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Chapter 1

Introduction

Since the beginning of mankind people have been trying to find out what the world around
them is made of. In the early days, people invented gods and demons to explain what they did
not understand. Eventually this was seen to be unsatisfactory and people started to conduct
their own quests in a more scientific manner (often hampered by the intermediaries of the
gods who feared a loss of status for their gods as well as for themselves). Theories alone were
not enough, they had to be verifiable by experiment. And so, step by stop, some mysteries
of our universe were unraveled. At the end of the 19th and the beginning of the 20'1' century
the structure and building blocks of molecules and atoms were discovered. The further the
atoms were penetrated the more new particles were found. Some new particle.', had already
been predicted by theory and others came as a surprise. As a result, the theories had to be
rejected or adjusted to accommodate these new discoveries. In this way, the currently known
set of 12 elementary particles and 12 force carrying particles were found. The theory that
describes these elementary particles and forces is known as the Standard Model. Although
the Standard Model is one of the best theories we have at the moment, it still leaver a large
number of questions unanswered. One of its biggest successes, however, was the prediction of
the mass of the Z° and W* weak force carrying bosons. About 16 years after their prediction
these particles were discovered in pp collisions by the UA1 and UA2 experiments at CERN
(Conseil Europeen pour la Recherche Nuc'eaire) [1,2]. Background free signals in both the
Z° —>• e+e~ and Z° —• fi+ft~ channels were seen which provided the first direct observation
of the neutraJ weak force carrier. However, because of the difficulties inherent in the pp
environment, detailed studies of the decays of the Z° ?.nd, hence, detailed studies of the weak
interaction, were not possible (only about 100 Z°V, were detected by UA1 and UA2). The
main difficulty in the pp environment is that once a Z° is produced it must be detected in
the presence of the large hadronic debris which mainly results from the partons which did
not participate in the hard collision. The most effective method for filtering a Z° out of
this background is by looking at its leptonic decay modes. This has the disadvantage of a
small branching ratio (BR(Z° -* e+e~,fi+n~ « 3%)) and does not allow an unbiased and
systematic study of all the decay modes.

A background free environment in which the Z° properties can be studied is provided by the
Large Electron Positron collider (LEP) at CERN and the Stanford Linear Collider (SLC) at



1. Introduction

SLAC (Stanford Linear Accelerator Center). Both machines create Z°'s via e+e collisions.
Since electrons and positrons not only scatter but also annihilate when they collide, the
collision energy can be tuned precisely to the Z° resonance where the weak particle production
totally dominates all other processes and Z°'s can be studied in an unbiased, debris-free
environment. The construction of LEP started in 1982 and in the summer of 1989 the first
e+e~ collisions were produced. Once LEP reaches it design luminosity (hopefully in 1991)
about 30000 Z°'s per day per detector should be produced. Around LEP four large detectors
(ALEPH, DELPHI, L3 and OPAL) have been built. Each detector measures about 10x10x10
meters and each is run by a collaboration of a few hundred physicists.

In this thesis the data taken with the DELPHI detector during a period of October through
December 1989 will be analyzed (the results of this analysis have earlier been reported in
[3]). In this period measurements were done at ten different center-of-mass energies around
the Z° peak. DELPHI detected about 11000 hadronic and 600 leptonic decays of the Z°
boson, which corresponds to about 150 Z°'s per day. From this scan around the Z° peak, the
mass and width of the Z°, the peak cross-section, the partial widths and the number of light
neutrino species can be determined.

The replication of fermion families is one of the outstanding questions in particle physics.
Currently there are three families known and there is no convincing theoretical or experimental
reason why there could not be a fourth family of quarks and leptons. The determination of
the number of light neutrino species can give an important clue as to whether the quark-
lepton families are closed with the three which are already known, except for the possibility
that higher order families have neutrinos with a mass larger than M^/2, in which case these
neutrinos cannot be produced and found in Z° decays.

There are several methods to determine the total number of light neutrino species. The
abundance of primordial light chemical elements, like 4He, in the universe supports a value
of Nu < 4 [50]. Collider experiments have recently placed upper limits on the total number
of light neutrinos. The combined UA1 and UA2 data gives a limit of Nu < 5.9 with the
bound that Nv > 3 [46,47] and the Mark II experiment at SLC gave the limit Nv = 3.0 ± 0.9
(Nv < 4.4 at the 95% c.l.) [52]. None of these measurements, however, are precise enough to
rule out a fourth generation of light neutrinos.

Before the data will be analyzed the theoretical preliminaries needed for the analysis are
presented in chapter 2. In chapter 3 the experimental setup is described which includes an
overview of the main features of the LEP collider and a description of the complex DELPHI
detector and its data acquisition and trigger system. In chapter 4, the offline data analysis
programs and data structures, including the 3-D interactive graphics system, arc presented.
The data analysis, which is used to obtain a sample of Z° —* qq events from which the
experimental hadronic Z° line-shape is determined, is described in chapter .5. In chapter 6
the parameters of the Z° resonance and the number of light neutrino species are determined
by fitting the experimental Z° line-shape to a theoretical model. The chapter ends with some
preliminary results obtained from the analysis of the 1990 data. Chapter 7 summarizes the
main results of the thesis and makes some concluding remarks.



Chapter 2

The Standard Model

Although the Standard Model is very successful in describing all existing data very well, it
cannot possibly be the final Theory of Everything. It contains many free parameters, in-
cluding three distinct gauge coupling constants, has no explanation or understanding of the
number of fundamental quarks and leptons and their weak mixing angles, and the Higgs mech-
anism for generating the weak boson masses is experimentally untested as well as theoretically
unsatisfactory.

There are two types of experiments that could find a discrepancy with the Standard Model:
a precision measurement checking a refined prediction or a dramatic brute-force discovery
of a new particle. There are mainly three theoretical ideas which may guide the physicist,
namely the Grand Unified Theories (GUTs), the composite model of quarks and leptons and
the attempts to understand the origin of particle masses.

A Grand Unified Theory tries to unify all the fundamental particle interactions with a single
gauge coupling whose symmetry is broken at some very large (> 1015 GeV) energy scale.
To test this type of theory directly, one should look for some new type of phenomenon such
as baryon decay or some new superheavy particle like a magnetic monopole. Searches for
these phenomena have been quite unsuccessful so far and LEP is not appropriate to continue
the search. However, there are some GUTs that make quite precise predictions [7] for the
electroweak mixing angle s in 2 ^ . Many of these models can be distinguished by precision
measurements of s i n 2 ^ in experiments at the Z° peak.

A favored approach to the flavor problem is to make quarks and leptons composite and perhaps
the W^ and Z° bosons as well. It is known from precision experiments at low energies that
the scale of compositeness must be at least 1 TeV and in some cases much higher. There is no
clear upper bound on the scale of compositeness and hence no guarantee that it will produce
any effect observable at LEP.

Elementary particle masses in the Standard Model are generated by couplings to the lliggs
boson and .it least one physical, neutral Higgs particle with mass O(10) GeV1 to 0(1) TeV

'Throughout this thesis we take A = c = 1.
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is predicted [8]. Until now no sign of this mythical particle has ever been seen. The Higgs
mechanism is theoretically unsatisfactory, since the prediction of the mass of the Higgs par-
ticle itself is very unstable: the mass tends [9] to acquire large corrections in many different
theoretical frameworks. For example, radiative corrections, due to loops of light particles, in
the Standard Model contribute to the Higgs boson mass unless they are cut off by some new
physics at a relatively low-energy scale A = 0(1) TeV. One way to cut the Standard Model
off with new physics at an energy scale A < 1 TeV is supersymmetry [9]. Supersymmetry
introduces supersymmetric partners for all known particles with spins different by half a unit;
bosons to partner fermions and vice versa. This theory predicts that the new particles must
have m.».sses < 1 TeV if they are to do their job of protecting the Higgs boson mass by partially
canceling the loop diagrams. Many of these supersymmetric models predict the existence of =>t
least some particles with masses < 100 GeV which could therefore be produced and detected
at LEP. An alternative candidate for the new physics which cuts off the Standard Model is
to make the Higgs boson composite [10,11] at an energy scale < 1 TeV. This, so called, tech-
nicolor scheme tends to predict many new particles, technimesons and technibaryons, with
masses < 100 GeV which could be seen at LEP. Unfortunately, technicolor theories are at
the present in trouble, because they tend to conflict with upper bounds on flavor-changing
neutral currents.

As described above there are two kind of experiments that cou!J find deviations from the
lowest order predictions for many physical quantities thus providing tests of the theory at the
level of quantum corrections. This will confirm the validity of the Standard Mode! as a fully
fledged quantum field theory or signal the need for some significant modifications. Although
the discovery of a new particle is quite spectacular we will make in this thesis a detailed study
of the resonance parameters of the Z° from which, among others, the number of light neutrino
species can be deduced.

2.1 The Standard Model for Electroweak Interactions

The Standard Model [4,5,6] is characterized by the gauge group

SU(3) x SU(2) X U{\)

Leptons are pointlike particles which couple to the gauge bosons of SU(2) through their weak
charge and to the photon of U(l) through their electric charge. There are six leptons e,/i,r
and their — assumed — zero mass partners vc,Vn and vT. There are six quarVs u,d,s,c,b
and t which carry color and there are three color states for each quark. Leptons have no color
charge and therefore do not feel the strong interaction.

The lepton and quark fields are assigned to singlet and doublet representations of the group
SU(2): the left-handed fermions transform as doublets and the right-handed fermions as
singlets. The weak hypercharge Y, associated with the U(l) group, is assigned such that the
relation Q = I3 + Y/2 holds for all particles, where Q denotes the charge and I3 the third
component of the weak isospin. The leptons and quarks are represented by
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Table 2.1: SU(2) and (7(1) ureafc guanfum numbers of the first family.

with the corresponding quantum numbers, for the first family, given in Table 2.1. Since the
i/'s are massless there are no right-handed f's. The primes on the quarks indicate that flavor
conservation in the quark sector is not perfect. This generation mixing can be summarized
by the elements of the Kobayashi-Maskawa matrix.

There are nine massless bosons in the Standard Model: eight gluons and the photon. There
are three massive vector bosons W+ , W~ and Z°. In the minimal model with one Higgs
doublet, there is one neutral scalar, H°. Gluons carry color (unlike photons which don't carry
charge) and hence 5(7(3) is non-Abelian. Since gluons carry color, they can couple to other
gluons. The polarization of the QCD vacuum by virtual quark and gluon pairs results in an
anti-screening of color charge. This in contrast with the screening of electric charge by virtual
e+e~ pairs in QED. This anti-screening leads to the notion of confinement of quarks and the
decrease of the strong coupling constant, a,, with increasing 4-momentum transfer squared,

The Standard Model does not predict masses for the fundamental particles. The W± and Z°
masses, ignoring electroweak radiative effects, are given in terms of the parameter sin2 0w

M&± = I2

= ™ ( 1 \
cos2 0w y/2GF \ sin2 0w cos2 6W J

(2.1)

(2.2)

where a is the fine structure constant and Gp is the Fermi coupling constant2.

The electroweak interactions of all the gauge fields are specified by the model and are deter-
mined by the electric charge, e and one free parameter 0w. Spinors couple to the photon field
with the strength e and to the Z° with strength

where R/L indicates right and left couplings and Q is the charge of the fermion.

'Throughout this chapter we assume er = e3/4r = 1/137.04, GF = 1166 x 10~ s GeV" 2 , a. = 0.12,
sin2 ««, = 0.23, Mz = 91 GeV and m, > Mz/2.
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Figure 2.1: The basic (s-channel) e+e —* i,Z° -+ / / processes.

Aside from the Higgs and fermion masses, the Electroweak theory is totally specified if we
know a, Gp and Mz; a and GF are extremely accurately kuown (better than one part in 10s),
whereas Mz, before the startup of LEP, was known only to about 2%. A precise measurement
of Mz will constrain considerably the Standard Model.

2.2 The Z° Width, Cross-Section and Branching Ratios

For all the physics discussed in this thesis we are interested in the basic process e+e~ —+ / /
where the symbol / signifies a fundamental fermion, either a quark or a lepton. There are two
processes which contribute to the cross-section as shown in Fig. 2.1, namely e+c~ —> 7 —• / /
and e+e~ —» Z° —* ff, with / 5̂  e (the special case e+e~ —> e+e~ is treated separately in
section 5.3). The Standard Model specifies all the couplings and therefore the cross-section
for these processes can be calculated. If 0 is the fermion polar angle (0 = Z(e~,/)), the total
differential cross-section is the sum of the following three parts (neglecting the masses of the
fermions)

da, 1 \ Ka'QiNr „
—}-L) = ^ ! _ £ ( 1 + c o s 2 t f ) {2A)

dcos0J 2s

1(* - Ml)
dcosOJ 8y/2[(s -Mz)

2 + Mzr|]

[(Re + Le)(Rj + Ls)(\ + cos2*) + 2(Re - Le)(Rj - Lj)cos0] (2.5)

'ak NcG
2
FMis

d cos 0,

!2 + L\){R) + L)){\ + cos2*) + 2{R] - L2
e)(R} - L})cos0] (2.6)

weak

(2.7)

where Qj is the fennion charge, s = E^m, Mz the mass of the Z°, Tz is the width of the Z°
resonance (l /Tz is the Z° lifetime) and Nc the color factor: 1 for leptons and 3 for quarks.
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Model.

y,Z° —» Ylff as calculated in the Standard

The left- and right-handed weak coupling constants are given by

L} = 2li-2Q/sm20w

Rj = -2Qfsin2ew

(2.8)

(2.9)

The total cross-section consists of a purely electromagnetic part (Eq. 2.4), an electromagnetic-
weak interference part (Eq. 2.5) and a purely weak part (Eq. 2.6). From these formulae one
clearly sees that

1. Eq. 2.4 is just the point QED differential cross-section,

2. Eq. 2.5 goes to 0 at y/s = Mz, and

3. Eq. 2.6 dominates at y/s = Mz-

The above described effects are shown in Fig. 2.2, where the total cross-section (Eq. 2.7 after
integrating over cos#) as a function of Ec.m. = ,/s is plotted for all hadronic (5 quarks) and
leptonic final states. One sees that below the region of the Z° mass the purely electromagnetic
cross-section dominates as is reflected by the E^ behavior. On the Z° peak, however,
the weak cross-section dominates, providing 103 times more particle production than the
electromagnetic process.
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d,s,b
u,c,t

a

~2
1
2

~2
1
2

V

-0.040
1

-0.347

0.193

«2
 + t,2

0.2516

2

0.370

0.287

Table 2.2: Axial and vector couplings and the sum of their squares for sin2 0w = 0.23.

Lets look at what happens with da/dcosB when running at the Z° peak (s = M\\ Changing
the notation to axial and vector coupling constants

and v = ±{L + R)

da jd cos 0 (the weak part of Eq. 2.7) becomes

dajj

dcosO
fc8 + vl\a) + vj)(l + cos2 6) + 8aeveafV/ cos 6] (2.10)

In Table 2.2 the axial and vector couplings and the sum of their squares has been tabu-
lated. The term linear in cos 0 in Eq. 2.10 contributes a forward-backward asymmetry, AF-B-
AF-B « vevj which, for charged leptons is a very small number. Measuring AF-B makes nev-
ertheless a very precise determination of sin2 0w possible [12]. Since f£ cos $]d6 = 0, the term
linear in cosf? does not contribute to the total cross-section. Integrating the term (1 + cos2 0)
gives the total cross-section for producing a final state / / at the Z° peak

a!! =

The width, Tz, of the Z° peak is given, in the Standard Model, by

(2.11)

(2.12)

where / ranges over all fundamental fermions and TV/ the color factor: 1 for leplons and 3
for quarks. The normalized cross-section R is defined as the ratio

R _
e+e~

a,
0'point

The (i+(t~ cross-section is the lowest order pointlike QED cross-section of massless spin 5
particles. We can obtain this point cross-section by integrating Eq. 2.4 over cos0

jrer 4ira2

(2.13)
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Process ( / / )

e+e~,//+//", 7-+T--
uu,cc

dd,ss,bb

398
200
686
884

Tif [MeV]

165
83
284
366

r / 7 / i > [%]

6.8
3.4
11.8
15.2

Table 2.3: Production rates, partial widths and branching ratios for the different ff processes
[only s-channel for c+e~J.

Assuming five quarks (mt > Mz/2) and sin2 6W = 0.23, and ignoring the radiative corrections,
we get for the total cross-section at the Z° peak

/

= 62 nb

and for the width of the Z° peak Tz = 2.4 GeV

Table 2.3 shows the R values, the partial widths and the branching ratios (all three not
radiatively corrected) for each decay channel. From this table we see that the Z° decays
predominantly to hadrons (DR(2° -+ hadrons) « 70%). It is also shown that each quark pair
is produced in roughly equal amounts. This in contrast to the electromagnetic interaction
where quark production rates go like the electric charges squared and, hence, one gets four
times as much cc production as 66 production.

2.3 Radiative Corrections

in order to measure either the shape or the absolute cross-section, one has to apply radia-
tive corrections. In lowest order, the ZQ line-shape is a Breit-Wigner which is characterized
by three parameters: mass, width and peak cross-section. Radiative corrections, and most
notably initial state e* bremsstrahlung, will alter these quantities significantly.

A complete treatment of radiative corrections can be found in [19,13]. Thanks to a consider-
able effort in the past few years, no measurements will be limited in precision by our present
understanding of the radiative corrections.

In the absence of a resonance, initial state bremsstrahlung in c+c~ collisions lowers the effec-
tive collision energy, which raises the cross-section (o~c+e- « E~2,). Given a huge cross-section
like the Z°, one must convolute the bremsstrahlung spectrum with the resonance line-shape,
altering significantly the resonance parameters. There are two classes of radiative corrections:
electroweak and QCD corrections. The QCD corrections do not apply in the case of leptonic
final states.
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1. The electroweak corrections.

• Initial state electromagnetic radiation. This kind of radiation can occur in the
form of vertex corrections which do net change the collision energy, and therefore
don't distort the line-shape, but modify the overall normalization (see Fig. 2.3a).
It can also occur in the form of bremsstrahlung corrections which contribute by
far the largest effect (see Fig. 2.3b). They do change the collision energy and
therefore distort the Z° line-shape in a substantial way (lowering the cross-section
and shifting the peak). The effects of the initial state QED radiation are now very
well understood and incorporated in most Monte Carlo generators.

