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Abstract

Transitions between particles and antiparticles, so-called ’oscillations’,
were first observed in the neutral Kaon system in 1956 [L*56] (3d = sd).
Oscillations were also observed in the neutral B} meson system in 1987 (bd =
bd) [A*87]. The time dependence of the BY oscillations was resolved in
later experiments at LEP [Abr93, BT93, A*96c, GT96]. Many efforts were
made during the years resolving the much faster oscillations in the By meson
system. The latest world average for the B, oscillation frequency is Amg >
14.9ps™" at 95 % CL compared to the value from the BY system Amg =
0.496 £ 0.007 ps—! [OGO1].

In a novel approach using the data set of the DELPHI detector taken
at the Z° pole from 1992 to 2000 a fully inclusive analysis was performed.
The main aim of the analysis unlike previous analyses was to use the large
statistics of fully inclusive b decays. This was only achieved by exploiting
the full capabilities of the DELPHI detector and the application of advanced
analysis techniques, such as neural networks and quasi-random point sets
used for resolution integrations.

After all cuts including the removal of all high pr lepton events, which
are treated in a separate analysis [KPPT01], a sample of 408k events was
available. Dedicated production and decay tag algorithms, momentum and
decay length reconstruction algorithms were developed, partly based on the
BsAURUS package [ABF*01].

The result was extracted using a maximum likelihood fit and the following
value for the mass difference of the two physical BY states was obtained:

Amyg = 0.501 £ 0.013 (stat) + 0.018 (sys) ps '

The total error was therefore 0.022ps~'. Systematic effects were mostly

compensated by additional free fitting parameters.

Utilising the "Amplitude Method’ [HGA97| a likelihood fit searching for
B, oscillations was performed on the same data set. The time dependence
of the B, oscillations was not resolved but a limit on the mass difference of
the two physical B, states was set at:

Amg > 4.7ps ' at 95 % CL.

Using the error on the amplitude one can extract the expected limit (’Sensi-
tivity’) on Am, at 95% CL:

Sensitivity = 7.4 ps
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Introduction

I may not have gone where I intended to go,
but I think I have ended up where I intended to be.
Douglas Adams

Heavy flavour physics, especially B physics, has become more and more
important for tests of the so-called "Standard Model’ and measurements of its
parameters. In particular, B physics offers the most direct way to determine
the parameters of the quark mixing matrix. This matrix connects the mea-
sured mass eigenstates to the flavour eigenstates, which couple to the weak
interaction. As this matrix has non-diagonal entries transitions between dif-
ferent quark families are possible, e.g. b decays: b — c¢. Determining the
matrix elements of the so-called 'Cabbibo-Kobayashi-Maskawa (CKM) Ma-
trix’ [KM73,Cab63] is an important task in modern particle physics, not least
because the matrix is a source of CP violation. After the first observation of
CP violation in the neutral kaon sector in 1964 [CCFT64], the observation
of CP violation in the B sector has now also been experimentally established
by BABAR [AT01b, Pre01,Wea01], BELLE [Haz, A*0la] and CDF [Blo].

Transitions between particles and antiparticles, so-called ’oscillations’ or
‘particle mixing’, were first observed in the neutral Kaon system in 1956
(quark content: 5d = sd) [LT56]. Oscillations were also observed in the
neutral BY meson system in 1987 (bd = bd) [A*87]. A first time dependent
measurement of the BY meson oscillations was possible at LEP in 1993 after
the development of high resolution silicon vertex detectors [Abr93, B*93].
Oscillations in the neutral By meson (bs = bs) system were also observed at
LEP [Mos93, For93], although their time dependence was not resolved. The
ratio of mixed to unmixed B, mesons was measured to be y, = 0.46+0.11. All
oscillations are driven by the mass difference Am of the participating states.
The recent world averages for the oscillation frequencies in the B meson
sector are Amgy = 0.496 & 0.007 ps~! for the B} meson system and Amg >
14.9ps~! at 95 % CL for the B, system [OGO1]. Clearly B; oscillations
are expected to be much faster than BY oscillations and thus represent an
enormous experimental challenge. While the contribution to the CKM matrix
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INTRODUCTION 3

parameters is nearly the same in both B meson cases, a measurement of the
B; frequency would allow a dramatic reduction of the errors from theoretical
uncertainties [Bur01]. Therefore many efforts have been made over the years
to resolve the faster B, oscillations. A more detailed introduction to the
theory of B oscillations can be found in chapter one.

Various B meson oscillation analyses were made at the DELPHI experi-
ment at LEP [A196a,Lip] most of them based on an exclusive reconstruction
of single decay chains or on B decays which contain a lepton with high trans-
verse momentum. In common to all these analyses is the statistical limitation
imposed by ignoring most of the hadronic decay modes and thus using only
a few percent of the available statistics. Over the years the understanding
of the detector improved together with the quality of the simulated events.
These conditions allowed the development of inclusive techniques for the ap-
proach to B physics, where the shape of more general variables is used, i.e
jet-charge and vertex charge. In the Karlsruhe working group a lot of in-
clusive tools for B physics are collected in the BsAURUS [ABF101] package,
which provides the basic inputs to this analysis. The package makes ex-
tensive use of all parts of the DELPHI experiment especially of its unique
particle identification capabilities, together with modern methods of statisti-
cal data analysis, e.g. neural networks. Chapter two gives a brief description
of the DELPHI detector and its components. The first half of chapter three is
dedicated to neural networks - as they are the preferred method used inside
BSAURUS.

The inclusive approach of the analysis presented in this work allows the
recovery of the large statistics of hadronic B decays for an inclusive B meson
oscillation analysis based on the data in the years 1992 to 1995 (LEP I phase)
and the Z° data from LEP II taken in the years 1996 to 2000. The result is
a new, independent contribution to B, oscillation measurements and addi-
tionally a very precise measurement of BY oscillation frequency. Also novel
to this kind of analysis, is the treatment of the proper time reconstruction
necessary to resolve the time dependent oscillations. The B meson decay
time is reconstructed from the decay length and the momentum of the B
meson. Both quantities are reconstructed in the detector with limited reso-
lution. The fitting method, which is later applied for the extraction of the
results, takes this finite resolution effects into account by convolution of the
resolution functions with the theoretical expectations. Therefore a numerical
integration over these resolution functions is necessary. The statistical power
of the analysis is improved by the separation of well reconstructed events
with good proper time resolution from others, where the resolution is not as
good. In previous analyses the measurement of the decay length and the B
meson momentum was combined and the classification was done in terms of
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the proper decay time, where e.g. five different resolution classes were cho-
sen. In this analysis the resolutions for decay length and momentum were
kept separate in all routines, which improves the analysis granularity and
thus its statistical power. The analysis consists of 15 classes for the momen-
tum and 5 for the decay length resolution of the B meson, which leads to 75
possible different combinations. The consequence of this improvement is a
two-dimensional integration, compared to a one-dimensional integration for
the standard approach. The standard approaches for numerical integration
(e.g. trapezoid rule) are found to be too slow to be of practical use when
large statistics are involved. Therefore a two step solution towards a very
fast and efficient integration routine was developed.

A first improvement was found in the point set covering the two-
dimensional integration space of the numerical integration. Although one
might think that a grid of points is the best choice one can make a special
kind of random number, so-called ’Quasi Random Numbers’, provide smaller
errors for the same amount of points used for the integration. The reason
for this can be found in the ’smoothness’ of the point set, which is better
for quasi random numbers. Another improvement of the integration routine
is derived from the knowledge of the resolution functions. These functions
determine largely the shape of the integrand, which leads to the possibility
of using a so-called 'importance sampling method’. The aim of the method
is to increase the density of points in phase space regions where the value of
the integrand is expected to be large. The importance sampling method is
realized in the form of an analytic variable transformation, since the shape of
the resolution functions are known. A detailed description of the integration
routine is provided in the second part of chapter three.

Chapter four briefly describes the basic properties of the BSAURUS pack-
age, which are important for this analysis. The reconstruction of the sec-
ondary vertex and the B meson momentum are described, which are the
essential variables for the proper time measurement. The algorithms for
tagging events as 'mixed’ or "'unmixed’ by their b-quark flavour (b or b) at
production and decay time of the B meson are explained. Several neural
networks starting at the track level were developed and finally combined to
form the desired tagging quantities for the production and the decay of the
B meson.

In chapter five, the analysis itself is presented starting with a description
of the event selection. The analysis uses data collected on the Z° in the LEP
I phase from 1992 to 1995, and additionally the calibration data of the LEP
IT phase, also taken on the Z°. Events containing an identified lepton with
high transversal momentum are removed, which reduces the statistical over-
lap with other existing B meson oscillation analyses [Lip,A*96a,B*]. Finally
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over 400000 candidate events were selected, which is approximately ten times
the statistics of the analysis, based on semi-leptonic B decays [KPPT01]. In
combination with a second inclusive vertices By analysis [PT02, TKPAO1],
the combined number for the DELPHI experiment is Am, > 14.5ps™" (Sen-
sitivity: 12.0 ps™!) [KPPT01, TKPAO1, P*00].

The chapter also contains descriptions of the algorithms for separating
the different classes of decay length and momentum resolution, as well as
the calibration of the flavour tagging algorithms on the data. This last point
is very important for the correct modelling of the data inside the analysis.
Finally, after discussion of the fitting methods, which are slightly different
between the BY (’Likelihood Approach’) and the B; case ("Amplitude Ap-
proach’), the final results are presented, together with a breakdown of the
systematic effects.



Chapter 1

Theoretical Background

Particle physics studies the constituents of matter and their interactions.
Present knowledge has built up from many years of experimental discover-
ies and theoretical developments. From these discoveries emerged a simple
model of matter, the so-called "Standard Model’. There are two kinds of fun-
damental, structureless, spin % fermions - quarks and leptons. In total there
are six known types (flavours’) of quarks, three charged leptons and three
neutral leptons (‘neutrinos’). There are four forces governing the universe:
the strong force binds quarks to form hadrons and nucleons to form nuclei,
the electromagnetic force acts on all charged particles, the weak force is re-
sponsible for processes like beta decay and the gravitational force act on all
bodies with mass. Classically, forces are described in terms of fields through
which particles interact. In quantum theory the equivalent view describes the
force as being transmitted by the exchange of field quanta (‘gauge bosons’),
of integral spin. The first part of this chapter provides a brief introduction to
the Standard Model, listing the basic properties of the fundamental fermions
and interactions.

The second part of the chapter describes in more detail the phenomena
of transitions between particle and antiparticles, so-called ’oscillations’ or
'mixing’. They were predicted in 1955 [GMP55] and observed in 1956 in
the K°KY system [L¥56]. The quark content of a K° is d5 and ds for its
antiparticle K°. Transitions between the K° and K° have AS = 2 and
proceed via a second order weak interaction, not conserving the strangeness
S of the system. Oscillations were also observed in 1987 in the BJBY sys-
tem [A*87], where the B® has quark content bd and bd for the BY. The last
neutral ¢ system where oscillations have been established is the B, (=bs)
system [Mos93, For93]. All the particle to antiparticle transitions are driven

6



1.1. THE STANDARD MODEL 7

by the mass difference AM of the two states®, which is directly proportional
to the rate or oscillation frequency of the transitions. The whole phenomena
of quark mixing is well described within the Cabbibo-Kobayashi-Maskawa
(CKM) matrix formalism [KM73,Cab63]. A brief introduction to the CKM
formalism and the mathematical treatment of particle to antiparticle transi-
tions is given in section 1.2.

Simulated events are crucial for an inclusive analysis and thus modelling
the process eTe™ — hadrons is essential. Therefore a short description of the
simulation chain from a theoretical point of view is provided in the last part
of the chapter.

Fopr further details on the individual subjects, more extensive reviews
can be found in [Per, Kan, Sto94]

1.1 The Standard Model

The Standard Model of particle physics is based on gauge theories. The
elementary particles are fermions - quarks and leptons. These fermions can
be ordered into 3 generations, all of them containing 2 quarks and 2 leptons.
The main difference between the individual generations are the masses of the
individual particles. The quantum numbers Q" (electromagnetic charge),
Y (weak hypercharge), IV (weak isospin) and I3" (third component of the
weak isospin) of the 3 generations are the same (see table 1.1).

A brief summary of the interactions, the Standard Model is based on, is
given in the following subsections.

1.1.1 Quantum Electro Dynamics (QED)

Quantum Electro Dynamics (QED) is the gauge theory describing electro-
magnetic interactions between electric charged fermions via the exchange of a
single gauge boson, the photon 7. The photon v has no electric charge and so
does not self interact. This fact is represented in the Abelian character of the
underlying gauge group U(1). The coupling strength is proportional to the
fermion electric charge, and this charge is a conserved quantity in all QED
processes. Both properties can be deduced from the U(1) gauge theory char-
acter. In figure 1.1 (a) the basic process ee™ — ptp~ is illustrated. [Fey49].

Higher order corrections to the Born level diagrams performed in pertur-
bation theory lead to closed-loop processes, shown in the diagrams 1.1 (b)

!The decay width difference AT of the two states also influences the oscillations (i.e.
Kaons K, K1). In the case of B meson their contribution is supressed.
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‘ Generation ‘ Quantum Numbers ‘
L. I1. L. [ | vy [V |5
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Table 1.1: The different elementary fermions in the Standard Model. Quarks
and leptons are separated into 3 generations on the left, the associated quan-
tum numbers are stated on the right. Doublets are marked with a L to
denote, that only the left-handed components take part in the weak inter-
action. The prime of the lower quark doublets members denote the weak
eigenstate (see section 1.1.2). The different quantum numbers are, Q" the
electromagnetic charge, Y the weak hypercharge, I'"Y the weak isospin and
I}V the third component of the weak isospin.

and (c). A priori these diagrams lead to divergent integrals, with an infinite
contribution to any amplitude calculation beyond the Born level. The solu-
tion to this problem, the redefinition of the electric charges and masses to
their physical values, is called renormalisation [Lee69]. As a consequence of
this technique all amplitude and cross-section calculations are finite. An im-
pressive proof of this approach is the g — 2 factor, where agreement between
experiment and theory is of the order of 1 part in 10 billion [CM99, BT01].
The success of the QED higher order corrections being finite, due to renor-
malisation, and the calculation of physical predictions with high precision,
leads to the requirement that a candidate theory for particle interactions has
to be renormalisable, otherwise the perturbative expansion approach would
fail. In 1971 it was shown by 't Hooft [tH71] that all gauge theories are
renormalisable, which marks gauge theories as a preferred starting point.

1.1.2 The Electroweak Interaction

The gauge group of the weak interaction is the SU(2), group and the U(1)
group for the electromagnetic interaction (see section 1.1.1). A separate
treatment of the two gauge theories is not possible, because leptons in the
SU(2)r, doublet have different electromagnetic charges. This leads to a the-
ory, which is invariant with respect to a SU(2) x U(1) gauge transformation.
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e H

(a) (b) (c)

Figure 1.1: (a) The lowest order (or Born level) QED Feynmann diagram.
Two different QED loop diagrams, the creation and re-annihilation of an
ete” pair (b), and the emission and absorption of a photon by an electron

(c).

The unification of the electromagnetic and weak interaction was first per-
formed by Glashow, Salam and Weinberg (GWS) [Gla61, Sal, Wei67]

The mediators of the non-abelian SU(2); group are the gauge bosons
W1 W?% and W3. The gauge boson of the U(1)y? group is the B. The real
physical mediators of the weak charged currents are the W= bosons, a linear
combination,

1
W+ =—W'FiW? 1.1
\/5( i) (1.1)
of the W', W2 gauge bosons. The gauge boson fields of the photon () and
the Z° can be obtained via mixing in the following way,

A,= cosO, B, —l—sin@w-WS
Zy,= —sin®O,-B, +cosO, W} (1.2)

introducing a single parameter ©, known as the weak mixing angle or Wein-
berg angle.

The electroweak theory, as described in the section above, does not con-
tain any mass terms in its Lagrangian either for the fermions nor for the
gauge bosons. Any introduction of mass terms would destroy the local gauge
symmetry and as a consequence the possibility of renormalising the theory.

The favoured solution of this problem is the introduction of a new com-
plex scalar field @, termed the Higgs field [Hig64]. It allows the assignment
of masses to the W= and Z bosons by coupling them to the Higgs field @,
conserving the gauge invariance of the whole system. The fermion masses

2Y denotes the weak hypercharge which is connected via the Gell-Mann-Nishijama,
formula Q°™ = I}V + 1V
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are achieved in a similar way by introducing Yukawa couplings into the La-
grangian. As a consequence of the Higgs mechanism a neutral physical boson
H° with unknown mass is predicted?.

1.1.3 Quantum Chromo Dynamics (QCD)

The gauge theory of the strong interaction (QCD) [FGMLT73] is based on
the non-Abelian gauge group SU(3)¢, introducing three colour degrees of
freedom (called red, green and blue). The colour degree of freedom was
introduced to resolve the so called spin statistics problem with some baryonic
states, such as the {27, which contains three identical s quarks in a symmetric
spin state. As a solution to the conservation of the Pauli principle each
quark was assigned a different colour resulting in a colour singlet state. All
experimentally observed states are colour singlets. Baryons are built on
colour-singlets of red, green and blue and mesons of colour and anti-colour
combinations.

The gauge invariance under SU(3)c transformations leads to eight dif-
ferent gauge fields, termed gluon fields. As a consequence of the non-abelian
character of the SU(3)¢ group, in agreement with experimental results, the
gluons carry colour themselves leading to self-interaction, illustrated in figure
1.2 (b) and (c). Self-interactions are responsible for the confinement and the
asymptotic freedom of quark states.

Confinement is the explanation of the fact that only colour singlets can
be stable. If one tries to remove a single quark out of a colour singlet, the
amount of energy needed is that high, that finally a new quark-antiquark
is created, leading to two colour singlets. The reason for this behaviour is

3The current experimental lower limit of the Standard Model Higgs boson from the
LEP2 collaborations is 114 GeV [Gro01]

/

q g g g

(a) (b) (c)

Figure 1.2: The fundamental vertices in QCD are (a) the quark-gluon-
coupling b) three-gluon-coupling ¢) four-gluon-coupling
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the self-interaction of the gluons, filling the space between two quarks with
a gluon field, the strength of which is proportional to the quark-antiquark
distance.

