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Abstract

The decays of B-hadrons have been reconstructed using tracks from charged particles recorded
in the DELPHI silicon microstrip vertex detector. A detailed technical description of the Mi-
crovertex Detector is included.

The reconstruction of the b-hadron decays uses the high spatial resolution of this detector
to reconstruct primary and secondary vertices. Single hit precision has been measured to be
8 pm and 16 um for 92% and 8% of the hits respectively. The mean error on the radial position
of the secondary vertex was measured to be 190 um. The b-hadron candidates are selected by
imposing invariant mass requirements on the secondary vertices. The sum of the charges of the
secondaries determines the charge of the b-hadron parent.

The most popular model for the decay of hadrons containing heavy quarks is the spectator
model. According to this model the lifetime of the hadron is determined by the lifetime of
the heavy quark, and there should be little difference in the lifetimes of the different species of
b-hadrons.

232,114 multihadronic Z° decays recorded during the 1991 run of LEP at centre-of-mass
energies between 88.2 GeV and 94.2 GeV yield 253 B-hadron candidates. From these the mean
lifetime of b-hadron is found to be:

<1 > = 1494 0.11(stat + 0.12(syst)ps

Using the charge information the mean lifetimes of neutral and charged B-hadrons are found to

be:
< Tneutral > = 1.43 £ 0.21(stat) £ 0.14(syst) ps

1.56 £ 0.19(stat) £ 0.13(syst) ps

< Tcharged >
The ratio of their lifetimes is:
7-cha.rged/7-neut;ral = 1091-333 + OOQ(SYSt)

The mean charged B-hadron lifetime can be attributed to the Bt meson, as these are
expected to be much the most abundant charged species. Using recent measurements for the
lifetime of the AY and B? it is possible to extract the lifetime of the B® . Under these assumptions
we find the lifetime of the B and B* to be:

Tpo = 1.52 % 0.23(stat) £ 0.15(syst) ps
1.56 £ 0.20(stat) £ 0.13(stat) ps.

1l

B+
The ratio of their lifetimes is,
T+ /Tpe = 1.0333%7(stat) £ 0.10(syst)

These results confirm the spectator model within experimental uncertainties.
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Chapter 1

Introduction

The LEP accelerator was constructed with the purpose of producing Z° particles in large
amounts. Four experiments are installed around the accelerator to investigate the decay proper-
ties of the Z° and possibly discover new phenomena. One of these is the DELPHI' experiment.
DELPHTI constitutes a general purpose detector covering most of the solid angle. The detector
is located around one of the four points where the electron beams in LEP collide. So far no
new particles or phenomena have been observed but an impressive level of precision has been
achieved in the measurements of the parameters of the standard model of particle physics, see
section 1.3 of this chapter.

All known forms of matter and antimatter are produced in the decay of the Z°. In particular,
particles containing the heaviest known quark are produced abundantly, see section 1.5. These
particles have a lifetime of the order of 107'? seconds, they are produced at high energy and
travel a mean distance of about 3 mm before decaying.

The point in space where these unstable particles decay into two or more particles is com-
monly named a decay vertex. With a detector capable of reconstructing decay vertices with high
spatial precision it is possible to isolate from the total sample of Z° decay products a sample
enriched in the contents of particles containing b-quarks, b-hadrons. With such a sample the
production and decay properties, including lifetimes, of b-hadrons can be determined.

Before LEP, little was known about the lifetimes of various species of b-hadrons. With
increased knowledge of the lifetimes it is possible to determine which processes dominate in the
decay of the b-hadrons, see section 1.6. To improve the capabilities of DELPHI to reconstruct
the decay vertices it was decided in 1986 to equip the experiment with a system capable of
reconstructing secondary vertices with a precision in the order of 100 pm, the Vertex Detector.
The Microvertex Detector was supposed to be ready at start up of LEP in 1989.

At that time the only known electronic detection method of charged particles with a suffi-
cient spatial resolution was silicon microstrip detectors. Silicon microstrip technology was well
established in small systems consisting of 5-20 detectors in fixed target experiments. Large sys-
tems of more than 100 silicon microstrip detectors in collider experiments had however not been
built. Because of this, many of the components in the detector had to be developed using both
new and existing technology.

Achievement in science and fundamental research is to a large extent based upon the devel-
opment and refinement of technology, even though the technology by itself does not necessarily
represent a fundamental development. The lifetime measurements presented in this thesis could
not have been done without the adaption and further development of current semiconductor

! Detector with Lepton Photon and Hadron Identification



2 CHAPTER 1. INTRODUCTION

technology to the needs of high energy physics. The construction of the Microvertex Detector
represents an example of how technology when courageously used opens up new possibilities in
fundamental physics research. Due to this, a large part of this thesis is devoted to technical as-
pects of the Vertex Detector. The other part describes a measurement of lifetimes of b-hadrons
as an example of a physics measurement exploiting the capabilities of the Microvertex Detector.

1.1 General Remarks

The success of the Microvertex Detector was not achieved without obstacles. Therefore some
personal comments based on the experience gained in this project. The detector is a unique
product and it was the first of its kind. We should therefore expect surprises, and be prepared
for improvisation. Most of the design work at CERN was carried out by physicists with little
engineering experience. We encountered several problems during the installation phase of the
project. Some of those problems were caused by insufficient planning and testing of compo-
nents, especially regarding components which were regarded “simple”. Time was lost because of
confusion about physical dimensions of the various components. Most of the drawings needed
for the work was made as the work carried on, and were often of poor quality. Time was often
spent in adjusting pieces, cables etc which did not fit.

We have clearly experienced that a project of the size of DELPHI, and a sub-project such
as the Microvertex Detector, needs very careful planning and good organization, as well as
experienced technicians. A result of the above mentioned problems was that after installation
we were not able to operate the detector because of a malfunctioning cooling system and lost
valuable experience in running the detector.

This experience can be summed up:

1. Do everything as simply as possible, avoid “advanced” solutions.
2. If something works, do not “improve” it.

3. Do not believe people who says something is “simple” or “straight forward”. They have
probably not understood the real problem.

4. Do not believe that any convention of numbering of elements, cables etc. will be followed.
Everybody always invents his own numbering convention which is incompatible with any
other convention.

5. Do not believe anything which is said to be obvious, it is normally not.

1.2 Thesis Outline

Following this introduction is an outline of the physics motivation for the Microvertex Detector
and a discussion of the experimental possibilities provided by this detector.

The second and third chapters are very brief summaries of important aspects of the LEP
accelerator and the DELPHI Experiment. Chapters four through six contain a detailed de-
scription of the components, the assembly and the survey of the Microvertex Detector. The
emphasis is put on the need to ensure a sufficient mechanical precision and stability of the de-
tector. Chapters seven through nine describe the off-line event reconstruction and analysis, the
emphasis being on the track and vertex reconstruction precision. Finally chapters ten through
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twelve describe the data analysis and the extraction of the lifetimes including a discussion of
the various contributions to the errors on the lifetimes.

In addition there are six appendices:

Appendix A shows a derivation of the likelihood functions used for the lifetime fits as de-
scribed in chapter 7. The author wants to thank W. Murray, R. Sekulin and D. Crenell for
help in getting the expressions correct. See also [1] for an introduction to the art of lifetime
measurements.

Appendix C is a reprint of an article published in Nuclear Instruments and Methods on the
test of a prototype for the Microvertex Detector. The test was performed in a beam of high
energy particles at the CERN Super Proton Synchrotron (SPS). The author was responsible
for the mechanical layout of the test set-up, and part in the running of the test and in the
subsequent data analysis.

Appendix B is a reprint of an article published in Nuclear Instruments and Methods giving
a status report on the Vertex Detector project. This was presented by the author at the “3rd
Topical Seminar on Perspectives for experimental Apparatus at Future High-Energy Machines
and Underground Laboratories, San Miniato, Italy, 1988”

Appendix D is a copy of the manual of the precision mounting of detector modules. The
development of the assembly procedures and associated equipment was the responsibility of the
author. The work was carried out at CERN in close collaboration with K. Ratz, who produced
the necessary apparatus. The manual describes the assembly procedure in a step by step manner
and contains all relevant dimensions.

Appendix E is a reprint of a contribution by the author, representing the DELPHI Collabo-
ration, to the American Physical Society, Division of Particles and Fields conference at the Fermi
National Laboratory, Batavia, lllinois, USA, November 10th. to 14th. 1992. Here results from
this analysis and an alternative analysis on B* and B° lifetimes were presented. The alternative
analysis was performed by other members of the DELPHI Collaboration.

Appendix F is a reprint of an article published in Physics Letters containing the measurement
of the average charged and neutral b-hadron lifetimes as described in the last part of this thesis.
This work, based on an idea by W. J. Murray, was done by us in cooperation and published
under the names of the DELPHI collaboration.

1.3 The standard model of particle physics

A theory with mathematical beauty is more likely to be correct than an ugly one that fits some
ezperimental data. (P. A. M. Dirac, who searched in vain for an alternative formulation of
QED), [2]

Elementary particle physics is the study of the basic constituents of matter and their inter-
actions. Several excellent introductions to this field is found in the literature [3,4], here only a
brief, none-rigorous outline is given.

Matter is thus considered to be made up of spin 1/2 fermions called quarks and leptons. The
particles come in 3 different families and are listed in table 1.1. Ordinary matter is made up of
particles from the first family. All the fundamental fermions are considered point-like objects.
The model does not predict the number of families. However the study of decays of the Z°
produced at LEP offered the possibility to determine the number of families, or more precisely,
the number of light neutrino species, with unprecedented precision [5]. This was one of the first
measurement done by the DELPHI collaboration, and was of fundamental importance. This
measurement has been improved later [6], and by using all the data collected in 1989 to 1991
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Leptons
charge T
(o), Ge) (o), o
e /. Iy T ), -1 -1/2
Quarks
charge T
(u) (c) (t) 2/3 1/2
a ), \s), \v ) —-1/3 -1/2

Table 1.1: The elementary fermions in the Standard Model, T is the third component of the
weak isospin. Only the left-handed doublets are shown, the right handed are all singlets under

the weak interaction, T = 0.

Interaction Particle | Range (cm)
Electromagnetic y 00
Weak W= 2° W+ 1016
Strong gluon 10718

Table 1.2: The gauge bosons of the Standard model

including, the number of light neutrino species published by DELPHI is 3.07 & 0.06 [7]. Before
LEP an upper limit of 4 families were obtained from astrophysical observations [8].

The u, d, and s quarks are referred to as “light” quarks while the ¢ and b-quarks are referred
to as “heavy” quarks. The existence of the t-quark is predicted but it has never been observed.
The quarks are fractionally charged but they combine only in such a way to produce particles
with integer charge. These composite particles, called hadrons, are composed of quark anti-quark
combinations (mesons) or three quark combinations (baryons). The proton, as an example, is
composed of two u and one d-quark and thus gets a charge of 1. The quarks are carriers of color
and are subject to the strong interaction. Free quarks have never been observed [9]

The heaviest quark so far observed is the b-quark which has a mass approximately 5 times
that of a proton. From studies of the decay of the Z° it is possible to determine a limit on
the mass of the t-quark, m,, within the model: 43 GeV/c? < m, < 215 GeV/c? [6]. Under
various assumptions, and including results from other experiments, the mass range can be further
constrained, m, = 13227713 GeV/c? [10] where the first error is experimental and the second
corresponds to a mass of the Higgs particle in the range 50 GeV/c? < my < 1000 GeV/c2.

The leptons are the electron, e, muon, u, the tau, 7, and their neutral zero mass partners,
the electron, v., muon, v,, and tau, v, neutrinos respectively.

There are four known fundamental forces between the particles. Three of these are listed in
table 1.2 along with the spin 1 particles that mediate them. The effect of gravity is negligible
in the study of elementary particles.

All charged particles interact via the electromagnetic interaction, which is mediated by the
massless photon, 4. The weak interaction is mediated by the heavy vector bosons W~, Z° and
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W+ and affect all particles over a limited distance range. The quarks in the hadrons are held
together by the strong interaction mediated by the gluons, which acts over a range larger than

the weak force.
An important goal in particle physics is the unification of forces. It is believed that deeper

insight will emerge from a unified framework. Maxwell explained the forces of electricity and
magnetism in a unified theory which predicted the existence of electromagnetic waves?. The
electromagnetic theory was later extended to include special relativity and quantum mechanics
to form the theory of Quantum Electro Dynamics, QED.

The mathematical structure of the Standard Model is characterized by the gauge group:

SU(1) ® SU(2) ® SU(3)cotor (1.1)

The weak interaction is not invariant under spatial inversion, parity is thus violated. Under
the assumption that the neutrinos are massless only negative helicity neutrinos play a role
under the weak interaction. The negative helicity leptons, also called left handed, are therefore
arranged in weak doublets and the positive helicity, right handed leptons are arranged in singlets.
Similarly the left handed quarks are arranged in doublets while the right handed are singlets
under the weak interaction.

The primes on the quarks in table 1.1 indicate that transitions between the quark families
are possible. This flavour mixing can be summarized in the elements of the Cabbibo-Kobayashi-
Maskawa mixing matrix, see section 1.6

The Standard Model does not predict masses for the fundamental particles, except for the
W and Z masses which are given to lowest order:

9 Ta 1 )
= 1.2
o V2Gy (Sin2 Ow (12)

m: = X ( 1 > (1.3)
27 \/2Gr \sin® Oy cos? Oy, )

where @ = 1/137.036 is the fine structure constant, determined from the quantum Hall effect,
and Gr/(he)® = 1.6639 x 10~5GeV~? is the Fermi coupling constant, determined from the
muon lifetime and sin® §y = 0.2325 is the weak mixing angle, determined from neutral current
processes, and Z-pole observables. « is known to a precision of 0.045 ppm, GF is known to
17 ppm. Finally the third parameter sin® 8y is known to 3441 ppm. The exact value of sin? 6y,
depends however of the renormalization prescription used. The numerical values in the above
paragraph are all from [9].

Alternatively the Z° mass, mgz = 91.179 4 0.020 GeV/c? as measured by DELPHI [7], can
be taken as the third fundamental parameter instead of sin? 8y, then:

1 dra 1 \Y?
in2 6y = = 1_(1____..____) .
sin” Oy 2{ J3Ge M (1.4)

is a derived parameter and mw = mgcosfy.

The fermion masses are introduced via symmetry breaking of a scalar field, with its corre-
sponding particle, the Higgs particle, H°. The existence of the neutral Higgs particle is of crucial
importance for the Standard Model. The H° has never been observed, searches done at LEP
have however given a lower mass limit. A limit of 38 GeV/c? at 95% confidence level has been
reported by DELPHI [12], a limit of 48 GeV/c? is found in [9]. At the present level of precision
the most important unresolved puzzle of the Standard Model is the existence of the H® particle.

?The maxwell equations were cast in their present form by O. Heavyside [11]
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Figure 1.1: Feynman graph for the process Z° — qd

The electro-weak interactions are thus specified by the model and are determined by e, the

electric charge, and the parameter 6y .
With the exception of the particle masses, the electro-weak sector of the Standard Model is

entirely specified by knowing @, Gr, and Myo.

1.4 Physics at eTe™ colliders

ete™ colliders provide excellent tools for studying high energy interactions. This is mainly
because they offer:

1. Clean production of nature’s fundamental building blocks - the quarks and leptons. This
is typically in the form of pair production of a fermion and anti-fermion.

2. All the center-of-mass energy is available for the production of these building blocks. This
can be contrasted with proton proton or proton anti-proton collisions were hard collisions
between two constituents happen at an (unknown) energy, typically around < 1/6 of the
available energy. The 4 quarks not involved in the collision give debris which obscures the
study of the hard collision. It is not a ”clean” environment.

3. Because of the cleanliness of the ete™ environment there is a great potential for discoveries
and in-depth study of the phenomena.

1.5 b-Hadron Production.

At the Z° pole the quark production proceeds through the Feynman graph in figure 1.1.
All the quarks listed in table 1.1, except the t-quark can be produced in the decay of the Z°.
When the center-of-mass energy of the electron and positron is set to the observed Z° mass, the
calculated width of the diagram is [13]: :

- D T. 2
I(ete~ — ff) = 22;2 (Cigw —eQ tan()w>
3
= GEDmy o (sin?6y ) (1.5)

T V2 3

where the contribution from hoth left and right handed ferminons are included. The color
factor D is 1 for leptons and 3 for quarks as there are three indistinguishable color states for
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c-hadrons
Symbol | Quark Content | Mass(GeV/c?) | Lifetime (ps)
D° cil 1.8645 + 0.0005 | 0.420 + 0.008
D+ cd 1.8693 & 0.0005 | 1.066 & 0.023
D7 c§ 1.9688 & 0.0007 | 0.45075939
D% (2010) cil 2.0007 + 0.0014
D*+(2010) cd 2.0101 + 0.0006
AF cud 2.2849 + 0.0006 | 263.2 4 2.0
b-hadrons
Symbol | Quark Content | Mass(GeV/c?) | Lifetime (ps)
B° bd 5.2787 +0.0021 | 1.41+0.14
B* bu 5.2786 £ 0.0020 | 1.4240.14
B? bs seen [15]
[16] | 1.0213%540.10
A? bud seen [17] | 0.87%5:35+0.08
[18] | 1.12%3324+0.16

Table 1.3: The Principal hadrons containing ¢ and b-quarks. For each particle there exists
an anti particle with opposite charge and same mass. The D° and D*t are higher angular
momentum states of the D° and D* which decay immediately, therefore no lifetime is quoted for
them. Data from The Particle Data Group [9] unless referenced. For the B® and B* the values
quoted are the averages calculated in section 9.1.

the quarks, 75 is the third component of the weak isospin and e = gsinfy is the electron
charge. The dependence of the velocity of the particles in the final state has been neglected.
For effectively massless particles with § ~ 1, the equation 1.5 is correct. For heavy fermions a
small correction needs to be added. This correction is —1.4% for the b-quark. The partial width
of Z°~bb is measured by DELPHI to be I'(b) = 378 £ 42 MeV corresponding to a branching
fraction of 0.219 £ 0.024, [14].

The quarks produced do not appear as free quarks in the final state, but combine with other
quarks to form hadrons in a process called fragmentation. This process is only phenomenologi-
cally known and can not be calculated by perturbative methods. An outgoing “bare” quark is
turned into a hadron by qg pair production, and the subsequent “dressing” of the original quark
by the anti-quark part of the pair. The quark part is free to continue this process until there is
insufficient energy left for qG production.

The fragmentation process is often parametrized by a probability function, also called frag-
mentation function, f(z), where z is defined as the fraction of energy, £ and momentum parallel
to the quark direction, p; carried away by the hadron: '

2= (E + p]])hadron
(E + p]|)quark

Note that in this definition the energy and momentum used in the denominator are not equal
to the beam energy because of gluon and initial state radiation.

(1.6)
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Figure 1.2: The processes B° — D+I~ and B~ — D%~ is shown mediated by the weak charged
current, W~ within the spectator model

Figure 1.3: Contributions to b-quark

decay. The amplitude for the diagram

is proportional to the CKM matriz el- s
ements V,, and V,, when the b-quark
decays to a u or c-quark respectively. b Vibs Vo

The qq pair produced can be any of

the quark combinations present in the u, ¢
CKM matriz.

A commonly used parametrization of the fragmentation function was suggested by Peterson

et. al. [19]:
1

f(z) = 2(1=1/z—¢€/(1 - 2))?

The principal hadrons containing heavy quarks are found in table 1.3.

(1.7)

1.6 b-Hadron Decay and Mixing between Quark Families.

In the simplest model of the decay of heavy hadrons the constituent heavy quark decays via
the weak charged current, as shown in figure 1.2. This approximation is known as the spectator
model since the light quark is only a spectator in the process

The heavy quark is considered to be a free particle and its decay properties determine those
of the b-hadron. In the context of this model the b-hadron lifetime is just the reciprocal of the
b-quark decay width Ty, such that all b-hadrons would have similar lifetimes.

This picture already makes sense for the c-quark. The observed lifetimes of the c-hadrons [20],
indicate, however, that there must exist corrections to this approximation [21,22] :

(DY) : (D) : 7(DF) : 1(A) i 7(Z2) : 7(Qe) ~25:1:1:05:1.3:1.9 (1.8)

It is not the purpose of this section to give a comprehensive survey of b-hadron decays, but
rather to shed some light on the intricate topic of decays of b-hadrons. The natural starting
point for this is therefore the charged current which mediates the weak decay process, such as
the semi-leptonic® B° and B~ decays shown in figure 1.2, can be written for quarks and leptons

as:

3Semi-leptonic denotes decays in which a lepton anti-lepton pair is produced in addition to one or more hadrons,
in contrary to non-leptonic decays in which the decay products are hadrons only
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dl
JEo= FH@cipy(l-y) | ¢
bl
(1.9)
o
+ 35 Gy )Y (1= s) | wo
-

where the row vectors are the eigenstates corresponding to the charge 2/3 quarks and the
neutrinos. The column vectors are the eigenstates corresponding to the charge —1/3 quarks and
the charged leptons, g is the weak coupling constant:

e
anw = —\/-_’21 (1.10)

A similar expression to 1.9 can be written for the charged current associated with the W+,

The weak eigenstates corresponding to the charge —1/3 quarks are written with primes to
indicate that they are not the same as the mass eigenstates for these quarks. This leads to
mixing between the families which is expressed in matrix form as:

d Vud Vus Vub d
s’ = %d Vcs mb s (1 1 1)
b’ Via Vis Vo b

The matrix relating these bases was defined for six quarks and given an explicit parametriza-
tion by Kobayashi and Maskawa in 1973 [23]. This was a generalization from the four quark
case where the matrix is parametrized by a single parameter the Cabibbo angle [24].

By convention the three charge 3/2 quarks, u, ¢ and t is kept unmixed and all the mixing is
expressed by the 3 x 3 unitary matrix operating on the charge -1/3 quarks. The nine elements
are complex and it is a principal task of experiment to determine them. Electroweak gauge
theory requires the matrix to be unitary, which reduces the eighteen parameters of the matrix
to nine. There are five further reductions having to do with the fact that the choice of phase
given to the quark fields are arbitrary. This eliminates five more parameters, not six, because a
common phase rotation of all six quark fields leave the matrix unaffected.

In principle the values of the elements can be determined from weak decays of the relevant
quarks and from deep inelastic neutrino scattering. The 90% confidence limits on the magnitude
of the elements are [9]:

0.9747 - 09759 0.218 - 0.224 0.002 - 0.007
0.218 - 0.224 09735 - 0.9751 0.032 - 0.054 (1.12)
0.003 - 0.018 0.030 - 0.054 0.9985 — 0.9995

The ranges are for individual matrix elements. The constraints of unitarity will limit the other
elements when a specific matrix element has been chosen.

There exist several parametrizations of this matrix in addition the one proposed by Kobayasha
and Maskawa. The differences in these parametrizations do not represent fundamental physical
differences. One parametrization proposed by Chau and Keung [25] in which the matrix can be
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written as a product of three separate matrices, each one analogous to a rotation between two

generations:
1 0 0 Ci3 0 813€—i6 Cyo S12 0
V= 0 Cag 893 0 1 0 —3812 Cis (] (113)
0 ~893 Co23 ”3136‘.5 0 C13 0 0 1

where ¢;; = cos8;; and s;; = sin 6;;. The central matrix of equation 1.13 has the additional term
in 6 to describe rotations two families apart. Multiplying the matrices gives:

~id

C12C13 S12€C13 S13€
—— '6 76
V= —812C23 — C12823813€" C12C23 — 812823513€" $23€13 (1-14)
6 6
812823 — C12€23513€"°  —C12823 — 812€23813€""  €33C13

This parametrization has the advantage that the elements above the diagonal are simple.

It is here appropriate to recall the origin of this matrix, which is in the Higgs sector of the
electroweak theory, in particular the part of the action responsible for the quark masses, see [26].
This is supposed to happen via Yukawa couplings of the quarks to a complex Higgs field. The
existence of the Higgs field is not experimentally verified. The matrix may therefore be looked
upon as a parametrization of experimental results, but that the deeper underlying theory is not
yet verified. In this context it is worthwhile to mention that it is not known whether the cause
of the observed CP violation* in neutral K meson decay is purely electro-weak or due to the
strong interaction. In the CKM context the CP violation is treated as a purely electro-weak
effect. CP violation is as well expected in the decay of B°. The CP violation is however expected
to be strongly suppressed. Because of the relatively small event samples at LEP, CP violation
in the B is not expected to be observed. The possible observation of CP violation in B® decays
is however of great importance.

In the absence of family mixing, (i.e. V diagonal) the quarks would couple only to their
doublet partner. This situation would lead to a stable b-quark since it is lighter than its t-
quark partner. Within the CKM scheme the b-quark can decay into lighter u and ¢ quarks
with amplitudes proportional to the term V,,, and V,; respectively. These b-quark decays are
illustrated in figure 1.3.

The total b-quark decay rate is the sum of these two contributions:

Twi= Y T(b—gq) (1.15)

¢=u,c

Each particular transition can be broken up into semi-leptonic, Iy, and non-leptonic parts, I'y;:

I'(b — ¢) =Ta(b — ¢) + I'n(b — ¢) (1.16)
The amplitudes for the decays can then be written:
G B -
My = ——J%quu(l — 75)bl7u(1 = 75 e (1.17)
G _ _
Mo = =EV@ru(1 = 76)637.(1 = 15)a (1.18)

V2

The decay of the b-quark within the spectator model is similar to the decay of muons, with
the muon replaced by the b-quark. The model can however be refined by taking into account:

*CP = Charge-Parity violation. Until 1964 it was believed that all types of interaction were invariant to the
combined operation of CP. It is however observed that this is not true in the decay of the K° [4]
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Figure 1.4: Non-spectator model corrections to the b-d_ecay. (a) is a quark interference diagram
for the decay of a B~, (b) is a W ezchange diagram of B® decay and (c) is a W ezchange diagram
for Ay decay.

1. phase space corrections due to finite quark and lepton masses [27],

2. QCD corrections arising from virtual gluon exchange and real gluon emission, [28-34],

3. smearing effects due to the Fermi motion of the constituents inside the decaying bound
states, [30].

When taking the corrections 1 and 2 into account, the semi-leptonic and non-leptonic decay
rates are:

_ G%mi 2
I‘SI(b - qll/l) = 1927‘,3 I(TQ’TI?O)"?Slqub! (1'19)
_ GEmy 2 2
I‘nl(b - qlq2q$) = 3 19273 I(Tqurqqu:s)nnl“/(hbl ”/q:ﬂ]zl (120)
where I(r4,7y,7,) with r, = ;’";: are phase-space factors normalized such that for massless final

states 1(0,0,0) = 1, 9y and 7, are QCD correction factors. The factor 3 in equation 1.20 is
because of the additional colour degree of freedom in non-leptonic decays. Note that if these
factors are set to 1, and m,, is replaced by the muon mass m,, in equation 1.19, then the decay

rate becomes that of muons.
The exact values of 75 and 7, is dependent upon the quark masses, the number of excited

flavours, f, and the renormalization scale, Ags. With my, = 4.8 GeV/c?, m. = 1.35 GeV/c?,
f =15,and Azzg = 150(300) MeV one obtains, [35]:

7sr = 0.89(0.87) and 7, = 1.11(1.18) (1.21)

The effect of the Fermi motion, combined with the measured shape of the energy spectrum
from semi-leptonic decays can be used to reduce the uncertainty coming from the quark masses
by exploiting the constraints on the quark masses provided by the lepton energy spectrum [30].

Using the above expressions, 1.19 and 1.20, for the decay rates, and the values in 1.21 for
QCD corrections the following predictions for the b-hadron lifetimes can be calculated:

Va2 [ 29 (28) (D)
10~155”{ 3.1 (3.0) (II) (1.22)

where (I) and (II) refers to two sets of quark masses:

(4.8, 1.4, 0.15, 0)GeV/c®>  (I)
(mb7mC7 mSamud = 9
(5.2, 1.8, 0.5, 0.3)GeV/c? (II)

™ X

(1.23)
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and the two numbers given for each mass assumption corresponds to Agr = 150(300)MeV
respectively. The contribution from b—u is included assuming a maximum value |V,;,/V|? =

0.02
If there are any lifetime differences between the b-hadrons, the origin of these differences
must lie outside the spectator model. The following non-spectator effects are expected to have

noticeable effects on the lifetimes of the various b-hadrons:
Quark interference which occur dominantly in the channels:

B-(bd) — cudu (1.24)
Ap(bud) — ciidud (1.25)

The diagram for the process 1.24 is shown if figure 1.4(a). All other B~ or A, decay
channels leading to identical (anti)-quark pairs are suppressed either by the Cabibbo angle,
the very small b—u coupling or by phase space. The interference is destructive and thus
leading to a lengthening of the lifetimes of B~ and Ay, in comparison with the spectator-
model prediction.

W exchange is a possible decay mode for hadrons containing a positive quark or anti-quark
in addition to the b-quark:

B(bd) — «ci (1.26)
B2(b8) — ct (1.27)
Ap(bud) — cdd (1.28)

Again all other exchange processes are suppressed by either Cabibbo angle or involve the
small b—u coupling. the diagrams for the decays 1.26 and 1.28 is shown in figure 1.4(b)
and (c). The above reactions tend to shorten the lifetime in respect to the spectator model.
For mesons however the effect is suppressed by helicity conservation.

Weak annihilation can only take part in B~ and B_ decays. In the B~ decay it is suppressed
by the weak b—u transition, while for the second case the BJ can make transitions to
ordinary b-hadrons via the decay of the c-quark.

The above mentioned processes leads to a qualitative hierarchy of lifetimes:
r(B~) > 7(B?) > 7(B°% > 7(Ap) (1.29)

From the above mentioned considerations it can be concluded that the spectator model
provides an appropriate framework for the description of inclusive weak decay properties of b-
hadrons. Non-spectator corrections, found to be on the level of unity in the c-sector, is expected
to drop to a level below 10% in b-decays. The total lifetimes of all weakly decaying b-hadrons
should therefore be equal to within a few to ten percent. Exceptions may be expected in the
mass eigenstates of the B? — B? system and for hadrons containing a c-quark in addition to the
b-quark.

There is however a lack of quantitative understanding of the c lifetime pattern and in the
extrapolation from ¢ to b mass range. For this reason the theoretical expectations outlined
above have large uncertainties. It is therefore important to measure the lifetimes of the various
b hadrons separately to clarify the lifetime issue experimentally.
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1.7 Analysis Objective

The primary objective of this analysis is to measure separate lifetimes of neutral and charged
hadrons containing a b-quark. No attempt is done in particle identification of the final states.
Because of this we are left with a somewhat larger sample than when the final states are fully
or partly reconstructed.

As explained above, the introduction of the Microvertex Detector makes this type of mea-
surement possible. The method is based on secondary vertex identification and charge counting.
By introducing very strict requirements on the quality of the event reconstruction, the error on
the charge due to wrongly assigned or lost particles in the decay vertex of the b-hadron is ex-
pected to be minimized. The vertex reconstruction does not include neutral particles. These do
not contribute to the charge, and the momentum carried by these particles is parametrized and
compensated for in the analysis. Figure 1.5 shows an event with a primary and two reconstructed
secondary vertices as reconstructed in the Microvertex Detector.

A high degree of purity of the sample in b-hadrons is obtained by introducing a requirement
on the invariant mass of the observed decay products. This leads unfortunately to a very poor
efficiency in recognizing the b-hadrons. Because of the method chosen the emphasis in the event
sample has to be put on the purity rather than on the efficiency of the selection. There are
expected to be no doubly charged B hadrons, as the b-quark charge is only —1/3. Hence the
number of multiply charged secondary vertices can be used as a measure of the charge confusion
probability. The final event sample can be analyzed to find separately the charged and neutral
lifetimes as well as the mean lifetime.