• Loop corrections. These corrections to the gauge boson propagators are called
vacuum polarization corrections in case of the photon and oblique corrections in
case of the weak gauge bosons (see Fig. 2.3c). They have the effect of changing the
effective couplings and can be taken into account by either modifying the coupling
constants ("running" coupling constants) or by correcting the propagators.

• Final state electromagnetic radiation. The corrections due to this kind of radiation
are quite small and of the order of 3a(?J/4;r ~ 0.17% (see Fig. 2.3d).

2. The QCD corrections.

• Final state gluon radiation. This kind of radiation is proportional to a,/v «s 4%
and directly effects the Z° width (see Fig. 2.3e).

2.3.1 Corrections to the Z° Width

incorporating these corrections in the prediction of the Standard Model for Yz we get

(2.14)

where ^QED a"d 6QCD a r e t n e respective radiative corrections; 6QRD = 3t»Qj/4jr for leptons
and quarks and 6qpu — o3/n for quarks only. For five quarks, sin2!?^ = 0.23 and including
the radiative corrections the Standard Model predicts

Yz = 2.49 GeV

If I'z is significantly larger than this value, there must exist physics beyond the Standard
Model. The benchmark for measuring increases in the width is the contribution of one massless
v, namely

r . = 167 MeV

2.3.2 Corrections to the Z° Line-Shape

The cross-section a^ for fermion pair production can also be expressed in a model independent
formulation (14,15,lfi) as a function of the physical parameters of the Z° resonance. A good
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q

Figure 2.3: The QED and QCD radiative correction diagrams.

description is given by "the improved Born approximation"

/ re NC(S-MZ)
+ 1]~ (s - Ml? + fil\IMl \ M\ 1 + £ + 1] s

+UNeQ}&& (2.15)

where Fe and Yj are the partial widths for Z° decay into e+e~ or any fermion pair / / . In
this expression Te, Tj, Tz and Mz should be understood as the actual physical parameters
which are determined by fitting the data, that is, they include by definition all corrections to
all orders. In a completely model independent description, the factor / / of the interference
term can be considered an additional physical parameter independent from the other four
parameters. In this case the value of / / is also determined by a fit to the data. However, the
cross-section around the Z° peak depends only weakly on the precise value of / / and so we
can assume the Standard Model value (see also chapter 6).

In order to obtain the experimentally observed cross-section the above expression has to be
corrected for initial state electromagnetic radiation. Therefore the QED corrections in the
Te term would be included twice. This problem is avoided by explicitly "uncorrecting" the
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Figure 2.4: The Z° line-shape with various levels of radiative corrections.

physical width for the QED corrections [16]

IV

The effect of the QED initial state bremsstrahlung is large. In first order it causes a lowering
of the cross-section by about 30% and a shift of the peak position by about 200 MeV. Since
these effects are large compared to the expected experimental uncertainties it is necessary to
take higher order corrections into account. These higher order corrections can be obtained
by explicitly calculating the next higher order or by using the exponentiation formalism [43].
In the exponentiation formalism terms of the form (a In ~ ) n are summed to all orders. The
first order corrections with exponentiation, the pure second order and the second order with
exponentiation agree all very well with each other. The peak position is, relative to the
uncorrected Born approximation, shifted by about 100 MeV. The difference between the
second order with exponentiation and the first order with exponentiation is about 1 MeV in
the peak position and about 1% in the cross-section [17]. In Fig. 2.4 the uncorrected as well
as the pure first order and pure second order corrected line shapes for hadronic final states
(e+e~ -* qq) are shown.
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2.4 Neutrino Counting

Any new particle with non-trivial SU{2) x ( / ( l ) quantum numbers will couple to the Z° and
appear in the Z° decays (if light enough, i.e. mneul < Mz/2) revealing its presence through
an increase in Tz and a lowering of Lhe peak cross-section compared to Standard Model
expectations. New neutrinos are an interesting example; any neutrino belonging to an SU{2)
doublet contributes about 167 MeV to Tz, so from a comparison of the measured Tz with
the Standard Model predictions for the Z° partial and total widths it is possible to extract
the number of light neutrino species, Nv.

In the next sections we will discuss briefly some different methods that can be used to de-
termine the number of light neutrino species. A more extensive treatment of the different
methods can be found in [18].

2.4.1 The Method of the Total Width

This method calculates Nv by comparing the measured value of Tz with the Tz as predicted
by the Standard Model. The theoretical uncertainty on the Standard Model Tz, due to strong
and electroweak radiative corrections, is of the order of 30 MeV. A measurement of Tz can
be performed with a comparable accuracy. The number of additional neutrino species 6NV,
with JV,, = 3 -f- SNV, can be calculated with

r — TS

6N" = TSM ()

with
T%M = 3TU + Thad + r,ept

where Tiept = r e + r,, + rT . This method is quite sensitive to deviations of visible and invisible
channels from the Standard Model which enter in the difference Tz — F§M .

2.4.2 The Method of the Invisible Width

When the partial Z° widths are known then the invisible width r m u can be calculated with

F.nu = F z - Thad - Flcpt (2.17)

When we assume that all contributions from invisible channels originate from neutrinos then
Nv is

Using as experimental inputs Tz and Mz, determined by a scan around the peak, together
with the measured ratio between hadronic and leptonic partial widths at the peak
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we can determine the invisible width F1TUI with

Tin, = T2 - rfM(3 + R') (2.18)

In this case only Fe is taken from the Standard Model and lepton universality is assumed
(Fe = FJJ = r r ) . Contrary to the determination using the total width, the introduction of
the measured ratio R' will account for deviations of the hadronic width from the Standard
Model, if these are due to additional visible channels. This method, however, produces wrong
results if Fc deviates from J!ie Standard Model and it does not account for virtual effects of
new physics since these will almost cancel out in R!.

2.4.3 The Method of the Peak Cross-Section

Instead of taking Ff from the Standard Model we can use the measured hadronic peak cross-
section a^ad. For a Dreit-Wigner resonance a relation exists between this peak cross-section,
the total width and the leptonic and the hadronic partial widths. For <r°ati this relation is

( 2 1 9 )

The number of neutrinos Nv can then be expressed as

/i2*r,rh,,rf i r _ r
l / W T e w

= V Z"ad (2.20)

The a°ad can be obtained either by a direct measurement at the peak or as a fit parameter
from a scan (both methods require a precise knowledge of the luminosity £).

2.4.4 The Radiative Method

The radiative method for counting the number of neutrino species is based on the measurement
of the cross-section for the process e+e~ —<• i> + v + 7. Only the neutrino partial width \\
enters directly in this reaction and, contrary to the previous methods, the experimental and
the theoretical uncertainties only weakly affect the final answer. The main sources of errors
are the electromagnetic radiative corrections and the contamination of the signal given by
various background processes.

The cross-section e+e~ —• v + v + 7 is proportional to the number of light neutrinos. The
comparison of the measured photon distributions can be made with the theoretical prediction
obtained with a given value of Nv. The deviations from the predicted distributions may be
fitted having Nu as a free parameter and give therefore a determination of the number of light
neutrinos.

This method will not further be discussed since no analysis with it will be done in this thesis.
A detailed description of this method, however, can be found in [20].
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2.4.5 Comparison of the Methods

The methods discussed above use different theoretical inputs from the standard Model and
the accuracy on the number of neutrino species that can be obtained by the various methods
can differ substantially depending on the different experimental conditions. One important
aspect is the complementarity between the different methods both on the theoretical and
experimental side which results in producing independent determinations of Nv.

None of the methods give the correct answer if Nu / Yinxj/Tu. This suggests that in order
to distinguish between Nu = 3 and JV, = 4 a n independent search for new invisible particles
is needed in the general strategy of determining N,,. Also an independent measurement is
needed to test lepton universality, a common assumption of all the methods.

In chapter 6 Nu will be determined using the methods based on the width and the peak
cross-section.
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Chapter 3

The Experimental Setup

3.1 The LEP Collider

LEP, the Large Electron-Positron storage ring (circumference ±27 Km), is a collider designed
to accelerate and store beams of c+ and e~. Since the c+ and e~ have opposite charges they
can circulate in opposite directions in the same arrangement of focusing and bending magnets.
Therefore LEP consists of a single ring, having the shape of an octagon with rounded corners,
with eight straight sections and eight arcs alternating around the circumference. The 3368
dipoles in the arcs bend the e+ and e~ beams. The 808 quadrupoles installed in both the
straight sections and in the arcs focus the beams. Collision points between the counter rotating
e+ and e~ beams are arranged in the middle of the straight sections. Detectors, which measure
the final state particles produced by the collisions, are installed in every second collision point.
The beams are accelerated, using conventional radio-frequency (RF) cavities, to a maximum
of 55 GeV per beam (LEP phase 1). In the next few years the maximum beam energy will
be increased to 100 GeV per beam using superconducting RF cavities (LEP 200). During the
time of data taking described in this thesis LEP was operated around a center of mass energy
of 91 GeV to make a scan of the Z° boson resonance. The luminosity, during this period, was
about C ~ 1030 e rnes ' 1 (the design luminosity of LEP, £ = 1.4 -1031 c n r V 1 , should be
reached in the 1991 data taking period).

Each beam is concentrated in four bunches. A bunch is several centimeters long and a few
millimeters high and wide over most of the LEP circumference. The bunches in each beam
are equidistant and their number is half the number of the collision points in order to avoid
collisions in all other places.

The two most important machine parameters are the beam energy E and the luminosity C.
Since the electrons and positrons move in opposite directions at the same speed, the collision
energy is just twice the beam energy. This is much larger than the energy available if e+

would be colliding with stationary t~ in a target. The rate at which the particles collide is
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proportional to the luminosity C. The luminosity is given by

where N is the number of e+ or e~ in a bunch, k is the number of bunches, / is the revolution
frequency and ax and ay are the horizontal and vertical r.m.s. beam radii at the collision
points. A Gaussian density distribution in all three directions is assumed.

A high luminosity requires large numbers in the numerator and small numbers in the denom-
inator of Eq. 3.1. The number of particles in a bunch N is limited by two kind of phenomena,
the synchrotron radiation and the interaction between the beams and the electromagnetic
fields created by them in the vacuum envelope. Electrons and positrons circulating in an
orbit with radius r lose energy due to synchrotron radiation of which the power increases as
the fourth power of the beam energy, at constant current. Therefore, synchrotron radiation
causes sharp upper limits on both current and energy. The synchrotron radiation is being
emitted in the form of soft X-rays which strike the vacuum chamber where some of them are
absorbed so that the resulting heat must be carried away by cooling water. The circulating
bunches excite electromagnetic fields (wakefields) inside the vacuum chamber. The higher the
current in the bunches and the shorter the bunches the stronger are the wakefields, which
react back on the bunches and may limit the current in them. The revolution frequency is
inversely proportional to the machine circumference which scales approximately as the square
of the energy.

A lower limit on the allowable beam size is given by the beam-beam effect. The particles in
the e+ beam are attracted by the electromagnetic field of the bunches in the e~ beam and
vice-versa. This leads to an increase of their betatron tune, i.e. of the number of betatron
oscillations which they perform along the circumference of the machine, due to the focusing
action of the magnets in the collider. The larger the betatron tune the more unstable the
beams become. Superconducting quadrupoles, placed a few meters from the interaction points,
focus the beams in the interaction point to a size of ±300 fzm in the x direction (the plane
of the accelerator) and ±50 fim in the y direction (with the z direction being along the beam
axis). The interval between two bunch crossings is of the order of 22 (is.

LEP requires a vacuum in the low 10~9 Torr range when the beams are circulating in order
to limit the particle loss rate due to beam-gas interactions to an acceptable level; the base
pressure without beam is in the order of 10~n Torr.

Electrons and positrons are injected in LEP using CERN's existing accelerators, the Super
Proton Synchrotron (SPS) and the Proton Synchrotron (PS) and the newly build LEP Injector
Linacs (LIL) and Electron/Positron Accumulation Ring (EPA). In LIL electrons or positrons
(created by shooting electrons against a tungsten target) are accelerated to 600 MeV before
they are injected into EPA. When enough electrons or positrons have been accumulated in
EPA they are being transferred to the PS. The PS accelerates the particles to 3.5 GeV and
transfers them to the SPS for further acceleration to 20 GeV. Finally the SPS injects the
bunches of electrons or positrons into LEP (see Fig. 3.1).
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SPS 206eV

CIRC. 69)2 m

EPA 600 MeV

CIRC 12Sm

LIL 600MeV

LENGTH 101m

Figure 3.1: An overview o /^EP and its injector complex.

3.1.1 Machine Induced Background Events

Beside e+e~ collisions LEP produces also all sorts of background events that will disturb
proper detector operation in case they penetrate the detector too abundantly. The two most
important types of background events are:

1. Low energy photons from synchrotron radiation. These photons influence the perfor-
mance of the tracking detectors by producing random hits (ghosts) that can introduce
additional complications during the analysis of the events. The energy spectrum of this
photon background has a mean value of 100 KeV with a long weak tail to higher photon
energies up to several MeV.

2. High energy beam particles (c+ or e~) with energies up to the nominal beam energy,
so called off-momentum particles. These particles originate in the bending sections
of the accelerating system (energies 1% to 2% below the beam energy) or by beam-gas
bremsstrahlung, a few hundred meters away from the interaction points. Off-momentum
particles affect the trigger rates by firing the data acquisition system when crossing a
detector. Also the counting rate in the luminosity monitoring detectors at small angles



20 3. The Experimental Setup

Type of background

Low energy photons

Beam halo electrons
OfF-momentum particles

Central detector
Forward detector

Full detector
Luminosity monitor

Rate in detector per bunch crossing
No collimator | Collimator

4.5 • 108

4.5 • 10"
5 102

3 • HT*
2-Hr1

5
150

1.5-10"3

2 10"2

1•10~2

Table 3.1: Machine induced particle background rates (2-3 mA, 55 GeV, nominal vacuum
pressure).

near the beam line can be affected by these particles.

To prevent the detector from being flooded by machine background events it is necessary to
have a sophisticated system of protection collimators. The particle background rates in a
detector with and without collimator protection are summarized in Table 3.1 [21]. From this
table it becomes clear that the collimator system has to achieve a very high reduction factor
(a factor of 108 for low energy photons). The difference in number of photons in the central
and forward detector is due to the reduced vacuum chamber diameter from 160 mm to 120
mm at 2.7 meter from the interaction point. The size of the beam pipe around the interaction
point is dictated by two main requirements:

1. The smaller the diameter the better short lived particles can be measured with a high-
resolution tracking detector (vertex detector).

2. The larger the diameter the lower the background rates due to particle-wall interactions.

It turns out that fluxes of up to 107 photons/second and 103 e~(e+)/second are acceptable
and can be handled without too many problems by the event reconstruction programs.

3.2 The DELPHI Detector

DELPHI (Detector with Lepton, Photon and Hadron Identification) is one of the four detec-
tors surrounding an interaction point of LEP. The DELPHI detector is run by a collabora-
tion of over 500 physicists from 39 universities and national laboratories. The construction
of the detector started in 1983 and the data recording started in August 1989. Although
DELPHI has a "conventional" detector architecture for an e+e~ detector it pioneers the
Ring Imaging Cherenkov technique. This technique gives DELPHI unique particle identifi-
cation capabilities. Other detectors used in DELPHI, like the Microvertex detector (fiV),
the Time Projection Chamber (TPC) and the High density Projection Chamber (HPC) also
exhibit some not commonly used detection techniques.

For an overview of the DELPHI detector see Fig. 3.2. AU the technical details are fully
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Figure 3.2: The DELPHI detector. 1: Vertex detector (Si-strips); 2: inner drift chamber
(ID); 3: time projection chamber (TPC); 4i 13: ring imaging Cherenkov counter (RICH);
5: outer drift chamber (OD); 6, 12, 15: electromagnetic calorimeters (high density projec-
tion chamber HPC; luminosity monitor SAT; lead-glass counters FEMC); 7: superconducting
solenoid; 8, 17: scintillators; 9: hadron calorimeters; 10, 16: muon counters; 11, H: forward
drift chambers.

described in [22,23,24]. In the next sections the main points are summarized. The coordinate
system used to describe the detector has the z axis parallel to the beam, the radius R and
azimuth <fr in the plane perpendicular to it and the polar angle 6 = 0 is along the z axis.

The apparatus, operating in a magnetic field of about 1.2 Tesla (5000 A) created by the largest
superconducting coil in the world, can be divided in different groups of detectors which each
perform a specific task. The different groups are:

• microvertex detector

• tracking chambers

• Ring Imaging Cherenkov detectors (RICH)
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• calorimeters

• scintillation counters

• muon chambers

• luminosity monitoring detector

The main characteristics of the DELPHI detector are:

1. Track reconstruction (momentum, charge and angles) in the region 13° < 0 < 167°,
with good momentum resolution extended up to very low angles. The track momentum
resolution is

0.0015 p Barrel [p <n GeV]
0.0037 p Endcap

£p f 0.C
p ~ \ 0.0

2. Good azimuthal (0 and R(f>) track direction and position resolution. The R<f> resolution
(without microvertex detector) is of the order of

ant ~ 100 fim

With the microvertex detector the R<j> resolution for tracks will improve to about 5 ftm.

3. Good measurement of track impact parameter and of decay vertices of particles with
lifetimes in the range (1 — 15) • 10~13 seconds (e.g. weak (semi-leptonic) decays of heavy
(mainly b) quarks and r-leptons). The error on the projected impact parameter is

fim2 [p in GeV]

4. Good discrimination between e, ir and K using the RICH detectors and the dE/dx of
the TPC. This and the previous three points create ideal conditions for heavy flavor, 6
quark, physics which depends on a combination of good vertex reconstruction and good
hadron identification.

5. Electromagnetic calorimetry in about 90% of the solid angle. Energy reconstruction
resolution, in the barrel region, of the order of

OE 0.20 , „ .

and in the endcap regions of the order of

gE 0.11
E ~ /

6. Hadronic calorimetry in about 98% of the solid angle with energy reconstruction reso-
lution of the order of

7. Muon chamber coverage in about 93% of the solid angle.
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3.2.1 Microvertex Detector

The microvertex detector (/iV) directly surrounds the beampipe. It covers an angular region
in 0 between 37° and 143° and it is segmented in 4> in 24 modules, with about 10% overlap,
parallel to the beampipe. Each module contains 2 layers of microstrip silicon detector at a
radius of 9 and 11 cm, respectively. The inner microstrip silicon detector contains 1024 readout
strips, the outer 1280. The (iV is capable of measuring very precisely the transverse {R<j>)
coordinates of charged particle tracks close to the beampipe. This information, combined
with the information obtained from the tracking chambers, can substantially improve the
primary vertex reconstruction and the reconstruction of secondary vertices from decays of
heavy flavors.

