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Abstract

Using the ARGUS detector at the e+e- storage ring DORIS II at DESY, a study

of the decay BO --+ DO+R.-v has been performed by exploiting a partial DO+ recon

struction technique. The branching ratio was determined to be (4.4 ± 0.3 ± 0.3)%

for this mode, and for the higher excited D(J) states Br(11O --. DiA" R.-v) =
(2.5 ± 0.6 ± 0.5)%. Furthermore, the inclusive DO+ branching ratio in B decays was

measured by fully reconstructing DO+ candidates.

Using a tagged subset of this sample of J30 meson decays in the mode

110 -+ DO+R.-v, B3 +-+ B~ oscillations have been studied. For this purpose two

tagging techiques have been applied: the standard method of using fast leptons, and

a new technique which makes use of kaons to tag the b flavour content. Combining

the values obtained by these two methods, the J30BO mixing parameter Xli, used to

denote the strength of the oscillations, was determined to be Xli = 0.165 ± 0.057.

In addition, using fully reconstructed DO+ candidates, a third study of the J30BO
mixing parameter was carried out by investigating D"+1(% correlations. The mixing

measurements obtained using kaons to tag the B meson flavour employ t.lûs 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 Xli, the CKM matrix

element Vld was determined and the~~ mixing parameter X. was obtained.
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Résumé

En utilisant le détecteur ARGUS, instalIé sur l'anneau de collisions DORlS II ~

DESY, on a étudié la désintégration ÏJO ..... n"+e-ii en exploitant une technique de

reconstruction partielle du n"+ . On a mesuré le rapport de b~anchement de ce mode

de désintégration,(4.4±0.3±0.3)%, et de l'état excité n(J)' Br(.8" -t DiA" t-ii) =
(2.5 ± 0.6 ± 0.5)%. De plus, le rapport àe branchement inclusif du n"+ en B a été

mesuré en reconstruisant intégralement les candidats n"+ .

En utilisant un sous-ensemble identifié de l'échantillon de désintégrations du BD

dans le mode ËJo ..... n"+e- ii une étude des oscillations B~ +--+~ a été menée. Pour

ceci, deux techniques d' indentifica.tions ont été appliquées, la méthode standard

utilisant les leptons rapides et une nouvelle technique qui utilise les kaons pour

identifier le quark b. En combinant les valeurs obtenues par les deux méthodes, le

paramètre de mélange, Xd, du système BOËJo qui mesure l'amplitude des oscillations

a été déterminé do Xd =0.165 ± 0.057.

De plus, en utilisant les candidats n"+ entièrement reconstruits, une troisième

étude du paramètre de mélange du système BDÏJO a été menée en étudiant les

corrélations n"+K±. Les mesures de mélange obtenues en identifiant le méson B,

utilisent cette technique avec des kaons pour la première fois. Les mesures futures

de violation de CP aux usines à B seront essentiellement basées sur cette méthode.

FinalIement, en utilisant la valeur mesurée pour le paramètre de mélange Xd,

l'élément V,d de la matrice CKM a été déterminé ainsi que le paramètre de mélange

X. du système~~.
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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 fundamentaI theory

which is able to describe al! phenomena in nature. An important mode! which has

50 far been speetacularly successful is the so called Standard Model, which is a gauge

theory that describes strong, weak and electromagnetic interactions. The mode! is

based on a SU(3) group of colour, a SU(2) group of weak isospin and a U(l) group of

weak hypercharge. Its two sub-theories are the Theory of Electroweak Interodions

which provides a consistent description of weak and e!ectromagnetic interactions

and the Theory of Quantum Chromodynamics (often referred to as QCD) which

describes the strong interactions. It is a common belief, however, that the Standard

Mode) c~;;;;ot be the "ultimate" theory of nature since the mode! has too man)" free

parameters and leaves questions like the equality of the proton and e!ectron e!ec

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.

l
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CHAPTER 1. THEORETICAL BACKGROUND

1.1.1 Electroweak interactions

2

(1.1)•

The theory of electroweak interactions [1) is based on a SU(2) group of weak isospin

(T) and a U(l) group of weak hypercharge (Y). Quarks and leptons cao 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 '"r 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

T3 member of a weak isomultiplet (where T3 is the third component of the weak

isospin) is given by a generalization of the Gell-Mann - Nishijima relation

Quarks and leptons interact with each other by '"exchanging" particles called gauge

bosons. Quarks cannot be round free in nature but only in bound states which are

called hadrons. Indeed, the known hadrons are confined to either qij (mesons) or qqq

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(Ji)..~ - i; (jY)"BI'

consists of an isotriplet of vector fields W~ coupled with strength 9 to the weak

isospin current J~, together with a single vector field BI' coupled with strength g' /2

to the weak hypercharge current j~. Linear combinations of these fields W~ and BI'

constitute the physical bosons mediating the weak intera-:tions. Hence, the massive

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

w± = fI (W1 =F W2)
li V2 .. ..
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T T3 Y Q

Leptons

(~t (:)L ( : )L
1/2 +1/2 -1 0

1/2 -1/2 -1 -1

eR J-IR TR 0 :' -2 -1

Quarks

(:)L (: )L (:)L
1/2 +1/2 1/3 2/3

1/2 -1/2 1/3 -1/3

UR CR tR 0 0 4/3 2/3

dR SR bR 0 0 -2/3 -1/3

,

Table 1.1: The three generations of fundamental fermions.

3



and their ex6ange results in the change of the charge of the leptons or the fiavour

of the quarks taking part (where the fiavour quantum number refers to the different

types of qt:arks). The process is thus called a "charged (or fiavour-changing) current"

weak interaction. The weak charge current couples left-hand~d rotated quark states.

The neutral bosons, usually referred to as 'Y (photon) and ZO boson, are identified

•
CHAPTER 1. THEORETICAL BACKGROUND

as:

4

(massless photon) (1.2)

(massive) (1.3)

•

and give rise to the electromagnetic and the neutral current weak interactions, re

spectively. The parameter lIw is the weak mixing angle, the value of which must

be deduced from experimental measurements. No transitions (at least to lowest

order) via f1avour-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

(:')=u(:).
In t~s relation, the weak eigenstates (primed quarks) are related to the quark mass

eigenstates (unprimed quarks) by the unitary rotation matrix:

u= (COSlle sinlle )

- sin lie cos lie

with the quark or fiavour mixing described by the Cabibbo angle lie. The "up"

quarks are, by convention, unmixed. To incorporate additional quark f1avours, the

GIM mechanism is extended and for three quark doublets the 3 x 3 mixing matrix



U, known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix, contains three rea.l

parameters and a non-trivial phase.
•
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d'

S'

b'

d

= VCKM S

b

VU<! V... Vub

Vcd Vu Vcb

v,. V.. V,b

d

S

b

(lA)

This compiex phase introduces the possibility of a CP violating amplitude (C is the

Charge conjugation symmetryand P is the Pa.rity). The values of the amplitudes

of the CKM matrix clements need to be extra.cted from uperiment and they are

presently constrained to lie in the range [2]:

VCKM=

0.9747 - 0.9759

0.218 - 0.224

0.004 - 0.Ql5

0.218 - 0.224

0.9738 - 0.9752

0.03 - 0.048

0.002 - 0.005

0.032 - 0.048

0.9988 - 0.9995

(1.5)

•

The V;j values are mea.sured using MOUS techniques. VU<! is determined from {J

deca.y, V... from the decay K --; 'll"ev and from semileptonic hyperon deca.ys; Val is

obtained from cha.rmed particle production by neutrinos i.e. v,.d --; J.l- c; Vu fol

lows from the deca.ys V,.s -+ J.l-C and D+ --; f(°év•. Fina.lly, Vcb is extra.cted by

mea.surements of the B meson lifetime and the width of the semileptonic b --; c

transition r(b --; clv) and the value for Vu!> cornes from the determination of the

width of the semileptonic b --; u transition r(b --; ufv). The values for v,q are in

ferred by imposing 3 generation unita.rity; only indirect mea.surements are ava.ilable,

since hadrons containing the t-quark have not been studied. Information on VI<! for

exa.mple, ca.n he extracted by studying the ~ -. Ë~ mixing as it is mentioned

in later sections of this chapter and similarly on V.. by studying the U; -. Ë~

mixing.

The study of B meson deca.y properties provides a rich source of information

on the CKM matrix clements involving the bquark. The analyses described in this



thesis are directed towards a measurement of the strength of Bavour oscillations

in the BO - Ï30 system, precision measurements of which may be used to extract

information on V,d as weil as the top quark mass.

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

the following parametrization [2]

•
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where ("oi; =cos6;; and s;; =sin6;; with i, j = 1 to 3 for three generations are the

three rotation angles and é is the complex phase.

The r.o called Wo1fenstein [3] parametrization arises from the empirica1 observa

tion that the mixing angles have a hierarchical structure. Expanding In powers of

.\ = sin6e = 0.22, this formulation of the CKM matrix is of the form:

1- 1.\2 .\ A.\3(p - i1/)2

VeKM= -.\ 1- 1.\2 A.\2 (1.7)2

A.\3(1 - p - i1/) _A.\2 1

plus corrections of order .\4 • From experiment, the values extracted for A, p, 1/ are

[4, 70]

A = 0.9±0.1

•
The CKM matrix contains 4 of the Standard Model parameters which must

be determined e;,:perimentally. In its present form, assuming that neutrinos are

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

• The six quark and the three lepton masses



• The strengths of the coupling constants cr, cr. and GF for the intera.ctions

between quarks or/and leptons.
•
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•

• The three real and one complex parameters of the CKM matrix

• The weak mixing angle sin2
(lw and (lQCD

• 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

1'(4S) resonance, the l' system is here described in more detail. The existence of the

b quark was experimentally established by the discovery of the l' resonances in 1977

at Fermilab [5] as an enhancement near 9.5 GeV/c2 in the invariant mass spectrum

of p+p- pairs produced in 400 GeV proton-nucleus collisions. A structure consisting

of two peaks was observed, ODe at 9.4 GeV/c2 and one at 10.0 GeV/c2, which were

identified as the l' and T' mesons. The measured widths of the peaks were consistent

with experimental resolution, possibly indicating very narrow natural widths. This

fa.ct, together with the observed spa.cing between the two resonances which was found

in the charmonium system, led to the interpretation of the l' states as bound qq

states of a new heavy quark: the b quark. One yt= later, the DASP II and PLUTO

experiments, both carried out at the DORIS II storage ring at DESY, observed two

narrow resonances at 9.46 and 10.023 GeV/c2 (Fig. 1.1) [6] in e+e- collisions.

Since the l' mesons couple to the virtual photon created in e+e- annihilation,

they must have the quantum numbers of the photon, Jpc = 1--. The l' and 1"

were identified as the lowest lying bb 3SI states T(lS) and its first radial excitation

T(2S). Later the T(3S) was observed [8]. The narrow widths for the lS, 2S, and 3S

states are due to the dominant decay of the l' via anrùhilation of the bb into three

gluons as shown in Figure 1.2. Such a diagram is the oo1y possible strong decay for

l' stat~ 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 experiment (open

circles) [5) and from DORIS II experiments (full circles) (6). b) Cross section of

e+e- -+ hadrons [7)•
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Figure 1.2: T(IS) decay to three gluons.

b--......----
Y(4S)

b

•

Figure 1.3: T(4S) deca.y to a pair of B mesons.

lightest hadrons containing a b quark. The widths of the T resonances above the

T(3S) are severa.! orders of magnitude larger, implying that these states lie above

this threshold and therefore deca.y predomina.n~ly 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 hca.vy b quark and a Iighter u, d, s or c quark.

The TC4S) is an excellent source of the b-fiavoured ~ and Bt mesons a.n<i their
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antipartic1es:

T(48) -+ BOBo

T(48) -+ B+B-.

10

The sa and J3+ are the lightest mesons carrying the bot tom or beauty quan

tum nu:nher. A study of the momentum spectrum of charged partic1es from T(48)

supports the assumption that the T(48) meson decays practically 100% into B me

son pairs [9]. Recently, observations of J IiI! mesons arising from T(48) decays have

been reported with momentum beyond that allowed for aB decay product [10], [11].

This c1aim has given rise to extensive searches for non-BB decay mechanisms on

the T(48). In the subsequent studies, an upper limit of 0.14 (95% confidence level)

on the overall fraction of non-BB decays of the T(48) was set [12] by comparing

lepton and dilepton production in T(48) decays. Moreover, following an ana1ysis of

the large accumulated CLEO continuum data sample it was conc1uded that contin

uum production can adequately e."q>lain the high momentum J /iI!'s observed on the

T(48) [13]. Therefore, direct T(48) decays into non BB states, ifthey cxist, should

constitute only a small fraction of T(48) decays. Measurements of the B meson

mass from fully reconstructed B mesons show that the T(4S) mass lies just above

the threshold for BB pair production, which implies that B mesons are produced

nearly at rest. The production ra~io of J3+B- and sajjo pairs in T(48) decays

f = ';; = H)r;~~) strongly depends on the mass difference of the two types of B

mesons 1 am =mso - ms-. If the masses were equa1, isospin symmetry implies

that the production rates would a1so be equa1. The mass difference is obtained by

reconstructing the B mesons and has been found to be [14], [15]:

:n the forthcoming ana1ysis, the production ratio f is assumed to be 1, since the

IThroughout this work whenever reference te a specifie charge state is made, the charge conju

gate state is aIso implied, unless mentioned otherwise.•
{

-1.3±1.2MeV/c2 ARGUS
am = mB" - l'r.B- =

+0.4 ± 0.6 MeV/c2 CLEO
(1.8)



mass difference .6.m is small enough not to cause any significant deviations from

unity.

The b quark decays through the Ilavour-changing weak interaction. The domi

nant features of B(bq) meson decay are expected to be described by the spectator

model, where the heavy ïi quark decays into a lighter c or ü quark, while the lighter

quark q acts as a spectator not inlluencing the decay rate (Fig. 1.4 a,b).

In the spectator model, the semileptonic decay of the B meson proceeds through

the decay of the ïi quark to a cor a ü quark with the emission of a virtual W+ boson

which then couples to the ïll1 system. The semileptonic width f.l cao be written as

•
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and the hadronic width fh.dr

11

(1.9)

G}m~

19?-3 . /h.dr .
-"

L
ql.~=U.C:

Q3=d•.t

(1.10)

•

where the function I(x, y, z) describes the phase space corrections due to finite

quark and lepton masses. The factor f.l(b -+ q) is equal to 1 and fhodr 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 decé.y 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 cao also take place.

The wi<l.ths for W-exchange (Fig. 1.4 c) and Ilavour annihilation (Fig. 1.4 d) are

expect"J 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 10-5• The experimenta1ly observed

branching ratio for (B -+ K"(892) 1') [li] supports this prediction. As mentioned

before, further decay channels via Ilavour-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

13

•

In B decays, leptons cao 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 lA a. The secondary source is from the decay of charmed particles

(Xe --+ Y t'+v) which are produced in the b --+ cW- decay. Leptons originating from

the virtual W produced in the b --+ c, U W- decay cao be used to tag the f1avour

content of the parent B meson. Primary leptons have positive charge when they

come from B+, BO mesons and negative charge when they are daughters of B-,

lJO mesons. An important source of background for lepton tagging arises from the

cascade leptons which have 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]:

- - CF -
A(B --+ X q + t'v) = < Xqt'vzll-y"(l - iS)Vl 2 Vqb~,,(l - ïs)blB >

CF -
= TVqbill/"(l - ïs)Uv < Xql~,,(l - ïs)blB >

with the leptonic part ill/l'Cl - ïS)Uv being derived by exact calculations. However,

this is not the case for the hadronic matrix element < Xql~"Cl - ïs)blB > which

includes QCD effects. Hence, to calculate the hadronic matrix element use of a

model needs t.o be made. There are in general two categories of models. One treats

the b quark in the /Xi meson as quasi-free, decaying via b -+ q't'v with the light il

quark remaining a spectator, while the other category considers only the final-state

hadrons produced. The simplest model of hea\'Y meson decay is therefore the free

quark model, belonging to the first category; a modified version of this approach has

been proposed by AltareIIi et al. [18]. For models which consider only final state

hadrons, the description of the hadronic part of the amplitude is made possible

using aIl Lorentz invariant variables. Form factors are then defined as q2-dependent

functions, each multiplying one of the Lorentz invariant variables. In semileptonic B



decays of the type P -+ Plii there are two Lorentz inviJ.riants; while in B decays of

the type P -+ Viii there are four Lorentz invariants (P and V stand for pseudoscalar

and vector respective!y).