The opposite behaviour is observed when going to very small quark-quark
distances. The coupling becomes smaller and smaller for shorter distances
resulting in a quasi-free state. This phenomenon is called asymptotic freedom
and is an important requirement for heavy quark theories, discussed later in
section 1.3.4

1.2 The Cabbibo Kobayashi Maskawa
(CKM) Matrix

Based on experimental observations it became clear in the early sixties, that
the quark sector for the weak-charged current did not behave as simple as
the lepton sector. Up till then the only known quarks where the u, d and s
quarks. The transition strength for e — v, and p — v, are the same, while
the decay rate difference for 7= — puv, and K= — uv, transitions is a factor
of approximately twenty. An explanation, proposed by Cabibbo [Cab63], was
the introduction of a weak eigenstate d’, which is a superposition of the mass
eigenstates d and s in the following way:

d' = dcosOc¢ + ssinO¢ (1.3)

The introduced mixing angle is called Cabbibo angle, preserving universality
of the weak interaction by the existence of only one coupling constant.

A problem of the Cabbibo modifications was the appearance of Flavour
Changing Neutral Currents (FCNC), which were experimentally not ob-

Ve e Vu woood Vp g Uy
:( :( - >\V/V\‘<
| |
e Ve e~ Ve U w- U w-
(a) (b) (c) (d)

Figure 1.3: The processes (a) and (b) illustrate neutrino scattering. They
have the same cross section. The decay rate of the 7~ (ad) (c) is approxi-
mately twenty times higher than the K~ (us) rate (d). An explanation of
this behaviour is given by the Cabibbo theory.
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served. The solution to this problem was the modification of the s state
into the weak eigenstate s',

s' = scosO¢ — dsin O¢. (1.4)

The demand of equivalence of the coupling of the s' and d’ states to the Z°,
leads to the introduction of a new doublet for the s’ state and the proposal
of a new unknown quark state ¢ (charm). This solution of solving the FCNC
problem by the introduction of weak eigenstates together with the charm
hypothesis is called the GIM (Glashow, Iliopoulos and Maiani) mechanism
[GIM70]. The charm quark was established experimentally in the mid 1970’s
by the discovery of ¢ states [AT74].

In a later development Kobayashi and Maskawa [KM73] proposed the
extension of the four-quark pattern to a six-quark pattern to accommodate
the possibility of CP violation including also the possibility of a third quark
generation. Evidence for the fifth quark was not long in coming, with the
discovery of bb states [Ht77,B+81].

The interaction Lagrangian £ for the weak charged current is now written
in terms of mass eigenstates as follows,

dr,
Lint = _i(ﬂL; cr to)Y"Verm | s WJ + h.c., (1.5)
V2 by

introducing the CKM matrix Vo, which has the form:

Vud Vus Vub
Voekm = | Vea Ves Ve (1.6)
Vie Vis Vi

The CKM matrix is in general a 3 x 3 matrix consisting of 9 complex numbers,
thus leading to 18 real parameters. The requirement of unitarity (VIV =
1) provides 9 constraints, so that only 9 real parameters remain. By an
appropriate redefinition of relative quark phases another 5 parameters can
be removed, ending up with 4 real parameters. Of these, 3 correspond to
angles (the number of independent rotations in three-dimensional space) and
a complex phase, a potential source of CP violation (Asymmetries in the
decays of particles and antiparticles).

1.2.1 The Wolfenstein Parametrisation

For phenomenological applications it is more convenient to use an approxi-
mate parametrisation of the CKM matrix, which makes explicit the strong
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hierarchy observed experimentally*. The favoured parametrisation, proposed
by Wolfenstein [Wol83], has the parameters A, p, n and A. An expansion in
powers of A leads to the following representation:

1—)‘72 A ) AN (p —in)
Vorm =~ —A -4 AN (1.7)
AN (1 — p—in) —AN? 1

In practice, |V,q| and |V,4| are known to an accuracy of better than 1 %,
|Vep| is known to 5 %. Hence, the Wolfenstein parameters A and A are rather
well determined experimentally:

Ve

A = [Vis| = 0.2205 £ 0.0018, A = |

= 0.80 = 0.04. (1.8)

The experimental uncertainties on p and 7 are at the 20 % level.
A beautiful way to visualise the implications of unitarity is provided by
the so-called unitarity triangles, using the fact that the unitarity equations

VisVik =0 (j # k) (1.9)

can be represented as the equation of a closed triangle in the complex plane.
Of the six possible triangles, the most useful from the phenomenological point
of view is the relation

VudVJb + Vchc’g + V}d‘/;z =0, (1.10)

since it is the triangle expected to have large angles [HQ]. In the standard
form, V.4V is real, and the unitarity triangle has the form shown in figure
1.4 (a). It is useful to rescale the triangle by dividing all sides by V.4V,;. The
rescaled triangle has the coordinates (0,0), (1,0), and (p,77), where

p=<1—/\;>p,n=<l—)\;>n (1.11)

are related to the Wolfenstein parameters p and n (see figure 1.4 (b)).

Unitarity amounts to the state that the triangle is closed, and CP is
violated when the area of the triangle does not vanish, i.e. when the angles
are different from zero or 180°.

1The diagonal elements are close to unity, Vs and V.4 are of the order 0.2, V;5 and V,,
are around 0.04
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1
(0.0 (1.0

Figure 1.4: (a) The unitarity triangle in the standard form, and (b) in its
rescaled form in the p — 7 plane.

1.2.2 The Experimental Status

Determination of the shape of the triangle with high precision is one of the
major tasks of particle physics of the recent years. Available recent mea-
surements are e.g. the angle sin2f from BELLE [AT0la, Haz], BABAR
[A*T01b, Wea01] and CDF [AT00] via the process B — J/wK?. The side
Ry and its relation to V,, and V., comes from various B decay measure-
ments at LEP [Haw01] and CLEO [ZhaO1] and the ratio €'/e is measured by
NA48 [Tat01] and KTEV [Gla].

To determine Ry, one needs information on [V;4|, which can be extracted
from neutral B® — B? mixing. As the measurement in this thesis is about
B meson mixing a quick theoretical review on the topic is given in the next
section.

A recent scan in the (p,7) plane [CT01] based on the best knowledge of
the experimental and theoretical inputs with a method called “95 % C.L.
scanning” [HQ] leads to the following result:

p=10.224 £ 0.038, 7 = 0.317 £ 0.040 (1.12)

Figure 1.5 illustrates the different experimental inputs determing the shape
of the unitarity triangle, together with the result of the fit based on currently
available measurements.
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Figure 1.5: The experimental status of the CKM triangle. One can see the
different experimental constraints leading to the best fit result in the (p,7)
plane with p = 0.224 4+ 0.038 and 7 = 0.317 4 0.040.

1.2.3 Mixing of B’ — B" Mesons

The bg® flavour eigenstates can mix via the box diagrams illustrated in figure
1.6. The mass eigenstates are denoted by

|By) =p|B°) +q|B°),  |B)=p|B’) —q|B°) (1.13)

where
1+ep 1—¢€p

SRV TR Yo e e

with ez analogous to € in the K° — K° system. “H” and “L” denote Heavy
and Light respectively. In the B — B system one has AI' < AM® and it
is more suitable to distinguish the mass eigenstates by their masses than the
corresponding life-times.

The strength of the By, — By, mixing is described by the mass difference

(1.14)

AM, = M}, — M}, qg=d,s. (1.15)

AM, can be expressed in terms of the off-diagonal elements of the neutral
B-meson mass matrix, similar to the Kaon system,

AM, =2|MD|,  q=d,s (1.16)

5¢ can either denote a d or s quark.
2
SThe ratio L is expected of the order ~ (%)
t
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with,
2mp, | MY | = (B H.;r(AB = 2)|BY)| (1.17)

The Hamiltonian H.ss includes only the contribution from the top sector,
due to m, . < my, with the following form,

_ G2 .
Hor " = 1oz Miv(ViaVia) s So(w)
m
ol (u)
< [l ()] |1+ TJE) Q(AB =2) + h.c. (1.18)
m

where ng = 0.55 + 0.01 denotes a QCD correction [BJW90, UKJS98] fac-
tor, the Wilson coefficient So(z;) and the relevant operator Q(AB = 2) =
(bq)V,A(bq)V,A [BurOl].

Finally one finds using 1.18

G? ~
AM, = 6—7TganBq(BBqFZQB’q)MI%VSO(xt)H/t‘IP’ (1.19)

where Fp, is the Bg-meson decay constant and BBq is the renormalisation
group invariant parameter. The calculation of these parameters represents
the biggest uncertainty of about 20 % for the formula above, the result either
obtained by QCD lattice calculations [LL0O0] or with the help of QCD sum
rules [BBBD92].

From BY — BY mixing parametrised by AM, the side BA = R, of the
unitarity triangle can be determined:

1 |[Vial
= — . 1.20
TNV (1.20)
q t7c7u b
W+ W—
t,c,u
b q

Figure 1.6: Box diagrams contributing to the B® — B9 mixing. ¢ can either
denote a s or a d quark.
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A solution of the big theoretical uncertainties from Fp, and BBq is the mea-
surement of B? and BY mixing at the same time.

The additional measurement of B? — B? mixing parametrised by AM,
together with AM,; allows the determination of R; in a different manner.

One finds
B
||¥d| N Bu/ e (1.21)
ts Bd BB

d

and together with,
1
Vial = Vol ARi, Vs = [Vl (1 = 54° 4 pX%), (1.22)

R; can be derived. The theoretical uncertainties are now reduced to the
parameter £ = 1.1540.06 [CT01,LL00], which can be controlled much better
than the elements AM,; and AM, separately, due to cancellations of hadronic
matrix element contributions.

1.2.4 Temporal Evolution

In the non relativistic approximation, the temporal evolution of any sys-
tem described by a wavefunction (%, ) will obey the Schroedinger equation
describing the evolution of the physical vector,

O0Y(Z,t . .
z/)ét ) = Hiot) (%, 1) (1.23)
The evolution in time of the states |B°(¢)) and |B°(t)) is given by
| Bi,.(t)) = e_i(M12_iF12/2)t|BH,L> (1.24)

where |By, 1) are given by equation 1.13. These are the physical mass eigen-
states which possess a definite lifetime. At time ¢ = 0, the states |Bpy (%))
and |By1(t)) are produced as either pure B® or BY.

The evolution in proper time of a B meson created initially as either pure
B or B can be derived from equation 1.24 and is given by

|B(t)) = fi(t)|B%) +nf |B°) (1.25)
_ fo(t _
By = Elis+ pm) (1.26)
where the deviation from 1 of the CP violation parameter = ¢/p is expected

to be small. In mixing studies it is set to 1. Using AM = (My — Mp)/2,
and assuming that I' = (I'y +I'1)/2, the fi(t) are given by

fi (t) — leFt/Ze—th(e—(AF/Z—AM)t + 6(AF/Z—AM)t) (127)
2
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The f,(t) represents the transition amplitudes for a pure |B°) (|B%)) state
at time t = 0 to propagate as a |B°) (]B°)) and the f_(¢) the transition
amplitude for a pure |B%) (|B°)) state at time ¢ = 0 to propagate as a | B°)
(1B%).

The probability density function p, (¢) (p_(t)) for a initially pure B® me-
son to decay as a B® (B’) as a function of the proper time is given by

_ It I? — (AF)Z

pi(t) =e —5r [cosh (%t + cos(Amt)ﬂ (1.28)

For experimental purposes Al is set to zero and equation 1.28 will reduce to

pe(t) = %Fe‘rt(l + cos(Amt)) (1.29)

1.3 The Process e"e- — Hadrons

The description of e"e™ — hadrons from high energetic ete™ collisions is
theoretically well understood except the hadronisation process, which is not
accessable to perurbation theory. The lack of knowledge is compensated
by a combined model consisting of exactly calculable electroweak processes,
phenomenological algorithms and the application of experimentally known
hadron properties.

The model can be divided into four time ordered phases, illustrated in
figure 1.7. The process starts with ee~ annihilation into a quark anti-quark
pair via 7 or Z exchange (Phase I). The high energetic strong interaction
part can be calculated exactly in perturbative QCD (Phase II). The third
part describing low energy QCD and hadron formation is modelled in a phe-
nomenological way. Perturbative calculations are not applicable due to the
large strong coupling constant a; (Phase III). In the last phase the decay
of the primary hadron resonances produced in phase III into the final state
particles observed in the detector is modelled. In the case of heavy quarks (b
and ¢ quarks) produced in the Z decay special models like HQETT are used.

1.3.1 The Electroweak Phase

The process ete™ — ¢ is governed by the Standard Model of electroweak
interaction (see section 1.1). It can be described in first order (Born approx-
imation) by the exchange of a photon or a Z° boson. Neglecting fermion

"Heavy-Quark-Effective-Theory
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(a)+(b)

Figure 1.7: The four phases of eTe™ annihilation: I. electroweak phase with
initial state radiation, II. perturbative QQCD phase based on gluon radiation
and splitting as elementary processes, II1. confinement and hadron formation
phase and IV. decay into final state particles.

mass effects the total cross section can be derived as [Per]:

RO L S
+ (V2 A2 (V7 + A7) IxP
+ 2QqQqVqVe - Re(x)], (1.30)
where . .

X= 4sin?0, -cos2O, s — MZ+iM,T, (1.31)
The origin of the different terms are the v exchange for the first, the Z°
exchange for the second and the /Z° interference for the third. V; and A;
are the vector and axial vector couplings of the fermion to the Z°. sin?©,,
denotes the weak mixing angle, « the fine structure constant, N the number
of colours and s the center of mass energy squared.

Formula 1.30 is modified by electroweak and strong interaction corrections
of higher order. These corrections are virtual loop diagrams, illustrated in
figure 1.1 and radiative corrections of photons in the initial and final states.

Based on the behaviour of quarks (see section 1.1.3) at high energies the
evolution of the initial quark anti-quark pair can be modelled in two different
phases dependent on their characteristic energies, as described in the next
section.
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1.3.2 The Perturbative Phase

Two different approaches are commonly used to calculate the quark and
gluon cross sections in phase II. The first method is the complete second
order QCD matrix element (ME) calculation, and the second is the parton
shower (PS) approach in leading log approximation.

QCD Matrix Elements

In this approach all QCD Feynmann diagrams are calculated up to a certain
order. Currently calculations exist up to second order, which allows a de-
scription of final states with four partons at maximum. Third order matrix
elements are under construction by different groups, but not yet available in
Monte Carlo programs.

Parton Shower Model

The exact calculation of multi-parton final states requires a huge amount
of Feynmann diagrams, which have to be taken into account. As this was
impossible in former times, an alternative approach, the Leading Log Ap-
proximation (LLA), was developed®. In LLA only the first order terms are
taken into account and a multi-parton configuration is reached by subse-
quent application of the basic QCD processes ¢ — qg, ¢ — q7 and g — ¢g.
The probability of such a process a — bc taking place is described by the
Altarelli-Paresi equation [GAAT00]:

dPs—pe :/dzas§§2)Pa+bc(Z)- (1.32)

dt

where t = In(Q?/A%¢p) denotes the evolution parameter and Py_p.(2) are
the Altarelli-Paresi-Splitting functions,

Pyoqge(z) = Cr 1;:2;, (1.33)
Pygg(2) = Ne a _Z(Zl(l__z)z))Q, (1.34)
Prser(2) = Tr(z*+ (1 —2)%), (1.35)

with Cp =4/3, No =3 and T = Np/2. z or (1 —z) denotes the momentum
fraction of the initial parton a transfered to the final state parton b (¢). The

8Latest developments indicate progress in the development of QCD matrix element
based models [CKKWO01, Pot01]
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evolution of the shower via parton splitting is stopped when an energy scale
Qo ~ 1 GeV isreached. The transition to colour neutral hadrons is described
in the next section.

1.3.3 The Fragmentation Phase

The perturbative approach fails in calculating the formation of bound hadron
states, when the value of the coupling constant ay becomes large i.e. at a
Q* scale of the order of A}sp. Therefore only phenomenological models
motivated by QCD are feasible. Two commonly used models are discussed
in this section: the string fragmentation, which is the default model used in
the DELPHI Monte Carlo generator [Sjo94|, and the cluster fragmentation
(IMW84].

The String Fragmentation

In the simplest model of string fragmentation [Mor89, AGIS83] a pair of
massless quark and anti-quark move in opposite directions with velocity c.
Based on “confinement” the self coupling of the gluons leads to a linear
colour field between the two quarks, called a string. The energy density
within the colour field is a constant of about x =~ 1GeV/fm, leading to a
linearly growing potential between the quarks. If the energy in the colour
field grows beyond the ¢ creation threshold the string breaks up and a new
meson is formed. This process is shown schematically in figure 1.8.

The two ¢ systems share energy and longitudinal momentum according
to z and (1—2z). The probability distribution of z is given by the longitudinal
fragmentation function f(z). Based on experimental data a good description

=
q E }ﬁ
q@B‘quHl q

Figure 1.8: The basic picture of string fragmentation is illustrated. A ¢qgq
breaks up in two ¢g systems sharing energy and longitudinal momentum.
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Figure 1.9: The fragmentation function for different quark types. The heavier
quarks are located at higher z represented by their “hard fragmentation”.

for heavy quarks (b and c) can be achieved by the Peterson function [PSSZ83],
B 1
C2(1=1/2—¢,/(1 —2))%
were €, denotes a free parameter, which is in principle the squared ratio of
the masses of heavy to light quarks. However as the light quark masses are
not precisely known, the value of ¢, is obtained from data measurements in
practice.

The light flavours (u, d and s) can be described by the symmetric Lund
function,

f(z) (1.36)

a
fla) = L s (1.37)
with two free parameters, which have to be fitted to data. In figure 1.9 one
can see a schematic view of the fragmentation functions for the individual
flavours. It can be seen clearly that the maximum of the functions for heavy
quarks is located at high 2. This behaviour is called “hard fragmentation”
and leads to the effect that primary heavy quarks keep most of their initial
energy, when combining up with other quarks to form hadrons.
Gluons are incorporated quite easily in the string fragmentation picture.
They are treated as transverse excitations of the colour field. This allows the
modelling of soft and hard gluons without additional parameters.



1.3. THE PROCESS ete~ — HADRONS 23

C
_ C
K Y
W - 0 b
b 7 c B
B D K.
d B d d

Figure 1.10: Two examples for b decays in the spectator model. The left
figure illustrates a weak decay of a BY meson in a D™ and a K~. On the
right side the weak decay of a B® meson in a J/¥ and a K, is visible.

Cluster Fragmentation

Cluster fragmentation models have been used in some simulation programs
since the mid 80’s by different groups [Web84, MT85, GM87|. The principle
of the model is, that after the perturbative phase which developed up to an
energy scale Dy, all gluons split into gq pairs. In the next step all quarks and
anti-quarks are collected in colour-neutral clusters. These clusters then decay
preserving certain colour-, spin- and phase space constraints into primary
hadrons.

