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An alien scientist observed the phenomenon of transportation. As the reference system
of his study he chose a railway station with the intention of understanding it universally.
Inevitably, he observedfluctuations in his measurement, for which he formulated a satisfactory
uncertainty principle. However, the fundamental relation which he inferred read:

"the probability that the train will arrive is proportional to the number of people waiting on
the platform...'.'



Abstract The Standard Model predicts the existence of a neutral scalar, the Higgs boson H°.
Since the mass of this particle cannot be determined directly in theory the search is carried
out by a successive scanning of the possible mass range.

A search for the Standard Model Higgs boson has been performed with the data recorded at
DELPHI during 1991 and 1992. The detector and the data have been optimally exploited to
make a search possible in the most abundant of the usable channels at LEP1; the channel in
which the Higgs boson is produced in association with a pair of neutrinos from the decay
of the Z°". In order to discriminate against the very large and difficult background a neural
network has been used. A very good background rejection and selection efficency for Higgs
particle events have been achieved. Combined with a preselection and a postselection, all the
simulated background was removed with a Higgs boson selection efficiency on the ayerage
of about 40 % for a H° mass of 35 - 55 GeV/c2. At 50 GeV/c2 this corresponds to about 5.5
expected events.

No candidate events were observed in the real data. The result was therefore translated into
a limit on the mass of the Higgs boson. Requiring a confidence level of 95 % yielded a
restriction on the mass of the Standard Model Higgs boson of

mHo > 53.7 GeV/c2 (0.1)

with the analysis in the neutrino channel alone.

The inherent background has been found to be very difficult to separate from the signal in
the channels where the Z°* decays either into a tau lepton pair or a quark pair. Therefore,
in addition to the analysis above, only the channels where the H° is produced in association
with either muons or electrons have been analysed. In total, the three channels constitute
only 26 % of all the Z° decays. Adding the analysis done on the data recorded in 1990 to
the above analysis and combining it with a probabilistic analysis in the neutrino channel, an
analysis in the muon channel and one in the electron channel further restricts the mass of the
Higgs boson to

mHo > 55.7 GeV/c2 (0.2)

at the 95 % confidence level.
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Chapter 1

Introduction

The present knowledge of the elementary particles and their interactions is expressed in the
Standard Model of particle physics (denoted SM where an abbreviation is more convenient).
It includes a mathematical description of the three fundamental interactions relevant to particle
physics phenomena; the electromagnetic, the weak and the strong interaction. Recently, a
theoretical unification of the electromagnetic and the weak interaction was achieved, known as
the electroweak theory or the GSW model (from S. Glashow, A. Salam, and S. Weinberg)[l].

The construction of the Large Electron Positron (LEP) collider has offered an outstanding
possibility to investigate the predictions of this model extensively. Indeed, the model has been
experimentally verified successfully to high precision.

However, one of the most important fundaments in the Standard Model is still eluding
verification; the Higgs mechanism. The Higgs mechanism provides a simple way to break the
assumed underlying SU(2)L X U(1)Y symmetry and accomodate massive vector bosons and
fermions in the Standard Model. It is therefore essential for the completeness of the model.
The Higgs mechanism in the minimal version predicts the existence of a massive fundamental
scalar particle, the Higgs boson. The theory does not predict the masses of the Higgs boson,
the fermions and the vector bosons explicitly.

Experimental evidence for the existence of the Higgs boson is considered one of the most
important clues to the validity of the Standard Model. At LEP 1 it has been possible to probe a
wide mass range for the Higgs boson, starting from a massless boson up to about 60 GeV/c2.

This thesis describes a work which has been carried out from the summer 1991 until early
spring 1993 in the DELPHI collaboration. It consisted in an analysis of the response of the
electromagnetic calorimeter in DELPHI (theHPC) to muons with the aim of tuning the HPC
detector simulation and understanding the impact of an observed anomalously fast ageing of
the readout chambers on the recorded data (section 3.2.3 and the paper in appendix B.I). The
calorimetry is very important in the Higgs boson search. Further, the work also consisted
in a participation to a study of the ageing with a single HPC module setup in a test beam
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experiment (section 3.2.2 and the paper in appendix B.2).

The main part of the work has been devoted to a search for the Standard Model Higgs boson
in the data recorded during 1991 and 1992. This included an optimisation of the use of the
data and the development of an efficient analysis method using a neural network technique in
order to search for Higgs bosons with high mass (chapter 5 and paper in appendix B.3 and
B.4).



Chapter 2

The Standard Model Higgs boson at LEPI

The following chapter briefly reviews the predicted nature of the Standard Model Higgs boson
in view of the LEP physics.

2.1 Production and decay of the Higgs boson

At LEPl the energy of the e+e~ annihilation is chosen such that the Z° production is most
favourable, i.e. on the peak of the Z° resonance. This provides a very clean way to study the
electroweak interaction. The typical process at this energy is

e+ + e-5%7/ (2.1)

which predominantly proceeds via Z° exchange. The photon exchange cross section is
inversely proportional to the center of mass energy and is therefore very small at the Z°
resonance. There is also a contribution from Higgs boson exchange, but due to the small
Yukawa coupling between the Higgs and the electron it can well be neglected. The decay
products, / , can be any fermion, e, fj,, r, ue, u^, vT, u, d, s, c, b, except the top quark due to the
kinematics (mt ~ 180 GeV/c2). The vertex couplings for this process are specified in the
Lagrangian for the electroweak interaction and the transition amplitudes can be calculated
using the S-matrix expansion.

The Standard Model also predicts that the Z° couples to the Higgs boson, denoted H°, as can
be deduced from the electroweak Lagrangian (CZZH = 4 c ^ 0 Z^Z^rj). This coupling is
relatively large and implies that the Higgs boson can be produced in a bremsstrahlung process
in which the Z° radiates a Higgs boson. The resulting off mass shell Z° subsequently decays
into a pair of fermions.

e' + e ' —> Z° —>• Z°* + ff° (2.2)=+

fl
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Figure 2.1: Feynmann diagram of the Björken Higgs production process.
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Figure 2.2: The Higgs boson production cross section for the Björken process as seen in first
order (solid line) and including radiative corrections (dashed line).

Within the Higgs mass range discussed in report, this process (see also the tree level diagram
in figure 2.1) is the most copious source of Higgs bosons and is referred to as the Björken
process [2].

The Higgs boson may also be produced in association with a photon
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e+ -|- e —> Z —> if 7 (2.3)

This process does not occur at tree level but via higher order fermion and W boson loops. The
branching ratio of this process would therefore be very small at LEP1 and the background has
been found to be very difficult to discriminate against. Nevertheless it becomes comparable
to the Björken production process for mH > 60 GeV/c2 and can therefore be an interesting
channel at LEP2.

Since all the Higgs boson couplings to leptons, quarks and the gauge bosons are known exactly
within the Standard Model, the total cross section of the Björken process can be calculated
as a function of the Higgs boson mass. It is clear that the cross section will fall rapidly with
increasing Higgs boson mass due to the fact that the Z°* is moving further away from its mass
shell. With respect to Z° -> / / , the differential width for Z° -¥ H°ff is in first order, also
called Born level, given by

1 dr(Z°->H°ff) a (12 - 12x + x2 + 8y2)\/a:2 - 4y2

T(Z-*fJ) dx 48 sin2 0^ cos2 0^ [{x-y2)2 + (TZo/mZo)2}
(2.4)

where x = ̂ ^ and y = ^ j - . The kinematical limit is defined by 2y < x < 1 + y2. The

energy of the Higgs boson EJJO is related to the invariant mass of the / / pair originating from
the Z°* decay according to

m| 0 + m2
Ho - m)j

hHo = (2.5)
ATTI

The invariant mass of the / / pa i r is preferentially close to the end-point mass, Mz° — M#o.

Together with the Breit-Wigner formula for Z° production in e+e~ annihilation and integrating
over x, this yields the Born level cross section for Higgs production. It is shown as the solid line
in figure 2.2 versus the Higgs boson mass, calculated with a = 1/137.036, sin20jy = 0.2328,
mzo = 91.187 GeV/c2 and I > = 2.483 GeV [3].

In order to calculate the total cross section it is necessary to include correction for radiative
effects. There are three types of radiative corrections.

- the QED corrections

- the electroweak corrections in addition to the QED corrections

- QCD corrections for hadronic final states

The QED corrections start from the Born level diagram and include additional photon lines
to account for initial state radiation (ISR), final state radiation (FSR), interference between
these and virtual photon loops on the fermion lines.

The remaining electroweak corrections are propagator corrections from fermion loops on the
boson lines, vertex corrections and corrections for second order box diagrams. It has been
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shown that the weak corrections can be taken into account by substituting the bare coupling
constants and the bare weak mixing angle in the Born level formula with effective running
coupling constants and an effective mixing angle. This method is called the Improved Born
level Approximation.

The QCD corrections are radiative corrections to the hadronic final states. These are calculated
in perturbative QCD and are therefore marred with rather large errors. However, since the
production of the Higgs boson is mainly an electroweak process the QCD effects do not
interfere with the total cross section.

The most important of the radiative corrections is the correction for initial state radiation
which affects the total cross section by carrying away energy from the incoming e+e~ pair.
The effect is to reduce the total cross section by about 30 %.

The computation of the total cross sections for the Higgs production used in the analysis was
carried out with the Higgs boson generator[4]. The first level formulae for the differential
cross sections for e+e" -> H°Z°* can be found in reference [5]. The generator included
initial state radiation through exponentiation [6] and weak corrections using the IBA method.
It did not take into account contributions from box diagrams or fermion loop contributions to
the vertex correction. The result with the same values for the Standard Model parameters as
given above and with a mass of the top quark mt = 150 GeV/c2 for the weak corrections, is
plotted as the dashed line in figure 2.2.

Due to the Yukawa coupling with the fermions, the Higgs boson preferably decays into the
heaviest available fermion pair. For Higgs masses relevant at LEPI the partial width to any
fermion channel is

T(H° -+ ff) = Nc-?t%-prnHo (2.6)

where Nc is the colour factor, 1 for leptons and three for quarks, Gp the Fermi coupling
constant, and where /? is the kinematical threshold factor

\

4m2
f

1 - - / (2.7)

In figure 2.3 the tree level branching ratios for the main decays are shown with the solid lines.
Note the bb dominance. Whereas the Higgs decay branching ratio into b quarks is about about
80 - 90 % depending on the mass, it is only about 20 % for the Z°.

One-loop electroweak radiative corrections for fermionic final states have been computed.
However, since the Higgs boson predominantly decays into qq at a mass over 5 GeV/c2,
the QCD corrections become important for the final state[7]. Including the electroweak
corrections and the QCD corrections results in the dashed line in figure 2.3.

Recently the running behaviour of the strong coupling constant and the quark masses as a
function of the momentum scale of the physical process were implemented into the Higgs
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Figure 2.3: The branching ratios for the Higgs boson decay. The solid line shows the tree
level ratios and the dashed line includes electroweak and QCD corrections. The dotted line
includes the effect of running quark masses.

generator by replacing as with a's(rriHo) and mq with m'q(mno). The corrections are negative
for the hadronic final states and the result is shown as the dotted line in figure 2.3.

The Higgs boson decay width to a pair of gluons is non-negligible and was included in the
calculation of the decay rates shown in the figure. The contribution to the total decay width
is of the order of a percent for the decay rates including the QCD correction and increases to
about three percent when a running quark mass is taken into account.

In summary, table 2.1 gives the approximate branching ratios for each channel in the Higgs
production. The numbers for the rates of the main H° decay channels are given for niH° =
55 GeV/c2 and are those used in the analysis described in this report (running quark mass not
included).
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LÄ ~>
é+e~
li+fi-
T+T~
V+V~

gg

3.3
3.3
3.3
20.1
70.0

89.7
5.2
4.3
0.8

bb
r+r~

cc

99

Table 2.1: Branching ratios for Z° and H° decay. The combined H° and Z° rates can be
obtained through cross multiplication.

2.2 Background considerations

The channel where the Z° decays into qq has not been used due to the high background from
QCD multijet events which leads to a very poor signal-to-background ratio. The same was
found to be true for the channel where the Z° decays into a T+r~pair.

The channels where the Z°* decays into e+e~, the e-channel, and into fj,+fi~, the /^-channel,
have distinct signatures with isolated lepton pairs recoiling against hadronic systems from
the H° decays. One advantage with these channels is that the mass of the Higgs boson can
be well determined from the recoiling mass of the dileptons due to the fact that the mass
resolution for the dileptons is better than for the decay products of the Higgs boson. In the
channel where the Z° decays into a vv pair, the ^-channel, the mass reconstruction has to rely
on H° decay products only.

However, the z/-channel has a clear signature due to the neutrinos and has a larger branching
ratio

£ Br{Z° -> H 0 )

Br(Z° -+ Hoe+e~) + Br(Z° -
The search presented in this report has consequently been conducted in the most abundant
of the usable channels at LEPI. The signature is generally characterized by a substantial
missing momentum accompanied by acoilinear hadronic (6 quark) jets from the decay of the
Higgs boson. This signature requires that the detector has a high degree of hermeticity, a good
calorimetry for determination of the missing energy due to the neutrinos and a possibility of
identifying b hadrons.

