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Abstract

A new e+e− linear collider with an energy range up to 1TeV is planned
in an international collaboration: the International Linear Collider (ILC).
This collider will be able to do precision measurements of the Higgs particle
and of physics beyond the Standard Model. In the Large Detector Concept
(LDC) – which is one proposal for a detector at the ILC – a Time Projection
Chamber (TPC) is foreseen as the main tracking device.
To meet the requirements on the resolution and to be able to work in the
environment at the ILC, the application of new gas amplification technolo-
gies in the TPC is necessary. One option is an amplification system based
on Gas Electron Multipliers (GEMs). Due to the – in comparison with older
technologies – small spatial width of the signals, this technology poses new
requirements on the readout structures and the reconstruction methods.

In this work, the performance and the systematics of different recon-
struction methods have been studied, based on data measured with a TPC
prototype in high magnetic fields of up to 4 T and data from a Monte Carlo
simulation. The latest results of the achievable point resolution are pre-
sented and their limitations have been investigated.



Zusammenfassung

Im Rahmen einer internationalen Kollaboration wird ein neuer e+e− Li-
nearbeschleuniger mit einer Schwerpunktsenergie bis zu 1TeV geplant, der
International Linear Collider (ILC). An diesem Beschleuniger werden Präzi-
sionsmessungen des Higgs-Teilchens und von Physik jenseits des Standard-
modells möglich sein. Im Large Detector Concept (LDC) – einem Detek-
torvorschlag für den ILC – ist eine Zeit-Projektions-Kammer als zentrale
Spurkammer vorgesehen.
Um die Ansprüche an die Punktauflösung zu erfüllen und um im Umfeld des
ILC arbeiten zu können, ist die Verwendung einer neuen Technologie zur
Gas-Verstärkung in der TPC notwendig. Eine Option ist ein auf Gas Elec-
tron Multipliern (GEM) basiertes Verstärkungssystem. Die im Vergleich
zu früheren Techniken räumlich sehr kleinen Signalbreiten dieser Technik
stellen neue Anforderungen an die Auslesestruktur und die Rekonstruktions-
methoden.

Im Rahmen dieser Arbeit wurden die Leistungsfähigkeit und die Syste-
matiken verschiedener Rekonstruktionsmethoden untersucht, basierend auf
Messungen mit einer TPC-Testkammer in sehr starken Magnetfeldern bis zu
4 T und Daten von einer Monte-Carlo-Simulation. Die neuesten Ergebnisse
der erreichbaren Punktauflösung werden präsentiert und ihre Beschränkung-
en untersucht.
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Chapter 1

Introduction

1.1 Particle Physics: a Brief History

Figure 1.1: From
matter to leptons
and quarks.

The subjects of elementary particle (or high energy)
physics are - as the name implies - the elementary par-
ticles and their interactions.

In ancient Greece, philosophers believed in indivisi-
ble particles as the constituents of matter. But it took
about 2000 years before these speculations could be
put on a solid scientific ground and our present idea of
the basic constituents of our world has been developed
(see Figure 1.1). This happened in the course of the
following events and discoveries (and of course many
other):
Modern particle physics started in 1897 when J. J.
Thomson discovered the electron (e−), which was the
first experimental sight of an elementary particle. At
least, today we believe that the electron is an elemen-

tary particle, because there is no sign that the electron
is divisible; but there is also no proof that it is indivis-
ible.
The second elementary particle that was discovered
was the photon (γ), which is the mediator of the elec-
tromagnetic force and the particle composing electro-
magnetic radiation (e.g. visible light). The impor-
tant steps that led to its discovery and description
were Planck’s work on blackbody radiation (1900),
Einstein’s theory about the photo-electric effect (1905) and Compton’s scat-
tering experiment in 1923. The scattering experiments of Rutherford (1911),
followed by the atom model of Bohr (1914) and Chadwicks discovery of the

1
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neutron (1932) pushed forward the understanding of the substructure of the
atom1 and introduced the proton (p) and the neutron (n) as the particles
in the atomic nucleus. These two particles together with the electron in the
atomic shell are the constituents of the atoms: the matter that our world
is made of. It seemed like the job was basically done and that all particles
required to explain what matter is made of were on the table.
But this wasn’t the end of the story: there was for example Pauli’s sugges-
tion of the existence of a neutrino (which he called neutron) for the reason
of energy conservation in beta decays and Fermi’s decay theory which incor-
porated this suggestion. Fermi called the particle neutrino (ν). In fact it is
an antineutrino, but in the thirties the concept of antiparticles was not yet
developed (see below).
Yukawa’s theory of the strong force, the discovery of the mesons - by Ander-
son, Neddermeyer and Street, Stevenson (1937) - and of the muon (µ−) by
Powel (1947) introduced new particles. Dirac theories from 1927 contained
the idea of negative energy states and in the forties Stückelberg and Feyn-
man interpreted these negative energy states as antiparticles.2 The positron

- the antiparticle partner of the electron - was detected in 1932 by Anderson.
And even more particles showed up: in 1947 the first sight of the Kaon (K0)
was made by Rochester and Butler and in 1950 the lambda (Λ) was detected
by Anderson. This was followed by the discovery of more heavy particles.
So over the next years a number of new particles were found but an under-
lying systematic was lacking until in 1961 Gell-Mann introduced with the
Eightfold Way an order to this collection of particles. This led him to the
prediction of the omega (Ω−) which was experimentally discovered in 1964.
Also in 1964 the quark model was proposed independently by Gell-Mann
and Zweig. Back then with only 3 quarks: down (d), up (u) and strange

(s). It asserted, that baryons consist of 3 quarks (and antibaryons of 3
antiquarks) and mesons of two (one quark and one antiquark). But it took
until the discovery of the J/Ψ - which includes a fourth quark: charm (c) -
in 1974 until the quark model got the recognition it deserves.
Later on more of the now known particles were detected experimentally: the
tau lepton (τ) in 1975, the gluons (g) in 1979, the bottom (or beauty) quark
in the early eighties, the W± and the Z bosons in 1983 and finally the top

quark (t) in 1994/5.

1An atom is the basic constituent of the chemical elements. In its core there is the
nucleus which consists of protons and neutrons that are hold together by the strong force.
Around this nucleus there is a shell which consists of an electron cloud that is bound to
the core by electro-magnetic attraction.

2In the present picture of our world, every particle has an “antiparticle-partner”. This
is a particle with the same properties except that all chargelike properties have the opposite
sign. The Feynman and Stückelberg interpretation states that a particle of negative energy
that runs backward in time corresponds to an antiparticle which runs forward in time.
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Of course many other experimental results and theories contributed to the
picture we now have of our world and its basic constituents (a short overview
is given in the next section). A more complete history and nice-to-read in-
troduction to particle physics can be found in Introduction to Elementary

Particles by D. Griffiths [Gri87].

1.2 The Standard Model of Particle Physics

All the discoveries mentioned in section 1.1 led to the development and re-
finement of the so-called Standard Model (SM) of particle physics which has
been and still is very successful in explaining and predicting the experimen-
tal results since the late seventies. According to this model all matter is
composed of the following elementary particles: the 3 lepton families (also
called generations), consisting each of a lepton and a neutrino, and the 3
quark families, see Table 1.1.

1.Generation 2.Generation 3.Generation Charge

Quarks

up charm top
+2

3(5-15 MeV) (1.1-1.4 GeV) (178 GeV)
down strange bottom −1

3(3-9 MeV) (60-170 MeV) (4.1-4.4 GeV)

Leptons

Electron (e) Muon (µ) Tau (τ) −1
(511 keV) (106 MeV) (1.78 GeV)

e-Neutrino νe µ-Neutrino νµ τ -Neutrino ντ 0
(<3 eV) (<0.19 MeV) (<18.2 MeV)

Table 1.1: Particles of the Standard Model: leptons and quarks, antiparticles
not included (numbers in parentheses are mass values).

For each of these particles a corresponding antiparticle exists. Addition-
ally for every kind of interaction between these particles - which is described
by the Standard Model - there exists one or more mediator: the gauge bosons
(see Table 1.2). Though gravitation is the most obvious force in our daily
life, it is not described by the Standard Model.

All particles listed in Table 1.1 and Table 1.2 have been experimentally
detected, but there is one particle in the Standard Model which has not
been mentioned previously and that has not yet been experimentally de-
tected, the Higgs boson [Hig64b, Hig64a, Hig66, EB64, GHK64]. Based on
the Higgs-theory, this particle provides an explanation how the mediators of
the weak force (the W± and Z) and the fermions develop mass through their
interaction with the Higgs-field, which is hypothesized to fill the Universe.
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In this theory - according to the gauge theory, which is the underlying prin-
ciple of the SM - the W± and Z bosons are originally massless and acquire
mass through an electroweak symmetry breaking mechanism.

Force Mediator(s) Range [m] Mass [GeV]

strong 8 Gluons (g) 10−15 0

electromagnetic Photon (γ) ∞ 0

week Z0/W± 10−18 91,17 / 80,22

gravitation Graviton ∞ 0

Table 1.2: Particles of the Standard Model: force mediators (for completeness,
the table includes the graviton, which is not described in the Standard Model).

Figure 1.2: Delta-χ2 curve de-
rived from high-Q2 precision
electroweak measurements, per-
formed at LEP and by SLD,
CDF, and D∅, as a function
of the Higgs-boson mass, as-
suming the Standard Model to
be the correct theory of nature.
Figure taken from [LE05].

Since the Higgs is an essential feature of the Standard Model, the search
for it and the measurement of its properties is a crucial task in today’s parti-
cle physics. The lower limit for the mass range of the Higgs boson has been
set through direct search at LEP (Large Electron Positron collider, CERN,
Switzerland [CERN05]) to mHiggs >114.4 GeV (95 % confidence level limit).
An upper limit can be derived through the combination of precision mea-
surements done at LEP, SLD (SLC collider, SLAC, USA), CDF (Collider

Detector at Fermilab) and D∅ (Tevatron, Fermilab, USA). They show that
the mass of the Standard Model Higgs boson is lower than about 285 GeV.
The preferred value for its mass is at 129 GeV, with an experimental uncer-
tainty of +74 and -49 GeV. (Higgs mass values from [ALEPH03] and [LE05];
see Figure 1.2).
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1.3 The International Linear Collider

1.3.1 Physics Motivation

Though being very successful and in excellent agreement with experimental
data, the Standard Model has its limits. One problem is that astrophysi-
cal observations indicate that only about 5% of the matter in our universe
consists of the particles listed above. So a new theory, that includes the
Standard Model but goes beyond and provides an explanation for the com-
position of the other 95 %, has to be developed and established. Nowadays
theories state that about 25 % of the universe consist of dark matter [BHS05]
and the remaining 70 % of dark energy.

Figure 1.3: Extrapolation of the energy scaling
of the coupling constants of electromagnetic,
weak and strong force. Left: Standard Model
without SUSY, right: Minimal Supersymmet-

ric Standard Model (MSSM). Figure taken from
[Kaz00].

A second problem are
the Grand Unification The-

ories (GUT) which came up
several decades ago, when
the running coupling con-

stants of the three forces
(electromagnetic, weak and
strong) were observed. These
coupling constants set the
strength of each of these
forces, but they scale with
the energy and are not uni-
versally constant. So “run-

ning coupling constants”
means that the couplings
become functions of a dis-
tance respectively depen-
dent on an energy scale. For

example the electromagnetic coupling constant α = 1/137 has a value near
1/128 at the LEP energy scale (about 102 GeV). The GUT states that the
three coupling constants would all meet at a universal value at an energy
scale of about 1016 GeV.
In the past years these coupling constants have been measured very accu-
rately and the extrapolation of these data according to the Standard Model
does not unify all three forces at any energy scale. However this could be
achieved through the introduction of new particles into the theory. Super-

symmetry (SUSY, see below) is one possible way to do this and archives the
unification of the coupling constants at the GUT scale, see Figure 1.3.

A third problem is the Mass Hierarchy Problem, which arises at the
Planck scale (about 1019 GeV), where the strength of gravity becomes com-
parable to the other 3 forces. In the Standard Model without a new theory,
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the Higgs, the W± and the Z masses would rise to the Planck scale. Once
again Supersymmetry could be the solution to this problem.
From section 1.2 we know that in the Standard Model a fermion acquires
its mass through its interaction with the Higgs field. This mass is propor-
tional to the strength of its coupling to the field. The Higgs boson itself
also develops a mass through a “bare” mass term and its interactions with
other particles. This leads to radiative corrections to the bare mass, which
are - because of the scalar nature of the Higgs boson - as large as the largest
mass scale in the theory squared. So the Higgs mass tends to be enormous.
This would lead to the failure of perturbation expansion, which is used in
all Standard Model calculations.
But if supersymmetric particles exist, the mass divergences from virtual
particle loops from the virtual fermions and their virtual supersymmetric
bosonic partners (and vise versa) are of the same size but with opposite
sign. This leads to the cancellation of the corrections and automatically
stabilizes the gauge theory. This theory requires that the masses of the
supersymmetric partners are in the range from 100-1000 GeV.

As mentioned before, one promising theory candidate to explain many
insufficiencies of the SM is Supersymmetry [HLS75,WZ74b,WZ74a,Mar97,
Dre96]. This theory introduces a supersymmetric partner for every known
particle, for every fermion a new boson an vise versa. The supersymmetric
particles (also called sparticles) should have the same mass as their part-
ners. But since they have not been observed so far, the conclusion is that
a SUSY breaking mechanism, which leads to the mass difference, is realized
in nature. (One alternative theory - among others - to this breaking mech-
anism would be including gravity into SUSY).
Because Supersymmetry could solve many unsolved problems of the Stan-
dard Model, a big effort is put into the search for supersymmetric particles,
like in the search for the Higgs particle.
The next accelerator where these researches are planned to take place is the
LHC (Large Hadron Collider) at CERN. This particle accelerator which is
being built at the moment is expected to start working in 2007. Two proton
beams will collide with a collision energy of up to 14 TeV. Plans exist to
increase this energy to up to 1150 TeV in the future.

While the LHC can reach enormous energies and therefore produce many
new particles at energy scales which so far have been out of reach, it is limited
in its precision, because of the substructure of the colliding protons. So
another collider is currently planned, the ILC (International Linear Collider,
[ILC06]). This will be an e+e−-collider with an energy range up to 500 GeV
in the first stage and an upgrade option to 1000 GeV in a second stage.
Though - in comparison with the LHC - the energy range of the ILC would
be much more limited, its advantage lies in the well known initial state of
the collision, the missing QCD-background and the resulting precision.
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Figure 1.4: Cross sections of exp. ILC pro-
cesses (ACFA Working Group [ILC06]).

For example the supersym-
metric partners of the electron,
the muon and the neutrinos as
well as of the γ, W and Z bosons
could be studied much more pre-
cisely at the ILC (their mass, for
example, could be determined
about the order of a magnitude
better). This is very important
to determine which supersym-
metric theory is realized in na-
ture.

Figure 1.4 shows an incom-
plete, but representative set of
cross sections for processes that
are expected to be observed at
the ILC as a function of the Cen-
ter of Mass Energy. The neu-

tralino, which in some super-
symmetric models like the Min-

imal Supersymmetric Standard

Model (MSSM) is defined as the
lightest supersymmetric particle, is one candidate for the dark matter. In
figure 1.5 its simulated signature in the ILC detector is shown.

Figure 1.5: Simulation of neu-
tralino signature (Norman Graf
[ILC06]).



8 CHAPTER 1. INTRODUCTION

1.3.2 The Accelerator

The ILC will be built in a global collaboration and its development is
based on the linear collider programs which originally started in Europe
at DESY [DESY05] and CERN, in Japan at KEK [KEK05] and in North
America at SLAC [SLAC05] and Cornell [Uni05,Phy05].

The different designs and technologies are now being amalgamated and
further developed towards one global design. By now many more institutes
than the ones mentioned above and working groups from all over the world
participate in this Global Design Effort (GDE).

In contrast to LEP, where the highest beam energy was about 105 GeV,
the ILC will not be built as a ring collider but consist of 2 linear colliders
which accelerate the electrons and positrons towards a central collision point.
The reason for this layout is, that accelerated charged particles on a curved
track loose energy by synchrotron radiation. This limits the possible beam
energy of a ring collider, since the energy loss per cycle is given by:

Erad.loss =
1

r

(
E

m

)4

, (1.1)

where Erad.loss is the energy loss, r is the radius of the collider ring, E the
energy and m the mass of the particle. As the energy dependence is E4,
the energy loss increases very fast with higher beam energy, which cannot
be countered easily with a bigger radius since the dependency of the radius
is linear. While at LEP (r ≈4.2 km) the energy loss was about 2GeV (at
100 GeV beam energy), to get a similar energy loss at the planned collision
energy of 500 GeV at the ILC the ring would have to have a radius of about
1000 km .

Figure 1.6: Basic ILC design scheme from the GDE (Global Design Effort).
Drawing not to scale (figure from [ILC06]).
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In Figure 1.6 the schematic layout of the ILC is shown. Escaping the
source, the electron bunches are shaped into a more compact and uniform
spatial distribution in the Damping Ring (DR). The linear electron acceler-
ator (Linac) accelerates them to their final energy. Here the electrons pass
an undulator, in which they are brought into a wavelike motion emitting lots
of photons. These photons produce positrons when hitting a titanium alloy
target and are lead though a second Damping Ring to the positron Linac
in which they are accelerated. At the end of both Linacs is the interaction
region with the high energy physics experiments.

Although the ILC is still in its planning phase some basic decisions and
outlines are already made: Its energy should be scannable from 90 GeV to
500 GeV (1 TeV in the second stage) and the high luminosity range will be
starting from about 200 GeV (L = 5 �1033cm−2s−1). Additionally an option
of a modification, which would make it possible to scan the lower energy
limit (90 GeV) with high luminosity, is still included in the plans.

Figure 1.7: Timeline for the GDE and the ILC project (from [Bar05]).

The International Technology Recommendation Panel (ITRP) approved
that the acceleration cavities should be based on superconducting radio fre-
quency technology (“cold design”), similar to the technology used for the ac-
celerator cavities in the TESLA design. This technology has a smaller power
loss compared to the room temperature accelerating structures (“warm de-
sign”) and allows the cavities to work at the moderate frequency of f =1.3 GHz.
Therefore the cavities can be larger which reduces the alignment require-
ments. An accelerator built with this technology and energy range will be
30 to 40 km long.
The beam of the ILC will not consist of a constant particle flow but the
electrons and positrons will be accelerated in bunches with about 337 ns
pause between two successive bunches and about 2 · 1010 electrons respec-
tively positrons per bunch. These bunches are grouped together in so-called
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bunch trains. The bunch trains will consist of 2000 to 3000 single bunches
and their rate will be about 5 Hz.

Many design decisions are still under discussion. Figure 1.7 shows the
important future steps of the GDE in a timeline.