The following impact parameter and R<f> resolutions can be achieved

^Lp - ( ) + (25)2-t-(ll)2//m2 [pinGeV]

oRtt, ~ 7 urn

3.2.2 Tracking Chambers

In the barrel region there are three tracking chambers that can be combined to give the
overall track reconstruction resolution (p, B, <j>). These three detectors measure up to four
track segments that can be used to fit a track. In the forward/backward region there are two
tracking chambers that give DELPHI track reconstruction capabilities in the very low angle
region.

3.2.2.1 Barrel Tracking Chambers

Inner Detector (ID) A detector consisting of 2 cylindrical drift chambers: a jet chamber
surrounded by trigger layers.

1. The jet chamber (with inner radius of 12 cm and outer radius of 22 cm) covers an
angular region in B between 17° and 163°. In <j> the jet chamber is segmented in 1\
sectors. Of every charged particle that crosses a sector up to 24 R<j> coordinates,
with a point accuracy of 110 /mi, are measured. The R coordinate is obtained
from the sense wire position and the <j> front the drift time (the coordinates arc
left-right ambiguous). The drift field is constructed in such a way that, for particles
traversing under constant <j>, the drift time is independent of the radius (a, so called,
isochronous drift field, see Fig. 3.3). For low momentum tracks (up to 5 GeV) pr
information is available.

2. The trigger layers (with inner radius of 23 cm and outer radius of 28 cm) consist
of five layers of proportional chambers, which cover an angular region in 6 between
30° and 150°. Each layer contains 192 azimuthally distributed concentric wires
and 192 longitudinally distributed cathode strips. The trigger layers provide up to
5 R<j> and z coordinates. Left-right ambiguities in the jet chamber can be resolved
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Figure 3.3: The isochronous drift field of the ID jet chamber.

by combining the jet chamber track elements with the track elements found in the
trigger layers.

The total number of points measured by the ID is a function of B

iVhits = 29 30° < 9 < 150° [$ indegrees]
Nhits = 20 - 33 17° < 0 < 30° and 150° < 8 < 163°

Typical ID measurement resolutions are

afi,!, ~ 0.02 mm
ai a; 0.25 mm
04, ~ 0.7 mrad
oe ~ 15 mrad

^ 2 : ~ 20pr(%)
PT

and the 2-track separation is

(30° < 0 < 150°)

\pr in GeV]

£ik(R4>) a 1 mm
A(Rz) ~ 1 cm

Time Projection Chamber (TPC) A cylindrical drift chamber with inner radius of 35 cm,
an outer radius of 111 cm and a length of 2 X 130 cm. In <f> the TPC is segmented in
6 azimuthal sectors. Of every charged particle that crosses the sensitive volume of the
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TPC up to 16 (depending on 0) 3-dimensional space points are measured. The sensitive
volume is divided in two parts by a wall at z = 0. Particles traversing the sensitive gas
volume create electrons by ionization. These electrons drift (with a speed of 6.5 cm//*s)
under the influence of an uniform electric field parallel to the z axis to one of the end
plates where they induce a signal on the sense wires and readout pads. The sense wires
give the x, the readout pads the y and the measured drift times the z coordinate. The
track elements found by the TPC are used as starting point for the track reconstructi' :
in the angular region of 8 between 22° and 158°, in which there are at least 4 pt.' _
measured along a particle trajectory.

Typical TPC measurement resolutions are

<T/j0 ~ 250 fim
az < 0.9 mm
» 2

-2J ~ (0.7p)2 + (0.48)2 (%) 0 = 90° [pinGeV]

- f ) ~ (0.5p)2 + (0.58)2 (%) 0 = 50°

^A ~ (0.7p)2 + (0.48)2 (%) p > 1 GeV, 0 > 35°

and the 2-track separation (dependent on the pad dimensions and separation) is

A(fl<£) ~ 2 cm

A(^) a 1 cm

Outer Detector (OD) A detector consisting of 5 layers of drift tubes at a radius between
198 and 206 cm covering an angular region in fi between 43° and 137°. All layers provide
precise R<fr coordinates and three of them in addition provide crude but fast longitudinal
information.

Typical OD measurement resolutions are

anj, ~ 110 fim

az ~ 4 cm

Of the barrel tracking chambers the TPC is the main component, providing track elements
that are used as starting point for the complex track search and fit procedures in the barrel
region. The ID provides very good point resolution close to the interaction region. The OD
gives points with good spatial resolution at 2 meters from the interaction region, increasing
the lever arm for the track reconstruction, which improves the momentum resolution for high
momentum tracks. A fully contained track in the barrel region is reconstructed using the
parameters as shown in Table 3.2.

3.2.2.2 Endcap Tracking Chambers

Forward Chamber A (FCA) A detector of which each arm consists of 6 half-disks with
inner and outer radii at 30 and 103 cm, respectively. The detector is mounted directly
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Detector
ID (jet)

ID (trigger)
TPC
OD

# points
24
5
16
5

Point measurement [ Track measurement
R4>

R<t>, z
R , R<t>, z

R<t>,z

pr,<i>

4>

Table 3.2: Parameters provided by the barrel tracking chambers.

behind the TPC endplate, perpendicular to the beam axis and covers the angular regions
in 0 between 11° and 33° and 147° and 169°, respectively. A half-disk contains 2
staggered planes with 64 wires each. The first disk starts at about \z\ ~ 155 cm. The
angle between the wires in each layer (2 half-disks) is 120°. The gap between 2 half-disks
causes a dead zone of a few centimeters. The measured drift times result in a space and
direction resolution of

aXiV ~ 150 fim

o$ ~ 25 mrad

Forward Chamber B (FCB) A detector of which each arm consists of 2 half-disks with
an inner radius of 53 cm and an outer radius of 195 cm. The detector is mounted
perpendicular to the beam axis in the region \z\ 2r 267 — 283 cm and covers the angular
regions in 6 between 11° and 35° and 145° and 169°, respectively. The joining of the 2
half-disks causes a dead zone of a few centimeters at <j> = 90° and 4> = 270°.

Each half-disk has 12 sense wire planes, each rotated 120 degrees with respect to the
other. The distance between sense wires in the same plane is about 2 cm, resulting in
a driftlength of about 1 cm. The z distance between sense wire planes is 1.1 cm. The
achieved resolutions are

ax,y — 130 ^m

<J4i,°4x ^ 0.006

Below a 0 of 22° and above a 0 of 158° there are less than 3 TPC pads that "see" the track.
Below a $ of 18° and above a 0 of 162° no pad information is available at all. The FCA and
FCB detectors are placed in DELPHI to extend the track reconstruction capabilities to the
very forward/backward regions, where no TPC information is available, and to improve the
reconstruction in the region where no full TPC information is given (less than 16 pads hit).
Using the combination of FCA, FCB (and the ID-jet chamber) is is possible to reconstruct
tracks in the forward/backward region. Acceptable momentum resolution can be obtained up
to angles as low as 13° due to the long lever arm provided by the FCB.

3.2.3 Ring Imaging Cherenkov Detectors

Charged particles emerging from the TPC are identified by velocity measurement in RICH
counters. The barrel RICH (see Fig. 3.4) has an inner radius of 123 cm, an outer radius
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Figure 3.4: Cross-section of the barrel RICH.

of 197 cm and covers the angular region in 0 between 41.5° and 138.5°. The particles first
traverse a thin (1 cm) liquid radiator containing CeFu. If their velocity is above the threshold,
Cherenkov light is emitted in a narrow cone which emerges through the quartz radiator cell
and enters one or more of the drift tubes, also through quartz windows. Inside the drift tubes
the gas contains a "photo-ionizing agent" (TMAE) that absorbs the Cherenkov photons within
the first 2-3 cm. Since there is a uniform drift field inside the tubes, the ionization electrons
drift along the tube to the end plate where they are detected by a Multi Wire Proportional
Chamber (MPWC). The hit anode wire gives the <t> coordinate and the drift time gives the
z coordinate of the Cherenkov photon. The cathode strip barycenter gives the R coordinate
at which the ionization occurred. Higher momentum particles which emerge from the liquid-
radiator can pass through the drift tube region and into the gas radiator region containing
C5F12 where they, if they have sufficient velocity, will also radiate Cherenkov photons. These
photons are then focused by parabolic mirrors onto the drift tubes, passing through the quartz
at the outer face. The depth coordinate measured by the cathode strips allows separation
between electrons from the two kinds of Cherenkov rings. The velocity of the particle can be
determined from the size of the detected ring of Cherenkov photons (1//? = c/v <x cos0c/J.

Charged particles that are emitted at < 35.5° will pass through the forward RICH. The
forward RICH is similar in principle to the barrel RICH except that the drift tube technique
is not applicable because of the perpendicular magnetic field. Hence the photon detector is
divided into 12 independent vertically placed TPC like units, each covering 30° in azimuth.
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3.2.4 Calorimeters

Calorimeters are detectors that measure the energy of traversing charged and neutral particles.
They are positioned outside the tracking detectors and are made of high density materials
(e.g. lead, iron) in which the traversing particles deposit all or a large part of their energy. The
analysis of the shape of the resulting particle shower makes it possible to identify the crossing
particle as being of electromagnetic (e.g. electron, photon), of hadronic (e.g. pion, kaon) or of
minimum ionizing (e.g. muon) nature. The total energy of a particle is obtained by summing
up the energy deposited in the layers of each calorimeter individually or by the weighted sum
of the energy deposited in the electromagnetic and hadron calorimeters combined.

3.2.4.1 Electromagnetic Calorimeter

The electromagnetic calorimeter is necessary for the detection and energy measurement of
photons and electrons. Due to the complex structure of cableducts and supports for detectors
like the TPC, FCB and RICH there is a gap in electromagnetic coverage in DELPHI. The
barrel and endcap regions are physically separated by cables and supports in the regions
35° < 0 < 42° and 138° < 6 < 145°.

High Density Projection Chamber (HPC) This is the barrel electromagnetic calorime-
ter. It is placed inside the magnetic field and longitudinally divided in 6 rings covering
the angular region 43° < 6 < 137°. Each ring is azimuthally divided in 24 modules. The
rings and modules are separated by gaps of a few centimeter causing dead zones (cracks)
around each module. Each of the in total 144 modules consists of lead converter slabs
in an accordion-like structure, interspaced with gas sampling volumes (see Fig. 3.5).
Ionization electrons drift, under influence of an electric field, parallel to the z axis to
the end plate of a module. At the end plate a 2-dimensional pad readout structure
(100 pads distributed over 6 staggered layers) samples the charge collection in time slots
of about 70 ns, allowing the reconstruction of the z coordinate. Each module extends
radially from 208 cm up to 260 cm, which is equivalent to 18 electromagnetic radiation
lengths (Xo)- The HPC has a good granularity and allows 3-dimensional reconstruction
of the shower position (R, R<j>, z). Typical values for the granularity are

z ~ 4 mm
R ~ 4.5 cm

R<f> ~ 4.0 cm

The achieved resolutions in the shower direction are

og ~ 25 mrad
ffj, 2i 50 mrad

Two showers are separated if

> 2 cm
> 4 cm
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Figure 3.5: Cross-section of a HPC module.

The achieved fractional energy resolution, in the reconstruction of 45.5 GeV showers
from Bhabha events, is

aE ~ 10%

Forward Electromagnetic Calorimeter (FEMC) An electromagnetic calorimeter that
covers the endcap angular regions 10° < 0 < 36.5° and 143.5° < 9 < 170°. The
FEMC consists of 4500 lead-glass blocks in each endcap with a projective "pyramidal"
geometry pointing to the interaction region. The lead-glass blocks are read out by
vacuum phototriodes. The inner and outer radii are at 46 and 240 cm, respectively.
The front planes are at \z\ = 284 cm and each endcap is 60 cm deep. The lead-glass
has a radiation length (Xo) of 2 cm. This calorimeter operates in the difficult region
after the end-wall of the TPC (0.45 Ao) and other thick materials where the showering
of electrons, the conversion of photons and other phenomena affect the accuracy of the
energy measurement.

The accuracy in the energy resolution and shower position reconstruction is

T
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8.2
7x,y — ~FE mm

The achieved fractional energy resolution, in the reconstruction of 45.5 GeV showers
from Bhabha events, is

aE ~ 6%

3.2.4.2 Hadron Calorimeter

The hadron calorimeter (HCAL) is necessary for the detection of neutral hadronic particles
and for the measurement of the total hadronic energy. The iron return yoke of the DELPHI
superconducting solenoid, which is in the form of 5 cm thick laminations, is used to provide the
hadronic calorimetry. The detector sensitive part consists of streamer tube detectors which
are inserted between the laminations. They are read out in a projei:tive tower geometry by
cathode pads grouped together to give 4 samplings in depth. The hadron calorimeter covers
fully the angular region in 6 between 10° and 170°.

The overall achieved energy resolution is

with a granularity (dictated by the size of each tower) of about 10 cm.

3.2.5 Scintillation Counters

The barrel and endcap regions are covered by scintillation detectors. In the barrel region they
are located between the external cryostat wall and the hadron calorimeter. In the endcap
region they are placed behind the hadron calorimeter and before the muon chambers.

The barrel scintillation counters consist of scintillator strips that are 355 cm long, 19 cm
wide, 2 cm deep and equipped with photomultipliers at both ends allowing Time Of Flight
(TOF) measurement. A response of 40 photo-electrons for a minimum ionizing particle, a
time resolution of 1.2 ns and a spatial resolution of about 20 cm have been measured. The
main purpose of the TOF counter is twofold. First, to deliver a cosmic ray trigger which
allows good calibration and alignment of the track detectors. Second, to help in removing
background events (cosmics) via TOF measurements at the trigger level.

The endcap scintillators (forward hodoscopes, HOF) main function is to increase the muon
trigger efficiency (when in coincidence with hadron calorimeter information) down to the very
low angle region. They are also important in the cosmic trigger where they register signals in
back to back sectors.
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3.2.6 Muon Chambers

The muon chambers provide muon identification. The muon chamber coverage is not complete,
besides the inevitable low angle dead zones there are the regions 45° < 0 < 53° and 127° <
6 < 135° which are not covered by muon chambers.

The barrel muon chambers (MUB) consist of three layers of 4 m long drift chambers which
are segmented azimuthally in 24 sectors. Each layer consists of two planes of staggered drift
cells which have a maximum drift distance of 10 cm to a central anode wire. The inner layer
of muon chambers is positioned 30 cm inside the iron yoke and each module has a width of
104 cm. The outer layer is positioned at the outer surface of the iron yoke and each module
has a width of 83 cm. The third layer, the peripheral layer, is placed 50 cm outside de iron
yoke. Each of the peripheral modules has a width of 83 cm and are positioned in such a
way that they cover the regions left out by the inner and outer layers. The z coordinate is
measured by delay line read out which measures the difference in time of arrival of the pulse
at each end of the line. The achieved spatial resolution is

^drift < 4 mm

- 2-5 c m

The endcap muon chambers (MUF) consist of two layers of chambers, each divided in 4
quadrants, covering the angular regions 15° < 6 < 45° and 135° < 6 < 165°. Each quadrant
has 2 planes of drift cells with the anode wires crossed at 90°. The sensitive area of each
quadrant is defined by 12 cm < \x,y\ < 448 cm. The spatial resolution, averaged over all
layers in one endcap, is

aXty ~ 3 mm

3.2.7 Luminosity Monitoring Detector

The luminosity monitor, Small Angle Tagger (SAT), is a small detector very close to the
beam pipe that measures the luminosity by detecting Bhabha events (t-channel e+e~ —> e+e~).
It is also used to perform a precise survey of the beam position and the interaction point.

The SAT consists of two arms, placed about 250 cm from the interaction point, that each
cover an angular region in 6 between 43 mrad and 135 mrad. Each arm consists of an
electromagnetic calorimeter composed of 8 lead sheets placed in concentric circles around the
beam axis interspaced with scintillating fibers parallel to the beam axis. The total thickness
is 28 radiation lengths. The calorimeter is divided in 2 half-disks causing a dead zone of 2 cm.
The scintillating fibers are azimuthally grouped together in 15° elements in the inner 4 rings
and in 7.5° elements in the outer 4 rings. Behind each calorimeter the fibers are collected
into 288 bundles, each read out by a photodiode. The segmentation of the SAT is shown in
Fig. 3.6.

In each arm the lead-scintillating fiber calorimeter will be complemented by a silicon layer
(track) detector that can reconstruct and define, with high accuracy, the impinging point of
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X [cm]

Figure 3.6: Segmentation of the SAT calorimeter in one quadrant. The border of the accep-
tance in the calorimeter with the mask is indicated by a thick line (dashed line for the 12 cm
mask).

the particle developing the shower in the calorimeter. For the time being, in the absence of
this silicon track detector, a lead ring has been added to one of the arms of the SAT. This
lead ring is 10 radiation lengths thick and has a conical shape pointing towards the interaction
point. The first third of the data sample (as described in chapter 5) was taken with a mask
with a maximum outer radius of 12 cm, whereas the remaining two thirds were taken with a
13 cm mask. The purpose of the masks is to define the inner radius of the acceptance region
with high precision. Fig. 3.7 gives a side view of the calorimeter with the mask.

3.3 The DELPHI Data Acquisition and Trigger System

One of the fundamental parts of the data taking chain of an experiment is the trigger system.
The trigger system decides if the Data Acquisition System (DAS) has to write out a certain
event to permanent data storage (tape, cassette) or if the DAS has to clear its buffers and
wait for a next (more interesting) event.

The keywords for a good trigger system are:
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Figure 3.7: Side view of the SAT showing the 12 cm lead mask in front of the calorimeter.

• Efficiency; "interesting" events must be recognized out of a sea of background events.
The rate of background events is often several orders of magnitude higher than the signal
event rate,

• Speed: the decision time must be as short as possible to minimize the "dead" time of
the DAS. The faster a (negative) decision is taken the faster the system can be freed
and prepared for receiving a new event.

• Redundancy: the trigger system should consist of several subtriggers that operate inde-
pendently. Each event should be triggered by more than one subtrigger, with a large
efficiency.

3.3.1 Trigger Rates

At LEP bunch crossings occur every 22 fis. If during each bunch crossing an event has
to be registered the data taking rate would be of the order of 45 kHz. No detector and
data acquisition system can keep up with such a rate. The limiting factors are the physical
properties of the different detectors and the speed of the electronics and computer systems.
The net data taking rate that can be achieved is of the order of a few Hz.