The background to the ^-channel, which is many orders of magnitude larger than the signal,
has several components. The most difficult and numerous background is formed by ordinary
hadronic events in which energy is lost. The Feynman diagram is depicted in figure 2.4a where
the 7 within parentheses denote the possibility of initial and final state radiation. Loss of
energy occurs mainly for two reasons. The first reason is technical and is because of particles
escaping detection due to limited detector acceptance and detector resolution. Since about
7% of the initial state radiation, irrespectively of the energy, is emitted at a polar angle greater
than 45°, the worst example of a background event is a Z° ->• bby where the 7 disappears in
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an insensitive region of the detector. The second reason is because of real physical Higgs-like
events, where isolated high energy neutrinos from semileptonic decays of heavy quarks are
present.

Hadronic four-fermion events e+e~ -» £+£~qq, figure 2.4b, with r leptons in the final state
also constitute a difficult background due to the undetectable neutrinos in the r lepton decay.

In two-photon interactions, figure 2.4c, several processes contribute to the generation of
hadronic multijet events. The different contributions [8] originate from a non-perturbative
effect described by the Vector-meson Dominance Model (VDM), a direct photon mechanism
described in the Quark Parton Model (QPM), and a QCD singly and double resolved photon
effect. The jets are generally produced at low polar angle which leads to many unseen
secondary particles. Further the scattered electron and positron escape mostly undetected
close to the beam line. This results in an event topology with acolinear jets and with a large
fraction of momentum missing.

All these event types were generated and studied in the search for the Higgs boson in order to
define the cuts and to obtain the signal-to-background ratio at every stage of the analysis.
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Figure 2.4: Feynmann diagrams of the expected background processes. Diagram a) shows
the major background type; the ordinary hadronic events with missing energy. The j within
parentheses denote the possibility of having initial and final state radiation. Diagram b)
shows a four-fermion event. The lepton pair can either be produced first and then radiate
the photon which give rise to the quark pair or vice versa. Diagram c) shows a two-photon
interaction where the thick vertical line represents all the different contributions discussed in

• the text.



11

Chapter 3

The experimental setup

3.1 The LEP Accelerator complex

The CERN LEP accelerator complex consists of one linear accelerator and thereafter four
accelerator storage rings in sequence, where the LEP, the Large Electron and Positron collider,
is the final accelerator in which the electrons and positrons are brought to collide. The 26.66
km long LEP tunnel is located at the border of Switzerland and France at a depth between
60 and 150 m (figure 3.1,3.2). The tunnel slopes 1.5° at the foot of the Jura mountain chain
towards the Geneva lake for reasons of construction (the angle is not seen in the cross-section
view).

Figure 3.3 shows a view over the preceding accelerators and the injection system to the LEP
accelerator. The initial part of the acceleration phase can be done while LEP is still in collision
mode and begins with the acceleration of electrons to an energy of 200 MeV in an electron
gun. The positrons are produced in an e~ —¥ e+ converter after the electron gun with a high
density target. The leptons are thereafter accelerated up to 600 MeV in a linear extension of the
electron gun and then accumulated in a storage ring, the Electron and Positron Accumulator
or EPA. When a sufficient number of leptons are accumulated, they are forwarded to the PS,
the Proton Synchrotron, where they are accelerated to an energy of 3.5 GeV and then to the
SPS, the Super Proton Synchrotron, where they reach an energy of 20 GeV before they are
injected into the LEP ring. Before the acceleration phase is started in LEP all bunches are
injected.

The LEP accelerator has since the startup in August 1989 been operating at energies around
91 GeV in order to study the region of the Z° production cross-section peak. Up to 1992
each beam consisted of four equidistant concentrated time bunches which contained about
2.3-1011 electrons respectively positrons each. This corresponds to approximately 0.42 mA
per bunch. The four bunches of electrons and the four bunches of positrons thus intersect in
four points, where detectors have been installed to record the collisions. In order to increase
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Figure 3.1: Map over the LEP accelerator complex.

the luminosity, the number of bunches were increased to eight in each beam at the end of
1992. This implied that the beams intersected in eight points. To avoid interactions outside
the four collision points, the pretzel1 scheme was implemented. This meant to inflict a wavy
pattern to each beam orbit and maintain the beams in opposite phase except in the RF sections
where the beam orbits had to be kept straight to avoid resonances in the oscillations of the
beams. In the four additional intersection points, the beams were separated locally in the
vertical plane.

The energy lost by an electron due to synchrotron radiation per turn in units of MeV is given
by

F4

AE = 0 . 0885-^^ (3.1)

where Ebeam is the beam energy in GeV and r is the bending radius of the machine in metres.
At the Z° peak this means that about 120 MeV is lost every turn. With eight bunches of each
kind this corresponds to a total radiated power of about 2.4 MW, which has to be compensated
for. Up to 1994 this was done by 64 copper RF cavities symmetrically located on each side
of the LEP ring and operating at room temperature. To maintain the beam energy the cavities
produced an accelerating field of ~ 2.5 MV/m over a total length of 270 m. In spite of
the energy loss, the synchrotron radiation has also a positive effect on the beam. It damps
oscillations of the beams in all three degrees of freedom.

In the orbit the bunches had in 1992 a length of about 4.5 cm and a transversal dimension
of the order of a few millimeters. To reach a high luminosity in the interaction regions, the
beams were squeezed with superconducting quadrupoles. These are located a few metres

^om the biscuit shaped as an eight
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Figure 3.2: Schematic cross-section view of the LEP tunnel.

outside the detectors on each side and typically focus the bunches toa transversal spread of
about 250 fxmx 15 \im and about 15 mm in length.

The luminosity is determined by several machine parameters according to

L=Ne+Ne-fBCo (3.2)

where Ne± is the number of electrons respectively positrons in each bunch, JBCO is the
frequency of beam crossings and ax<y is the transversal spread of the beam.

In 1992 with four bunches, the current per beam in the machine was typically about 1.6 mA
leading to luminosities of ~ 5-1030 cm"2s~1. This means a production rate of about 13.4 Z°
per minute. The method to measure the luminosity in the experiments is explained in section
3.2.1.4.

At present there is work going on to install superconducting cavities in order to reach an
energy close to 200 GeV (LEP2) to study VK+iy~ production and to open up for precision
measurement on the charged weak current. At a beam energy of 90 GeV, the energy radiated
by an electron in form of synchrotron radiation per turn will amount to about 1.9 GeV. In
order to compensate for this energy loss the total RF accelerating voltage per turn will be
around 2300 MV.



14 3. The experimental setup

e~->e* converter

LEP

LINACS (UL)

^<Qj jv - 600 MeV e* or e"

^SIJi^EPA

\

^~~"-==~e'

^^~^I
PI •

SPS
20CeV

600 MeV

PS \
3.5 GeV 1

A

e^N 1

1
Figure 3.3: The injection system.

3.2 The DELPHI experiment

The two beams intersect at eight points around the LEP ring but only in four of these the
beams are brought to collide with the help of steering magnets and superconducting focusing
quadrupoles. The DELPHI experiment is installed in pit area 8 on the east side of the LEP
ring, approximately 100 m under ground. The other three collision points are covered by the
ALEPH, L3 and OPAL experiments.

The DELPHI detector is installed in a large cavern together with the primary read-out electron-
ics, power supplies and gas supplies and equipment in two three-story huts on both longsides
of the detector. The control room and main-frame computers are located on the ground level
right above the cavern and optical link transports the data from the pit up to the aquisition
computer cluster on the ground level.

Only the relevant components of the experiment and the detector for the analysis is described
and an overview is given for the rest. The configuration of the detector described is that of the
period during which the data for this analysis was recorded, ie 1990 -1992. More complete
and detailed descriptions of the detector can be found in [9]. The specific resolutions given
in the following sections refer to the conditions during 1990 -1992. More details and values
for 1993 -1994 can be found in [10].

The coordinate system is conventionally taken to be with the z-axis in the direction of the
beam-pipe and is positively pointing along the e" beam. The side from which the positrons
come is also called side A and the other side C.
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The angle 9 is the polar angle and measures the angle between a direction and the beam axis.
The angle <f> is the azimuthal angle and denotes the direction in the x-y plane with respect to
the x-axis.

3.2.1 The DELPHI detector

The DELPHI detector, Detector for ELectron, Photon, and Hadron Identification, is a self-
shielding 4TT apparatus constructed in three mobile sections, a cylindrical section, the barrel,
and the two endcaps that can be opened in order to allow access to all the submodules.
DELPHI is a general purpose detector and consists of 14 different subdetectors with various
design and technologies aimed at varying purposes. The detector has been built with emphasis
on precise measurement of tracks of charged particles and energies of neutral particles, as
well as providing good particle identification over a large momentum range.

The detector has therefore been equipped with several tracking devices, two calorimeters, ring
imaging cherenkov (RICH) detectors, and outermost a surrounding muon chamber system.
In addition, there are several scintillation counters (TOF, HOF, 90° counters, 40° counters
etc) for time-of-fiight measurement, improved coverage, and as triggers installe». and two
calorimeters at very low angles as luminosity monitors.

The beam pipe is made of beryllium with an inner radius of 10.6 cm.

In order to measure the charged particle momenta, a magnetic field of 1.23 T is supplied by
a superconducting coil. It has a radial dimension of 2.75 m and a length of 7.4 m and houses
the main tracking system, the RICH chamber and the electromagnetic calorimeter. The coil
has a single superconducting layer of Nb-Ti with a circulating current of 5000 A. Together
with two compensating coils at the ends of the main coil, it produces a very homogenous field
with a radial component which is approximately 4 • 10~4 T.

3.2.1.1 The tracking detectors

The tracking detectors, except for the muon chambers, are all located within the supercon-
ducting coil. They consist of the high resolution Vertex Detector (VD), the Inner Detector
(ID), the Track Projection Chamber (TPC) and the Outer Detector (OD) in the barrel section.
In the endcaps the tracking is performed with the Forward Chamber A and B (FCA and FCB).

The VD consists of three layers of silicon strip detectors with radii 6.3,9.0 respectively 11.0
cm. Each layer has 4 modules along the z-direction and 24 modules along <f>. In the present
analysis the VD covered a polar angle from 31° to 149°. The acceptance of the first layer
was later (1994) increased to 25° < 6 < 155°. The precision of the VD is dependent on a
good internal alignment of the detector. This is achieved by studying isolated hadronic tracks
which pass through the regions where the sectors overlap and tracks in dimuon events. With
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Figure 3.4: The central part of the barrel section.

an intrinsic resolution of 8 p.m per meausured point the tracks can be extrapolated, to the
interaction region to obtain an impact parameters resolution that can be parametrized as

Pt
0.024W (3.3)

where pt is the transverse momentum of the track.

The VD plays a very important role in the Higgs particle search due to its capability of
identifying the presence of particles containing b-quarks due to their relative long livetimes.

The ID contains a jet chamber and a trigger layer. The jet chamber starts at 12 cm from the
beam axis and covers a polar acceptance between 17° and 163°. There are 24 modules around
(j) and each contains 24 anode wires streched parallel to the z-axis and mounted on a straight
line up to 22 cm from the beam axis. This configuration results in a left-right ambiguity
which is resolved in combination with the trigger layer. The single hit resolution is about 100
fim. The trigger layer is located between 23 and 28 cm and is composed of five cylindrical
layers of multi wire proportional chambers. Together with the cathode strips the trigger layer
provides five measurements in both r<f> and z.

The main tracking device of the DELPHI detector is the TPC. The TPC is a drift chamber
working with an argon/methane mixture (80%/20%) that spans the cylindrical volume from
35 to 111 cm from the beam axis and with a total length of 260 cm. The drift chamber is
mid-divided by an aluminium wall into two sections with opposite drift fields. The divider
occasionally causes conversion of photons with normal incidence, which in some cases results
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Figure 3.5: The complete barrel section together with one of the endcaps.

in a large shower of low energetic electrons and positrons spiraling in the magnetic field in the
TPC. This complicates the reconstruction of the event and frequently give rise to fake tracks.
On each outer end of the two drift chamber sections there are six MWPCs arranged in 60°
segments. Each segment has 192 anode wires and 16 circular cathode pad rows with constant
spacing. Besides measuring particle tracks and their momentum the TPC also measures the
characteristic energy deposition, dE/dx, by collecting the gas ionisation and thereby provides
information to the particle identification. The resolution in r<f> depends on the 0-angle and
averages to about 180 to 280 [xm. The resolution along the z-axis is about 0.9 mm.

The OD is located between the RICH chamber and the electromagnetic calorimeter at 200 cm
from the beam axis and covers a polar angle from 43° to 137°. The detector is composed of
five staggered layers of drift tubes that work in limited streamer mode. The z-coordinate is
measured by charge division. The resolution in the r^-plane is about 110 \im and in z about
3.5 cm.

The FCA, which is located in the endcaps 200 cm from the interaction point in z, consists
of three drift chambers, with two overlapping wire plans in each, that operate in a limited
streamer mode. The chambers are rotated by 120° in with respect to each other to provide
space coordinates and covers angles between 11° and 33° in 9. The resolution in the parameters
of the reconstructed track is about 300 pm in the x-y plane.
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The FCB is the second tracking detector in the endcaps mounted 267 cm from the interaction
point in z. It consists of six drift chambers with two wire planes in each, again rotated 120°
with respect to each other, and covers polar angles between 11° and 34°. The resolution in
the parameters of the reconstructed tracks is about 150 /xm in the x-y plane.