1.3.3 The Detector

The different detector concepts

The main task of the ILC will be to make high precision measurements. This
leads to the following tasks for an ILC detector: reconstruct all available
channels with highest efficiency and low systematics and show a negligible
or low sensitivity to machine related background radiation. At the moment
four different detector concepts, of which three originate from the different
linear collider programs mentioned in the previous section and the fourth
was proposed recently, are under consideration: the Silicon Detector Con-

cept3 (SiD) [SiD05], the Large Detector Concept4 (LDC) [LDC05], the Huge

Detector Concept5 (GLD) [GLD05] and the Fourth Detector Concept [4th
05].

All of these concepts follow the typical composition of particle detectors
at accelerators: The innermost layer consists of a vertex detector for high
precision tracking near the interaction point. This is followed by the main
tracking device - based on silicon technology in the case of the SiD and based
on gaseous detection (TPC ) for the three other concepts. After the tracking
device follow the electromagnetic and hadronic calorimeters (ECAL/HCAL)
for energy measurement and as the outermost layer the magnet coil including
the muon system.

The main differences between the concepts are in the size of the detector
and the magnetic field. Besides this, the SiD differs from the LDC and GLD
- as mentioned in the previous paragraph - in the choice of the tracking
technology: The SiD concept proposes five layers of silicon detectors for
tracking, which results in only few measurements but these with very high
precision, while the LDC/GLD concepts propose a TPC as central tracking
device, which provides many measurements (∼200 points per track) but only
with medium resolution. The LDC and the GLD differ in the chosen ECAL
technology and the Fourth Concept uses a different approach for calorimetry:
the dual readout calorimetry (see [4th 05]). A short list of parameters of
the four different concepts is shown in Table 1.3.

Figure 1.8 shows schematics of a quarter of each of the first three detec-
tor concepts (SiD, LDC and GLD), in which the structure of the detector

3Originating from the American small detector.
4Originating from TESLA and the American large detector.
5Originating from the GLC detector.
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Concept outer radius
of tracking

magnetic
field (BR2)

tracking
technology

SiD 1.3 m 5T ( 8.5 Tm2) Si

LDC 1.7 m 4 T (11.6 Tm2) TPC

GLD 2.1 m 3 T (13.2 Tm2) TPC

4th 1.4 m
(excl. Si-Strips)

2T ( 3.9 Tm2) TPC + 3 Si
strip layers

Table 1.3: List of parameters of the different detector concepts for the ILC.

layers can be seen. Three-dimensional views of these concepts are shown in
Figure 1.9 (the size of the detectors are scaled in this figure and do not rep-
resent the real size differences between the different concepts). The Fourth

Concept Detector is not shown in Figure 1.8 and 1.9 because there are no
similar schematics available due to its early development status.

Figure 1.8: Quarter views of the SiD, LDC and GLD detector concepts.

Figure 1.9: Three-dimensional views of the detector concepts:
a) SiD b) LDC and c) GLD (figures from [SiD05], [Vog05] and [GLD05]).
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The Time Projection Chamber in the LDC

Since this work has been done within the scope of the LDC, the require-
ments on the TPC in this concept will be described in the following in more
detail. The working principles of a TPC will be described in Chapter 2,
while here the requirements on a TPC at the ILC will be described. These
requirements are driven by the momentum resolution needed for the physics
analysis and the outline of the ILC accelerator.

One important task of the ILC will be precision measurements of the
Higgs boson. These analyses include the task to precisely determine the
Higgs mass from the recoil mass spectrum of the leptonic decay of the Z
boson from a Higgsstrahlung process. The effect of the momentum resolution
on the precision of the analysis is illustrated in Figure 1.10. The resulting
requirements on the momentum resolution are:

σpt

p2
t

≤ 0.5 · 10−5 (GeV)−1 , (1.2)

where σpt denotes the transversal momentum resolution and pt the trans-
verse momentum.

Figure 1.10: Measurement to determine the Higgs mass for two different
momentum resolutions (figure from [Gar05] ).
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To achieve the required momentum resolution given above for the whole
tracking system including the vertex detector, the TPC alone has to meet
the following requirement:

(
σpt

p2
t

)

TPC

= 2 · 10−5 (GeV)−1 . (1.3)

The momentum resolution of a TPC is related to the point resolution
by the Gluckstern formula [Glu63]:

σpt

p2
t

=
σrφ

0.3L2B

√
720

N + 4
, (1.4)

where σrφ denotes the point resolution, L the length of the lever arm, B the
magnetic field and N the number of measurement points. From this follow
the point resolution requirements given in Table 1.4. Besides the point
resolution, the table contains the requirements on the dE/dx resolution (see
Section 2.1.1) and the double pulse resolutions. All values have been taken
from the TESLA TDR [Col01].
The high magnetic field of 4T in the LCD is necessary to achieve the required
momentum resolution.

Other requirements on the TPC in the LCD are that it has to work in
an environment with a very high event rate (see Section 1.3.2), which poses
high demands on the drift (field homogeneity and velocity) and on the am-
plification and readout technologies (see Section 2.3).

Drift distance 10 cm 200 cm

rφ resolution 70 µm 190 µm
z resolution 0.6 mm 1 mm

double pulse resolution in rφ ≤ 2.3 mm
double pulse resolution in z ≤ 10 mm
dE/dx resolution 4.3 % for 200 pad rows

Table 1.4: Resolution requirements of a TPC in the LDC/ILC (values from
[Col01]).



Chapter 2

Time Projection Chambers

In this chapter the principle of Time Projections Chambers (TPC) will be
explained. Therefore, first the general principles of gaseous detectors will
be described.

2.1 Principles of Gaseous Detectors

The working principle of all gaseous detectors is based on the interaction of
charged particles1 or photons with the detector gas. In these interactions,
which – in the case of charged particles – can be described by a single virtual
photon exchange, the charged particles deposit a part of their energy by ion-
izing the gas molecules. These primary electrons can carry enough energy to
not only leave the shell of the gas molecule but also ionize further molecules
through inelastic collisions setting free secondary electrons. Therefore the
ionization electrons are usually produced in clusters.
In the processes that particles undergo traversing the gas volume two cases
can be distinguished:

1. Inelastic scattering of the traversing particle at the bound electrons
of the detector gas. The particle transfers enough energy to a bound
electron to ionize the gas molecule. This process results in primary
and secondary ionization.

2. Elastic scattering at the atomic nuclei of the detector gas, which leads
to excited states of the nucleus.

In both processes only a small amount of energy is transferred. However,
the inelastic scattering at the bound electrons leads to a significant energy
deposition due to its large number.

1Neutral particles can only be detected indirectly by measuring charged particles that
are produced in interactions between them and the neutral particles.

14
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The free electrons are measured by applying an electric field that separates
the electrons from the ions and and drifts them to the anode with a readout
device. Depending on the strength of the electric field, this results in differ-
ent effects:
In a small field the electrons are simply drifted to the readout device2 (in a
TPC, this field strength range is used in the drift volume). At higher field
strengths, the electrons gain enough energy due to their acceleration to ion-
ize other molecules on their way resulting in a cascade. In a certain range
of the field strength, the measured signal is proportional to the primary
ionization (proportional mode, this field range is applied in the amplification
region of a TPC). In even higher fields, the signal will be nearly independent
of the amount of primary ionization (Geiger-Müller mode).

2.1.1 Interaction of Charged Particles with Matter

Under the assumptions that the particle traversing the gas volume of the
detector interacts electromagnetic, that the energy and momentum trans-
fers do not change the direction of the ionizing particle, and that the shell
electrons are free and initially at rest, the Bethe-Bloch-Formula can be de-
rived [Leo94]. The assumption that the direction is not changed does only
hold for particles with a much higher mass than the electron mass (m≫ me).

For relativistic particles (v . c ⇔ γ ≫ 1) the so-called Fermi Density
Correction has to be included, to account for the weakened electric field due
to polarization caused by relativistic effects. Furthermore, the Shell Correc-
tion takes into account that for small particle energies only electrons in the
outer shells can be excited.

Under the above assumptions and including the listed corrections the
following Bethe-Bloch-Formula results, which describes the mean energy
loss of the traversing particle per distance x depending on its velocity and
the properties of the absorber:

−dE
dx

=
e2NAz

2

ǫ20β
2

Z

A

[
ln

(
2mec

2γ2β2

I

)
− β2 − δ

2
− C

Z

]
(2.1)

2The case of a field that is so weak that the ions and the electrons are not separated
but immediately recombine is of no interest for detectors, since this does not produce any
signal at the readout.
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with dE/dx : energy loss per distance x

e : electron charge = (1.602189 ± 5) · 10−19C

NA : Avogadro’s Number = (6.02205 ± 3) · 1023mol−1

z : charge of the traversing particle in units of e

Z, A : atomic and mass number of the absorber

me : electron mass = (9.10953 ± 5) · 10−31kg

ǫ0 : dielectrical constant of vacuum = 8.8542 · 10−12AsV −1m−1

c : speed of light = 299792458ms−1

β = v/c = p/(mc)

v : velocity, p : momentum and m : mass of the particle

γ = (1 − β2)−1/2

I : average ionization energy of the absorber

δ, C : parameters of the Fermi Density and Shell Correction

Figure 2.1: Energy loss of pions, kaons, protons and electrons measured by
the ALEPH TPC [ALEPH95].
Solid lines: mean energy loss (Bethe-Bloch); dots: measured energy losses.
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The solid lines in Figure 2.1 show some examples of the mean energy loss
in dependency on the momentum of the ionizing particle. For low energies
the function declines like β2 until its minimum is reached at βγ ≈ 3 − 4.
Relativistic particles with a momentum corresponding to this minimum are
called Minimal Ionizing Particles (MIPs). At higher momentum values, the
function increases logarithmically.

The energy loss dE of a particle traversing an absorber thickness dx is
a statistical process. The energy loss distribution can be described by so-
called straggling functions. These functions depend on the thickness of the
absorber layer dx, the absorber material and the velocity of the traversing
particle. In the case of very thick absorber thicknesses, the Central Limit

Theorem holds and the energy losses are distributed Gaussian around the
mean value. For thin absorber thicknesses, the distribution can be described
by the Landau distribution [Lan44]. The intermediate range is described
appropriately by the Vavilov distribution [Vav57, SB64], which goes into a
Gaussian distribution for large thicknesses and into a Landau function for
thin thicknesses, see Figure 2.2.

Figure 2.2: Vavilov distributions for various κ (see text), [SB64]:
a) thin, Landau distribution for κ = 0 is also shown (denoted by the L).
b) thick, approach of the Gaussian limit for κ ≥ 1 .

In this figure the distinguishing parameter is given by:

κ =
∆̄(x′)

Wmax
, (2.2)

where ∆̄(x′) denotes the mean energy loss in the whole absorber thickness
x′ and Wmax the maximum energy transfer allowable in a single collision.
The parameter λ is given by:

λ =
∆ − ∆0

ξ
, (2.3)



18 CHAPTER 2. TIME PROJECTION CHAMBERS

where ∆ denotes the energy loss, ∆0 the most probable energy loss and
ξ can be interpreted qualitatively as an energy loss exceeded, typically, in
about one single collision in the thickness x (Landau introduced and worked
in units of ξ for mathematical convenience).

Figure 2.3: Energy straggling in very thin Silicon absorber (1µm) for 2 GeV
protons with 〈∆〉 = 400 eV (Bethe-Bloch mean energy loss); solid line:
straggling function from convolution method, dashed line: original Landau
distribution.

In gaseous detectors, the absorber thickness used for a single energy loss
measurement is usually very thin. Here, “very thin” means thinner than the
thickness range where the original Landau theory holds. As an example, this
corresponds to a thickness below ≈ 150 (cm·atm) in the case of Argon gas
and muons at 4GeV, β2 = 0.9934. In high energy physics, the straggling
functions describing these cases are usually also called Landau functions be-
cause of their long tail to higher energies, which resembles the shape of the
original Landau distribution. However, the most probable and the mean
value as well as the width of the distribution can differ significantly from
the original Landau distribution (see Figure 2.4). Below a certain thick-
ness, the energy straggling distributions get sensitive to the details of the
cross section: The shape of the distribution changes significantly and single
bumps or spikes appear (see Figure 2.3).

The derivation of straggling functions for very thin absorber thicknesses
can be done in several ways, which theoretically all lead to accurate results:
The first method is the Laplace transform method, which was first ap-
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plied by Landau [Lan44] to the Rutherford spectrum. Later on, Blunck
and Leisegang [BL50], Vavilov [Vav57], Bichsel [Bic70] and Talman [Tal79]
improved the method by applying various modifications of the primary col-
lision spectrum. While it theoretically delivers accurate results, in practice
numerical problems arise resulting from sharp resonance peaks in realistic
primary collision spectra.

The use of Monte Carlo simulations [EKM77] is the second method,
which however is quite time-consuming when aiming for accurate results.
A comparison between the original Landau function, a Monte Carlo calcula-
tion by Ermilova, Talmans implementation of the Laplace transform method
and experimental data is shown in Figure 2.4.

Figure 2.4: Comparison of energy straggling distributions derived by a
Monte Carlo simulation, the Laplace transform method, Landau’s original
function and experimental data (figure from [Tal79]).

The third method is the convolution method described in [Bic88] and
in [Bic06]. The energy straggling function for a thickness x′ can be calculated
with repeated convolutions of the following kind:

f(2x,∆) =

∫ ∆

0
f(x,∆ − g)f(x, g)dg , (2.4)

until 2x on the left side of the equation equals the desired x′. Here f(2x,∆)
describes the straggling distribution, ∆ is the total energy loss and x denotes
the thickness. The initial distribution is calculated for an extremely thin
absorber thickness dx, in which the probability of more than one collision is
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negligible:

f(dx,∆) = δ(∆)(1 −M0dx) + dxσ(∆) , (2.5)

where f(0,∆) = δ(∆) and M0dx = n0 ≈ 0.001, M0 equals the total col-
lision cross section and n0 denotes the average number of collisions in the
absorber and σ(E) the single collision spectrum. As shown in [BS75], no
serious problems seem to arise when applying this method. Figure 2.5 shows
straggling functions calculated with the convolution method for a very thin
Argon gas absorber.

(a) 1 to 5 mm (b) 4 to 15mm

Figure 2.5: Convolution method: energy straggling functions in very thin
Argon gas absorber for singly charged particles with βγ = 4.48:
a) 1 to 5 mm absorber thickness b) 4 to 15 mm absorber thickness
The functions are normalized to 1.0 at the most probable value; the char-
acters mark peaks resulting from the same cross section peaks (figures
from [Bic06]).

Since the deposited energy cannot be measured directly, the relationship
between the produced charge and the energy loss is important. The number
of electrons produced in the primary ionization is proportional to the energy
deposited by the traversing particle:

ne(dx) = dE/dx ·W−1 , (2.6)

where ne denotes the number of electrons, dE/dx the energy loss in the
thickness dx and W the average energy needed to produce an electron-
ion pair. W is larger than the ionization potential I, because a part of the
deposited energy is transformed in excitation energy and in kinetic energy of
the ion and the electron. Table 2.1 shows values for W , the mean ionization
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potential I and the mean excitation potential X for different gases used in
gaseous detectors. Energy conservation sets an additional constraint and
the number of produced electrons is not Poisson distributed, so that the
following standard deviation for the number of produced electrons results:

σne =
√
ne · F , (2.7)

where F denotes the Fano factor [Fan46,Fan47].

Gas W [eV] I [eV] X [eV]

Ar 26.3 15.8 11.6

Ne 36.4 21.6 16.6

He 42.3 24.6 19.8

Xe 21.9 12.1 8.4

CO2 32.8 13.7 10.0

CH4 27.1 13.1 –

Table 2.1: Average energy W for electron-ion pair production and mean exci-
tation (X) and ionization potentials (I) for different gases (values from [BR93],
[Leo94]).

2.1.2 Detector Gas

The choice of the detector gas has an influence on the energy deposition and
on the behavior of charged particles in the detector volume. In most cases
noble gases are chosen as the main component of the detector gas because
of their low ionization energies. Additionally, all noble gases are extremely
chemically unreactive and not flammable making them easy to manipulate.
Since in the amplification process photons with energies above the ioniza-
tion potential are emitted, so-called quencher gases are added to the gas
mixture to avoid permanent discharge. These quencher gases have a high
cross section for photons in the right energy range and therefore “catch”
the emitted photons. The absorbed energy is then transformed in elastic
collisions, vibration and rotation states or in decomposition into simpler
radicals. The addition of a quencher gas gives the possibility to operate the
gaseous detector at a much higher gain (up to 106).
The gas mixture has a strong influence on the detector properties such as
the drift velocity, its dependency on the electric field and the diffusion of the
charge cloud during the drift. Usually, the properties of the gas mixture are
being calculated with Monte Carlo simulations. To derive the values given
in this work, the program packages Garfield, MAGBOLTZ and Heed have
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been used [Smi,ACPP,Vee84,Vee98].
For a correct calculation, gas impurities resulting from outgasing of the
chamber materials and leakage have to be taken into account, since even
small contaminations in the order of a few ppm can change the character-
istics of the gas mixture significantly. Of course, this also should be taken
into account when designing a gaseous detector and choosing the materials
used in the drift volume. Also the pressure and temperature of the detector
gas have an impact on the detector performance.

2.1.3 Drift Velocity

The drift velocity of a charged particle in an electric field (the drift field)
can be described by the Langevin equation [LW92]:

m
dv

dt
= e ~E + e~v × ~B −K~v , (2.8)

where m denotes the mass of the particle, v its drift velocity, t the time, e
its electric charge and ~E and ~B the electric and magnetic field. K describes
the “viscosity” of the gas and the term −K~v is an approximation to a time
dependent noise term ~Q(t), which takes into account the stochastic collisions
with the gas molecules. The average time between two collisions is given by
τ = m/K.
Equation 2.8 has a steady (dv/dt = 0) solution for ~vD = 〈~v〉 averaged over
a time t≫ τ :

~vD =
µE

1 + ω2τ2
·
[
Ê + ωτÊ × B̂ + ω2τ2

(
Ê · B̂

)
B̂

]
, (2.9)

where E = | ~E|, B = | ~B|, Ê =
~E
E , B̂ =

~B
B , µ = e

mτ and ω = e
mB is the

cyclotron frequency. The parameters µ and τ depend on the properties of
the drift gas.

If the electric and the magnetic field are parallel – a situation given in
most TPCs – the second term in Equation 2.9 equals zero:

ωτÊ × B̂ = 0

and since ~E‖ ~B the last term can be written as
(
Ê · B̂︸ ︷︷ ︸

=1

)
B̂ = B̂ = Ê ,

so that equation 2.10 follows, which equals the case without a magnetic field:

~vD =
µE

1 + ω2τ2
·
[
Ê

(
1 + ω2τ2

)]

= µ~E = ~vD( ~B = 0) . (2.10)
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Equation 2.9 applies to all charged particles that drift in an electric and
magnetic field. The ions drift about 1000 times slower than the electrons
since their mobility µ ∼ 1/m is much lower due to their larger mass.
In the presence of a strong magnetic field, the term ωτ gets large for drifting
electrons and therefore the third term in Equation 2.9 becomes dominant.
In this case the electrons will essentially follow the magnetic field lines,
although the drift is caused by the electric field. Because the ions are much
heavier, the impact of the magnetic field on their drift is much smaller
(ωτ ∼ 1/m) and they still follow the electric field lines.