Cluster models profit from the fact that they do not need a fragmentation
function and the number of free parameters is smaller compared to string
models. Detailed comparisons between data and monte carlo have shown in
recent years, that cluster fragmentation models cannot describe the data as
well as the sting models.

1.3.4 Heavy Quarks and Particle Decays

The final simulation process after the fragmentation phase is the decay of all
primary mesons and baryons into stable final particles. For this purpose ta-
bles containing all measured lifetimes and branching ratios are implemented.
For the case of heavy hadrons, containing b quarks, the experimental knowl-
edge about their decay properties is limited. On the other hand the high
mass of the b quark of around 5 GeV which is much larger than the typi-
cal strong interaction scale Agcp ~ 0.2 GeV, opens up the possibility of a
theoretical description.

A general principle of the theoretical approaches is the dominance of the
heavy b quark compared to the light spectator quark. The influence of the
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light quark is ignored in the spectator model. Spectator effects are expressed
in terms of higher order perturbative corrections to the pure b quark be-
haviour. In figure 1.10 two examples for B meson decays are illustrated.

A dedicated theoretical framework for the description of B hadron prop-
erties is provided by Heavy Quark Effective Theory (HQET), Heavy Quark
Symmetry (HQS) and Heavy Quark Expansion (HQE) [Mar, Vai95, Dav97].






Chapter 2

The Experiment

2.1 LEP

The LEP! eTe~ collider started in 1989, after a construction time of over 6
years. It is located at the european research center CERN?, Geneva, between
the Jura mountains and the airport (see figure 2.1). The main ring consists
of eight straight sections, the interaction zones, and eight arcs giving a total
circumference of 26.7 km, constructed at an average depth of approximately
100 m underground. At four interactions zones the detectors ALEPH?, DEL-
pHI 4, L3% and OPAL® are sited.

In the so called LEP-I phase from 1989 to 1995 the e™e ™ collisions had an
energy of 91.2 43 GeV, which corresponds to the rest mass of the Z° boson.
The cross section at this energy is increased due to resonant production,
leading to an enormous data statistic. This huge statistic is the key for high
precision tests of the Standard Model, the main goal of the LEP-I phase.

In the LEP-II phase the center of mass energy was increased from 130
GeV up to 208 GeV. For this purpose all 128 copper RF acceleration cavities
were replaced by super-conducting Niob cavities. One of the main goals
of this phase was the exact measurement of the W*W ™~ production cross
section, also the mass, width and the coupling of the W and the W~ at an
energy beyond 160 GeV. Further goals were the search for new physics, such
as the Higgs boson and supersymmetric particles, and energy dependence
measurements of Standard Model observables, e.g. the forward backward

Large Electron Positron

2Conseil Europe “en pour la Reserche Nucle’aire

3A detector for LEP PHysics

4DEtector with Lepton, Photon and Hadron Identification
SNamed after: 3. Letter of intent

60mni Purpose Apparatus for LEP

26



2.1. LEP 27

p—
o

Figure 2.1: Geographical location of the LEP collider

asymmetry Appg.

The experimental LEP activities ended in November 2000. The experi-
ments were dismantled and the ring was removed. The LEP tunnel will be
used for the new proton antiproton collider ring LHC” with a designed center
of mass energy of 14 TeV, which will be installed up to the year 2007. Main
goal of the LHC is the discovery of the Higgs boson and the search for new
physics, for which two experiments will be installed (ATLAS and CMS). A
dedicated B-factory (LHC-B) and a heavy ion experiment (ALICE) are also
under construction for the LHC ring. First data of these experiments can be
expected in the year 2008.

"Large Hadron Collider
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Forward Chamber A Barrel Muon Chambers

Forward RICH Barrel Hadron Calorimeter

Forward Chamber B Scintillators
Forward EM Calorimeter ; ! Superconducting Coil
Forward Hadron Cal orimeter ‘ High Density Projection Chamber

Forward Hodoscope L Outer Detector

Barrel RICH

Small Angle Tile Calorimeter
Quadrupole

Very Small Angle Tagger

DELPHI

Time Projection Chamber

Figure 2.2: Schematic view of the DELPHI detector (Status year 2000).

2.2 The Delphi Detector

DELPHI was designed as an omni-purpose detector covering the whole solid
angle of 47. It was constructed for precise reconstruction of charged tracks
and a calorimetry with fine granularity to provide good reconstruction of
neutral particles. DELPHI was not constructed on well proven technology
only, like the OPAL detector. There was also room for new developments
in detector technology like the HPC® and the RICH? detectors, which gave
DELPHI its unique possibility for particle identification.

The individual tracking subdetectors were embedded in a magnetic field
of 1.23 T from a superconducting magnetic solenoid, forcing charged tracks
to a curvature, which allowed the measurement of their momentum. The
detectors were arranged in a cylindrical barrel region and two forward end-
caps on either side (see figure 2.2). The coordinate system of the detector
was defined by the barrel axis starting at the interaction point. This z-axis
followed the electron beam, the x-axis points to the center of LEP and the
y-axis to the top direction. The polar angle with respect to z was called ©.

8High density Projection Chamber
Ring Imagine Cherencow cHambers
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Figure 2.3: Layout of the DELPHI microvertex detector.

The azimuthal angle around the z-axis was called ®. An overview of the in-
dividual acceptance regions and the resolutions in space of the subdetectors
is given in the tables 2.1 and 2.2. In the following sections brief descriptions
of the most important detector parts are provided. A detailed description of
the performance of the DELHI detector can be found in [A*91, AT96b].

2.2.1 Tracking System

The Vertex Detector (VD) is one of the most important detector compo-
nents for B physics. Mounted closely to the interaction point, it allowed high
precision track measurements, necessary for the reconstruction of secondary
vertices (e.g. B-, D- mesons). Three cylindrical shells of silicon micro-strip
detectors surrounding the interaction point parallel to the beam pipe at radii
of 6.3, 9.0 and 10.9 cm, build the VD. Each layer consisted of 24 modules,
which were mounted with small overlap to fully cover the azimuthal angle
fully (see figure 2.3). During the winter break of 1994 the VD was modified
by equipping two layers of the VD with double sided micro strip detectors
which provided measurements in R® and z direction. The acceptance for the
different years can be found in table 2.1. The intrinsic resolution of the VD
is 7.6 pm in R® and 9 pm in Z (for perpendicular tracks).

The Inner Detector (ID) followed the VD with an inner radius of 11.8
cm up to 28.0 cm outer radius. It covered in its cylindrical volume the po-
lar angle from 17° to 163° and was mainly used for fast trigger decisions
(~ 3 us) and gave some redundancy in the track reconstruction for the VD.
The ID consisted of two different parts. The inner part was a jet-chamber
architecture pointing to the interaction point, the outer was a Multi-Wire-
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VD layer | Year: 1992/93 | Year: 1994/95 Year: 1996/00
closer 30° R® readout | 27° R®, z readout | 23° R®, z readout
inner 35° R® readout | 35° R® readout 23° R® readout
outer 40° R® readout | 40° R®, z readout | 23° RP, z readout

Table 2.1: The polar angle acceptance of the VD for the different years.

Proportional-Chamber (MWPC) starting at a radius of 23 cm. The jet cham-
ber is divided into 24 sectors in ¢ with 24 wires each. The MWPC consisted
of five layers with 192 signal wires in each layer, which served to resolve the
left-right ambiguity of the jet-chamber and allowed measurements in z with
a precision of 0.5 to 1 mm depending on ©. The achieved resolution of the
ID was 50 pm in R® and 1.5 mrad in .

In 1995 the MWPC layers were replaced by Straw-Tube detectors, which
delivered no z information, but covered an increased polar angle region from
15° to 165°.

The Time Projection Chamber (TPC) was the main tracking device
of the DELPHI detector. Its active cylindrical volume ranged from an inner
radius of 35 ¢m to a outer radius of 111 ¢m with a length of 134 cm. It was
filled with an argon-methane gas mixture. As one can see in the schematic
view of figure 2.4, the TPC was divided into two hemispheres with six sectors
in ®. It was read out at the end-caps by 16 concentric pad rows and 192
anode wires. A track passing through the gas left a tube of ionized gas along
its way. A homogeneous electric field along the z direction lead to a drift
of the ionisation electrons to the end-caps. The R® resolution was governed
by the segmentation of the end-cap, while the z information was delivered
by the drift time. This lead to the possibility of measuring up to 16 space
points per track. The single-point resolution for tracks was 250 ym in R®
and 880 ym in z.

In addition to the 3D space measurement, the TPC allowed the readout
of the signal height of each point. Due to this measurement the specific
energy loss ‘fi—f gave a contribution to the particle identification system for
low velocity particles (< 1GeV).

The Outer Detector (OD) was a five layered drift tube system mounted
at radii ranging from 197 to 206 cm, surrounding the central cherenkov detec-
tors (see section 2.2.3). The detector with an approximate length of 460 cm,
covered a polar angle from 42° to 138°. A track resolution of 110 ym in R®
and by drift time measurement, 3.5 cm in z was reached. The OD was used
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Figure 2.4: The TPC was the main tracking device of the DELPHI detector.

mainly for the matching of particle tracks to signals in the Cherenkov coun-
ters. It also improved the curvature measurement of high energetic tracks
and delivered a fast trigger signal.

The Forward Chambers A+B (FCA, FCB) were track detectors for
the forward region. The FCA was mounted on the end-caps of the TPC at
z = +160 cm, based on a straw tube technique. A polar angle region from 11°
to 33° was covered and a track resolution of 290 ym for the x and y direction
was reached. The FCB was a 12 layered multi-wire proportional chamber
mounted on the FCA. The chamber was used for the trigger decisions of the
forward region, covering a polar angle of 11° to 35°, while a track resolution
of 150 pm in x and y direction was reached.

The optimal performance of the tracking of the DELPHI detector is
given by a track reconstruction including all of the different components.
The main limitations came from the fact that a rather big part of the space
within the magnetic field was used by the Cherenkov detectors for particle
identification (see section 2.2.3). By using Z° — uTpu~ events the total
momentum resolution in the barrel part was determined to be

o(1/p) = 0.57 x 10 (Gev/c) ", (2.1)

combining VD, ID, TPC and OD track elements. In the forward region from
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20° to 35° the momentum resolution was,
o(1/p) = 1.31 x 1073 (Gev/c) ™, (2.2)

requiring at least VD and FCB.
A summary of the different polar acceptance regions and the resolution
of the measured space points for the individual detectors is given in table 2.2

2.2.2 Calorimetry

The High density Projection Chamber (HPC) was the electromagnetic
barrel calorimeter mounted directly on the inner side of the magnet, covering
a polar angle region from 42° to 137°. The HPC consisted of 144 modules
arranged in 6 rings with 24 modules in each ring. It was a lead-gas sampling
calorimeter based on the TPC principle, delivering a good angular resolution
of 1° in ® direction and 4 mm in z direction.

The Electromagnetic Forward (EMF) calorimeter covered a polar
angle from 10° to 36.5°. It consisted of 2 x 4532 leadglas blocks with approx-
imately 20 radiation lengths, covering an angle of 1° x 1° each.

The Hadronic Barrel (HAB) calorimeter was installed within the iron
yoke of the DELPHI solenoid. The end-cap regions were covered by the
Hadron Calorimeter Forward (HAF'). The thickness of the forward and the
barrel calorimeters was about 6 radiation lengths, covering a polar angle from
10° to 170°. The achieved granularity was 3.75° in ® direction and 3° (2.6°)
in the barrel (end-cap) © direction.

The luminosity measurement was covered by the SAT!® and VSAT!!
calorimeters installed in the extreme forward region. The measurement of
the luminosity delivered by LEP was done by counting Bhabba events with
low Q?. The SAT consisting of lead and scintillating fibers was mounted at
z = +2.35 m. It was replaced in the winter break of 1993 by the STIC, a
lead-scintillator sampling calorimeter with a relative error of 0.2 %, achieving
a better resolution compared to the SAT. Another independent measurement
is provided by the tungsten-sampling calorimeter VSAT mounted at 2 = +7.5
m.

10Small angle tagger
"Very Small angle tagger
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Detector Acceptance region Points Resolution /point
R || ©
[cm] [cm] [] 0, mm]
VD(1994) 6.3, 9.0 12.3, 12.9 | 27, 35 max. 5 R® :0.007-0.011
10.9 13.0 40 2 z : 0.013
ID(jet) 11.8-22-3 40 17-163 24 R® :  0.05
(MWPC) | 23.0-28.0 50 30-150 5 z : 0.5-1.0
TPC 35.0-111.0 < 134 | 20-160 16 R® : 0.23
192 z +  0.88

OD 197.0-206.0 < 232 42-138 o X R® R® : 0.11

3 Xz z 35

MUB ~ 445 < 185 52-128 2(+2) RO 1.5
~ 485 z 10

FCA 30.0-103.0 | 155-165 | 11-33 | 2 X (z,u,v) x = 0.29
u,v—y:  0.24

FCB 53.0-195.0 | 267-283 | 11-35 | 4 X (z,u,v) x = 0.15
u,v—y:  0.15

MUF 70.0-460.0 463 9-43 | (4) X (z,y) X,y 1.0

Table 2.2: The acceptance region and the resolution for individual sub-
detectors
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2.2.3 Identification

A speciality distinguishing DELPHI from the other three LEP detectors was
its dedicated particle identification framework besides the ionisation loss mea-
sured in the TPC.

The Ring Imaging Chrenokov (RICH) detectors were two detector
components using the effect of Cherenkov light production for charged par-
ticles traversing a dielectric medium with a velocity larger than the speed of
light in that medium. The emission angel ©cy depends on the mass m and
the momentum p via the relation

Vi+m?/p? (2.3)

n

cos Ocp =

where n is the refractive index of the radiator medium. The information
about the Cherenkov angle and the number of photons emitted, which is
proportional to sin O¢p, are used to evaluate masses of charged particles.
The DELPHI RICH contained two radiator systems of different refractive
index. A liquid radiator was used for particle identification in the momentum
range from 0.7-4.0 GeV/c and a gas radiator was used from 2.5-25.0 GeV /c.
Two independent detectors were available to cover the full barrel and end-
cap regions. In figure 2.5 the Cherenkov angle and the ionisation loss 4£ is

dx
illustrated for different particle types.

The muon chambers in the forward (MUF) and in the barrel (MUB)
consisted of double-layered drift chambers. One of the layers was mounted on
the outer side of the hadron calorimeter, building the surface detector com-
ponent of DELPHI. The other was assembled inside the hadron calorimeter.
The structure had a geometry of 18.8 cm width, 2.2 cm height and a few
meters length. The resolution in R® was 1.5 mm in the barrel region. The
z coordinate was measured by the signal time difference of either end of the
chamber, lead to a precision of 1 cm. The polar angle region was covered
in the region from 9° to 43°, 52° to 128° and 137° to 171°. The remaining
gaps were filled by the Surrounding Muon Chamber (MUS), installed in the
winter break of 1994.

2.2.4 The Delphi Analysis Chain

The following section gives a short overview about the DELPHI analysis chain.
Starting with the trigger, slow control and data acquisition online system,
then the DELANA, the DST and DELSIM offline system. For a detailed
discussion see [del89, Sac94, QT89, BT95 A192].
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Figure 2.5: dE/dx and RICH information for particle id taken from simula-
tion. The energy loss dF/dx inside the TPC (top), and the cherenkov angles
in the liquid (middle) and gas (bottom) radiator for various particles.
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The slow control system monitored and controled the status of the
detector, e.g. high voltages of all subdetectors, gas supplies, temperature,
etc. All relevant parameters were stored in a database, used later for the
calibration of all the detectors.

The Trigger was build on four steps (T1-T4), with the purpose to sepa-
rate the events with physical interest from background events. The steps T1
and T2 were hardware based systems, synchronised with the beam cross over
(BCO). The time difference between two beam crossings was 22us(11us) in
runs with 4(8) electrons packets per beam. Thus the T1 trigger based on
the detectors with a very fast readout (ID,0OD,FCA,FCB) and the scintilla-
tors. In the case of a positive decision of T1, the additional information of
T2 (e.g. TPC, HPC) was used, leading to a decision after 39us for T1 and
T2. The next steps T3 and T4 were software based triggers, using already
a partial event reconstruction and particle identification. The trigger rates
were 400 Hz for T1 and 5 Hz for T2. T3 and T4 reduced the background by
an additional factor 1.5. The trigger efficiency of the system was extremely
high and for multihadronic events close to 100 % over the whole polar angle.

The data acquisition system (DAS) had the purpose to read out the
digitised data of all detectors and store them on magnet tapes. All events
accepted by the second trigger step T2 were stored on tape. The mean size
of a Z° multihadron event stored as 'raw’ event on tape was around 150 kB.
The events were identified by a 'FILL’, which means a LEP filling, a '"RUN’
number, which means a status of stable conditions for the detector and a
"EVENT’ number.

The DELANA program was the main reconstruction program of DEL-
PHI [del89]. It contained a module for every subdetector which performed
the necessary alignment, calibration of the raw data and a local track recon-
struction, if possible. The result of this first reconstruction step were track
elements, which were connected by a global search algorithm, starting at the
TPC and then extrapolating to the inner and outer side of the detector. After
assigning vertex detector hits to these track candidates, the whole track fit
was redone and a matching of tracks and neutral clusters was done. Finally,
based on the fitted tracks, a primary vertex was calculated.

The result of this procedure is a reconstructed event, stored in the DST*?
format, including all relevant information like momentum vectors, energy
deposition and others. The size of a multihadronic Z° event is at this point
around 80 kB.

12Data summary tape
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An additional reduction of the data size is achieved by the production of
the Short DST (SDST) format. Aim of this step is the running of some
standard reconstruction software lead to savings in the CPU usage of the
final analysis. The most important are:

e The tagging of Z° — bb events.

Identification of electrons, photons and neutral pions.

Myon identification.

Reconstruction of V? and A° decays

Reconstruction of VD only tracks.
e Reconstruction of interactions with the detector material.

The removement of some individual detector information lead to a mean
size of 20 Kb per multihadronic Z° decay for the SDST format. The SDST
format was replaced in 1996 by the XSDST, which contained some additional
detector information.

The detector simulation of Delphi (DELSIM) is a program which
produces ’data’ for a particular reaction which are as close as possible to the
real raw data from the detector. These ’data’ are then processed through
the reconstruction program DELANA and the subsequent analysis programs
in exactly the same way as for real data. DELSIM can be split into three
different parts.

