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Abstract

The presented thesis addresses the development and evaluation of one of the detector concept
for the International Linear Collider (ILC). The ILC is a planned, future electron-positron
linear collider with a center-of-mass energy of up to 500 GeV in its first construction stage.
The ILC is designed to perform precision measurements of the Standard Model, especially a
model-independent reconstruction of the electroweak symmetry breaking sector. In 2012, the
discovery of the Higgs boson at the LHC was an important first step and facilitates precision
measurements of the Higgs boson coupling constants at the ILC. Challenging design goals have
been defined for the ILC detectors in order to reach the desired measurement precisions.

One of the two ILC detector concepts is the International Large Detector (ILD). A large Time
Projection Chamber (TPC) is foreseen as the central tracking detector. In contrast to modern
silicon tracking detectors, a TPC provides a large number of space points, and thus continuous
sampling of the track parameters. Therefore, TPCs offer great pattern recognition capabilities
including the identification of particle decays within the sensitive volume. The design mo-
mentum resolution of the ILD TPC is δ(1/pt) ≈ 10−4 GeV−1 which can be translated into a
transverse spatial resolution of σrϕ ≤ 100 µm over the complete drift distance of 2.35 m.

In the first part of the thesis, the development of a readout module for the TPC is presented
which fulfills the performance requirements of the ILD TPC. The developed readout module
is based on a stack of three “Gas Electron Multiplier” (GEM) foils and a pad readout. Thin
ceramic grids are used as the support structure and spacers between the GEMs. The readout
module was tested in a prototype TPC with a maximal drift distance of around 60 cm at the
DESY II test beam. An additional guard ring at the upper edge of the module was introduced
to minimize field distortions at the module boundary. The presented data analysis is focused
on the impact of the field distortions and the spatial point resolution. An extrapolation of
the measured spatial resolution to the ILD TPC working parameters shows that the desired
transverse point resolution of σrϕ ≤ 100 µm can be accomplished.

The coupling constants of the Higgs boson to other particles can be derived from a mea-
surement of the Higgs decay branching ratios. These measurements are an important test
of the Higgs sector as well as electroweak symmetry breaking. Even small deviations of the
measurements from the Standard Model predictions can indicate new physics. A high accuracy
is essential to distinguish between a Standard-Model-like Higgs boson or different extensions
of the Standard Model. In the second part of the thesis, the achievable statistical measurement
uncertainties of the Higgs branching ratios into bb̄, cc̄ and gg are studied in the final state
νν̄H at a 350 GeV ILC. The study is based on a detailed detector simulation which includes
low momentum hadron background from photoproduction. Two different analysis procedures
are presented: an event counting method and three-dimensional template fits. Relative mea-
surement precisions of 1 %, 4.2 % and 10 % for σ × BR of bb̄, gg and cc̄ can be achieved
for an integrated luminosity of 330 fb−1 and a beam polarization of Pe−,e+ = (−0.8,+0.3).
Additionally, the analysis is modified to distinguish between the two production processes:
Higgs strahlung and WW fusion. Under the assumption that the Higgs-strahlung cross section
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is known precisely, the WW-fusion cross section can be determined to a relative precision of
2.7 %.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Entwicklung und Evaluierung eines Detektorkon-
zeptes für den International Linear Collider (ILC). Der ILC ist ein geplanter, zukünftiger
Elektron-Positron Linearbeschleuniger mit einer Schwerpunktsenergie von bis zu 500 GeV
in seiner ersten Ausbaustufe. Der ILC ermöglicht Präzisionsmessungen des Standardmodells,
insbesondere eine modellunabhängige Rekonstruktion des Sektors der elektroschwachen Sym-
metriebrechung. Die Entdeckung des Higgs-Bosons am LHC 2012 war ein wichtiger erster
Schritt und ermöglicht genaue Vermessungen der Kopplungskonstanten des Higgs-Bosons am
ILC. Um Präzisionsmessungen durchführen zu können werden hohe Anforderungen an die
Detektoren gestellt.

Eines der beiden Detektorkonzepte am ILC ist der International Large Detector (ILD). Die-
ser sieht eine Zeitprojektionskammer (TPC) als zentralen Spurdetektor vor. Ein Vorteil einer
Zeitprojektionskammer gegenüber der Auslese von Siliziumdetektoren ist die große Anzahl an
Spurpunkten und damit die kontinuierliche Beobachtung der Spurparameter. TPCs haben somit
ein großes Potential für Mustererkennung, einschließlich der Identifizierung von Teilchenzer-
fällen im sensitiven Bereich der TPC. Die angestrebte Impulsauflösung der ILD TPC beträgt
δ(1/pt) ≈ 10−4 GeV−1. Dies ist gleichbedeutend ist mit einer transversalen Spurpunktauflösung
von σrϕ ≤ 100 µm über die komplette Driftstrecke von 2,35 m.

Im ersten Teil der Arbeit wird die Entwicklung eines Auslesemoduls für die TPC präsentiert,
welches den Anforderungen für den Einsatz am ILC genügen soll. Das entwickelte Auslese-
modul besteht aus einem Stapel aus drei „Gas Electron Multiplier“ (GEM)-Folien über einer
Pad-Auslese. Schmale keramische Gitter dienen als Stützstruktur und Abstandshalter für die
GEM-Folien. Das Auslesemodul wurde in einem TPC Prototypen mit einem Durchmesser
und einer maximalen Driftstrecke von ungefähr 60 cm am DESY II Teststrahl betrieben. Ein
zusätzlicher Potentialdraht um die Oberkante des Moduls soll Feldverzerrungen am Modulrand
minimieren. Der Schwerpunkt der präsentierten Datenanalyse liegt auf den Auswirkungen
der Feldverzerrungen sowie auf der Spurpunktauflösung. Eine Extrapolation der vermesse-
nen Spurpunktauflösung auf die Parameter der ILD TPC zeigt, dass die geplante transversale
Spurauflösung von σrϕ ≤ 100 µm erreicht werden kann.

Die Kopplungskonstanten des Higgs-Bosons an andere Teilchen kann aus seinen Verzwei-
gungsverhältnissen bestimmt werden. Dies ist ein wichtiger Test des Standardmodell Higgs
Sektors sowie der elektroschwachen Symmetriebrechung. Kleinste Abweichungen von den
Standardmodellvorhersagen können auf neue Physik hinweisen. Eine hohe Messgenauigkeit
ist erforderlich, um zwischen einem standardmodellartigen Higgs-Boson und verschieden Er-
weiterungen des Standardmodells unterscheiden zu können. Daher werden im zweiten Teil
der Arbeit die erreichbaren statistischen Messungenauigkeiten der Higgs Verzweigungsver-
hältnisse in bb̄, cc̄ und gg im Endzustand e−e+ → νν̄H bei einer Schwerpunktsenergie von
350 GeV am ILC untersucht. Die Studie basiert auf einer detaillierten Simulation des ILD
Detektors inklusive des Untergrunds aus Photoproduktion von niederenergetischen Hadro-
nen. Zwei verschiedene Methoden zur Bestimmung der Verzweigungsverhältnisse werden prä-
sentiert: eine Ereignisselektion und Anpassungen an dreidimensionale Referenzverteilungen.
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Relative Messungenauigkeiten von 1 %, 4,2 % und 10 % auf σ × BR von Higgs nach bb̄,
gg und cc̄ können bei einer integrierten Luminosität von 330 fb−1 und einer Strahlpolarisati-
on von Pe−,e+ = (−0.8,+0.3) erreicht werden. Zusätzlich wird die Analyse selektiv auf die
beiden Produktionsprozesse, Higgs-Strahlung und WW-Fusion, durchgeführt. Unter der An-
nahme, dass der Higgs-Strahlungs-Wirkungsquerschnitt bekannt ist, kann der WW-Fusions-
Wirkungsquerschnitt mit einer relativen Genauigkeit von 2,7 % bestimmt werden.
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Part I

Introduction

The Standard Model of particle physics is the theory describing the electromagnetic, weak and
strong force as well as the fundamental particles of matter. The Standard Model explains most
of the observed phenomena in particle physics and is the most complete description of our
knowledge so far. Furthermore, predictions of the Standard Model gave rise to many important
discoveries like the gluon, W and Z bosons, the charm and top quark and most recently the
Higgs boson. The Higgs boson, a particle which can explain the origin of the masses of the
particles, was the last missing piece of the Standard Model. At the 4th July 2012, the discovery
of a candidate particle at the Large Hadron Collider (LHC) with a mass of about 125 GeV was
announced simultaneously by the two collaborations ATLAS and CMS [1, 2].

Despite the success of the Standard Model and its huge impact on the development of high
energy physics, the Standard Model is not a complete theory. The fundamental force of
gravitation, as described by general relativity, is not part of the Standard Model. Furthermore,
some well established phenomena cannot be explained in the framework. The Standard Model
does neither include a candidate for dark matter, which has all required properties, nor any
explanation for the accelerating expansion of the universe by dark energy. Also the charge
conjugation parity (CP) violation which is needed to describe the matter-antimatter imbalance
in the universe is about eight orders of magnitudes too small. The neutrino masses, which
are essential to explain the observation of neutrino oscillations, are not a part of the Standard
Model (but can easily be accommodated). Furthermore, the measured mass of the Higgs boson
itself indicates new physics. There exists no symmetry in the SM which protects the masses of
elementary scalar fields from receiving quadratic corrections on higher order loop corrections.
If the Standard Model is valid up to the Planck scale (MP = 1019 GeV), one would expect a
Higgs mass much closer to the Planck mass. Since this would be in obvious contradiction to
experiments, the corrections must be canceled by renormalization with a high degree of fine-
tuning. The question, why the Higgs mass is much lower than the Planck mass, is called the
hierarchy problem.

Many new models have been created during the last centuries to cope with the shortcomings
of the Standard Model. These models are called Beyond Standard Model (BSM) theories.
Experiments must test predictions of the different extended theories to validate or exclude
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them. The large center-of-mass energy of the LHC at CERN offers unprecedented sensitivity
to detect new particles at the TeV-scale. Despite the huge physics potential of the LHC
experiments, several physics studies are still inherently limited at the LHC. The unknown initial
state at the interaction point of the proton-proton collider and the large background from strong
interactions cannot always be compensated with large statistics and sophisticated analysis
strategies. Lepton collider can serve as the natural counterpart to resolve these limitations.
Since elementary particles are used, the initial state of the collision is known precisely. In
addition, backgrounds from strong interactions are completely suppressed in a lepton collider.
Therefore, measurement precisions are achievable which cannot be realized in a hadron col-
lider. The International Linear Collider (ILC) is one of the proposed lepton colliders which
could operate in cooperation with LHC measurements. Currently, the Japanese government is
evaluating the option to host the ILC.

One of the two detector concepts at the ILC is the International Large Detector (ILD). A large
Time Projection Chamber (TPC) is foreseen as the central tracking detector. A TPC has the
advantages of continuous pattern recognition capabilities, measurements of the specific energy
loss of a particle (dE/dx) and a low material budget. Challenging design and performance goals
have been formulated for the ILD TPC to support the whole detector concept. Traditional wire
amplification readout is not capable to meet the requirements of the ILD TPC and new, micro-
structured, readout technologies are required. In the first part of this thesis, the development
of a readout module is presented which is based on a stack of three Gas Electron Multipliers
(GEM) supported by thin ceramic grids. The modules were constructed, commissioned and
tested at the DESY II test beam. The analysis of the test beam data and an extrapolation of the
results to the ILD working parameters are discussed.

The quantum numbers and coupling strengths of the Higgs boson are predicted in the Standard
Model. If any of these parameters deviate for the newly discovered particle with a mass
of 125 GeV, it cannot be the postulated Higgs boson of the Standard Model. BSM mod-
els often predict a small change in the coupling strengths or in the decay branching ratios
due to additional postulated particles. The coupling parameters of the Higgs boson must be
determined with very high precision to discriminate between the Standard Model and BSM
theories. Therefore, the capabilities of ILC to measure the hadronic branching ratios of the
Higgs boson are studied in the second part of the thesis. The achievable statistical measurement
accuracies of the hadronic Higgs decay branching ratios are determined in the νν̄H final state
for a center-of-mass energy of 350 GeV at the ILC.
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CHAPTER 1

The Standard Model of particle physics

1.1 General overview

The Standard Model (SM) of particle physics was developed in the second half of the last
century to describe the elementary particles of the universe and their interactions. The SM
includes three of the four fundamental forces: electromagnetism, weak and strong force. Only
gravity, as described by general relativity, is excluded. The SM is based on quantum field
theory in which particles are treated as excited states of an underlying physical field with
a discrete set of quantum numbers. The SM comprises quantum chromodynamics (QCD),
quantum electrodynamics (QED) and the theory of weak interactions.

The SM includes all known elementary particles. “Elementary” expresses the fact that the
particles appear to be point like and no evidence of a substructure has been found. Elementary
particles are divided into two classes, fermions and bosons. Fermions follow Fermi-Dirac
statistics [3, 4] and have half integer spin, while bosons have integer spin and satisfy Bose-
Einstein statistics [5, 6]. Fermions are the constituents of matter and bosons are responsible for
the interactions between the particles.

In the SM, fermions are grouped into quarks and leptons. Quarks carry color charge and
subject to all three forces of the SM. Quarks are further subdivided into up- and down-type
quarks which differ in their electrical charge and mass. Colored particles cannot exist isolated
and always form color neutral bound states. This effect is called confinement. Leptons are
subdivided into charged and neutral leptons (called electron-type and neutrinos). Charged
leptons can interact weakly and electromagnetically while neutrinos interact only via the weak
force. Leptons and quarks exist in three generations, also called flavors, which only differ
in their mass and flavor quantum numbers. Ordinary matter is almost exclusively build up
from first-generation fermions with the lowest mass. The Dirac equation [7] describes the
propagation of free fermions in empty space. From the solution of the Dirac equations is
deduced that an anti-particle must exist for every fermion type. Anti-particles have the same
properties as their corresponding particle except that additive quantum numbers have opposite
sign, e.g. the SM charges and flavor number. All fermions have a property called chirality
which is a Lorentz invariant property of the Dirac spinor. Instead of chirality, helicity is
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1 The Standard Model of particle physics

fermion
generation electric

color
Weak isospin

1 2 3 charge Q
e left-handed right handed

quarks
u c t +2

3 r,g,b
+1

2 0
d s b −1

3 −1
2 0

leptons
νe νµ ντ 0

-
+1

2 -
e− µ− τ− −1 −1

2 0

Table 1.1: Elementary fermions and their corresponding charges of the Standard Model.

observed in experiments and denotes the normalized projection of the spin onto the direction
of motion. For massless particles, helicity and chirality are identical. All fermions, except
neutrinos, have been observed in both helicity states. Table 1.1 summarizes all fermions of
the SM and their corresponding SM charges. The charges are the properties of the particles to
which the mediators of the fundamental forces couple.

The fundamental forces in the SM are described by local gauge theories. The basic concept
of the gauge theories is the formulation of a Lagrangian which includes all matter fields and
stays invariant under local gauge transformation. The gauge structure of the SM is SU(3)C ⊗
SU(2)L ⊗U(1)Y . For each generator of the gauge group, a new gauge field must be introduced.
The quanta of the gauge fields are interpreted as the gauge bosons, the mediator particles of the
forces.

The gauge group of QCD is represented by SU(3)C and describes the strong force. The theory
of QCD was developed by Fritsch, Gell-Mann and Leutwyler [8]. The index C of the gauge
group denotes the charge of the strong force: color. Only particles, which possess color, can
interact via the strong force. Three different color states exist for particles, often denoted as
red, green and blue, and the corresponding anti-color for anti-particles. The mediator bosons
of the strong force are gluons which have an additional color degree of freedom and carry color
and anti-color. From group theory, nine possible combinations exist to combine the color and
anti-color triplets to gluons 3 ⊗ 3̄ = 8 ⊕ 1. The color octet carries color charge but the color
singlet would be color neutral. The singlet state would have infinite range. This component of
the strong force was not observed experimentally and is not realized in nature.

Quantum electrodynamics (QED) is incorporated in the electroweak interaction as introduced
by Glashow, Salam and Weinberg [9–11] in the 1960s. The gauge group of electroweak
interaction is SU(2)L ⊗ U(1)Y with L denoting the weak isospin and Y the hypercharge. For
each of the four generators of the gauge groups, a gauge field is introduced with Bµ being
the gauge field of the U(1)Y gauge group and W1

µ, W2
µ and W3

µ the gauge fields of SU(2)L. In
this description of the SM, all fermions and the gauge bosons would be massless. However,
the experimentally discovered gauge bosons of the weak force are massive particles. Inserting
ad hoc mass terms for bosons or fermions in the Lagrangian breaks local gauge invariance of
the weak interaction. In addition, the W± bosons couple only to the weak isospin while the Z
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1.2 The Higgs mechanism

interaction mediator mass [GeV]

strong eight gluons (g) 0

weak
W± 80.385(15)
Z 91.1876(21)

electromagnetic photon γ 0

Table 1.2: Vector bosons in the Standard Model. Masses are taken from [14].

boson also couples to hypercharge. This means that the electroweak symmetry must be broken.
In the SM, the electroweak symmetry is spontaneously broken via the Higgs mechanism [12,
13] which is explained further in the next section. The physical weak interaction bosons and
the mediator of electrodynamics, the photon Aµ, are then admixtures of the electroweak gauge
fields according to

W±
µ =

1√
2

(W1
µ ±W2

µ) (1.1)(
Aµ

Zµ

)
=

(
cos θW sin θW

− sin θW cos θW

) (
Bµ

W3
µ

)
(1.2)

with θW denoting the electroweak mixing angle, the so-called Weinberg angle. A summary of
the fundamental forces and the corresponding gauge bosons is given in table 1.2.

1.2 The Higgs mechanism

To give mass to the particles without breaking local gauge invariance, the electroweak sym-
metry must be spontaneously broken. A theory of spontaneous symmetry breaking was inde-
pendently developed by P.W. Higgs [12, 13], F. Englert and R. Brout [15] and G. S. Guralnik,
C. R. Hagen, and T. W. B. Kibble [16], but Higgs was the first to postulate the existence of
an additional boson, the Higgs boson. In the Higgs mechanism, which represents the simplest
choice of electroweak symmetry breaking, an omnipresent complex scalar doublet field of
SU(2) is introduced together with a suitable potential. Following conditions must be fulfilled
to achieve spontaneous symmetry breaking. The scalar field must possess hypercharge and
isospin to break SU(2)L ⊗ U(1)Y and at least three degrees of freedom must be available to
generate the masses of the three weak gauge boson.

The minimal representation of this complex scalar field in the SM with four degrees of freedom
is given by

φ =

(
φ+

φ0

)
=

(
φ1 + iφ2

φ3 + iφ4

)
(1.3)
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1 The Standard Model of particle physics

φ2

φ1

V(φ)

(a) µ2 > 0

φ2

φ1

V(φ)

(b) µ2 < 0

Figure 1.1: The scalar potential of Standard Model in dependence on two degrees of freedom φ1 and φ2
for the case of µ2 > 0 in a) and µ2 < 0 in b).

with hypercharge Y = 1 and weak isospin IW = 1/2. The Lagrangian of the Higgs field, which
is invariant under local gauge transformation, is given by

L = (Dµφ)†(Dµφ) − (µ2φ†φ + λ(φ†φ)2)︸                 ︷︷                 ︸
B V(φ)

(1.4)

Dµ = i∂µ − gσiW i
µ −

g′

2
YBµ (1.5)

withσi denoting the Pauli matrices and V(φ) the potential of the Higgs field φ. g′ is the coupling
strength of Bµ to the hypercharge and g the coupling strength of W i

µ to the weak isospin. The
ground state of the vacuum is described by the minimum of the potential V(φ). To obtain a
positive potential for large φ, the relation λ > 0 must be fulfilled. The local extrema of the
potential and thus the Lagrangian are given by

φ = 0 ∨ φ†φ =
−µ2

2λ
B
v2

2
(1.6)

with v =
√−µ2/λ representing the vacuum expectation value. For µ2 > 0, φ = 0 is the only

valid solution and a global minimum. Fermions and bosons could freely propagate in space
and would not acquire mass. Therefore, µ2 < 0 must be fulfilled and the minimum of the
potential is found at φ†φ =

−µ2

2λ . Figure 1.1 shows an illustration of the potential for the two
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1.2 The Higgs mechanism

cases. For µ2 < 0, the potential obtains the shape of a “Mexican hat”. The rotational symmetry
around the center can be interpreted as a graphical analogy of the electroweak gauge symmetry.
For any arbitrary point in the minimum, the potential is not rotationally symmetric anymore.
The choice of one point from the infinite number of possibilities is denoted as spontaneous
symmetry breaking.

The conservation of charge forbids that the charged scalar field acquires the vacuum expec-
tation value. In addition, the vacuum must fulfill the U(1)Q symmetry of QED (photons must
remain massless) and thus, the electrical charge of the ground state must be neutral. The ground
state can be chosen from

φ0 =

(
0

exp(−iα) v√
2

)
(1.7)

Without loss of generality, α is chosen to be zero. Now, φ is expanded around its minimum and
is parameterized as

φ(x) = exp(i~ρ(x)~σ)
(

0
v+H(x)√

2

)
. (1.8)

The fields ~ρ(x) are unphysical degrees of freedom and can be eliminated by unitary gauge
transformation

φ(x)→ exp(−i~ρ(x)~σ)φ(x) =

(
0

v+H(x)√
2

)
. (1.9)

This is often referred to as the degrees of freedom were eaten by the longitudinal component
of the weak gauge bosons. After unitary gauge transformation, H(x) remains as a physical
scalar particle which is the Higgs boson of SM. The Higgs field can now be inserted into the
Lagrangian in eq. (1.4) and masses are obtained for the weak gauge bosons through interactions
with the Higgs field.

mH =
√
−2µ2 = v

√
2λ (1.10)

mW =
1
2
gv (1.11)

mZ =
1
2
v
√
g2 + g′2 (1.12)

cos(θW) =
g√

g2 + g′2
=

mW

mZ
. (1.13)

Equation (1.13) for the Weinberg angle follows from the constraint of a massless photon (mA =

0). All other masses are proportional to the vacuum expectation value which can be determined
from the Fermi constant GF according to

v =
(√

2GF

)− 1
2 ≈ 246 GeV . (1.14)
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1 The Standard Model of particle physics

µ (or λ) is not predicted by the SM and is one of its free parameters. Thus, the Higgs mass
cannot be predicted by the SM and needs to be measured. To obtain mass terms for the fermions
after spontaneous symmetry breaking, so-called Yukawa interactions between the scalar Higgs
field and the fermions are introduced. The additional terms do not violate gauge invariance.
The Lagrangian for the first generation of fermions reads as

LYukawa = yeL̄φer + yuq̄φ̃ur + ydqφ̃dr + h.c. (1.15)

with q =

(
u
d

)
L
, L =

(
νe

e

)
L
, φ̃ = iσ2φ

∗ (1.16)

with yi denoting the Yukawa coupling constants. Each charged fermion has its own Yukawa
coupling which cannot be predicted in the SM. The Yukawa couplings can be derived from
mass measurements of the charged fermions and are input variables of the SM. It is an open
question of the SM why the scale of the Yukawa couplings are so different for the individual
fermions. The following Lagrangian summarizes the coupling of the Higgs boson to gauge
bosons, fermions and self-interactions [14]:

L = −gHff̄ f̄fH +
gHHH

6
H3 +

gHHHH

24
H4 + δVVµVµ

(
gHVVH +

gHHVV

2
H2

)
(1.17)

with the coupling parameters

gHff̄ =
mf

v
, gHVV =

2m2
V

v
, gHHVV =

2m2
V

v2 (1.18)

gHHH =
3m2

H

v
= 6λν, gHHHH =

3m2
H

v2 = 6λ (1.19)

where V = W±,Z and δW = 1, δZ = 1/2. The masses of the particles are not predicted by the
SM but were measured at various experiments. From these measurements, the couplings to the
Higgs boson can be determined. The larger the mass of the particle is the stronger the coupling
to the Higgs boson. The self coupling of the Higgs gives access to the potential V(φ) via the λ
parameter and serves as an important test of the Higgs mechanism.

The Higgs Boson

The experimental validation of the theory of spontaneous symmetry breaking was missing
for almost 50 years until the 4th of July 2012. The ATLAS and CMS collaborations both
announced the discovery of a candidate particle for an SM-like Higgs boson [1, 2]. An excess
of events was observed mainly in the decay channels H → ZZ∗ → ll̄ll̄ and H → γγ. As
the Higgs couples to the mass of the particles, the decay into two massless photons can only
occur via loop contributions. Although the decay branching ratio is small, the clean event
signature allows a precise determination in this channel. Figure 1.2 shows two plots from the
two discovery papers of the Higgs. The prominent discovery of a Higgs boson candidate even
led to the Nobel prize in physics in 2013 for F. Englert and P. W. Higgs.
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Figure 1.2: Discovery figures of the Higgs-like boson at the LHC. a) The two photon invariant mass
spectrum measured with the ATLAS detector with an excess at ∼ 126 GeV [1]. b) Local p-value for five
decay modes and the overall combination with the CMS detector as a function of the SM Higgs boson
mass [2]. The threshold of 5σ is reached, marking a discovery in high energy physics.

From a combined analysis of ATLAS and CMS results in these channels with the total available
integrated luminosity of the 7 TeV and 8 TeV runs, the mass was determined to be [17]

mH = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV . (1.20)

An open question remains: is the discovered boson the Higgs boson of the SM? To answer this
question, the properties of the particle must be determined and compared to SM predictions.
Mass, spin, CP quantum number, total decay width, and the coupling strengths to fermions,
gauge bosons and the Higgs itself in triple and quartic couplings are all predicted by the SM.
Any deviation of the observed characteristics would indicate new physics beyond the SM.

Many of the Higgs boson properties can be studied at the LHC, e.g. the spin-parity nature
[18, 19], and are compatible with SM predictions up to now. In the context of this theses, the
coupling constants of the Higgs are of largest importance. The coupling constants have been
determined by the ATLAS and CMS collaboration on the full data set of the 7 TeV and 8 TeV
measurement runs [20, 21]. A combined analysis of both experiments has also been published
[22]. At a collider experiment, the measurement observable for a given decay mode of the
Higgs boson is σ × BR where σ is the production cross section and BR the branching ratio.
The coupling constants can be determined from the measurement observable according to

σ(i→ H→ f ) ∝
g2

iHg
2
f H

ΓH
(1.21)

with i denoting the production process, f the decay mode, g the coupling constants and ΓH the
total Higgs width. The LHC experiments use a leading-order motivated framework in which
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the scaling constant κ is defined for a production process or decay mode j as [23]

k2
j =

σ j

σSM
j

or k2
j =

Γ j

ΓSM
j

(1.22)

with Γ j denoting the partial width of the Higgs boson decay into the final state j. The scaling
constants are then determined in global fits of all measured final states of the Higgs boson.
If the analysis is performed in a model-independent way at the LHC, only ratios of scaling
constants could be derived since the total Higgs width ΓH cannot be measured with high
accuracy. To determine the scaling constants directly, Higgs parameters must be constrained
which introduces a model-dependence. The ATLAS and CMS collaboration have studied two
different assumptions. In the first assumption, the decay of the Higgs into non Standard Model
particles is zero ΓBSM = 0. In the second assumption, the scaling constants to weak bosons is
limited by the SM prediction (κW ≤ 1 and κZ ≤ 1) and the branching ratio into BSM particles is
allowed to be larger than zero, i.e. BRBSM ≥ 0. Table 1.3 shows the results for both assumptions
from ATLAS, CMS and a combined analysis [20–22]. Since only the Higgs boson decay into
the third generation of fermions is measurable at the LHC, it as also assumed that the scaling
constants are equal for u, c, t, for d, s, b, and for e, µ, τ.

Both assumptions lead to comparable results and are in reasonable agreement with a Standard
Model Higgs boson. κb and κt show slight excesses but not with a large statistical significance.
However, the relative precision of the scaling constants is only 10 % to 20 %. To explain
observables like neutrino oscillation [24], dark matter [25] or dark energy [26], which cannot
be explained in the SM framework, several BSM models have been developed. In such models,
the Higgs couplings to other particles can experience higher-order loop corrections from heavy
particles as it is the case for BSM models with more than one Higgs boson, e.g. the two Higgs
doublet model (2HDM). Such higher order corrections result in different Higgs branching ratios
compared to the SM predictions. In table 1.4 a summary of the generic coupling constant
deviations for different BSM models is given. Typical deviations in the range of a few percents
are expected. Consequently, measurement uncertainties must be at least in the same range
to differentiate between an SM and BSM Higgs boson or, ultimately, between different BSM
models if deviation from the SM predictions are observed.

The CMS collaboration has published extrapolations of their uncertainties on the scaling con-
stants to a high luminosity run of 3000 fb−1 at

√
s = 14 TeV with an updated detector [28]. The

extrapolated statistical uncertainty of the scaling constants is around 2 % for most couplings.
Only the uncertainty on κb and κt is two and three times larger, respectively. If the theoretical
and systematic uncertainties are not significantly improved, the total uncertainty is roughly
twice as high. Even if only the statistical uncertainties of around 2 % are considered, a large
phase space of BSM models could not be excluded with the LHC measurements.

A lepton collider with its clean initial state and relatively small backgrounds would be a
natural choice to improve the sensitivities on the scaling constants. Furthermore, the LHC
could largely benefit from the interplay with a lepton collider. One prime example is the
model-dependence of the scaling constant determination. At a lepton collider with sufficient
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1.2 The Higgs mechanism

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

Parameterisation assuming BRBSM = 0

κZ 1.03+0.11
−0.11

+0.10
−0.11 1.00+0.14

−0.14 1.07+0.17
−0.18

κW 0.91+0.10
−0.10

+0.10
−0.11 0.92+0.13

−0.13 0.90+0.15
−0.15

κt 1.43+0.23
−0.22

+0.26
−0.32 1.31+0.30

−0.32 1.56+0.34
−0.32

κτ 0.88+0.13
−0.12

+0.16
−0.15 0.97+0.19

−0.17 0.82+0.19
−0.17

κb 0.60+0.18
−0.18

+0.25
−0.24 0.61+0.26

−0.26 0.61+0.27
−0.26

κg 0.81+0.11
−0.10

+0.17
−0.14 0.94+0.18

−0.15 0.70+0.15
−0.13

κγ 0.92+0.11
−0.10

+0.12
−0.12 0.88+0.15

−0.14 0.96+0.17
−0.15

Parameterisation assuming κV ≤ 1

κZ 1.00−0.08 −0.11 1.00−0.14 1.00−0.12

κW 0.90+0.09
−0.09 −0.11 0.92+0.08

−0.13 0.86+0.14
−0.13

κt 1.42+0.23
−0.22

+0.27
−0.32 1.31+0.34

−0.32 1.53+0.35
−0.31

κτ 0.87+0.12
−0.11

+0.14
−0.15 0.97+0.21

−0.17 0.80+0.18
−0.16

κb 0.57+0.16
−0.16

+0.19
−0.23 0.61+0.24

−0.26 0.55+0.24
−0.23

κg 0.81+0.13
−0.10

+0.17
−0.14 0.94+0.23

−0.15 0.70+0.16
−0.13

κγ 0.90+0.10
−0.09

+0.10
−0.12 0.88+0.15

−0.14 0.93+0.15
−0.13

BRBSM 0.00+0.16 +0.18 0.00+0.26 0.00+0.23

Table 1.3: Fit results for the two parameterizations allowing BSM loop couplings, with κV ≤ 1, where κV

stands for κZ or κW , or without additional BSM contributions to the Higgs boson width, i.e. BRBSM = 0.
The measured results for the combination of ATLAS and CMS are reported together with their measured
and expected uncertainties, as well as the measured results for each experiment. The uncertainties are
not indicated when the parameters are constrained and hit a boundary, namely κV = 1 or BRBSM = 0
[22].

Model ∆κV ∆κb ∆κγ

Singlet Mixing ∼ 6 % ∼ 6 % ∼ 6 %
2HDM ∼ 1 % ∼ 10 % ∼ 1 %
Decoupling MSSM ∼ −0.0013 % ∼ 1.6 % ∼ −0.4 %
Composite ∼ −3 % ∼ −3 % to −9 % ∼ −9 %
Top Partner ∼ −2 % ∼ −2 % ∼ 1 %

Table 1.4: Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ∼ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan β = 3.2 and a stop mass of 1 TeV with Xt = 0 for the κγ prediction [27]. V, b and γ
represent vector bosons, b quarks and photons, respectively. A minus sign of the value denote a scaling
factor which is smaller than the SM prediction.
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center-of-mass energy, ΓH can be determined precise and model-independent from recoil mass
measurements in Higgs-strahlung events. In Higgs-strahlung events, a Higgs boson is radiated
off a Z boson. The Higgs mass and the production cross section can be derived from the recoil
mass of the Z boson. Since only the decay particles of the Z boson are used, the analysis is
model-independent on the decay of the Higgs boson. In addition, a lepton collider could give
access to the scaling constant κc which is not measurable with current reconstruction strategies
at the LHC. One of the planned lepton colliders is the International Linear Collider (ILC). In
part III of this thesis, the determination of the achievable statistical measurement accuracies of
the hadronic Higgs decay branching ratios at a center-of-mass energy of 350 GeV is evaluated
in the νν̄H final state.

12



CHAPTER 2

International Linear Collider

The International Linear Collider (ILC) is a planned electron-positron collider with a so far
unprecedented center-of-mass energy for a lepton collider. The baseline design foresees a
center-of-mass energy which can be adjusted within 200 GeV and 500 GeV. Both particle
beams can be polarized with a maximal electron polarization of |P(e−)| = 80 % and a positron
polarization of |P(e+)| = 30 %, upgradeable to 60 %. This allows studying the chiral structure
of known (e.g. top quark or Higgs boson) and, potentially, new particles.

The design of the ILC makes it an ideal counterpart to the Large Hadron Collider (LHC). The
LHC is a proton-proton collider and the current record holder in terms of center-of-mass energy
with a design collision energy of 14 TeV. The advantage of a proton collider is that large beam
energies can be realized since radiation losses are small. However, protons are compound
particles and the initial state of the collision is not well defined. Thus, the interpretation of
many key observables are often model-dependent. In addition, quantum chromodynamics
(QCD) processes are a large source of background at the LHC which degrades the uncertainties
on many physics measurements and demands for radiation tolerant detectors.

Here, the ILC can step in as a tool to precisely study the properties of particle which are
discovered by the LHC. Due to the clean initial state of a lepton collider and low backgrounds,
precision measurements and model-independent analyses are possible. New particles searches
can be performed at the ILC through precision measurements of the Higgs boson and the top
quark as well as in direct searches. Due to the high precision of the ILC, new particles can be
discovered which can be produced but not detected at the LHC.

Two different detector concepts are planned for the single interaction region of ILC. The
detectors are placed on platforms which are operated in the so-called push-pull concept: the
detector is either moved into the beam or set into a parking position. The integrated luminosity
delivered by the accelerator is shared between the two detectors to crosscheck the results of
one another.

The ILC community has published a Technical Design Report (TDR) [29–33], which gives
a detailed description of the technologies and physics plans. The accelerator design and one
of the detector concepts, the International Large Detector (ILD), are briefly introduced in the
following.
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2.1 ILC machine design

Figure 2.1: Schematic layout of the ILC, indicating all the major subsystems (not to scale) [29].

A schematic view showing all main components of the ILC is presented in figure 2.1. A
detailed description can be found in [31, 32]. The baseline design foresees a total length of
31 km for a center-of-mass energy up to 500 GeV. For an optional upgrade to

√
s = 1 TeV, the

accelerator length must be extended to 50 km.

The polarized beam electrons are created by illuminating a strained gallium arsenide (GaAs)
photocathode with a polarized laser inside a direct current (DC) electron gun. The laser
matches the band gaps inside the GaAs and the emitted electrons are polarized. An electron
polarization of at least ∼ 85 % can be achieved with this setup [34]. The emittance of the beam
electrons from the source is very large and must be reduced to achieve the design luminosity.
Therefore, the electrons are accelerated to 5 GeV and injected into a damping ring with a
circumference of 3.2 km. Wigglers in the damping ring force the electrons to emit synchrotron
radiation in a way such that the transverse and longitudinal emittance of the beam is reduced
and meet the ILC requirements. The electrons are then injected into the Ring To Main Linac
(RTML). In the RTML, the electrons are transported to the upstream end of the main linac.
The beam is accelerated to 15 GeV, the bunches are compressed by a factor 20 to 30 and the
polarization vector is manipulated to match the insertion requirements of the main linac. In the
main linac, the electrons are accelerated to the collision energy. The main linac has a length
of 11 km in the baseline design which is defined by the desired center-of-mass energy and
the average field gradient of the accelerating cavities. The design field gradient is 31 GV/m.
Superconducting radio-frequency (RF) cavities made of niobium are designed for the ILC. An
extensive R&D effort was put into the optimization of the design and production process of
the cavities to improve production yield and fulfill the field gradient goal [31]. The technology
was proven to work in the 260 m long Free electron LASer Hamburg (FLASH) at DESY. The
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X-ray Free Electron Laser (XFEL) is currently under construction which is another project at
DESY using the same cavity technology in a 3.5 km long linac [35].

The beam positrons are created from the electron beam after the main linac. The electron beam
passes a 147 m long helical undulator to emit polarized synchrotron radiation. Through pair-
conversion in a titanium alloy, polarized electrons and positrons are generated and the latter
are extracted. The baseline design foresees a positron beam polarization of 30 % which can be
increased to around 60 % using an additional photon collimator [32]. Like the electrons, the
positrons are injected into a second damping ring, are brought to the second main linac at the
other end of the ILC and are accelerated to collision energy.

The final part of the accelerator is the beam delivery system (BDS) with a length of 3.5 km. The
beam delivery system measures the properties of the beam and adjust the beam parameters for
the collision. The beam polarization P and the beam energy E are both determined online with
a precision of ∆P/P = 0.25 % and ∆E/E ≈ 10−4 [36]. The beam is focused strongly in the
interaction point to meet ILD luminosity requirements. A transverse width of a few nanometers
and a longitudinal width of a few hundred nanometers must be achieved. The beams have a

Center-of-mass energy ECM GeV 250 350 500

Luminosity pulse repetition rate Hz 5 5 5
Positron production mode 10 Hz nom. nom.
Estimated AC power PAC MW 122 121 163
Bunch population N ×1010 2 2 2
Number of bunches nb 1312 1312 1312
Linac bunch interval ∆tb ns 554 554 554
RMS bunch length σz µm 300 300 300
Normalized horizontal emittance at IP γεx µm 10 10 10
Normalized vertical emittance at IP γεy nm 35 35 35
Horizontal beta function at IP β∗x mm 13 16 11
Vertical beta function at IP β∗y mm 0.41 0.34 0.48
RMS horizontal beam size at IP σ∗x nm 729 684 474
RMS vertical beam size at IP σ∗y nm 7.7 5.9 5.9
Vertical disruption parameter Dy 24.5 24.3 24.6
Fractional RMS energy loss to beamstrahlung δBS % 0.97 1.9 4.5
Luminosity L ×1034 cm−2 s−1 0.75 1.0 1.8
Fraction of L in top 1% ECM L0.01 % 87 77 58
Electron polarization P− % 80 80 80
Positron polarization P+ % 30 30 30
Electron relative energy spread at IP ∆p/p % 0.19 0.16 0.13
Positron relative energy spread at IP ∆p/p % 0.15 0.10 0.07

Table 2.1: Summary table of the 250–500 GeV baseline beam parameters for the ILC [32].
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crossing angle of 14 mrad to catch the beam remnants in the extraction line and are brought to
the water cooled beam dump.

The simulated beam parameters of ILC are summarized in table 2.1. The baseline design
foresees that so-called bunch trains collide with a rate of 5 Hz. Each bunch train consists of
1312 bunches which are separated by 0.5 µs in time. 2 × 1010 particles are in each bunch.
A luminosity of L ≈ 10−34 cm−2s−1 is delivered by the accelerator. One option to further
increase the luminosity is to alter the repetition rate. The total RF power and the cryogenic
load at reduced beam energies is low enough to allow a 10 Hz and 7 Hz operation for center-
of-mass energies of 250 GeV and 350 GeV, respectively. To create enough positrons for the
10 Hz-mode, the undulator length must be increased to around 220 m. Doubling the number of
bunches per train is already foreseen as the first luminosity upgrade of the ILC after a few years
of data taking [29, 37]. While the increased beam currents can be realized with the accelerator
baseline design, the damping ring RF system would need to be upgraded beyond the TDR
design to enable an additional 10 Hz-mode.

2.2 The International Large Detector

The International Large Detector (ILD) and the Silicon Detector (SiD) are the two detector
concepts of the ILC project. One striking difference between the two concepts is the choice
of the central tracking detector. SiD foresees five layers of silicon tracker while ILD uses a
Time Projection chambers with up to 220 track points along the particle trajectory. As the
development of a readout module for a Time Projection Chamber of ILD and the analysis of
the measurement accuracies of Higgs hadronic branching ratios at ILD are the topics of this
thesis, only the ILD detector is briefly introduced in this chapter. A detailed description of ILD
(and SiD) can be found in [33].

Yoke slice

platform
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ECAL

motion system

(a) Overview of ILD
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ETD
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(b) Enlarged view of the ILD tracking system

Figure 2.2: Artistic view of the ILD detector concept (©Rey.Hori/KEK).
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ILD is a multipurpose detector which is build up like a typical collider detector with vertex
detector, tracking system and calorimeters. The ILD magnet system consists of a large super-
conducting solenoid, which creates a magnetic field of 3.5 T and surrounds the calorimeters.
The magnetic flux return yoke is instrumented as a hadronic tail catcher and a muon system.
In the very forward region, the BeamCal and LumiCal are positioned. The latter measures
the luminosity via the rate of Bhabha scattering events. To interchange the SiD and ILD
detectors in the single interaction point of the ILC, both are positioned on a movable platform
to maneuver the whole detector as a complete unit. Figure 2.2 shows an artistic picture of the
ILD design. At the current state of the design, the dimensions of ILD are 13.2 m in length and
15.7 m in height.

To accomplish the challenging physics goals of the ILC, the detector concept of ILD is opti-
mized for precision measurements. A change of paradigm in the event reconstruction strategy
is performed for ILC detectors to fulfill the performance requirements. The particle flow
concept is a new reconstruction strategy for which each individual particle must be identified
in the calorimeter systems. Although the particle flow concept is already used in other detector
experiments, it is the first time that the detector design is optimized specifically for the particle
flow concept. This has large implications on the design of the whole detector and especially on
the calorimeter system.

2.2.1 Performance requirements

The performance requirements are driven by the ILC physics goals. One example is the precise
determination of the Higgs mass which is one of the major goals at the ILC. As mentioned
in section 1.2, the Higgs mass is determined from the recoil mass of Higgs-strahlung events
against leptonic decays of the Z boson [38, 39]. The advantage of this measurement is that the
Higgs is observed indirectly and no assumptions concerning the Higgs decay have to be made.
The analysis has a high accuracy, is model-independent and can be conducted at any center-
of-mass energies above the Higgs-strahlung threshold. For higher beam energies higher than
350 GeV, the Higgs-strahlung cross section is small and the measurement precision degrades.
The charged leptons from the Z decay are the crucial part of the analysis. Their momentum
resolution and the beam energy spread limits the Higgs mass uncertainty. The beam energy
spread was presented in table 2.1 for the three baseline beam energies. At 250 GeV, the leptons
from the Z decay carry an energy of roughly half the Z mass. The momentum resolution
was chosen such that the beam energy spread dominates the uncertainty at 250 GeV. The
momentum resolution should be 10−3 for these leptons which is roughly a factor of two better
than the beam energy spread. This led to the definition of the momentum resolution goal of

σ1/pt ≈ 2 × 10−5 GeV−1 ⊕ 10−3

pt sin θ
(2.1)

with θ representing the polar angle of a track. For higher center-of-mass energies, the detector
impact is larger since the leptons carry more energy and the momentum resolution degrades
with the lepton energy [40]. Already at 350 GeV, the momentum resolution of the detector

17



2 International Linear Collider

track d0

prompt tracks

primary

secondary vertex
jet axis

L

vertex

Figure 2.3: Decay of a long-lived particle which is identified as a secondary vertex in the detector.
The tracks from the decay products of the long-lived particle have an impact parameter d0 which is
inconsistent with the primary vertex hypothesis. The decay length L and the masses of the decay
products are also used in flavor-tagging algorithms to identify and distinguish between heavy quark
jets.

is the dominating factor [30]. The Time Projection Chamber of ILD alone must reach a
momentum resolution of σ1/pt ≈ 10−4 GeV−1. This an important design goal of the TPC and
the TPC readout module developed in part II of this thesis.

Heavy flavor identification is an important tool in many physics analyses. In the Higgs branch-
ing ratio analyses presented in part III, it is crucial to distinguish between H→ bb̄, H→ cc̄ and
H → gg. The flavor tags of the two-jet final states are key observables in the analysis. Heavy
quark jets have special properties which can be used to identify the original heavy quark. Their
lifetime is very long due to CKM suppression of their decays, the invariant mass of their decay
products is large and the decay multiplicities are larger. Heavy quarks have a decay length L
which is large enough to be detected with dedicated vertex detectors. Figure 2.3 sketches such
a displaced secondary vertex. The decay products of the heavy quarks do not point back to the
primary vertex. The impact parameter d0 is the minimal transverse distance between the track
and the expected interaction point. The impact parameter resolution is a measure of the flavor-
tagging capabilities of a vertex detector. To achieve the desired flavor-tagging performance of
ILD, the impact parameter resolution is designed to fulfill [30]

σrϕ = 5 µm ⊕ 10 µm
p(GeV) sin2/3 θ

. (2.2)

The discrimination between the b and c quarks is based on the lifetime and the invariant mass
of the charged decay products. Therefore, momentum resolution and particle identification
down to low momenta are also important aspects for flavor-tagging algorithms. Naturally, high
tracking efficiencies and low track fake rates are also essential to correctly identify tracks which
belong to a secondary vertex.

Invariant masses in multi-jet final states are a common observable. The ILD optimization goal
is the discrimination between hadronically decaying W and Z bosons. The branching ratio of
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H→WW∗ is a prime example for that requirement. To obtain a 3σ separation of the invariant
mass peaks of W and Z, the jet energy resolution of ILD must satisfy

σE/E = 3 − 4 % (2.3)

taking the natural width of the bosons into account. The resolution goal corresponds to a
stochastic term in classical calorimetry of roughly 30 %/

√
E(GeV) at E = 100 GeV. This is

unlikely achievable with traditional calorimetric approaches which typically reach jet energy
resolutions of 55 %/

√
E(GeV) [41]. This gave rise to the particle flow concept as discussed in

section 2.2.4.

