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Abstract

The mass of the neutral Higgs boson cannot be predicted by models. Therefore,
the particle is scanned for at different assumed masses. The search described here
was done using data taken at the DELPHI detector in 1993. The Bjorken process
was searched for where the decay of the Z°* into two neutrinos was assumed. In
order to reduce the background to a level where a discovery would be possible, an
artificial feed-forward neural network was used. This led to a very good background
rejection and high signal efficiency. An efficiency of around 30-50% was reached for
a H° mass ranging from 35-60 GeV/c2 leaving zero background events. One event
was selected from the real data with a H° mass of 27.5±3.6 GeV/c2. These results
were translated into a limit mno >58.3 GeV/c2 at 95% confidence level.
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1 Thesis description
This thesis describes the work done between summer 1993 and summer 1994 mainly
presented in 1995. The work includes

- studying the second level trigger[l][2][3] in the barrel electromagnetic calorimeter[4],

- work done on improving hadronic shower measurements [5],

- studies of artificial neural networks [6] and

- searching for the Higgs boson in data taken during 1993[7].

This thesis is based on the references [1] through [7].

2 Introduction
The Standard Model has been thoroughly tested. It was verified at CERN using the SPS
collider that the postulated particles W* and Z° existed at their predicted mass [8]. The
Standard Model describes three of the four forces in nature; the strong, the electromag-
netic and the weak. It includes the force carriers gluons, photons and Z° and W*. There
are three families of particles as seen in table 1. By precise measurements of the Z° width,
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Table 1: A summary of the Standard Model. The weak force works on all particles;
electromagnetic on quarks and e, /i and r; and the strong force only works on quarks.

it is shown that there only exist three families[9]. The top quark mass was predicted by
the LEP experiment[9] and has now (1995) been found[10][ll]. The remaining piece of
the puzzle is to explain the mass mechanism by, for example, finding the Higgs boson.

3 The DELPHI Detector
The DEtector with Lepton, Photon and Hadron Identification (DELPHI) is described in
[13]. It is cylindric in shape. The main detectors used in this work were

Vertex Detector:
The vertex detector consists of three layers of silicon strip detectors at 6.3, 9 and 11 cm
radius. Each layer has 24 sectors in <f> and 4 segments along z. It covers the polar angle
of 44° < 6 < 136°. It has an R<£ resolution of « 11 /im and a z resolution of w 13
This detector provides good possibilities of detecting and tagging b-jets.



Time Projection Chamber:
The time projection chamber has six sectors in <f> and two segments along z. At the end of
each sector and segment is a MultiWire Proportional Chamber (MWPC), which measures
the charge that drifted there in the gas. Each MWPC has 192 sense wires and 16 circular
pad rows. It covers the polar angle of 20° < 0 < 160°. The resolution is « 150 /xm in R<£
and w 600 fim in z. This detector is the main tracking detector.

High density Projection Chamber (HPC):
The high density projection chamber is an electromagnetic calorimeter in the barrel region.
It consists of 24 sectors in <j> and 6 segments in z making 144 modules. The charge drifts
along z until it reaches the MWPCs sitting at the end of each module. Each MWPC has
128 pads arranged in nine rows. The first level trigger is located between the second and
third row while the patterns a shower makes in the pads is used as a second level trigger.
It covers the polar angle of 40° < 9 < 140°. The resolution is a{E)/E = 0.043 + 0.32/y/E
(E in GeV.) The detector is unique in the sense that it has the superb spatial resolution
of « 0.6 mrad enabling it to separate the photons in a IT0 —> 77 decay.

ElectroMagnetic calorimeter Forward:
The electromagnetic calorimeter in the forward region consists of two rows of lead glass
blocks shaped as truncated pyramids. These 4532 blocks is read out using a photo-
multiplier. It covers the polar angle of 8(145)° < 9 < 35(172)°. The resolution is
<r(E)/E = 0.03 + 0.12/y/E + O.U/E (E in GeV.)

HAdronic calorimeter Barrel and Forward:
The hadronic calorimeter in the barrel- and forward regions consists of 24 sectors (1
segment) in the barrel and 12 sectors in the forward. It has more than 19 000 streamer
tubes giving a spatial resolution of 3.75° x 2.96°. It covers the polar angle of 11° < 9 <
169°. The resolution is <r(E)/E = 0.21 + 1.12/y/E (E in GeV) in the barrel region.