It is very important with a global alignment of the tracking detectors in order to achieve a
precise combined track reconstruction and determination of the momenta. It is performed
mainly by studying dimuon events and starts with the OD as the reference. Finally, the RICH
and the HPC are also aligned by extrapolating the muons to the chambers.

In the barrel section the combined tracking is based on the VD, ID, TPC, and the OD. In the
forward regions it is based on the ID, TPC, FCA, and FCB. This allows the momentum to be
measured with an average accuracy of about

i- ~ 0.S - 1.4% (3.4)
P

depending on the momentum of the track.

3.2.1.2 The calorimeters

DELPHI has two electromagnetic calorimeters based on different principles, the High Density
Projection Chamber (HPC) in the barrel section and the ForwardElectroMagnetic Calorimeter
(FEMC) in the endcaps.

Since the electromagnetic energy measurement is a crucial bit of information for the physics
analysis described here and work with the HPC has been an important part of the analysis, it
will be described more in detail. In addition there is also a section discussing the ageing of
the HPC and the tuning of the HPC Monte Carlo simulation.

To measure the hadronic energy, DELPHI has a hadronic calorimeter (HAC) mounted inside
the one meter iron return yoke of the magnetic field.

The HPC is a gas-sampling calorimeter based on the time-projection principle, allowing both
energy measurement and precise spatial reconstruction of showers. It is mounted directly
inside the superconducting coil and subtends the polar angular range 43° to 137°. The HPC
consists of 144 modules arranged in 24 azimuthal sectors, where each sector is a line of
three modules on each side of z=0, the interaction point (see also figure 3.6). Each module
is internally constructed as an accordion of lead wire ribbons supported by an optimized
structure of spoke plates, producing 41 passive lead converters interspersed with 39 drift gaps
of 8 mm. This results in a total converter thickness of about 18/ sin 6 radiation lengths, where
6 is the angle of incidence. The lead wires also serve to provide the longitudinal drift field of
about 100 Volts/cm. The ionisation charge induced by a crossing particle is drifted in the gaps,
containing a gas mixture of 80% argon and 20% methane at atmospheric pressure, towards
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the read-out chamber. The read-out chamber is a single plane MWPC, subdivided into 128
pads arranged in nine rows. The pad layout is shown in figure 3.7. Each pad is read-out
through a separate channel which means that the whole HPC has 18 432 channels. The high
voltage applied between the cathode pad and the anode wire, which will be discussed more in
the section 3.2.2 and 3.2.3, defines the gas gain which is of the order of 104. The dimensions
of the cathod pads determine the azimuthal and the radial granularity. The pads vary from
2x3 cm in the first three rows to 8x7 cm in the last three rows. The spatial resolution in z is
defined by the sampling frequency of the bilinear conversion 8-bit FADC. It is about 15 MHz,
corresponding to a sampling cell of about 3.75 mm. This results in an angular resolution of
about 3.5 mrad in 4> and about 2.6 mrad in 6. The energy resolution has been measured with
Z° -> e+e~7 events. The result for 1992 was

The HPC also houses a layer of scintillators inserted close to the shower maximum after 4.5
radiation lengths, from which the HPC first level trigger comes.

The FEMC is a lead glass calorimeter with about 20 radiation lengths, located 284 cm from
the interaction point in z. It is built up of 4532 lead glass block which are equipped with
phototriods and covers the polar range between 10° and 36.5° and has an spatial resolution of
about

j (3.6)

and an energy resolution that has been measured in a test beam to

+ (^?)2% (3.7)

This value is aggravated by the material, corresponding to about 2 radiation lengths, in front
of the calorimeter when mounted inside the DELPHI detector.

The HAC is a gas-sampling calorimeter. The barrel section is located radially 320 cm from
the beam axis outside the solenoid and has 20 iron layers of 5 cm thickness interspersed with
1.7 cm limited streamer mode detectors spanning 760 cm in z. The forward sections of the
HAC is mounted 340 cm from the interaction point in z and and has a sampling depth of
19 layers. The complete calorimeter subtends a polar range from ll°to 169°. The energy
resolution has been estimated to

. +

3.2.1.3 The muon chambers

The muon chamber system is divided into a barrel section and a forward section. The MUon
chambers in the Barrel (MUB) are arranged in three layers, where the first layer is installed
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after 90 cm of iron inside the return yoke of the magnetic field at a radial distance of 445.5
cm from the beam axis. Each layer consists of drift chambers, 20.8 cm wide, 2.0 cm thick,
and 365 cm long, and mounted side by side along z with <j> gaps for gas, power and read-out
cables to the rest of the detector. The three layers are staggered for good coverage. The
second and the third layers are attached at the outside of the one meter thick iron return yoke
at 479.3 cm respectively 532 cm from the beam axis. The drift chambers are operated in a
proportional mode. The ^-coordinate is measured with the drift time of the ionisation and
the z-coordinate is measured with delay lines. The spatial resolution is about 3 mm in the
r<£-plane and about 1.8 cm along z.

The MUon chambers in the Forward region (MUF) is divided into 4 quadrants. The spatial
resolution is about 3.0 mm in the r<j) plane.

The coverage of the muon system subtends a polar range between 53°and 127°in the barrel
section with a small gap at 90°of about 3°, and between 20°and 42°in the forward parts. To
provide for coverage in the gap in the muon detection between the barrel and the forward
section a set of Surrounding Muon Chambers (SMC) were added during the intervention 1993-
94. The installation improved the identification of bb events through muons significantly.

3.2.1.4 The low angle calorimeters and the luminosity detectors.

The luminosity was during the first years of running measured by the Small Angle Tagger
(SAT) and the Very Small Angle Tagger (VSAT). Later, this task has been given to the superior
Small angle Tile Calorimeter (STIC) which replaced SAT in 1994.

The SAT consisted of a tracking device and a calorimeter with 28 radiation lengths of
alternating layers of lead sheets (0.9 mm thick) and plastic scintillating fibres. It is located
250 cm from the interaction point in z and the angular coverage is between 43 mrad and 135
mrad in <j>. The tracker has a radial resolution of about 500 \im and the calorimeter a relative
energy resolution of 4% at 45.6 GeV.

The VSAT which is located inside the LEP tunnel 7.7 m from the interaction point, is made
up of 24 radiation lengths of bismuth and silicon and covers the polar angle between 5 mrad
and 7 mrad with the help of a mask. It serves as a relative luminosity monitor at different
collison energies and the relative energy resolution is about 5% at 45.6 GeV. The VSAT also
provides tagging information for two-photon physics and fast information on background
from beam-wall and beam-gas interactions.

The luminosity is meausured by counting the number of Bhabha scattering events

e+e~ ->• e + e " (3.9)

within a well defined solid angle. The scattering proceeds predominantly via photon exchange
in the t-channel and has a well known differential cross-section possible to calculate theoreti-
cally with high precision. The cross-section is calculated with the BHLUMI generator[l 1] and
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the correction for the missing Z° exchange in the s-channel is estimated with the BABAMC
generator [12]. The integrated luminosity is given by

r ^Bhabha ,,, . m

where Nshabha is the number of observed events after estimated background subtraction
and avjs is the differential cross-section integrated over the acceptance of the detector. The
systematic uncertainty is dominated by the error in the position of the interaction point.

3.2.1.5 Particle identification

The DELPHI detector was partly designed with emphasis on particle identification. The
HPC in the barrel and the FEMC in the forward regions provide electron, photon and TT°
identification. For electrons, the ratio E/p, where E is the energy of the shower measured in
the calorimeter and p the momentum of the track to which the shower is associated, is close
to one. In the HPC the identification of electrons also rely on an analysis of the longitudinal
shower profile. Photons induce neutral showers in the calorimeter, to which no track can be
associated, and n° are identified through their decay TT° ->• 77 by combinatorially computing
the invariant mass of neighbouring photon showers. The material in front of the calorimeters
complicates the identification by leading to electromagnetic interactions of the electrons and
the photons. The material in front of the HPC corresponds to a thickness of about 0.8/ sin 9
radiation lengths and causes about 40% of the photons to convert before the HPC. The photon
radiation of electrons results in kinks on the tracks which makes momentum determination
and the association between tracks and showers in the calorimeters more difficult. In the
reconstruction there are several methods implemented to resolve these effects. However,
eventually part of the radiated energy has still to be corrected for in order for instance to
obtain E/p ratios close to one for electrons. In addition it is necessary to compensate for the
nonlinearities in the energy response of the calorimeters.

The small angle calorimeters extend the calorimeter acceptance to small polar angles and
signal electrons and photons very close to the beam axis.

The identification of muons is performed with the three layers of muon chambers and the
iron return yoke of the solenoid as a hadron filter. The identification relies on the fact that
muons suffer very little from multiple Coulomb scattering and is performed by extrapolating
the tracks and compare them with the hits in the muon chambers. Moreover, since muons
are minimum ionizing particles (MIP), they also give rise to a characteristic signal in the
calorimeters. The probability to identify a muon is about 84 % combining the information
from the calorimeters and the muon chambers with a contamination of about 0.7 %. The
probability of punch-throughs, hadrons penetrating the return yoke, has been estimated in
a study of tree prong r decays. About 6 % of the charged pions gave signals in the muon
chambers.
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Besides combining the information from the tracking system and the calorimeters, DELPHI
has also several Ring Imaging CHerenkov (RICH) chambers with various radiator media.
The RICH exploits the Cherenkov light to identify particles by measuring the angle of the
light emitted when the particle traverses the radiator with a speed greater than the speed of
light in that media. The angle of the Cherenkov light cone is proportional to the speed of the
particle through the refraction index n of the radiator. This can also be re-expressed with the
momentum p and the mass m of the particle as

/ ^ (3.11)
n\j p2

With information on the momentum of the particle from the tracking, the mass of the particle
can therefore be determined and thus well identified.

The DELPHI RICH detectors were constructed with emphasis on n/K/p identification over
a wide range of momentum. Both the Barrel RICH (BRICH) and the Forward RICH(FRICH)
have a dual radiator system with a liquid radiator and a gas radiator, aimed at covering different
momentum ranges. In the gas radiators, which cover the momentum range from 2.5 GeV/c to
25 GeV/c, the cherenkov photons are reflected back onto a photosensitive TPC with the help
of mirrors in the rear end of the detector. In the liquid radiators, sensitive to particles in the
range between 0.7 GeV/c and 8 GeV/c, the technique of proximity focusing is used.

3.2.1.6 The trigger system

Most of the period during which the data presented in this report was recorded, LEP ran with
4 + 4 bunches of electrons and positrons. This means a Beam Cross Over (BCO) about every
22 us. At the end of 1992, LEP also operated with 8 bunches of each kind, resulting in a
BCO rate of about one every 11 fj.s.

To reject uninteresting events and to meet the maximum event storage rate on secondary
mediums, which is about 5-10 Hz, four levels of triggers have beem implemented[13]. The
first two triggers are hardware implemented and run synchronously with the BCO, which is
signalled by a coil located just before the experiment. The decision for the first two levels is
taken by a central trigger module which receives the trigger information from the local trigger
modules of the different detectors. The trigger logic is programmed in look-up tables.

The first level (Tl) includes detectors with fast read-out, such as ID, OD, TOF, HOF and the
HPC scintillator layer, and the decision is taken 3 //s after the BCO. At a typical luminosity
of about 5-1030 cm~2s"1 the normal trigger rate for Tl is about 400 Hz. The second level
trigger (T2) includes information from slower detectors with long drift times, such as charged
tracks in the TPC and deposited energy in the HPC, and the decision is taken 39 us after the
BCO. A positive Tl therefore results in a loss of one BCO with four bunch running. With the
T2, the trigger rate is reduced to about 4 Hz.
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The third and the fourth level triggers are software triggers and run asynchronously with the
BCO. The third level trigger (T3) was implemented in 1992 to maintain the data logging rate
below 2 Hz with eight bunches. The decision is taken on the average 20 ms after the BCO
and is based on a more complete and accurate reconstruction of the event but with the same
logical functions as for the T2. In the past, the fourth level trigger, which is an analysis
program running on a computer station, only worked as an event tagger and provided data for
the online monitoring. Recently it was implemented as an effective trigger, reducing the rate
further by a factor of two.

The trigger logic is composed of a number of subtriggers with the purpose of signalling
different signatures by combining several subdetectors. Generally, these are

- the track subtrigger (ID, TPC, OD, FCA, FCB),

- the electromagnetic energy subtrigger (HPC, FEMC),

- the hadronic energy subtrigger (HAC),

- the muon subtrigger (TOF, HOF, MUB, MUF),

- and the Bhabha subtrigger for the luminosity (SAT/STIC, VSAT).

The efficiency of the trigger system for hadronic events is >99.9 % over nearly the full solid
angle.