2.2.2 Main tracking detector

The tracking concept of the ILD combines a large Time Projection Chamber (TPC) with
silicon detectors. An artistic view of the tracking region of ILD is shown in figure 2.2b.
The barrel part of the TPC is enveloped by three layers of silicon tracker. The advantage
of the great pattern recognition capabilities of a TPC and the precise spatial resolution of
silicon detectors are combined with this concept. The Silicon Inner Tracker (SIT) is part of
the envelope and is composed of two layers of silicon strip detectors. The SIT is positioned
between the vertex detector and the TPC. The Silicon External Tracker (SET) and the Endcap
Tracking Detector (ETD) are a single layer of silicon strip detectors between the TPC and the
calorimeter in the barrel and the end cap region, respectively. The high spatial resolution of the
silicon detector contributes significantly to the overall momentum resolution of the tracking
system. Furthermore, the timing resolution enables the silicon envelope to time stamp the
tracks. Information from the silicon envelope are also used to monitor and calibrate the TPC.

Especially for center-of-mass energies of ≥ 350 GeV, the very forward region becomes particu-
lar important since the fraction of t-channel exchange processes and high multiplicity processes
increase [33]. The Forward Tracking Detector (FTD) consists of seven silicon detector discs
which provide efficient and precise tracking information down to small angles. The first two
discs are designed as pixel detectors to cope with high occupancies and the remaining five disks
are silicon strip sensors.

The ILD TPC is a large volume detector with an outer radius of Rout = 1808 mm and a total
length of z = 4700 mm. The sensitive volume is cut into two by the central cathode which
also halves the maximal drift distance. Both end caps are instrumented with readout modules.
The design parameters of the ILD TPC are listed in table 2.2. Continuous tracking capabilities
are the main advantage of a TPC. Any particle passing the complete sensitive volume of the
TPC creates up to 220 space point. The decay of long-lived neutral particles (e.g. kaons) into
charged particles can be identified inside the TPC volume. Additionally, kinks in the tracks
are visible due to the continuous tracking. Kinks in the trajectory indicate decays of charged
particles (e.g. muon) and are difficult to identify in silicon detectors. The allowed material
budget of the TPC in the ILD detector is very small and dominated by the field cage. A small
material budget is crucial to minimize pair conversion of beam strahlung photons and to support
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Parameter

inner radius Rin 329 mm
outer radius Rout 1808 mm
maximal drift length z 2350 mm
Solid angle coverage up to cos θ ' 0.98 (10 pad rows)
TPC material budget ' 0.05X0 including outer field cage in R

< 0.25X0 for readout end caps in z
Number of pads/timebuckets ' 1 − 2 × 106/1000 per end cap
Pad pitch/no. pad rows ' 1 mm × 6 mm for 220 pad rows
σpoint in rφ ' 60 µm for zero drift, < 100 µm overall
σpoint in rz ' 0.4 mm, 1.4 mm (for zero drift and full drift)
2-hit resolution in rφ ' 2 mm
2-hit resolution in rz ' 6 mm
dE/dx resolution ' 5 %
Momentum resolution at 3.5 T δ(1/pt) ' 10−4 c/GeV (TPC only)

Table 2.2: Performance and design parameters of the ILD TPC [33].

the particle flow algorithm (see section 2.2.4). The detector design benefits from the discussed
advantages of a TPC only if the challenging design specifications and performance goals can
be satisfied.

The momentum resolution of the TPC alone is specified to be δ(1/pt) ' 10−4 c/GeV which can
be translated into a transverse spatial resolution of σrϕ ≤ 100 µm. The design goal cannot be
accomplished with classical wire amplification structures. New technologies, so-called Micro
Pattern Gaseous Detectors (MPGD), must be used. For low momentum particles, multiple
scattering degrades the performance of any detector. With the current design material budget,
the degradation is less severe than for typical silicon tracking devices [42]. Figure 2.4a presents
the momentum resolution of the designed tracking system as a function of the transverse
momentum for different polar angles [33]. The solid lines show the ILD requirements. The
simulated detector design meets the requirements and is even better for larger polar track
angles.

Figure 2.4b shows the tracking efficiency in simulated high multiplicity tt̄ → 6 jet events
for two different center-of-mass energies. The simulation includes photons from the beam
interactions which convert to electron positron pairs in the material of the detector. For higher
center-of-mass energies, the pair background is larger and therefore, the tracking efficiency
degrades for particles with low transverse momenta. The tracking efficiency increases as a
function of the momentum until it saturates at almost 100 %. Up to a transverse momentum
of pt ≈ 150 MeV, the tracking efficiency is limited by the silicon vertex pattern recognition
performance (see section 2.2.3) since the particles do not reach the sensitive volume of the TPC
inside the magnetic field. Newer studies with improved reconstruction tools based on cellular
automatons indicate that higher tracking efficiencies can be achieved at these low momenta
[43]. The saturation of the tracking efficiency starts after pt ≈ 150 MeV because the particles
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Figure 2.4: a) Transverse momentum resolution of the tracking system of ILD as a function of the
transverse momentum for different polar angles [33]. The solid lines show the resolution requirements of
ILD. b) Tracking efficiency for tt̄→ 6 jet at 500 GeV and 1 TeV plotted against the particle momentum.
The pair background explains the degradation for 1 TeV as it is larger for higher center-of-mass energies.
The studies were performed with detailed GEANT4-based simulations of the ILD detector. Details on
the simulation framework can be found in [33] and will be discussed in chapter 9.

are detected in the TPC. Particles with a transverse momentum of pt ≈ 1 GeV penetrate the
complete sensitive region of the TPC. Due to the large number of space points in the TPC, the
tracking efficiency is almost perfect.

The TPC measurement also contributes to the particle identification. The specific energy loss
dE per track length dx inside the gas depends on the mass of the particle. A declared goal is a
dE/dx resolution of 5 % [33].

The first part of this thesis focuses on the development of a TPC readout module which should
ideally fulfill all discussed specifications.

2.2.3 Vertex detector

In order to achieve the challenging design vertex resolution (equation (2.2)), the following
design goals have been defined [33]

• spatial resolution better than 3 µm near the IP

• material budget below 0.15 %X0/layer

• first layer located at a radius of ≤ 1.6 cm
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• pixel occupancy not exceeding a few percent

Additional constraints are implicitly included in these specifications. For instance, a sensor
thickness of ≈ 0.1 %X0 can be realized by thinning down the silicon sensors, but the support
structure and the cooling is also included in the material budget of ≤ 0.15 %X0/layer. Gaseous
cooling is a viable option to achieve such small material budgets but the cooling power of
gaseous cooling is limited. Therefore, the material constraint implies a constraint on the
power consumption of the vertex detector. Another important aspect of the vertex detector
is its timing resolution. Soft pair conversion is the major background for the vertex detector
and create high occupancy in the vertex detector. The longer the readout time, the more
backgrounds from bunch crossings are overlaid in one event. High occupancies would degrade
the performance of the tracking algorithms and thus the flavor tagging. Neither of the following
readout technologies can provide very good spatial and timing resolution at the same time.
Therefore, the combination of different readout technologies with different advantages is a
viable option to reach the performance goals of the ILD [33].

Two different baseline designs are currently studied. A vertex detector with five equidistant
layers and a detector consisting of three concentric layers of double-sided ladders, resulting in
a total of six measurement points. The advantage of the latter concept is a reduced material
budget for the support structure since two layers of pixel sensors share the same support
structure. Although the resolution is slightly degraded compared to an equidistant positioning,
the hits of a double layer can be combined to so-called mini-vectors to improve the pattern
recognition capabilities [43]. The technology for the pixel sensors is not yet chosen as no
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Figure 2.5: a) Impact parameter resolution for single muon events as a function of the transverse
momentum for different polar angles [33]. The solid lines show the resolution goals of the vertex
detector. b) Flavor tagging performance for ZZZ → qqqqqq at center-of-mass energies of 500 and
1000 GeV [33].
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technology fulfills all requirements. The investigated technologies are CMOS Pixel Sensors
(CPS) [44], Fine Pixel CCD (FPCCD) sensors [45] and DEPleted Field Effect Transistor
(DEPFET) sensors [46].

Figure 2.5a shows the impact parameter resolution of single muon events as a function of the
transverse momentum for different polar angles estimated from a detailed GEANT4 simulation
of the ILD detector [33]. The solid lines indicate the resolution goals defined by equation (2.2).
The current baseline design fulfills the ILD requirements in the simulation. Using the vertex
information and additional jet evolution variables from the tracking system, the flavor tagging
of the jets is performed by means of a multivariate analysis. The flavor-tagging performance
is shown for ZZZ → qqqqqq events. The flavor-tagging software is designed to discriminate
between b jets from udsc jets (b-tag in red), c jets from udsb jets (c-tag in green), and c jets from
b jets (bc-tag in blue). In the presented analysis of H→ bb̄, cc̄, gg in part III, the c quark must
be differentiated against b quarks and gluons. Since gluons can be interpreted as light quarks
for flavor tagging, the bc-tag doesn’t describe the problem sufficiently and is not considered.

2.2.4 Particle flow concept

In traditional calorimetric approaches, the detected energy in the Electromagnetic CALorime-
ter (ECAL) and Hadronic CALorimeter (HCAL) is combined to determine the energy of a jet.
To accomplish the jet energy resolution goals of ILD, the ILD detectors are optimized for the
particle flow concept [41]. The particle flow concept is motivated by the knowledge of the
composition of the jets and is based on the evaluation of each particle in a jet with the best-
suited detector. At LEP, the fragmentation and hadronization in jets was measured in Z decays
[47]. On average, approximately 62 % of the jet energy is carried by charged particles, 27 %
by photons, 10 % by long-lived neutral hadrons and 1.5 % by neutrinos.

In a typical calorimetric strategy, about 72 % of the energy is measured in the HCAL which
offers the worst energy resolution of all sub-detectors. The classical and particle flow approach

(a) Classical approach. (b) Particle flow approach.

Figure 2.6: Sketch of different approaches to measure the jet energy [48].
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are sketched in figure 2.6. In the particle flow concept, the energy of charged particles is
taken from the momentum measurement in the central tracking system which provides very
good resolution compared to calorimeters. At the current stage of the ILD simulations (see
section 9.1), the mass of the particle is neglected in the reconstruction. This approximation is
reasonable for high momentum particles but not for low momentum particles which are also
found in jets with high multiplicities. As a future improvement of the simulation framework,
the particle mass should be determined using particle identification algorithms. The TPC
with its good specific energy loss resolution (dE/dx = 5 %) plays a major role to distinguish
between the particle species. The deposited energy of charged particles is removed in the
calorimeters. Therefore, the shower profile of the particles in the calorimeters must be observed
to identify the contributions of individual particles. This implies a high granular ECAL and
HCAL in the transverse and longitudinal direction to cope with high particle densities in
multi-jet environments. An energy resolution of ∆E/E ≈ 20 %/

√
E could be achieved if

the assignment of the shower profiles to the corresponding particles would be perfect [41]. The
performance is degraded by misassigning clusters from overlapping shower profiles, which is
called confusion. If a calorimeter cluster is not assigned correctly to a charged particle, the
energy is double counted. Also, clusters from neutral particles can be assigned to a charged
particle and are then removed from the total reconstructed energy. The jet energy resolution of
the particle flow approach can be written as

σjet = fX±σtracker ⊕ fγσECAL ⊕ fh0σHCAL ⊕ σconfusion (2.4)

with f representing the energy fraction of charged particles X±, photons γ and neutral hadrons
h0. σconfusion is called the confusion term and denotes limitations of the pattern recognition
algorithm. Because charged particles (especially hadrons) make up two thirds of the particles
of the jets, the performance of the tracking detector is crucial. A very large tracking efficiency
is needed up to low transverse momenta of the particles. Otherwise, the particles would
be detected in the calorimeter only and degrade the energy resolution. Simultaneously, the
tracking fake rate must be as small as possible since calorimetric clusters would be wrongly
assigned to these fake tracks and the confusion term would increase. This is one of the reasons
why a TPC is foreseen as the main tracker for ILD. Due to the huge number of space points
in a TPC, pattern recognition is simple and very robust. As shown in section 2.2.2, the track
efficiency is very large as soon as a sufficient volume of the TPC is traversed. For the same
reason, the fake rate is negligibly small. To realize these benefits of the ILD TPC, the readout
technology must provide high hit efficiency, good spatial resolution and low dead area. These
are the key aspects for the development of the TPC readout module in part II.

2.2.5 Calorimeter system

A high granularity of the calorimeters in the transverse and longitudinal direction is needed
for the particle flow approach to observe the shower profiles of individual particles [33]. At
the current state of the detector optimization, the ECAL is designed to be a silicon-tungsten
sampling calorimeter. Using tungsten as the absorber of the ECAL has several advantages. The

24



2.2 The International Large Detector

radiation length of tungsten is X0 = 3.5 mm and the hadronic interaction length is λl = 99 mm.
The very short radiation length allows building a very compact ECAL. This is crucial since
the calorimeters are positioned inside the magnet coils and the dimension of the coil is the
main cost driver and limits the maximal magnetic field strength. The design foresees 30
readout layers which add up to a total of 24X0 and can be maintained within a calorimeter
thickness of 20 cm. The large ratio of hadronic interaction and electromagnetic interaction
length (λl/X0) is beneficial for an ECAL. Photons and electrons start to shower early and
hadronically interacting particles late. The longitudinal separation helps to differentiate be-
tween the particle species. In addition, the Molière radius of tungsten is comparably small
RM = 9 mm. Electromagnetic showers are contained within that radius which leads to a good
transverse separation of nearby showers. Optimization studies have shown that a segmentation
of 5 mm in the transverse direction is needed. Two options are proposed for the active part of
the readout layers. Either, silicon pin diodes with a cell size of 5 mm × 5 mm or alternating
scintillator strips with a size of 5 mm × 45 mm are considered for the ILD ECAL.

The HCAL is also designed as a sampling calorimeter which is inevitable for the longitudinal
granularity of the shower profile. Stainless steel is used as the absorber material due to its
low cost and the ability to act as support structure of the HCAL system itself. Test beam
measurements indicate a different response to electromagnetically and hadronically interacting
particles. However, the moderate ratio of radiation length (X0 = 1.8 cm) and interaction
length (λl = 17 cm) allows for a compensation based on the topological information of shower
profiles. The HCAL consists of 48 layers which add to a total of 6λl. Two different readout
technologies have shown to fulfill the requirements of ILD [33]. On the one hand, scin-
tillator tiles of 3 cm × 3 cm size are used as active layers which are read out with silicon
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Figure 2.7: a) Simulated jet energy resolution with a particle flow algorithm at ILD [41]. b) Average
di-jet mass for the best pairing in νeν̄eWW (blue) and νeν̄eZZ (red) events with a jet energy resolution
as in 2.7a at

√
s = 1 TeV [33].
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Energy [GeV] Reaction Physics Goal

91 e−e+ → Z ultra-precision electroweak

160 e−e+ →WW ultra-precision W mass

250 e−e+ → ZH precision Higgs couplings

350-400 e−e+ → tt̄ top quark mass and couplings
e−e+ →WW precision W couplings
e−e+ → νν̄H precision Higgs couplings

500 e−e+ → ff̄ precision search for Z′

e−e+ → tt̄H Higgs coupling to top
e−e+ → ZHH Higgs self-coupling
e−e+ → χ̄χ̄ search for supersymmetry

e−e+ → AH,H+H− search for extended Higgs states

Table 2.3: Major physics processes to be studied by the ILC at various energies [30].

photomultipliers giving access to the full analog information in each cell. On the other hand,
1 cm × 1 cm large cells are constructed with gaseous detectors and a 2 bit digitization level.
This semi-digital approach relaxes the requirements on the cells compared to a purely binary
readout.

The particle flow algorithm called PandoraPFANew was optimized for the described detec-
tor setup. Figure 2.7a shows the parameterization of the achievable jet energy resolution
in hadronic single Z decays from detailed MC simulations. This scenario is chosen as it
demonstrates the pure performance of the particle flow concept. A higher jet multiplicity
degrades the resolution performance as the jet (mis-)clustering degrades the reconstructed jet
energies and invariant masses. The jet energy resolution with the particle flow concept (black
solid line) is compared to the performance of a classical calorimeter system (red dotted line).
The particle flow approach is better up to a jet energy of ∼ 400 GeV. These jet energies are
only realized when the accelerator is upgraded to

√
s = 1 TeV. Jets are strongly boosted

and thus, more collimated at these energies. A high particle density in the jets increases the
contribution of the confusion term. In addition, the total depth of the HCAL is limited as it
is contained within the magnet coils and shower leakage also degrades the performance for
large jet energies. Nevertheless, the resolution goal of σE/E = 3 − 4 % is reached over a wide
range of jet energies. This allows for measurements as depicted in figure 2.7b. The figure
shows the average di-jet mass for the best pairing in νeν̄eWW (blue) and νeν̄eZZ (red) events.
The individual mass peaks of W and Z bosons are well separated with the simulated jet energy
resolution of the ILD detector.
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Stage ILC500 ILC500 LumiUP
√

s [GeV] 500 350 250 500 350 250
L [fb−1] 500 200 500 3500 - 1500
time [a] 3.7 1.3 3.1 7.4 - 3.2

Table 2.4: Sequence of energy stages and their real-time conditions [37].

2.3 ILC running scenarios

The ILC baseline design foresees a maximal center-of-mass energy of 500 GeV. By reducing
the gradients of the RF cavities, the beam power can be adjusted downwards. This allows
studying different physics processes at the various collision energies. Table 2.3 gives an
overview of the major physics processes for the different center-of-mass energies. Of course,
this is just a very simplified list of the possible measurements. A detailed overview is given in
the TDR [30] and an update of the physics case since the TDR release is found in [49].

To benefit the fullest from the huge physics potential at the ILC, the ILC Parameters Joint
Working Group has performed an evaluation of possible running scenarios [37]. The running
scenarios foresee a 20 year program with a luminosity upgrade in between before a possible
upgrade to 1 TeV is considered. The evolution of measurement accuracies of several physics
observables is studied for different running scenarios. As a result of the study, one running
scenario is recommended for the ILC and will most probably serve as the baseline scenario
for future analyses. Of course, the running scenario at the ILC is not yet fixed and could be
flexibly adjusted if new discoveries at the LHC or during early stages of the ILC are made.
Any planning of the measurement program beyond the 20 years would be speculative since it
will be based on the physics results at LHC and ILC.

The beams of ILC are polarized with an absolute electron polarization of |P(e−)| = 80 %
and a positron polarization of |P(e+)| = 30 %. The data will not be taken with just a single
helicity configuration but the integrated luminosity will be shared between the four possible
sign settings. At lower collision energies, a focus is set on the precision measurement of
Standard Model physics. An unlike configuration of the two beams is favorable for these
type of studies. Furthermore, most SM analysis benefit from the larger signal statistics with
a left-handed electron beam. At higher energies, likewise beam configuration become more
important to support searches on BSM physics and especially supersymmetry.

Table 2.4 summarizes the recommended running scenario [37] and table 2.5 presents the rec-
ommended data fractions of the four possible polarization configuration for the various beam
energies [37]. In the recommended running scenario, only a short measurement run at 350 GeV
is foreseen before the luminosity upgrade to determine the top quark mass with high precision.
However, another running scenario was studied in [37] which performs very similar to the
recommended one. It differs only in the very last data taking period which is taken at 350 GeV
instead of 250 GeV. All other measurement phases, their durations and integrated luminosities
are identical. To decide between the two running scenarios, it is crucial to study and understand
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fraction with sgn(P(e−), P(e+)) =

(-,+) (+,-) (-,-) (+,+)
√

s % % % %

250 GeV 67.5 22.5 5 5
350 GeV 67.5 22.5 5 5
500 GeV 40 40 10 10

Table 2.5: Relative sharing between beam helicity configurations proposed for the various center-of-
mass energies [37].

the benefits of all beam energies. Although many important analysis have been conducted, the
full potential at all beam energies has not been completely determined. Furthermore, many
analysis weren’t performed with the latest and most detailed simulation and reconstruction
tools. Any modification of the measurement accuracies could tip the scale in favor of either of
the running scenarios.
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Part II

Development of a triple GEM readout
module for a Time Projection Chamber

The International Large Detector (ILD) foresees a Time Projection Chamber (TPC) as the
central tracking detector. Challenging design and performance requirements have been defined
for the ILD TPC by the rich physics program of the ILC. The requirements have already been
presented in section 2.2.2. The most important ones for this study are the transverse spatial res-
olution of ≤ 100 µm over the whole drift length, the material budget of ∼ 25 %X0 in the end cap
and the continuous tracking. Traditional wire amplification cannot meet the spatial resolution
requirement and new, micro-structured amplification technologies are necessary. Gas Electron
Multipliers (GEMs) are one possible amplification technology which is studied in the LCTPC
collaboration. Small prototype setups with GEMs have already been tested and showed the
potential to meet the ILD requirements [50]. The task of this thesis was the development of
a full scale readout module (17 cm × 23 cm) as it is foreseen for ILD. The design is focused
on a minimal material budget to support the particle flow algorithm of ILD. In addition, a
large sensitive area is desired to maximize the continuous tracking capabilities of the TPC.
Therefore, the design of the module foresees a stack of three GEMs which are supported by
thin ceramic grids. The readout consists of pads with a size of 1.26 mm × 5.85 mm. Ultimately,
three readout modules should be tested in a test beam campaign in a large prototype TPC. Three
modules are necessary to observe the test beam along the full height of the TPC. First, the
design of the modules needed to be finalized in several details. Four modules were constructed
and commissioned before the test beam campaign. Finally, a successful test beam campaign
could be performed at the DESY II electron test beam in March 2013. A thorough analysis of
the test beam data was conducted to understand the performance of the readout modules and
identify possible improvements for the module design.

First, a general introduction of the fundamental principles and physical processes of Time
Projection Chambers is given in chapter 3. In chapter 4, the complete measurement setup for
the test beam campaign is presented including a detailed description of the developed readout
module. The software framework as well as the reconstruction steps and tools are described in
chapter 5. Finally, the data analysis of the test beam data is presented in chapter 6.
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CHAPTER 3

Fundamental principles of Time
Projection Chambers

Figure 3.1: Schematic of the basic working principle of a TPC [51] (©2005 O. Schäfer).

A Time Projection Chamber (TPC) is a gaseous tracking detector whose working principle
is sketched in figure 3.1. TPCs consist of a gas filled volume which serves as the detection
medium for charged particles. A charged particle ionizes the gas constituents along its path.
By applying an electric field, the ion electron pairs are separated and the so-called primary
electrons are forced to move towards the readout plane. The number of primary electrons is of
the order of 10 cm−1 to 100 cm−1 in typical detector gases at atmospheric pressure. Therefore,
it is necessary to amplify the primary electrons to create a detectable signal in the readout
electronics. The amplification stage is located above a segmented readout plane. A two
dimensional image of the particle track is generated by detecting the amplification signal of
the primary electrons on the readout electrodes. Additionally, the drift time of the electrons
towards the readout electrodes is measured. From the time measurement and the constant drift
velocity of the electrons in the gas, the third dimension can be calculated. In the following
chapter, all physical processes for a TPC will be introduced which are necessary to understand
the design concepts of the readout module and the analysis of the test beam data.
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3 Fundamental principles of Time Projection Chambers

3.1 Interaction of charged particles with matter
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Figure 3.2: Illustration of the energy deposition of a muon. The Bethe-Bloch equation is only a valid
model in the Bethe region and becomes invalid at very high energies due to radiative losses and at very
low energies due to the internal structure of atoms [14].

A charged particle passing through a medium loses kinetic energy due to interactions with
the medium. The largest fraction of interactions are electromagnetic interactions which cause
excitation and ionization of the medium. This is valid for typical energies in particle physics
of 1 GeV to 100 GeV. At very high energies, radiative processes cannot be neglected anymore
and take the leading role. Example processes of radiative interactions are Čherenkov radiation,
transition radiation and bremsstrahlung. In the very low energy region, shell effects of the
material become relevant but can be ignored in the context of this thesis.

The distinction between electrons and heavier particles is necessary for the description of the
energy loss of charged particles in matter. The bound electrons in the detection material are
by far the dominant reaction partners of the traveling charged particle. The transferred energy
spectrum has a different shape in the case of colliding equal particles. It is possible that an
electron passes its complete kinetic energy to the detection material in a single interaction,
as it is expected in the classical approach of a central collision of identical particles. In the
relativistic case, where the energy E of the charged particle fulfills the relations E ≈ Ekin and
E ≈ pc, the maximal energy transfer of heavier charged particles is

T max
trans =

E2

E +
m2

0c2

2me

(3.1)

with me being the mass of the electron and m0 the mass of the charged particle. The mean
energy loss dE per track length dx in matter for charged heavy particles is described by the
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3.1 Interaction of charged particles with matter

relativistic Bethe-Bloch formula [14]:

−
〈

dE
dx

〉
= Kz2 Z

A
1
β2

{
1
2

ln
2mec2β2γ2Tmax

I2 − β2 − δ(βγ)
2

}
(3.2)

with

K = 4πNAr2
emec2

NA Avogadro’s number
mec2 the rest energy of the electron
rec2 classical electron radius
A atomic mass of the absorber
Z atomic number of the absorber
Tmax the maximal transferable kinetic energy
ze the charge of the traveling particle
e the elementary charge
β = v

c the velocity of the traveling particle in terms of the velocity of light c
γ = 1√

1−β2

I the mean excitation energy of the atom
δ(β) correction term for the density effect.

Figure 3.2 shows the mean energy loss of a muon for a wide range of energies. The Bethe-
Bloch formula is only a valid approximation in the region tagged as “Bethe”. For lower
energies of the charged particle, the atomic substructure of the detection material cannot be
neglected anymore. The mean energy loss falls steeply with 1/β2 in the beginning of the
Bethe region. Slower particles stay longer within the range of the fields of the atoms and thus
have a higher possibility to interact. The Bethe-Bloch function has a minimum for moderate
energies at around βγ ≈ 4. Particles which posses the corresponding momenta are called
minimal ionizing particles (MIPs). After the minimum, the function rises logarithmically.
Two effects explain the logarithmic rise. Equation (3.1) shows that the maximal transferred
energy rises with the energy of the particle and, therefore, the possibilities for these as well.
The second reason is an enhanced cross section due to an expansion of the transverse electric
field at relativistic velocities of the charged particle. Although MIPs are defined as particles
with momenta corresponding to the minimum of the Bethe-Bloch equation, particles in the
relativistic rise are also often called MIPs because of the rather slow rise.

If the particle velocity is very large, it polarizes the atoms in its vicinity. This effectively screens
other atoms from the electric field of the charged particles, reducing the interaction probability
and limiting the logarithmic rise of the Bethe-Bloch formula. This effect is called density effect
as it greatly depends on the detection material and especially its density [52].

At even higher energies, radiative losses cannot be neglected anymore and start to dominate
over the ionization losses. The Bethe-Bloch equation is again not valid in this region. In
a tracking detector the largest possible energy transfer is restricted. If the energy transfer
is large enough, the ionization electron can travel far enough to be detected as an individual
particle. These so-called delta electrons aren’t used experimentally in dE/dx spectra of charged
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3 Fundamental principles of Time Projection Chambers

Figure 3.3: dE
dx spectrum versus the momentum in the ALICE TPC from pp collisions at 7 TeV [53].

particles. A cut-off energy Tcut can be inserted in the Bethe-Bloch equation which depends on
the pattern recognition capabilities of the detector and the algorithms used. The restricted
Bethe-Bloch equation can be expressed in the following way [14]

−dE
dx

= Kz2 Z
A

1
β2

{
1
2

ln
2mec2β2γ2Tcut

I2 − β2
(
1 +

Tcut

Tmax

)
− δ(βγ)

2

}
(3.3)

As the Bethe-Bloch equation depends on the mass of the charged particle, the type of particle
can be determined from a measurement of the specific energy loss. Additionally, the momen-
tum of the particle must also be known or measured. Figure 3.3 shows a measurement of the
specific energy loss of the ALICE TPC [53]. The discrimination power between particle types
is physically limited by the statistical fluctuations of the interaction processes. However, the
detector resolution is typically dominant in an experiment and must be optimized to reach the
desired discrimination power.

In a gaseous detector, the statistical fluctuations of the energy loss are large due to the small
number of interactions. Because of the possibility of high energy transfers, the energy loss
probability density function has a large tail. Hence, the usage of the mean value of the
energy loss, as defined in the Beth-Bloch equation, is not recommended experimentally. In an
experiment with around 100 measuring points, the most probable energy loss is used preferably
since it is more stable against statistical fluctuations, data cuts and background.

The Landau distribution describes the energy loss probability density function in detectors with
moderate thickness x in g/cm2 [54]. The most probable energy loss ∆p is given by [14]

∆p = ξ

[
ln

2mc2β2γ2

I
+ ln

ξ

I
+ j − β2 − δ(βγ)

]
(3.4)
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with ξ = (K/2)(Z/A)(x/β2)MeV, j = 0.200 [55]. For very thick absorbers, the energy loss
distribution is less skewed but never approaches a Gaussian distribution. For very thin absorber
detectors, e.g. a gaseous tracking detector, the Landau distribution fails to describe the ob-
served behavior and the measured distribution is wider than the predicted Landau distribution
foresees. Equation (3.4) still serves as a good estimation of the most probable energy loss.

3.2 Ionization processes

The deposited energy cannot be measured directly but can be derived from a measurement of
the number of ionization electrons. The number of produced electrons ne depends linearly on
the transferred energy

ne(dx) =
dE
dx
· I−1 (3.5)

with I denoting the average energy which is needed to ionize the medium. I is larger than the
minimal ionization energy of the medium. Interactions have to be taken into account which
are not strong enough to cause ionization and just excite the medium. Furthermore, the kinetic
energy of the ion-electron pair must be considered.

The possible number of produced electrons is constrained by energy conservation and quan-
tized liberation of shell electrons. Thus, ne is not purely Poisson distributed and its standard
deviation is described by

σne =
√

ne · F (3.6)

with F being the Fano factor [56].

Primary and secondary ionization needs to be distinguished. Primary ionization specifies
processes where the charged particle µ directly kicks off one or more electrons from one atom
or molecule of the medium. The probability of the interaction decreases with the number of
electrons produced.

µA −−−→ µA+e− (3.7)
µA −−−→ µA++e−e− (3.8)

Secondary ionization describes all processes that need a mediator process to create the ioniza-
tion. One of these processes are primary electrons that have enough kinetic energy to cause
further ionization. The already discussed delta electrons are an extreme case of this process.

µA −−−→ µA+e− (3.9)
e−A −−−→ e−A+e− (3.10)
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3 Fundamental principles of Time Projection Chambers

Another important process to be mentioned is the Penning effect which can only occur in gas
mixtures. One of the gas components must posses a metastable excitation state A∗ whose
energy state is larger than the ionization energy of another gas component B. The Penning
effect is of large importance especially in typical mixtures of noble gases with their high
excitation states and organic gases with a low ionization energy. If the exited state A∗ collides
with the component B, it can transfer its energy to ionize B. The lifetime of the excitation
state must be non-negligible compared to the typical mean free time between two collisions of
components in the gas from thermal motion.

µA −−−→ A∗ (3.11)
A∗B −−−→ AB+e− (3.12)

3.3 Electron drift and diffusion

An electric field ~E is applied to force the liberated electrons to move towards the readout plane.
In a typical detector for a particle accelerator experiment, a magnetic field ~B is applied parallel
to the beam pipes. Charged particles from the interaction perform a circular trajectory in the
transverse plane of the magnetic field. The momenta of the particles can be derived from the
curvature of the trajectory. In general, the magnetic field is applied parallel to the electric field
of the TPC in order to minimize diffusion and so-called E×B effects which are both introduced
in the following.

Inside the TPC the electrons experience the Lorentz force due to the electric and magnetic
fields. Furthermore, the electrons scatter on the gas molecules which can be described as a
friction force. The equation of motion for this movement is known as the Langevin equation

m
d~v
dt

= e~E + e[~v × ~B] − K~v (3.13)

with m being the mass of the charged particle, e the charge of the particle, ~v the velocity vector
and K the friction coefficient. The friction coefficient is inversely proportional to the mean time
between two collisions τ

K =
m
τ

. (3.14)

For a time t >> τ, the solution is a steady state with d~v/dt = 0. The resulting drift velocity can
be expressed as [57]

~v =
e
m
τ
∣∣∣∣~E∣∣∣∣ 1

1 + ω2τ2

 ~E∣∣∣∣~E∣∣∣∣ + ωτ

 ~E∣∣∣∣~E∣∣∣∣ ×
~B∣∣∣∣~B∣∣∣∣

 + ω2τ2

 ~E∣∣∣∣~E∣∣∣∣ ·
~B∣∣∣∣~B∣∣∣∣

 ~B∣∣∣∣~B∣∣∣∣
 (3.15)

whereω = (e/m)B denotes the cyclotron frequency and the second term in parentheses is called
the E × B effect. Consequently, the electron drift direction has a component transverse to the
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3.3 Electron drift and diffusion

field directions except the electric and magnetic field are perfectly parallel to each other. As the
mass of the ions are at least three orders of magnitude larger than the mass of the electron, the
cyclotron frequency is strongly suppressed for ions and all terms proportional to the magnetic
field are less dominant. A rule of thumb is that the ions tend to follow the electric field lines
while the electrons are influenced stronger by the magnetic field lines.

Equation (3.15) simplifies if the magnetic field is parallel to the magnetic field or if no magnetic
field is applied

~v =
e
m
τ~E = µ~E (3.16)

µ =
e
m
τ . (3.17)

µ denotes the mobility of the ions and electrons inside the electric field and only depends on
the mean free path between two collisions inside the gas. The cross section for the scattering
process depends greatly on the kinetic energy of the scattered particle. This was first measured
by Ramsauer and Townsend independently. The scattering probability has a distinct minimum
when the de Broglie wavelength of the electron has the same dimension as the size of the argon
atom. This is a very interesting study from a historic point of view as it was one of the first
measurements that proofed physics beyond Newtonian mechanics.

The movement of the electrons and ions inside the gaseous volume is not only defined by
the field lines. Since the electrons lose their kinetic energy fast by scattering processes, the
initial energy of the ionization electrons can be neglected in most cases. Delta-electrons
are the exception but they can be identified in a tracking detector and are removed from the
measurement. Thermal energy causes the electron’s velocity to be distributed as predicted by
the Maxwell-Boltzmann distribution. Furthermore, the ions and electrons scatter in the gaseous
medium and change direction between two consecutive scattering processes. Electrons and
ions behave differently during the scattering and the case of electrons is discussed first.

The electron mass can be neglected compared to the masses of the gas molecules. Thus, the
electrons scatter elastically and the direction of motion is distributed isotropically in space.
After a large time t >> τ, the electron probability density function is a Gaussian distribution
[57]

n =

(
1√

4πD̃t

)3

exp
(−(x2 + y2 + (z − vt)2)

4D̃t

)
(3.18)

with z denoting the drift direction, v the drift velocity and D̃ the diffusion coefficient which is
defined in a way that n satisfies the continuity equation for the conserved electron current.

Following this picture, the diffusion of the electrons would be equally in all directions of
space. However, experiments showed that the diffusion coefficients transverse and parallel
to the drift region differ significantly. Partker and Lowke [58] developed a model to explain
this discrepancy. As already mentioned, the cross section of the scattering depends on the
kinetic energy of the electrons. Consequently, the scattering probability differs for electrons at
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3 Fundamental principles of Time Projection Chambers

the front and at the back of the drifting cloud. This can be equally describe as a change of the
longitudinal diffusion. Equation (3.18) is modified to

n =
1√

4πD̃Lt

 1√
4πD̃T t

2

exp
(
− x2 + y2

4D̃T t
− (z − vt)2

4D̃Lt

)
(3.19)

with D̃T representing the transverse diffusion coefficient and D̃L the longitudinal diffusion
coefficient. The variance of the electron density function can be used to express the width
of an initial point like electron cloud after a drift length z

σxy =

√
2D̃T t =

√
2D̃T z
µE

= DT
√

z (3.20)

σz =

√
2D̃Lt =

√
2D̃Lz
µE

= DL
√

z . (3.21)

Due to simplicity, the parameters DT and DL are commonly used in detector physics. This
thesis follows the definition of DT and DL as the diffusion constants.

In the presence of a magnetic field, the electrons do not follow a straight line between two
collisions but are forced on a helix trajectory. This effectively reduces the diffusion transverse
to the magnetic field. The diffusion in the longitudinal direction is not effected [57]

DT (ω)
DT (0)

=
1√

1 + ω2τ2
(3.22)

DL(ω) = DL(0) . (3.23)

The magnetic field in the detector setup kills two birds with one stone. First, the determination
of the particle momentum is made possible, and second, the achievable transverse spatial
resolution of a TPC is improved since it is limited by electron diffusion.

The diffusion of the ions needs to be treated differently. The mass of the ions cannot be
neglected compared to the mass of the scattering partners. Consequently, ions lose a large
fraction of their kinetic energy when they scatter and the momentum vector is not isotropically
distributed after the scattering. For electric field strengths of typical TPC experiments, the
thermal motion of the ions cannot be neglected. The drift velocity v of the ions can be derived
as

v =

√(
1
m

+
1
M

)
1

3kBT
eE
Nσ

(3.24)

with m denoting the mass of the ions, M the mass of the atoms in the gas, kB the Boltzmann
constant and T the temperature [57]. Typical detector gases consists of several components
and Blanc’s law describes the total drift velocity v as the inverse sum of the individual drift
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velocities vk

1
v

=
∑

k

Nk

N
1
vk

(3.25)

with Nk representing the density of the gas component k and N the total density. If the ion’s
ionization energy is larger than the one of the collision partner, the ion can transfer its charge to
the collision partner. The difference in the ionization energy must be transferred into excitation
energy. The probability for the charge transfer is increased for complex molecules as they
have a lot of excitation modes. The complete charge transfer of all ions to the gas molecules
with the lowest ionization potential takes place within a short amount of time. Then, the ion
drift velocity is mainly determined by the drift velocity of this molecule. Gas impurities can
contribute significantly in this process and are important to monitor.

3.4 Gas amplification

The electrons from the primary ionization cannot create a sufficient signal to noise ratio in
the readout. Therefore, the signal electrons must be amplified in an amplification structure.
Regions with large electric fields are used for this task. The drifting electrons gain enough
kinetic energy in between two collisions to ionize the atoms of the gas and start an avalanche
process. The multiplication of the electrons is described by the first Townsend coefficient α

dN
dx

= αNtot =
Ntot

λion
(3.26)

with dN/dx denoting the number of secondary ionizations per track length, Ntot number of
atoms and λion the mean free path for ionization. α is defined by the ionization and excitation
cross sections of the electrons and therefore depends on the electric field strength, the gas
density, the ionization processes, just to name a few. The Townsend coefficient is not constant
in a detector and cannot be calculated analytically.

The gas gain G is defined as the ratio between incoming electrons N0 and outgoing electrons N.
This ratio is determined by the integral of the Townsend coefficient over the distance between
the starting point r1 and the end point r2 of the avalanche process

G =
N
N0

= exp
(∫ r2

r1

α(x)dx
)

= exp
(∫ E2

E1

α(E)
dE/dx

dE
)
. (3.27)

The probability density function for the gas gain per single electron was studied in depth.
Unfortunately, the gain distribution could not be derived from models provided by Legler [59]
or Alkhazov [60], but only statistical moments of the distribution. Nevertheless, the Pólya-
distribution P(G) is a widely used approximation which describes experiments and models
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very well

P(G) =
1

G

(ϑ + 1)ϑ+1

Γ(ϑ + 1)

(
G

G

)ϑ
exp

(
−(ϑ + 1)

G

G

)
. (3.28)

3.5 Electron attachment

Free electrons can interact with the components of the gas and get attached to these. A loss
of information is the consequence as the electrons are the information carrier of a gaseous
detector. To minimize electron attachment, the gas components should not form stable neg-
ative ions (e.g. noble gases) or the electrons should not reach a kinetic energy between two
collisions which is higher than the electron affinity of the gas components. The kinetic energy
of the electrons depends on the electric drift field. Therefore, a threshold electric field exist
where a gas component can capture free electrons. Typically, these field strengths are only
reached in the amplification region of a gaseous detector. Gas components with large negative
electron affinities (e.g. oxygen or halogen compounds) are most often the reasons for electron
attachment. These gases are rarely or never used as detector gases but are often found as
impurities. It is important to ensure a clean detector gas and only use low-outgassing materials
in the gas volume to minimize electron attachment.

The attachment of an electron can occur in simple two body processes. In these processes,
the molecule M either stays compact or dissociates into two or more constituent parts (in the
following denoted as A and B).

e− + M −−−→ M− (3.29)
e− + M −−−→ A− + B (3.30)

For the first process, the kinetic energy of the electron needs to be in resonance with the
electronegativity of the molecule to form a stable ion. The dissociative attachment needs rather
large energies and can only be reached in the amplification region of a gaseous detector.

Experiments showed that simple two body processes are not sufficient to describe the mea-
sured attachment rates. Therefore, two three body processes are discussed. Historically, the
measurements were performed with oxygen which is why oxygen O2 is used for the molecule
M in the following.

One model of three body processes was described by Bloch and Bradbury in 1935 [61]. If
the kinetic energy of the electron is not in resonance with the ionization energy of the oxygen,
the oxygen is in an excited state after the ionization. The oxygen needs to deexcite through
collisions or radiation to form a stable ion. The oxygen radiates either the electron or a photon
to deexcite. If the oxygen collides with another molecule during the lifetime of the excitation
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state τ ≈ 10−10 s, the collision initiates the release of the electron or stabilizes the ion

e− + O2 −−−→ O2
−∗ (3.31)

O2
−∗ + X −−−→ O2

− + X∗ . (3.32)

The second part of the process can only occur resonantly. Thus, the choice of collision partner
greatly influences the probability of the reaction. Especially, large molecules with a lot of
vibrational and rotational states increase the cross section. It was proven by Huk [62] that
1000 ppm of water can double the electron capture rate of oxygen impurities. If the lifetime
of the excited ion is long compared to the mean free time between two collisions, the electron
capture rate R is [57]:

R = τc1c2σ1σ2N(O2)N(X) (3.33)

with c1 representing the electron velocity, c2 the velocity of thermal motion, σ1 the cross
section of O−∗2 generation, σ2 the cross section of stabilizing third body collisions and N(O2)
and N(X) the density of oxygen and molecules X.

A second three body process for electron attachment is mediated by the formation of unstable
van der Waals molecules before the ionization (van der Waals molecules are represented by
parentheses). These molecules break up during the ionization process again either in a two or
a three body process.

O2 + X −−−→ (XO2) (3.34)
(XO2) + e− −−−→ O2

− + X (3.35)
(XO2) + e− −−−→ (XO2)−∗ (3.36)

(XO2)−∗ + X −−−→ O2
− + 2 X (3.37)

The capture rate depends on many working parameters such as temperature, pressure, exter-
nal fields, gas constituents. Therefore, simulations of the attachment rate are difficult and
experimental values are commonly used in detector setups.

3.6 Signal development

The electrons from the gas amplification create a charge signal on the readout electrodes.
This signal is generated by the induced electric field E(x, y, z) of the moving electrons in the
vicinity of the electrodes. Following Gauss’ law, the resulting surface charge density of the
electrode σ(x, y, z) is related to the induced field by σ(x, y, z) = ε0E(x, y, z), with ε0 denoting
the permittivity of free space. The induced charge Q on the electrode surface is

Q =

∫
A
σ(x, y, z)dA (3.38)
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with A being the surface area of the electrode. Due to the movement of the electrons, the surface
charge density of an electrode is time dependent. To simplify the example, the trajectory is
reduced to a straight line along the drift dimension of the detector z(t) = z0 − v · t with velocity
v. The resulting induced current Iind is

Iind = − d
dt

Q(z(t)) = −∂Q
∂z

dz(t)
dt

= −∂Q
∂z
v . (3.39)

The sign originates from the fact that the induced charge Q moves in the opposite direction
of the electrons. This procedure to calculate the induced charge is rather intuitive but is
difficult to perform for complex detector geometries. Using Ramo’s theorem, the calculation
of any detector setup can be simplified significantly. To calculate the signal on one particular
electrode, the weighting potential ψ(x, y, z) of that electrode needs to be known. The weighting
potential of an electrode is taken from a calculation or simulation of the electric fields of the
detector with special boundary conditions. The potentials of all electrodes are fixed to ground
potential and only the electrode under study is set to U = 1 V. Each electrode of the detector
has its unique weighting potential which is derived in the presented procedure. The induced
charge and current on electrode i is [57]

Qi = −qψi(z) (3.40)

Iind
i (t) = −dQi

dt
= q∇ψi(z(t))

dz(t)
dt

= −qEi(z(t))v(t) (3.41)

with q being the charge of the drifting electrons. Ramo’s theorem is Ei = −∇ψi(z(t)) with Ei

being the weighting field [63]. Of course, not only the electrons induce a signal into the readout
but also the ions from the amplification process. The timescale of the signals from electrons
and ions differs greatly due to the individual drift velocities. This needs to be considered during
the selection of the readout electronics. The influence of the readout electronics’ impedance is
discussed in detail in [57].

Two aspects have to be stressed which are of importance later on. First, the induced surface
charge drops rapidly with larger distance to the electrode. Consequently, although a charge
signal is induced into every electrode of the detector, the signal is only large in the vicinity of
the electrons. Second, charge conservation implies that the integral of the induced current on
one electrode must be equal to the number of electrons which hit the surface of this electrode.
The signal on an electrode, which does not collect charge, must change the sign during the
movement of the electrons. These signals can be large enough to pass the threshold of a detector
but the integral of the charge must still remain zero.

3.7 Micro pattern gaseous detectors

Traditionally, multi-wire proportional chambers were used for gas amplification in a TPC.
Alternating field and sense wires are tightened in a plane above the readout plane. While the
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field wires shape the electric field, the electrons are accelerated in the high electric field in the
vicinity of the sense wires. The performance is mainly limited by the wire spacing. Typically,
distances of ∼ 1 mm can be achieved for large chambers which limits the resolution to separate
two nearby tracks. Furthermore, the radial component of the wire’s electric field cause E × B
effects which further restrict the spatial resolution in the wire plane. In [64], it is shown that
the achievable spatial resolution of a multi-wire proportional chamber in a 4 T magnetic field
is a factor of three larger than the requirement for ILD.