The first part starts with the physical generation of a primary physics
process. Usually external MonteCarlo generators were used for this, e.g.
JETSET [Sjo94], ARIADNE [Lon92], tuned with physical input from the
latest available data. In the second step all generated particles were tracked
through the detector up to the point where they hit an active detector com-
ponent. This is done by stepping through the magnetic field including the
possibility that these particle can undergo a secondary interaction. This step
requires a detailed material description for the different detector components.
In the last step the detector response of each component is modelled.



Chapter 3

Mathematical Methods

A very common problem in a high energy physics analysis is the separation
between a certain type of event (signal) from a large amount of background.
In an inclusive analysis, like the one described in this work, the separation
power of a single physical quantity ('input variable’) is usually quite weak
and so effective tagging power is only achieved by the combination of many
such variables. Various methods can be used to solve the problem of optimal
variable combination e.g. Fisher discriminant analysis [Fis36], Likelihood
Method [Cow98] or Neural Networks [HKP91]. There are two main reasons
why Neural Networks are preferred in this analysis: First is a Neural Network
contains a set of free parameters, the weights w, which naturally contain
information about the correlations between the physical input quantities and
the desired ’target’. These weights can be iteratively obtained by presenting
examples of signal and background events (’training’) to the Neural Network
together with the desired target. The second desirable feature of Neural
Networks is the robustness of the network against statistical correlations
between the input variables, which are not correlated with the desired target
value, in contrast to e.g. the Likelihood Method. A brief mathematical
introduction to Neural Networks is provided in the first part of this chapter.

In the second part the numerical integration procedure will be motivated
and explained (see section 3.2). It is based on a special set of random num-
bers, so-called quasi random numbers, and a dedicated variable transforma-
tion algorithm.

3.1 Neural Networks

The development of Neural Networks started in the 1960’s and was partially
inspired by Neuroscience [Rosb8]. After a promising start it took over 20

38
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Figure 3.1: A two layer Feed Forward Neural Network, illustrating the no-
tation for units and weights. & denotes the input units, V; the hidden layer
units, O; the output units, W;; and w;;, the weights of the connections.

years until the development of multi-layer networks, in combination with an
effective learning algorithm, created a usable tool for science [MR81,RHWS86].

The different networks used in the analysis are all of the same type, the
so called Multilayer-Feed-Forward Network [HKP91]. They are optimal for
the separation of Signal from Background on the basis of different physical
variables.

3.1.1 Feed Forward Neural Networks

The basic properties of a neural network are units (knots, neurons) and
connections with associated weights. Figure 3.1 illustrates the topology of
a two-layered Feed-Forward Network, showing the notation for units and
weights used in the section. The information flow is explained on an example
pattern . It starts at the inputs &} and processes to the hidden unit V; by

VE=g(h%) = g(>_ wirét) (3.1)

where g(h) is a special function ("activation function’) computed by the units.
It is usual to use a sigmoid function for the activation function g(h), which

has the form:

B 1
14 eeh’

g(h) (3.2)
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where ¢ is a parameter (‘temperature’) put to a fixed value. Output unit i
thus produces the final output:

O = Q(Z WiV = Q(Z Wig(D>winél)) (3.3)

An error measure can be found by comparison of the final output O with
the desired output ¢! via,

B) = 3¢ - 0N

_ %ZW — 93 Wayg (Y witt)] (3.4)

As function 3.4 is a continuous differentiable function! of every weight it is

possible to apply a gradient descent algorithm to learn appropriate weights.

3.1.2 Training a Neural Network

The gradient descent algorithm (’gradient descent rule’) suggests changing of
each w;; by an amount Aw;; proportional to the gradient of £ at the present
location, which is equivalent to sliding downhill on the surface in w space.
For the hidden-to-output connections the gradient descent rule gives

o0E

AW = - = )y (("=0hg vy
oW, -
= ny oV (3.5)
N
with 6} = ¢'(hi) (¢} — OF) (3.6)

For the input-to-hidden connections Awj;, the gradient is more compli-

1Only true if function g is also continuous and differentiable



3.2. NUMERICAL INTEGRATION 41

cated as they are more embedded in 3.4. One obtains

oF ;
J

= 0 OWyg'(h)Ek
7%

= ) ol (3.7)
I

with 6% = g'(hf) > Wyt (3.8)

Equation 3.8 determines the ¢ for a given unit V; in terms of the ¢’s of the
unit O; that it feeds. The coefficients are just the usual W;;’s, but they
are propagating errors (0’s) backwards instead of signals forward: hence the
name error back-propagation.

3.1.3 Application in High Energy Physics

As briefly discussed in the introduction the network is trained by a set of
simulated events. The simulated event set is split into a training and a test
sample. The test sample is necessary to control the error behaviour over
different iterations, making sure that the generalisation ability is not lost
due to overtraining. During one training epoch all events of the training set
are presented to the network and the back propagation algorithm is applied.
After each epoch the network error is calculated from the test set and com-
pared to the error of the training set. The repeated procedure of training
and testing the network is stopped, if the test error reaches a plateau. The
training error would drop even further, but only due to statistical fluctua-
tions learned by the network. If this is the case a network is overtrained and
it’s generalisation ability is weakened. Usually a network is trained after 100
to 400 epochs depending on the problem the network is used for.

3.2 Numerical Integration
A common problem in a physics analysis is related to limitations of the

measurement of a certain physics quantity, i.e. the momentum of a B meson is
only partially reconstructed due to undetected particles and detector effects.
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Using simulated events it is possible to extract resolution functions, providing
a connection between the measured and the true value. Starting from a
theoretical prediction for a physics quantity, one can extract an estimate of
the expected measured distribution, by the convolution of the theory function
with the resolution functions.

The convolution is realized by numerical integration in this analysis. The
separate resolution functions of two physical observables (decay length and
momentum of the B meson) requires a two-dimensional integration for every
event, because the resolution functions change event by event. Due to the
large statistics available of approximately half a million events, computing
power is a limiting factor if a standard integration algorithm is used. Therfore
two approaches were developed to optimise the speed of the integration while
keeping a high numerical precision.

The first approach is the point set which is used for the integration.
Usually on would think, that a normal grid is the optimal choice in two
dimension, where in general the error drops with the inverse of N where N
denotes the number of points used for the integration (In fact for normal ran-
dom numbers the error converges with 1/ VN ). However, one can find point
sets ("Quasi Random Numbers’) where the error converges faster compared
to points on a grid. This can be understood if one does a projection of the
points onto a coordinate axis. A projection of the grid onto e.g. the x-axis
leads to a distribution with a lot of spikes, while the same projection is flat for
quasi random numbers (In fact any arbitrary projection axis can be chosen
to get a flat distribution for a quasi random point set.) Therefore the phase
space is more uniformly filled by the quasi random numbers (the uniformity
is mathematically based on the definition of a ’discrepancy’ [JJRI7]). Two
different quasi algorithms were tested for this analysis, called 'Niederreiter’
and 'Hammersly’ [H.92,J.00] and are briefly described in section 3.2.3.

An additional improvement to the integration is achieved by smoothing
the function of the integration i.e. reducing the ’variance’ of the integrand.
As the integration function is fixed by the problem, an equivalent procedure
is to change the distribution of the point set within the phase space. The
aim is to increase the density of points in phase space regions where the value
of the integrand is expected to be large. This method is called 'importance
sampling’. The importance sampling method is realized in the form of an
analytic variable transformation in this analysis, made possible by the fact
that the shape of the resolution functions is known to be Gaussian. The
variable transformation is described in detail in section 3.2.4.
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3.2.1 Monte Carlo Integration

The considered problem is the estimation of the multidimensional integral

J= / F(2)dp(x), (3.9)

where © = z# = (z', 2%, ..., 2°) denotes a point in the s-dimensional integra-
tion region K?. The integrand is f(x), and du(z) denotes a measure on K.
Therefore

/du(w) =1, (3.10)

and du(x) is positive. A series of points = can be found that their probability
density is given by du(z):

Prob(z € A) — /du(x), (3.11)

for all small rectangular regions A. The integral .J is estimated using the sum
1
S ::jv;jéztf(xk), (3.12)

where the 2 (k= 1,2,...,N) are a finite set of N points obtained in one or
another way. The error made in using this estimate is

n=25-.. (3.13)

One can derive for a sample of random points, independent and identically
distributed with probability density du(z) from the Central Limit Theorem:
The error n is normally distributed around zero, with standard deviation
/V/N, while V' denotes the variance of the integrand. The convergence
of the error to zero by Monte Carlo integration is as 1/\/N and additional
smoothness properties only lead to a smaller error inasmuch as they lead to
a smaller V' (see 3.2.4).

3.2.2 Classical discrepancy

In one dimension the trapezoid rule method, where the points are equidis-
tantly distributed, gives a 1/N? convergence, better than the classical Monte

2Greek indices denote individual coordinates
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Carlo method from the previous section. The reason for this lies in the
uniformity of the distribution for the equidistant point set compared to the
random point set. A measure for deviations of uniformity is the classical
discrepancy, which allows to quantify irregularities, in any dimension.

The following counting function is defined for a point y in an s-dimensional
hypercube K:

xy;z) =[] ew" — ), (3.14)

simply checks if the point x is inside the hyper-rectangle defined by the origin
and y. The local discrepancy at y, for the point set xj is then

o) = v S xlysa) — [T (3.15)

The function ¢g(y) counts the fraction of the point set below y, and compares
it with the volume of K that is below y. It is obvious that the more uniform
the point set is, the smaller is g(y). A global discrepancy, or the deviation
of g(y) from zero, is defined by:

Dy, = /g(y)mdy- (3.16)

K

Useful measures of the global discrepancy are D; (linear),Ds (quadratic) and
the Kolmogorov discrepancy:

Do = lim (Do) = sup |g(y)]. (3.17)
o0 yeK

For truly random point sets the following results can be derived:

(D) =0 , (D)= % <2i _ 3i) (D)= \/§10g2 (3.18)

A common measure of quality for a certain point set is the quadratic dis-
crepancy normalised to the quadratic discrepancy for truly random numbers,
called the normalised quadratic discrepancy?®.

3.2.3 Niederreiter and Hammersly Generator

In a dedicated analysis different types of quasi random number generators
were tested [J.00]. Based on these results the Hammersly [J.00] method

3This ratio is equal to one for random points; Any smaller value is equivalent to faster
convergence
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was chosen, which is a mixture of a linear grid and the Niederreiter [H.92]
generator. A brief description of the generator and its performance is given
here.

Starting point is the Halton generator [Hal60] in one dimension, by choos-
ing a base, an integer b. Any integer n can be written in base b:

n = ng + nib + nob?® + ngb> + ... (3.19)
The so-called 'radical-inverse transform’ (to base b) is defined by
Dy(n) = nb™" +n1b 2 + npb™? +ngb™t + . (3.20)
The Halton sequence to base b is then:
z, =Qp(k) , k=1,2,.. (3.21)

A upper bound for the discrepancy D, can be derived as follows:

b2 .
D <closN Mgy When b is even .
oo = b ; b _= .
N =L when b is odd
0g

A generalisation of equation 3.21 to dimension s is achieved by choosing
several bases by, bs, ..., by and

vy =, (k) , k=12,.. , p=12..s (3.23)

One clearly runs into trouble if any of two bases have common factors, so the
common choice to avoid this, is to take the first s prime numbers as bases.
The Niederreiter generator is an improvement of the Halton generator by
making use of additional functions m,(k), n = 1,2, ..., s and defining a new
sequence
zh = ®y(my,(k)). (3.24)

The functions m, (k) are cleverly chosen, amongst other things in such a
way that when N = b™, the numbers m,(1),m,(2),...,m,(N) are just a
permutation of (1,2,..., N). For details see [H.92].

The Niederreiter generator is the optimal choice for a wide range of num-
bers N. In special cases, for certain values of N a slightly better discrepancy
can be obtained. The Hammersly algorithm is constructed by a grid as the

n—1

first component (x, = “++) and Niederreiter sequences for all other compo-

nents. It is obvious that this only works for n = N set of points.



46 CHAPTER 3

N Halton D, | Niederreiter Dy | Hammersly Dy
512 | 1.119-1072 5.815-1073 4.844 -1073
1024 | 1.119- 1072 3.136- 1073 2.647-10°3
2048 | 5.544-1073 1.896 - 1073 1.453-1073
4096 | 4.066 - 1073 9.888-10~* 7.807-10~*
8192 | 2.076- 103 5.493 - 10~ 4.220-107°

Table 3.1: The normalised quadratic discrepancies for the Halton, Niederre-
iter and the Hammersly generator. The discrepancy is calculated for dimen-
sion s = 2, lead to optimal point sets for N =2/,[ =1,2,3....

Table 3.1 illustrates the performance of the Halton, Niederreiter and
Hammersly generator on the basis of the normalised quadratic discrep-
ancy. The chosen dimension is s = 2 lead to an optimal point set for
N =21=1,2,3..... The numbers are taken from [J.00].

Detailed systematic studies on integration problems in multi-dimensions
with quasi random numbers were done, including bias and correlation effects,
in a separate work. A detailed discussion would go beyond this chapter.
Further details can be found in [J.00].

3.2.4 Importance Sampling

It is derived from the Central Limit Theorem introduced in section 3.2.1, that
the reduction of the integration error is achieved by using larger point sets
or by the reduction of the variance of the integrand. As already stated in the
introduction, the chosen technique for variance reduction used in this work
is Importance Sampling as the shape of the integrand is basically known.
The basic principle of importance sampling is illustrated in figure 3.2. The
distribution of the points in the integration phase space is changed according
to the 'importance’ or magnitude of the integration function.

The problem in the later physics analysis (section 5.5) is of the following
form:

Imaz Pmaz

1= [ [ t0pRa= )R~ paitdy (3.25)
0 0
R; and R, are Gaussian resolution functions with widths o, 0, small com-

pared to the whole phase space [0..l;,42, 0..Pmaz]- The variable transformation
optimized for this problem is described in detail in the next section.
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Figure 3.2: The basic princi-

/,_\\ pl? of the Importance S:fun—
pling method. The points

\ used for the integration are
not distributed uniformly in

the phase space. They follow

the magnitude (‘importance’)

Arbitrary Units

of the integration function.

3.2.5 Variable Transformation

The transformation can be divided into two parts. The first is a shift to [,,
and p,, as center of the phase space and an additional normalisation to the
expected widths o; and 0,. Applying the transformations,

l_lm P—DPm

v = , and w= (3.26)
gy Op
leads to the integral,
(lmaz*lm)/o'l (pma:c*pm)/a'p
I= / / f(voy + by, wo, + pm) R(voy) R(woy,)o0,dvdw
_lm/al _pm/ap
(3.27)

with new integration variables v and w. The second step consists of a trans-
formation following the basic shape of the phase space distribution. The
chosen function is a 'Breit-Wigner’ function of the form:

1

f(k) = T (3.28)

The reason of this choice is the similarity of a Breit-Wigner function to a
Gauss function, as the Breit-Wigner has a peak shape with certain width
and in contrast to the Gauss function an analytically inverse function exists
for the Breit-Wigner. The inverse function of a Breit-Wigner is

f71(k) = arctan k. (3.29)

Finally the transformation has the form,

1 1
T = ;(arctan(v) + g), and y = ;(arctan(w) + g), (3.30)
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leading to the following equations for v and w,

1 1
v = tan(m(x — 5)) and w = tan(m(y — 5)) (3.31)
After this transformation one gets an integral of the form,
Lup Pup
1 1
I = / / f(tan(m(x — 5))0; + L, tan(m(y — 5))01, + D) -

Lgown Piown

Ritan(n(z = 3))o1) - R(tan((y = 5))7)-

010, (1 + tan(r(z — %))2)(1 + tan(7(y — %))Z)dxdy (3.32)

with integration bounds,

Liown = %(arctan(—lm/m) + g)

Lip = ~(arctan((lmas — L) /o1) + ) (3.33)
Piown = %(arctan(—pm/ap) + g)

Pay = ~(@rctan(pmas — pm)/o7) + 3) (339

An illustration of the integration principle is visible in figure 3.3. The
left plot shows the distribution of 512 points based on pseudo random num-
bers generated with the RANLUX [Jam94] generator, the middle plot 512
points from a quasi-random sequence based on a Hammersly-Niederreiter al-
gorithm and the right plot the transformation result of these points using
the described Importance Sampling method.

3.2.6 Test of the Integration Algorithm

The quality of the integration algorithm was calculated by a test function
similar in shape and behaviour to the later physics problem. The following
integral,

| —im Im m
1= Tep b—)— — Dm [ —1,)dpdl .
[ [ e st Ry (o= b))~ gt (33
1=0.0 p=0.0

was chosen with constants m = 5.2789, 7 = 1.5 and ¢ = 0.02997. The
parameter b is a frequency and was varied during the tests. The functions R,
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Figure 3.3: The left plot illustrates a two-dimensional distribution of 512
Pseudo Random points, the middle plot 512 points based on the Hammersly-
Niederreiter algorithm and the right plot the variable transformation result
of the Importance Sampling method.

and R, are normalised Gaussian with width o; = 0.02 for R; and o, = 0.05
for R,. The true value of the integral was calculated with a trapezoid rule
based algorithm using 6.4 - 107 points.

The integration procedure was tested using quasi random points sets with
512, 2048 and 8192 points based on the Hammersly algorithm and a normal
grid of 8281 points. To every point set the importance sampling algorithm
was applied. By permutation of the first component for the Hammersly
sets it was possible to generate 500 individual point sets. The origin of the
normal grid was shifted 500 times. For every point set k the difference Dy
of the integral I}, with the truth I.,. was calculated. A measure of the bias
behaviour is given by the mean D of the difference D;. The quality of the
fit procedure itself is given by the variance o2, of Dy.

In table 3.2 the result of the test integrations is given for the different
point sets with different parameters b. In the second column the mean lA), in
the third column o, the square root of the variance and in the last column
the relative error o,y = 0p/Iirue is given. One can clearly see in the table
that all point sets are bias free and that the Hammersly set has a smaller
error than a grid set with the same size.
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| B = | Point Set

Mean D

Op Orel

1.0 I =-1.38163-107"!

512 6.22-10"7 1 2.65-10"° | 1.92-10*

2048 2.73-107% | 8.11-10°%| 5.87-10°°

8192 6.31-1077 | 1.57-10°6 | 1.14-10°°

GRID [2.62-1076|5.77-107° | 4.18-10~*
10.0 I =-3.76541-10""!