Given the 1989 LEP luminosity, C ~ 1O30 cm"2s"', and the Z° peak cross-section, oz =*
43 nb, the Z° production rate was1

dNz

dt
= Coz a 0.04 Hz

'With LEP running at its design luminosity the Z° production rate will be about 0.6 Hz.
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The total event rate, however, was substantially higher than 0.04 Hz due to other e+c
interactions, like t-channel Bhabha scattering and 27 interactions, and background events,
like off-momentum beam particles, scattered photons, beam-gas collisions, cosmic events and
fake events generated by noisy detector components.

3.3.1.1 Detector Limitations

The limiting factors for a detector are typically a combination of its dimension and the physical
processes used to obtain the final signal. DELPHI contains three slow detectors:

• The TPC that combines the relatively slow drift technology (drift velocity of 6 cm/fts)
with a very large drift volume (maximum drift distance of 1.2 m). It takes at least
20 us before the detector produces any signals. Since the TPC produces very good 3
dimensional information it is used in the track multiplicity and topology subtriggers.
In the forward direction, however, the TPC is part of the fast track subtrigger. This is
possible because for tracks in the forward region the drift time is only of the order of a
few fts.

• The HPC where electrons are drifting with a velocity of about 6 cm//js over a distance
of up to 80 cm. This results in an average read-out time of about 12 //s. This detector
participates in the electromagnetic energy subtrigger. Thanks to scintillators inserted in
the HPC modules this detector can also provide information for the fast energy trigger.

• The forward union chambers with typical drift times of the order of 14 fts. This prohibits
the forward muon chamber from participating in the fast inuon trigger.

3.3.1.2 Electronics Limitations

The electronics limitations are mainly caused by the design of the event buffers (dimensions)
and the speed of the electronics which read, load and dump these event buffers. The speed is
also influenced by the timing problems that are inherent to propagating the numerous signals
through the synchronous and asynchronous parts of the data acquisition system.

The time used by the multiple processors in the event building task, that merge the information
from the several detectors, is of the order of 500 ms. This part of the DAS system lowers the
45 kHz bunch crossing rate to a 2 Hz data taking rate. Intermediate solutions like pipelining
the events a.'d the use of data buffers to temporarily store the events are implemented to
achieve a maximum data taking rate of about 5 Hz.

3.3.2 The DELPHI First and Second Level TVigger

The complete DELPHI trigger decision system is organized in four levels (see Fig. 3.8). The
first level trigger (Tl) is introduced in order to minimize the space charge in the TPC and
therefore its decision must be taken within 3 /is from the Beam Cross Over (BCO) time.
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Figure 3.8: The four levels of the DELPHI trigger system.
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If the decision at this level is negative the front-end electronics are reset and the TPC gas
amplification can be gated off until the next BCO. If the decision is positive the second level
trigger (T2) is entered. The maximum time allowed for second level processing is 39 fis. If the
second level decision is negative the front-ends are reset and ready to take the next BCO. Thus
one BCO is lost in case of a reject at the second level. If the second level decision is positive
another 300-500 fis are needed to free the Front End Buffers (FEBs) and to prepare for a new
event. The third and fourth level filters are software triggers performed asynchronously with
the BCO during the transfer of the evenf via several buffer levels to the final storage medium.

During the data taking period described in this thesis, however, only the first and second level
triggers were operational. In the next sections the control and decision processes of the first
and second level trigger are described. For a complete reference see [25].

3.3.2.1 The First Level Trigger

The reference time is started by the BCO signal coming from the beam pick-up detectors
placed upstream from the experimental area. The BCO signal first arrives at the Trigger
Supervisor (TS, a.k.a.2 ZEUS). ZEUS checks if all the front-end systems are ready; if that is
the case then it sends a Warning BCO (WNG-BCO) signal to all the Local Trigger Supervisors
(LTSes, a.k.a. PANDORAs). The PANDORAs use this signal to start the data taking.

After all the trigger information has been evaluated ZEUS sends the result, within 3 /is after
the BCO, to the PANDORAs in the form of a:

T1.NO signal if the first level trigger decision was negative, or a

Tl.YES signal in case the decision was positive.

When a T1-N0 signal has been given the front-end electronics will be reset and the TPC gas
amplification will be gated off. The T1.NO signal stays active until the next BCO. When
a Tl-YES signal has been issued the TPC gate is opened and active for about 35 fis. The
Tl.YES signal is kept permanently high in that case. The rate of Tl.YES signals was typically
of the order of 500 Hz.

Once all detectors have put their data in the FEBs the second level trigger will be started.

3.3.2.2 The Second Level Trigger

The second level trigger decision must be taken about 39 /is after the last BCO signal. The
decision results either in a:

T2.NO signal which stays active until the next BCO (thus loosing one BCO), or in a

2a.k.a. = also known as.
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Timing

Figure 3.0: The trigger control modules and their signals.

T2-YES signal which tells the Front End Freeing Controllers (FEFCs) to store the trigger
patterns a».a some other scalars. When this has been done a Front End Ready (FE.RDY)
signal will be send back to ZEUS.

After ZEUS has received all expected FE.RDY signals it sends a G00D-T2 signal to the
Trigger Supervisor Master (TSM), which handles the communications with the Readout Sys-
tem (Event Supervisor). The T2.YES signal stays high until the readout has been finished
(in about 300 to 500 /is). The rate of T2.YES signals was of the order of 2 Hz.

Fig. 3.9 gives an overview of the different control modules and control signals that are being
send around. The timing of the first and second level trigger is sketched in Fig. 3.10.

3.3.3 The Trigger Decision System

The trigger decisions are based on the information obtained from the different detectors. The
detectors that participate in the first and second level trigger give information about:
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Figure 3.10: Timing diagram for the first and second level trigger.
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Table 3.3: The five angular trigger regions.

• the number of tracks (Track Subtrigger)

• the electromagnetic energy (Electromagnetic Energy Subtrigger)

• the hadronic energy (Hadronic Energy Subtrigger)

• muons (Muon Subtrigger)

• total energy (Total Energy Subtrigger)

• bhabha's (SAT Subtrigger)

• cosmic's (Cosmic Subtrigger)

The SAT subtrigger is used for luminosity monitoring and the cosmic subtrigger for calibration
of the detectors. The subtriggers give a crude estimate (in some cases just a signal below or
above threshold) of the related quantities and in the cases of the track and energy subtriggers
also an indication of the region.

The Tl and T2 subt-'ggers are subdivided in 5 regions in 0, each corresponding to one of the
5 angular regions of the detector (see Table 3.3). Each region is covered by a specific number
and combination of detectors.

An overview of the different detectors participating in the different subtriggers is given in
Table 3.4. From this table we see that the track, total energy and muon subtriggers are
obtained by correlating signals from several detectors or regions.

Each subtrigger sends its decision, via the Trigger Data Lines (TDLs), to the Trigger Super-
visor Decision Box (TS-DB, a.k.a. PYTHIA). PYTHIA is essentially a look-up table which
can be programmed to make logical combinations of the inputs from the subtriggers. Simple
logical combinations of signals can give answers to questions like:

• is there at least one track anywhere, or

• is there at least one e.m. energy deposition above threshold anywhere, or

• is there at least one hadronic energy deposition above threshold anywhere, or

• is there at least one muon candidate anywhere, etc.
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Subtrigger

Track

Electromagnetic
Energy

Hadronic
Energy

Muon

Total energy
Bhabha
Cosmic

Region

BL

FW, BW

BL

FW, BW

BL

FW, BW

BL, FW, BW

BL, FW, BW
VFW, VBW

Tr. Level

1
2
1
2
1
2
1
2
1
2
1
2
1
2
2

Detector

ID, OD
(ID,) OD, TPC
FCA, FCB, TPC
FCA, FCB
HPC
HPC
FEMC
FEMC
HCAL
HCAL
HCAL
HCAL
TOF, OD, HCAL, MUB, HOF
idem + MUF
HPC, FEMC, HCAL
SAT
TOF, HOF

Table 3.4: Subtriggers and detectors.

The pattern of fired triggers is saved for each event. This pattern is later copied to the trigger
data blocklet of the event.

In the next section the track subtrigger will be discussed in a bit more detail. This subtrigger
plays a crucial role in tagging hadronically decaying £°'s.

3.3.4 The Track Subtrigger

3.3.4.1 Barrel

The first level barrel track subtrigger gives the multiplicity of tr. ck candidates by associating
the 24 sectors of the Inner Detector (ID) with the 24 planks of the Outer Detector (OD).
Each detector provides signals for charged particles with hits in 3 out of 5 layers. A back
to back coincidence of OD quadrants together with any signal from the ID forms a trigger.
Multiplicities within one segment or plank are ignored at this stage. The main features of
this subtrigger are:

• R-4> correlation between sectors of the ID and OD. This correlation makes an intrinsic
cut of about 1.6 GeV on the minimum transverse momentum. Notice that each plank of
the OD corresponds geometrically to one sector of the ID. The R<j> correlation is made
by associating segment n of the ID with the OR of the planks n - 1 , n, n +1 of the OD.
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• R-z correlation (32 sectors of the OD with 48 sectors of the ID). This correlation is
made by looking if a track in OD sector n is found in conjunction with a track in sectors
n - 3 up to n + 3 of the ID.

• An azimuthal angular coverage of 45° < 0 < 135°.

• A granularity of 15° in R-<j>.

• A granularity of 5° in R-z.

3.3.4.2 Forward/Backward

The first level forward/backward track subtrigger will accept tracks with a pr higher than a
certain adjustable value (1.3 GeV up to several GeV). The trigger is optimized for apj* cut of
1.6 GeV. The FCA, FCB and a part of the TPC are involved in this trigger. The acceptance
region is divided into three parts:

• the inner part with only FCA and FCB

• the middle part with TPC, FCA and FCB, and

• the outer ring where the FCA covers only a part of the TPC and FCB.

The FCA-FCB correlation is done by "mapping" wire coordinates of the FCA onto the FCB
planes. The signals from the TPC end-plate can be correlated by an AND or an OR with the
FCA and FCB information.

3.4 Summary

After a construction period of about six years the DELPHI detector recorded its first Z°
decay (see Fig. 3.11) during the short pilot run of LEP in August 1989. During the first
three months of LEP operation until the end of December 1989, about 11000 hadronic Z°
events have been recorded3. Several detectors, especially the barrel tracking chambers and
the electromagnetic calorimeters, came close to their design resolution.

Most of the trigger components which had been foreseen were actually implemented. Some
of them, however, were used in a simplified form wiih respect to the original design. With a
luminosity of about 1O30 cm~2s~' typical trigger rates were about 500 Hz for the first level
and 2 Hz for the second level trigger. The redundancy of the various components made it
possible to study the trigger efficiencies for typical hadronic and leptonic events.

3Duting the 5.S months data taking period in 1990 another 124000 hadronic Z° events were recorded.
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Figure 3.11: The first Z° event recorded by DELPHI.
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Chapter 4

The Data Analysis System

Before a data sample of a certain type of reaction can be obtained a class of events with
specific characteristics needs to be selected from the recorded data. At the online level this
selection is done by the trigger, which has been described in the previous chapter. This crude
classification of events is refined at the offline level by passing the raw data through event
reconstruction and data analysis programs. In this chapter we will discuss the DELPHI
offline data analysis system. This analysis system consists of the following main components:

• a data analysis program (DELANA)

• a Monte Carlo simulation program (DELSIM)

• an interactive graphics system (DELGRA, DELTOP and COPA)

These components will be described in the next sections of this chapter. First, however, we
will discuss the event data structure which forms the backbone of the analysis system and
allows the analysis programs to access the event data in a consistent and coherent way.

4.1 The Event Data Structure

It has been stated that

PROGRAMS = ALGORITHMS + DATA STRUCTURES

In the past much attention has been devoted to the algorithms. Now that the detectors
are larger and more complex, data structures and data management systems have become
increasingly important. Therefore, the first parts of the analysis system that were designed
and implemented were the data structures and the data management system, TANAGRA
(Track ANAlysis and GRAphics package) [26]. The purpose of TANAGRA is to provide a
coherent way of handling the basic event information. It consists of a package of routines
allowing the application programs to transfer, retrieve, delete or modify the information on
tracks and vertices. These routines can be called from any application and in particular
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from the modules which work directly on the raw data of a specific detector component.
TANAGRA creates a well defined data structure, called VETBAS (VErtex and Track BAsic
Structure), which contains the track and vertex information in a form that is independent of
the particular detector component(s) from which it originated. The VETBAS data structure
can only be accessed through the TANAGRA routines.

TANAGRA also maintains a complete history of all the interactions that changed the data
structure. It is thus possible to reconstruct which program modules and which TANAGRA
commands were issued during the analysis of an event. This history mechanism is especially
useful during the debugging of the analysis programs. Tracing the history can give important
clues as to where the program went wrong.

4.1.1 Event Data Hierarchy

The data structure maintained by TANAGRA reflects, in a hierarchical way, the different
data reduction steps made during the event analysis:

Detector data (TD): the detector data, called TD, are saved in a detector dependent form.
The data stored at the TD level are, mainly, space points, drift times and pulse heights,
hence they are not the raw data themselves but require some preprocessing (calibration)
by the detector dependent analysis modules. The TD data are the input to the local
pattern recognition modules.

Track elements (TE): the pattern recognition is supposed to be done locally for the various
detector components (see top of Fig. 4.2). The results of this local pattern recognition
are stored at the TE level in the form of track positions and directions independent of
the originating detector component. The TE data will be used, in the next step, by the
global pattern recognition to build track strings.

Track strings (TS): ihe next step tries to connect track elements together, creating strings
of track elements. This step is done globally for all track elements of all detector com-
ponents by a fast stmg search algorithm. The results of the string search are stored
at the TS level in the form of a list of track elements belonging to a charged particle
track. In the simplest case a single list of elements will exist and the string is equivalent
to the track. There may, huwpver, be more complex cases where multiple strings need
to be stored. TANAGRA has the possibility to store all the concurrent solutions and
to specify that they are mutually exclusive. This feature is available at all the levels
described in this section.

Tracks (TK): one string or several strings fitted together will form a track. This procedure
should solve all the ambiguities and contradictions that are allowed at the level of
strings and produce a clean and consistent set of tracks. The track parameters, and
their associated errors, are determined by a powerful trackfit method that also takes
multiple scattering into account. The list of strings forming one track are stored at the
TK level.
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Figure 4.1: The different data levels of the VETBAS data structure.

Bundles of tracks (TB): when the tracks have been formed they will be scanned to find
common origins. A list of tracks, possibly originating from the same vertex, is stored as
a track bundle at the TB level.

Vertices (TV): starting from one bundle or several bundles of tracks, a global vertex fit can
be performed in order to determine both the vertex position and the track parameters
at the vertex. At the level of vertices, the ambiguities and contradictions existing for
the bundles need to be resolved.

The first two steps, TD and TE, have to be provided by the detector dependent modules; all
other steps by the general analysis modules. Every logical step of the data analysis corresponds
to a reduction of the data of the previous step (see the Fig. 4.1 and 4.2). Therefore a step
requires the previous step to be completed. This, however, does not imply that all the
information of the previous step needs to be accumulated before a step can start. For instance,
the string search can start with TE information from only some of the detector components.

The logical relations existing among the data are imposed by the nature of these data them-
selves (i.e. the physics) and the sequence in which they are set up. For every data level saved
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in TANAGRA there is a header bank1 on which four other type of banks depend:

TnL (n= E, S, K, B, V): the TnL bank contains the list of all the data from the previous
step that are used in order to obtain the results of the current step. As the TD is the
first step, no list can be associated to it. For all other steps the list is mandatory.

TnR (n= D, E, S, K, B, V): the TnR bank contains the results of the current step. Sev-
eral result data banks may coexist, but only one can be active at any time. The TnR
bank is mandatory for every step.

TnX (n-- E, S, K): the TnX bank contains the results of the extrapolation of a track. The
extrapolation uses as start parameters the values given in the current TnR bank. There
is one TnX bank for every detector surface intersected by the track. The TnX data are
optional and can exist only for the TE, TS and TK levels.

TnG (n= D, K): the TnG bank contains the graphics data (space points) of the current
level. The TnG data are used by the graphics program DELGRA to display the event. In
principle, the graphics data can be derived from the existing track extrapolation and
result banks. The TD data, however, are in a detector dependent form and can only be
displayed when a corresponding TDG bank has been created by the detector module.
To avoid unnecessary calculations (helix fits) and waiting during the interaction, TKG
banks may be created during the track fitting. The TnG data are optional.

4.2 The Data Analysis Program

The analysis of the data produced by a highly complex electronic detector like DELPHI is a
very complicated process requiring a large number of advanced pattern recognition and data
fitting techniques. The data, which is obtained by high precision measurements, should be
analyzed with equally high precision. Also the analysis should be performed in a time as short
as possible to be able to handle the large amounts of data produced by LEP.

The data analysis program, basically, tries to reconstruct the event topology and to find the
masses, momenta and energies of the particles from the huge amount of space points and
energy depositions (indirectly) measured by the different detector components. Some of the
non trivial tasks the analysis program has to perform during the event reconstruction are:

• the combining of track segments from a number of different detectors (ID, TPC and
OD in the barrel and ID, TPC, FCA and FCB in the endcap regions) during the track
reconstruction and the weighting of the different measurement errors.

• the reconstruction of high multiplicity jets spanning simultaneously the barrel and end-
cap regions.

• the reconstruction of the RICH data, which also demands very precise track reconstruc-
tion and track extrapolation.

'A bank is a memory entity in which data can be stored.
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The complexity of the DELPHI detector reflects itself in the complexity of the data analysis
program. The analysis program, DELANA, consists of a general steering module, a number of
general purpose modules (for a.o. track searching, track fitting, vertex searching and vertex
fitting) and one analysis module for each detector. Each module has a size of about 15000
lines of FORTRAN code. Since DELPHI consists of 16 detector components the total size
of the program can easily be estimated. It takes DELANA about 125 normalized CPU seconds2

to reconstruct a hadronic, e+e~ - » Z ° - t qq, event. The average size of the VETBAS data
structure for such an event is about 200 kBytes.

In the next sections the different stages of the event reconstruction are described. See also
Fig. 4.2.

4.2.1 First Stage Pattern Recognition

The event reconstruction is done in two stages. In the first stage each detector processes
its own raw data. The tracking chambers produce space points and track segments and the
calorimeters produce energy clusters and showers. In this stage each detector module works
independently of the other modules. At the end of the first stage, the track search and track fit
processors combine the information of the tracking chambers and try to construct tracks. Each
track will be extrapolated, by the extrapolation processor, to a set of reference surfaces (at
least one surface per detector). A combined calorimetry processor tries to associate showers
in the electromagnetic calorimeters with the showers in the hadron calorimeters. A detailed
overview of the pattern recognition methods used by each module can be found in [27].