To overcome the limitations of multi-wire proportional chambers, the typical structure size
needs to be reduced. A natural choice to create metallic structures of small size is the use
of technology from integrated circuits boards. Structure sizes of the order of 50 µm can
easily be achieved. Such amplification structures are called Micro Pattern Gaseous Detectors
(MPGD).

Two key MPGD technologies for a tracking detector are Gas Electron Multipliers (GEM) and
Micro Mesh Gaseous Structures (Micromegas). Both concepts are generic technologies for the
amplification of electrons in a gaseous detector and are widely spread in particle physics and
other research areas. The work of this thesis is focused on the development of a GEM-based
readout module. Therefore, only GEMs are discussed further while the interested reader is
referred to the literature for Micromegas detectors (e.g.[65]).

3.7.1 Gas Electron Multipliers

Gas Electron Multipliers were invented by F. Sauli in 1997 [68]. GEMs are made up of an
insulating foil, typically Kapton®, covered on both sides with a thin metal layer. One of the
metal layers faces towards the incoming primary electrons. The GEM needs to be transparent
for the electrons which is why the foil is perforated with holes. Figure 3.4a shows a microscopic

(a) Microscopic picture of a GEM produced at the
CERN workshop [66].

80-80 -60 -40 -20 0 20 40 60
100

50

0

50

100

distance [µm]

di
st

an
ce

[µ
m

]

(b) Field lines of the electrical field in the vicinity
of a GEM hole [67].

Figure 3.4: Working principle of Gas Electron Multiplier.
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picture of a GEM produced at the CERN workshop. By applying a sufficient voltage between
the two metal layers, electric field strengths of around 50 kV/cm to 70 kV/cm are generated
inside the holes. The electrical field lines guide the primary electrons into the holes where the
field strength is large enough to cause gas amplification. Figure 3.4b presents a simulation of
the electric field lines for a typical set of GEM potentials [67].

The width of the foil ranges between 50 µm to 500 µm, where the latter is only used for special
purposes. The holes can be produced by etching, laser drilling or mechanical drilling. Me-
chanical drilling can only be used for the thickest GEMs and is ignored in this context. Both
other techniques can be considered to create the desired hole sizes of 25 µm to 150 µm and hole
pitches of 50 µm to 200 µm for a TPC detector. Laser drilled GEMs have cylindrical shaped
holes while etched GEMs have typically conical or double-conical shaped holes. Different hole
geometries were studied in detail in [69] and large effects on the performance were observed.

The gas amplification of a GEM is typically of the order of 10 to 100. Higher field strengths
increase the discharge probability between the two metal surfaces. One advantage of GEMs
is that they are independent structures and can be stacked. The gas gain can be distributed
over several GEMs to reduce the field strengths inside the individual GEMs. This decreases
the discharge probability of the complete setup. Furthermore, the number of back drifting ions
from the amplification process are intrinsically suppressed [67]. Ions are caught by the top
side metal surface of the GEM or can be caught by another GEM in a stacked design. The
performance of a GEM is not only defined by the electrical field inside the holes but also the
fields above and below the GEM. These fields have a strong impact on how many electrons
enter and exit the holes or end up on the metal surfaces. These parameters are called collection
and extraction efficiency, respectively. In addition, the avalanche width can be steered by the
distances between the GEMs in the stack.

The area of the GEM foils is limited for two reasons. First, the capacitor size should not
exceed a threshold value to limit the stored energy. The probability for destructive discharges
scales with the released energy in the discharges. Therefore, large GEMs are typically divided
in several, electrically independent, sectors of a size that ensures non-critical levels of stored
energy. Second the production process limits the maximal overall GEM size. The double
conical structured holes are etched in a lithographic procedure with two masks. Due to the
flexibility of the masks and the GEM foil, the alignment procedure is cumbersome and error-
prone for dimensions larger than ∼ 40 cm. To produce even larger GEMs of O(1 m2), a single
mask procedure was developed [69].
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CHAPTER 4

Experimental setup

The complete experimental setup for the performance tests of the readout module is introduced
in this chapter. First, the necessary infrastructure is presented. The test beam area DESY
T24/1 is described in section 4.1. Inside the test beam area, a 1 T magnet is positioned which
reduces the transverse diffusion of the drifting electrons and allows performing momentum
measurements from the curvature of the reconstructed trajectory. In section 4.2, the prototype
TPC is introduced which was used for the performance tests. Then, the developed DESY Grid-
GEM readout module is described in detail in section 4.3. A modified ALTRO readout system
from the ALICE experiments is used to read out a couple of thousand readout channels of the
modules (section 4.4). The assembly of the whole experimental system is presented in section
4.5. Finally, the detector gas mixture and the working parameters of the complete setup are
introduced in sections 4.6 and 4.7, respectively.

4.1 Test beam area DESY T24/1

Three test beam lines with an electron/positron beam of up to 6 GeV are available at DESY. The
test beam is generated in the following scheme. The DESY II accelerator accelerates electrons
or positrons to ∼ 6.3 GeV. A carbon fiber is inserted into the beam to create bremsstrahlung.
The bremsstrahlung photons are converted into electron-positron pairs by a thin converter
target. A steerable dipole magnet fans out the beam accordingly to the momenta of the electrons
and positrons. In the final stage, a collimator cuts out a slice of the fan to choose a specific
beam energy. Electrons and positrons with an energy of 1 GeV to 6 GeV can be selected by
the test beam user. Test beam area T24/1 was used for the experiments presented in this thesis.
Only electrons can be selected in this area due to a second, fixed-polarity, dipole magnet. The
beam rates depend on the converter target and the beam energy but are generally a few kHz.
For energies close to the nominal beam energy of the DESY II accelerator, the frequency drops
down to a few hertz [70, 71]. The infrastructure of the test beam area includes four scintillators
which can be positioned into the beam axis. The coincidence signal of the scintillators can be
used as a trigger signal for the readout electronics of the device under test.
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(a) PCMAG on the movable stage
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(b) Magnetic field strength of the PCMAG parallel to
the drift dimension
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(c) Magnetic field strength of the PCMAG perpendic-
ular to the drift dimension

Figure 4.1: a) Picture of the PCMAG on the movable stage in the test beam area T24/1. b) and c):
Measured magnetic field strength of the PCMAG in the drift direction and perpendicular to it [72].
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The performance test of the readout modules should be conducted at a working point as similar
as possible to the ILD scenario. A large magnetic field is essential because it suppresses the
transverse diffusion of the electrons and thus improves the transverse spatial resolution (see
section 3.3). A superconducting solenoid magnet, called PCMAG (Persistent Current Magnet),
is located in the test beam area T24/1 for this task (see figure 4.1a). The design magnetic field
strength is 1.25 T, but the magnet is typically operated at 1 T. The bore of the magnet has a
diameter of 85 cm and a length of 130 cm. The PCMAG was originally developed for a balloon-
borne experiment in astrophysics [73, 74]. Thus, a (heavy) return yoke is not included in the
magnet design and the magnet has a material budget of only 0.2X0. Since the electron beam
must traverse the magnet wall before entering the detector region, a larger material budget
would alter the properties of the electron beam too much for most detector performance tests.
Due to the missing return yoke, the resulting magnetic field is less homogeneous, especially
in the region close to the end of the magnet. The magnetic field was mapped in a dedicated
study with very high precision [72]. Figure 4.1 shows the measured magnetic field in the drift
direction and perpendicular to it.

A movable stage was constructed for the PCMAG with support from the EUDET project [75]
and DESY. The two translation axes are oriented perpendicular to the beam line. In addition,
the stage can be rotated up to ±45° relative to the beam line to introduce an inclination angle.
The accuracy of the stage movement is ∼ 0.3 mm for the translation axes and ∼ 0.1° in angle.

A gas and high voltage system for the test beam area T24/1 was developed at DESY [51, 76].
The control system DOOCS (Distributed Object Oriented Control System [77, 78]) is used for
the slow control of the gas system as well as for the magnet parameters. Using two supply
bottles, a continuous gas flow can be guaranteed from 1 l/h to 500 l/h. Besides environmental
parameters, e.g. temperature and system pressure, the water content of the gas is monitored by
a mirror dew point instrument DP3-D-SH from the Swiss company MBW. The oxygen content
is measured by a semi solid fuel cell device (Teledyne Model 3190/3290). The accuracy of
both devices is in the order of a few parts per million. The gas bottles are mixed by the MEA6
group at DESY. The purities of the used gases argon, tetrafluoromethane and isobutane are 5.0,
4.5 and 2.5 respectively1. The mixing of the components is done in a gravimetric procedure
with a precision of 0.1 g. For the bottle size used, the mixing accuracy is in the same order as
the purity of the individual gas components.

4.2 Large prototype

Different readout technologies are being researched within the LCTPC (Linear Collider TPC)
collaboration as candidates for the ILD detector. Micromegas or GEMs are combined with a
pad-based or pixel-chip readout. Prototype tests will play a major role in the final decision
which technologies will be used in the ILD TPC. It was decided in the LCTPC collaboration
that a common test bench for the comparison of different readout technologies should be used.

1 x.y meaning a purity of x digits of 9 and y being the first digit after that, e.g. 5.2 equals to 99.9992 % purity
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(a) Sketch of the LP design (b) Drawing of the end plate of the LPTPC

Figure 4.2: The prototype TPC of the LCTPC collaboration.

Results of test beam campaigns can be compared more easily since the effects from different
experiment setups must not be disentangled. Therefore, a common prototype TPC was build at
DESY with the support from EUDET and the University of Hamburg. In addition to creating
common infrastructure, experience in building a lightweight field cage from composite material
was gained.

The common prototype TPC is called Large Prototype (LP) and consists of a cylindrical field
cage (barrel), the cathode end plate and the readout anode end plate. Figure 4.2a shows a sketch
of the LP design parameters for the field cage and the cathode. The outer diameter of the LP
is 77 cm. Initially, the dimensions of the PCMAG and the need for a stable and well defined
support structure limited the size of the TPC. Now, the free space between the magnet bore and
the TPC offers the possibility to develop a silicon reference detector. The magnetic field of the
PCMAG is homogeneous in the central region of ±30 cm (∆B/B = 3 %) and acquires a large
radial component further outside. Thus, the length of the field cage was chosen to be 61 cm to
not exceed the central region.

The field cage of the LP was designed by DESY. The target material budget goal for the inner
field cage of the ILD TPC is set to 1 %X0 [33]. Composite materials must be used to stay below
the material budget and achieve the necessary rigidity. The field cage is based on a honeycomb
structure sandwiched in between two layers of glass fiber reinforced plastic (GRP). This base
material provides the stability for the wall. A Kapton foil is glued on both sides to improve
the electrical insulation. The outside of the field cage is enclosed by a grounded copper layer
which shields against electromagnetic noise. A Kapton foil with radial copper field strips on
both sides is glued to the inside of the field cage (details in the next paragraph). This adds up
to a total of ∼ 1.2 %X0 [79], which is slightly larger than the target value for ILD. Substituting
the copper field strips with aluminum ones or modifying the composition of the GRP layers
are possibilities to accomplish the design goal.
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4.2 Large prototype

The electric field inside the TPC is steered by applying a potential between the cathode and
anode end plates. The design of the field cage foresees a maximal potential at the cathode of
∼ 25 kV and a drift field of Edrift ≈ 350 V/cm. The production goal of the field cage was an
electric field homogeneity of ∆E/E ≤ 10−4. Radial copper rings on the inside of the field cage
surface define the boundary conditions for the electric field and are called field strips. The
width of the rings is 2.3 mm and the pitch 2.8 mm. The absolute potential of the field strips
is stepwise decreasing from cathode to anode by using a resistor chain. The resistor chain is
realized with SMD resistors which are soldered to the field strips on the inside of the TPC. A
second layer of field strips, so-called mirror strips, are located on the back side of the insulating
foil. The mirror strips are displaced by half a strip pitch and improve the homogeneity of the
electric field by shielding the outside ground potential. The seventh last strip of the field cage
is aligned with the anode plane of the detector. This strip is connected to its own HV support
line. Thus, the strip’s potential can be steered independent on the drift field to be equal to the
anode potential. This is essential to minimize electrical field distortions at the end plate.

The cathode of the TPC is a simple aluminum plate with a copper layer facing into the drift
region of the TPC. The copper layer was removed at defined positions such that aluminum dots
with a diameter of 3 mm are visible. Two UV diffuser lenses are integrated into the end plate.
An UV guiding fiber can be attached to the lenses to illuminate the aluminum dots and release
electrons via the photoelectric effect. The signal from the released electrons can be detected on
the readout and compared to the known true position. Global field distortions can be studied
with this setup and have been performed with the developed readout module [67].

The anode end plate of the LP is made from an aluminum alloy and was designed and built at
the Cornell University. The design of the end plate is presented in figure 4.2b and the technical
drawing can be found in the appendix A.1. The end plate can host up to seven readout modules
at a time, two in the top and bottom row and three in the middle row. The module are shaped
like a sector of an annulus with the dimensions of 17 cm × 22 cm. So-called termination plates
are screwed to the end plate to fill up empty spaces next to the modules. The termination plates
are made of G10, a common insulator made of glass-reinforced epoxy laminate, with a copper
layer on top. Additionally, so-called dummy modules were developed which can be used as
a replacement for a module if not all seven available module slots are equipped with readout
modules. Like the termination plates, the dummy modules are made from G10 with a copper
layer on top. All together, the termination plates and the modules, define the anode plane
surface which is aligned with the seventh strip of the field cage. Figure A.2 in the appendix
presents drawings of the inside of the end plate.

An important technical detail of the end plate needs to be stressed. In a final TPC setup, the
local origin of each module would be the global origin of the detector (the interaction point of
the collider). This implies that the radii of the module’s arcs change with each ring of modules
in the TPC end plate. Creating three modules of different shape would imply a large cost
increase for prototyping. Therefore, all seven modules share the same shape and dimensions.
As a consequence, two rows of modules do not line up parallel to each other. Thus, the gap
size between two rows of modules is larger than in a final detector setup and varies in ϕ.
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4.3 DESY GridGEM module

back frame

readout board

GEMs

spacer and
support frames

(a) Explosion view (b) Ceramic grid on top of a DESY GEM

Figure 4.3: a) Explosion view of the developed readout module. b) A DESY GEM glued to a thin
ceramic support grid. The metal strips at the bottom are used to connect the GEM to HV supplies.

The goal is to design and construct a readout module for the LP which uses GEMs as the
amplification structure and pads as the charge collecting electrodes. Minimal dead space
and material budget is essential for ILD and is also a focus point for the developed module.
However, a reduction of the material budget should not be traded off against a degradation
of the spatial and dE/dx resolution. First, the general concept of the design is introduced.
Afterwards, the technical details of the individual components and the complete setup are
explained.

Figure 4.3a shows an explosion view of the developed readout module. The readout module
consists of an aluminum back frame, a readout printed circuit board (PCB) and a stack of GEMs
on top. The GEMs are separated by support ceramic grids. The back frame is screwed to the
end plate of the LP. An o-ring is included in the back frame to ensure a gas tight connection
to the end plate. The readout board is glued to the back frame. The GEMs are glued onto
the support grids which also serve as spacers. The stack of GEMs and ceramic grids is then
screwed to the pad board and back frame using nylon screws.

The thickness of GEMs as well as the hole dimensions determine the working performance
of the GEM. Electron collection efficiency, gain, ion suppression and electron extraction effi-
ciency can all be tuned by varying the dimensions of the GEMs. Studies on this topic were
performed in [67, 80]. These studies focused on the ion feedback suppression which is the
number of ions that are generated in the amplification and drift back into the sensitive region.
The ion feedback must be small to limit drift field distortions. Although the ion feedback
can be reduced by a factor of two with different hole dimensions, no MPGD prototype setup
could proof the feasibility of an ion feedback suppression which is demanded for the ILD TPC.
Consequently, a gating device to capture the ions is foreseen in the Technical Design Report
of ILD [33]. This relaxes the requirements on the GEM performance for the readout modules.
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4.3 DESY GridGEM module

It was decided to use the GEM-structure with which the most experience was acquired during
laboratory work and experiments. These so-called standard CERN GEMs have proved to be
reliable and suitable for the requirements of the module. The GEMs are produced by the
workshop at CERN with double conical holes. The GEM holes have a diameter of 50 µm and
70 µm at the center and top of the hole, respectively. The holes are ordered in a hexagonal
pattern with a hole pitch of 140 µm. The insulating foil is made of 50 µm thick Kapton with
copper layers of 5 µm thickness. Many prototype detectors as well as real experiments, e.g.
COMPASS at CERN, were operated using this type of GEM. The large size of the module
requires the separation of the GEM into electrically independent sectors. A GEM, being in
principle a large capacitor, stores energy as soon as a voltage is applied. If a discharge of the
GEM occurs, the stored energy is released, possibly harming the GEM. The GEM is separated
into four sectors since experience from prototype setups and previous experiments showed the
stability of GEMs with an area of 100 cm2. Figure 4.3b shows a picture of the used GEM after
it was glued to its support structure. The four sectors can be identified easily.

Each individual sector has a size below the critical value. To split the GEMs into independent
sectors, gaps in the copper surface of the GEMs are unavoidable. Electrical field distortions are
the results at the boundaries of the sectors. A large performance degradation would occur if the
topmost surface of the GEM would also be separated since this plane faces into the drift region
of the TPC. Therefore, the GEM design has been adjusted such that the side facing the drift
volume is unsegmented. The energy in each sector is still quartered but field distortions are
minimized. Additionally, the required number of HV connections is reduced from two times
four to five for each GEM.

Because GEMs are thin foils, they need to be mechanically supported to ensure a homogeneous
flatness. These support structures should introduce as few material and dead space as possible.
Nevertheless, the mechanical support must be stable, robust, electrically (HV) insulating and
not be influenced by electric or magnetic fields. Different solutions for this problem were
developed for GEM detectors from which the COMPASS experiment is the most similar to
the system used here [82]. The COMPASS collaboration introduces a thin grid in the central
part of the GEM to stabilize the position of a GEM over a larger area. Typically, GEMs are
stretched before they are fixed to their support structure. The outer rim of the frame must
sustain the stretching forces and is often kept thicker than the remaining support structure.
Here, a different approach is taken. The stretching forces are minimized to allow a fine grid
also at the border of the frame.

A thin ceramic grid made of aluminum oxide (Al2O3) is used to support the GEM. This stiff
insulator can be laser cut to the desired shape. Due to internal stress of the material, a width
of below 1.4 mm can not be produced without decreasing the production gain considerably.
Detailed studies of the influence of the grid on the measurement observables were performed
in [83, 84]. Vertical and horizontal bars of the grid have a different impact on the measurements
due to the geometry of the readout pads. In general, the grids are dead space and the charge
collection efficiency is zero underneath the grids. For the particular readout pad shape of
this module, the vertical bars degrade the performance of the modules stronger and should be
avoided if possible. For this test beam campaign, it was decided to use a simple grid structure
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Figure 4.4: a) and b) Simulation of the electric field component transverse to the drift direction (Ex) at
the module boarder with and without a guard ring. The horizontal lines on the right bottom corner of
both figures are two of the three GEM foils of the module [67, 81]. c) The electron collection efficiency
at the border of the module for different guard ring designs and potentials [67, 81].

which fits between the sectors of the GEM. Figure 4.3b shows the white ceramic grid already
glued onto a GEM. The grid design was chosen as a compromise between frame stability,
minimal dead area, GEM flatness and a minimal number of vertical bars. In total, the ceramic
grids introduce a dead area of around 5 %. Under the assumption that the minimal distance
between two modules is 1 mm, the total dead area increases to 6 %. 94 % is a very large active
area compared to other GEM setups where the support structure of the GEMs can easily reach
≥ 10 % of the total area.

The GEMs are glued to the ceramic grids using a xyz-table. The glue Araldit AY® 103-1 and
hardener HY 991 are used for the gluing process. The out-gassing characteristic of the glue
was tested in [85] and the glue was approved for gaseous detectors. At the LHCb experiment
at CERN, AY 103-1 was used for the Outer Tracker and aging effects were observed [86].
However, the glue still satisfies the requirements for a short-period prototype experiment as it
is presented here. The ceramic grid is put into a groove on the table and is aligned by six metal
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GEMs

readout board

guard ring

Figure 4.5: Close-up view of the GEM stack at the edge of a readout module. The guard ring is glued to
the topmost ceramic grid.

pins. The movements of the xyz-table are programed to follow the shape of the ceramic grid.
With a glue dispenser and a syringe, the glue is distributed homogeneously at a constant speed
of the table. Contrary to the study in [84], the GEM is glued along the complete ceramic grid
including the central area. A safety margin is only kept at the screw holes to avoid leakage
of the glue into the holes. The GEMs are fixed on an aluminum plate and fastened by tape.
Thereby, the GEM is slightly stretched such that the GEM rests flat on the plate. The plate with
the GEM is then put on top of the glued grid. The metal pins are used for alignment. A weight
is applied while curing this setup for six hours at 40 ◦C. The top GEM is only glued to the
underlying ceramic grid while the other two GEMs are glued to a grid from both sides. High
voltage stability tests are performed after each gluing process of the GEMs. A stable operation
of the GEMs is tested in a nitrogen environment at ∼ 600 V and in T2K gas mixture at ∼ 280 V
for several hours.

An additional guard ring is introduced into the readout module to minimize electric drift
field distortions, which were observed in previous test setups at the border of the module.
Field distortions cause a deviation of the optimal straight line movements of primary electrons
towards the readout. If the inhomogeneities of the fields is not correctly implemented in the
reconstruction, the reconstructed electron positions deviates from the true position. The guard
ring is positioned on the frame of the topmost GEM. A simulation of the effect of the guard
ring was performed in [67, 81]. Figure 4.4 shows the simulation of the electric field transverse
to the readout plane in the transition from a DESY GridGEM module to a termination plate
(or dummy module) with and without the guard ring. The end plate of the TPC is made out
of aluminum and is on ground potential. The potential of the guard ring screens the ground
potential and reduces the field distortions inside the drift region. The field distortions at the
module boundary cause the drifting electrons to get sucked into the gap which effectively
degrades the charge collection efficiency in this region. Figure 4.4c shows the simulated
electron collection efficiency at the border of the module for different guard ring designs and
without a guard ring. The collection efficiency is significantly improved even for the least
effective guard ring design.
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In the developed DESY GridGEM module, the guard ring is realized as a copper wire which is
glued around the ceramic grid of the topmost GEM. The wire envelops three sides of the frame
of the grid. At the top, the high voltage connections of the GEMs are located. There, the wire
is left out to avoid short cuts. A picture of the mounted guard ring is shown in figure 4.5.

The design of the pad board is mainly defined by the size of the readout pads. The pads are
grouped to radial rows on the readout board which form circle segments relative to the origin
of the module’s coordinate system (typically the interaction point). The simplest choice for
the pad geometry are wedge-shaped pads which point to the origin. Different, more complex,
shapes were studied in detail in [87]. While complex shapes show some benefits for low signal
heights, the performance of the module should be independent on the pad shape at the chosen
working point of the setup (see section 4.7). Hence, the wedge shape has been chosen since this
simplifies event reconstruction and geometry definition in the software framework. The size
of the pads has to fulfill several requirements. Each row of the pads defines an independent
measurement plane. The number of measurement planes for the ILD TPC is designed to be
∼ 200. This leads to a row height of 4 mm to 6 mm. Here, 5.85 mm height rows are chosen
which leads to 28 rows on one readout board. After the height of the pads is defined, the
minimal pitch of the pads is limited by the footprint of the readout electronics and the signal-
to-noise ratio. A large pad pitch is disadvantageous because charge sharing is small, two-hit
separation resolution degrades and channel occupancy in the ILD TPC would be large. The
impact of the these limitations can be tuned via the working parameters of the TPC and GEMs
(e.g. gain, diffusion coefficients, etc.). A pad pitch of the order of 1 mm is targeted for the ILD
TPC. To reduce the readout channel density in the prototype setup and thus the total number of
readout channels, the pitch of the pads was chosen to be 1.2625 mm at the center of the wedges

5.85 mm

1.26 mm

1.05 mm

5.65 mm

1/20"

(a) Back view of the readout board (b) Front view of the readout board

Figure 4.6: a) Design parameters of the pads on the pad board. Since the row radius is very large
compared to the module width, the pads are staggered along the full module width without adapting the
pad width for each row. b) Front view of the readout board. Minimal dead area is a major design goal,
visible in the front view. The topmost row of copper areas are later used as the HV connections of the
GEMs.
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4.3 DESY GridGEM module

and 1/20" at the top of the wedges. Figure 4.6a shows the design parameters of the pad board.
The readout board consists of a total of 4828 individual readout pads. Figure 4.6b shows a
front view of the pad plane. 40-pin micro-connectors are soldered to the back side of the pad
board, of which 32 pins are used for signal readout and 8 for grounding. These connectors are
of type WR-40S-VFH05-N1 from the company Japan Aviator Electronics Industry (JAE) [88].
152 connectors are needed due to symmetry constraints.

Additionally, the board is part of the high voltage distribution system. Two high voltage
receptacles are soldered onto the board. These receptacles are of the type D 104 Z 062 from the
company Fischer. Each receptacle has four connections plus the ground, leading to a total of
eight possible potentials in addition to the ground potential. The module was designed to add
a fourth GEM, which could be operated as a gating device. A fourth GEM is not used in this
setup but the guard ring is attached to one of the additional supply voltages. Figure 4.7a shows
the HV connection scheme for one of the three GEMs. Each side is connected to a single supply
line which means that the supply line is split into four for the segmented side of the GEMs.
10 MΩ resistors are soldered very close the GEM to decouple the GEM from the capacitance
of the HV supply lines. An additional, 7.5 MΩ resistor is needed to equalize the decay times of
the two sides of a GEM. Equal decay times are important in case of an emergency shut-down to
not increase the voltage difference between the two GEM sides. At the top of the front row (see
figure 4.6b), the connections for the GEM high voltage are visible. Small slits are visible into
which the electrodes of the GEMs are soldered. The pad plane was designed by the university
of Bonn as a cooperation within the Helmholtz Terascale Alliance.

The back frame of the module is milled from stress relieved aluminum to improve the pro-
duction accuracy. The pad plane is glued onto the back frame using Araldit AY 103-1 epoxy
glue. The glue joint is very important to ensure gas tightness of the module. An additional
hollow seam from the outside of the module improves and stabilizes gas tightness. The first
ceramic grid is also glued onto the pad plane. The HV contacts for the GEMs are very close
to the topmost readout row which are on ground potential. The glue together with the first
frame act as an additional insulation between the HV contacts and the readout pads. The
GEM stack is mounted using six nylon threads and fixed by nylon nuts. The nylon threads
and nuts stick into the drift region of the TPC. In principle, this should be avoided as nylon
is an insulator which charges up during the operation of the TPC and then cause electrical
field distortions. Gluing the complete GEM stack would be a possibility which could also
improve the flatness homogeneity of the GEM stack compared to only six fixpoints from the
nylon screws. However, repairing the GEM stack, especially the exchange of GEMs, would
be practically impossible if the stack is glued together. Therefore, the nylon thread solution
was chosen in the prototyping phase. The last step of the module assembly is the soldering of
the GEMs to their HV contacts in the pad plane. Because a wide range of electrical potentials
are close together, additional Kapton tape is put onto the electrodes of the GEMs to improve
the high voltage stability. In the prototyping phase, all three GEMs have the same design to
minimize cost. Consequently, fifteen of the twenty electrodes must be cut off for each GEM.
The cutting procedure introduces sharp copper edges which can be a disadvantage for HV
stability. Of course this is not a final solution but can easily be improved by producing distinct
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R2 = 7.5 MΩ

(a) HV connection scheme of a GEM (b) Assembled readout module

Figure 4.7: a) The HV connection scheme of a GEM in the module setup. The segmented side is
connected to a single support line. The protection resistors decouple the GEM from the capacitance of
the supply lines. b) Picture of the assembled readout module.

GEMs for the three positions in the stack. Figure 4.7b shows a completely assembled module
which is used in the test beam campaign.

4.4 ALTRO readout electronics

The charge deposited in the pads is read out by the ALTRO (Alice TPC ReadOut) readout
system, which was developed for the ALICE-experiment (A Large Ion Collider Experiment)
at CERN [89]. A flowchart diagram of the electronics readout system is presented in figure
4.8. The micro-connectors of the pad board are connected with flat ribbon cables to the front-
end-cards (FEC) of the readout electronics. The FEC contains eight PCA16 (Programmable
Charge-sensitive Amplifier) preamplifier chips and eight ALTRO-chips for analog to digital
conversion, comprising 8 × 16 = 128 channels. Thus, four connectors on the pad board
can be connected via Kapton cables to one FEC. The PCA16 is a further development of
the PASA (Pre-Amplifier Shaping Amplifier) chip used for the ALICE TPC. The PCA16 is a
programmable 16 channel charge sensitive amplifier where the gain can be set to 12 mV/fC,
15 mV/fC, 19 mV/fC or 24 mV/fC and the peaking time to 30 ns, 60 ns, 90 ns or 120 ns. The
chip can be operated in two modes, the pre-amp mode where the shaping function is by-passed,
and the shaper-mode where the input signal is also shaped. The complete data during the test
beam campaign was taken in the shaping mode. The replacement of the PASA-chip with the
PCA16-chip required a modification of the FEC, mainly prompted by the programmability of
the chip. For a delta-like input signal, the output of the shaper is approximated by a Γ4-function
of the following form

f (t) = B + Aek
( t − t0

τ

)k
exp

(
−k

t − t0

τ

)
Θ(t − t0) (4.1)
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Figure 4.8: Flowchart diagram of the ALTRO readout electronics.

with B denoting the base line, A the amplitude, t0 the start time, τ the peaking time, k = 4 the
order of the Γ-function and Θ the Heaviside step function.

The output of the PCA16 is digitized in the ALTRO-chip. The maximal sampling rate is
40 MHz and can be reduced in multiples of two to 5 MHz. The original ALTRO-chip didn’t
provide the full resolution at the highest sampling rate and therefore some chips were modified
to achieve this performance [90]. However, due to the limited number of such chips, the
sampling rate was fixed to 20 MHz for the test beam setup. The ALTRO-chip provides 16
channels with a 10 bit analog to digital converter (ADC) and on-board memory which can
store up to 1024 10-bit words. This buffer size, stored in the time from the arrival of the
trigger signal until the chip has been completely read out, can be adjusted to cover the full drift
length of the TPC. The complete memory of the chip corresponds to 50 µs at 20 MHz sampling
frequency while the expected drift time over the full drift length of the prototype setup does
not exceed ∼ 10 µs. To cope with trigger delays, samples prior to the trigger signal are also
recorded. Furthermore, the ALTRO-chip provides pedestal subtraction and zero suppression
to reduce data transfer rates and disk storage. The pedestals of the individual channels are
taken from dedicated pedestal runs. With the beam shutter closed, a pulse generator triggers
the electronics. Typically, ∼ 80000 baseline samples are recorded for each readout channel
simultaneously. The measured ADC values follow a Gaussian distribution in each channel.
The central value of the Gaussian represents the pedestal (or baseline) value. The root mean
square of the distribution is an estimator for the noise level. The pedestal values are feed back
into the ALTRO chips, and can be utilized for pedestal suppression. The zero suppression can
only be applied on pedestal subtracted channels. Only signal pulses, which are exceeding the
threshold, are stored. The threshold is set in the data acquisition (DAQ) software.

Two PCB boards, the so-called backplanes, are used to connect a “wing” of 16 FECs. In total,
two such wings, i.e. 32 FECs, can be controlled by one Readout Control Unit (RCU). The
RCU passes the event trigger to all ALTRO chips to start the digitization. After the end of the
event, the data of the ALTRO memory is transmitted via an optical link from the RCU. The
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data is transferred to a DAQ computer equipped with a DRORC card (Detector ReadOut and
Receiver Card). A second computer is used to monitor and control the data acquisition.

Each channel of the readout has a power consumption of ∼ 50 mW, making 6.4 W per FEC.
With 32 FECs sitting close together on two wings connected to one RCU, the systems heats
up very fast. A compressor pumps air through the setup to remove the heat. The pedestals
and noise values of the readout depends strongly on the temperature of the chips. Therefore,
the temperature of the electronics has to reach an equilibrium before data taking. The tem-
perature of the system is monitored with several temperature sensors. An emergency stop is
implemented in the readout software if the temperature reaches a critical value of 60 ◦C. The
complete readout system was developed and is provided by the Lund University within the
LCTPC collaboration. It was operated successfully during the complete test beam campaign
without any interruption or need for maintenance.

4.5 Assembled setup

After the individual components of the setup were introduced in the previous sections, the
assembly of the detector is described now. To support the LP in the magnet, a rail system
is implemented into the bore. The TPC is placed onto a sled which can move in and out of
the magnet and allows a rotation of the TPC around the field axis. Afterwards, the modules

(a) Inside of the anode end plate with three DESY
GridGEM modules

(b) Three DESY GridGEM modules installed in the
LP and inserted into the PCMAG (seen from the
outside)

Figure 4.9: Pictures of the assembled end plate for the test beam measurements. The three GEM modules
can be identified by the higher reflectivity in a). The dummy modules, the termination plates and the
top most GEM surfaces build the anode plane of the detector.
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are inserted into the TPC. Three modules are used for the measurements during the described
test beam campaign. The modules are distributed in the end plate such that beam is observed
over the longest possible distance. Figure 4.9 shows the position of the three modules in the
end plate of the TPC. The photo in figure 4.9a was not taken during the installation but during
the disassembly. During the installation, it is of utmost importance to introduce as little dust as
possible into the TPC. Consequently, the field cage is first cleaned thoroughly and the end plate
is screwed to the TPC immediately afterwards. At that time the end plate is fully equipped with
dummy modules. In the test beam area, three dummy modules are then exchanged by a readout
module one at a time under a clean tent.

Then, the readout cables are attached to the modules. Figure 4.10a shows the amount of
cables which are used during the test beam campaign. Only a part of the available pad board
connectors are instrumented. The available number of readout channels is not large enough
to read out three full modules. Out of the possible 456 connectors, 227 were used, leading
to a total of 7212 readout pads. Again, the channels were chosen such that the beam can be
observed over the longest possible distance. To avoid a floating potential of the remaining pads,
all other sockets of the readout board are connected to ground potential with specialized plugs.
The connectors don’t have a lock to fasten the connection. Plastic bars are therefore introduced
which can be clamped in between the aluminum back frame and the readout board. They exert
a force onto the plugs and secure the connection. The red bars can be seen in figure 4.10a.

(a) Setup equipped with all flat ribbon cables

backplanes

FEC

RCU

(b) Complete electronics readout setup

Figure 4.10: Pictures of intermediate steps during the assembly.
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Figure 4.11: Fully assembled setup of the module test beam measurements.

Afterwards, the cables are attached to the front end cards of the readout. The effective footprint
for one readout channel of the current ALTRO system is ∼ 1 cm2 which is larger than the size
of a readout pad 6.93 mm2. Hence, the FECs are positioned perpendicular to the readout board
in a separate support wheel (see figure 4.10b). The wheel has the same diameter as the TPC and
can be screwed to the TPC. The flat ribbon cables transfer small analog charge signals and are
very sensitive to electromagnetic radiation. A grounded copper plane is added in between the
FECs and the modules to shield from external electromagnetic sources. Slits are implemented
in the copper plane through which the readout cables are guided. Three levels are implemented
in the support wheel which are at the positions of the three modules rows. Due to the circular
dimension of the setup, the maximum number of FECs differs in each level. In the bottom
row, only one readout wing can be installed. Therefore, a part of the connectors of the bottom
module are connected to the middle row of FECs. Figure 4.10b shows the complete setup
including all electronics boards.

The low voltage power supply for the electronics is the last part of the setup. Three operating
voltages needs to be applied to the FECs and the RCUs. A second large support wheel is
screwed to the support wheel of the electronics. The resulting final setup is presented figure
4.11.

This is much larger than the envisioned final readout setup for the ILD TPC. A long term goal
is the development of an integrated readout, which has the size of the readout modules and can
be directly attached to the back side of the readout board. First prototype setups exist [91],
but the necessary channel density for the used readout module is not reached. Furthermore,
a modified setup is currently being developed which is based on the successor of the ALTRO
chip, the S-ALTRO chip. A backplane setup with 3200 readout channels can be designed with
the S-ALTRO chip. This serves as a demonstrator setup for the ILD TPC but still does not
accomplish the desired channel density. However, preliminary studies indicate that a channel
density of 1.5 mm2 can be achieved by increasing the channel number of the S-ALTRO chip
to 64 [92]. An overall channel density of 4 mm2 seems feasible after including the remaining
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active and passive components of the electronics, e.g. voltage regulators and optical links.
Then, a completely integrated readout could be realized.

4.6 T2K gas

The choice of the right detector gas is very important for any TPC experiment. A universal solu-
tion for all TPC experiments does not exist and must be evaluated for every experiments based
on the measurement goals and environmental conditions. The following list is an incomplete
overview of parameters which have to be considered for an ILD TPC gas mixture.

• The drift velocity should be high. The readout of the TPC can be done faster and dead
time is reduced. Also, the longitudinal diffusion is smaller for faster gases (see equation
3.21). Additionally, it is advantageous if the drift velocity is only weakly dependent on
the electric field to reduce the effects of small field distortions.

• A small transverse diffusion of the gas is desired to achieve a high transverse spatial
resolution. However, the diffusion in the GEM stack itself should be large enough to
achieve a sufficient charge sharing effect.

• With a high ion drift velocity, the ions can be removed faster and field distortions are
reduced.

• A small density and a long radiation length helps to minimize multiple scattering and pair
conversion.

• One compound in the gas should act as a quencher. A quencher is a gas that can
absorb UV photons which are produced in the TPC, typically in the amplification region.
Otherwise, these photons could create new free electrons via the photoelectric effect.

• The ionization rate is a compromise between a large amount of primary electrons, which
generally improves spatial and dE/dx resolution, and a small gas density.

• In general, a large gain in the amplification is preferred as it improves detector resolution.
Nevertheless, the gain should be low enough to limit the possibility of sparks in the
amplification region.

• A small or zero amount of hydrogen limits the neutron scattering in the sensitive volume.

• The attachment coefficient should be as small as possible.

• For easy handling and safety concerns, the gas should be, if possible, non flammable, non
radioactive and non toxic.

• A large volume needs to be filled for the ILD TPC which is why cost needs to be
considered.
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Not all of these parameters can be fulfilled simultaneously and compromises have to be made.
An example of a gas choice procedure for a large TPC detector is given in [93] which is a
summary of the ALICE TPC gas studies and considerations.

For the ILD TPC a final gas is not yet chosen. The basis of the gas must be an inert gas whose
mean ionization potential (3.5) should be low. A charged particle traversing the gas liberates
a large number of primary electrons. Argon is typically used due to its good performance and
low cost. Additionally, a quenching gas is needed to mediate the gas amplification process by
absorbing ultraviolet radiation. Unfortunately, a reasonable accurate model from first princi-
ples does not exist which can predict the properties of different gas mixtures. From experience
with other TPC experiments and a large Monte-Carlo simulation study with Magboltz, suitable
options have been studied. As of now, the T2K gas mixture is the most promising one and is
used in most experiments of the LCTPC collaboration. T2K was first largely used in the TPC of
the T2K experiment [94] and is a mixture of 95 % argon (Ar), 3 % of tetrafluoromethane (CF4)
and 2 % isobutane (iC4H10). T2K was mainly chosen for its excellent transverse diffusion and
fast drift velocity (see section 4.7). However, CF4 and isobutane are generally disfavored in
a TPC. In the presence of water, tetrafluoromethane can convert into hydrogen fluoride which
is known in its aqueous form as hydrofluoric acid. Although it is a weak acid, corrosion
of the field cage and readout modules is possible. These aging effects can be minimized by
controlling the water contamination of the gas but long term test are still necessary to study
this issue. Furthermore, isobutane increases the background in the detector due to its large
number of hydrogen atoms. Soft neutrons can hit the proton of the hydrogen and cause short
recoil tracks in the TPC. The contribution of hydrogen atoms in methane to the background in
the ILD TPC was simulated to be negligible [95], but simulations with isobutane have not been
performed yet.

4.7 Working point

The working point of the setup includes gas conditions, high voltage and readout setting. First,
all gas parameters are introduced. The LP was designed and build to operate at roughly atmo-
spheric pressure and can withstand an overpressure of at least 10 mbar without deformations
above 100 µm. A higher or lower pressure in the TPC would imply the need for a more rigid
field cage. This would contradict the goal of a small material budget. Typically, the LP is
operated slightly above atmospheric pressure for two reasons. In the presence of gas leaks, a
small overpressure helps to limit the flow of air into the system. Moreover, an overpressure
simplifies the construction of the gas system. An open gas system is used and dynamic
pressure, caused by the different sizes of the TPC and the pipe diameters, intrinsically creates
an overpressure in the gas system. The flow of the gas system is set to 40 l/h for the complete
test beam campaign, which translates to an overpressure of ∼ 6 mbar. Thus, the complete gas
volume in the chamber is exchanged every six to seven hours. Both, the water and oxygen
contamination, was constantly measured to be ∼ 60 ppm during the test beam campaign. The
water content is traced by a mirror dew point instrument (see section 4.1). Unfortunately,
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Figure 4.12: Parameters of T2K gas mixture from simulation with Magboltz (see section 5). Shown
are the drift velocity, the transverse diffusion for different magnetic fields and the longitudinal diffusion
[67].

the dew point of the 2 % isobutane content of the gas under normal conditions is within the
measurement range of the device. Since this limitation is of a similar scale as the measurement,
60 ppm must be taken as an upper limit of the water contamination. It must be stressed that
only water and oxygen were observed. This serves as a good estimation for the overall gas
quality but cannot provide a full description of the gas constituents. The contamination in the
gas can arise from several sources: gas leaks in the setup, contaminations in the gas bottle and
outgassing of substances in the gas system and detector (e.g. glues). Oxygen contaminations
are mainly driven by the first two sources. For both sources, the amount of nitrogen is a
factor of four higher than the amount of oxygen. A nitrogen contamination of 240 ppm is
assumed throughout the thesis although a direct measurement of nitrogen contamination was
not available. Other impurities are assumed to be smaller and are neglected in the following.

Figure 4.12 shows the drift velocity and the transverse diffusion constant of electrons in T2K
gas for various electric field values [67]. The transverse diffusion constant is also shown for
different magnetic field strengths. For measurements with the large prototype, the LCTPC
collaboration selected two working points for the electric drift field. The first is at 130 V/cm,
which is roughly at the minimum of the transverse diffusion and consequently maximizing the
performance of the detector with respect to transverse spatial resolution. The second working
point is at 240 V/m, the maximum of the drift velocity. This working point is most stable
against small variations of the electric field since the drift velocity is roughly constant in this
regime.

Several tests with smaller prototypes have been conducted in the collaboration to find the
optimal potential settings for the GEM stack. The total gas gain is chosen such that the
complete dynamical range of the readout is used and only ∼ 1 % of the measured charge
values are out of range. Therefore, the voltages of all GEMs are set to 250 V at the beginning.
Then, the potential of the topmost GEM is tuned until both conditions are fulfilled. As a result,
the topmost GEM was set to 260 V and 255 V for measurements with and without magnetic
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Setting Value

drift field 240 V/cm or 130 V/cm
top GEM 260 V at B = 0 T and 255 V at B = 1 T
first transfer field 1500 V/cm
middle GEM 250 V
second transfer field 1500 V/cm
bottom GEM 250 V
induction field 3000 V/cm
guard ring top GEM layer potential plus 50 V

Table 4.1: Electric field settings of the GEM readout module in the Large Prototype

field, respectively. This configuration is typically the most stable one since the load on the
GEMs is distributed rather evenly over the three layers. Other configurations are also possible,
e.g. to reduce the number of ion drifting back into detection volume or reducing the statistical
fluctuation of the avalanche process. In both examples, the gas gain in one of the three GEMs
is much larger which increases the possibility of discharges. These settings were tested in
the smaller prototypes [67, 80, 96] but are omitted here. The gas gain of the setup cannot be
measured because the electronics cannot be calibrated. The gain is approximated to be ∼ 2000
from measurements in a smaller prototype [67].

Another important parameter is the transverse width of the electron avalanche inside the GEM
stack. The width is driven by the diffusion in the GEM stack. The diffusion can be steered by
the electrical fields and the distances between the GEMs. Viewing from the drift region, the
regions between the GEMs are called first and second transfer gap and the region between the
last GEM and the pad readout is called induction gap. The transverse width of the avalanche
should be large enough to have a sufficient charge sharing across the readout pads. Therefore,
The distance between the GEMs was defined to be 2 mm in the transfer gaps and 3 mm in
the induction gap. The electric field settings were chosen to be 1500 V/m and 3000 V/m in
the transfer and induction regions, respectively. These settings are based on experience with
former prototypes measurements.

The guard ring potential of the modules is set to 50 V above the topmost GEM potential. A
detailed analysis of this topic can be found in chapter 6.7. Table 4.1 summarizes the electrical
potential settings of the setup. The termination plates, the dummy module and the 7th strip of
the field cage are all set to the same potential as the top most GEM layer, since they are all
aligned in the same plane of the detector.

In the following, the parameters of the electronic readout will be discussed. In a GEM setup,
the polarity of the signal is negative as it is derived from the induction of the drifting electrons.
This is contrary to a traditional wire amplification where the larger signal is created by the ions.
The amplification of the preamplifier and the gas gain of the GEM stack determine the overall
range of the signal. A higher gas gain helps to increase the signal to noise ratio, while a higher
amplification does also increase the noise level. Therefore, the preamplifier is kept at the lowest
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trigger delaytime offset

t = 0 ns t ≈ 400 nst ≈ −350 ns t = (100 to 200) ns

Figure 4.13: Time line for the timing scheme of the detector and electronics. a) The time when the
charged particle passes the trigger scintillators and the detector. b) The trigger starts the readout. c) 15
ADC samples (750 ns) prior to the trigger signal are stored in memory. d) Time of the earliest possible
pulses due to the movement of the ionization electrons through the GEM stack.

amplification of 12 mV/fC while the gas gain of the GEMs was tuned as already described. In
general, a short peaking time is preferred, because the timing resolution improves. This is only
true if the ADC sampling frequency is large enough for the typical pulse length. However,
noise is smaller for larger peaking times. In addition, the peaking time should be chosen such
that it comprises the full signal length. From this point of view, 120 ns peaking time is the
best choice because the longitudinal diffusion for the full drift length is close to this value.
This peaking time was also successfully used in previous test beam campaigns. Other peaking
times have only been tested in dedicated test runs and are presented in section 6.9.3.