Figure 2.6.a shows the dependency of the electron drift velocity on the
electric field for two different gas mixtures. With increasing drift field the
drift velocity increases fast until it reaches a maximum and then decreases
slowly. This was first explained by Carl Ramsauer [Ram21], who observed
the huge permeability of noble gases for slow electrons and introduced a
collision cross section to explain this effect. Based on classical models the
cross section should be decreasing monotonically with larger kinetic energy
(and therefore larger velocity) of the drifting electron.
Ramsauer however observed that the cross section shows a strong depen-
dency on the kinetic energy of the electron. This can be explained with de
Broglie’s hypothesis that all matter has a wave-like nature. Due to a res-
onance effect, the cross section increases if the electron has an energy that
corresponds to a wave length which equals the size of the gas molecules3.

Figure 2.6.b shows the effect of small amounts of water pollution in the
drift gas on the electron drift velocity: With a larger water pollution, the
maximum of the drift velocity gets smaller and a higher drift field is needed
to reach it.

The relation between the gas pressure and the drift velocity is shown in
figure 2.7. The mean free path length between two collisions of the electron
with the gas molecules is dependent on the gas pressure P like 1

P . To take
this effect into account, a “reduced field” E/P can be introduced and from
equation 2.10 follows that the drift velocity is inverse proportional to the
gas pressure:

~vD = µÊ′(P ) , with Ê′(P ) =
Ê

P
. (2.11)

3Named after its discoverer, the Ramsauer effect is nowadays reckoned as the first
experimental proof of the wave character of the electron.
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Figure 2.6: Electron drift velocity in dependency on the electric field:
a) for P5 (95 % Ar, 5 % CH4) and TDR (93 % Ar, 5 % CH4, 2 % CO2) gas
b) for different amounts of water pollution in TDR gas
(values simulated with GARFIELD, figure from [Lux05]).

Figure 2.7: Relation between the drift velocity and the gas pressure;
(figure from [Sch05]).
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Some examples of typical drift velocities in large TPCs are given in Table
2.2, together with the experiment name, the gas mixture, pressure and the
drift field.

Experiment LBL ALEPH DELPHI STAR ALICE

Gas 80:20 91:9 80:20 90:10 90:10
Mixture (Ar:CH4) (Ar:CH4) (Ar:CH4) (Ar:CH4) (Ne:CO2)

Pressure [bars] 8.5 1 1 1 1

E-Field [ V
cm ] 650 110 180 148 400

Velocity [ cmµs ] 5 5.2 7 6 2.8

Table 2.2: Drift velocity including important parameters for different TPCs.

2.1.4 Diffusion

The drift velocity calculated in the previous section is only a mean value for
drifting electrons. Isotropical diffusion processes due to the thermal energy
of the electrons in the gas cause a smearing of the charge cloud around the
mean position. The energy is given by the Maxwell-Boltzmann distribution
which leads to the following equation for the mean velocity without outer
fields:

v =

√
8kT

πme
, with k : Boltzmann constant (2.12)

T : gas temperature

me : electron mass .

(2.13)

As in the previous section, τ is the mean time between collisions so that
the probability that an electron didn’t undergo a collision at the time t is
1
τ · exp(− t

τ ). With λ denoting the mean free path and with the distance the
electron can fly until the first collision given by the fraction t

τ λ, it follows
for the spread of the charge distribution:

δ20 =
1

3

∫
∞

0

dt

τ
exp

(
− t

τ

)
·
(
λ
t

τ

)2

=
2

3
λ2 . (2.14)

Here the drift velocity has been assumed to be the same for all electrons.
After a time t≫ τ corresponding to a large number of collisions, the spread
is given by
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σ2
0(t) =

2

3
λ2 t

τ
.

A diffusion coefficient can be defined as D′ = σ2(t)/2t so that follows:

D′

0 =
σ2

0(t)

2t
=

1

3

λ2

τ
=

1

3
vλ , (2.15)

where the subscript “0” denotes the field-free case.
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Figure 2.8: Longitudinal and transverse diffusion in dependency of the elec-
tric field; simulated with Garfield for TDR and P5 gas (figure from [Lux05]).

In the presence of an outer electric field the thermal movement and the
movement due to the field superimpose and two cases have to distinguished.
In “cold” gases (e.g. CO2) the thermal movement is dominant up to very
high field strengths and the diffusion stays independent from the outer field.
In other gases like e.g. Argon this is not true and the movement due to the
outer field is dominant even at low field strengths. Since the electrons at the
leading and the trailing edge of the charge cloud have different energies and
hence different collision rates, the longitudinal diffusion changes and differs
from the transverse diffusion4 [WDH67]. This dependency of the longitu-

4Longitudinal and transverse denote the directions in respect to the applied electric
field.
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dinal and transverse diffusion coefficients on the electric field is shown in
Figure 2.8.
In this case the following definition of a diffusion coefficient is more conve-
nient:

σD = D
√
L , (2.16)

where L denotes the drift length and D is related to the previous defined
coefficient D′ by:

D =

√
2D′

vD
. (2.17)
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Figure 2.9: Sketch of the transverse dis-
tance of the electron in a magnetic field

If an magnetic field is applied,
the longitudinal diffusion parallel to
the field is unchanged. But since
the magnetic field causes a force
perpendicular to its direction, the
transverse diffusion coefficient is de-
pendent on the field strength.
The transverse path of the electrons
can be described by a circular arc
with the radius ρ = vT /ω, where
v2
T = 2/3 · λ2/τ2 denotes the mean

transverse velocity.
After flying a path length of s = vtt
the transverse distance of the elec-
tron is given by 2ρ ·‖ sin(s/2p)‖ (see
Figure 2.9).

The spread of the charge distribution can be given analogous to the
field-free case in equation 2.14 as:

δ2(B) =
1

2

∫
∞

0

dt

τ
exp

(
− t

τ

)
·
[
2ρ sin

tvT

2ρ

]2

=
1

2

τ2v2
T

1 + ω2τ2
. (2.18)

Again calculating the spread after a time t≫ τ leads to:

σ2(B, t) =
t

2

τv2
T

1 + ω2τ2
= t

D0

1 + ω2τ2
(2.19)

and following from that

DT (B) =
D0

1 + ω2τ2
, (2.20)

where D0 equals the coefficient D from Equation 2.17. So the transverse dif-
fusion coefficient is by the factor 1

1+ω2τ2 smaller than the diffusion coefficient
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in the field-free case. Figure 2.10 shows the dependency of the longitudinal
and transverse diffusion coefficients on the magnetic field.
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Figure 2.10: Longitudinal and transverse diffusion in dependency on the
magnetic field; simulated with Garfield for TDR (93 % Argon, 5 % CH4,
2 % CO2) at E = 205 V

cm and P5 gas (95 % Argon, 5% CH4) at E = 90 V
cm

(figure from [Lux05]).

2.1.5 Gas Amplification

If, through the acceleration in the electric field, the drifting primary elec-
trons gain enough energy between two collisions, they can ionize the gas
molecules releasing secondary free electrons. This effect starts at electric
field strengths above a few 10 kV/cm. Both the primary and the secondary
electrons are continuously accelerated during their drift and ionize further
molecules leading to an avalanche process. This process can be described
by the following equation for the number of electrons N after a distance x:

N(x) = N0 · eαx , (2.21)

where α is the probability of one ionization per unit length. α is called
the Townsend coefficient and depends on the drift gas and the strength of
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the electric field. If the detector is operated in proportional mode, the gain
factor

G =
N(xf )

N(x0)
= exp

(∫ xf

x0

α(x)dx

)
(2.22)

is an important parameter. Here x0 and xf denote the starting and the
end points of the avalanche process and since the electric field is usually in-
homogeneous in the gas amplification region, the Townsend coefficient gets
dependent on the position: α = α(x).

2.2 Principles of a Time Projection Chamber

The Time Projection Chamber (TPC) has been introduced in 1976 by
D. R. Nygren [Nyg]. It consists of a gas filled sensitive volume, usually
with a central cathode that divides the volume into two identical halves.
On both sides are anodes with readout systems. The cathode is at a po-
tential that results in a field strength of some 100 V

cm (see Table ) while the
anode is at ground potential5. In 4π-detectors6 at high energy experiments,
the drift volume is usually cylindrical and the beam pipe goes through the
rotation axis of the TPC with the interaction point being at the center.

Figure 2.11: Sketch of a Time Projection Chamber and its working principle
(figure from [Sch05]).

5Typically, this leads to a potential of some 10 kV at the cathode.
64π-detectors are detectors that cover (nearly) the whole solid angle.
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Figure 2.11 shows a sketch of one half of a TPC. When the incident
charged particle crosses the sensitive volume it ionizes the gas molecules. In
the electric field between the cathode and the anode, the produced electrons
and ions are being separated and drifted to opposite ends of the TPC. In
front of the anode is a gas amplification device which creates an electron
avalanche and operates in proportional mode. The amplification is necessary
because the amount of primary electrons is too small (∼ 100 e−

cm) to create a
measurable signal. Behind the amplification region is a segmented readout
system, that measures the produced charge. The amplification and the
readout systems will be described in more detail below.

In the following, a cylindrical coordinate system with the z axis being
the rotation axis of the cylindrical volume will be used. The coordinates
in the plane perpendicular to this axis are given by the radius r and the
angle φ. On the readout plane, the projection of the path of the incident
particle to the rφ plane is measured. The z coordinates of the path can be
determined using the time information:

z = vD · (t2 − t1) , (2.23)

where t2 is the time when the signal has been measured on the readout plane
and t1 is the time when the incident particle crossed the sensitive volume.
The second time information t1 has to be measured with an additional de-
tector. To be able to apply Equation 2.23, the drift velocity vD should be
constant. Since the drift field should be homogeneous, the sensitive volume
is enclosed by a field cage. Furthermore the gas mixture should be chosen
in a way that the drift velocity vD has a moderate dependency on variations
of the drift field in a certain range around the applied field strength. There-
fore the chamber is usually operated at field strengths that correspond to
the maximum of the drift velocity curve in Figure 2.6.a. This also has the
advantage that the electrons drift as fast as possible to the readout plane,
so that the sensitive volume is “emptied” fast.
In general, a magnetic field is applied parallel to the z axis, so that the inci-
dent charged particles are forced on a curved trajectory (respectively a helix
in three dimensions). By measuring the radius ρ of the rφ projection of the
trajectory, the transverse momentum of the particle can be determined:

pt [GeV ] ≈ 0.3 · ρ [m] · B [T ] . (2.24)

Using pt and the z information it is possible to calculate the total momen-
tum p of the incident particle. Another positive effect of the magnetic field
is, that it limits the transversal diffusion, so that a better spatial resolution
and two track separation can be achieved.
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Using a TPC as central tracking device has several advantages. Since
the detector consists mostly of a gas filled volume, the TPC has a low ma-
terial budget and particles traversing it deposit only very little energy. This
allows for a very precise measurement of the particle energy in a following
calorimeter.

Furthermore, a large number of three-dimensional space-points can be
reconstructed and therefore a reliable three-dimensional reconstruction of
the particle trajectory is possible. This is especially important if more than
one particle crosses the detector at the same time, which is usually the case
in high energy experiments.

Another advantage is that it is possible to identify the measured parti-
cles:
As explained above in section 2.1.1, the produced charge is proportional
to the deposited energy of a particle. Since the gas amplification device is
being operated in proportional mode, the deposited energy dE per distance
dx of a particle can be determined.
Because the energy deposition is a statistical process, the dE/dx calculation
is done for all segments of the readout plane. With these values and the ap-
propriate energy straggling distribution it is possible to calculate the mean
energy loss of the particle very accurately. Using the calculated momen-
tum value, the identity of the measured particle can be determined using
the Bethe-Bloch Equation 2.1, since the mean energy loss dE/dx at a given
momentum is different for different kinds of particles.
As shown in figure 2.1 the dE/dx curves of several particles can be very close.
So the accurate determination of the mean energy loss value and therefore
the knowledge of the correct energy straggling distribution are very impor-
tant for a reliable particle identification.

Compared to a silicon tracking detector, one disadvantage of a TPC is
that it is a quite slow detector. This can lead to difficulties in environments
with a high particle occupation, e.g. if the event rate is very high. Also, in
such environments the slowly drifting ions can pose a problem, since their
accumulated charge can lead to distortions in the electric field.

The space-point measurement is much more accurate in a silicon track-
ing detector. But usually, the number of space-point measurements in a
silicon detector is limited by the constraint of the material budget before
the calorimeter:
A layer of silicon including the needed readout electronics has a much higher
density than gas. Taking this into account, the disadvantage of a less ac-
curate point reconstruction can be countered in the track reconstruction
by the availability of more point measurements. Also, the quasi-continuous
measurement of the trajectory makes the reconstruction of events with par-
ticle decays (two or more tracks originating from one) or scattering events
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(abrupt changes of flight direction7) more easy. The large number of avail-
able measurement points per track is an advantage in the dE/dx calculation,
too.

2.3 Amplification Devices

In this section the gas amplification devices mentioned in the previous sec-
tions will be described in further detail. Up to now proportional wires
have been the standard device used in TPCs for gas amplification. Some
drawbacks of this technique lead to the development of new amplification
structures, so-called micro-pattern gas detectors. Two different technologies
of micro-pattern devices are under investigation for their use in a TPC at the
ILC: MICROMEGAS and Gas Electron Multipliers (GEMs). The studies
in this thesis have been based on measurements with the GEM technology,
which is described in Section 2.3.2. An overview over MICROMEGAS can
be found in [GRRC96].

2.3.1 Proportional Wires

The gas amplification with proportional wires is and has been a widely used
technique. It is illustrated in Figure 2.12. The setup consists of 3 wire grids
and a pad plane.

The wire grid that is closest to the pad plane consists of amplification
and field wires. The amplification wires are at a positive potential that is in
a range, in which a proportional gas amplification near the wires starts. The
arriving electrons are “drawn” to it and multiplied in an avalanche process.
This process needs about 1 ns until all produced electrons are collected on
the wires. The produced ions drift back towards the drift region and the
cathode. The energy change of the field due to the ion charge cloud produces
the main part of the signal and since the ion drift velocity is very slow, the
signal is very long compared to the electron drift and signal. This induced,
very broad signal is not only measured at the wires but – to improve the
resolution – also at a pad plane. The field wires are thicker and are at a
lower potential, so no gas amplifications happens. They are used to stabilize
the electric field.

The shielding wires are the second wire grid and they serve to straighten
the electric field at the transition between the amplification and the drift
region.

The third wire grid consists of the gating wires. They are necessary to
collect the ions produced in the amplification region and stop them from

7In the case of scattering, even small changes of the flight direction can make the
reconstruction difficult if not many measurement points are available.
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reaching the drift region. As mentioned before the accumulation of the
ions has a negative effect on the field homogeneity and could furthermore
“catch” drifting electrons and reduce the signal. When the gate is open the
gating wires are at the same potential as the field in this region. In this
state, drifting electrons (and ions) pass this grid without disturbance. To
close the grid and collect the ions, the potential of neighboring wires is set
alternating to ± (50 - 100) V. In this setting, the drifting ions and electrons
are collected on the wires.
Normally this gate is closed. If – based on an external trigger – the decision
is taken that an event is interesting, the gate is opened and a measurement
is done. After this, the gate is closed again to prevent the ion back-drift.

Figure 2.12: Sketch of the principle of gas amplification with proportional
wires (figure from [B+80]).

The proportional wire technique has some disadvantages. First, the ion
signal is very broad on the pad plane and the distance between two wires is
mechanically limited. This makes it difficult to separate two nearby tracks.
Furthermore, the broad width and the slow signal set limits to the possible
rφ and time resolution.
A second disadvantage is the high material budget of the support structures
that hold the wires. To provide a perfectly parallel alignment of the wires
they have to be mounted under very high tension. This demands for a very
solid mounting system with a high material budget and sets limits to the
minimal distance between two wires.
Third, the gating is problematic in experiments with a high event rate, where
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the time between two events is too short for the gating and measurement
cycle. If the events do overlap, which means the drift needs longer than the
time between two events, gating becomes impossible.

In the case of the ILC all these three problems are realized. A good two-
track separation and precise time resolution is needed to achieve the physics
goal of the project. To be able to make a very precise energy measurement
in the calorimeter, the material budget is very limited. Furthermore, the
event rate of the bunch trains is so high that the gating with a grid would
not work anymore. Therefore a new amplification technique is needed, that
will be described in the next section.

2.3.2 Gas Electron Multipliers (GEM)

The GEM technology, which has been introduced by F. Sauli in 1996 and
is in use in high energy and medical physics [Sau97, B+00], provides the
possibility to avoid the problems mentioned in the previous section.

GEMs consist of a thin Kapton foil (∼ 50µm) which is coated on both
sides with copper layers (∼ 5µm). This structure is perforated with holes
that typically have a diameter of 70µm and a pitch of 140µm. The holes
are arranged in a hexagonal pattern and due to the production process, in
which the holes are etched, they have a double conical shape with an inner
diameter of about 55µm. Figure 2.13.a shows a picture of a GEM that has
been taken with an electron microscope.

(a)

Ions

Electrons

Drift field

GEM

Induction field

(b)

Figure 2.13: Gas Electron Multiplier:
a) photo of structure taken with an electron microscope (photo from [GC])
b) sketch of the working principle (figure from [Lux05]).
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The working principle of the GEMs is shown in Figure 2.13.b. Between
the two copper coatings a voltage of a few 100 V is applied. Since the field
lines are focused in the holes, here the resulting electric field strength is in
the order of some 10 kV/cm which is high enough for the gas amplification.
It is possible to achieve an amplification up to ten thousand, but usually
a setup consists of two or three successive GEMs which are operated at a
lower voltage and therefore run more stable.
The field in the region towards the cathode is lower than the field towards
the anode. So most field lines of the electric field in the first region end
on the GEM surface while on the other most lines go into the direction of
the anode. The ions which are produced during the gas amplification in the
GEM holes are drawn to and collected on the GEM surface while most of
the electrons are extracted out of the GEM holes by the higher field after
the GEM and drift towards the readout plane. The electron extraction is
intensified if additionally a magnetic field is applied perpendicular to the
GEM plane. As shown in Section 2.1.3, the electrons tend to follow the
magnetic field lines which go straight through the GEM plane. The intrin-
sic ion back-drift suppression is one of the main advantages of the GEMs
and makes a gating grid unnecessary [K+04].
The effective gain of the GEM amplification is different from the gain in the
GEM holes: Some electrons are not drawn into the GEM holes and end on
the GEM surface before the amplification process. After the amplification
some electrons produced in the GEM holes follow the field lines to the GEM
surface and are collected there.
Another advantage of the GEM amplification are the fast signals. While in
the case of the proportional wires the influence signal of the slow drifting
ions is measured on the pad plane, here the direct electron signal is measured
on the pad plane. This leads to a better time (respectively z) resolution.
That the GEM signal on the pad plane is narrower than the signal in the case
of the proportional wires is an advantage in the two-track separation, but
also poses new problems in the rφ resolution. The pads have to be smaller,
so that a narrow signal still hits enough pads for a good reconstruction in
the rφ plane (see Section 5.1.2). However, the number of pads is limited by
the feasible number of readout channels and the signal height. If the area
of a pad is too small, the collected charge on the pad produces a too small
signal relative to the noise.
The broadening of the charge cloud by diffusion in the amplification region
(between the first GEM and the readout plane) is called defocussing. It
differs from the diffusion in the drift region because of the different electric
field strengths and because it is independent of the drift length. The most
important difference is that the statistics per pad of the primary ionization
is degraded by the diffusion in the drift region, since the number of electrons
is (more or less) constant while their spatial distribution is broadened. This
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results in less primary statistics on a single readout pad. In the case of the
defocussing, the statistics is not degraded since the number of electrons is
increased due to the amplification which counters the effect of the broaden-
ing.
More detailed descriptions of the GEM amplification and their properties
are given in the following theses and publications: In [Lux05] and [Jan04]
the setup and GEMs used in the context of this work are described. In
[BBSV03], [Sob02] and [Web03] the gas amplification and the ion back-drift
have been studied.