•
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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

(1.11)

•

where Vqb is the CKM matrixe!ementand F(x) is the three-body phase-space factor

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 mode! 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 particu!a..:y

near the high momentum endpoint. In the ACCMM mode! [18], the B meson is

represented by a pair of quarks bq with a Fermi motion attributed to the quarks in

B rest frame. Then q remains a spectator and the b quark decays as a free quark

b -+ q'lii (where q' = c, u). The spectator antiquark is treated as a particle of

definite mass m'P' and momentum p, while the heavy quark is viewed as a virtual

particle of invariant mass W

where Ms is the B meson mass. A Gaussi..n distribution is assumed for the spectator

momentum
4 IPl2<POp\) = - . exp(--). ..fip} p}



where the parameter for the momentum spread PF is adjustable. The lepton spec

trum is obtained in this model after folding .p(lp1) with the decay spectrum of the

heavy quark of effective mass W.

•
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1.4.2 Form factor modeIs

The Wirbel-Bauer-Stech model (WBS)

The decay amplitudes are given by the product of a leptonic « vlJ"li » and a

hadronic V - A current « X(o)IJ"IB »; where X(JP = 0-), X"(JP = 1-) is

the meson produced in an exclusive semileptonic B decay ÉJ ..... Xl"li-v. In the

WBS modeJ.[19], nearest pole dominance is assumed for the dependence of the form

factors on q2

F(q2) = 1 _ q2~M:. .
pol.

The form factors h (F(q2 = 0) = h) are called overlap factors since they can be

expressed as the overlap of the initial and final state rneson wave functions. In the

case ÉJ ..... X"(-v, there are 5 form factors, V(q2), Ao(q2), Ai(q2) with i = 1,2,3, of

which 4 are independent. The authors daim that the overlap factors hl, hA, can be

reliably calculated, while to estimate hv and hA, an additional free parameter JM

needs to be introduced. This parameter can be fixed using experimental information.

The choice of JM has a strong influence on the rSL(ÉJ ..... X"). To fix the form factors

at q2 =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 rnomentum

frame.

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

In the ISGW model [20] the hadronic tensor

'z



for the decay Ë -- X eii 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 IS, IP and 2S using a non-re!ativistic quark model and all contributing final

states are summed: < Bjj"(O)IX >= 'L,Ji(q2 - q;'..,)Xr where XI' are vectors

constructed From the available kinematic variables, and fi are the Lorentz-invariant

form factors. In the non-relativistic limit the Lorentz-invariant form factors fi and

those appearing in the quark mode! calculation (cal1ed ii) are in one-to-one cor

respondence. The form factors are calculated in the limit of zero recoil (p; = 0,

where the momentum transfer is maximum). ISGW have chosen to use SchrOdinger

wave functions in a Coulomb plus linear potential. The formulas derived are ooly

valid for wave functions with <rift « 1 (p; and mi are the momentum and mass
m.

of the quark il. At large p;, a constant factor, tt, is introduced 50 that the form

factors computed as functions of (q2 - q;'..,) are replaced by the sarne functions of

(q2 _ q;'..,)/tt2. Comparing to the experimentally determined F,,(Q2), the authors

find tt =0.7. For Ë __ Xce-ii the mode! predicts

•
CHAPTER 1. THEORETICAL BACKGROUND 16

•

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 b __ c -- 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, name!y through the virtual W± decay or through vacuum excitation of an

ss. 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 spaœ e1fects for the b -+ C, U part [21], while
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Figure 1.5: Feynman diagram showing s quark production in B decays which may

lead to Kr. production.

the c ..... s, d part consists of estimates ba.sed on simple arguments. These numbers

a.ccount only for spectator decays.

From Figur-: 1.5 one therefore obtains the b ..... s, S rates shown in Table 1.3. Produc

tion of ss pairs from the vacuum, which is expected to haveonly a minor contribution

and for which there exist large theoretica.l uncertainties, is not taken into a.ccount.

From experimenl there exist only limits for processes that involve vacuum exci

tation of an ss pair. The 90% confidence levellimits

Br(B D-;rK-X) < 0.8%

Br(B D-;rROX) < 1.2%

(1.12)

(1.13)

•
quoted in [22] for the process shown in Fig. 1.6 b, should be compared with the

Br(B ..... (D,D",D(J))l-ii), (Fig. 1.6 cl, which is:::::: (10.4±0.4)% [2]. Theabove

quoted Iimit aIlows at most :::::: 10% SS production from the vacuum. The corre

sponding number from the Monte Carlo simulation is 12%. The resulting change
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Figure 1.6: Feynman graphs for the decays a) Br(B+/o .... D,D",Dj l+ Il), b)

Br(B .... D;e-K-X) and.:) Br(B .... D;e-ROX) .
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~ Decay process 1 expected rate ~

b -fo eX 98.0%

b -fo c(üs) 2.3%

b-fo c(ës) 20.3%

b -fo u(ës) 0.4%

C-fosX 95%

C -fo s(su) 3%

C -fo s(du) 53%

C -fo d(su) <1%

19

•

Table 1.2: Expected rates for various b and c quark decays leading to s quark

production which in turn may lead to kaons.

~ Decay process 1 expected rate II

b -fo sX llï%

b -fo sX 23%

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

in the expected rate for b .... s, s does not influence the ca1culation 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 BOBO mixing

The two neutrai bottom meson states ~(bd) and Ë~(bd) have, in the absence of

weak interactions, the same mass and carry the same quantum numbers apart from

the b :Bavour. The weak interaction gives cise to .BO - Ïfl oscillations, that is tran

sitions for which the :Bavour quantum number changes by two units, t!.B = 2. This



phenomenon of particle-antiparticle mixing can be described in the Hamiltonian

frarncwork.

The total Hamiltonian consists of two pieces: H = 1{s + 1{EW. The strong

interaction Hamiltonian 1{s is f1avour conserving, while the e1ectrowea.k Hamiltonian

1{Ew is f1avour changing. Once astate is produced, say IBO), under the influence of

1{Ew there will be transitions, (oscillations), between this state and the state with

opposite bea.uty quantum number, thus resulting in non-exponential deca.y of the

state IBO).

The evolution of the system BO - ËQ is dictated by the non-Hermitian Ha.milto

nian H.

•
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(1.14)

The existence of non-diagonal e1ements in the Hamiltonian is responsible for mixing.

From 1.14 it follows that

(1.15)

•

Assuming CPT invariance 1{n = 1{22 = 1{, which is then written as

1
1{= M--r

2

with M, r real. Writing 1{12 as

where in general M12 and r 12 can be complex, and requiring CPT invariance, one

obta.ins for 1{2h

1{21 = M;2 - ~ri2'

Equation 1.14 therefore bccomes

(1.16)



Using certain linear combinations of the f1avour eigenstates IBO) and IBO) to di

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

CHAPTER 1. THEORETICAL BACKGROUND 21

H:

(1.17)

where

1 (M. ir. )1/2- f -12 - 2 12 (1.18)
7]= l+f= M12-~r12

In the case of CP conservation, M 12 ar:d r 12 will also be real, giving 17]1 = 1 and

IB?,2) will have CP eigenvalues =FI. The time evolution of these states is simply:

(1.19)

with

m1.2 = M ± Re[7-l127-l2dl/2 and r 1•2 = r =F 2Im[7-l127-l21jl/2. (1.20)

The states IBO) and IBO) produced in a strong interaction at t = 0 have at some

later time t become:

(1.21)

respectively, with

(1.22)

•

From 1.22 one infers that astate which at t = 0 was a pure IBO) (or ISO)), is at a

later time a mixture of IBO) and IBO). Hence, the probabilities of finding the various

states at time t starting with I~) (or IBO)) are:

(1.23)
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with

If+(t)12 = ~ [e-r" +e-r" +2e-r'costl.Mt]

If_(t)12 =~ [e-r ,. +e-r,._ 2e-r • costl.Mt] .

The quantity

22

is the average width of the long and short-lived state and the oscillation frequency

is the mass dilference of the states. From the above equations it is clear that only

if CP is conserved do the rates for BO --> SO and SO --> BO become equal. For this

"single particle initial state" the mixing rate is expressed as the total number of BO
mesons found per BO produced and vice versa.

DO -0) 1 121 [1 + 1 2r]r = roo 'P(.cr --> B ; t dt = '1 i F," r; - ri+~>

- roo 'P(BO --> BO; t )dt l [.1. + .1. + 2r 1° 4 r, 1, I"2+/iMi
(1.24)

•

__ f;o 'P(SO --> BO; t)dt _ 1 :1:2+ y2
r - - - -::-......,;,-::--=- roo 'P(BO --> BO; t)dt 1'112 2 +:1:2 _ y2

where the definitions
tl.M tl.fx=-r and y=2f

have been used. In the case in which CP is conserved,

If CP is not conserved, the asymmetry

r-f
cr =--_::::: -4Re(E)

r+r

(1.25)

(1.26)
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can be used to measure the strength of the CP violation. For B mesons,

V,d ,.~1]B ::::: - = e... l
....

rd

• v.-rd

23

[23], where ,p'd is the phase of the CKM matrix element V,d. Hence, also in the case

of CP non-conservation, I1]B.1 ::::: 1. From 1.20, it follows that

(1.27)

M 12 and r 12 can be determined from theory by evaluating a second-order weak

transition matrix element known as a box-diagram (Fig. 1.7). M12 corresponds to

virtual J30BO transitions, while r 12 describes rea1 transitions due to the c\ecay modes

which are common to the If' and the sa, such as BO, sa -> uddù, uddë or cddë.

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 r12 in the BOBO system,

the above equations for tlM and tlr simplify to

tlM ::::: 21Md and tlr::::: O. (1.28)

(1.29)

•

Hence, it is expected that ~( << 1. and one can therefore neglect y2 in the expres

sion for r, which then reduces to
,

X·
r = ? 2'_+X

BO - BO transitions proceed via the "box diagrams" shown in Fig. 1.7.

Theoretica1 ca1culations performed by [24J, [25], give the explicit formula for M12

for any pseudoscalar meson P composed of one heavy(h) and one light quark(Q,

(P = hl), neglecting the internai momenta of the two quarks as weil as the mass of

the light quark. They find

(pOI'LILl.p=2 IP-O) M .r12
n.eiJ,V-A = 12 - 1 2 =
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Figure 1.7: Box diagrams for BO130 transitions.

(1.30)

where the sum extends over ij=u,c,t(d,s,b) for the heavy quark h of down(up) type

and Ài = 11;;.V;/ where V,k are the corresponding CKM matrix e1ements, and the

coeflicients Bij are functions of the masses of the quarks involved (mi, mj) and the

W:I: mass Mw.

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

(1.31)

•
where

(1.32)

For the "bag" parameter Bd, which arises from the vacuum insertion approximation,

and for the B decay constant lB, from the parametrization of the hadronic matrix



(1.33)
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element, the values Bd = 1.0.± 0.2 and f B. = 180± 50 MeV will be used respectively

riO]. Equation 1.31 is then writt~n as:

G}Bd,fBmbMa, [ , 2 \ \ U ]
M12 = 12:r2 À~U11/1 + À,U21/2 +2A,Ae 31/3

where 1/i are QCD corrections and Ui are functions of mu, me, m" mb and Mw. This

expression can be simplified knowing that for a wide range of values for the top

quark mass U2 >> UI, U3. AIso, À~, À~ and À,Àe for the Bd meson system are

comparable in magnitude (in c,,:!trast to the Kaon system). U2 is found to be [26]

(1.34)

Since the U2 term is by the far the dominant contribution to eq. 1.34, b.M ::::: 21M121
cao be approximated as

where

(1.35)

1 9
F(x) = :4 + 4(1 _ x)

3
2(1 - x)2

(1.36)

(1.3i)

(1.38)

•

From 1.35 it follows that for the mixing parameter Xd one obtains:

b.M G} 2. 12 2 m~)
Xd = r::::: 6:r2 mb TB (BdfB.)IV,bV,d m,F(Ma, 1/QCD

with TB 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 x). The f1avour

content of both B hadrons needs to be tagg~, so that the ratio of B mesons with

the same and different b quark content (mixed over unmixed B mesons) is formed.

This ratio,

NBB + 1'188
p= •

ABB

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

mixing p = O. In the case of the T(4S) resonance, the two b quarks hadronize into



a B~Ë~ pair, 50 one has to deal with a "correlated two-particle initial-state wave

function". In general, for a BOËO system produced with relative angular momentum

L, the quantities relevant to mixing which can be related to experimental data are
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[2ïJ:
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and (1.39)

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

(1.40)

•

where the upper(lower) sign should be taken for L =even(odd). The two B meson

system coming from the decayof the T(4S) is in a P-wave state and its wave funetion

should be antisymmetric. Since the T(4S) 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:

1 X2 +y2 _
RL-l = -.' =r- 11]1- 2+X2 _ y2

(1.41)
_ • x2 + y2

RL=l = 11]1- . ? + 2 2 = r_ x-y

The relation between Il...Jd(Rodd) and f(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 BOsa or !JO!Jo is forbidden by Bose statistics. This implies

that if one of the two particles decays at time t = t 1 as a sa, then at that very

moment the other particle is a pure !Jo. This particle for t > t 1 oscil1ates just as the

one particle system and will decay at time t = t2(t2 > t1). Hence the probability to

observe a sasa event is the probability that the ËJO oscil1ates into sa, which is the



quantity already defined in 1.26 as r. According to 1.39, 1.41, after tagging the b

quark content of the two B mesons, t.he relation 1.38 for p becomes:
•
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(1.42)

which assuming CP invariance reduces to

p = r.

When the B mesons are produced incoherently, e.g. via ZO decay or in pP annihila

tion, the ratio of "mixed" to "unmixed" events is given by [27J

2r
R.;"coh = 1 + r2

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

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

(1.43)

(1.44)

•

which leads to the determination of the mixing parameter X

1 x 2

X =2 1+ x 2 '

To accomplish this, the flavour of both BO and BO mesons has to be identified. For

this purpose, several tagging techniques have been de"doped. Usually, the leptons

originating from the semileptonic decays of the B mesons are employed as B flavour

tags as shown in Figure 1.8.

To extract the value of p (or P'), the contribution of charged B mesons to the lepton

tags has to be determined; for which a certain value of >. = b~f+/b5Jo has to be used.

Here, r (JO) is the branching ratio for T(4S) deca);ng into charged (neutral) B

mesons and b+ (bo) the semileptonic branching ratio of charged (neutral) B mesons.

Therefore, the measurement performed using dileptons depends on the value of >.

used. To obtain a measurement of p or p' which is independent of .h, techniques which

involve reconstruction of one of the neutra! B mesons in an exclusive decay channel
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Figure 1.8: Leptons coming from the semileptonic J30 and .f3O decays used as B

f1avour tags.

(mostly the ËO --> Do+e-ii decay, using the "missing mass" technique described in

Section 3.1) are employed. For the other B meson the chill'ge of a daughter particle

is used as a tag. Other particles used as tags are the no+ mesons coming from the

hadronization of the cij pair in the bq --> cijW- decay. In this work, in addition to

these particles, kaons originating from the b --> C --> s decay will be nsed as B f1avour

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 de;cription of the partial recoIlstruction

technique applied in this work, is illustrated in Section 3.1.
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Chapter 2

The ARGUS Detector

2.1 DORIS II e+e- Storage Ring

DORIS is an acronym for "Doppe1 Ring Speicher" refiecting that, in its original

incarnation, the storage ring actually had 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 19i8 with the discovery of the T

resonances. DORIS II provides counter-rotating e1ectron and positron bearns 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 smalllinear accelerator, LINAC 1, which accelerates

them to an energy of 55 MeV. The e1ectron beam is then injected into the DESY

synchrotron. Positrons are produced by bombarding a tungsten target with e1ectrons

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

acce1erated 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 p.s. Typical run periods of the order of one hour are achieved before the bearns

29
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Figure 2.1: The DORIS II storage ring
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are replenished, corresponding to beam lifetimes of 2-3 hours. Beams are focused

at the interaction points to about 80 p.m in y, 500 p.m in x and 2.5 cm in z,(the

coordinate system is defined with z along the beam axis and x in the plane of the

storage ring), if they are assumed to have Gaussian distributions.