The delay of the trigger scintillators is measured to be 393 ns until it reaches the readout
electronics, because of the trigger logic and cables. The fastest possible signal occurs when
the electrons were created right above the GEM stack. However, the electrons still need to
traverse the GEM stack before a signal is induced into the readout pads. From figure 4.12, the
drift velocity is estimated to be vdrift = 34.0 µm/ns in the transfer fields of Etrans = 1500 V/m.
Neglecting the time the electrons need to pass the two 50 µm thick GEM layers, the electrons
need t = 4 mm/vdrift ≈ 117 ns to reach the induction gap. There (Eind = 3000 V/m), the
electrons need t = ddrift/vdrift = 3 mm/24.2 µm/ns ≈ 116 ns to reach the pad plane. The
signal is induced into the readout electronics in this time frame. To account for the delay, the
electronics continuously stores fifteen samples into a memory register. If a trigger signal starts
the data taking of the electronics, these fifteen time bins before the trigger signal are stored
in addition. From this information, the estimated time offset is between 450 ns and 550 ns.
Figure 4.13 displays a time line for the discussed processes. Pedestal and zero suppression
are always applied during the measurements to reduce the necessary disk space. The zero
suppression threshold is set very low to 3 ADC counts throughout the measurements to not
reject any signal pulses. This corresponds to a signal-to-noise ratio of four (see section 6.1).
In addition, the charge signal has to stay above the threshold for at least two time samples.
Due to the thresholds, a part of the rising and falling edge of the pulses would be cut off.
Therefore, three time samples prior and seven time samples after the pulse are also recorded.
The maximal event duration can be derived from the sampling frequency and the simulated
drift velocity of the electrons. Out of the maximal 1024 buffer length, 200 are used for a drift
field of 240 V/cm and 300 for 130 V/cm. The settings are chosen such that the complete drift
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Setting Value

preamplifier gain 12 mV/fC
polarity negative
peaking time 120 ns
l maximal readout samples 200 or 300
samples prior to trigger 15
pedestal subtraction on
zero suppression on
zero suppression threshold 3 ADC
number of samples above threshold 2
saving number of samples before threshold 3
saving number of samples after threshold 7

Table 4.2: Setting of the electronics readout. The settings are kept constant for all measurement runs or
noted otherwise.

distance is recorded, but the dead time of the detector is minimized. Typical event rates of
50 Hz are achieved during the measurement campaign. The limiting factor of the readout is
the speed of the data transmission and storage which is orders of magnitudes smaller than the
event length (100 kHz) and the test beam particle rate (∼ 1 kHz). A summary of the electronic
parameters is given in table 4.2.

4.8 Test beam measurements

In March 2013, a test beam campaign with three DESY GridGEM modules was performed at
the DESY II test beam area. Figure 4.14 shows a sketch of the complete setup. After a last
collimator, the beam passes the trigger scintillator and the magnet walls before it enters the
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Figure 4.14: Sketch of the measurement setup in the test beam area.
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scan ~E-field ~B-field no. of scans range
[V/cm] [T]

GEM gain 240 0 and 1 8
guard ring potential 240 0 and 1 6 2235 V to 2355 V

z position 240 0 and 1 32 10 mm to 550 mm
z position 130 1 16 10 mm to 550 mm
ϕ angle 240 0 and 1 20 −4.5° to 13.5°
θ angle 240 0 and 1 28 −15° to 15°
y position 240 0 and 1 28 −60 mm to 60 mm

beam momentum 240 1 12 1 GeV to 5.6 GeV
shaping time 240 1 21 30 ns to 120 ns

Table 4.3: Measurement runs of the test beam campaign in March 2013 with three DESY GridGEM
modules. Each run consists of 20000 events.

TPC sensitive volume. The TPC and the modules are oriented such that the beam points in the
radial direction of the rows and the beam can be observed over the maximal length.

The transverse Gaussian width of the test beam after the last collimator is around σbeam = 3 mm
and the beam energy spread is around 5 %. This beam width is small compared to the size of
the detector and the scale of expected physical effects. Therefore, a movable stage is used to
change the position of the detector relative to the beam axis the y and z dimension as well as
the θ angle (angle in the xz-plane). An angle ϕ between the radial axis of the readout rows and
the beam is generated by manually turning the TPC around its central axis.

During the test beam campaign, more than three millions events were taken with varying
parameter settings. Each measurement run consists of 20000 events which ensures small
statistical uncertainties. Table 4.3 lists the main measurement runs of the test beam campaign
which are analyzed later in chapter 6.

The measurement runs were continuously monitored at runtime and a first reconstruction of
the events was performed simultaneously. A map of the measured noise for one run is shown
in figure 4.15a. Every colored pad is connected to the electronics readout while gray pads
are connected to ground potential and are not read out. Noisy pads can easily be identified in
the map as being in overflow. External noise sources are mainly picked up in the flat ribbon
cables. Therefore, groups of 32 pads often show similar behavior since they are connected to
the same cable. In a special measurement run, data was taken while moving the beam over the
sensitive readout are of the setup. Figure 4.15b shows the measured charge on each channel
for this run. Several dead pads can be identified in the figure. The flat ribbon cable of these
channels lost connection to the boards during the assembly. The sensitive area of the bottom
module includes the vertical bar of the ceramic support grid. A reduced sensitivity can also be
observed in the figure. For most other data runs, the beam position was chosen such that it is
in the center of the sensitive area. In the appendix, figure A.3 shows a map of the collected
charge for a typical data run.
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Figure 4.15: Measured a) noise and b) charge of one data run projected onto the readout plane.

Less then 2 % of events are completely empty and more than 95 % of the events contain at least
one reconstructed particle (as explained in section 5.2). The interaction of the beam electrons
with the magnet material are responsible that a 100 % efficiency cannot be achieved.
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CHAPTER 5

Software framework and reconstruction

The main software tools for the reconstruction and analysis of test beam data are discussed in
this chapter. First, ILCSoft is introduced in section 5.1 which is a collection of various simula-
tion, reconstruction and analysis tools for ILC related studies. In section 5.2, the reconstruction
strategy for the test beam data is presented which serves as an overview for the data analysis in
chapter 6. HEED [97] is used to simulate of the ionization process of charged particles passing
through a medium. A distinction is made between primary clusters and primary electrons.
Primary cluster count the number of interactions with the medium where at least one shell
electron is liberated. Primary electrons comprises also secondary ionization and includes all
electrons which were liberated by the charged particle (see sections 3.1 and 3.2). Magboltz
version 10.6 [98, 99] is a simulation program which solves the Boltzmann transport equations
for electrons and ions under the influence of electric and magnetic fields. Diffusion coefficients,
drift velocities, Townsend coefficient and electron/ion attachment rates are all calculated within
Magboltz. The user has to provide the gas mixture including impurities, temperature, pressure
and the electric and magnetic field strengths. Magboltz and HEED are both developed at CERN
and include data bases for typical TPC gas components.

5.1 ILCSoft

ILCSoft is a name of a large variety of software packages which were developed within the
linear collider community [100]. One of the main packages is LCIO (Linear Collider I/O)
which provides a common, persistent, framework and data model for studies regarding the
ILC [101, 102]. The data model comprises all necessary reconstruction steps in a TPC (see
chapter 5.2). The track parameterization is also defined within LCIO [103]. Two different
track shapes are covered: linear and helix trajectories. In the ILD detector, a magnetic field
is applied which forces the charged particles on a circular movement in the plane transverse
to the direction of the magnetic field, the xy-plane in the common coordinate system. In the
dimension parallel to the magnetic field (z-axis), the particles follow a straight line. Perigee
parameters were chosen as the set of track parameters. Perigee parameters define the track
at its point of closest approach to a reference point. The reference point is included only
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Figure 5.1: Sketch of the five track parameters of the track model in LCIO [103].

implicitly in the set of parameters and is typically the global origin. Therefore, the track is
parameterized by a set of five parameters. One advantage of the perigee parametrization is
that the parameters are Gaussian distributed, which simplifies error propagation, and that poles
are avoided. Figure 5.1 sketches the track parameters. A definition of the arc lengths s of the
circle in the xy-plane must be introduced before the track parameters can be explained. The arc
length is zero at the point of closest approach and rises in the direction of motion of the charged
particle. The track follows a straight line in the sz-plane. The set of track parameters are:

d0 distance to the point of closet approach and the reference point in the xy-plane
z0 the z-position of the point of closest approach
ϕ0 angle between the momentum of the charged particle at the point of closest

approach and the positive x-axis
tan λ the slope of the straight line in the sz-plane
Ω the curvature of the circle in the xy-plane (|Ω| = 1/R). The sign of the curvature

represents the charge sign of the particle.

In the limit of Ω = 0, the trajectory parameterization represents a straight line. This is needed
for prototype detectors since many events are taken without a magnetic field. A detailed
description on track parameters can be found in [103].

The Modular Analysis and Reconstruction for the LINear collider (Marlin) package is a C++

framework for reconstruction and analysis using the LCIO data format [104, 105]. As the name
suggests, each computational task in Marlin is structured into modules (called processors).
A steering file written in the eXtensible Markup Language (XML) is used to chose which
processors are executed and the order of their execution at runtime. Furthermore, predefined
processor parameters as well as some globally defined parameters can be configured in the
XML steering files. Marlin operates on an event-by-event basis. Typically, a processor has
an input (e.g. raw data from a prototype detector) and writes out an output into the current
event. Then, this output is used by the next processor. A chain of processors is run until the
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desired output is reached. After all events of the input are processed, additional calculations
can be performed based on the complete data sample. For all TPC related studies within the
ILC community, a sub package of Marlin was developed, MarlinTPC [106, 107]. Besides
the reconstruction and analysis of data, MarlinTPC includes a framework for the simulation
and digitization of TPC detectors with different levels of detail. MarlinTPC was defined as
the common framework for the LCTPC collaboration to improve code maintainability and the
comparison of results from different detector setups as well as benefit from synergies between
different groups.

Marlin and MarlinTPC use GEAR (GEometry Api for Reconstruction) as a lightweight ge-
ometry description toolkit implemented within ILCSoft [108]. It provides an interface to the
detector geometry during data reconstruction and analysis. An XML file provides the necessary
geometry parameters at runtime. Additionally, GEAR includes tools for the transformation
between local and global coordinates for different parts of the detector.

ILCSoft version 1-17-06 and MarlinTPC revision number 5026 is used in the thesis.

5.2 Reconstruction chain

In this section, an overview is given of all the main steps and algorithms which are necessary
to reconstruct tracks in the test beam data. The analysis of the individual steps and algorithms
follows in chapter 6. First, charge signals must be identified on the individual readout channels
which is called pulse finding. In the hit finding reconstruction step, charge pulses are combined
to reconstructed space positions (hits). Then, tracking algorithms are used to identify and fit
particle trajectories in the collection of hits. Finally, the software tool Millepede II is introduced
which is used to perform a software alignment of the detector.

5.2.1 Pulse finding

The avalanche electrons from the amplification structure (GEMs) induce a current into the
individual readout pads which is amplified, shaped and sampled in the readout electronics.
Neglecting the zero suppression in the readout electronics, a continuous charge spectrum of
every channel is written to disk. The first step of the reconstruction is the identification of
significant signals in the charge spectrum which are called pulses. Figure 5.2a sketches several
pulses as they are detected on the readout pads. A pulse is a group of consecutive charge
measurements above threshold on a single readout channel. Figure 5.2b sketches the general
pulse shape from the ALTRO readout electronics. To reliably discriminate a signal pulse from
noise, several parameters of the pulse finding algorithm can be adjusted. A pulse starts with
the first sample above a starting threshold and ends after the charge drops below a second
threshold. The second threshold can be steered independently from the first threshold to cope
with the asymmetric pulse shape of the electronics. Additional cuts on the minimal pulse length
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Figure 5.2: a) Measurement principle of the TPC. The measured charge is detected on the individual
pads in time and peaks in the charge distribution are identified. Charge pulses from adjacent pads in one
readout row are combined to hits if their arrival time is in agreement. b) The pulse identification scheme
together with all available steering parameters of the electronics and software framework. c) Sketch
of the charge distribution of a hit along one readout row. A darker color represents a larger measured
charge.
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method name description

maximum bin use time of the bin with the maximum charge as the time
estimator

inflexion point calculate the mean of the first derivative of the rising edge.
Using the correct mathematically formalism of the second
derivative reduces the number of measurement points too
much and, therefore, has not been implemented.

box method calculate the mean position of the integral of the rising edge
Gaussian mean fit a Gaussian function and use the fitted mean value
Gaussian inflexion point fit a Gaussian function and use the inflexion point of the

Gaussian (mean of Gaussian µ subtracted by the Gaussian
width σ)

charge weighted mean calculate a charge weighted mean of a given subset of the
pulse. Typically, the subset is chosen symmetrically around
the maximum of the pulse.

Gamma4 fit fit the shaper function (4.1) to the pulse and use τ+ t0 as the
time of arrival

Table 5.1: Implemented estimation methods for the time of arrival of a pulse in MarlinTPC.

and height can be applied. Additional samples before and after the thresholds are stored as well
to not discard any information on the rising or falling edge of the pulse.

Pulses can overlap if they arrive within a short time frame. An algorithm splits a pulse if
a second rise is observed in the charged spectrum. The rise must be five times larger than
the noise fluctuations. This reconstruction step results in a collection of all charge signals
on individual readout pads. These pulses are characterized by their time of arrival and charge.
Table 5.1 list several implemented methods to estimate the arrival time of a given pulse, ranging
from the first bin above threshold to a full fit of a function to the pulse shape. The charge of the
pulse can either be determined from the peak value or the integral charge. The design of the
electronics foresees that the height of the signal represents the induced charge, but the integral
is linearly correlated to the height and can be advantageous in case of signals which reach the
end of the amplifier’s dynamic range. As the tip of the peak is cut off, any charge information
above the amplifier range would be lost if the peak value was chosen as the charge estimator.
The relation between input charge and integral of the pulse starts to become non-linear but the
total input charge can still be reconstructed. In section 6.2, the analysis of the test beam data
on pulse level is presented. The focus is set on the determination of the best estimator for the
time of arrival. This step is crucial to minimize the spatial resolution in the drift dimension.
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5.2.2 Hit finding

In the next step, the pulses are combined to measured space points, so-called hits. The spatial
resolution in the readout plane, which can be reached with individual pulses on single readout
pads, is

σrϕ =
w√
12

= 362 µm (5.1)

with w denoting the pad pitch. This is not sufficient to fulfill the design goals of the ILD
TPC. The relative large pad width of the detector can be compensated if the charge signal from
a particle can be spread over several pads. This charge sharing effect helps to improve the
spatial resolution of the detector. The signal centroid can be calculated from a charge weighted
average of the individual pads. The design and the working point of the detector have been
chosen with careful consideration of the dimension of charge sharing. The beam particles
travel perpendicular to the readout rows. Thus, each row of pads defines one measurement
layer in the detector and the pulses along one row are combined to a hit. Figure 5.2c depicts
the charge distribution of a hit in one readout row.

The hit finding algorithm searches for pulses on adjacent pads whose arrival time is in agree-
ment within a given time window. The allowed time difference depends on the readout tech-
nology. In the studied setup, the time difference of two neighboring pulses should be below
100 ns. A hit is defined by its three dimensional position and its charge. The position in the
rϕ plane is calculated from a charge weighted average of the pad positions of the pulses. The
z-position of the hit is calculated from the drift velocity of the primary electrons and time of the
pulses. The total charge of the hit is the sum of the charge of the constituent pulses. The charge
of the hit is a measure of the deposited energy of the initial particle. In section 5.2.2, a detailed
analysis of the timing behavior of the hits is presented. Furthermore, the charge distribution in
a hit is studied.

5.2.3 Tracking

From the collection of hits, the initial particle trajectory is reconstructed. First, track finding
algorithms combine the hits which most likely belong to the same initial particle. Afterwards,
the track parameters are obtained by using track fitting algorithms. The track parameters are a
complete description of the properties of the track and serve as the input for physics analyses.

Several pattern recognition algorithms are implemented in the Marlin software framework.
They are subdivided into two groups: global and local methods. Global methods use the full
information of the event equally at the same time. Local methods use a subset of the hits
to create an initial track hypothesis and add more and more hits during the procedure while
updating the track hypothesis after each step.

The available global methods in Marlin are two implementations of a Hough transformation
[109]. Hough transformations map each measurement point to all possible parameterizations
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in the parameter space. One measured position is therefore represented by a manifold in
the n-dimensional parameter space. The manifolds from all hits of a track intercept in one
point of the parameter space. The parameter space is typically divided into bins and the
calculation of the Hough space can be very time consuming, especially if there are many hits
and the possible parameter space is large. PATHFINDER (PAckage for Tracking with a Hough
transformation FINDER) [110] is an implementation of a Hough transformation which follows
this approach. The processing speed can be significantly improved by using an adaptive Hough
transformation. The coarse binning is chosen first and is iteratively refined in the region of
largest interest. A description of the implemented adaptive Hough transformation in Marlin
can be found in [111].

The implemented local methods in Marlin are a triplet chain and two versions of a Kalman
filter [112]. The idea of the triplet chain is that the track parameters from one measurement
point (readout row) to the other should not change dramatically due to the low material budget
of the tracking detector. Under this condition, one can create triplets of hits in adjoining
rows and check the matching of all resulting triplets afterward. A detailed description of the
implementation in Marlin is given in [113].

The implemented Kalman filters are a combinatorial Kalman filter and Clupatra. In general,
the Kalman filter has the advantage that it also includes a precise recursive least square fit. For
a linear model and Gaussian random noise the Kalman filter is the optimal fitter. In case of a
non linear model or non Gaussian noise the Kalman filter is still the optimal linear fitter [112].
The Kalman filter needs a seed trajectory for the calculation. The generation of the seed tracks
is not included in the concept of the Kalman filter and can be adapted for each experiment. The
general concept is as follows. The seed trajectory is extrapolated to the next measurement layer
and can be accounted for multiple scattering and energy loss. The hits on the new layer are
checked for consistency with the prediction. In a combinatorial Kalman filter, a new trajectory
is constructed for each compatible hit and the track parameters are updated. All trajectories
are extrapolated to the next measurement layer in parallel. This is done iteratively until the end
of the detector is reached. Clupatra was developed for the track reconstruction of the TPC in
the ILD detector simulations [114]. Although mainly used in ILD physics simulation studies,
Clupatra was modified to be compatible with the experimental setup of the test beam. Clupatra
combines a nearest neighbor algorithm for the track seeding and a Kalman filter for the track
search and extrapolation. Contrary to the combinatorial Kalman filter, only the best matching
hit, based on a χ2 criterion, is picked up and followed and not all matching hits.

Most track finders result in an estimation of the track parameters but the result is often not
optimal (e.g. depends on bin size for the Hough transformation). Therefore, the tracks are
fitted after the track finding with specialized algorithms. Besides the already presented Kalman
filter, the general broken lines (GBL) method is implemented in Marlin [115]. GBL provides
the complete covariance matrix of all track parameters at every measurement point. GBL is
mathematically equivalent to a Kalman filter but an arbitrary number of measurement points
can be added at once. The current implementation of GBL [116] includes an interface to
Millepede II, which is a tool for track based alignment and calibration (see section 5.2.4).
A large part of the necessary input for Millepede II is automatically calculated within the

75



5 Software framework and reconstruction

covariance matrix of the track parameters. The CMS detector at CERN is one example of a
successful alignment from the combination of a broken lines fit and Millepede II [117].

Several very fast fitting algorithms are also implemented in MarlinTPC. In the absence of a
magnetic field, the straight line propagation of the charged particle can be exactly calculated
by a linear regression. For the helix fit, the Karimäki method [118] is an approximate, explicit
solution to the non-linear problem of circle fitting. These algorithms cannot be modified for
multiple scattering or energy loss. However, in a TPC detector with its low material budget,
the deviations from the perfect linear or helix trajectory should be negligible.

In the data analysis in section 6.5 and 6.6, the different track finding and fitting algorithms are
applied to the test beam data and their performance is compared.

5.2.4 Millepede II

Millepede II is a generic fitting method which was developed to solve calibration and alignment
problems of detectors in high energy physics. In detector experiments, numerous events are
taken with the same setup. Using the difference of the measured values relative to a fitted
event model, the detector can be calibrated. The model is typically fitted event-by-event from
the measurements which introduces a correlation between the measurements and the fit result.
If the difference between the model and the measurements is used as an estimator for the
calibration parameters, the calibration results are biased.

Millepede II is a method to solve such problems while taking all correlations into account,
hence receiving a minimal biased result. Therefore, all events needs to be fitted at the same time
together with the calibration parameters. The resulting problem is a fit of the event model for all
events together with a (small) number of calibration parameters. The resulting dimensions of
the matrix equation can be extremely large and the computing time would be unacceptable. The
concept of Millepede II foresees that only the calibration parameters are of concern while the
results for the event model can be neglected. Then, the minimization problem can be reduced
to the determination of the calibration parameters while taking the full correlation matrix into
account using block matrix algebra.

Following the terminology of [119], Millepede II can solve least square problems where the
fitting parameters can be divided into two classes: the global (calibration) parameters and the
local (track) parameters. The track parameters are only important for a subset of the data (e.g.
one event) while the global parameters can be seen by all the measurements. The Millepede
method is based on the minimization of the residuals of local measurements mi j (hits) from a
model fi j(p,q j) of a track j. The track model depends on local track parameters qj and the
global parameters p. The track model is linearized at initial values of the local (q0 j) and global
(p0) parameters

fi j(p,q j) ≈ fi j(p0,q0 j) +
∂ fi j

∂p
∆p +

∂ fi j

∂q j
∆q j . (5.2)

76



5.2 Reconstruction chain

The resulting χ2 minimization problem is

χ2(∆p,∆q) =

tracks∑
j

hits∑
i

1
σ2

i j

(
mi j − fi j(p,q j)

)2

=

tracks∑
j

hits∑
i

1
σ2

i j

(
mi j − fi j(p0,q0 j) −

∂ fi j

∂p
∆p − ∂ fi j

∂q j
∆q j

)2

(5.3)

with σi j denoting the measurement errors. The problem is therefore described by a linear
equation system of the following form:

C · a = b (5.4)
∑

i Ci . . . Gi . . .
...

. . . 0 0
GT

i 0 Γi 0
... 0 0 . . .

 ·

aglob

...
aloc

i
...

 =


∑

bi
...
βi
...

 . (5.5)

The dimension of the square matrix C is the number of tracks times the number of local
parameters plus the number of global parameters. As the local parameters can be neglected
here, the problem can be reduce to the solution of the global parameters only, which can be
calculated in a reasonable time even for a large number of events

C′ · a′ = b′ (5.6)

C′ =
∑

i

Ci −
∑

i

GiΓ
−1
i GT

i (5.7)

b′ =
∑

i

bi −
∑

i

GiΓ
−1
i βi . (5.8)

If no constraints are applied to the minimization procedure, the fit results in arbitrary parame-
ters. As an example, if all measurements are shifted by the same amount in the same direction,
the χ2 value would remain unchanged. Therefore, different type of constraints can be applied
to the data. Single parameters can be fixed if the parameters is known with enough precision or
the minimization should be performed relative to this parameter. Another option is the usage
of Lagrange multipliers fi. With this, linear combinations of a set of parameters ai can be
constrained within their uncertainties

c =
∑

i

fi · ai . (5.9)

Millepede II is an up-to-date implementation of the discussed Millepede method. The required
input for the method are the residuals ri j = mi j − fi j(p0,q0 j), the measurement errors σi j,
the local derivatives ∂ fi j

∂q j
and the global derivatives ∂ fi j

∂p with a corresponding label. Millepede
II is structured into two parts. In the first part, the input files for Millepede II are created.
Therefore, the subroutine “mille“ is integrated into the user program which writes out the data
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in the necessary file format. Here, ”mille“ is integrated into the GBL implementation of Marlin.
In the second part, the standalone Fortran90 program “pede” reads in the input and steering file
and solves the χ2-problem. Millepede II is used for the alignment of the three readout modules
as presented in section 6.8.1.
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CHAPTER 6

Data analysis

(a) single particle event; 2D projection on the
readout

(b) multiple particle event; 3D view of the TPC

Figure 6.1: Two event displays of the test beam campaign in March 2013.

In this chapter, the analysis of the test beam data is presented in detail. The structure of the
analysis is based on the hierarchy of the data structure. First, the pedestal and noise values for
each channel are presented in section 6.1. The pulse identification on the individual channels
and their parameterization is analyzed in section 6.2. With the parameterized pulses, the drift
velocity can be determined in section 6.3. The combination of pulses to hits on individual
readout rows is discussed in section 6.4. The performance of the different track finding and
fitting algorithms is shown in section 6.5 and 6.6. The reconstructed tracks serve as the
reference for many analyses. Then, the effect of the additional guard ring can be determined
in section 6.7. Furthermore, the relative position of the hits to the track are analyzed and
interpreted as distortions in section 6.8. This section also includes a rigid body alignment
study of the three module in the prototype setup. Afterwards, a thorough analysis of the
spatial resolution in the transverse and longitudinal resolution follows in section 6.9. Since
three modules were used in the test beam and the maximal lever arm of 50 cm is available, first
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studies on the momentum resolution can be performed in section 6.10. Finally, an extrapolation
of the measured spatial resolution to the ILD working parameters is presented in section 6.11
to verify whether the ILD requirements can be fulfilled with the module.

Two reconstructed event displays are shown in figure 6.1. The event display in figure 6.1a
depicts the typical event with a single track since the beam rate is much smaller than the readout
frame. Larger number of tracks occur only due to interactions of the beam electrons with the
magnet.

6.1 Pedestal and noise analysis

After the complete assembly of the detector setup, the characteristic of the readout electronics
is measured initially in a dedicated pedestal run as described in 4.4. In figure 6.2, the derived
pedestal and noise values for all channels are presented for one particular pedestal run. The
pedestals are centered at approximately 100 ADC counts which corresponds to the adjusted
reference voltage. The integer part of the pedestal values are uploaded into the ALTRO chips
to apply the pedestal subtraction and enable zero suppression during the data taking. Figure
6.2b demonstrates the excellence noise performance of the setup. A noise value below one
ADC count corresponds to an equivalent noise of 500 electrons for the chosen electronic
settings. The noise and pedestal values are filled into a database for the later reconstruction
of the measured data. Corrupt channels can be identified with the pedestal runs. Channels with
very high noise (> 2 ADC counts) are tagged as being noisy. Channels with remarkable low
noise (< 0.5 ADC counts) are an indication of a lost connection. If the connection between
the FEC and the pad board is lost, the noise is reduced due to the missing input capacitance
from the readout pads. In the test beam setup, broken connections can mostly be traced back
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Figure 6.2: Pedestal and noise values for each channel from a dedicated pedestal run.
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to loosened flat band cables due to a missing lock or cable relief. With the next generation of
readout electronics (S-ALTRO), this problem is automatically solved since the readout cards
will be connected directly to the pad plane.

As explained in section 4.4, the pedestal values are sensitive to temperature changes of the
system which are monitored by several temperature sensors. Unfortunately, the experimental
area has no climate control and the power consumption of the electronics components depends
on the experimental conditions. Consequently, the change in the pedestal values need to be
monitored by performing pedestal runs on a regular basis every 30 to 60 min or if an increase
of noise pulses is observed. However, the noise performance of the electronics was very stable
during the complete test beam campaign.

6.2 Pulse analysis

The first step of the reconstruction is the identification of charge pulses on the individual read-
out channels as explained in section 5.2.1. The pulse finding algorithm is designed to operate
on both data formats, zero suppressed and continuous readout. In the presented analysis, only
zero suppressed data is processed to limit the necessary storage space. Thus, a first pulse
selection is conducted in the electronics but the thresholds were intentionally set very low to
not reject any signal pulses. In the software reconstruction, additional threshold parameters
can be set and all parameters have been optimized to achieve a good noise reduction. The final
steering parameters are summarized in table 6.1. The start threshold is higher to filter out noise
pulses, while the end threshold is very low to observe the complete charge spectrum of the
pulse. Figure 6.3a shows the average of all normalized pulses of one measurement run. The
theoretical shaper function (4.1) of the electronics is fitted to the data and is in good agreement
with the measurement.

Besides the identification of pulses, the parametrization of the pulses is calculated in this
reconstruction step. First of all, the total charge of the pulse is determined. Although the
electronics design foresees the height of the pulse as the charge estimator, the integral value
of the pulse is used here. As already discussed in section 5.2.1, the integral value is linearly

threshold value

threshold to start a pulse 5 · RMSnoise

threshold to end a pulse 3 · RMSnoise

minimal pulse length 5 time samples
minimal pulse height 8 ADC counts
save bins before pulse start 3 time samples
save bins after pulse end 7 time samples

Table 6.1: Parameter settings for the identification of pulses in the software framework. A sketch,
illustrating the parameters, can be found in figure 5.2b
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Figure 6.3: Pulse identification: a) The average of all normalized pulses and a fit of the expected shaper
function (4.1) in red. b) A pulse with an atypical shape. The amplifier of the electronics is saturated and
thus, the decay of the pulse is distorted.

correlated to the maximum value and is advantageous for pulses which are out of the dynamical
range of the ADC.

The second characteristic parameter of a pulse is the time of arrival. The determination of the
time is crucial in a TPC as it defines the drift coordinate of the pulse. Calculating a time
estimator from a pulse is a largely studied topic in pulse analysis. Although well known
robust estimators exist, the very best estimator depends on the particular setup. Therefore,
the implemented time estimators in table 5.1 of section 5.2.1 are tested here. The focus is set
on robustness and resolution of the evaluated method.

The methods can be classified into three categories. The first category comprises methods,
which only regard the information from a single time sample for the time determination, e.g.
the maximum bin method. These estimators neglect the advantage of an analog readout where
the complete signal shape is recorded. The resulting resolution is poor (time sample length
divided by the square root of twelve) and systematic effects are expected (e.g. time walk: time
estimator depends on the height of the signal). Methods, which calculate a time of arrival
from a larger subset or all samples, are in the second category. These methods achieve a good
performance and are robust in case of signal variations. Minimization methods constitute the
third category. A signal model is fitted to the measured pulse and the time of arrival is extracted
from the fit parameters. While minimization methods can often reach the best resolution, they
can fail if the signal model does not describe the data well. Error handling of failed fitting
procedures must be considered and evaluated. In the studied setup, very small and very large
pulses can occur and are difficult cases for fitting procedures. In the first case, random noise
can smear out the original signal shape, while the electronics amplifier is saturated in the latter
case. Figure 6.3b demonstrates a measured charge spectrum in the case of a saturated amplifier.
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Figure 6.4: Comparison of two estimators for the pulse time. In the simulation a clear dependence of
the reconstructed position on the relative true position can be observed for the Box method. Also in
the data the box methods demonstrates clear signs of binning artifacts. The Gaussian inflexion point
method shows a smooth behavior in both studies.

First, the peak of the distribution is cut off because the dynamical range of the ADC is reached,
and second, the signal does not decay to the baseline in the expected way. The output pulse
decays to an intermediate plateau, before a decay to the baseline is visible or the maximal
sampling depth is reached. These pulses are identified in the pulse finding algorithm. If the
charge signal stays at a saturation value for five time samples or longer, the tail of the signal is
cut off and the pulse is tagged as being atypical. Atypical pulses can be removed from dE/dx
measurements since their charge measurement is corrupted.

The falling edge of the amplifier is parametrized by the feedback resistor of the charge sensitive
amplifier but additional filters are implemented in the electronics to modify the behavior of the
falling edge. These filters can be adjusted for each readout channel and can be tuned to reduce
the length of the pulse and to equalize the decay. Effectively, this minimizes the dead time
between two consecutive pulses. As the tuning of the filters was not performed for this setup,
the falling edge for each individual readout channel varies. This leads to the conclusion that
the rising edge is better suited for the determination of a pulse time. The inflexion point, box
and Gaussian inflexion methods are all based on that concept.

The evaluation of the different methods is based on two aspects: minimal binning artifacts and
maximal resolution. Binning artifacts occur due to the small number of samples in a pulse.
Especially, the inflexion point and box method only take into consideration the samples from
the start to the maximum of the pulse. The box and the Gaussian inflexion point method
are discussed here as representatives of their categories. First, the methods are studied in a
simplified simulation. Assuming perfect pulse shapes and a constant height of the pulses,
pulses are generated while varying the time of the pulse. The reconstructed time is compared
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Figure 6.5: Spatial point resolution in the drift dimension. The spatial resolution is determined as
explained in section 6.9. Different time estimation methods for the signal pulses are compared. The
methods perform the best which determine the arrival time from the rising edge of the pulse.

to the true value for both methods. The results are presented in figure 6.4a. The range of the
abscissa extends over two time samples of the ALTRO electronics. In contrast to the Gaussian
inflexion point methods, the box method shows systematic effects due to binning artifact. This
effect can be verified using test beam data. In figure 6.4b, the pulse times for one data run
are illustrated. A Gaussian distribution is expected due to the Gaussian profile of the electron
test beam and diffusion. The Gaussian distribution is perfectly reproduced with the Gaussian
inflexion point method but the box method displays clear signs of binning artifacts.

The resolution of the estimator methods can only be determined by a comparison to a reference
value. As of now, a reference detector is not integrated into the setup and reference pulses
cannot be inserted into the electronics. Therefore, the reference time is determined from
the reconstructed tracks. This analysis is based on a concept which is presented in detail in
section 6.9. The spatial point resolution in the drift dimension is used as an observable to
determine the performance of the different time estimation methods. A method performs better
if the reconstructed spatial resolution is small. Figure 6.5a shows the result of the analysis.
It is clearly visible that those methods perform the best which are using the rising edge of
the pulse in the calculation. At a first glance, it might not be intuitive why the mean of the
Gaussian fit is performing worse than the Gaussian inflexion point which is derived from the
mean and the standard deviation. Small noise fluctuations can be compensated better with two
degrees of freedom than with a single degree of freedom. It is also interesting to note that the
true shaper function does not give the best results. However, the shaper function is only an
idealized response function for a delta-like input pulse. Since the input pulse is generated by
the movement of the electron between the last GEM and the pad, the assumption of a delta-like
input pulse is not valid and the performance of the Gamma4-fit degrades.
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As a result, the Gaussian inflexion point method shows overall the best performance. No
binning effects are visible and the best resolution is achieved. Nevertheless, the pulses times
are reconstructed twice. The first reconstruction is needed to group pulses which belong to
the same hit. Pulses are only grouped together if their time values are consistent within a
given window. A robust time estimation technique is necessary to connect every pulse to its
corresponding hit. Minimization methods are disfavored as they can fail and error handling
can be difficult. Therefore, the box method is taken as the standard reconstruction method first
because of its robustness. In the second step, the time of the hit is evaluated from the time of
the largest pulse of the hit (see section 6.4). Then, the maximal resolution is desired and the
pulse time is reevaluated with the Gaussian inflexion point method. As only the largest pulses
with clean signal shapes are used, the probability of fit failures is negligible small and error
handling not an issue.

6.3 Drift velocity

In a TPC, the arrival time of the measured signal is used to determine the position of the particle
in the drift dimension. Therefore, the precise knowledge of the electron’s drift velocity in the
detector gas is crucial. Simulation tools like Magboltz can be used to get a first estimation of
the drift velocity. The contaminations of water and oxygen are measured in the setup but the
complete decomposition of the gas is not known (see section 4.7). As mentioned in chapter 3.3,
small contamination of the gas can have a significant effect on the drift velocity. Consequently,
the simulation of the drift velocity serves mainly as a starting point for the experiment and a
reference value. After the first iteration of data reconstruction, the drift velocity is derived from
measured data as presented in this section.

Several possibilities are available to determine the drift velocity. Since the exact dimensions of
the TPC are known, the drift velocity can be calculated from the time difference of the earliest
and latest measured pulses. Despite being a simple concept, this method features technical
difficulties. The latest possible measured pulses originate from ionization electrons which are
liberated right in front of the cathode. To create such signals in the setup, the beam must be
positioned very close to the cathode. Due to the geometric width of the beam, a part of the beam
shoots into the cathode and secondary particles are scattered into the detector volume. These
particle showers create consecutive, overlapping pulses, which worsen the time determination.
Furthermore, diffusion smears out the results in addition. Similar problems are present for the
earliest pulses, which originate from electrons very close to the top most GEM surface of the
module. Therefore, a different procedure is pursued here.

The detector is mounted on a precisely movable stage and the position of the stage can be used
as a reference value. Measurements are performed at different positions of the beam. Figure
6.6a displays the relation between the stage position and the mean time of the recorded pulses.
The slope of the straight line fit represents the drift velocity. To determine the absolute position
of the ionization electrons from the time measurement, the time offset must also be measured.
The position of the TPC inside the magnet and the position of the stage relative to the beam
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Figure 6.6: Determination of the drift velocity from the mean pulse time for different beam positions.
The drift velocity is taken from the slope of the straight line fit. b) A zoom into the region of short drift
distances to emphasize the time offset. From the intersection of the straight lines, the time offset of the
setup can be derived as explained in the text.

is not known with sufficient precision. Therefore, the offset in figure 6.6a is arbitrary. The
time offset of the setup can be extracted in the following way. The drift velocity of the primary
electrons varies with the strength of the electric drift field but the earliest possible pulse at
zero drift distance arrive at the same time, assuming constant settings for the GEM stack. The
crossing point of the measurements at two different drift fields, respectively drift velocities,
represents the zero time of the detector. Figure 6.6b shows a zoom into the intersection region
after the data is offset corrected by 10 time samples (500 ns). The time offset is consistent with
the expectation as derived in section 4.7, figure 4.13. The uncertainty of the stage position
∼ 0.3 mm dominates the velocity uncertainty. The data with and without magnetic field show
a roughly constant offset of ∼ 25 ns. This can be explained due to the clock synchronization of
the Readout Control Units (RCU). The frequency of the RCU system clock is 40 MHz while
the sampling clock of the ADC is set to 20 MHz during the test beam campaign. After the
electronics is powered on, these two clocks synchronize. Unfortunately, two different states
are possible for the synchronization: the 20 MHz sampling rate starts on the first or the second
cycle of the system clock. The time difference between the states is exactly one system clock
cycle of 25 ns. The two data sets were taken at different days and the electronics was powered
off and on in between. The constant time difference is most probably coming from two different
synchronization states of the RCUs. However, this cannot be verified since there is currently
no way to check for the synchronization state in the electronics. Furthermore, three RCUs were
used simultaneously during the test beam and the synchronization state of the different RCUs
is not equalized. This effect can be monitored offline and is shown in the section 6.4.

Overall, the achieved precision of the time offset is ∼ 25 ns which can be translated into a drift
distance of approximately 2 mm. Since all pulses of one event are shifted by the very same
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data type vdrift[µm/ns] vdrift,simulated[µm/ns] intersection point [ns]

E = 240 V/cm, B = 0 T 77.53 ± 0.06 77.03 −21 ± 25
E = 240 V/cm, B = 1 T 77.26 ± 0.04 76.83 33 ± 24
E = 130 V/cm, B = 1 T 55.12 ± 0.03 55.51 -

Table 6.2: Results of the drift velocity measurement and the simulated values from Magboltz. The
intersection point of a parameter set is given with respect to the measurement with E = 130 V/cm.

amount, the track fit is not influenced by this effect and the error is small compared to the
full drift distance of ≈ 567 mm. In the following, the presented performance parameters and
relations depend only weakly on the drift distance and the systematic uncertainty is neglected.
Of course, such a systematic error cannot be tolerated at the ILD TPC but could easily be
corrected with a reference detector, e.g. the silicon tracking layers.

In table 6.2 the results for the drift velocities and the time offsets after the correction are given.
Data and simulation are in good agreement (< 1 %). Systematic uncertainties can explain the
small discrepancy, e.g. uncertainties in the gas composition, pressure, temperature and the
electric field inhomogeneities.

6.4 Hit analysis

After the pulses and the drift velocity have been determined, the pulses are combined to hits on
each row as explained in section 5.2.2. Pulses are only grouped together if they are consistent
within a given time window. The maximal time difference is estimated to be 100 ns from
diffusion and the signal induction process. In data, only ≈ 2 % of the pulses have a larger time
difference than the expected 100 ns. The majority of the large time differences (∼ 70 %) can
be attributed to irregular pulse shapes. Pulses are considered to posses an irregular shape if the
pulse has a second peak (two consecutive pulses), reached the dynamical range of the ADC
(overflow) or displays a plateau in the decay. With improved algorithms for estimating the
time of arrival, it can be assumed that most of these pulses can be recovered in a real detector
experiment. Therefore, the threshold value for the allowed time difference is increased to
500 ns to simulate such an operation. Since the track multiplicity in the setup is very low, the
probability of incorrectly combining pulses to hits remains negligible.

After the pulses have been combined, the hit parameters are determined: the three dimensional
position and the measured energy deposition.

The first parameter under study is the deposited energy. In a TPC, the energy loss of the
initial particle is transformed into the number of liberated primary electrons as described in 3.2.
These electrons drift through the gas, are amplified in the GEM stack and their signal is shared
across several pads. Therefore, the integrated charge of all pads is proportional to the initial
number of liberated electrons, i.e. the initial energy loss. In general, a careful calibration of the
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Figure 6.7: Total charge measurement in a reconstructed hit. a) The expected initial number of primary
electrons from a HEED simulation. b) The measured total hit charge in red can be reproduced by a
Monte Carlo simulation of the primary electrons and the Pólya distribution of the gas amplification in
black.

electronics and the amplification stage needs to be performed in order to achieve a good dE/dx
resolution. Unfortunately, the electronics setup does not have the possibilities to perform a
charge calibration on board and a manual calibration of over 7000 readout channels is not
possible with the current setup. Consequently, the reconstructed charge is given only in units
of ADC counts and a calibration into initial number of electrons is omitted.

The expected number of primary electrons is taken from a HEED simulation of 5 GeV electrons
in T2K gas. Figure 6.7a shows the results of the simulation. The electron number is normalized
to the row pitch of 5.85 mm. The initial number of interactions (clusters) can be described
by a Gaussian distribution while the total number of electrons from secondary ionization is
skewed to higher values due to large energy transfers. Nevertheless, the gas thickness of
5.85 mm is too small for the distribution to be described by a Landau distribution. Each
individual electron is amplified in the GEM stack. The Pólya distribution (3.28) describes
the probability density function of the amplification process. A toy Monte Carlo simulation is
performed to compare the measured hit charge with the expectation value. The simulated
distribution of expected number of electrons is used as a probability density function. A
random number of electrons is generated according to this probability density function for
one hit in the detector. Each electron is amplified according to the Pólya distribution. Direct
access to the parameters of the Pólya function in the experiment could only be gained from
measurements of a precisely defined number of incoming electrons. Laser or γ-sources are
possible setups for this measurement but have not been used here. Therefore, the mean gain
and the width of the Pólya function is adjusted in the MC simulation such that the measurement
and the simulation are in agreement. The width of the Pólya distribution is found to be around
ϑ ≈ 0.5. This value is in agreement with literature values of ϑ ∼ 0.25 to 0.67 [57] for argon
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Figure 6.8: The width of the reconstructed hits. a) Two pad response function from different beam
parameters are shown with a fit as described in the text. The tails to larger values is an artifact from the
electronic readout. b) The mean number of pulses per hit are shown for various drift distances.

based gases. Figure 6.7b shows the comparison of the measured hit charge in one readout row
and the Monte Carlo simulation. The model describes the data very well.

Now, the position of the hit is calculated in the local cylindrical coordinate system of the
readout plane. The position of the hit in the radial direction is given by the radius of the
row under study. The probability density function for ionization along the particle trajectory is
equally distributed. Therefore, the uncertainty in the radial dimension of the hits is L/

√
12 with

L being the row height. The local phi dimension of the hit is derived from the information of
all the pulses which belong to a hit. The measured charge distribution is symmetric around the
center of the charge cloud. A charge weighted mean of the pulse positions serves as a first and
robust estimator. Using this estimator as the hit position, the so-called pad response function
can be derived. The position of the pad relative to the hit center is plotted against the charge
on this pad normalized by the charge of the hit. Figure 6.8a shows the pad response function
(PRF) for the two extreme cases of minimal (short drift and B = 1 T) and maximal (long drift
and B = 0 T) diffusion. The presented fit in the figure is a convolution of a Gaussian and a
uniform distribution. This fit hypothesis is based on the Gaussian charge distribution due to
diffusion and the uniform probability density function of the original position of the electrons
relative to the pad center. The width of the uniform distribution is defined by the pad pitch.
The fitted functions describe the data with zero magnetic field very well, while deviations in the
tails can be seen for the narrow pad response function. These tails are artifacts coming from
the readout electronics. The data stream from the readout electronics is pedestal subtracted
and the readout cannot record negative charge values. The output of the readout is zero if the
signal undershoots the baseline. One electron induces a negative undershoot into a pad if this
electron is not collected on the studied pad. Removing the negative part of the signal biases
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the determination of the total charge. At the borders of the electron avalanche, the pads have a
large probability to detect a negative signal part since most of the total charge is not collected
by these pads. In this way, the recorded charge of the outer pads is artificially increased. These
tails are more prominent for B = 1 T data since most of the charge is collected by the central
pad. For larger PRF widths, the charge is a spread over several pads and the negative signal
fraction is smaller. Nevertheless, the fit function describes the PRF well in the central region of
the distribution and it can be concluded that the assumption of a Gaussian charge distribution
is confirmed.

The width of the PRF is known and the center of each hit could be derived from a Gaussian
fit with the height and the central value as the remaining free parameters. Since the artificial
tails of the PRF are not well described by a Gaussian fit, minimization algorithms must be
handled with care. Furthermore, tracks with an angle relative to the pad orientation create hit
shapes which deviate from the Gaussian PRF function. Therefore, the charge weighted mean
will still be used as the position estimator in the ϕ dimension. Systematic effects of the position
estimation due to a charge weighted mean were investigated in [50]. The weighted mean is a
perfect estimator of the central position if the number of pulses per hit is larger than three. If
less than four pulses are measured, the calculated position can be corrected based on the known
PRF width. Figure 6.8b shows the mean number of pulses per hit for data runs at different drift
distances. The mean value is biased because hits with a single pulse are neglected to reduce
the effect of random noise. Nevertheless, the mean number is close or above four. For now, the
correction is not applied and the charge weighted mean remains the position estimator in the ϕ
dimension.