4 HPC First and Second Level Trigger
An electromagnetic trigger is needed for example in the study of physics including iso-
lated single photons or electrons. The first level trigger consists of three pieces of plastic
scintillators placed in the gap between row three and four (see figure 1) close to shower
maximum. Wavelength shifters pass the light from the scintillators through around 5 m
of optical fibre to photomultiplier tubes outside. Signals from these tubes are measured
by 8 bit integrating ADCs. The trigger depends on whether this signal is greater than a
threshold. Until 1992, there was only one threshold used for all 144 modules. However,
each module has a different performance, which means that the simulation of equal per-
formance in the trigger does not match reality very well. This can be seen in figure 2,
where the solid line describes simulation fit to data at low energies and the dashed line
at high energies. It is clear that either simulation matches low energy showers or high.
To solve this, "the energy at which the trigger efficiency reaches 50% for a module" was
used. For each module, an individual threshold was then used. This was done with a
global threshold scaled by the "50% efficiency energy." The performance of the simulated
trigger with this implemented can be seen in figure 3 where a good agreement between
data and simulation can be seen.

The second level trigger uses the good granularity of the HPC by utilizing the signals
from the MWPC pads. The electronics is shown simplified in figure 4. Figure 5 shows a
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Figure 1: How the signals from MWPC pads are added in groups to create the input to
the second level trigger electronics.
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Figure 2: First level trigger efficiency for 1993 data and for the old Monte Carlo, using
two different thresholds.
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Figure 3: First level trigger efficiency for 1993 data and Monte Carlo when module to
module variations are taken into account.
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Figure 5: left) A 6.5 GeV shower superimposed onto the readout pads of the MWPC,
right) the time development of the signals in each pad row.
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Figure 6: Examples of trigger patterns in the (r,t) matrix.

typical 6.5 GeV shower superimposed on the pads as well as the time development of the
signals in each row. The 128 pads are arranged in groups as described in figure 1. The
summed output from each group is discriminated against a threshold and then sampled
every 511 ns by Fastbus based electronics, which searches for patterns in a matrix of row
against time (r,t) coordinates. A logical OR is taken of the third and fourth group (on the
third row) and the second group is discarded (see figure 1) This leaves six groups. In the
simulation, signals are simulated into 256 time bucket long arrays. These are latched every
8 bits corresponding to 545 ns sampling time. This leaves a 6x32 time bucket matrix,
which can be seen in figure 6. In this matrix, patterns called a, a', b and b ' are searched
for. These patterns are defined as a=any two adjacent rows hit in the same time bucket,
a'=any three adjacent rows hit in the same time bucket, b=two rows hit in consecutive
time buckets and b'=two consecutive pattern b. After that, a high and a low threshold
trigger bit is set, for each module, defined as: low=b.OR.b' and high=b'. A logical OR
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Figure 7: Second level trigger efficiencies for 1993 data and Monte Carlo.

is then taken over each 48 gas lines leaving 48 Trigger Data Logic bits per high and low
threshold (a gas line is a line of three HPC modules in z in the same half of DELPHI.)
The discriminator threshold was adjusted for Monte Carlo so that the efficiency curve
was the same as for data. This tuning can be seen in figure 7