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

•
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(2_1)

•

where j+ j- are the currents of the positron and the electron beams in Amperes

respectively, e is the electron charge, f is the revolution frequency and Ur, U. are the

beam sizes in the x-y plane in cm. The luminosity during typical running conditions

at DORIS is about 1 x 1031 cm-2s-1 and the typical integrated luminosity collected

by the detector per day is about 800 nb-1
• Data has been accumulated on the

resonances T(IS), T(2S), 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 e+e- - cë. The T system is described in Section 1.2. At DORIS II the T(4S)

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(4S) resonance

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 physies topies cao he studied including:
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• weak decays of B mesons produced in the decay of the T(4S) resonance,

• direct T decays and transitions between the various T states,

• decays of charmed hadrons produced in non-resonant e+e- annihilation,

32

•

• weak decays of T leptons, which are produced in the QED process e+e- -+ T+T-

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

do not annihilate, but instead interact via two ernitted 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 almast

isotropie, 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 range 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 (Jl-VDC), the Main Drift Chamber (OC), the Time

of Flight counters (TOF), the Shower counters (SC) and finally a set of Muon

Chambers (JlC) outside the magnet coil and the return j'oke_

Charge particle identification is realized both through measurement of the spe

cifie energy los~, dE/dx, 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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1. Muon chambers
4. Drift chamber
ï. Solenoid coils

2. Shower counters
5. Vertex chamber
S. Compensation coils

Figure 2.2: The ARGUS detector

3. Time of flight counters
6. Iron yoke
9. Mini beta quadrupole



layers of information to that of the drift chamber, thus providing a considerable im

provement in the accuracy of the measurement of the tra.c.~ parameters and vertices.

Discrimination between electrons and hadrons and measurement of the energy of

photons are performed by the electromagnetic calorimeter. Identification of muons

is achieved by the three layers of muon chambers.

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

following pages.
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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 the 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 rnini·beta quadrupoles to protect their field from leakage

from the main solenoid field. A second set compensates for the influence of f B dl

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



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 ceUs, each 18 mm by 18.8 mm in size. ln order to allow measurements of

the z-coordinate of tracks, hill the layers are arranged so that the sense and field

wires lie at an angle to the axis of the charnber i.e. in the order +a, O·, -a, O·.

The stereo angle a increases with the radius r as .jr 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 charnber is operated with a

gas mixture of 9ï% propane (C3Hs ), 3% methylal (CH2{OCH3 h) and 0.2% water

vapour. The water was added after discharges occured in one of the charnber's

sectors [30]. Propane was chosen due to its narrow Landau distribution i.e. the

energy loss along the lewh of the particle track fiuctuates 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 specifie ionization deposited along the track length, (dE/dx), which is

further used for particle identificatiou.

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/dx measurements. ln 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.

3;

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:

u(PT )--p;:- = 0.009· PT [GeV/c] (2.2)

where PT is the transverse momentum of the particle. For momenta below 1 GeV/c,

the momentum resolution cao be expressed as

u~:) =JO.012 + (0.009· PT [GeV/c])2 (2.3)

•

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

a.xis allows the determination of the track coordinates along the beam direction,

and therefore measurement of the polar angle () of the tracks. This in turn makes

it possible to convert the measurement of PT 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 impro\'ing the accuracy in reconstructing

secondary vertices from short lived particles.

The chamber is a small cylindrica1 high-resolution drift chamber with inner and

outer diameters 10 cm and 28 cm respectively, and a length of l m. It was designed

to fit into the space available between the drift 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 alllayers. 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 cel!

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 efliciencies at high track densities using singk hit elec

tronics. Al! 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 CO2 gas at a pressure of 1.5 bar and a high

voltage of 3500V. In order tv 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 OC.

The spatial resolution as determined from Bhabha scattering events is better

than 100pm 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 cel! pattern of the vertex drift chamber. The sense wires

are located in the .:enter of the hexagon and the 6e1d wires on the corners.
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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/c muons impro',eci from

aC::! = 0.9% . PT to 0.6% . PT. Single high momentum e1ectron tracks cao be

extrapolated to the vertex with a precision better than 100pm as found by studying

the distance of closest approach between the two tracks in Bhabha events. The

improved track and vertex parameters lea.d to considerably higher reconstruction

efficiency for secondary vertices from K~ and A decays.
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2.6 The micro-Vertex Drift Chamber

In March 1990 the VDC was replaced by a micro-vertex drift chamber (pVDC) [32].

The pVDC was designed to resolve secondary vertices from the decays of short lived

particles like charmed mesons or T leptons. This requires high resolution in both

the r - 4> and r - z projections, and ability to measure the track coordinate close

to the beam line. A schematic drawing of the pVDC 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

nateiy +450 and -450 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 beca.use it combines grea.t

mechanical stiffness with low multiple sca.ttering. Due to the small drift cells (5.320

x 5.17Smm2), the pVDC 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 beryllium beam pipe forms alse the inner wall

of the IlVDC. At first pure CO2 with 0.3% admixture of water was used as the

chamber gas and the pressure was set to 2.45 bar. Later a mixture of SO% CO2 and
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Figure 2.8: Design of the p.VDC drift cell. Sense wire (open circle) and cathode

wires (full circles) are not parallel in the stereo layers. The isochrones for CO2 at

2.45 GeV/c 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 p.VDC calibration bhabha events in the barrel region were used. To

measure the spatial resoiution, the standard deviation of the distribution of residuals

was takenj the residual being the difference of the measured and the fitted distance

between the track and the sense wire. When drift distances are ca1culated from the

measured drift times, an angular correction needs to be taken into account. This

correction is due ta 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 intervais

with and without application of the angula.r 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 < 1cos 81 < 0.95) cover 1ï% of the full solid angle.

The main purpose of the TOF system is to determine the velocities of cha.rged

particles by measuring their flight time. Combining this with the momentum mea

sured in the drift chamber, an estimate of the rest mass, and thus the identification

of a cha.rged particle,~ be made.

(2.4)

•
.!. = c· TOF = ~ 1+ (mc2)2 => m2 =p2 • (.!.. _.!.)
13 l pc v2 c2

The TOF system is a1so a part of the ARGUS trigger.

Scintillation light generated by a cha.rged particle passing through a TOF counter
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Figure 2.10: Spatial resolution for a) CO2 at 2.45 bar and b) CO2/propane at 3.1

bar.



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.

Signais from the photomultiplier tubes are sent to a splitting unit which provides

signais to a discriminator, whose logical signal, after a cable delay of 200 ns, stops

the TOC, J.lld a charge-sensitive AOC. The AOC information is used off-line to

correct the time measured by the TOC. An rms TOF resolution of 220ps is achieved

for hadrons. For constant time resolution, the mass resolution varies with the square

of the momentum

•
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cr(m2
) = 2· (t)2. TOP· cr(TOP)
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(2.5)

•

For a time resolution of 200 ps, this measurement leads to three standard devi

ation 'Ir/K separation up to ïOO MeV/c, and K/p separation up to 1200 MeV/c.

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 ca1orime

ter (34). The ARGUS shower counter system serves to:

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

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

the amount of energy deposited in the counters;

• perform an on- and off-line measurement of the luminosity;

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

in the ca10rimeter 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 ca10rimeter 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

ca10rimeter (Icosel < 0.75) which detects particles in the central region, and the

endcap ca10rimeter (0.75 < lcosel < 0.96) which detects particles travelling in the

forward and backward regions.

Electrons interact with the ca10rimeter 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. Had.'"Ons

also interact with the heavy lead nuclei but through a different process. An ener

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 internet

hadronically. For muons, the only significant contribution to the energy loss is the



ionization process, and they therefore provide a minimum ioni=ing signal in the

shower counters.
•
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The shower counter modules are placed inside the magnet coi!. The counters are

read out by wavelength shifters which are coupied via iight 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 Ej ::::: 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 e+e- -+ jj. For low energy photons, the energy resolution

is determined from the mass spectrum of 1r
0 and TJ mesons. The energy resolution

achieved cao be parametrized by the expression

u(E)
T=

for the barrel region and by

u(E)
T=

O0
-22 (0.065)2

• 1 + E[GeV)

O0
_-2 (0.076)2

• I() + E[GeV)

(2.6)

(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.



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 56mm cross-section, and lengths of 1 to 4 m

depending on their 10catioD. 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 drift chamber to the muon detection system. In this way, an

efficiency per layer, averaged over a.ll chambers of € =0.98 ± 0.01 was determined.
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2.10 The ARGUS Trigger system

The bunch crossing frequency of DORIS II is 1 MHz, lea.ving the experiment with

1 p.s time to decide whether to accept the event 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. Ifa candidate for a

"good" event is found, a slower second level trigger, called the Little Track Finder,

(LTF), is a.ctivated, 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 a

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 ditferent fast pretriggers and two test triggers.
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•

• 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 a

threshold corresponding to iOO MeV deposited energy.

• 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 corresponding

to roughly 1 GeV, a trigger signal is generated.

• The Charged Partide Pre-Trigger (CPPT) is designed to detect events with

charged particles. At least one track in each hemisphere is requiredj a track

being defined by the coincidence of a TOF counter group and a shower counter

group which coyer each other. A TOF CPPT group is formed by four neighbor

ing TOF counters, while a shower CPPT group consÎsts 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.

• The Coincidence MATRIX Trigger (CMAT) was designed for events with

tracks opposite in the azimuthal angle <P, 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 <P are .OR.-ed. This

leads to a set of 16 channe1s, which are fed into a 16 x 16 coincidence matrix



unit whose elements cao be programmed in hardware to select events fulfilling

the conditions desired.
•
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• The Cosmic Ray Trigger is the first test trigger. It triggers on cosmic muons

travelling close to the beam !ine, 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.

• The Random Trigger is another test trigger. It gives a random signal to ail

electronics at a rate of 0.1 Hz. It has been installed to 'estimate the random

noise contribution to ARGUS events.

AlI pretrigger signals, except the one from the cosmic trigger, must be in coin

cidence with the bunch crossing signal delivered by the st.,'rage 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 ail processors have been read out and reset.

2.10.2 The Second Level Trigger ( LTF )

The Little 7r:iCk FiIJder (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 circuIar tracks passing through the

interaction point in the r - t/> 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 !ist of

these possible sequences, termed masks. The LTF then scans this !ist, compares its

entries to the actual bit patte.'1l5 of the event, and counts matches as found tracks.

If the required number of tracks is found, the event is accepted. The operation



time of the LTF depends on the hits in the drift chamber. During normal detector

running, it is approximately 20 )LS. 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 HE5H trigger,

while no mask is required for the ETOT trigger.
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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 a VAX 11/780 which was later replaced by a )LVAX 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 pararneters, and through a set of

menus alIows 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 transferred

and integrated luminosity is provided.

Upon transfer to the IBM the data are written fll'St to disk, and later to tapes

to be used for off-line analysis.
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• 2.11 Luminosity Monitoring
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Luminosity determination in e1ectron positron colliding beam experiments is usua.lly

performed by counting events from Bhabha sca.ttering e+e- ...... e+e-, since the cross

section for tbis QED process is well known. The luminosity, .c, is given by tht>

expressIon:

dNBhcbhc
dt = .c .O'Bhcbha (2.8)

•

where dNB
:;". is the observed Bhabha rate and O'Bhabhc the visible Bhabha cross sec

tion. In ARGUS, an online luminosity monitor allows an estimation of the quality of

the data., wbile the off-line luminosity determination is essential for calculating cross

sections. The online luminosity monitor uses information from the endca.p 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 endca.p must exceed 1 GeV. The off-line luminosity determination is ba.sed

on fully reconstructed Bhabha scattering events recorded in the barrel region of the

detector. A tra.ck is a.ccepted 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

exa.ctly two charged tra.cks with an opening angle larger than 1650
• The systematic

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

+1.8""_2.5,0.

2.12 Event Reconstruction

The ARGUS raw data., i.e. ADC, TDC, and bit information from the various de

tector components, are processed by the ARGUS main reconstruction program to

find particle tra.cks, caIculate their momenta. and determine their identity. The

ARGUS program is designed as a set of modules most of which are independent of



the others, and are responsible for the analysis of individual detector components.

This modularity facilitates reanalysis of parts of the data. The ARGUS prograrn also

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

•
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2.12.1 Drift chamber reconstruction and pattern reco

gnition

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

parailei 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:

• K : the curvature of the helix (the inverse of its bending radius R) multiplied

by the charge of the particle in units of e (Q = ±1.)

• do : the signed distance between the origin and the reference point measured

in the x-y plane, also multiplied by the charge Q

• tPo : the azimuthal angle of the tangent to the track at the reference point

• Zo: the z-coordinate of the reference point

• cotO : the cotangent of the polar angle 0, with respect to the z-axis.

The first three pararneters describe the projection of the helix onto the x-y plane,

and the information about them is deduced from paraxial as weil as stereo wires;

whereas information regarding Zo and cotO 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 paraxial wires. Then, the recon

struction is completed by adding the cosO 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 bits are needed to define a circ1e in
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(2.9)

the x-y plane, the algorithm starts by making triplets of hits which are possible

segments of a trad:. For each triplet, the curvature " is determined. A fourth hit

is added to a trad: by comparing the curvature " calculated for a triplet made of

the hit considered and two hits of the origi:lal 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 X2-like quantity

("ncw - "0Id)2

2 + 20"ncw 0"o/d
wlrich is required to be less than 25. Once a new hit has been added, the average

of the two curvatures ("=u and "o/a) is calculated and stored. This procedure is

repeated until ail possible hits have been tested. AIso, the procedure takes ioto 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 multi,le

possible tracks are stored. After a track is completely reconstructed, the parameters

tPo and do are determined. For an event to be accepted, there must be at least two

tracks with do < 1.5cm.

When ail 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.
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•

•

This is done in a method similar to the one described above. The remaining param

eters, Zo and cote are then calculated. After the pattern recognition is completed,

ail wires are uniquely assigned to tracks, and approximate values for the live track

parameters are determined.

The next phase is the trad: fit. This uses as input the trad: parameters de

termined by the pattern recognition and performs an iterative simultaneous least

squares fit to improve the trad: 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 dEIdx analysis is used te correct the predicted trajectory•

Multiple scattering is also taken ioto account by dividing the trad: into segments

and allowing for kinks between adjacent segments. After the trad: recognition io



the main drift chamber has been completed, the tracks are traced back into the ver

tex drift chamber. An hits 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 ...;ith

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

•
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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 bea.m !ine. In this procedure, er.~gy loss is accounted

for using the theoretical ionization loss for the mass hypothesis from the dE/dx

mea.surementj crrors due to Coulomb scattering in the bea.m pipe or in the chamber

walIs 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 X2 is examined, and if no single contribution exceeds a predetermined value,

the vertex which minimizes the X2 is retained. If the minimization procedure does

not converge the track with the largest contribution to the X2 is discarded and

the process repeated. After the main vertex is successfully identified, alI remaining

unassoeiated track pairs are considered for secondary vertices. A final pass is then

made over all pairs of tracks in order to improve the efliciency for identifying Kr;

and A vertices.

2.12.3 Particle identification

ARGUS provides two independent methods for charg~ particle identification, namely

the mea.surement of the specifie energy loss due to ionization in the drift chamber

gas, and the mea.surement of the time-of.fijght, which together with information on

the momentum from the drift chamber alIows the reconstruction of a particle's mass.
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Energy loss
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The energy deposition in a drift chamber cel! is calculated for each hit on a trad,

using the ADC value and information derived from the trad fit such as the trad

length in the drift eeU and the distance of the track from the wire. A correction is

made to the ADC values of the wires assigned to the trad according to the angle

between the trad and the sense wire. The energy loss of a particl~ in a medium

foUows a Landau distribution, and since this has distiùct long tails, a truncated mean

is use<! ta estimat.e 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 val;;es, 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 10ss per unit distance of a charged particle traversing a

medium is given by the Bethe-Bloch equation:

where D = 4'1rNAr;mec'l = 0.3070 MeV· cm2/gr, Z",cù and A...ed are the charge

and mass numbers of the medium, p",cù the density of the medium, and J, 0, c and

v are phenor.nenological functions [2]; which depend on the particle velocity. From

the measurement of the energy loss one cao determine (3. In conjunction with the

momentum measured in the track fit, an estimate of the mass of the charged particle

cao then he 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 X2 for each mass hypothesis is calculated:

• (
dE _ .f§,.)2

2 tU =:x; (dE/dx) = ~2--+"':"";2""
0'dE/rI: O'th

where i = e,/l, 'Ir, k,p. (2.10)



dE/dxmeoo and dE/dxlh are respectively the measured and theoretical specifie ion

ization losses for the i'h particle hypothesis respeetively; C'dE/d= and C"h are the

corresponding uncertainties.
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Time-of-Flight ana1ysis

A procedure similar to the one described above is used for the TOF information.