Chapter 3

Data Acquisition and
Simulation

In this chapter the data pool used in the analysis will be described. This
includes a short introduction of the measurement setup and the properties
of the taken data. After that follows a description of the Monte Carlo
simulation, which has been used to study the reconstruction methods by
simulating the measurement setup and possible effects in future setups.

3.1 Measurement Setup

To study if a TPC with a GEM amplification device could meet the require-
ments of a TPC in the LDC, several prototypes have been build. In this
study the measurements with the so-called MediTPC prototype have been
analyzed. This prototype was built to be used in a magnet test stand to do
measurements in high magnetic fields up to 4T. A detailed description of
the prototypes and their properties can be found in [Lux03, Jan04,Lux05].
Here only the basics and important facts will be described.

Figure 3.1 shows a picture of the MediTPC prototype. The prototype
has a length of 800 mm and a diameter of 270 mm. The sensitive volume of
the setup is 666.0 × 49.6 × 52.8 mm3. The last two numbers give the size of
the pad readout plane in the vertical and horizontal direction. The sensitive
volume is illustrated as yellow area in Figure 3.3.

The GEMs are arranged in a triple-GEM amplification structure (Figure
3.2.a) with the distance between the single GEMs being 2 mm and between
the last GEM and the readout plane 3mm. Around the first GEM at the
transition to the drift field, there is a metal shield which is at the same po-
tential as the upper surface of that GEM on the side of the drift field. The
fields between the GEMs are called transfer fields and the field between the
last GEM and the readout plane the induction field.

37
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The pad plane consists of 28 × 12 pads (see Figure 3.2.b). The outer
two columns and rows are connected with the surrounding metal plane over
100 kΩ resistors to avoid cross-talk, leaving 192 pads that have been read
out (24 columns × 8 rows). The pads have a size of 6.0 × 2.0 mm2. The
space between two pads is 0.2 mm on all sides, so that a pitch of 6.2 re-
spectively 2.2 mm results. The pitch is the important specification in the
analysis because the field lines do not end between, but only on the pads.
Therefore the effective size of a pad is given by the pitch.

Figure 3.1: Picture of the MediTPC prototype (figure from [Lux05]).
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0.2 mm
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Figure 3.2: Sketch of the readout structures:
a) GEM tower [Lux05] and b) pad plane [Jan04].
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A sketch of the magnet test stand is shown in Figure 3.3. It shows the
MediTPC prototype mounted in the magnet. The magnet can produce a
magnetic field of up to 5.25 T and is based on superconducting technology.
Therefore it needs Helium for cooling. The Helium supply lines go in on the
top and, as shown in the sketch, this prevents a symmetric alignment of the
trigger system. The trigger consists of two scintillators on the top and the
bottom of the magnet. The light flash a passing particle produces in the
scintillator is measured by a photomultiplier on the end of the trigger and
then the signal is electronically processed.

Cryostat

109 cm

28 cm

12 cm

104 cm

TPC

120 cm
130 cm

187 cm
18 cm

Front view

Preamplifier

47 cm37 cm

Helium
supply line Scintillator PM

Coil

Side view

46 − 56 cm

Figure 3.3: Sketch of the magnet test stand with the TPC prototype in-
cluding dimensions (figure from [Lux05]).

The electronics used for the readout of the pad signals have been de-
veloped for, and used in the ALEPH experiment at LEP [Bow95]. Since it
was used originally for a proportional wire amplification system it has been
modified to fit the needs of the MediTPC measurement setup [BNJW04].
The signal of the pads gets first to the time-integrating pre-amplifiers, which
have a time constant of 2µs. The form of the amplified signal describes a
fast increase followed by an exponential decrease. In the next step, this
signal is changed by the Shapers into a Gaussian shape, which shortens the
long tail. The differential shaper signal has a length of about 400 ns and is
converted into a digital signal by the Time Projection Digitizer (TPD). The
Flash Analog Digital Converters (FADC) in the TPDs have a sampling rate
of 12.5 MHz, so that a time step of 80 ns results.
The TPD is read out and controlled by a Fast Intelligent Controller (FIC
8234), which sends the data to a PC where they are saved for the later
analysis.
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3.2 Measurement Runs

In all measurement runs used in this work the trajectories of cosmic muons
have been measured. Primary cosmic radiation is produced in stars and
the secondary radiation in the interaction processes with the atmosphere.
Muons pose the largest fraction of charged particles that reach the earth
surface. The mean energy of the muons is 4 GeV and their spectrum results
from the energy spectrum before the production and the decay rate and
energy loss on their way through the atmosphere.

Figure 3.4: Spectra of cosmic muon on sea level for angles of incidence
θ = 0◦ (solid markers) and θ = 75◦ (open markers) (figure from [Par02])

Figure 3.4 shows two muon spectra for two angles of incidence θ relative
to the plumb line: θ = 0◦ and θ = 75◦. Since larger angles correspond to
a longer way through the atmosphere, the spectrum gets shifted to higher
energies at a larger angle because more low-energy muons decay. This is
due to the effect that the high-energy muons are faster and therefore the
relativistic time dilation is larger.

After passing the first trigger, the cosmic muons have to travel through
the magnet test stand and the TPC prototype before they reach the second
trigger and a coincidence signal triggers the readout. An estimation of the
material budget between the two triggers leads to a minimal energy of the
registered muons (see [Jan04]):

(
dE

dx

)

min

· ρ · l ≈ 230MeV , (3.1)

where ρ = 7.87 g
cm3 is the density of iron and l the thickness the muons have

to pass (here the simplification has been made that the joke and the coil of
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the magnet consist completely of iron). The geometry of the setup leads to
a second energy limit in a magnetic field which is given by the curvature of
the trajectory and the restriction that the muon has to pass both triggers.
This leads to a minimal momentum of about 1GeV/c in a magnetic field of
4T (see [Jan04]).

(a) non-
staggered

(b) stag-
gered

Figure 3.5: Sketch of the used pad layouts.
Several measurement runs have been taken with the measurement setup

in the magnet test stand. The first measurements were done with TDR gas
(93 % Argon, 5% CH4, 2 % CO2), which was optimized for the conditions
described in the TESLA Technical Design Report [Col01]. For reference, P5
gas (95 % Argon, 5 % CH4) has been used as a second gas mixture in later
measurements.
In the measurements using TDR gas, both a staggered and a non-staggered
pad layout have been used (see Figure 3.5). These layouts have been chosen
because they represent the two extreme pad row alignments which will be
realized in a circular readout plane in a large TPC detector. The P5 mea-
surements were done only for the staggered pad layout.
For all setups described before, measurement runs were done for the four
magnetic field strengths of 0, 1, 2 and 4T.

Table 3.1 lists values of the used drift field, the resulting drift velocity
vD and the diffusion and defocussing coefficients D and σ0 for the MediTPC
setup with the two gas mixtures. The pressure of the setup is in all cases
1 bar. The diffusion and defocussing coefficients are listed for different mag-
netic field strengths and are defined by the following equation for the width
σ of the signal:

σ2 = D2L+ σ0 . (3.2)

The listed values show that, with a magnetic field, in TDR gas the diffusion
is larger while the defocussing is smaller than in P5 gas.
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Gas Mixture TDR P5
93:5:2 (Ar:CH4:CO2) 95:5 (Ar:CH4)

E-Field [ V

cm
] 203 92

Velocity vD [ cm
µs

] 4.4 4.1

Diff. Coeff. D [10−4mm] at 0T 202.00 571.00
at 1T 34.10 24.50
at 2T 11.50 7.24
at 4T 3.00 1.92

Defoc. Coeff. σ0 [mm2] at 0T 0.180 0.288
at 1T 0.142 0.227
at 2T 0.110 0.190
at 4T 0.070 0.140

Table 3.1: Parameters of the MediTPC measurement setups.

As mentioned before, the outer pads have been connected with the sur-
rounding metal plane to avoid cross-talk. This setup did not work perfectly
and therefore on each side one additional column has been excluded from
the analysis. In the top and the bottom row the same problem arises, but
due to reasons discussed in Section 5.3.1, they have been used nevertheless
in some of the studies.

An arriving charge cloud of a signal produces an induction signal before
reaching the pad plane (see Figure 3.6.a). This signal is much broader than
the electron signal and therefore its maximum is much smaller. So it has no
big effect on the small pads. On the surrounding metal plane, which has a
much larger area than the pads, this signal is integrated over a larger area
and the induced electric signal is strong enough to cause cross-talk with the
outer pads.
This causes the effect that the signals on the outer pads are usually mea-
sured earlier than the signals on the inner pads and show a broader structure,
which leads to a less accurate and reliable hit reconstruction.
Figure 3.6.b shows a Lego diagram of the number of pulses on a pad inte-
grated over the time of a measurement run. Here the excess of pulses on the
outer pads is visible as well as some “damaged” pads, where no pulses are
registered, in the central region. In all measurement runs some of the pads
were not working. They are referred to as damaged pads. The damaged
pads can easily be found in diagrams like in Figure 3.6.b. They are taken
into account during the reconstruction process by including the information
in the MultiFit configuration (see Section 4.1).
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Figure 3.6: Cross-talk between outer pads and surrounding plane:
a) electron (yellow) and induction signal (red) on the pad plane and the
surrounding plane (figure from [Jan04])
b) number of pulses per pad integrated over a measurement run (figure
from [Lux05]).

3.3 Monte Carlo Simulation

The Monte Carlo simulation has been used in several analyses of the re-
construction methods in this work. Its main advantages are that in the
simulated data the true track trajectory is known1. This makes some ex-
aminations possible which help in the understanding of the effects of several
reconstruction techniques. In addition, the simulation was used to analyze
the effects of a different pad setup with more rows and the effect of the
damaged pads. In future studies it will be used to analyze the effects of
different pad shapes and sizes as well of longer drift distances.

The simulation works in several steps. In the first step the incident par-
ticles are simulated. Here the simulation of electrons in a test-beam setup
(fixed mass, momentum and straight tracks at defined angle and position)
and the simulation of cosmic muons are possible.
The muon generator simulates cosmic muons with realistic angular and en-
ergy spectra. The angular spectrum is the one used in the BaBar simula-
tion [Bri] and the energy of a generated muon is read in from a list that has
been produced by a CORSICA simulation [HKC+98].

1This is not the case in the measured data since the setup does not contain an external
reference like a hodoscope.
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After this step the trigger setup and the geometry of the chamber is taken
into account to filter the relevant muons trajectories. The simulated trajec-
tories are straight tracks, even in a setup with a magnetic field.

In the following steps, the gas properties like the mixture, the water con-
tent and the pressure are taken into account. The primary ionization along
these tracks is simulated with HEED [Smi]. In this process the effects of the
electric and magnetic field are not considered which leads to straight tracks
and a field independent, three-dimensional distribution of the resulting elec-
tron cloud. The resulting drift velocity of the electrons and the diffusion
coefficients are simulated with GARFIELD [Vee84,Vee98] (here the electric
and the magnetic field are considered).

The position evolution of these primary electrons in the drift field is done
separately for every electron and a Gaussian smearing is used in each of the
three dimensions:

x′i = xi +RNDGauss ·
√
ldrift · CT

diff (3.3)

y′i = yi +RNDGauss ·
√
ldrift · CT

diff

z′i = zi +RNDGauss ·
√
ldrift · CL

diff ,

where x, y and z denote the coordinates of the electron i before the smearing,
the primed coordinates denote the positions after the smearing, RNDGauss

denotes a Gaussian distributed random number, ldrift the drift length and
CT

diff and CL
diff the transverse and longitudinal diffusion coefficients.

The electrons reaching the first GEM are “forced” into the closest GEM
hole, where the amplification is simulated by applying an effective gain value
which is smeared with a Polya distributed random number. Usually, the
value of the effective gain is adjusted in several iterations by comparisons
of the measured charge between the Monte Carlo results and the measured
data.

The new electrons, that are produced during the amplification, are smeared
flat inside the GEM hole. The position smearing (see Equation 3.4) is ap-
plied again for the drift between two GEMs and these processes are repeated
for the three GEMs. Figure 3.7 shows two examples to illustrate the evolu-
tion of the electron cloud.

After the GEM amplification the produced electrons are drifted to the
pad plane (here the smearing algorithm from Equation 3.4 is applied again),
where they are collected on the pads. Here different pad layouts and sizes
can be simulated. This process is followed by a simplified simulation of the
readout electronics. A more detailed description of the working principle of
the Monte Carlo simulation will be included in the forthcoming PhD thesis
of A. Imhof.
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(a) after 40 cm drift, before GEMs (b) after amplification, before pad
plane

Figure 3.7: Diffusion evolution of the electron cloud during drift in Monte
Carlo simulation for a magnetic field of 1T (figure from [Imh06]):
black crosses: primary electrons from HEED; red crosses: electrons after
drift; blue crosses: electrons after amplification.

driftlength Z [mm]
0 100 200 300 400 500 600

re
so

lu
ti

o
n

 X
 [

m
m

]

0.15

0.2

0.25

0.3

0.35

Resolution X Total

+ Data08, TDR-stagg, 1Tesla, 6 rows

o MC, TDR-gas, 170ppm water, 1Tesla, 6 rows

driftlength Z [mm]
0 100 200 300 400 500 600

re
so

lu
ti

o
n

 Z
 [

m
m

]

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Resolution Z Total

Figure 3.8: Comparison of point resolution results between a measurement
(blue crosses) and Monte Carlo simulation (red circles) for TDR gas and 1T
magnetic field; six rows used in the reconstruction (figure from [Imh06]).
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The Monte Carlo simulation is still under development. To illustrate the
performance of the current status, some results are presented here. A com-
parison of the point resolution (see Section 4.2) resulting from an analysis of
a measurement and simulated data is shown in Figure 3.8. The agreement is
quite good for the x resolution, except at the shortest drift distances, while
a discrepancy can be seen in the z resolution at short drift distances. The
cause of the disagreement in the z resolution is topic of an ongoing study.
Figure 3.9 shows a comparison of the signal width between a measurement
and a simulation. The comparison shows a quite good agreement.
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Figure 3.9: Comparison of signal width between measurement (top, blue)
and Monte Carlo simulation (bottom, red) for two different drift distance
ranges: left side 0-75 mm, right side 525-600 mm; values for TDR gas and
1 T magnetic field (figure from [Imh06]).

The Monte Carlo data used in this work has been produced for P5 gas
with 0 ppm water content, a staggered pad layout and for two magnetic
fields of 2 and 4 T. Since the water content was set to zero and no extensive
adjustment to the measured data was made, the results do no reflect the
measurements perfectly. The main goal of the study was to analyze system-
atics in the used methods and for this task the simulated data were sufficient.



Chapter 4

Analysis Methods

In this chapter, the reconstruction software MultiFit and methods for the
point resolution calculation are described.

4.1 MultiFit: Reconstruction and Analysis Soft-

ware

The fitting software MultiFit has been developed within the scope of the
diploma thesis of M.E. Janssen [Jan04] and is maintained by him. Its main
task is to reconstruct particle tracks from measured charge signals and to
calculate the values that are needed in the analysis of the detector perfor-
mance. The software package has been designed to be adjustable to different
prototype layouts and to be able to reconstruct multiple tracks in one event.
Furthermore is provides detailed output on the reconstruction to have the
possibility to analyze the effects and systematics of the reconstruction pro-
cess and the detector.

XYZData[suffix].root
ROOT: h500X

LCIO: TPCPulse
TrackData[suffix].root FitData[suffix].root

TrackFinderClusterFinder TrackFitter

Figure 4.1: The reconstruction modules of the fitting software MultiFit
(figure taken from [Jan04]).
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The MultiFit software is written in C++ and makes use of the ROOT
[ROOT05] and the LCIO (“Linear Collider I/O”, [LCIO05]) frameworks,
which are both necessary for compilation and running the program. The
data input formats are the ROOT and LCIO based data formats, the output
is written in the ROOT format. The reconstruction is implemented as a
three step process (see Figure 4.1):

ClusterFinder: row-wise reconstruction of primary charge depositions by
combination of measured charge signals and three-dimensional position
calculation

TrackFinder: finding of particle tracks and basic reconstruction by com-
bining the points from the ClusterFinder module

TrackFitter: track fitting and calculation of the track parameters and the
values needed for further analysis

Each of the software modules belonging each to one of the three recon-
struction steps, writes its results in a separate output file. The modules
need only the data of the previous module as input and run independently
otherwise. The reconstruction steps and the implemented algorithms will
be described in further detail in the following sections.

electrons

Z

Y

X

TPC

sensitive volume

cosmic muon

0

pad plane

Figure 4.2: The coordinate system used in the calculations of MultiFit
together with a sketch of the TPC prototype.
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The coordinate system used for the calculations in MultiFit is shown
in Figure 4.2, together with a sketch of the TPC prototype for an easier
allocation. It’s a right-handed coordinate system, where the z axis runs
along the drift direction of the electrons in the TPC, the x axis runs parallel
to the pad rows and the y axis perpendicular to them. The origin of this
coordinate system lies in the top left corner of the pad plane.

The different steering parameters needed for the reconstruction are given
to MultiFit in a configuration file. This file contains the informations on the
pad geometry and layout, parameters and limits for the different algorithms
used in the reconstruction process, information on the input and output files
and data on the details of the measurement like the drift velocity, pedestals
and calibration factors for each pad, the scale of the ADC information and
– if needed – gas properties like diffusion and defocussing coefficients. A
detailed description of the possible input parameters can be found in [Jan04].

To be able to monitor the reconstruction process and to examine single
events, MultiFit provides the possibility to switch on a graphical display
which shows the process event-wise in a window on the screen and gives the
possibility to save screenshots to files in various output formats (Postscript,
EPS, Gif and ROOT C-script or data file).

4.1.1 MultiFit ClusterFinder

In the first reconstruction step, the ClusterFinder, the measured charges on
the pads are being combined pad-wise to pulses for every event. A “pulse”
denotes the time-integrated charge deposition (the sum over all charge sig-
nals belonging to the pulse in the z direction) of the primary ionization of
one track on a pad.