5 Hadronic shower splitting
Due to the limited spatial resolution in the hadron calorimeter, two particles sufficiently
close will appear as one or a neutral particle shower might be hidden in a charged particle
shower. This leads to an underestimate of the total reconstructed energy. By splitting up
the shower, resulted from the two particles, into two, a better estimate can be achieved.
This was first studied in [12]. To derive a quick method for this, single n+ were simulated
going into the barrel and the forward region. 9000(4000) and 6000(1000) single n+ were
simulated in the barrel(forward) region with momentum ranging from 0.5 to 5 GeV/c and
0.5 to 20 GeV/c to approximately describe the real particle momentum distribution. The
ratio (E-p)/^dE2 + dp1 was studied and can be seen in figure 8, where simulated single
TT+ and qq(7) events are shown. It is clear that the distributions are not symmetrical.
Due to inefficiencies in the hadronic detector, there is a tail in the region below zero,
where the effect studied is not present. In this region there is a good agreement between
the two samples and the distributions are normalized to the total area in this region. At
values above zero, a clear systematic excess can be seen in the qq(7) events. The residual
between the two curves is shown as the thick solid histogram. This class of showers seems
to originate from two inseparable particles/showers. When the calorimeter energy is larger
than the momentum with more than one standard deviation, i.e. (E—p)/y/dE2 + dp2 > 1,
showers are split into the original track and a neutral track with energy E-p. This means
that approximately 2% of single ?r+ events and 25% of qq(7) events are split. Here, p
means the sum of the associated track plus all tracks pointing towards the shower. They
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are selected by extrapolating tracks to the same r in the barrel and z in the forward as
the center of mass of the hadronic shower. The angle a is calculated between the track
point and shower position. By accepting tracks within approximately 10°, a maximum
resolution is obtained. Here, a value of 9.6° has been chosen, which corresponds to the
diagonal length of two pads in the hadronic calorimeter[13]. On average, a gain in the
total reconstructed energy of 3 GeV per event is achieved by splitting.

By fitting a Gaussian curve to the total reconstructed energy with and without split-
ting, the mean and sigma of the fit increases from 79.3±13.0 to 82.2±12.6 GeV corre-
sponding to a total energy resolution improves from 0.164 ± 0.002 to 0.153 ± 0.002.

6 Artificial Neural Networks
In many analyses of experimental data, cuts are made to remove background and extract
a signal. These cuts are often made in variables, xjt, one by one. This could not only be
hard to optimize, but significant dependencies and correlations are sometimes lost as well.
An automated non-biased method that gives satisfying solution can be based on neural
networks[14].

In a neural network, there are the input variables, xjt, each intraconnected through
hidden layers of neurons in their turn connected to an output. In this work, 15 input
variables were used with two hidden layers with 8 and 3 neurons per layer respectively.
There was one output called "netout."

A neuron gives an output depending on its inputs generally on the form y» =
giUvikXk + 0i) where 9 is a threshold. In this work, g(x) = (1 + e~xlT)~l where T
is the gain or rate of reaction of the neuron.

This network is then trained on simulated events, both signal and background. For
each input, there is a desired output, d,-, and weights are adjusted so that the error
E = J2{di — Vi)2 is minimized. For signal, the desired output was set to 1 while for
background it was set to 0.

In order to study the performance of the neural network, samples of background and
signal were simulated. Roughly 30 000 background (qq) events and 2 600 signal (B°uu)
events were used. The H° mass was set to be 55 GeV/c2. The input variables were selected
using linear discriminant analysis [15] selecting variables giving the best discrimination
defined as A/xTV~1A^, where V is the variance matrix and A/x the mean differences
between signal and background.

As default, the neural network updates its weights once every ten events. However,
this proves to be not optimal in this analysis where an update per event is more optimal
as can be seen in figure 9a. After roughly 1 500 cycles, there is no major gain in efficiency
and the performance is close to its maximum which can be seen in figure 9b. One cycle
is defined as the network being trained on the whole sample once. In order to reduce
fluctuations observed in the weights while training, variables were renormalized to lie in
the range [0,1]. This was done using x >-)• x' = X) B{x — ti) where 0 is Euler's step-function
and t all events from background and signal. In this work, these were of equal amounts to
generate a flat distribution for signal and background summed. An example can be seen
in figure 10 where the transverse momenta is shown before and after renormalization. The
effect of this can be seen in figure 9b as the empty squares. It yields a clear improvement.

In order to focus the network more on the background events similar to those of the
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Figure 11: The Bjorken process with the final state searched for.

signal, more events were cut by traditional cuts giving a tighter preselection. The effect
of this can also be seen in figure 9b where the network has been trained 788 cycles. A
slight improvement can be seen.