The velocity measured from the TOF system is eompared to that expected for the

different particie hypotheses, resulting in a X2 of the form

(2.11)(i = e,/l,r.,K,p)X;(TOF) = (: - ~r
C'TOF C"h

where {J, {Jfh are the particle ve1ocities, measured and expected for the i:A particle

hypothesis respective1y, and C'TOF and C'th are the uneertainties of the measured and

expected velocities, the latter coming from the momentum uncertainty. Eventually,

at high momentum, particles with {J -> 1 can no longer be differentiated within

the timing resolution of the TOF system.

Shower Counter ana1ysis

•

Data from the shower counter ADC's are eonverted into measurements of energy

deposition via a set of calibration constants pre-determined for each counter using

Bhabha events. Using the information from ~he shower counters and the fact that

the lateral energy deposit for e1ectrons, muons and hadrons is different, separation

of these particles can be achieved. Electrons are the ooly particles that deposit

almost all their energy in the calorimeter. AIso, for electrons the deposited energy

and the partic1e momentum are stro.ngly corre1ated, while for hadrons no correlation

is observed. Furthermore, the lateral energy deposits of electrons GIld interacting

hadrons differ drastically. For hadrons the energy is shared by more counters and is

distributed more uniforrnly. Two "shower shape" parameters are therefore defined.

The lateral width of the energy distribution
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3 (- ::'\2
E - ~ ri - r J • E.

lat-L..J A 2 1

.=1 < ur>

where

• fi is the position of the center of counter i

• E. is the energy deposition in counter i (with ~ > Ez > ... > En )

• < Llr > is the average distance between the two shower counters and

• ris the position of the center of gravity of the shower

and the fractiona! latera! energy spread
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(2.12)

•

E~. ( )
fl~l = EI~1 +~ +Ez 2.13

The two colmters with the highest energy deposit El and Ez do not contribute to

EI~" The variable fl~l 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 moment.tm. The energy deposition in a cluster

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

of a photon.

Likelihood function

Since the dE/dx and TOF measurements are independent, the two X2 '5 can be

combined to give a single charged-particle discrimination variable:

(2.14)
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Figure 2.12: Distribution of Iz" for electrons and hadrons with E;::: 1 GeV.
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where i = e, p., 1r, k, p.

which is used to form a IikeIihood function

->2
L.=eT (2.15)

From these IikeIihood functions, normaiized IikeIihoods ,x. are constructed for each

mass hypothesis:

(2.16)

j =e, p., 'Ir, k,p.•

where w' are the relative production abundances. Roughly 80% of alI !Ileasured

charged particies 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 weil as by using shower counter information. However, none of these

methods provide particie identification over the entire momentum range. Therefore,·

a combination ofalI available information is used in the form of a universaI IikeIihood

function. The normalized likeIihood has the form

)..e = weIl.pHx), where i =dE/dz,TOF,SC;
E; toi Il; Ji; (x)



where p;(x) are the probabilities for measured parameters x to be identified as

particle type j by device i. The weights wi are again the relative production rates.

For muon identifica.tion, a similar procedure is applied. Here, there is an a.ddi

tiona.l condition to be met, namely that the tra.cks reconstructed in the drift chamber

ca.n be tra.ced through the e1ectromagnetic calorimeter, magnet coils and iron yoke,

and ca.n be assigned to bits in the muon chambers. During tra.cing, multiple Coulomb

sca.ttering, magnetic field and energy loss are taken into a.ccount. In tbis case the

normalized likelihood has the form

•
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where i=dE/dx,TOF,SC,MC; j=e,p.,'Ir,k,p.

•

>.... = w" ITal;' (x)
2:; wi IT;P; (x) ,

where the information from the muon chambers (MC) is a.Iso considere<!_ Pions

deca.ying in flight and punch-through together result in a p. - 'Ir misidentifica.tion

probability of (2.2 ± 0.2)% per pion. For p. - K misidentifica.tion the fake rate is

(1.9 ± 0.5)% per kaon. The fake rates due to e - 'Ir and e - K misidentifica.tion are

both (0.5 ± 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 tbis thesis, a Monte Carlo simulation of the physics

pror..ess under study and of the detector performance is required. The Monte Carlo

simulation steps are:

• Event Generation: The event generator is the source of information about

a.Il physical processes involved in e+e- collisions. For tbis work, two event

generators were used. B meson pairs from T(4S) deca.ys were generated and

a.Ilowed to deca.y using the MOPEK (MOntecarlo Program for Event Kinernat

ics) event genera.tor [37], while cë pairs from e+e- annihilation were generated

and a.Ilowed to fragment a.ccording to the JET8ET 7.2 wbich includes bigher

excited charmed states or the JET8ET 6.3 [as] string fragmentation mode!.



• Detector Simulation: The ARGl:S program SIMARG [40J which is based

on the CERN GEANT program [41] is used to simulate the response of the

detector. Ali particles in the event record are traced th.ough 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 eleetromagnetic interactions basically follows the procedure of the EGS

program [42J, while the simulation of hadronic processes is performed using

GHEISHA [43J. The output of the detector, such as TDC and ADC values, is

written in a format identical to that of real data.
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• Event Reconstruction: Here, the events are processcd through the normal

reconstruction program and the output is used for subsequent analysis 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 suflicient 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 obtained 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 simplify the data analysis in ARGUS. KAL is used to perform particle

identity determination, construct inva.riant mass combinations, calculate kinemat

ical quantities for different systems of particles in different rest frames, carry out

kinematicaI fits to measured particle masses, etc. The full event record is converted

to a special condensed format for tise by the KAL progra.m, thus greatly simplli'ying

the analysis.
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The decay BO -7 D*+.e-v

In this chapter a ps...'i.ial reconstruction technique for studying the decay ËJ0 ...... DO+/'- j;

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.

•
b------:.:

BO
d

Figure 3.1: Feynman graph for the decay ËJO ...... DO+/'-j; •

•
The standard method requires reconstruction of the DO+ candidate which is realized

in the Do+ ...... D°1r+ mode. Therefore, due to the low value for Br· effici.ency for

the DO meson, the event samples used for the study of the decay ËJ° ...... DO+/.- j; are

statistically limited. The technique applied here makes use of the kinematics of the

decay DO+ ...... D°1r+, together with the fact that B mesons are produced almost at
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rest in T(45) decays, to provide a larger statistica1 sarnple of ËO -. D·+(-v events.

The lepton from the ËO -. D·+(-v decay is combined with the slow pion from the

decay D·+ -. D°7r+ to tag ËO mesons in the decay ËO - D·+(-v , thus bypassing

the 10'" DO 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 b"-C1<ground study. This chapter is

organized as foIIows: The m.:thod foIIowed is described in Section 3.1. In Sections

3.2 and 3.3 the event selection criteria and the requirements that leptons need to

fuifill are given, respectively. The background studies are presented in Section 3.4

where aise the branching ratio for this decay is derived. (sing the sarne method,

the branching ratio for the process Br(Ëo -. D(Jt (-;;) is extracted in Section 3.5.
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3.1 The "Missing-Mass" Technique

The presence of an undetected neutrino limits the capability for exclusive recon

struction of the semileptonic ËO decay ËO -. D·+(-V . Ho"'ever, 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:

(3.1)

•

The neutrino mass is given by:

that is, M; is the recoii mass M;'''''il against the D·( system in the center of mass

of the B-meson. The energy of the B meson is the bearn energy Ebe4"" So, we have



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(4S) decays are nearly at rest (PB = 340 MeV/c). This

implies that the last two terms in this expression give a very smalI contribution, so

that by approximating Ips 1- 0 the mean value of M;ecqi/ is not shifted significantly.

The experimental resolution in M;ecqi/ 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,
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that is for D' e combinations coming from the decay BO -+ D'+e- ï) , the M':ee
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 ta

study the decay BO -+ D-+e-ï) where the D'+ is fully reconstructed in its decay

mode D'+ -+ D°1r+ . Here this method is carried one step further by tagging the de

cay D'+ -+ D°1r+ using only the 1r+ without reconstructing the DO. This approach

is conceivable becau&e the energy release in the decay is only about 6 MeV, so the

1r+ 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 bath cases the f1ight direction of the low

momentum 1r is taken as the D' direction.

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

the momenta of the D' meson and the soft 1r+ can be approximated by

• PD' = OIp" + f3

with 01 =8.23 and f3 =0.41 GeV/c (Figure 3.2).

(3.5)
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Figure 3.2: Correlation between the D-+ and the soft 11"+ momenta. The linear

relation used to calculate PD"+ from P~ is indicated by the solid line.

B) From the kinematics of the decay D"+ -+ D°-:r+ the momentum p;M of the

soft pion in the D" rest frame is 40 MeV/ c. In the lab frame the D" energy is

EDo = ÎmDo, and the energy of the 11"+ is given by a Lorentz transformation

(3.6)

where () is the decay angle of the 11"+ in the D"+ rest frame with respect to the

D"+ direction in the lab; since the the D"+ direction is approximated with the

11"+ direction, cos(} = 1. The mean energy of the -:r+ in the lab is then Î E;M

where E;M =145 MeV/c. Substituting Î = EÏTu in ED" = ÎmDO one gets
•

•
E E~

D" = ECM' mDo.
~

(3.7)



CHAPTER 3. THE DECAY BD - D·+t.-ii

• 3.2 Event Selection
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•

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 weil as bearn-gas

and bearn-wall events, which are events where the bearn e1ectrons 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 ~ 1.5 cm and 1=1 ~ 5.0 cm

where r is the radial distance from the nominal interaction point perpendicular to

the bearn axis and =the distance along the bearn 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 N'.'ol = Nch+N.,/2 ;:: 5,

where Nch is the number of charged tracks (originating from the interaction region),

results in an efficient suppression of the above mentioned background sources, while

BB events remain unaffected. Only tracks that point to the main vertex with a

X2 ~ 36 are considered. Ail mass hypotheses for each charged track are accepted

for which the combined Iikelihood ratio, determined by dE/dx and TOF measure

ments (see Section 2.15.4), exceeds 1%. Using the knowledge that continuum events

contain tracks with momenta above the Iimit for decay prociuets of B mesons,

the requirement that no track exists in the event with a momentum greater than

3.0 GeV/ c is applied.

3.3 Lepton Selection

For the identification of electrons and muons the Iikelihood functions Lhe and Lhp.

described in Section 2.15.4 are used. For lepton candidates

• Lhe;:: 0.7 and 1cos IIc l ~ 0.9
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• Lhp. ~ O.; and 1cos 8,,1 ~ 0.9

6;

•

are required, where cos 8 is the angle of the track with respect to the beam direction.

For muons, at least one hit in an outer layer of muon chambers is required. Also, for

both electrons and muons, the tracks were required to originate from the interaction

region with a X2 < 36.

Electrons originating from converted photons were rejected by excluding ail e+e

pairs with invariant mass less than 100 MeYjcZ, as weil as e+e- pairs from sec

ondary vertices. The X2 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 semilepton.ic quark transitions contributing to the resulting lep

ton sample: b --+ ce v and b -+ U ev, constituting the primary lepton spectrum, and

the cascade lepton component c --+ S ev, 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 :5 Pt :5 2.5

GeV jc ) is applied to the lepton momentum. The upper cut on the momentum of

the lepton is applied to minimize the continuum contribution since the kinematica1

limit for leptons originating from B decays is 2.5 GeYjc.

3.4 Study of the decay BD ~ D*+t-fi

In order to reconstruct D- mesons,

• every r.+ with momentum less than 200 MeYjc is used as a candidate for

D-+ , thus incorporating 96% of the pions coming from D-+ decays;

• the D-+ direction is assumed to coincide with the r.+ direction;
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Figure 3.3: Lepton efficiencies obtained from Monte Carlo simulation for the selec

tion criteria menti<lned 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 ( b ..... cl /l, b ..... u l /1 ) and the

contribution of cascade decays of charmed hadrons ( c ..... s l /1 ) are also shown.
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Figure 3.5: Lepton spectrum in the continuum under the T(4S).

• the DO+ mU::l"-ntum is calculated using parametrizations (A) or (B) described

in Section 3.1.

The M;.cou distribution resulting from a Monte Carlo simulation of the decay

ËD _ Do+t-ii where the Do furt.her decays to DO+ _ DD1r+ based on the IGSW

[45] mode! is shown in Figure 3.6.

The signal ca.n be distinguished From feeddown From the cascade decay

by a positive shift of about 1.0 GeV 2
/ c4 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 a.t

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

factor which takes into a.ccount the difference in the cross sections and the collected
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Figure 3.6: M;.coil spectra for BO --; D-+l- ÏI (histogram) and B --; D(J/v (dotted

histogram) obtain.ed 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 c1ear shift in the recoil mass between the two processes

can be observed. In addition, one cao see that parametrization (A) has better

resolution than parametrization (B).



•
CHAPTER 3. THE DECAY iJo -> D-+f.-ji

luminosities. The continuum scaling factor fis:

f = C.oa . Soff

c.olr Son

ï2

(3.8)

where C.oa and C.olr are the measured time integrated luminosities on and off the

T (4S) resonance respectively and Sof f and Son are the corresponding squared center

of mass energies. The scaling factor f is found to be f =2.40±O.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:

ySon
P.o:aled =p' --.

ySoff
(3.9)

After continuum subtraction, the M;.coil spectrum shown in Figure 3.ï was

obta.ined for (e+1I"-) combinations. The prominent peak at M;ccoil - 0 is attributed

to B -> no (11") l v deca.ys. To extra.ct the contribution from the deca.y chains

iJO -> D-+ l- ii

L.1I"+ DO
and iJ -> D(J) l- ii

L......1I" D-+
L, 11"+ DO

•

to the recoil mass spectrum, the corresponding M;ccoil spectrum arising from uncor

related lepton-pion combinations, which constitute the main source of background,

needs to be studied. The M;ecoil spectrum obtained for wrong-sign (e+1I"+) combi

nations is used to describe this background.

The shapes of the spectra for right- and wrong-sign l1l" combinations are weil

reproduced by a Monte Carlo simulation of T(4S) -> BiJ events. Moreover, the

shape of the background for the right-sign combinations is the sarne as that for the

wrong-sign, with a weil 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 (e+1I"+) combinations as derived from the data., and contributions from both the
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Figure 3.i: M;ecoil spectra for right-sign l. -.. combinations (points with error

bars), wrong-sign l. - 11" combinations (dotted histogram) and the result of the

fit (histogram). Also sbown are the ËO -> Do+e-ii and B -> D(J)l.v contributions

determined from the fit (dashed-dotted histograms). a) corresponds to parametriza

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

been subtracted.



•
CHAPTER 3. THe DECAY BO _ D-+l-j; ï4

. .-r-h.J..t.+,!
~~l~ll

~,:+ 1

r'
+'

a)

-16 -12 -8

M~ecoil

4

b)

rr...,
1::
;:l

;>-
<ë

~
:.....,

..c
:..
ctl

-16 -12 -8

M~ecoil

4

•
Figure 3.8: M;eeoil spectra for uncorrelated right-sign l - -zr combinations (points

with error bars) and wrong-sign l-.. combinations (histogram) obtained from

Monte Carlo simulation. a) and b) correspond to the M;eeoil spectra obtained

using parametrizations (A) and (B) respectively.



DO+ and D(J) channels (Fig. 3.7). The expected shapes of these last two contribu

tions to the M;cec;/ distribution were derived from a Monte Carlo simulation based

on the IGSW mode! [45] since this is so far the o:J.ly model in which B -+ D(Jlv

decays ar~ calculated.

From the fit

•
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ND· = 2705 ± 162

ND" - 476 ± 107
(J)

were found using parametrization (A) and

ND" - 2466±171

NoéJ) = 520 ± 123

75

(3.10)

(3.11)

using parametrization (B).

Correlated background, that is Do -lepton events in which the lepton and the Do

come from the SaIne B meson decay, arises from the processes:

BD __ Do+ T- 1/.

L.e- v. ii
(3.12)

(3.13)

•

Using the value BD -+ DO+T-I/. = 1.2% [62] and a 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 (r.'l' - e±) combinations is shown in Figure

3.9. Since the M;cec;/ distribution is clearly shifted to positive values, this source

contributes mainly to the DeJ) yield and does not affect the DO+ signal.

The same holds for background arising from BD --+ DO+D~o)-. For semileptonic

decays of the Do. only the branching ratio for D; -+ 0 e-ii is measured experi

mentally. Taking the value BT(D; -+ ~ e- ii) = (3.2 ± 1.4)% [51], the branching

ratios for D; ..... TI e-;; and D; -+ TI' e-;;, where eis an e!ectron or a muon, cao he
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Figure 3.9: M;.coil distribution for (11"'1' - t-'=) combinations arising from the decay

process BO - DO+-r-vT 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:

r(D; _ <p e-ii) : r(D; - TJ e-ii) : r(D; - TJ' e-ii) =12: 15: 4. (3.14)

The values obtained are shown in Table 3.1.