With the present size of available event samples this method is justifiable. It is however to
be expected that methods combining vertex and final state particle contents reconstruction will
be superior in precision as larger event samples become available. In this respect the unique
particle identification detectors of DELPHI should be particularly useful.



14

CHAPTER 1. INTRODUCTION

DELPHI -~

/

26024 / 1730 " P~ 7
/ Ay
/ " & s

[/
[

|

.................

DELPHI

26024/ 1730

Figure 1.5: Display of a b-hadron decay candidate from the Microvertez Detector, view along

the z axis.

The positions of the silicon planes are outlined as tangential lines at fized radii.

The circles and squares indicate the location of the hits on the silicon planes in positive and
negative z hemisphere. The vertices are indicated by stars. Some unassigned hits are visible in
the upper part of the detector. The two dotted lines are extrapolations of tracks that do not have
associated hits in the Microvertex Detector. Having an invariant mass of 0.01 GeV /c?, they
are most probably from a photon that converted outside the Microvertez Detector. The decay
distances are indicated by dotted lines joining the vertices. See also figures 2.4 and 2.5 where
the same event is shown reconsiructed in the whole of DELPHI.



Chapter 2

Experimental Apparatus

2.1 LEP

The decision for construction of the LEP accelerator and storage ring was taken by the, at
that time, 12 member states of CERN in December 1981. The civil engineering work started in
1983. It was the first electron accelerator built on the CERN site. The machine was commis-
sioned in august 1989.

The center of mass energy of the machine is chosen to be close to the Z° resonance peak at
91.16 GeV, and the machine is to day the most powerful tool for studying the electro-weak and
hadronic properties of the decays of the Z°.

Because of the energy loss due to synchrotron radiation the bending radius of the ring was
chosen as large as possible given economic and technical limitations. The circumference of the
machine is thus about 27 km and that makes it the largest accelerator ever built. W+W-
pair production at 174 GeV will be studied using LEP after 1994 pending the installation of
additional accelerating cavities to boost the center of mass energy to a maximum of 200 GeV.

Maximum beam energy: | 60 GeV
Injection energy: 22 Gev
Luminosity: 1.7 x 10%tcm~%s~!
Circumference: 26.66 km
Interaction Regions: 4

Particles per bunch: 4.16 x 101!
Mean current per beam: | 3 mA

Filling rate: 0.25 mA /min
Energy spread: 0.1%

RF frequency: 352.2 MHz
Acceleration period: 80 s
Revolution time: 88.9 us
Collision rate 22.2 us

Table 2.1: Parameters of LEP

15
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LINACS  (LIL)
200 MeV e

600 MeV e* ore”

Figure 2.1: The injection scheme for LEP. High intensity electron beams at an energy of 200 MeV
are used to produce positrons in a converter. Both electrons and positrons are accelerated to 600
MeV in a second linac and fed to the EPA. From there beams are injected into PS for acceleration
to 3.5 GeV before going to the SPS. The SPS completes their preliminary acceleration to 20 GeV
and injects them into the LEP ring. The abbreviations are explained in the text.

The electron and positron bunches are formed in the Lep Injector Linac!, LIL where they are
accelerated to 600 MeV/c. The bunches are stored in the Electron Positron Accumulator, EPA,
before being injected into the Proton Synchrotron, PS, and accelerated to 3.5 GeV/c. From
the PS the ete™ bunches are injected into the Super Proton Synchrotron, SPS, where they are
accelerated another step to 22.2 GeV/c. Finally the beams are injected into LEP accelerated to
nominal energy and stored. Figure 2.1 shows the main parts of the accelerator complex used in
providing the LEP electron beams. The lifetime of a fill is typically 4 to 8 hours. An excellent
review of the design and commissioning of the LEP collider is found in [36].

2.2 The DELPHI Experiment

DELPHI, DEtector with Lepton, Photon, and Hadron Identification, is a general purpose particle
detector consisting of a number of tracking, particle identification and calorimetric devices, most
of which are mounted in a solenoidal magnetic field parallel to the electron and positron beams
in LEP. Figure 2.3 shows a perspective view of the detector. The purpose of the tracking devices
is to reconstruct fully the trajectories of the reaction products from the e*e™ collisions. Given

!Linac; jargon for linear accelerator
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Switzeriand

France

Geneva Airport

Figure 2.2: The LEP accelerator location in France and Switzerland. The positions of the four
expertments, ALEPH, OPAL, DELPHI and L3 are indicated.
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Figure 2.3: Perspective view of the DELPHI detector, the different pars are: 1: Micro-Vertez
Detector, 2: Inner Detector, 3: Time Projection Chamber, 4: Barrel Ring Imaging Cherenkov
Counter, 5: Quter Detector, 6: High Density Projection Chamber, 7: Superconducting solenoid,
8: Time of Flight Counters, 9: Hadron Calorimeter, 10: Barrel Muon Chambers, 11: For-
ward Chamber A, 12: Small angle Tagger, 13: Forward RICH, 14: Forward Chamber B, 15:
Forward FElectromagnetic Calorimeter, 16: Forward Muon Chambers, 17: Forward Scintillator
Hodoscope,
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this information, together with the magnitude of the magnetic field, the particle momentum
can be found from the Lorentz formula. The particle identification devices uses the Cherenkov
light emitted when fast particles traverse a medium with a refractive index larger than one. The
calorimetric devices measures the energy of the particles by sampling the energy deposited when
the particles are absorbed in matter.

The DELPHI experiment is described in the technical proposal [37], and in a progress report,
[38], finally a description of the detector together with its performance after the first year of
running, is published in [39]. References to publications on design and performance of the
sub-detectors are also found there.

2.3 The Various Detectors of DELPHI

The DELPHI detector divides in three main parts, the barrel and the two end-caps. The
detector has full coverage in the azimuthal angle ¢. The coverage in polar angle is limited by
the beam tube. The barrel covers the region from 43° to 137° in polar angle 6. In the following
we refer to the z-axis as the axis along the beams and R as the distance from this axis in the
zy plane.

All the detectors in the end-caps lie outside the acceptance of the Vertex Detector and are
therefore not used in any of the work presented here. As details on DELPHI are published
elsewhere, only a brief description of the experiment is given here. The performance of the
barrel track detectors is found in table 2.2 and the calorimeters in table 2.3.

The detectors in the barrel are, starting from inside,

The Vertex Detector, which is described in chapter 3.
The Inner Detector, ID consists of two concentric layers:

1. an inner drift chamber with jet-chamber geometry, giving 24 R¢ points per track and

2. 5 cylindrical Multi-Wire Proportional Chamber, MWPC, layers, each with 192 wires
and 192 circular cathode strips. The wires provide fast trigger information and resolve
left /right ambiguities from the jet section. The strips give z information, also for the
trigger.

The jet chamber has 24 azimuthal sectors. The gas mixture together with field wire grids
on both sides of the sense wire planes and operation point were chosen to produce a drift
velocity proportional to R. The trigger information is therefore contained in a narrow
time-window (~100ns)

The Time Projection Chamber, TPC is the main tracking device in DELPHI. The track-
ing volume is from R = 23 cm to R = 120 cm and £150 cm in 2. Each end cap is divided
into six sectors with 192 sense wires and 16 circular pad row, in total 1680 pads.

The TPC provides three dimensional track information and measures the curvature of the
track from which the momentum of the particle can be calculated. In addition the energy
loss, dE /dz, by the particles traversing can be used for particle identification.

The Barrel Ring Imaging Cherenkov Counter, BRICH will provide hadron identifica-
tion over most of the momentum range by Cherenkov angle reconstruction from gas and
liquid radiators: 4.2 o separation for 7/K up to 18 Gev and for K/p up to 30 GeV. The
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Figure 2.4: Display of a Z° decay reconstructed in DELPHI, view along the z azxis. This is the
same event as is shown in figure 1.5 but here the Inner Detector, between circle 2 and 4 and the
TPC, the siz outermost large sectors, are included in the view. The Vertex Detector is located
between the two innermost concentric circles The hits in the detectors are indicated as small
crosses. The possible photon conversion that was indicated only as extrapolated tracks is here
visible in the right side of the TPC
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DELPHI Interactive Analysis
Beam: 45.6 GeV Run: 26024 DAS: 24-Aug-1991
03:06:57
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Figure 2.5: This is again the same event as is shown in figure 1.5 but here all the barrel detectors
are included in the view. Some activity in the HPC can be seen, with photons extrapolated as
dashed lines to the vertez. Hits are as well seen in the Quter Detector. The Hadron Calorimeter
shows activity from hadrons and from possible penetrating muons, which has given hits in the

muon chambers, upper right and lower left side of the picture.
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detector was however only operational during the last months 1991. In 1992 the detec-
tor was operational and is expected to improve the particle identification properties of

DELPHI considerably.

Outer Detector, OD is essential to provide fast trigger information on both R¢ and z and,
because of the small radius of the TPC, to improve the momentum resolution for fast

particles.

It is made up of 24 modules, 4.7m long and each containing 145 drift tubes in 5 staggered
layers. The modules overlap and provide full azimuthal coverage.

The High Density Projection Chamber, HPC is an application of the time projection
principle to calorimetry. It measures the three dimensional charge distribution induced by
electromagnetic showers and by penetrating hadrons and muons with good granularity in

all three dimensions.

The time-projection principle is realized by using the lead converter as field cage. The
ionization charge is then extracted on a single proportional wire plane at one end of each
HPC module.

The field cage/converter consists of 41 lead layers with 8 mm spacing giving a depth of 18
radiation lengths. Each layer is formed by trapezoidal lead wires sparated by insulator. A
voltage gradient between the lead wires provides a field of about 100 V/cm parallel to the
beam axis. The maximum drift length is 48 cm.

The HPC covers the barrel area inside the magnetic field from radius 208 cm to 260 cm
with 144 separate modules, using a segmentation of 24 in azimuth and 6 along z. The

polar angle coverage is 43° to 137°.

The Time of Flight detector, TOF, A single layer of 172 scintillator counters is mounted
just outside the solenoid. They cover most of the polar angle from 41 to 139°. The TOF
is used for fast triggering of beam events and to reject penetrating cosmic ray particles.

The Barrel Hadronic Calorimeter, HCAL, consists of 24 sectors with 20 layers of limited
streamer mode detectors inserted into the 2 cm wide gaps between the 5 cm thick iron
plates of the return yoke of the solenoid which functions as absorber. The readout is
segmented into pads. The pads are shaped to form towers pointing to the interaction
point . Each tower covers A¢ = 3.75° in azimuthal angle and Af = 2.96° in polar angle.
For triggering purposes logical combinations of groups of 4 x 4 towers are formed.

The Barrel Muon Chambers, MUB, is made up of two layers of drift chambers. The first
layer of 2 x 24 planks is inserted into the return yoke of the magnet after 90cm of iron and
contains 3 staggered drift-chamber planes. The second layer is mounted on the outside of
the yoke after additional 20 cm of iron. It consists of overlapping planks with clearance
for the passage of cables etc. The drift chambers operate in the proportional mode. The
signals are six-fold multiplexed into time digitizers. With 2 ns time digitation a resolution
of ory = 1.5 mm and o, ~ 1 cm is obtained.

The superconducting solenoid [40] sets up the magnetic field and is located between the
HPC and the HCAL. The solenoid has a nominal field of 1.23 T at a current of 5000 A.
The iron of the hadronic calorimeter functions as the return yoke of the magnetic field.

The End-Caps consists of:
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The Small Angle Tagger, SAT, consists of two identical calorimeters and a silicon track
detector. The system detects small angle Bhabha events that are used in the luminosity
determination. The calorimeters are mounted close to the vacuum tube on both sides of
the detector, covering the polar angle from 2.5° to 7.7°. A lead mask is mounted in front
of the calorimeter on one side and the tracking detector in front of the calorimeter on the
other side. The mask and the tracker defines the angular acceptance with high precision,
which is crucial in the luminosity determination.

The luminosity measurement is of great importance in the determination of the electroweak
parameters. However, for the analysis presented here, the luminosity determination is of
lesser importance.

The Forward Chambers A, FCA, provides tracking and triggering in the polar angle from
11° to 35° . It is actually mounted on both sides of the TPC and is mechanically a part

of the barrel.

The Forward Ring Imaging Cherenkov Counter, FRICH, uses the same principle as the
BRICH. The detector was however not fully installed for the data taking period in 1991,

and was not operational.

The forward chambers B, FCB, provides tracking and triggering information covering the
polar angle from 11° to 35° and greatly improves the momentum resolution in this region.

The Forward Electromagnetic Calorimeter, FEMC, measures electromagnetic energy
deposition in the polar angle region from 10° to 36.5° . It consists of two 5 m diame-
ter disks of 9064 lead glass blocks shaped as truncated pyramids pointing towards the
interaction region.

The Forward Hadronic Calorimeter, Forward HCAL, measures hadronic energy depo-
sition in the return yokes. The construction and operation is similar to that of the Barrel

HCAL.

The forward Hodoscope, HOF | consists of plastic scintillators inserted between the end-
cap iron and the second muon chamber plane. It improves the muon detection and trigger
efficiencies for beam events and cosmic rays, and provides the only trigger for beam related
muons.

The Forward Muon Chambers, MUF | cover the polar angle from 9° to 43°. The detector
has two planes, one inside the iron, behind 85 cm of iron, the other outside behind another
20 cm of iron. Each plane, 9 X 9m? consists of 4 quadrants, each quadrant consists of 2
orthogonal layers of drift chambers.
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Chapter 3

The Microvertex Detector

The philosophy behind the design was to construct the simplest possible detector given the
constraints of space, power consumption and useful performance for physics. Fixed target ex-
periments using silicon detectors had ample space for heavy support structures ensuring the
stability needed for precise track reconstruction. Requirements of full angular coverage in col-
lider experiments however prohibit any solid mechanical structure close to the interaction region.
An important feature was therefore that the silicon detectors were used both as sensing elements
and structural components.

In addition new type of silicon micro-strip detector was developed for the Microvertex De-
tector. A description of these detectors and tests they underwent is presented.

The micro-strip detectors are read using amplifier and multiplexing circuits designed specif-
ically for the detector in CMOS! VLSI? technology. The functionality of these circuits is ex-
plained.

Because of the importance of precise mechanics for the track reconstruction a detailed de-
scription of the mechanical design is given. The production of the components involved breaking
new ground in detector construction. A detailed account of the production procedure is therefore
given.

The detector was initially designed with two layers of microstrip counters, Outer and Inner
layer. The beam tube of smaller radius installed in 1991 allowed for the addition of a third layer
closer to the interaction point conveniently named Closer layer.

A thorough survey of the detector was done before commissioning. It proved to be of great
importance for the final alignment of the detector, which used particle tracks, to have a good
knowledge of the initial position of the detectors.

3.1 Silicon Microstrip Detectors.

The production of silicon micro-strip detectors is similar to the production of semiconductor cir-
cuits. Narrow diode strips are made either by ion implantation or by deposition and subsequent
diffusion on the polished surface of a high resistivity silicon wafer in a geometry determined by

1CMOS: Complementary Metal Oxide Semiconductor, a method of making integrated circuits on silicon wafers

[41].
2VLSI: Very Large Scale Integration, several tens of thousands transistors are integrated on one single chip. [42]

26
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Figure 3.1: Operation of silicon detectors. Holes created by the traversing particle drift in
the eleciric field towards the sirips. In our case every second sirip is connected to low noise
amplifiers. The electric field is directed towards the diode strips, the magnetic field in DELPHI
is indicated and normal to the figure plane. (All dimensions in pm).

photo-lithographic technique. On the other side of the wafer a thin layer, strongly doped? to
the same polarity as the bulk silicon, is formed. The high resistivity of the substrate ensures
a sufficient low depletion voltage to avoid problems with break down due to excessive electric
field in the substrate. This method of making position sensitive radiation detectors was first
developed by Kemmer [44].

Some early applications of silicon microstrip detectors are published in [45-49] An histor-
ical overview, additional details on the principles of operation of silicon detectors and further
references are also found in [50,51].

The detectors are operated by depleting the substrate of free charge carriers and thus creating
an electric field in the bulk silicon. A traversing charged particle ionizes the material creating
electron-hole pairs which drift in the electric field. In the case of a weakly n-type substrate and
p-type implanted diode strips, the electrons drift to the strongly n-doped side and the holes to
the diode strips. The charge on the strips is detected with low noise charge sensitive amplifiers.

3Pure silicon, also called intrinsic, is at room temperature a semiconductor, parts of the conduction
band is filled. By adding very small amounts of impurities, doping, with a different number of valence
electrons the resistivity of the intrinsic silicon can be reduced. n doping refers to adding an element
with more valence electrons thus increasing the conduction band population, p doping refers to adding
an element with fewer valence electrons thus inducing vacant orbitals in the valence band. This vacant
orbital, or hole, acts in an applied electromagnetic field as if it has charge et and an effective mass

m"* [43]
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Figure 3.2: Landau spectrum from the detectors from beam events. Horizontal scale energy
deposition in units of 0nese The peak corresponds to the most probable energy deposition, which
is 84 KeV for 30 GeV /¢ pions [54]. The spectra shown includes however particles in the range
(1-45) GeV/c. The pulse-heights, PH, have been normalized to the minimum track length
in traversing the silicon at different incident angles: PH = PH/[sin6, where 0 is the angle
between the silicon plane and the track. The spectra are however broadened because of small gain
variations between the detector modules. The peak positions are 13, 15, and 12 for the three
detector layers: Closer, Inner and Quter layer respectively (see section 3.10 and 8.14).

The energy spectrum of the ionization charge from high energy particles follows an approxi-
mate Landau distribution [52,53]. Figure 3.2 show the pulse height spectrum in units of RMS, ;.
obtained with the microstrip detectors in DELPHI. The pulse heights have been normalized to
the minimum track length in traversing the detector at different incident angles. The shown
spectra deviates from the true Landau distribution because of ionization effects, amplifier noise
and gain variations between channels.

3.2 Capacitively Coupled Silicon Microstrip Detectors.

Using conventional silicon microstrip detectors together with integrated read-out electronics
implies that the leakage current of the individual strips are fed directly to the preamplifier
input. Because of space limitations and because one needs several tens of picofarad to avoid
signal losses by capacitive coupling to the n-side, it is not possible to use discrete coupling
capacitors between the diode and the amplifier. The leakage current per strip may vary by a
factor up to 1000 across one detector. This does not create problems with the spatial resolution
as long as the current stays below about 200 nA /strip, but the leakage current introduces base-
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line variations across the detector and requires an ADC with a large dynamic range.

To overcome these problems a microstrip detector with integrated coupling capacitors was
designed for the Microvertex Detector* The production method of these detectors and results
from a test in a high energy particle beam is published in [55]. These detectors are made on
n-type silicon of a resistivity of 3-5 k{lcm leading to a depletion voltage of 60-100 V. The strips
are formed by boron deposition and diffusion to a concentration of about 10'® atoms/cm3. The
diodes are 7 pm wide and are spaced 25 pm apart. The diffusion side of the detector is covered
with silicon-dioxide of thickness 200 nm on the diode strips and 1 pm elsewhere. Each diode is
connected through an opening in the oxide to a bias-resistor formed of poly-crystalline silicon,
from now on simply called poly-silicon, on the oxide surface, with every second strip connected
on either end. All the bias-resistors are connected to a common metal line on the supply side.
Every second diode is, on top of the thinner oxide, covered by a 5 um wide aluminium strip.
The aluminum strips have 2 bonding pads in both ends for connection to the amplifiers. The
thinner oxide is thus the dielectric of a capacitor with the diffusion line and the metal line as
plates, see figure 3.4. A guard ring of p-diffusion runs around the active area.

The detectors were produced in three sizes: 26 X 60 mm?, 33 x 60 mm? and 53 x 20 mm?,
having 1281, 1025 and 768 diode strips respectively of 7 pm width and 58000 pm length for
the Outer and Inner and length 52000 um for the Closer layer. Figure 3.3 shows the layout
of a corner of a detector. The double set of bonding pads gives the possibility to do a second
bonding for repair purposes. Note as well that the sensitive area extends under the bond-pads.
This is only possible on capacitively coupled detectors since the bond-pads are insulated from
the diode strip.

In the case of capacitively coupled detectors the output signal is given by [55,56]:

v ‘;Q — (3.1)
e VG |(&) +1]+C

where V,, and V,, is the output signal and noise voltages respectively, AQ is the ionization
charge, Cy is the amplifier feedback capacitance, C. is the coupling capacitance and C), is the
capacitance from the diode strip to the n-side of the detector, C;, and capacitance to neighboring
strips, C;, lumped together. Only the capacitance to the nearest neighbors is taken into account:
1 1 1
'5; = —C','; + 'C—,: (3.2)
We do not want to loose any charge on the amplifier input by the introduction of the coupling
capacitor, compared to a situation with direct coupling of the strips to the amplifiers. The ratio
C;/C, should therefore be kept small. The physical location of the various capacitances on the
detector is shown in figure 3.6.
In order to maximize the signal to noise we observe that:

*The detectors were designed, in cooperation with the Microvertex Detector Group, and produced by
Center for Industrial Research, SI, Oslo, Norway

Figure 3.3: (Colour inset), Micro-photograph of a capacitively coupled Silicon detector. The
white rectangles are the bonding pads, 60 pm X 100 pm for connection to the amplifiers. The
darker lines are the 7 pm wide diodes which are spaced 25 um. FEvery second diode covered with
aluminium which appear as white lines. The bias resistors are the S shaped lines. The common
bias line is the outer wide metal line. The guard ring is seen below the bias-resistors.
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Figure 3.4: Operation of capacitively coupled Si detectors. The preamplifier is not directly coupled
to the diode strip, instead a capacitor, C, = T0pF is formed by the diode and the metal line and
a dielectric of ~ 200 nm thick silicon-diozide. The diode is here shown with its equivalent circuit
of a resistor, Ry ~ 1 GOhm, in parallel with a capacitor C; = 1 pF The diode is depleted by a
positive voltage applied to the n-doped side. The other components are discussed in the text.
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Figure 3.5: Circuit diagram used in the calculation of signal, V,,, and noise, V,,, output voltages.
C;,C;,C,,Cy are the feedback, inter-strip, coupling and capacitance to the n-side respectively.
V, = V,, + V,,, is the output voltage V,, is the input noise voltage.
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Figure 3.6: Physical location of the detector capacitances on the detector. C. is the coupling
capacitance between the aluminium and diode lines, C1 the capacitance between the aluminium
lines, and C2 the capacitance between diode strips. The +— symbols indicate the polarity of the
charge induced by radiation in the material on both sides of the silicon silicon-diozide interface.

1. The capacitance C, should be minimized, since the signal to noise ratio depends almost
linearly on 1/C, when C;/C, is small.

2. For C;/C. small the signal to noise is almost independent of C,

We have measured the relevant capacitances on prototype detectors. C; was measured to
be below 5.0 pF, C}, to be below 1.1 pF and the C, to be at least 15 pF. The feedback ca-
pacitance of the amplifiers is specified from the manufacturer to be 0.4 pF, see table 3.1. From
the measurements we are convinced that we do not loose any significant charge on the coupling
capacitor. These results are published in [55]. On later production batches the coupling capac-
itance was increased to about 70 pF through reducing the thickness of the oxide between the
metal lines and the diffusion lines, see figure 3.8, [57].

3.3 Effect of Radiation on Detector Capacitances

We have seen that control of the detector capacitances is of great importance when improving
the detector performance. We therefore wanted to know if radiation could change any of these
parameters, and possibly reduce the performance of the detectors.

The detectors used for the radiation damage studies were smaller versions of the detectors
produced for DELPHI. They were made on the left-over space of the same wafers as the detectors
used for DELPHI and consisted of 257 diodes each 39 mm long. Except for the smaller size the
geometry was exactly as for the detectors used in DELPHI.

The radiation effects were studied using a 595t ° source of an activity of about 400 MBq
emitting electrons with an energy spectrum up to 2.283 MeV. The coupling capacitance, poly-
silicon line resistance and inter-strip and depletion layer capacitances were measured before

5 99Sr —33Y emitting e~at 0.546 MeV with a half-life of 28.5 year, the 29Y emits e~at 2.283 MeV. Both
processes occur with 100% probability
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Figure 3.7: Poly-silicon resistance before and after irradiation, from [57].
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Figure 3.8: Coupling capacitance before and after irradiation, from [57].

and after radiation. The results are published in [57], a summary is included because of the
importance for the detector performance.

A decrease of about 6% was observed in the poly-silicon line resistance after a dose of 123
krad, see figure 3.7. The lattice damage due to the radiation mimics the addition of an acceptor
giving an apparent increase in doping level. This apparent increase in doping level in turn leads
to a reduced resistance of the poly-silicon.

The coupling capacitance C. between the aluminium strip and the diode was measured by
injecting a charge to the diode through the contact hole and measuring the decay time. No
systematic change was observed before and after irradiation, see figure 3.8.

The depletion layer capacitance was measured using a bridge with a generator frequency of
100 kHz. The capacitance of 39 aluminum strips against the n-doped side was measured as a
function of the bias voltage and is shown in figure 3.9. This gives a capacitance of about 1 pF
for one strip of 39 mm length with the pitch of 50 um. After a dose of 190 krad the depletion
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Figure 3.9: Depletion layer capacitance before and after irradiation as a function of bias voltage,
from [57].
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Figure 3.10: Capacitances between aluminium strips before and after irradiation as a function
of bias voltage, from [57].

layer capacitance increased by about 10 %.

The capacitance between one aluminum strip and its neighbors, the inter-strip capacitance,
C;, have been measured with the same bridge as well. At full depletion the capacitance was
measured to be 2.5 pF before irradiation and 6 pF after 190 krad of irradiation. Figure 3.10
shows the results as a function of bias voltage.

The inter-strip capacitance can be regarded as the sum of two parallel capacitances, see
figure 3.6: one with coupling through air and Si0,, C;, and one through the silicon, C5. The main
contribution comes from C,, composed of two coupling capacitances, C,, Aluminum to silicon,
of about 70 pF in series, and the serial capacitance of the 3 diffusion lines. The presence of an
electron accumulation layer generated by positive charges in the Si-SiO, interface complicates
this picture, and is, as we will see later, of great importance. The contribution from C, is
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negligible

The radiation creates additional positive charges in the oxide silicon interface, thereby in-
creasing the accumulation layer. The effective distance between the diodes is reduced by the
increased accumulation layer, causing the observed reduction in inter-strip capacitance.

3.4 Effect of Radiation on Detector Leakage Current

The capacitively coupled detectors are completely covered with oxide and a different behavior
compared to DC coupled detectors in response to radiation damage might be expected. The p*
diffusion lines are completely covered with SiO,, radiation induced charges in the oxide might
therefore directly alter the behavior of the lines. [41].

A detector with the low leakage current of 40 nA was chosen for these studies. It was
depleted at 40 V and the aluminum strips were left floating during irradiation. After 200 rad an
increase of leakage current to 18 uA was observed. A close inspection revealed that most of the
leakage current was due to the diffusion lines covered with aluminium strips. We explain this
radical behavior as follows: The radiation creates electron-hole pairs in the SiO,. Charges on
the floating surface induce an electric field. Under the influence of this electric field a fraction
of the electron-hole pairs will separate and the electrons will drift towards the surface and the
holes towards the SiO,-Si interface, where some of them get trapped. The build up of positive
space charge at the interface induces a depletion zone in the p* diffusion zone. As the build up
of positive charge continues an inversion layer of electrons is formed at the interface. When a
high enough space-charge has formed avalanche break-down occur in the field induced junction
and a channel current flows from the electron inversion layer to the back-plane. The electrons
created under the aluminium will accumulate on the aluminum surface whereas the electrons
created in the non-aluminized oxide will accumulate on the oxide surface close to the Si-SiO,
interface neutralizing the positive trapped charge. A much higher dose is therefore needed to
make the field induced junction on these strips.

After irradiating one detector where the aluminium strips were kept at the same potential as
the diffusion lines we observed a different behavior. The leakage current increases from < 50 nA
~ to 1.1uA after a dose of 850 krad. The conclusion of these tests was that to minimize radiation

damage the aluminum and the p* should be kept at the same potential, or with negative potential
on the aluminium with respect to the p* lines.

3.5 Accepténce Tests.

We experienced that some detectors had faults coming from the photo-lithographic production
method. Typically the faults were interrupted or short circuited diode or metal lines. These
faults would reduce the resolution and efficiency off the detectors and should be kept as low as
possible. These types of faults were found by visual inspection.

For reasons of stability and noise the leakage current of the detectors must be kept below a
few micro ampere per detector. Measuring the electric parameters of all detectors enabled us to
select the best ones.

The acceptance tests of the detectors therefore consisted of:

Visual inspection of the detectors. The inspection was done on all detectors received from
the producer and consisted of scanning the whole detector surface under microscope.
Faults in the lithography like interrupted or short-circuited diodes or aluminium lines
were searched for and recorded.
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Figure 3.11: Results from acceptance tests, (a): number of pinholes, (b): number of surface
defects, (c) leakage current diodes, (d): leakage current guard ring.
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Figure 3.11(b) shows results of visual inspection of 499 detectors. The shaded region
represents the fraction of the detectors that were used in DELPHI in 1990. In addition
the alignment of the diffusion and the aluminium lines was checked and the thickness of
the detectors was measured. We had experienced misalignments on earlier detectors. On
the production batches this turned out not to be a cause of rejection. The thickness was
uniform to within 10 gmand no detectors were rejected because of that.

Electrical tests. The resistance of the poly-silicon resistors was measured on teststructures on
each wafer and on the detectors themselves. Pinholes in the thin oxide were detected by
measuring the resistance between the bias strip and the aluminium strips. The resistance
should be greater than 10*2 Ohm indicating no pinholes. The connections to the aluminium
strips were made by pressing a piece of conductive rubber® onto the surface of the detector.
Knowing the poly-silicon resistance for one strip the number of pinholes can be deduced

by adding the resistors.

The coupling capacitance was measured on test-structures in order to give an estimate of
the thickness of the thin oxide.

For each detector the leakage current under full bias voltage was measured over a period
of a few days.

3.6 The Precision of the Diode Lines

The position of the implant edge was measured on 4 randomly selected detectors and on one
photo-mask used in the photo-lithographic processes in the production of the detectors. Two
of the detectors were of the same type as the one used in the Microvertex Detector. The other
two were made by Micron Semiconductor, United Kingdom and Max Planck Institut Munich,
Germany respectively. We wanted to be sure that the diffusion lines were at least straight within
the precision of which the impact of charged particles could be measured by the detectors.

The measurements were done with the microscope set up which is described in section 3.9.
The z axis is along the strips and the y axis is perpendicular. The zy points were recorded along
the strips with 2 mm spacing in 6 passes on each detector. The last 3 passes were done with the
detectors turned 180° to remove any systematic shift caused by the translational stages. The
measured points were fitted to a straight line for each pass and the fitted line was subtracted
from the data to remove any slope caused by the strips not being parallel to z.

Figure 3.12a shows the mean residual in y for each measured point in z. The point error in
y direction is 1.1 gm. Jumps in y direction of 2-3 pym is observed indicating that the diffusion
line is not straight on the 1 pm level. Our precision in track reconstruction is about 7 micron
and this effect has not been taken into account.

Figure 3.12b shows the same measurement done on a photo-lithographic mask that was used
in the production of the detectors. There is however no obvious correlation between the two.