7 Higgs particle signal and backgrounds
The Higgs signal studied is the Bjorken process e++e" -4Z° ->• Z°*+H° -• vv+8(j),
where the Z° radiates the H° and decays into two neutrinos. This process can be seen
in figure 11. The cross-section is dependent on the H° mass as can be seen in figure 12.
Another process producing a Higgs boson is Z° —>H°+7. It has been previously searched
for by the DELPHI collaboration[16]. The H° decays predominantly into b-quarks, which
can be seen in figure 13, where the main decay modes of the Z° and the Higgs boson are
histogrammed. The signature is typically a large missing momentum and two acollinear
b-jets.

The main backgrounds are Z° - ^ ( 7 ) , Z° -> f^-qq and e+e" ->• 77e+e" (VDM,QPM
and QCD) which can be seen in figure 14. The first one resembles the Higgs signal when
the 7 is lost in some crack in the detector and also when the quarks decay semileptonically
via taus into neutrinos. The second appears as Higgs signal when the leptons are taus
which decay with neutrinos in the final state. This leads to a missing momentum and
to further assimilate a Higgs signal, the tau might appear as a b quark due to its long
life-time. The third very rarely appears as signal.

8 Analysis of 1993 data
A total of 36.1 events per pb was taken during 1993. It amounts to around 730 000
hadronic Z° decays taken at the Z° peak and at ±2 GeV around the peak.

10
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Figure 14: The three main backgrounds.

A neural network is trained to separate the signal from the main background being
hadronic Z° decays with particles escaping detection. As the Higgs boson is expected to
decay predominantly into a bb pair, the vertex detector can be used to further discriminate
against the background from Z° decays into light quarks by benefitting from the long
lifetime of the b-hadrons.

The total four-momentum of the event is calculated using all tracks, while only those
tracks extrapolating to the vertex to within 5 cm in the transverse plane and 10 cm
along the beam are used for the topological quantities. The event is divided into two
hemispheric jets by the thrust axis and jets are also reconstructed using LUCLUS. Events
are selected if the number of charged tracks extrapolating to the vertex is at least eight, the
total transverse momentum exceeds 5 GeV/c, the invariant mass of all observed particles
is between 20 GeV/c2 and 75 GeV/c2, the acollinearity of the two hemispheric jets is
greater than 12° and the sum of the opening angles between the three jets, when forcing
three jets, S$, is less than 358°. Further, it is required that the maximum opening angle
between any two jets with energy above 2 GeV be less than 170°.

The efficiency of the selections above is 67% for H°i/F events with a Higgs boson mass of
55 GeV/c2, while approximately 99.7% of the hadronic Z° decays are rejected. Figure 15
shows a comparison between real data and simulated qq(7) events at this stage of the
analysis for a set of variables defined in the next section. The agreement is acceptable.
To illustrate the discriminating power of the variables, the unnormalized distributions for
a 55 GeV/c2 Higgs boson are also shown in figure 15.

After the preselection, a neural network is used to distinguish signal events from the
dominant qq(7) background. It is a feed-forward net with back-propagation of errors
and has one input layer with 15 nodes and 2 intermediate layers with 9 and 3 nodes
respectively, which converge to a single output node. The network is trained to separate
the signal from a 55 GeV/c2 Higgs boson from the Z° —»-qq(7) background. To decide
which variables to feed to the network, a step-wise linear discriminant analysis is first

12
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performed. The network is then trained to give an output value close to one for signal
events and close to zero for background events. The following variables are used as input
to the neural network:

- the minimum angle, A, between any jet and the missing momentum,

- the sum of the positive momentum components along the second eigenvector of the
sphericity tensor in the CMS of the observed particles,

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

- the total observed energy,

- the sum of the positive momentum components along the sphericity axis in the CMS
of the observed particles,

- the energy carried by neutral particles within 15° of the beam axis,

- the minimum angle, in the x-y plane, between any jet and the missing momentum,

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

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

- the total longitudinal momentum along the beam axis,

- the total observed energy calculated from the tracks extrapolating to the vertex
within |r| <5 cm and |z| <10 cm,

- the number of charged tracks,

- the energy carried by charged particles within 15° of the beam axis,

- the maximum angle between any two jets with energy above 2 GeV,

- and the acollinearity between the two hemispheric jets.

