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1. INTRODUCTION

Where did we come from? What we are made up of? These questions inspired both the
ancient philosophers and the modern physicists thinking about the structure of matter.
Physicists create more and more complex theories to explain the properties of particles, the
basic constituents of the nature and the forces among them. Theories must contain
forecasts that can be verified by experiments. Therefore the model itself undergoes a
verification, too: if its forecasts can be verified the model describes successfully the
behavior of nature. In case of failure, however, a new, better model needs to be built.
Currently the most successful model of particles is the Standard Model. But it leaves some
important questions open, for example why the particles have mass. In order to explain the
mass question in accordance with the facts the existence of a new particle is required. This
is the so called Higgs-particle. Since the Higgs-particle has never been seen so far many
ways of the Higgs-mechanism can be imagined. The simplest one contains only one Higgs
particle, but as the model gets to be more and more complex the number of arising Higgs-
bosons increases. Some of these Higgses are neutral, but there are charged ones, too.
Simultaneously many models must be investigated at a time since only the experiment can
judge which one describes better the properties of the nature. The first part of my thesis is
devoted to my work on the search of the charged Higgs-boson among data collected By
the LEP collider’s L3 experiment at CERN, Geneva.

Currently a new collider is under construction at CERN, the Large Hadron Collider
(LHC). It will accelerate particles to an unprecedented energy. Its main goal is to hunt for
the so far hidden Higgs-boson or the members of its family and to check the validity of
theories beyond the Standard Model. One of the big detectors situated on the LHC is the
Compact Muon Solenoid (CMS). The muon detectors play fundamental role in the
operation of the trigger system of CMS. This is because of the large amount of data
created by the particles emerging from the proton-proton collisions in the inner detectors.
It 1s impossible to read out this amount of data in real time if the collision rate is at the
designed 40 MHz. On the other hand, only few particles reach the muon system. They
create data that can be handled much easier. In order to provide reliable data both to the
analysis and the trigger system and to be able to measure the momenta of muons with the
required precision it is inevitable the precise knowledge of certain detector parts.

The task of our groups at the University of Debrecen and in the Nuclear Research Institute
of the Hungarian Academy of Sciences (ATOMKI) is to design, develop and calibrate
such an alignment system which is able to provide precision data on the position of each of
the 250 barrel muon chambers of CMS. This system must be operable during the full
lifetime of the experiment and withstand the 4 T magnetic field produced by the solenoid
of the CMS. In addition such a system must be able cope with the radiation background
created by particle collisions and the activated detector parts. Second part of my thesis
contains my research and development works on the alignment system.



2. GOALS

Between 1997 and 2000 I participated in the work of the Higgs workgroup of the L3
experiment. My task was to build up an analysis method on data collected at center of
mass energies between 130 and 189 GeV. It was also my duty to search for evidence of a
charged Higgs-boson in its hadronic decay channel.

Unfortunately, Higgs-models do not make predictions on the mass of the Higgs-
particle. Therefore the only possible procedure is to look for evidence for the Higgs-
particle at all the reachable beam energies.

The simplest Higgs-model contains only one Higgs-boson. It can not be excluded,
however, that the behavior of nature cannot be explained so easily. It is necessary therefore
to test more complex models, too. The second simplest model is the so called
Two-Higgs-Doublet Model which contains five Higgs-bosons. Three of them are neutral
while the rest are charged. Due to their properties predicted by the model charged
Higgs-bosons are created in pairs in the electron-positron colliders. Then they decay
dominantly into H*— cs or H*— tv; at LEP energies. The decay branching ratio depends
on the details of the applied model. I have developed —together with my colleagues— an
analysis method where the result is independent of the branching ratio. In order to fulfill
this requirement, we created the following three independent analyses:

e H'H —cscs
e H'H —cstVve,cs7'V,
e H'H —>7t'v. .t v,

In my thesis, I describe mainly the purely hadronic decay channel. These processes are
characterized by four quark jets, therefore they have large particle multiplicity, and
relatively large number of calorimetric clusters. In addition, almost full energy of such an
event can be recorded by the detector and both the longitudinal and transverse momenta
are balanced. Unfortunately, however, not only Higgs-events have the above mentioned
signature, but the W- and Z-pair events have it as well. In addition, there are

e'e” — qa(y) events where one (or both) of the jets emit a gluon at the final stage. Due to

this fact it may happen that jet-finder algorithms identify these events as four-jet events.
During the development of the analysis it was my goal to construct a selection where all
these background events are suppressed, while at the same time the Higgs-signal
efficiency is kept as high as possible.

The alignment system of the CMS Muon Barrel System is a complex system realyzing a
concept based on an optogeometrical network having optomechanical, optoelectronical,
electronical, informatical and data handling aspects. All these details require solutions for
numerous questions based on research and development. In my thesis I describe those
parts of this extensive and long running research and development work, where I
contributed dominantly with my work.