3.2.2 Calibration of the HPC calorimeter energy response

The calibration of the 18432 channels of the complete HPC (144 modules with 128 pads/channels
each) is achieved in two ways. A novel technique with radiactive krypton gas[15] is used
both to equalize the response between the HPC modules and between the channels within the
modules. Small quantities of 83rnKr, an excited metastable state at 41.3 keV, is added to the
gas mixture flow of the HPC. The detector response to the 83mRr decay to the groundstate is
then used to determine the equalisation constants. Moreover, the energy scale is determined
from test beam results and reconstruction of e+e~ —> e+e~ scattering events. The scattering
events provide a reference point (Ee± = EBeam) at the end of the scale for the absolute energy
calibration and give an independent check of the module equalisation.

In the early running of the HPC, an unexpected loss of the analog response with time was
observed. The degradation amounted to an average relative loss of amplitude of about 10-15
% per year. This effect was studied in detail during 1990 - 92 and was found to be caused
by the natural a radioactivity in the lead converters. The level of radioactivity was measured
to be about 70 a particles per second and square metre lead surface. This induces a steady
rate of charge on the collection wire of about a few tens of nA; far more than from the
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LEP e+e interactions. However, the momentary signals from the a radioactivity are easily
distinguished and cause no problems for the real data.

By regular calibration the ageing is monitored and compensated for in the analysis of the real
event data.

The detailed understanding of the ageing effect has prompted a number of actions and modi-
fications:

- Repair and replacement of a number of modules that were in danger of getting out of
control,

- reduction of the gas amplification through a lower high-voltage on all the read-out
chambers,

- increased electronic gain to compensate for the lower high-voltage,

- reduction of the power uptime by lowering the high-voltage whenever data is not being
recorded.

In order to predict the future behaviour of the HPC a test module has been subj ect to accelerated
long term ageing through an increased chamber gain and high anode currents through frequent
krypton calibrations. The response of this module was regularly tested in a test beam. With
the results from these tests it was possible to predict that the HPC modules now installed in
DELPHI can be operated in the present way well beyond the year 2000 without serious loss of
performance. More details of these aspects of the HPC can be found in the paper in Appendix
B.2

3.2.3 Tuning of the HPC detector simulation

The reduction of the chamber gain not only reduces the size of the signal but affects the low
energy response in a different way due to threshold effects. There the thresholds has a strong
influence on both the measured energy and the efficiency to detect very low energy showers
and minimum ionizing particle (abbreviated mips). This has to be accounted for both in the
treatment of the HPC data and in the simulation of the HPC response. In order to understand
the low energy response of the HPC with respect to the changes in gain, and improve the
tuning of the HPC detector simulation, real and simulated monochromatic muons in dimuon
events (e+e~ -> /i+/i~, E^ ~ 45GeV) were studied and compared (see appendix B.I).

In addition, the simulation of the processes such as bremsstrahlung, 5 ray production and
diffusion of the charge in the drift gaps were checked.

In order for the simulated data to be usable with real data recorded at different chamber
voltages, the detector is simulated with a fixed chamber voltage of 1350 V and then corrected
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by means of ADC (Analog to Digital Counts) thresholds in the reconstruction program to
agree with the data. With the fixed chamber voltage the calibration factor is also fixed and the
idea is that the reduced signal in the data with respect to the electronic thresholds is equivalent
to raising the software thresholds in the simulation. At low energy the measured energy
depends strongly on the thresholds and the dependency becomes increasingly important the
lower the true energy is. Thus in order to obtain a reliable energy calibration over the whole
energy spectra it is important to make a precise determination of these thresholds.

To avoid spending a substantial amount of CPU time simulating the many low momentum
electrons and positrons produced in an electromagnetic shower, a kinetic energy cutoff is
introduced, below which no particles are produced. Instead the energy deposition associated
with the low momentum particles is contained in a value called the "pure" dE/dx. The cutoff
used in the simulation of the HPC is 40 keV for the gas and 1 MeV for the lead. This implies
that no 5 rays or electron-positron pairs below 1 MeV will leave the lead layer and enter the
gas. Since an electron traversing the lead produces relatively more low energetic electrons and
positrons than a mip, the mip is less sensitive to the energy cutoff in the lead and it is therefore
necessary to compensate the dE/dx for mips relative to electrons. This was accomplished by
a so called fudge factor which was applied to the dE/dx for mips and tuned together with the
thresholds.

Dimuon events recorded in 1990, 1991 and 1992 were selected in the acceptance region of
the HPC by requiring[16]

- at least two tracks coming from the interaction region, defined by |Az| < 4.5 cm and
|Ar| < 1.5 cm,

- one track with pi > 20 GeV/c and the other p2 > 15 GeV/c,

- 43°< 9thrust < 137°,

- acollinearity less than 10°,

- no other tracks with p > 5 GeV/c.

The muon identification was based on the muon chambers as described in section 3.2.1.5, and
on the energy deposited in the calorimeters which was required to be consistent with a mip.
For the HAB this meant a deposit in at least two layers out of four and that Edep < Ecut-Ofj,
which was 10 GeV for a 90° incidence and increasing with the angle to 15 GeV for a 55°
incidence. For the HPC the requirement read Edep < 1 GeV in a cone of AÖ — ± 15° and
A6 = ± 10° around the extrapolated impact point of the HPC.

The criterion on the muon identification was taken to be an OR between all three components.

To select only muons traversing all layers in the HPC modules, three subsets were extracted
from the muon sample according to figure 3.6. Adding the subsamples symmetrically on
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each side of the interaction point, the "rings" correspond to solid angles of firing i = 1.3TT,

Q,ring2 = O.72TT, and firt-ns3 = 0.18TT. In total, the "rings" cover about 80% of the HPC
acceptance or 55% of the full DELPHI. No cut was made in <j>.

20 90 10° 180 4° 250

Figure 3.6: Subdivision of the HPC into "rings", each with a complete coverage

As such, the samples contained a small fraction of tracks with high energetic electromagnetic
showers, which in a few cases were deduced to be muons with a hard electromagnetic
component (figure 3.7). These tracks were found in the upper tail of the distribution of the
deposited energy and were eliminated by an upper cut at 0.5 GeV in the total deposited energy.
The efficiencies were not sensitive to this cut. About 7.5 % of the real tracks were rejected
with this criterion. In summary 797 tracks remained in the 1990 data, 7745 in the 1991 and
5218 in the 1992.

The simulated dimuon events were generated with the DELPHI Monte Carlo (MC) simulation
program (discussed in chapter 4) with different fudge factors, and exposed to the same selection
and energy cut as the real data. The fraction of rejected events due to the energy cut was about
2.4 %, depending a bit on the threshold applied. The discrepancy with the real data indicated
that either there was some non-muon contamination remaining in the real data sample, or that
the simulation did not describe correctly the production of an accompanying electromagnetic
component.

To determine the thresholds and the fudge factor, the average shapes of the signals, the total
charge of the signals, the distribution of the maxima, the distribution of the total deposited
energy of the muons and the efficiency in the response were studied. Two different types of
efficencies were defined. The "shower" efficiency was the fraction of muons giving rise to a
signal in at least two layers. The "layer" efficiency was defined as the fractions of muons with
at least two layers hit firing a specific layer. The layer efficiency was also used to define a
correlation factor which served as a measure of the electromagnetic component of the muons.
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Figure 3.7: A 45 GeV/c WMO« vwr/z a hard electromagnetic interaction in the HPC seen in
the r<f> view with the nine layers. The z view of the signal is shown inside each pad where the
width of the pad represents the full z width of the module.

That is, if rji is the detection efficiency for layer 1,7/2 for layer 2 and the combined efficiency
for both layer 1 and 2 is r/12, then

V1V2 < Vu < (Vi or 7/2) (3.12)

implied a correlation between layer 1 and 2. This meant that if a muon firing the first
layer interacted electromagnetically in the lead between the first and the second layer, the
probability was very high that the second layer would receive a signal irrespectively of the
muon. The correlation factor was defined as ^ and increased with raised thresholds since
a larger fraction of muons with electromagnetic interactions were seen relative to the fraction
of muons detected.

The distribution of the deposited energy has a Landau shape due to fluctuations in the energy
loss that occurs in a thin active layer. The "pure" dE/dx discussed above is mainly gaussian
distributed below 0.3 GeV for muons while the 6 rays contribute to the whole distribution by
shifting it up and give rise to a tail due to a few high energy knock-on electrons, as shown in
figure 3.8a. Bremsstrahlung for a muon at .45 GeV has a mean free path which is 500 times
that of 8 rays and therefore contributes insignificantly. The concurrence of the "pure" dEjdx
and the energy loss by S rays meant that the fudge factor provided a tool to control the relative
fine tuning of the energy loss mechanism and thus the shape of the energy distribution.

The energy distribution was also strongly affected by the thresholds. A relatively low threshold
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Figure 3.8: The contributions to the energy distribution from the "pure" dE/dx and the
energy deposited by 5 separated. In a) the threshold is 25 and in b) it is 10 J ADC.

reduced the total signal by eliminating small signals and thereby shifted the energy distribution
down without significant loss in efficiency. However, a higher threshold (corresponding to a
lower gain) eliminated all the signals for a fraction of the muons and therefore decreased the
efficiency and distorted the energy distribution by cutting in the lower edge of the distribution,
as shown in figure 3.8b. To a large extent it was the electromagnetic component that remained.

To limit the ageing of the modules, the high voltages were reduced at the expense of muon
detection efficency. Figure 3.9 shows the typical response of the HPC to one muon in 1991.
Whereas in 1990 most of the layers fired, in 1991 the efficiency was significantly lower. Table
3.1 specifies more precisely the effect in terms of the shower efficiency. The last column
represents the correlation factor, ^ .

The dimuons events were simulated with increasing fudge factor; 0.64, 0.75, 0.85, 0.95,
1.0, 1.1. For each factor, the tuning of the simulation was performed by means of finding
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Figure 3.9: A typical minimum ionizing particle signal from a muon in the HPC

Year

1990
1991
1992

Shower
efficiency %

87.0
33.6
68.7

Correlation
factor

1.2
3.7
1.5

Table 3.1: The shower efficiency and the correlation factor for the real data.

the best thresholds for 1990, 1991 and 1992, fitting the data with the simulation in energy,
efficiency and shapes. However, since the calibration in 1990 was not very reliable due to gas
amplification saturation and saturation in the electronics, the agreement with that data in terms
of energy and efficiency was not required strictly. But since it was the only year in which
the muon signal was fully visible, the data was used to control and ensure that the shapes of
the Landau distribution and the signals were correct. The 1991 and the 1992 data were used
to determine the fudge factor and the threshold. The best agreements were achieved with
the values presented in table 3.2. The shower efficiencies and the correlation factors agree
quite well with the values for the real data in table 3.1. Figure 3.10 and 3.11 show the energy
spectra for the simulation and the real data in 1991 respectively 1992 with the two different
fudge factors. These plots expresses no significant preference with respect to the two fudge
factor but show a good agreement in the shape and the approximate position. However, in
figure 3.12, which shows the layer efficiencies, a fudge factor of 0.75 yields clearly a better
agreement. It was also found that an increase in the diffusion of 60 % improved the agreement
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Figure 3.10: Comparison of the muon energy spectra in the MC simulation and the real data
in 1991.

in the shape of the signals. The electromagnetic processes appeared to be simulated correctly.

In order to take into account module to module fluctuations the thresholds were also determined
module-wise with a different method[17] using the fudge factor of 0.75. Moreover, it was
observed that the simulation did not describe fully the differencies in the efficiency between
the different rings. The averages of the module dependent thresholds agreed very well with
the thresholds determined with the method described here. It was also tested that the module
dependent thresholds lead to the same agreement between the real data and the simulation in
the energy distributions and in the efficiencies.
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Figure 3.11: Comparison of the muon energy spectra in the MC simulation and the real data
in 1992.

3.2.4 Comments on the hermiticity in the DELPHI detector

This report describes a search for the Higgs particle in the reaction discussed in section 2.2.
Identification of this process presupposes that the two neutrinos whose signature is missing
energy, is not confused with other particles escaping detection due to poor hermeticity. The
weak regions in the DELPHI detector are listed below.

The electromagnetic calorimeter has a 1.52° hole around 90° in the polar angle 9 to
lodge the central stiffening ring of the solenoid cryostat. Scintillator counters partially
fill this gap and serve as a veto against transverse photons which would otherwise appear
as missing energy.

There is a gap between the barrel and the forward parts of the electromagnetic calorime-
ter to allow cable extraction. The corresponding 9 range (37° < 9 < 40.5° and
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Year

1990
1990
1991
1991
1992
1992

Fudge
factor

0.75
0.85
0.75
0.85
0.75
0.85

Threshold

2.5
2.5
12.5
12.5
6.5
6.5

"Shower"
efficiency %

92.7
93.1
30.0
39.4
76.3
83.8

Correlation
factor

1.1
1.0
2.2
2.6
1.5
1.4

Table 3.2: The results in the simulation with the new thresholds and the two different fudge
factors.

139.5° < 6 < 143°) is covered by the forward hadron calorimeter but a large amount
of matter in front of it — cables, support etc — degrades the energy determination.