3.7 The Preamplifier and Multiplexing Chips.

The only possible way to read out a large number of silicon microstrip detectors in the space
available in a collider experiment is to use amplifiers with multiplexed readout of many channels,

®The rubber is made conductive by adding a powder of conductive material in production of the rubber.
Electrical conduction is achieved by the contact between the conductive grains. The conductivity is very high
compared with the silicon oxide, but somewhat lower than that of a metal.
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Figure 3.12: (a) The mean y position of the diffusion line along x for three repeated measurements
on one detector produced by SI and (b) the same measurement on a photo-lithography mask used
in the production of the detector. The error bars in y is the RMS for each = bin.

typically 128 in each circuit, realized as Very Large Scale Integrated circuits. Integrated readout
electronics spaced close to the detectors bring other advantages too. The number of cables going
to the detector is reduced by a very large factor. Since the electrical connections between the
readout lines on the detector and the preamplifiers are short, typically 1 - 2 mm, the capacitance
between the readout strip and ground is not increased, preserving the already weak signal from
the detectors. For the Microvertex Detector a dedicated circuit, named MX3 was designed by
Rutherford Appleton Laboratory, RAL, in the United Kingdom, and produced by MIETEC,
Belgium, using a 3 pm radiation resistant CMOS process’ [59].

The narrow input pitch realized on the amplifier side in order to match the spacing between
the readout lines on the detector necessitated a 2 layer bonding scheme for the detector to
amplifier connections. In the present configuration an integration time of 1 ps is desirable for an
acceptable signal to noise ratio. Actual integration time used in DELPHI is however 2.5 us to
avoid inducing pick-up of the chip control signals in the Inner Detector sense wires. The Inner
Detector has a sensitive window of 2.5 us to measure the drift of the electrons, in this window
it is sensitive to pick up from external sources.

The chips feature double correlated sampling®, and requires 6 control signals. The overall
sequence consists of a data capture cycle and a readout cycle, see figure 3.13.

Data capture During the data capture cycle the RESET signal goes low and enables the
preamplifier. Just before Beam Cross-Over, BCO, the pulse S1 is given to sample the
output of the preamplifier onto the capacitor C1. After BCO, S2 is given to sample the
output onto C2. The signal is the difference between the charges on C1 and C2. If no
readout decision is taken, the cycle repeats itself synchronous with LEP.

"The 3 pm refers to the minimum gate length of a single MOS transistor possible in the fabrication process.
This value is closely connected to the maximum speed and radiation resistance that can be obtained [58].

8The output from the integrating amplifier is sampled before and after an expected input signal on two separate
capacitors, the signal is then the difference in charge on the two capacitors.
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number of channels: 128

power consumption: 55 mW
band-width: 1 MHz
integration time: 1 ps

readout frequency: 3 MHz
feedback capacitance: 0.4 pF

gain: 51 dB

Miller Capacitance:® 150 pF

gain spread one chip: 3%

gain spread chip to chip: 10 %

ENC® bare chip: 1000 electrons
ENC connected to detector:® | 2000 electrons
radiation hardness powered:? | 3 krad
radiation hardness unpowered | 10 krad

size 6.4 mm X 6.4 mm
input bonding pitch = 50 pum

“The Miller Capacitance is defined as the capacitance an external circuit sees at the input of the amplifier.

*ENC: Equivalent Noise Charge, is a measure of the noise of an amplifier in terms of the charge induced
by a traversing high energy particle. The most probable signal for a minimum ionizing particle traversing a
300 pmsilicon detector is 24000 e™. A noise of 2000 e~ therefore gives a signal to noise ratio of 12.

°The amplifier was connected to a detector with 6 cm long diodes and 25 pm spacing between the diodes.
Every second diode was connected to an amplifier at either end of the detector.

9No significant change of parameters from an operational point of view.

Table 3.1: Technical Specifications for the MX3 circuit as provided by the manufacturer, from

[59].
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Figure 3.13: Architecture of a single channel of the MX3 amplifier and multiplez circuit.

]

RCSET

SIGNAL

CALIBRATE

|

! !
oP OUTPUT ! |
i
|

l
! !
| |
I I
| |
i il
! !
I |
! I

NI RPN, SR

e de e e e o e e o s s i i

Figure 3.14: Control signals for the MX3 circuit.



40 CHAPTER 3. THE MICROVERTEX DETECTOR

N Inner layer module. Mass of the components:
item material no mass (g) | sum mass (g)
detector Si 4 1.04 4.16
hybrid Al,O3 2 1.88 3.76
reference cylinder | 58%Cu 39%Zn 3%Pb | 2 0.23 0.46
Carbon Fiber SiC 110.41 + 0.96 1.37
Total 9.75

Outer layer module. Mass of the components:

item material no mass (g) | sum mass (g)
detector Si 4 1.24 4.96
hybrid Al;, O3 2 2.33 4.66
reference cylinder | 58%Cu 39%Zn 3%Pb | 2 0.23 0.46
Carbon Fiber Si C 110.41+ 0.96 1.37
Total 11.45

When weighed each type of module was found to be:

4 chip module: 12.25 g
5 chip module: 14.15g

Table 3.2: The various components of the detector modules have been weighed. The discrep-
ancy between the sum of the mass of the components and the measured mass of the modules is
attributed to components that were not weighed: the capacitors, the chips, glue and the silicon
connecting pieces.

Readout When a readout decision is taken, the capture sequence is interrupted after S2 and a
single pulse is fed to the control input of the shift register RBI, Read Bit In. The clocks
PHIE1 and PHIE2 drives the shift register forcing the RBI to ripple through the register
and connects the A1, A2 lines to the C1 and C2 of the respective channels. The A1l and
A2 lines are fed to external buffering circuits.

The analog signal is found by subtracting Al from A2. By connecting the RBO (Read
Bit Out) of one chip to the RBI of another and connecting together the respective A1 and
A2 lines of the chips several chips can be connected together. The digitization of the signal is
synchronized with the PHIE1 and the PHIE2 signals. Pulse counting then gives the channel
to strip number correspondence.

3.8 Detector Modules

The detector modules consist of 4 silicon detectors attached at each end to hybrid circuits
on a ceramic (Al,O3) substrate. The hybrid circuits carries the MX3 chips, 4 chips for the Inner
and 5 for the Outer layer. The MX3 chips are glued onto the hybrid with conductive epoxy
and the connections between the chips and the hybrid are made with wire bonding from the
hybrid to the chips. The power supply and driver signals as well as the analog output signals is
connected via a Kapton cable, about 7 cm long, soldered to the edge of the hybrid.
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dimensions in mm

Figure 3.15: Schematic drawing of the detector modules. The readout chips are seen as squares
in each end of the modules. The bond wires are indicated. There are 128 bond wires in two
layers between each chip and detector.

Si detector
\ "
Figure 3.16: Cross section through /-
the detector modules. Si joining piece
Carbon Fibre bar

Si reinforcing strip
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Figure 3.17: Schematic drawing of the microscope and the assembly bench, view along the y axis.
The microscope is fized overhead and can only move in the z direction.

On the backside of the detectors, in the length of the 4 detectors, runs a 200 pym thick carbon
fibre reinforcing bar with a trapezoidal cross section. The bar is not attached to the ceramic
substrates. 2 mm wide and 300 pum thick silicon strips are glued to the top of the carbon fibre
bar. These strips both increase the rigidity of the module with roughly a factor of 4 and ensures
that the module does not get bent due to differences in the thermal expansion coefficient of
silicon and carbon fiber.

We wanted to do a thorough survey of the modules and the detector before installation in
DELPHI. The survey had to be done using different equipment, the modules would be measured
using a microscope, while the detector would be surveyed with a machine touching the detector.
To get a connection between the microscopic measurements and the macroscopic measurements a
precision cylinder was placed on each hybrid. This cylinder could be measured by both methods
and thus provided the microscopic to macroscopic link.

The modules are fastened to the end rings by means of two screws through the hybrids in
each end. The modules are the only mechanical connection between the two end-rings. Figure
3.15 shows a schematic drawing of the inner and outer detector modules, a cross section through
the modules is found in figure 3.16.

3.9 Production of Detector Modules.

We had to develop new production methods to guarantee the best possible precision of the
detector modules. A major difficulty was our decision not to introduce extra material in the
detector acceptance in addition to the silicon detectors.

The assembly procedure was set up with the following goals:

1. Achieve an alignment of the sensitive elements in the module plane of the same order as
the spatial resolution of the detectors.
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z direction y direction
table TCB 200-400 TCB 160-200
step size: 10 pm 1 pm
global precision: | 2 ym 2 pm
positioning error: | (6um + 10™® X z) | not specified

z is travelled distance in micron.

Table 3.3: Manufacturers specifications of the movable tables used in the assembly

2. Achieve an highest possible degree of flatness of the modules, preferably the modules
should be flat to within 20 pm.

3. Assemble the modules onto the end rings without introducing any stress in the assembly
that may distort it.

4. Make it possible to assemble the modules within the strict time limits given. Delays in the
production of detectors eventually had the consequence that the production finally had to
be done in two shifts.

5. Ensure the highest possible safety for the detectors.

None of the surface features of the microstrip detectors are visible to the naked eye, all the
work therefore had to be done under microscope. Precautions had to be taken during handling,
the detector surfaces are extremely sensitive to mechanical damage, scratches etc.

The assembly bench, figure 3.17 consists of two precision step-motor translation tables,
a metallurgical microscope and two jigs for holding and manipulating the detectors during
mounting. The translation tables are mounted perpendicular on top of each other with a step
size of 10 pm and 400 mm of travel distance along the strips, z direction, for the lower one
and step size 1 ym and 160 mm of travel distance perpendicular to the strips for the upper, y
direction. A precision manual rotary table, ¢ direction, was attached to the upper, y, carriage.

Two different jigs carrying the detectors and the hybrids could, one at a time, be mounted
on the rotary stage. Each jig consisted of one fixed part attached to the upper rotary table,
and one separately movable, in z, y and ¢ direction. The microscope was fixed overhead of the
translational and rotational stages and could only be moved perpendicular to the detectors, z
direction.

The assembly proceeded in several steps, which were identical for the two types of modules:

Selection of detectors were done on the basis of visual inspection and electrical tests, see 3.5
for details.

First Alignment of two detectors to each other with the strips parallel. using the microscope
set-up. After alignment two 2 X 6 mm? aluminized silicon pieces were glued across the
gap between the two detectors onto the backside in each adjacent corner of the detectors,
using fast setting epoxy (Araldit Rapid) and conductive epoxy (Esolder). The two different
epoxies were used because the conductive epoxy needed at least 12 hours for setting, which
our production schedule could not tolerate. The aluminated side was facing the detectors
to give electrical connection between the backplanes of the two detectors.
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Attachment of the hybrid circuit. After that the fast epoxy was hard (3 hours), the two
detectors were aligned to a fully tested hybrid circuit. The hybrids had one precision
machined edge that functioned as a reference. Connection from the hybrid to the backplane
of the detector was done with the same conductive epoxy as above applied on the corner
of the hybrid, while Araldit Rapid was used along the adjacent edges of the hybrid and
the detector. After the application of epoxy the detector/hybrid assembly was moved to
give an overlap between the hybrid and the detector of about 3 mm. The alignment and
dimensions were again checked and readjusted if necessary.

Functional test and calibration. We have now what is called an half module. After wire
bonding the half module is by itself a complete detecting element and was as such tested
and characterized before the assembly could proceed by joining two half-modules into a
full module. The tests consisted of a scan across the surface with a pulsed laser beam
focused to a spot &~ 10um in diameter on the detector surface. The gain for every strip
were recorded as well as any dead strips were located for eventual use in the analysis of
data from beam events.

Second alignment The half modules were assembled into modules in a similar fashion by
aligning the two half modules to each other and gluing them together with aluminized
silicon pieces as was done initially with the two detectors in a half module.

Carbon fibre bar attachment. The last step in the assembly was to glue the carbon fibre
bar to the backside of the module. A difficulty was the bond wires on the top surface
which prohibit laying the module upside down. A third jig was used for this operation.
The procedure works by sucking the module down onto the carbon fibre bar.

Prior to this the silicon pieces, 2x57 mm? were attached to the carbon fiber bar. The
carbon fiber bar was immediately placed in a slit in the vacuum and the module carefully
lowered by hand onto the jig. The vacuum was turned on and the module was sucked onto
the jig making a firm contact with the carbon fiber bar. The module was kept on the jig
for at least 3 hours, if possible overnight.

One problem was that the carbon fibre bars were not very straight. Our hope was that
the precisely machined surfaces of the vacuum jig would ensure the flatness of the module
during and after the epoxy had hardened.

After the carbon fibre step the modules underwent a visual final check out under the micro-
scope and a functional test.

3.10 Overall Detector Mechanics

The original detector was designed to fit in between the inner radius of the Inner Detector
(116 mm) and the outer radius of the beam tube (80 mm). The limited space and the installation
procedure were the main constraints for the mechanical layout. For the 1991 running period a
beam pipe of radius about 55 mm was installed. This gave space for the addition of another
layer of microstrip detectors. This additional layer is described in section 3.14.

The overall shape of the detector is two hollow vertically split half cylinders of length 304 mm
with inner radius of 82 mm and outer radius of 110.5 mm. The read out of the electronic signals
is to one axial side of the detector. which is connected via flat cables, made as copper strips on
Kapton substrate, to repeater electronics located about 100 mm axially from the detector, still
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Figure 3.18: Schematic drawing of the Microvertez Detector. When installed in DELPHI the
half shell is standing with the split vertical.

Half shell Inner Detector

Figure 3.19: Schematic drawing of
the support of the 1990 Microvertez
Detector. The angular brackets show
the positions of the support skates and
rails in the Inner Detector. The scale
of drawing is 1:4
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inside the Inner Detector. The repeater electronics mechanically consist of two half shells each
made up of 6 printed circuit boards that fit in between the beam tube and the Inner Detector.

The installation was done with the beam tube in place inside the Inner Detector. During
installation the tube was supported by a wire attached to the inside of the TPC support structure
and to a ring around the tube at the entrance to the Inner Detector. Because of this arrangement
the detector and the repeater had to be divided along the vertical to make the installation
possible. The detector and the repeater was put in place by pulling each detector and repeater
half shell into the inner detector. The whole assembly rested on skates sliding on carbon fiber
bars previously installed in the Inner Detector, see figure 3.10. Because of the circular ribs on the
beam tube and since it was not perfectly centered in the Inner Detector it was necessary to move
the tube during the installation. This was done by hand when the person pulling the detector
and repeater assembly felt increased resistance on the strings. The tube did not have any ribs
in the central region and when the detector reached its proper position it would fit snugly in
between the ribs ° leaving the necessary free space between the beam tube and the detector.
There is no solid mechanical connection between the two detector halves after insertion. There
is an overlap of the sensitive areas of the two halves which allows us to align them relative to
each other using charged particle tracks.

The repeater and the half shell was connected with the Kapton cables and a short string
while being inserted. Each half-shell, both the detector and the repeater was equipped with 4
skates, two at the bottom and two at 90° from the bottom.

Each of the detector half-shells consists of 2 end-rings onto which 24 detector modules are
mounted in a paddle-wheel like geometry. There are two concentric layers of detector modules,
each layer having 12 modules with adjacent modules overlapping each other. The 4 chip wide
modules is mounted closest to the beam tube. The two layers will hereafter be called Inner and
Outer respectively.

The end-rings are made of high stiffness aluminum alloy machined to high precision by the
electro-erosion technique. The end-rings function as well as support for the cooling channels,
see section 3.13. An end-plate are fixed to the end rings on the side pointing outwards along
the beam-pipe. The end-plates support the 4 skates, the two covers and a flexible circuit-
board distributing power supply, clock signals and buffering the analog output signals before
the repeater electronics.

Each half shell is covered by two covers, one at the inner radius and one at the outer radius,
consisting of a sandwich of Rohacell (thickness 1 mm for outer cover and 0.8 mm for the inner
cover) foam and high stiffness 20 pm thick aluminium foil. Adequate mechanical protection and
electrical shielding is thus obtained with a mass of about 20 mg/cm? inside the acceptance of
the detector. Each cover is attached to the rigid mechanical structure via spokes and held in

It has to be mentioned that the need for moving the tube initially caused concern for the engineers responsible
for the tube. When they soon learned that the detector probably was more fragile than the vacuum tube they let
the Vertex Detector Installation Team take care of moving the tube themselves.

Figure 3.20: (Colour inset) Photograph of a module for the Outer layer. The hybrid circuits
with the readout chips are seen in each end of the module consisting of 4 silicon detectors. The
Kapton foils with the external signal lines are seen attached to the hybrid circuits.

Figure 3.21: (Colour inset) Close up photograph of a module for the Outer layer. The five
readout chips are seen together with some external components. The cylinder used for alignment
purposes is seen surrounding one of the screw holes of the hybrid circuit.
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Item material no | mass (g) | sum mass (g)
4 chip modules 24 12.25 294.0
5 chip modules 24 14.15 339.6
screws M1.6x3 69%Fe 17%Cr

12%Ni 192 0.10 19.2
End Rings Al 4 137.50 555.0
End plates including
spokes and screws Al 4 59.30 237.2
Inner cover AlICH 2 16.0 32.0
Outer cover AlCH 2 26.8 53.6
Bend-Flex 4 34.0 136.0
Short Kapton 24 1.1 26.0
Long Kapton 24 1.8 43.0
cooling tubes PVC 16m 33g/m 528.0
cooling water 125¢m®*H,0 1g/cm?® 125.0
total 2388.6

Table 3.4: Mass of the Microvertex Detector. The table shows the contributions to the mass of
the detector from the various components.

place by screws. The outer covers have holes for the optical position monitoring system, see
section 4.7. Each of the repeaters are covered at the outer radius with similar covers for electric
shielding.

3.11 Readout Segmentation

The read out strips are all wire bonded to separate preamplifiers, which are grouped together
128 at the time on the MX3 chips. The outputs of the 128 channels are on the chips connected
to a 128 channels deep analog shift register, which is chained to other MX3 chips. The 4 chips on
an inner half module is multiplexed together with 5 chips on an outer half module to form one,
half in z, 15° in ¢ sector with a single 1,152 cell shift register. The signals from this read-out
sector is then buffered into twisted pair cables, one pair for each sector.

Each sector is connected to one readout unit, positive and negative z side to separate inputs,
such that each readout unit reads out one 15° sector for the Inner and Outer layer.

3.12 The Repeater Electronics.

The repeater electronics distribute the power supply to the chips, receives the clock signals
from the control room on twisted pairs, converts them to TTL levels and fans the signals out to
the MX3 chips. It Receives the analog signals from the readout-chips, buffer and transmits the
signals on twisted pairs to the data acquisition system in the control room.

The repeater also has the possibility to generate calibration pulses of various levels onto the
back-plane of the detectors.
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item material no | mass (g) | sum mass (g)
circuit boards 12 30 360
signal cables | Cu C 8 38 304
power cables | Cu C 2 110 220
frame Al 8 24 192
cooling tubes | PVC 8m 33g/m 264
cooling water | H,O 414cm® | 1g/cm?® 62
Total 1402

Table 3.5: Mass of the repeater electronics.

The same constraints on power consumption and space applies to the repeater as to the
detector. The repeater was made as light as possible since it is within the acceptance of the
central tracking chambers. It was shielded to minimize interference with other detectors and it
is water cooled in the same way as the detector.

3.13 Detector Cooling.

The electronics on the detector dissipates about 70 W. Air convection in the confined space
between the ID and the vacuum tube is not large enough to lead away the heat generated. Any
temperature change of the detector of the order of one or two degrees will lead to considerable
movements making precision track reconstruction impossible. It is therefore of the highest
importance to keep the temperature of the detector stable to within less than 1°C. The detector
is therefore cooled by circulating water from outside DELPHI into channels in the End-rings
and in tubes on the circuit boards of the repeater electronics.

Because of the position of the Microvertex Detector inside all the barrel detectors, the cooling
system was required to have the highest possible safety against leakage. The system was not
allowed to spill any water at all in case of a pipe or hose failure. In the very confined space
inside the Inner Detector and inside the acceptance of all the barrel detectors we could not
use standard approved fittings for the water connections. Standard stainless steel fittings were
too massive and would cause unacceptable multiple Coloumb scattering close to the interaction
region, in addition the limited space prohibited their usage.

The design is based on a closed circuit kept below atmospheric pressure at 0.9 bar. The
water is siphoning from an upper reservoir, through the detector to a lower reservoir. A pump
replenishes the upper reservoir via a heat exchanger connected to the general cooling water
provided in the experimental cavern. Tests done prior to installation have shown that cutting
a water pipe close to the detector while the system is running leads to air being sucked into
the system and no water is spilled. The reduced cross section of the water lines inside the
detector leads to increased flow speed and thus ensures that the water pressure nowhere is
above atmospheric pressure.

A hard-wired interlock system will turn off the detector power supplies and the water pump in
case of disappearance of the water-flow in any return line from the detector. The temperature of
the detector is monitored and the system has kept temperature variations on the detector below
1°C. If the temperature of the detector should get above an upper limit, additional computer
controlled monitoring will shut off the power supplies.
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Figure 3.22: Microvertez Detector temperature. The graph (a) shows the average temperature
measured on 22 different positions on the detector and the repeater averaged over each day in
July 1991. (b) Shows the same points averaged over each hour of the days of July 1991. The
plots shows that the temperature is stable to within 1 °C during the time scale of a day and over
several weeks. The 4th. and the 6th. of july shows however a jump of about 0.6 °C and 1.2°C
respectively.

3.14 The Extended Detector Installed in 1991

During the shut down of LEP the winter of 1990 to 91 a new vacuum tube having a central
section of beryllium with inner radius 53 mm and thickness 1.45 mm was installed inside DEL-
PHI. The reduced radius allowed for a third layer of microstrip detectors inside the previous two
at average radius 6.3 mm.

The sector division from the first two layers were kept for the added layer, with one important
change: The modules were not paddle-wheel mounted but rather castellated with every second
at different radii. A paddle-wheel like mounting would have given the tracks larger incidence
angles on the silicon which could reduce the spatial resolution. The microstrip detectors for this
layer have 384 readout strips and are 53.1 mm long and 20.6 mm wide. The hybrid circuits,
this time made of beryllium oxide for improved heat conduction, carry 3 readout chips and one
additional chip for fanning out clocking signals. The lay-out of the circuit is prepared for double
sided detectors and there are printed circuits on both sides of the hybrid. Figure 3.23 shows a
view of the upgraded detector.

The reference cylinders used in the survey were replaced by spheres as this were shown to
improve the precision of the survey. The procedure for module assembly and alignment was
similar to those developed for the two first layers.

The 3 chips on a Closer half module are thus multiplexed together with 3 chips from a
neighboring module. This forms one 30° sector in ¢ at either positive or negative z direction.
The readout segmentation for the two already existing layers was kept. By this connection
scheme we obtain some redundancy. A failure in the readout should only affect either one
Closer sector of 30° or one Inner/Outer sector of 15° .
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Figure 3.23: Graphical output from the detector description database showing the sensitive areas
of the extended detector. Left: view from the side, right: view along the z-azxis. The castellated

staggering of the Closer layer can be seen.

Because of the reduced radius the modules could be made shorter, keeping the same polar
acceptance as before. A shorter strip length should lead to a slightly better signal to noise ratio
for this layer since the stray capacitances are smaller. We do however not observe any significant
difference. We believe that this is caused by an extra chip on the hybrid inducing larger common
mode noise in the signals from the readout chips.

Because of the smaller radius and the absence of ribs, the new vacuum tube greatly facilitated
the installation of the detector. ‘

We keep the naming convention, the three layers are thus named Closer, Inner and Outer
layer, starting with the layer closest to the interaction region

3.15 Geometrical Survey

The importance of precise mechanics to the track reconstruction in the detector has been men-
tioned. It is however impossible to maintain an overall assembly precision on the same level
that we want to reconstruct the hits from the particle tracks. The detector therefore was sur-
veyed before the installation. The result of this survey was a three dimensional description of
the location of the diode strips in a coordinate system local to the Microvertex Detector. This
coordinate system was then transformed to the overall DELPHI system using particle tracks for
alignment.

The pre-installation survey is a two step procedure. Every module is measured under the
microscope to locate the position of the diode strips in the plane defined by the microstrip
counters. This is done before the modules are attached to the End-rings. Thereafter the complete
detector is surveyed using a three dimensional measuring machine touching the Microvertex
Detector. This machine can not locate the individual strips in each detector. Each module is
therefore equipped with a reference object which can be measured by both the microscope and



3.16. MODULE SURVEY 51

Aside 46 8 10 12 14 g Cside
O
y
O
x 1 35 79 1113 15

Figure 3.24: Location of points measured with the microscope. The arrows points to the ends of
each strip measured. The circles in each end are the reference cylinders that were measured both
with the microscope and with the measuring machine.

the machine to provide a link from the microscopic to the macroscopic. This object is for the
Outer and Inner layer a hollow cylinder placed around one of the screw holes on each hybrid.

For the Closer layer a steel sphere is used.

3.16 Module Survey

After assembly, the modules were measured using the microscope and the translation stages
previously used for assembly. 12 points were recorded along the circumference of each reference
cylinder and 2 or 3 points on each of the outermost strips on each detector. Figure 3.24 shows
the location of the measured points and the relevant coordinate system. For the modules were
3 points were recorded along the strip the second point was halfway along the strip, between
point 1 and 2 on figure 3.24 and so on.

Figure 3.25 a) shows the angle between two strips that are connected to the same readout
channel. On figure 3.24 this corresponds to the angle between the line 1 to 3 and 5 to 7 and so on.
The RMS of the distribution is 1.6 X 10~* radians, a gaussian fit gives a o of 1.0 x 10~* radians.
Figure 3.25 b) shows the residuals from a straight line fit of the endpoints of the strips. The
RMS is 4.5 pym, while a gaussian fit has a ¢ of 3.2 pum.

An estimate of the precision of measurement can be made under the assumption that the
diffusion lines on similar types of detectors all have identical geometry. From the measurements
on each detector one can calculate the difference in perpendicular distance between the two
outermost diffusion lines. That is the difference in the distances from point 1 to 2, 3 to 4 on
figure 3.24 and so on. From counter to counter the distances may vary around ~ 10 um.
Within each counter we observe the distribution plotted in figure 3.26 b) with a RMS of 3.6 um.
The contribution to this spread is the spread in the detector geometry and the error in our
measurements.

We explain the spread from detector to detector by the fact that we have not really measured
the edge of the diffusion line, which is invisible, but rather the edge of the opening in the thick
oxide. We see in the microscope color differences caused by interference in the different oxide
thicknesses on and in between the diffusion lines.

The edges of the thinner oxide are not very well defined. This is easily seen in the microscope
as a difference in the apparent width of the diffusion lines from detector to detector. The result
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Figure 3.25: a): The angle measured between two strips in two adjacent detectors, connected to
the same readout channel The RMS of the distribution is 1.6 X 10~* radians, a gaussian fit gives
a o of 1.0 x 10™* radians. b) Residuals from a straight line fit of the location of the measured
position of the endpoints of four strips in the four detectors in each module, the RMS is 4.5 pm,
while the gaussian fit gives o = 3.2 um.

is that the determination of the absolute position of the diffusion line can not be made to much
better than about 10 um, the relative precision is however better and in the order of the RMS
from figure 3.26b, since the oxide openings have constant width within each detector.

A check on the orthogonality of the coordinate system used for these measurements can
be obtained by calculating the length of the diagonals in each detector, that is the distance
from point 1 to 4 and 2 to 3 on figure 3.24 and so on. For a square system they should be
equal. Figure 3.26 a) shows the difference in the diagonals. A shift of 20 um of the mean is
seen. Clearly the two axes are not perpendicular. The large width of the distribution is due
to the fact that the step size along the z axis was 10 ym. This has however no effect for the
parallelness measurements mentioned above, as long as the module was close to parallel with
the z axis during measurement.

This angle was measured by plotting the deviation from 90° in each corner of each counter.
In the skew system the rectangular counter looks like a parallelogram. The deviations are plotted
in figure 3.27. The absolute value of mean of each these two distributions gives us directly the
deviation, which is (0.6 +0.3) x 10~ radians. The reason for the large error is the step size of 10
pm in z direction. Across one counter this leads to a displacement in y from the true value of
60000 gm x 0.0006 = 36 um, in agreement with the measured difference in the diagonals. This
value is so large that the module survey data had to be corrected for this before being merged
with the survey of the complete detector.

The skew the coordinate system introduces also a systematic shift of the absolute position of
the strips relative to the reference cylinders as well as in the distance between the two reference

cylinders which was corrected for.
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Figure 3.26: Microscope measurement precision. a): The difference measured in the length of the
diagonal for each counter in the modules. b): The difference in perpendicular distance measured
between the end-points of outermost strips in each of the counters, the RMS is 3.6 pym.

3.17 Overall Detector Survey

Before installation in DELPHI the Microvertex Detector was measured using the three dimen-
sional measuring machine acquired for this purpose. The machine is capable of measuring and
reconstructing the position and shape in three dimensions of objects such as planes, cylinders
and spheres. It works by touching the object and reconstructing the touched point in space.
The overall precision of the machine is better than 20 ym in space, [60]. A photograph of the
detector undergoing survey on this machine is shown in figure 3.29.

The object to be measured is placed on the granite table of the machine. A granite bridge
movable in z, is located above the table. Onto this bridge a second granite bar is attached. This
bar is movable in the y and z directions. A measuring head is attached to the lower end of the
bar. The head consists of an arm movable in 8 and ¢ with respect to the vertical z axis. The end
of the arm is fitted with a stylus with a ruby sphere tip. By this arrangement the sphere can be
brought into contact with any exposed surface of the object placed on the table. A space point
is recorded when the force on the needle exceeds ~ 7 g. Tests have shown that this force does
not bend the module within the uncertainty of measurement. The movements of the measuring
arm are controlled by the operator and the data are recorded on a computer.

The detector was placed on the granite table using a support similar to the support in
DELPHI. For each module more than 20 points were recorded in the silicon plane, and the
positions of the reference objects were as well determined. When the Closer layer is mounted
the Inner layer is not accessible. The Inner and Quter layer were therefore measured first, then
the fully assembled Closer layer was attached to its proper position and he Outer and Closer
layer were measured. Each layer were in this way measured at least three times. Any distortions
introduced by the mounting of the Closer layer were resolved by comparing the measurements
of the Outer Layer before and after the Closer layer was attached.
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Figure 3.27: Deviation from 90° angle of the corners of the counters. The plot shows the
difference from 90° of the angle between the lines connecting the points 1-3-4 and 2-1-3 and so
on, as shown in figure 3.24. The mean values for the two distributions are 0.6 while the RMS
s 0.3 milliradians.

The detector was removed from DELPHI after the 1991 running period. Before the detector
was disassembled for repair and replacement of some bad modules, the three dimensional survey
was repeated.

After the survey the data was merged with the measurements from the microscope and
transformed into the format by the off-line coordinate reconstruction. Figure 3.28 shows track
residuals on counters reconstructed using the survey data only. The procedure used to make
the plot is explained in section 5.6. The figure should be compared with figure 5.8 which was
made using the best possible alignment obtained with tracks, starting from the survey data. We
observe that the survey alone gives a resolution of 37 um. The alignment with tracks improves
this about a factor of four.
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Figure 3.28: Track residuals on Inner layer using alignment from survey data only. The o of
the gaussian fit is 37.1 uym corresponding to a resolution of 30 um The track fit procedure and
the extraction of the resolution is explained in section 5.6

Figure 3.29: (Nezt page) The photograph shows the detector placed on the granite table of the
three dimensional surveying machine. The bridge holding the measurement head is seen sur-
rounding the detector. The movable measurement head is in the centre with the stylus touching

a silicon detector.



