B® — K%). The contribution from the term which
depends on Br(B* — KT¥) can be estimated, given that it does not depend on

the mixing parameter, from

N[(Bf - b?-t*uX)(B; — K~X)] = 2/3- Np-

(g

.Br(B~ — K~X) -3x,

where NV, D e is the number of Np(-n resulting from the fit shown in Figure 3.7 for
B® — D**{~ 5 . Multiplying by an additional factor of 3/4 to account for the angular
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cut applied, this contribution is found to be 38 & 13 events. The normalization
of the M7, spectrum for the Dy; channel is then fixed at this value in the
fitting algorithm. The background from sources (III) and (V) is here very small,
as it depends on Br(D® — K*X), so its relative contribution to the D™+ and Dy
channels need not be taken into account when constructing the fitting algorithm.
The recoil mass spectrum for (D"~¢+)K~ combinations is therefore fit with the
estimated Br(B* — K*) contribution and the M2, ., spectrum for the D"t and
Dty ,, channels with the relative contributions of D , and D** fixed from the one
lepton case,
The fit yielded for BY — D=+£~p:
N ((&& —=F) K*) = 380+£31
N (& —=F) K¥) = 412+£37.
The numbers quoted here are valid only for the D** channel. To estimate the

(6.11)

number of pions which are misidentified as kaons, the recoil mass spectrum for
(££ = %) combinations accompanied by a pion was used for different intervals of
the = momentum. The numbers resulting from the fit are then multiplied with the
fake rate for each momentum interval separately and the results summed to give the
fake kaon contribution, which is found to be:

N ((&& — =F) “K"%) = 3.7+03

N (&£ - =F) “K”F) = 3.0£03.
The electron fakes (A*r~)K* were also studied by taking right and wrong-sign
(h—=) combinations, where the hadron momentum was required to lie in the interval
1.4 < px £ 2.5 GeV/¢, along with an additional kaon which has to fulfill the tagging
kaon requirements already mentioned. The M7, distributions for the right and
wrong-sign (k — 7)}K cases were found to be the same, as expected, implying that
these cases are already accounted for in the uncorrelated background.
After subtraction of the fake kaon contribution, the number of ((£* — =z~) K¥) is:

N ((&& —=F) K*) = 376+ 31

(6.12)
N (&£ —=¥%) KF) = 409+ 37.
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These results, however, still contain background due to processes (III) and (V), i.e.
events where the = and the K are daughters of the same D meson. Monte Carlo
shows that for the samples ((££ — #7) K=) and ((£* — =¥F) K¥), 32% and 49% of
the events respectively still contain both a = and K which originate from the same
D* meson, despite the angle requirement cosd(x, K') < 0.5. The contribution from
these events to the signal has to be estimated and then removed. Using equation

6.10 with nx = 0.365 £ 0.001 and ND;T = 2705 % 161.5, one finds that
N(B® = 5D (D™ — =t D%)(D° — K¥X))-0.32
= (601 £36)-0.32=192+12
background events from the decay process (III) contribute to N ((£* — %) K*) and
N(B® — £ oD v (D™ = =T D°)(D° = K~X))-0.49
=(28£2)-049=14%1

background events from the decay process (1II) contribute to N ((£= — =¥) KF¥).
Here, MARK III [69] values are used for the Br(D® — K*/K~X). After subtracting

the estimated background contribution, the vields for B — D**£#~ i become:

N (&5 - =) K=) = 184+33

(6.13)
N (&£ -7F) KF) = 395+£37
giving the ratio
N+ = =7) K¥)
= (. 094 .
N((& =) K 0.466 = 0.09 (6.14)
which in turn, using equation 6.9, transforms to the following value for x:
x = 0.188 £0.075. (6.13)

Using the values reported in [2] for the Br(D® — K*=X) the value obtained for x

becomes:

x = 0.238+0.071. (6.16)
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As a consistency check the Br(B? — K=X) can be estimated:

N((&* — =) K*)-(4/3)
Nt —==)-9x '’

Br(B® — K*X) = (6.17)

where the factor 4/3 is used to account for the anguvlar cut applied and where
N(& — 77) = Nps+. Substituting N((¢F —=77) K *) = 579 + 50 into the above
equation the value obtained for Br(B° — K*X) is

Br(B® = K*X) = (78.2 + 8.2)%. (6.18)

6.3.1 Systematic errors

The main contribution to the systematic error arises from the branching ratios for
the processes (B — K*X) and (B — K~X) which are taken from Monte Carlo.