The tracking coverage is poor below 20°. Particles emitted at low angles are detected by
the forward electromagnetic and hadronic calorimeters, and by the luminosity monitors.
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- In addition to these main regions of detector weaknesses, there are gaps between the
individual subdetector modules that will also impair the hermeticity. These gaps will
further contribute to a deterioration of the energy measurement and will have the effect
of spreading the total energy as well as the total momentum distribution. The value and
the direction of the missing momentum will thus be affected together with other event
topology variables.

These regions have to be treated with special care in this type of analysis and in some cases
fiducial cuts have to be introduced to eliminate fake candidates. This can be examplified
by considering events with a large amount of energy detected in the calorimeters near to an
insensitive region. Then a fraction of the total energy is likely to have been lost in this region.
This typically leads to imbalanced events with energy missing.

3.2.5 The DELPHI data acquisition and the online system

The 18 subdetectors of DELPHI discharges the information through a total of about 200 000
channels, ranging from 144 for the TOF to the VD equipped with 74 000 channels. In
order to have high redundancy and the possibility of independent running and monitoring of
each subdetector, the DELPHI data acquisition system has been divided into 20 independent
partitions with highly standardized architecture, out of which two are the trigger system and
the central read-out. Several subdetectors, such as theHPC, is divided into two partitions and
some subdetector are associated as one partition, such as the forward and the barrel muon
chambers.

In total, the whole readout system is controlled and monitored by some 400 processor »asks
running in the data acquisition computer cluster (VAXes) and in the many Fastbus embedded
processors.

The primary electronics receiving the data directly from the detector, is located in huts standing
around the detector. This read-out hardware has been implemented in Fastbus[18].

The acquisition system is divided into three main phases separated by data buffers. In the
first phase, synchronously with the BCO, the data from each partition is accumulated in the
Front-End Buffers (FEB), which has a storage capacity of 4 events. During the buffering
the first and the second level trigger processing is carried out. The buffering is handled
by a Front-End Freeing Controller (FEFC) process and the storage time takes from a few
nanoseconds to about 23 fis for the detector with the longest drift time. In case of a negative
Tl, the accumulation is halted and the buffer pointers are reset, and the system is ready in
time for the next event. In a four bunch running a positive Tl and a negative T2 implies that
one BCO is lost.

At a positive Tl and T2, Fastbus crate processors (Fastbus Intersegmented Processors (FIPs))
perform data reduction (zero suppresion), structure the data, and move the data for each
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partition for temporary storage in higher-level Gate Event Buffers (CEBs). This also leads
to dead-time of 3.5 ms for the detector in order to prepare for the next event by activating the
the first and the second level trigger and clear the FEBs.

In the second phase, which is asynchronous with the BCO, the data stored in the CEBs are
transfered to a single Multi Event Buffer for each partition by a Local Event Supervisor FIP
(LES-FIP). All the FIPs are also connected to Ethernet to allow download of software and
remote login. The third level triggers run in parallel with the data transfer. The transfer takes
about 30 ms. In case of a negative T3 the transfer is aborted.

In the third phase, the data is collected from all the MEBs to a single Global Event Buffer
(GEB), which can store up to 256 events depending on the size of the events, awaiting transfer
to the central acquisition computer. The transfer is controlled by a FIP in the central partition
called the Global Event Supervisor (GES). The actual moving of data is performed by a
separate fast Fastbus master called the Block Mover (BM).

The whole sequence of asynchronous event tiansfer is coordinated by a number of status
signals, such as "event ready", "event taken" and "start trigger processing", communicated
between the transfer control processes.

The data is collected from the Fastbus by a CHI interface and transfered via an optical link to
the computer on the ground level where the data are logged on IBM3480 magnetic cartridges
(up to 1995). The average event size is about 50 Kbyte with a peak event size of around 200
Kbyte. A typical hadronic event generates about 125 -175 kbyte of data.

In parallel to the main data flow, there is also a data stream for monitoring of the quality of the
data and the status of the detector and calibration. The information is displayed in histograms
which are monitored by a Quality Checker shifter.

The Slow Control (SC) system is a system for monitoring and controlling slow parameters
of the detector, such as voltages, gas supplies and recording temperatures, drift velocities
etc. These are important parameters in the offline processing to interpret the data and in the
simulation to simulate the detector correctly.

3.2.6 The DELPHI offline processing

The recorded raw data is stored (as DST) on tape and later processed offline in the so
called DELphi FARM (DELFARM), which is a computer cluster. The DELphi ANAlysis
(DELANA) program is the event reconstruction program and relies on the detector description
data base and the data bases containing all the online information on the alignment, pedestals,
calibration, running conditions for each subdetector, LEP running conditions etc.

The program is divided into a first and a second stage pattern recognition, in which the results
of each step is stored in a structure of data banks. In the first stage, the reconstruction of the
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event is performed within each subdetector if corresponding raw data is available. The raw
data are then decoded and calibrated and noice suppressed. The calibrated raw data in each
detector are called Track Data (TD). In a first step of the track reconstruction, the TDs are
combined into Track Elements (TE), defined by a position and a direction. In the calorimeters
the TDs are grouped into energy clusters (also denoted TEs).

The second stage track search begins by putting the TEs in each detector together into longer
Track Segments (TS). Next, in the global fit of the event, all the subdetectors are combined.
Starting from the TPC and from the TS data, the complete tracks (TK) with physics paramaters,
such as momentum and charge, are reconstructed and clues on identification added.

The track fit is based on a Kalman filter and takes multiple scattering and energy loss into
account. The reconstructed TKs are also used to combine tracks into Track Bundles (TB)
belonging to the same vertices, which are stored in Track Vertex (TV) banks. The TKs
belonging to a vertex are called TVs. Finally, the tracks are associated with TEs in the
calorimeters and remaining showers with no association are assigned to originate from neutral
particles. The event information is then written out in a Data Summary Tape structure (DST)
which are used for physics analysis.

The total energy in a hadronic Z° event is reconstructed to be about 80 GeV on the average with
a resolution of about 13 GeV. With a series of improvements of the electromagnetic energy
measurement (splitting showers with significantly larger energy than that of the track from the
momentum measurement and creating neutral showers, correction for energy losses in cracks
and calorimeter leakage etc) track to shower association in the hadron calorimeter, correction
for energy losses in the material in front of the calorimeters and combined calorimetry, a
reconstructed energy of about 89 GeV with a resolution of 9.9 GeV was obtained for the real
92D data.

The DELphi SIMulation (DELSIM), section 4.1, program produces data with the same
structure as the online data and the DELANA program handles the simulated data in the same
way as the real events.

The data of each year is processed in several iterations in order to include improved calibra-
tions, alignments, tuning of the detector response in the MC etc, obtained after analysis of
each reprocessing. For instance, the 92D data has been used for part of the analysis described
in this report, where the "D" denotes the 4th processing.
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Chapter 4

The Monte Carlo simulation

4.1 The DELPHI simulation program

The DELPHI SIMulation (DELSIM) program simulates full events with the Monte Carlo
(MC) technique. In general terms the MC technique implies that the simulation is carried out
in steps in a characteristic parameter of the system, such as time or path length. For each
step, random generators determine the event at that point, from a set of possible interactions
with well defined probabilities. Depending on the type of interaction, the conditions and the
parameters of the system are modified accordingly. Optimisation of the step length is an
important task in MC simulations in order to avoid waste of CPU time.

The simulation of a particle physics event can be divided into three basic stages. The initial
stage deals with the simulation of the primary physics process, followed by the tracking of
the particles in the magnetic field and the simulation of the detector response.

The simulation of the primary physics process is in most cases done by separate programs,
so called physics generators, which are interfaced to the DELSIM program. For quark final
states, the generators are usually based on the Lund JETSET 7.2 program[20] applying the
Parton Shower (PS) model for the generation of the parton cascade.

Figure 4.1 shows a schematic view of the generation of a hadronic event. It is carried out in
several steps; simulation of

- the initial state radiation,

- the electroweak process including final state radiation,

- the perturbative QCD process or parton cascade,

- the fragmentation,
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Electroweak \ QCD - Parton shower

Figure 4.1: Schematic view of the generation of a hadronic event.

- the decay.

In the first stage, the DYMU3 generator[22] for e+ e ->• yu+/z generation, is used to simulate
initial state radiation (ISR). DYMU3 computes initial state radiation up to second order QED
thus allowing up to two initial state photons, one on each lepton line, to be simulated.
Exponentiation is used to take into account the contribution from soft photons.

In the second step, the electron and the positron annihilate and produce a 7 or a Z°. However,
as the photon exchange cross section is inversely proportional to the center of mass energy,
it is very suppressed. The Z° subsequently decays into a quark-antiquark pair or a lepton-
antilepton pair which in addition may radiate real photons, so called final state radiation (FSR).
Up to this point the reaction is completely governed by electroweak interactions described in
the GSW model. The angular distribution of the fermion pair can approximately be expressed
as

— — ~ l + cos29 (4.1)
a cos 9

The o is the cross section for fermion production and 9 is the angle in the center-of-mass
system with respect to the beam axis. However, this relation, symmetric in 9, is only valid for
a purely electromagnetic or weak process. Adding interference effects between the photon
and the Z° exchange leads to energy dependent ^-asymmetric terms. This results in the so
called forward-backward asymmetry which is of the order of a few percent at the resonance.

The third step is the perturbative QCD phase in which the quark pair initiates a parton cascade
by radiating gluons which can further radiate gluons or split into secondary quark-antiquark
pairs. The first part of the QCD shower evolution can be computed to second order in as
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implying that the occurence of hard gluon radiation with large angles with respect to the
initial parton is properly described by the QCD. The shower is then described by a Leading
Logarithm Approximation (LLA) [23] or Next to Leading Logarithm Approximation (NLLA)
[24] in which angular ordering is very often implemented. This description is called the Parton
Shower (PS) model. The angular ordering means that the emission angle for radiated gluons
and gluon splitting is decreasing with the shower evolution and implies a phenomenological
description of the formation of jets.

In the fourth step, the final state partons are combined into colour neutral final state hadrons.
This is a non-perturbative process called the fragmentation phase or the hadronisation phase
and is described only by phenomenological models such as the Lund string model [25].

The generator also simulate weak decays of very shortlived particles according to measured
ratios and lifetimes.

The final state configuration, specified by the particle types and the four-momenta, is passed
to the detector simulation which tracks the particles in the magnetic field through the detector.
The accuracy of this phase is highly dependent on a very detailed description of the detector
and the material. This detector description data base, also containing detailed descriptions of
the active detector components, is further used in simulating the response of the detector to
the particles, ultimately producing the same signals as those in a real event. The simulation
in the detector includes secondary interaction such as

• photoelectric effect,

• Compton scattering,

• bremsstrahlung,

• positron annihilation,

• (5-rays,

• photon conversion,

• nuclear interactions and absorption,

• multiple scattering,

• decays.

The electromagnetic processes are simulated in EGS4[26] and the hadronic interactions are
taken care of by the GHEISHA[27] routines, a part of the GEANTH program[28].

The simulated data is processed with the same reconstruction program, DELANA, as the real
event data.
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4.2 Event generator used in the H° analysis

The Standard Model Higgs boson production in the Björken process was simulated with
a generator[4] which was originally written by F. Berends and R. Kleiss. The generator
simulates the Björken process until the final state fermions produced in the decay of the Z°
and the H°. The four-momentum of the decay products were then passed to the JETSET
program, which simulated the parton cascade and the hadronisation into jets, and the DELSIM
program for the simulation of the detector and secondary processes.

The qq background was simulated with the standard setup of DELSIM for qq generation as
described in section 4.1 above.

The four fermion background was simulated with a generator originally based on a pure
QED process [29]. Later the Z° propagator was included and the generator interfaced to the
DELPHI simulation program [30]. However, initial state radiation was not taken into account
thus requiring the cross sections to be corrected down by about 30 % at the Z° resonance.

Concerning the two-photon processes, a detailed discussion can be found in reference [8].
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Chapter 5

The Search for the Higgs boson

The previous published result [31] from DELPHI excluded a Higgs boson with a mass up
to 38 GeV/c2 at the 95 % confidence level using the data collected up to 1990. The present
analysis has consequently been carried out in the high mass region from 35 GeV/c2 to 70
GeV/c2 in the v channel. As shown in section 2.1 the Higgs boson production in association
with the virtual Z° decaying into a pair of neutrinos has the largest cross-section of the
three usable channels in this mass range. The event signature is characterized by a missing
momentum, due to the neutrinos, and a weakly boosted hadronic system split into jets with
high multiplicity, due to the large mass of the H°. The missing momentum is typically of the
order of 20 GeV/c for the production of a 55 GeV/c2 Higgs boson. The larger mass of the H°
also implies that the hadronic jets in a Higgs boson decay is increasingly back-to-back and
therefore more and more difficult to distinguish from that of an ordinary Z° decay.

Since the expected number of events in this mass region is very small, the search requires
an analysis technique which efficiently discriminates against the very large and difficult
background. For this purpose a classifier based on a neural network has been used (see
appendix A).

It is also important to optimize the choice of event topology variables describing the events
in order to be most sensitive to the Higgs event signature.

5.1 Data samples

The analysis was carried out on the data sample recorded by DELPHI in 1991 and 1992.
It corresponds to an integrated luminosity of 34.6 pb"1 i.e. to about 1 million hadronic Z°
decays[3].