The neural network is trained on a sample of simulated qq(7) events and on a sample of
H°i/i7 events with an H° mass of 55 GeV/c2. The two samples, before preselection, amount
to 974 082 and 4 000 events respectively. In order to optimize the performance of the
network, the signal to background ratio, for a cut in the output value at 0.9, was calculated
for each training epoch. The number of epochs (788) is chosen so as to maximize this
ratio. As can be seen in figure 16, a very good overall separation between background and
signal is achieved with the neural network, but it has to be supplemented by additional
cuts for sufficient discrimination against the background. The network output is required
to be greater than 0.92 for an event to be considered further. This criterion accepts 73.7%
of K°i/17 events for Higgs boson mass of 55 GeV/c2 and reduces the qq(7) background by
a factor of 171. The additional selections, defined such that no qq(7) background events
remain, are:

a the total energy contained in a cone with a half opening angle of 40° around the
missing momentum is required to be less than 2 GeV if the cosine of the polar angle
of the missing momentum is in the region 0.6< |cos0| <0.8,

14
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b the signed impact parameters of the charged particle tracks with respect to the
fit vertex are divided by their errors. The sum of the three largest values is then
required to exceed 5,

c the acoplanarity of the two hemispheric jets is required to exceed 9°.

Criterion a) serves to protect against missing energy in the weak 40° region of the detector,
b) constitutes the requirement of a b-signature and is only applied if at least three tracks
have at least two well associated hits in the vertex detector and c) rejects a few residual
events in the qq(7) sample.

The selections above eliminate all the simulated qq(i) events and leave a single event
in the real data sample, which corresponds to 653 000 hadronic Z° decays. The results
are shown in table 2 where the number of events after each subsequent selection criterion
is given.

Selection criteria

Preselection
Network output

40° cut (a)
b-signature (b)

Acoplanarity (c)

MC WuV

67.0%
49.4%
48.5%
41.9%
39.2%

MC qq(7)
1949
11.
9.4
3.4
0

Real data

2381
17
16
4
1

Table 2: The effect of the selections on simulated H*W events at 55 GeV/c2, simulated
qq(7) and real data. The selection efficiency is normalized to the total number of YL°vv
events at 55 GeV/c2 and the simulated qq(7) sample is normalized to the total number
of hadronic decays in the real data sample.

The surviving data event has a total reconstructed invariant mass of 23.9 GeV/c2

which, when corrected for bias and mass resolution, corresponds to a best estimate of
27.5±3.6 GeV/c2. The event is not included in the calculation of the limit because
of its small mass, which is far away from the present limit. Further, the event has a
21 GeV track, which, in a newer version of the reconstruction program, is reconstructed
as a 2.5 GeV track yielding an invariant mass of 11 GeV/c2. The efficiency of the above
selection for Higgs events was calculated by applying the selection to independent samples
of simulated events for different Higgs boson masses. The efficiencies thus obtained are
summarized in table 3, which also presents the related statistical uncertainties. These
results can be translated into a limit on the mass of the Higgs boson. The efficiencies
of the 1993 analysis are shown in figure 17 as a function of the Higgs boson mass. The
expected number of events are also shown in the same figure. At 95% confidence level, the
Higgs boson mass is thus greater than 58.3 GeV/c2 if combining it with previous analyses
made on data collected from 1990 through 1992.

9 Conclusions
The Higgs particle has been scanned for at different assumed masses. The search described
here was done using data taken at the DELPHI detector in 1993. The Bjorken process
was searched for. In order to reduce the background to a level where a discovery would

16
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H°mass
(GeV/c2)

35
40
45
50
55
60
65
70

Efficiency
(%)
43.6
ATA
48.5
45.6
39.2
30.3
16.6
6.5

Statistical
uncertainty

(%)
2.1
2.2
2.2
1.1
1.1
0.9
0.8
0.5

Systematic
uncertainty

(%)
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6

Table 3: Higgs boson selection efficiency for simulated K°i/u events as a function of the
Higgs boson mass.

be possible, an artificial feed-forward neural network was used. An efficiency of around
30-50% was reached for a H° mass ranging from 35-60 GeV/c2 leaving zero background
events. One event was selected from the real data with a H° mass of 27.5±3.6 GeV/c2.
These results were translated into a limit mtjo >58.3 GeV/c2 at 95% confidence level.
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