512 1.84-1076 | 1.11-10"* ] 2.93-10~*

2048 3.22-107° | 5.45-107° | 1.45-10*

8192 469-107°%1(8.12-106|2.16-10°°

GRID |5.25-1077]2.63-107°| 6.98-107°
20.0 I =-1.90064-10"2

512 4.31-107% ] 4.28-107* | 2.25-1072

2048 501-107%19.75-10°| 5.13-1073

8192 6.09-107% | 7.77-107% | 4.10-10~*

GRID |6.05-107%]1.29-10"*|6.79-1073
25.0 I = —1.56606- 102

512 5.14-107%19.21-107* | 5.90- 1072

2048 424-107° 12521074 | 1.62-102

8192 1.78-107° | 1.10- 107> | 6.90 - 10~*

GRID ]2.69-107%|6.36-107° | 4.10-1073

Table 3.2: In the left column the different values for b are given. The asso-
ciated top row provides the exact result of the integral I;.,.. In the second
column the mean Dy, in the third column the deviation op and in the last
column the relative error o, = op/ Iy is given.






Chapter 4

B Hadron Reconstruction

The following chapter provides an overview of B hadron reconstruction. Most
of the basic work is done by the BSAURUS program package developed in
Karlsruhe over the last 5 years [ABFT01]. The chapter concentrates on the
BsAURuUS parts which are important for this analysis. The BSAURUS package
is optimised for B hadron reconstruction but the enrichment of multihadronic
decays containing a b-quark is provided by the official DELPHI b-tagging
package (AABTAG) [BM96, BM95].

Due to the finite lifetime of B hadrons (=~ 1.6 ps) together with their
boost, a B hadron can fly a few millimetres before its decay (< | >~ 3)
mm, which produces a secondary vertex displaced in space from the primary
interaction vertex of the event. A data event (Z — bb) is plotted in figure 4.1,
where both secondary vertices of the B hadrons are clearly visible. The b-
tagging makes use of this by defining a so-called 'impact parameter’ for every
track, which is the distance between the point of closest approach of the track
to the primary vertex. The impact parameter can be signed as either positive
or negative depending on the projection of the impact parameter to the axis
of the jet the track is assigned to. The impact parameter distribution for uds-
quark events is centred around zero, while it is shifted towards positive values
for b quark events (¢ quark events are also slightly shifted due to the finite
lifetime of ¢ hadrons). In combination with additional event information
i.e. secondary vertex mass, a good estimator for b quark identification is
constructed. A more detailed description of the b-tagging package is given
in the first part of the chapter.

Two basic problems have to be solved by the BSAURUS package for this
analysis. The first is the reconstruction of the B meson lifetime, which is
achieved by the measurement of the B meson decay length and its momen-
tum. The second is the determination of the B meson flavour (b or b) at
production and decay time.

52
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Figure 4.1: A Z — bb event in
the DELPHI vertex detector.
Both secondary vertices are
significantly separated from

the primary vertex in the mid-
dle.

The starting point for the BSAURUS package is the selection of multi-
hadronic events, for which at least 5 charged tracks and some energy deposit
in the detector is required. These events are split into two hemisphere, follow-
ing their two main jets. A first estimate of the b hadron energy is obtained
using the so-called 'Rapidity Algorithm’. In addition a sample of candidate
tracks is provided by the Rapidity Algorithm, which are used for the recon-
struction of a secondary vertex. Based on these quantities better estimators
are calculated for the energy and the decay length of the B hadron candidate
using neural network techniques. The first part of the chapter describes the
different tools in detail.

The last part is dedicated to the problem of determining the B meson
flavour at production and decay time. The basic idea is rather simple,
but very effective: Every single track contains information about the quark
flavour at its decay point by its electric charge, which is either correlated
or anti-correlated to the B meson flavour (A positively charge track is de-
fined correlated to a b quark (Q = +1/3) and anti-correlated to a b quark
(Q = —1/3). Therefore different track level neural networks were developed,
individually to recognize production flavour, decay flavour and B hadron
species type. A tag at the level of the B hadron is finally achieved by com-
bination of the track level quantities, using a likelihood ratio construction.

4.1 B Tagging

Starting point of the DELPHI B tagging is a successful reconstruction of the
primary vertex. The size and the position of the electron and positron packets
are used as boundary condition. Together with tracks from the fragmentation
process the position is estimated in a y? fit with a precision of 10 ym in x
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and 5 pm in y direction (see [B.96, PFM85] for details).

With the help of this primary vertex one can calculate the impact param-
eter significance S for each individual track. S is defined as closest approach
of the track to the primary vertex in the R¢ plane divided by its error. The
significance S is signed positive (negative) if the projection P of the impact
parameter on the track associated jet axis is in positive (negative) jet di-
rection. This leads to positive impact parameters for long lived particles.
Fragmentation tracks have a Gaussian distribution around S = 0 due to
the limited detector resolution. An N-track probability Py can be derived
from the track significances S. The probability Py is smaller for events with
a long lived particle (e.g. b quark and ¢ quark decays), compared to uds
production.

The b tagging algorithm can be improved by making use of the expected
jet structure of the b quark and additional discriminating variables [Bor].
Therfore the jet structure of the event was resolved using the JADE [Sjo94]
algorithm with jet resolution parameter y.,, = 0.01. The following variables
are used:

Impact parameter significance The most important variable is the N
track probability Py (P;r in the plot) based on the impact parame-
ter significance described in the previous section.

Invariant mass The four-momentum sum of all tracks associated to a jet
is calculated. The invariant mass M, is derived from the jet four-
momentum. For ¢ quarks a sharp drop at M, = 1.8 Gev/c? is expected,
while the distribution extends up to M, = 5Gev/c? for b quarks.

Rapidity The rapidity RY is expected to be bigger for ¢ quarks compared
to b quarks due to the lower mass and the lower multiplicity.

Charged energy The charged energy fraction X" of tracks from the sec-
ondary vertex compared to all tracks in the jet is usually higher for b
quarks compared to light quarks.

These variables x; are combined to a single b quark estimator y in the

following way:
= L = i 4]_
y i|:|1 o) i|:|1y (4.1)

7 7

where f8(x;), f7(z;) are probability density functions for background and
signal for variable x;. The events with y < y, are tagged as a signal. The
value yy can be varied to select a desired purity or efficiency of the tagging.
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In figure 4.2 the purity vs. efficiency curve for the individual contributions
is plotted. One can see that especially the inclusion of the rapidity and the
invariant mass improves the sample at very high purities. All plots in the
following part of the chapter were made on a event sample with a b-tagging
precut, which guarantees a 90 % bb event purity.

4.2 Bsaurus

B hadrons may have, due to their large mass, thousands of decay channels,
all with small branching fractions. The exclusive reconstruction of dedicated
decay channels is the standard procedure for B hadron physics. This however
results in very limited statistics and hence to a severe limitation for studying
B physics. The idea of BSAURUS is the inclusive reconstruction of as many
properties of b-jets as possible with high efficiency and good purity. This
is achieved by exploiting the capabilities of the DELPHI detector to their
maximum, applying wherever possible physics knowledge about B production
and decays and combining different information sources with modern tools -
mainly neural networks.

The following section gives a short overview of the event processing steps
which are done by BSAURUS.
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4.2.1 Hadronic Selection

The event selection of BSAURUS is very loose to provide enough freedom
for individual analyses to apply their aim selection. However a minimal
hadronic selection is necessary to make sure that all quantities can be calcu-
lated successfully. Multihadronic Z° decays were selected using the following
requirements:

e at least 5 reconstructed charged particles,

e the energy sum of charged particles (with momentum > 0.2 GeV/c)
has to be larger than 12% of the center-of-mass energy,

e at least 3% of the charged energy sum has to be in each of the forward
and backward hemispheres defined with respect to the beam axis.

The same multihadronic selection criteria are required for the Monte-Carlo
sample, based on fully simulated Z — ¢q events using JETSET 7.3 [Sjo94].

4.2.2 Event Hemispheres

Each event is split into two hemispheres using the plane perpendicular to the
thrust axis. In addition, each hemisphere is assigned a reference axis defined
in the following way:

e In the case of a two jet event, the reference axis for the hemisphere is
the jet axis in that hemisphere.

e If a hemisphere contains 2 or more jets (i.e. an event with 3 or more
jets):

— if one of the jets is the highest energy jet in the event, that jet
axis forms the reference axis.

— The combined b-tag probability is calculated for the jets in the
hemisphere. The jet that is most 'B-like’ is then selected to form
the reference axis.

The rapidity of a track is defined as follows,

1 E +p
= —1 4.2
y 2n(E_pL) (42)

for E the track energy and p;, the longitudinal momentum component along
the reference axis for the hemisphere-
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Figure 4.3: The B hadron
rapidity distribution.  The
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partner of the B hadron (dark
grey) and from the fragmen-
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A first estimate of a B-candidate four-momentum vector is returned by
the so-called ’Rapidity Algorithm’. This is defined to be simply the sum of
individual track momentum vectors in a hemisphere for tracks with rapidity
greater than 1.6. The cut at rapidity 1.6 selects tracks from the B hadron
decay with an efficiency of 89 % and a sample purity of 77 %. The rapidity
distribution for fragmentation, leading fragmentation and B hadron decay
tracks in the simulation is shown in figure 4.3.

4.2.3 B Energy Reconstruction

The B hadron energy reconstruction is mainly based on a correction function
for the raw energy F,,,, derived from the rapidity algorithm, compensating
energy loss due to physical and detector effects. Separate correction functions
are derived for 2-jet and more than 2-jet events.

To be used in the correction procedure, hemispheres must pass the fol-
lowing cuts:

e an initial minimum reconstructed B-candidate energy FE,.,, of 20 GeV
e the initial reconstructed B-candidate mass m,.4, derived from the initial
B hadron four-momentum estimate, lies within two standard deviations

of the total data sample median value

e the ratio z;, of the hemisphere energy Ej.,, to beam energy FEj..., lies
in the range, 0.6 < z;, < 1.1.
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The starting point is an estimate of the B energy and mass, E,qw, Myraw-
From Monte Carlo studies, these estimates are chosen to be from the ra-
pidity algorithm for events with > 2-jets and to be derived from the sum of
'B-weighted’ four-vectors for the 2-jet case. This involves weighting (via a sig-
moid threshold function) the momentum and energy components of charged
tracks. The value used by the weighting is derived from a neural network,
which separates fragmentation tracks from B hadron decay tracks (see sec-
tion 4.2.4). Neutral particles are weighted by their rapidity. In this way the
effect of tracks from the B decay are enhanced and tracks from the primary
vertex are suppressed in the summation.

The correction procedure is motivated by the observation in Monte Carlo
of a correlation between the energy residuals AE = E,q, — ES*" and m,.q,
(which is approximately linear in m,,,,) and a further correlation between AE
and z;, resulting from neutral energy losses and inefficiencies. The correction
proceeds in the following way: The data are divided into several samples
according to the measured ratio x; and for each of these classes the B energy
residual AF is plotted as function of m,.,. The median values of AE in
each bin of m,,, are calculated and their m,,,, dependence fitted by a third
order polynomial

AE(mraw; xh) =a + b(mmw — (mmw>)
+ C(mraw - <mraw>)2
+ d(mmw - <mmw>)3 (4.3)

The four parameters a, b, ¢, d in each ) class are then plotted as a function
of z;, and their dependence fitted with third and second-order polynomials.
Thus one obtains a smooth correction function describing the mean depen-
dence on My, and the hemisphere energy as determined from the Monte
Carlo. Finally, a small bias correction is applied for the remaining mean
energy residual as a function of the corrected energy.

In addition, for the case of hemispheres with large missing energy i.e. x <
0.6 a separate correction with different parameters a, b, c and d is derived.

The procedure described above leads to a single estimate of the B hadron
energy. The resolution of the reconstructed B hadron energy is shown in
figure 4.4. Fitting a double Gaussian' to the distribution leads to widths
o1 = 0.065 and oo = 0.18 for the inner and outer Gaussian.

LA double Gaussian is defined as sum of two independent Gaussians
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4.2.4 1st Level Vertex Reconstruction

In each hemisphere an attempt is made to fit a secondary vertex to tracks
with rapidity > 1.6 passing the following track selection criteria:

e impact parameter in the r¢ plane |6, 4| < 4.0 cm

e impact parameter in the z plane [0,| < 6.0 cm

|cos @] < 0.94

AE
= < 1.0

at least 1 r — ¢ track hit registered in the silicon vertex detector(VD).

To this class of tracks additional criteria (i.e. track is identified as kaon
or lepton) are applied with the aim of selecting tracks for the vertex fitting
stage that are likely to have originated from the decay chain of a weakly
decaying B hadron state. Using the selected tracks a secondary vertex fit
is performed in 3-dimensions (DAPLCON y?-fit routine from ELEPHANT
[FKP96]) constrained to the direction of the B-candidate momentum vector
(see section 4.2.3). The event primary vertex is used as a starting point and
if the fit did not converge?, the track making the largest y? contribution is
stripped away in an iterative procedure, and the fit is repeated.

2Here, non-convergence means the fit took more than 20 iterations. A further iteration
is deemed necessary if the x? is above 4 standard deviations during the first 10 iterations
or above 3 standard deviations during the next 10 iterations.
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Figure 4.5: The TrackNet
output distribution for Monte
Carlo compared to data. The
shaded distribution on the
right illustrates tracks from
the B decay chain, the left dis-
tribution tracks from the frag-
mentation process. The dark
distribution is from non-b de-
cays of the ZV.
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Tracks originating from the weak decay of the B hadron are separated
from all other tracks with a dedicated neural network (so-called "TrackNet’).
The network calculates for every track the probability of the track originating
from the weak B decay. For this purpose the information from the vertex fit,
described in the previous section, is combined with the momentum, rapidity,
helicity angle and other information of the track into the network. The
network output of the TrackNet is illustrated in figure 4.5. One can clearly
see the good separation power between b decay and fragmentation tracks.

Once a convergent fit has been obtained, the final stage of the secondary
vertex fitting procedure involves an attempt to add tracks into the fit that
failed the initial track selection criteria but nevertheless are consistent with
originating from the vertex. The TrackNet output is the additional infor-
mation used to add any remaining B hadron decay candidate tracks to the
secondary vertex definition. The track of largest TrackNet in the hemisphere
is added to the existing track list and retained if the resulting fit converges.
This process continues iteratively for all tracks with TrackNet > 0.5.

4.2.5 Vertex Reconstruction

A precise proper time reconstruction is one of the key elements for a B, os-
cillation analysis. Therefore a very good B hadron decay length reconstruc-
tion is necessary. In figure 4.6 the decay length resolution of the standard
BsAURuUS vertex algorithm of the previous section is shown. Clearly visible
is the rather large bias in the direction of bigger decay length. The main rea-
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Figure 4.6: The decay length
resolution distribution for the
standard vertex algorithm of
BsAaurus. The rather large
forward bias is clearly visible.
Three Gaussians were fitted
to the distribution with:
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son for this behaviour is the cascade D decay® of the B hadron leading which
will "pull’ the decay length longer if tracks from the D decay are mistakenly
included in the vertex fit.

As this is not optimal for the B, analysis, two dedicated algorithms for a
better vertexing performance, described in the next section, were developed.

The BD-Net

As stated in the previous section the main problem of the standard vertex
algorithm is the incorporation of tracks from the cascade D decay. In analogy
to the TrackNet (see section 4.2.4) a neural network designed to discriminate
between tracks originating from the weakly decaying B hadron and those
from the subsequent cascade D meson decay was constructed.

The following input variables are used for the BD-Net:

e The angle between the track vector and the estimate of the B flight
direction derived from the B hadron four-momentum vector (see section
4.2.3).

e The probability that the track originates from the fitted primary vertex
(AABTAG algorithm).

e The probability that the track originates from the fitted secondary
vertex (AABTAG algorithm).

e The momentum and angle of the track vector in the B rest frame.

3A B meson usually decays to a D meson: B — D — K. This is called a decay cascade
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Figure 4.7: Output of the
BD-Net for tracks in simu-
lation (histogram) and data
(points) for tracks with Track-
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BD net output

e The TrackNet output.

e Kaon identification information (KaonNet see [AFM99] for details).

e Lepton identification information.

Some of the variables carry no direct discrimination power but are in-
cluded as gauges of the quality of the other variables:

e A combined hemisphere variable containing information about the

quality of the hemisphere, i.e. number of ambiguous vertex detector
hits and number of tracks with no TPC information.

A combined track quality variable containing i.e. number of vertex
detector hits of the track.

The hemisphere decay length significance L/oy,.
The hemisphere secondary vertex mass.

The hemisphere rapidity gap between the track of highest rapidity be-
low a TrackNet cut at 0.5 and the smallest rapidity above the cut at
0.5.

The output of the BD-Net is shown in figure 4.7 for simulation and data
for tracks with TrackNet > 0.5. The two classes the network was trained on
are shown in the histogram, namely tracks originating from cascade D-decays
(light grey) and all other tracks which are mainly tracks from the B decay
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5 Figure 4.8: The decay length
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Strip-Down vertex algorithm.
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(dark grey). The main reason for the small discrepancy between data and
simulation are the different D branching ratios which are not known with
high precision.

Strip-Down Vertex Fit

The basic idea of the Strip-Down Algorithm is the selection of candidate
tracks most likely to come from the weakly decaying B. Therefore tracks are
selected if they have TrackNet output bigger than 0.5 and BD-Net value less
than —0.1. This BD-Net cut corresponds to 50 % efficiency in selecting a
track from a weakly decaying B hadron with 75 % purity. Monte Carlo studies
have shown that this BD-Net cut gives an optimal decay length resolution
for the Strip-Down fit.

A secondary vertex x’-fit (DAPLCON routine) is made if there are 2
or more tracks selected. If the fit fails to converge within the algorithm
criteria (same criteria as in the 1st level fit) and more than two tracks were
originally selected, the track with highest x? contribution is removed* and the
fit repeated. This procedure is done iteratively until convergence is reached
or two tracks are left. The fit is constrained by the direction estimated from
the B hadron energy reconstruction and the starting point of the fit is the
initial vertex position given by the standard algorithm.

The decay length resolution of the fit is shown in figure 4.8. One can
see that the distribution is centred very nicely around 0. Also a fit of three

4This stripping procedure of tracks from the fit is responsible for the name of the
algorithm
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Gaussians indicates that the resolution is nearly bias free. The mean values
are [} = —5pum,ly = 21 pm, I3 = 110 pm. The errors are o; = 216 um, oo =
510 pm, o3 = 1426 pm.