Chapter 4

Data Acquisition, Trigger and
Monitoring

The DELPHI data acquisition system is based on FASTBUS [61], a modular high speed
asynchronous data bus. The trigger is an integral part of the general data acquisition and is
sensitive to the topology of the electronic signals in DELPHI induced by the products of the
ete” collisions in LEP. During operation the performance of the detector is monitored to check
the data quality as well to detect any alarm situation. Various monitoring tasks are therefore
built into the data acquisition system. The monitoring is partly done on the main data stream
in FASTBUS or, for slowly varying parameters, via a separate data acquisition system specially
tailored for this.

The overall important feature of the read-out of the Microvertex Detector is the extensive
multiplexing of the signals. The 73,728 strips of the Microvertex Detector are read out on only
60 twisted pair cables, a multiplexing ratio of 1,229 to 1.

The parts of the system relevant for the Microvertex Detector are described, starting with
the FASTBUS readout processor.

4.1 The Readout Processor

The read-out processor, SIROCCO IV [62], receives the analog signals from the detector, digitizes
them, applies a data reduction algorithm and finally transfer the zero suppressed data to the
central data acquisition in DELPHI. The data reduction is necessary due to the large amount
of data produced by the Microvertex Detector which would flood the overall data acquisition
system of DELPHI. Since the average hit occupancy of the Microvertex Detector is very low,
about 1/1000, it would be very inefficient to store the data from all the strips of the detector

The processor, shown in a block diagram in figure 4.2, is a single width Fastbus unit. Each
unit consists of two independent channels. Each channel has one differential analog input. The
analog signal is digitized in a fast, 20 MHz, 10 bit Flash Analog to Digital Converter, FADC,
TRW TDC 1020' and stored in a 4 event deep Front End Buffer, FEB. The Front End Logic,
FEL, controls the operation and receives control signals from the Local Trigger Supervisor
conveniently named PANDORA [63]. Every event is given an account number ACC#, this
number and trigger information is stored in the Front End Queue, FEQ.

The pulse-train coming from the detector during the readout cycle is sampled synchronously
at with the clocking of the analogue shift-register in the amplifier and multiplexing chips at

1The ADC was supplied by TRW LSI Products Inc., P.O.Box 2472, La Jolla, CA 92038, USA.
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Figure 4.1: On-line event display from a beam event, the upper picture shows the detector viewed
along the z azxis. The length of the lines on the silicon counters indicates the pulse-height in
ADC counts. Notice the very few hits due to noise. The lower picture shows three adjacent
charge cluster from the same event. Because of the zero suppression there is of course no signal
between the clusters. The error bars show the noise of each channel
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Figure 4.2: Block diagram of the SIROCCO 1V, the abbreviations are explained in the text. The
main data stream are from the ADC via the FEB to the DSP. The zero suppressed data is stored
in the CEB and read out by the central data acquisition via FASTBUS Accounting and trigger
information is handled by the FEL and the flags.

2.5 MHz with one sample per period. Each sample thus corresponds to one readout channel,
equivalent to one strip. At this speed the digitization takes about 500 us.

Some cross talk have been experienced between neighboring strips. This cross-talk is at-
tributed to charge from the strip with the largest pulse-height being transferred to the next in
the readout sequence. The cross-talk increases with the read-out speed.

When several multiplexing chips are chained together the output transistor of each channel
sees a capacitive load consisting of the capacitance all the input gates of the chained together
readout shift registers in parallel. Because of this increased load the band-width of the chips
are reduced. They therefore do not have enough time to settle to a stable value between each
sample, introducing an offset of the baseline for a strip following a strip with a large pulse-height.
This effect might cause a small systematic shift of the cluster centroid in the offline analysis,
however since the effect is always in one direction it is removed by the alignment using charged

particle tracks.

The data analysis is performed by a Digital Signal Processor, DSP, Motorola DSP 56001 [64].
The DSP reads the data from the FEB, and trigger information from the FEQ. The reduced
data is stored in a 4 event deep Crate End Buffer, CEB, the addresses of the data blocks for
the different events are stored in the Crate End Queue. The handshake between the DST and
FASTBUS is done via the Crate End Flags indicating filled or empty Crate Event Buffers. An
event is typically analyzed in about 30 ms. The event size is about 1000 32 bit words for a
hadronic Z° event and 150 word for an empty event.

The analog signals from the detector might have offset voltages. A Digital to Analog Con-
verter, DAC, connected to the input offsets the analog signals with a suitable amount determined
by the DSP. The algorithm is based on offsets measured on previous events. This arrangement
cancels any offset on the signals from the detector and ensures a suitable DC level before digi-

tizing.
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4.2 The Zero Suppression Algorithm.

To find the channels with the interesting signal it is necessary to evaluate three quantities: the
individual channel pedestal, the common noise and the individual channel noise. The evaluation
is done using an algorithm based upon previous experience with silicon micro-strip detectors and
is programmed in assembly code. A detailed description of the program can be found in [65]:

Channel pedestal subtraction and updating. Each strip has a slowly varying pedestal, P
caused by leakage current and variations in gain. The value for the pedestal is stored
for each strip and subtracted from the signal, §. The new pedestal value is thereafter
calculated as a running average and stored for every strip with a signal to noise ratio less
than 3xRMS using:

S; — Py
32
where P; is the pedestal, 5; is signal in ADC counts for event number . The cut on
the signal to noise ratio ensures that strips with charge from particles do not get their
pedestals updated. The factor of 1/32 is found to lead to algorithm that is stable and able

to trace the variations in the pedestals but not sensitive to noise fluctuations.

Fi=PFP_:+ (4'1)

Common noise suppression. Each chip or sector may have a common level, usually called
common mode. The common mode is caused by electronic pick-up at the detector. Typ-
ically the common mode shift is a few ADC counts. Sometimes, however, the common
mode for one chip becomes large. This is normally an indicator that the chip has begun to
malfunction. The common mode is defined as the average signal across one chip, 128 chan-
nels, excluding strips which are noisy or marked as bad. The common mode is subtracted
from the signal.

Figure 4.3 shows a plot of the common noise for the Inner layer. The RMS is 6 ADC
counts. There are tails due to chips that are malfunctioning.

Individual strip noise calculation. The single strip noise, NV, is defined as the RMS of the
digitized signal when there is no ionization charge from a particle on the strip. The DSP
calculates and stores the noise values and the signal divided by noise for each strip using
the same running average technique as for the pedestals.

SP—NZ,

1024 (4.2)

Niz = Ni2-1 +

Cluster search and tagging. A cluster is defined as the 5 strips on either side of a strip with
a signal larger than 6 times the noise. For each event the DSP stores a pointer to the
strips satisfying this criteria. The clusters may overlap.

Statistics calculations and updating. Noise per chip, defined as the RMS of the common
mode, and the number of clusters is calculated and stored for each event.

Zero suppression. Only the cluster data and the statistics block is stored in the FEB.

Output formatting of data. The data is formatted according to convention before being out-
put to Fastbus.

DAC updating. The DC offset on the input is calculated and a number setting the DC offset
is output to the DAC.
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Figure 4.3: Common noise per chip. The values for the common noises are calculated online by
the DSP. Horizontal scale: common noise in ADC counts, vertical scale: no of entries.

4.3 The Pulse Generator and Controller

We have seen that the MX3 chips needs a certain pulse sequence in order to function properly.
A separate FASTBUS unit was made to provide the right pulse sequence [66]. The unit is
controlled by PANDORA and the timing of the pulse sequence can be set via FASTBUS. To
ensure the correct timing of the multiplexing chips the unit synchronizes the ADCs in the
SIROCCOS to a fixed frequency. The synchronization is of great importance since there is a
direct correspondence between the timing of the readout and the spatial position of a charge
cluster in the silicon.

A displacement in time of 1 period of the detector signal is equivalent to a movement in
R¢ of charge cluster equivalent to the readout pitch of 50 pm. Since only one sample is taken
per strip, this sample has to be taken at the same time position for each strip in each event to
ensure that no systematic shift of the charge clusters is introduced.

The signal to noise ratio may vary as the pulse-shape from each strip is sampled at different
times. There is therefore an optimum time position for the ADC to sample the signal within
the cycle for each strip. To find the optimum sample time position the sample time position was
scanned across the cycle for one strip while the detector received test pulses from a generator.
The sample time position that gave the best signal to noise ratio was chosen and kept for the
whole running period.
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Figure 4.4: Noise per chip calculated by the DSP. horizontal scale: Sector number x 10 + chip
number, A side sector 1 to 12, vertical scale: Noise in ADC counts normalized to the noise
measured in the lab prior to installation.

4.4 The Data Acquisition System.

The Data acquisition system gathers data from all the sub-detectors in DELPHI and writes it to
magnetic tape in a format readable for the off-line analysis software. The system is very large,
consisting of almost 200 fastbus crates, each with up to 24 read-out processors of different types,
depending on the requirements of the various sub-detectors. It is controlled by VAX computers?,
one computer for each sub-detector and one central computer. It is however beyond the scope
of this work to give more than a brief description of the data acquisition system, more detailed
descriptions are found in [39,67,68].

The system is divided into several partitions, each partition corresponding to one or several
sub-detectors. The Central Partition handles the communication with the detector partitions.
Each detector partition is equipped with an Equipment Computer Crate which handles commu-
nication to and from the Central Partition. Each of these crates are connected to an Equipment
Computer, pVAXII, via a Computer Fastbus Interface, CFI. The Central Partition is accessed
from the central computer, OPS, via CERN Host Interface, CHI, and has access to each of the
partitions. The equipment computers handles local control tasks and stores the software running
in the FASTBUS modules.

The partitions are divided into segments which communicates with the Equipment Computer
Crate. The segments consists of the Front-End Crates housing the modules that digitizes the
detector signals. These modules are typically, as in our case, ADCs. For the drift chambers

2The computers were delivered by: Digital Equipment Corporation International (Europe), 12 Av. Morgines,
1213 Petit-Lancy, Geneva, Switzerland
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Figure 4.5: Detectors Participating in the 1st and 2nd level trigger. The polar acceptance is
shown in degrees

 digitized time information is provided by Time to Digital Converters, TDCs, and for triggering
purposes signals are provided by discriminators.

4.5 The Trigger

The trigger system is sensitive to the topology of the electronic signals recorded in the detector.
It recognizes the typical pattern generated by the different decays of the Z° and triggers the
readout of DELPHI, and should do so with 100 % efficiency to ensure no loss of signal. More
details about the trigger are found in [39,69]

The trigger is divided into three levels. The first level being the fastest and synchronous
with the electron bunches in LEP. The first level trigger decision is taken ~4 us after Beam
Cross Over, BCO. In the case of a negative signal the data are discarded and the detector is
ready for the next BCO. This is situation (a) on figure 4.6. In the case of a positive signal the
2nd level trigger processing is started.

The 2nd level decision is taken ~40 us after the BCO. Consequently the detector is not
active during the first beam crossing after a positive first level trigger, leading to a dead time
of about 1% at the typical 1st level rate of 400 Hz.

The 2nd level rate is typical a few herz. A positive 1st level followed by a negative 2nd
layer decision is shown in situation (b) on figure 4.6. Finally in the case of a positive second
level trigger a ~4 ms dead-time is introduced to free the Front End Buffers and the data are
transferred from the Front End Buffers to the Multi-Event Buffer of each detector partition.
This is situation (c) in figure 4.6.

The components of the detector that contribute to the first level trigger are [6]:

A double-arm track trigger was made by coincidences of the ID and OD tracking chambers.
Each detector provided signals for charged particles if there were hits in 3 out of 5 detector
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Figure 4.6: Timing diagrams for the 1st and 2nd trigger decision levels: (a) No Ist level trigger,
(T1NO), (b) 1st level trigger but no 2nd level, (T1_YES followed by T2_.NO) and (c) 1st and
2nd level trigger, (T1_.YES followed by T2_.YES).

layers. Then a coincidence between signals in at least two OD quadrants with any signal
from the ID was formed.

A single-arm track trigger was made by coincidences of the ID and OD tracking chambers
at first level and the TPC at second level. The coincidence was formed between any signal
in the ID or OD with a single “track” pointing to the interaction region in the TPC

A Scintillator trigger was made by coincidences of the HPC and the TOF scintillation coun-
ters. The TOF counters were sensitive to minimum ionizing particles penetrating the
HPC and the solenoid and shower leakage from the calorimeter. The HPC counters were

sensitive to electromagnetic showers with an energy larger than 2 GeV. The trigger was
the OR of:

1. At least 2 TOF octants.
2. At least 2 HPC octants.
3. Coincidence of any TOF with any HPC octant.

A coincidence trigger between any TOF octant with any OD quadrant.

A forward electromagnetic trigger consisted of a single arm component, FEMC energy
greater than 4.5 GeV and a back to back component, FEMC energy in both end-caps
greater than 3 GeV.

A forward majority trigger was made by coincidence of at least two of the following:

1. A coincidence of back to back quadrants of the HOF
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2. At least one track detected by coincidences in the forward chambers FCA and FCB.
3. An energy of at least 3 GeV in one FEMC end-cap.
4. A coincidence of one OD quadrant with any ID signal.

A forward muon back-to-back trigger was formed by requiring a signal from either HOF
end-cap to coincide with signals in back-to-back quadrants of the MUF end-caps.

The trigger efficiency for the relevant sub-triggers for the hadronic and leptonic Z° decays was
measured using data samples recorded with independent sub-triggers. For the hadronic events
used in this thesis the relevant triggers are (1), (3), (4) and the forward trigger (6). Within the
Microvertex Detector Acceptance, |cos(fson)] < 0.65, the efficiency is very close to 100%, see
figure 4.7.

4.6 Slow Controls

For the control and measurement of slowly varying parameters a separate control and data
acquisition system has been installed [70,71] based on the bus system, G64. Typical tasks for
this system in DELPHI is the measurement of gas flows, temperatures, supply voltages and
currents.

The slow control tasks for the Microvertex Detector are the monitoring of the supply voltages
and currents and the temperature on the repeater cards and the end-rings [72]. The depletion
zone in the detectors is induced by separate voltage sources, one channel for each detector
module, each individually adjustable via front panel controls. These bias voltages and currents
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Figure 4.8: Leakage current from sector Closer 18 for the running period

are individually monitored. The system can as well be turned on and off via software running in
the slow control system. The depletion voltages is normally on to minimize the risk of radiation
damage due to the mechanism outlined in sections 3.3 and 3.4.

The bias current monitored at the supply is for every module the sum of the currents in
the strips and in the guard-ring. Since the guard-ring current normally is much higher then the
strip current we have for some modules sense wires from the module that enables us to monitor
the two currents individually. The bias currents have been very stable during the period of
operation. ‘

In addition the slow control system will detect an alarm situation caused by a malfunction
in the cooling system leading to an increased temperature of the detector and turn off the power
supply.

The data gathered from the G64 system are transferred to the equipment computer and
stored. At regular intervals the calibration data for the event reconstruction software is updated.
The slow control data is thus available to the off line analysis software.

Programs exist for displaying the slow control variables on a computer terminal, either with
numeric output showing the latest values, or using graphical output to show the variation of
the measured quantities over the last 24 hours. Figure 4.8 shows the leakage current from one
sector as obtained from the stored data. The currents are stable over the year with the strip
current about a factor of 10 lower then the total leakage current

4.7 1In Situ Stability Monitoring.

The precise alignment achieved for the detector would be of little use if the detector would move
in respect to DELPHI or internally deform during operation. In addition to the monitoring
which is possible using the particle tracks, an independent system made up of optical fibres and
lenses was installed. The system has the advantage of using the detectors as sensing elements
and therefore not requiring any additional read-out system.
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Figure 4.9: Optical system for stability monitoring. A lens and a prism, a) are mounted in a 2
mm diameter aluminium tube, b). The inside of the tube is threaded in its full length to shut off
stray light. The optical fiber, e) is led trough a hole in the screw, ¢), in one end. Focussing is
" done by rotating the fiber and screw until a spot with a diameter of about~ 50 pm is obtained
on the detector surface d). ‘

The system consists of 48 lens and prism combinations glued in pairs on the wall of the
inner tube of the Inner Detector. Infrared light is fed from outside DELPHI via optical fibres
and focused on the detector surface by the lens and the prism trough suitably placed holes
in the protective covers. One of the lense focuses light perpendicular to the detector surface
and the other under a 30°angle. The fibers are bundled together into two groups, one for the
perpendicular lenses and one for the skew. Two independent infrared laser diodes emitting at
1060 nm wavelength is coupled to the two bunches. A trigger is given to the lasers for every 32
beam crossing and the data is collected together with the data from beam events.

The system have shown an excellent stability of the detector. Any movement above a few
micrometer have been in correlation with temperature variations of the detector. A forced
temperature rise of the detector was made by turning off the cooling circuit. A close correlation
between the detector temperature and position is seen in figure 4.10.

The system has a resolution of 1-3 pum, [73] depending on which particular laser is used.
Figure 4.11 shows the position of one of the laser spots as a function of time. The observed
movement of the detector over the whole year is in the order of a few micrometer. The jumps
are caused by temperature variations when the detector has beer switched on and off. Because
of the excellent stability no time dependency was introduced in the alignment of the detector.
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Figure 4.10: Change in position of one of the laser spots during a forced temperature change of
the detector. The temperature was raised by turning off the cooling system. The lack of data for
the latter part of the scan is due to a failure of the data acquisition system.
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during the 1991 data taking period. (a) is a laser spot on an upper module, (b) one from a
lower module. The lower module is more constraint by the detector support and we ezpect less
movements here. The gradual movement of the spots over the year shows an actual movement

of the detector.



Chapter 5

Track and Vertex Reconstruction

Before any track reconstruction can be done, the ADC information from the data acquisition
system has to be transformed into space points, and the space points have to be combined in
to particle trajectories. This pattern recognition proceeds by reconstructing track elements in
the various track detectors of DELPHI. The track elements are then combined into particle
trajectories. The track reconstruction as done on the data from the Microvertex Detector is
described here as well as studies using isolated tracks performed to measure the precision of the
reconstruction. The global track and event reconstruction is described in chapter 6.

Events with Z° decaying into a pair of muons are particularly useful. The muons are produced
at one point with the beam momentum and undergo minimal multiple Coulomb scattering in the
detector. These events can therefore give us the optimum resolution. The track extrapolation
precision for high momentum is found by measuring the distance between the two muon tracks
close to their production point.

The intrinsic resolution of the silicon micro-strip detectors themselves was also measured
using the tracks from multihadronic events. More details about the evaluation of the hit precision
in the Microvertex Detector is found in [74].

5.1 Microvertex Detector coordinate reconstruction

The overall pattern recognition is done by the standard DELPHI offline analysis, DELANA,
producing an a set of Data Summary Tapes, DST. The DST contain the parameters of the
reconstructed particle trajectories and detector specific information for further track recon-
struction and particle identification. The information stored on the DST for the Microvertex
Detector contains all the zero supressed hit information from the readout processor in addition
to the reconstructed space points.

Given a cluster of strips with ionization charge, the position in space where the particle
traversed a silicon detector is found by first calculating the coordinate locally on the silicon, .
This number varys from zero to the width of the silicon detectors. Using this number and the
position in space of the silicon detector, the location of the point where the particle traversed
the silicon is found. A possibility for fake hits caused by noise exists. Those hits are removed
at a later stage by demanding that there is a track found in DELPHI corresponding to the hits
found in the Microvertex Detector, see section 5.3

The calculation of 2y of each counter is done starting from the online zero-suppressed data,
see section 4.2, using an algorithm first published in [75]. The data consists of clusters of strips
which have at least two neighbouring channels with a sum of signal S to noise N ratios larger
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Figure 5.1: Charge division. The graph (a) shows the quantity 1) defined in equation 5.1. Because
of the requirement on the minimum pulse-height the values of 1) is restricted to 0.17 < n < 0.83
The depletion of values around 1 = 0.5 is because the histogram includes particle tracks with
large incidence angles, see also figure 5.2. The graph (b) shows the integrated 1 normalized to
the distance between two readout strip. The straight line is a linear fit to the distribution. A
linear approzimation to this graph is used in the calculation of the impact point of the traversing
particle from the charge distribution the neighboring readout-strips.

than 6. Using this data, the algorithm proceeds as follows:

1. A strip belongs to a cluster if its pulse height, 5, divided by its noise, N, is larger than
a fraction f x S/N of the channel with the highest S of the cluster. A value for f of 0.2
was found to give the best precision. The cluster size is defined as the number of strips
belonging to a cluster. ‘

2. A cluster is accepted if the sum of the S/N individual channels is larger than 6 and there
is at least one channel with a §/N > 3.

3. The strip with the highest signal to noise is selected.
4. The neighboring strip with the larger signal to noise is selected.

5. The sum of signal to noise of the two strips must be greater than 6 X oy .
Using these two strips the following quantity is calculated:

PH;

"= PH, + PHips (5.1)

where PH; and PH;,, are the pulse-heights of strip ¢ and 7 + 1 respectively. The choice
of f = 0.2 above limits # to the interval 0.17 < 1 < 0.83.

The impact point, 2o, for a given 7 is then

. "dN .
:vo=zp+p/ — R D+ (5.2)
o dn
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Figure 5.2: The 7 distribution for as a function of incident angle, o; of the track on the counter
(a), together with a projections, (b), (c) and (d) onio the y azis in the intervals -10° to -6° -6°
to O and (* to 10° respectively. The vertical lines on (a) indicate the projection boundaries,
while the horizontal lines and the shaded regions on (b), (¢) and (d) indicates the allowed value

of n.

where ¢ is the strip number of the first strip, P the strip pitch?, 50um.

The approximation is equivalent to the assumption of a linear dependence between the
position and the charge division between the two highest pulses.

6. For the clusters which contain only one strip, the reconstructed coordinate is the position
of that strip.

Figure 5.1 (a) shows the distribution of 7 and the integrated distribution of # (b) shows the
relation between 7 and the impact point. As seen from the histograms the assumption of a linear
dependence is on the average valid. The integrated distribution is therefore approximated by a

straight line and the impact point, z, is found from equation 5.2.
In figure 5.2 The 7 distribution is shown as a function of incidence angle. For close to

perpendicular incidence angle the 7 distribution shows a accumulation for values close to 1/2.

1The distance between the center of the readout strips.
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Figure 5.3: Definition of incidence (a) (b),(d) ()
track angles, (a) track with a pos- \ A
itive (b) zero and (c) negative in- LA\ET |F—~/ |
cidence angle. The lorentz angle is

0.48 mrad on the negative side (d).

(drawing not to scale). The mag-

netic field direction is perpendicular y
to the z,y plane. The electric field is
parallel to the line (b), and directed
in the track direction for the Outer
an Closer layer and opposite for the
Inner layer.

For large incidence angles there is a depletion in this region. The eta distribution therefore
shows a non-uniformity in the coordinate reconstruction for varying incidence angle. The hit
position should therefore be corerected as a function of n and incidence angle. This was not
done in the standard DELPHI coordinate reconstruction.

Since the strips on the microstrip detectors are nominally parallel to the beam direction no
z information is available from the Vertex Detector. Even though the strips nominally are all
paralell to the 2z axis small deviation in the order of 10-20 ym in R¢ positions over the length
of one microstrip counter due to misalignments exists. Knowledge about the z coordinate
of an extrapolated track is therefore crucial to reconstruct the R¢ coordinate with the best
precision. The uncertainty on an individual Microvertex Detector point is therefore larger when
the z information is missing. This leads to an extrapolation uncertainty based on the on the
Microvertex Detector alone of around 400 pm, see also sections 5.5 and 6.10.

5.2 The Effect of the Magnetic Field on the Ionization Charge
Clusters

The magnetic field of DELPHI will cause a drift of the charges perpendicular to the electric
and magnetic fields in the silicon.

This drift can be accounted for by an overall shift of the silicon counters along the direction
perpendicular to the magnetic field. The modules of the inner and outer layer is mounted in
such a way as to minimize this effect. The drift direction is such that for the largest angled
tracks the drift direction is in the same direction as the track angle, see figure 5.3 for definitions
of the angles, thereby reducing the effect. The Closer layer is however mounted such that the
lorentz force leads to a widening of the charge distribution for tracks passing at positive angles
to the counter.

The magnitude of the drift is found by measuring the incident angle that gives the smallest
charge spread, also called the Lorentz angle. The Lorentz angle can be found by making his-
tograms of the number of clusters with 1, 2, 3 or more channels as a function of angle, ¢, in
the z,y plane between the track and the silicon counter, se figure 5.4. The cluster size should
widen for tracks with a large angle. The minimum angle should be displaced from zero towards
negative values. The displacement of the centroid, Az of the charge collected on the diode
strips is then simply given by: Az = sin{e;)ds; where dg; is the detector thickness. In figure 5.4
the minimum number of two-channel cluster and the maximum number of one-channel clusters
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5.3 Microvertex Detector Track Association

The track finding in the DELPHI standard analysis is first done without the Microvertex De-
tector. Only at the second stage are the tracks extrapolated to the Microvertex Detector and
associated with the right cluster and the included in the track fit.

The task of assigning clusters to tracks would be straight forward had the extrapolation
precision been accurate enough. This is not the case and residuals from the track extrapolation
have a spread of several hundred micrometer with tails extending to the millimeter region.

High track density in jets from hadronic decays and 3 particle decays of 7 leptons also makes
the task difficult. It is common to find tracks separated by less than one millimeter at the
Microvertex Detector for this type of event. -

The track association procedure starts by defining a window around a track extrapolated
to the Microvertex Detector. The size of this window is determined from the errors on the
track, has typically a full width of two millimeters. For each cluster found within the window
the track is extrapolated to the next (Inner) layer of the Microvertex Detector. The window
size here is determined from the precision of the angle of the track on the outer surface, and
for low momentum tracks on the expected amount of multiple scattering, typical window full
width is half a millimeter. If a cluster is found, the track is forced trough the two clusters and
extrapolated to the inner-most layer. At this stage the errors from the external tracks are almost
eliminated. The third cluster can thus be required to lie within a very narrow window with a
full with of one to two hundred micrometer. he algorithm is improved by first considering the
tracks with the smallest errors from the track fit. The not so good tracks are then considered
when most of the clusters already have been associated. A second stage recovers tracks that are
off by more than one millimeter by redoing the procedure with much looser cuts in the first and
second layers.

This procedure with tighter and tighter cuts removes most of the ambiguities in the track to
cluster association
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Figure 5.5: Residuals between hits in the Microvertex Detector and reconstructed tracks. The
tracks are extrapolated to the surface of the vertex detector and the distance to the reconstructed
charge cluster is measured. The tracks have been associated to hits as described in the text. The
Microvertex Detector hits have not been included in the track fit. We observe very long tails in
the distribution, the curve is a gaussian fit to the central peak to further visualize the tails. The
cut for a track to be associated corresponds to the histogram boundaries.

5.4 Alignment Using Particle Tracks

The precise three dimensional survey of the detector, combined with the microscope measure-
ments proved to be an excellent starting point for the further alignment of the detector using
particle tracks.

This is done in a two step procedure. First the two half shells are aligned relative to each other
and to the rest of DELPHI to a precision of 10 um. Thereafter the positions of the counters are
improved using a minimization procedure essentially internal to the micro Microvertex Detector.

For the external alignment 2000 muon pairs with hits in both the Microvertex Detector and
the Outer Detector were used, with the Outer detector defining the DELPHI coordinate system.
The muons are produced each with the beam momentum, in one point and directed back to
back; viewed in the R¢ plane the muons describe an arc of a circle, ignoring initial and final
state radiative effects. This circle is fitted through the hits in the outer detector using the
curvature calculated from the beam energy and the polar angle of the tracks. The residuals
between the Vertex Detector hits and circle are minimized by considering translations in the x
and y planes and 3 rotations. The orientation can be further improved by using the directional
information of the tracks from the Outer Detector which determines the direction of the muon at
the Microvertex Detector to an accuracy of about 0.1 mrad. After this first step the position of
each shell is known to 10 um and each counter to 20 um in the Microvertex Detector coordinate
system.

Thereafter the individual counters were aligned using the same muon tracks. A least squares
fit was done for each muon pair, with the error on the outer detector point set at 300 um
and of the Microvertex Detector points set at 8 um. The residuals of the hits to the track
were minimized by considering a translation in the plane of each counter normal to the z axis,
approximating a R¢ shift, a translation normal to the plane, approximating an R shift, and a
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rotation of each counter around the normal to its plane.

A second method used tracks from multi-hadronic events. In each event all tracks with hits
in each layer of the Microvertex Detector with a momentum component transverse to the beam
direction greater than 4 GeV/c were considered. The tracks were extrapolated to the interaction
region and a common vertex was found with a chi-squared probability, P(x?). A requirement on
P(x?) was made at 1% eliminating events with badly measured tracks and secondary vertices.
Each track in each event passing this requirements are re-fitted using the Microvertex Detector
hits and the vertex constraint. The same shifts and rotations as described above is then used in

the minimization of the residuals.

5.5 Muon Missed Distance

For this study tracks from Z° decaying to two muons were used. By reconstructing each track
and finding the shortest distance in z,y plane between the two tracks at some reference point
close to the production point we can obtain a measure of the impact parameter resolution of
the detector for the particles with the highest momentum. The reference point was taken to be
the position of the beam as determined using hadronic tracks. This is a very powerful method,
but we are limited by the small number of tracks.

The muons were identified by demanding at transverse momentum of the candidate particle
above 15 GeV/c, at least one hit in at least one muon chamber layer and that the deposited
energy in the electromagnetic calorimeter was below 1.5 GeV/c? or below 15 GeV/c? in the
hadron calorimeter. The impact parameters of the muon tracks had to be below 0.4 cm in the
z,y plane and 4 cm along the z axis and the angle between the tracks had to be 180 £ 10° in
space and be off different charge. The measured momentum of the muon tracks were required
to be 45+ 5 GeV/e.

In addition the muon track had to have at least 3 hits of which 2 were in different layers of
the detector. If there were two and only two tracks satisfying these criteria, an event of the type
Z° — p*u~was considered to be found.

The distance in the z,y plane between those two tracks, is then defined as the difference in
impact parameter of the two tracks with respect to the beam position. The impact parameter
is defined as the distance of closest approach of the track circle to the beam position in the
z,y plane, with positive sign when the beam position lies outside the track circle, negative sign
otherwise.

The impact parameters were found by a fit of each track to a circle determined by the three
ore more measured points in the Vertex Detector and a fixed, for each track, radius as measured
by the rest of the DELPHI tracking system. The fit was rejected if P(x?)was larger than 1%.

Figure 5.5 shows a histogram of the muon missed distance. The distribution has an RMS of
32 pum, a fit of a gaussian to the histogram gives a o of 30 um. The measurements of the two
muon tracks are independent of each other. The impact parameter error for each track is thus
(30/+/2 = 21)um.