The final parameter of a hit is its position in the drift dimension. The drift dimension is
calculated from the time of the hit and the drift velocity which was determined in section
6.3. As the hits consists of several pulses, the hit time can be defined in many ways. To decide
which estimator should be used, the individual time of the pulses is investigated further. As a
start, the time of the pulse with the maximal charge is used as a reference time of the hit. The
time of the other pulses can be compared to this reference time. In figure 6.9, the relative time
difference is shown for different pulse charges. The number of the pad indicates the distance
of the pulse to the central pulse. For instance, “pad 1” refers to a pulse which is measured on
the pad which is a direct neighbor of the central pad. These figures indicate several systematic
effects. Obviously, a charge dependence and a “pad” dependence can be seen. Pulses with
small charge are systematically earlier in time than the central pulse and also show a strong
dependence of the timing information on the total charges. The signal induction could explain
the observed effects. If the induced input pulse has a negative part, the maximum of the charge
is reached earlier than for purely positive input signals. Pulses with a small charge have a larger
probability of a negative signal fraction, and thus, an earlier arrival time. This can also explain
the large dependence on the position of the pulse relative to the hit position since the negative
signal fraction increases with larger distance from the charge center. In figure 6.9, the analysis
is shown for two different working points. The main difference between the working points
is the transverse diffusion of the charge cloud which again impacts the shape of the induced
signal.
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Figure 6.9: Reconstructed pulse times for different pulse charges. The “pad” number denotes the
distance of the measured pulse from the center of the hit as described in the text.

It is apparent that the induced pulse shape is more complex and important than initially ex-
pected. A simplified delta input function in simulations cannot explain the measurement
results. However, a correction of all these dependencies in the current setup does not have
to be performed, because the time information from the central pulse is precise enough for
the scope of this analysis. The central pulse is called the pulse with the maximal charge of
the hit. This pad collects significantly more charge than it sees induced signal from charge on
adjacent pads. Thus, its negative signal fraction is comparably small. In addition, the charge
dependency decreases with larger pulse charge (see figure 6.9), which means that the central
pulse is affected the least. As it will be shown in chapter 6.9.2, the time resolution from the
central pulse fulfills the requirements for the ILD TPC and will be used throughout the thesis.
In addition, the ILD TPC should not be effected by these dependencies. The hit width in the
ILD TPC is even smaller and more constant than in the prototype due to the larger magnetic
field of ILD. Thus, the main charge is always collected by the central pad for the ILD working
point.

As already discussed in section 6.2, the Readout Control Units (RCU) of the electronics can be
in different synchronization states of the sampling clock relative to the system clock. This
synchronization is not equalized across more than one RCU. If two RCUs have different
synchronization states, the sampling clocks are displaced by 25 ns. As the trigger can start
the readout at any clock cycle of the system clock, the offset varies on an event-by-event basis
from +25 ns to −25 ns. This needs to be corrected offline. First, an asynchronous RCU needs to
be identified. One RCU roughly reads out one module. The hit times for row 8 to 13 is filled in
a histogram for each module (RCU). If a RCU is asynchronous, this distribution shows a double
peak structure instead of the expected Gaussian distribution due to the test beam profile and
diffusion. One example run is shown in figure 6.10a. In this example, RCU2 is asynchronous.
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Figure 6.10: The effect of asynchronous readout boards (RCU) is displayed. a) If one readout board is
not synchronized with the others, the reconstructed pulses are shifted by ±25 ns depending on the event.
b) The shift has to be identified for each event separately and is than corrected.

On an event-by-event basis, the sign of the offset needs to be determined. Therefore, the
time distributions in the figure are presented relative to one reference row, which is row 7 of
the bottom module (RCU0) in this case. The double peak structure is fitted by two Gaussian
functions. The minimum between the two peaks is calculated and stored as the reference value.
All fits are in good agreement with the hypothesis of asynchronous clocks. The mean values
of the peaks differ by ∼ 50 ns. The minimum is not centered at zero due to different number of
entries in the peaks and distortion effects (see section 6.8). To correct the asynchronous RCU,
the mean of the hit times from the rows 8 to 13 is compared to the reference value on an event-
by-event basis. If the mean time is above the reference value, the hit times are reduced by 25 ns
and vice versa. The result of the correction is presented in figure 6.10b. Here, the hit times
from RCU2 show the expected Gaussian behavior. The beam aperture causes the broadening
of the distributions since RCUs with a higher number are further away from the beam origin.

The error estimation of the hit parameters must be discussed. Simple error propagation of the
calculated hit parameters doesn’t include the physical processes in the drift region of the TPC.
The weighted mean for the ϕ position of the hit serves as an example. The uncertainty on the
charge of the pulses can be used to calculate the uncertainty on the ϕ position. The resulting
uncertainty represents how precise the center of the charge cloud is measured. However, the
actual center of the charge cloud is Gaussian distributed around the initial charge cloud position
due to diffusion in the drift region of the TPC. Most of the following track finding and fitting
algorithms need the position uncertainties as an input value. If the errors are underestimated,
the hits are not correctly assigned to their tracks. Therefore, the hit position uncertainties
are derived from a parametrization of the detector resolution instead of error propagation.
The spatial resolution of the detector represents the average hit position uncertainty. The
parameterization of the drift dependent spatial resolution in section 6.9 is used as the error
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estimation for the hit positions. Of course, an initial parameterization from simulation is taken
to determine the spatial resolution in the first place. The hit uncertainties are updated and the
spatial resolution is determined again. This procedure is iterated until the change of the spatial
resolution is below a given threshold. Here, a single iteration is enough since distortions of the
hits from field inhomogeneities are larger than the position uncertainties (see section 6.8).

6.5 Track finding algorithms

After the hits are identified and parametrized, they are combined to tracks. Different tracking
algorithm are tested and evaluated based on speed, hit efficiency and spatial resolution of the
hits. To measure the size of field distortions (see section 6.8), hits need to be assigned to their
corresponding tracks even if their position is largely distorted. Therefore, very loose thresholds
are chosen for assigning hits. Tracking efficiency is not of topmost importance in this setup and
can be compensated for with high statistics. Nevertheless, a biasing of the results should be
avoided which is often indicated by a low tracking efficiency. The implemented track finding
algorithms were already discussed in chapter 5.2.3.

Table 6.3 shows the computing time of the different track finders for four different working
points. In terms of speed, the triplet finder is the fastest of all the algorithms directly followed
by the Hough transformation. Here, the benefit of the implementation of an adaptive Hough
transformation compared to a standard one becomes apparent. PATHFINDER processes an
event in a time of ∼ 6 s. The evaluation of this package has been omitted due to the slow speed.
Interesting to note is the small difference in computing speed between Clupatra and Kalman
filter. The difference between these two algorithms is that Clupatra only follows the most
likely hit candidate while the combinatorial Kalman evaluates all possibilities. Due to the low
noise hit rate and the low track multiplicity in the test beam setup, the number of possible hit
candidates in the combinatorial Kalman filter isn’t significantly larger than one. All algorithms
are more than fast enough to be used in the analysis. The processing time for a typical run with
twenty thousand events is in the order of minutes.

As already quoted, it is of utmost interest to assign as many hits as possible to their correspond-
ing track. Despite the scattering processes in the magnet material, single track events have the

B = 1 T B = 0 T
z ≈ 50 mm z ≈ 530 mm z ≈ 50 mm z ≈ 520 mm

Finder t/event[ms] t/event[ms] t/event[ms] t/event[ms]

Clupatra 9.02 8.97 11.99 10.84
Kalman 17.51 17.09 14.01 15.55
Hough 1.15 1.33 1.32 1.28
Triplet 0.96 1.36 1.01 0.96

Table 6.3: Computing time of the implemented track finding algorithms.
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Figure 6.11: Performance plots of different track finding algorithms for a large drift distance and a 1 T
magnetic field. a) The number of hits per track and b) the number of found tracks per event.

highest probability in the test beam setup. One hit per row can maximally be assigned to a
track, resulting in a maximum of 84 hits. Due to connectivity problems at the readout board,
dead channels are located on 13 rows of the readout in the region of interest. These rows are
removed from the data to minimize any bias of the later presented results. Consequently, 71
rows remain which is consequently the maximal number of hits for one reconstructed track.
Figure 6.11 shows the distributions of number of tracks per event and number of hits per track
for a data run at a large drift distance with magnetic field and figure 6.12 without magnetic field.
In the appendix, the same distribution for a short drift distance can be found in the figures A.4
and A.5.

All tracking algorithms perform very well. The large number of space points together with a
small noise rate results in a robust track finding performance. As expected, most of the events
do only contain a single track with a large number of hits. For data without a magnetic field,
Clupatra and the triplet finder reconstruct a larger amount of tracks with a small number of hits.
These are secondary particles from interactions of the beam electrons inside the magnet or field
cage wall. These particles often have an angle in the readout plane and leave the instrumented
area after a short distance. With the magnetic field, the curvature of these particles is so small
that they are not reconstructed at all (the initial momentum is lost in the interaction). Scattered
particles should be rejected for the performance evaluation of the module since their initial
state is not well known. Identifying low energy particles serves as a veto information for the
upcoming analyses. Overall, the Hough transformation features the highest hit efficiency of all
finders. Most of the tracks have the maximal 71 corresponding hits.

The last test of the track finding algorithms is the achieved spatial resolution which is shown in
figure 6.13. Here, the track finding algorithms are only evaluated for their track finding and not
their track fitting capabilities. Therefore, the found tracks are all fitted with the same algorithm.
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Figure 6.12: Performance plots of different track finding algorithms for a large drift distance and zero
magnetic field. a) The number of hits per track and b) the number of found tracks per event.

A simple linear regression and a Karimäki fit is used for straight and circular trajectories,
respectively. The determination of the spatial resolution is described in detail in chapter 6.9.
The resolutions differ only slightly for the different tracking algorithm and mainly depend on
how many hits are assigned to a track. It must be noted that a worse point resolution is actually
preferred at this stage, since it indicates that also largely displaced hits are correctly assigned
to their tracks. Again, all finding algorithms perform similarly well.

In the next step, the functionality of the implementations of the different track finding algo-
rithms is compared. The Kalman filter and Clupatra were developed as a tool for the full ILD
detector simulation. Their implementation is based on the creation of measurement planes,
which are derived from the information of the geometry framework GEAR. The simulation
studies for the ILD detector are assuming a perfectly aligned system and alignment procedures
are not yet included in the code. These implementations are not suitable for this study since
the alignment of the LP setup will be performed in section 6.8.1. The triplet finder and
Hough transformation are both able to work on geometry that includes alignment corrections.
The Hough transformation has the additional advantage that it is only based on the three
dimensional space points. The detector geometry information only influences the steering
parameters implicitly. Therefore, a Hough transformation is the perfect tool for a prototype
detector as one can freely correct the space point positions without having to adjust exact
geometry information in the reconstruction framework for track finding.

Due to the above reasons, the Hough transformation will be used in all further studies. It is one
of the best performing methods with high computing speed and hit efficiency. In addition, it
allows for easy integration of alignment corrections in the calculation.
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Figure 6.13: Transverse point resolution for different track finding algorithms.

6.6 Track fitting algorithms

After the track candidates have been build from the hits of the events, the calculation of the
track parametrization is performed next. Several track fitting algorithms are tested which are
available in MarlinTPC. Not all tracking algorithms have implemented both track hypothesis,
linear and helix trajectories. Tracks, which are taken without a magnetic field, are fitted with
a linear regression, General Broken Lines and Kalman filter. The fitting algorithms for a
helix trajectory are Karimäki, General Broken Lines, Kalman filter and Clupatra which were
introduced in section 5.2.3.

The evaluation of the fitting algorithms is based on the processing speed and the resulting
point resolution. In terms of processing speed, the Kalman filter and Clupatra are an order
of magnitude slower than the General Broken Lines algorithm. As expected, the Karimäki
method and the linear regression are an order of magnitude faster than GBL due to their simple
algorithms. Overall, the speed of all algorithms is sufficient to be potentially applicable in the
following analysis.

The point resolution, which is obtained with the different fitting algorithms, is presented in
figure 6.14. Here, the point resolution is estimated by the width of the residuals of the hits.
It is well known that this observable is systematically smaller than the true spatial resolution,
but the observable is sufficient to compare the performance of different fitting algorithms. In
section 6.9, a detailed analysis of the spatial resolution will be presented. Due to the low
material budget of the active detector material (gas), the resolution is nearly identical for all
fitting algorithms. Deviations from the track hypothesis occur only because of energy loss and
multiple scattering. Energy loss in the prototype is of the order of ∆E/E ≈ 10−5, which is
one order of magnitude smaller than the momentum resolution of the ILD TPC and two orders
of magnitude for the prototype detector. Also, multiple scattering in the gaseous volume is
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Figure 6.14: Transverse point resolution for different track fitting algorithms. The resolution is nearly
independent on the used fitting algorithms.

very small. For the test beam setup, the expected spatial deflection of the beam electrons
between two readout rows is ∼ 0.1 µm which is three orders of magnitudes smaller than the
spatial resolution of the detector. If this wouldn’t be the case, the Kalman filter and GBL
could perform better than the other algorithms since the algorithm include scattering effects.
For B = 1 T data, the slight improvements of the spatial resolution for the Kalman filter and
Clupatra is not due to an improved fitting result. The track finding part is integral part of both
algorithms. The lower hit efficiency of the two algorithms (see section 6.5) indicates that the
worst hits are rejected. The resulting track candidate contains only the best fitting hits which
leads to artificially better spatial resolution.

Similar to the track finder algorithms, all track fitters are well suited to be used as the standard
reconstruction algorithm. As before, the standard fitting algorithm for the further analysis is
chosen for the best technical implementation. GBL has the advantage that straight lines as
well as helix trajectories can be fitted. Additionally, GBL includes an interface for the program
Millepede II (see section 5.2.4). Millepede II is used later to calculate alignment parameters
and distortions for the setup.

For the above reasons, GBL is selected as the standard track fitting algorithm in the following
studies with one exception. In the resolution studies (see section 6.9), a separate track fit
needs to be performed for every single hit on a track. Due to the large number of hits, this
increases the processing time considerably. In addition, the current interface of GBL is not yet
implemented in the routine which determines of the point resolution. Since figure 6.14 shows
that the residual width is nearly independent on the specific fitting algorithm, a Karimäki fit or
the linear regression are used in all studies concerning the spatial resolution of the detector.
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6.7 Guard ring analysis

As discussed in section 4.7, the potential of the guard ring must be optimized first during the
test beam campaign. Figure 6.15a shows the measured displacements for different potentials
of the guard ring. The determination of the displacements of the electrons is explained in
section 6.8. In the middle of the figure at a radius of 1600 mm, there is a transition from one
module to the other. The measured potentials range between 10 V below the top GEM surface
potential to 100 V above the potential. The higher the potential at the guard ring the lower
the displacements of the hits. Only for very large guard ring potentials, field distortions in the
opposite directions would arise.

A larger potential of the guard ring leads to more stored energy in the system. If a discharge
would occur, the possibility to damage the module increases with the stored energy. Before
the test beam campaign, the guard ring was not tested to a potential as high as 100 V above the
GEM potential. As a safety precaution, the module is operated with only 50 V above the GEM
potential in all further measurements. However, not a single discharge was observed during the
test beam campaign and the high voltage distribution proofed to be very stable.

After defining the working point of the guard ring, further performance tests of the guard ring
can be conducted. Figure 6.15b presents the hit efficiency of the setup for the measurements
in March 2013 in red and a test beam campaign in June 2011 with a single module without
a guard ring in blue. The hit efficiency is derived from how often a hit is assigned to a track
on the individual rows. To not bias the results, only tracks are considered which have a total

rrow [mm]
1550 1600 1650

di
st

or
tio

n
in

rϕ
[m

m
]

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
Uguard ring

2245 V
2255 V
2265 V
2275 V
2305 V
2355 V

(a)

rrow [mm]
1300 1400 1500 1600 1700 1800

hi
te

ffi
ci

en
cy

on
tr

ac
k

[%
]

0

20

40

60

80

100

with guard ring

w/o guard ring

(b)

Figure 6.15: The influence of the guard ring on the measurement results. a) The distortions of the hits in
the transition of the top and middle module (rrow ≈ 1600 mm). A larger guard ring potential reduces the
measured distortions. b) A comparison of the hit collection efficiency with and without the guard ring.
The data without the guard ring are taken from a test beam campaign in June 2011 with a single module
installed.
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hit efficiency of > 70 % and pass through the complete sensitive region of the readout. The
hit efficiency at the module boundaries is greatly improved after adding the guard ring into the
design as expected from figure 6.15b in section 4.3. As explained in 4.2, all modules in the
prototype setup share the very same shape. Thus, the radial distance between the modules are
not constant along the arcs of the modules and are relatively large. The distance is about 3 mm
between two readout modules. The topmost termination plate was adopted to the radius of the
module and the gap size is only 1.5 mm. Although no guard ring is in this gap since the HV
connection of the GEMs is positioned there, the hit efficiency is still high. It would have been
interesting to measure the influence of the guard ring in such a small gap, too. Unfortunately,
the termination plate at the bottom module was designed with an incorrect radius, resulting in
a rather large gap of ∼ 2.5 mm. Furthermore, a readout connector at the bottom row of the
bottom module lost connection during the assembly. The lowest two rows measured no data
and had to be excluded.

Overall, the guard ring improves the hit efficiency significantly at large gaps between two
modules. Also, a small gap size is beneficial but cannot be reduced infinitesimal because
free space is needed for the assembly and the HV stability. Nevertheless, the effect of field
distortions and E × B effects are also reduced but are still visible. To further improve the
field homogeneity at the module boundary, the design of the next module generation foresees
a different approach for the guard ring. Instead of gluing a wire to the ceramic grid, a metal
layer is sputtered onto the side of the ceramic grid. Thus, the guard ring is positioned in a more
defined and reproducible way. In addition, more than a single guard ring can easily be realized
for the complete GEM stack.

6.8 Distortion analysis

In the following, the term distortion is used as a generic expression for all effects which cause a
systematic shift of the measured three dimensional hit position in the detector. The origin of the
effects are widely spread. The inhomogeneity of the magnetic and electric field in the detector
were already mentioned. While the magnetic field is inhomogeneous due to the low material
budget of the magnet structure, the electric field is mostly inhomogeneous due to the anode
gaps which are introduced by the modular readout. Additionally, production uncertainties of
the modules and the field cage can cause systematic shifts.

In section 4.3, the simulations in [67, 81] have already been presented which were performed to
understand the behavior of the electric field distortions at the border of the module qualitatively.
A quantitative simulation of the distortions is technically difficult to achieve. As already
mentioned, the gap size between two modules is not constant because the modules share
the same radii. Additionally, the three GEMs are connected via six electrodes at the top of
module which again change the local electric field. A complete simulation of the module scale
(O(20 cm)) and the small scale of field distortions (O(10 µm)) is unreasonable considering the
computing time. In the ILD TPC, the gap sizes would be constant over the full module length
which would simplify the task of simulating field distortions. Therefore, the distortions are
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(a) radial distortions, tilted cathode (b) longitudinal distortions, tilted cath-
ode

(c) radial distortions, tilted axis (d) longitudinal distortions, tilted axis

Figure 6.16: Calculated hit distortions due to a tilted cathode or field cage axis from [120]. The scale of
the distortions needs to be adjusted by roughly a factor of five to account for the measured displacement.

only measured and compared to the qualitative simulation results. The expectation from these
simulations is that only radial distortions in the vicinity of the module gaps are visible without
a magnetic field. The range of the field distortions is about O(5 mm) around the gaps between
the modules (see figure 4.4) and the distortions should not depend on the drift distance. If a
magnetic field is applied, E×B effects alter the path of the electrons further. Thus, the direction
of the distortions obtains a component in the φ direction. The distortions along one module
perform an S-shape with an amplitude of a couple 100 µm at the border of the module.

The planarity and parallelism of the cathode and anode are important to guarantee a homoge-
neous electric field inside the drift region. The cathode plate can be adjusted by three leveling
screws. Before the test beam campaign the planarity and parallelism of the cathode plane were
both measured to be ∼ 0.7 mm which is much larger than the design values of ≤ 0.1 mm. In
addition, the rotational axis of the field cage was also measured to be tiled by ∼ 0.5 mm. The
effects of a misaligned cathode and a tilted axis were investigated in [120]. Figure 6.16 shows
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Figure 6.17: The measured distortions in the z direction for each measurement row of the setup. The
color coding represent different measurement runs at the drift distances zd quoted in the legend. A
parabola like pattern can be observed for each of the three modules.

the calculated distortions inside the field cage in the radial (transverse) and drift (longitudinal)
dimension. The scale of the distortions needs to be adjusted by a factor of five to account for
the measured planarity and axis tilt of the setup. The influence in the z dimension is small
since the electric field and gas mixture was chosen such that the drift velocity is approximately
constant for small electric field fluctuations. However, the fluctuations in the radial direction
cannot be neglected. In this study, the radial direction is equivalent to the transverse direction
relative to the beam. From the tilted axis, hits in the center of the TPC are shifted less than in
the outer region. Thus, even straight tracks are reconstructed with a curvature. In addition, the
size of the distortions increases with larger drift distances. The size of the distortion is in the
order of a couple 100 µm.

Assuming that the detector is in an equilibrium state, the distortions are stable in time and
only depend on the primary electron position in the detector and the working parameters of the
detector. Under the assumption that the test beam width is small compared to local changes of
the distortions, all hits on a row are shifted by the same amount for one measurement run. The
distortions can therefore be determined from the average shift of the hits relative to the original
position. In the setup the original position is not known with sufficient precision. Therefore,
the track fit serves as an estimation of the original position. This introduces a bias in the
determination of the distortions since the track fit is created from the measured hits, which is
why this method is often called “biased residuals”. The residuals of the hits are determined
independently in the drift dimension and the rϕ measurement plane which is given by the pad
rows of the readout. The rϕ residuals of the hits are calculated from the arc length between
the hit and the track along the measurement row. The z residual is derived from the distance
between the z position of the hit and the z position of track at the same radial position r as
the hit. Using Millepede II to derive the distortions is another option which would provide
minimal biased results. However, additional constraints must be input into Millepede II to
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Figure 6.18: The measured distortions in the rϕ plane for each measurement row of the setup. The color
coding represent different measurement runs at the drift distances zd quoted in the legend. In figure b),
the shape of the distortions follows an S-curve for each module due to E × B effects.

obtain a unique solution. One choice of constraint could be to evaluate the distortions relative
to arbitrarily chosen rows by constraining the distortions of these rows. Also, the sum of the
distortions of a set of rows could be used as a constraint. The choice of the constraints affects
the result received. The Millepede II results are in good agreement with the biased residual
method if the constraints are chosen meaningfully. The biased residual method is presented in
the following analysis for better comprehensibility.

Figure 6.17 and 6.18 show the measured distortions in the z and rϕ dimensions for measure-
ments at different drift distances and without track inclination. The distortions along z have a
parabola like shape for the individual modules, are constant for different drift distances and are
independent on the magnetic field. This is in good agreement with the assumptions that the
field distortions are predominantly caused by the gaps in the anode plane and the effect of a
misaligned cathode is small in the z dimension. Two effects play a role here. First, the change
of the electric field strength decreases the electron drift velocity. Second, the electron has to
drift a larger distance. This extension of the drift path leads to a longer time of flight which in
turn is translated into a larger z position in the reconstruction.

A different picture can be seen in the rϕ distortions. A distinct dependence on the drift distance
can be observed for B = 0 T. Excluding the distortions for very large row radii, the distortions
show a curvature relative to the straight track fit. Both effects are expected from the tilted axis
of the LP. For B = 1 T, the rϕ distortion have an S-shaped pattern on the individual modules as
expected from E × B effects at the border of the module [67, 81]. The drift dependence is not
visible here because of two effects. First, electrons follow rather the magnetic than the electric
field (see eq. (3.15)). Second, the distortions are calculated relative to the fitted tracks. As the
field distortions fake a curved track, this curvature is eaten by the helix fit for magnetic field
data.
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drϕ

dr

(a)

drϕ′

(b)

α

(c)

Figure 6.19: Sketch of the influence of the track inclination on the measured distortion. The original
position of the primary electron is symbolized by the red cross. The blue arrow indicated the distortions
of the true electron position towards the measured position. Although the distortion vector is identical
in all three figures, the resulting measured distortion (red arrow) varies based on the track inclination α.

To improve the determination of the distortions and to be unbiased by the track fit, an external
reference detector would be needed. A reference from several layers of silicon detectors is
currently being designed to fit in between the TPC and the inner wall of the magnet. A second
field cage is currently being planed and prepared. From the experience of the first prototype,
some improvements are implemented into the new design and the production accuracies should
fulfills the requirements that the tilt of the axis is ≤ 100 µm. At the same time, the position-
ing system of the cathode can be improved with additional leveling screws to increase the
parallelism and planarity of the cathode.

The distortion of the electrons does only depend on the local position inside the TPC but not
on the track parameters. However, the measured distortion is not calculated relative to the true
position but to the reconstructed track position. Figure 6.19 illustrates this effect. Assuming a
primary electron is generated at the position marked with the red cross, the electron position
is distorted during the drift through the TPC due to field inhomogeneities. The distortion is
indicated by the blue arrow and the electron is detected at the position of the arrow. The
reconstructed distortions drϕ′ is indicated in red. In all three figures, the exact same distortion
of the primary electron is presented but for different track inclinations α in the rϕ plane of the
detector. As the distortion is measured relative to the track position on that readout row, the
measured distortion shows a dependency on the track angle. The following equation describes
the relation between the measured distortions drϕ′ and the true drϕ distortions

drϕ′ = drϕ + dr · tanα (6.1)

with dr denoting the radial distortions and α the track angle relative to the pad. drϕ′ and drϕ
are identical for zero inclination of the tracks which was presented up to now.
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Figure 6.20: Radial distortions for each measurement row. The distortions are derived from equation
(6.1) and measurements of tracks with different azimuthal inclinations.

Using the measurements of tracks from α = −4.5° to 13.5° in steps of 4.5°, the dr distortions
of the module can be calculated. In a traditional analysis, a linear fit would be performed for
every readout row after plotting the drϕ′ distortions versus tanα. With only five measured
angles and large fluctuations of distortions, the fitting procedure is often unstable. Therefore,
the analysis is conducted using Millepede II which shows a much more stable performance
and consistent results. Figure 6.20 presents the radial distortions for measurements with and
without magnetic field. As expected, the largest distortions are visible at the border of the
modules and the direction of the radial distortions is pointing towards the gaps. The electrons
are sucked into the gaps as it was simulated in [67]. Since the electrons follow rather the
magnetic than the electric field, the radial distortions dr are significantly reduced when the
magnetic field is on (note the different scales of both figures).

A corrections can be determined from the measured distortions. The radial distortions are
calculated from dedicated runs with different phi angles of the track. These distortions cannot
be derived for each individual measurement run or at each position inside the TPC from the
available data sets. Hence, only the rϕ distortions will be corrected. The distortions are first
determined using every tenth event for each data run. Then, the hits of every row are shifted
in all the other events accordingly to the measured distortions. The track finding and fitting
algorithms are rerun afterwards. From these newly found tracks, the remaining distortions are
calculated in the same way. Figure 6.21 and 6.22 present the remaining rϕ and z distortions
after the correction procedure. By construction, this correction method is expected to achieve
residuals distributions which are consistent with zero. Nevertheless, small deviation from zero
can still remain due to the bias of the method and the refit of the track. In the rϕ-dimension,
the remaining distortions are negligible compared to the spatial resolution. However, a pattern
is visible in the z-distortions. The residual distributions in the z dimension are not perfectly
symmetric. A detailed explanation will be given in section 6.9.2. Here, the distortions represent
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Figure 6.21: Remaining rϕ distortions after the correction was applied. Because the correlations of the
track and the hits introduce a bias in the distortion determination, some distortions remain after the
correction (note the significant scale reduction compared to figure 6.18).

the most probable value of the residuals and not the mean value which is why all distortions can
be negative. The mean values of the distortions would sum up to zero since they are calculated
relative to the track which in turn is fitted from the hits to minimize the sum of all residuals.
Nevertheless, the distortions of each individual run are quite consistent. A slight slope can be
seen for B = 1 T, which indicates a larger bias of the method than for B = 0 T.

In a large collider experiment as ILD, the distortions in r and rϕ can be determined from data
for every point inside the TPC. Furthermore, laser setups and cosmic data runs can be used to
get a precise estimation of the distortions during the commissioning phase of the detector and
in between measurement runs. The TPC of the STAR detector (Solenoidal Tracker at RHIC)
at the Relativistic Heavy Ion Collider (RHIC) in Brookhaven uses a large laser system for
that purpose. However, the laser system does not cover the complete TPC and tracks cannot
be created with different angles. It is reasonable to assume that data driven corrections will
be necessary even with an improved laser calibration system. The distortions are determined
under the assumption that they are constant in time. In the ILD detector, the charge from back-
drifting ions, which originates from the amplification stage and the primary ionization, disturbs
the electric drift field. The amount and distribution of the charge varies for each event of the
collider experiment. The ALICE collaboration at CERN is planning to calculate a dynamical
distortion map from the previous events in addition to the stationary distortions [121]. In the
case of the ILD TPC, the multiplicity of the events and the overall event rate is smaller than at
the ALICE experiment. Therefore, mainly the amount of background determines whether such
a dynamic distortion map will be necessary and the primary ionization can be neglected. Up
to now, this time dependent distortion correction is not included in the design specifications of
the ILD TPC. To achieve the spatial resolution requirements of ILD, the number of ions, which
escape the amplification region, must be limited. This ion backflow is planned to be suppressed
by an ion gate.
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Figure 6.22: z distortions after the correction was applied. Since the z distortions are asymmetric, the
most probable value (MPV) is drawn here. More details are given in the text.

6.8.1 Detector alignment

The desired resolution in a large detector can only be reached if the position of the modules is
known with a sufficient precision relative to the spatial resolution of the detector. Therefore, the
Large Prototype and the modules are designed to provide a very high precision despite a low
material budget. The production uncertainties of O(50 µm) always introduce an uncertainty on
the module position. It is assumed that the modules are rigid bodies, not allowing any shearing
or bending. This reduces the alignment task to displacements in three dimensions (∆x,∆y,∆z)
and (small) rotations (∆α,∆β,∆γ) in all three axes.

The alignment of the modules is performed with Millepede II and the procedure follows the
concept presented in [116]. Here, the benefit of using GBL as the final track fit comes into
play. The necessary input for the alignment procedure are the residuals of the hits, the local
derivatives of the track at the position of the hit, the hit error and the label and the size of the
global derivatives (see chapter 5.2.4). The first two input values are derived automatically in
the algorithm of GBL while the measurement errors are already calculated in the hit finding
step. The only missing inputs are the global derivatives which define the problem to be solved
by Millepede II. The determination of the global derivatives for a rigid body alignment is
explained in detail in [116] and is shortly summarized here.

The prediction of the track fit f0(xp, yp, zp) is changed by ∆f due to the misalignment by

f̃ = f0 + ∆f (6.2)

∆f =

∆x
∆y
∆z

 + ∆α

 0
−zp

yp

 + ∆β

 zp

0
−xp

 + ∆γ

−yp

xp

0

 (6.3)
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with (∆x,∆y,∆z) being the displacement and (∆α,∆β,∆γ) denoting small rotations around
the axis of the coordinate system. The prediction fint at the intersection of the track with the
measurement plane can be calculated with a linearized track model to be

fint = f0 + ∆f − t · ∆f · n
t · n (6.4)

with t denoting the direction of the track and n the normal to the measurement plane. Then,
the global derivative of the prediction can be calculated using the chain rule to be

∂∆fint

∂p
=
∂∆f
∂p

∂∆fint

∂∆f
(6.5)

∂∆fint

∂∆f
= 1 − t · nt

t · n (6.6)

∂∆f
∂p

=

1 0 0 0 zp −yp

0 1 0 −zp 0 xp

0 0 1 yp −xp 0

 . (6.7)

During the fitting procedure, GBL calculates these global derivatives in addition for every hit
and stores them in the input data for Millepede II.

The alignment takes into account any linear deviation of the measurement points from the
prediction. The working hypothesis is that the linear deviation are generated by misalignment
of the detector. Of course, the alignment can only be performed on uncorrected data since the
presented correction also removes the linear distortions from misalignment. Other effects can
also be mistaken for misalignment as long as the resulting systematic displacements have a
linear contribution. Field inhomogeneities can be a source of such displacements in a TPC.
In figure 6.18a, a drift dependent distortion is observed which originates most likely from
electrical field distortions. In addition, E × B effects are strongly visible at the border of the
modules as expected (see sections 6.7 and 6.8). The data set for the alignment procedure should

X

y
Top Row

Middle Row
Bottom Row

γ

Figure 6.23: Coordinate system used of the large prototype TPC. Each row of modules has its own local
origin. The alignment parameters for a module are calculated relative to its local origin.
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cover a large phase space to obtain stable and precise alignment parameters in all dimensions.
To suppress the influence of field inhomogeneities on the alignment results, only data is used
which is taken at a short drift distance (z ≤ 10 cm). E × B effects are excluded by neglecting
data which was taken with a magnetic field. Additionally, the outermost five rows of each
module are removed from the data to suppress the effect of local field distortions at the module
boundary.

Without a magnetic field, the three dimensional track fit has four degrees of freedom. These
degrees of freedom need to be constrained to find a distinct minimum with Millepede II. As no
external reference detector was available at the time of the test beam campaign, the alignment
is performed relative to the central module and its position is constrained in the procedure. This
reduces the number of alignment parameters from eighteen to twelve, six parameters for each
module. Due to the restrictions in the current implementation of the geometry package GEAR,
alignment corrections in the drift direction ∆z and the rotations within the drift dimension (∆α
and ∆β) cannot be applied in the reconstruction and analysis. Therefore, these parameters are
also constrained to zero in the procedure. The remaining alignment parameters are ∆x, ∆y and
∆γ in the global Cartesian coordinate system, which is illustrated in figure 6.23.

The alignment is executed iteratively until the alignment parameters are consistent with zero
within their uncertainties. Table 6.4 lists the resulting alignment parameters after every iter-
ation. At a first glance, the resulting parameters appear to be very large compared to typical
production uncertainties. The reason is that the values are not calculated relative to the center
of the module, but to the global origin of its coordinate system (see figure 6.23). Since the
global origin is far away from the module center (> 1.5 m), the coordinate transformation
is the cause for the large values. The absolute difference of the module’s edge position is
< 80 µm in the y direction and < 250 µm in x. Both values are larger than the production
accuracies of the end plate or the module back frame of O(50 µm). However, the alignment
precision between the pad board and the back frame must also be added and can explain the
shift in y. In x direction, which is roughly the radial direction of the pads, the resolution of
the detector (L/

√
12 ≈ 1.7 mm) is much worse than the alignment precision. Furthermore,

inclined tracks in the rϕ-plane are needed to determine ∆y at all. Since the amount of data and

module variable iteration 1 iteration 2 iteration 3 iteration 4 combined

bottom ∆x [mm] −0.322(7) 0.066(4) 0.006(4) −0.005(4) −0.255
bottom ∆y [mm] 3.066(9) −0.067(6) −0.011(6) 0.009(6) 2.998
bottom ∆γ [mrad] −1.920(7) 0.049(4) 0.007(4) −0.006(4) −1.873

top ∆x [mm] 0.011(6) −0.176(4) −0.004(4) 0.001(4) −0.168
top ∆y [mm] 1.012(8) −0.132(5) 0.002(5) −0.003(5) 0.878
top ∆γ [mrad] −0.666(6) 0.098(3) −0.001(4) 0.001(3) −0.567

Table 6.4: Resulting alignment parameters after every iteration of the alignment procedure. The
parameters after the fifth iteration are compatible with zero within their uncertainties.
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Figure 6.24: The transverse space point displacements relative to the fitted track before and after the
alignment for measurement runs at a drift distance of 10 cm.

the covered track angles are not very large, the alignment precision in this dimension is limited.
∆y < 250 µm is in a reasonable scale for the given data set and readout geometry.

The alignment parameters are feed back into the reconstruction software and the remaining
distortions can be compared. Figure 6.24 shows the distortions for a run at a drift distance of
10 cm, which is within the range which was used for the alignment procedure. For B = 0 T,
the distortions are nearly compatible with zero for all three modules. Of course, the distortions
at the boundary of the modules are still visible, because only linear deviations are corrected
with the alignment procedure. For B = 1 T, the change in distortions is less obvious. On the
one hand, the distortions on the first module are increased. On the other hand, the overshoot
vanishes which was visible on the last module. However, the knowledge of the inhomogeneities
of the electric field is not precise enough to estimate whether the resulting distortions can be
fully explained by E × B effects.

Altogether, an alignment procedure for the prototype setup could be established. The non-
uniformity of the electric field and E × B effects complicates the interpretation of the results.
Future measurement setups of the Large Prototype will have to take these issues into account.
An external reference detector would be of crucial help in the analysis since many systematic
effects could be excluded. Additionally, the external reference detector would allow for an
absolute alignment of all three modules.

6.9 Spatial point resolution analysis

The spatial point resolution of the detector is a measure of how well the reconstructed space
points represent the true position of the track. The residuals are defined as the difference be-
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tween the reconstructed and the true position of the hits. The width of the residual distribution
of the hits is typically used as a definition of the spatial point resolution σ. This definition
assumes the knowledge of the true track position, which is not known a priori in most detector
setups. A typical procedure in test setups is the usage of a reference detector with a (much)
better resolution than the device under test. As already mentioned, a newly developed silicon
reference detector is currently being planned and studied, but it was not available at the time
of the test beam campaign. Consequently, the fitted track itself is used as an estimator for the
true position of the track. In [122, 123], it is shown that this procedure leads to a bias of the
resulting spatial resolution. One could use a track model in which the hit under investigation is
either used or neglected for the track fit. This leads to a too optimistic or pessimistic resolution
estimation, respectively. In the appendix of both papers, the proof is demonstrated that the best
possible resolution estimation is given by the geometric mean of both resolutions results (in
[123] for the linear track case and in [122] for the general case of curved tracks). Both proofs
are only valid with the assumption that the measured space points, here hits, are statistically
independent. This so-called geometric mean method is used in all following spatial resolution
studies. The residual distributions are defined and calculated according to section 6.8.1.

In a TPC detector, the transverse and longitudinal position of the hits are derived from different
measurement concepts. Additionally, the diffusion constants in both dimensions are quite
different. Last but not least, the trajectory of the initial particle is different in the transverse and
longitudinal dimension if a magnetic field is applied and track fit is performed independently
in the two measurement planes. Due to these differences, the detector resolution is studied
independently in the transverse and longitudinal dimension.

6.9.1 Transverse spatial point resolution

The transverse spatial resolution σrϕ is a function of many parameters. The theoretical depen-
dence of the spatial resolution of a TPC with pad readout was studied in depth in [124, 125]. All
important processes in the TPC are considered in the derivation of the formula: the statistical
distribution of the primary clusters and electrons, the diffusion of the electrons during the drift
and the statistical amplification process in the GEM with a Pólya distribution. The formula
is based on the concept of a pad readout and the application of a charge weighted mean as
the position estimator in the rϕ plane. Due to the combination of a large number of statistical
processes and detector effects, the final result of [124, 125] is a rather complex formula

σrϕ =

√
A(z, α) +

1
Neff

B(z) +
1

N̂eff

C(α) (6.8)

A(z, α) B
∫ 1/2

−1/2
d
( r̃
w

) ∑
a

(aw)〈〈Fa〉y∆r〉y − r̃

2

(6.9)

110



6.9 Spatial point resolution analysis

B(z) B
∫ 1/2

−1/2
d
( r̃
w

) 〈∑
a

(aw)Fa −
∑

a

(aw)〈Fa〉∆r

2〉
∆r

(6.10)

C(α) B
L2 tan2 α

12
(6.11)

Neff B


〈 N∑

i=1

ki

〈(
Gi∑N

i=1 kiGi

)2〉∑N
i=1 ki

G

〉
N,k


−1

(6.12)

N̂eff B


∫ 1/2

−1/2
d
( r̃
w

) 〈 N∑
i=1

〈∑
a

(aw)〈Fa〉y∆r −
∑

a

(aw)〈〈Fa〉y∆r〉ki
y

2〉k

y

×
〈

∑ki
j=1 Gi j∑N

i=1
∑ki

j=1 Gi j


2〉ki,

∑N
i=1 ki

G

〉
N,k


−1

(6.13)

where

N number of primary clusters
ki number of primary electrons from the primary cluster i
r̃ track position at the center of the pad row
Gi j gas gain from electron j of cluster i
a pad identifier
w pad width
L pad height
Fa the response function of pad a
α relative angle between pad and track direction.

Here, only the physical background of the individual contributions is explained. Then, a
simplification is presented which is based on several assumptions one the working point and
emphasizes the main dependencies.

The A term describes an effect which is called the hodoscope or S-curve effect and only
appears because of the finite size of the pads and the usage of the charge weighted mean for
position estimation in the rϕ plane. If the charge sharing between pads is too small, the charge
weighted mean has a non-linear response. This degrades the achievable spatial resolution. The
hodoscope effect mainly depends on the ratio of signal width (physical width of the electron
avalanche) to pad width σPRF/w. In the prototype setup, this hodoscope effect should only be
visible for very short drift distances and can be neglected otherwise.

The B term represents the diffusion of the electrons inside the drift region and the projection of
the charge onto the readout rows. Figure 6.25a shows that the diffusion is effectively increased
if the track has an angle relative to the pad direction in the rϕ-plane. The B term is scaled by the
effective number of primary electrons Neff . Due to correlations between the different primary
electrons and fluctuation in the amplification structure, Neff is significantly smaller than the
total number of primary electrons along one readout row.
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Figure 6.25: Influence of the track angle on the resolution determination. a) Due to the projection of the
charge onto the readout rows, the diffusion is effectively broadened. b) Angular pad effect: due to the
finite height of the pads, an uncertainty on the track position along one row is introduced.

The C term describes the angular pad effect which is shown in figure 6.25b. If the track has an
inclination in the azimuthal direction α, the hit position cannot be measured precisely due to the
finite height of the pads L. The term is scaled by the effective number of primary clusters N̂eff .
Again, N̂eff is significantly smaller than the total number of primary clusters due to fluctuation
in the amplification structure [57].

Making certain assumptions, the formula can be simplified. For most working points of the
prototype setup, the following relations for single electrons are fulfilled: σdiff/w > 1 and
σdiff/L � 1. Then, the resolution equation can be reduced to

σrϕ ≈
√
σ2

0 +
D2

t (α)
Neff(α)

z +
L2

12N̂eff(α)
tan2 α (6.14)
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(6.16)

with σ0 denoting the intrinsic detector resolution, Dt the transverse diffusion coefficient and
ϑ the width parameter of the Pólya distribution. The dependence of Dt on α has already
been mentioned and sketched in figure 6.25a. Due to an increased path length along one
measurement row for inclined tracks, Neff and N̂eff depend on the track angle. Only this
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geometric effect is considered in the following. Otherwise, Neff and N̂eff are assumed to be
constant. However, this is only an approximation which is valid for moderate track angles
α. Generally, both parameters depend non-trivial on the diffusion. Due to diffusion of the
electrons in the drift region, nearby electrons separate for longer drift distances which increases
Neff and N̂eff. This is called the declustering effect [126]. If the diffusion of single electrons is
very large, electrons from a cluster near a pad row boundary can migrate from one pad row to
the other. This effect decreases N̂eff. Both effects depend on the ratio of the diffusion to pad
heightσdiff/L [57, 127]. Furthermore, the migration probability also depends on the track angle
[128]. However, all these effects are very small for most of the tested working points and can
be neglected. Only for large drift distances and no magnetic field, N̂eff becomes significantly
smaller. A similar argumentation is valid for the intrinsic detector resolution σ0 which depends
mainly on the working point of the GEM stack. Again, dependencies on the diffusion inside the
drift region and track parameters are estimated to be small and are neglected in the following.

In the derivation of the formula, only statistical uncertainties are considered. Systematic effects
needs to be added on top of the theoretical resolution value. These systematic effects include,
among others, inhomogeneities of the electric and magnetic fields as well as the production
accuracies of the detector components. The systematic uncertainties are considered to be
constant for similar sets of working parameters. Therefore, these uncertainties are included
in the intrinsic detector resolution σ0.

The dependencies of the transverse spatial resolution equation (6.14) on the electron diffusion
and track angles can be tested on the test beam data. First, the focus lies on the dependence
on the electron diffusion and thus the drift distance z. Therefore, the angular dependencies
are filtered out by selecting only tracks which cross under zero angle. Then, the third term in
equation (6.14) can be ignored and the remaining equation is

σrϕ(z) ≈
√
σ2

0 +
D2

t

Neff

z . (6.17)

To fit this function to measured values, the diffusion constant Dt or the number of effective
electrons Neff must be given as an input parameter because of their direct correlation. The
number of primary electrons can be estimated from the HEED simulation presented in section
6.4, figure 6.7a. However, the Pólya width parameter ϑ, which is needed to determine Neff ,
is not known with enough precision to derive a meaningful result. Alternatively, the diffusion
constant can be simulated rather precisely with Magboltz or extracted from data by determining
the width of the pad response function (PRF) at different drift lengths. The width is expected
to follow the same behavior as equation (6.14) except that it does not depend on Neff:

σPRF(z) =

√
σ2

PRF,0 + D2
t z (6.18)

with σPRF,0 representing the width of the pad response function at zero drift distance due to the
diffusion inside the GEM stack and the signal induction. Figure 6.26 shows the PRF width for
different drift distances and the fit of equation (6.18). The expected square root dependence of
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Figure 6.26: The measured width of the pad response function for different drift distances and three data
sets. The fit of equation (6.18) is drawn as solid lines.

the drift distance describes the data very well if the magnetic field is applied. Without a mag-
netic field, the PRF width does not follow the theoretical square root dependence and is smaller
than the extrapolation foresees. This is explained by the fact that the approximationσdiff/L � 1
is not valid anymore (the width of the charge cloud is not small against the pad height). This
means that the charge sharing effect across two rows cannot be neglected anymore. The hits
from the individual rows cannot be treated as statistical independent measurement points but
their correlations needs to be considered. To be able to compare the simulated diffusion
constant with the measured data, the fit range was restricted to short drift distances, where
the relation σdiff/L � 1 still holds. Table 6.5 shows the results of the fit parameters and
the comparison to Magboltz simulation. For zero magnetic field, the results for different fit
ranges are listed. All values are in agreement with each other and the simulated value within
their uncertainties. In the magnetic field case, the measured value is slightly larger than the
simulated value. It should be taken into account that the Magboltz simulation only describes
the ideal case of perfectly homogeneous electric and magnetic fields and a negligible radial
component of the magnetic field. The systematic difference between perfect simulation and the
measurement setup can explain the inconsistency of the measured and the simulated value.