Indeed the nice performance of the algorithm does not come for free. In
a lot of events less than two candidate tracks are selected or the fit with
the selected tracks did not converge. This leads to an overall efficiency for
this algorithm of around 40 % depending slightly on event selection criteria.
Therefore a second algorithm with higher efficiency was developed. This is
described in the next section.

Build-Up Vertex Fit

In the Build-Up method those two tracks with TrackNet bigger than 0.5 and
smallest BD Net values are chosen to form a seed vertex. The two selected
tracks have the highest probability to come from a weakly decaying B hadron.
If the invariant mass of all remaining tracks with TrackNet> 0.5 exceeds the
D mass®, that track with the lowest BD Net output is added to the seed
vertex definition. This is done iteratively until the remaining mass drops
below the D Meson mass. Finally all the candidate tracks are fitted to a
vertex.

The approach with the D Meson mass is done to make sure that all tracks
not belonging to the D vertex are taken into account for the B hadron vertex
fit. As a result of the fit its decay length resolution is plotted in figure
4.9. Tt is clearly visible that this method leads to a bigger bias in forward
direction than the Stripping method. A sum of three Gaussians is fitted to
the distribution. The core Gaussian has a mean of I; = 20 ym and an error
o1 = 238 um, which represents the events where the fit worked as planned.
The second Gaussian has a mean I, = 124 ym and error o, = 589 ym. In
these events the ordering of tracks within the BD-Net is not correct, lead to
the incorporation of cascade D tracks in the fit and thus to a forward bias.

The advantage of the Build-Up fit method is the good overall efficiency
of around 78.5 % compared to approximatly 40 % for the Strip-Down fit.

Comparing the different Vertex Fits

A direct comparison of the individual vertex algorithms is shown in figure
4.10. In each plot only the subset of events was used where both vertex algo-
rithms converged. This inhibits that the effects of the advanced algorithms
are only due to an improved event selection. One can clearly see in the left

®A D mass of 1.7 GeV/c is chosen.
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Figure 4.9: The decay length
resolution distribution for the
Build-Up vertex algorithm.
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ted to the distribution with
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plot that the Strip-Down Fit removes the forward bias. Also visible is a slight
improvement of the resolution.

The same effects, in a weaker way, are also visible in the right plots for
the Build-Up Fit. Also the widths of the Build-Up distribution is nearly
unchanged compared to the Standard Vertex.

As stated in the previous sections the overall efficiency for the Strip-Down
Algorithm is 40 % and 78.5 % for the Build-Up method. The combined
efficiency of requiring either one of the two is 81 %, which shows that around
20 % of the events are not accessable to either one of the algorithms. Monte
Carlo studies have shown that those events often have badly reconstructed
tracks and their resolution within the Standard Algorithm is bad. These
events have a mean resolution of approximately 500 pm with a huge tail and
are not usable in the analysis.

4.2.6 Flavour Tagging

The flavour tagging as one of the key elements is constructed in a special
way. The BSAURUS approach is tagging the b quark charge (equivalent to
the flavour) by first constructing a track probability and then combining
them to give a probability at the hemisphere level.

Different networks were trained separately for tracks originating from
fragmentation and decay. Also separately trained were the different B hadron
types (BT, BY, B, and B baryon) leading to 8 individual networks in total.

Combining the B species dependent flavour networks into a single flavour
estimator, i.e. the production flavour, requires knowledge about the produced
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Figure 4.10: The left plot shows a comparison of the Strip-Down and the
Standard Algorithm for the same set of events. It is clearly visible that
nearly all forward bias is removed and the width of the distribution is also
improved. The right plot shows the same for the Build-Up Algorithm. The
effects are weaker, but an improvement of the forward bias is also visible.
The width of the distribution is nearly unaffected.

B species. This is achieved by the B hadron identification network described
in the next section.

B Hadron Identification Networks

The following section describes an attempt to decide in each hemisphere
whether the hemisphere contains a B; meson, BT or B~ mesons, a B} meson
or a B baryon.

For this purpose a neural network consisting of 15 input nodes, described
below, 17 hidden nodes and 4 output nodes was trained. Each output node
delivers a probability for one of the four hypotheses it was trained on. The
following input variables are used:

e based on the TrackNet output a probability Pg for each track com-
ing from the B hadron or from the primary vertex is obtained. The
weighted vertex charge, S.7** Py(i) - Q(i), distinguishes between

charged and neutral B hadrons.

e the binomial error on the vertex charge defined as,
Sorecks  /Pg(i)(1 — Pp(i)).  This input gives a measure for the
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reliability of the vertex charge information.

e the number of charged ’pions’ (tracks not identified as proton, kaon or
lepton are called 'pion’) in the hemisphere. This is most powerful for
the case of B baryons and B; mesons, which have a higher content of
non-pion particles i.e. neutrons, protons and kaons in comparison to
other B-species.

e the energy deposited in the hemisphere is sensitive to the presence of
B baryons and B; mesons due to the fact that associated neutrons and
K? are often not reconstructed in the detector with the consequence
that the total hemisphere energy tends to be smaller compared with
the corresponding value obtained for B} or BT mesons.

e B, mesons are normally produced with a Kaon as leading fragmenta-
tion particle with a further Kaon emerging from the weak decay (The
same applies to the associated production of protons in jets with B
baryons). Using this fact four input variables are constructed, one for
each B hadron type, giving a measure of the likelihood for the pres-
ence of a leading fragmentation kaon/proton and a weakly decaying
kaon/proton. For each track, the rapidity, the proton and kaon prob-
ability and the vertex position is taken into account in the calculation
of the individual variable.

e the leading fragmentation Kaon can often be neutral in By meson pro-
duction. This input uses information from neutral K°’s, reconstructed
from decay tracks.
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a quality estimator for the whole hemisphere is calculated based on
e.g. the number of reconstructed secondary interactions and tracks
containing detector hits that could equally well fit to other tracks in
the vertex detector. This provides the network with a measure of the
quality of the input information.

an additional approach, independent to the one mentioned before, is
made to get a measure for the ’kaonness’ of the leading fragmentation
particle. The maximum of the Kaon net output for the three tracks
with highest rapidity coming from the primary vertex is calculated.

a charge correlation between the leading fragmentation particle charge
and the secondary vertex charge provides a hint for the presence of B™
mesons.

In addition, input variables that give no inherent separation power of
different B species were included to inform the network of the potential
quality of the other input variables:

the invariant mass of the reconstructed vertex.

the energy of the B hadron to provide information on how hard the frag-
mentation was and therefore inform the network of how the available
energy is expected to be shared between B hadron and fragmentation
products.

The network was trained with an equal number of B hadrons of each
species.

In figure 4.11 the efficiency vs. purity curves for the individual species
are given. The best performance is achieved for charged B hadrons, while B
mesons are hard to separate from the BY background.

Track Level Flavour Tagging

The track flavour networks are constructed to provide conditional probabili-
ties for the tracks to have the same charge as the b quark in the B hadron.
Therefore the network is trained with target value +1(—1) if the track charge
is correlated(anti-correlated) with the b quark charge. The following input
variables are used:

Particle identification: Kaon, Proton and Electron Net (see [AFM99]
for details). Muon classification code (see [HT,BT91]).
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e B-D Vertex separation (only used for decay flavour nets): BD Net
output, BD Net output minus minimum BD Net value above TrackNet
0.5 and the track momentum in the B hadron rest-frame.

e Track level quality: Helicity angle in the B rest-frame, track quality
flag, TrackNet output and track energy.

e Hemisphere level quality: Rapidity gap, secondary vertex mass, sec-
ondary vertex x? fit probability, B energy and error on vertex charge
measurement.

In total the track decay flavour network uses 19 input variables, while the
track fragmentation network uses 16 variables (The BD information is not
valid for fragmentation tracks).

The resulting track charge correlation conditional probabilities
P(Qsame|Bs) and P(Qgame|BY) optimised for By and BY mesons are plot-
ted in figure 4.12. The plots illustrate the comparison between simulation
and data.

Fragmentation and Decay Tags

Hemisphere level fragmentation and decay flavour tags are obtained from the
track probabilities P(Qsamel|7)*, where j = BT BY, B, or B baryon and k =
fragmentation or decay, by combining them into a likelihood ratio,

L+ P(Qsamel )™\ 540
Flhem)f = 3 in (31 (Qsamem) Qlirack) — (44)

where Q(track) denotes the track charge. The tracks used in the likelihood
sum are tracks with TrackNet > 0.5 for the decay flavour hypothesis and
tracks with TrackNet < 0.5 for the fragmentation flavour hypothesis.

Figure 4.13 shows the hemisphere decay flavour networks optimised for
B, mesons (left plot) and BY mesons (right plot). The better performance
of the BY net is clearly visible due to the fact that this network uses the
information of the Kaon in the BY decay. This information can not be used
in By decays as there are two different kaons with opposite charges.

tracks

4.2.7 Optimal Production Tag

The final step of flavour tagging is a general production flavour tag. Therefore
all available information on the decay and fragmentation flavour is combined
into a single network, in order to tag the B hadron quark flavour at production
time.
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Figure 4.12: The conditional track-level decay and fragmentation probabil-
ities optimised for B (top row) and BY (bottom row) mesons. The tracks
plotted in the decay flavour plots on the left have TrackNet > 0.5, the frag-
mentation plots on the right TrackNet < 0.5.

The 9 input variables used for the network are:
° F(hem)j;:“-" - Pispecies(Bs).°
o (F(hem)s™™ — F(hem)5i) - Ppspecies(BT)

i (F(hem)ggcay ’ (1 - QSin(%Ade)z) - F(hem)ggag) : PBSpecies(Bg)a
7 is the reconstructed B lifetime calculated from the decay length of

the 1st level vertex fit and the B hadron momentum estimate. This

6Ple,ecies(Bs) denotes the B mesons probability given by the B hadron identification
network.
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Figure 4.13: The left plot shows the B, decay flavour net output, the right
the BY flavour output, both for data and simulation. It is clearly visible that
the performance of the BY net is much better; This can be understood from
the fact that the charge of the Kaon in the BY decay is useful while it is not
in the By decay.

construction attempts to take account of the BY oscillation frequency
Amd.

The jet charge defined as,

SR
=R

where the sum is over all tracks and P is the longitudinal momen-
tum component with respect to the thrust axis. Three different &
values were chosen, forming individual input variables (k = 0.3,0.6, c0
(k = oo selects the charge of the track with highest momentum in the
hemisphere)).

(4.5)

The TrackNet weighted vertex charge and its significance.

The result of the network is plotted in figure 4.14 for data and simulation.
Drawn in light and dark grey are the distributions for b and b quarks. The
tagging purity is approximately 73 % at 100 % efficiency.
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Figure 4.14: The plot illustrates the optimal production flavour net distri-
bution for b and b quarks. The tagging power is around 73 % purity at 100

% efficiency.






Chapter 5

Analysis

This main analysis chapter can be divided into five parts: All the ingredients
are put together in the first three parts, i.e. event selection, classification
of decay length, momentum and flavour tags. The fitting method ("Method
of Maximum Likelihood’) is explained in part four and part five describes
extracting the results.

The event selection of the data sample is described in the first part of
the chapter. The fundamental requirements are a selection of multihadronic
events, a modest cut on the b-tagging, which ensures a bb sample purity
of approximately 90 % and a successful run of BSAURUS which ensures a
successful fitted secondary vertex for every event hemisphere. Additional
requirements are made for each hemisphere in order to improve the quality
of the sample by cutting on the expected vertex fit error. The removal of
hemispheres containing a lepton with high transverse momentum reduces
the statistical overlap with other DELPHI analyses [KPP*01, Lip, B*]. In
total 408000 hemispheres are selected in the data sample from 1992 to 2000,
which is roughly 10 times more than the DELPHI analysis using semi-leptonic
B decays [KPP*01].

Optimal performance of the analysis is achieved if the events are classi-
fied with respect to their decay length and B meson momentum resolution.
Events with a good resolution get a higher statistical weight during the fit-
ting routine. The classification algorithm for the decay length reconstruction
is based on the expected decay length error of the different vertex fitting
algorithms. The charged multiplicity of the hemisphere is used for the clas-
sification for the case of the B meson momentum. In the second part of the
chapter an exact description of the classification algorithms is provided. For
the mathematical treatment of the resolution functions in the fitting rou-
tine it is necessary to transform the resolution distributions in analytically
accessable functions, and this procedure is also described in this section.

74
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Although the tagging algorithms for production and decay are already
discussed in the previous BSAURUS chapter 4, a critical point of the analysis
is the calibration of both algorithms for the data sample. The chosen fitting
method requires that every input quantity can be interpreted as probability.
These probabilities for the decay and the production tag are derived from the
simulation and due to imperfect modelling, are usually found to be overly
optimistic for the data. Therefore a dedicated calibration algorithm was
developed using the fraction of events tagged as mixed from the data sample
compared to the expectation from the simulation [KluO1]. This calibration
is described starting at section 5.3.

All results are extracted in terms of a Maximum Likelihood Fit (see
[Cow98| for an introduction). The detailed formulation of the fit is pro-
vided in the fourth part of the chapter. In the last part the result for the
BY meson mixing frequency Amy is provided together with a discussion of
the systematic errors. The much faster oscillation of the Bs; meson requires
another approach: The so-called ’amplitude method” [HGA97], which is ba-
sically a Fourier transformation of the data sample, is introduced and some
tests on simulated events are described. Finally the result for the B case
together with a discussion of the systematic errors is provided.

5.1 Data Sample

An inclusive oscillation analysis is only possible on a well selected, high qual-
ity multihadronic sample. In addition, the b quark purity should be better
than 95 % suppressing c-quark and uds-quark background which is hard to
parametrise in a likelihood function.

A description of the event and hemisphere selection is provided in the
following two sections.

5.1.1 Event Selection

The first step of the event selection is the separation of multihadronic events
(ete”™ — Z — qq) from various backgrounds. The background sources are
widely spread, e.g. two photon and Bhabba events, leptonic events, beam-gas
interaction events and cosmic rays. Multihadronic events are selected similar
to the BSAURUS selection in section 4.2.1 by requiring at least 5 charged
tracks and 12 % of the beam energy in the event. The selected number of
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Selection 92/93 94/95 | 96/00 | gg MC | bb MC
Multihadron | 1381635 | 2022756 | 347039 | 1542366 | 1246369
Nyer 1381635 | 2022754 | 347038 | 1542365 | 1246369
cosryr(©) | 1251488 | 1821920 | 312410 | 1381482 | 1121791
cosyprs(c) | 1186471 | 1709362 | 288968 | 1302557 | 1053918
B tagging 115456 | 223625 | 37139 | 169233 | 590638

Table 5.1: The number of events for data and simulation. The rows show
the number of events after the multihadron selection (first row), number of
jets smaller than 5 (second row), cosine of the thrust axis smaller than 0.75
(third row), the cosine angle of the B candidate jets (fourth row) and the
combined event b tagging cut (fifth row).

events for the individual years' in data and simulation? are listed in row one
of table 5.1.

In the second step the number of jets is reconstructed via the LUCLUS
[Sjo94] algorithm. The chosen transverse momentum cutoff value is d;q, =
5GeV. All events with 5 or more reconstructed jets are rejected. This cut
is chosen very loose as there is a more effective angular cut selecting 2 jet
events described in the next section. The selection result of this Nz cut is
listed in row two of table 5.1.

As described in section 2.2.1 the vertex detector has a limited polar ac-
ceptance, making all events in very forward direction unusable because as
a successful vertex reconstruction is essential. Events with a cosine of the
thrust (cosrur(©)) greater than 0.75 are rejected. Table 5.1 lists the remain-
ing events of this cut in row 3.

As outlined in section 4.2.2 of chapter 4 BSAURUS selects in each candi-
date hemisphere the jet which is most likely from the b quark. Nice 2 jet
events are selected if the cosine of the angle between the two jets (cos prs(@))
is smaller than -0.9. The result of this selection is illustrated in row 4 of table
5.1.

The final event selection cut is based on the combined event b tagging

of section 4.1. The cut provides a sample b purity of 90 %. The last line of
table 5.1 lists the finally selected events.

!The years 1996-2000 were no real Z° runs like the period from 1992-1995. But for
calibration purposes a Z° phase was done before every high energy run of the year. During
the years a reasonable amount of data was collected and is commonly used in various B
analyses.

2The 1994 Monte Carlo sample was chosen for comparison.
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Selection 92/93 | 94/95 | 96/00 | g¢ MC | bb MC
BSAURUS 216191 | 424016 | 70864 | 319891 | 1121156
Vertex 114496 | 292899 | 51937 | 228873 | 811634
Lepton 107622 | 277907 | 49303 | 216132 | 765681
Prod. & Decay | 100098 | 262329 | 46809 | 203070 | 722520

Table 5.2: The first row gives the number of hemispheres with successful
BsAuRuUS vertex runs. In the second the Strip-Down or BuildUp vertex
selection is made, in row three the high pr lepton and in row four, the final
selection step, the production and decay tag cut is made.

5.1.2 Hemisphere Selection

After the event selection the point of view switches to the hemisphere level.
Each individual hemisphere is a possible source for a oscillating B meson.
As a lot of the used analysis tools are based on the BSAURUS package the
minimal requirement for each candidate hemisphere is a successful BSAURUS
vertex reconstruction, as described in section 4.2.4. The number of selected
hemispheres is listed in the first row of table 5.2, which is built similar to
table 5.1.

Based on these candidate hemispheres a dedicated B oscillation selection
algorithm was developed including the following steps:

o At least one of the two optimised vertex algorithms, either the Strip
Down or the Build Up, have to be finished successfully. In addition the
fit error of at least one successful vertex fit should not exceed 600um.
Otherwise the hemisphere is rejected. As the decay length resolution is
most critical to any oscillation analysis it makes no sense using events
with bad decay length reconstruction.

e if a lepton candidate is identified in the hemisphere with a transverse
momentum greater than 1.2 with respect to the jet axis the lepton
is assigned to, the hemisphere is discarded. This cut removes events
already used in a DELPHI B oscillation analysis [Lip, AT96a] optimised
for high pr leptons. This cut ensures a reduced statistical overlap of
the analyses.

e The production flavour net (see 4.2.7) of the opposite hemisphere must
have a reasonable result between zero and one. Otherwise the event is
rejected.
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e The B (either s or d) decay flavour likelihood (see 4.2.6) has a rea-
sonable value not equal 0. In this case at least one track fulfils the
necessary selection criteria.