At the end of the first stage some ambiguities remain. These ambiguities are due to the fact
that some detectors do not have enough information during the first stage analysis to decide
how a track or shower is positioned in space. To resolve these ambiguities a second pass is
made.

4.2.2 Second Stage Pattern Recognition

In the second stage each tracking detector uses the extrapolation predictions to its reference
surface to resolve the remaining ambiguities and to improve the direction and position mea-
surement. When the tracking detectors are finished with their second pass the track search
and track fit processors combine the improved track segments to build new tracks or improve
already existing tracks. This "final" set of tracks is again extrapolated, whereby the results
of the first extrapolation pass are superseded. Using these new extrapolations the calorime-
ters try to improve the determination of the shower position and direction and the combined
calorimetry processor makes a final attempt to associate the showers in both calorimeters.

2 Normalized lo a standard CERN unit which is based on the performance of an IBM 370/168, which can be
considered equivalent to a VAX 8600.
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4.2.3 Mass Identification

After the second pass of the track reconstruction, the mass assignment module tries to deter-
mine the identity of the particles that created the tracks and showers. The mass assignment
module uses the dE/dx from the TPC, the Cherenkov rings from the RICH, the shower clas-
sification from the individual calorimeters and the combined calorimetry, and the hits in the
muon chambers to determine the probability P that a certain track was produced by an e,
H, n, K, p, etc. The information provided by the different detectors can be summarized as
follows:

TPC dE/dx -» P(e),P(w)

RICH Rings -> P(e), P(ir), P(K), P(p)

HPC, FEMC Showers -• 7, e, hadron

HCAL Showers —<• z,ft

Comb. CAL Showers -> P(n),P(n)

MUB, MUF Hits matching tracks -» P{n), P(ir)

4.2.4 Vertex Fit

The final stage of the event reconstruction is the vertex fit. The vertex fit processor first
searches for a primary vertex, using as input all the charged particle tracks. In c*se a vertex
has been fitted, the neutral particles (showers in the calorimeters not associated with any
charged particle tracks) are included in the fitted vertex.

4.2.5 DST Preparation

To save space on the computer system and to have faster access to the event data a Data
Summary Tape (DST) is extracted from the VETBAS data structure. The DST module
creates for every event a linear structure of vertex banks. Each vertex bank contains two
track banks. One track bank for the incoming particle and one track bank for the secondary
particles. The primary vertex bank contains only a track bank for the secondary particles, the
incoming e+e~ system is not stored in a track bank. The track banks contain the essential
physical quantities of a track: px, pv, pz, E, \p\, charge, track length, impact parameters,
energy depositions in the calorimeters, etc. The size of a hadronic event on the DST is
reduced to about 15 kBytes.

4.3 The Monte Carlo Simulation Program

The Monte Carlo simulation program is used to generate events of a specific process according
to a theoretical model. Also the response of the experimental apparatus to the final state
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products is simulated. These simulated events are then analyzed in the same way as the
real data (see Fig. 4.5). In this way the response of the detector components, the read-out
electronics and the data analysis can be studied and optimized. During the data analysis the
Monte Carlo simulations are also used to determine the quantities by which the data has to
be corrected. The correctness of the Monte Carlo depends, of course, on the correctness of
the theoretical model. A number of good and accurate e+e" Monte Carlo generators that
work within the Standard Model are currently available. The ultimate test of correctness of
the Monte Carlo, and therefore of the theoretical model, is by comparing the Monte Carlo
results with the results obtained from the real event sample (see the next chapter).

The DELPHI Monte Carlo program, DELSIM [28], consists of two parts. The first part deals
with the event generation and particle decay and the second part handles the tracking of
the particles through the detector. The full simulation of a hadronic event takes about 1250
normalized CPU seconds and the event size is about 200 kBytes (30 kB for the generated
event + 170 kB for the simulated raw data).

4.3.1 Event Generation

The event generation part of DELSIM contains generators for a.o. e+e~ -* Z°, 7 —» / / and
Z°II°, H+H~ and 2y processes. The fragmentation of the quarks to hadrons is done using
the Lurid parton shower fragmentation model [36]. For precise simulations, including all
radiative processes, OELSIM can easily be interfaced with external generators like MUSTRAAL,
EUROJET, KORALZ, DYMU3, etc.

DELSIM also contains single particle generators with which particles in any, user selectable,
momentum and angular range can be generated. These generators are useful mainly for
detector efficiency studies as function of momentum, energy and angle.

The full generation history and all particle relationships are saved by OELSIM and can be used
later (after the event reconstruction) during physics analysis studies.

4.3.2 Particle Tracking

Once the final state particles are generated they are tracked through the detector. After each
tracking step the simulation program calls the simulation module for the detector component
that is located at the current particle position. The detector module simulates the detector
response to the particle (ionization processes induced by the particle, electronic signals, etc.).

During the particle tracking the following secondary processes are taken into account:

• multiple scattering

• pair production

• decay of short lived particles
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54 4. The Data Analysis System

• bremsstrahlung

• i-rays

• positron annihilation

• photon conversion

• Compton scattering

• nuclear interaction and absorption

For precise particle tracking and the simulation of secondary processes a detailed description
of the geometry and material constants of the different detector components is needed. This
information is extracted, during the particle tracking, from a database that contains a full
and detailed description of each detector component.

4.4 The Detector Geometry and Calibration Database

The detector geometry, material, run and calibration constants are stored in a hierarchical
database management system, called CARGO [29]. A hierarchical type database system was
chosen because it is best suited to satisfy the constraints imposed by the detector modularity
and to meet the requirement of fast read and write access.

Desides the detector geometry and material constants also the following run dependent data
is stored in the database:

1. The run dependent constants:

• the period of the data taking run.

• the list of detectors active during this period.

2. The electronic response function and calibration constants such as pedestals, slopes, etc.
for each sensing device for each detector. These are subject to frequent changes and are
for use in detector dependent programs that:

• calibrate the raw data for conversion to physical quantities such as space points.

• simulate the raw data from the physical quantities determined by following the
tracks of simulated events through the detector.

3. The alignment constants for each detector down to the individual component level and
the numbers, types, locations and sizes for all the sensing devices. These constants are
not changing as frequently as the calibration constants.
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4.5 The 3-D Interactive Graphics System

In the days of the bubble and streamer chambers, particle interactions were recorded on film.
The analysis of these events was done automatically by scanning the photos on computer
driven scan tables. Often, however, an event was too complicated for the pattern recognition
program, in which case an operator had to interfere and guide the program through the difficult
parts. The operator was able to do this because the photos were in a humanly interpretable
form.

Electronic detectors like DELPHI, on the other hand, record their events in the form of pulse
heights and drift times on computer tapes. Before any physics analysis can ue done the events
need to be reconstructed by a pattern recognition and data analysis program. In case of a
perfectly working pattern recognition program the whole event analysis could be done without
any human interaction. The problem is that this perfect pattern recognition program does
not exist. This means that for complicated events a physicist (a "perfect" pattern recognition
machine) has to look at the events to find out where the program went wrong and how to
correct the problem. To make it possible to interactively look at an event modern interactive
computer graphics techniques are used.

4.5.1 Why 3-D Interactive Graphics?

DELPHI features a number of detector components that measure the trajectories of charged
particles and the energy depositions of charged as well as neutral particles in three dimensions.
Therefore, it was clear from the beginning that a graphics system for DELPHI should feature
an interactive 3-D color event display and real-time dynamic picture manipulation.

Statically displaying an event in 3-D alone is not enough. When projected on a plane the
third dimension gets lost and the structure of an event can be wrongly interpreted because
some tracks may appear very close even if they are well separated in space. Continuous
real-time transformations, like rotations, make it possible to perceive the third dimension
and thus to make the correct correlations between various elements of an event. Real-time
transformations also make it possible to find, in an efficient way, the best projection angles
for an event. Since each event is unique so are the projection angles under which each event is
best displayed. Fig. 4.C shows the x-y projection of a typical hadronic event. However, after
some 3-D rotations the actual topology of this event becomes much more clear (Fig. 4.7).

Another important point is interactivity. Once the best projection angles for an event are
found the interesting parts, in general, need to be studied. Sometimes this means I he removal
of obscuring data or the displaying of additional data. Also it may be necessary to inquire
some physical properties of the displayed tracks, like momentum, energy, inasa, etc. Since a
large number of events must be scanned in this way it is essential that these operations arc
performed with a response time as short as possible.

The use of color is essential since it allows to display an additional (fourth) dimension. By
assigning different colors to different energy or momentum ranges it is possible to get a direct
impression of the energy or momentum flow in an event. Color can also be used to make a
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distinction between the results of the different stages of the pattern recognition (see the photo
on the cover of this thesis where each TANAGRA data level is displayed in another color).

4.5.2 The Main Components

The interactive graphics system consists of three logically different modules:

• the interactive command processor, COPA.

• the event interface processor, DELTOP.

• the interactive graphics program, DELGRA.

In the early stages of the system design (in 1985) the decision was taken to split these different
modules into three independent programs. The main reasons for this decision were:

• the complete system would be very large and might become too "heavy" (i.e. resource
consuming) to run on a single graphics workstation.

• to reduce the network traffic and increase the performance. Instead of trarumitting
a complete event to the graphics machine, the event interface processor would only
transmit the event information needed for the graphics display.

To make this distribution over different computers possible the three program modules com-
municate with each other via messages. An overview of the complete system is shown in
Fig. 4.8. The figure also shows the data analysis program, DELANA, which provides the input
to the graphics system.

4.5.3 Interprocess Communica t ions

The interprocess communication facilities are provided by the MB (MailBox) package [30].
The MB package has been implemented for HP/Apollo, VAX/VMS, and IBM/VM systems.
Currently, the MB package can only pass messages between machines from the same vendor.
A more generic version, that will allow communication between any computer supporting the
TCP/IP protocol, will be implemented in the near future.

Any communication between the different program modules of the interactive graphics sys-
tem is made exclusively via messages. For this purpose every module has a standard receiver
routine which picks up a message and decodes it to be executed by the application. Every
module also has a standard emitter routine which encodes a message and sends it to a des-
tination module. During the startup of the graphics system communications channels are
created between the different applications (see Fig. 4.8).

The dialog between the applications always starts by a command initiated from COPA. De-
pending on the commands issued by COPA the messages can flow in two different ways between
the applications:
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• when a "read event" command is issued, COPA sends the command to DELTOP. On
receipt of the command DELTOP starts searching for the event in the event data file3.
After having found the event data DELTOP sends the event header followed by the top
level event data (TV or sometimes TK, in case no vertex was found for the event) to
DELGRA When the event transmission has been finished, DELTOP will notify COPA that
the event has been loaded.

• all other commands are first sent to DELGRA. DELGRA parses the command and tries
to execute it. In case DELGRA needs additional information about the event, it sends a
message to DELTOP asking for the missing information. DELTOP scans the event structure
and sends back the desired information. DELGRA then executes the command and notifies
COPA that the command has been executed.

The flow of messages is controlled by the dialog status:

• when a command is issued the dialog status is changed to "Reading an event" or "Exe-
cuting", depending on the command that has been issued. COPA keeps track of the dialog
status. The status is used to inform the user and to control the message circulation.

• on completion of the command, the application sends a "result" message, containing
results or an error code. The result message puts tne dialog status to "Ready".

To keep the message flow under control only synchronous interactions are allowed, i.e. no new
commands may be issued until the dialog status is set to "Ready".

4.5.4 The Command Processor

The command processor, COPA, allows the construction of commands from menus (see Fig. 4.9).
It provides additional facilities like checking the command syntax and handling parameter val-
ues. COPA contains the overall control of the interactive graphics system and interacts directly
with the application programs DELGRA and DELTOP. The command information, consisting of
ail valid commands related to a certain application, is stored in a data structure in memory.
Frequently used sequences of commands can be stored in macro files. These macros can be
associated with keyboard keys and can be executed by pressing the associated key. More
information concerning the menu structure and user interface can be found in [31].

Currently COPA runs only on HP/Apollo, VAX/VMS, and IBM/VM systems. A more generic
version that will run on any workstation supporting the X Window System will, probably, be
developed next year.

4.5.5 The Event Interface Processor

The event interface processor, DELTOP, is the interactive steering of TANAGRA. DELTOP is a
server process that sits idle until it receives messages from COPA or DELGRA. ft interprets and

'In the "read event" command also a filename can be embedded. In case a filename is specified DELTOP first
connects the new data file before it start searching for the event.
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Figure 4.9: The COPA window. A command is selected by clicking the left mouse button when
pointing at the desired menu item. After a complete command has been constructed it can be
executed by clicking the middle mouse button (of a three button mouse). Menu items with a
* in front of them are the last items of complete commands.

executes the messages and queries the VETBAS database through TANAGRA. The results
of the queries are sent back to the process that issued the command.

4.5.6 The 3-D Interact ive Graphics P r o g r a m

The actual 3-D interactive graphics program is DELGRA. It can display all TANAGRA levels,
the SP and ST banks from the simulation (see Fig. 4.5) as well as the DST track and vertex
banks (PA banks).

The implementation of DELGRA consists of two parts:

• a machine independent part which includes the general steering and the graphics data
structure.

• a machine dependent part which takes care of the graphics input and output.

The machine dependent part has been interfaced to three different graphics packages: GKS-
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3D, WAND and GMR3D. The GKS-3D version is the most general version based on the GKS
industry standard. The problem with GKS, however, is that it tries to satisfy a wide range of
machines and display types which often results in poor performance. To make optimal use of
the expensive graphics machines available within the DELPHI collaboration it was decided to
also interface DELGRA to the proprietary, optimized, graphics libraries offered by the vendors
of these machines (Megatek and HP/Apollo).

DELGRA, essentially, waits for commands from COPA (in case of a "read event" command
indirectly via DELTOP) or from its own local menu. The commands issued through the local
menu are handled internally by DELGRA. They include commands to change the viewing
parameters (zoom, pan. rotate, etc.), the screen layout (one 3-D view or up to four 2-D
projections) and the detail of the displayed detector modules. The commands coming from
COPA work on the event data and often require DELGRA to ask DELTOP for extra information
about the event. Some typical commands coming from COPA are "display all TD data" (DELTOP
is asked to load all TD data), "erase all TE data" (no extra information needed from DELTOP),
"give momentum of picked track" (DELTOP is asked for the momentum of the picked track),
etc. To get an idea of the possible commands see Fig. 4.9 (menu items with a * in front of
them are the last items of complete commands). Some commands like "getjnfo", "lego" or
"hist" show their output in separate graphics windows (see Fig. 4.10) which can be moved
around the screen without destroying the 3-D graphics window.

COPA commands can be initiated by picking an objec? an the graphics screen. In that case
the type of the object (TD, TE, TS, etc.) is send to COPA, which will then ask for the action
to perform on the picked object.

Besides the general 3-D graphics there is the detector dependent graphics. The detector depen-
dent graphics allows the display of specialized data (a.o. pulse height and timing histograms
or extremely detailed views of the detector) for the detector specialists only. Via COPA the
detector dependent graphics can be started. The graphics output of the detector dependent
graphics will be in a separate window (like the ones for the "lego" and "hist" commands).

A more detailed discussion of DELGRA and its data structures can be found in [31].

4.5.7 Summary of the Graphics System

The 3-D interactive graphics system has proven to be an invaluable tool for the DELPHI
experiment. A team of five people spent in total more than 15 man-years in designing and
implementing the system (more than 100000 lines of Fortran code).

The graphics system has been used during the development of the offline software to check the
results of the simulation programs, the efficiency and quality of the reconstruction algorithms
and the alignment of the detector components.

During the physics analysis the graphics system was used to check the efficiency of the event
selection criteria and the performance of the different detectors. It was also used to study
the detector response to different type of events and to look at specially selected events that
could sign new physics.
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Figure 4.10: Screen layout of the 3-D interactive graphics system on the HP/Apollo. In the
upper left corner the OELGRA window is shown and in the upper right corner the COPA window.
Further are the output windows from the "lego", "hist" and "gctJnfo" commands shown.

On the next two page the signatures of four different Z° decay channels are shown. Fig. 4.11
shows a Z° —• qq —> 3-jets event, Fig. 4.12 shows a Z° —• e+e~ event (notice that the e+ and
e~ deposited all their energy in the HPC), Fig. 4.13 shows a Z° -» fi+tt~ event and Fig. 4.14
shows a Z° —» r + r~ event. The detectors shown are (starting from the inside): the ID, TPC,
OD and the HPC. Compare these figures with the schematic representation of the Z° decay
topologies as shown in Fig 5.3.
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Figure 4.11: A Z° —<• qq —> 3-jet event.
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Figure 4.12: A Z° -» e+c" event.
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Figure 4.13: A Z° -* (jt+ft~ event.

Figure 4.14: A Z° —• r+r~ event.
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Chapter 5

The Hadronic Cross-Section

In the previous chapters we have developed the theoretical background for measuring the
Z° resonance parameters in the framework of the Standard Model. We have also given a
description of the LEP collider and the hardware and software aspects of the DELPHI
detector. In this chapter we will analyze the data obtained during the first runs of LEP
at the end of 1989 and extract the resonance parameters of the Z°. From the resonance
parameters we can find the number of light neutrino species into which the Z° decays.

The measurement of the resonance line shape was relatively straightforward and involved
measuring the normalized Z° cross-section at a series of different collision energies. The
scan in Ecm started around the, at that moment, best value of the Z° mass. This mass
value was based on the analysis of all the world's data, both from deep inelastic lepton
scattering and from the pp collider, performed by Amaldi et at. [32]. They found a value of
Mz(world average) = 91.8 ± 0.9 GeV.

Large scan steps, of 1 GeV, were taken because the Z° is rather wide (« 2.5 GeV). Only
around the peak two extra points at +250 MeV and —250 MeV were added to get a better
definition of the peak. In total the cross-section has been measured at 10 different center-of-
mass energies.

In the following analysis we will look only at Z°'s that decay hadronically, i.e. e+e~ -* Z° —>
qq. This is the easiest channel to look at. First of all the hadronic cross-section is about 70%
of the total cross-section, compared to about 10% for the visible leptonic cross-section (the
c+e~, ft+(i~ and r+r~ channels) and secondly the detection efficiency of the hadronic channels
was much better than that of the leptonic channels. In total « 11000 hadronic decays of the
Z° boson were recorded during the data taking period which lasted from October through
December 1989.