1 D; -+ <p e-ii (3.2 ± 1.4)%

II D; -+ TJ e-ii (4.0 ± 1.7)%

III D; -+ TJ' e- ii (1.1 ± 0.5)%

D decay channel 1Branching ratio 1

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

The D. daughter lepton momentum distributions for these channels are ShOWll in

Figure 3.10. Since the lepton momentum is required to he greater than 1.4 Gdf / c,
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Figure 3.10: a) Lepton momentum distribut:ons for the various D. decays, and b)

Monte Carlo provided M;'ccil distribution for (".:;: - f±) combinations arising from

the decay channel D; -> 1/ l- v. The verticalline represents the cut imposed on

the lepton momentum.

only the decay D; -> 1/ l-v 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 BO -> D-+D; and

BO -> D-+ D;- 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 measurem.;o.nts, Br(SO -> D-+Di-)+) = (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 D(J) yield

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

be considered. Taking

r(D; -> /.I-v) _ 0 ?45 ± 0052 ± 00-
r(D; -> 4> ".-) -.- • • /4,

from [54], and Br(D; -+ 4> 'll'-) = (2.8±0.5)% [2], the value for the Br(D; -+ /.I-v,,)

shown in Table 3.2 is obtained. To estimate Br(D; -+ T- vT ) the following formula
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Figure 3.11: Lepton momentum distributions for the D. decays D; --+ p.- V" (a),

and D; --+ r-(--+ e-/p.-vv) v. (b).

is used.

Therefore,

(3.17)

Branching ratiodecay channel

IV D; --+ p.-v" (0.69 ± 0.28)%

V D; --+ r-( --+ e-/p.-vv)v. (6.29 ± 2.55)% x (35.51 ± 0.37)%

D

Table 3.2: Values ::onsidered for the different p. 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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Figure 3.12: M;.em/ distributions for the (:rT - f.±) combinations arising from the

decay channels D; ..... p.-v" (a), and D; ..... ,-(..... e-jp.-vv) v, (b).

Using the branching ratios quoted in Table 3.2, process IV is found to contribute

S.S ± 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

(:rT - f.±) 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 D(J) yield.

It is also possible to have correlated background from a combination of a D- and

a fake lepton (misidentifiOO hadron) which are the daughters of the same B meson.

(The contribution from fake leptons where the D- and the lepton are uncorrelatoo

is alrE:ady taken into account using the wrong-sign lepton-pion combinations). The

number of fake; contributing to this background was estimated by performing the

same analysis using :r-hadron combinations where the fast hadron is not identifiOO

as a lepton and scaling by the appropriate momentum dependent IilÏsidentification

probability per hadron. To deterrnine the hadron misidentification probability, data

collectoo on the T(lS) resona:lce are u.OO. The T(lS) resonance decays prOOomi

nantly into hadrons via T(lS) ..... 999, and thus comprises a lepton free data sam-



pie. Applying the same selection criteria as for the lepton sample from the T(4S)

resonance, the momentum distribution of the misidentified hadrons is obtained. Af

ter continuum subtraction in the T(lS) data, the misidentification probability (or

Jake rate) is found when dividing by the momentum distribution of ail hadrons in

the T(lS) 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 found 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 (11"'1' - h=) combinations when

the M;ect>il spectrum for (11"'1' - hT ) combinations is considered for the background

parametrization. Taking the momentum dependence of hadrons in (11" - h) 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 ND- and ND(J) obtained from the fit. The resulting yields are:

•
CHAPTER 3. THE DECAY ËO -+ D-+(-j)

ND- - 2690 ± 162

ND- - 445 ± 107
(J)

using parametrization (A) and

ND- = 2453 ± lï2

ND- - 490 ±123
(J)
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(3.18)

(3.19)

•
using paramet~ization (B).

Fitting the recoil mass distribution in bins of 1~,- t,on momentum aIlows the ex·

traction 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 ((+11"+)

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-+ and D(J) channels as taken from a ~lonte Carlo based on the IGSW

mode! [45]. For the e.xtraction of the lepton spectra the D(J) was taken as a pure 3PI

state. The resulting distributions are then divided by the lepton efliciency 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

weil as the ones expected according to the IGSW mode!, are shown in Figure 3.14.

The acceptance was obtained from a Monte Carlo simulation using the IGSW

mode! [45J. The overall efficiency TJ was determined to be 0.215±0.Oll for parametriza

tion (A), and 0.199 ± 0.012 for parametrization (B). The branching ratio for the

process BO -+ D'+i- ii is:

(3.20)

•

The number of B Ë3 pairs for the data sampIe used for this analysis is 209000 ± 9500.

The error is dominated by the uncertainty in the ratio of luminosities for the T(4S)

and the continuum data, which is 1.i% [4i]. Assuming the branching ratios of the

T(4S) to charged and neutral B mesons to be equal f = 7~ = 1.0, the number of

neutral B mesons is NBo = 209000 ± 9500. Using the CLEO measurement [55] of

Br(D'+ -+ DO ;r+) = (68.1 ± 1.0 ± 1.3)%

the branching ratio obtained is:

Br(Ë3° -+ D'+e-ii) = (4.40 ± 0.26)% where e = e or Il

using parametrization (A) and

Br(Ë3° -+ D'+e- ii) = (4.33 ± 0.30)% where i = e or Il

using parametrization (B).

3.4.1 Systematic errors

To study the systematic error:
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Figure 3.14: Lepton momentum spectra extracted by fitting the recoil mass distri

bution in bins of the lepton momentum (points with error bars), compared to the

IGSW mode! expectations (histogram).
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1 systematic error 1cut applied

slow pion momentum 0.10%

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"+ _ DD,,+) 0.1%

total 0.34%

Table 3.3: Sytematic errors for the study of the dee<:.y sa .... DO+e- ii .

• The cut on the momentum of the slow pion used to tag the DO+ .... DD,,+

decay was varied. The influence of this variation constitutes an additional

0.1% 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 0.05% for electron and 0.04% for muon

identification [61].

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

to an additional systematic error of 0.23%.

•
• Introducing the uncertainties on the number of BD mesons, on the scaling

factor for the continuum subtraction and on the measured branching ratio for

the D-+ .... DDr.+ deca.y, another 0.22% should be added to the systematic

error.
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(5.2 ± 0.5 ± 0.6)%

(4.6 ± 0.5 ± 0.7)%

(4.4 ± 0.3 ± 0.3 ± 0.3)%

Branching ratio]

ARGUS [58J

CLEO [60]

this measure.inent
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Table 3.4: Comparison of the va.Iue obtained for Br(BO -+ D"+e-v) with previous

ARGUS and CLEO re'ults.

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

theoretical model for the description of the decay Ë" -+ D"+e-v

• a variation of the va.Iue of the D-+ polarization within measurement errors

was performed.

• the decay BO -+ D"+e-v 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(BO -+ D"+e-v) and 0.06 and 0.09 for the ~.: ratio, when making use ofparametriza

tion (A.) or (B) respectively.

The va.Iue obtained for the branching ratio is therefore:

Br(BO -+ D"+e-v) = (4.40 ± 0.26 (stat) ± 0.34 (sys) ± 0.25 (model))%

using parametrization (A) and

Br(BO -+ D"+e-v) = (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

The branching ratio for the process

B-O D" + (- 
-> (J) V

LD"+ ;:-0

is given by:

where ~D" is:
(J)

" _" Br(Êo Di+(-v) . D""+ ...... D.+_O) ..
~D(J) - "i Br(BO D.·+(- v) Br( i .. 1]••

86

(3.21)

(3.22)

•

To extract the last expression for ~D(J)' the following assumptions have been made.

f f ... - Nf!- 1-='=N='.100 sO

_ 2 . Br(Êo ...... D··+(- v) . Br(D""+ ...... D"+;:-O) =

Br(B- ...... D··oe-v) . Br(D""o ...... D·+;:--)

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·+X is saturated with X = ;:-0/;:-- is made, thus neglecting radiative

and multi-pion decays of the D·· mesons. To obtain ~D· , a theoretical model
(J)

must be used to determine the production fractions of the different D(J) modes,

Br(Bo_D~"+,v) d h ffi" Th GlSW del 1 edBr(BO_Du+l-v )' an to extract tee clencles 1].. e mo was emp oy

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, ~D(J) is calculated to be

~D· = 0.02l.
(J)

Substituting ~D(J) in equation 3.21, the value obtained for the branching ratio is:

Br(ËJ° ...... DiJt e- ii) =(2.46 ± 0.59)% where e=e or Il
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type of D(J)
Br(BO_D oo+(-'l Br(Di+ ..... D-+"O) TI GISW1 BrI8 0_D'0+(-, GISW

1 D(PPI ) 0.41 1 x 1/3 0.090

2 D(13Po) 0.11 ox 1/3 0.000

3 D(13PI) 0.21 1 x 1/3 0.052

4 D(13P2 ) 0.14 1/4 x 1/3 0.115

5 D(21S0 ) O.Oi 1 x 1/3 0.090

6 D(23S1 ) 0.06 3/4 x 1/3 0.126

Table 3.5: Values considered for. the estimation of €D(J)

Table 3.6: Systematic errors for the study of the decay ËO -+ D(.Ji l- i/ .

1 systematic error 1cut applied

slow pion momentum 0.06%

lepton 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"+ ..... 00,,+) 0.06%

variation of the D"+ polarization 0.33%

total 0.52%

•
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using parametrization (A) and

Br(iJo -> DiJ) e-v) = (2.iO ± 0.68)% where e= e or Il

88

•

using parametrization (B). AIl sources of systematic error considered fo~ the study of

the Br(BO -> D"+e-v) 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 brancbing ratio is therefore:

B.(BO -> DiJ) e-v) = (2.46 ± 0.59 (stat) ± 0.52 (sys))% where e =e or J.l

using parametrization (A) and

Br(BO -> DiJ) e-v) =(2.iO ± 0.68 (stat) ± 0.50 (sys))% where e = e or Il

using parametrization (B) .
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Chapter 4

BOBO mixing using partial

D*+ reconstruction

ln 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 BOËJo mixing, is to reconstruct

one of the B mesons in the ËJo -> D-+l- ii decay mode using the missing mass tech

nique described in Section 3.1, and then tag the other B meson using the charge of

a fast lepton. Unlike the dilepton analysis, which tags the Havour content of both B

mesons using the charge of their daughter leptons from the decay ËJ -> Xl-ii, this

method provides a result which is independent of À = b~f+/bUo. Here, r (r) is

the branching ratio for 1'(45) decaying into charged (neutral) B mesons and b+ (60)

the semileptonic branching ratio of charged (neutral) B mesons, and À enters the

ca!culation 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

ca! sample. Making use of the partial D"+ reconstruction technique, the statistica!

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 he as clean as for the D-+ in the decay sa -> D-+l-ii [71]. It is shown in

89
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Section 4.1 howcver, that an efficient description of the background can be made,

thus making possible the determination of the mixing parameler.

The results presented in the following analysis have been obtained using only the

first approach (A) introduced in Section 3.1. to parametrizir-g the D-+ momentum,

becausc 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.

"-c:
::

'"..
"..-.Q..
"

-16 -12 -8

M~oil

,
Figure 4.1: M;cecil mass spec

tra for (e= - roT) combinations

for Monte Carlo simulation of the

decay BD -> D"+e- ii obtained llsing

parametrization (A) and parametri

zation (B) (dash-dotted histogram).

For comparison, the two histograms

are normalized to unit area.

•

4.1 Measurement of the BDËO mixing parameter

Tagging in the BD ..... D"+e-ii mode provides a sampie of .sa mesons, with which a

measurement of the BDBD 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

N(Ëoe-)
rd = N(Boe+r (4.1)

The requirement of an additionallepton with momentum 1.4:5 p(:5 2.5 GeV/c

in the event is therefore made. Furthermore, the charged trad: multiplicity, ncha,
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[ BOËO events J BOBO or ËO ËO events

ËO - D"+lïii

BO-etvX

Table 4.1: Signature for rnixed/unmixed events in (D"l)l correlations.

was required to be neh. <:: 4. To extract the mixing pararneter r, the M;ecoil

distribution for these events was studied.
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Figure 4.2: Mass spectra for e+e- (a) and p+p- (b). The masS interva1s use<! for

rejecting leptons from J /"1/; decays are aIso shown.

•
To suppress leptons coming from J /"1/; decays, aIl e+e- pairs with invariant mass

in the region 2.9 - 3.2 GeV/r?, and aIl p+p- pairs with invariant mass in the region

3.0 - 3.2 GeV/r?, were rejected. The e+e- and p+p- invariant mass spectra are

shown in Figure 4.2. The asymmetric mass cut is due to the distortion of the J /"If;

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 additionallepton 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 M;eC4il spectrum resulting from a Monte Carlo simnlation for "wrong sign"

(f± - :r:!:) combinations is normalized separately to the number of uncorrelated

(f± - :rT ) background events for the cases of (f:!: - :rT ) e= and of (f:!: - :rT ) (T and

the spectra are shown in Figure 4.3 (a) and (b) respectively.

The M;eeoil distributions are therefore fitted using the shape of the background

from the previous analysis; that is, using the shape of the "wrong sign" (f± - :;-:!:)

combinations obtained for T(4S) 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 Dj and D"+ to the spectra were fixed from the

one lepton case, and the fits were performed taking into consideration that

2 . Br( Ë30 -; D""+r ii) . Br(D""+ -; D"+ :ra) =
Br(B- -; D""orii). Br(D""o -; D"+-;r-)

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

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

B- -. DjOl'i ii

1-. D"+:r-

B+ -.ftvX

•
The continuum contribution was also subtracted. The fit yielded

N ((f± - ..T) e=) = 42.4 ± 10.6

N ((f± - ..T) (T) - lïl.6 ± li.S.
(4.2)



•
CHAPTER 4. BOBo MIXING TJSING PARTIAL D-+ RECONSTRUCTION 93

N

. ,

a)

60

40

20

o
-16

N
0.4 GeV2/c 4

200

-12 -8

M~ecoil

b)

150

100

50

o
-16 -12 -8

M~ecoil

-4 4

•
Figure 4.3: M;eco;/ spectra for uncorrelated "right-sign~ (l± - lf'l') combinations

in the case of (l+ - lf-)l± (points with error bars) and norrnalized "wrong-sign"

(l± - lf:l:) combinations when no additional lepton is required (histogram), both

obtained from Monte Carlo simulation. a) and b) correspond the cases of (l+ -lf-)i+

and (i+ - lf-)r respectively.
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Figure 4.4: M;.cDil spectra for (+70- (points with errors) for events with an addi

tionallepton with momentum 1.4 < Pt < 2.5 GeV/c showing background (dotted

histogram) aIl-=! the result of the fit (full histogram) a) for like-sign dileptons (mixed

candidate events)j b) for unIike-sign dileptons (unrnixed candidate events).
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Figure 4.5: M;ccoil mass spectra for (F - r."') h: (a) and (F - r."') h'" (b) for

T(4S) data.. The results of the lits are also shown.
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Figure 4.6: M;ccoil mass spectra for (h: - r."') F (points with error bars) and

(h: -,..:) F (dash-dotted histogram) (a) and (h: -"'''') (f (points with error bars)

and (h: - ,..:) (f (dash-dotted histogram) (b) for T(4S) data.. For comparison, a.ll

distributions are normalized to unit area..
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Figure 4.7: M;.<Di.' mass spectra for (h:!: - r."') h:!: (points with error bars) and

(h:!: - r.:!:) h:!: (dash-dotted histogram) (a) and (h:!: - r.T ) h'" (points with error bars)

and (h:!: - r.:!:) hT (dash-dotted histogram) (b) for T(45) 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 a right sign (l:!: - r.T ) combination containing an additional hadron with ma

mentum lying in the same interva! as that of the additional lepton. The M;=ü

spectrum was then fit in the same way as for (l:!: - r."') i combinations, as shown in

Figure 4.5, and the resulting N(/+r.-)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 (h+r.-)l:!: was alsostudied by taking right and wrong-sign (h - r.)

combinations, where the hadron momentum was again requireà to lie in the iI'~erva.l

1.4 :5 Ph :5 2.5 GeVic, along with an additionallepton. The M;ocoi/ distributions

for the cases of right and wrong-sing (h-r.)i combinations were found to be the same,

as expected, implying that this case is already accounted for in the uncorrelated

background. The M;.<Di./ spectra are shown in Figure 4.6.