One can see in table 5.2 the individual selection steps described in the pre-
vious section.

The hemisphere selection, especially the strong vertex selection criteria
leads to an improvement of the b purity to 96.5%. The remaining background
splits into 3% ¢ quarks and 0.5% light quarks?.

5.2 Proper Time Reconstruction

The proper time 7 is calculated using:
ml
cp

were m is the mean B hadron mass, ¢ the speed of light, p the estimated B
hadron momentum and [ the reconstructed decay length. The expected error
on the proper time is estimated using:

() (5)

It is clearly visible that the expected error splits into two components, which
behave differently. The decay length error §/ gives a constant contribution to
o,, while the contribution of the momentum error dp to o, increases linearly
with 7.

This error behaviour motivates the separated treatment of the decay
length and momentum resolution contribution in the likelihood fit, including
the convolution procedure.

In the next section the parameterisation of the decay length and its error
is described. Afterwards the the classification algorithm for the momentum
reconstruction is discussed.

T =

(5.1)

5.2.1 Decay Length Resolution Classes

Five different decay length classes with increasing resolution were defined,
based on simulation studies. Each event was classified using the algorithm
described below. If an event failed to fit in a certain class it was tested for
the next.

3The term “light quarks” combines u, d and s quarks
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1. The Strip Down fit worked and the expected fit error is below 200 pm.
2. The Build Up fit worked and the expected fit error is below 230 pm.
3. The Strip Down fit worked and the expected fit error is below 300 pm.
4. The Build Up fit worked and the expected fit error is below 380 pm.

5. Either the Strip Down or the Build Up fit worked and the expected fit
error is below 600 pm.

The decay length resolution of the individual classes is plotted in figure
5.1. A double Gaussian is fitted to every distribution. The inner and outer
Gaussian oy and oy is shown in every plot. Also shown for every class is
the class ratio, which is the fractional contribution of each class to the total
sample.

The fitting routine for both vertex algorithms had the constraint of recon-
structing positive decay length only. This complicates the parameterisation
of the resolution functions for the likelihood fit. Based on simulation studies
seven different decay length regions based on the truth decay length [
were defined and the resolution function was plotted. The following borders
were defined, starting at region 1: [, < 50 um, < 100 pum, < 200 um, <
500 pm, < 1000 pm. The seventh region contained all events with greater
decay length. In figure 5.2 the resolutions for the first six regions are plotted
starting at the top left with region 1 and ending on the bottom right with
region 6. The plots are done for the best resolution class 1. The distribution
gets more and more symmetric towards the higher region classes five and six.
An asymmetric double Gaussian with six parameters Ps 7 is fitted to every
class:

1/ z \2 1/ z \2
P %) 4 (1= P 0 2> 0
fxaf)i =P x _ 1oz y\2 1z 2 - 5.3
R I P A T

The parameter P; is used for normalisation. Starting from a set of pa-
rameters P} for every region k € {1..6} a linear interpolation function was
calculated:

pPl—p9
‘ 11 “ ltrue : ltrue < ll

Pi(ltrue) - ka_l e+ lee1 < lpue < g (54)

1
le=lp—1
Py ltrue > lk

7
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Figure 5.1: The decay length resolution of the five different classes are plot-
ted. A double Gaussian is fitted to every distribution with inner Gaussian
o1 and outer Gaussian o,. The ratio gives the contribution of every classes

with respect to the total.
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Figure 5.2: The six plots illustrate the different shapes of the decay length
resolution for several regions of .. for the resolution class 1. As both vertex
algorithms reconstruct only positive decay length the resolution function for
events with [y, < 50 pm is largely forward biased (top left plot). For bigger
true decay length the distribution gets more and more symmetric (bottom
right plot).
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The different region borders define the sampling points . PP for ljue = 0
was defined by hand, as Py = P} =0, P) = 0.5, P = P}, P) = P§ and
P = P!

The final form of the resolution functions for the different resolution
classes t used in the likelihood fit program is,

( l(lm*ltr)Q
2 Pg(ltr)

_1(lm—lgpy2
1)+ = PU))e 2, >,

)
, B )
R (lm - ltr; ltr) - 5 7l(lm*ltr)2
) 2
)

(5.5)

& Pg(ltr)

1
2% PE(lgr) . Ly < iy

were [,, denotes the measured and [, the truth decay length. The factor GG
is used for preservation the normalisation of the resolution function.

In figures 5.3, 5.4 and 5.5 a comparison of the resolution function based on
the simulation and the parameterisation of equation 5.5 is shown in different
bins of l}yye.

5.2.2 B Hadron Momentum Classes

Independent from the decay length classification routine described in the
previous section a classification of the reconstructed B hadron momentum
is done. The B hadron momentum was reconstructed with the algorithm
described in section 4.2.3. Studies of simulated events have shown a large
correlation between the number of charged tracks and the resolution obtained
in the energy reconstruction. For this reason, the number of charged tracks
in the hemisphere was chosen to define different resolution classes. In total 16
different classes were defined, starting with 2 charged tracks per hemisphere
in class one and ending with 17 and more tracks in class 16.

This behaviour can be understood from the fragmentation behaviour of
B hadrons. In the case of a very hard fragmentation most of the energy
goes into the B and almost no fragmentation tracks are produced. A weakly
fragmentating event or an event with an accompanying gluon jet leads to
many non B tracks and therefore to a bigger multiplicity.

In figure 5.6 the relative momentum resolution for four different samples
is shown. For illustration purposes only collections of the 16 original classes
are made with 4 classes in every sample. One can clearly see the decreasing
resolution for increasing multiplicity (From top left to bottom right).
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Figure 5.3: The plots illustrate the decay length resolution distribution for
class 1 events, compared to the parameterisation function R'(l,, — li, l)-
The two top plots are made for very small values of l;.,. < 400 um and
< 800 pm. The other four plots are made in steps of 0.2 cm starting at 0 cm.
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Figure 5.4: The plots illustrate the decay length resolution distribution for
class 3 events, compared to the parameterisation function R3(l,, — ly, i)
The two top plots are made for very small values of [;.,., < 400pum and
< 800 pm. The other four plots are made in steps of 0.2 cm starting at 0 cm.
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Figure 5.5: The plots illustrate the decay length resolution distribution for
class 5 events, compared to the parameterisation function R5(l,, — ly, l;)-
The two top plots are made for very small values of l;.,. < 400 um and
< 800 pm. The other four plots are made in steps of 0.2 cm starting at 0 cm.
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Figure 5.6: The 16 momentum classes are combined into 4 samples with 4
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(Ncharged S 57 5 < Ncharged S 979 < Ncharged S 13 and 13 < Ncharged)-



5.3. TAGGING PROCEDURE 7

The energy resolution function was parametrised using a double Gaussian
as a function of the true momentum p and the reconstructed momentum p;..
in the following way:

1 _l(TQ—(Prec—p)/p)Q
2 T3

R*((Prec — p)/P) = T

1 ( T4—(prec—p)/p )2

e T5 (5.6)

+(1-Ty)

:

27TT5

The index s denotes the momentum class of the event. The different param-
eters T; are derived from the simulation for every class s separately.

5.3 Tagging Procedure

The production and decay flavour tagging was done by the neural networks
described in section 4.2.6. For the production tag only the opposite side
flavour information was used. Several attempts were made including the
fragmentation flavour information of the candidate side into the production
tag, but the correlation to the decay tag were too large and uncontrollable
on the data sample.

In an event by event B oscillation analysis the tagging purities ¢, for
different B hadron species, ¢ quarks or light quarks are incorporated. In the
theoretical case of a perfectly trained neural network, the net output should
be identical to its purity?. This statement is only valid for a perfectly trained
network and for the hypothesis the network is trained on, i.e. the production
flavour network is trained on bb events and thus larger deviations are possible
for cc- and light-quark events. Compensating deviations from the optimal
behaviour is most easily done by modification of the tagging probability P.
For this purpose a slope « is introduced and the new probability P,., is
defined as:

R _ Pold
1 — Py
R = R-«
R
Pnew — 1+ R (57)

A slope a of 1 means that the probability remains unchanged, smaller values
of a lead the probability closer to 0.5 which is equivalent to a random tag.

*In the case of a decision between two possibilities only “purity” can be replaced by
“tagging probability”
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Figure 5.7: The production tag slopes for b, ¢ and light quarks. The fitted
slope values a are are 0.941 for b, 0.564 for ¢ and 0.586 for light quarks.

The parameter « is obtained for the production tag by fitting equation 5.7
with free o to the purity distributions of b,c and light quarks. The result of
the fit is plotted in figure 5.7. (The fitted slopes « are 0.941 for b, 0.564 for
c and 0.586 for light quarks.)

A similar correction procedure with more correction steps is necessary for
the decay tag, because of the the B species and decay length dependence of
the tag, which has to be modelled correctly for the later likelihood fit. The
first correction step is done for the individual B species and the ¢ and light
quarks. All decay tag slope values are listed in table 5.3. The individual fits
of the BY decay tag slopes for the different B hadron species are visible in
figure 5.8. The weakest deviation from slope 1 of the decay tag can be found
for the hypotheses the decay tag is trained on, as expected for a well trained
network.

Detailed studies of the tagging behaviour indicated another correction
which is necessary for the decay tag. As expected the tagging power of a
sample of hemispheres with very short decay length is weaker than another

Particle BY decay tag slope | By decay tag slope
B 0.415 0.941
BY 1.149 1.012
BT 1.149 1.076
A, 0.636 0.870
¢ quarks 0.970 0.809
light quarks 0.017 0.127

Table 5.3: The decay tag slopes for the B} and Bj tag. On can see that the
decay tags nearly have no power for light quarks.
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with bigger decay length. This can be easily understood by the pollution
of the decay tag with tracks from the fragmentation, where the separation
between the primary and secondary vertices is not as good as in events with
larger decay length. This decay length dependence of the tagging is already
modelled in the networks (see figure 5.9 left plot), but the real behaviour
obtained from a ’like-sign ratio’ calculation indicates a weaker drop (see
figure 5.9 right plot). This difference was compensated by a decay length
dependent term:

o = a1l + Be 5 (5.8)

with a small correction factor [ for every B hadron type, dependent on the
decay length [. The power factor —6 was obtained from simulation studies.

Finally a very small correction of about +5% to the slopes «, dependent
on the 5 different decay length resolution classes was made.

The overall decay flavour distributions for the different B hadrons look
pretty much the same, but they are weaker for charm and light quarks (e.g.
there are no light quarks with decay probability > 0.8 or < 0.2). This flavour
dependent tagging acceptance has been taken into account and parametrised
using results from the Monte Carlo simulation.

5.4 Acceptance and Background Functions

Theoretically expected for all B decays is an exponential function with life-
time 75. As it is more complicated separating primary from secondary ver-
tices in b events with very short lifetime, or even recognising events with
very short decay length as B events, the b tagging cut (see section 4.1) and
the first level vertex reconstruction reduces the efficiency for those events.
The deviation from the exponential decay is taken from simulation and an
acceptance is parametrised accordingly. Note that for By and BY oscillations
the fraction of like sign events is relevant and the acceptance drops out to
first order.

The proper time distribution for background events from charm and light
quarks was taken from the simulation as there is no nice analytic description
of it and the low statistic make them quite difficult to deal with. The two
distributions are plotted in figure 5.10.

5The fraction of events with a positive correlation between the decay tag (>05=0
or < 0.5 = b) and the simulated truth flavour divided by all events defines a so-called
'like-sign ratio’
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Figure 5.8: The tagging purity curves for the BY decay tag of the different
b hadron species. For the BY mesons the curve is nearly linear, while there
are bigger deviations for the other types.

5.5 The Likelihood Function

As described in section 5.2 the measurement of the decay length [ and momen-
tum p is only possible with finite resolution, parametrised by their resolution
functions. The reconstructed proper time 7,.. is calculated using equation
5.1. The probability function P(tyy) for a B hadron can be written as
function of true I, and p,5,

e*ltrm/(Tbcptr)

P(ttrue) - P(ltraptr) - (59)

To

6tr = true and rec = reconstructed
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Figure 5.9: On can clearly see the stronger drop of the BY decay tagging pu-
rity for simulated B* mesons in the left plot for small decay length compared
to the right one. This difference indicates that the forecast of the decay tag
is slightly too pessimistic. The difference between the distributions has been
taken into account and parametrised.

were 7, denotes the B hadron lifetime. The probability ”P,f’s(t,ec) for a B
hadron to be observed at reconstructed proper time %,.. is an convolution over
an exponential B decay probability P(ty4e), an acceptance function A(l, p),
the true B hadron momentum distribution F(p) taken from simulated events
and the resolution functions:

’Plfys(trec) - / / A(ltraptr)f(ptr)Rt(lrec - ltra ltr)

[=0 p=0

Rs((prec - ptr)/ptr)P(ltraptr)dltrdptr (510)

The indices ¢t and s denote the decay length and momentum class the event is
assigned to. The probabilities for light and charm quark events, P;(¢,..) and
P.(trec) are taken directly from the simulation as described in the previous
section.

Based on the production and decay tagging probabilities from section 5.3,
the combined mixing probability for a given event is defined as

Pcomb - Pprodpdecay + (1 - Pprod)(1 - Pdecay) (511)

were Pyroq and Pyecqy are the slope corrected probabilities, dependent on the
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Figure 5.10: The proper time distribution for charm and (left plot) and light
quarks (right plot). Both distributions have a long tail to bigger decay times.
A separation within the individual decay length resolution classes was not
possible due to the reduced statistic.

quark type, the B hadron type, the decay length and the decay length class’.
If P, is larger than 50% the events are called ’like-sign’. ’Unlike-sign’
events are those for which P.,,,; is less than 50%.

The total probability for a like-sign event is:

Plike(trec — hb Z fq €B, szm troe + Z fq — e, Punmn( Tec)
+ hc €c Pc( rec) + hl (1 - 6l) Pl( rec) (512)

and correspondingly for the unlike-sign events:

zPunlike trec _ hb Z fq GBq szzx rec + Z fq €s, Punmzx( rec)

+ hC (1 - ec) Pc( rec) + hl € Pl( rec) (513)

The tagging purities ep, €. and ¢° were calculated from the combined tagging
probability P,y using,

€By,cl = 0.5+ |Pcomb - 05| (514)

"Preomb(By, ¢, lrec) = Peomp; B, denotes the B hadron type, ¢ the quark type (b, c,
light) and I,.. the reconstructed decay length.

8A tagging probability of P.,;,; = 0.1 has the same statistical power as Py = 0.9.
Therefore only the distance (*tagging purity’) from P.,,,, = 0.5 is necessary in the fit.
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The fraction of b, ¢ and light quark events is represented by h;.;, the B
hadron fractions by f,. Both fraction types are a function of the decay
length resolution class as it is e.g. less likely to find a light quark in resolu-
tion class 1 than in class 5. The numbers were taken from the simulation,
which was corrected to match the latest PDG values [GAAT00]. The ¢ quark
contribution is €, in the like-sign probability and (1 — €.) in the unlike-sign
term, which is opposite to all other contributions. The reason for this can be
found in the production tag, which has opposite sign for ¢ quarks compared
to b quarks.
For the mixed(unmixed) B, mesons the following expression is used:

’Pmiw(unmim)(ltmptr) = P(Bq - BII(BQ)) =
1 e—ltrm/(TbCPtr) [1 :F Ccos (Amq ltrm/(cptr))] (515)

274

The probabilities nge(u"“ke) (t;ec) for the reconstructed proper time is cal-
culated using the convolution formula 5.10. The unmixed probability
ng”ke(tm) for BT mesons and B baryons is calculated using equation 5.10
directly.

In the search for B} and By oscillations a likelihood fit was performed
with the likelihood constructed from the elements described above:

L= — Z ln(Plike(trec; Pprod; Pdecay))
like—sign
— Z ln(Punlike(tT807 PpT‘Od7 Pdecay)) (5.16)

unlike—sign

Based on this likelihood sum two different approaches are made for the ex-
traction of Bg and B, oscillations results. The Bg oscillation measurement
is described in the next section, followed by the B part which is based on
the amplitude method [HGA97, BA99.

5.6 BY Oscillation Measurement

The mass difference between the two BY states is determined by fitting the
fraction of like-sign events as a function of proper time, using the likelihood
function described in the previous section.

The values for the fractions f, are taken from the LEP Heavy Flavour
working group [OGO01], background fractions h, are taken from the simula-
tion and the B lifetimes 7, are fixed to the values of the PDG [GAA100].
The ¢ and light quark background distributions and the acceptance function
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Typ Class 1 | Class 2 | Class 3 | Class 4 | Class 5
By fraction 0.076 0.104 0.084 | 0.104 | 0.100
BY fraction 0.407 | 0.370 0.419 0.396 0.412
BT fraction 0.456 0.443 0.429 0.405 0.396
B hadron fraction 0.061 0.083 0.068 0.095 0.092
Charm background 0.014 0.027 0.020 0.045 0.044
Light quark background | 0.005 0.005 0.004 0.005 0.005

Table 5.4: The different B hadron and background fractions for the individual
decay length classes. The B hadron fractions for the total sample without
any selection cuts was By = 0.097, B} = B™ = 0.4 and B baryon = 0.103.

A(l,p) are parametrised using the simulation. The tagging purities €. and
¢, are taken from the simulation. The unknown B, mixing frequency Am
is set to a very high value of Am, = 18 ps~!, which is the most likely value
within the Standard Model derived from other CKM matrix element mea-
surements [CT01]. The selection of the decay length classes 1 to 5 shifts the
B hadron fractions slightly. The amount of such shifts is determined from
the simulation. In Table 5.4 the B hadron fractions and, the charm and light
quark background is listed for the 5 decay length classes.

Studies of data events have shown that the tagging power of the produc-
tion tag and the decay tag is too optimistic (e.g. a expected B decay tag
purity of 0.7 in the simulation is only 0.65 in the data). This effect can be
adjusted by introducing slope corrections 7 for the combined mixing prob-
ability P.,mp. Equation 5.7 was used to recalculate the probability P.yms
with a certain value . Equation 5.14 is used for recalculation of the mixing
purities ¢,

The fit has three free parameters, Am,, the B} mass difference and two
correction slopes « for variation of the tagging purities ¢, of the B hadrons.