In the rest of this chapter will be described how the hadronic events have been extracted
from the total event sample. The possible background events will be identified and the overall
detection efficiency will be calculated using Monte Carlo techniques. The time integrated
luminosity, needed to normalize the cross-section, will be determined using Bhabha events
and finally the hadronic cross-section will be calculated for each of the 10 different center-of-
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mass energies.

5.1 Hadronic Event Trigger

In order to select only events that originated from an e+e" interaction, the data was subjected
to online trigger requirements before it was recorded. The trigger for hadronic events in the
barrel region depended on two independent subtriggers:

1. The track subtrigger, based on the TPC and ID+OD (described in detail in section 3.3.3).

2. The scintillator subtrigger. This subtrigger was made by coincidences of the HPC and
TOF scintillation counters. The individual counters of both detectors were arranged in
two groups of four quadrants placed symmetrically upstream and downstream of the
interaction point. The HPC counters were sensitive to electromagnetic showers with an
energy larger than 2 GeV while the TOF counters were sensitive to minimum ionizing
particles penetrating the HPC and the coil. The scintillator subtrigger fired when an
OR of the following requirements was true:

• coincidences of back to back TOF quadrants

• at least 3 TOF quadrants

• at least 2 HPC quadrants

• coincidence of any TOF with any HPC quadrant

The exact knowledge of the trigger efficiency for events with a sphericity axis1 inside the barrel
region (|cos0,| < 0.65) was crucial for the determination of the overall detection efficiency
(see section 5.2.4).

The trigger efficiency can be extracted from the data when there are at least two independent
subtriggers ((i, (2). That means that the probability that ti fires is not dependent on the
firing of <2 and vice versa. The efficiency of t\ is given by

. N{h*t2)
* ~ ( J 1 )

where N(ti * <2) is the number of events for which both ti and t2 fired and N(t2) is the
number of events for which l2 fired. After determining the trigger efficiency of t\ in this way
the trigger efficiency of any other trigger t can be determined using

If t is the sum of all subtriggers then the total trigger efficiency is obtained by

1 T)H.' sphericity is a kincmatical quantity describing the "jultiness" of an event. The sphericity axis is defined
as the axis relative to which the J^Pr '" Minimized.
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Figure 5.1: The overall trigger efficiencies of the track, scintillator and endcap calorimeter
subtriggers.

The efficiency of each subtrigger in the barrel region for hadronic events was determined
by using the above mentioned relations. For every event the trigger pattern was recorded.
Analysis of the trigger patterns resulted in the following trigger efficiencies for hadronic events
with | cos0,| <0.65:

Etrack = 99-1 ±0.1%

£,cint = 99.6 ±0.1%

Using the track subtrigger as t\ in Eq. 5.3 we found an overall trigger efficiency in the barrel
region of more than 99.9%. Starting with other subtriggers gave comparable results in the
barrel region.

To enhance the number of Z° events with a sphericity axis pointing to the endcaps a calorime-
ter subtrigger based on the FEMC was added. This trigger required a minimum energy depo-
sition of 3 GeV in each endcap. Since there was only one subtrigger in the forward direction
its efficiency could not be determined from the data. It was, however, used as test-trigge.
t2 to determine the efficiencies of the track and scintillator subtriggers in the forward region.
Fig. 5.1 shows the overall trigger efficiency as function of |cos0a|.

Due to DAS problems the trigger information for one of the trigger components was missing
in about 9% of ail events. The corresponding correction applied to the ovci'J] event selection
efficiency was (2.0 ± 0.2)% for events taken with a missing track subtrigger and (1.0 ± 0.1)%
for events with a missing scintillator subtrigger.
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5.2 Hadronic Event Selection and Efficiency

To obtain a data sample of a certain type of reaction a class of events with specific character-
istics has to be selected from the recorded data. A pre-selection has already been made online
by the trigger. This crude classification of events is further refined offline by the analysis
programs. The raw data tapes were analyzed by the DELPHI data analysis program DELANA
(see section 4.2). The TANAGRA output of DELANA was used to create a Data Summary
Tape (DST). Every event on a DST consists of a linear structure of vertex banks. Each ver-
tex bank contains two track banks. One track bank for the incoming particle and one track
bank for the secondary particles. The primary vertex bank contains only a track bank for the
secondary particles, the incoming e+e~ system is not stored in a track bank. The track banks
contain the essential physical quantities of a track: p r , py, pz, E, \p\, charge, track length,
impart parameters, energy depositions in the calorimeters, etc. The hadronic event selection
was done by further analyzing the DST's. To set up and understand the selection criteria it
is essential to have a clear understanding of the hadronic event topology. In the next section
the topologies of the different Z° decay final states are described.

Selection criteria, however, are never 100% efficient and therefore the detection efficiency and
the amount of contamination by background events in the data sample have to be known.
These quantities are determined by Monte Carlo simulations, which form an essential part
of the whole analysis. In case the data has to be compared to the prediction of a theory all
systematic effects like, for example, finite detector acceptance (dead zones) and higher-order
contributions (radiative corrections) to the process under study have to be under control.
If necessary the data has to be corrected for this, which is also done using Monte Carlo
simulations of the relevant detectors or processes.

5.2.1 Event Topology

Since the lifetime of the Z° is very short, in the order of 10"25 s, it can only be observed
through its decay products. The possible decay channels, according to the Standard Model,
are given in Fig. 5.2. Each decay channel has its own characteristic topology:

• The vv channel is invisible. The two neutrinos will traverse the detector without leaving
a trace. Sec Fig. 5.3a.

• The e+e~ and //+ / i" channels are characterized by back-to-back leptons with an energy
« Ebeam. Sec Fig. 5.3b and also Figs. 4.12 and 4.13.

• The T+T~ channel is characterized, in 74% of the case, by almost back-to-back charged
prongs with energy < Eteam (and possibly some photons). In 24% of the case there will
be 3+1 charged prongs (and possibly some photons) and in 2% of the case there will be
3+3 charged prongs. See Fig. 5.3c and also Fig. 4.14.

• The qq channel will show up as high multiplicity, multi-jet events with on average 18
charged particles and 12 photons (and possibly some leptons). See Fig. 5.3d and also
Fig. 4.11.
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Z°

e+,fi+,T+,v,q

Figure 5.2: The basic e+e~ process where the final states are produced via a Z°. The symbol
q stands for a quark.

a) b)

c)

Figure 5.3: A schematic representation of Z° decay topologies.

From the above list we see that it is fairly easy to distinguish a hadronic from a leptonic
decay. A simple cut on the track multiplicity will already eliminate practically all e+e~ and
ft+ft~ as well as a large part of all T+T~ decays.

5.2.2 Event Selection

The aim of the event selection is to obtain a clean sample of events of a certain reaction by
means of a -set of selection criteria which has the highest possible acceptance for the reaction
under study and simultaneously keeps the background, coming from competing processes,
as low as possible. The selection of hadronic events was based on the number of charged
particle tracks and the energy deposited in the barrel electromagnetic calorimeter (HPC) by
the charged particles.
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Charged particles were selected by scanning the DST track banks. A charged particle had to
meet the following criteria

• the polar angle 0 oi the track should lie within the range

20° < 0 < 160°

• the momentum p should lie within the range

0.1 < p < 50 GeV

• the track length should be larger than 30 cm

LtT > 30 cm

• the relative error on the momentum measurement should be below 100%

& < 100%
P

• the projection of the impact parameter in the xy plane should be below 4 cm

pIy < 4 cm

• the z coordinate at the origin should be below 10 cm

|*| < 10 cm

If the DST contained a primary vertex, i.e. a vertex bank without a track bank for an incoming
particle, then the vertex had to meet the following criteria

• the projection of the primary vertex in the xy plane should be below 8 cm

• the 2 coordinate of the primary vertex should be below 10 cm

\zv\ < 10 cm

The cut on the track and primary vertex impact parameters removed a considerable amount
of beam-gas and cosmic events. After finding the charged particle tracks and calculating the
total energy deposited in the UPC by the charged particles a hadronic event was accepted if

• the total charged multiplicity was at least 5
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• and the total energy of the charged particles was greater than 14% of y/s 2

Ech > 0.14i/J GeV

The multiplicity cut removed besides leptonic also the remaining cosmic events. The cut on
the total charged energy was efficient in reducing background from two-photon interactions
where both the electron and positron escaped detection, since the total energy of the two-
photon system is very small. Also the remaining contribution from beam-gas interactions
were removed by this energy cut. Fig. 5.4a shows the distribution of the charged energy and
the applied cut for the events with at least 5 charged particle tracks.

The hadronic selection efficiency and the background c >ntamination in the final data sample
can be calculated by Monte Carlo techniques. How this has been done will be shown in the
next sections.

5.2.3 Monte Carlo Simulations

Apart from removing most of the background events the selection criteria will also remove
part of the interesting events. To determine the fraction of hadronic Z° events that passed the
selection criteria and also the amount of background events that survived the applied cuts,
Monte Carlo techniques are used. In a Monte Carlo simulation events of a specific process
are generated according to a theoretical model (the Standard Model in this case). Also
the response of the experimental apparatus to the final state products is simulated. These
simulated events are then analyzed in the same way as the real data. Monte Carlo techniques
are also used for the determination of quantities by which the data has to be corrected, e.g. the
acceptance as function of cos#,. The correctness of the Monte Carlo is verified by comparing
the distributions of the simulated quantities with the distributions produced by the selected
event sample.

5.2.3.1 Background

Background is caused by processes that have a final state similar to that of hadronic events.
The following background processes were identified:

• r+r~ events

• two-photon processes, e+e~ —» e + e~/ /

• beam-gas3 events

'This cut was a bit different from the one used in [3] (where mc* > 12 GeV or EIOI > 16 GeV was required).
The new cut takes correctly the beam energy into account and agrees better with the Monte Carlo. Due
to the relatively low statistics of the 1989 data, however, it turned out that the differences in hadronic
cross-sections and Til results were negligible. For the higher statistics obtained in 1990 this cut gives more
precise results.

'Beam-wall events arc included in the beam-gas background.
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Figure 5.4: (a) Charged energy distribution for events with > 5 charged particle tracks. Also
shown is the Monte Carlo prediction (solid line) and the energy cut. (b) Charged multiplicity
distribution for events with > 5 charged particle tracks together with the Monte Carlo pre-
diction, (c) Charged mass distribution for events with > 5 charged particle tracks together
with the Monte Carlo prediction, (d) Sphericity axis distribution for events with > 5 charged
particle tracks together with the Monte Carlo prediction.
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Figure 5.5: (a) Monte Carlo distribution of the charged multiplicity ofr+r~ events (shaded
area) before the multiplicity cut together with the hadronic Monte Carlo events after the cut.
(b) Monte Carlo distribution of the charged energy of T+T~ events (shaded area) after the
multiplicity cut together with the hadronic Monte Carlo events after the energy cut. Notice
the scale on the y axis of this histogram.

The contamination of T+T events was intrinsically small since the cross-section for r + r
is only « 3% compared to about 70% for the hadronic cross-section. About 74% of all
r+r~ processes were low multiplicity events with a simple back-to-back topology. They did
not survive the multiplicity cut. The left over T+T~ events were further reduced by the
total charged energy cut. Monte Carlo simulations performed with the KOitALZ [33] event
generator showed that about (0.2 ± 0.1)% T+T~ contamination remained in the hadronic
event sample. The error corresponds to the statistical error of the Monte Carlo simulation.
See Fig. 5.5 for the r + r~ Monte Carlo distributions before and after the multiplicity cut.

The second class of processes which could contribute to the background were two-photon pro-
cesses. Contributions to the background could arise from the / / = qq final state. Simulation
[34] showed that the cut on the charged energy removed completely this background since this
qq system has generally a very low energy

Beam-gas events are events that occur when the electrons or positrons from the beam collide
with a stray gas molecule in the beam pipe. These events can happen anywhere in the
beampipe so also in the interaction region. The beam-gas contamination was determined by
using the real data. Since the chance that these events happened in the region 10 < z < 30
cm was the same as in the region \z\ < 10 cm the data was checked for events with tracks
originating in the region 10 < z < 30 cm. From this comparison the contribution of beam-gas
events was found to be negligible (< 0.1%). Fig. 5.6 shows the beam-gas distributions before
and after the charged multiplicity cut.
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Figure 5.6: (a) Real data distribution of the charged multiplicity of beam-gas events (shaded
area) before the multiplicity cut together with the hadronic events after the cut. (b) Real data
distribution of the charged energy of beam-gas events (shaded area) after the multiplicity cut
together with the hadronic events after the energy cut.

5.2.3.2 Simulation of Hadronic Z° Events

Before extracting meaningful results from the data, not only the background should be studied
but also all systematic effects which could significantly affect the data must be understood
and taken into account. To study and quantify these effects Monte Carlo techniques were
used again. For the simulation of hadronic Z° events the MUSTRAAL event generator [35]
and the Lund parton shower fragmentation model [36] were used.

The overall detection efficiency for hadronically decaying Z° events depended on the trigger
efficiency and the geometrical acceptance. The overall trigger efficiency in the barrel region
(|cos0,| < 0.65) was determined using the recorded trigger patterns and was found to be
better than 99.9% (see section 5.1).

The detection efficiency was determined by comparing the detected hadronic events in the
barrel region, Nd,barrei, normalized to the tolal number of detected hadronic events, Nd, with
the generated hadronic events in the barrel region accepted by the selection criteria, Ng,tarrei,
normalized to the total number of generated hadronic events, Ng

™ g,bar ret

'el Ng
£ =

The error on the hadronic detection efficiency is given by

. , at — 1 a — 1

(5A)

(5.5)
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with

a = —^— (5.6)
•** gfiarrel

The Aecui is the error introduced due to the uncertainty on the K.: i-.ged energy measurement
used in the Ech cut and A£T+T- is the statistical error on the T+T~ background.

The correctness of the used Monte Carlo programs is demonstrated by comparing some char-
acteristic quantities of the data sample with the Monte Carlo predictions. Fig. 5.4a shows
the charged energy distribution for hadronic events with > 5 charged particle tracks and the
Monte Carlo simulation. The agreement between both is excellent. Also the distributions
of the charged multiplicity (Fig. 5.4b), the charged mass (Fig. 5.4c) and the sphericity axis
(Fig. 5.4d) are well described by the Monte Carlo simulation. This shows that all processes
were under control and correctly simulated.

In the next section the total detection efficiency will be determined using the formulae 5.4
and 5.5.

5.2.4 Total Hadronic Detection Efficiency

At the start of the data taking period there were problons with the superconducting coil.
Due to these problems the coil could only generate a magnetic field of « 0.7 T instead of the
full field of 1.2 T. About one third of the data was taken with the 0.7 T magnetic field. The
detection efficiency for this sample was determined separately using a Monte Carlo simulation
that also used a magnetic field of 0.7 T. The total efficiency was calculated by taking the
weighted average of the 0.7 T and 1.2 T efficiencies.

All the time during the data taking period there were intermittently problems with either
the TPC or the HPC. Five different combinations of good and bad TPC and HPC conditions
were distinguished:

• good TPC and good HPC

• good TPC and bad HPC

• f TPC and good HPC

• 1 crate processor4 off in TPC and good HPC

• 2 crate processors off in TPC and good HPC

Data taken with less than half a TPC was discarded. In Table 5.1 the percentage of events
taken under the different run conditions is given. The total number of detected hadronic Z°
events is 10520.

For each of the entries in Table 5.1 the detection efficiency was calculated separately. The
efficiency for the 0.7 T data sample was determined using 24000 hadronic Z° Monte Carlo

41 crate processor takes care of the read-out of § of a TPC sector. The TPC has 6 sectors.
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% of events

0.7 T field
1.2 T field

good TPC
good HPC

19.8
61.4

good TPC
bad HPC

5.0
2.6

% TPC
good HPC

4.8
1.7

1 CP off in TPC
good HPC

3.3
-

2 CP off in TPC
good HPC

-
1.4

Table 5.1: Percentage of events taken under different run conditions. The total number of
detected hadronic events is 10520.

Ae [%)
Monte Carlo statistics
Data statistics
Uncertainty on energy cut
Uncertainty on momentum cut
r + r~ background

Analysis A
0.7 T field

0.49
1.54

1.2 T field
0.57
0.91

0.6

0.1

Weighted Average
0.4
0.8
0.6

0.1

Analysis B

0.4
0.8

0.3
0.3

Total 1.1

Table 5.2: Contributions to the total error on the hadronic event detection efficiency.

events and for the 1.2 T data sample 20000 Monte Carlo events were used. The efficiencies and
background for the events taken with either an incomplete TPC or a bad HPC were obtained
by reproducing the detector problems in the event sample taken with a good TPC as well as
a good HPC. The total efficiency correction for the events with TPC and HPC problems was
(13 ± \)%.

The total detection efficiency for hadronically decaying Z°'s was calculated to be (92.0± 1.1)%,
which means that 92.0% of all hadronic events were detected. Table 5.2 shows the different
contributions to the error on the efficiency.

5.2.5 Alternative Analysis

Besides the above mentioned event selection method (Analysis A) an alternative method
(Analysis B) was used [3]. This alternative analysis relied on the same charged particle
track selection criteria as analysis A, but did not use the energy depositions in the HPC. In
analysis B hadronic events were accepted when

• there were at least 3 tracks in one hemisphere (0 > 0° or 9 < 0°)

AW, > 3

• and the sum of the p\ of all tracks relative to the beam axis was greater than 9 GeV2
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The multiplicity cut removed cosmic and leptonic events. A small fraction of r + r events
remained (1.3 ± 0.3)%. The pj* cut rejected the beam-gas and two photon background events
(for each type of background less than 0.1% survived the p\ cut).

The background studies were based on the same techniques as described for analysis A and
will not be repeated here. The total detection efficiency, however, was determined by an
extrapolation from the theoretical shape of the sphericity axis distribution instead of by
Monte Carlo simulation. The sphericity axis distribution, including QCD corrections, is given
by [40]

where A is a free parameter. The total efficiency was obtained by fitting the data to Eq. 5.7
in the barrel region (|cos0a| < 0.65), where the trigger efficiency was better than 99.9%, after
which the distribution was extrapolated to small angles. Due to track losses in the forward
region, the measured value of |cos0,| was underestimated. A Monte Carlo simulation was
used to correct the number of events in the barrel region for this effect by 3%. The total
detection efficiency for analysis B was determined to be (93.5 ± 1.0)%. See Table 5.2 for the
different contributions to the error on the efficiency of analysis B.