For the same reason, (h - r.)h combinations are a.lso expected to contribute no
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background to the M;.ccil distribution under study. The recoil mass spectra for

(h+ - ,,-) h± and (h+ - ,,+) h± are shown in Figure 4.7. The total number of fake

signal events was found to be:

N ((f± - ,,'1') h±) - 7.0 ± 0.9

N ((e± - ,,'1') h'l') - 6.7 ± 0.9

The number of (D"l)l events therefore has to be calculated according to:

(4.3)

The numbers obtained using 404 still contain contributions from (D"l)l••• combi

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

Table 4.1:

ËO ..... D"+Cii }° 1 =} D"+lï l2•••
B ..... X y

L..l2..ee ii Z

•

To extract the (D"l)lprim 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 additionallepton were extracted

for e1ectrons and muons separately, when M;.ccil > -2.0 GeV2/c4
• ln this case

the momentum eut for the additionallepton was relaxed to P. > 0.5 GeV/c and

PI' > 0.9 GeV/c, since the cut of Pt > lA GeV/c would leave very few cascade

leptons, and the fit would therefore provide a very poor estimate. The cut on M;eccil

is made to enrich the sample in events of the type B ..... D"/.I/X. After continuum

subtraction, the fake lepton c...ntribution is found by taking the hadron momentum

spectrum for (D"/.)h± combinations for events for which the calculated M;eccil

for the (D"/.) combination is again M;eccil > -2.0 GeV2/c4, 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 mode!. The fits for (DO"e±)e=, (D""e±)p.±, (DO"e±)e" and (DO"e±)P.T

are shown in Figures 4.8 and 4.9.

A compa.rison 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:

(DOTe±)e± 0.71 ± 0.12
(D"Te±)eT = 0.44 ± O.Oï'

or a ratio of 1.62 ± 0.3ï; the corresponding Monte Carlo fractions are:

(DOTe±)e± _ 0.ï4 ± 0.06
(DOTl±)eT - 0.44 ± 0.03'

(4.5)

(4.6)

•

with a ratio of 1.66 ± 0.18. In the case of muons, where the statistics is lower, this

ratio is 1.51 ± O.ï6 from the data and 1.71 ± 0.61 from the Monte Carlo. For the

specific interva.ll.4 ~ Pl ~ 2.5 GeV/c, these fractions give the following ratio:

fraction of pr~mary leptons ~n (Do"e±)e± =0.88 ± 0.24 (4.7)
fraction of pnmary leptons III (Do"e± leT

while the corresponding Monte Carlo value is 0.93 ± 0.11.

The sa.rne test was performed for the region M;=il < -2.0 GeV2/c4. The

\-a.Iues extra.ded from the data for the fractions and ratios mentioned above agree

weil with the ones obtained from Monte Carlo. ~ince the compa.rison 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-JN cut efficiency needs to be applied. This

correction factor was calculated using Monte Carlo and was checked by fitting the

JN signal as obtained in the data. For this check, the anti JN eut 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((DOTe±)e±)
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Figure 4.8: Fit results for (D-'ff±)f± combinatioDS with ~"';l > -2.0 GeV2/c4.

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

togram) lepton components.
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Figure 4.9: Fit results for (D*"'t=)fF combinations with M;.eoil > -2.0 GeVZ{c4.

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

togram) lepton components.
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Tab]" 4.2: Obs"rv"d numbers of events and corrections
N(D"-e+w N(DO-e+)e-

T(45) - Continuum(scaled) 42.4 ± 10.6 171.6 ± lÎ.8

Fakes 7.0 ± 0.9 6.7 ± 0.9

fraction of primary leptons 0.794 0.955

(1 - Doo contribution) 0.941 0.824

Direct leptons from neutrai B decays 26.5 ± 8.0 129.8 ± 14.0

and N«DOTf±)fF) was then made with the ratio of background under the J/tf;

signal and the signal itself. The number extracted from the data using this method

agrees weil with the one given from Monte Carlo, but since the statistics is very

poor, the Monte Carlo value for this correction factor TJJI'" = 0.95 was talœn.

The mixing parameter r li is

N«DOTf±)f±)
N«DoTe=)lT) . TJJI'"

Using (4.8), the value

rll =0.194 ± 0.062

is found.

401.1 Systematic errors

To study the systematic errers contributing to this measurement:

(4.8)

•
• Different fitting procedures were foIlowed to test the sensitivity of the result

to the way the fit of the distributions was performed (e.g. the lJ;.eoil spectra

in T(45) and continuum were fitted separately and then the scaled continuum

yield was subtracted). The contribution of this source to the systematic errer

was found to be 0.D15.
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• 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.

• The uncertainties for the measured branching ratios for the different cascade

lepton production mechanisms were considered. Taking a deviation of 1 u

from the values quoted by the Particle Data Group [2] for the various c -> S

semileptonic processes, results 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.

• The 1:' ratio used in the fitting procedure was changed to 22.0% which is

the value reported in [58] corresponding to Pt ~ lA GeVJc for the momentum

of the lepton that accompanies the D- in the B -> D(Jlv 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.

• Finally, uncertainties in the ratio of the fractions of primary leptons obtained

from Monte Carlo for the two samples, that is for (D"-f+)f+ and (D"-f+)l-,

and in the correction factor for the anti JN 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 pararneter rd is therefore

rd = 0.194 ± 0.062 ± 0.054
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~ systematic error 1source

background estimation

and fitting procedure 1.47%

cut on the lepton momentum 4.93%

uncertainty in the estimated

fraction of primary leptons 0.61%

uncertainty in the j.p 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 aIlti-J/ psi cut 0.56%

total 5.4%

Table 4.3: Systematic errors for the determination of the mixing parameter r.

lea.ding to a Xd = Td/(l + rd) value of

Xd = 0.162 ± 0.044 ± 0.038.

This mea.surement is independent of >. = b~!+/bUo , where r (JO) is the braIlching

:·atio for T(4S) deca.ying into charged (neutral) B mesons and b+ (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 BO -+ D·+('-;; to tag the BO meson, a sample of events where

T(4S) -+ BOBo (BOBO) is provided aIld hence a mea.surement of the semilep

tonie branching ratio of the neutral B meson can be made.
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[N(BD-; D-+f-ii,BD -> f.+vX)] + [N(BD-> D-+f-ii,BD-> f-iiX)]
N(BD -> D-+f-ii)

or

(4.9)

where N="(D-+f-)f stands for the acceptance corrected number of (D-+f-)l and

Ç~l are the efficiencies of the multiplicity cut for the single lepton and dilepton

samples respectively.

N(D-+f-)e- + N(D-+f-W

1/l

•

where 1/( is the efficiency for observing a lepton with momentum in the momentum

interval 1.4 :5 Pl :5 2.5 GeV/ c. 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, a model had to be used for the extrapolation of the

primary lepton momentum spectrum to low values of lepton momenta. Emplo);ng

the IGSW model for this purpose, 1/l was found to be

1/l = 0.341 ± 0.022.

Also,

N(D-+e-)f = 163.9 ± 16.9.

The fractions of primary leptons, as weil as the D(J) contributions and the cor

rection factor for the anti·J/11: cut efliciency 1/J/'in are all considered separately for

the N(D-+f-)f- and N(D-+(-)f.+, and the two numbers are then added to give

N(D-+f-)f.
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From a Monte Carlo simulation it was found that

= 1.046 ± 0.023.

Taking these values along with

ND-+:- = 2705 ± 161.5

and using (4.9), the ËO semileptonic branching ratio is found to be

Br(Ëo -+ X l-ii) = (9.3 ± 1.1)%.

For the systematic error estimate:

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

systematic error of 0.004;

• 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;

• use of the BSW mode! [48] to calculate the fractions of primary leptons for

the cases of N(Do+l-Y:- and N(Do+~)i+, as weil as for the calculation of

the efliciency 77:, resulted in an additional systematic error of 0.009 and

l

• final1y, induding the errors on the ratio~ and on 77:, anothe;: 0.002 should
Cmwr

be added to the systematic error.

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

therefore:

Br(Ëo -+ X l-ii) = (9.3 ± 1.1 ± 1.5)%, (4.10)

•
which is in good agreement with the previous CLEO [68] 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(Ë -+ X l-ii) =

9.85 ± 0.5%. This value for the mean semileptonic branching ratio cau be used



•
CHAPTER 4. BOEo MIXING USING PARTIAL D-+ RECONSTRUCTION 106

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 >= I+b+ + lobo, (4.11)

where < b >= Br(B ..... X e+v), b+(bo) = Br(B+(BO) ..... X e+v) and I+.f- are

the branching ratios of the T(45) to charged and neutral B mesons, and taking

1+/10 = 1.00 ± 0.05 [68], one obtains:

b+ = < b> - lobo = < b> __1_ = < b> . (1 + _1_) __1_.
bo I+bo I+bo 1+/10 bo 1+/10 1+/10 (4.12)

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

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

that

(since b=T • f.,).

Thus, using:

Br(E X e-ii)
Br(BO X e-ii)

=1.06 ± 0.14 ± 0.17

•

an estimate of the ratio of the Iifetimes of charged and neutral B mesons cao be

made. The value obtained is:

The theoretical uncertainty in the ratio 1+/10 has ooly 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 eifects

in B meson decays are small.



•

••

Chapter 5

Study of the BQBQ mixing using

D*+ 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.

••------_. q
••· "'..... _-- .....--- q

Figure S.l: B meson semileptonic decay in the spectator mode!.

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

107



from the c -> S transition. The idea of kaon tagging is new and has b'~n applied

for the first time in this work. The motivation cornes from the measurement of
•
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the number of kaons in T(4S) decays [ï3], [i5] which indicates that making use of

kaons for flavour tagging provides much higher statistics than the lepton tagging

technique. ln this case, however, exact knowledge of the kaon production rates is

important. ln this section, D-+ K± correlations are studied in an attempt to extract

a value for the mbcing parameter X. To accomplish this, the f1avour 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).

BOBO events BOBO or BOËJO events II

BO -> D-+ X

BO -> K- X

•

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

ln this case, if the charged D- and the charged kaon were "perfect" f1avour tags, the

mixing parameter r would simply be given from:

N(D-+K-)
rd = N(D-+K+)'

ln the spectator mod·:i, D-+ mesons are produced when the c quark hacironizes

together with the spectator quark as shown in Figure 5.2. When a J30 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 -> C

transition as shown in Figure 5.3. For the same reason, and also due to the decays
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W/<;; /<V,~
- - V(..· 1+ d,
b .' , s b .' , S... ...• •

BO B+
• •

d D'-J)o.. u '0
0(1)(1)

d u

Figure 5.2: D-+ production in the spectator mode!.

Decay modes BO, B+ --> D-+X : BO --> DO-X : B+ --> DO-X

Ratio of branching ratios 0.05 : 1 : 0.28

Table 5.2: Ratio of branching ratios for the different D-+ production mechanisrns.

of higher excited D(J) 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 Z~~::~~l will be used. This depends

only on the ratio of branching ratios

•

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 5.4. The Do±, 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 ra.tes.



•
CHAPTER 5. BOBo .'-!IXING USING D"+ K± CORRELATIONS 110

c ~ } 0(*)+...< }0(*)+ ~../<S~- vv+~. _ -
b ...... d b ... s• 4 ."

B+/O

~
B+/O

~• •
u,d u,d

u,d u,d

Figure 5.3: Production of "wrong~ charged D" mesons in the spectator mode!.

Decay mode 1 Branching ratio [

Br(BO ...... K+X) (54.66 ± O.22j%

Br(Bo ...... K-X) (14.38 ± 0.10,%

Br(B+ ...... K+X) (66.38 ± 0.231%

Br(B+ ...... K-X) (13.94 ± 0.09)%

•
Table 5.3: K± production rates considere<! for this analysis.



BOËO MIXING USING D-+ K± CORREL.ATIONS

(al 20000

111

2.0 2.1 2.2
[GeV/c2J

1.7 1.8 1.9
ID(K1r"rr'rr-)

, ,

(bl

~.... lA • ..
• •

.....'~ ."""
~......

f-

o
1.6

N

5000

10000

15000

2.0 2.1 2.2

[GeVNJ
1.7 1.8 1.9

ID (K-rr-)

o ..........--'~--l. .........--'-~-'---'- .........

1.6

CH.4.PTER 5.

• N
5 MeV/c'

3000

2500

II~2000 1,1
1500

1000

500

Figure 5.4: Invariant mass spectra for K-r.+ (a) and K-r.+1r+1r- (b) combinations.

A clea.r peak corresponding to the DO meson is observed. The a.ccepted mass region

for DO candidates is also indica.ted on the plots.

5.2 The decay Ë ~ D*+X

As a consistency check, the inclusive Br(E ..... D-+X) has been determined. Here,

a D-+ is mea.nt 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 grea.ter than 3.0 GeV/c which is the kinematicallimit for

tracks originating from B deca.ys.

D-+ mesons were reconstructed through the deca.y modes:

DO candidates from the deca.ys (i) and (ii) had to have a mass lying within 40 MeV/!?

and 30 MeV/!?, respectively, ofthe nominal DO mass (Fig. 5.4).•
D-+ _ DO r.+ and

L..... K- 1r+ (i)

D-+ _Do 1r+

L..... K- r.+ 1r+ r.- (ii)



It was further required that the D-+ candidate have a scaled momentum

X PD _ < 0.5, where xp is defined as
•
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ipD-1 /
X PD _ = -- where Pm=: = V(Ecm./2J2 - M'b_.

Pma:

(5.1)

This X pD _ cut enriches the sample with D- mesons coming from B decays since x p =

0.5 is approximatel~' 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 (a) 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 Gaussian is

used to describe the D- signal. The number of events resulting from the fit is:

• For D- mesons reconstructed via decay mode (i):

ND- = 702 ±50

with q = 0.954 ± 0.048 MeV/r?

• For D-'s reconstructed via decay mode (ii):

ND- = 632 ±90

with q = 0.988 ± 0.085 MeV/r?

(5.2)

(5.3)

•

The D-+ reconstruction effi.ciency is obtained from Monte Carlo simulation and is

found to be:

• TI. =0.328 ± 0.007 when D-'s are reconstructed \;a decay mode (i) and

• TI•• =0.156 ± 0.009 when D-'s are reconstructed \;a decay mode (ii) .
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Figure 5.5: Invariant mass spectra for D°-;r+ combinations where the J)O meson is

reconstructed via the K--;r+ (a) and K--;r+-;r+-;r- (b) channels for T(4S) events. The

expected continuum contribution is subtra.cted from both plots.
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The inclusive branching ratio for D"+ is then calculated from:

Br(Ë -> D"+ X) =

Using the CLEO measurement [55] for

Br(D"+ -> DO '11"+) = (6S.1 ± 1.0 ± 1.3)%

and for the DO decays

114

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

of B mesons is NB = 396250 ± IS000. The value obtained for the branching ratio

is :

Br(Ë -> D"+ X) =(19.S ± 1.4 ± 1.6 ± O.S)%

when D"'s are reconstructed via decay mode (i) and

Br(Ë -> D"+ X) =(IS.6 ± 2. ï ± 3.5 ± 1.2)%

(SA)

(5.5)

•

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

combined average value of

Br(Ë -> D"+ X) = (19.6 ± 1.9)%.

The first error quoted in 5.4, 5.5 is the statistica1 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)

background estimation

and fitting procedure 0.80% 3.1%

cut on the dilference of the mass of the

DO candidate from the nominal DO mass 0.98% 0.92%

number of B mesons and

error on the D"+ reconstruction efficiency 1.00% 1.36%

total 1.6% 3.5%

Table 5.4: Systematic errors for the decay Br(Ë ..... D"+ X).

• the error on the number ofB mesons and the statistica1 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,

• a 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,

• the influence of the cut on the dilference of the mass of the no candidates

from the nominal DO meson mass. This was determined by relaxing the eut to

60 MeV/Cl and 40 MeV/Cl for the decays DO ..... K-1r+ and

DO ..... K-1r+1r+1r-, 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 (ii) respectively.

The second systematic error quoted above is the propagated error on

Br(D"+ ..... D°1r+) and the DO 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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1 Br(Ë -+ D-+X) 1

(26.8 ± 4.6)%

(21.2 ± 4.0)%

(19.6 ± 1.9)%

Reference

ARGUS [56]

CLEO [5i]

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 [5i] 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 DO decay branching ratios used in this work.