Since the alignment system contains several thousands of elements for which the
necessary precision cannot be provided by manufacturing the key issue for the net
precision of the system and therefore its usability is the high precision calibration of the
elements. During one of these calibration procedures the positions of LED sources
mounted on the LED-holders have to be measured with respect to references on a
mechanical stand. My task was to develop the method, utilities and devices of the LED
holder calibration process. I had to study and eliminate factors having negative effect on
the precision. I had to solve issues concerning the data taking, data handling, analysis and
the effective reporting/monitoring. In addition, I had to apply the developed concepts and
methods to the calibration of the optomechanical reference objects (LED-holders) and the
muon chambers. I also had to perform the statistical analysis of the results obtained during
the calibration.

3. RESULTS

1. I have developed a method in order to search for the charged Higgs-boson in its
hadronic decay channel on measurement data taken by the L3 experiment.

The method is a classical cut-based analysis that does not depend on the mass of the
charged Higgs. The applied cuts only slightly depend on the center of mass energy. In the
table below the selection efficiencies of different simulated Higgs-signals can be seen for
all the reachable center of mass energies. The last column of the table shows the expected
number of background events normalized to the amount of data taken.

Selection efficiency (%) my'= Number of
Ecm expected
(GeV) 45 50 55 60 65 70 75 80 | background
events
130-136 | 36 | 41 | 44 | 46 | — | — | — | — 19,0
161 37 45 51 44 45 46 — — 15,2
172 35 45 45 43 41 39 — — 25,9
183 29 36 39 40 38 34 — — 99,4
189 — — — 39 38 38 34 30 359,4

Table 1 Selection efficiencies achieved by the analysis of the
hadronic decay channel of charged Higgs-bosons and the number
of expected background events at different center of mass energies.



2.a Applying the method described in point 1 to the analysis of measurement data the

existence of the charged Higgs-bosons could be excluded below the mass limit 57.5
GeV/c2.

These measurements were carried out on data collected by the L3 experiment at four
points of the center of mass energy range Vs =130 - 183 GeV (130, 161, 172, 181 GeV).

In Figure 1 the invariant mass distribution of the expected integrated background and the
collected data can be seen. I have also depicted a simulated charged Higgs signal with 60
GeV rest mass. This figure suggests that the collected data is compatible rather with the
background than the background + Higgs-signal. It can also be seen that at some invariant
mass values the data and the background estimation are different. Due to this fact the

branching ratio-independent exclusion is limited to 57.5 GeV when the results of the three
decay channels are combined.
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Figure 1 Distribution of data and the expected background events with respect
to the invariant mass on the center of mass energy range between 130 and
183 GeV. A Higgs-signal with 60 GeV mass is also shown.

2.b Applying the method described in point 1 on data taken after the improvement of
the experimental conditions I provided a result on the hadronic decay channel which
allowed to modify the exclusion limit up to 65.5 GeV

This result was based on data collected by the L3 detector at center of mass energy Js =
189 GeV.
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Figure 2 Distribution of data and the expected background events with respect
to the invariant mass at 189 GeV center of mass energy. A Higgs-signal
with 60 GeV mass is also shown.

In Figure 2 the invariant mass distribution of the expected integrated background and the
collected data can be seen. A simulated charged Higgs signal with 70 GeV rest mass is
also indicated. Similarly to point 2a, this figure also suggests that the collected data is
compatible rather with the background than the background + Higgs-signal. It can also be
seen that at some invariant mass values the data and the background estimation are
different. Due to this fact the branching ratio-independent exclusion is limited to 65.5 GeV
when the results of the three decay channels are combined.

3. I have developed a method for the calibration of the elements of the CMS muon
position monitor in which the positions of the light sources of the LED-holders are
determined with respect to etalon light sources in an environment close to that in
which the given element will be used.

To achieve that first [ found a proper etalon light source using fiber optics with incoherent
illumination. Applying the calibration method to a test-element with known light
(preliminary measured in metrology lab) source positions I managed to reconstruct the
relative positions of these light sources below 10 microns. With this test I have
successfully proved that my method is able to perform the calibration task with the
required precision. The applied method does not require any previous calibration of the
device and does not make great demands on the stability of the device itself since all the
optical sources are measured in the same geometry by the same camera. In our application,
however, the LEDs are installed on both the faces of the LED-holder. Therefore one
camera cannot measure all the LEDs. Using a well designed calibration device and
properly positioned ethalon light sources the systematic error arising from the presence of
two observer cameras could be excluded.



4. Using experimental and simulation methods I have developed the optimal
algorithm for the evaluation of the images created by optical sources (aka. centroid
calculation). This algorithm is very insensitive for the background noises and
intensity fluctuations and the result of centroid calculation does not depend on the
spot position on the sensor surface.