The input for this reconstruction process are the ADC output data of
the charge deposition, the number of the pad channel and the time informa-
tion. The mapping of the ADC channels to the pad positions is set in the
configuration file. In addition, single pads can be declared as damaged, so
that signals measured on these pads will be neglected and these pads will
be treated specially in the reconstruction process. Other parameters are the
pitch and the layout of the pads as well as the length of the ADC timing
interval and the scaling factor between charge and ADC counts.

With these inputs each channel number gets assigned to a pad. The z
coordinate of the ADC signal can be calculated from its timing information
and the drift velocity. The pulses are detected pad-wise by searching for
values that rise above a certain threshold. For this threshold different values
for the beginning and the end of a pulse can be chosen. Additionally to the
z bins, that are between the two threshold limits, some bins before and after
can be added to the pulse. The number of bins that get added before and
after the threshold limits can be set independently from each other in the
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configuration file. From the resulting collection of bins the integrated charge
of the pulse and its time information (respectively z coordinate), which is
set to the inflexion point of rising slope (= mean of positive derivative), are
determined. This process is illustrated in Figure 4.3.
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Figure 4.3: Illustration of the pulse reconstruction in MultiFit (figure from
[Jan06]).
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Figure 4.4: Illustration of the pulse separation in MultiFit (figure from
[Jan06]).

For events in which two pulses overlap or follow each other very closely,
a separation algorithm has been implemented: During the pulse search the
change in the slope is detected and the z coordinate of the zero-crossing
of the derivative is taken to be the boundary between the two pulses (see
Figure 4.4). In this process variations in the order of a noise parameter are
being ignored.
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These pulses are then combined to hits, which are the (in the x direction)
integrated charge information of the pulses in one pad row, that belong to
the primary ionization. In this row-wise process the charge deposition and
the three dimensional position of the hit are being determined.

YY

X Z

Figure 4.5: Illustration of the hit reconstruction in MultiFit (figure taken
from [Jan04]).

The hit search algorithm starts at the pulse with the highest charge. In
the following, only pulses that lie inside a certain time window around that
pulse are being considered. The size of the time window can be set in the
configuration file. A large time window has an influence on the ability to
separate two tracks, and a small time window could lead to the erroneous
separation of pulses belonging to the same hit in the z direction. Starting
from the central pulse, the algorithm searches for smaller pulses, that are not
already assigned to another hit, which are then added to the hit collection.
In this process the error σ of the charge information Q is taken into account:

Qpulse − F · σQ, pulse
!
< Qcentral pulse + F · σQ, central pulse (4.1)

where F can be set by the user. Like the size of the time window, F should
be small enough to be able to separate hits from different tracks, but large
enough to ensure no erroneous separation due to fluctuations in the statistics
of primary electrons. Every new pulse, that has been added to the hit, is
used as a new starting point for this algorithm to search for the next pulses
belonging to the hit. The time window is not changed during this process.
Pads that have been marked damaged, get assigned a fake charge and time
information that corresponds to the central hit of the current algorithm cy-
cle. During the merging process these fake pulses get assigned to the hit
and serve as a starting point for an separate algorithm cycle.
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When no more pulses can be added to the hit, the search algorithm stops
and the coordinates of the hit are being calculated. The vertical center of
the row is taken as y coordinate. The x coordinate of the hit is calculated
by a Center of Gravity method, that uses the charge informations Qi, pulse

and the x positions xi, pulse of the pulses:

xhit =

∑pulses
i [Qi, pulse · xi, pulse ]

∑pulses
i Qi, pulse

. (4.2)

The z coordinate of the hit is being calculated by the same method from
the time information of the single pulses. The error of the coordinates is
derived from the error of the charge information. For the z coordinate, the
errors of the time informations of the pulses are also taken into account.
The fake charge and time information from damaged pads are not being
considered during the coordinate calculation and are being deleted after
the hit reconstruction. However their number gets included in the error
calculation of the coordinate to take into account the uncertainty due to the
missing information:

σx, hit = σx, hit ·
N

N −M
(4.3)

with N : number of pulses in the hit collection

M : number of damaged pads

The described hit reconstruction method is called HitMerge method. To
avoid confusion in respect to the Center of Gravity method and naming
conventions in former publications about MultiFit, it should be stated, that
in older versions of the ClusterFinder another hit reconstruction method
was implemented, that was called the CenterOfGravity method. Since the
HitMerge method yields better results regarding the z resolution and is
less CPU-intensive, the CenterOfGravity method has been removed from
MultiFit. In this work the expression “Center of Gravity” is only used for
the described calculation of the x positions within the HitMerge method.

The most recent change in the ClusterFinder is the implementation of a
Pad Response Correction in the calculation of the x position of a hit. This
method takes into account the dependency of the measured pad signals on
the width of the charge cloud and the pad geometry. In the case of narrow
charge clouds it yields more accurate results for the x position of a hit. The
Pad Response Correction, the reasons for its implementation and its effects
are described in detail in section 5.1.2.
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4.1.2 MultiFit TrackFinder

The second software module of MultiFit is the TrackFinder. In this step
particle tracks get detected and the hits are combined into a track collection.
The implemented search algorithm assumes an approximately straight track,
that enters the chamber from the top and crosses the top and bottom side
of the sensitive volume. This assumption is valid since the particle tracks
of the observed cosmic muons in the used magnetic fields have a minimal
radius of 900 mm, which corresponds to a curvature of about 1.1 m−1 and
over the height of the sensitive volume (≈50 mm) to a maximum sagitta
of 340µm (see Section 4.2 and Appendix B of [Jan04]). Deviations of this
order of magnitude do not have an influence on the track-finding algorithm.

The search algorithm uses a so-called track following method. Since the
particle trajectories are assumed to run vertical in the xy projection, the
implementation of this algorithm works row-wise. It is initialized by choos-
ing two hits and then fitting a three dimensional straight track hypothesis
to them. Based on the track hypothesis the most probable position of the
next hit is calculated and the algorithm searches for hits in the next row,
that lie inside in a search window around that position and that are not
already assigned to another track. The size of the search window can be
set separately for the xy and the yz projections in the configuration file1. If
more than one hit is found inside this area, the hit, for which a straight line
fit including that hit results in the smallest χ2, is chosen, where:

χ2 = χ2
xy + χ2

yz , with: χ2
xy = χ2 of the xy track projection (4.4)

χ2
yz = χ2 of the yz track projection .

In the next step a new track hypothesis is calculated including the newly
added hit and the algorithm searches for the next hit to be included. If no
hit is found inside the search window or all hits that are found result in
a probability below a certain limit, the algorithm counts this as a missing
hit and continues its search in the next row. When the last row is reached,
the algorithm starts again in the opposite direction to find hits above the
upper initialization hit. The algorithm is started with any two hits, that
meet the configurable boundary conditions of a maximum and minimum
distance. Besides that, the maximum of successive rows without a hit and
the minimum of hits a track must have to be saved can be set.

1As before, the chosen search window size influences the ability of two track separation
as well as erroneous splitting of one track into two.
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X Z

(a) Initialization hits and first track hypothesis (in
green) and first search window (red rectangle)

YY

X Z

(b) Track hypothesis resulting from newly added hit
(green) and next search window (red rectangle)

YY

X Z

(c) Completed track collection (green)

Figure 4.6: Illustration of the track following algorithm (figures from
[Jan06]).

This track following algorithm is illustrated in Figure 4.6. On the left
side, the z and on the right side the x projection of the track is shown. The
hit positions are illustrated by “+” symbols. 4.6.a shows the two hits used
for initialization, the track hypothesis based on these two hits and the first
search window. The next step with the track hypothesis including the newly
added hit and the next search window is shown in 4.6.b. The complete re-
sulting track collection is shown in 4.6.c.
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4.1.3 MultiFit TrackFitter

In the TrackFitter module a selectable hypothesis for the track shape is
fitted to the track collections, that have been combined by the TrackFinder.
In MultiFit two different track fitting methods are implemented: the Chi

Squared Method, which is based on a chi-squared minimization method, and
the Global Fit Method, which is based on the maximization of a likelihood
function describing the track. Both methods are implemented for a straight
as well as for a curved track assumption, so that data taken with and without
magnetic field can be fitted appropriately. The implemented, selectable fit
methods are:

ChiSquared: Analytical χ2 minimization of a straight line fit both in the
xy and in the yz projection. Results: position of crossing point of the
track and the xz plane at y = 0 (intercept) and slope in xy and yz
planes.

ChiSquaredRoot: Numerical χ2 minimization of a straight line fit in the
xy as well as in the yz projection using methods from the ROOT
framework. Results: intercept and slope in xy and yz planes.

ChiSquaredCurved: Numerical χ2 minimization of a circular arc fit in
the xy and a straight line fit in the yz projection using methods of
the ROOT framework. Results: curvature and center of circle in xy
plane, intercept and slope in yz plane. Additionally the intercept and
the slope in the xy plane are calculated from the fitted curvature and
center of the circle.

GlobalStraight: Numerical log likelihood maximization of a fit function
describing the charge distribution of a straight track in the xy and
a χ2 minimization of a straight line fit in the yz projection using
methods of the ROOT framework. Results: intercept, slope in xy and
yz planes, width of the charge cloud σ.

GlobalCurved: Numerical log likelihood maximization of a fit function
describing the charge distribution of a curved track in the xy and a χ2

minimization of a straight line fit in the yz projection using methods
of the ROOT framework. Results: intercept, slope and curvature in
xy plane, intercept and slope in yz plane, width σ of the charge cloud
of the track in the xy plane at z = 0. Additionally the center of the
circle in xy plane is calculated from the fitted values.

A detailed description of the Chi Squared Method is given in section 5.1.
The Global Fit Method including its underlying principle, the fit function
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and its effects and results is described in detail in section 5.2. In addition to
the track parameters, the distance and the residuals (see section 4.2) of the
hits belonging to a track are being calculated. Furthermore, if in one event
more than one track has been reconstructed, the minimum of the distance
of hits belonging to two separate tracks will be calculated and saved.
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Figure 4.7: Event display of the TrackFitter

Figure 4.7 shows an event display of the track fitting module. The dis-
play shows the different projections in the xy, the xz and the yz plane and
a three dimensional view of the event. The reconstructed pulse charges are
shown in different colors and the hit positions are drawn as “+” signs. The
fitted track is drawn as a red line and, if the reconstruction is based on
Monte Carlo data, the Monte Carlo truth is drawn as a black line (for this
example an Monte Carlo event has been chosen, in which the fitted track
has been reconstructed in some distance from the Monte Carlo track, so that
both lines are clearly visible).
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4.2 Point Resolution

The parameters that have an influence on the achievable resolution of a
TPC are the gas and field properties, the gas amplification and the readout
system. In the rφ plane the transversal diffusion and defocussing, which
depend on the gas and the magnetic and electric fields, the pad size, geom-
etry and layout set limits on the possible resolution. In the z direction the
longitudinal diffusion, the signal shape after the gas amplification and the
timing of the readout electronics set the limits.

A problem that arises in the definition of the resolution is, that in the
used prototype setup no external reference for the real position of the par-
ticle trajectory, like for example a hodoscope, is included. Therefore the
resolution estimates have to be derived from the fitted track parameters
and the reconstructed hit positions, that are spread around the track fol-
lowing a Gaussian distribution. The width of this Gaussian is a measure for
the single point resolution. But since the real track is not known, the defini-
tion of the distance between a hit and the track is not straight forward. To
solve this problem several methods, that will be explained in the following,
have been under consideration.

4.2.1 The Triplet Method

This is a very simple, robust and easy to understand method. Its advantages
lie in the fact, that systematics can be seen and understood very well.
To determine the resolution, the residuals of the hits are calculated. The
residual of a hit is defined here as the distance in the x direction a hit has to
a straight line that is drawn through the two adjacent hits in the row above
and below (see Figure 4.8). Then a Gaussian is fitted to the distribution of
the residuals. If one assumes that the error of all three hit coordinates is
the same, the point resolution results from:

σres =

√
2

3
· σGaussian . (4.5)

Due to its principle, the triplet method can only calculate residuals for
hits that are not in the top or bottom row. The same applies for tracks, that
contain missing hits. Here the residuals of the hits next to the row with the
missing hit can’t be calculated.

Several cuts can be applied to the input data, to make the results more
reliable. The x region of considered tracks can be limited by a range on the
left and right side of the sensitive volume, that is as broad as half of the
maximum expected width a charge cloud can have after the amplification.
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This ensures that the x position of the hits belonging to these tracks are well
reconstructed, since their complete charge deposition has been detected and
taken into account for the position reconstruction. Further hits that contain
damaged pads can be filtered out. And finally, the maximum number of
tracks reconstructed in one event can be set to one to filter out noisy events.

The triplet method does not always provide the most accurate results,
as the track and the straight line used for the residual calculation do gen-
erally not coincide (see Figure 4.8). This is especially valid for curved tracks.

residual

charge cloud width

track

hit position

Figure 4.8: Triplet Method: sketch of residual definition (figure from
[Lux05]).

4.2.2 The χ
2
res-Method

Another possible method to determine the point resolution from the recon-
structed data is the χ2

res-method2. This method makes use of the minimized
χ2 of the reconstructed tracks. Since the χ2

res-method uses the information
of the whole track, a study of row-wise effects is not possible.
For the mean of the χ2 the following relation applies:

〈
χ2

〉
=

〈
∑ (f(xi) − xi)

2

σ2
i

〉
= F = NR −NP , (4.6)

2To avoid confusion with the χ2-method used for track fitting, the χ2-method for the
point resolution determination is denoted here with the subscript “res”.
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where f(x) denotes the fit function, xi the hit coordinates with error σi and
F is the number of degrees of freedom, that results from the difference of the
number of rows NR and the number of free parameters of the fit function
NP (NP = 2 for a straight line fit and 3 for a curved fit).
Assuming that the resolution of all hits and therefore their errors are ap-
proximately the same, which means σi = σ ∀ i, it follows:

χ̃2 = χ2 · σ2 , with χ̃2 =
∑

(f(xi) − xi)
2 . (4.7)

So χ̃2 denotes a χ2 calculated with all errors set to 1. The same linear
relation that holds for the χ2 holds for its mean:

〈
χ2

〉
= F =

〈
χ̃2

〉
/σ2 ⇒ σ2 =

〈
χ̃2

〉
/F . (4.8)

This means, that if the number of degrees of freedom is known, the
resolution can be calculated from the mean value of χ̃2. If the χ is replaced
by (χ/σ) in the χ2 distribution:

P
(
(χ/σ)2, n

)
=

2−
F
2

Γ(F
2 )

(χ/σ)F−2e−
(χ/σ)2

2 (4.9)

and the resulting distribution is fitted to the χ̃2 distribution, the point reso-
lution σ can be determined directly. In this fit the normalization factor also
has to be set as a free parameter, since the scaling by the factor σ affects it
in a non-trivial way.
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Figure 4.9: Point Resolution by Chi Squared Method: fit of the
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(χ/σ)2, n

)
distribution (figure taken from [Jan04]).
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Figure 4.9 shows as an example a χ2 distribution that has been cal-
culated from 20,000 straight line fits to straight tracks, which have been
simulated and which each contain six hits that have a spread of 0.5. The
errors of the hit positions have been set to 1 and and the parameter F equals
4 (since NR = 6 and NP = 2). The result of the fit of P

(
(χ/σ)2, n

)
to the

distribution is drawn as a blue, solid line and the red, dotted line shows the
expected distribution P

(
χ2, 4

)
with the same normalization factor. The

scaling by the factor 0.52 = 0.25 is clearly visible.

4.2.3 The Geometric Mean Method

Here “distance” denotes the difference between the x coordinate of a hit and
the reconstructed track at the same y coordinate, when the hit is included
in the track fit. “Residual” denotes the difference between the x coordinate
of the hit and the track, that has been reconstructed excluding this hit. In
the reconstruction excluding the hit, all track parameters are fitted again.
The horizontal lines in Figure 4.10 show the definition of the distance and
of the residual used in MultiFit together with the reconstructed tracks be-
longing to these values. In the point resolution calculation the values are
multiplied with cos(ϕ) to get the minimal distance and residual between the
hit and the track (ϕ denotes the angle of the track to the y axis).
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Figure 4.10: Distance (blue, solid) and residuals with one parameter
(green, dotted) and all parameters refitted (red, dashed); (figure taken
from [Jan04]).

Since the hit coordinates generally do not lie exactly on the reconstructed
track, the distance usually will give smaller results than the true deviation of
the hit from the track, because the considered hit “pulls” the reconstructed
track in the direction of its deviation. In contrast, the residual will give
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larger values, since the track reconstructed without the hit is “pulled” away
from the hit by the remaining hits (see section 5.3 in [Jan04]). So the
distribution of the distance has a smaller width and the distribution of the
residual a larger width than the distribution of the deviation of the hits
from the true track position. The calculation included in the Appendix A
of [C+05] proves analytically for straight tracks, that the geometric mean of
both widths gives the true resolution:

σ =
√
σdistance · σresidual . (4.10)

For curved tracks a simple Monte Carlo Simulation has been used. This sim-
ulation produced curved tracks with a radius between 500 mm and 2000 mm.
The tracks go through the center of the sensitive volume and no pad effects
have been included. The result is shown in Figure 4.11: As expected the
residuals are in general too large while the distances are too small. The
geometric mean of both reproduces the Monte Carlo truth correctly.
This way to determine the single point resolution, which is in this context of-
ten referred to shortly as “resolution”, is called the Geometric Mean Method.
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Figure 4.11: Point Resolution: distance, residual and geometric mean for
curved Monte Carlo tracks (figure taken from [Jan06]).

Since the Geometric Mean Method gives very reliable resolution results
as well as the possibility to examine row-wise effects, it is used for the
single point resolution calculations in this work and, if not stated otherwise,
all resolution values and plots shown in the following sections have been
calculated using this method.



Chapter 5

Track Fit Methods

The high resolution needs in a TPC for the ILC and the GEM amplification
technique with its narrow signal widths pose new requirements on the re-
construction methods. Therefore several reconstruction methods have been
studied regarding their performance and systematics.
In this chapter, two different track fit methods – the Chi Squared Method
and the Global Fit Method – and their systematics are introduced. Af-
ter this, the resulting point resolution is presented including a comparison
between the fit methods. The last section contains a study of edge effects.

5.1 Chi Squared Fit Method

5.1.1 Principle

The first track fitting method that has been implemented in MultiFit, is
the χ2-method. This fit is based on the least squares method, which is often
referred to as chi-squared minimization1. The least squares method states
that the parameters aj for which the sum

χ2 =

n∑

i=1

[
xi − f(yi; aj)

σi

]2

(5.1)

with xi : measured values, with errors σi taken at yi , i = 1 . . . n

aj : parameters of the fit function:

f(y; aj) , j = 1 . . . m and m < n

is a minimum, are the values for which the function f(y; aj) best describe
the measured data. The number of data points n has to be higher than

1Strictly speaking, this is only correct if the variables xi in equation 5.1 are Gaussian
distributed with mean f(yi; ai) and variance σ2

i , so S is a true chi-square.