From this measurement we can calculate the error on the reconstructed point on each silicon
plane. The radius of curvature R,, of a muon track traversing the Microvertex Detector is

Pbeam sm(0)
S T = (5:3)
271.2 cm GeV~lep, > 8500 cm

1l
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Figure 5.7: Coordinate system used in evaluation of muon missed distance. The drawing shows
the location of the three silicon planes and a muon track. The muon missed distance is shown
as an error bar at z = 0 and y = R,, + 10,. Points were the track crosses the silicon layers are
shown as crosses with error bars at £1ogs;. Notice that the scale is enlarged by a factor of about
250 in the y direction both for the error bars and the curvature.
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where ¢ = 2.998x10'° cm/s, B= 1.23 T is the magnetic field in DELPHI and p; = ppeam sin(6)
is the momentum component transverse to the beam direction. Inside the acceptance of the
Microvertex Detector the maximum change of direction of a muon track from the production

point to the Microvertex Detector is
A¢ < Ryp/Ryracxk =~ 9/8500 ~ 1 mrad (5.4)

The trajectory of the particle is given by:

L,

2ny:c (5.5)

Y = Ry — (Rﬁy — 2?2

where the last term is a second order taylor expansion around z = 0. For z = 10 cm and
R, = 8500 cm this approximation is correct to better than 10~!!. Using this approximation
the contribution to the muon missed distance, o, from the extrapolation uncertainty, gex, and
the uncertainty on the momentum measurement, 0 i is:

1 2
ol =0l + [ngaﬁ:] + cov (5.6)

where cov is the covariance terms and

1 1 op,

Ios B e O, = e 5.7
= = K Epi p (57
is the contribution from the momentum measurement, where K = 271.2 cm GeV~'c¢ and

0p,/p: = 0.035 is measured for muons. Inserting the numbers we get, o <42X 10~%cm™1,
zy

when p, > 45 GeV /csin45° = 31 GeV/c. The contribution from the momentum measurement

to the muon missed distance is then:

2
[%xzaﬁi_;} = (2.0 x 107* cm)? (5.8)
The covariance terms are as well in the same order and can be ignored.

It is therefore reasonable to assume no contribution to the muon missed distance from error
in the momentum measurement. We are therefore left with the first term only: 0 = 0. as a
contribution to the muon missed distance.

To find the contribution to the muon missed distance from the error in the location of the
reconstructed charge clusters we therefore calculate as if the trajectories of the muons were
straight lines: y(z) = A; + A2z When A, and A, are uncorrelated the variance, 03, on the
extrapolated track is given by

2 2
2 _ [ oy 2 oy 2 _ 2 2 2 _
Oy = (aA,) o4, T (aA2 Oay =04, TT04, =04 (5.9)

Under this assumption 0% and o3, are given by the diagonal elements of the covariance matrix
of a linear fit to a straight line. We assume equal variance, og; for all the measured points, the

covariance matrix is then
‘/11 ‘/12 = _qé Sx:c "‘S:c (5 10)
Vor Vo D\ -5 5
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D =N Zﬁ:l x? - (Zx]\-l_zl x‘_)z
— N .
5 = Zjil i (5.11)
Sez = Dim H
51 = Eﬁl—.l i=N

where the z; is the first coordinate of each measurement. In our case N = 3,2, = R¢ =
6.3cm,z, = R; = 8.8cm and z3 = Ro = 10.9cm. We want the A; and A, to be uncorrelated

with a diagonal covariance matrix. We therefore translate the coordinate system along the x-axis
such that z = & " z; = 0 The covariance matrix is then:

(i) =5 (% o) 22

The variance at x is:
02 = 02,(Vi1 — 2aVip + 22Vis) = 05 + 2205, = 0} (5.13)
After the coordinate transformation nominal muon production point is at ¢ = —8.7cm with

measured variance ai. The variance of the measured points in the silicon planes is thus

2

o

2 u
0s = ot 5.14
5 (Vi1 + 22Va0) ( )
Substituting the numbers we get a resolution of the detector counters of 7.9 pm. Multiple
Coloumb scattering has not explicitly been taken into account in this calculation. This figure
includes therefore the contribution from multiple Coulomb scattering in the beam tube and the

silicon planes.

5.6 Track Resolution on the Silicon Planes

In this study tracks from multihadronic events with a transverse momentum, p,, with respect
to the beam direction larger than 4 GeV were used. The momentum cut were chosen to reduce
the effect of multiple Coloumb scattering and at the same time retain a reasonable large number

of tracks.
The RMS projected scattering angle, 6,, from multiple Coulomb scattering is given by [9]:

- %Xz\/m 1 Xo [(1 4 0.038In(z/Xo)] (5.15)
where 3, p, and Z are the velocity, the momentum and the charge number of the particle
respectively, ¢ the speed of light and z/X, length of material traversed by the particle divided
by the radiation length of the material. For silicon X, = 9.36 cm.

Substituting p = p./sin(f), 6 is the polar angle of the track, and z = d,;sin(9),
ds; = 285 pmis the thickness of the silicon, we get

0 = UGV, fin(0)v//Xo (1 + 0.0381n(z/X,)]

Bepy

~  0.034/5in(8) x 0.055 (5.16)

bo

The mazimum RMS angular deflection due to multiple Coloumb scattering is thus ~ 0.2 mrad
with this momentum cut and is ignored.
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Figure 5.8: Distribution of track residuals in the Inner Layer, The RMS of the distribution is
14.0 uym. The continuous line is a fit to a gaussian with o = 8.4 £ 0.13 pm of the central peak,
while the punctuated lines are a fits to two gaussian distributions with widths of (8.4 £ 0.4) pm,
and (22.9 + 4) um, containing respectively 92% and 8% of the full distribution.

R, =109 cm
R, =88cm
R, = 6.3 cm ~
7° ivertex T
y x 7S X
particle trajectory 1
I lpm lcm
X L a— 4 -+

Figure 5.9: Coordinate system used in the evaluation of detector resolution. The mean radii of
the Closer, R¢, Inner, Rc, and Quter, R, layers are shown. The reconstructed position of the
ionization charge are indicated as crosses. The error bars shows the error on these positions in
the silicon plane. For the Inner layer the error bar corresponds to the error on the extrapolation
from the Outer and Closer layer. Note that the scale in y direction is about 2000 times the scale

in z direction,
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The tracks were reconstructed as the muon tracks, but excluding any hits in the Inner layer.
The distance of closest approach from the track circle to the reconstructed hit in the silicon was
measured, with the sign as defined above. Figure 5.8 shows the distance of closest approach for
all the sectors of the Inner Layer.

When we ignore multiple Coloumb scattering there are three contributions to the observed

distribution o,

U?bs = UZzt + Gi2 + 03 = o'z:ct + U.szi (517)
Where 0.,, is the error on the extrapolation, o, is the error from misalignment and o;: is the
intrinsic precision of the silicon detector, Since we can not distinguish between the intrinsic
precision and misalignment we combine those into an error from the silicon detector: o,;.

The transverse momentum of the tracks are in this case distributed in the range from 4 GeV
to beam momentum. As is explained above the contribution to error on the extrapolation from
the momentum measurement is negligible. We therefore use a linear approximation to the track.
In the absence of multiple Coloumb scattering there is no reason to expect the resolution of the
three layers to be different. The error on the extrapolation error is thus given by:

R\? Ry (RI)Z
2 .4 2. I e et 2.
Ge:ct - (RC> asz + [1 <RC> + RC 03: (518)

Where R; = 6.3 cm, Ry = 8.8 cm, Rc = 10.9 cm is the average radius of the Closer, Inner and
Outer layer respectively. From this we get the error on the extrapolation: 0., = 0.50,;
From equation 5.17 the precision of the silicon is then :

0%, = 0%+ 0.50% = 1.50% (5.19)

The RMS of the observed distribution is 14.0um. The distribution has however large tails, it
has become custom to fit a gaussian to the central peak of the distribution and quote the o of the
fitted gaussian as the resolution of the counters. Because of the track extrapolation procedure
explained above, the variance of the gaussian is divided by v/1.5 to get the resolution of the
silicon detector: 8.4 um/\/(1.5) = 6.9 pm. An alternative is to fit the sum of two gaussian
distributions to the histogram, indicated as dashed lines in figure 5.8. For the central peak,
o= (84 £ 04) pm, for 92% of the events and for the tails o, = (22.9 + 4) um, for
8% respectively. The tails in the distribution are mainly due to ionization charge clusters with
unusual shapes and from misalignment which have not been resolved. It is therefore reasonable
to quote a resolution of the Microvertex Detector as 92% of the charge clusters have a resolution
better or equal to 7 pm, with the remaining 8% having a resolution of 16 um. These numbers
are consistent with the numbers found using the muon missed distance.

When compared with the resolution given by the analysis of the muon missed distance, this
smallest number is considerably lower. This is because the contribution from the tails was ex-
cluded. n the muon missed analysis. The last analysis tells us the best possible resolution, while
the muon missed distance measures the resolution to expect from the detector in measurement
of impact parameters of high momentum particles.

These numbers are somewhat larger but consistent with the numbers published in [74]. This
can be explained by small differences in track selection when making the distributions. In This
analysis no requirements were put on the hit precision in the Closer and Outer layer in contrast
to the procedure used in [74].
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Figure 5.10: Left: vertex error definition, the punctuated lines show the transverse track error,
o., the ellipsis indicate how the vertex error might look like. Right: Situation after the transfor-
mation of the coordinate system. The error of the original vertez is a unit circle, while the new
vertez is found as a weighted mean on the line joining the point of closest approach to the track
and the vertex. The new vertex gets its error scaled only transverse to the track and is drawn as

an ellipsis.

5.7 Vertex Reconstruction and Fit.

The approach in the selection of the b-hadron candidates described later was to find jets where
every track has a large impact parameter and then look for a unique secondary vertex in those
jets such that the tracks can be unambiguously assigned to either the primary or the secondary
vertex. If there is only one such arrangement possible the event is accepted. Then the invariant
mass of the charged decay products from the vertex is calculated. If the mass is sufficiently
large, the vertex must be from a b-hadron decay. The method that were used both for primary
and secondary vertex reconstruction is outlined in this section.

First a seed vertex is formed by finding the intersection between the track circles in the z,y
plane of the two highest momentum tracks in the set of selected tracks. The error on this point
is calculated using a linear approximation to the tracks in the vicinity of the intersection

B =aT4o (5.20)
Y2 = QT+

The intersection is in the linear approximation:

g = iza (5.21)
Y — Cali—=C14;
q1—92

Only the transverse track error, 0, = Oexirap, as given by equation 5.33 of the tracks are consid-
ered. The error matrix, E, is then:

( Oze Ozy ) - 1 ( 0'21 + Ufg (Q2‘701)2 + (q10c2)2 ) 5 22)
(QI - Q2)2 (q2061 )2 + (q1002)2 (qQUcl )2 + (q1002)2

If the two circles do not intersect, the middle point of the shortest line joining the circles is used.

Oyz  Oyy
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Thereafter the remaining tracks are added one by one to this vertex by using a linear ap-
proximation to the track in the vicinity of the vertex. A new reference frame is defined each
time before the track is added where the error ellipsis of the vertex is a unit circle around origo:

M'EM = 1 (5.23)

where M* is the transpose of the transformation matrix, M between the two coordinate systems:

M = c?s() sin 6 1/u [ o (5.24)
—sinf cosé 1/v Yo
where z,, yp is the coordinates of the original vertex, 6 is the angle of the ellipsis major axis and

4, v is the length of the major and minor axes.
The linear track parameters and errors are transformed accordingly:

/ Ma1 + qMay
= — 5.25
1 mi + gmyo ( )
¢ = e(may — miaq) (5.26)
O = Oc(may — my2) (5.27)

The distance, d’, between the track and the vertex, and the error on the distance, o4 are:

CI

d, = ————m (5.28)
9 0'31
Udl = 1 + q’2 (5.29)

The new vertex and its error, 0,,, is found at the distance d’ as a weighted mean on the line
joining the closest approach of the track to the vertex:

dl
d, = .
. = T (5:30)
1
2 L
o = TT17e (5.31)
A x? is then formed in the new coordinate system:
d/2
2 o
X =T + o3 (5.32)

Where d', 5.28, is the distance of closest approach, and o7 is the error on the distance, 5.29, in

the new coordinate system respectively.
Before the next track is added the new vertex and its errors are transformed back into the

DELPHI reference frame and the procedure is repeated.

5.8 Calibration of Track extrapolation errors

The R¢ component of the track extrapolations is used to decide which tracks belong to the
primary vertex and which are coming from the decay of a B hadron. An accurate knowledge
of the uncertainty on this extrapolation is therefore essential. In the sections 5.5 and 5.6 the
resolution of the Microvertex Detector in the limit of no multiple Coulomb scattering were found.
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In this section the extrapolation precision for particles of in the whole momentum range is found.
The z coordinates are much less precise than R¢, therefore the vertex reconstruction used only
the R¢ projection of the tracks.

There are two contributions to the extrapolation error, which are the intrinsic measurement
resolution, 0,sym, and the multiple scattering, Ocatter. The track extrapolation error, Oextrap, Was

parameterized by:

27 2
- 2 Oscatter
Oextrap = {'Gasym + (m) ] (5.33)
To reduce systematic uncertainties Oeyirap Was measured without reference to an external
point and using the same tracks as are used in the analysis. In all jets with at least four tracks,
the highest momentum three tracks and the lowest momentum three tracks were each used to

form a vertex, and the x2probability P(x?)that all three come from a common point was plotted
in figure 5.11. This P(x?) depends upon the amount by which the tracks are not completely

coincident and Gextrap-
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Figure 5.11: The P(x?)distributions for triplets of tracks making vertices, for both the highest
momentum triplet, (a), and the lowest (b).

The spike at low probability in figure 5.11 corresponds to particles which do not come from
a common vertex and the flat distribution for P(x?)> 0.2 to well identified vertices. The two
contributions to the uncertainty were varied iteratively until the required flat distribution was
obtained for both the highest momentum triplet in the jet and the lowest. The high momentum
distribution is more sensitive to the asymptotic uncertainty, and the low momentum distribution

to the multiple scattering.
The contributions to the track extrapolation error were found to be:

Oasym = 30 £ 3um
Uscatter = 70 :i: 4ﬂm (5.34)

which is compatible with the muon missed distance found in section 5.5.



Chapter 6

Event Reconstruction and
Simulation

The recorded electronic signals from the detector have to be processed and turned into a more
understandable form before any physics analysis can be performed. This generally involves
tracking the charged particles through the detector, particle identification and calorimetry. The
method implemented to track particles is described in [76,77], here a brief summary relevant
for this analysis is given. No particle identification nor calorimetry have been used in the
subsequent analysis and these subjects are therefore not covered. The track reconstruction in
the Microvertex Detector is explained in chapter 5.

In the event reconstruction the DELPHI detector is split logically in polar angle into a barrel,
two forward and very forward parts. Only the barrel track reconstruction is considered here.

The track reconstruction proceeds in a several steps:

Track Data, TD, reconstruction. Space points are reconstructed from the electronic signals
using information from the geometric and calibration data bases.

Track Element, TE, reconstruction Track elements are reconstructed from the space points
assuming an helix motion of the particles in the magnetic field of the detector.

Track building. The track elements are combined into tracks starting with a space point in
the TPC as a ‘pivot’. At this level ambiguities are allowed to occur, such that one track

element can be a part of several tracks.

Track fit. In this final step the ambiguities are resolved by a x? fit where the best track is
selected.

For final physics analysis the track parameters at the point of closest approach to the origin,
perigee, the unambiguous track elements and a minimum detector specific information are stored
on magnetic tape. Because of the very low noise and the online zero suppression it is possible
to store the complete event ADC data on these tapes.

6.1 Monte Carlo Simulation

The programs used to simulate events in DELPHI can be divided in two classes: The event gen-
erators and the programs used to trace the particles through the detector. The latter programs
simulates as well the particle reactions with the material of the detector and the response of the

83
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electronics, including noise. The output of the simulation is in the same format as the data.
Ideally the simulation should be in-distinguishable from data, but there will always be some

residual differences.
To generate the hadronic decays, the LUND parton shower model [78,79] implemented in

the program package JETSET 7.2 [80] has been used. In this model the decay of the Z° and the
subsequent production of hadrons proceed through three phases:

1. The hard scattering phase, which is treated pertubativly, during which parton showers
develop in QCD processes such as quark bremsstrahlung, gluon bremsstrahlung and quark

pair production.

2. Treats the soft non-perturbative processes according to the LUND string fragmentation
model which transforms the multi-parton state created by the first phase into hadrons.

3. Resonances and short lived particles are allowed to decay into the final state particles,
which corresponds to those available for observation.

For b and c-quarks the fragmentation is described by the Peterson probability density func-
tion [19]:

2(1 - z)?

f(z) = A(Qm (6.1)
Y Z(1-2)? 3
A= [ O I (6:2)

Where z is the fraction of the quark momentum carried away by the hadron. The parameter
€ determines the fraction of the available energy to be carried by the b-hadron, this is often
referred to as the hardness of the fragmentation. At LEP the mean scaled energy, < zg >1!,
for b-hadrons is measured by DELPHI to be 0.704 £ 0.011 [81]. This can be translated to
€ = 0.008%0-3%% The value used in generating the events was € = 0.003.

Each particle that is produced, and that is long lived enough, is propagated trough the
material of the detector and allowed to decay according to its lifetime and branching ratios.
The effects of multiple Coulomb scattering and energy loss via radiation are taken into account
as well as photon conversons and nuclear interactions, [82,83].

Charged particles leave hits in the various detectors. Drift times and pulse-heights are derived
from known detector characteristics and are smeared with detector resolution functions. Random
hits due to noise are added. The simulation takes into account known detector inefficiencies.

6.2 Simulation of the Microvertex Detector

When the charged particles are tracked trough the Microvertex Detector charge is deposited
with fluctuations according to a Landau distribution. In addition random hits due to noise
are added and the cluster search and tagging software running in the readout processors are
simulated [84].

Inefficiencies due to dead and intermittent readout chips were for the Microvertex Detector
not included in the original simulation. These were therefore included later by removing hits
in a random way with probabilities found from studies of the efficiency of the detector. The
result of these studies exists as tables with efficiencies for each single chip. There are 16 tables

‘< gg >= 5—%:““—)- where Ehadron and Eyeam is the energy of the b-hadron and the beam energy respectively
eam
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Figure 6.1: Left: Distribution of jets found in the initial event sample. Right: Distribution of
jets in the final event sample.

corresponding to 16 periods of the 1991 running period. For the simulation all 16 tables are
used, each in proportion to the number of tracks that were used to generate each table. This is
believed to represent a reasonable approximation to the observed efficiency in the data.

6.3 Optimization of the Simulation Program

To ensure that the simulation is reasonably correct it is important to compare results from
the simulation with measurements. Several variables based on event topologies exist for this
purpose. Extensive studies have been performed to compare simulation and data. Distributions
of several event shape variables from simulation and data are compared in [85]. An excellent
agreement between the LUND Parton Shower model and the data is found. The parameters of
the Monte Carlo generator were set to values such that the difference between the simulation
and the data were minimized.

For the third phase, known branching fractions and lifetimes of the particles are used to
control the decay of the particles. For particles with unknown or poorly known characteristics,
estimates based on theoretical calculations are used.

Of special importance for this work is the lifetimes of the various b-hadrons. In the simulation
the lifetimes were all set to 1.2 ps except for the A, which got a lifetime of 1.3 ps. The values
for the lifetimes of the B and the Bt are thus smaller in the simulation than what was found

in the data.

6.4 Hadronic Event Selection

A standard event selection was used that ensured negligible contamination from events with
tracks from collisions of the ete™ beams with residual gas in the vacuum chamber, ‘beam gas
events’, and 7+ 7~ events. Only charged particles measured in the tracking chambers with:

1. momentum above 0.1 GeV/c,

2. measured track length above 50 cm,
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3. angle with the beam axis of more than 25°,

were therefore used in this analysis.

The sum of the energies of these charged particles in each of the forward and backward
hemispheres (with respect to the beam) was required to exceed 3 GeV, and the total energy
had to be more than 15 GeV, assuming the pion mass for each particle. Furthermore it was
required that there were 6 or more charged particles with momenta above 0.2 GeV/c in the
event. Events passing these requirements were assumed to be multihadronic events. Ounly a
negligible contamination of from beam-gas scattering and 7+7~ events are left after this [86].

After the hadronic event selection, the JADE jet clustering algorithm [87] was applied to
the charged particle tracks with a scaled invariant mass cut of 0.04. With this value 68% of the
events were seen as di-jet events. Only events with three or less jets were used in the analysis,
which reduced the chance of assigning the tracks from a b-hadron decay to more than one jet.

6.5 K’ Identification

The charged particles from a K° decay would confuse an attempt to find a secondary vertex
close to the interaction point. Therefore all pairs of charged particles were examined to see if
they were consistent with coming from the decay of a K°.

For each pair of tracks to be considered the following requirements were applied:

1. The track curvature should be of opposite sign.

2. The tracks should have a minimum impact parameter of 0.20 cm for tracks from vertices
at radius larger than 7 cm, (outside the Closer Layer), or 0.05 cm for vertices at radius
less than 7 cm, but larger than 1 cm. This requirement ensures that the tracks do not
originate from the primary vertex.

3. The two tracks should miss each other in z by less than 1 cm.

4. The invariant mass of the two tracks should be in the range 0.485 to 0.505 GeV assuming
both tracks to be pions.

5. The tracks should cross each other in the R¢ plane.

About 0.1 K%s per event was identified. The pions from the K%s were tagged and not
considered in the rest of the analysis.

The low value of the K° mass reveals a systematic error in the track reconstruction. The
deviation is however so small that it is not expected to have any impact on later requirements
applied on the invariant mass of decay products from b-hadrons.

6.6 Converted Photon Identification

The electrons from converted photons would confuse the secondary vertex identification in
a similar way as the decayed K°. An attempt to identify those and exclude the tracks from the
subsequent analysis was therefore done.

The tracks from a converted photon emerge with no transverse momentum in respect to the
photon direction. The tracks were therefore not required to cross each other in the R¢ plane,
instead a minimum distance requirement of 2 mm were used.
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Figure 6.2: Mass distribution for tagged K° decays. The central value is: 494 + 5 MeV. The
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The probability for a photon to convert increases with the amount of material it has to
traverse. The radial positions of the photon conversion vertices should therefore reflect the
radial distribution of material. In figure 6.3 the number of conversions is histogrammed as a
function of radial distance. The vacuum tube, r = 5.5 cm, the Microvertex Detector layers, at
average radius < r» > = 6.3, 8.8, and 10.9 cm, the trigger layers of the Inner Detector r = 22 to
30 cm and finally the wall of the Time Projection Chamber, r ~ 31 cm are observed as sources
of conversions.

In some events both photons from 7 decays convert. It is therefore possible to reconstruct
the 7° mass from the produced electrons. Figure 6.4 shows the mass spectrum obtained using
the four electron tracks. The peak close to the 7° mass is taken as further evidence that the
converted photon identification works as expected. A similar systematic shift of the peak value

is found as in the K° case.

6.7 Further Selection Criteria

Each jet was examined in turn, and the charged particles within 40° of the jet axis and with
momenta larger than 0.5 GeV/c were selected. There had to be at least three charged particles
passing these cuts. Studies were done using Monte Carlo generated events to examine the effect
of the charge reconstruction precision from these requirements. These studies were performed
at the generator level, and served therefore only as an indicator of the intrinsic precision given
a perfect detector.

From table 6.1 it is evident that a lower momentum requirement of 0.1 GeV/c reduces
the charge reconstruction error. However, the track reconstruction efficiency and precision of
DELPHI for those tracks are poor, and will dominate over this intrinsic contribution. The
angular requirement was as well investigated, but the momentum requirement was seen as the
dominant contributor to the charge reconstruction error.

All selected particles in the jet were required to have hits in at least two of the three layers
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Requirement b-hadron Probability
Correct | £ 1 | £2
p>0.1GeV/e B 098 |0.02| -
B+ 098 |[0.02| -
B? 098 |0.02]| -
Ay 099 001 -
p> 0.3 GeV/c B 0.85 | 0.13 | 0.02
Bt 0.85 |0.14 | 0.01
B? 091 |0.09]| -
Ay 0.86 0.12 | 0.02
p> 0.5GeV/e B 0.70 |0.27 | 0.03
Bt 0.73 0.25 1 0.03
B? 0.72 0.24 | 0.04
Ay 0.64 |0.3310.03
Oy < 45° B° 0.89 |0.10 | 0.01
Bt 093 |0.07| -
B? 090 [010] -
Ay 0.88 0.11 ; 0.01
Oiee < 40° B 0.86 | 0.12 | 0.02
B+ 091 |0.08]0.01
B? 0.86 0.13 ] 0.01
Ay 0.85 0.09 | 0.06

Table 6.1: For the different generated species the probabilities of reconstructing the charge correct,
wrong by one or two units are tabulated for three values of the momentum requirement and two
values of the angular requirement.
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Figure 6.6: Uncertainty of average interaction point found by a single vertez fit histogrammed
for each run used in the analysis. Left: ¢ direction, right: y direction.

of the Microvertex Detector, in order to be considered to be reliably measured.

This requirement rejected about 80% of the jets, for a variety of reasons. Some particles
were outside the angular acceptance of the Microvertex Detector, others came from decays or
material interactions at larger radii, sometimes the track fitting was not performed correctly,
and sometimes the Microvertex Detector was inefficient.

6.8 Secondary Vertex Identification

In order to determine the charge of the b-hadron the particles has to be assigned to the correct
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P(x?*) greater than 0.01

vertex. A jet produced by a b-quark can contain several vertices; the primary interaction, b-
quark decay, c-quark decay and perhaps a s-quark decay. To simplify the analysis the a was
assumed to contain only the primary vertex and a single decay vertex. A consequence of this
assumption is that a produced c-quark has to decay a short distance from the b decay point
for the secondary vertex to be accepted. D mesons are a common decay product of b-hadrons.
Small biases in the vertex positions might therefore be expected due to the different lifetimes of
the D° and D*produced in the b-hadron decays. These effects are considered in chapters 7 and
8.

The consistency of the track extrapolations with the interaction point was used to distinguish
the particles from a b-hadron decay from primary particles. A typical b-hadron decay includes
some particles which can be clearly assigned to either the primary or the secondary vertex.
Particles passing close to the b-hadron direction might however be ambiguous. The secondary
vertex identification procedure was designed not to allow any such ambiguous particles.

The vertex identification was performed in the zy plane transverse to the beams only. The
impact parameter? resolution in z direction along the beams is much poorer than the resolution
in the zy plane. It would therefore not improve the vertex reconstruction precision to include
the 2z coordinate.

The impact parameter of a track from a b-hadron decay does not depend on the momentum
of the b-hadron for sufficiently large momenta. The track extrapolation precision is however
better for high momentum tracks. There is therefore some bias towards high momentum b-
hadrons. This bias is however existent in all b-hadron selection procedures which relies on the
geometry of the tracks from the decaying b-hadron.

The secondary vertex identification proceeds in three steps:

Average interaction point determination. The average interaction point, also called beam-

2The impact parameter is defined as the distance from the primary interaction point to the point of closest
approach of the extrapolated particle track.
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Number of Jets

Cut applied Data | Monte Carlo | Ratio
Initial Jet sample 554484 878285 0.63
More than two tracks | 499178 793053 0.63
Each has two VD Hits | 96659 187199 0.52
Not all from primary 41941 72147 0.58
Clear vertex structure 6528 11502 0.57

Table 6.2: Effect of each cut in turn on the 232 103 data and 369 609 simulated selected hadronic
events. The requirement of 2 VD hits on each track was not well modelled in the Monte Carlo,
at least partly because the known inactive silicon modules were not allowed for.

spot, is determined as a part of the standard DELPHI data analysis. Because of the rela-
tively small sizes of the electron an positron bunches in LEP, typically 10 ym and 150 ym
in vertical and horizontal direction respectively it makes sense to include this point in the
vertex fit. In figure 6.6 the error on the average interaction point is histogrammed for the
runs used in the analysis. Note that this error is not the beam size. The interaction point
is thus defined as the average vertex position in a data taking run. The vertex positions
for the individual events in the run were found by a single vertex fit to selected tracks of
each run [88].

Primary vertex fit. All selected particles in a selected jet were first used to form a single
vertex. Starting with the average interaction point the tracks were added one by one to
form a vertex, as described in section 5.7, until all tracks were included. For each track
added, the change in x? was calculated.

If the jet contained a resolvable secondary vertex the x? probability, P(x?) , of the single
vertex would be very small. Particles from the secondary vertex would have been wrongly
included. The jet were therefore discarded if it had a P(x?) greater than 1%. Jets with
possible secondary vertex is thus in the bin at small values in the histogram of figure 6.7 a).

Primary and secondary vertex fit Next the particles of the jet that contained a secondary
vertex were divided into two groups. One group was used to form a primary vertex
constrained by the average interaction point, the other to form a secondary vertex. All
permutations of the tracks between the two groups were tried. Each permutation assigned
all the particle tracks either to the primary or the secondary vertex, with at least two
particles assigned to the secondary vertex. The combined P(x?) of the two vertices
was required to exceed 1%. The number of degrees of freedom were two less than the
number of tracks. If there was one and only one combination of tracks which satisfied this
requirement, a satisfactory secondary vertex was considered to be found. Jets with more
possible combinations were ambiguous and were rejected. Because no ambiguous tracks
were allowed, all particles coming from the b-hadron decay were considered to have been
identified. The P(x?) distribution is shown in figure 6.7 b). The distribution is not flat
because of the finite decay lengths of the b-hadron decay products.

The effect of each of the requirements on the data sample is listed in table 6.2. Also shown
are the results of a Monte Carlo simulation as described in section 6.1.

It can be seen that the requirement of 2 Microvertex Detector hits on each track is not
well reproduced by the simulation. This probably reflects the difficulty of reproducing particle
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Figure 6.8: Upper: The probability of having two or more hits on any track for data and simu-
lation as a function of momentum. Lower The ratio between the data and the simulation. The
momentum range is from 0.1 to 45 GeV /c. This graph has not been corrected for the Microvertex
Detector acceptance and is therefore not showing the Microvertex Detector efficiency.

re-interactions and track association. The probability of having two hits on any track is in the
data 96-99% of that in the simulation for momentum below 20 GeV/c. For higher momentum
tracks this probability was lower. Figure 6.8 shows the probability of having two hits on a track
for data and for simulation. The simulation clearly overestimates the efficiency of the detector.
The ratio plot shows that the discrepancy between the simulation and the data increases for
higher momentum tracks.

6.9 Kinematic Requirements on the Secondary Vertices.

Assuming that all charged particles were pions, the invariant mass at the secondary vertex,
MP., was calculated. Figure 6.9 shows the invariant mass distribution of the secondary vertices
for the data and the simulated events. In this plot all further requirements, to be explained
below, have been applied. The simulated events have been subdivided in different primary
quark flavours. Because of the unobserved neutral particles and missing charged particles the
observed mass is less than the true b-hadron mass. B-hadron decays were selected by requiring
M, to be greater than 2.2 GeV. This criterium was based on the observed distribution of the
different quark flavours in the simulated sample. There is no entries above the BY mass, 5.3
GeV/c?, this is taken as evidence for the correct assignment of particles to vertices.

Because the lifetime of the b-hadrons in the simulation were defined considerably shorter
than the observed lifetimes in the data, a lower efficiency was to be expected in the simulated
sample. To compensate for this the simulated events were weighted to get an apparent lifetime

of 1, = 1.5 ps. The weight is given by:
W = ;‘lexp(t/rg —t/1) (6.3)

r

where 7, is the generated lifetime, and ¢ is the proper time of the decay. This procedure demon-
strates the consistency of the selections if the mean B lifetimes is around 1.5 ps. The weighting is
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however not used for the lifetime fits to the simulated sample as the statistical uncertainties from
those fits become unreliable®. The two columns in table 6.3 labelled unweighted and weighted
shows the number of events with and without this weighting in effect.

For the sample of jets with two vertices the distance [ p 4 between the vertices was calculated.
The uncertainty, o; was derived from the vertex uncertainties with no kinematical constraints.
The vertices were accepted if 0; was less than 600 pm This requirement removes configurations
with nearly parallel tracks. The typical value of o, was 190 um Note that this criterion not the
same as the one used to recognize the secondary vertex, which depends upon all the particles
being assigned to either the primary or the secondary vertex. The requirement of no ambiguous
tracks had as well the consequence that o; in this analysis was less than the average error found
in b-hadron decays.

The decay length distribution for the 253 events finally selected can be seen in figure 6.10.