Settings fitted Dt[mm/
√

cm] simulated Dt[mm/
√

cm]

B = 1 T; E = 130 V/cm 0.0812 ± 0.0002 0.075 ± 0.001
B = 1 T; E = 240 V/cm 0.1032 ± 0.0004 0.098 ± 0.002
B = 0 T; first three points 0.325 ± 0.034 0.314 ± 0.005
B = 0 T; first four points 0.322 ± 0.012 0.314 ± 0.005
B = 0 T; first five points 0.312 ± 0.006 0.314 ± 0.005

Table 6.5: Measured and simulated transverse diffusion constant Dt for three data sets.
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Figure 6.27: The measured rϕ-resolution: the color coding represents different ways to determine the
spatial resolution (details in the text).

As a result of above studies, the simulated diffusion constant is used in the following for the
zero magnetic field data, while the measured diffusion constant is used otherwise.

Finally, the dependency of the spatial point resolution on the drift distance can be investigated.
Figure 6.27 shows results of the test beam campaign with and without magnetic field. The
curves represent different ways of extracting the spatial resolution from the residual distribu-
tions. The blue curve shows the results if the residuals of all rows are superimpose and without
the distortion correction. Due to the distortions, the mean values of the residuals for each row
are not consistent with zero. Therefore, the superimposed distribution is oddly shaped and a
Gaussian fit does not describe the data well. The same can be done after the distortion cor-
rection has been applied. The result is shown in the green curve. As the distortion corrections
shifts the residual distribution of the individual rows to zero, the superimposed distribution
has a Gaussian shape if one neglects the tails from multiple scattering. Since the residuals are
calculated independently for each row, it is reasonable to evaluate the spatial resolution on a
row-by-row basis. The mean of the spatial resolution of the individual rows represents the most
unbiased estimator of the detector performance. The results of this procedure is shown in figure
6.27 in red. The mean of the individual rows and the integrated residuals after the distortion
correction show comparable results, which can be seen as a crosscheck that the results are not
biased by the chosen method. The mean of the individual rows is used in the rest of the thesis
unless noted otherwise.

Now, the measured results can be compared to the prediction. For magnetic field data, the
hodoscope effect is visible at short drift distances, degrading the spatial resolution. Fitting
equation (6.17) to the measured data is only sensible for drift distances larger than 70 mm.
In figure 6.28, the fitted expectation is shown for both magnetic field settings in blue. The
fit doesn’t describe the data very well, especially in the case of no magnetic field due to the
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Figure 6.28: The measured rϕ-resolution and the fit results of eq. (6.17) in blue and eq. (6.19) in red.

aforementioned reason (σdiff/L � 1 not fulfilled). Up until now, the oxygen contamination of
the gas was completely ignored. During a scattering process of the ionization electrons with
the gas, electron attachment to the oxygen molecules can occur. This attenuates the number
of effective electrons exponentially. Equation (6.17) can be adjusted to include the effect of
electron attachment in the following way:

σrϕ(z) ≈
√
σ2

0 +
D2

t

Neff exp(−A · z)
· z (6.19)

with A being the attachment coefficient. This convention implies a positive attachment coef-
ficient. Figure 6.28 also shows the fit results of the adjusted formula in red. The fit to the
data taken with a drift field of E = 130 V/cm is given in the appendix in figure A.6a. The
electron loss hypothesis agrees very well with the measurement. The fit results are presented
in table 6.6. It must be noted that the fitting parameters are correlated and depend on the
chosen fit range. In the case of B = 0 T, the fit is only presented for completeness. The

Settings Fit function σ0/µm Neff A/1/cm

B = 0 T; E = 240 V/cm (6.17) 112.5 ± 2.3 41.0 ± 0.3 -
B = 0 T; E = 240 V/cm (6.19) 63.7 ± 10.0 24.4 ± 0.7 −0.0104 ± 0.005
B = 1 T; E = 240 V/cm (6.17) 64.2 ± 0.1 30.3 ± 0.3 -
B = 1 T; E = 240 V/cm (6.19) 71.1 ± 0.1 39.9 ± 2.0 0.0050 ± 0.0009
B = 1 T; E = 130 V/cm (6.17) 71.4 ± 0.1 29.9 ± 0.1 -
B = 1 T; E = 130 V/cm (6.19) 75.6 ± 1.0 39.2 ± 2.8 0.0051 ± 0.0014

Table 6.6: Fit results of the drift distance dependent rϕ-resolution.
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attachment coefficient turns negative due to the correlation between different rows and the
declustering effect. Here, the exponential correction can only be interpreted as an empiric
formula, but the physical meaning of attachment is lost. In the B = 1 T case, the results are
more sensible. The agreement of the fit values for the two different drift fields shows that the
fit results are reasonable. The Neff of 30 to 40 is larger than the relation (6.16) predicts, but is
in agreement with other measurements with the same setup and a Micromegas detector [129].
Possible reasons for the discrepancy are discussed within [126] and include the declustering
effect and, more likely, that the fluctuations of the gas amplification stage are smaller than
expected. As already discussed in section 3.5, a simulation of the attachment coefficient is
extremely difficult and the gas decomposition needs to be known exactly. However, the fitted
value of the attachment coefficient and the intrinsic resolution σ0 are comparable to the results
from measurements in 2012 by another group with a different GEM-based module [130].

After the drift distance dependence of the transverse spatial resolution have been investigated,
the dependency on the track inclination is studied. The two possible track inclinations are
discussed individually. The angle of the particle trajectory ϕtrack relative to the pad orientation
ϕpad is included in the theoretical description in equation (6.14) as α. Its impact is discussed
first. The effect of the inclination in the z dimension is studied afterwards.

In a collider experiment, the origin of the charged particles is the interaction point, and thus
the global origin. Neglecting the magnetic field, charged particles emerge radially from the
interaction point, resulting in an inclination angle of α = 0°. Deviation are caused by multiple
scattering in the detector material, the bending of the track in the magnetic field and secondary
vertices. Thereby, α varies along the path of the particle. In case of the prototype detector, all
modules share the same radii and the modules point towards different origins. Consequently,
every track has a small inclination on at least two out of the three modules. Therefore, the
evaluation is performed on the basis of single rows. One row is picked as a representative in
the following since the results of all rows are consistent.

Figure 6.29 shows the results of the measurements. Results are presented for two different drift
distances, both with and without magnetic field. Due to the inclination, the track’s path length
across one readout row is increased and thus the number of effective electrons. However, the
relative change is ≤ 3 % in the studied α range and can be neglected. Then, the fit function is
reduced to

N̂eff(α) ≈ N̂eff

cos(α)
, Dt(α) ≈ Dt

cos(α)
, Neff(α) ≈ Neff

cos(α)
(6.20)

with cos(α) ≈ 1 (6.21)

σrϕ(α) =

√
σ2

rϕ(z) +
L2

12N̂eff

tan2(α − α0) . (6.22)

The free parameter of the fit areσ0, N̂eff and α0. The latter is introduced to cope with systematic
errors of the angle determination. The fit results are listed in table 6.7. A systematic shift
can be observed in the case of zero magnetic field. The number of effective clusters can be
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Figure 6.29: The phi dependence of the rϕ-resolution. The fit of equation (6.22) is shown as solid lines.

compared with values simulated in [124, 125]. A value between 5 and 6 is expected for the
magnetic field case which is in agreement with the measurement. Other measurements with a
similar setup and a GEM based amplification [127] give comparable numbers. The references
do not include results for measurements without a magnetic field. In general, simulations and
calculations predict a reduction of N̂eff for larger diffusion of the electrons. This is observed
in data, but qualitative numbers are difficult due to the correlations between the measurement
rows.

The θ angle is the polar angle of the track in the drift dimension. The influence of the polar
angle was not studied in the theoretical calculation of the spatial resolution in [124, 125]. In
general, it is expected that only the effective number of electrons changes due to the increased
path length across one readout row

N′eff =
Neff,θ=0

cos(θ)
(6.23)

σrϕ(θ) =

√
σ2

0 +
D2

t

N′eff
exp(−A · z)

z =

√
σ2

0(z) +
D2

t

Neff exp(−A · z)
z · cos(θ) . (6.24)

parameter B = 1 T B = 1 T B = 0 T B = 0 T
z = 10 cm z = 40 cm z = 10 cm z = 40 cm

σ0/µm 87 ± 2 140 ± 2 184 ± 2 381 ± 2
N̂eff 5.4 ± 0.4 5.2 ± 0.5 4 ± 0.3 2 ± 0.15
α0/° −0.03 ± 0.3 0.1 ± 0.3 1.3 ± 0.2 2.4 ± 0.2

Table 6.7: Fit results of the azimuthal angle dependence of the rϕ-resolution.
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Figure 6.30: Transverse spatial resolution for different dip angles of the incident particles. The equation
(6.24) is fitted to the data. At short drift distances, the largest negative θ angle is omitted since in this
position the electron beam passes through the massive end plate before reaching the sensitive volume.
The additional material budget deteriorates the measurement performances significantly.

The readout pads are oriented transverse and the magnetic field parallel to the drift dimension.
Thus, θ stays constant for the complete trajectory of a particle. As the spatial resolution of the
setup depends strongly on the drift distance, it has to be considered that a θ angle of the track is
equivalent to a non-constant drift distance of the primary electrons. The analysis could either
be done in two dimension (θ and z) or a cut on the drift distance needs to be performed. Due to
simplicity and easier comprehensibility, this analysis follows the latter approach.

The θ angle of the setup is varied by rotating the stage in steps and take several data runs. Due
to the specifics of the movable stage on which the setup is mounted, a rotation also introduces a
translation in the z-dimension of the TPC relative to the beam. To compare runs with different
θ angles, first a drift distance needs to be identified which is covered by all measurement runs.
For each run, the measurement row is picked which has the highest statistics of hits within the
defined drift region. To reduce the influence of systematic effects, rows are excluded which
don’t allow for a good data sample, e.g. due to noisy channels or field distortions at the border.
Runs have been taken at small and large drift distance, both with and without magnetic fields.
Equation (6.24) is fitted to each data set. Therefore, σ0, Dt and A are taken from the fit of
the drift dependence (table 6.6) and z from the chosen drift distance of each data set. Neff is
kept free to account for small differences between the data runs. Only statistical uncertainties
are presented for the data. Systematic uncertainties are estimated to be of similar size as the
effect of the inclination. Due to the small variation over the observed θ range, the minimization
procedure is unstable and the result should be taken with care. The fit results are displayed in
figure 6.30 and listed in table 6.8. The data follows the expected behavior and the fitted Neff are
also in reasonable agreement with the drift dependent analysis. However, a constant resolution
in the measured θ range would also describe the data well. For future measurements, it would
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magnetic field drift distance Neff

0 T 10 cm 29.5 ± 0.2
0 T 40 cm 19.5 ± 0.2
1 T 10 cm 39.9 ± 0.5
1 T 40 cm 38.2 ± 0.3

Table 6.8: Fit results of the θ dependence of the transverse spatial resolution.

be interesting to increase the relative variation by scanning a larger θ range, which was limited
by the experimental setup here.

6.9.2 Longitudinal spatial point resolution

Equivalent to the transverse spatial resolution, the longitudinal point resolution σz rises with
the square root of the drift distance z due to the diffusion process

σz(z) =

√
σ2

0 +
D2

l

Neff

z (6.25)

with Dl denoting the longitudinal diffusion constant, Neff the effective number of electrons
per hit and σ0 the intrinsic longitudinal resolution. Nevertheless, two fundamental differences
needs to be considered.

First, the longitudinal diffusion constant is independent on the magnetic field strength and
is only influenced by the choice of gas and the electric field strength. The working point
of E = 240 V/cm was chosen because the maximal drift velocity is reached in the T2K gas
mixture. Although this is mainly motivated by the fast read out of the TPC and the stable drift
velocity, the longitudinal diffusion is minimized at this working point as derived in equation
(3.21).

Second, the drift position of the hit is derived from a time estimation of the recorded pulses.
Consequently, the sampling frequency of the ADC greatly influences the maximal achievable
precision σ0. During one time sample, the electrons drift roughly 4 mm. The resolution of the
time estimation must be a factor ten better than the sample length to fulfill ILD requirements.
This creates high demands on the electronics concerning the stability of the pulse shape.

The loss of primary electrons due to attachment needs to be included in the theoretical predic-
tion also in the longitudinal direction

σz(z) =

√
σ2

0 +
D2

l

Neff · exp(−Az)
z (6.26)
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with A denoting the attachment coefficient as before. An additional effect needs to be consid-
ered in the case of zero magnetic field. In section 6.2, it was discussed that the hit position is
determined by the time of the central pulse only. If the transverse diffusion of the charge cloud
is small, the central pad collects nearly all the electrons. If the pad response width is of the
order of the pad width, a significant amount of the electrons are not collected by the central
pad. Although a signal is still induced by electrons which are not collected by the central pad,
the signal is smaller and carries less information. Assuming the hit center is equivalent to the
pad center, the fraction of electrons f collected by the central pad is

f =

∫ +w/2

−w/2

1√
2πσPRF(z)

exp
(
−1

2
x2

σ2
PRF(z)

)
(6.27)

= 0.5 ·
erf

(
w/2√

2σPRF(z)

)
− erf

 −w/2√
2σPRF(z)


with w representing the width of the pads and σPRF(z) the z dependent pad response width. The
longitudinal resolution prediction is adjusted by this fraction:

σz(z) =

√√
σ2

0 +
D2

l

Neff · exp(−Az) · 0.5 ·
(
erf

(
w
2 /

(√
2σPRF

))
− erf

(−w
2 /

(√
2σPRF

)))z (6.28)

σPRF =
√
σ0,PRF + Dtz . (6.29)
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Figure 6.31: a) Example z-residual distribution of one measurement run. A Gaussian fit over the
full range and only the left side of the distribution is shown in blue and red, respectively. b) Charge
dependence of the time estimation. Smaller total charge of the pulses bias the time estimation to longer
drift distances. Therefore, an asymmetric residual distribution in the z direction is observed in figure
a). The width of the limited fit serves as input to the resolution estimation using the geometric mean
method.
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The value of σ0,PRF = 0.36 mm has been derived from Magboltz simulation. As already
depicted, electrons which are not collected by the central pad still induce a signal in the
electrode. This could be accounted for by introducing an effective pad width weff. However,
Neff, A and weff would be strongly correlated in a fit, which is why w is fixed to the pad width
of the setup in the following.

A first look into the longitudinal residual distribution reveals that the expected Gaussian dis-
tribution is skewed towards larger values. One example residual distribution is displayed in
figure 6.31a. The skewness of the distribution can be explained by the charge dependence of
the longitudinal residuals which it is depicted in figure 6.31b. A charge dependence of the
time estimation is a typical issue if a constant threshold is used for the time determination.
This effect is called timewalk. However, the Gaussian inflexion point method should not suffer
from a time walk effect. The other possible explanation could be a non linear response of
the readout electronics. Unfortunately, a test bench for the electronics is not available and the
hypothesis cannot be verified in the scope of this thesis. In principle, the charge dependence
can be extracted from the measured data and applied as a correction. This correction procedure
is currently being studied in depth. However, the left hand side of the residual distribution
can serve as an estimator for the possible longitudinal resolution of the detector setup after a
correction. Figure 6.31b clearly indicates that the charge dependence influences the residuals
only in the positive direction. A bias towards better resolutions is still to be expected if only
the left hand side of the residual distribution is fitted. A first test of the correction procedure
indicates a bias of less than 50 µm. In the longitudinal direction, such a bias is acceptable and
does not falsify any of the following statements.

The measured spatial resolution for various drift distances is presented in figure 6.32. The
measured resolution after the distortion correction is comparable to the mean resolution of the
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Figure 6.32: The measured z-resolution: the color coding represents different ways to determine the
spatial resolution (details in the text).
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Figure 6.33: The measured z-resolution. a) The equations (6.25) and (6.29) are fitted to the data without
magnetic field and the results are shown in red and green, respectively. b) The equations (6.25) and
(6.26) are fitted to the data with magnetic field and the results are shown in red and blue, respectively.

individual rows. The resolution prior to the distortion correction is not shown because it is off

the scale due to the magnitude of the distortions in the longitudinal direction.

The theoretical predictions are now fitted to the data which is shown in figure 6.33. The
equations (6.25) and (6.29) are used for data without magnetic field, and the equations (6.25)
and (6.26) otherwise. The obtained fitting parameters are summarized in table 6.9. Again, the
attachment coefficient is negative for zero magnetic field data for the same reasons as in the
rϕ-plane (section 6.9.1 table 6.6). The fitted Neff and A values in the magnetic field case are
consistent with the results from the transverse spatial resolution. This can be interpreted as a
crosscheck that, first, the obtained values are reasonable and, second, the method of extracting
the longitudinal resolution (left side Gaussian fit) does only bias the intrinsic resolution σ0 of
the detector.

Now, the influence of a track inclination is studied. Compared to the transverse resolution, the
theoretical dependence of the longitudinal resolution on the α and θ angles are interchanged.
The relative angle of the track to the pad orientation α only increases the effective number

Settings Fit function σ0/µm Neff A/1/cm

B = 0 T (6.25) 240 ± 2 14.6 ± 0.1 -
B = 0 T (6.29) 262 ± 2 43.9 ± 1.6 −0.0084 ± 0.0008
B = 1 T (6.25) 300 ± 1 30.2 ± 0.2 -
B = 1 T (6.26) 306 ± 1 40.9 ± 1.6 0.0057 ± 0.0008

Table 6.9: Fit results of the drift distance dependence of the z-resolution.
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Figure 6.34: The α dependence of the longitudinal spatial resolution. The systematic uncertainties,
which are not included here, are lager than the expected variation within the measured α range (equation
(6.30)). The results are consistent with a constant longitudinal resolution.

of electrons which contribute to the signal. Equivalent to equation (6.24), the longitudinal
resolution is described by

σz(α) =

√
σ2

0 + σ2
diff,α=0 cos(α) . (6.30)

Figures 6.34 shows the longitudinal resolution for various α angles of the tracks. The expected
resolution variation is below 2.5 % for the largest measured angle. The systematic errors
of the setup are estimated to be much larger. Therefore, it can only be concluded that the
longitudinal resolution is consistent within the studied range of angles. For very large angles,
the longitudinal resolution is expected to improve due to larger electron statistics. However,
if the angle is very large, the electrons true positions would distributed over several pads
(equivalent to the case of very large diffusion for tracks without an inclination). The time
information from all pulses of the hit must be taken into account to benefit from the electron
statistics. In future prototype experiments, it would be worthwhile to measure over a larger α-
range to study this effect. The readout plane would need to be instrumented with more readout
channels. This can only be realized once the new readout system, S-ALTRO, is available.

parameter B = 1 T B = 1 T B = 0 T B = 0 T
z = 10 cm z = 40 cm z = 10 cm z = 40 cm

σ0/µm 335 ± 4 389 ± 4 267 ± 3 494 ± 5
N̂eff 5.0 ± 1.2 5.6 ± 1.0 6.3 ± 0.9 6.2 ± 1.8

Table 6.10: Fit results of the azimuthal angle dependence of the z-resolution.
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Figure 6.35: The θ dependence of the longitudinal spatial resolution. The fit results of equation (6.31)
are drawn as solid lines. At short drift distances, the largest negative θ angle is not taken because the
electron beam has to pass through the massive end plate before reaching the sensitive volume. The
additional material budget deteriorates the measurement performance.

The dip angle θ of the tracks introduces an uncertainty on the crossing position of the row in
the drift dimension (similar to figure 6.25b). The resulting equation is

σz(θ) =

√
σ2

z (z) +
L2

12N̂eff

tan2(θ) . (6.31)

This is only true for the optimal case where the pulse shape in the readout stays constant. For
very large angles, L tan θ & 6 mm, the uncertainty on the drift position is in the order of the
integration time of the electronics. Then, the resulting pulse shape, and thus the longitudinal
resolution is deteriorated. Figure 6.35 shows the measurement results of the longitudinal spatial
resolution for different θ inclinations. The procedure to extract the resolution for different θ
angles is identical to the transverse resolution. Table 6.10 contains the fit results for all four
measurement sets. The N̂eff value for all fits is in agreement with each other. Furthermore, N̂eff

is also consistent with the N̂eff value from the α dependence of the transverse resolution with
magnetic field. However, the measurement principle for the rϕ and z-dimension are completely
different, the equality of both N̂eff is not necessarily expected. It is interesting to note that the
deactivation of the magnetic field does not reduce the measured N̂eff .

6.9.3 Detector specific resolution

After the general dependencies of the transverse and longitudinal spatial resolution were eval-
uated in detail, two additional detector specific observations are presented. The electrical and
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magnetic field distortions at the border of the modules were already discussed. The distortions
do not only bias the position of the electrons but they also deteriorate the spatial resolution.
Figure 6.36 shows the spatial resolution for the individual readout rows. The border of the
individual modules can easily be identified by the significant increase of the resolution. Two
effects play a role here. First, the primary electrons are sucked into the gap between two
modules. If primary electrons are lost, Neff is reduced and thus the resolution increases. The
second effect exists only for magnetic field data. The distortions cause that the electrons are
distributed in an S-shape on each module (see section 6.8). Therefore, although the initial track
does not feature any inclination relative to the pad readout, the distribution of primary electrons
above the readout plane has an inclination at the boarder of the module. This artificial local
α angle deteriorates the transverse resolution according to figure 6.29. However, the artificial
angle can be approximated from the distortion measurements to be around α ≈ 10°. The loss of
electrons seems to be the dominant part in the data. A drop of 30 % to 50 % of the hit charge can
be observed for the outermost rows. Both effects cannot be compensated in the reconstruction
and stress the necessity to limit field distortions to a minimum. The two effects could explain
the degradation of the transverse resolution for B = 1 T. However, the longitudinal resolution
and the transverse resolution for B = 0 T degrade more than expected.

For the ILD TPC, this is not a large problem. The gaps between the modules would be smaller
and thus the degradation of the resolution, too. Furthermore, only the outermost rows would
be affected. Even if these rows are completely excluded, the number of remaining rows is still
above 200 and the overall performance of the ILD TPC would not be influenced.

As a last point, the effect of the electronics peaking time on the resolution is studied. The
peaking time τ of the electronics shaper is varied for different drift distances. The possible
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Figure 6.36: Spatial resolution for the single rows of the setup. The chosen data is taken at a drift
distance of 20 cm. At the boundaries of the module, the resolution is degraded due to the electric field
distortions. The module edge at the lowest radius is not included due to a large number of dead channels
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peaking times are 30 ns, 60 ns, 90 ns and 120 ns. In general, a short τ is desirable. The
dead time between two consecutive pulses is reduced and the timing resolution is improved,
assuming a sufficient sampling frequency. However, the shorter the peaking time is the larger
the noise value of the output. As the pulse thresholds of the pulse finding algorithms are
based on the signal to noise ratio, the absolute threshold for smaller peaking times is increased.
Consequently, the average number of pulses per hit is reduced since the outer pulses have
a higher probability of not reaching the threshold. Hits need to consist of at least two pulses
which is why the hit efficiency drops significantly for very small peaking times. No meaningful
results could be gained for τ = 30 ns and at short drift distances for τ = 60 ns. The transverse
and longitudinal resolution for all remaining measurement runs are presented in figure 6.37.
As expected, an improvement of the longitudinal resolution can be observed but only for short
drift distances. For longer drift distances, the resolution curves converge since the longitudinal
diffusion dominates the intrinsic resolution. A comparable measurement was performed in
[131] with a different GEM based module. There, the convergence of the different peaking
times at large drift distances could not be observed because of a shorter range of measured
drift distances. However, the transverse resolution was not compared for the different peaking
times in the reference. Here, the spatial resolution is deteriorated for smaller τ, which is caused
by the higher noise and the smaller average number of pulses per hit. The whole reconstruction
chain was optimized for τ = 120 ns since it leads to the overall best result and the most stable
operation of the electronics. Probably, the transverse resolution could be improved for the
different peaking times by optimizing the reconstruction chain and implementing additional
algorithms, e.g. a pad response correction which could partially compensate the missing charge
sharing. Nevertheless, it was already stated in section 4.7 that a short peaking time deteriorates
the pulse shape once the longitudinal diffusion is of comparable size as the peaking time. In
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Figure 6.37: Spatial resolution for different peaking times of the readout electronics. A smaller peaking
time improves the longitudinal spatial resolution a), especially at short drift distances. However, the
transverse spatial resolution b) degrades because of a higher noise level and less pulses per hit.
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the end, a compromise between small dead time, low noise, constant pulse shape and detector
resolution has to be made.

6.10 Momentum resolution

In a tracking detector with N & 10 equidistant measurement points, the momentum resolution
∆pt can be derived from the single point resolution using the Gluckstern formula [132]

σ

(
1
pt

)
=
σ(pt)

p2
t

=

√
720

N + 4
σrϕ

aBL2 (6.32)

with pt denoting the transverse momentum, B the magnetic field, L the lever arm of the track,
a ≈ 0.3 GeV/(T m) and σrϕ the point resolution. The ILD TPC design foresees N = 220,
L ≈ 1.5 m, B = 3.5 T and a momentum resolution of the ILD TPC is σ(1/pt) = 10−4 GeV−1

(see section 2.2.2). This leads to the design space point resolution of σrϕ . 100 µm. The
assumption of equidistant space points is a good approximation in the current design of the
readout modules. However, another assumptions is included in the Gluckstern formula: the
precision of all measurement points are equal. This assumption is not always valid in a TPC
since the spatial resolution depends on the local track angle and the ionization density at the
measurement point. In addition, field distortions and other systematic effects are not described
by the Gluckstern formula. Therefore, an indirect measurement of the spatial resolution is not
enough to determine the momentum resolution performance of the detector.

The achievable momentum resolution of the test beam setup from the Gluckstern formula is
σ(1/pt) ≈ 0.004 GeV−1 due to the lower magnetic field and a lever arm of ∼ 50 cm. Typically,
the momentum resolution is derived from a measurement of ∆pt/p2

t , but a reference energy is
necessary. The nominal energy of the test beam can only be used if the energy spread is much
lower than the detector resolution. The energy spread of the test beam area T24 at DESY was
measured in [70]. The energy calibration was not performed in the report, but all the necessary
information can be taken from the presented measurements. The energy width of the test
beam is shown in table 6.11 for different nominal beam energies. Not only is the energy spread
already larger than the targeted momentum resolution of the detector, but the electron beam has
to pass the magnet and the field cage wall before entering the sensitive volume. Interactions
of the beam with the magnet material smear out the energy distribution even further and the
energy distribution shows non-Gaussian tails towards lower energies.

A prediction of the momentum distribution inside the TPC is obtained with a simulation of
the setup in the GEANT4 framework [133, 134]. The magnet and field cage are modeled by
material budget equivalents of ∼ (0.2 + 0.015)X0 made from copper and Kapton, respectively.
In the experiment, four scintillation fingers and ∼ 10 m of air are between the beam outlet
and the detector. This additional material budget is also included in the simulation. In total,
a material budget of ∼ 30 %X0 is located in front of the TPC and alters the measured energy
spread of the test beam. Hits are created from the true position of the incident particles in steps
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6.10 Momentum resolution

nominal beam energy [GeV] energy spread [%]

1 6.36
2 4.43
3 3.92
4 3.58
5 3.34
6 3.31

Table 6.11: Energy spread of the T24 test beam area. The data for the calibration is taken from [70].

of 5.85 mm, representing the pad height of the experiment. The position of the hits are smeared
with a Gaussian probability density function that has a width corresponding to the measured
transverse spatial resolution of the detector. At the end, the track hypothesis is fitted to the
space points with a Karimäki fit to determine the momentum of the particles.

Figure 6.38 shows the result of the simulation and the measurement with a 5 GeV electron
beam. A Crystal Ball function is fitted to the data which is parameterized according to [135]:

f (x, α, n, µ, σ) = N ·
exp

(
− (x−µ)2

2σ2

)
x−µ
σ
> −α

A ·
(
B − x−µ

σ

)−n x−µ
σ
≤ −α (6.33)

A =

(
n
|α|

)n

· exp
(
−|α|

2

2

)
(6.34)

B =
n
|α| − |α| (6.35)

N =
1

σ(C + D)
(6.36)

C =
n
|α| ·

1
n − 1

exp
(
−|α|

2

2

)
(6.37)

D =

√
π

2

(
1 + erf

( |α|√
2

))
(6.38)

The function is stepwise defined and is based on a Gaussian distribution with width σ and
central value µ. A power-law tail takes over at a threshold α. The exponent of the power law
n is defined by the material budget. The function is fitted to the data for six different beam
energies at two different drift distances. The fit describes the data well, reaching a value of
χ2/nd f ≈ 1.1 for all twelve fits. In the simulation, the two drift distances are modeled by
adjusting the detector resolution according to table 6.6. For the short drift distance, simulation
and measurement are in good agreement. The tail of the distribution is caused by the energy
loss inside the material budget in front of the TPC. The estimation of ∼ 30 %X0 agrees very
well with the data. For the large drift distance, simulation and data disagree and two effects are
visible: the central peak of the data is wider and the most probable value is shifted. Table 6.12
lists the fitted σ parameters for all fits. In the absence of systematic errors, the width of the
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Figure 6.38: Comparison of the particle momentum distribution derived from data (black) and
simulation (green) for two different drift distances. The Crystal-Ball function is fitted to the data to
determine the momentum resolution from the Gaussian part of the function.

Gaussian core of the distribution is the quadratic sum of the energy spread of the beam σbeam

(including the energy loss in the magnet) and the resolution of the detector σdet (given by the
Gluckstern formula)

σ2 = σ2
beam + σ2

det (6.39)

σ2(40 cm) − σ2(10 cm) = σ2
det(40 cm) − σ2

det(10 cm) (6.40)

=

√ 720
N + 5

σrϕ(40 cm) − σrϕ(10 cm)
aBL2

2

≈ (1.9 MeV−1)2 . (6.41)

The quadratic difference of the fittedσ parameter is also presented in table 6.12. Contrary to the
hypothesis, the quadratic difference is not constant for all beam energies and the value is much
larger than expected. However, the simple difference between the two resolutions is roughly
constant for all beam energies. This indicates that a systematic uncertainty is dominating the
total momentum resolution. A systematic effect would also explain that the most probable
value shifts for larger drift distances. The most probable reason are the field distortion as
observed in section 6.8.

To conclude, the momentum resolution of the detector cannot be finally determined with the
current setup. The overall good agreement of the simulation with the measured data for short
drift distances is reassuring that the desired momentum resolution can in principle be achieved.
However, systematic effects needs to be studied in further measurements to fully understand
the behavior of the detector in the complete sensitive volume. This is currently being addressed
by developing a new field cage and a silicon reference detector.
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energy σz=40 cm σz=10 cm

√
σ2

z=40 cm − σ2
z=10 cm σz=40 cm − σz=10 cm

[GeV] [1/MeV] [1/MeV] [1/MeV] [1/MeV]

5.6 10.8 ± 0.3 8.4 ± 0.3 6.8 ± 1.1 2.4 ± 0.4
5.0 11.6 ± 0.3 7.9 ± 0.3 8.5 ± 0.9 3.7 ± 0.4
4.0 12.5 ± 0.3 9.7 ± 0.3 7.9 ± 1.3 2.8 ± 0.4
3.0 14.7 ± 0.4 11.4 ± 0.4 9.3 ± 1.5 3.3 ± 0.5
2.0 21.6 ± 0.6 18.6 ± 0.6 10.9 ± 3.0 3.0 ± 0.8
1.0 61.4 ± 1.3 60.0 ± 1.3 13.1 ± 16.8 1.4 ± 1.8

Table 6.12: Fitted width parameter of the Crystal-Ball function for two drift distances and various beam
energies. In addition, the quadratic and linear difference between two drift distances is also listed.

6.11 Resolution extrapolation to ILD

The requirements on the ILD TPC are stated in the Technical Design Report (TDR) of the
ILC [33]. The transverse point resolution should be around 60 µm at zero drift distance and
below 100 µm over the full ∼ 2.35 m drift length. The longitudinal point resolution goals are
less strict and are defined as 0.4 mm for zero and 1.4 mm for the full drift distance. In the
following, the measured results are extrapolated to the ILD TPC environment. The longer
maximal drift distance of the ILD TPC as well as the larger magnetic field strength needs to be
taken into account.

The magnetic field does not influence the diffusion in the longitudinal direction. Therefore, the
longitudinal spatial resolution can simply be extrapolated from the fitted parameters in table
6.9. Both fit models for data with and without magnetic field are extrapolated up to the full
drift length of the ILD detector. Figure 6.39 shows the extrapolation results. The error band
depicts the uncertainty from the fitting parameters. As stated in section 6.9.2, the measurement
without a magnetic field is by no means a sensible working point for the comparison with the
ILD TPC due to the large transverse diffusion. The extrapolation of the zero magnetic field data
is only shown for completeness and the focus should lie on magnetic field data. Nevertheless,
all extrapolations are within the specifications of the ILD TPC. This is due to the use of T2K,
which is a gas mixture with a rather high drift velocity and thus a low longitudinal diffusion
constant. Due to the conservative design goals of the longitudinal spatial resolution for the ILD
TPC, different gas mixtures still remain an option even if they perform worse in the longitudinal
direction.

It should be noted that the large drift distance has a significant effect on the response of the
electronics. The maximal adjustable peaking time of the ALTRO readout electronics was
used during the measurements (120 ns). The output pulse only follows the design shape if
the complete charge is collected within this time frame. This assumption is always fulfilled
in the LP setup for the chosen working point. For the largest drift distance, the ±3σ width of
the charge cloud along the drift distance is ∼ 120 ns. The cloud width for the maximal drift
distance of the ILD TPC is about two times larger. Hence, a significant part of the electron
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Figure 6.39: Extrapolation of the longitudinal spatial resolution from the prototype measurements to the
ILD TPC working parameters.

cloud is not collected within the time frame of the peaking time. This will deteriorate the shape
of the pulses and, most likely, the time determination of the pulse. To circumvent this issue,
the peaking time of the electronics could be increased. In return, the dead time between two
consecutive pulses would increase which reduces the two-hit separation of the detector. The
final choice of the shaping time will be a compromise between good longitudinal double hit
resolution, stability of the pulse shapes and longitudinal spatial resolution.

The extrapolation of the resolution in the transverse plane is more complex since the mag-
netic field reduces the transverse diffusion constant. Therefore, the fit parameters cannot be
simply extrapolated to larger drift regions but the diffusion constant needs to be adapted.
The diffusion constant in a 3.5 T magnetic field is taken from a Magboltz simulation to be
Dt = 0.030 mm/

√
cm. Three different extrapolation models are shown in figure 6.40. The first

two models are using the two fit functions and parameters as determined in section 6.9.1 and
plugging in the simulated diffusion constant. The determined fit parameters were presented
in table 6.6. The extrapolation of the fit function without any electron loss is shown in blue
and with electron loss in red. However, the gas quality in the final ILD TPC will be improved
compared to the prototype setup. The ALICE TPC can be taken as an example of a large
TPC where the oxygen contamination could be pushed below 5 ppm [121]. Additionally, the
T2K experiment does not see any evidence for electron attachment in their TPCs, which are
of similar length as the ILD TPC and use the same T2K gas mixture [94]. It is reasonable to
assume that a comparable gas quality can be achieved in the ILD TPC. Under this assumption,
a separate extrapolation has been performed. The result of the fit, which includes electron
attachment, is used but the attachment coefficient is set to zero in the extrapolation. The green
curve illustrates this result. The similarity of the green and the blue curve reassures that the
fit and the extrapolation are not too model dependent. Nevertheless, the resolution goal of
< 100 µm can only be attained if the electron loss from attachment can be tightly controlled.
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Figure 6.40: Extrapolation of the transverse spatial resolution from the prototype measurements to the
ILD TPC working parameters. The three presented extrapolation models are explained in the text.

For the second drift field setting of E = 130 V/cm (the minimum of the transverse diffusion in
T2K), the diffusion constant in a 3.5 T magnetic field is simulated to be Dt = 0.022 mm/

√
cm.

This improves the spatial resolution for large drift distances. The extrapolated resolution curves
for E = 130 V/cm can be found in the appendix in figure A.6. Figure 6.41 shows a comparison
of the results for the both drift fields. The fit model with removed electron loss is compared.
The resolution goal of ILD can be achieved easier with the lower drift field due to the lower
transverse diffusion. However, the higher electric field has the benefit that the drift velocities
is more stable against variations of the electric field as shown in section 4.6 in figure 4.12. In
the presence of field distortions at ILD, the longitudinal resolution would degrade more for
E = 130 V/cm. Since the extrapolated longitudinal resolution is already considerably better
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Figure 6.41: Comparison of the extrapolated transverse spatial resolution for both possible drift fields.
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then the requirement, the drift field of E = 130 V/cm is still a viable option to improve the
transverse spatial resolution for ILD.

The simple extrapolation, which was presented here, does not include the full picture of the
resolution dependencies. The hodoscope effect was completely ignored up to this stage. The
pad response function will be narrower in the ILD TPC due to the higher magnetic field. From a
Magboltz simulation, the minimal electron avalanche width in the GEM stack will be 0.266 mm
compared to 0.360 mm for 1 T magnetic field. The hodoscope effect will have a larger influence
and will be visible up to longer drift distances compared to the prototype measurements.
Nevertheless, the hodoscope effect comes from the determination of the transverse hit position
with a weighted average. If the shape of the pad response function is known precisely, the
hodoscope effect can be corrected. Either the hit position is taken from a fit of the PRF to
the data or the systematic error from a weighted average can be corrected. This so-called pad
response correction was successfully demonstrated with data from smaller prototype setups
[50].

A Monte Carlo simulation is performed to illustrate the necessity to correct the hodoscope
effect. The MC simulation is based on the theoretical spatial resolution function (6.9). The
electron avalanche width σavalanche = 0.360 mm, the diffusion constant Dt = 103.2 mm/

√
cm (

see section 6.9.1) and the average number of primary electrons 〈N〉 = 68/cm (see section 6.4)
are needed as input parameters. In addition, the gain of the simulation needs to be steered by
a gain factor g and the Pólya parameter ϑ. To increase the realism of the Monte Carlo and
the consistency with measured data, a pulse threshold parameter x is implemented, too. The
simulation does not include systematic effects and charge loss, which is why the output of the
simulation is corrected with a minimal σ0 parameter (systematic intrinsic resolution) and an
electron attachment coefficient A. The last five parameters are adjusted such that the simulation
describes the measured data well. This procedure is not well defined because several of the
parameters are correlated, e.g. g and ϑ. Therefore, several parameter sets result in resolutions
which are in good agreement with test beam data. The results for two of these parameter sets are
presented in figure 6.42a and the corresponding parameters are listed in table 6.13. Parameter
set 1 is more realistic since the electron attachment coefficient is closer to the measured value
of ∼ 0.005/cm and the Pólya parameter ϑ is the same as in section 6.4. The second parameter
set is shown to illustrate the influence of the parameters on the extrapolation.

Similar to before, the simulation is extrapolated to ILD TPC working parameters by adjusting
the input diffusion coefficient Dt and the electron avalanche width σavalanche. This extrapolation
is presented in figure 6.42b. Here, the hodoscope effect is visible over a wide range up to

parameter set σ0 [µm] A [1/cm] ϑ g [a.u.] x [a.u.]

1 0.070 0.0082 0.5 5 3
2 0.072 0.001 2.0 7 3

Table 6.13: Simulation parameters for the extrapolation of the measurement data to ILD working
parameters. Both parameter sets describe the measured data well.
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Figure 6.42: a) A toy MC simulation is tuned to describe the measurement results. The hodoscope effect
at small drift distances can be reproduced by the MC simulation. b) The MC simulation results from a)
are extrapolated to the ILD TPC working point.

1 m drift distance. For large drift distances, the extrapolation is comparable to the previously
presented ones. The difference of the two presented parameter sets can be explained by the
larger gas gain in the second parameter set. A larger gas gain increases the possibility that
the signals at the outer pads of a hit exceed the pulse threshold. Consequently, a hit consists
of more pulses and the hodoscope effect is less pronounced. Nevertheless, a correction of the
hodoscope effect is essential for both extrapolations to reach the resolution goals of < 100 µm
over the full drift length. Other options to improve the hodoscope effects are smaller pad
widths and larger gaps in the GEM stack. The first option implies a higher channel density of
the electronics as it is currently foreseen. The second option would only imply a slightly larger
dead volume and material budget and is a viable option for the ILD TPC.

The spatial resolution goals of the ILD TPC can be achieved with the developed readout
module. While the extrapolated longitudinal resolution is considerably better than the design
foresees, the transverse resolution goals are more challenging but can still be reached. How-
ever, the ILD TPC design also foresees an ion gate to reduce to ion backflow. Currently, the
design favors a GEM gate with an optical transparency of ∼ 85 %. This is also the electron
collection efficiency for the drifting electrons. Consequently, the number of effective electrons
would be reduced when an ion gate is included. This make the transverse resolution goal even
more challenging. A second possible design option is an increase of the magnetic field to 4 T.
Although 4 T is within the range of the current ILD magnet design, a large fraction of the safety
margin would be lost. The transverse diffusion would be reduced to Dt = 0.028 mm/

√
cm and

Dt = 0.019 mm/
√

cm for a drift field of E = 240 V/cm and E = 130 V/cm, respectively. The
increase of the magnetic field is only considered as a backup solution or if the total size of
ILD needs to shrink due to cost optimization. In the latter case, the magnetic field must be
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increased anyhow to compensate the reduced lever arm and achieve the desired momentum
resolution (see equation (6.32)).
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CHAPTER 7

Summary and conclusion of part II

For the future International Large Detector at the International Linear Collider, a Time Projec-
tion chamber with excellent momentum resolution is foreseen as the main tracker. The perfor-
mance goals of the ILD TPC put tight constraints on the amplification structure and readout
technology. In this thesis, a prototype readout module was developed and its performance
evaluated. Its design is focused on a minimal material budget and a maximal sensitive readout
area. The gas amplification is realized with a stack of three Gas Electron Multipliers. Thin
ceramic grids serve as the support structure and spacers to ensure a homogeneous flatness of
the GEMs. The module is read out with 28 rows of 5.85 mm × 1.26 mm pads and the ALTRO
readout system.

A large prototype TPC with a diameter and maximum drift length of ∼ 60 cm was instrumented
with three readout modules with a size of ∼ 23 cm × 17 cm. A test beam campaign was
conducted with the setup in the DESY II test beam area T24/1 with an electron beam of
1 GeV to 5.6 GeV and a magnetic field of up to 1 T. Over one million events were taken while
varying the working parameters and beam positions.

Due to the modular readout scheme, gaps in the anode plane cannot be avoided. Electrical field
distortions are the consequence inside the drift region in the vicinity of the readout. To reduce
the field distortions, a guard ring was introduced which consists of a thin copper wire. The
impact of the guard ring was evaluated by varying the applied potential. The hit efficiency is
significantly increased at the border of the module compared to measurements without a guard
ring. Hit efficiencies above 95 % can be achieved at the module boundary if the gap size is
less than 2 mm. Nevertheless, E × B effects are still visible as systematic deviations of the hit
positions relative to the track which deteriorate the point resolution in this area.

A standard reconstruction scheme was established for the analysis of the test beam data.
Thereby, different algorithms for time and position estimation of pulses and hits were tested on
their performance. Over 70 hits along a lever arm of 50 cm, the low multiple scattering inside
the gaseous volume and a low noise hit rate imply great pattern recognition capabilities of the
setup. Therefore, the spatial resolution and tracking efficiency is nearly independent on the
applied track finding and fitting method.
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7 Summary and conclusion of part II

A rigid body alignment procedure was established based on Millepede II. Due to a missing
reference, the alignment of the modules was performed relative to the central module. The
absolute difference of the module positions are ≤ 80 µm perpendicular and ≤ 250 µm parallel
to the beam. This is within the production and measurement uncertainties. However, only data
without magnetic field could be used to determine the alignment parameters because E × B
effects mimic misalignment. This emphasizes the need to further reduce field distortions
in the setup. To study the field distortions and alignment in more detail and improve the
global field homogeneity of the setup, several measures are in progress. A second field cage
is currently being designed with an improved electric field homogeneity. Additionally, a
silicon reference detector is designed which helps to measure the momentum resolution and
understand systematic effects.

The achieved longitudinal and transverse spatial resolution of the setup was thoroughly stud-
ied. The dependencies on the drift distance and the track inclinations were investigated with
dedicated data sets. Theoretical models describe the observed dependencies well and the fit
parameters are in good agreement with predictions from simulations. Different fit models for
the measured distribution were used for the extrapolation and demonstrate comparable results.
The design goals for the longitudinal resolution are achieved with the current setup due to
the well chosen gas mixture and working parameters. Nevertheless, the shaping time of the
electronics needs to be reevaluated for the ILD TPC to cope with the long (in time) drift clouds
in the case of large drift distances. The design goals of the ILD TPC for the transverse spatial
resolution are more challenging. The gas quality and purity need to be tightly controlled
at ILD to minimize electron attachment. In addition, the hodoscope effect is larger in the
strong magnetic field of the ILD TPC. Either a software correction must be implemented or
the design parameters of the modules must be adapted for the ILD TPC. Then, the design goal
of < 100 µm can be reached with the developed readout module over the full drift distance
of 2.35 m. Operating at the minimum of the transverse diffusion of T2K or increasing the
magnetic field to 4 T are possibilities to further improve the transverse diffusion.
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Part III

Measurement Accuracies of Higgs
Hadronic Branching Fractions in ννH at

a 350 GeV ILC

Since the discovery of the 125 GeV Higgs-like boson at the LHC in 2012, the characterization
of its properties has become one of the most important tasks in high energy physics. In the
Standard Model, the coupling strength of the Higgs boson to gauge bosons and fermions is
defined once the Higgs boson mass is known. Precise measurements of Higgs decay branching
ratios (BR) represent a test of this prediction and the SM Higgs sector. In many Beyond the
SM (BSM) theories, heavy particles add loop corrections to the respective Higgs couplings
which typically lead to a few percent deviation from the SM values [27]. Since such deviations
from SM predictions would indicate BSM physics, high precision measurements of the Higgs
branching ratios are required and represent a crucial test.