The selection criteria were defined using simulated data samples of signal and background
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events. To achieve a reliable selection it is important to base the analysis on a simulated
sample which is much larger than the real data sample. For the ordinary hadronic Z° events,
2.1 million events were generated and for the qqt+£~, 1250 events with taus in the final
states and with equal number of events per quark flavor were generated. Taking into account
the different kinematical selections applied at the generation level to avoid divergencies in
the cross sections, the four fermion sample corresponded to about 7 times the integrated
luminosity. Moreover, as discussed in section 4.2, the cross section was reduced by 30 % due
to the fact that the generator did not include initial state radiation. Table 5.1 lists the cross
section for the <jgr+T~events with the different quark flavours.

Channel

T+r-dd
T+T~UU

T+T~SS

T+T~CC

T+T-bb

a

[pb]

0.799
2.857
0.799
2.176
0.331

±
±
±
±
±

0.002
0.008
0.002
0.004
0.001

#expected
events

27.6
98.9
27.6
75.3
11.5

±
±
±
±
±

0.1
0.3
0.1
0.2
0.1

Table 5.1: Four fermion cross section with taus and quarks in the final state. The cross
sections are not corrected for initial state radiation (see text).

20 000 no-tag two photon events were used which corresponds to about 0.73 times the
integrated luminosity. However, the two photon events were eliminated at an early stage of
the selection and was therefore expected not to interfere with the signal.

For the signal, 30 000 H°ui> events were simulated with Higgs masses in the range between
35 GeV/c2 and 70 GeV/c2, in steps of 5 GeV/c2, with emphasis on the region around 55
GeV/c2. A preliminary analysis showed that this was the approximate limit for the sensitivity
of the analysis to detect a Higgs boson.

5.2 The importance of the b tagging

As discussed in section 2.1 and shown in figure 2.3, the expected dominating decay of the
Higgs boson is to a bb pair. The quark pair initiates a parton cascade which results in the
formation of b hadrons with generally quite large momenta (typically 70 % of the energy
of the b quark) together with other secondary particles. Hadrons containing b quarks have
relative long lifetimes, of the order of 1.6 ps, and large masses, implying that the decay will
be characterized by many decay products with large impact parameters with respect to the
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primary vertex. The flight distance for a b hadron from a decay of Higgs boson with a mass
of 55 GeV/c2 is of the order of 2 mm and in average the decay of the b hadron leads to about 5
charged particles. This feature offers a detectable signature in the search for the Higgs boson
by using the high precision microvertex detector of DELPHI. For the analysis discussed in
this report a first algorithm for b tagging was implemented, which is described below. All
the quantities were evaluated in the projection of the event onto the r $ plane. In 1994 the
microvertex detector was equipped to measure also the z coordinates.

Hadronic events for VD analysis were selected within the acceptance of the VD, by requiring
the polar angle of the thrust axes in both hemispheres, defined by the plane perpendicular to
the event thrust axis, to satisfy | cos 9\ < 0.65. The coverage of the VD corresponds to about
70% of the full solid angle. This cut was later removed in the analysis of the 1993 data.
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Figure 5.1: The distribution of the x2 of the first primary vertex fit including all VD tracks
for simulated light quark events and b quark events.

A precise determination of the impact parameters relies on a very good track fit near to
the interaction point. The hits in the VD were therefore reassociated and the tracks refitted
through the VD points by using the track curvature measured in the TPC and a looser criteria
on the agreement between the extrapolated tracks from the VD and the rest of tracking system.
Tracks with a minimum of two hits in the VD and a fit probability greater than 0.01 were
accepted for the vertex reconstruction and for the computation of the quantities describing the
presence of b quarks. A total of at least three VD tracks were required in each event. On the
average the selected events contained about 13 good VD tracks.

The primary vertex reconstruction was performed in two stages. In the first stage the vertex
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was fitted taking into account all the tracks accepted for the VD analysis. The vertex was
determined with the beamspot position as a constraint by minimizing a x2 function. The
beamspot is defined as the interaction region of the electron and the positron beams and the
X2 function was defined as

(5.1)

where dj is the distance of the track j to the reconstructed vertex, OJ is the corresponding
error, Vi is the position of the primary vertex and 6,-, o\ are the beamspot position and size.
The beamspot is determined as the experiment is recording events by repeatedly averaging
over about 200 hadronic events.

The fit procedure was carried out iteratively, excluding after every iteration the track with
the largest x2 contribution, Ax2 = X2(Mr) — X2{Ntr — 1), if it exceeded a maximum value
Axliax- The value of the Axmax was loose in the first stage fitting. The number of tracks
used in the fit was on the average about 11. In figure 5.1 the x2 distribution is shown for light
quark events and b quark events. The plot shows clearly the effect of including tracks from
the b quark decay into the primary vertex. This quantity can thereby be used to provide hints
for the presence of b quarks.

7/ -»light quarks(udsc)

500 -

40 50 60
Significance do

Figure 5.2: The distribution of the sum of the three largest significances as defined in
equation 5.2 for simulated light quark events and b quark events.

Before the second stage fitting, the impact parameters were computed for all the VD tracks.
The impact parameter is here defined as the distance of closest approach in the r<f> plane
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between a charged particle track and the primary vertex. The sign of the impact parameter
is defined by the sign of the scalar product between the impact parameter vector and the jet
vector in the rd> plane. The geometrical meaning is shown in figure 5.4.

In order to exclude tracks originating from decays of longlived particles or interactions in the
detector material from the second primary vertex fit, an upper cut of 0.03 cm was applied on
the impact parameters. Also the z coordinate of the perigee in the r<j) plane was computed
with the help of the dip angle from the TPC and then ihe space distance was required very
loosely to be less than 0.2 cm. The cut values were tuned with Monte Carlo simulated data.
In addition, the cut on the x2 contribution from each track was also more strict in the second
vertex fit and the average number of tracks associated to the primary vertex was about 7.3 for
qq and for real data events and about 6.2 for Higgs events.

The typical accuracy of the primary vertex was about 9 \im in the x position and about 4 (xm
in y. The width of the vertex in x was about 100 -120 fim. In both vertex fits, at least three
tracks were required to be included in the primary vertex, otherwise the position of the vertex
and the covariance matrix was defined by the beamspot and the beamspot size. The beamspot
replaced the vertex fit in about 5 % of the events.
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Figure 5.3: The x2 distribution of the first primary vertex fit, including all the VD tracks.
The dashed line shows the MC simulation of hadronic Z° events, the shaded area is the
unnormalized MC Higgs particle events and the solid line is the real data.

Again, the impact parameters of all the VD tracks were computed with respect to the fitted
vertex or the beamspot. Based on the impact parameters, several quantities to enrich b quarks
were defined. To avoid including tracks from very longlived particles, such as K° and A, the
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impact parameters were required to be smaller than 0.4 cm and the ratios between the impact
parameters and the corresponding errors to be less than 25. The values were deduced in a MC
study. The most efficient quantity was found to be the sum of the three largest significancies
defined as

(5.2)

where e is the impact parameter and <x the corresponding error, including track error and the
error in the position of the reconstructed primary vertex. Figure 5.2 shows a comparison of
the distribution for light quark events and b quark events.

Figure 5.4: Definition of the sign of the impact parameter in the r<f> plane.

The use of the largest impact parameters also improves the b tagging performance because
tracks from decays of b hadrons should have positive impact parameters, whereas impact
parameters for tracks with inaccurate reconstruction should have equal probability to be
negative as positive (figure 5.4).

Ultimately, the algorithm reconstructed secondary vertices from the tracks not associated to
the primary vertex. It was done by making a Lorentz boost to the center of mass frame
of the secondary particles, which should correspond to the Higgs boson rest frame, and
associating the tracks to two hemispheres with the help of the thrust axis. A secondary
vertex reconstruction was tried in each hemisphere and quantities such as the radial separation
between the primary and the secondary vertices, and the invariant masses of the vertices were
defined. However, these quantities did not possess a comparable discrimination power to that
of the quantities based on the impact parameters.
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Figure 5.3 and 5.5 compare the two most discriminating variables between simulated hadronic
Z° events and Higgs boson events. The real data sample is also added to the plots showing a
good agreement with the simulated hadronic events.
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Figure 5.5: The distribution of the sum of the three largest impact parameter significances
(e/cr). The dashed line shows the MC simulation of hadronic Z° events, the shaded area is
the unnormalized MC Higgs particle events and the solid line is the real data.

5.3 Neural network analysis

In order to ensure that the quality of the real data is good with respect to the performance of
each subdetector, a selection is applied to a status number which is recorded in a database
during data taking. The status number denote the level of operation of each subdetector
according to

0 : Unusable data

1 : < 50 % of the detector is operational

2 : 50 - 65 %

3 : 65-80%

4 : 80-90%
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5 : 90 - 95 %

6 : 95-99%

7 : >99%

8 : No information available

9 : Efficiency varies during the run

To minimize the risk of selecting fake H° candidates due to a defective operation of the
detector, status 6 or 7 was required for the TPC, HPC, EMF, HAC.

In order to eliminate systematic differences between the real data and the simulated data,
orginating from unequal occurence of background tracks and fake tracks, the computation of
the event topology variables were based on charged particles with momenta greater than 100
MeV/c and neutral particles with energies above 100 MeV.

Events were divided into two hemispheres with respect to the plane perpendicular to the
thrust axis and the neutral and the charged panicles in each hemisphere were summed up to
build what will be referred to as "hemispheric jets". A jet search was also performed using
the cluster algorithm LUCLUS [32], with the minimum "momentum distance" between two
clusters, djoin, kept to its default value of 2.5 GeV/c. Jets resulting from this search is referred
to as "jets" with no other qualification.

A preliminary analysis was performed (appendix B.3) in which different preselections and
various approaches with the neural network were tried.

5.3.1 Preselection

In order to allow the neural network to train on a reasonable sample size and to optimize it for
the region of the feature space1 that contains the signal, the background clearly not compatible
with a H° event topology was discarded using a preselection. In addition the preselection
was intended to remove components from the real data that was not present in the simulation.

The selection criteria were based on different physical features of the signal and all three
background types. It is important to strive for a sensitivity to a wide range of masses for the
Higgs boson. First it was required that the events had an invariant mass between 20 GeV/c2

and 70 GeV/c2, at least five charged particles and a sphericity exceeding 0.02. This reduced
the qq background by about a factor of ten.

Second, events with an acollinearity between the two hemispheric jets greater than 8° and with
a smallest angle between any jet and the missing momentum exceeding 15° were selected.

^ e feature space is here defined as the multi-dimensional space spanned by the event variables that exhibit
the different features of the signal and the background
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Figure 5.6: Distribution of various important variables used in the neural network for
simulated Z° ->• qq (shaded histogram), real data(circles) and in the right column simulated
Higgs particle events. The agreement between real data and the qq simulation is good.

The former cut enriched a sample with Higgs-like signatures, and the latter removed ordinary
hadronic events with missing momentum due to problems in reconstruction, particles lost in
insensitive regions and neutrinos. For these types of events, the missing momenta tended to
have small angles to the nearest jet. In order to eliminate differences between the real data
and the simulation, and to remove most of the two photon events, it was required that the total
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Mass[GeV/c2]:
35

75.7 %

40

82.0 %

]

45

82.5 %

Efficiency for H°SM

50

84.0 %

55

81.2 %

r

60

75.5 %

65

63.4 %

70

49.1 %

Rejection factors

qq

69

27

1200 11

Table 5.2: Effect of the preselection on the signal and on the background.

energy carried by charged particles (hereafter referred to as total charged energy) was greater
than 12 GeV.

As described above, the microvertex detector was used for identifying b quarks. However,
since the acceptance of the microvertex detector is about 70 % of the full solid angle, the
selected events were divided into subsamples with and without b tagging information (the
selection criteria is described in section 5.2). The two subsamples populated different angular
regions of the detector. The sample with b tagging information was largely contained in the
barrel region, while the second sample was predominantly located in the forward regions.
Furter it was noted that the amount of background in the two samples was different, mainly
due to low angle processes (two photon events, beam-gas interactions, beam-pipe interactions
etc) and poor hermeticity. This led to a different treatment of the two subsamples. For the
subsample without b tagging information, two of the preselection criteria were tightened in
order to remove a small component of events with low total transverse momentum and with
few charged particles. It was required that the events had more than 8 charged particles and a
total charged energy greater than 17 GeV.

In summary, the preselection considerably reduced the background for heavy Higgs bosons
while the signal was preserved very well over a wide mass range. The acceptance of the
selections for HVz/ events at 55 GeV/c2 was 81.2%, while approximately 98.5% of the
hadronic Z° decays were rejected. Table 5.2 presents the efficiency of the signal versus
the Higgs boson mass and the rejection factors for the different types of backgrounds. The
rejection factor is defined as the initial sample size divided by the number of events remaining
after the cuts.

Figure 5.6 shows a comparison between the real data and the simulated qq after the preselection
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for a set of selected important variables, defined more in detail in the next section. Both
samples are normalized to the same number of events. The real data and the simulation show
a good agreement. However, the agreement was even improved in the tails by including a
component of two photon and four fermion events, normalized to the integrated luminosity
and taking into account the efficiency of the hadronic selection and the preselection. With the
present data this corresponded to about 1860 two photon events and about 60 four fermion
with taus in the final state. To illustrate the discriminating power of these variables, the
unnormalized distributions for a 55 GeV/c2 Higgs boson are also shown.