62
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the number of parameters of the fit function m. This fit method is im-
plemented in MultiFit for two assumptions on the track shape: a straight
line for measurements done without magnetic field and a curved track, for
which its projection in the xy plane can be described by a circular arc2, for
measurements done in a magnetic field.

The most simple assumption for a track is a straight line, which leads to
the following equations for the least squares method:

x = f(y) = a · y + b (5.2)

⇒ χ2 =

n∑

i=1

[
xi − a · yi − b

σi

]2

,

where a = Intercept X0 and b = Slope X = tan(φ) denote the line param-
eters3, xi the measured hit x positions with their errors σi, yi the vertical
center of the row of the hit and n the number of measured hits (see Figure
5.1).

Figure 5.1: Parameters of the straight line fit.

The second possible track assumption is a curved track. For this assump-
tion, two χ2-methods are implemented in MultiFit. The first method uses a
second degree polynomial as an approximation to a circular arc. Due to the
choice of the coordinate system (see Figure 5.2), x is fitted in dependency
of y and the following fit function results:

x = f(y) = a · y2 + b · y + c . (5.3)

2The three dimensional track describes a helix.
3In MultiFit Slope X is defined as the difference between the x coordinate at the point,

where the track y coordinate is 1, and the Intercept X0.
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In MultiFit, only the fitted parameter a is used to calculate the radius of the
circle with R = a/2 and the curvature results from C = 1/R. The center
(x0, y0) of the circle is calculated by solving the equation:

(x− x0)
2 + (y − y0)

2 = R2 (5.4)

for two points (x1, y1) and (x2, y2) on the circular arc. This fitting method
is very fast, but is only an approximation to the shape of a real particle track.

The second method to fit curved tracks is to directly fit a circular arc
(see Equation 5.4) to the measured data. This gives a better description of
the measured track, since a particle trajectory in a homogeneous magnetic
field follows a helix which results in a circular arc in the xy projection. The
fit is done in the same rotated coordinate system like the second degree
polynomial fit, and uses the results of that fit for initialization, to have
reasonable start values for its parameters C and (x0, y0). The fit function
of this method is given by

x = f(y) = x0 ±
√

1

C2
− (y − y0)2 , (5.5)

where the sign before the square root expresses a positive respectively nega-
tive curvature. In the fitting procedure the function is fitted with both signs
and the fit with the best χ2 is chosen.

Figure 5.2 shows a sketch of the results of both fitting methods for curved
tracks in the rotated coordinate system. To be comparable, the curvature
of both graphs is the same. One can see that the second degree polynomial
gives an good first approximation to the circular arc, but for the accuracy
needed in the analysis it is not sufficient.

x

y

x = -y2

x = sqrt(R2 - y2)

Figure 5.2: Curved chi-squared methods: Rotated coordinate system and
sketch of the fit functions: red, solid line: circular arc; blue, dotted line:
second degree polynomial.
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The fit with the least squares method used in the χ2-method is a simple
and well understood fit method. Since the maximum number of free param-
eters of the implemented fit functions is three and the minimum of active
rows to take a measured event into account is set to at least five, the track
fit with this method should work on almost all measured events.
A more detailed description of the least squares method and the chi-squared

minimization can be found in [Leo94].

5.1.2 Pad Response

Using GEMs for gas amplification creates a much narrower signal than using
proportional wires for amplification. In our current setup this leads to the
effect that the width of the signal at the pad plane can get as narrow or
even narrower than the width of a single pad. This small charge sharing4

can lead to incorrect determination of the reconstructed x position of the
hit. If the charge sharing is large enough, the x position of the signal can be
determined very accurately by use of the Center of Gravity5 method (CoG)
in the ClusterFinder. CoG method means here, that measured signals on
the pads multiplied with the x position of the pad are being summed up
and the result is divided by the total signal:

CoG =

∑pads
i [signali · xi]∑pads

i signali
. (5.6)

This sum includes all signals that are higher than an adjustable threshold.

Effects of Small Signal Widths

If the signal width is narrower than a few pads, the x position of the signal
is not reconstructed correctly anymore by this simple method. This prob-
lem is illustrated in Figure 5.3: In the top half (5.3.a) the charge cloud of a
narrow track signal on the pad plane is shown. In the bottom half (5.3.b),
the created signal on the single pads is shown as a histogram together with
the Gaussian describing to the charge cloud6. The two vertical lines in the
histogram show the true x position of the track at the middle of the Gaus-
sian (left, red line) as well as the reconstructed x position (right, green line).
As is clearly visible, due the Center of Gravity method the position of the
signal is reconstructed wrongly towards the middle of the pad with the high-
est signal, instead of at the true position.

4Charge sharing is an expression for the condition in which the charge of the hit is
spread over several pads; small means that only a few and large that many pads are hit.

5This should not be confused with a method used to combine pulses to a hit that was
implemented in older versions of MultiFit and was also called Center of Gravity method.

6Assuming that the charge distribution of the track shows a Gaussian behavior.
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Figure 5.3: Pad response: reconstructed and true position of a narrow
signal.
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Figure 5.4: Pad response: reconstructed position as a function of the
true position (axis normalized to pad width).
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In Figure 5.4 this effect is illustrated as a function of the reconstructed
hit position in dependency on the true position7. The x and y axis are
normalized to the pad width. In the case of very narrow signals this function
has a flat area around the middle of the pad (red arrow in Figure 5.4). In
this range all values get reconstructed to zero, which makes it impossible to
determine the true position from the reconstructed one. In this area there
is a real loss of information.

Figure 5.5: Pad response: effect of CoG method on residual calculation for
a) non-staggered and b) staggered pad layout.

The error in the hit reconstruction leads to different effects on the de-
termination of the point resolution depending on the pad layout. For the
non-staggered pad layout all hits of the track get reconstructed wrongly in
the same direction. Therefore the whole reconstructed track “gets drawn”
in that direction. In consequence the residuals calculated from these values
of the hits and the track are smaller than the real distance between the
reconstructed points and the true track (see Figure 5.5.a).

In case of the staggered pad layout the hits get reconstructed wrongly
in opposite directions for adjacent pad rows. So the errors of the wrong
hit position reconstruction cancel each other out pairwise in the track re-

7In this calculation all pads with a signal fraction that is smaller than 1% of the total
signal have not been included. The value of 1 % is chosen according to the noise threshold
implemented in MultiFit by M.E. Janssen [Jan06]. This value is supported by the analyses
in Section 5.2.3.
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construction8. In consequence the track is being reconstructed – more or
less – at the true position while the hits are reconstructed in some distance
from their true position. The resulting residuals are bigger than the distance
between the true points and the reconstructed track (see Figure 5.5.b; the
resulting resolution will be shown below in Figure 5.8 in section 5.1.4).

5.1.3 The Pad Response Correction (PRC)

For a correct reconstruction of the x positions of the hits and resulting from
this a correct calculation of the track and the residuals, the Pad Response

Function (PRF) has to be taken into account. The Pad Response Function

is the function that describes the measured charge on a pad in dependency
on the original signal and the pad geometry (see [LW92]). The PRF is
derived from folding the pad function, which consists of two Θ-functions in
the case of rectangular pads, with the function describing the spatial charge
distribution of the signal, which is assumed to be Gaussian distributed9:

Qpad(y) =

∫
∞

−∞

(
Θ

(
ψ − ∆

2

)
· Θ

(
−ψ +

∆

2

))

︸ ︷︷ ︸
pad

·
(
Qmax√
2πσS

exp

[
−(y − ψ)2

2σ2
S

])

︸ ︷︷ ︸
signal

dψ , (5.7)

where ∆ denotes the width of the rectangular pad, Qmax the height of
the signal, ψ the integration variable in the y dimension and σS the width
of the signal.

In this work, the function which is used to unfold the reconstructed po-
sition and determine the true position is called the Pad Response Correction

(PRC). To derive that function, the PRF is used to simulate the pad sig-
nal a Gaussian charge cloud of a certain width would produce for different
positions of its center relative to the pads. Signals below a threshold of
one percent are not taken into account10. From these signals the x position
of the hit is determined with the Center Of Gravity method described in
section 4.1.1.

8This is an approximation, which is only true if an even number of rows is used for the
reconstruction and the track is straight and perpendicular to the rows.

9Assuming a Gaussian shape for the signal function is a good approximation for most
TPCs [LW92].

10As before, the 1% value is an educated guess on the noise in the measured data (see
forthcoming PhD thesis of M. E. Janssen and Section 5.2.3).
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As mentioned before, the function describing the reconstructed position
in dependency on the true position has a flat region for small signal widths.
In the following steps these two cases must be distinguished. Therefore
two different functions are fitted to the values from the Center Of Gravity
method: the function Fnoflat (5.8a) for the case, when there is no flat area
around the middle of the pad, and the function Fflat (5.8b) for the case,
when there is a flat area.

Fnoflat = P1x+ P2 ·
√
x+

(
1 − P1

2
− P2√

2

)
· 3
√

2x (5.8a)

Fflat = P0 + P2 ·
√
x+

(
1 − 2P0

2
− P2√

2

)
· 3
√

2x , (5.8b)

where P0, P1 and P2 are fitting parameters and x denotes the x coordinate.
Since the functions are symmetric relative to 0, they are only fitted in the
positive domain.

In Figure 5.6 simulated values and the belonging fitted function F(no)flat

for several signal widths are shown (it should be annotated that in this figure
the axis are exchanged in comparison to Figure 5.4).
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Figure 5.6: Pad response: true x position of a signal as function of the re-
constructed position for different signal widths. Simulated values (markers)
and fit functions (lines) are shown (axis normalized to pad width).
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The values and fit functions are plotted for several widths σ of the Gaus-
sian describing the charge distribution of the hit. In the legend the minimum
of the number of pads11 that show a signal for a given σ is listed.

There are two important signal widths: The width of 0.128 in units of
the pad width12 corresponds to the situation, where the charge of the hit
is spread at least over the full width of one pad for any x position of the
signal. This is the limiting case for the occurrence of a flat area; for all larger
widths, the functions have no flat range anymore. This is a very important
value, since for all values below this limit there is a loss of information in
the flat range.
The second important signal width is 0.512 [pad width]. For a signal of this
width or more, which corresponds to charge deposition on at least 4 pads,
the function becomes a straight line. In this case the unfolding is no longer
needed to determine the correct x position of the signal, since the recon-
structed position is the same as the true signal position.

The error of the hit position σx,unfolded is calculated applying Gaussian
error propagation. This leads to a scaling of the original error values with a
linear function which has the slope of the used function F(no)flat at the hit
x position xhit and crosses the point xhit, F(no)flat(xhit):

σx,unfolded = a · σx + b , with a =
dF(no)flat

dx
(xhit) (5.9)

b =
F(no)flat(xhit)

a · xhit

(5.10)

The values of the parameters P0 to P2 together with the χ2 value of the
corresponding fit are plotted in Figure 5.7. In the plot for P2 one can clearly
see the limiting case of the signal width of 0.128 [pad width]. The χ2 plot
shows a significant increase for Fnoflat below this limit; above the χ2 of Fflat

is slightly bigger than the one of Fnoflat. Since the errors are not considered
in the χ2 plot, only the comparison of both values is valid.

The functions 5.11.a-d, which are dependent on the signal width σ, are
fitted to these parameter values in the domain where the belonging χ2 is the
smallest.

11How many pads get hit by a signal of a certain width depends on the x position of
the signal relative to the pads.

12The width of the signal is the σ of the Gaussian distribution describing the signal.
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P0,flat (σ) = a01 ·
(
(1 − σ)/a00

)
(5.11a)

P1,noflat(σ) = a15σ
5 + a14σ

4 + a13σ
3 + a12σ

2 + a11σ + a10 (5.11b)

P2,flat (σ) = a26σ (5.11c)

P2,noflat(σ) = a25σ
5 + a24σ

4 + a23σ
3 + a22σ

2 + a21σ + a20 (5.11d)

where aij denote fit parameters and σ denotes the width of the Gaussian
describing the signal normalized to the pad width. Pk,(no)flat denote the
functions belonging to the parameters Pk and “flat” respectively “noflat”
denote the domains of the parameter functions. The functions Pk,(no)flat are
drawn as black lines in the graphs of the parameters Pn (Figure 5.7).
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The functions Pk,(no)flat are implemented in MultiFit with the fitted pa-
rameters given in Table 5.1. The width of the Gaussian distribution for a
certain hit is calculated from its z position using values for the diffusion and
defocussing coefficients that have been computed by a Monte Carlo simu-
lation with MAGBOLTZ [MAGB05,Bia99]. The diffusion and defocussing
coefficients for a certain magnetic field are given to MultiFit through the
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configuration file. After the computation of the parameters Pn, these values
are used in the function Fnoflat respectively Fflat to calculate the true signal
position from the reconstructed one.

Func. Parameters

P0,flat
a01 a00

0.49900 0.12800

P1,noflat
a15 a14 a13 a12 a11 a10

−832.538 1936.17 −1739.82 739.665 −141.994 9.52257

P2,flat
a26

−4.21678

P2,noflat
a25 a24 a23 a22 a21 a20

1398.15 −3350.91 3126.27 −1399.78 292.479 −21.2726

Table 5.1: Parameter values of the functions Pk,(no)flat implemented in
MultiFit.

5.1.4 Results of Unfolding with the PRC

In this section, the effects of the PRC on the point resolution are presented.
In Figure 5.8 some typical results for the calculated point resolution in de-
pendency on the drift distance z are shown. In the reconstruction and
calculation of these values, the Pad Response Correction was not used in
the hit reconstruction. The measurements were done for staggered and non-
staggered pad layouts, with a pad pitch of 6.2 mm (Y direction) and 2.2 mm
(X direction), in a 2T magnetic field and with TDR gas in the drift volume.

In the left graph (5.8.a), the result for the non-staggered pad layout is
shown. The values of the point resolution as well as their dependency on
the drift distance have the expected shape. With smaller drift distances the
point resolution gets better.

In contrast, the point resolution values for the staggered layout in the
right graph (5.8.b) show a different behavior. While the values for drift
distances that are larger than about 400 mm are comparable to the results
of the non-staggered layout, which was expected, the graph shows a different
dependency on the z coordinate for smaller distances. The point resolution
gets worse, from about 200µm up to about 440µm at z ≈ 15 mm.
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The reasons for this behavior have been pointed out in Section 5.1.2
(see Figure 5.5): With decreasing drift distance the signal width decreases,
too (see Section 2.1.4). As shown in Figure 5.6 in the previous section, this
causes a stronger effect of the pad response. Therefore the hit reconstruction
without using the PRC produces increasing deviations of the hit coordinates
from the true positions for decreasing drift distances. This results in larger
values of the calculated residuals and distances.
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Figure 5.8: Point resolution for TDR gas, 2T magnetic field, track fit
with χ2-method, no PRC used in the hit reconstruction, 6 rows used in the
reconstruction and the resolution calculation.
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If the PRC is used to unfold the results of the hit coordinate, the increase
in the point resolution at short drift distances vanishes. This is shown in
Figure 5.9, in which the point resolution values for the staggered pad layout
are plotted again, this time with and without the correction of the x coordi-
nates with the PRC (the point resolution has been calculated from the same
data as in the right graph of Figure 5.8).
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Figure 5.9: Point resolution: comparison of hit reconstruction with and
without PRC for TDR gas, 2 T magnetic field, track fit with χ2-method
and 6 rows used in the reconstruction and the resolution calculation.

Point resolution results for different magnetic fields are shown in Figure
5.10 for TDR gas and both pad layouts. As expected, the results for the
non-staggered and staggered pad layout get comparable. For drift distances
below about 200 mm, the point resolutions calculated from measurements in
a magnetic field of 4T still show an increase with decreasing Z. This might
indicate, that in this range – due to the low diffusion in the 4 T field – the
signal width is so small compared to the pad width, that there is a flat area
in the PRF. Therefore the correct hit position can’t be reconstructed in a
certain range of the true signal position around the middle of the pad.

Figure 5.11 shows results for P5 gas and staggered pad layout (for P5 gas
and non-staggered pad layout, no measurement run has been taken). While
the diffusion coefficient at 4T is smaller for P5 gas than for TDR gas (see
Figure 2.10 in Section 2.1.4), the defocussing is much stronger due to the
increase in the diffusion coefficient in high electric fields (see Figure 2.8 in
Section 2.1.4). Therefore the increase towards smaller drift distances is not
as significant as in the graphs of the TDR data. But the resolution results
of the 4T data still show higher values than the 2 T results for z coordinates
below about 120µm.
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In this context it would be very interesting to test the behavior of the
reconstruction with the PRC unfolding for smaller pad sizes. A future ex-
amination – based on Monte Carlo simulations – of the effects of different
pad sizes as well as different pad shapes and layouts is planned. In addition,
measurements with smaller pads are planned for the following months.
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5.1.5 Study of the Effects of the PRC by Use of a Monte
Carlo Simulation

A study based on Monte Carlo simulations (see Section 3.3) shows very
clearly the positive effects of the unfolding using the PRC in the reconstruc-
tion process. Two simulations have been run for a staggered pad layout
(pitch: 2.2 mm x 6.2 mm) with nineteen rows and twenty-four columns and
P5 gas with 0 ppm water contamination in the drift volume. The magnetic
field strength has been set to 2 and 4 T. In the following analysis only eight of
the nineteen rows have been used for the reconstruction process to make the
results comparable to the measured data. For the track fit the Chi Squared
Method implementation for a straight track hypothesis has been used, since
the Monte Carlo simulation produces only straight tracks.

Intercept X

In Figure 5.12.a the Intercept X0 of tracks fitted with the χ2-method with
and without the unfolding as well as the Monte Carlo truth are shown. On
the left side (Figure 5.12.a) one can see that the Intercept X0 reconstructed
with the unfolding shows a good agreement with the Monte Carlo distribu-
tion. The deviation of the calculated Intercept X0 from the Monte Carlo
truth is plotted in Figure 5.12.b. Here a significant improvement by the use
of the unfolding is seen.
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Figure 5.12: Intercept X0 for fit with (green, dashed) and without (red, solid)
PRC unfolding: a) comparison of both fits with the Monte Carlo truth (black)
b) deviation of reconstructed values from the Monte Carlo truth.
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In Figure 5.12.a, there is a pattern of 25 peaks and 24 dips in the his-
togram of the Intercept X0 reconstructed without the unfolding. This pat-
tern is an effect of the incorrect hit positions reconstructed without the PRC
unfolding and will be explained in the next few paragraphs. The large peaks
at both sides of the sensitive area (2.2 mm and 50.6 mm) are edge effects (see
Section 5.4).

In Figure 5.13 the mean deviation of the reconstructed hits from the
Monte Carlo track is plotted exemplarily for the first three rows13 in de-
pendency on the Monte Carlo Intercept X0 and the Monte Carlo Slope X
(converted to an angular scale). The Intercept values are plotted modulo
the pad pitch (=2.2), so that the values with the same position relative to
a pad in the first row are summed up. In the plot in the top left corner it is
clearly visible, that – with a slight dependency on the angle of the track –
the hits on the left side of a pad tend to get reconstructed towards bigger x
values and vice versa on the right pad side. This means that the hits tend
to get reconstructed towards the middle of a pad.