Since kaons mostly originate from the decay of D mesons, the branching ratios
Br(B — D*X) - [Br(D* — K*X) .OR. Br(D* — K~ X))

and
Br(B — D°/D°X) - [Br(D® = K*X) .OR. Br(D° - K~ X))

obtained from Monte Carlo were compared with the values reported in [2] and found
to be in good agreement. The same holds for the B — K*X branching ratio. In
order to account for the lack of knowledge of the separate branching ratios, i.e.
Br(B® - K*X), Br(B® - K~X), Br(B* — K*X), and Br(B* — K~ X), a
large error was assigned to these values.

For the systematic error:

e the influence of 2 change on the values used for the branching ratio for the
process (B%, B* — K+X) and (B° B* — K~ X) was studied. A change of
20% on these branching ratios was made which resulted in a systematic error
of 4.9%.
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[ source systematic error
¢ S i —

branching ratio for the process

(B% Bt — K+ .OR.K- X) 4.9%
%E-f-l ratio 2.2%
cosf(x, K) cut 3.0%
background estimation
and fitting procedure 3.3%
| total 6.9%

Table 6.3: Systematic errors for the determination of the mixing parameter .

e the %é‘- ratio used in the fitting procedure was changed to 22.0% which is the
value reported in [58] corresponding to p; > 1.4 GeV/c for the momentum of
the lepton that accompanies the D" in the B — D{;fv decay mode. This

resulted in a contribution of 2.2% to the systematic error.

o the dependence of the result on the angular cut applied was checked. For this
purpose, this cut was changed to cosf(=,K) < 0.3 and to cosf(x,K) < 0.7

and the systematic error arising from this source found to be 3.0%.

e the variation of the result due to the background estimation and the fitting
procedure was studied. This source contributes an additional 3.3% to the

systematic error.

The systematic errors are summarized in Table 6.3.

The value obtained for the mixing parameter yx is therefore

x = 0.188 = 0.075 % 0.069 £ 0.050 (6.19)

where the last error accounts for the uncertainty on the branching ratio for the

processes D° — K*X.



Chapter 7

Discussion of the results

In this section, the measurement of the mixing parameter x, is further used to
extract information on the CKM matrix element V;; and on the mixing of tlie 3,
system. At the end, an overview of the experimental results described in this work

is presented.

7.1 Implications of the measurement of y,

The measurements of x4 obtained by tagging one of the B° mesons in the decay

B® — D*+{~ are averaged according to [77). The resulting value for xyg is:
xa = 0.165 £ 0.057.

The measurement performed by investigating D=+ K* correlations is not considered
because of the small statistical significance of the result.
Using the relati;:»n
3
1423

Xd =

e =

the value extracted for the mixing parameter x4 can be converted to z4

2x4
1-2xq

2=

147
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Inserting x¢ = 0.165 £ 0.057 into the above equation, the mixing z4 is determined
z4 = 0.703 £ 0.180 (7.1)

where the error quoted is found by adding the statistical and systematic errors in
quadrature. Use of the mixing result 7.1 can further constrain the parameters of the
quark mixing matrix Vogxar (see Section 1.1.1) involving the top quark. As shown

in Section 1.5, calculation of the BS — B9 box diagram gives

AM G . mg
T4 = T = 3 MB. The (Baf)VaVel® miF (M_:'*;,) 7QCD (7.2)

This formula has been used in the past to provide limits on the top quark mass.
However, an indirect prediction for m, now exists, based on SM fits of the electroweak
parameters, has been made using the LEP data [82] and recently the top quark mass
has been directly determined by the CDF Collaboration. so that an attempt can be
made to extract the CKM matrix element Vg instead. For this purpose, the following
values will be used

e for the B} meson lifetime 75, = 1.5 £ 0.11ps [2]
o for the mass of the B meson mp, = 5279.0 & 2.0 MeV [2]
o for the top quark mass m; = 174 + 17GeV from the CDF Collaboration [76]

o for the QCD correction n9cp = 0.55 from ref. {78], where this correction is

analysed including the effects of a heavy t-quark.

e for the “bag” parameter and the decay constant B; and fp, respectively the

product By f5, = (1.0 0.2)- (180 =50 MeV)? is taken from [70]
e and Vi, ~ 1 from unitarity.