5.3.2 Selection of variables

The selection of the most effective variables for the network was accomplished by a dis-
criminant analysis of the first order [33]. The variables were picked one by one such
that the linear combination of the additional variable and the m already selected variables,
f(xi...xm,xm+i) = Y^i=il aixi> § a v e m e best improvement in the separation between the
classes. The separation was defined as

A/ oc 2 (5-3)

where \i\ and \ii are the mean values of the linear combination for each class, and &\i is the
RMS value for both classes together. This method defines a consistent way to select the input
variables.

The following variables, in the order given by the linear discriminant analysis, are used as
input nodes in the neural network:

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed,

- the energy carried by neutral particles (hereafter referred to as neutral energy) within
30° of the beam axis,

- the sum of the longitudinal momentum components along the second eigenvector of the
sphericity tensor in the c.m.s. of the observed particles,

- the acollinearity between the hemispheric jets,

- the missing transverse momentum with respect to the beam axis,

- the energy within 40° of the missing momentum direction,

- the total observed energy,



52 5. The Search for the Higgs boson

- the sum of the positive longitudinal momentum components along the the sphericity
axis in the center of mass system of the observed particles,

- the total longitudinal momentum along the beam axis,

- the total invariant mass,

- the energy within 20° of the missing momentum direction,

- the neutral energy within 15° of the beam axis,

- the number of unassociated track elements in the outer tracking detector within 45° of
the missing momentum direction,

- the cosine of the polar angle of the thrust axis.

It is important to feed the network with inputs of the same order of magnitude for a well-
behaved convergence (see appendix A). The variables were therefore rescaled with their
average.

Figure 5.7: The architecture of the neural network.
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5.3.3 The Neural Network

After the preselection, a neural network of the feed-forward type with back-propagation of
errors (see appendix A and [34]) was used to distinguish signal events from the background.

From the preliminary analysis which was opimized for a Higgs boson mass of 50 GeV/c2,
it was inferred that the reach of the sensitivity for a high mass H° could be increased by
optimizing at 55 GeV/c2, still maintaining a sufficient efficiency in the region around the
previous limit on the Higgs boson mass. Thus the network here was trained on events with a
55 GeV/c2 Higgs boson.

In terms of number of events, 30 000 Z° -» qq(j) events remained after the preselection.
These events present the most difficult and dominant background and 3/4 of the sample were
therefore used for the training of the neural network together with 2600 Higgs particle events
after preselection. The network was trained to give an output value close to one for signal
events and close to zero for background events.

Since the two subsamples, with and without b tagging, have slightly different characteristics
in terms of background and quality it was not obvious how to handle them in a neural network.
Two alternatives were tried in the preliminary analysis.

- A separate network for each subsample where the network for the sample with b tagging
could contain b tagging variables and most likely utilize fewer variables due to the better
resolution in the barrel section.

- A single network based on variables defined for both samples and profitting from the b
tagging in a postselection.

However, it was found that employing two networks did not improve the analysis significantly.
The samples were therefore analysed with the second alternative.

Prior to the actual analysis, the learning capacity of the network and the number of training
cycles were investigated to optimize the performance and to prevent over-training. Two
hidden layers were seen to give the best performance and the architecture was chosen as 15
input nodes, 8 and 3 nodes in the first and the second hidden layer, respectively, and one output
node. The 15 inputs correspond to the variables selected by the discriminant analysis and the
single output node represents the classification space 2. The architecture of the network and
the interconnections are shown in figure 5.7.

The neural network was then trained to separate the signal from the dominant qq background.
The four fermion sample and the two photon sample were not used for the training. The per-
formance of the network is best evaluated in terms of signal efficiency and simultaneously its

2The classification space is here defined as the "space", spanned by the output variable of the network, in which
the classes can be separated by a simple cut
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Figure 5.8: Performance of the networks. The efficiencies and the rejection factors include
the preselection.

ability to reject the background. To determine when to interrupt the training, this performance
was studied as a function of the training cycles. A training cycle is defined by a single scan
through all the training patterns. Figure 5.8 shows the signal efficiency versus the background
rejection after different numbers of training cycles. The efficiency and the rejection factor
is normalized to the initial sample sizes before the preselection. After approximately 1500
cycles there was no significant gain and the network was therefore frozen at 1500 cycles.

The preselection and the trained network were then applied to the real data, to the whole
sample of 2.1 million simulated qq events, and to the simulated four fermion and the two
photon samples. The network was also applied to independent reference samples of simulated
signal events with masses of the Higgs boson ranging from 35 to 70 GeV/c2, to obtain the
selection efficiencies.

As shown in figure 5.9, a very good separation between the signal and the background was
achieved in the neural network output variable. However, it is important to note that not only
the efficiency and the rejection capability of the analysis after the neural network determines
the final result. It is also highly dependent on the type of background events that remain to be
dealt with after a cut in the network output variable has been applied to select the signal.

In order for an event to be accepted for further analysis the network output was required to be
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larger than 0.95. This was based on a study of the number and the types of events that remained
after the cut. This criterion retained 65.8% of H°vv events at 55 GeV/c2 and reduced the
background by a factor 420. Normalized to the initial sample of qq events, this corresponds to
a combined rejection factor (preselection + ANN) of about 29 000. Figure 5.10 also shows the
Higgs selection efficiency for different masses. The two curves correspond to the efficiency
of the neural network and to the combined efficiency, including the preselection, respectively.
The decrease of efficiency at higher masses is explained by the increasing resemblance with
the ordinary Z° events.

Moreover, the neural network showed a very efficient rejection of the four fermion and the
two photon background although it was not trained on these event types.
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Figure 5.9: The network output variable
of the signal and the main background.
The simulated qq events (solid line) are
normalized to the data (dots). The shaded
area is the unnormalized expected output
for a 55 GeV/c2 Higgs boson.
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Figure 5.10: Higgs selection efficiency
versus the mass of the Higgs boson.

5.3.4 The postselection

Table 5.3 gives the number of events of each background type, normalized to the integrated
luminosity, remaining after the cut at 0.95 in the neural network output. Among the- remaining
simulated background events there was a strong component of events with indications of
problems in the event reconstruction and with missing momentum near to insensitive detector
regions. Figure 5.11 demonstrates one problem. It shows the 6 angle of the direction of the
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Figure 5.11: The direction of the missing momentum for qq events (shaded histogram) and
the real data (circles), requiring a missing momentum greater than 15 GeV/c. The two
distributions are normalized to the same number of events.

missing momenta for simulated qq events and real data events after requiring the missing
momentum to be larger than 15 GeV/c. The missing momentum for a H°vP event at 55
GeV/c2 is typically of the order of 20 GeV/c. There is a clear tendency for events to populate
the regions with poor hermeticity, discussed in section 3.2.4. Moreover, it seems as if the
insensitive regions were not completely correctly described in the simulation since the real
data had a stronger component of events in these regions.

To eliminate these events and to obtain sufficient discrimination against the background, the
neural network had to be supplemented by additional cuts. These additional selections were
defined so that no events remained in the simulated background samples. To take into account
the differences between the samples with and without b tagging information, the postselection
was different for the two subsamples.
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5.3.4.1 The sample with b tagging information

The additional selections consisted in a quality cut, in the requirement of a b signature and in
three topological cuts. Since events with b tagging information were contained in the barrel
region which has good hermeticity, the only possible source of instrumental background
was the reconstruction. Events with a significant amount of energy (above 8 GeV) due to
reconstruction problems caused by spiraling particles were thus removed (see the comments
in section 3.2.1.1).

The b signature parameter was defined by equation 5.2 and is shown in figure 5.2 and 5.5.
It was required to be larger than 4. The effect of this criterion was checked on simulated qq
events. Applying the preselection and the 6-tagging condition led to the following flavour
composition in the sample with b tagging information: 30% of light flavours u, d, s, 20% of
cc pairs and 50% of bb pairs.

The topological cuts were the following

- the acoplanarity of the two hemispheric jets (see figure 5.6d) was required to exceed 7°,

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed, So, was required to be less than 358.5°,

- and the complement to 180° of the maximum angle between any two jets with energy
above 2 GeV, p, was required to be greater than 14° in space (see figure 5.6e) and greater
than 2° when projected onto the r(j> plane.

These selections eliminated all the simulated background and left no event in the data sample.
The result is shown in table 5.4 where the number of events after each criterion in the
selection is given. The selection efficiency for the signal is normalized to the complete
sample of simulated B°vu events at 55 GeV/c2.

5.3.4.2 The sample without 6 tagging information

As mentioned above, the background situations differed in the barrel and forward regions.
Whereas the barrel region had good hermeticity and redundant track information, the forward

i| 31

Number

27
0

of events
4-f.
1

Data
32 |

Table 5.3: Number of events remaining of the different background types, normalized to the
integrated luminosity, and of the real data after a cut at 0.95 in the network output.
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Selection criteria

Preselection
Network output

Quality
Impact parameter

Acoplanarity
SBcut
pcut

MCE°vi>

41.6%
26.9%
26.7%
25.3%
23.4%
23.1%
21.0%

MC qq

2783
8.2
8.1
5.8
2.6
2.6
0

MC 4 fermions

4.1
0.4
0.4
0.3
0.1
0
0

MC2 7

2.8
0
0
0
0
0
0

Real data

2342
7
6
3
1
1
0

Table 5.4: Effect of the selections on simulated H°uu events at 55 GeV/c2, simulated qq,
r+r~qq and two photon events, and real data, for the sample with b tagging information. The
Higgs selection efficiency is normalized to the total number ofH^vv events at 55 GeVIc2 and
the various background samples are normalized to the integrated luminosity of the real data
sample.

region lacked a vertex detector, had incomplete electromagnetic calorimetry in the 40° region
and limited detector coverage close to the beam axis. Furthermore, a number of background
processes, such as two photon, beam-gas interactions etc, mainly populate the forward region.
This resulted in a higher background in the forward region and led to a more stringent selection
than in the barrel region.

In addition to the reconstruction quality cut mentioned in the previous section, other variables
describing energy deposits in the neighbourhood of weak detector regions were included and
quality criteria were applied to remove events with lost or badly reconstructed particles

the neutral energy deposited within 30° of the beam axis was required to be less than
12 GeV. If the cosine of the polar angle of the thrust axis was between 0.67 and 0.82 a
stricter cut of 8 GeV was applied.

The charged energy deposited within 30° of the beam axis was required to be less than
23 GeV. If the cosine of the polar angle of the thrust axis was between 0.67 and 0.82 a
stricter cut of 11 GeV was applied.

The neutral energy in the 40° region (as measured by the hadronic calorimeter and the
electromagnetic calorimeter modules at the edge of the hole) was required not to exceed
10 GeV,

the charged energy detected in the 40° region was not accepted to be more than 65% of
the total charged energy,
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- the charged energy within 2° of the plane transverse to the beam (the weak 90° region)
had to be less than 15 GeV.

Selection criteria

Preselection
Network output

Quality
Pmiss activity
Acoplanarity

Se cut
pcut

RMS(pr)

MC HW

39.6%
26.5%
20.6%
19.0%
17.7%
17.5%
17.4%
16.7%

MC qq

10969
22.8
13.6
6.8
2.5
2.1
1.3
0

MC 4 fermions

11.8
0.6
0.4
0.4
0.4
0.1
0.1
0

MC2 7

20.7
0
0
0
0
0
0
0

Real data

10395
25
13
8
0
0
0
0

Table 5.5: Effect of the selections on simulated H°vv events at 55 GeV/c2, simulated qq,
r+T~qq and two photon events, and real data, for the sample without b information. The
selection efficiency is normalized to the total number ofH°uu events at 55 GeV id1 and the
various background samples are normalized to the integrated luminosity of the real data
sample.

Moreover, to ensure that no remaining activity existed in the region pointed at by the missing
momentum

- the total charged and neutral energy contained in a cone with a h alf opening angle of 20°
(40°) around the missing momentum were required to be less than 0.9 GeV (4 GeV),

- the number of unassociated track elements in the outer tracking detector within 45° of
the missing momentum direction had to be less than 5.

The following topological cuts were then applied

- the ratio between the total energies in the two hemispheres had to be less than 4,

- the acoplanarity of the two hemispheric jets (see figure 5.6d), was rquired to be greater
than 8°,

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed, Se, was required to be less than 358.5°,

- the complement to 180° to the maximum angle between any two jets with a jet energy
above 2 GeV, p, (see figure 5.6e) was required to be greater than 7° in space,
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- in each hemisphere defined with respect to the plane perpendicular to the sphericity axis
in the centre of mass system of the observed charged and neutral particles, the RMS
of the distribution of the particle transverse momenta (RMS(pr)) with respect to the
sphericity axis was required to be less than 0.95 GeV/c.

These cuts removed all the simulated background and retained no candidates in the real data.
Table 5.5 shows the number of events surviving at different stages in the analysis. The signal
selection efficiency is normalized to the total number of simulated B°vu events at 55 GeV/c2.