During development it had a key importance to work out a good method for spot
definition. According to the proposed algorithm on the image the first pixel with maximun
intensity is determined and then a decision on each neighbouring pixel is made whether it
is part of the spot or not. By finding all the pixels of the spot, this spot can be cut off from
the image and the procedure can be restarted for the remaining part of the image. At the
end of this iterative process all the spots can be found on the image. The algorithm is also
able to disentangle direct spots from their reflected images. This feature is very important
for the chamber calibration process since the optical sources are installed inside a
reflective aluminium profile. I have developed a general method for disentangling the
direct spot from its reflections. Besides, another approach can also be used where the
reflections can be estimated based on the relative geometry of the aluminium profile and
the LED holder installed into it. Together with one of my students I have developed a
method where a spot formation can be simulated while the gains of the individual pixels
can be set.

5. Using experimental methods I have studied the magnitude of the measurement
error arising from the statistical fluctuation of video sensor sensitivity. I have
developed a statistical method to decrease this error.

I have shown that if the centroid calculation method described at point 4 is used and the
average of 20 images is calculated the resolution of a video-sensor having 12x12 micron
sensitive cells is 2% of the cell size.

6. I have studied the effect of the intensity of the optical source on the measurement
precision during the calibration process. I have also determined the optimal
parameters.

I have shown that if the centroid calculation is used as is described in point 4 the result of
the calculation is independent of the intensity in wide range of intensities therefore this
method can be used safely for the measurements. The practical reason of this study is that
the LEDs are located at various distances from the cameras in the full alignment system.
With this study I have shown that the centroid determination precision goes wrong only at
extremely high intensities. In addition, as a by-product of this study, ideal LED currents
have been determined for all the distance values used in the final system.



7. Applying results described in points 4-6 I have designed and built a calibration
device which was capable to measure 1200 LED-holders.

Calibration method of the LED holders is based on the so called seeking where the LED
holder is put into the calibration device which is installed on a two-dimensional precision
moving table with reproduction precision of 1 micron. Then one light source on either the
LED holder or the calibration device is illuminated and the moving table climbs until the
observed centroid of the light source reaches a predetermined position on the
corresponding observer camera. This iterative process can be performed on all light
sources of the LED holder and of the calibration device. In order to collect data sample
that can be handled statistically the full measurement is needed to be reproduced several
times. The advantage of this measurement concept is that is does not require a previous
calibration of the observer cameras because the light spot is created in the same region of
the sensor. This eliminates the effect of geometrical errors of the lens and uneven gain
distribution of the video sensor pixels.

This calibration device was built at the Institute of Experimental Physics of the University
of Debrecen. In addition to the device itself I created a data taking system and solved the
data storage and handling issues as well including the remote access to the results by other
CMS groups. Due to the large number of LED-holders, I designed an almost fully
automatic measurement process (except the LED-holder installation into the calibration
device which required human intervention). Due to this automatic nature, it was a key
issue to ensure the data quality, so I developed an automatic method to select bad
measurements. By the statistical analysis of the data of the full LED-holder set. I have
proved the usability of the calibration device and the reliability of the measurements.

8. Applying results described in points 4-6 I have developed a calibration device to
measure all the 250 barrel muon chambers of the CMS experiment at CERN.

The operational concept of this calibration differs from that of the LED holders descripted
in point 7 since here due to the size of the muon chamber the seeking method can not be
used. Therefore the cameras looking down into the alignment passages of the muon
chambers and observing the LED holders were fixed to the calibration bench. Here
observer cameras had to be calibrated before the chamber calibration. It was done together
with the geometrical survey of the full bench. Oddity of this system is that positions of
LED holders must be descripted in the frame of reference created by the corner blocks of
the muon chambers while these corner blocks remain unobservable by our cameras.
Therefore, during the measurement our group worked together with the CERN TS-SU
group and the two measurements were combined.

In addition to the device itself —similarly to the LED-holder calibration device— it was also
a key issue to create a data taking system, the safe data handling and the presentation of
the results to the CMS collaboration. This device was successfully used during the
calibration of the full chamber set.



4. APPLICATION OF RESULTS

My charged Higgs-analysis applied to data of the L3 experiment sets the limit on
the minimum mass of the charged Higgs-boson due to the data-background incompatibility
in some of the bins. It was obvious therefore, that after my departure the L3 Higgs group
checked my results with a revised analysis. This analysis was completed with data
collected between 192 — 202 GeV center of mass energies and gave the lower limit of 67.4
GeV on charged Higgs mass. Later the Higgs group revised again the analysis and rerun it
on the center of mass energy range 189 — 209 GeV. The result of this analysis raised the
lower limit to 76.5 GeV.

Developing a method for precise calibration of LED holders of the Barrel Muon
Alignment System, I have created a device that is capable to measure optical sources of
any small objects. Therefore its industrial application is also conceivable. The same
statement is valid for the muon chamber calibration system, but the difference is of the size
of the object to be calibrated: this device is able to accept much bigger objects.
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