This effect is also visible for the following rows. But there the angular
dependency gets larger with each row, because tracks with different angles
result in different positions relative to the pads depending on the y coordi-
nate of the pad row. If the track has an angle of zero, the deviation is the
same for all even respectively all odd rows. This can be seen in Figure 5.13:
the hit deviations at zero angle are the same for row one and three, while
it is inverse in row two. In row two the gap between two pads lies in the
middle of the histogram because of the staggered pad layout.

The reconstruction with the unfolding of the hit positions shows an im-
provement (right side of Figure 5.13): the deviation pattern is limited to a
narrower range and the deviation values are much smaller. The little “dark
dots” in Figure 5.13 result from some very few events with a deviation larger
than ≫0.6 mm, where delta electrons14 or other effects play a role. These
events show no systematics but are coincidental and make up less than 2%
of all events.

The dependency on the Intercept X0 of the mean hit deviations per row
do not cancel out when averaged over all rows, but still give a mean hit
deviation which is non-zero. This is shown in Figure 5.14, where the mean
hit deviation from the MC track is plotted against the Intercept X0 modulo
the pad width.

13The values look similar for the other rows.
14Electrons produced by primary ionization which have a high momentum and can

travel a significant distance from their origin producing a measurable signal on this way.
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Figure 5.13: Mean hit deviation [mm] from Monte Carlo truth with and
without PRC unfolding depending on MC Intercept X0 and Slope X for the
first three rows.
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The reconstruction of hit positions from narrow signals towards the cen-
ters of the pads in the first row (respectively the center of pads in all uneven
rows) shown in Figure 5.14 causes an accumulation of Intercept X0 values
in this area. This accumulation is naturally combined with a lack of values
in the adjoining regions at the pad edges. The resulting uneven distribution
of Intercept X0 values causes the pattern shown in Figure 5.12.
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Figure 5.14: Mean hit deviation [mm] from Monte Carlo truth with (green,
dashed) and without (red, solid) PRC unfolding depending on MC Intercept
X0.
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Figure 5.15: Reconstructed Intercept X0 plotted against Monte Carlo truth:
a) with and b) without PRF unfolding.
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The deviation of the reconstructed Intercept X0 values from the Monte
Carlo truth is plotted in a two-dimensional histogram in Figure 5.15 (the
Intercept X0 values are plotted modulo the pad pitch). The chosen repre-
sentation also illustrates the direction of the deviation. Figure 5.15.a shows
that the Intercept X0 tends to be reconstructed to bigger x values on the
left side of the pad and to smaller x values on the right side, which results
in the observed accumulation near the pad center. With the unfolding of
the hit x positions, the Intercept X0 values are reconstructed without such a
systematic (see 5.15.b). The values in the top left and bottom right corners
of both histograms are overlaps from the neighboring pads.

Slope X

The use of the Pad Response Correction for the unfolding of the hit x posi-
tions also has a positive effect on the calculated angles of the reconstructed
tracks. In Figure 5.16.a the distribution of the Slope X values (converted to
angle values) of the Monte Carlo truth and the reconstructed values with
and without unfolding are plotted.
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Figure 5.16: SlopeX for fit with (green, dashed) and without (red, solid)
PRC unfolding: a) comparison of both fits with the Monte Carlo truth
(black, solid); b) deviation of reconstructed values from the Monte Carlo
truth.

In this representation, the values of both hit reconstruction methods
are in good agreement with the Monte Carlo truth, while the values recon-
structed with the unfolding match the Monte Carlo truth a little better. At
angle values of about -0.5 ◦ to -1.0 ◦ a little bump can be observed, which
derives from an geometry effect at the edges of the sensitive volume, where
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the angles are mostly reconstructed to values in this range (see Section 5.4).
In the histogram on the right side (5.16.b), where the deviation of the re-
constructed Slope X values from the Monte Carlo Truth is shown, one can
see that the distribution of the Slope X values reconstructed without the
unfolding is significantly broader than with the unfolding.

This effect is also shown in Figure 5.17, where the distribution of recon-
structed values is plotted in the dependency on the deviation of the Slope
X and the Intercept X0 modulo the pad pitch.
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Figure 5.17: Reconstructed Slope X plotted against Monte Carlo Truth:
a) with and b) without PRC unfolding.

It is clearly visible that for the reconstruction without the unfolding the
reconstructed Slope X is – like the reconstructed Intercept – dependent on
the Intercept X0 position of the Monte Carlo truth. For a Monte Carlo
Intercept X0 that is between than the center and the left edge of a pad in
the first row, the reconstructed angles tend to be smaller than the Monte
Carlo angles and vice versa if the Intercept X0 is between the pad center
and its right edge. For Intercept X0 values that lie on the middle of a pad
or between two pads, there is no angle deviation in a special direction, but
the distribution of the deviations is in general much broader than for the
values derived from the reconstruction with the PRC unfolding (5.17.b).
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Hit position

A histogram of the absolute deviation of the reconstructed x position of
the hits from the position of the Monte Carlo track at the corresponding y
coordinate is plotted in Figure 5.18. The data used for this plot has been
simulated for a 4 T magnetic field, since in this case the diffusion is very
small and the PRC shows a strong effect.
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Figure 5.18: Distance of the x coordinates from the Monte Carlo track
of hits reconstructed with (green, dashed) and without (red, solid) PRC
unfolding (magnetic field: 4 T).

The distribution shows the behavior expected from the previous results:
The deviations of the hits reconstructed without PRC unfolding from the
Monte Carlo truth show two maxima for hits getting reconstructed wrongly
in opposite directions depending on the position of the Monte Carlo track to
the pad. The hits which have been reconstructed using the unfolding show
one peak which is centered at the position of the Monte Carlo track.

In Figure 5.19 two histograms of the absolute deviation of the recon-
structed hit positions from the Monte Carlo truth are plotted for two dif-
ferent ranges of the drift length. One range is close to the readout plane
(5.19.a) and the other lies on the opposite side of the drift volume (5.19.b).
For this analysis, data from a Monte Carlo simulation run with a magnetic
field of 2 T has been used. At this magnetic field the difference is clearly
visible, because at small drift distances there is very small charge sharing,
while at large drift distances the charge sharing is so large that the unfolding
is not needed for almost all hits.

As shown in Figure 5.9, the first range corresponds to the situation,
where there is a significant difference between the resulting resolutions for
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reconstruction with and without the unfolding. Here it becomes visible
again that the deviations from the Monte Carlo track of the reconstruction
without unfolding differ significantly from the unfolded results and show a
two maxima structure. As expected, in the domain of the second range the
distributions are very similar. Here the deviations of the hit x positions from
the Monte Carlo track are nearly the same for both reconstruction methods.
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Figure 5.19: Distance of the x coordinates from the Monte Carlo track
of hits reconstructed with (green, dashed) and without (red, solid) PRC
unfolding (magnetic field: 2 T); Drift length: a) 0-100 mm; b) 500-600 mm.

Conclusion

From the results shown above follows that the use of the Pad Response
Correction in the hit reconstruction improves the calculation of the hit x
position significantly. It leads to more accurate reconstructed hit coordi-
nates and therefore to a better track fitting. From both these improvements
follow more reliable results from the point resolution calculation.
The current implementation of the PRC does not include a dependency on
the track angle and is only accurate for tracks that are parallel to the y
axis. For a correct handling of tracks that have a non-zero angle to the y
axis, the simulated Gaussian describing the charge distribution of the signal
would have to be rotated in the xy plane to be perpendicular to the track.
This would lead to deviant signal magnitudes on the pads and therefore the
parametrization of the functions F(no)flat respectively Pk,(no)flat would have
to be modified. In the Global Fit Method (see next section) this depen-
dency is included is planned to implement this dependency in a near future
upgrade of the MultiFit ClusterFinder.
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5.2 Global Fit Method

As mentioned in section 4.1.3, there are currently two track fitting meth-
ods implemented in MultiFit: the χ2-method (see Section 5.1) and the
Global Fit Method (GFM) [KPR05]. The idea for the second method has
been developed by Dean Karlen and his research group [Kar05,LC T05] at
the High Energy Physics (HEP) department of the University of Victoria,
Canada [Vict05]. It was implemented first in a Java based simulation, fit-
ting and analysis program – called JTPC – from the same working group.
For a better understanding of the underlying algorithms, their systematics
and reconstruction effects as well as for comparisons with the χ2-method,
the GFM has been implemented as an additional fitting method in MultiFit.

5.2.1 Principle

Figure 5.20: Sketch of parameters of
the likelihood function.

The Global Fit Method is based
on the maximization of a likelihood
function describing the charge dis-
tribution of the track15.
The parameters in this fit are the
Intercept X0 and the angle φ of the
track, as well as the width of the
Gaussian describing the charge dis-
tribution along the trajectory σ. In
both implementations, σ can be a
free parameter or be set to a fixed
value, that is calculated depending
on the z coordinate using given dif-
fusion and defocussing coefficients.
These three parameters are shown
in Figure 5.20. The curvature C of
the track can be set as an additional fit parameter for data, that was taken
in a magnetic field, or be fixed to zero for straight tracks (the center XC ,YC

of the circle belonging to this curvature and track position is determined by
C, φ and X0).

15Although the MultiFit implementation of the Global Fit Method works on the data
from the Cluster- and TrackFinder, the input for the fit algorithm are not the hit positions
but the charge information from the single pads.
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In the model used by the Global Fit Method, the charge density func-
tion describing the distribution of the primary ionization along the track is
assumed to be uniform in each row. Ionization fluctuations in this range
are disregarded. The distribution due to diffusion is described by a two-
dimensional, isotropic, Gaussian probability density function. The width σ
of the Gaussian is assumed to be constant over the length of the track, if it
is a free fitting parameter. In the case of the fixed σ, it is assumed to be
constant per row.

The convolution of these two functions leads to the charge distribution
on the pad plane (see Figure 5.21). Furthermore, it is assumed that the
curvature C of the track is much bigger than the height of the pads, so that
the track can be approximated by a straight line in each row (see Figure
5.22).

Q

Q

Figure 5.21: Histogram of expected
charge on pad plane from Gaussian
distributed charge cloud.

Figure 5.22: Sketch of a curved
track (red charge cloud) approxi-
mated by a straight line (green line)
in each row.
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The charge deposition on one pad Qpad is calculated by integrating the
distribution function over the physical area of the pad and is proportional to:

Qexp =

∫ h/2

−h/2
dy

∫ w/2

−w/2
dx

1

2πσ

× exp

(
[(x−Xd) cosφrow + y sinφrow]2

2σ2

)
, (5.12)

where h is the height and w the width of the pad, the integration variables
x, y follow the axis of the coordinate system, Xd is the horizontal distance
between the pad center and the track position in that row and φrow is the
azimuthal angle of the straight line assumption in that row (see Figure 5.20).
φrow can be calculated from the φ0, which is the track angle at the point,
where the track crosses the x axis (y = 0, x = X0), by applying the following
equation:

sinφ = sinφ0 − yrow

r
, with r =

1

C
, (5.13)

where yrow is the y coordinate in the vertical center of the row.

The fit function is the product over all pads of the likelihood functions
of the charge deposition on each pad L = pni

i . pi = Qexp/(
∑

pads Qexp) is
the probability of the association of a primary ionization electron to the pad
and ni = Ni/G is the number of primary electrons associated to the pad
(Ni = number of measured electrons on the pad; G = gain value of GEM
amplification). This leads to the following binned log likelihood function
used in the track fit:

logL =
rows∑

m=1

pads/row∑

n=1

Qn,m
measured · log

[
Qn,m

exp
∑pads/row

n=1 Qn,m
exp

]
. (5.14)

The log likelihood lnL is then maximized over all possible values of the
parameters. This method does not work row-wise like the χ2-method, but
takes all rows into account at once and includes angular effects. Due to the
design of the fit function, the pad response is intrinsically taken into account
and the unfolding of the hit positions using the PRC algorithm is not nec-
essary. A more detailed description of the derivation of the fit function can
be found in [KPR05].
In the MultiFit implementation of the Global Fit Method, the x positions of
the hits are being recalculated during the track fit and saved for the follow-
ing calculation of the hit distances and residuals needed for the resolution
analysis.
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As mentioned before, MultiFit gives the possibility to set a fixed σ which is
calculated from the diffusion and defocussing coefficients in the configura-
tion file. The values of the coefficients for the gas mixture can be computed
by use of a MAGBOLTZ simulation. With a fixed σ one parameter of the fit
function is fixed and it gets more stable in situations where not many mea-
surement points are available. Also, missing charge information at the edge
of the pad plane has less impact, since with a fixed σ the reconstruction of
the hit x position works basically by horizontally shifting a given Gaussian
distribution. This is less sensitive than the free σ fit and also the Center of
Gravity method used in the Chi Squared fit. In these methods, the missing
information has more influence because the reconstruction algorithms de-
pend strongly on the width of the charge deposition.

5.2.2 Noise Value

Figure 5.23: Sketch of pad signals
from a hit (three red pads) and a
noise pulse (one pink pad).

Different from MultiFit, the JTPC re-
construction software does not have a
built-in clustering algorithm that com-
bines pulses to hits and filters out
noise pulses. This leads to the prob-
lem that the measured charge values
of an event still contain noise pulses
during the fitting procedure (see Fig-
ure 5.23). These noise signals can have
a negative effect on the likelihood cal-
culation: Without a correction, the probability of measuring electrons on
pads far from the track, that results from the log likelihood lnL, is very
small. Therefore noise pulses that occur on these pads give a value that
does not coincide with the log likelihood at that coordinate.

To make the likelihood fit more robust to spurious noise signals, the
probability of measuring electrons on pads far from the track gets assigned
a larger value in the fit function. Therefore, the formula for the probability
pi = Qexp/(

∑
padsQexp) is modified by adding a constant offset. This noise

value is denoted by N . The noise value is added to the probabilities pi of
the single pads, which therefore have to be re-normalized through division
by [1 +N · nrow], where nrow denotes the number of pads per row:

pi →
pi +N

1 +N · nrow
(5.15)
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This leads to a modified formula for the log likelihood fit:

logL =
rows∑

m=1

nrow∑

n=1

Qn,m
measured

× log

[(
Qn,m

exp∑nrow
n=1 Q

n,m
exp

+N

)/(
1 +

nrow∑

n=1

N
)]

. (5.16)

On the left side in Figure 5.24 the Gaussian describing the probabilities
pi with and without the correction with the noise value is shown for a row
with ten pads. On the right side the corresponding histograms for the pad
signals are shown (in this example the width of the Gaussian distribution is
set to three quarters of the pad width). Without the noise value correction
in Equation 5.16 the probability of measuring a signal would be nearly zero
on the outer pads. With the noise value correction, these pads get assigned
a higher – but still small – signal probability.
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Figure 5.24: a) Gaussian and b) histogram of expected charge distribution
pi without (black, solid line) and with a noise value of 0.01 (red, dashed
line).

5.2.3 Systematic Studies of the Noise Value

In the original implementation in JTPC, the noise value is set to 0.01
[KPR05]. In the MultiFit implementation, the noise value should not be nec-
essary, since a filtering of the noise hits is already done in the ClusterFinder
by the hit reconstruction and only hits that belong to a track are taken into
account during the fit due to the TrackFinder routine.
To analyze the effect of the noise value, a series of track fits with the five
different values 0.0, 0.0001, 0.001, 0.01 and 0.05 has been run for a measure-
ment run in P5 gas. The series has been run twice, once with σ as a free
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fit parameter and once with a fixed sigma that has been calculated from
simulated diffusion coefficients. The fit with the fixed σ can be taken as
reference, because the main impact of the noise value is on the width of the
track.

Distance and Residuals

Because the noise value should affect the hit position reconstruction, the
distances and the residuals have been analyzed. In both analyses the calcu-
lated values have been plotted separately for hits that consist of a different
number of pulses.
The results of the hit distance analysis for a 4 T magnetic field are shown in
Figure 5.25 for the fit with a fixed σ and in Figure 5.26 for the fit with the
free σ. In these figures the mean hit distance is plotted against the position
of the reconstructed track relative to the pad the track crosses in the row
of the hit. Depending on the number of pulses the hit consists of, different
effects are expected:� In the case of only one pulse, no correction of the pad response is

possible. In this case MultiFit reconstructs all hits to a position in
the center of the pad. The expected pattern is that in the middle of
the pad there is a zero distance value and to both sides of the pad the
distance of the hit to the track increases up to a value of half of the
pad pitch. This pattern can be seen in both cases for all noise values
(the non-zero value of the central bin is a result of the bin width).� If the hit consists of four or more pulses, the Pad Response Function
should not be needed: There is enough charge sharing and the recon-
struction should be independent of the position of the track relative
to the pads. In the case of the fit with a fixed σ this is most of all
given for noise values of 0.0 and 0.0001. For bigger values, the distri-
bution deviates more and more from the expected pattern for tracks
around the pad center. In the case of the fit with the free σ, this is
especially distinct for the value of 0.05. For the noise values below
0.01, the dependency on the pad position is a little less and the overall
distribution is nearer to the highest value of the σ free case.� In the cases of two or three pulses per hit, one expects – if at all –
only a small dependency on the pad position. Here the intrinsic Pad
Response Correction of the Global Fit should work properly, but in the
plots a dependency on the track position is visible. The values of the
fit with σ free are overall a little bit smaller, which can be explained
with the additional free parameter leading to a larger flexibility in
the fit. Smaller noise values are closer to the expected pattern and
therefore seem to give the most reliable results.
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Figure 5.25: Mean hit distance in dependency on the track position relative to a pad for different noise values (σ fixed).
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Figure 5.26: Mean hit distance in dependency on the track position relative to a pad for different noise values (σ free).
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In the residual results, similar patterns are observed, but here the depen-
dency on the noise value is smaller and – as expected from the definition in
Section 4.2.3 – the residuals are overall larger than the distances (the plots
are contained in the Appendix A: Figure A.1 and A.2).

Point Resolution

In the next step the point resolution resulting from these distance and resid-
ual values has been examined. This is shown in Figure 5.27 and 5.28. Figure
5.27 shows clearly that the resolution seems to be nearly independent from
the noise factor in the case of the fit with a fixed σ. Only the fit with the
largest noise factor differs significantly from the others. This can be ex-
plained with the effect, that in the case of a narrow charge deposition the
outer pads show only a small signal. With a large noise value these pads
have no impact on the fit of the hit position, since the signal height is below
the noise level (see Figure 5.24).
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Figure 5.27: Global Fit: point resolution for different noise values (σ fixed).

For the fit with a free σ, which is shown in Figure 5.28, a significant
dependency of the point resolution on the noise value is seen: The smaller
the noise value the more sensitive the point resolution gets on the signal
width. Due to the dependency of the width on the magnetic field and the
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drift length, this is seen at high magnetic fields and short distances. Here,
the resolution values for the noise value of 0.01 show a good agreement with
the values of the fit with a fixed σ.
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Figure 5.28: Global Fit: point resolution for different noise values (σ free).