Equation 7.2 then provides the matrix element Vi,

Ve = (0.93+0.31)-107%, (7.3)
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=

B(0,1)

» P

Figure 7.1: The unitarity triangle. p, n and A are defined in the Wolfenstein
parametrization (equation 1.8) of the CKM matrix.

where the contribution of the different sources to the error is given in the following

equation:
Vee = (0.93 £0.12(z4) = 0.11(m,) &= 0.26(f) + 0.034(7g)) - 1072

The CKM matrix elements obey unitanty constraints, according to which any
pair of rows (columns) of the matrix are orthogonal. Hence, the following relation

is obtained:

VaadViy + VaaVg + VaaVy = 0. (7.4)
Using the form of the CKM matrix in equation 1.7, the above re'ation can be written
as:

Vs, Ve

AVcb+ AV, =1 (5)

which is a triangle relation in the complex plane. This so-called “unitarity triangle”

is illustrated in Figure 7.1 and demonstrates the allowed region in the p — 7 space.
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Using equation 7.5 one can obtain limits for the CKM matrix element V;y which
in turn can be used to give an experimental value for the product By - f3 . For this

purpose, the CKM matrix elements V3 and V4 are re-written as:

o= AX(p—1ip) = AXre (7.6)
and
Ve = A1 —p—in) = AX3(1 —re¥) (7.7)
with r, é defined from
r=y(p*+7?) and b= cos'l(—-—e—--).
(p* +7%)
Using this parametrization, equation 7.5 transforms to:
|Kti|2 = A-(1+r®—2rcosb),
Vs
or equivalently

Vial = [Vasl+ A+ (2 +7% — 2reosé) /. (7.8)

Inserting [Vis] = 0.040:£0.005 [2], A = 0.2205::0.001 [2}, r = /(p* + n?) = 0.3620.14
from [70], the allowed region for V4 following from the unitarity of the CKM matrix

is obtained.
0.004 < Vg <0.015 (7.9)
Putting this value for V.4 in equation 7.2 one gets
0.0125 GeV? < By- f3, <0.175 GeV2. (7.10)

A summary of the various measurements of B°B° mixing, obtained from ma-
chines operating at the T(45) resonance as well as at higher energies, is presented
in Figure 7.2.

At energies higher than the T(45) mass, a mixture of By and B, mesons is

present with production fractions f; and f; respectively. The mixing probability ¥
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Figure 7.2: Comparison of the values obtained for x4. The method used for the

determination of the mixing parameter is also indicated.
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is in this case a combination of the mixing probabilities x4 and x, for BS and B?,

respectively.

= ded + f3x.1

LEP experiments provide information on x4 by measuring the B «— B9 oscillation
frequency Amy and using the B? lifetime Tgo to extract zg = é'{—’,‘-ﬁ

Fipally, from the study of mixing in the B — BS system, one can extract infor-
mation on mixing in the BS — B? system. The mixing parameter x, as determined
in this work can be combined with the measurement of ¥ to provide an estimate of
the mixing in the B, system, x,. For this purpose, the results of the LEP and the
pp experiments will be incorporated as shown in Figure 7.3. Using for the produc-
tion fractions fy and f, the values f; = 0.40 and f, = 0.12 from [72], and taking
the average from the LEP and pp experiments ¥ = 0.122 £ 0.008 [72], the mixing

parameter x, is estimated to be:

Xs = 0.467 % 0.200, (7.11)

which is translated to the following limit:

o> 0.14 90%C.L. (7.12)

A prediction for the mixing parameter z, is obtained from the B? — B? box
diagram and is given by a formula aralogous to that for B — B9 mixing
AM, G% m?
L= % 57 mg, 78, (B.f3 ERILA WVal? miF (M_:'*;,) 1QCD-

Using the fact that |V,| = |V4|, as demonstrated in equation 1.8, the ratio £ s
given by:

& = 7?3. mBl TBI(BBJ f%.) Iv;-! 12
T3 18, MmB, T84(BBy fB,) Vi

where for the mass and lifetime of the B, meson the values mp, = 5368.0+ 3.7 MeV
and 7p, = 1543314 % 0.05 ps will be used [2]. The QCD correction factors 75, and
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Figure 7.3: Strength of the B? B9 versus the B?B? oscillation. The restlt obtained in
this work is incorporated witk the average from the LEP and pp experiments. Also,

the curve obtained from the unitarity of the CKM matrix is shown (SM curve).
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. . Bs,fp Bp. 1} 2
7B, are expected to be equal. Using for the ratio m the value B—;;';_!E: = (1.16)

as taken from [70], and substituting the value found for V4 from equation 7.3, it

follows that:

I x2.0+17.3 (7.13)

Td
In the above equation only the error on the matrix element {V.q4| is considered, since

this error is the dominant one. Substituting the value of z4 from equation 7.1,

equation 7.13 in turn gives:

r, =18.3 £13.7.