In this part of the thesis, the achievable measurement accuracies of the hadronic Higgs decay
branching ratios H → bb̄, cc̄, gg are evaluated for the νν̄H final state at a 350 GeV Interna-
tional Linear Collider (ILC). A detailed simulation of the International Large detector (ILD) is
used for the analysis. The branching ratios are determined using two different reconstruction
schemes to cross check each other: three dimensional template fits to the flavor likeness of the
events and event counting. Furthermore, the reconstruction strategy is modified to regard the
two production processes contributing to the studied final state. The missing mass of the event
is used to distinguish between Higgs strahlung and WW fusion. With this approach, the branch-
ing ratios and the WW-fusion cross section can be determined directly if the Higgs-strahlung
cross section is constrained.
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CHAPTER 8

Analysis introduction

8.1 Higgs boson decay

The mass of the Higgs boson was measured to be around 125 GeV which provides the great
possibility to access a large variety of different Higgs decay channels. The SM does not predict
the Higgs mass mH which is the only free parameter in the SM Higgs sector. The couplings
of the Higgs boson to fermions and the gauge bosons are defined as a function of the Higgs
mass. Once mH is known, all other parameters in the SM Higgs sector are fixed. Since the
Higgs boson couples to the mass of gauge bosons and fermions, it can decay directly into any
massive elementary particle that is kinematically accessible. Also, Higgs decays to a pair of
photons and gluons are possible via loop diagrams. Furthermore, the decay of H → 4 f is
allowed via two W or Z bosons of which at least one must be off-shell.

Leading order (LO) calculations of the corresponding diagrams can easily be performed us-
ing the Higgs coupling parameters of the SM (see section 1.2). Higher order calculations
are essential to achieve theoretical uncertainties on the Higgs decay branching ratios which
are comparable to the achievable measurement accuracies at the LHC or especially the ILC.
The branching ratios have been calculated with HDECAY [136] and PROPHECY4f [137]
in [23, 138, 139]. HDECAY is used for all decay modes with branching ratios of > 10−4,
while PROPHECY4f is used for H → 4 f decays only. Any fermion which is lighter than a

Parameter Central Value Uncertainty MS masses mq(mq)

αs (MZ) 0.119 ±0.002
mc 1.42 GeV ±0.03 GeV 1.28 GeV
mb 4.49 GeV ±0.06 GeV 4.16 GeV
mt 172.5 GeV ±2.5 GeV 165.4 GeV

Table 8.1: Input parameters and their relative uncertainties used for the uncertainty estimation of the
Higgs branching ratios. The masses of the central values correspond to the 1-loop pole masses, while
the last column contains the corresponding MS mass values.
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8 Analysis introduction

strange quark is neglected due to the low mass of these particles and thus the resulting small
couplings.

The uncertainties of the branching ratios are separated into parametric and theory uncertainties.
Parametric uncertainties arise from uncertainties on the input parameters for the calculations.
Only the uncertainties on the b-, c- and t-quark mass as well as the strong coupling constant
αs are taken into account as listed in table 8.1 [23, 138, 139]. Other input parameters, e.g.
the W- and Z-boson masses, have been measured with very high precision and the uncertain-
ties can be neglected. Theory uncertainties are derived from an estimation of higher order
corrections which are not included in HDECAY and PROPHECY4f. In addition, the scale
dependence of QCD corrections is approximated by an evaluation of different renormalization
and factorization scales. The calculated Higgs decay branching ratios for various Higgs masses
are illustrated in figure 8.1. For a Higgs mass of mH ≈ 125 GeV, many decay modes have a
significant branching ratio and are accessible at particle colliders. For the studied signal Higgs
decay channels H → bb̄, cc̄, next-to-leading order (NLO) electroweak corrections [139] and
N4LO massless QCD corrections [140] are implemented. For H → gg, the QCD corrections
are calculated to NNNLO in the limit of the heavy t-quark mass [141] and the electroweak
corrections are calculated to NLO [142].

The results of the calculation for a Higgs boson of mass 126 GeV are presented in table
8.2 [23, 138] and are very similar for a mass of 125 GeV. The uncertainties of the Higgs
branching ratios are 3.4 %, 12.2 % and 10.1 % for the studied signal decay modes bb̄, cc̄ and
gg, respectively. The uncertainty on the Higgs mass is not included in the calculation. From
the tables in the references, the influence on the parametric uncertainty can be estimated to be
an addition 1 % for the studied signal branching ratios. The impact on the decays into vector
bosons is larger (∼ 2 %) since the decay into virtual particles depends strongly on the available
phase space, and thus mH. Previous simulation studies of the ILC show that the expected
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Figure 8.1: Higgs branching ratios and their uncertainties for various Higgs masses [23, 138, 139].
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8.1 Higgs boson decay

Decay Theory Parametric Total Uncertainty
Uncertainty Uncertainty on Branching Ratios

(%) (%) (%)

H→ γγ ±2.7 ±2.2 ±4.9
H→ bb̄ ±1.5 ±1.9 ±3.4
H→ cc̄ ±3.5 ±8.7 ±12.2
H→ gg ±4.3 ±5.8 ±10.1
H→ τ+τ− ±3.5 ±2.1 ±5.6
H→WW∗ ±2.0 ±2.1 ±4.1
H→ ZZ∗ ±2.1 ±2.1 ±4.2
H→ Zγ ±6.8 ±2.2 ±9.0
H→ µ+µ− ±3.7 ±2.2 ±5.9

Table 8.2: Uncertainties on MH = 126 GeV Standard Model branching ratios arising from the parametric
uncertainties on αs, mb, mc, mt and from theory uncertainties [23, 138].

measurement accuracies are much better than these theoretical predictions. Both, parametric
and theory uncertainties must be improved to reach the accuracies of the measurement. To
improve the theory uncertainties, higher order corrections must be implemented. For H →
bb̄, cc̄, the dominating theory uncertainty comes from missing electroweak corrections. NNLO
electroweak corrections are state-of-the-art nowadays and are one important step to improve
uncertainty on these decay modes. The parametric uncertainty is dominated by the uncertainty
on αs and the corresponding quark mass. However, already published results using QCD
sum rules [143] and lattice gauge theory calculations [144] give consistent and improved
uncertainties on the MS charm and bottom mass of around 0.6 % which is much smaller than
the assumed uncertainties in table 8.1. Furthermore, the αs uncertainty can also be determined
well below 1 % at the ILC from a top threshold scan [30]. The uncertainty on the t-quark mass
can also be greatly improved in the threshold scan. However, the parametric uncertainty from
the t-quark mass is already very small for all Higgs decay modes and could be neglected.
Overall it is expected that the branching ratio uncertainty on H → bb̄ can be brought to
below 1 % at the time that the ILC data can be analyzed and H → cc̄ to around 1 % [30].
H→ gg benefits from parametric improvements very similar to H→ cc̄. In addition, the QCD
corrections must also be improved significantly from 3 % [139] to reach a similar precision as
for the two other decay modes. In addition, the Higgs mass can be determined with a precision
of the order of O(10 MeV) at the ILC. This is another important step to reduce the theoretic
uncertainties, especially for the decay into vector bosons.

The measurement prospects of the Higgs boson couplings for the ILC and the upgraded high-
luminosity LHC have been evaluated in [28, 49]. Figure 8.2 shows the extrapolated measure-
ment precisions of the scaling parameters κ. The ILC has the potential to greatly improve
the LHC results except in the H → γγ channel. As it was already discussed in section 1.2,
the scaling parameters can only be determined in a model-dependent way at the LHC and
the coupling to c quarks cannot be measured at the LHC. The ILC would allow for model-
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Figure 8.2: Relative precisions for the various Higgs couplings extracted using the model-dependent
fit used in the Snowmass 2013 study [27], applied to expected data from the High-Luminosity LHC
and from the ILC. Here, κA is the ratio of the AĀH coupling to the Standard Model expectation. The
red bands show the expected errors from the initial phase of ILC running. The yellow bands show
the errors expected from the full data set. The blue bands for κγ show the effect of a joint analysis of
High-Luminosity LHC and ILC data [49].

independent measurements which could also be used as input for the LHC measurements.
Therefore, the H → γγ channel would benefit significantly from a combined analysis of
both experiments. Furthermore, the c-quark channel is accessible at the ILC. Then, the LHC
assumption, that κu, κc and κt are equal, can be tested.

8.2 Motivation

Higgs branching ratio measurements are an important benchmark study of the ILC. Several
studies have been performed to estimate the measurement accuracies at lepton collider ex-
periments, including the ILC [147–150]. For the Letter Of Intent (LOI) of the ILC [151], a
branching ratio study has been performed based on a detailed full detector simulation of the
ILD. However, the mass of the Higgs boson was not known at that time and a Higgs mass
of 120 GeV was assumed from exclusion limits. In the region of the discovered Higgs mass,
the branching ratios are very sensitive to variations of the mass (see figure 8.1). In table 8.3,
a selection of Higgs branching ratios of the LOI study [145] and for a 125 GeV Higgs boson
are listed, which are taken from the LHC Higgs Cross Section Working Group [146]. The
branching ratios into b quarks is dominant in both cases. However, a rather large relative
difference is visible for the gluon and c-quark channel.
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BR H→ bb̄ H→ cc̄ H→ gg H→WW∗ H→ ZZ∗ H→ ττ

LOI 65.7 % 3.6 % 5.5 % 15.0 % 1.7 % 8.0 %
LHCHXSWG 57.8 % 2.68 % 8.556 % 21.6 % 2.67 % 6.37 %

Table 8.3: Higgs decay branching ratios which are used for the simulation. Listed are the results of the
previous LOI study [145] with a Higgs mass of 120 GeV and the LHC Higgs Cross Section Working
Group (LHCHXSWG) for a 125 GeV Higgs boson [146]. The latter is used in the presented thesis.

One of the goals of this study is to update the analysis in [145] with the current Higgs branching
ratios. As a first approach, the quoted study can be extrapolated by scaling the cross sections
and branching ratios. This extrapolation was performed and presented in [152] and the results
are listed in table 8.4. The measurement accuracies and the extrapolated results are presented
for
√

s = 250 GeV and
√

s = 350 GeV. The old analysis assumed the same integrated
luminosity of 250 fb−1 for both beam energies. In the presented analysis, it is considered that
higher luminosities can be achieved for larger collision energies and the integrated luminosity
for
√

s = 350 GeV is increased to 330 fb−1. To verify the simple extrapolation, a similar
analysis as in [145] is performed in a detailed full detector simulation in this thesis. Thereby,
the signal selection process is revised by focusing on multivariate analysis techniques.

The center-of-mass energy of
√

s = 350 GeV provides the unique feature that the cross sections
of Higgs strahlung and WW fusion are similar for the beam polarization setting of Pe−,e+ =

(−0.8,+0.3). At 250 GeV, the machine is operating on the resonance of Higgs strahlung which
dominates the total Higgs production. For higher beam energies, 500 GeV and 1 TeV, the WW-
fusion process is much larger than Higgs strahlung. Measuring both production processes
with similar levels of sensitivity is only possible at 350 GeV. However, this must be taken
into account while extracting the branching ratio from the measurement observable. The

√
s [GeV] 250 350 250 350

Lint [fb−1] 250 250 250 330

Higgs mass [GeV] 120 120 125 125

∆(σ×BR(H→bb̄))
(σ×BR(H→bb̄))SM [%] 1.7 1.4 1.8 1.3
∆(σ×BR(H→cc̄))

(σ×BR(H→cc̄))SM [%] 11.2 8.6 12.9 8.9
∆(σ×BR(H→gg))

(σ×BR(H→gg))SM [%] 13.9 9.2 11.2 6.6

Table 8.4: Summary of the results on the statistical measurement uncertainties of the hadronic Higgs
decay branching ratios [145]. The values for a 125 GeV Higgs boson are extrapolated from the 120 GeV
results [152]. A beam polarization of Pe−,e+ = (−0.8,+0.3) is assumed.
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Figure 8.3: The missing mass distribution of the νν̄H final state on generator level as described in section
9.2. The assumed integrated luminosity is 330 fb−1 for both beam polarizations P. Higgs-strahlung
events feature a distinct peak at the Z mass while WW-fusion events have a higher probability for large
missing masses.

measurement observable of the presented analysis is

σ × BR = (εZHσZH + εWWσWW) × BR (8.1)

with σZH and σWW denoting the cross section for Higgs strahlung and WW fusion, respectively.
εZH and εWW are the selection efficiencies for Higgs-strahlung and WW-fusion events, respec-
tively. In previous studies, individual analyses have been conducted for WW fusion and Higgs
strahlung where the respective other process has been considered as a background. Correlation
between the analyses are a consequence and need to be considered. In this thesis, a solution to
resolve the correlation is presented. The analysis strategy is modified to differentiate between
the two Higgs production processes on the basis of the missing mass spectrum. Since the initial
state of the collision is well known, the missing four-vector can be derived from the subtraction
of the reconstructed total four-vector from the center-of-mass energy. The missing mass is the
invariant mass of the missing four-vector and represents the invariant mass of the two neutrinos
in the signal final state νν̄H. For Higgs strahlung, a distinct peak at the Z mass is expected while
for WW fusion a broader spectrum is visible with a maximum at around 200 GeV. Of course,
for a beam polarization of Pe−,e+ = (+0.8,−0.3), the WW fusion is very small and mainly the Z
peak is visible in the missing mass distribution. Figure 8.3 shows the missing mass spectrum
on generator level for both beam polarization. More details will be given in section 9.2. Using
this analysis strategy, the WW-fusion cross section can be determined if the Higgs-strahlung
cross section is taken as an input parameter.

In the Technical Design Report (TDR) [33] of the ILC, a discrepancy between the SiD and ILD
results is found for the branching ratio of H → cc̄ at a center-of-mass energy of 1 TeV. The
results of each detector collaboration are based on full detector simulations with a Higgs mass
of 125 GeV and are presented in table 8.5. For both detector concepts, the results of the b-
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detector ILD SiD

P(e−, e+) (−0.8,+0.3) (+0.8,−0.3) (−0.8,+0.3) (+0.8,−0.3)

∆(σ×BR(H→bb̄))
(σ×BR(H→bb̄))SM [%] 0.54 2.1 0.65 2.6
∆(σ×BR(H→cc̄))

(σ×BR(H→cc̄))SM [%] 5.7 36.8 10.0 73.3
∆(σ×BR(H→gg))

(σ×BR(H→gg))SM [%] 3.9 25.7 4.0 23.4

Table 8.5: Summarized statistical measurement uncertainties of the hadronic Higgs decay branching
ratios at 1 TeV with 500 fb−1 per beam polarization. At 1 TeV, WW fusion is the dominant production
process of Higgs bosons. All values are based on detailed simulation studies and are taken from [33] for
SiD and [154] for ILD. A discrepancy in the cc̄ channel is visible.

quark and gluon channels are in rather good agreement. However, the accuracy of the c-quark
branching ratio is a factor of two better for ILD. In this case, two different methods are used
to determine the Higgs branching ratios. The results for ILD are obtained using the template
fit method. The method is based on the generation of multidimensional template distributions
of the quark-flavor likeness of the events for the three signal final states (H → bb̄, H → cc̄
and H → gg) and the SM background. A linear combination of the template distributions is
fitted to the data. The SiD branching ratio study used a simple event counting method. In
this case, the cross section of the process is derived from the number of events surviving the
selection procedure. The selection procedure is based on a multivariate analysis technique. In
an updated SiD study, the multivariate technique was exchanged from Fisher discriminant to
boosted decision trees and the accuracy on the cc̄ channel was improved to 8.8 % for a beam
polarization of Pe−,e+ = (−0.8,+0.3) [153]. Nevertheless, the discrepancy in the cc̄ channel is
still significant. Moreover, the ILD results could not be reproduced by SiD using the template
method. Therefore, the presented analysis investigates whether the discrepancy can be resolved
with an updated analysis of the ILD simulation. This is studied by applying both analysis
methods on the data sets and compare their results.
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CHAPTER 9

Simulation and physics processes

In this chapter, the simulation setup and the relevant signal and background processes are
introduced. First, the simulation scheme of this study is described in section 9.1. Hereafter,
the signal processes are introduced in section 9.2. Only background processes, which play a
significant role in the analysis, are discussed in section 9.3. In section 9.4, machine induced
backgrounds at the ILC are described. The created event samples and the weighting of the
events are discussed in section 9.5.

9.1 Simulation setup

An optimized detector design is a crucial step to achieve the physics goals of the ILC project.
While single detector components can be studied in test beam campaigns with prototype setups,
the complete ILD detector setup can only be validated and optimized in simulation studies.
Therefore, a highly advanced and detailed Monte Carlo (MC) simulation and analysis frame-
work was developed for the linear collider community, called ILCSoft (see section 5.1). For
the optimization of the particle flow concept, a high level of detail is needed in the simulation
of the shower profiles in the calorimeters. With the simulation framework, the detectors can be
optimized according to physics goals and cost.

The MC simulation of the physics events is divided into three steps. First, the physics events
of electron-positron collisions are generated. Then, the response of the event particles in the
detector must be simulated. The final step is the reconstruction of the detected particles with
pattern recognition algorithms. The software tools for all three steps are briefly introduced in
the following. A detailed description of the simulation setup and software tools can be found
in [33].

WHIZARD 1.95 [155] is used for the generation of MC events. Tree-level matrix elements are
calculated internally using O’Mega [156], which supports SM processes and a large variety of
BSM models. Many important physical process at the ILC are implemented in WHIZARD,
e.g. beamstrahlung (see section 9.4), initial state radiation and beam polarization. While the
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9 Simulation and physics processes

hard interaction is simulated by WHIZARD, fragmentation and hadronization is covered with
PYTHIA 6.4.22 [157] which can be called internally in WHIZARD.

The particle interaction in the detector material and the response of the detector components
are simulated with the software framework Mokka [158]. Mokka is a GEANT4 [133, 134]
based simulation tool which is part of the ILC framework ILCSoft (for ILCSoft see section
5.1). GEANT4 is a widely used toolkit in high energy physics for the simulation of particle
interactions with matter. Physics lists steer the underlying physical processes to achieve a
good consistency between simulation and test beam campaign results. Therefore, the elec-
tromagnetic energy loss of charged particles in a tracking detector can be simulated just as
well as the hadronic showers in the hadron calorimeters. Different detector models of the ILD
are currently being consider which mainly differ in the chosen technology for the calorimeter
systems. Detector model ILD_o1_v05 [33] is used for the presented study, which foresees an
analog hadronic calorimeter and a silicon-tungsten electromagnetic calorimeter. The detector
model also comprises necessary infrastructure such as dead area, electronics, cabling and
support structures.

After the digitization of the simulated detector response, the events are reconstructed in the
software package Marlin (see section 5.1). First, the pattern recognition is performed in the
individual tracking detectors separately: TPC, silicon barrel detectors and forward tracking
detectors. Then, different track segments are combined and a global track fit based on a Kalman
filter [112] is performed. The resulting tracks and the calorimeter hits serve as an input to the
particle flow algorithm which is implemented in the software package PandoraPFANew [48].
More than 60 algorithms are used to cluster the calorimeter hits, assign clusters to reconstructed
tracks, re-cluster if track momenta and cluster energies do not match and perform a first particle
identification. The output are Particle Flow Objects (PFO) which comprises all reconstructed
charged and neutral particles in the detector. PFOs serve as the starting point for all physics
analyses. The most important reconstruction steps will be described in chapter 10.

9.2 Signal processes

Higgs strahlung and WW fusion are the two production processes for the νν̄H final state. Figure
9.1 depicts the leading order diagram for both processes. Here, a distinction between the
neutrino flavors must be made. In the WW-fusion process, only electron neutrinos occur in the
final state since the incoming electron and positron are converted into neutrinos by radiating
of a W boson. Naturally, all three neutrino flavors are equally probable in the Higgs-strahlung
process with the Z boson decaying into a pair of neutrino and anti-neutrino. The complete cross
section of the νeν̄eH final state is be the sum of both production processes plus the interference
term. Of course, the different neutrino final states in the Higgs-strahlung process cannot be
distinguished experimentally. Table 9.1 presents the cross sections of Higgs strahlung, WW
fusion and the total production for a 350 GeV ILC machine. The cross section is shown for
different setting of beam polarizations. In the first two columns, a 100 % beam polarization is
assumed which is also used for the event generation of the simulation. In the second half of
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Figure 9.1: Production processes of the signal final state νν̄H.

the table, the cross sections for the studied beam polarizations according to the ILC baseline
design are presented.

As already mentioned, the two production processes can be differentiated by the resulting
missing mass which is used in the analysis. The missing mass spectrum is displayed in figure
9.2 for a polarization of Pe−,e+ = (−0.8,+0.3) and an integrated luminosity of 330 fb−1. In case
of Higgs strahlung, the neutrinos originate from the decay of the Z boson and the missing mass
is described by the boson mass mZ. The resulting missing mass of the WW-fusion process
features a broader spectrum with its maximum at around 200 GeV. The maximal detectable
missing mass is given by the center-of-mass energy subtracted by the Higgs mass. Figure 9.2
also shows the missing mass spectrum of the individual production processes. The interference
term is derived from the difference of the integrated cross section and the sum of the individual
cross sections. The interference effect does not change the total cross section significantly, but
the line shape of the Z peak is biased towards smaller values.

In this analysis, the hadronic Higgs decay branching ratios should be determined. Therefore,
only H → bb̄, H → cc̄ and H → gg are signal final states. All other decay modes of the
Higgs are a source of background. From the calculated branching ratios alone, it is clear that
the most precise results can be achieved in the preferred decay mode to b quarks. Additionally,
b-tagging is a well established technique in collider experiments with high efficiency due to the
long lifetime of bottom-type mesons and baryons. The Higgs branching ratio to charm quarks
is more challenging due to the low rate and the less precise c-tagging. As only the hadronic
events of the Higgs are studied here, the signal final state consists of two jets plus missing
energy due to the two neutrinos.

Polarization Pe−,e+ (−1,+1) (+1,−1) (−0.8,+0.3) (+0.8,−0.3)

σ Higgs strahlung 68.9 fb 44.1 fb 41.9 fb 28.2 fb
σ WW fusion 101.8 fb 0 fb 59.6 fb 3.6 fb

Total 166.1 fb 43.0 fb 98.7 fb 31.0 fb

Table 9.1: Cross sections for νν̄H production with a 350 GeV ILC machine. The values are taken
from the generator program WHIZARD. The total cross section includes interference between the two
diagrams. The interference plus small differences in the simulation parameters are the reason that the
individual contributions do not add up to the total cross section.
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Figure 9.2: The missing mass distribution of the generated νν̄H final state events (green) for a
polarization of Pe−,e+ = (−0.8,+0.3) and an integrated luminosity of 330 fb−1. The missing mass
spectrum of the individual production process is also presented for Higgs strahlung (red) and WW
fusion (orange). The interference term (black) is calculated from the difference of the integrated cross
section and the sum of the individual cross sections.

9.3 Background processes

The background processes can be classified into two different types: backgrounds with the
same final state as the signal and backgrounds with a similar detector response as the signal.
The roughly estimated cross sections of the background processes relative to the signal process
will be given in the following for a beam polarization of Pe−,e+ = (−0.8,+0.3). Since the W
boson does not couple to right-handed electrons at all, the relative cross sections of background
processes with a W boson are smaller by an order of magnitude for Pe−,e+ = (+0.8,−0.3).

The first category is called irreducible backgrounds. Strictly speaking, an interference term
between these backgrounds and the signal process does occur. However, the contribution of
the interference term is small and therefore neglected. Figure 9.3 shows the Feynman graphs
for the irreducible backgrounds which include the exchange of a W boson. These processes
can only result in final states with electron neutrinos. Furthermore, only the final states with
quarks are drawn. To create a pair of gluons, the quarks in the final state form a loop with two
gluons emerging. Consequently, the νν̄gg irreducible background is less likely than the νν̄qq
final state. The irreducible backgrounds from the exchange of a Z boson is presented in figure
9.4. Here, all three neutrino flavors are possible. The cross section of irreducible backgrounds
is a few times larger than the signal.

The signal final state consists of two jets and large missing energy. Background processes,
which only include leptons in the final state, can be removed easily by a threshold cut on the
minimal number of reconstructed particles. These backgrounds are neglected in this analy-
sis.
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Figure 9.3: Leading order Feynman diagrams of the irreducible background processes for the νν̄H final
state which involve the occurrence of at least one W boson.
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Figure 9.5: Leading order Feynman diagrams of background processes with two fermions in the final
state. While in figure a) the Z is created off-shell, the ISR photon in figure b) takes away enough
center-of-mass energy such that the Z is on-shell. The latter is called radiative return.

A large source of background are quark-antiquark pairs from the electron-positron annihilation
into a photon or virtual Z. Due to initial state radiation (ISR), the center-of-mass energy can
also be decreased to a level that the Z boson is created on-shell. This is called radiative return
and has a large impact on the total cross section of the process. The cross section is more
than two orders of magnitude larger than the signal and responsible for most of the hard
physics events at a 350 GeV ILC. If the ISR photon is not detected (in the forward region
of the detector) or not correctly reconstructed, fake missing energy can be reconstructed. This
background is a challenge due to the huge number of events.

The backgrounds with the second largest cross section are processes with W bosons, also two
orders of magnitude larger than the signal. Due to mass constraints and Cabibbo suppression, b
quarks are rarely involved in these backgrounds. The backgrounds can be misidentified mostly
as H → gg and as H → cc̄ if at least one quark is incorrectly identified as a charm quark.
A single W boson can be generated together with an electron (positron) and electron (anti-)
neutrino (e−e+ → W±e±νe → e±νeqq̄). The leading order Feynman graph is shown in figure
9.6a. The spectator e± does not obtain large transverse momentum and can stay undetected
inside the beam pipe. The missing momentum is large since the neutrino carries a transverse
momentum comparable to the W boson.

The leading order Feynman graphs for W-pair production are shown in figure 9.6. Only the
semi-leptonic and hadronic decay of the W pair are considered because leptonic final states can
easily be distinguished from the signal topology. In the hadronic four-jet final state, missing
momentum is zero except if jet particles escape detection in the beam pipe. The background
should be easily reducible based on the missing mass distribution and the di-jet invariant mass.
In semi-leptonic decays, the final state consists of two jets from one W and a lepton plus its
corresponding neutrino. However, the lepton should be isolated which can be used to identify
this background. Nevertheless, this is one of the major backgrounds due to the large cross
section combined with the possibility that the lepton escapes detection in the forward region or
is associated to a jet.

The cross section for Z pair or Ze−e+ (figure 9.7) is about a factor of ten smaller than for W
bosons due to the coupling constants. The νν̄qq̄ final state is already covered in the irreducible
background section. Only the hadronic (qq̄qq̄) and charged semi-leptonic (llqq̄) final state is
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Figure 9.6: Leading order Feynman diagrams of the SM background which involves at least one W
boson in the final state.

considered here. Analogous to the hadronic W-boson background, the hadronic channel of
the Z pair can be effectively reduced by cutting on the missing momentum and di-jet mass.
Compared to the semi-leptonic final state of the W bosons, the additional charged lepton helps
to reduce this background even further because the misidentification of two charged leptons is
unlikely.

The last source of SM backgrounds include Higgs final states. Higgs strahlung also leads to
qq̄H and l±l∓H final states with a three times larger cross section than the signal. Additionally,
the Higgs in the νν̄H final state can decay into other decay modes than the studied ones. While
the qq̄H and l±l∓H final state can be identified due to the absence of missing momentum, the
other decay modes of νν̄H are more difficult to handle. From the size of the Higgs branching
ratios, only the decay into WW, ZZ and ττ̄ can have a significant influence on this analysis.
The ττ̄ final state can be easily identified by the low number of reconstructed particles. For
the W and Z decay mode on the other hand, the hadronic decays of the bosons contribute as
a significant background. The missing mass and di-jet mass are distributed exactly as in the
signal final state. However, the jet clustering algorithm is forced to cluster a true four-jet event
into two jets. Jet clustering parameters can be used to identify if the event topology is clustered
into a wrong number of jets (see Durham parameters in section 10.3).

Although 350 GeV is the threshold of tt̄ production, this process is not considered as a back-
ground here. The t quark decays nearly exclusively into bW. The possible final states could be
identified easily based on the missing momentum (for fully hadronic W decays) or the leptonic
decays of the W bosons.
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Figure 9.7: Leading order Feynman diagrams of the SM background which involves at least one Z
boson in the final state. The case of the neutral semi-leptonic decay of figure b) is already covered in
the irreducible background figure 9.4c.

9.4 Additional sources of background

Another type of background which needs to be considered is induced due to the technical
realization of a linear collider. The beam bunches have to be extremely focused to reach the
desired luminosities. The small bunch size and the high boost at the collision point gives rise to
very large electromagnetic fields. The electromagnetic field of one bunch attracts the particles
of the colliding bunch. A benefit of this beam-beam effect is an increase of the luminosity
of the collider since the two bunches focus each other. However, the beam particles radiate
photons because the trajectory is changed. This type of radiation is called beamstrahlung and
is a special kind of synchrotron radiation. The average energy loss δE of a particle in a colliding
bunch is given by [159]

δE ∝ γ

Eσ∗z

(
N

σ∗x + σ∗y

)2

(9.1)

with N denoting the number of particles per bunch, γ the relativistic factor of the beam parti-
cles, E the nominal beam energy and σ∗x, σ

∗
y, σ

∗
z the bunch sizes at the interaction point. With

the ILC design parameters in table 2.1 for a center-of-mass energy of 350 GeV, the average
energy loss per particle in the bunch is of the order of ∼ 7 GeV. Of course, the distribution is
highly non-Gaussian and the large tail towards high energy losses is the reason for the large
average loss. The most probable energy loss is much smaller.

Three types of photon-photon interactions are now possible, two real beamstrahlung photons,
a beamstrahlung and a virtual photon from a beam particle and two virtual photons. The
conversion of the two-photon process into an electron-positron pair is a large source of back-
ground. The transverse momentum of the pairs is small and they cause higher hit densities,
predominantly in the vertex detector. These vertex hits are a challenge for pattern recognition
algorithms but can be controlled by requiring hits in more distant detectors, e.g. SIT [33].

156



9.5 Event samples

Therefore, pair production from beam-beam interactions is neglected in the simulation to
reduce the necessary computing power (except for the BeamCal).

Drees and Godbole [160] proposed another type of background from γγ interactions into
hadrons with low transverse momentum. At the beam conditions of the ILC, the cross section
of γγ → hadrons background can be large enough to produce several interactions per bunch
crossing. The hadrons have small transverse momenta and appear as jet-like objects along the
beam direction, similar to beam remnants in hadron collisions. The interaction rate depends
strongly on the beam parameters at the ILC and has been updated since the publication of the
TDR [30]. At a 350 GeV ILC, an average number of 〈N〉 = 0.4 γγ to hadrons interactions
per bunch crossing is expected, which rises to 〈N〉 = 1.2(2.7) for a 500(1000) GeV machine
[161].

The γγ → hadrons interactions are simulated based on the cross section model by M. Peskin
[162]. The PYTHIA model for γγ → hadrons is used for √sγγ > 10 GeV and a phase
space particle production model otherwise [33]. The event vertex is smeared with a spread
of 300 µm representing the Gaussian profile of the beam bunches. The events are then fed
into Mokka to simulate the detector response of these events. The large cross sections of γγ
to hadrons interactions imply that these interactions cannot be treated as individual events but
as simultaneous background of physics events. Therefore, γγ to hadron events are overlaid
onto the physics events before the reconstruction. The number of overlay events is Poisson
distributed with the mean of 〈N〉 = 0.4. Unfortunately, during the centralized production of the
samples, the mean number of overlays for the 350 GeV samples was copied from the 250 GeV
samples. At 250 GeV, only 〈N〉 = 0.33 events are expected on average. Thus, the overlaid
background is somewhat underestimated in this analysis but is still within the uncertainties. In
addition, exclusive jet algorithms are used later to remove the overlay which further minimizes
their impact (see section 10.2).

9.5 Event samples

The signal and background samples were centrally produced by the ILD generator group and
the details are explained in [33]. Two type of polarization states for the colliding beams are
simulated, Pe−,e+ = (+1,−1) and Pe−,e+ = (−1,+1). The ILC baseline foresees a nominal
electron polarization of 80 % and a positron polarization of 30 % with an optional upgrade to
∼ 60 % by using an additional photon collimator in the positron source. However, only the
two J = 1 helicity configurations of the e− and e+ contribute to the annihilation into vector
particles [163]. Therefore, arbitrary beam polarizations of the accelerator can be simulated by
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re-weighting the events according to

σPe− ,e+ =

(
1 − Pe−

2

) (
1 + Pe+
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)
σLR +

(
1 + Pe−

2

) (
1 − Pe+

2

)
σRL (9.2)

σ−0.8,+0.3 = 0.585 · σLR + 0.035 · σRL (9.3)
σ+0.8,−0.3 = 0.035 · σLR + 0.585 · σRL (9.4)

with σRL representing the cross section for Pe−,e+ = (+1,−1) and σLR the cross section for
Pe−,e+ = (−1,+1). In this study, the main focus lies on the beam polarization of Pe−,e+ =

(−0.8,+0.3), where Higgs-strahlung and WW-fusion processes are equally important and the
total νν̄H cross section is larger. However, measurements with a beam polarization of Pe−,e+ =

(+0.8,−0.3) serve as an important cross check. The WW-fusion process is largely suppressed
as the W boson cannot couple to right-handed electrons or left-handed positrons in the SM.
Since the coupling of the Z boson also depends on the weak isospin, the cross section of
the Higgs-strahlung process is also reduced for this polarization. However, the same is true
for all background events resulting in a smaller background contamination. Therefore, this
beam polarization results in a rather clean signal sample for Higgs-strahlung events with a very
small contamination of WW-fusion events. In addition, the change of cross section is a strict
prediction from weak theory without any assumption or input parameters from the SM Higgs
sector. A consistency check between the two beam polarization is important and could help to
analyze systematic uncertainties.

The data set is scaled to an integrated luminosity of 330 fb−1 for each beam polarization. The
running time for this luminosity corresponds to roughly 250 fb−1 at a 250 GeV ILC machine
operation at 5 Hz.

Two sets of signal samples are created. The first set contains a sample which includes all
decay modes of the Higgs. The ratio of the hadronic events is the same as the Higgs branching
ratios. Due to the low branching ratio of H → cc̄, statistical fluctuations have a large effect
on the presented study. A similar set was used in the old study in [145]. In the second set,
the individual decay modes of the Higgs are simulated individually. Only the three signal and
relevant background decay modes of the Higgs are generated. With this set, the weights of
the signal events are reduced considerably. The generated and expected number of events are
given in table 11.3 and 11.4 for both beam polarizations.

For the later performed event selection, two additional MC samples are generated. The event
generator WHIZARD is steered to only generate Higgs-strahlung or WW-fusion events in
individual event samples. The interference term is neglected in this process.
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CHAPTER 10

Event reconstruction and analysis

The event hypothesis of this study is a νν̄H final state with the Higgs decaying into gluons, b
or c quarks. The corresponding detector response are two jets with an invariant mass of the
Higgs boson and missing four-momentum from the neutrinos. The reconstruction strategy is
as follows:

1. identification of isolated leptons (section 10.1): In the signal topology, leptons can only
emerge from the decay of a particle inside the jet. Any isolated lepton is an evidence of
a background process and is taken as a veto information.

2. reduction of γγ overlay (section 10.2): Low pT hadrons from γγ interactions are identi-
fied and removed from the particle list. Since the hadrons have low transverse momenta
and a small angle relative to the beam axis, they are detected as jet-like objects in the
forward region of the detector. An exclusive jet algorithm is optimized to remove the
background particles from the event.

3. clustering of the jets and flavor tagging (section 10.3): The events are reconstructed
according to the signal hypothesis. An inclusive jet clustering algorithm is steered to
cluster the event into two jet objects. In the analysis, the three hadronic decays of the
Higgs should be identified on the basis of the flavor tag of the event. A flavor-tagging
algorithm is applied on the basis of vertex information to differentiate between b quarks,
c quarks and gluons plus light quarks.

ILCSoft version v01-17-06 is used throughout the event reconstruction. The overall cut flow
as well as the final step of differentiating between the flavors will be discussed in chapter 11.

10.1 Isolated lepton tagging

As a first step of the analysis, isolated leptons are identified in each event using the Isolated-
LeptonTagger [164] software package in ILCSoft. The algorithm uses a neural net to identify
leptons and verify that they are not contained within a jet. The algorithm is not designed to
find all isolated leptons in an event, but only one of the leptons. Nevertheless, it is sufficient
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Figure 10.1: Reconstructed number of isolated leptons after running the IsolatedLeptonTagger once on
all background processes with at least one isolated a) electron or b) muon in the final state. Since the
IsolatedLeptonTagger only searches for a single isolated lepton, the number of isolated leptons cannot
be larger than one even for events with more charged leptons.

to run the algorithm once since even a single lepton is an evidence of a background process.
Input variables for the IsolatedLeptonTagger are vertex information, isolation criteria based on
cone algorithms and the energy ratios deposited in the ECAL, HCAL and muon system. The
neural net weights are trained with lνbbbb versus bbbb final states at a center-of-mass energy
of 500 GeV. The weights of the neural net may not be optimal for the tasks of this study,
however, isolated leptons are used only as veto information. Figure 10.1 shows the output of the
IsolatedLeptonTagger for all background processes which includes at least one charged lepton
in the final state. In roughly 10 % of the events, no lepton is found by the algorithm while at
least one lepton is found for the remaining 90 % of the events. Thus, the IsolatedLeptonTagger
has a veto efficiency of roughly 90 %. The relative large inefficiency of 10 % is explained by the
direction of motion of the leptons. For all non-Higgs Standard Model backgrounds, the leptons
are moving predominantly into the forward region of the detector. They escape undetected and
cannot be identified by the algorithm. In section 11.1.1 the complete cut-flow procedure will
be discussed. In the end, nearly no background contributions from processes with electrons
and muons in the final state remain and no further fine tuning of the algorithm parameter needs
to be performed. The misidentification of signal events is below 1 %. Tau-lepton identification
is not included in the lepton tagging algorithm. The rejection of processes with hadronically
decaying tau leptons in the final state is based solely on the cut-flow procedure in section
11.1.1.

10.2 γγ overlay removal

The reduction of the γγ to hadrons background overlay (see section 9.4) is the next step of
the reconstruction. The hadrons from photoproduction possess only small transverse momenta
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Figure 10.2: a) Reconstructed Higgs mass and b) missing mass of the signal events for different R
parameters of the kT algorithm. Instead of the true two-jet signal topology, the algorithm is steered
to construct four jets as this improves the resolution of reconstructed events. In violet and black the
results are shown for an inclusive Durham algorithm with two jets, which is run with and without the
reconstructed overlay particles, respectively. This can be taken as the best and worst case scenario. The
results with a larger R parameter are closer to the MC truth, with R = π/2 being the parameter limit.

and the detector topology resembles jets which move along the beam direction. This motivates
the strategy of using exclusive jet algorithms to identify the overlaid particles. In this context,
“exclusive” denotes the fact that not each reconstructed particle is assigned to a jet object, but
some particles are removed from the collection. Here, the kT algorithms is used which is based
on two distances [165]

di j =
min

(
p2

Ti, p2
T j

)
· ∆R2

i j

R2 (10.1)

di = p2
Ti (10.2)

with ∆R2
i j = (yi − y j)2 + (Φi − Φ j)2, yi denoting the pseudo rapidity, Φi the azimuthal angle

and pTi the transverse momentum of particle i. R is the tunable threshold parameter of the
algorithm and can be interpreted as a jet cone radius. As a first step, the distances di j and di

are evaluated for each pair of reconstructed particles. Then, the minimum of all pairs of di j

and di is calculated. If the minimum is di j, the particles i and j are merged to a jet candidate
and the four-vectors are added together. Naturally, particle i and j are removed from the list
of particles and the new jet candidate is added. If the minimum is equal to di, the particle is
considered to be part of the beam jet (γγ to hadrons) and is discarded from the list of particles.
This procedure is iterated until the number of jet candidates is equal to the number of requested
jets. In ILCSoft, the FastJet package [166] is implemented which provides many jet algorithms,
including the exclusive kT algorithm.
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Figure 10.3: a) Reconstructed Higgs mass and b) missing mass of the signal events for different
requested number of jets in the kT algorithm. The R parameter is tuned for all the three number of
jets and is optimized to be R = 1.57 for all cases. In violet and black the results are shown for an
inclusive Durham algorithm with two jets, which is run with and without the reconstructed overlay
particles, respectively. This can be taken as the best and worst case scenario. Although physically only
two jets are expected, the reconstructed parameters from a larger number of jets is closer to the MC
truth.

To evaluate the performance of the kT algorithm, a baseline result is needed which is considered
the optimal achievable performance. Therefore, the overlay is removed from the event on the
basis of MC truth information. The remaining particles, all originating from the hard physics
interaction, are clustered into two jets based on the inclusive Durham jet clustering algorithm
[167]. More details on the jet clustering is presented in section 10.3. This is considered to
be the best case scenario (black line in the following figures 10.2 and 10.3). Additionally, the
Durham algorithm is also run on the complete event, including overlay. This serves as the
worst case scenario in purple.

Three different numbers of jets (2, 4 and 6) and a wide range of R parameters are evaluated for
the kT algorithm. The best parameter combination is determined from the reconstructed Higgs
mass (di-jet mass) and missing mass of the signal events. Naturally, the signal topology consists
of just two jets but additional jets can occur if hard gluons are radiated off the quarks or gluons
of the signal final state. Therefore, the kT algorithm is tested with different number of requested
jets. Even if the event does only contain two jets, requesting more jets in the algorithm can
be interpreted as improving the resolution of the algorithm. To correctly reconstruct the Higgs
mass, the remaining particles after the kT algorithm are again combined into two jets with
the inclusive Durham algorithm. Figure 10.2 presents the results of the removal strategy for
different R parameters and four requested jets in the kT algorithm for a beam polarization
of Pe−,e+ = (−0.8,+0.3). In figure 10.3, the three jet configurations are presented with their
corresponding optimal R parameter. The result for a beam polarization of Pe−,e+ = (+0.8,−0.3)
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10.3 Jet clustering and flavor tagging

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
R-parameter no. of jets χ2

nd f (mjj)
χ2

nd f (mmiss)
χ2

nd f (mjj)
χ2

nd f (mmiss)

0.8 4 182.71 36.12 64.73 17.06
1.2 4 47.61 7.77 18.12 3.82
1.57 2 126.21 37.98 45.43 14.23
1.57 4 14.8 2.48 6.02 1.37
1.57 6 8.49 1.18 3.41 0.81

inclusive Durham 2 25.28 3.03 10.22 2.15

Table 10.1: χ2-test results for different parameter settings of the exclusive kT algorithm. Larger R
parameter and larger number of jets reproduce the MC-truth information better. The χ2-test is performed
on the di-jet mass (m j j) and the missing mass (mmiss) distribution.

can be found in the appendix in figures B.1 and B.2 as well as the evaluation of the R parameter
for the two- and six-jet configurations in figure B.3 and B.4. The ratio plot in the bottom
part of the figures is evaluated relative to the black distributions. One aspect to note is the
good agreement of the data with and without overlay over a fairly large mass range. This
can be explained due to the fact that the average number of overlay events for 350 GeV is just
〈N〉 = 0.33 in the simulation. Therefore, the majority of events do not contain any overlay at all
(≈ 72 %) or just a single overlay event (≈ 23.5 %). Nevertheless, a large deviation can be seen
at the falling edge of the Higgs mass spectrum. A χ2-test is applied on the single distributions
relative to the distribution of the inclusive Durham algorithms without γγ-overlay. Table 10.1
contains the results of the χ2-test. Larger R parameters shows even better results with R = π/2
being the parameter limit. The result for the different R parameter with two and six jets are
equivalent and are not shown. The two-jet configuration, although physically true, performs
even worse than the Durham algorithm with overlay particles. The identification of overlay
particles is improved with a larger number of requested jets in the kT algorithm. The following
analysis has been performed with the four-jet configuration and R = 1.57. Since the six-jet
configuration shows better results in the χ2-test, future analyses should use this configuration.
The missing mass distribution is not the limiting aspect of this analysis. However, fake tracks
from background processes can also have an impact on the tagging performance, especially
c-tagging which is more sensitive to single, short range, secondary vertices. Nevertheless, the
influence is estimated to be rather small as most of the events are not overlaid with any γγ →
hadron event.

10.3 Jet clustering and flavor tagging

Finally, the particles can be clustered for the last time and flavor tagging can be performed.
The applied algorithms are briefly introduced in this section and are all implemented in the
LCFIPlus package [168] of ILCSoft.

163
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During the simulation and reconstruction of the particles, a vertex algorithm is run as vertex
information is required for many analysis tools of ILCSoft. However, the usage of the exclusive
kT algorithm can alter the results of the vertex finder since particles are removed from the event
collection. Therefore, the vertex finder is re-run here. The vertex finder is implemented as a χ2

minimizer. To determine the primary vertex, all reconstructed particles in the event are fitted
first. Then, the particle is removed which has the largest contribution to the global χ2 value
if its χ2 contribution is above a predefined threshold. This is iterated until no further particle
exceeds the threshold. Afterwards, secondary vertices are created from all particles that are
not assigned to the primary vertex. All possible track pairs are constructed which pass several
selection criteria. One criteria is the rejection of V0 particles. The vertex finding is primarily
used to identify b and c quarks from jets. The decay of neutral particles, which decay into a
pair of charged particles, resembles the signature of heavy quarks. These kinds of particles are
known as V0 and are identified on the basis of kinematic variables. In LCFIPlus, K0

s , Λ0 and
photon pair conversion are the considered sources of V0 contamination. To identify vertices
with more than two decay products, all tracks are tested if they are compatible with the vertex
candidates. Until now, one track can be assigned to several vertices. Therefore, the vertices
are ordered according to the number of tracks and the χ2 value. The vertex with the largest
number of tracks and best χ2 value is accepted and the corresponding tracks are removed from
other vertices. The vertex fits are updated and the procedure is iterated until no further vertex
candidate exists.