As a1ready 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 simulation which a1so incorporates the D-+ meson

production via the virtual W bosons. To extract the momentum spectrum of the

D-+ meson produced in B decays the procedure described below is followed. The in

variant mass distribution of the (D°r.+) system was plotted for different momentum

intervals and tbese distributions were then fitted using a free width for the Gaussian

used to describe the D-+ signal. For this purpose, only the DO -+ K-r.+ 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 Xp spectrum of the

D-+ meson is obtained by following the sa.me procedure and is shown in Figure 5.S

for ï(45) 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 so!id !ine 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 sasa 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 events from data. For comparison, the

results of the simulation which also includes D-+ production arising from the virtual
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Figure 5.i: Efficiency corrected momentum spectrum for charged D" mesons pro
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Monte Carlo simulation (histogram). For comparison the distribution for Monte

Carlo events is normalized to the same a.rea as obtained in the data. The momen

tum distribution of the D"+ mesons coming from the virtual W for Monte Carlo
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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 4> --+ K+K-. For both T(4S) data and Monte

Carlo, the number of 4>'s found when both selected kaons fulfilled the usuallikelihood

cut LhK" LhK~ ;;:: 0.01, was compared to the number of t/J's obtained when one of

the kaons was required to have a likelihood greater than 80%, that is, LhK, ;;:: 0.01,

LhK~ ~ 0.80. The K+K- invariant mass spectra for different kaon momentum

intervals ( 0.2 :5 PK :5 0.5, 0.5 :5 PK :5 0.8, 0.8 :5 PK :5 1.0 GeVjc) are shown in

Figure 5.10 for T(4S) events and for Monte Carlo generated events.

The numbers of ,p's resulting from the fit for different momentum interva1s 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.
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•

PK T(4S) simulation

LhK: ~ 0.01 LhK~ ~ 0.80 LhK: ~ 0.01 LhK~ ~ 0.80

PK (0.2-0.5) GcVjc 3356 ± 69 3300 ±68 2536 ± 60 2474 ± 59

PK (0.5-0.8) GeVjc 4164 ± 81 2882 ±64 2502 ± 58 1737 ± 47

PK (0.8-1.0) GeVjc 19i1 ± i2 485 ±29 510 ± 33 123 ± 12

Table 5.6: Number of 4>'s obtained from T(4S) data and from the Monte Carlo

simulation for different intervals of the kaon momentum withjwithout application

of the hard likelihood eut.

Since the kaon efficiency derived from the data is in very good agreement with the one

obtained from the Monte Carlo simulation for ail momentum intervals considered,

the momentum dependent efficiency used to e.xtract the kaon momentum spectrum

shown in Figure 5.lIb) is taken from Monte Carlo and is shown in Figure 5.lIa).
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Figure 5.10: The K+K- invariant mass spectra for combinations with

LhK1 , LhKf! ~ 0.01 (histogram) and with LhK1 ~ 0.01, LhKf! ~ 0.80 (points

with error bars). Both T(4S) data (a),(b),(c) and Monte Carlo generated events

(d),(e),(f) are shown. The region (1.06 -1.12) GeV/éZ where the refiection from the

decay X- -+ K li" is expected, (li" misidentified as X) was not included in the fit.
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PK ratio for T (4S) ratio for simulation

(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

Table 5.7: Comparison of the kaon efficiencies for T(4S) and for Monte Carlo events

for different intervals of the kaon momentum.

'1 N.
1.0 50000

a) b)
0.8 40000

0.6 -- 30000

0.4 f- 20000

0.2 ooסס1 f
- t,

0.0 0
0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 oe 1.0

'le [GeV/c] PK [GeV/c]

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 CaJ:lo simulation (histogram).
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5.4 D*+ K± correlations

The number of D-+ K± pairs found in the decay of BË events is given by the

following set of equa.tions:

[N(D-+ K+)]B+B- = Nt+ =

(Br(B+ -. D-+)· Br(B+ -. K-)) + (Br(B+ -. D--)· Br(B+ -. K+)) (5.6)

[N(D-+ K-)]B+B- = Nt_ =

(Br(B+ -. D-+)· Br(B+ -. K+)) + (Br(B+ -. D--)· Br(B+ -. K-)) (5.7)

[N(D-+K+)]B0,90 = (1 - X), N~+ =
(1 - X)· [(Br(Bo -. D-+)· Br(Bo -. K-)) +

(Br(Bo -. D--)· Br(BO -. K+))] (5.8)

[N(D-+ r)]BOSO - (1 - X)· N~_ =

(1 - X)· [(Er(Bo -. D-+) . Br(BO -. K+)) +

(Br(BO -. D--)· Br(BO -. K-))] (5.9)

[N(D-+K+)]BOSO/,90,9o = X· N~_ =
X· [(Br(Bo -. D-+)· Br(BO -. K+)) + (Br(Bo -. D--)· Br(BO -. K-))] (5.10)

[N(D-+ K-)]SOSO/Bo,9o = X· N~+ =

X· [(Br(Bo -. D-+)· Br(BO -. K-)) + (Br(Bo -. D--)· Br(BO -. K+))]. (5.11)

These give the ra.tio

• N(D-+K-) Nt_ + (1 - X) . N~_ +X· NO++
N(D-+K+) = N:t+ + (1 - X)· N~++X· ~_'

(5.12)
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or equivaiently

124

(5.13)

The quantities Nt+, Nt_, J\"~+, and N~_, which are the products of the branch

ing ratios noted above, are ail taken from Monte Carl~. 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:

x - 2.568·
1

- 0.625 (5.14)

•

Events with a D-+ candidate are further required to have at least one kaon

which has momentum 0.2 :$ PK :S 0.8 Ge',,"/c and a combined likelihood ratio for

the kaon hypothesis, determined by dE/dx 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-+ K± combinations where both parti

des come from the sarne 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 sarne B meson, the D- and kaon are mainly produced back-to-back. Therefore,

a cut is applied to the angle, cos9(D-+ K±) > -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
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Figure 5.12: For D"+K- (a) and for D-+[(+ (b) combinations the angle between the

D"+ and the K is shown for Monte Carlo generated events where all combinations

(histogram) are considered and where only combinations for which the D"+ and the

kaon come from different B mesons are taken (hatched histogram).



channels DO( - K7o)7o and DO( - K37o)7o, respectively are obtained. The spectra

are fitted as described previously for the inclusive Ë - D"+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 yielded
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(5.15)

(5.16)

•

ND"+K- = 54 ± 12

ND"+K+ = 116 ± 15

when the D"+ is reconstructed in the decay channel (i) and

NDo+ K - = 68 ± 25

NDo+ K+ = 132 ± 2ï

when decay channel (ii) is used.

From these yields one has to subtract the contribution of events with a D"+

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 interva1 considered

here, only 70 - K misidentification needs to be taken into account. The r. - 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 r. momentum. The numbers resulting from

the fit are then multiplied by the fake rate for each momentum interva1 separately

and the results are added to obtain the fake kaon contribution. When reconstructing

the D"+ through decay channel (i)

N(D"hK"-) = 1.1 ± 0.1

N(D"hK"+) =0.8 ± 0.1

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

contribution is found to be:
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Figure 5.13: Invariant mass spectra for D°1l"+ combinations accompanied by a K

(a) or by a K+ (b). The DO is reconstructed through its K 11" decay channel for

continuum subtracted T(4S) events.
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Figure 5.14: Invariant mass spectra for DO.+ combinations accompanied by a K- (a)

or by a K+ (b). The no was reconstructed from the K3. for continuum subtracted

T(4S) data.
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Figure 5.15: 'li" - K fake rate as a function of momentum.

After 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"+ K+):

(5.17)

when reconstructing the D"+ through decay channel (i) and

(5.18)

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

values, the ratio obtained is:

•
N(D"+K-) = 0.470 ± 0.106
N(D"+K+)

which in turn, using equation 5.15, leads to the follo\\;ng value for x:

x = 0.196 ± 0.126.

(5.19)

(5.20)



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 b

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-+ K+ / K-) given by equations 5.6 - 5.11 leads to the

following expression for the mixing parameter x:
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x = 2.024·
1

- 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:

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

a contribution of ï.O%.

• the influence of the cut on the difference of the mass of the DO candidates from

the nominal DO mass was studied. For this purpose. the cut was relaxed to

60 MeV/c? and 40 lvfeV/c? for the decays DO ..... K-r.+ and

DO ..... K- ..+..+..-, respectively, and the procedure repeated. The contri·

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

• the dependence of the result on the branching ratio for the process DCJ) was

investigated. To account for the large uncertainty in the production ratio
D- .peer

DtJl..." a conservative variation of 40% was allowed which resulted in a sys-

tematic error of 3.0%.



• the influence of a change in the values used for the branching ratios for the

processes (Ba, B+ -+ K+ X) and (Ba, 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,

D+ -+ K+X D+ -+ K-X and B -+ DO box DO -+ K+X DO -+ K-X, '"

•
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•

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 lu variation of the product of branching ratios

Br(B -+ D+ X) . Br(D+ -+ K+ .OR. K-X) and Br(B -+ DOX) . Br(DO -+

K+ .OR. K-X) and the results implied a systematic error of 3.9%.

• the contribution from D-+ mesons coming from the virtual W was investi

gated. For this purpose, the virtual W+ -+ cS decay rate was estimated using

Br(B -+ D;X) . Br(D; -+ ~;r+) =(2.92 ± 0.5) .10-3

reported in [22] and the value [2] Br(D; -+ ~;r+) = (3.5 ± 0.7)%. This re

sults in Br(B -+ D;X) = (8.3 ± 2.2)%. Taking into account that the two

body component of the decay B -+ D;X resulting from the fit of the D.

Xp spectrum is (58 ± 11)% [22], the probability for the decay W+ -+ cSSS

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 171 '" 2.5 to

account for the rate for dd/ss producti~n from the vacuum and a factor

172 = V / ( V + P) '" 3/4 to account for the formation of a DO+ meson(V

and P stand for vector meson and pseudoscalar, respectively). The factors

171 and 172 are taken from the LUND fragmentation mode! [38]. This rough

calculation results in Br(W+ -+ Do+ X) '" 3.7%. The value obtained from

the Monte Carlo is Br(W+ -+ D-+ X) = 2.4%. The ratio was accordingly

varied 'l'.-ithin the bounds 1.1% - 3.7% and the results indicated a systematic

error of 8.4%.
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source 1 systematic error 1

•

background estimation

and fitting procedure i.O%

eut on the difference of the mass of the DO

candidate from the nominal DO mass 0.5%
D- .pccc

(JI d' . 3.0%D" .p<" pro uctlon ratIo

branching ratios for the processes

(BO, B+ -+ K+ .OR.K- X) 3.93%

contribution of the D"+ mesons

originating from the virtual W S.4%

total 12.0%

Table 5.S: Systematic errors for the determination of the mixing parameter X.

The systematic errors are summarized in Table 5.S. The value obtained for the

mixing parameter is therefore

x = 0.196 ± 0.126 (stat) ± 0.120 (syst) .
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Chapter 6

Study of the BOBO mixing using

(D*R) K correlations

6.1 Introduction

In this chapter the sample of BO mesons provided by tagging in the BO -+ D'+L-ii

mode is again used to study BOBo mixing. This study is based on the same principle

as the study presented in Chapter 4. To tag the f1avour of one of the B mesons, the

partial reconstruction technique introduced in Section 3.1 for studying the decay

BO -+ D"+e- ii is again used. However, where in the previous analysis the f1avour

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 -+ C -+ 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 BO -+ D"+e- ii 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"+e- and K- provide a signature for

mixing, as indicated in Table 6.l.

To achiéve a large sample, the D"+ is not fully reconstructedj rather, the tech-

133
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BOBO events

•

Table 6.1: Signature for mixed/unmixed events in Doe K correlations.

nique already employed for tagging in the BO ..... DO+e- ii 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 Do+ momentum

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

602 (D*f) K correlations

To extract the mixing parameter using (DOe)K correlations the number of events

with (Do+e-)KT needs to be calculated. This is done using a set of equations, as

in the case of DO+ K= correlations:



(6.9)

•

•
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Taking into consideration that, according to isospin invariance,

2· Br(Ëo -+ D""+rv)' Br(D""+ -+ D"+1l'°) =

Br(B- -+ D""or,,). Br(D""o -+ D"+1l'-),

the above relations become:

N((D"-e+)K+) = [(1- X)· Br(Bo -+ K-) + X· Br(Bo -+ K+)] . ND"-I

+ [2/3· Bl'(B+ -+ r) + (1 - X) • 1/3 . Br(BO -+ K-) +
X· 1/3 . Br(Bo -+ K+)]. ND" (6.7)

JI

and

N((D"-e+)K-) = [(1 - X)· Br(BO -+ K+) + X· Br(BO -+ K-)]· ND"-I

+ [2/3· Br(B+ -+ K+) + (1 - X) • 1/3 . Br(BO -+ K+) +

X· 1/3 . Br(Bo -+ K-)]· ND" (6.8)
JI

thus leading to the ratio

[(1 - X) •Br(SO -+ K-) + X •Br(J30 -+ K+)]
Br(BO -+ K±)

Using the values presented in Table 6.2 for the branching ratios (B -+ K±X), X is

given by:

6"3 Measurement of the BO ËO mixing parameter

In order to reconstruct a BO meson in the decay mode BO -+ D"-e+v, a lepton and a

pion which fulfill the criteria described in Sections 3.3 and 3.4 are selected. An addi-



tional tagging kaon with momentum 0.2 :::; PK :::; 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 X, the J\1;ecDil distribution for 71"+ - e- com

binations was studied. The observed M;eeoil spectra are shown in Figure 6.1. The

estimated background contribution (extracted using (71"+ - e+)K± combinations) is

also shown.

The peak at recoil masses M;ee > -2.0 GeV2/c' contains contributions from the

following sources.

•

•
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(II) B~ _ Dj+e- v and B~ - K+ / K- X

L D-+",o

(III) B~ - D-+e- vX and B~ - anything

I_Do",+

I_ K+/K - X

(IV) Bï - DjOe- v and Bt - K+ /K- X

1- D-+;r-

(V) Bï - DjOe- v and Bt - anything

'- D-+;r-
1_ D07l"0

'-K+/K-X

Care must be taken in determining the number of events with
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Figure 6.1: M;.coil spectra for .,.+ - e- combinations a) accompanied with a K-,

and b) accompanied with a K+. The expected background contribution estimated

using (.,.+ - f.+)K:J: combinations is also indicated.
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Decay mode a) Branching ratio [2] b) Branching ratio [69]

Br(DO -+ K-X) (53 ±4)% (60.9 ± 3.2 ± 5.2)%

Br(DO -+ I<+X) (34+0 .6 )"" (2.8 ± 0.9 ± 0.4)%. -OA 10

Table 6.2: Measurements of Br(DO -+ KX).

138

•

because, as indicated in Table 5.3, the branching ratios for the decays

DO -+ K+ /K- X and D+ -+ K+ / K- X are different. The contribution to

the DO+ yield from background (III) is:

N(ËO -+ l-iiDo+(D"+ -+ ;;+DO)(DO -+ K+ .OR. K- X))

= NDo+. (Br(DO -+ K+ X) .OR. Br(Do -+ K-X)· TJK, (6.10)
••

where NDO+ is the number of DO+ 's resulting from the fit shown in Figure 3.7. The
••

kaon efficiency for the cuts mentioned above, TJK, is estimated with Monte Carlo

simulation to be TJK = 0.365 ± 0.001, where the error is statistica.I. The contribution

from backgrounds (III) and (V) to the D(J) yield ca.n be estimated in a similar

way. The current values for Br(DO -+ K X) are presented in Table 6.2 a) where the

values taken from the PDG [2J 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 (11'+ -l-)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(DO -+ 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 "(11'+ -i-)K" combinations where

both the pion and the kaon are daughter particles of the same Do+ meson, the

angle B(11' - K) has a pronounced peak at cosa - l, as shown in Figure 6.2; while

in the case where ir and K are daughters of different B mesons this angle is fiat

as expected. Monte Carlo studies show that only about 30% of the kaons arising



from processes (III) and (V) which contribute to the "mixed" event signa.! lie in the

interva.! cose( 7, - K) < 0.5. Therefore requiring events with cose(7" K) < 0.5 results

in a significant reduction of this background.