5.3 Luminosi ty Measurement

Before the hadronic cross-section can be calculated it is necessary to determine the total
time integrated luminosity (L = JCdt). In principle the luminosity can be determined using
Eq. 3.1. However, since some quantities are not known with high enough precision this formula
cannot be used. If, on the other hand, the cross-section of a certain process is precisely known
the luminosity can be determined using

(5.8)

with N the number of detected luminosity events, JV6S the number of background events, e the
luminosity detection efficiency and a the cross-section of the luminosity process. In atjj all
the background and detection efficiencies are absorbed in the cross-section. For LEP the most
appropriate luminosity process is small angle Bhabha scattering (t-channel e+e~ —» e+e~).
The cross-section for the scattering falls off very rapidly with the angle relative to the incoming
beam, da/d6 ~ 9~3, and to lowest order in QED

-?n + ̂ L ) (5-9)

This is why, in order to achieve useful counting rates, the detection of the Bhabha events
relied on the Small Angle Tagger (SAT). Using the SAT had a further advantage of avoiding
contamination from weak production, namely Z° —• e+e~. For a geometrical description of
the SAT see section 3.2.7.

The analysis of the Bhabha events followed the same steps as the analysis of the hadronic
event sample. First the Bhabha trigger efficiency was determined. Next the event selection
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and background study were performed and finally the total Bhabha detection efficiency and
uncertainty on the efficiency were calculated. The total Bhabha event sample was divided
into two sub-samples. About one third of the data was taken with the 12 cm mask and is
called sample A, the other two thirds of the data was taken with the 13 cm mask and is called
sample B (for a description of the masks see section 3.2.7).

5.3.1 Bhabha Event Trigger

The Bhabha event triggers were based on the analog sums of 24 channels arranged in 24
overlapping sectors of 30° per endcap (see Fig. 3.6). The primary trigger required a coplanar
coincidence of energy depositions larger than about 15 GeV. A second trigger, based on an
alternative set of discriminators, was set at a threshold of about 35 GeV and did not include
the coplanarity requirement. The efficiency of the luminosity trigger was studied during two
dedicated data taking periods. During these periods a single arm trigger, which required only
an energy deposition in one calorimeter, was added to the two other triggers.

A comparison of the performance of the first two triggers showed that the electronics and
logic of the primary trigger were more than 99.9% effective. All 422 Bhabha events observed
during the single arm runs were accepted by the primary trigger. This resulted in a total
Bhabha trigger efficiency better than 99.4% at the 90% confidence level. A conservative value
of 0.6% was taken as uncertainty on the trigger efficiency since the efficiency was not measured
directly during the normal data taking.

5.3.2 Bhabha Event Selection and Efficiency

The event selection was entirely based on the energy clusters in the SAT calorimeters. Thus,
before any events could be selected the clusters had to be reconstructed. The energy clusters
were composed of at least three neighboring readout elements, each with an energy response
more than three standard deviations above the pedestal (typically 0.5 GeV). In case more
than one cluster was found in one calorimeter, the cluster with the maximum number of
elements (the primary cluster) was used in the event selection. The energy barycenter was
used to define the radial, r, and azimuthal, <t>, coordinates of the shower. An acoplanarity cut
of 20° was made by using the azimuthal coordinates of the primary clusters found in the two
calorimeters.

Due to the steep angular dependence of the Bhabha cross-section (see Eq. 5.9) it is necessary
to determine the minimum scattering angle very precisely. This scattering angle was defined
by the outer radius of the mask. The other borders of the acceptance region (see Fig. 3.6)
were defined by the requirement for the primary energy cluster, in the masked calorimeter, to
be more than one 15° sector away from the vertical dead region and within the first 7 rings
of the calorimeter. The uncertainty on the precise knowledge of the internal geometry of the
calorimeter resulted in a 1% systematic uncertainty on the Bhabha detection efficiency due
to these last two cuts.

The purpose of the mask is to prevent electrons below a precisely denned scattering angle from
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depositing their full energy in the calorimeter. Monte Carlo simulations showed that already
300 microns inside the outer edge of the mask more than 60% of the energy of 45 GeV electrons
got absorbed. In order to reject electrons which hit the inner surface of the calorimeter
after passing through the central hole of the mask, the quantity R was introduced. R is
defined as i.eing the ratio of the energy deposited in the first ring of the masked calorimeter
(calorimete: 2) over the total energy E? of the corresponding shower.

The distributions of the fractional energy Ei/Eteam versus R are shown in Fig. 5.7a and
5.7c, for sample A and B, respectively. The distributions were made after an energy cut in
calorimeter 1 of 0.75 < Ei/Ebeam 5 1-5- The Monte Carlo prediction for the conditions of
sample A is plotted in Fig. 5.7b. The cluster of events at R fa 0.9 and E2/Ebeam * 0-4 is
due to electrons which hit the mask. The band of events at R « 1, which extends to large
energies is due to electrons which passed through the hole of the mask. The combined cut in
R and E2/Et,eam, indicated by the dashed line, rejects both types of events. The separation
between signal and background is better for sample B, shown in Fig. 5.7c, since the 13 cm
mask completely covers the first ring of the calorimeter.

For both samples a distributed background is observed. This background is probably caused by
showers which leaked through the back corner of the calorimeter into the read out photodiodes,
simulating high energy depositions. In region I, the background was estimated to be (0.5 ±
0.5)% of the total number of Bhabha events (the same in both samples). However, in sample
A the signal extends up to R « 0.9, as predicted by the Monte Carlo. The background in
region II is larger and was subtracted using the signal-free data of sample B in region II.
In Fig. 5.7d the energy distributions of the events of sample A (solid line) and B (dots) for
0.50 < R < 0.90, normalized to the same luminosity, is shown. The background subtraction
did amount in sample A to a (3.0 ± 1.5)% and in sample B to a (0.5 ± 0.5)% correction, when
the selected events were cut by 0.75 < (EtfEf,eam,E2/Ebeam) < 1.5. Another uncertainty on
the luminosity did arise from the above energy cuts and was estimated to be 1%.

Due to the asymmetric geon ..'trie acceptance criteria and the azimuthal symmetry of the
acceptance region, the sensitivity of the visible cross-section to possible variations of the
position of the interaction point in the transverse plane is negligible. However, the visible
cross-section is linearly sensitive to longitudinal displacements of the interaction point along
the beam axis. The average z position of the interaction region was measured with tracks
from the hadronic Z° event sample and resulted in corrections of typically 0.5%.

The visible cross-section for the luminosity events was determined by a detector simulation
[37] of Bhabha events. An event generator that includes electroweak and radiative corrections
to first order in or was used [38]. The hadronic vacuum polarization was updated according to
Ref. [39]. The lack of higher order corrections in the generator gave rise to a 1% uncertainty
in the theoretics] cross-section. The energy dependence of the cross-section was evaluated by
generating evants at the 10 energy points used in the scan with an approximate simulation
of the event rejection. These cross-sections were renormalizcd to the value obtained at y/s —
91.1 GeV, which was the center-of-mass energy used for the full detector simulation. The
visible cross-section at this energy was found to be 32.5 nb for sample A and 26.6 nb for
sample B. Doc to imperfections in the Monte Carlo modeling an uncertainty of 1% was added.
The luminosity was computed assuming a Z° mass, which enters in the yZ interference term
of the cross-suction, of 91.1 GeV. The uncertainty on the Z° mass had a negligible effect 011
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Figure 6.7: (a)-(c) Distributions of the energy ratio Ei/E^am versus the energy fraction
R. (d) Energy ratio £ 2 / 4 a m of sample A (solid line) and B (dots) for 0.50 < R < 0.90
normalized to the same luminosity.
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A£ [%]
Trigger efficiency
<j> cut
Energy cut
Background subtraction
Interaction point position
Theory
MC modeling
MC statistics

Sample A
0.6
1.0
1.0
1.5
0.5
1.0
1.0
0.6

Sample B
0.6
1.0
1.0
0.5
0.5
1.0
1.0
0.6

I Total I 2.7 2.3

Table 5.3: Contributions to the total uncertainty on the luminosity measurement.

the luminosity calculation.

The above described event selection and error analysis resulted in a total uncertainty on the
luminosity measurement for sample A (6932 selected events) of 2.7% and for sample B (9684
selected events) of 2.3%. The overall uncertainty on the total events sample was 2.4%. In
Table 5.3 the different contributions to the total uncertainty are listed. The overall Bhabha
detection efficiency was estimated to be 99.0%.

The Bhabha events were recorded with the same trigger- and data acquisition systeni at the
same time as the hadronic events in order to ensure equal life times of both experiments.
Equal lifetimes are necessary to be able to correctly normalize the Z° cross-section.

5.4 Determination of the Hadronic Cross-Section

The physical observable which can be extracted from the hadronic and Bhabha data samples
is the normalized hadronic Z° cross-section. After calculating the cross-section at each of the
10 center-of-mass energies the thus obtained experimental Z° line-shape can be fitted with
theoretica] formulae in order to test the validity of the Standard Model and to determine the
parameters (mass, width and peak cross-section) of the 2° resonance. The results of the fits
will be presented in the next chapter.

The normalized hadronic cross-section was calculated at each energy point using the relation

(5.10)Nz-Nb3

»*-* = — ^
where Nz is the number of selected hadronic events, Nt,9 the number of expected background
events (mainly T*T~ events) and e the total hadronic detection efficiency. The factor L
stands for the total time integrated luminosity. The statistical error on the cross-section was
calculated using

1 (5.11)
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v/iJGeV]
88.284
89.284
90.284
91.036
91.284
91.536
92.286
93.284
94.284
95.042
Total

L [lib"1]
54.4
49.8
61.8
73.3
81.9
106.3
39.8
54.2
35.0
16.3

572.8

Analysis A
# Hadronic events

239
416
1007
1933
2315
2904
768
575
270
93

10520

<r[nb]
4.77 ± 0.33
9.45 ±0.52
19.70 ±0.80
28.96 ±0.91
31.08 ±0.91
30.28 ± 0.79
20.90 ± 0.98
11.54 ±0.57
8.51 ± 0.59
6.20 ± 0.71

Analysis B
# Hadronic events

241
427
1094
1987
2392
2984
785
587
280
95

10872

<rjnb]
4.71 ±0.32
9.35 ±0.49
19.42 ± 0.72
29.10 ±0.89
31.01 ±0.89
29.83 ±0.76
20.87 ± 0.96
11.49 ±0.55
8.56 ± 0.57
6.17 ±0.69

Table 5.4: The integrated luminosities and cross-sections per energy point for the analyses
A and B. Also listed are the uncorrected number of selected hadronic events. The errors are
statistical only.

At rach energy point eight different cross-sections were calculated, one cross-section per run
condition (as specified in Table 5.1). T'le total cross-section at each energy point was obtained
by taking the weighted average of these eight cross-sections. As weights the inverse squares
of the statistical errors on the cross-sections were used.

Table 5.4 shows the integrated luminosities and the cross-sections for each center-of-mass
energy for the analyses A and B. The errors on the cross-sections are purely statistical and do
not include the (energy independent) systematic error of 2.6% due to the uncertainties on the
total hadronic event selection efficiency (1.1% and 1.0% for analysis A find D, respectively) and
the luminosity measurement (2.4%). The center-of-mass energies are known with an absolute
systematic uncertainty of 30 MeV and a point-to-point uncertainty of about 10 MoV. Also
the uncorrected5 number of selected hadronic events are given for each energy point.

The cross-sections of analyses A and B agree, within the systematic error, well with each other.
As input to the different fitting programs the averages of the cross-sections of both analyses
were taken. Table 5.5 lists the combined hadronic cross-sections. The total systematic error
on these combined cross-srrtions is also 2.6%.

4 Not corrected for UJRKIT cflidenciwi.
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y/s (GeV]
88.284
89.284
90.284
91.036
91.284
91.536
92.286
93.284
94.284
95.042

L [nb-1]
54.4
49.8
61.8
73.3
81.9
106.3
39.8
54.2
35.0
16.3

Combined cross-section [nb]
4.74 ± 0.32
9.40 ± 0.50
19.5510.76
29.03 ± 0.90
31.04 ± 0.90
30.05 ±0.77
20.88 ± 0.97
11.51 ±0.56
8.54 ± 0.58
6.18 ±0.70

Table 5.5: The integrated luminosities and combined (weighted average) cross-sections per
energy point for the analyses A and B. The errors are statistical only.
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Chapter 6

Results

In this chapter we will determine the parameters of the Z° resonance and the number of light
neutrino species by fitting the experimental Z° line-shape to a theoretical model. After fitting
the data the influence of the systematic uncertainty on the fit results will be studied. Also we
will have a look at two different theoretical models and compare the results they produce. To
obtain a "world average" of the Z° parameters we compare our results with the ones of the
other LEP experiments. We conclude with the calculation of the partial widths of the Z° by
using the results from a study of the leptonic decays.

6.1 Fitting the Data

Fitting of data to a "model" that depends on adjustable parameters is in general do.. /
choosing a figure-of-merit function that measures the agreement between the data and the
model with a particular choice of parameters. The merit function is conventionally arranged so
that small values represent close agreement. The parameters of the model are then adjusted
to achieve a minimum in the merit function, yielding best-fit parameters. The adjustment
process is thus a problem of minimization in many dimensions.

In this chapter a "chi-square" has been used as merit function. A chi-square function of N-M
degrees of freedom (d.o.f.) is defined as

where <r, is the standard deviation of data point (li.jft) and y is the model prediction for z;
and the adjustable parameters a j , . . . , a » . A fit can be considered good if A'2 < N - M. The
X2 minimization was done with the MINUIT program [41].

The theoretical formula used to fit the experimental line-shape was the one proposed by
Borclli, Consoli, Maiani and Sisto (B.C.M.S.) [42]. The B.C.M.S. formula gives a model
independent description of the Z° cross-section to an accuracy of about 10~3. Usually the
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cross-section is parameterized in terms of the basic parameters of the Standard Model, namely
the accurately determined fine structure and Fermi constants, a and Gp, the less accurately
known parameter sin2dw, and the unknown top-quark and Higgs boson masses. The result
of any experimental measurement would then be a determination of, or some restriction on,
these parameters. The disadvantage is that if the theory needs to be changed the analysis has
to be redone from the start by fitting the data to the new predictions. A more economical
procedure is to use a phencmenological expression of the cross-section, consistent with the
general requirements of an underlying renormalizable quantum field theory, in terms of a
number of model-independent parameters like the Z° mass and the partial and total widths.
The result of a measurement is then a set of values for these parameters, which can be
compared to the predictions of a new theory (including the Standard Model) without going
back to the raw data. In this model the observable hadronic cross-section is defined as

0ob,(s) = <rz(s) + «, (6.2)

where <77 is the pure continuum cross-section including its leading radiative correction. The
resonance and interference terms of the cross-section, <JZ(S)> can be expressed as [42]

(6-3)

where r e and Vhad are the electron and hadron partial widths of the Z°. Yz is the full Z°
width and Mz is its mass. D(s) is given by

D(s) = s-M2 + iMZYz-^ (6.4)

The function Rhad is defined as

with
„ _ 2QeQqvevq

where Qe and Qq are the electron and quark charges and ae, ag, ve and vq are the electron
and quark axial and vector coupling constants. Rhat takes the lowest order corrections from
the real part of the ~i - Z interference plus its leading logarithmic and leading top-quark mass
corrections into account. Depending on the top-quark and Higgs masses, R^ai ranges from
0.07 to 0.12. The existence of another heavy neutral vector boson Z' should manifest itself
by an unexpected large value of Rhad- The functions / ' and G include mainly the radiative
corrections: the soft part of the initial state photon radiation is taken into account by the
exponentiation formalism of [43]; the hard part is computed to O{a2); final state radiation as
well as its interference with the initial slate radiation is taken into account at lowest order.
The QCD corrections to the quark partial widths are computed to O{a2,) and amount to
4.0% (assuming a, = 0.12). Eq. C.3 is basically a rewrite of E<|. 2.15 including the radiative
corrections.

A number of dilfercnt fits were performed, each less constrained by the Standard Model. For
the first fit (Fit 1) the partial widths were taken from the Standard Mode! (assuming three
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light neutrino families) and the value of Rhad was fixed at 0.095, corresponding to an a, = 0.12
a mt = 130 GeV and a THH = 100 GeV. The only free parameter was Mz- Since the absolute
normalization of the cross-sections did not add any information in this case, a free parameter
k was introduced that absorbed the error on the normalization. The results of the fit were

Mz = 91.170 ±0.030 GeV,

k = 1.004 ±0.013, X2l&.o.l. = 4.4/8
Fit 1

The errors are statistical only (this is true for all errors in this section). The quality of the
fit (A'2/d.o.f.) shows that the Standard Model reproduces the data well. Fig. 6.1 shows the
measured cross-section at e«xh of the ten energy points together with the result of the fit
(solid line). The cross-sections predicted by the Standard Model for the same value of Mz
but for two and four light neutrino families are also shown. From this figure it is clear that
the curves for two and four neutrino families do not agree with the data.

To determine the number of light neutrino species another fit was done. In this fit (Fit 2)
the partial widths were again taken from the Standard Model but this time the Mz and the
number of light neutrino species were left free to vary. The total width was given by

where Nv did not have to be an integer number. The determination of N,, was based on the
measured hadronic peak cross-section (see section 2.4.3). This fit gave the following results

Mz = 91.170 ± 0.030 GeV,
Nv = 2.97 ±0.12, X2l&.o.l. = 4.5/8

Fit 2

In the next fit (Fit 3) Mz, Tz and the product of the partial widths TeThad were taken as
free parameters, in order to determine the total width without constraint from the overall
normalization of the data. The results of this fit were

Mz = 91.171 ±0.C31 GeV,
rAod = 0.148 ± 0.006 GeV2,

rz = 2.508 ± 0.066 GeV, X2/d.o.{. = 4.4/7

Fit 3

Instead of reThad one can also take the hadronic peak cross-section a°ad = \2tr^i^& as free

parameter (Fit 4). The <7°ad is the hadronic peak cross-section unfolded from initial-state
radiation. This fit resulted in
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Figure 6.1: The Z° hadronic line-shape. The solid line is the best fit to the data points cor-
responding with three neutrino families. The dashed lines are the Standard Model predictions
for two and four light neutrino families.
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Figure 6.2: Contours ofTz versus a°ad for the 68% and 99% confidence levels. Also shown
are the expected values for two, three and four light neutrino families. The errors are due to
the uncertainty of the top-quark mass (90-230 GeV) and the Higgs mass (10-1000 GeV).