Next the vector sum of the momenta of all the particles assigned to the secondary vertex
was found, and the azimuthal angle, ¢mom, of the sum of the momenta obtained. Taking the
azimuthal angle, @geom, Of the vector joining the primary and secondary vertices, the difference
64 = Pmom — Pgeom Was computed. The momentum sum points close to the direction of the line
of flight of the b-hadron. The distribution of §¢ is therefore expected to be peaked at zero. Any
difference between ¢mom and ¢geom is mainly due to the momentum carried away by unobserved
neutral particles.

Furthermore the measurement of the primary and the secondary vertices gives an uncertainty,
054, On 6¢ which decreases with increasing decay length. This uncertainty was parameterized
from the Monte Carlo simulation as:

Osp = \/0.0332 + (140um/lpy)? (6.4)

31f 7 is fitted so that data and Monte Carlo match we extract 7 = 1.56 + 0.06
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Number of Vertices
Selection Data Unweighted weighted

Simulation | Ratio | Simulation | Ratio
Initial vertex sample 6528 11502 | 0.57 11881 | 0.55
Mass > 2.2 GeV/c? 544 744 | 0.73 935 | 0.58
o; < 600 pm 514 706 | 0.73 898 | 0.57
0p/osy < 3 455 612 | 0.74 804 | 0.57
Number of jets < 3 451 601 | 0.75 791 | 0.57
lpg < 4 cm 436 568 | 0.77 758 | 0.58
g > 5oy 428 566 | 0.76 756 | 0.57
P(x*) > 0.10 265 360 | 0.74 496 | 0.53
No missing charged particles | 253 341 | 0.74 473 | 0.53

Table 6.3: Cumulated effect of each selection applied to the vertices.
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Figure 6.11: (a): Acollinearity distributions for the data and simulation. All selections have
been applied except for that on 6¢ which is indicated by the dashed line. The line is a fit to a
one-sided gaussian with mean 0 and o = 0.8 (b): The multiplicity distribution of the accepted
decay vertices for dat and simulation .

where [ R¢ is the distance between the primary and the secondary vertex in the R¢ plane.
Figure 6.11(a) shows §¢/0ss. Only events with §¢/0s, less than three were accepted.
In addition the following criteria were applied:

1. The number of jets in the event was required to be three or less.

2. The decay length, ! R¢ of the b-hadron vertex was required to be less than 4 cm, well inside
the beam pipe. This rejected 3% of the events. It was also required that the minimum
acceptable decay length, [°¥°***| (see section 7.4) was more than 5 o;.

3. the x? probability of the accepted vertex combination was required to be greater than 10%,
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while preserving the previous criterion that no other combination should have a probability
above 1%.

Table 6.3 shows the effect the mass requirement and the other selections on the sample sizes.
The multiplicity of the accepted secondary vertices is shown in figure 6.11(b). The observed
multiplicity is biased by the acceptance and the visible mass requirement and is not the true B
meson multiplicity. The mean multiplicity found was 3.75 4 0.08 for the data and 3.60 + 0.10

for the Monte Carlo simulation.

6.10 Missing Charged Particle Search

The analysis needs the correct measurement of the charge of the decaying b-hadron. Fre-
quently isolated, unassociated charge clusters were observed in the Microvertex Detector. When
such hits are seen in both three layers and they line up pointing towards the interaction region,
the probability is very small that these hits are due to noise. These hits are therefore most likely
due to charge deposited by a particle coming from either the b-hadron decay or the primary
vertex, but not associated to any particle track reconstructed by the main tracking chambers.
In figure 6.12 at least three and possibly four such triplets of hits can be seen among several
properly reconstructed tracks.

This phenomena is an indication of inefficiencies in the tracking system or interactions be-
tween the charged particles and material in the detector before the TPC. Jets which contained
such hits were not considered to avoid introducing a possible error in the measured charge.

The Microvertex Detector was therefore searched for unassociated hits in all 3 layers forming
a circle consistent with coming from the b-hadron decay point. Because no z information is
available for this tracks their extrapolation precision is considerable poorer, about 400 um, see
section 5.1. It was therefore not possible to use this information to recover the missing tracks.

A track was regarded as compatible with the b-hadron decay point if its distance of closest
approach to that point was less than 1.0 mm. This candidate track had as well to be within 40°
of the jet direction and have a pr of more than 0.5 GeV/c. This procedure rejects 5% of the
jets, as can be seen table 6.3.

6.11 Selected Sample Composition

The composition of the simulated events passing all these cuts is listed in table 6.4. There is
evidence of an enhancement of Bt with respect to the other neutral b-hadron species. This
could be due to a variety of different effects, notably the longer D* lifetime and the variation
of efficiency with charged multiplicity, which peaks at three, and therefore favours charged b-

hadrons.
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Delphi Vertex Detector
Run 23465 event 2951 B

3/May/93 15:35

0.0cm 1.0cm
Itk R©URPhi Z 7 The phiP DO P Code Tk R RPhi “Z ™ ""The " phiP DO P Code
1 11,0 312 25 124 284 286 67 41 12 110 284 25 122 275 20155 -24 6
2 110 642 -65 194 59410619 58 6 13 1L0 271 2.1 128 243 -1286 -23 6
3 110 308 .26 125 280 171 47 6 14 11.0 29523 123 257-11402 21 41
4 110 664 48 198 591-13690 4.1 41 15 11.0 300 25 126 271 -135 20 41
5 110 298 30 120 .265-5093 39 41 16 110 = 661 -81 202 5.89-14750 20 4l
6 11.0 652 -87 216 593 29 36 41 17 110 618 02 149 562 16 .16 41
7 110 271 27 122 243 -1214 28 41 18 110 268 22 126 278 39264 -14 41
8 110 665 25 167 605 149 28 41 19 11.0 281 38 114 256 -176 09 41
9 110 652 -7.1 214 604 13455 -28 41 20 110 592 84 087 536 -8397 08 41
10 110 317 20 129 289 324 25 6 21 110 508 113 073 470 211 05 41
11 110 656 -1.6 161 598 7 25 6 22 110 321 38 116 296 233 05 41

Figure 6.12: The crosses on the silicon planes between track 15 and 12 show unassociated charge
clusters probably due to missing or badly reconstructed tracks. One of the possible tracks passes
through the overlaps leaving 6 charge clusters. It is as well likely that the single hit in the Inner
layer is associated to track 14 wrongly. Under this assumption there are 4 possible missing
tracks in this jet. Because of the possible wrongly measurement of the vertex charge this jet
was discarded. The dotted lines correspond to extrapolated unassociated tracks. The circles and
squares indicates associated charge clusters in the two z hemispheres.
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Type Fraction of Initial fraction
vertices selected | of b-hadrons
Bt 53+4% 40.1%
B? 30+3% 40.1%
B? 9+2% 11.9%
Ay 6+2% 7.9%
Background 2%

Table 6.4: The composition of the selected event sample in the Monte Carlo simulation where
all the b-hadron lifetimes are 1.2 ps except the Ay, which is 1.3 ps. The small enhancement in
Ay selection efficiency arising from its longer lifetime has been neglected throughout.



Chapter 7

Lifetime Fitting Procedure

Two separate fit methods are presented. They differ in their treatment of the inefficiency in
reconstructing secondary vertices for b-hadrons that decay at low proper times. The first method
derives the probability of accepting a vertex as a function of the proper time, the acceptance,
from the simulated event sample. The second methods finds the acceptance for each event from
the data. In each case an unbinned maximum likelihood fit is performed, with the charge and
the proper time as input. The proper time is calculated from the measured decay distances and
the momentum estimated for the b-hadron. The likelihood function includes an estimation of
the probability of getting the charge wrong. This is derived from the number of doubly and
triply charged secondary vertices observed.

7.1 Charge Estimation

In order to extract the charged and neutral b-hadron lifetimes, it is important to estimate the
charge at each detected secondary vertex as precise as possible. All the charged particles from
every b-hadron decay is not always found. The numbers and charges of the observed multiply
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5 S 60 |-
> 10 -
= 40
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Error in reconstructed B charge Measured charge magnitude

Figure 7.1: a): Magnitude of the difference between the true charge and the reconstructed charge
in Monte Carlo simulation. The step function is a fit to equation 7.1. b): Shows the measured
charge magnitude distribution for both the data and the simulated events..
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Figure 7.2: Left: The reconstructed radial projection of the b-hadron decay length versus the
true one in mm. Right: The difference between the reconstructed and the true decay length for
different decay products of the b-hadron. The dashed line corresponds to a reconstructed decay
length equal to the true.

charged vertices were therefore used to make a correction for undetected charged particles from
the b-hadron decays. This procedure assumes the quark model prediction that there are no
genuine multiply charged b-hadrons.

The probability of getting the charge of the decaying particle wrong, P(¢— @), was modelled
as:

plo-d lo—gql—=P
P(q—->Q)=m Plomil—5 (7.1)

where ¢ is the true charge, ¢ is the observed charge and P is a free parameter. This can be seen
to be a reasonable description of the charge error rate, as shown in Figure 7.1 a).

The charge was measured correctly in 71+£3% of the simulated events, and the overall agree-
ment between Monte Carlo simulation and data, shown in Figure 7.1 b), suggests that the charge
error rate will be the same for the data.

7.2 Proper Time Estimation

The proper time, ¢, was found from the decay length, [, and the b-hadron velocity, Brmp =
vg/fc:
t=—I1=—1 (7.2)

where Mp is the mass and Pp is the momentum of the b-hadron respectively, v = 1/4/1 — Bg.

The measured decay length, [ R(? is a combination of the decay length of the b-hadron and
the subsequent decays of the b-hadron decay products, particularly D mesons. The D meson
decays tend to pull the secondary vertex positions towards larger radius. Figure 7.2 compares
reconstructed and generated decay lengths for the simulated events. A small excess above the
diagonal is seen.

One of the selection criteria was that all particles assigned to the b-hadron should come from
a single vertex. This criterium suppresses long lived D mesons from the b-hadron because they
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Figure 7.3: Left: The ratio of the estimated momentum to the true value with o = 1, averaged
over all b-hadron species from simulation. The simulation did not include any detector effects the
angular and momentum requirements were applied. Right: The same ratio as a function of the
observed mass of the particles assigned to the secondary vertez. There is an approzimate linear
dependence in the range 2.2 GeV/c? < MJ, < Mp. The particles assigned to the secondary
vertex were assumed to have the pion mass.
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Figure 7.4: The estimated momentum spectrum, assuming that the true mass of each of the
hadrons is 5.27 GeV/c*. The mean estimated momenta are 33.4 = 1.5 GeV/c for the data and
32.6 £ 0.5 GeV/c for the simulation.
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Figure 7.5: a): The ratio of the estimated boost to the true boost for simulated events.
b) The difference between the true and measured proper time of individual simulated events, after
the radius shifts and o factor have been included.

in comparison to the shorter lived D°, as seen in figure 7.2. The vertex criteria therefore reduces
the shift of the reconstructed vertex away from the real b-hadron decay point.

The shifts seen in the simulation were 220+ 30um and 320460um for D° and D* mesons
respectively. These shifts are 10-15% of the typical b-hadron decay length, (c.f. figure 6.10),
and should be contrasted with the more than factor two difference in lifetime for D mesons.

The three dimensional decay length, I, was therefore found from the directly measured length,
l R¢» in the R¢ plane using:

lp. —

= Re~20m (7.3)

sin 6

_where 6 is the polar angle of the vector sum of the momenta of the charged particles assigned to

the decay vertex and 220 um is a correction taken as the mean of the distribution of figure 7.2 b)

for all the b-hadron decay products. Whether the correction has to be explicitly allowed for
depends upon the particular fit, see section 7.4.

For sufficiently large velocities the momentum, Pg, of the b-hadron can be estimated using

[89]:
1 et :bs 1
(E) = My Pom (7-4)

where M, is the observed mass of the b-hadron assuming that all the particles are pions, P
is the sum of the momenta of the particles assigned to the secondary vertex and « is a correction
factor close to 1.

Substituting 7.4 into equation 7.2 gives:

1= = M, z(—l-)%t = ol (7.5)
TP\ R) T Pow ‘
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where a is a parameter, a = 1.25 — 0.061 M7 GeV~'c? for both charged and neutral b-hadrons.
The parameters of @ were derived from simulation and depends thus on the b-hadron decay
scheme implemented there. The dependence is however rather weak. a deviates from one
because of the exclusion of particles with momenta less than 0.5 GeV/c, and the fact that M7
was calculated on the assumption that all the particles were pions. In fact it is very likely that
at least one was a kaon.

The estimation of «a has a statistical uncertainty of 25% in the simulation. The ratio of
the estimated to the generated relativistic boost, B7, is shown in figure 7.5 a). If the lifetime
determination has mean 7, and is normal distributed, the contribution from « can be added
in quadrature. The introduction of the parameter « therefore increases the uncertainty on the
lifetime by a factor of v/1. + 0.252 = 1.03. The value of o has some dependence on the species
as can be seen in table 7.1. This was not corrected for. The dependence upon true momentum
and M, can be seen in figure 7.3.

Note that the true b-hadron mass, Mg, cancels out in equation 7.5. Unfortunately this does
not mean that the relation is equally valid for all particles, as @ depends upon the masses of the

decay products.

Hadron Type o

Bt 1.084
B 1.087
B? 1.063
b Baryon 1.108

Table 7.1: The average of the parameter a evaluated using the JETSET Monte Carlo without
detector effects being considered for four different b-hadrons. The average is made within the
allowed mass range for the observed mass. The difference between them is small.

The momentum estimated for each of the accepted events using equation 7.4 is shown in
figure 7.4. The agreement with simulation justifies the use of o derived for simulated events.
It is found from figure 7.3 that if the average momentum was different by 30% then o would
change by only 2%. : :

Figure 7.5 b) compares the generated and measured proper time for simulated decays when
the decay length and momentum estimations are combined, including the corrections discussed
above. The mean was ~0.08 £ 0.02 ps, and the width 0.65 % 0.03 ps. The 0.65 ps resolution on
the proper time is significantly less than the mean b-hadron decay time.

7.3 Fit 1; Average Acceptance Function.

The extrapolated tracks of the b-hadron decay products miss the primary vertex by an
amount proportional to the decay length and inversely proportional to the b-hadron momentum.
It is therefore equivalent to parametrize the acceptance in proper time or in decay distance. The
acceptance ((t) was therefore defined as the probability that a b-hadron decay will be found as
a function of its proper time.

The function ((t) was derived from Monte Carlo simulation using the proper time distribution
of all accepted simulated events regardless of charge as shown in figure 7.6. The simulated lifetime
distribution was fitted with the four functions of equations 7.6. 7.7, 7.8 and 7.9 multiplied by
e~t/7s where 7, = 1.21 ps was the lifetime of the simulated b-hadrons. Other functions were as

well tried but did not give a satisfactory result.
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Figure 7.6: The distributions show accepted simulated events with a fit to the acceptance functions
times an exponentional with fized lifetime of 1.2 ps superimposed. (a) is a fit to equation 7.6,
(b)to 7.7 (c) to 7.8 and (d) to 7.9 respectively.
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function a b x%/n
7.6 5.8+ 3.0 18.8 £ 1.7 1.5
7.7 2.5+ 0.3 16.5 £ 4.2 0.8
7.8 2.1+ 0.3 134 £+ 3.2 0.8
7.9 2.3+ 0.2 0.77 £ 0.07 | 1.3

Table 7.2: Parameters used in the various average acceptance functions.

((t) = at+ bt (7.6)
W = (1)
() = 1-=¢"° (7.8)
) = 1+tanh(1';“) (7.9)

The parameters of the functions found from the fits are found in table 7.2.
The likelihood of the " event is:

ti—30y

+304 s 2
ZP(% - Qi)N,w(t;) e e (-1 200 gy (7.10)

See appendix A for a derivation of the expression. The sum over v is for the three components
allowed in the fit, which are the neutral and charged b-hadrons and the background. P(¢,—@;)
is the probability that a hadron of species v will be reconstructed as having charge (J; as given
by equation 7.1. The parameter P in equation 7.1, was allowed to vary in the fit and was
constrained by the small number of multiply charged events :

N, is the normalization constant for species v; ((t) is the acceptance function which rises
with , and 7, is the mean life of the hadrons of species v. The convolution integral allows for
the error on the reconstructed time, o,, which is taken to be the same for all events. It does not
run over unphysical negative values for the true b-hadron lifetime. Note that the acceptance
function is outside the integral as it depends upon the measured proper time, not the true proper
time.

The normalization constants A were given by: .

fo
N, = 7.11
T, fo max w(t) Z Wk ft+3°t ~t1/ 7y e"(‘l"t)’/z"?dhdt ( )

»

where the F, are the relative fractions of the various b-hadron species and the background,
>, F, =1, and tp. = 10 ps is the maximum proper time allowed in the fit. The f,’s differ
from the production rates because the lifetimes of secondaries can act as a bias in the selection.

The background fraction was set to 2% wich was the amount found in the simulated event
sample. The charge distribution of the background fraction, P(g,—@;), was defined to be
similar to what was expected when combining four or five tracks of random charge. Note that
the evaluation of systematic effects which are done later allow the fraction of background to be
zero. The exact description of the background is therefore not of crucial importance.
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Track projections Vertex moved

Figure 7.7: The upper figure shows a typical vertex configuration in a b-hadron decay. There are
a few tracks from the primary vertez, then a flight distance, the b-hadron decay and a subsequent
D decay. The secondary vertex found with the described method is somewhere between the b-
hadron and the D decay as indicated by the error ellipsis.

The lower left figure shows the tracks as they appear when the extrapolations are not stopped at
the relevant vertices. The picture surely contains ambiguous vertices. The lower right shows the
situation when the resolved secondary vertex is moved until a non-ambiguous secondary vertex
s not to be found any more. This position, l‘]“%‘;‘b is then the minimum observable distance for

this vertez.

Notice that the range of lifetimes can be varied in the fit. Results are quoted requiring all
events to have proper times between 0 and 10 ps. This requirement rejects six long lived events.
The systematic uncertainty due to this requirement was estimated.

7.4 Fit 2; Individual Acceptances.

With this method the acceptance is calculated on an event by event basis. The tracks
assigned to the b-hadron decay are moved towards the primary interaction without changing
the relative positions of the particles from the decay. The distance at which ambiguities start
to occur, such that the jet no longer passes the combined x? requirement, is defined as the

min

minimum distance this event could be observed, R
A binary search for 1%2,) is performed along the line joining the primary and secondary vertex.

The secondary vertex is first moved to the point halfway between the original secondary and
the primary and a new vertex fit is performed. If the new vertex passes the x? requirement it
is moved again halfway towards the primary vertex. If it does not pass it is moved outwards
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halfway towards the original secondary vertex. This procedure is repeated until the second best
vertex configuration has a probability just above 1% .
The excess decay distance is thus given by:

55 = Lpp — 1B (7.12)

The three dimensional decay length, 1, is found from the excess decay length in the R¢ plane as:

ZEXCGSS

l= (7.13)

sin @

where 6 is the polar angle of the vector sum of the momenta of the charged particles assigned
to the decay vertex.

The proper time distribution of the decaying particles beyond lﬁ‘:‘b is given by their lifetimes.
The change in the calculated proper time for individual events due to the finite decay time of
the b-hadron decay products is significantly reduced by this method since the actual vertex
configuration is kept and therefore any change in the decay distance is the same both at the
observed vertex position and at the minimum observed position. It is therefore not necessary to
correct for the pull of the vertex by the decay products such as in equation 7.3.

The effect is however not completely removed because some events are observed only because
of the shift due to the long lived b-hadron decay products. These events appear with short
proper time. The requirement on the visible mass ensures that these events are good b-hadron
candidates. Equally important is that the distribution of decay distances remains an exponential
with decay constant given by the b-hadron lifetime and momentum.

Another result of this procedure is that the uncertainty in the proper time cancels out under
the assumption that the proper time uncertainty has a finite distribution, f(¢). Put mathemat-
ically the process convolutes an infinite exponential with an unknown, finite distribution. The
resulting distribution is still an exponential with the same decay constant as the original.

This can be seen by considering the number of decays as a function of proper time, N(2),
which is given as:

o0
N(#) = N(to)e™™ — N(to) / =117 f(t — 1))dty (7.14)
where ¢ is the measured proper time for the decay, N(%,) is the initial number of particles and
f(t.— 1) is a finite function. By substituting ¢; = ¢.— T, where T is the minimum time an
event could be observed, the convolution integral becomes:

[ et pryar = et [T p(r)ar (7.15)

Y 00

If f(T) decreases faster than e7/” increases, which is the case if f(T') is a gaussian, then the
convolution integral is a constant, C. The expression for the number of decays reduces to:

N(t) = N(t,)Ce™ " (7.16)

An effectively infinite exponential is obtained by requiring that the minimum acceptable
decay length must be 5 o0;, where o0; is the geometrical uncertainty on the secondary vertex
position.

The advantage of this method is that it removes the need for the acceptance function obtained
from the Monte Carlo simulation which was used in the previous fit as well as the convolution
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integral over the proper time error. The likelihood function is therefore in this case somewhat

simpler:

Li=3" P(g — Q)N e/ (7.17)

where the sum runs over the charged or neutral b-hadron species considered and over the back-
ground. P(gq — @Q;) is the probability that a hadron of charge ¢ will be reconstructed as having
charge Q. P(q — Q) is modelled as in equation 7.1 and is constrained by the number of multi-
ply charged events. A, is the normalization constant for species v and 7, is the mean lifetime
of b-hadrons of species v. To simplify the notation ¢ refers to the excess lifetime in the rest of
this section.
The normalization constants A, are now given as :
F,

N, = P T (7.18)

where the F, are the relative fractions of the various B species and the background in the
selected sample, and t™2* = 8 ps is the maximum allowed proper time of the events used in the
fit. The fractions of the selected sample, F,, are related to the fractions f, which would have
been observed if the lifetimes had been equal:

f e-—tm"‘/r.,

=5 % Z = feT (7.19)
where N is the number of selected events, and t™" is the proper time of the minimum decay
distance at which event ¢ would have been observed. The fractions f,, as given in table 6.4. are
not the same as the production rates of the various b-hadrons because of the different selection
efficiencies for the different decay topologies.

The time range for the fit was now in the excess lifetime, and could still be altered at will.
The 2% background fraction, Table 6.4, was modelled to have the charge distribution of four or
five charged particles of random charge.

7.5 Test on D mesons

A check on the reliability of the method was performed by measuring the lifetimes of the D
hadrons. This is more difficult because is not possible to obtain a pure sample of D mesons by a
requirement on the invariant mass of the decay vertex as were done for the b-hadrons. There is
no mass range in which a pure D sample can be obtained without contamination from partially
reconstructed b-hadron states.

However, in the JETSET model, reasonable D purity was obtained using decays with masses
between 1 and 2.0 GeV/c? and an observed “Lorentz factor 4” of more than 14. b-hadrons
cannot have a true “y” of more than around 9. “y,,,” was calculated as EJ, /M7 ., and it is
shown for different quark types in figure 7.8. These requirements together with the previous, as
described in chapter 6, yields 33 neutral, 34 charged and 4 doubly charged vertices. The proper
times of the selected vertices with the fit results superimposed is shown in figure 7.9.

The v requirement produces biases in the estimated proper time because of the error on the
estimated momentum, which could be investigated with Monte Carlo simulation. The sample
also includes significant background, and the proper time resolution, is very similar to the D°
lifetime. However, simply running the lifetime fitting program on this sample, using fit 1 with
the acceptance function found for b-hadron decays, and neglecting these systematic effects gives
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Figure 7.8: The Lorentz factor “you.” for vertices with measured mass in the range 1.0 to 2.0
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the results in table 7.3. For technical reasons the requirement of no tracks found only in the

Microvertex Detector was not used.

| Parameter Data value | M.C. value
P 0.0910.04 | 0.15£0.04
feharged 0.50£0.07 | 0.4340.07
Tenarged> (D), (ps) | 1.094£0.16 | 1.27+0.21
Tneutral, (D®), (ps) | 0.4440.06 | 0.55+0.06

Table 7.3: Results of fitting the D lifetime. See text for details.

In addition to the various approximations above there is some residual b-hadron contamina-
tion. The charged lifetime is a combination of the D* with lifetime of 1.066 £0.023 ps and the

short lived D} and A}. The D° has a lifetime of 0.420 £ 0.008 ps.

This test is not meant to be a determination of the D lifetimes, but the agreement of the
result with the known D lifetimes shows that the fit method works. The difference in the lifetimes
between the charged and the neutral states also shows that the two charges have been separated.
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Figure 7.9: Proper times of the DY and D° candidates with the fit result superimposed.



Chapter 8

B lifetime results and systematic
uncertainties

Using both the method of an average acceptance function and the method of individual accep-
tances, three different fits to b-hadron lifetimes were performed.

By ignoring all the charge information a fit to a mean b-hadron lifetime was performed.
Then using the charge information a fit to charged and neutral mean b-hadron lifetimes was
obtained. Finally by assuming the fractions of the various b-hadron species, the data was fitted
to the B* and BP lifetimes.

In the subsequent discussion results from these fits are presented together with evaluations

of systematic effects.

8.1 Fit to the Mean b-hadron Lifetime.

In this fit the charge information was ignored and all the data was fitted to give an average
b-hadron lifetime. The results of the fits are shown in table 8.1. The selected events with the
fit results superimposed are shown in figure 8.1. A background fraction of 2% with a lifetime of
3.0 ps was allowed in the fit. This was simply a parametrization of the background found in the
simulated event sample.

The fit results for the simulated sample using fit method one for the equations 7.7 and 7.8
deviates about one standard deviation from the generated lifetime of 1.21 ps. The difference
between the two results is however negligible. Function 7.7 has been chosen for the subsequent
fits to two lifetimes, but function 7.8 could as have well been chosen without significantly altering
the results. The fits using equation 7.6 and 7.9 have central values about 3.5 and 2.5 ¢ from
the simulation input respectively. These functions are therefore not considered more as they
probably do not represent good models for the actual acceptance.
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Figure 8.1: The proper times of the accepted events disregarding any charge information. The
superimposed lines are the result from the fits. the fit using the acceptance function of equa-
tion 7.7 is shown in the left plot, and that using the excess lifetime approach is shown in the

right plot.
Fit method Data (ps) | —2In £ | Simulation (ps) | —=2In L
1. Acceptance function (7.6) | 1.18+0.05 | 928.7 |  1.06:+0.04 1252.1
1. Acceptance function (7.7) | 1.50£0.08 | 912.3 1.28+0.07 1248.2
1. Acceptance function (7.8) | 1.52+0.09 | 913.5 1.3040.06 1247.2
1. Acceptance function (7.9) | 1.71+0.11 | 902.4 1.42+0.08 1249.3
2. individual acceptances 1.4910.11 1.1740.09

Table 8.1: Mean lifetime, in picoseconds, measured by the two methods in one parameter fits.
The stmulated events were generated with a mean lifetime of 1.21 ps. It should be noticed that
the parameters of the acceptance functions were derived from the same simulated sample, so the

fits should give a value very close to the input value.
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Systematic Lifetime (ps)
Fit 1 Fit 2
Acceptance a+ 1o 1.5140.09 —
function a—1lo 1.5140.08 —
statistics® b+ 1o 1.4340.08 —

equation 7.7 b—1lo 1.60£0.09 —
Pull from D’s® 440 ym | 1.46+0.08 —
110 pm | 1.5540.09 —
Momentum ax0.97 | 1.4240.10 | 1.44:40.10
estimation® ax1.03 | 1.55+0.10 | 1.5440.10
Fit time range 0-5ps | 1.53%£0.15 | 1.47£0.13
0-20ps | 1.55+0.08 | 1.51+£0.10
Background? 0% 1.524:0.08 | 1.51+£0.10
fraction 6% 1.484+0.09 | 1.47+0.11

“The parameters of the acceptance function were varied within + 1 o.
*The decay length correction was varied by a factor of two.
“The momentum correction factor o was varied within 3% which is the precision with which it was determined

from simulation.
4The fraction of background allowed in the fit.

Table 8.2: Systematic effects on the mean lifetime in the two fits. Only the acceptance function
7.7 has been used in this evaluation for fit 1.

In table 8.2 the systematic effects found in fit 1 are tabulated. The parameters of the
acceptance function were allowed to vary within their statistical uncertainties, see table 7.2.
The decay length correction from the subsequent D decays was varied by a factor of two. The
parameter « in the momentum estimation was varied within its uncertainty of 3%. The fit was
performed for the fit time ranges 0 - 5 ps and 0 - 20 ps. Finally the background fraction was
allowed to be zero and 6%.

A large systematic effect arises from the uncertainties in the determination of the parameters
of the acceptance function. It is expected that this uncertainty will diminish with a larger
event sample. Although with the present size of the event sample it is justified to include it
as a systematic uncertainty. The uncertainty on the exact form of the acceptance function is
evaluated from the discepancy of the fit result from the simulation input.

No large effect on the lifetime is observed by excluding the lifetime fit to the proper time
range 0-5 ps or extending it to 0-20 ps. Any effect of the time range is however to be regarded as
a statistical uncertainty because the time range is included in the normalization of the likelihood
function. The fit time range is therefore not included in the summary of systematic uncertainties.

In fit 2 where the acceptances were calculated for each event the effect from the subsequent
D decay is expected to be smaller, as discussed in section 7.4. The momentum estimation, fit
time range and the background were varied as for fit 1. The possible bias takes into account
a possible residual effect of the pull on the vertex position from the subsequent decay of the
b-hadron decay products in fit 2, notably the long lived D mesons.

Any difference between the results from fit one and two could be interpreted as an alternative
estimate of a systematic uncertainty affecting one of the methods only. The very small difference
between the results, 0.01 ps, points in the direction that the major systematic uncertainties is
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Systematic Fit 1 (ps) | Fit 2 (ps)
Acceptance function form*® +0.04 —
Acceptance function statistics.® | £0.08 e
Pull from D’s, factor 2 +0.05 —
Momentum estimation £3% +0.05 +0.05
Background +0.02 +0.02
Possible bias® — +0.11
Total +0.12 +0.12

“The quoted value is half the difference between the generated lifetime and the fit result for the simulated

sample.
>The quoted value is half the variation of the fit result ocbtained when varying the acceptance function param-

eters +1o.
“The quoted value is the statistical uncertainty on the fit result on simulated events, scaled to be the same

fractional size.

Table 8.3: Summary of systematic uncertainties on the mean lifetime. The quoted values are
half the difference between the results in table 8.2 unless otherwise stated.

Parameter Data Simulation
Fit Result | Fit result | input
< Tenarged > (PS) 1.54+0.14 | 1.15%0.09:| -1.20
Fit 1 < Tneutrat > (PS) 1.4740.16 | 1.49+£0.14 | 1.21
Acceptance fr 0.554+0.05 | 0.56+0.04 | 0.53
P 0.18+0.03 | 0.124£0.02 | 0.16
< Teharged > | < Tnewtrar > | 1.03£0.17 | 0.77£0.11 | 0.99
< Teharged > (PS) 1.564+0.19 | 1.144£0.11 | 1.20
Fit 2 < Tneutral > (PS) 1.44+0.21 | 1.33+0.16 | 1.21
Excess It 0.52+0.08 | 0.661:0.08 | 0.53
life time P 0.18+0.03 | 0.1340.02 | 0.16
< Teharged > | < Tnewtrat > | 1.09%028 | 0.84%017 | 0.99

Table 8.4: Fit to average charged and neutral lifetimes, with the statistical uncertainties shown.
The lifetime ratio is not an independent parameter, but the errors have been calculated in a
separate fit. f* is the fraction of charged vertices. The value of P in the data corresponds to a
30% probability of getting the charge wrong. The simulation b-hadron lifetime was 1.2 ps for all
states except the Ay for which it was 1.8 ps.

common to both fits.
Taken the above considerations into account the systematic uncertainties in the fits to a

mean b-hadron lifetime are summarized in table 8.3.