The recoil mass spectra obtained when the requirement cose(10, K) < 0.5 is made

are shown in Figure 6.4-

Using Monte Carlo simulation, the shape of the uncorrelated background for

(7,+ -l-) accompanied by a K- / K+ was compared with the recoil mass distribution

obtained for wrong-charge combinations (7,+ - l+ )K- / K+. By this means it was

found that (10+ - f.+ )K- and (10+ -l+ )K+ combinaticns provide a good description

of the shape of the uncorrelated background for the (10+ - R.- )K- and (10+ -l- )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 D(J) cannot be neglected. Assuming

Br(B+ ..... K-) = Br(BO ..... K-) and noting that the contribution from

background sources (III) and (V) depends on the SUIn
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•

N((D"-f.+)K+) can be obtained by fitting the recoil mass spectrum with a combi

nation of D"+ and D(J) 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"-f.+)K-) however, one must account for the fact that

Br(B+ ..... K+) '" Br(BO ..... K+). The contribution from the term which

depends on Br(B+ ..... K+) can be estimated, given that it does not depend on

the mixing parameter, from

NI(Bt ..... n"-f.+/lX)(B; ..... K-X)] = 2/3· ND(J)., . Br(B- ..... K-X)· T/K,

where ND(Jls, is the number of ND(J) resulting from the fit shown in Figure 3.7 for

sa ..... D"+1.- ii • Multiplying by an additional factor of 3/4 to account for the angular
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Figure 6.2: For (a) (11'+ - e-)K- and for (b) (11'+ - t-)K+ combinations, the angle

9(1I',K) is plotted for Monte Carlo generated events taking all1l',K combinations

(histogram), and taking only those r.,K combinations for which the two particles

are not daughters of the same D-+ meson (hatched histogram).
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Figure 6.3: lvI";ceoil spectra for uncorrelated "right-sign" (e± - 7I"=F) combinations

acC')mpanied by K= (points with error bars) and normalized "wrong-sign" (e±-7I"=)

combinations also accompanied by a K= (histogram), both obtained from Monte

Carlo simulation. a) and b) correspond to the cases (t+' -71"- )K+ and (i+ - 71"- )K-,

respectively.
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Figure 6.4: M;eccil spectra for ::-+ - e- combinations a) accompanied by a K-,

and b) accompanied by a K+. The expected background contribution estimated

using(ll"+ - e+)K combinations is also indicated.



cut applied, this contribution is found to be 58 ± 13 events. The normalization

of the M;c<Di1 spectrum for the D(J) channel is then fixed at this vaIue in the

fitting aIgorithm. The background from sources (III) and (V) is here very smaIl,

as it depends on Br(DO -> K+ X), so its relative contribution to the DO+ and D(J)

channels need not be taken into account when constructing the fitting aIgorithm.

The recoil mass spectrum for (DO- f+)K- combinations is therefore fit with the

estimated Br(B+ -> K+) contribution and the M;ceoil spectrum for the DO+ and

D(Jl... channels ....ith the relative contributions of Dj... and DO+ fixed from the one

lepton case.

The fit yielded for Ë~ -> DO+l- v:

•
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(6.11)

(6.12)•

N «F - 'll'''') K±) - 380 ± 31

N «F - 'll'''') K"') - 412 ± 3i.

The numbers quoted here are valid only for the DO+ channel. To estimate the

number of pions which are misidentified as kaons, the recoil mass spectrum for

(F - 'll'''') combinations accompanied by a pion was used for different interva!s of

the 'll' 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 (cF - 'll'''') "K"±) - 3.i ± 0.3

N «F - 'll'''') "K""') - 3.0 ± 0.3.

The electron fakes (h+'ll'-)K± were also studied by taking right and wrong-sign

(h-'ll') combinations, where the hadron momentum was required to lie in the interval

1.4 $ Ph $ 2.5 GeVIc, aIong with an additional kaon which has to fulfill the tagging

kaon requirements already mentioned. The M;ceoil distributions for the right and

wrong-sign (h - ro)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 «f+ - ro-) K±) is:

N (cF - ro"') K±) - 3i6 ± 31

N «F - ro"') K"') - 409 ± 3i.



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 ((r- - ,,:;:) K±) and ((r- - ,,:;:) K:;:), 32% and 49% of

•
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the events respectively still contain both a " and K ·...·hich originate from the same

D' meson, despite the angle requirement cosl1(", K) < 0.5. The contribution from

these events to the signal has to be estimated and then removed. Using equation

6.10 with T/K = 0.365 ± 0.001 and ND'+ = 2i05 ± 161.5, one finds that
••

N(ËO ..... tiiD'+(D'+ ..... ,,+DO)(Do ..... K+X))· 0.32

= (601 ± 36) ·0.32 = 192 ± 12

background events from the decay process (III) contribute to N ((r- -,,:;:) K±) and

N(ËO ..... tiiD'+(D'+ ..... ,,+DO)(Do ..... K-X))· 0.49

=(28 ± 2) . 0.49 = 14 ± 1

background events from the decay process (III) contribute to N ((r- - ,,:;:) K:;:).

Here, MARK III [69] values are used for the Br( DO ..... K+ / K-X). After subtracting

the estimated background contribution, the yields for Ë~ ..... D'+l- ii become:

Using the values reported in [2] for the Br(U ..... K±X) the value obtained for X

becomes:•

N ((e± -,,:;:) K±) = 184 ± 33

N ((e± - ,,:;:) K:;:) = 395 ± 3i

giving the ratio

which in tum, using equation 6.9, transforms to the fol1owing value for x:

x = 0.188 ± 0.Oi5.

X - 0.238 ± O.Oïl.

(6.13)

(6.14)

(6.15)

(6.16)
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As a consistency check the Br(BO -+ K±X) can be estimated:

(6.li)

where the factor 4/3 is used to account for the angclar cut applied and where

N(e+ - r.-) = NDo+. Substituting N((e+ - r.-) K±) = 579 ± 50 into the above••
equation the value obtained for Br(SC ....,. K±X) is

Br(BO -+ K±X) = (78.2 ± 8.2)%.

6.301 Systematic errors

(6.18)

•

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

and

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(BO -+ K+X), Br(SC -+ K-X), Br(B+ -+ K+X), and Br(B+ -+ K-X), a

large error was assigned to these values.

For the systematic error:

• the influence of a change on the values used for the branching ratio for the

process (SC, B+ -+ K+X) and (SC, s+ -+ 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 1 systematic error 1

branching ratio for the process

(BO, B+ --+ K+ .OR.K- X) 4.9%
Do

2.2%b~! ratio

cos9(r. , 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 X.

• the ~~\ ratio used in the fitting procedure was changed to 22.0% which is the

value reported in [58] corresponding to Pt ;:: 1.4 GeV/c for the momentum of

the lepton that accompanies the D" in the B --+ D(J)lv decay mode. This

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

• the dependence of the result on the angular cut applied was checked. For this

purpose, this eut was changed to cos9(r.,K) < 0.3 and to cos9(r.,K) < 0.7

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

• 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 X is therefore

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

processes DO --+ K=X.•
x = 0.188 ± 0.Oi5 ± 0.069 ± 0.050 (6.19)
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Chapter 7

Discussion of the results

In this section, the measurement of the mixing parameter Xd is further used to

extract information on the CKM matrix element V,d and on the mixing of Ùe B.

system. At the end, an overview of the experimental results described in this work

is presented.

7,1 Implications of the measurement of Xd

The measurements of Xd obtained by tagging one of the BO mesons in the decay

ËO -+ D'+1.- ii are averaged according to [77]. The resulting value for Xd is:

Xd = 0.165 ± 0.057.

The measurement performed by investigating D'+ K= correlations is not considered

because of the small statistica1 significance of the result.

Using the relation

1 :r~
Xd = '2 l+:rr

the value extracted for the mixing parameter Xd cao be converted to :rd

147



Inserting Xd = 0.165 ± 0.05i into the above equation, the mixing :rd is determined•
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:rd =0.703 ± 0.180

148

(7.1)

where the error quoted :5 found by adding the statistica! and systematic errors in

quadrature. Use of the mixing result 7.1 can further constrain the parameters of the

quark mixing matrix VCKM (see Section 1.1.1) involving the top quark. As shown

in Section 1.5, calculation of the ~ - ~ box diagram gives

tlM~":" (8 f2 )Iv.°" 12 2F( m~ ):rd = r = 6r.2 mB. TB. d B. 'b V'd m, Ma, TfQCD (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. 50 that an attempt can be

made to extract the CKM matrix element V,d instead. For this purpose, the following

values will be used

• for the B~ meson lifetime TB. =1.5 ± O.llps [2]

• for the mass of the B~ meson mB. = 5279.0 ± 2.0 ~leV [2)

• for the top quark mass m, =174 ± 17GeV from the CDF Collaboration [76)

• for the QCD correction TfQCD = 0.55 from ref. [78), where this correction is

analysed including the effects of a heavy t-quark.

• for the "bag" parameter and the d~ay constant Bd and fB. respectively the

product Bd' fit. =(1.0 ± 0.2) . (180 ± 50 M eV)2 is taken from [70)

• and V,b ':::: 1 from unitarity.

•
Equation 7.2 then provides tbe matrix element V,d

V,d = (0.93 ± 0.31) . 10-2
, (7.3)
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C(O,Q) ~--'-- """,__--'---->o. B(O,l)

-----i.... P

149

Figure 7.1: The unitarity triangle. p, 1J and >. 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:

VI. = (0.93 ± 0.12(3:.) ± O.ll(m,) ± 0.26(1B) ± 0.034(TB»· 10-2

The CKM matrix elements obey unitarity constraints, according to which any

pair of rows (columns) of the matrix are orthogonal. Hence, the following relation

is obtained:

(7.4)

Using the form of the CKM matrix in equation 1.7, the above rel~tion can be written

as:

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 - 1J space.•
V.:b VI.

>'Vcb + >'Vcb = 1, (7.5)



Using equation 7.5 one can obtain limits for the CKM matrix element V,d which

in turn can be used to give an experimental value for the product Bd .n.. For this

purpose, the CKM matrix elements V,;j, and V,d are re-written as:

•
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(7.6)

and

(7.7)

with r, li defined from

Using this pararnetrization, equation 7.5 transforms ta:

or equivalently

(7.8)

Inserting Webl = 0.040±0.005 [2], A= 0.2205±0.001 [2], r = J(p2 + rp) = 0.36±0.14

from [70], the alIowed region for V,d following from the unitarity of the CKM matrix

is obtained.

0.004 ::; V,d ::; 0.015

Putting this value for V,d in equation 7.2 one gets

(7.9)

(7.10)

•
A summary of the various measurements of BOBo mixing, obtained from ma·

chines operating at the ï(4S) resonance as weIl as at higher energies, is presented

in Figure 7.2.

At energies higher than the ï(4S) mass, a mixture of Bd and B. mesons is

present with production fractions fa and f. respectively. The mixing probability X
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Figure 7.2: Comparison of the values obtained for Xd. The method used for the

determination of the mixing parameter is also indicated.



is in this case a combination of the mixing probabilities Xd and x. for B~ and B~,

respectively.
•
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LEP experiments provide information on Xd by mea.suring the B~ --- Ë~ oscillation

frequency Ll.md and using the B~ lifetime TB~ to extra.ct Xd = .0.;:'4.

Finally, from the study of mixing in the ~ - ~ system, one ca.n extra.ct infor

mation on mixing in the B~ - Ë~ system. The mixing parameter Xd as determined

in this work ca.n be combined with the mea.surement of X 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 Id and f. the values Id = 0.40 and 1. = 0.12 from [72], and taking

the average from the LEP and pp experiments X = 0.122 ± O.OOS [72], the mixing

parameter X. is estimated to be:

x. = 0.467 ± 0.200,

which is translated to the following limit:

X. > 0.14 90%C.L.

(7.11)

(7.12)

•

A prediction for the mixing parameter x. is obtained from the ~ - Ë~ box

diagram and is given by a formula analogous to that for ~ - ~ mixing

Ll.M. G} B 2 li -v. 12 2 m~X. = r ::::: 6r.2 mB, TS, ( .Is, V;. 'b m,Fe Mar) '1QCD·

Using the fact that IV,.I = JVebl, as demonstrated in equation 1.S, the ratio ~ is

given by:

X. = '1B, mB, TB,(Bs, .ra,) .1 V,'12,
Xd '1B. mB. TB.(Bs• .ra.) V,d

where for the mass and lifetimeof the B. meson the values mB, = 536S.0±3.7 MeV

and TB, = 1.54::g:~~ ± 0.05 ps will be used [2]. The QCD correction fa.ctors 1JB. and
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Figure 7.3: Strength of the~Ë.~ versus the sr:Ë~ oscillation. The resclt obtained in

this work is incorporated with the average from the LEP and pP experiments. Also,

the curve obtained !rom the unitarity of the CKM matrix is shown (SM curve).



'lB. are expected to be equal. Using for the ratio ;B'~f' the value ;B·Jff·=(1.16)2
Bd Bd Bd Sri

as taken from [70J, and substituting the value found for V,d from equation 7.3, it

follows that:
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x. ?60' 1- 3-~_.:= 1.
Xd
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(7.13)

•

In the above equation only the error on the matrix element lV,dl is considered, since

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

equation 7.13 in turn gives:

X. =18.3 ± 13.7.

7.2 Kaon tagging: advantages and disadvantages

Kaons were used for tagging the f1avour 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 BOBo mixing. A number of advantages and disadvantages cao he noted in

comparison with the lepton tagging technique. The main ad"'aIltage of kaon tagging

is the highe: statistics provided. While the rate for b -+ 1 :::: 10%, it is expected

that b -+ C -+ S :::: 5~%. The main drawback is related te 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 meson for the case of electron and lW>n 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 sand s 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 he overcome :.1 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



Ë -+ K-X. The argument concerning the uncertainty of the wrong-tag fraction is

also applicable to the use of the D"+ charge to tag the B meson flavour content, as

in Chapter 5, since aise 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, severa! 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 Ë -+ K-X, Ë -+ K+X, as weil as

Ë -+ D"+X, Ë -+ D"-X. Another drawback of the kaon tagging technique cornes
"wren!!:" tae:s

from the fact that the ratio "ngh? tags is much larger for kaons than for leptons

(for momentum regions where the c -+ 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 BË events at the ï(4S).
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7"3 Sl1mmary

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

lowing processcs were measured:

• Br(ËJO -+ D"+e-v) =(4.4 ± O.3(stat) ± O.3(syst) ± O.3(model))%i

• Br(ËJO -+ Dit e-v) = (2.5 ± O.6(stat) ± O.5(syst))%;

• Br(ËJO -+ Xe-v) = (9.3 ± l.l(stat) ± 1.5(syst))%;

• Br(Ë -+ D"+ X) = (19.6 ± 1.9)%;

• Br(SO -+ K:l:X) = (78.2 ± 8.2(stat))%•

The B~ +-+~ mixing parameter was determined using three different methods:
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• using (lI"l) l combinations the value

Xd = 0.162 ± O.044(stat) ± 0.038(syst)

was obtained;

• using Do+ K± correlations the fol!owing value for Xd was extracted:

Xd = 0.196 ± 0.126(stat) ± 0.120(syst);

• using (lI"l) K combinations Xd was found to be:

Xd = 0.188 ± 0.075(stat) ± 0.069(syst) ± 0.050(Br(DO ..... K)).
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•

These last two measurements were obtained with a technique which has been

used for the first time. The B meson f1avour is taggcd using the charge of the

daughter kaon. Finally, from the determination of the mixing parameter Xd, the

following quantities are found:

• Xd = 0.703 ± 0.180;

• V,d = (0.93 ± 0.31) . 10-2
,

from unitarity of the CKM matrix one expects 0.004 ::s V,d ::s 0.015;

• 0.0125 GeV2 ::s Bd '.fs. ::s 0.175 GeV2;

• X. = 0.467 ± 0.200,

x. > 0.14 90%C.L.;

• x. = 18.3 ± 13.7.
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Contributions to the ARGUS

Experiment

During my stay in Hamburg l, like all members of the ARGUS collaboration, par

ticipated in data taking periods during which 1 ran shifts regularly. This requires

monitoring the detector performance and the quality of the data taken.

In the beginning of my stay at DESY, 1 had the responsibility for the ofRine cal·

ibration of the ARGUS main drift chamber. In addition, 1 participated in the soft·

ware development of the ARGUS microvertex chamber (IlVDC). 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,

1 was responsible for the calibration of the IlVDC in order to extract the optimal

reso!ution of the chamber. The achieved resolution is better than 40 microns.

1 initially performed studies on non·BB production on the ï(4S) resonance

motivated by the ohservation of J/IJ! production above the allowed kinematical

limit for J /IJ! coming from B-meson decays. These studies included the channels

ï(4S) -+ J /IJ! + X and ï(4S) ..... hb + 71, 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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