Mz = 91.171 ±0.031 GeV,
a°had = 41.6 ± 0.8 nb,

Tz = 2.508 ±0.066 GeV: *2/d.o.f. = 4.4/7
Fit 4

The Mz is effectively uncorrelated with the other two parameters. Fig. 6.2 shows the corre-
lation between Tz and o-°ad. Also shown are the expected values, according to the Standard
Model, for two, three and four light neutrino families. The errors are due to the uncertainty
of the top-quark mass (90-230 GeV) and the Higgs mass (10-1000 GeV).

When the above fit was repeated with also Rhaj left free, the following result was obtained
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Analysis A
Analysis B
Average

Mz [GeV]
91.170
91.171
91.170

k

1.007
1.001
1.004

Nv 1 OjiadJnb]
2.94
2.99
2.97

41.7
41.5
41.6

Tz[GeV]
2.510
2.505
2.508

Table 6.1: Results from fitting the cross-sections from analyses A and D separately.

Mz

"Id
rz

Rhad

= 91.185 ±0.055 GeV,
= 41.6 ± 0.8 nb,
= 2.503 ± 0.068 GeV,
= -0.22 ±1.04, ,Y2/d.o.f. = 4.3/6

Fit 5

The increased statistical error on Mz ls a result from the strong correlation between
and Mz-

6.2 Systematic Uncertainties

The dominant systematic error on the number of neutrino species, on the product of the
partial widths TcThad and on the hadronic peak cross-section tr°aj is a result of the overall
uncertainty of 2.6% on the absolute normalization. The systematic errors were calculated by
raising and lowering the hadronic cross-sections by this overall uncertainty and redoing the
fits. The systematic errors were found to be

= 0.23
= 0.004 GeV2

= 1.1 nb

To find out if the two analysis methods A and B, as described in the previous chapter, produce
equivalent results the cross-sections from both analyses were fitted separately. Table 6.1 shows
the mass and the normalization factor from Fit 1, the number of neutrino species from Fit 2
and the peak cross-section and the total width from Fit 4 for the two analyses. The mass,
width and peak cross-section for the two analysis methods agree very good with each other.
The difference between the normalization factors and the number of neutrino species is a bit
bigger but still within the 2.6% systematic uncertainty. The overall agreement is very good
and it is dear that the methods are compatible.

The main systematic error on the Z° mass is caused by the uncertainty on the LEP beam
energy determination. The beam energy was measured by injecting into LEP protons with
an energy of 20 GeV. The protons circulated in the same orbit as the positrons. Since both
particles have the same charge they also have the same momentum but because the positrons
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| MZ [GeV] | Ny

B.C.M.S.
ZFITTER

91.170
91.171

2,97
2.95

"Li (nb]
41,6
41.6

rz [GeV]
2.508
2.505

Table 6.2: Results from fitting the cross-sections with the Borelli and Bardin formulae.

are much lighter than the protons they lose more energy due to synchrotron radiation. The
difference in energy loss could be determined very precisely by measuring the phase difference
between the protons and positrons in the resonance cavities. From this difference in energy
loss the center-of-mass energy, in the region of ^/s ss 91 GeV, could be determined with a
precision of Ay/s = 30 MeV [44], This error should be added to the measured Z° mass. The
error on the mass due to the point-to-point uncertainty of 10 MeV on the energy could be
neglected (this error was smaller than 20% of the statistical error).

6.3 Different Theoretical Formulae

Besides the B.C.M.S. formula another description for the Z° cross-section is given by Bardin et
al. [45]. The formula of Baxdin et al. includes a.o. an analytical calculation of leading O(a2)
exponentiated QED corrections and electroweak loop corrections. Other important features
of this formula (which were not used in the analysis described here) are the possibility to
fit the forward-backward asymmetries, AF-B, and to make cuts on the fermionic angular
distribution. To cross-check the B.C.M.S. formula the fits were redone with the program
ZFITTER based on the Bardin formula. From the results, as given in Table 6.2, it is clear that
both formulations are in very good agreement.

Another interesting check on the B.C.M.S. formula was performed by a comparison with the
ZSHAPE program from Berends et al. [15]. ZSHAPE works strictly within the Standard Model
and is considered to be one of the most complete programs for calculating the Z° cross-
section. Because ZSHAPE performs all integrations numerically (as opposed to the analytical
approximations used by B.C.M.S. and ZFITTER) it is very computer time consuming and not
very well suited for making fits to the data. To anyway make a comparison ZSHAPE was used
to generate cross-sections at each of the ten center-of-mass energies, with Mz = 91.170 GeV
and as, mt and ran equal to the values used for the fits. These generated cross-sections, with
the same statistical errors as the ones on the experimental cross-sections, were fitted to the
B.C.M.S. formula. The differences between the input values of ZSHAPE and the results of the
fits were

0.001 GeV

-0.002 GeV

-0.1 nb

-0.01

0.033

M j m p ) -
r0np,_

O(inp)
ahad ~

r(/f0-lz
o (fit)
had

V («»P) _

R (inp)
had -R _

had -
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These results show that the B.C.M.S. formula correctly reproduces ZSHAPE.

6.4 Number of Neutrino Species

The determination of the number of light neutrino species was entirely based on the measure-
ment of the height of the Z° peak. The result was (see Fit 2)

Nv = 2.97 ±0.12,(O( ±0.23,,,,
= 2.97 ± 0.26

This number is dominated by the value of the measured hadronic peak cross-section

Z

since the number of neutrinos is determined by

Nu = v "^ (6i8)

The partial widths were taken from the Standard Model and were calculated with a small
uncertainty of about 1% due to

1. electroweak radiative effects involving unknown particles, such as the top-quark

2. the uncertainty on the value of the strong coupling constant aa.

The Standard Model predictions for the partial widths, according to ZSHAPE, are given in
Table 6.3. The theoretical uncertainties due to the electroweak radiative effects result mostly
in a change of the overall scale of the partial widths and largely canceled in <T°ad. The
uncertainty on Thad> related to the QCD corrections, canceled only in part in o\ad. A variation
Tfcod —* ?had + 6^had has the following effect on Nv

\rhad = - 0 . 2 8 ^ (6.9)

Using the uncertainties on the partial widths from Table 6.3 a theoretical uncertainty on Nv

of about 0.04 was found.

Another method to derive the number of neutrino species is based on the total Z° width (from
Fit 4)

r - rSM

where F^M is taken from Table 6.3 and where V%M = 2.491 GeV. In this way we obtained

Nv = 3.10 ±0.40
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Standard Model Partial Widths [MeV]

re
r.
Fhod

83.6 ± 0.5
166.7 ±1.0
1740 ±22

Table 6.3: Standard Model partial widths of the Z° for the measured value of Mz;
a, = 0.12 ± 0.02 and sin2 6W = 0.227 ± 0.006 (corresponding to a top-quark mass of
130 ± 45 GeV) have been used as input.

where the error is dominated by statistics. This method is also more sensitive to changes in
a, and s\n26w (ANU ~ ±0.13). The method based on the peak cross-section is clearly more
precise than the method based on the total width.

The results presented above rule out the hypothesis Nv = 4 at the 98% confidence level.
This measurement improves in a decisive way upon previous determinations of the number
of light neutrino species from the UA1 [46] and UA2 [47] experiments, from PEP [48] and
PETRA [49], from cosmological [50] or astrophysical [51] arguments, as well as from an earlier
determination at the Z° peak [52]. The demonstration that there is a third neutrino confirms
that the r neutrino is distinct from the e and fi neutrinos. The absence of a fourth light
neutrino indicates that the quark-lepton families are closed with the three which are already
known, except for the possibility that higher order families have neutrinos that are heavy.

A fourth lepton family with a neutrino with mass mv contributes to Nv [53]

According to our results we find Nu < 3.4 at the 95% confidence level. This means that an
additional heavy neutrino must have at least a mass of

mu > 40 GeV

6.5 Comparison with Other Experiments

By averaging the results of the four LEP experiments we can obtain the current "world
average" values for the Z° mass and width.

Figure 6.3 shows the Z° mass as measured by the four LEP experiments [3,54,55,56] and
Mark II at SLC [57]. To get a better view of the values as measured by each experiment the
error bars do not include the uncertainty on the beam energy. However, for the average LEP
value the uncertainty on the beam energy is shown separately (dotted line). From this figure
it is clear that the results from the different LEP experiments agree very well with each other.
The average LEP value for the Z° mass is

= 91.165 ± 0.012,,of ± 0.030t£P GeV
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Figure 6.3: The Z° mass as measured by the four LEP experiments and Mark II.

Figure 6.4 shows the 2° wiJth as measured by the four LEP experiments and the average
LEP value. The solid line represents the Z° width according to the Standard Model for
the average LEP value of Mz and a, = 0.12, m( = 130 GeV and m,{ = 100 GeV. The
dashed lines show the width when nit and m// are varied between 90 and 230 GeV and 40 and
1000 GeV, respectively. For the dotted lines in addition a, was varied between 0.10 and 0.14.
The experimental values are in good agreement with each other and are compatible with the
range of widths as predicted by the Standard Model. The average LEP value

T(
Z

LEP) = 2.534 ± 0.027 GeV

clearly favors a heavy top-quark. Figure 6.5 shows the Z° width as function of tiie top-quark
mass for different values of a, (according to ZSHAPE). Also shown is the lower limit (at the
90% confidence level) of the width according to the average LEP value.

Figure 6.6 shows the number of light neutrino species as measured by the four LEP experi-
ments (all results were obtained using the same method based on the height of the Z° peak).
All results favor three neutrino families (dotted line). Calculating an average LEP value is dif-
ficult since the systematic uncertainties, due to the theoretical uncertainty on the luminosity,
are strongly correlated.
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Figure 6.4: The Z° width as measured by the four LEP experiments.

6.6 Measurement of the Partial Widths

To derive the partial widths we need beside the hadronic also the leptonic cross-sections. From
the leptonic analysis of DELPHI data [58] the ratio's of hadronic over leptonic cross-sections,
averaged over all center-of-mass energies, was obtained. The results are listed in Table 6.4.
The electron final state events consist of s-channel events only. The t-channel and t-channel-
s-channel interference events were subtracted using an analytic formula by Greco [59]. Since
the results for the different leptonic channels agree well with each other we will assume lepton
universality and use the average value.

Lepton
e

T

Average

"• ~ a,

19.6± 1.2 ±0.7
20.2 ±1.4 ±0.7
21.2 ± 1.7 ± 1.3
20.1 ± 0.8 ± 0.5

Table 6.4: Ratio of hadronic over leptonic cross-section.

If the photon exchange and ~t — Z interference are ignored, the ratio R' is equivalent to — .
To anyway correct for these effects ZSHAPE was used to calculate for each energy point a
correction factor. The average correction factor was 1.4% which resulted in

R' = = 20.4 ± 0.8 ± 0.5
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Figure 6.5: 77ie rWah'on between the Z° width and lop-quark mass for different values ofa,.
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Figure 6.6: The number of neutrino species as measured by the four LEP experiments.

In order to correctly handle the correlations between the uncertainties it was necessary to
fit the hadronic cross-sections together with the ratio R' instead of calculating Fj and r^ad
directly from TiFhad and ^M. The fit was basically the same as Fit 3 except that F; = Tc

and Fhad were left free to vary and that the term ((20.4 - ^fkjul)/0.8)2 was added as extra
constraint to the chi-square function. During the fit the systematic uncertainties were taken
into account via the off-diagonal elements of the covariant matrix. The results were

F w = 1736 ± 59 MeV, F; = 84.9 ± 1.9 MeV

From this result the invisible width, Vinv, was derived

Tinv = TZ- Thad - 3F, = 515 ± 52 MeV

Figure 6.7 shows Thad a s function of F; for the four LEP experiments and the Standard
Model prediction (with a, = 0.12, m, = 130 GeV and mH = 100 GeV). Also the 68% and
99% confidence level contours of the DELPHI result are shown. The dotted line through
the Standard Model point shows the error due to the uncertainty on o2, mt and m//. The
DELPHI, ALEPH and L3 results agree well with the Standard Model prediction while the
OPAL result is about two standard deviations removed from the prediction. The spread in
the results is mainly due to the low statistics of leptonic events.

The number of light neutrino species could be obtained from F,nu assuming Flnt, — Nul\.
Using the Standard Model prediction for •£" = 1.994 and the measured values for F,-nt, and F;
we found

r ' "" S M = 3.04 ± 0.27 (6.12)Nu =
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Figure 6.7: The r^ad us function of F| for the four LEP experiments. Also shown is the
Standard Model prediction.

The only Standard Model assumption is the ratio £* and hence this result is still valid if
unexpected states yielding hadrons are present in Z° decays. The experimental error, however,
is still a fraction larger than for the result based on the hadronic peak cross-section. Once
the statistics becomes higher (in 1990 an beyond) this method is clearly preferred over the
one based on the hadronic peak cross-sect ion since it is less dependent on the luminosity
measurement.

6.7 Preliminary Results from the 1990 Data

During the writing of this thesis a large part of the 1990 DELPHI data was analyzed. In
total 68000 hadroiiic and 4000 leptonic events at 17 different center-of-mass energies around
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the Z° peak were recorded until the middle of July 1990. The hadronic events were analyzed
in exactly the same way as described in chapter 5.

A fit applied simultaneously to the hadronic and leptonic cross-sections gave the following
preliminary results1

Mz = 91.188 ± 0.013,ta4 ± 0.030LEp GeV

Tz = 2.476 ± 0.026stat ± 0.010,,, GeV

Thad = 1.756 ±0.023,(Ot±0.020as, GeV

T, = 83.7 ± 1.0,(a, ± l . l ,v , MeV

Tinv = 469 ± 19,(O( ± 223V, MeV

R' = 21.00 ± 0.38,iO( ± 0.29,j,,

From the r i n t l the number of light neutrino generations was derived

All these values agree well with the Standard Model and with the 1989 results presented in
the previous sections of this chapter.

JThe cross-sections were fitted with ZFITTER instead of B.C.M.S. because the latest version of ZFITTER
reproduces ZSHAPE better than B.C.M.S..
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Chapter 7

Summary and Cor elusions

The hadronic decays of the Z° boson in e+e~ collisions have been studied with the DELPHI
detector at LEP at ten different center-of-inass energies around the Z° peak. The total
integrated luminosity, in 1989, was 573 nb"1. The Z° resonance line-shape has been measured
using about 11000 selected hadronic events. The selection efficiency for the hadronic events
was (92.0 ± 1.1)% and the uncertainty on the luminosity measurement was estimated to be
2.4%. The normalized hadronic cross-sections were fitted to the model independent formula
by Borelli et al. to obtain the Z° mass and width, the Born peak cross-section and the number
of light neutrino species. The results of the fits were

Mz = 91.170 ± 0.0303(a( ± 0.030LEp GeV

rz - 2.508 ± 0.066a(a( GeV

a\ad = 41.6±0.8, t a»±l.ln , Jnb

rcrAarf = 0.148 ± 0.006,,a< ± 0.004jyj GeV2

JVU = 2.97 ± 0.12^, ± 0.23S!,, ±

From the analysis of leptonic events the ratio of hadronic over leptonic partial widths was
obtained. Using this ratio and assuming lepton universality the hadronic and leptonic partial
widths as well as the sum of the partial widths of invisible Z° decays could be determined.
The results were

Thad = 1738 ± 54 MeV

T; = 85.0 ± 2.6 MeV

rinv = 515 ± 45 MeV

All these results are in good agreement with the Standard Model with a large top-quark mass.
They also agree very well with the measurements of the other LEP experiments.

The expected statistics for 1990 will at least be ten times higher than for 1989. The uncertainty
on the luminosity measurement is expected to decrease due to modifications in the mask of
the SAT detector, a better calibration and a smallur theoretical uncertainty (0.5% instead of
1.0%). Hopefully this will lead to a determination of the total width precise enough to show
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the radiative effects dua to the top-quark. An improvement in the measurement of the Z°
mass will, however, only be possible when the LEP beam energy can be determined more
precisely (using polarized beams).
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De hadronische vervallen van het Z° boson in e+e~ botsingen werden bestudeerd met de
DELPHI detector te LEP bij tien zwaartepuntsenergieën rond de Z° piek. De totale geïn-
tegreerde luminositeit was, in 1989, 573 nb~'. Om de Z° resonantie te meten werden er
ongeveer 11000 hadronische gebeurtenissen geselecteerd. De efficiëntie van de selectie bedroeg
(92.0 ± 1.1)% en de precisie van de luminositeits meting werd op 2.4% geschat. De genor-
maJizeerde hadronische botsingsdoorsnedes werden aangepast aan de model onafhankelijke
formule van Dorelli et al. om de Z° massa en breedte, de Bom piek botsingsdoorsnede en
het aantal lichte neutrino families te bepalen. Het resultaat van de verschillende aanpas
procedures was

Mz = 91.170 ± 0.030„a( ± 0.030Z,EP GeV
Tz = 2.508 ± 0.066„o, GeV
lai = 41.6 ±0.8, ( o ,± 1.1,,,. nb

= 0.148 ± 0.006J(a( ± 0.004,y5 GeV2

N„ = 2.97 ± 0.12slOi ± 0.23sy, ± 0.04,/,

De analyse van de leptonische gebeurtenissen leverde een verhouding van de hadronische
ten opzichte van de leptonische partiële breedte op. Gebruikmakende van deze verhouding
en onder aanname van lepton universaliteit konden de hadronische en leptonische partiële
breedtes, zowel als de som van de partiële breedtes van onzichtbare Z° vervallen bepaald
worden. De resultaten waren

= 1738 ± 54 MeV
T, = 85.0 ±2.6 MeV

rint, = 515 ± 45 MeV

Alle resultaten komen goed overeen met de voorspelingen van het Standaard Model met een
zwaar top-quark. Ook de overeenstemming met de resultaten van de andere LEP experi-
menten is goed.

Voor de meeting van 1990 verwacht men een minstens tien maal hogere statistiek. Ook de
fout op de luminositeits meting zal naar verwachting lager worden dankzij veranderingen aan
het masker van de SAT detector, een betere calibratie en een lagere theoretische fout (0.5%
in plaats van 1.0%). Hopelijk leidt dit tot een zo preciese bepaling van de totale breedte
dat stralingscorrecties tengevolge van het top-quark aanwijzbaar zijn. Een verbetering in de
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meting van de Z° massa zal echter pas dan mogelijk zijn wanneer de LEP bundel energie met
een hogere precisie bepaald kan worden (gebruik makende van gepolariseerde bundels).