8.2 Fit to the Charged and Neutral Lifetimes.

The proper time distributions of the events split into charged and neutral species is shown
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Figure 8.2: The proper times of the accepted events. The fit using the acceptance function is
shown in the top plots, that using the ezcess lifetime approach in the bottom plots.

in figure 8.2 with the fit to average charged and neutral lifetimes superimposed.

The results of the fits are shown in table 8.4. It was assumed that all the charged b-hadron
species have one lifetime and all the neutral ones have another. The relative normalization of
the two species has been left free to reduce the dependence upon the simulation.

Tables 8.5 and 8.6 show fit results for similar variations of parameters as were shown for the
fit to one lifetime. In addition two other possible systematic effects were investigated.

The first was the treatment the momentum estimation for multiply charged vertices. Nor-
mally these events are treated exactly as the neutral and singly charged. The multiply charged
vertices are however believed mainly to be due to lost low momentum particles. The fit was
therefore tried with the factor « divided by 1.15 for these vertices. This factor was determined
from simulation.

The second was the choice of model for the charge measurement uncertainty. An alternative
model where the probability of measuring the charge wrong was modelled using a Breit-Wigner
like function was tried:

Pg — Q)=7t,— [(_6712—7))2!‘:_75}31 (8.1)
v- £ [5] 2

where P is the width of the function, which was a free parameter in the fit, ¢ is the true charge,
@ is the measured charge and A is the normalization of the function. No effect was however

seen in any of the two fits.



8.2. FIT TO THE CHARGED AND NEUTRAL LIFETIMES. 117

Systematic Lifetime (ps)
Charged Neutral | Ratio
Acceptance a+ lo 1.534+0.15 | 1.484+0.17 | 1.03
function a—1lo 1.53£0.14 | 1.48+£0.16 | 1.03
statistics b+ 1o 1.464+0.13 | 1.414+0.15 | 1.04

b—1lo 1.63+0.16 | 1.58+0.18 | 1.03
Pull from D’s 110 pgm | 1.584+0.15 | 1.53+0.16 | 1.03

440 pm | 1.4340.16 | 1.501+0.18 | 0.95
Momentum ax0.97 | 1.46+0.14 | 1.51+0.18 | 0.97
estimation ax1.03 | 1.60£0.15 | 1.56+0.18 | 1.03
Q] >1° a/1.15 1.6140.16 | 1.47+£0.16 | 1.10
Fit time range 0-5ps | 1.67+0.28 | 1.394+0.24 | 1.20

0-20ps|1.50+0.14 | 1.60+£0.17 | 0.94

Charge error model 1.63+0.15 | 1.484+0.17 | 1.03
Background 0% 1.544+0.14 | 1.491+0.16 | 1.03
6% 1.524+0.14 | 1.47+0.16 | 1.03

“The multiply charged events are mainly due to lost low momentum tracks. To compensate for a possible
overestimation of the momentum for these, @ was reduced with a factor taken from simulation.

Table 8.5: Systematic effects in the two lifetime fits using fit method 1.

The systematic uncertainties associated with these fits are summarized in table 8.7. The
same considerations as regards the effect of the fit time range applies here as for the fit to an
average b-hadron lifetime and any effect from this is omitted from the summary table. The
two standard deviation discrepancy in the fit 1 from the simulation input for charged vertices
is interpreted as due to the uncertainty of the exact form of the acceptance function, and is
included in the summary table. B

The charge unfolding is a similar systematic uncertainty derived from testing the ability of fit
2 to reconstruct the original lifetimes. Using the weighting technique in the simulation analysis
the different charge states were given different weights in the fit. This should mimic different
lifetimes for the different charge states. The charge unfolding systematic uncertainty then tells
how well the fit reproduced the different lifetimes. The row labelled possible bias is included for
the same reasons as for the fit to a mean lifetime. The systematic uncertainty on the lifetime
ratio is introduced by the assumption that a possible bias only affects one of the charge states.

One possible additional systematic could be a dependence of the charge accuracy on the
lifetime. Particularly when vertices can only just be distinguished it is possible that they might
have the wrong tracks. This was investigated in simulation, using the known charge, and found
to be a negligible effect. In table 8.8 the mean apparent lifetimes of the differently charged
events are shown. The mean lifetimes of the multiply charged events are consistent with that of
the singly charged events.

A possible effect on the fit result and charge reconstruction precision for increasing mass
constraint on the secondary vertex was investigated. Figure 8.3 shows the fit results, while
figure 8.4 shows the number of vertices and the relative fractions of different charges for increasing
mass requirement. It can be seen that the fraction of doubly charged vertices decreases as the
mass requirement is increased. Although, because of the reduced number of events at higher
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Systematic Lifetime (ps) Ratio
Charged Neutral
Momentum ax0.97 1.51£0.18 | 1.394+0.20 1 1.09
estimation ax1.03 | 1.62+0.20 | 1.484+0.22 | 1.09
@l > 1 af1.15 1.62£0.19 | 1.4240.21 | 1.09
Fit time range 0-5ps | 1.50£0.23 | 1.4840.25 | 1.01

0-20ps | 1.514+0.18 | 1.484+0.20 | 1.02

Charge error model 1.56+£0.22 | 1.4340.23 | 1.09
Background 0% 1.5740.19 | 1.44£0.21 | 1.09
6% 1.55+0.19 | 1.43+£0.21 | 1.08

Table 8.6: Systematic effects in the two lifetime fit using fit method 2.

Systematic Fit 1, Acceptance Fit 2, Excess life time

_ Tcharged | Tneutral | T— /7o Teharged Tneutral | T— /To
Acceptance function form +0.06 | £0.14 | £0.12 — — —
Acceptance function (stat) | £0.09 | £0.09 — — — —
Pull from D’s, factor 2 +0.08 | +£0.03 | +0.03 — — —
Possible bias — — — +0.11 | £0.11 | £0.07
Charge unfolding — — — +0.03 | £0.05 | £0.02
Momentum estimation £0.08 | +0.09 | +0.05 | +0.06 | £0.05 | +0.06
Background fraction +0.01 | £0.04 | £0.03 | £0.01 | +0.01 | £0.02
Total systematic +0.14 | £0.20 | £0.07 | £0.13 | +0.14 | £0.09

Table 8.7: Summary of systematic uncertainties in the fit to the average charged and neutral
b-hadron lifetimes.

Charge Mean lifetime (ps)
0 1.60£0.16
1,1 1.5240.12
-3,-2,2,3 1.60+0.26

Table 8.8: Mean ezcess lifetime for different charges.
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Parameter Data value Simulation

T+ (Pps) 1.54+0.14 1.1440.09

Fit 1 TRo (ps) 1.631+0.26 1.69+0.25
Acceptance B+ 0.5540.14 0.56+0.04
function P 0.184+0.03 0.1240.02
T+ /TRo 0.92152} 0.67%51

TR+ (ps) 1.56+0.19 1.134+0.11

Fit 2 TRO (ps) 1.5540.25 1.4140.22
Excess g+ 0.51+0.08 0.63+0.06
lifetime P 0.18+0.03 0.134+0.02
T+ /TR 1.017%3 0.889-22

Table 8.9: Results for the B+ and B lifetimes; only statistical errors are quoted.

mass cuts no improvement in the statistical precision is observed. The lifetimes are consistent
with being equal for all mass requirements. The fit has an anti-correlation between the two
lifetimes which is clearly seen in the figure.

8.3 Fit to BY and BT lifetimes.

By assuming a specific composition for the neutral b-hadrons, B%, B?, A, and using previous
measurements of the B and A,, lifetimes, the data can also be interpreted in terms of the lifetimes
of the B® and B* mesons. The BP lifetime extracted in such a manner depends critically upon
the assumptions, whereas the B lifetime is relatively insensitive to the assumptions.

In the fit the B? and A, lifetimes were set to the average of ALEPH and DELPHI results
as found in table 1.3: 1.0540.33 ps [15,16] and 0.9840.22 ps [17,18] respectively. The neutral
species were divided in the same proportions as in table 6.4 and the relative amount of B* was
fitted. No other b-hadrons were allowed for. The results of the fit are shown in table 8.9.

The one and two standard deviation contours for the b-hadron lifetimes in these fits are
shown in figure 8.5. - : e

The assumptions made about the minority neutral states are very important for the ex-
traction of the lifetime of the B°. The variations of lifetimes allowed for are the combined
uncertainties from the referenced measurements. The fractions of each of the species were the
numbers obtained from the simulated event sample. Those were varied by a conservative fac-
tor of two. It should be mentioned that measurements of K° , A and =~ cross sections at
LEP [90] agree with the JETSET predictions to better than this. Note that if the four B frac-
tions and lifetimes from this fit are combined to make an unbiased LEP average, the result is
< 18 > = 1.44 ps about 0.05 ps lower than the result in section 8.2.
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Fit 1; Average acceptance function

Systematic Lifetime (ps) Ratio
B+ B°

B? fraction X 0.5( 4.5%) | 1.54£0.14 | 1.63+0.23 | 0.94
x 2.0(18.0%) | 1.54+0.14 | 1.78+0.32 | 0.86

7(B?) + 0.33 ps 1.5440.14 | 1.5940.25 | 0.97
- 0.33 ps 1.5440.14 | 1.764+0.27 | 0.87

Ay fraction x 0.5( 3.0%) | 1.54£0.14 | 1.644+0.24 | 0.94
X 2.(12.0%) | 1.5440.14 | 1.76£0.30 | 0.88

7(Ap) + 0.22 ps 1.5440.14 | 1.6440.26 | 0.94
- 0.22 ps 1.5440.14 | 1.71+£0.27 | 0.90

Background fraction | 0 % 1.55+0.14 | 1.70£0.26 | 0.91
6% 1.53+0.14 | 1.67+0.26 | 0.92

Fit 2; individual acceptances
Systematic Lifetime (ps) Ratio
B+ B

B? fraction x 0.5( 4.5%) | 1.56£0.19 | 1.524+0.24 | 1.02
x 2.0(18.0%) | 1.56+0.19 | 1.614+0.28 | 1.00

7(BY) + 0.33 ps 1.56+0.19 | 1.5040.28 | 1.05
- 0.33 ps 1.564+0.19 | 1.554+0.24 | 1.03

Ay, fraction | x 0.5(3.0%) | 1.56£0.19 | 1.53+0.24 | 1.00
X 2.(12.0%) | 1.56+0.19 | 1.59+0.27 | 0.97

7(Ap) + 0.23 ps 1.5640.19 | 1.5440.26 | 1.02
- 0.23 ps 1.56+£0.19 | 1.55+£0.25 | 1.02

Background fraction | 0 % 1.574£0.19 | 1.5540.25 | 1.02
6 % 1.5440.20 | 1.54+0.26 | 1.02

Table 8.10: Systematic effects in the fit to B and B° lifetimes
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Figure 8.5: The one and two sigma contours for the fits to the Bt and B° lifetimes. Left: fit 1.
Right fit 2. Only statistical errors are shown in these plots.

Systematic fit 1 fit 2

| 7B+ | 7o |7B+/Tpo | T+ | Tge | Tp+/7Ro

(ps) | (ps) (ps) | (ps)

B? fraction, factor 2 | — .| #5303 002 o A00 o 20:08
rBOE033ps | — | 8t | | s e
Ay, fraction, factor 2 | — | %003 e — | X0 0
T(Ap)% 0.23 ps — | e | 1% — — —
Total assumptions | £0.00 | £0.05 | +0.03 | £0.00 | 59 tooe
Total Experimental | +0.14 | £0.20 | +0.07 | +£0.13 | £0.14 | +0.09

Table 8.11: Systematic uncertainties in the fit to BY and B° lifetimes caused by uncertain-
ties in the sample composition. The quoted experimental uncertainties are similar to the fit to
mean charged and neutral lifetimes and were taken from table 8.7 and scaled by the increase in
statistical uncertainties.



Chapter 9

Conclusions

This thesis presents measurements of b-hadron lifetimes using the DELPHI detector at the
LEP accelerator and storage ring. The lifetimes are determined from an unbinned maximum
likelihood fit to the proper time measured from secondary vertex reconstruction. A total of 253
events were used. These measurements have shown the excellent track reconstruction precision
that is achieved with a central track detector using silicon microstrip detectors combined with
integrated front-end electronics. The results of the measurements are as follows:

Hit and extrapolation resolution A single hit precision of 8 ym and 16 pm for 92% and 8%
of the hits is measured. The transverse track extrapolation uncertainty, o.,, in the plane

transvere to the beam direction is measured to be:

2
_ 2 Oscatter
Oex = {O’asym + (psin3/20> :l

o2 =30+3 um

asym
2 -
Oscatter = 0x4 ,LLID
where o is the contribution in the limit of infinite momentum and o2 _,,., is the con-

asym
tribution from multiple Coloumb scattering.

The mean radial uncertainty on the secondary vertex reconstruction < o, > was found to
be:
< o, >= 190 pm

b-hadron lifetime results Quoting only the result from the fit with individual acceptances,
which was less dependent upon Monte Carlo simulation, the mean b-hadron lifetime is:

<7 > = (1494 0.11(stat) £ 0.12(syst) )ps

While this result has somewhat larger errors than the most recent determinations, see
section 9.1, it is an independent measurement with quite different systematic errors. This
mean, as has been stated before, is weighted towards the lifetime of the longest lived
species of b-hadrons. ‘
Results for the mean charged and neutral lifetimes were also found by taking the result
with the smaller systematic error. The results are:
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Figure 9.1: Graphical presentation of mean b-hadron lifetimes obtained in various experiments.
Data from [9] where as well the references to the works are found. The line indicating the Particle
Data Group average covers only those measurements that average is based upon.

< Tehargea > = (1.56 £ 0.19(stat) =+ 0.13(sys) )ps
< Tnewtrat > = ( 1.44 £+ 0.21(stat) =+ 0.14(sys) )ps
<7 [T > = 1.09 }375(stat) + 0.11(sys)

The assumptions stated in the previous section leads to measurements of the B+ and B°
lifetimes. The experimental and the uncertainties due to the physics assumptions have
been combined into a common systematic uncertainty. The results are as follows:

g+ = (1.561+0.19(stat) =£0.13(sys) ) ps
tge = (1.55+0.25(stat) =+0.18(sys) )ps
mg+/mgo = 1.01%5:35(stat) 40.12(sys)

9.1 Comparison with Other Measurements

Measurements of the mean b-hadron lifetime have existed since some time, it is therefore natural
to compare this results with the measurements.

The mean b-hadron lifetime as measured by several experiments is shown in figure 9.1. As
expected the uncertainties decrease for the more recent measurements. The dashed line shows
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Figure 9.2: Graphical presentation of B® and B* lifetimes obtained in various experiments. The
line indicates the weighted average of the measurements.

the Particle Data Group average [9], often called the world average. This is a weighted average
calculated according to the following formula:

T4 6T = ZEL:‘";;T +(Z w;)™H? (9.1)

where 7; + 47 is the lifetime and its uncertainty obtained in each measurement and
= (61;)"2 (9.2)

is the weight assigned to each measurement. The sum, of course, is over the measurements.
__The most recent measurements of the mean b-hadron lifetime; ALEPH 1992 [91], DELPHI
1992 [92] and this work are not included in the world average. When considering the measure-
ments published after 1990, an apparent rise in the mean lifetime can be seen. Especially the
ALEPH 1992 result is significantly higher than the world average.

Considerable less information is available on the separate lifetimes of B* and B° mesons.
Figure 9.2 shows a graphical presentation of some measurements of the Bt and the B° lifetimes.
The ALEPH 92, [93], DELPHI 92, [94] and OPAL 92, [95] use correlations between the decay
producs of the B-meson to determine the B-meson type, see also appendix E The dashed lines
show the weighted averages of the measurements:

(1.49+0.14) ps
(1.4840.14) ps

’7'B+
'7:B0

i

With the present level of precision all the measurements are compatible.
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9.2 Implications for the Model for b-hadron Decay.

A short introduction to the spectator-model for the decay of b-hadrons was given in section 1.6.
The prediction of the model is that there should be no difference between the lifetimes of
charged and neutral B-mesons. With additional corrections to this model, any lifetime differences
should still be within 10%. The results of this measurement does not indicate any significant
difference between the lifetimes of charged and neutral b-hadrons. Neither is any difference seen
between the lifetimes of B® and the B* mesons when additional assumptions about the sample
composition which the measurement was based upon is included. Within current experimental
precision the spectator-model for b-hadron decay is therefore confirmed.

An expression for one of the matrix elements of the CKM matrix were given in equation 1.22.
Inserting the result for the mean b-hadron lifetime from this measurement gives:

10-1% {2,9 (28) _ {0.044 (0.043) (9.3)

Vyl= ——mm8m— =
Val = Ta9x 10-7% 3.1 (3.0) 0.046 (0.045)

for the various quark mass ranges and values of Ay;s. Assuming the spectator model, the
theoretical uncertainty, actually the range of the numbers, is 10% of the mean. The experimental

uncertainty on the lifetime is 14%.
From this it is reasonable to expect |V,;| to be in the range:

0.036 < V,, < 0.052 (9.4)

Which is a somewhat narrower range than found in equation 1.12. The large theoretical uncer-
tainties and assumptions must however be emphasized.

9.3 Perspectives for Future Measurements

This measurement was based upon a total of about 250 000 hadronic Z° decays. At the moment of
writing a total of about 1 000 000 Z° decays have been recorded by DELPHI. With this increased
event sample the statistical uncertainty on the measurements is expected to drop, in principle
by a factor of two. The larger event sample as well should yield larger samples of partially
reconstructed b-hadrons. With those samples it should be possible to improve substantially the
precision on individual lifetime measurements for the b-hadron species. A larger event sample
constitutes as well a better base for estimating systematic uncertainties since many systematic
effects now are hidden by statistical fluctuations.

Especially worth mentioning is the RICH detector wich was almost fully operational for the
1992 run period. The particle identification properties of this detector combined with the high
precision of the Vertex Detector should greatly increase the number of reconstructed decays of
b-hadrons leading to increased knowledge of branching ratios and lifetimes of b-hadrons.

Improvements in the detector apparatus is as well expected to boost the precision of this
type of measurements. The silicon microstrip technology has shown its usefulness at LEP.
Without doubt this type of charged particle detectors will play an important role in all major
high energy physics experiements at existing and future acelerators. All LEP experiments have
installed silicon microstrip vertex detectors at the time of writing, some with two-dimensional
readout. For resolving secondary vertices the additional z information provided by those will
especially help in reducing ambiguities in the assignment of tracks to vertices. For future proton
colliders very large, a factor of hundred more channels, silicon microstrip detectors systems are

under study.
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The very interesting question of possible CP symmetry violation in b-hadron decays will
probably not get an answer at LEP. For this we have to wait for experiments at proposed
“B-meson factories” or high luminosity proton colliders.
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Appendix A

Derivation of the Likelihood
Functions

If we have a set of independent measured quantities, x, from a probability density function,
f(x; A), where A is an unknown set of parameters. The method of maximum likelihood consists
of finding the set of values of A which maximizes the joint probability density for all the data,

given by:
L= Hf(xi;A) = Hc,- (A.1)

where L is called the likelihood. Since both £ and In £ is maximized for the same set A it is
sufficient to solve the likelihood equation:

%’;“‘-f =0 (A.2)
Alternatively the minimum of —In £ can be found numerically as is the case here.

In our case the measured quantities is the observed proper times, t;, and the charge, Q;. The
vector of unknown parameters is the lifetimes of the different particles, 7,, and the fraction of
different species, F,, of charge, ¢,, in the sample.

We therefore need to find the probability, P(t;,Q:;7,,F,), of observing a decay at proper
time, t;, of charge, Q);, of particle, v, as a function of the lifetime, 7,, and the fraction, F,, of
this particle in the sample.

The simplest case is when we have only one type of particle and no charge information. Tn
this case the number of decayed particles, N(t), for an initial sample of particles, N(0), with
mean life, 7, is given by the exponential decay law:

N(t) = N(0)e™*/" (A.3)

where 7 is the lifetime of the particle. The probability, P(%;;7), of observing N(¢;) particles at
time t; is thus given by

. N(1) _ e til7 _ et/ _
P(ti‘)T) - N(O) = fooo e—tdr = p = ‘Cl (A.4)
As a check we see that ;
45MmL=0 for 7= Z*—N:i k (A.5)

as expected.
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138 APPENDIX A. DERIVATION OF THE LIKELIHOOD FUNCTIONS

If we have a mixture of particles of type v with lifetimes, 7,, the probability of observing a
decay of a specific type of particle, P(¢;;7,), is then

N,(0) et/

P(ti;m,) = N,(t)=F, A.
(tim) = g N0 = B (4.6)
where F, = N,(0)/N(0) is the fraction of particles of type v at ¢t = 0 with 3, F, = 1.
Introducing boundaries on the observable time, ™" < #; < t™* we get:
_;1_8"“/711 Fye~t,-/r,,
P(ti9 TII) = Fy ttx;ni:x ;l_e"ti/’fy - Ty[e__tmin/.,u _ e_tmax/-,-u] (A.7)

When introducing the charge we get a mixture of particles v of charges ¢, with lifetimes r,,.
Our measured quantities is the proper time t; and charge @;. If we always observe the correct
charge, §J; = ¢, for particle v then the probability of observing a particle v becomes:

Z 6qu By p—tif70
P ti’ i;Tl/7F = max - — . A.8
@it ) = e I, 6 e (49

where

69 = A9
- {Nf&¢% (4.9)

The normalization is over the observable region in proper time, t™" < t; < t™** the observed
charges, ); and the number of particle species v.
Summing over the charges and integrating we get:

2o Fogpemtilm for Q; =
Z F[e~t™/ry g~ tB2% /1] or Qi = 4qv
v

P(thQi;Tu’FXI) = (AlO)
0 for Qi # q,

The summations runs thus only over the particle species with the same charge as observed.

. If we assume that there is a certain probability, P(g,—@Qs), 2>; P(¢,—@;) = 1, that a particle
of species v with charge ¢, will be observed as having charge Q;, were @; not necessarily is the
same as g, , the probability of observing a particle v of charge ¢, becomes:

P(q,—Q;)F,Le-t"
>, Pla,—Q:)F,

P(thQi;TuaFy) = max (A.ll)
ttmin EV[ZQ,- P(QU"’QJ’)FV }%e‘t/n]dt
summing over the observed charges (;:
P(q,—Q; Fu'l'e—t/n
P(tf9 Qi; TU’ FV) = Zu (tqmax Q ) U (A.12)

Eu gmin FV }l;e_t/r"]dt
Since P(t;,Qi; 1., F,) is normalized we can write:

*Ci = P(thQi;Tquu) (A‘lg)
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The general result is then:

Li = Y Plg—Q)N,et/™ (A.14)

F,
N, = s - A.15
min. 2oy Furemt/]dt (A.15)

tmln

where the summation variable in the denominator has been changed from v to p.

Integrating A.15 over the observable proper time we get:

F,

= . A.
N Tu Zu Fﬂ[e_tmm/T“ _ e_:max/,-“] ( 16)

Letting t™i" = 0

F,
Ny - 7’” z” [1 _ e__tma.x/T“] (A17)

A.1 Uncertainty in Proper Time and Time Dependent Accep-
tance.
Uncertainties, o;, on the individual data points can be included as a convolution of the proba-

bility density function with a gaussian [1]. A time dependent acceptance w(t) can be introduced
as a simple multiplicative factor:

C,' = Zp(qy—-)@i)j\/‘yw(t)/ e—t/‘)‘ve"(i“ii)z/za?dt (A18)

N, = s i (A.19)

Ty Jomin 20, (1) [2o, €7t/ e =¥V 120 4ty

For numerical analysis the convolution integral has to be limited:

+no; 2
L = ZP(q,,—»Q DN, w(t) e tmem -t 2ol gy (A.20) |
ti—no;
F,
N, = = - A21
Ty Jim Zpto(t) [y e e OO drat (4-21)

where n has to be chosen sufficiently large.

Which is the expressions used in section 7.10 and 7.11 found in section 7.3 If the integration
over the proper time acceptance are from 0 to t™** with t™** large compared to the lifetimes,
the integral will be close to unity. In our case ™" = 0 and t™** = 10 ps.

A.2 Individual Event Acceptances

When the acceptance is calculated on an event by event basis we have seen that there is no need
for the global acceptance function, w(t). The gaussian convolution reduces as well to a constant
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and can be dropped from the likelihood, see section 7.4. The normalization A.15 however gets
modified to have event dependent integration boundaries, ™" < ¢; < tMax;

F,
N, = max 1, (A.22)
T, ftm > F,,;e‘ I7a]dt
Our measured time is however the ezcess, t{*, proper time:
1% = ¢; — ¢min (A.23)

which is the proper time in excess of the minimum proper time , ™", that it would be possible
to observe the decay.
We also have:

fax — gmin  pmax (A.24)

where T™2* is the same for all events. Inserting A.23 and A.24 into A.14 and A.22 we get:
L = 3 P(g—QuN,e I (A.25)

F,
NII = tl,nin_]_Tmax 1 —(t-{—tmin)/T (A-26)
v t::lin Zl‘ F#;;e s “]dt
Integrating and rearranging;:

N, = F, (A.27)

Ty Z# FI‘ e"t:‘nin/"n []_ — e’(Tm“)/”#]

Which could be used in the fit with individual acceptances. The actual expressions used were
however derived along a slightly different line of thought:

We want to derive an acceptance from the observed minimum proper times, {™". The
acceptance for a single event is thus defined as the number of particles of type v that would be
observed at minimum time #™" divided by the number of particles of all types that could be
observed at the same minimum time:

N, ()

w ) = == A28

®) == @ (4.28)
Substituting the exponential decay law, but this time in ¢P®:
e : R ,

wu(ts) = <L (A.29)

>, f#et?“"/r,.
were f, is the fractions of the different species that would have been observed if their lifetimes

were equal.
Summing and averaging the single acceptances over all the observed decays gives the observed

fraction of species v of the total sample:
1 N fue—t:nin/fy
F, = 5 X2 5 p o, (A-30)

i LupJp
When constructing the likelihood function we can now assume all dependence of the observed
minimum times on the particle type to be contained in the observed fractions, as given by A.30.
We can therefore write down the likelihood function without any explicit dependence on the
tMin as long as we use A.30 for the observed fractions.
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L; = ZP(qu—»Qi)Nueﬁt'ﬁ/T" (A.31)

F,
Nu - 7_”[1 _ e"‘Tma‘t/Tv] (A.32)
L 3h et

X ~ £ _qminj__
N Z: E” f”e"ti /7u

(A.33)

The above expressions reduce to A.14 and A.15 for only one particle type. For several particle
types the expressions are different. Both have been tried on the data. The discrepancy in the
fit results between the two likelihood function is negligable. The major reason for this being the
choice of the upper time limit, 7™** = 8 ps which is considerable larger than the lifetimes. The
contribution of the acceptance in proper time to the normalization is therefore very small.

A.3 References
[1] Phys Lett B 302 (1993) 356-368
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The design and progress in the construction of the DELPHI microvertex detector are presented. The layout is described, together
with results on precision mounting of silicon detectors. The development of ac-coupled silicon microstrip detectors was an important
contribution to the design. The use of low-power CMOS readout chips facilitates the cooling of the detector. A description of the
fourth-generation readout processor for silicon strip detectors, the SIROCCO 1V, implemented in FASTBUS, is given. Finally, two
complementary systems for in-situ position monitoring of the detectors are described.

i. Introduction

This article presents important progress made in the
construction of the DELPHI microvertex detector. The
physics aspects of this detector were reported by A.
Zalewska at this conference (3rd Topical Seminar on
Perspectives for Experimental Apparatus at Future

* On leave of absence from the Institute of Nuclear Physics,
Cracow, Poland.

0168-9002 /89 /803.50 © Elsevier Science Publishers B.V.
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High-Energy Machines and Underground Laboratories,
San Miniato, 1988). A general overview of the detector
can be found in refs. [1] and [2].

The detector has to be assembled to high precision.
Considerable advances have been made in the assembly
and alignment procedures, including features which al-
low the reconstruction of the position in space of all
sensitive elements prior to installation.

Space and power considerations require the use of
integrated readout electronics for the microvertex detec-
tor. A problem connected to the use of integrated
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readout electronics with conventional dc-coupled detec-
tors is the flow of leakage current to the amplifier input
stages. This causes base-line variations of the readout.
and so requires an ADC of large dynamic range. This
difficulty initiated the development of detectors with
integrated coupling capacitors and bias resistors [7].

Different chips have been manufactured for the
readout of silicon microstrip detectors. The NMOS
Microplex chips [4.5] have been known for several years.
The high power consumption of the Microplex necessi-
tated pulses power running, which has been demon-
strated successfully [12]. However, it seemed convenient
to build a chip with lower consumption. A chip similar
in design to the original Microplex, called MXII, was
therefore built [6]. This is the chip we intend to use in
the experiment.

This report will present the overall design of the
DELPHI microvertex detector together with results on
mechanical precision in the assembly of detector mod-
ules and measurements on the silicon detectors and the
MX II chips, and finally a description of the planned
position-monitoring systems to be installed with the
detector is given.

2. The mechanical design
Our design is kept simple, with the main objectives

to have high rigidity combined with low mass. The
design also includes components for 3-dimensional

measurement of the detector to enable us to reconstruct
the position in space of the sensitive elements.

The design is shown in fig. 1 and is characterized by
two concentric layers of silicon at average radius r; = 90
mm and r, = 109 mm around the LEP beampipe. The
detector will fit in between the inner detector at radius
118 mm and the beampipe at radius 80 mm. The
coverage in @ is +45°. Only the R® coordinate is
measured.

Each of the two layers is formed by 24 modules, each
consisting of 4 detectors (see fig. 2), the sensitive area of
each detector being 32 X 58 mm? and 25.6 X 58 mm?
for the outer and inner layer, respectively. A carbon
fibre profile is attached to the backside. The readout
chips are placed on a ceramic substrate attached to each
end of the module, which also carries the hybrid cir-
cuits. The chips read out two daisy-chained detectors at
the ends of the modules. Each half-module (two daisy-
chained detectors plus a hybrid circuit) is tested for
functionality before it is joined with the other half-mod-
ule. The hybrid circuit also includes components for
pulsed power supply of the analog part of the readout
chips. ‘

The modules are mounted on aluminium rings, called
end rings, and held in place by two screws through each
of the ceramic substrates into the aluminium. The end
rings contain channels for the cooling medium and
support the signal bus carrying control signals to the
chips and the buffering circuits of the output signals.
Each module is connected at both ends via short Cap-

Fig. 1. Schematic drawing of one half-cylinder of the microvertex detector. In DELPHI the cut of the cylinder will be oriented
vertically.

1II. TRACKING DETECTORS
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ton cables from the ceramic substrate to contacts on the
signal bus.

The detector is designed to be installed just before
closing the end caps of DELPHI, after the beam pipe is
installed. Each of the end rings is vertically divided into
two half-rings to make the detector able to pass the
beam pipe support. The two half-cylinders will slide
along the beam pipe on rails mounted on the inner
detector and on the support structure of the inner
detector. The design is such that it will be possible to
take the detector in or out of DELPHI when the end
caps are opened. This gives us the possibility to delay
the installation in order to avoid excessive exposure of
the detector to radiation during the LEP start-up phase.
The two half-cylinders will not be mechanically con-
nected after insertion. There will however be an overlap
of the sensitive area between the two half-cylinders,
which should enable us to find their relative positions
using particle tracks.