Parameter 92/93 94/95 96,/00
041 0.960 = 0.09 | 0.703 = 0.028 | 0.913 £0.10
Y2 0.750 £0.08 | 0.789 + 0.039 | 0.534 + 0.08
Amy 0.497 £ 0.028 | 0.506 £ 0.016 | 0.522 % 0.048

Table 5.5: The individual fit results for the different years. The different
correction factors of the years can be explained by the different Kaon iden-
tification properties, which vary within the years and are important for the
BY decay tag.
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Figure 5.11: The fraction of like-sign events as a function of proper time
using 1992-2000 data. The data is shown with error bars, the solid lines
correspond to the fit result of Amg = 0.501 £0.013 ps .

Data studies indicated that charged B* mesons behave slightly differently
for the BY decay tag, as expected from the simulation. Therefore the tagging
purity for charged B* mesons ep+ was modelled as a function of the correc-
tion slope ;. The other B hadrons were varied as a function of v,. Putting
the tagging purities in the fit made the fit very stable and independent of
the knowledge of the exact tagging behaviour.

A check of the fit is done for 500k simulated events resulting in Amy =
0.467+0.012, 74 = 1.002+0.02 and v, = 0.997+0.02 as fit result. This is to be
compared with the true value in the DELPHI simulation of Amy = 0.475 ps™*

The data fit was done separately for the different years, as the tagging
properties vary year-to-year. The individual results including the correction
factors 7y are listed in table 5.5 Using the different year-dependent correction
factors the whole data set is re-fitted with a final result of Am, = 0.501 &
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0.013ps L.

The result of the fit is shown in figure 5.11. The plot shows the weighted
like-sign fraction versus the reconstructed proper time for the 1992-2000 data
compared to the fit result. There is a small deviation for small proper time
which can be explained by different ¢ and light background behaviour, or a
contribution from the By oscillation, which is not included in the plot. A
discussion of the systematic error is provided in the next section.

5.6.1 Discussion of Systematic Errors

The systematic errors of the BY oscillation measurement are mostly based
on the uncertainties of the physical input quantities, i.e. B hadron lifetimes
and B hadron production fractions. Effects of the tagging are compensated
by the additional free fit parameters v described in the previous section.
As the likelihood fit measures the ratio of like-sign to unlike-sign events all
acceptance function effects drop out to first order.

A breakdown of the systematic errors affecting the measurement is shown
in table 5.6. The By, B baryon and the BY, BT fractions are changed in
the sample and correspondingly the other B fractions are recalculated. As
a constrained it is assumed that BY mesons and BT mesons have exactly
the same production fraction. For the production fraction errors the latest
results of the LEP Heavy Flavour Steering Group are taken [OGO1]. Finally
the full correlation matrix of the fraction measurements is used and a total
error on Amy extracted. The width of the Gaussian of the decay length
and momentum resolution parameterisation is changed by a relative 10%.
A scaling factor of 1 % is applied in order to describe the uncertainty for
the absolute scale of the proper time reconstruction. Also changed are the
B lifetimes, different Am, values of 15ps~! and 20ps~! for the B, mixing
and the charm and light quark background fraction h.;. A more detailed
discussion about the range of the variation of the different quantities can
be found in section 5.7.6, where the systematic effects of the B, oscillation

analysis are described. The total systematic error amounts to 0.0183ps!.

The final result thus is:
Amg = 0.501 £ 0.013 (stat) £ 0.018 (sys) ps " (5.17)

The total error is therefore 0.022 ps~!.
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Error Source Values Systematic Error
on Amyg (ps™1)
By lifetime +0.05 ps 0.0001
BY lifetime +0.015 ps 0.0008
BT lifetime +0.01 ps 0.0006
B baryon lifetime +0.05 ps 0.0007
B, fraction +0.011
BY and BT fraction +0.011
B baryon fraction +0.018
Total B fraction contribution 0.0145
Decay length resolution +10% width scale 0.0002
Momentum resolution +10% width scale 0.0001
Proper time scale factor +1% 0.0103
Light quark and ¢ background | £20% h,,; fraction 0.0009
Amyg dependence Amg =15, 20ps~! 0.0012
Total systematic error 0.0181

Table 5.6: The systematic errors affecting the Amy; measurement. Only
a total systematic error for the B fractions is given as there are combined
using the full correlation matrix information [OGO01]. Tagging effects do not
contribute as there are left free in the fit.

5.7 B, Oscillation Analysis

The oscillation frequency Am, for By mesons is still not measured as the
oscillations are still not resolved in contrast to Amyg of the Bg mesons. Two
main reasons can be found for this condition. The B, production fraction of
~ 10% leads to a signal to background ratio of 1/9 which is 6 times lower
than in the BY case with a signal to background ratio of 2/3. In addition as
measurements during the years have shown the B, oscillation frequency Am
is much higher compared to the BY case, making the analysis very sensitive
to the achieved proper time resolution.

In the following sections the B, amplitude fit method and the effects of
decay length and momentum resolution are described. Various fit results for
different Am, frequencies are shown, to provide an easier understanding of
the final result. Finally a breakdown of the systematic effects is given.
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5.7.1 The Amplitude Method

In order to combine the information provided by the different analyses in
the absence of a measurement of Am, a technique known as the amplitude
method is used [HGA97, BA99]. The fit to the reconstructed proper time
distribution of events tagged as like- and unlike-sign is performed with a
fixed frequency w and the following expressions for the mixed and unmixed
B; probability:

. 1
punmiz(p Y — ¢ By 1+ Acos (wty)] (5.18)
s 27’3s
and similarly:
) 1
Prémiv(ttr) = — ¢ T;s [1 — Acos ((A)ttr)] (519)
s 27‘]9S

The parameter A is left as the free fit parameter. A scan over the frequencies
w is performed and at each value the amplitude A(w) and its error o(w)
is measured. Averaging values from different analysis is straightforward, as
the error 04(w) provides the relative weight of the individual analyses. The
expected value of the amplitude is unity if w = Am, and compatible with
zero in all other cases.

5.7.2 Resolution Dependence of the B, Signal

As mentioned in the introduction of this section, the By mixing frequency
is quite high and the sensitivity of an analysis is mostly provided by its
proper time resolution. The proper time is calculated using equation 5.1
with expected error as given in equation 5.2.

The influence on the likelihood for different decay length resolution is
quite different compared to the momentum resolution. A simulation sample
of approximately 30k B, events was chosen with Am, = 6ps~!. Using the
convolution formula 5.10 the expected signal for an amplitude A = 1 for dif-
ferent resolutions is calculated. The calculation was performed for Gaussian
decay length resolutions of 200 pm, 350 pm and 500 pm, either with relative
momentum resolution of 5% or 10 %, also parametrised by a Gaussian. The
result of the calculation is illustrated in the like-sign ratio plots of figure
5.12. Weakening the decay length resolution reduces the absolute size of the
oscillations, while the momentum resolution is represented in the drop of the
oscillations with proper time.

The same calculations with the same parameters were done for the indi-
vidual decay length classes 1-5 of the real resolution parameterisation. The
results are illustrated in figure 5.13. The bottom right plot of figure 5.13
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Figure 5.13: Expected like-sign ratio plots with amplitude A = 1 and Am, =
6 ps~! for 30k B, events. The effect of the different decay length resolution
classes one to five is shown (see section 5.2.1). In the bottom right the classes
are mixed adjusted to the expected mixture.
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Figure 5.14: Expected like-sign ratio plot with amplitude A =1 and Am, =
6 ps~! using 300k simulated bb events.

shows the expected signal for a natural mixture of the classes one to five as
provided by the simulation.

Although the bottom right plot in figure 5.13 looks quite promising for
a pure By sample, the significance drops drastically if one uses a naturally
mixed bb sample with a B, fraction of approximately 10 %. The expected
like-sign ratio using 300k bb events with Am, = 6 ps~* and amplitude A = 1
is shown in figure 5.14.

5.7.3 Fitting different B, Signals

A check of the likelihood fit and the amplitude method was performed by
fitting 300k bb events with different true oscillation frequencies Am,. In the
available simulated event sample from 1994/95 Amy is set to 11.5 ps™'. The
simulation of other oscillation frequencies was provided by a routine which
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Figure 5.15: Result of an amplitude fit to 300k bb events with simulated
Amyg = 2.25, 4.25, 6.25, 8.25, ps~! (Top left to bottom right).

calculated for every B event the probability Pepenge to change the sign of
the decay flavour. Based on a random number R between zero and one, the
decay probability Pje.q, was transformed into 1 — Pyecay if B < Pepange 18
fulfilled. Pepange was calculated in the following way:

. 1 . .

panmi - — i(cos (Wiartsr) + 1)  ,PIE =1 — Pppnm (5.20)
. 1 . .

panme — §(cos (Wsimter) + 1) Pt =1 — Panme) (5.21)
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(Piim = Piar’)/Piim = Piag” < Pii A Pnis = 1
(5.22)
wgim denotes the original Amy from the simulation, wy,, the desired fre-
quency, t; the true proper decay time and P,,;; equals one if the simulated
event is mixed otherwise it is zero. In all other cases Pypunge is set to zero.

The amplitude fit result for signal frequencies Amg =
2.25, 4.25, 6.25, 8.25, ps~! is shown in the four plots of figure 5.15
from top left to bottom right. The fit behaves as expected and a clear signal
is visible for the first three frequencies. In the case of Am, = 8.25, ps ! the
error of the amplitude at this point is already ~ 0.6 reaching the sensitivity
of the analysis.

The like-sign fit distributions for the different Amg values is shown in
figure 5.16. The amplitude A was set to the value obtained by the fit at the
corresponding frequency w = Amy. The like-sign ratio distributions confirm
the results from the amplitude fit, as a nice oscillation is clearly visible in
the first three cases and no real statement can be made in the fourth case.

(Psim — Ttar )/Psim : Ptar > Psim A mef =0
P, change —

5.7.4 Modelling the Data

As already stated in section 5.3, modelling the mixing purity Poms is very
important for any Bj oscillation analysis. In the BY) case this was achieved
by introducing two additional free slope fit parameters calibrating the mea-
surement. This is not possible for the amplitude method.

The problem can be solved in a different way. The B decay slopes are
listed in the right column of table 5.3. The slopes for B; and BY are equal
within 5%, also the purity vs. efficiency behaviour for both mesons is the
same. This can be understood from the fact that only the separation of the
primary B decay vertex from the cascade D vertex counts for the flavour
determination. The B, decaying into ® and K™K inhibits a usage of the
Kaon identification for the flavour determination. Finally it can be seen that
a calibration of the BY part leads within 5% to a calibration of the B part
if the same slope correction is applied. Studies of simulation and data have
shown that, equal to the BY oscillation case, the charged BT mesons need a
separate correction slope. The individual correction slopes for the different
data samples are listed in table 5.7.

The like-sign ratio plot for the full data sample of 408k events from the
years 1992 to 2000 is plotted in figure 5.17. The fit expectation is plotted for
amplitude A = 0. All physical input variables are taken either from the LEP
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Figure 5.16: Taking the result of the amplitude fit, the like-sign ratio plots
for the different Am, = 2.25, 4.25, 6.25, 8.25, ps~! values are shown. The
amplitude A is set to the value fitted at the signal Am, in each plot.

Heavy Flavour working group [OGO01] or from the latest PDG book [GAAT00]
in the same way as in the BY oscillation measurement section.

5.7.5 The Amplitude Fit

The amplitude fit described in the previous sections is performed on the full
data sample from 1992 to 2000 with 408k events in total. The fit is done for
wp, = 0.25 ps~!in steps of 0.5 ps~! up to 20.25 ps~'. Using the amplitude and
the error it is possible to obtain the 95 % CL exclusion region. This region
corresponds to A + 1.64504. This curve is shown in figure 5.18 in light grey.
From the data one can conclude that the time dependence of the B, — B,
oscillations is not seen and the frequency Amyg is not measured. A limit
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Figure 5.17: The like-sign ratio for the full data sample 1992 to 2000. The
unknown B oscillation contribution is neglected. Therefore the plot shows
the good description of the data by the likelihood parametrisation.

on the mass difference of the two physical states (= frequency) neglecting
systematic errors can be put:

Amg >49ps ' at 95 % CL (5.23)

Using the amplitude error o4 one can extract the sensitivity or expected limit
on Amy at 95 % CLP:

Sensitivity = 7.8 ps (5.24)

The results including systematic errors are provided in the next section.

9Defined as: 1.64504 =1
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Figure 5.18: The final amplitude fit for the full data set 1992 to 2000 with
408k events in total. The dotted line is the sensitivity curve 1.6450;,. The
light grey area corresponds to A + 1.64504,;, while the dark area includes
systematic errors, A 4 1.6450,,;. A 95 % CL limit can be extracted with
Amg > 4.7ps ! and an achieved sensitivity of 7.4 ps~!
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Sample Neutral meson slope | Charged meson slope
Data 1992/93 0.90 £ 0.05 0.68 £ 0.06
Data 1994/95 0.92 £ 0.03 0.57 £ 0.05
Data 1996/00 0.90 £ 0.08 0.60 £ 0.11

Table 5.7: The data correction slopes for the different years. In the second
column the corrections for the neutral B hadrons are listed, while in the third
column the corrections for the charged BT mesons are listed.

5.7.6 Discussion of Systematic Errors

The systematic errors were studied by changing one parameter at a time, i.e.
fB, and redoing the full amplitude fit. The systematic error is evaluated in
the following way [HGA97]:

. O'Ztat _ O-iltat
O'Zys = Al — A() + (1 - AU)#; (525)
o3
where Ag(A;) and 04,(04,) denote the fitted amplitude and the error before
(after) changing the parameter.

The following parameters have been varied:

e The By production fraction fp, within its error of +1.5%. The other
fractions are adjusted accordingly. The number is slightly bigger than
the proposed number of the LEP working group [OGO1] of £1.1%.
The bigger error takes into account the effect of shifting the relative
fractions of the B hadrons in the individual decay length class. This is
one of the strongest contributions, as the relative uncertainty of 15%
directly leads to a systematic error of this amount.

e The tagging power is varied by +10% by changing the slope correc-
tion factor. The 10 % relative change is derived from the statistical
uncertainties listed in table 5.7.

e The decay length resolution is varied by +10%, by changing the width
of the Gaussians in the decay length parameterisation. This effect gives
the biggest contribution to the systematic error for very high Am.
The chosen variation range is derived from the fine tuning of the track
impact parameter, which provides a handle for the agreement of the
track covariance matrices between simulation and data done for the
DELPHI b-tagging [BM95]. Sensitive to this agreement is the decay
length resolution and the expected decay length error, which is plotted
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in figure 5.19. One can see that the good agreement between data
and simulation is valid for the different vertex algorithms and years.
Therefore a variation of 10 % is quite reasonable and conservative.

e The momentum resolution is varied by +10%, by changing the width
of the Gaussians in the parameterisation. The contribution to the sys-
tematic error is quite weak over the full Am, range. A detailed study
on momentum resolution effects was done by a separate analysis, which
measures the B hadron fragmentation function inclusively [Ker02].
Based on this analysis the variation of the momentum resolution is
chosen.

e The charm and light quark background is changed by +20%. Their
contribution to the systematic error is very weak, except for very small
values of Amg. An analysis, which is built on a double tag measurement
method on the data, derived the relative deviation of the b-tagging be-
tween data and simulation [Sch02]. Based on this analysis the variation
of the charm-quark and light-quark background is estimated.

Other source for systematic errors, like B hadron lifetimes and acceptance
function, were also studied. It was found that their systematic error contri-
bution is negligible as these terms drop out completely in first order due to
the fact, that a ratio fit is made.

The numerical stability of the convolution was also tested, as already
discussed in section 3.2.6. A breakdown of the individual systematic error
contributions can be found in table 5.8.

As final result on the mass difference of the two physical states,

Amg > 4.7ps™"  at 95 % CL (5.26)
is extracted. The sensitivity or expected limit on Am, at 95 % CL is:
Sensitivity = 7.4 ps™! (5.27)

The result of the fit including the systematic errors is plotted in figure
5.18 in dark grey. The systematic error is at most 25 % of the statistical
error for very small Am, and approximately 10 % for higher Ams.
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Figure 5.19: The expected decay length error resulting from the vertex fit-
ting procedures. A good agreement is visible for both vertex algorithms.
Although the distributions are quite different for the different years, the
agreement between data and simulation is good. Therefore the assignment
of a 10 % variation to the systematic error from the decay length resolution
is reasonable and quite conservative.
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Am, 0.25ps ! | 6.25ps ! | 12.25ps ! | 18.25 ps -
Amplitude —0.099 0.307 —2.730 1.733
Oota 0111 | £0450 | £1.303 | £4.122
. 40.006 40.016 10.062 40.141
Momentum Resolution ~0.007 ~0.013 —0.064 —0.255
. 40.024 40.063 40.136 +1.471
Decay Length Resolution ~0.022 —0.061 —0.106 —0.710
. 40.026 40.198 10.243 +0.755
B, fraction ~0.020 —0.155 ~0.193 —0.544
. . 40.110 40.035 40.094 40.418
Tagging Purity —0.106 ~0.033 ~0.090 —0.400
. 40.021 40.010 40.017 40.087
Charm and Light Background | ™ "o/ 0010 o017 0,088
Ctotal 0.169 0.497 1.337 4.463

Table 5.8: Systematic error contribution to the full 1993 to 2000 data set
amplitude fit. The total error was calculated using only the positive sys-
tematic error part, as these contributions are relevant for the limit and the

sensitivity of the analysis.







Chapter 6

Conclusion

An inclusive neutral B meson oscillation analysis was performed using the
full DELPHI data set taken on the Z° from 1992 to 2000.

After cuts in data quality, momentum and vertex reconstruction and after
removal of all high pr lepton events, which are treated separately in a different
analysis [KPPT01], a sample of 408k events was available. Dedicated produc-
tion and decay tag algorithms, momentum and decay length reconstruction
algorithms were developed, partly based on the BSAURUS package [ABF*01].

A likelihood fit was performed to extract the BY oscillation frequency.
Systematic uncertainties were mostly compensated by the additional free fit
parameters describing the tagging power of charged and neutral B mesons in
the fit. The mass difference of the two physical BY states was measured to
be:

Amg = 0.501 £ 0.013 (stat) £ 0.018 (sys) ps ™

The total error was therefore 0.022 ps—*

Within the amplitude method [HGA97] a likelihood fit searching for Bj
oscillations was performed on the same data set. The time dependence of
the B, oscillations was not resolved but a limit on the mass difference of the
two physical B, states was set at:

Amg > 4.7ps™" at 95 % CL.

Using the assigned error on the oscillation amplitude the sensitivity, or the
expected limit on Am, at 95% CL was found to be:

Sensitivity = 7.4 ps™!
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