7.2 Kaon tagging: advantages and disadvantages

Kaons were used for tagging the flavour content of the parent B meson for the first
time in the work presented in this thesis. This tagging technique was applied in the
study of B°B° mixing. A number of advantages and disadvantages can be noted in
comparison with the lepton tagging technique. The main advantage of kaon tagging
is the highe: statistics provided. While the rate for b =1 = 10%, it is expected
that b — ¢ —+ s == 55%. The main drawback is related to the fact that presently
the experimental information on kaon rates is very limited. In both cases the main
background source consists of wrong tags, that is cascade leptons or kaons originating
from the decay of the W mesou for the case of electron and kaon tagging respectively.
On the other hand, the lepton spectra from B decays have been studied extensively,
thus providing a relatively accurate estimate of the secondary lepton component.
However, this is not true for kaons coming from B decays. The s and § production
rates from b decays are poorly known, thereby adding an important systematic
uncertainty to results extracted using the kaon tagging technique. However, the
last drawback could be overcome Ia the near future, since the data collected by
the CLEO Collaboration provides a large number of fully reconstructed B mesons

which in turn makes possible inclusive measurements of the type B — K+X and
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B - K~X. The argument concerning the uncertainty of the wrong-tag fraction is
also applicable to the use of the D"t charge to tag the B meson flavour content, as
in Chapter 5, since also in this case the background mainly arises from “wrongly”
charged D** candidates.

To perform the measurements necessary to pin down the parameters of the CKM
matrix, a number of experiments are in preparation. Flavour tagging will therefore
be extensively used in the future. In this work, several tagging techniques are
used. Kaon and D** tagging are studied and both these techniques seem promising.
Since mistagging rate is an important limiting factor in future measurements, it is
essential to acquire better knowledge of the rates B — K~X, B — K*X, as well as
B — D*X, B— D*"X. Another drawback of the kaon tagging technique comes
from the fact that the ratio % is much larger for kaons than for leptons
(for momentum regions where the ¢ — s component contribution is minor). Future
experiments will be able to distinguish the daughter particles of each B meson
making it possible to avoid angular cuts which need to be used for the spherical
distribution of BB events at the T(45).

7.3 Summary

To summarize the results presented in this thesis, the branching ratios for the fol-

lowing processcs were measured:
e Br(B° — D™*+8-v) = (4.4 £ 0.3(stat) £ 0.3(syst) % 0.3(model))%;
» Br(B°— Dy £°5)=(2.5£0.6(stat) % 0.5(syst))%;
e Br(B°— X £5) = (9.3%1.1(stat) % 1.5(syst))%;
e Br(B — D** X) = (19.6 £ 1.9)%;
. e Br(B% = K*X) = (78.2 % 8.2(stat))%.

The B «—— B2 mixing parameter was determined using three different methods:
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e using (7¢) £ combinations the value

X< = 0.162 % 0.044(stat) = 0.038(syst)
was obtained;
e using D"t K= correlations the following value for x4 was extracted:

Xxe¢ = 0.196 & 0.126(stat) = 0.120{sys?);

e using (7€) K combinations x4 was found to be:

x4 = 0.188 & 0.075(stat) = 0.069(syst) % 0.050(Br(D° — K)).

These last two measurements were obtained with a technique which has been
used for the first time. The B meson flavour is fagged using the charge of the
daughter kaon. Finally, from the determination of the mixing parameter yq, the

following quantities are found:
e z, =0.703 = 0.180;

e Vg =(0.93+031)-10"2,
from unitarity of the CKM matrix one expects 0.004 < V;¢ < 0.015;

» 0.0125 GeV? < By- f3, <0.175 GeV?

o x, = 0.467 £ 0.200,
xs > 0.14 90%C.L.;

o z,=183x13.7.



Contributions to the ARGUS

Experiment

During my stay in Hamburg I, Iike all members of the ARGUS collaboration, par-
ticipated in data taking periods during which I ran shifts regularly. This requires
monitoring the detector performance and the quality of the data taken.

In the beginning of my stay at DESY, I had the responsibility for the offline cal-
ibration of the ARGUS main drift chamber. In addition, I participated in the soft-
ware development of the ARGUS microvertex chamber {gVDC). This large stereo
angle drift chamber was designed to resolve secondary vertices from the decays of
short particles and replaced the ARGUS vertex drift chamber in 1990. In particular,
I was responsible for the calibration of the uVDC in order to extract the optimal
resolution of the chamber. The achieved resolution is better than 40 microns.

I initially performed studies on non-BB production on the Y(4S) resonance
motivated by the observation of J/¥ production above the allowed kinematical
limit for J/¥ coming from B-meson decays. These studies included the chanrels
Y(4S) — J/¥ + X and T(4S5) — ks + 7, the latter being motivated by theory. My
search for these type of events resulted in the best existing upper limit.

My further contributions to the physics analysis are described in this thesis.
The results presented in Chapters 3,4 have been presented [79], [80] and published
[81]. Finally, the analyses presented in Chapters 6,7 are currently being prepared

for publication.
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