Each of the half-cylinders will be covered on both
the inside and the outside for mechanical protection

b)

Fig. 2. Layout of the deiector modules for the microvertex
detector, (a) for the outer layer and (b) for the inner layer.

of points
201
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Fig. 3. Obtained mechanical precision in the assembly of
half-modules.

and electrical shielding. The covers are made of 1 mm
Rohacell foam sandwiched between two layers of 20
pm thick foil of hard aluminium. In this way the cover
gets a density of 15 mg/cm?.

The modules will be assembled to a high degree of
parallelism between the strips of the four detectors in
each module. So far, 15 half-modules have been assem-
bled. The position, in the detector plane, of the implant
at each end of one strip on the two detectors constitut-
ing a-half-module is already measured on these 15
half-modules. The four measured points are fitted to a
straight line to compensate for an overall tilt of the
half-module during measurement. The distribution of
the residuals has an rms.of 1.7 um and is shown in fig.
3

2.1. Survey of the detector

To simplify the off-line alignment task a thorough
survey of the detector will be done prior to installation.

After assembly each of the half-cylinders will be
measured in 3 dimensions using a high-precision in-
dustrial measuring machine [9]. This type of machine
operates with a small probe touching the detector at a
large number of points. The position in space of all
planes belonging to one of the half-cylinders is _then
reconstructed by software. o :

However, this machine cannot measure microscopic
objects on the detector surface such as the diode strips.
The position, in the plane of the detectors, of the diode
strips of all four detectors will therefore be measured,
using.a.microscope,.prior.to. mounting with-respect-to.a. .
reference object placed on each of the hybrids. The
position of this object is.then measured by the measur-
ing machine after the modules are mounted onto the
end rings. Using this method, we will be able to.recon-
struct the position in space of the sensitive elements and
prepare a calibration file,

3. The microstrip counters

Silicon strip detectors have been used to give high
spatial resolution in several experiments [3]. The use of
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readout electronics bonded directly to the detectors in
addition to the large number of channels prohibit the
use of an external coupling capacitor between the detec-
tors and the change-sensitive amplifiers. With conven-
tional dc-coupled detector this means that leakage cur-
rent flowing to the amplifier input stage results in shifts
and drift of the output pedestal levels.

To avoid these problems we have, in corporation
with SI (Center for Industrial Research, Oslo, Norway),
developed detectors with integrated coupling capacitors
and independent bias resistors for each strip. The bias
resistors consist of polysilicon lines.

This design gives a very flat baseline distribution and
greatly reduces baseline drift due to drift in leakage
current. A higher leakage current can also be tolerated
on a single strip without any danger of driving the
preamplifier to saturation. Fig. 4 shows an oscilloscope
picture of the signal from the Microplex chip connected
to an ac-coupled detector. The very flat baseline distri-
bution is clearly visible.

The capacitors are formed by growing a thin oxide
on the diode strip before the metallization stage in the
processing. Biasing of the strips is done through sep-
arate polysilicon resistors deposited on the surface of
the detectors and connected to each of the strips and a
common bias line. Fig. 5 shows :a photograph of the
bond pad area showing the diode strips, the bond pads
and the polysilicon resistors. The bond pad is 100 X 60
um’ and the line width of the polysilicon resistors and
the diode strips is 5 pm. The detectors will be produced
with 1281 and 1025 diode strips at 25 pm pitch for the
outer and inner layer, respectively. The readout will be
of every second strip.

Long-term (300 h) measurements on full-scale pro-
totypes, 32 X 58 mm? active area, give a distribution of
leakage currents per detector. For 10% of the prototype

Fig. 5. Photograph of the bond pad area of an ac-coupled
detector showing the bond pads, 60X 100 pm?, the diode strips
and the polysilicon resistors with 5 pm line width.

detectors I<1 pA, for 48% I<10 pA, for 65.5%
I <100 pA and for 100% I <1000 pA. For the detec-
tors with a fairly high leakage current we have found
that the current is mainly caused by a few bad strips
and that most of the detector can be fully used.

We have successfully produced one half-module with
daisy-chained detectors, total strip length 12 cm, and
multiplexed readout of the 512 channels.

A set of prototype detectors, 18 mm wide and 30
mm long, have been tested in beam using available
equipment in the NA32 experiment at the SPS at CERN.
The subsequent data analysis gives a spatial resolution
with 0 = 5.5 pm from a detector with 50 pm readout
pitch and 25 pm strip pitch [7].

4. Electronics
4.1. Readout chip

The high power consumption of the NMOS Mi-

- crocomplex chip (2 W) initiated the design of a chip

with similar performance but lower power consumption

.(65.mW); the MXII chip.{6].. The.chip consists-of-128-

Fig. 4. Oscilloscope picture of the readout of an ac-coupled

detector showing the flat pedestal distribution. Horizontal

scale 5 us/div, vertical scale 100 mV/div. One minimum
ionizing particle corresponds to 50 mV.

input channels at 50 pm input pitch. Each channel
consists of a folded cascode input stage with source
follower output. The chip incorporates double cor-
related sampling. The signals are read out serially
through an analog shift register. The main source of
power consumption lies in the input stage. The chip is
fabricated using a 3 pm radiation-resistant CMOS pro-
cess (Mietec), with chip size 6.4 X 6.4 mm’, Power con-
sumption is 65mW at 5 V dc, rise 10-90% < 100 ns and
open loop gain is 1500. Gain and noise have a spread
with 4% rms. The measured equivalent noise charge can
be expressed as ENC = 650y/cp + 2.5 pF [6]. Table 1

III. TRACKING DETECTORS
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Table 1
Equivalent noise charge, ENC, and rise time of the MXII chip
as a function of connected diode strip length

MXII alone MXII+ MXII+
1 detector 2 detectors
Strip length {nm] 0 60 120
Rise time [ns] <60 < 200 < 280
ENC [e] 1100 + 80 2100+ 160 2700+ 200

summarizes the ENC as a function of connected diode
strip length. The noise performance is poorer than the
NMOS VLSI circuits (ENC = 1500e. at 10 pF) and a
new circuit allowing noise reduction through band-
width-limiting the amplifier output is currently in pro-
cess.

4.2. Front-end electronics

The front-end electronics will be implemented as
FASTBUS-cards, Sirocco IV [8], each card containing
two identical subchannels. Each subchannel will have
its ADC-card, a front-end buffer four events deep, a
signal processor (Motorola DSP56001) and an output
buffer also four events deep. :

The expected conversion rate (= the multiplexing
rate of the microplexes) is 4.6 MHz and a subchannel
can receive up to 2048 data words per event, which
equals 16 readout chips.

The purpose of the signal processor is to perform
“intelligent” zero suppression of the data from the
silicon strips and reduce the amount of data presented
to the data acquisition system. The program controlling
the signal processors can be downloaded via FASTBUS,
allowing easy software adjustments.

5. The position-monitoring systems

The position-monitoring systems assume half-cylin-
der alignment outside DELPHI. The insertion proce-
dure should not distort the detector beyond the elastic
limit. It is however impossibie to know the final posi-

1.5mm

___H r___ 12.0mm

L 2|

2.0mm g i ] &)
T la) \7) c)

8-10mm

d)

Fig. 6. Schematic drawing of one of the lens/prism combina-
tions to be used in the optical position-monitoring system,
showing (a) the lens prism, (b) the threaded aluminium tube,
(c) the screw fixing the fibre, (d) the detector and (e) the fibre.

be read out. In this way the displacement of each sensor
relative to the grounded electrode can be measured with
a resolution better than 1 pm. A set of several sensors
will enable us to reconstruct the displacement of the
half-cylinder relative to the inner detector inner wall in
every spatial direction [10]. The system will be built
starting from commercially available components from
Capacitec [11]). The total amount of material corre-
sponds to less than 0.01% of L 4.

The system will be read out through the standard
acquisition system. The installation of the grounded
electrodes on the ID inner wall is already scheduled.

5.2. The optical displacement measuring system

This system has the advantage of being fast, it can
read out every beam crossing through the standard data
acquisition system. It is insensitive to electrical inter-
ference and uses the detector themselves as probes.

The system will consist of a number of lens prism
combinations, as shown in fig. 6, glued onto the inner
detector inner wall. The lenses will project light from an
optical fibre through holes in the cover onto the detec-
tors. The light spot on the detectors will be 75 pm in
diameter. An option for adjusting the spot size exists for
all the lens/prism combinations. At present all the

tion exactly. The thermal conditions to be expected
inside DELPHI are not well known. The position-moni-
toring systems will therefore monitor relative position
changes during data taking for software alignment. Two
complementary systems will be installed. One system
relying on capacitive methods and one using fibre optics.

5.1. The capacitive displacement measuring system
Capacitive probes will be attached to the end rings.

The capacitance between these probes and grounded
electrodes placed on the inner detector inner wall will

parts are produced and waiting for installation.

6. Conclusions

The overall design work of the DELPHI microvertex
detector is finished. It is shown to be possible to assem-
ble the detector to high precision, and then do a survey
to localize in space the position of all the sensing
elements. The difficulties encountered in the installation
of the detector in DELPHI have been solved in a
satisfactory way. Silicon microstrip detectors with in-
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tegrated coupling capacitors and bias resistors have
been produced and tested successfully in beam. With
the induction of the CMOS readout chip MXII the
difficulties caused by the high power consumption of
the Microplex chip have been removed. The comple-
mentary position-monitoring systems ensure that any
position changes in the detector during data taking for
off-line alignment are monitored.
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Results are presented from a test in the CERN SPS North Area of a prototype of the DELPHI microvertex detector. Full-sized
modules built up from prototype ac-coupled detectors and VLSI readout electronics were used. The spatial resolution of the detectors
equipped with prototype VLSI chips was measured to be 6.5 pm. The system aspects, including the readout, were found to work well.
Extrapolating to the final components we expect to achieve a measurement precision.of 5 pm with the DELPHI microvertex.detector:-

1. Introduction

The DELPHI microvertex detector will consist of
two cylindrical shells of silicon microstrip detectors
close to the beam pipe. Silicon detectors, with their very
high spatial resolution, have been used successfully in
the past in fixed target charm and beauty experiments
[1], to extract cleanly the small fraction (<1%) of
events containing charm or beauty. At LEP, 42% of all
hadronic events are expected to originate from ¢ or bb

fragmentation and therefore contain at least two par-
ticles with lifetimes in the range 10™'% t0 107'? s, The
ability to tag primary quark flavours on an event-by-
event basis and to study the spectroscopy of the heavy
flavour hadrons will enhance the physics potential of
the DELPHI detector [2].

The vertex detector is shown schematically in fig. 1.
Details can be found in refs. [3,4]. It has been designed
to measure the R¢ coordinate of charged tracks with a
precision of 5 um, as close to the interaction point as

0168-9002/90,/%03.50 © 1990 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Schematic view of a half shell of the DELPHI micro-
vertex detector.

possible. In ‘practice this is limited by the relatively
large-diameter beam pipe required for the initial safe
operation of the LEP machine. There will be two layers
of microstrip detectors at radii of 9 and 11 cm with a
length of 24 cm. Each layer is built up of 24 overlapping
modules. A module consists of four microstrip detectors
with strips parallel to the beam axis. The strip pitch of
25 pm was chosen to give the required spatial resolution
of 5 um. The basic detector unit, a half module, consists
of a pair of capacitively coupled silicon. detectors. [5]
daisy-chained together. The readout pitch is 50 pm,
Each readout strip is connected to a charge-sensitive
amplifier. These amplifiers have been built on a fully
custom-designed VLSI circuit, the MX3 [6]. Each chip
consists of 128 amplifiers and multiplexing circuitry.

The complete vertex detector consists of 192 individual.

silicon microstrip detectors with a total surface area of
0.33 m® and 55296 readout channels. These are multi-
plexed at-the readout chip so that all the channels are
read out on 48 twisted pair cables. The readout rate is
2.5 MHz. Data reduction is achieved on-line by zero
suppression and cluster identification using a purpose-
built programmable Fastbus unit, the Sirocco 4 [7).

2. Beam test hardware

The experimental arrangement used during the beam
test is shown schematically in fig. 2. A minimal proto-
type of the DELPHI microvertex detector was prepared
consisting of one inner and two outer modules. Each
half module consists of a pair of ac-coupled. silicon
detectors daisy-chained together giving 12 cm long read-
out strips. Only one of the two half modules-in each
module was equipped with electronics and read out.
The detectors were produced by SI (Oslo) and have
already been described elsewhere [5]. The mechanical
assembly was the same as it will be for the complete
detector when mounted in the DELPHI experiment.
The modules were mounted on precision end rings
which in turn were supported by a replica of the inner
wall of the inner detector.

The electronic readout chain was based on that
proposed for the DELPHI experiment but several of the
key items were only available in prototype form. The
CMOS microplex chip used in the test, the MX2, has
the same functionality as the final chip, the MX3 which
was not yet available for the beam test experiment. The
performance of both chips is summarized in fig. 3. The
MX3 has lower noise at the expense of a lower band-
width. The power consumption, 0.5 mW /channel, and

Beam

=~ Reference Counters
‘/

‘.
’

M\ S Prototype
Vertex
Detector

‘
'
1
)
v
'

Modules

... The aim of the beam test was to measure the spatial
resolution of the silicon detectors directly and to gain
experience in the operation of such a large system.
Ideally we would have liked to test all the final compo-
nents, but many items were still under development.
Including a high-precision reference beam telescope, a
total of ten silicon detectors was instrumented and read
out (10880 channels). Algorithms were developed off-
line for estimating and continuously updating pedestals
and rms noise. Cluster-finding algorithms were also
developed. A first attempt was made at understanding
the problems associated with the alignment and stability
of the vertex detector.

>
o
S
==
&
o
~T]

0
@} Light spot monitor
j—‘z Capacitive probe
y
Fig. 2. The detector arrangement for the beam test (not to

scale).
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Fig. 3. MX2 performance vs capacitance (MX3 from ref. {6]).

MXx2

Crosstalk / (Signal Crosstalk)

the radiation tolerance (greater than 55 krad) are the
same for both chips.

The readout processor foreseen is implemented in
Fastbus and has many functions. It accepts the string of
multiplexed data into a 4-event deep front-end buffer.
A signal processor then controls the data processing —
typically the calculation and storage of pedestals and
noise values, the subtraction of pedestals and the identi-
fication . of clusters.. The results are again stored.in. a
4.event deep output buffer. For this test a prototype
CAMAC unit, without processor, was used and all the
raw data was recorded directly on magnetic tape so that
algorithms for the data reduction could be developed
off-line.

The trajectory of the beam tracks was defined using
crossed pairs of silicon detectors [9] as shown in fig. 2.
These had 25 um readout pitch and were equipped with
NMOS microplex chips [8]. These reference detectors
were read out through the same data acquisition system.

The two position monitoring systems foreseen for
the vertex detector were installed and evaluated. A

capacitive probe monitored movement of the vertex
detector assembly with respect to the reference coun-
ters. An optical system composed of quartz fibres with a
50 pm diameter core and 1.5 mm diameter focussing
lenses and prisms, projects light spots onto the silicon
detectors themselves. It was installed in such a way that
it could monitor movement between the vertex detector
and its support.

3. Analysis chain

For each trigger the raw pulse-height data from all
the 10880 channels were written on tape. Neither the
pedestal subtraction nor the zero suppression features
of the Sirocco were used. The off-line software therefore
had the tasks of correctly associating each data element
with a physical strip number; of calculating pedestals
and noise values, subtracting pedestals and selecting
valid signals; of finding clusters, calculating hit coordi-
nates and fitting tracks.

The raw data in each channel consists of three
contributions:

1) An overall dc level common to all 128 channels of a
single microplex chip multiplexed onto one output.
This varies from trigger to trigger and can be caused
by external noise sources.

2) A pedestal or zero level, reflecting fluctuations in
channel characteristics across the VLSI circuits. For
the ‘reference “counters, which -are not capacitively
coupled, there is also a contribution from the leakage
currents of each strip. o

3) The charge collected as a result of the passage of a
minimum ionizing particle through the detector (i.e.
the signal).

The first component is calculated on a trigger-by-trigger

basis by finding the average pulse-height per chip in

ADC counts. The average is calculated for each chip

using only “valid” channels (see below) and is then

globally subtracted from all the data from that chip.

The individual pedestals are calculated by averaging the

residual pulse height in each channel over many trig-

gers. Updating of the average pedestal and of pedestal

rms.is.performed:

PedN+1 - PedN + (Pulse’h?igh‘ "Wch+1) - PCdN ‘
1
¢9)
2 2 1
(7 = (1= )

((Pulse-height — dc¥* ') — Ped" )
+ W, . (@

The choice of W, and W, depends on the level of
fluctuations in the pedestal and noise values. Different
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values were tried. Setting both to 50 gives noise values

which agree well with those found from calculating the

standard deviation of the residual signal per channel
taken over many triggers.

After these corrections the data is unpacked into the
physical detector strip numbering and the reference
counters are scanned for clusters. Strips which are dead,
saturated or have noise greater than 10 ADC counts (i.e.
3 times the average) counts are excluded as **not valid”.
Of the 8960 reference detector channels, about 500 are
affected. A cluster is then defined as the sum of all
contiguous valid strips satisfying both of the following
conditions:

1) Signal in each strip greater than 2.58 X g, i.e. the
probability of a noise fluctuation should be less than
1%.

2) Signal in each strip greater than one-eighth of the
peak value of the minimum ionizing pulse-height
distribution for that detector. The mean value of this
peak is 52 with a spread of 5.7 ADC counts.

Only clusters, where the integrated signal exceeds half
the peak value are kept. With this definition, the aver-
age number of strips per cluster is 2.4 + 0.2. For esti-
mating the hit position via charge division, only the
neighbouring two strips with the largest signals are
used.

After preliminary alignment, the reference counter
clusters ‘are used to define tracks through the. half
modules. These are then used to select the range of
strips in the half module through which the particle has
passed.

4. Results with reference counters

Performance of the reference counters was found to
be well matched to our requirements. After cutting out
bad channels, an average noise for the reference coun-
ters of 3.3 ADC counts was measured giving an average
signal/noise ratio of 15.8. Fig. 4 shows the cluster
pulse-height distribution for a reference counter.

After the cluster reconstruction, a straight line fit is
performed through the four planes of reference detec-
tors measuring the x-coordinate. Fitted tracks. are
accepted if: 1) their slope is less than 10 mrad, 2) at
least three of the four planes have a reconstructed
cluster, 3) the maximum residue between the extrapo-
lated track position and the hit on each of the reference
planes is less than 50 pm.

For the runs considered here, high-energy (> 60
GeV) beam particles were used so that multiple scatter-
ing effects were negligible. The correction for the true
resolution of the reference counters from the measured
residues is then straightforward, taking account of the
least-squares fit procedure used which employs all coun-
ters to define the track parameters. In the absence of

# Events

450 |
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o
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ADC counts
Fig. 4 Pulse-height distribution for reference detectors (all

clusters > 3 min /) obtained in beam test.

multiple scattering and assuming all detectors have the
same intrinsic resolution:

rms(Residue')

gl = ,
' (1— [o:z(z,—f)zl/Nosz)V2
N , (3)
Y (z,-%)
==t
: N

The correction factors that must be applied in our case
to the residue distributions to get the true resolution
estimates for each detector are 1.481 (i = 1, 4) and 1.356
(i= 2, 3). Note, as the counters were grouped in pairs,
almost measuring at a single z-coordinate when com-
pared with the distance between each pair. the resolu-
tion is approximately y2 X rms of the residue distribu-
tion. The resolution of the four horizontal counters was
found to be equal to or four better than ~5%.

The mechanical alignment of the reference counters
was very good, and the detectors were found to be
parallel to within 0.25 mrad. These small corrections
were. applied to.the data. The fully.corrected. residue
distribution for one of the reference detectors is shown
in fig. 5. It has a full width at half maximum of
92 £ 03 pm. The expected relationship rms =
FWHM /2y2 In 2 did not hold as there were non-Gaus-
sian tails to the residue distribution. This is known to
come from the dependence of the detector resolution on
the track impact point with respect to the readout
strips. This is particularly pronounced if one assumes
that the division of the collected charge depends lin-
early on the relative strip distances. In fact it was found
that the FWHM increased by > 50% between samples
of tracks traversing midway between strips and those
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Fig. 5. Residues for a reference detector.

passing through a strip. Crude corrections were applied
for the nonlinearity in the relation between charge
distribution and position which did reduce the non-
Gaussian tails of the residue distribution but did not
alter the values of the FWHM. From the FWHM we
obtain a resolution of 3.9 + 0.1 pm, compared with the
best value of 2.6 pm {1] measured using dc-coupled
detectors and discrete component electronics.

5. Results with half modules

The capacitively coupled detectors for the DELPHI
microvertex detector have been designed with very nar-
row (~ 6 um) diodes to achieve low interstrip capaci-
tance - on average 1.3 pF /cm has been measured. This
has to be compared with 2.5 to 3 pF/cm measured on
other detectors with similar layout [5]. From fig. 3 it can

179
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Fig. 7. Pulse-height distribution for half modules (only clusters
on tracks) from beam particles.

pected for the beam test assembly, using the then avail-
able MX2, is 8:1 (fig. 3).

The measured average noise for these detectors was
4.0 + 0.2 ADC counts. The signal, as estimated from the
peak of the pulse-height distribution (fig. 7) obtained in
the experiment was 28 + 2 ADC counts giving a signal/
noise of about 7:1, in good agreement with the mea-
surements using external capacitors.

The spatial resolution achieved in a large system
depends on ‘many factors apart from the electronic
noise. It is therefore important to independently mea-
sure the spatial resolution directly. Also, since no at-
tempt was made to align the half modules with respect
to the reference system, our data provided a useful
opportunity to explore alignment techniques. We found

be seen that for a ‘minimum ionizing signal of 24000
electrons, the S /N expected from the MX3 for a 12 cm
long detector is 16: 1. This has been confirmed directly E 6o -
by exposing a detector assembly to an americium source 4um
(60 keV vy). The signal-to-noise ratio measured with Am s [
was 11.5:1 (fig. 6), which extrapolates to a ratio of
16:1 for minimum ionizing particles. The S/N ex- ol
100 B0kev
8o} b *r
’.
g 60 L
3 [
S a0t
201 10
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04‘4;.!;. PEE SN | ATl ST fm S il PRTRTSE BPRTTY
-200 =15 -100 ~3%0 ) 50 100 150 200

AMS Noise

Fig. 6. Americium pulse-height distribution measured in DE-
LPHI equipped with MX3.

Microns

Fig. 8. Residues for the DELPHI half module.
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Fig. 9. Calculated resolution for 25 pm diode pitch silicon strip
detectors.

that the strips were not parallel to the reference y-direc-
tion and corrections of up to 2 mrad were needed. Also
we saw evidence of movement of all three half modules
between different runs taken at different times. Given
the mounting of the half shells within a long tube
supported on a metallic moveable stage, this is not
surprising. Temperature variations between day and
night alone gave rise to relative motions of haif-shell
and reference system of 10 um. This was measured by
the in situ capacitive probe monitoring system. Possible
movements of the half shell with respect to its support
tube were investigated using the light spot monitoring
system. No displacements were found.

Applying all the cuts and corrections described above
(in particular, an event-by-event correction of displace-
ments observed with capacitive probes), and cleaning
the data further by requiring a S/N = 5 for single strip
clusters to be accepted, the residue distribution shown
in fig. 8 is found for the DELPHI module #4. Calculat-
ing the spatial resolution from the FWHM of this
distribution we find an rms of 6.5 pm. A Gaussian fit to
this distribution yields o = 8.3 + 0.4 pm, which leads to
a resolution of ¢ = 8 um after subtraction of the error
of the predicted impact point. The fraction of events in
the tails of the experimental distribution outside the
Gaussian fit is 9%. We performed a cross-check on our
result by fitting the residues of events whose impact in
the DELPHI module #4 is within +10 pm of the
centre of a readout strip (sample A) and events with an

~impactof- 415 pm-around-the-middle line between

readout strips (sample B). We find from Gaussian fits
0=105%1 pm for sample A and 6.8+ 0.6 pm for
sample B. In fig. 9 the calculated resolution for Si strip
detectors as a function of S/N is shown for 50 pm
pitch readout and 25 pm pitch readout. Both our results
for the referonce detectors and the DELPHI module
agree well with the calculated resolution. From fig. 9
and fig. 4 we conclude that the DELPHI modules
equipped with the MX3 CMOS VLSI will achieve the
desired resolution of 0 =5 um.

6. Conclusions

Prototypes of many of the components to be used in
the DELPHI microvertex detector project have been
built and tested together under realistic experimental
conditions. The system worked well and we were able to
derive the signal/noise and spatial resolution of both
NMOS microplex equipped 25 um direct-coupled detec-
tors and CMOS (MX2) microplex equipped S0 pm
daisy-chained capacitively coupled detectors with one
intermediate diode. The resolution values extracted from
FWHM were 3.9 and 6.5 pm. The latter resolution is
limited by the electronics noise of the prototype MX2
chip. The improved signal/noise performance for the
final: DELPHI modules equipped with the MX3 VLSI
circuit, measured to be 16:1, implies that the detector
modules will give the 5 pm resolution specified in the
DELPHI microvertex detector proposal [3).
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LIFETIMES OF CHARGED AND NEUTRAL B HADRONS PRODUCED IN Z°
DECAYS

Gunnar Maehlum
Institute of Physics, University of Oslo, pob. 1048 Blindern
N-0316 Oslo, Norway
Representing the DELPHI Collaboration

ABSTRACT

The lifetimes of neutral and charged B hadrons have been measured using the
DELPHI detector at LEP. Higly enriched samples of b-hadrons are obtained by
identifying the high p: lepton from the semileptonic b decay in correlation with a
reconstructed D meson or by uniquely reconstructing the secondary vertex from the
b decay. The proper times are determined using the measured decay length of the
b-hadron.

1. Motivation

We have now measurements of the mean lifetimes of b-hadrons with a pre-
cision better than 5%. Four different species of b-hadrons have been observed, the
B° B-, BY and A;. If differences in the lifetimes between the various b-hadrons exist
the concept of a “mean” b lifetime is not valid since the decay length distribution
is not described by a single exponential.

The lifetimes of hadrons in the charmed sector are known to be different:
r(D%)/r(D%) =2.54+ 0.1 This can be understood qualitatively in terms of interference
effects in non-leptonic decay modes. For the decay mode D—Knr there are two
diagrams leading to similar final states. In the case of D* the two final states are
identical, K°rt, whereas for D° there are the two states K+tr~and K°z°. Destructive
interference between the two graphs in Dt decay is the main cause of the lifetime
difference. This interference is not possible in the D° decay since the final states are
distinguishable.

The spectator diagram is believed to dominate in the decays of b-hadrons
due to the larger mass of the b quark thus leading to similar lifetimes of the different
b-hadrons. ~

This paper presents direct lifetime measurements on samples enriched in
B® and B* content. The silicon microstrip vertex detector installed in DELPHI
allows precise decay vertex determination with a precision in the order of 100um
in the plane transverse to the beam direction. The proper time of the decays are

determined from the decay distances combined with an estimate of the b-hadren

energy.

2. D-lepton Correlations!

From figure 1 it can be seen that neutral B mesons decay semileptonic to a
charged D) (where D™ is either a D*+ or a D*). Similarly charged B mesons decay
semileptonic to neutral D mesons. The weak decay of the D meson is such that the
charged kaon must have the same charge as the lepton from the B—Dlv transition.
This correlation is then used to determine the charge of the decaying B meson.
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Figure 1: Left: Internal conversion (upper) and spectator (lower) diagrams in nonleptonic D decays.
Right: B~ (upper) and B° (lower) semileptonic decay diagrams.
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Figure 2: Left: Vertex geometry. Right: D%ignal in the K7 channel.

Figure 2 shows the vertex geometry. The D meson are reconstructed by first
identifying an electron or a muon with a momentum of at least 3 GeV/c and a high
tranverse momentum p, with respect to the jet axis. Kr vertices, Vp, are searched
_for using only tracks in the same hemisphere as the lepton. The D° candidates are
extrapolated to search for a vertex, V;, with the identified lepton. The decay length
is the distance from the primary vertex V, to W.

Evidence for charmed mesons in multihadronic events with an identified lep-
ton is shown in figure 2. A total of 92414 D°— K-+ candidates, 3548 Dt —K-nt7t
candidates, 3046 D**—(K~n*)nr* candidates and 31+10 D**—(K-ntrtz~ )zt candi-
dates were found. The lifetimes were determined using an event by event maximum
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Figure 3: Left: Charge measurement precision. Right: Proper time distributions

likelihood fit.

The results of the fit are, in picoseconds:

B DX 1.27F0%%(stat) &+ 0.15(syst)
B - DtImX  1.18%33%(stat) £ 0.15(syst)
B — D~ X 1.19%323(stat) £ 0.15(syst)

The simple charge correlation is however complicated by production of higher
spin D resonances (D**) or nonresonant D®*) + n . x. The D** charge is mixed into the
D® and pion charges reducing the B-D charge correlation. Recent measurements
by ARGUS and CLEO indicate that these contributions might be as large as 40%
of the semileptonic branching ratios. The lifetimes of B® and B*thus were extracted
after unfolding this effect using a model for D** production and measured branching
ratios. The results are in table 1.

3. Vertex Charge?

The idea is to separate all the charged particles in a jet into two unique
vertices, one from the primary Z° decay and one from the b decay. The finite decay
length of the D meson produced in the b decay can be neglected compared to the
longer b decay distance. The charge of the decaying b-hadron is reconstructed by
simply adding up the charges of the particles assigned to the b vertex.

First a primary vertex is formed constrained by the beam spot. The P(x?)
of the vertex fit was requred to be less than 1%. Jets which formed a satisfactory
single vertex were thus not considered further. Then all the tracks in a jet were
divided into two groups and all possible permutations of tracks were tried in a fit
to a primary and a secondary vertex. The jet were retained only if the combined
P(x?) for the primary and secondary vertex were larger than 10% and there were
no other combinations with a P(x?) larger than 1%.

The charge measurement is about 80% correct with misidentification rates of
10% for AQ = +1 and 1% for AQ = +2, figure 3, determined from the rate of doubly



Hadron | D-lepton (ps) Vertex charge (ps)
Bt 1.30793% +0.15+0.05 | 1.42+0.10 £ 0.17 4 0.12

B° 117132 4+ 0.154 0.05 | 1.39+0.16 £ 0.10732

7(Bt)/r(B%) | 1.11F3:3 £ 0.05+0.10 | 1.02+0.14 +0.11%028

Table 1: B® and B* lifetime results, the first error is statistical, the second experimental systematic
and the third is the constribution from D**production in the case of DI correlation and contribution
from the composition in the case of vertex charge.

charged vertices and cross checked with Monte Carlo.
An event by event maximum likelihood fit gives the results (in ps):

Tehargea = 1.32+0.13(stat)x0.15(syst)
Tnewtrat = 1.4720.17(stat)+0.15(syst)
/1o = 0.91+0.17(stat)+0.09(syst)

This result is obtained by measuring the ezcess decay length from the minimum
visible decay length obtained from data for each event. This results are consistent
with a fit using an average acceptance function obtained from Monte Carlo.

The neutral verices originates from the decay of B°, B? and A,, while the
charged vertices mainly stem from B+ with a possible small contribution from T}
baryons. To extract the B° and Bt lifetimes the charge misidentification were
unfolded and the production rates of B? and A; were modeled. The lifetimes of the
latter were taken from recent LEP measurements. The results are in table 1.

4. Conclusions

Within errors the lifetimes of B® and Bt are equal and no such effect as seen
in the charm sector is observed.
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