5.3.5 Final efficiencies and systematic uncertainties

Combining the analyses performed on the samples with and without b tagging information
led to the total selection efficiencies summarized in table 5.6, which also presents the related
statistical and systematic uncertainties.

The statistical uncertainties on the selection efficiencies were computed binomially for each
Higgs boson mass according to

N
(5.4)

where e is the selection efficiency and N is the number of simulated Higgs particle events
used to deduce the efficency.

mtfo

(GeV/c2)

35
40
45
50
55
60
65
70

Efficiency
(%)

34.8
40.0
44.1
42.9
37.7
28.4
16.9
8.4

Statistical
uncertainty

(%)

±1.6
±1.6
±1.6
±0.6
±0.7
±0.5
±0.7
±0.9

Systematic
uncertainty

(%)

±1.6
±1.6
±1.6
±1.6
±1.6
±1.6
±1.6
±1.6

Table 5.6: Higgs boson selection efficiency as a function of the Higgs boson mass.

The systematic uncertainties were expected to originate from biases in the reconstructed
energies and momenta and in the track reconstruction. Furthermore, an inaccurate description
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of the insensitive detector regions in the simulation, as discussed in section 5.3.4, was also
a source of systematic error. The estimation of the individual contributions was carried out
by systematically varying the following parameters before computing the event topology
variables and then pass the events through the analysis and evaluate the effect on the selection
efficiency.

- the charged particle momenta were smeared according to the experimental momentum
resolutions, namely S(l/p) = 0.0008 (GeV/c)"1 in thebarrelregion and S(l/p) = 0.004
(GeV/c)"1 in the forward region,

- the electromagnetic energy was varied by 5%,

- the hadronic energy was varied by 5%,

- the tracking efficiency was decreased by 5% by randomly dropping tracks,

- the overall calorimeter efficiency was decreased likewise by 5% by randomly dropping
neutral showers,

- the insensitive region around 40° was enlarged by approximately 40% and assigned a
detection efficiency of 30%.

The results are presented in table 5.7. They are independent of the Higgs particle mass.
Adding the different contributions in quadrature yields 1.6%.

Uncertainty source

Momentum resolution
Electromagnetic energy

Hadronic energy
Tracking efficiency

Calorimeter efficiency
Insensitive region

Variation (%)

see text
5.
5.
5.
5.

40.

Total

Systematics (%)

0.83
0.59
0.68
0.72
0.58
0.39

" 1.58

Table 5.7: Individual contributions to the systematic uncertainty on the Higgs boson selection
efficiency.
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Figure 5.12: The number of expected events in the neutrino channel with the data recorded
in 1991 and 1992.

5.4 Calculation of the expected number of events

The predicted production of Higgs bosons with a given H° mass is given by

int (5.5)

where <7#° is the cross section and £,ni is the integrated luminosity corresponding to the
number of hadronic Z° events. The cross section is based on the computation described in
section 2.1 with the Standard Model parameters obtained from DELPHI data [3] and a top
quark mass of mt = 200 GeV/c2. The cross section as a function of mass is shown in figure
2.2. However, since the corrections for higher orders are the same for the initial e+e~Z°
vertex at the Z° resonance for H° and ordinary Z° events, these initial state effects can be
fully taken into account through cancellation if the predicted production of Higgs bosons is
computed according to

Nprod = Br(Z° -4 Z°*i/°) • Nhad (5.6)

where Br(Z° -¥ Z°*H°) is the branching ratio of Higgs boson production with respect to the
hadronic Z° production and JV^ is the number of hadronic Z° events.

The expected number of events in the neutrino channel is then calculated as

ri(Z° "> Z°'H°) ' Nhad,i ' Br(Z° -> uu) • t (5.7)
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where i denotes the real data taken at different cms energies around the Z° resonance.
is now also the number of hadronic events used in the analysis (rihad) corrected for detector
acceptance, trigger efficiency and background contamination according to

1 ~ Sbkg . „
Mhad = nhad W-o)

£accept,trigger
where Sbkg is the estimated fraction of background contamination and taccept,trigaer is the
selection efficiency due to detector acceptance and trigger efficiency. The background con-
tamination was expected to be about 0.5 % and the detector acceptance and trigger efficiency
about 95.1 %. The number of analysed hadronic events was taken as the data sample after
requiring that the TPC, HPC, EMF and the HAC were operational to more than 95 %, which
amounted to 966303 events.

The statistical error on the expected number of events was calculated as

A(iV'expect) stat = Nexpect
(Ac •stat \

+ v ;"a/ (5.9)
\ e ) \ Nhad

and the systematic error as

syst —
(

J V
A(Nhad)syst\

2

e
(5.10)

The total error is taken as the quadratical sum of the statistical and the systematical error. The
expected number of observed events in the neutrino channel is shown in figure 5.12.

5.5 Limit on the mass of the Standard Model Higgs boson

Combined with the preselection and the postselection, all the simulated qq, four fermion and
two photon events were removed with the Higgs boson selection efficiency presented in table
5.6 as a function of the H° mass. Figure 5.12 shows the expected number of events in the
neutrino channel for the data recorded in 1991 and the 1992. Since no candidate events were
observed in the real data the result was translated into a limit on the mass of the Higgs boson
at the 95 % confidence level using Poisson statistics.

In order to infer a conservative limit on the Higgs boson mass, the number of expected events
was reduced by one standard deviation to take into account the errors on the selection efficien-
cies, the uncertainty in the normalisation to the number of hadronic Z°decays (0.5 %), and
the uncertainties in the Higgs boson production cross section and decay branching ratio(2 %).
These uncertainties were added quadratically.

Thus comparison of the expected signal with the 95% confidence level restricted the Higgs
boson in the framework of the Standard Model, analysing only the neutrino channel, to have
a mass greater than 53.7 GeV/c2.
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In addition there were also analyses carried out on the electron and the muon channel as well
as a second analysis in the neutrino channel with a method different from the one described
above (see Appendix B.4). In total these three channels make only 26% of all possible
production modes, but the corresponding final states were disentangled from the background
while keeping a reasonable efficiency, contrary to the quark and the tau channel.

The two independent analyses performed in the neutrino channel achieved similar selection
efficiencies. To understand the effect of combining the two analyses to reach a more efficient
selection, the overlap between the two was checked. About 75% of the selected signal events
were common to both analyses. The difference reflects the fact that the two analyses were
based on two different methods and did not use identical sets of variables so that they selected
the signal in different regions of the parameter space. The combination was performed
by keeping events which passed either neutrino analysis. Table 5.8 presents the selection
efficiencies obtained by the combination. To take into account the correlations between
the two analyses, their systematic uncertainties were added linearly to define the systematic
uncertainties in the combined analysis.

mH°
(GeV/c2)

35
40
45
50
55
60
65
70

Efficiency
(%)

45.4
50.0
52.5
50.0
45.6
34.5
22.0
10.6

Statistical
uncertainty

(%)

±1.6
±1.6
±1.6
±0.9
±0.8
±0.9
±1.3
±1.0

Systematic
uncertainty

(%)

±3.4
±3.1
±3.4
±3.3
±3.1
±3.4
±3.7
±3.1

Table 5.8: Higgs boson selection efficiencies in the neutrino channel when the neural network
and probabilistic analyses are combined.

In the two charged leptonic channels the search identified four candidate events. The total
expected background from hadronic Z° decays and four fermion processes was 6.3 ± 0.5.
The four candidates in the charged leptonic channels were scattered in mass and occured in
the low mass region where the signal was expected to be a few tens of events. Moreover, there
was no evidence of 6-quarks in any of them. Hence these four candidates were attributed to
the background.

Again, adding the result of the three channels, the search in the 1991 and 1992 data was
translated into a limit on the Higgs boson mass at the 95% confidence level. The corresponding
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efficiencies as a function of the Higgs boson mass are shown in figure 5.13a. For data taken in
1990, corresponding to about 4.8 pb~\ the expected number of events already published [31]
was used.

Figure 5.13b shows the resulting total expected signal as a function of the Higgs boson mass.
Requiring a 95% confidence level for the limit yielded a restriction on the mass of the Higgs
boson in the framework of the Standard Model greater than 55.7 GeV/c2.
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Figure 5.13: a) Higgs boson selection efficiencies as a function of the Higgs boson mass for
the analysis performed on 1991 and 1992 data, b) Expected signal (in the three analysed
channels and in total) normalised to the whole data sample recorded by DELPHI from 1990
to 1992. The total curve is subtracted by one sigma to infer a conservative lower limit on the
Higgs boson mass.
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Conclusions

A search for the Standard Model Higgs boson has been performed with the data recorded at
DELPHI during 1991 and 1992. The detector and the data have been optimally exploited to
make a search possible in the most abundant of the usable channels at LEP1, the neutrino
channel. That is, with the importance of a good calorimetry a part of the work was devoted
to a study of the response of the DELPHI electromagnetic calorimeter to low energy using
muons. This work was concluded with a renewed calibration of the low energy response.
Second, with the dominant b decay of the Higgs boson, a 6 quark identification was developed
to enhance the selection.

In order to discriminate against the very large and difficult background a neural network
technique was adapted in the search. A very good background rejection and selection efficency
for Higgs particle events have been achieved.

No candidate events were observed in the real data. This result was translated into a limit on
the mass of the Higgs boson at the 95 % confidence level using Poisson statistics. With the
sensitivity of the neutrino channel analysis alone it was possible to set a lower experimental
bound of

mHo > 53.7GeV/c2 (6.1)

In addition, the electron and the muon channel as well as a second analysis of the neutrino
channel with a different method was carried out on the 1991 and the 1992 data1. As no
candidate events were observed the result was translated into a combined limit on the Higgs
boson mass. For the data taken in 1990, the expected number of events already published [31]
was used. The data recorded in 1990 corresponded to about 4.8 pb"1 and the analysis was
sensitive only up to a mass of about 50 GeV/c2. Thus

mHo > 55.7GeV/c2 (6.2)

at the 95 % confidence level.

^ther authors of the paper in Appendix B.4.
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Appendix A

Artificial Neural Networks

A feature classification task consists in partitioning the feature space into disjoint regions, one
region for each class. In practice this is often performed by mapping the feature space onto a
classification space of lower dimensionality where cuts are applied to separate the classes.

In traditional methods, where a series of cuts on various variables are performed, information
about the multi-dimensional structure is lost through the use of marginal distributions.

In linear discriminant techniques cuts are based on linear combinations of variables. This can
be visualized as a use of a multi-dimensional hyperplane for the separation.

However, the optimum separation between two classes in feature space is most generally a
non-linear hypersurface which is why the Artificial Neural Network is a promising solution.
Improvements with the use of ANN have been achieved in several different kinds of tasks [35]
despite the fact that in general the search for optimality is more difficult than in linear methods.

In an artificial neural network the fundaments are the artificial neurons. A neuron has several
input- and output connections and the weighted sum of all signals received by a neuron
generates its response through a non-linear threshold function

Vi =

where Xj and y:- are the input and output values and 0,- is a thresholding potential. The
activation function g is very often chosen as a sigmoidal-like function, such as

(A2)
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The constant T, the "temperature", sets the gain of the activation function and determines to
some extent the speed of the learning.

With this simple neuron various types of networks and architectures can te constructed.
With simulated data available, a classification task is most easily accomplished by using a
feed-forward network with supervised training [34].

In supervised training each training object is presented together with the target output value
for the set of prototypes to which it belongs. The features for each object are propagated
through the network and the output value of the network, yn, is compared to the target value,
tn. The classification is quantified through an error function, commonly:

(A.3)

for a subset of n events and, as in this analysis, a single output neuron. The weights, Wij, in
the connections are determined in an iterative procedure, the learning, in which this error is
minimized for all training objects. The minimisation is very often carried out by the back-
propagation algorithm, in which the gradient descent method is used to update the weights.
A simple and very powerful version, used in this analysis, is given by :

(A.4)

where Aw\j+1' is the k + l:st update of the weight Wij and rj is the learning parameter,
representing the step length on the error surface. The error surface is defined by the value of
the error as a function of all weights. The last term is a momentum term which stabilizes the
training by avoiding oscillations. The strength of the damping is set by the parameter p which
should be between 0 and 1.

It is important that the input variables are of the same order of magnitude and range in
order to obtain stable convergence towards a minimum. If the variables are of very different
magnitude the weights will consequently have to be of very different magnitude. With a
global tuning of the parameters this causes difficulties in the minimisation and leads to an
impaired performance. It can be solved by using different values of the "temperature" for each
node and individual learning parameters for each weight. However, since it is very difficult
to tune the parameters individually without explicit knowledge of the topography of the error
surface the most straightforward method is to renormalize the variables.
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Published papers

Only the references are given for the papers.

B.I Muon efficiency and response in the HPC

H. Burmeister and R. Jacobsson, DELPHI note 93-16 CAL 101

B.2 Performance of the HPC calorimeter in DELPHI

CERN-PPE/95-04

B.3 Search for the Standard Model Higgs boson in fl decays
at DELPHI (1)

Marseille conference 1993, DELPHI note 93-70 PHYS 297

B.4 Search for the Standard Model Higgs boson in & decays
at DELPHI (2)

Nuclear Physics B 421 (1994) 3-37