Efficiency

In a third step the efficiencies of the fits have been compared. Since there
is not external reference, the results can be evaluated only relatively. The
percentages of fitted tracks relative to the biggest number are given in Table
5.2.

Noise Factor σ fixed σ free

0.0500 80.9 43.6

0.0100 81.3 68.1

0.0010 82.5 84.0

0.0001 83.2 91.7

0.0000 82.3 100.0

Table 5.2: Global Fit: percentage of fitted tracks relative to the biggest number
(18496) as a function of the noise factor
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Once again, the fit with the fixed σ shows only a moderate dependency
on the noise value, while it is very strong for the fit with the free σ. Here
the noise value of 0.001 seems to match best in comparison with the results
of the fit with the fixed σ.

Since the Global Method with the free σ is more sensitive to missing
charge information (at the edge of the pad plane or near damaged pads),
the fit is in this case more likely to fail than the fit with the fixed σ. Therefore
a lower efficiency is realistic and a perfect match is not expected.

Conclusion

Taking all shown results into account, a noise value of 0.01 seems to be a
good choice. Here the results of the residuals and the distances are quite
balanced and show a reasonable behavior. The resulting point resolution
seems realistic in the σ free case and matches well with the resolution values
of the fit with a fixed σ.
The efficiency is still acceptable, judging from the comparison between the
efficiency values of the σ fixed and free fit and taking the sensitivity of the
fit with the free σ into account.
That the noise value of 0.0 is not the best value – as was naively expected –
can be explained with a little noise still present in the data after the pedestal
subtraction and the hit reconstruction.
Choosing this noise value has the further advantage that the fit and analysis
results are comparable to the results of the TPC research group at the
Victoria University [LC T05].
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5.3 Performance and Systematics

5.3.1 Resolution Results

In this section, point resolution results of data measured in a 0 T, 1T, 2 T
and 4 T magnetic field for different setups are presented. Four fit methods
have been used: The Chi Squared Method with and without use of the Pad
Response Correction and the Global Fit Method with the width of the charge
cloud σ as a free fit parameter and with σ being fixed to the value resulting
from a diffusion coefficient calculated with a Monte Carlo simulation.

All fit methods have been set to fit a curved track hypothesis to the data,
even in the case of a 0 T magnetic field, to make the results comparable. The
Chi Squared Method without use of the PRC is included to show the effects
of the pad response unfolding in the other methods and to illustrate the
diffusion limits. The resolution values are plotted in dependency on the
drift length.

The reconstruction process of all fits included eight pad rows and the
resolution has been calculated from the inner six rows. The decision to in-
clude all eight pad rows in the fit and the resolution calculation has been
made, because the Global Fit Method with σ as a free parameter has four
free parameters in the fit function. If one excludes the outer rows on the
top and the bottom of the pad plane, only six measurement points are avail-
able. In the residual calculation one measurement point is excluded in the
refitting of the track. So in this case there are four parameters and at most
five data points.
If one or more hit coordinates have a large error, for example because of
a damaged pad next to them, the fit becomes unstable. This lowers the
efficiency and has an impact on the reliability of the fitting procedure, pro-
ducing too good results for the residuals.
However, the top and bottom pad rows have the problem of cross-talk be-
tween them and the metal plane surrounding the sensitive area (see Section
3.2). This causes the effect that the signals on the outer pads are usually
measured earlier than the signals on the inner pads and show a broader
structure, which leads to a less accurate and reliable hit reconstruction. Re-
sulting from this the track fit and the distance and residual calculation are
less accurate and reliable. The calculated point resolution is probably worse
than the one that could be reached for a given method with a setup without
the cross-talk.

Figure 5.29 shows the result for a staggered pad layout and P5 gas.
Except for the Chi Squared fit without the PRC, for which no correct results
are expected in high magnetic fields, all fit methods give similar results.
Except for very short drift distances, the resolution results in a magnetic



96 CHAPTER 5. TRACK FIT METHODS

field of 4 T are independent of the drift distance (respectively the signal
width). This indicates that the values are limited mainly by the pad size
and probably by the problematic signals on the top and bottom row.

The small increase of the resolution values of the Chi Squared Method
with PRC below a drift length of 100 mm show that the charge sharing in
this region is too small for a correct Pad Response Correction in all cases.
At 4 T, a point resolution of about 150µm can be reached.

At lower magnetic fields (≤2 T) the results of the Chi Squared Method
with PRC and the Global Fit Method are nearly the same and show the
expected dependency on the drift length. At 0 T the diffusion and charge
sharing are large enough and even the Chi Squared Method without PRC
agrees with the other methods.
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Figure 5.29: Point resolution for P5 gas with staggered pad layout.
Fit methods: Chi Squared fit with (green diamonds) and without (red cir-
cles) PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed
(purple stars).

The point resolution for a staggered pad layout and TDR gas is shown
in Figure 5.30. At a magnetic field of 4T, the dependency on the drift
length at short drift distances is much stronger than in P5 gas, which was
expected from the diffusion and defocussing properties of both gas mixtures
(see Table 3.1 in Section 3.2).
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Below a drift length of about 250 mm, the charge sharing in a 4T mag-
netic field is too small for a accurate correction of the hit positions. In
this region, a comparison between the Global Fit with a free σ and the Chi
Squared Method with PRC indicates that the hit position correction works
better in the Global Fit Method. This seems reasonable since the PRC uses
simulated values – which most likely do not match the data perfectly – to
calculate the width of the charge deposition, while the Global Fit recon-
structs the width during the fit to the data.
For the The Global Fit with a fixed σ, the small increase at 100 mm combined
with the decrease at the shortest drift distance encourages the assumption
that the results at very short drift distances are too small and not realistic.
This assumption is endorsed by the comparison with the other methods.
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Figure 5.30: Point resolution for TDR gas with staggered pad layout.
Fit methods: Chi Squared fit with (green diamonds) and without (red cir-
cles) PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed
(purple stars).

In Figure 5.31 the point resolution for TDR gas and a non-staggered
Pad Layout are shown. As expected, following the argumentation in Sec-
tion 5.1.2 (Figure 5.5), the resolution values for a small charge charing are
lower than in the case of a staggered pad layout. This can be clearly seen
at short drift lengths in the plot for a 4T magnetic field.
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Figure 5.31: Point resolution for TDR gas with non-staggered pad layout.
Fit methods: Chi Squared fit with (green diamonds) and without (red cir-
cles) PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed
(purple stars).

A possible assumption is, that realistic point resolution values lie in be-
tween the results of the calculation with eight and six pad rows. Therefore
the results of a fit and resolution calculation including only the inner six
pad rows for the reconstruction are shown in Figure 5.32 for all three mea-
surement setups at a 4T magnetic field (the resolution results for the other
magnetic field strengths are shown in Appendix B). The comparison shows
that the resolution values with six rows are in some cases a few 10µm better
and show in general a stronger dependency on the signal width respectively
the drift distance.
Especially the Global Fit with six rows shows at short drift distances results
well below 100µm. Taking the results of the other fit methods and the ratio
of free parameters to data points into account, the values do not seem very
reliable and support the assumption that they are probably too optimistic.
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Figure 5.32: Point resolution for 6 rows at 4T for P5 gas with staggered pad
layout and TDR gas with staggered and non-staggered pad layout.
Fit methods: Chi Squared fit with (green diamonds) and without (red circles)
PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed (purple
stars).

5.3.2 Damaged Pads

To analyze how strong the effect of damaged pads on the point resolution is,
the data of the Monte Carlo simulation for P5 gas, a staggered pad layout
and a magnetic field of 4T have been used. The Chi Squared Method with
PRC and the Global Fit Method with and without a fixed σ have been run
for a setup where all pads were working. Additionally this has been done for
a setup where the same five pad positions were marked damaged, on which
there have been damaged pads in the measurement run with P5 gas. This
has been done each for a straight and a curved track hypothesis.
The results are shown in Figure 5.33 (here the resolution axis has been scaled
by the factor 0.5 in comparison to the previous figures). One can see that
with damaged pads, the resolution results are about 10 to 20µm worse than
without damaged pads.
The numerical values of the calculated resolution probably do not reflect
the reality, but they may give an estimation as to which resolution values
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are possible with the different methods, if data from a better measurement
is used. This assumption is supported by the fact, that the values of the
Monte Carlo analysis are in the regime of the resolution values of the mea-
sured data, that has been calculated with six rows (see Figure 5.32 in the
previous section).
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Figure 5.33: Point resolution for Monte Carlo data, calculated with straight
and curved track hypothesis, each with and without pads marked as dam-
aged.
Fit methods: Chi Squared fit with PRC unfolding (green diamonds) and
Global Fit with σ free (blue crosses) and σ fixed (purple stars).

5.3.3 Number of Pad Rows

The Monte Carlo simulation has also been used to examine the effect of
more pad rows on the fit and the point resolution. Therefore an analysis
run with the four fit methods has been done using once the information of
all nineteen and once only of eight pad rows. In the analysis a curved track
hypothesis has been fitted to the Monte Carlo data. This has been done for
a 2 and 4 T magnetic field. The resulting point resolution is shown in Figure
5.34.
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Figure 5.34: Point resolution for Monte Carlo data with 8 and 19 pad rows,
for 2 and 4T, calculated with curved track hypothesis.
Fit methods: Chi Squared fit with (green diamonds) and without (red cir-
cles) PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed
(purple stars).

In the case of a magnetic field of 2 T the effect is – except for the Chi
Squared fit without PRC – marginal. The results of the Global Method
with a free σ are a little closer to the results fitted with a fixed σ. Since
for the Monte Carlo data the diffusion and the defocussing are well known,
the fit with the fixed σ should reproduce accurate results. This leads to
the conclusion that the fit with the free σ runs more stable with more pad
rows. The Chi Squared Fit with PRC shows the same results with eight and
nineteen pad rows.

The results for a magnetic field of 4T show that with more rows, the
results of the Chi Squared Fit with PRC and the Global Fit with a free σ
get a little worse at shorter drift distances. At the same time the results of
the Global Fit with a fixed σ get a little better. So with nineteen rows, the
three results show a better agreement than in the case of eight rows. This
shows that the use of more rows stabilizes these three fit methods and leads
to more accurate results.
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The comparison shows that with more pad rows the resolution results
get more reliable. Here, one should keep in mind that the Monte Carlo data
reproduce a perfect measurement. In real data, the effects of more rows
are probably stronger since the measured data contain irregularities which
have a large impact on the reconstruction process if only a few measurement
points are available.

5.4 Edge Effects

Figure 5.35 shows the Intercept X0 of a Monte Carlo simulation for P5 gas,
a 4T magnetic field and eight rows. Four track fitting methods have been
used: The Chi Squared Method with and without use of the Pad Response
Correction and the Global Fit Method with the width of the charge cloud
σ as a free fit parameter and with σ being fixed to the value resulting from
a diffusion coefficient calculated with a Monte Carlo simulation.
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Figure 5.35: Intercept X0 of two Chi Squared fits with (green, long dashed)
and without (red, solid) PRC unfolding and of two Global Method fits with
σ free (blue, dashed) and σ fixed (purple, short dashed):
a) comparison of fit results with the Monte Carlo truth (black)
b) deviation of reconstructed values from the Monte Carlo truth.

In the left figure, 5.35.a, two high peaks at the left (2.2 mm) and the
right edge (50.6 mm) of the sensitive volume are visible.
These peaks are the results of wrongly reconstructed hits: Hits, whose cen-
ter is lying near the pad plane, naturally produce signals only inside the
pad area. So only this part of the charge cloud is used in the reconstruction
and these hit positions are being reconstructed inside the pad area on the
pads next to the edges. The angles of these tracks are therefore being recon-
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structed to values around zero. This is the reason for the two large peaks
in the Intercept X0 distribution and the peak at zero degree in the Slope X
distribution shown in Figure 5.36.a.
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Figure 5.36: Slope X of Chi Squared fit with (green, long dashed) and
without (red, solid) PRC unfolding and of Global Fit with σ free (blue,
dashed) and σ fixed (purple, short dashed); 8 rows used for the fit:
a) comparison of both fits with the Monte Carlo truth (black)
b) deviation of reconstructed values from the Monte Carlo truth.

This edge effect is also illustrated in Figure 5.37. Figure 5.37.a shows
the Slope X distribution at the edges of the pad plane and takes only tracks
into account, for which the Monte Carlo tracks lie completely on the outer
two pad columns on both sides. In Figure 5.37.b only the tracks for which
the Monte Carlo tracks lie completely inside a central region excluding the
two outer columns have been included.
In the region at the edges of the pad plane, the distributions show the ex-
pected disagreement (Figure 5.37.a). The results from all fit methods show
a peak at angle values near zero which is not visible in the distribution of
the Monte Carlo truth.
Because of the layout of the staggering of the pad plane, with the left edge
of the pads in uneven rows at x = 0.0 and of the pads in even rows at
x = −1.1, the peak is not centered exactly at zero, but at slightly smaller
angle values. The top and the bottom row, which have the strongest lever
arm, cause this effect.
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Figure 5.37: Slope X: Monte Carlo truth and fit results for 8 rows at
the edge and center of the pad plane.
Chi Squared Fit with (green, long dashed) and without (red, solid) PRC
unfolding and of Global Method Fit with σ free (blue, dashed) and σ
fixed (purple, short dashed).
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Figure 5.38: Slope X: Monte Carlo truth and fit results for 19 rows at
the edge and center of the pad plane.
Chi Squared Fit with (green, long dashed) and without (red, solid) PRC
unfolding and of Global Method Fit with σ free (blue, dashed) and σ
fixed (purple, short dashed).

The distributions of the reconstructed values and the Monte Carlo truth
show a good agreement in the central region (Figure 5.37.b). The peak at a
Slope X of zero, that was clearly visible in Figure 5.36.a has vanished and is
only slightly visible for the Global Fit Method with σ as a free fit parameter,
combined with two small dips on each side. This effect does not vanish if
a broader edge region is chosen, which indicates that the Global Fit with a
free σ does reconstruct some tracks with an angle near zero incorrectly to a
zero angle.
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Figure 5.38 shows the same Slope X plots as Figure 5.37, but here all
nineteen rows have been used in the reconstruction. In the plot for the
central region, the peak at zero in the distribution of the Global Fit with
a free σ has vanished. This indicates that with only eight rows the ratio of
free parameters to data points is not good enough for a reliable fit in all cases.

In the following, the efficiency of the fit methods in the edge regions is
studied. Here, the efficiency of a fit method is given by how many tracks
that have been found in the TrackFinder module are successfully fitted in
the TrackFitter module.
In the central region, the fit efficiencies of all methods are good: Both Chi
Squared Methods have an efficiency of 100.0±0 %16. The Global Fit Method
has an efficiency of 99.6 % for σ free and 99.8 % for σ fixed (the statistical
errors of both values are much smaller than 0.1 %). At the edges of the pad
plane the efficiencies of the Chi Squared fits stays at 100 %. This was to be
expected, since in the analysis only tracks with at least six hits have been
included, which is enough for a simple Chi Squared fit. The fit efficiency
of the Global Fit with a fixed σ drops only slightly to 99.6±0.1 % while it
decreases significantly for the fit with a free σ to 94.5±0.3 %. This indicates
that the Global Fit with free σ is more sensitive to missing charge informa-
tion, while the fixed width makes it more stable.

In the final TPC in a large detector the proposed fit methods will be
used for tracks which are nearly straight and have a small curvature. Tracks
with a high curvature can be reconstructed by simpler and faster methods
with enough precision for a sufficient momentum resolution.
Since a complete coverage of the endplates with sensitive areas is not pos-
sible, there will be edges in this setup, too. So the case that nearly straight
tracks run along these edges is possible and the effects in this region should
be considered in the reconstruction and analysis process.

16The statistical error of an efficiency ǫ has been calculated by: ∆ǫ =
p

ǫ(1 − ǫ)/N ,
with N = number of events. Therefore, the error of an efficiency of 100 % is zero.



Chapter 6

Conclusion and Outlook

The study showed that both the Chi Squared and the Global Fit Method
have the potential to be used in the reconstruction of data from a TPC
with GEM amplification. The implementation of the Pad Response Correc-
tion in the Chi Squared Method lead to a significant improvement of the
reconstruction process. The implementation of the Global Fit Method in
MultiFit is now finished and many systematics have been understood.

The current resolution results look promising but are still quite far from
the requirements a TPC in the LDC detector is supposed to meet (70µm
at 10 cm and 190µm at 200 cm). The analysis of the measured data and
the comparison with the Monte Carlo data shows that the current results –
especially at 4T – are most probably limited by the available data and the
setup, meaning pad layout and size as well as the quality of the measurement
regarding damaged pads.

New measurement runs are planned for the next months. They will in-
clude renewed measurements with the old pad planes with eight rows, in
which more care will be taken to avoid and repair damaged pads. Addition-
ally two new pad planes (staggered and non-staggered) with more rows and
thinner pads will be used in further measurements. The pad plane will have
eighteen rows of which sixteen will be connected to the read-out. Presum-
ably only fourteen of the sixteen rows will be covered by the amplification
structure due to the dimensions of the used GEMs. This leads to twelve to
fourteen rows which can be used in the analysis. The pads will have a size
of 1.12 × 6.835 mm and a pitch of 1.27 × 6.985 mm, which allows forty-eight
sensitive pads per row.

Based on this data, many of the analyses presented in this work will
be repeated. The availability of more data points in the measurement will
probably lead to a more stable and accurate track fitting. With these data
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more reliable resolution results and a better comparison of the performance
and limits of the different reconstruction methods will be possible.

In the new measurements, a slow-control system [Sch05] will be included
for the first time. This system measures slow changing environment parame-
ters like water and oxygen content in the drift gas, pressure and temperature
in- and outside the TPC prototype and the electric fields. The data from
this system will help in the understanding of the data properties and help
in the adjustment of the Monte Carlo simulation to the measurement.
Also, a new laser system will be tested: a laser ray can be shot into the
prototype and is aligned by reflection on a movable mirror inside the TPC.
This gives the possibility to measure well-known trajectories.

On a larger time scale the construction of a large TPC prototype in-
cluding a large magnet test setup is planned. With this detector it will be
possible to study the effects of a larger drift length and larger GEM and
readout structures. The construction of this prototype will improve the
understanding of the requirements on the field cage and the construction
techniques.





Appendix A

Residuals for Different Noise
Values in Global Fit
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Figure A.1: Mean hit residual in dependency on the track position relative to a pad for different noise factor values (σ fixed).
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Figure A.2: Mean hit residual in dependency on the track position relative to a pad for different noise factor values (σ free).



Appendix B

Point Resolution for Fit with
6 Pad Rows

Fit methods: Chi Squared fit with (green diamonds) and without (red cir-
cles) PRC unfolding and Global Fit with σ free (blue crosses) and σ fixed
(purple stars).
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Figure B.1: Point resolution for P5 gas with staggered pad layout.
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Figure B.2: Point resolution for TDR gas with staggered pad layout.
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Figure B.3: Point resolution for TDR gas with non-staggered pad layout.
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