After the vertices are identified, the jet clustering algorithm is applied. Jet clustering algorithms
could cluster particles from the same vertex into different jets which would degrade the flavor-
tagging performance. To resolve this issue, LCFIPlus is designed to preserve the vertices in the
jet clustering stage. Therefore, the vertices were identified first. Now, vertices are combined
if the opening angle between them is ≤ 0.2 rad. The particles of each resulting vertex serve as
seed jets for the jet clustering algorithm. Here, the signal topology hypothesis is applied onto
all events. All events are forced into two jets using the LCFIPlus jet finder which is based on
the Durham distance measure of [167]

Di j = 2(1 − cos θi j)
min(Ei, E j)2

E2
CM

(10.3)

with θi j representing the angle between the two particles, Ei the energy of particle i and ECM

the center-of-mass energy. The Durham distance is calculated for each pair of reconstructed
particles and the two particles with the minimal Durham distance are merged into a jet object.
The four-vector of the jet is derived from the four-vector sum of the two particles, which is
called the E-scheme. This procedure is iterated until the remaining number of jets is equal to
the requested number of jets. The Durham algorithm provides the user with two additional
parameters Dn−1,n and Dn,n+1 with n being the number of requested jets (here two). Dn,n+1 is
the Durham distance of the last iteration of the algorithm to reach the requested number of
jets, while Dn−1,n is the smallest Durham distance between particles from different jets. If the
underlying physical process and the requested number of jets are consistent, Dn,n+1 is expected
to be small and Dn−1,n large. More details on the LCFIPlus jet finder can be found in [169].
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The last step of the analysis is the flavor tagging of the reconstructed jets. The flavor tagging in
LCFIPlus is realized by means of multivariate classifier as implemented in TMVA [170]. The
jets are categorized by the number of associated secondary vertices. For each set, a boosted
decision tree with gradient boost [171, 172] is trained for three different flavor hypotheses: b, c
and light quarks. The classifiers are normalized such that it can be interpreted as a probability
with a total sum of one for all three flavor tags. The input variables are normalized with
respect to the jet energy to diminish the jet energy dependence. Since acceptance cuts and
detector effects are not invariant as a function of jet energy, a jet energy dependence cannot be
completely avoided. Therefore, different weight samples were generated centrally to cover a
wide range of jet energies in analyzed physics processes. Here, the weights of a six-jets final
state sample at 500 GeV is used as the jet energy distribution is the closest to the signal two
jets energy distribution at 350 GeV (plus the two additional neutrinos). The performance of the
applied flavor-tagging algorithm has already been shown in figure 2.5b.
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CHAPTER 11

Determination of Higgs branching ratios

In this section, the analysis steps to extract the hadronic Higgs branching ratios are presented.
As this is a feasibility study for the future ILC collider, the uncertainties on the branching
ratios will be the main results of this study. In order to estimate the uncertainties, two different
analysis strategies are conducted and compared. The first strategy is discussed in section 11.1,
in which the branching ratios are derived by means of template fits to the flavor likeness and
the missing mass of the events. This method was also used in previous studies on the Higgs
hadronic branching ratios for the ILD. The second analysis strategy, which is a simple event
counting method, is explained in section 11.2. The SiD community mainly used the event
counting method in their analyses on the Higgs hadronic branching ratios. In both analysis
methods, multivariate analysis techniques are used for the event selection to achieve the highest
possible signal efficiency and background suppression. In section 11.3, the results of the
presented analysis are discussed. A comparison to previous studies is given as well as a short
discussion of the discrepancy between the SiD and ILD results at 1 TeV with respect to the new
analysis results.

11.1 Template fit method

The template fit method is based on creating template histograms of the b- and c-flavor likeness
of an event for the three signal final states bb̄, cc̄ and gg, as well as the Standard Model
background from simulated events. The data histogram is described by a linear combination of
these template histograms. The scaling factors of the single components represent the ratio of
measured and SM predicted cross section of the final states.

The template fit method is divided into three steps.

1. an event selection must be performed such that the fit is not dominated by SM background
fluctuations. The event selection is separated into a preselection and an event selection
using multivariate analysis techniques

2. the template histograms are created from simulated events.
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11 Determination of Higgs branching ratios

3. the template histograms are fitted to the data. Three different fits are conducted to test
whether Higgs strahlung and WW fusion can be separated.

All steps are described in more detailed in the following.

11.1.1 Event selection

As a first step of the analysis, the number of background events must be reduced to improve
the signal-to-noise ratio for the fitting procedure. A Multivariate Analysis Technique (MVA)
is chosen here to achieve the optimal selection performance. The advantage of a multivariate
analysis is that correlation between the variables are taken into account, which are not treated
in a cut-based procedure. However, the training process of an MVA must be handled with care
to not suffer from systematic effects, e.g. overtraining. In this analysis, the total number of
background events is three orders of magnitude larger than the signal events. Thus, preselection
cuts are applied to suppress the most dominant background events. With this, the performance
of the resulting MVA classifier is improved and the computing time reduced.

Preselection

Generally, the performance and order of selection cuts is motivated by maximizing the signifi-
cance s (the reason is explained in detail in section 11.2)

s =
Nsig√

Nsig + Nbkg
(11.1)

with Nsig and Nbkg denoting the number of remaining signal and background events, respec-
tively. Although a maximization of s is important for a minimal statistical error, another aspect
must be considered here: similar selection efficiencies for Higgs strahlung and WW fusion are
desired here. The individual selection efficiencies are monitored using the two additional event
samples where only Higgs strahlung or WW fusion is simulated.

The selection procedure is structured in the following way. First of all, a selection of observ-
ables is collected which are expected to help to discriminant between signal and background.
For each observable, the optimal cut values are identified by simply testing possible cut values
in a given range and step size. The value, which leads to the largest significance, is chosen as
the optimum. The observable, with which the highest significance is achieved, is used as the
first selection variable. Then, the optimal cut value of that observable is also determined for
WW fusion and Higgs strahlung independently using the additional event samples. The least
tight constraint of the two is selected to maintain the signal efficiency of the other sample. This
cut is applied on the complete data set and the procedure is iterated. A sketch of the discussed
selection strategy is shown in figure 11.1.

Before applying this procedure on the simulated data, the veto information from the Isolated-
LeptonTagger is used first. As already discussed in section 10.1, any isolated lepton in the
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Figure 11.1: Selection strategy for the determination of the cut flow parameters for the preselection. The
presented values are artificially chosen for better clarification.

event is an indication of a background process because leptons can only be contained within
a jet in the signal process, e.g. semi-leptonic decays of the b quark. Figure 11.2a depicts the
effect of the cut. The contribution of the considered SM background processes and the signal
is presented. The number of isolated leptons can be either zero or one since the isolated lepton
finder is only run once. The misidentification of signal events is below 1 % while ∼ 90 % of
leptonic SM background processes are removed.

The second cut variable, which is found following the selection strategy in figure 11.1, is the
total transverse momentum PT,vis of the di-jet system. PT,vis is defined as

Px/y,vis = px/y,j1 + px/y,j2 (11.2)

PT,vis =

√
P2

x,vis + P2
y,vis (11.3)

with px,j1 and px,j2 representing the momentum of the first and second jet in the x-direction
of the global coordinate system. Due to momentum conservation, the total amount of visible
transverse momentum is the negative value of the missing transverse momentum. Neutrinos
from W/Z decays are the dominating source of missing momentum, but also neutrinos from
semi-leptonic b/c quark decays have non-negligible impact. However, the finite acceptance
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Figure 11.2: The distributions of the first two cut parameters from the selection scheme are presented
for the signal and all background processes considered. The cut on the number of isolated leptons is
already applied before figure 11.2b. The red bars indicate the cut values.

region of the detector can fake missing transverse momentum in the reconstructed events.
One example are ISR photons at low polar angles which escape detection in the beam pipe.
Nevertheless, the fact that these particles are focused in the forward region of the detector
implies that their transverse momentum is small. Consequently, any background event without
neutrinos in the final state (e.g. fully hadronic) can be identified by a lower threshold. Figure
11.2b shows the missing transverse momentum distribution of signal and background events
after the cut on isolated leptons is applied. The red bars indicate the cut values which are used
for a beam polarization of Pe−,e+ = (−0.8,+0.3).

Another natural choice for a preselection cut is the visible invariant mass Mvis

Mvis =

√
E2

vis − ~P2
vis (11.4)

with Evis and ~Pvis denoting the visible energy and momentum of the event. The signal signature
in the event is a Higgs boson decaying into two jets. Hence, the expected visible mass is given
by the simulated Higgs mass of mH = 125 GeV. The width is mainly driven by the jet energy
resolution. Figure 11.3 shows the visible mass distribution after the first two cuts are applied.
The asymmetric shape of the signal distribution is coming from semi-leptonic decays of the b
quarks which have a branching fraction 10.6 % [14]. The additional neutrino cannot be detected
and jet energy is lost. In recent studies of the Higgs self coupling, a correction for the semi-
leptonic b quark decays was implemented [173]. Leptons in the jets are identified and a fixed
fraction of the lepton energy is added to the total jet energy. Of course, the uncertainty of the
jet energy must be adopted accordingly to the width of the neutrino energy distribution which
is taken from simulation. This correction was not applied here but should also be included in
future updates of this analysis. Nevertheless, the cut on the visible mass helps to differentiate
between the signal and the decays of W and Z bosons.
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Figure 11.3: Distribution of the visible mass after the first two cuts were applied. The red bars indicate
the cut values.

Equivalent to the last two cuts, many more parameters were evaluated according to the selection
scheme. The details of these parameters are not presented here because they will become
obsolete once the multivariate analysis is applied. However, table 11.1 presents the first seven
cuts following this cut-scheme to indicate the level of significance which can be achieved with
a simple cut-based approach. The decomposition of the background into single processes will
be given later in table 11.3. “Generated” denotes the total number of generated events with
the simulation setup. “Expected” denotes the number of events which are expected from the
integrated luminosity and the cross section of the process. The generated events are weighted
such that the sum of weights is equal to the expected number of events. Since the selection
scheme is also targeting an equivalent efficiency for both production processes, a slightly larger
significance can be achieved if only s is maximized. This was also tested and a significance
level of > 70 can hardly be achieved. In addition, the selection efficiency would be strongly
biased towards Higgs-strahlung events. However, a multivariate analysis (MVA) is foreseen as
the main discriminant. This cut-based approach only serves as preselection cuts for the MVA.
How many of the preselection cuts should be applied before the MVA is studied in the next
section.

MVA selection

The information of an event is expressed by a (large) set of observables. The discrimination
between background and signal events is based on the multidimensional parameter space which
is formed by the measurement observables. Each step in a cut-based approach is limited to
one dimension and the remaining event information is neglected. Correlations between the
variables are not taken into account. A multivariate analysis (MVA) is the obvious solution
to use the complete event information simultaneously. In high energy physics, multivariate
analyses have an increasing importance since ever smaller signals are studied in ever larger data
sets. Here, a multivariate classification method is applied for the event selection to maximize
the significance of the signal. Multivariate classifiers are created by applying machine based
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11 Determination of Higgs branching ratios

Process Nbkg Nsig Signif.

Cross Section [fb] 60 202 68
Generated 6 707 600 390 880
Expected 19 866 508 22 476 5.0
no. of iso. leptons = 0 16 613 553 22 304 5.5
155 GeV > PT,vis > 30 GeV 1 173 088 19 187 17.6
135 GeV > Mvis > 90 GeV 213 004 17 637 36.7
0.19 > cos a 114 473 16 509 45.6
no. of reco. particle (> 1 GeV) > 25 44 025 12 947 54.2
Dp > 0.08 27 993 12 256 61.1
120 GeV > pL,vis 24 728 11 981 62.5

Table 11.1: Cut-flow table for the selection scheme as presented in figure 11.1 for a beam polarization
of Pe−,e+ = (−0.8,+0.3) and Lint = 330 fb−1.

learning algorithms. For these types of algorithms, training events are required for which the
desired output value is known, here a simple true/false statement (signal/background). The
algorithm produces a mapping function from the training sample. This mapping function can
be used to calculate a “probability” whether the event is signal or background like.

The multivariate classifier is determined using the Toolkit for MultiVariate Analysis (TMVA)
software framework [170]. While multivariate analyses are powerful tools, they need to be
used with care. The output of the training sample needs to be known which is why simulated
events are typically used. Therefore, the detector performance and the underlying physics
processes, e.g. hadronization of colored particles, must be precisely understood and modeled in
the simulation. Any deviation between the measured and simulated input variable distributions
would degrade the performance of the MVA. Since only simulated events are used in this study,
this issue does not occur here but needs to be considered for a real experiment.

To apply TMVA on the data, two decisions must be made. Since many different MVA tech-
niques are implemented in TMVA, which of them should be used and how many preselection
cuts should be applied prior to the training procedure? Using the complete background as input
for the MVA can degrade the performance of the classifier since the reduction of the largest
background has the strongest impact on the mapping function. Preselection cuts suppress the
most dominant backgrounds and the MVA classifier is trained more specifically to identify
difficult backgrounds. Without any correlations between the input variables, the Neyman-
Pearson lemma states that the likelihood ratio has the highest discrimination power [174].
However, correlations between the variables are visible and the technical implementation of
the algorithms also effects their performance. The best MVA technique is found by simply
testing several and compare their discrimination power.

The input MC events are split into two distinct sets, the “training” and “data” set. Each event
is selected randomly for the training set with a 30 % probability. There are two reasons to
use two statistical independent data sets in an MVA approach. First of all, overtraining of
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Figure 11.4: a) ROC curve of different MVA techniques. The ROC curve with the largest area under
the curve has the best performance. Here, boosted decision trees with AdaBoost (BDT), gradient boost
(BDTG) and a neural net (MLP) perform similarly well. b) BDTG output distribution for signal and
background for the test and data sample. The agreement of the training and data sample indicate that
the BDTG is not overtrained.

classifiers can be monitored. Overtraining describes the effect that the output classifier is
sensitive to statistical fluctuations of the training sample, which often occurs if only small
data sets are available. By comparing the MVA response distribution of the data and training
sample, overtraining can be identified. Both distributions should be equal within their statistical
uncertainties which is validated based on a Kolmogorov-Smirnov test [175] in TMVA. The
second reason is the reduction of bias effects. Especially if overtraining of the MVA occurs,
the discrimination power is overestimated in the training sample as the MVA is sensitive to
statistical fluctuations of that particular sample.

The performance of MVA classifiers is illustrated by the Receiver Operating Characteristic
(ROC). ROC curves show the background rejection against the signal efficiency for various
thresholds of the classifier. Figure 11.4a shows ROC curves for different MVA techniques
tested in this study. The best classifier can be identified by the largest area under the curve.
Here, boosted decision trees (BDT) [171, 172] and artificial neural networks (MLP) [170]
have the best performance. The respective curves are lying on top of each other. In TMVA
the training time of the BDTs is an order of magnitude shorter than for neural nets. Different
options for the boosting of the decision trees are implemented within TMVA. Adaptive boost,
gradient boost and bagging are tested with the former two giving similar results. Experience
shows that gradient boost is less sensitive to overtraining and is the chosen MVA technique in
this study. Figure 11.4b shows the gradient boosted BDT response (BDTG) for the training
and data samples of the background and signal. The training and data samples are in good
agreement with each other which indicates that the BDTG is not overtrained.

173



11 Determination of Higgs branching ratios

 [GeV]vism
90 100 110 120 130 140

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

0

200

400

600

Background

Signal

(a)

 [GeV]
t,vis

p
50 100 150

no
. o

f e
ve

nt
s

0

1000

2000

3000

4000

5000

0

100

200

300

Background

Signal

(b)

Θcos
-1 -0.5 0 0.5 1

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

10000

0

50

100

150

200

250
Background

Signal

(c)

|
z,vis

|p
0 50 100 150 200

no
. o

f e
ve

nt
s

0

1000

2000

3000

4000

5000

0

100

200

300

400

500

Background

Signal

(d)

cos(a)
-1 -0.5 0 0.5 1

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

0

200

400

600
Background

Signal

(e)

no. of reconstructed particles
0 10 20 30 40 50 60

no
. o

f e
ve

nt
s

0

5000

10000

15000

0

200

400

600

800

1000

1200
Background

Signal

(f)

T
0.7 0.75 0.8 0.85 0.9 0.95 1

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

0

100

200

300

400
Background

Signal

(g)

(x)n
-1 -0.5 0 0.5 1

no
. o

f e
ve

nt
s

0

1000

2000

3000

4000

0

50

100

150

200

Background

Signal

(h)

(y)n
-1 -0.5 0 0.5 1

no
. o

f e
ve

nt
s

0

1000

2000

3000

4000

0

50

100

150

200

250
Background

Signal

(i)

(z)n
-1 -0.5 0 0.5 1

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

0

50

100

150

200

250
Background

Signal

(j)
12D

0 0.2 0.4 0.6 0.8 1

no
. o

f e
ve

nt
s

0

2000

4000

6000

8000

10000

12000

0

100

200

300

400

500

Background

Signal

(k)
23D

0 0.02 0.04 0.06 0.08

no
. o

f e
ve

nt
s

0

10000

20000

30000

40000

50000

0

2000

4000

6000

Background

Signal

(l)

Figure 11.5: Input parameters of the multivariate selection after the first three preselection cuts have
been applied for a beam polarization of Pe−,e+ = (−0.8,+0.3).
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11.1 Template fit method

The input variables for the multivariate analysis must be chosen. The preselection variables
Pt,vis and mvis are fed into the BDT since underlying correlations between the variables still
contain information. Further input variables are used. Figure 11.5 shows the distributions of
most of the parameters for signal and background after the first three preselection cuts have
been applied for a beam polarization of Pe−,e+ = (−0.8,+0.3). The input variables are:

• the momenta, masses and polar angles of the individual jets: These variables are used
since they are equivalent to the most fundamental measurement observables of the two
jets: the jet energy, transverse momentum and longitudinal momentum

• the polar angle of the total visible momentum cos Θ =
Pz,vis√

P2
x,vis+P2

y,vis+P2
z,vis

, fig. 11.5c:

The Higgs boson, being a spin zero particle, decays isotropically. Since the beams are
polarized, W and Z bosons are also produced polarized and the angular distribution of
their decay is anisotropic. Therefore, the Higgs decay angular distribution depends on the
production process. For Pe−,e+ = (−0.8,+0.3), the two production processes have similar
cross sections and their angular distribution adds up to a roughly isotropic distribution.
For Pe−,e+ = (+0.8,−0.3), the Higgs-strahlung process dominates by far and the Higgs
decay angular distribution resembles that of a Z boson. Nevertheless, backgrounds from
weak bosons can be identified depending on the angular distribution.

• visible longitudinal momentum PZ,vis, fig. 11.5d: The longitudinal momentum distribu-
tion of backgrounds from weak bosons has a most probable value (MPV) different from
zero, due to their anisotropic decay. The longitudinal momentum of signal events has a
MPV equal to zero.

• the angle between the momentum axis of both jets cos a =
~pj1·~pj2√
~p2

j1·~p2
j2

, fig. 11.5e: This is in

principle a cut on the boost of the decaying particle. In the rest frame of the Higgs, the
decay products are radiated back-to-back. For WW-fusion events, the Higgs boson has
low kinetic energy and the jet angle is large. For Higgs-strahlung events, the Higgs has
a well defined boost since the Z is produced at rest. The boost can be translated into a
jet angle. The background processes include a single or two weak gauge bosons, where
the hadronic decay of one gauge boson fakes a signal Higgs decay. Since the mass of the
weak gauge bosons is smaller of than the Higgs, the weak bosons have a larger boost and
thus a smaller angle between the jets.

• the number of particles above 1 GeV, fig. 11.5f: The number of reconstructed particles
in a jet is larger for heavy quarks and gluons. Background events with light quark can be
identified. Soft particles (< 1 GeV) are removed to improve the discrimination power.

• thrust T = maxn̂

∑
i |~pi·n̂|∑

i |~pi | , fig. 11.5g, and thrust axis n̂, fig. 11.5h,11.5i,11.5j: The thrust
can have values between 1/2 and 1, with 1/2 being a perfectly spherical event and 1 a
pencil like back-to-back two-jet event. The argumentation is similar to cos a. For WW-
fusion events, a value close to 1 is expected since the Higgs boson is produced with
low kinetic energy and decays back-to-back. For Higgs-strahlung events, the boost of
the Higgs reduces the thrust value. The larger boost of the background events leads to

175



11 Determination of Higgs branching ratios

training after preselection cut Nsig Nbkg Signif. after BDT

- 11 585 42 414 49.9
no. of iso. leptons = 0 12 288 16 935 71.9
155 GeV > PT,vis > 30 GeV 12 682 7334 89.6
135 GeV > Mvis > 90 GeV 12 772 6023 93.2
0.19 > cos a 12 495 5560 93.0
no. of reco. particle (> 1 GeV) > 25 10 463 4151 86.6
Dp > 0.08 10 245 4039 85.7

Table 11.2: A BDT is trained after each preselection cut and the maximal significance of the output
classifier is presented. In case of the second preselection cut, the first cuts is also applied and so on. The
best result is obtained after three preselection cuts.

a thrust value between the Higgs-strahlung and the WW-fusion events. The thrust axis
n̂ is again distributed isotropically for signal events and anisotropically for background
events.

• the two Durham parameter D12 and D23, fig. 11.5k and 11.5l: As discussed in section
10.3, the Durham parameters are a measure of how well the events resembles the re-
quested two-jet hypothesis. A large D12 and a small D23 are expected for the signal.
These parameters help to identify background which does not have a true two-jet final
state. Examples are H → WW∗ and W boson pairs where one boson decays via a tau
lepton which gets misassigned to the jets of the other W boson.

To evaluate how many preselection cuts should be applied, a BDT without any preselection is
trained first and the selections cuts are added one by one. The maximal reachable significance
for the classifiers are then compare as shown in table 11.5 for a beam polarization of Pe−,e+ =

(−0.8,+0.3). The best result is found after three selection cuts. The significance degrades if
more preselection cuts are applied since too many signal events are removed which can be
saved in the MVA approach. Therefore, a BDT response function after three selection cuts is
chosen here.

This procedure is also performed for a beam polarization of Pe−,e+ = (+0.8,−0.3) and the
results are equivalent. The final event selection after the MVA selection is presented in detail
in the tables 11.3 and 11.4 for both beam polarizations. The background is dominated by three
contributions:

1. νν̄H final state with Higgs decaying to other final states, predominately WW and ZZ. If
the boson pair decays hadronically and each of the resulting pair of hadrons is clustered
into a single jet, the background can hardly be distinguished from the signal. Cluster
shape variables or more dedicated clustering algorithms would be candidates to improve
the background reduction.

2. Irreducible backgrounds (depicted as ννZ and ZZ semi-leptonic in the plots and cut-flow
tables) make up the largest contribution to the background. This is expected since the
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11.1 Template fit method

irreducible backgrounds have the same final state as the signal. Kinematic variables
are important to identify irreducible background. However, jet energy resolution and
clustering efficiencies reduce the discrimination power. Irreducible backgrounds will
always provide a significant contribution to the background events in the νν̄H channel.

3. In semi-leptonic WW-events, one of the W bosons decays hadronically and the other into
muon or tau lepton plus corresponding neutrino (the case of electron is captured in the
Wνe sample). The leptonic decay of the W is one of the keys to identify this background.
Due to the IsolatedLeptonTagger, the decay into muons is completely suppressed in the
event selection. More than 95 % of the remaining semi-leptonic WW-events after the
event selection are from tau leptons. Less than 10 % out of these are from leptonic
decays of the tau. Thus, the main background here are from hadronic decays of the
tau. Although the background suppression efficiency of the MVA is also large for this
source of background, it is still dominant due to the large WW cross section. In contrast
to the fully hadronic WW background, missing momentum is reconstructed due to the
neutrino. A dedicated algorithm to identify hadronic tau decays could further improve
the background suppression but is not investigated in this thesis.

The achieved signal significance is unprecedented compared to analyses of the same channel
performed in ILD. In reference [145], a significance of 64 is reached for an integrated lumi-
nosity of 250 fb−1 (66.4 is stated in the paper but the decay of Higgs to other final state is
incorrectly counted as signal, too). Scaling this to an integrated luminosity of 330 fb−1 and
ignoring the different branching ratios of the Higgs, a significance of only 73 is reached. Here,
the significance of 93 helps to improve the accuracies of the hadronic Higgs branching ratios.
Even for the beam polarization of Pe−,e+ = (+0.8,−0.3), the significance is 60 after the MVA
and therefore comparable to the previous study for a beam polarization ofPe−,e+ = (−0.8,+0.3).
The reason for the large improvement in the selection procedure is clearly the usage of a
boosted decision tree.

One goal of the selection procedure is an equal sensitivity of Higgs-strahlung and WW-fusion
events. Additionally, a good sensitivity to all three hadronic Higgs decays is also important. To
accomplishment the latter, variables must be neglected in the selection process which can be
used to differentiate between the final states too well. The flavor tags of the jets are one striking
example. If flavor tags are used in the BDT, the classifier would predominantly select H→ bb̄
events because a larger fraction of the SM background can be suppressed and sensitivities
above 100 can be reached. However, the accuracies in the c and g channel would deteriorate
dramatically. This technique will be used later in the event counting method in section 11.2.

Table 11.5 presents the selection efficiencies after the BDT for both beam polarizations. In
the top part of the table, only selection efficiencies for the three signal decays of the Higgs
are shown, while the final states are divided into the two production processes in the bottom
part. Similar selection efficiencies for both production processes and the three final states are
accomplished. The small bias toward gluon events can be explained by the missing mass
cut and the small statistics of charm events. The missing mass cut degrades the b quark
efficiency since it cuts of the asymmetric tail of the signal distribution which originates from
semi-leptonic b decays. The degradation of the charm selection efficiency occurs in the MVA
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11 Determination of Higgs branching ratios

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
Process efficiency [%] efficiency [%]

H→ bb̄ 56.4 67.6
H→ cc̄ 55.6 67.9
H→ gg 60.2 71.6

ZH→ νν̄bb̄ 58.1 69.3
ZH→ νν̄cc̄ 56.0 69.5
ZH→ νν̄gg 59.9 73.0
WWνν̄→ νν̄H→ νν̄bb̄ 55.1 58.6
WWνν̄→ νν̄H→ νν̄cc̄ 55.3 59.4
WWνν̄→ νν̄H→ νν̄gg 60.4 63.9

Table 11.5: Selection efficiencies of the individual final states. In the bottom part, the signal is divided
into the two production processes. A discussion of the results is given in the text.

selection. It is difficult to trace back the reasons in a MVA analysis. The most likely reason is
that the charm channel is the smallest fraction of the complete signal. Therefore, a biased
selection efficiency towards the other two decay modes is advantageous to obtain a larger
overall signal significance. For a polarization of Pe−,e+ = (+0.8,−0.3), it is expected to achieve
a larger signal efficiency because SM backgrounds with W boson interactions are strongly
suppressed for right handed electrons. Selection regions can be set more loosely compared
to the other beam polarization. This implies a higher signal efficiency without decreasing
the sensitivity. For this polarization, the WW-fusion process is strongly suppressed and the
majority of the signal events are from Higgs strahlung. As explained for the charm channel,
a bias towards Higgs-strahlung events is advantageous to achieve the highest overall signal
significance. In addition, the preselection cut on the visible transverse momentum already
creates a 10 % degradation of WW-fusion events. In general, the presented approach of event
selection shows very good performance and a sufficient homogeneity of selection efficiencies
for the different final states.

11.1.2 Template fitting

After the BDT selection, the Higgs hadronic branching ratios are determined by means of tem-
plate fits to the flavor likeness of the di-jets obtained with the flavor-tag algorithm implemented
in LCFIPlus (see section 10.3). Therefore, the flavor likeness (X = b, c) of the Higgs di-jets is
defined from the flavor likeness of each jet xi (x = b, c; i = 1, 2) according to [145]

X =
x1x2

x1x2 + (1 − x1)(1 − x2)
. (11.5)

To determine the branching ratios of the Higgs, three different fit models are evaluated in the
following. The first fit function is a five-parameter fit which follows the analysis strategy of
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11.1 Template fit method

former studies on hadronic Higgs branching ratios at the ILD [145, 150]. In this fit formalism,
a differentiation between the two signal production processes is not considered.

In a second step, the fit method is modified to account for the two production processes. The
template histograms are split into Higgs-strahlung and WW-fusion events. This increases
the number of fitted parameters to nine and is referred to as the nine-parameter fit in the
following.

The third presented fitting procedure is a modification of the nine-parameter fit in which the
Higgs-strahlung cross section is constrained. The Higgs-strahlung cross section can be deter-
mined model-independently and precisely in Higgs recoil measurements in leptonic decays of
the Z boson [38, 39]. Applying this constraint, the Higgs decay branching ratios and the WW-
fusion cross section are directly accessible in this fit. This fitting procedure is referred to as the
branching-ratio fit.

Five-parameter fit

In [145], the three dimensional distribution of the b, c and bc-likeness is used in the fit. The
bc-tagging variable is another c-probability whose neural net is trained with only Z → bb̄ as
background. This additional flavor likeness was dropped in the advancement of ILCSoft and
is substituted by the missing mass here. The missing mass is chosen since it is important in
the two other fit models. A template distribution is created for each signal final state H → bb̄,
H → cc̄, H → gg, the integrated other decay modes of the Higgs (defined in the following as
H → oth) and the SM background. The data distribution is described by a linear combination
of the template histograms

Ndata
i jk =

∑
x=bb̄,cc̄,gg,oth

rx · NH→x
i jk + Nbkg

i jk (11.6)

rx =
σ × BR(H→ x)

(σ × BR(H→ x))S M (11.7)

with NH→x
i jk denoting the expected number of events in bin (i jk) of the Higgs decay channel

x, Nbkg
i jk in the SM background and Ndata

i jk in the data. rx are the free fit parameters with σ
being the total cross section. One “curse of dimensionality” is that even a few bins in each
dimension leads to a large total number of bins. Here, the total number of events after the event
selection are approximately 20000 and 7000 for a beam polarization of Pe−,e+ = (−0.8,+0.3)
and Pe−,e+ = (+0.8,−0.3), respectively. Even with only ten bins in each dimension, the three
dimensional distribution is separated into 1000 bins. As a result, a significant fraction of bins
is populated with a small number of events and thus the bin errors cannot be assumed to be
Gaussian distributed. The probability to observe n events in bin (i jk) is Poisson distributed
as

Pi jk =
µn

n
e−µ (11.8)
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11 Determination of Higgs branching ratios

with µ = N template
i jk and n = Ndata

i jk . A χ2 fitting formalism cannot be used in this case. The
binned maximal log likelihood estimation accounts correctly for the small-entry bins and is
used throughout this study [176].

The template histograms also suffer from statistical fluctuations due to insufficient MC statis-
tics. In the χ2 formalism, this is accounted for by modifying the error term in the denominator.
The correct treatment of template uncertainties in a binned maximal log likelihood formalism
is described in [176]. This leads to the introduction of many more fit parameters (one per
bin per template). Instead of introducing these parameters in the fitting procedure, an analytic
solution of this problem is described in [176]. Well known tools in high energy physics are
implementations of this analytic expression, e.g. TFractionFitter in the ROOT package. Gen-
erally, TFractionFitter would be the perfect choice for the fitting problem under investigation.
However, the analytic solution is based on two assumptions. First, the total number of events
in each template is large enough to assume Gaussian uncertainties. Second, the number of
events in each bin is smaller than the total number of events in any template. The second
assumption is not satisfied here. The amount of events in the H → cc̄ sample is smaller than
the number of events in the data bin which represents a very large b-quark and a small c-quark
likeness. The TFractionFitter has still been tested but the fit is unstable. In addition, the task
here is to evaluate the potential of the ILD detector for measuring the Higgs hadronic branching
ratios. Computing power for MC production will not be the bottleneck of this analysis at the
time when real data is available. Since the current MC statistic would limit the results from
TFractionFitter, the results would not correctly represent the capabilities at the ILD. In this
analysis, “unlimited” MC statistics is assumed and the uncertainties of the template histograms
are neglected.

To perform the fitting procedure, the binning must be chosen in all three dimensions. Informa-
tion, and thus resolution, is lost if the binning is too coarse. At the same time, a too fine binning
biases the fit results since statistical fluctuations in the bins dominate the fitting procedure. In
previous studies of hadronic Higgs branching ratios at the ILD, an equidistant binning in all
dimensions was used [145, 150]. As a first starting point of the presented analysis, the same
strategy as in [145] is followed for a better comparison of the results. At the time of that study,
MC statistics was not very large, which is why the template and the fake data histograms were
generated from the very same event sample. To be independent from statistical fluctuations, the
fit uncertainties were not taken from a single fit but the fit was repeated 5000 times. Therefore,
5000 toy MC data distributions were generated by exchanging the individual bin content of the
data samples with a random number which is taken from the Poisson probability distribution of
each bin. The uncertainty of the fit parameter was derived from the width of the distribution of
all 5000 fit values while the fit parameter itself is represented by the mean value. Figure 11.6
shows an example distributions following the same procedure.

Of course, data and template histograms are not statistically independent if they are created
from the same event samples. This has implications on the determination of the optimal
binning for the fitting procedure. Generally, the optimal binning is determined by successively
increasing the bin number until a bias of the fit parameters is observed. By construction,
the fit parameters of the five-parameter fit must be consistent with 1 since the template and
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Figure 11.6: Example distributions of fit parameter rcc̄ for 5000 fits of the five-parameter fit to toy MC
data. A Gaussian fit is shown in red.

data histograms are created with the same simulation setup. Any significant deviation is an
indication of a bias. However, this strategy cannot be applied if data and template histograms
are dependent. Due to the correlation, the fit parameters never show any sign of bias. This
is demonstrated in the figures 11.7 with the red data points. In figure 11.7a, the uncertainty
of fit parameter rcc̄ is plotted in red for a standard binned maximal log likelihood fit for dif-
ferent number of bins. As expected, the uncertainty decreases with increasing number of bins
because substructures can be resolved and the signal-to-background separation is increased.
The statistical limit of the uncertainty is given by 1/

√
Nsig ≈ 6 %. This is reached when the

signal and background events are fully separated because each event is filled into a separate
bin. In figure 11.7b, the mean value of the fit parameter is given. Despite the huge number of
bins, the mean value is perfectly consistent with one and no sign of bias is visible. Of course,
such an extreme binning cannot be applied on real data without being completely dominated
by statistical fluctuations. The blue data points in figure 11.7b show the same results if the
data and template histograms are statistically independent. Large systematic effects are visible
for bin numbers above 13. The different size of the error bars is coming from the fact that the
uncertainties are determined differently for both data sets. The RMS of all 5000 fit values is
considered as the uncertainty for the blue data points while the uncertainty of the mean value
must be taken for dependent data sets. To cope with the dependent data sets, a different fitting
strategy was applied in [145]. Bins were not considered in the fit which fulfilled the following
requirement

N template
i jk =

∑
x=bb̄,cc̄,gg,oth

rx · wH→x · NH→x
i jk + wbkg · Nbkg

i jk < 1.0 (11.9)

with w representing the weight to scale the template histograms to the assumed integrated
luminosity and beam polarization. This means that any bin is omitted which is populated with
less than one event in the sum of all templates (the events have float precision after weighting).
The idea of this concept is that the additional information gain from the finer binning is
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Figure 11.7: Binning artifacts from different fitting procedures. 100 bins in one dimension corresponds
to a total of 1000000 bins (100 × 100 × 100). Details are given in the text.

compensated by the loss of information as more and more bins, and thus events, are discarded.
The blue data points in figure 11.7a shows the result of this fitting procedure. Although this
might be a strategy to receive stable uncertainties, it is not well motivated that the asymptotic
uncertainty of 10 % is a reasonable estimation of the truly achievable fit uncertainties.

In the following, data and template histograms are always created from independent MC
samples to be able to observe a bias of fit parameters. It must be noted that only the signal
events are split and the SM background events are still taken from the same event sample.
The MC statistics of SM background is still not sufficient to allow splitting the samples.
However, the SM background contribution is fixed to 1 in the fit throughout the analysis. This
is motivated by the fact that SM background processes are assumed to be known to a very
high precision at the time of the ILC running. The statistical fluctuations of the background
must still be treated correctly in the generation of the toy MC data samples. Then, the fitting
performance is not affected by the dependency between data and template histograms of SM
background.

The fitting uncertainties can be slightly improved by using variable bin sizes. Figure 11.8 shows
the b- and c-likeness of the di-jet system after the event selection. Both distributions peak at a
likeness of 0 and 1. The peak for a c-likeness of 1 is less pronounced as the branching ratio of
H→ cc̄ is small. Consequently, the bin sizes are chosen according to the event densities while
the missing mass dimension is binned equidistantly in the signal region (see figure 11.9b). In
the end, the three dimensional distributions are binned into 1408 bins for all following fits.
A large fraction of bins are empty, because the two dimensional projection of b- and c-flavor
likeness cannot be populated in the upper triangular region since the sum of all flavor likenesses
must be ≤ 1. Two dimensional projections of the template histograms are given for the nine-
parameter fit in figure 11.10 and 11.11. For the templates of the five-parameter fit, the templates
with the same final state from the two Higgs production processes must be summed up.
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Figure 11.8: b- and c-likeness of the di-jet system of signal (H → bb̄, cc̄, gg) and SM background for a
beam polarization of Pe−,e+ = (−0.8,+0.3).

While it is justified to assume the SM background to be known with great detail, the treatment
of the other decay modes of the Higgs is more arguable. The remaining background decay
modes after event selection are H → WW and H → ZZ, while seven events from H → τ−τ+

can be neglected (see cut-flow tables 11.3 and 11.4). One possible assumption is that the
branching ratios of these background final states are precisely known from studies with low
correlations to the presented analysis as it is done in [145, 150]. However, the uncertainty on
the other branching ratios depends on the staging scenario and measurement plan of ILC. They
can be modest at the time when the hadronic Higgs BR analysis is performed on real data.
Therefore, two solutions are presented to this problem: constraining roth in the fit (assuming
precisely known BRs of other decay modes) or keeping roth a free parameter.

Table 11.6 presents the results of the fitting procedure for both beam polarizations and param-
eter options (fixed/fitted roth). For a beam polarization of Pe−,e+ = (−0.8,+0.3) and a fixed
roth, relative uncertainties of the order of 1 %, 4 % and 10 % are achieved for b quarks, gluons
and c quarks, respectively. The correlations between the fit parameters are negligible due

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
relative error on H→ oth fixed H→ oth fitted H→ oth fixed H→ oth fitted

% % % %

σ × BR(H→ bb̄) 1.0 1.0 1.7 1.7
σ × BR(H→ cc̄) 10.0 11.0 14.3 16.3
σ × BR(H→ gg) 4.2 6.3 6.5 9.9
σ × BR(H→ oth) - 15.6 - 20.2

Table 11.6: Results of the five-parameter fit, equation (11.7), for Lint = 330 fb−1.

185



11 Determination of Higgs branching ratios

to a good separation in the flavor tagging. The SM background contamination featuring a
large b-likeness is so small that the uncertainty of H → bb̄ is mainly dominated by the signal
statistics and nearly reaches the statistical limit of 1/

√
Nbb̄. For c quarks and gluons, the

SM contamination degrades the performance of the fit. A large fraction of SM background
after the event selection is dominated by low mass quarks or gluons and the event topology
resembles a H → gg event. Besides SM background, the cc̄ channel is limited by the flavor
tagging efficiency of the detector. A significant fraction of H → cc̄ events are reconstructed
with a small c-flavor likeness due to the short lifetime and the low number of tracks from the
secondary vertex.

If roth is fitted, the picture is different. The H→ bb̄ channel is not affected since the correlation
between H→ bb̄ and H→ oth is negligible. The fraction of b quarks in H→ oth is small since
it is dominated by H→WW and b quarks are Cabibbo suppressed in W decays. However, the
distributions of H→ oth overlaps with gluon and c-quark decays of the Higgs. The correlation
between the fit parameters is around −0.5 which leads to a degradation of the fit uncertainties.
Of course, the uncertainty of the H → oth branching ratio is worse than in dedicated studies
as the event selection is trained to suppress these events. Independent measurements of the
Higgs branching ratios to Z and W are important to improve the uncertainties in the gluon and
c-quark channel.

The right half of table 11.6 presents the results for a beam polarization of Pe−,e+ = (+0.8,−0.3).
Previous studies did not cover this polarization due to a lack of signal statistics and less effective
event selections. As expected, the uncertainties are larger than for the other beam polarization.
The relative degradation factor f in the b-quark and gluon channels is explained by the relative
signal statistics

f =

√
Nsig(Pe−,e+ = (+0.8,−0.3))
Nsig(Pe−,e+ = (−0.8,+0.3))

. (11.10)

Especially the degradation in the c channel is less than expected from statistics. Due to the
small number of events in this channel, the sensitivity to SM background is the largest. Since
the SM background is also suppressed for this beam polarization, the relative uncertainty im-
proves compared to a similar signal statistics for a beam polarization of Pe−,e+ = (−0.8,+0.3).
A detailed discussion of the results will follow in section 11.3.

Nine-parameter fit

Now, a modification of the previous analysis is presented where the two production processes
are distinguished on the basis of the missing mass of the event. Higgs strahlung features a
distinct peak at the pole mass of the Z, while WW fusion shows a broader spectrum which peaks
at higher reconstructed missing masses. In figure 11.9a the MC truth missing mass distribution
is shown for the signal after the event selection. The interference term is derived from the
difference between the individual production processes and the integrated event samples. The
interference effect does not change the total cross section significantly, but the line shape of the
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Figure 11.9: Missing mass contributions after event selection for a beam polarization of Pe−,e+ =

(−0.8,+0.3). a) The Monte Carlo truth missing mass for the integrated sample (green), Higgs strahlung
(red), WW fusion (orange) and the interference term (black). b) The reconstructed missing mass of
(H→ bb̄, cc̄, gg) and SM background stacked onto each other.

Z peak is biased towards smaller values. The reconstructed missing mass spectrum is shown
in figure 11.9b. The resolution degrades significantly due to several aspects. Not only does the
jet energy resolution of the detector play a major role, but also the beam energy spectrum. For
the determination of the missing mass, the initial state must be known. However, initial state
radiation (ISR) and beam-beam interactions reduce the collision energy by an amount unknown
on an event-by-event basis. A kinematic fit could be performed for the Higgs-strahlung events
to improve the missing mass spectrum. The missing four-momentum must be constrained to
come from the decay of a Z boson into neutrinos. Additionally, ISR photons and a semi-
leptonic b-quark correction can be considered [177]. A kinematic fit for WW-fusion events
cannot be performed due to too many degrees of freedom. Nevertheless, kinematic fitting
would be an option for future updates to improve the separation of Higgs-strahlung and WW-
fusion events.

The missing mass distribution on generator level of the combined sample in figure 11.9a is
also the basis for generating the template histograms of the two production processes. Fidu-
cial regions are defined and the corresponding regions are interpreted as Higgs-strahlung or
WW-fusion event. An event is filled into a Higgs-strahlung template if the MC missing
mass is between 77 GeV and 101 GeV. Otherwise, it is assigned to the WW-fusion template.
The thresholds are taken from the crossing points of the missing mass distributions of Higgs
strahlung and WW fusion. Due to the overlap of the distributions, the template histograms
of have a cross contamination of ∼ 5 % which corresponds to approximately 300 events.
The interference term is neglected in this process. Systematic uncertainties from neglecting
the interference term are not further studied here. However, it should be feasible to derive a
correction term from theoretical calculations and minimize the systematics.
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11 Determination of Higgs branching ratios

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
relative error on H→ oth fixed H→ oth fitted H→ oth fixed H→ oth fitted

% % % %

σ(ZH)BR(H→ bb̄) 1.9 2.0 2.3 2.3
σ(ZH)BR(H→ cc̄) 16.7 17.9 17.8 20.1
σ(ZH)BR(H→ gg) 7.6 10.6 8.4 12.9
σ(ZH)BR(H→ oth) - 25.7 - 24.7
σ(WW)BR(H→ bb̄) 1.6 1.7 9.5 9.4
σ(WW)BR(H→ cc̄) 16.7 18.5 116.8 117.0
σ(WW)BR(H→ gg) 6.7 9.8 36.8 49.6
σ(WW)BR(H→ oth) - 23.2 - 129.2

Table 11.7: Results of the nine-parameter fit, equation (11.11), for Lint = 330 fb−1.

Now, the data is modeled by a linear combination of nine template distributions as

Ndata
i jk =

∑
t=ZH,WW

∑
x=bb̄,cc̄,gg,oth

σt × BR(H→ x)
(σt × BR(H→ x))S M × N t,H→x

i jk + Nbkg
i jk (11.11)

with N x
i jk representing the expected number of events in bin (i jk) of the Higgs decay channel

x, Nbkg
i jk in the SM background, Ndata

i jk in the data and σt cross section of production process
t. This is further referred to as the nine-parameter fit. The two dimensional projections of
all nine template histograms are presented in figure 11.10 for the b- and c-likeness plane and
in figure 11.11 for the b-likeness and missing mass plane for a beam polarization of Pe−,e+ =

(−0.8,+0.3). Here, a constant and relatively large binning is shown for a better overview. In
the appendix, the same plots are given for the used variable bin size in figure 11.10 and B.6.
The template histograms for the beam polarization of Pe−,e+ = (+0.8,−0.3) are also presented
in the appendix in figure B.7 and B.8.

Table 11.7 presents the result of the modified fit function for both beam polarizations. Again,
the fit is conducted once with H → oth contributions fixed and once fitted. The increase in
uncertainty compared to the five-parameter fit is larger than one expects due to the reduced
statistics after splitting the templates. The reason is that correlations between the same decay
mode from different production processes arise. On the one hand, the correlations are caused by
the cross contamination of the templates due to the overlap in the MC truth missing mass. One
the other hand, the missing mass resolution degrades the separation between Higgs strahlung
and WW fusion. For a beam polarization of Pe−,e+ = (+0.8,−0.3), the correlations are even
larger because the number of WW-fusion events is very small.

Compared to the five-parameter fit, the new fit model introduces a finer segmentation of the
template histograms by splitting each Higgs decay template into two parts. The five-parameter
fit is an equivalent description of the problem with a reduced number of degrees of freedom.
Therefore, its results can be derived from the fitting results and covariance matrix of the nine-
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Figure 11.10: Projections of the template histograms onto the b-likeness and c-likeness dimensions for
a beam polarization of Pe−,e+ = (−0.8,+0.3) and a constant binning.
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Figure 11.11: Projections of the template histograms onto the b-likeness and missing mass dimensions
for a beam polarization of Pe−,e+ = (−0.8,+0.3) and a constant binning.

190



11.1 Template fit method

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
relative error on H→ oth fixed H→ oth fitted H→ oth fixed H→ oth fitted

% % % %

σ × BR(H→ bb̄) 1.0 1.0 1.6 1.8
σ × BR(H→ cc̄) 10.4 11.6 15.0 17.1
σ × BR(H→ gg) 4.3 6.6 6.8 10.6
σ × BR(H→ oth) - 16.3 - 21.1

Table 11.8: Uncertainties on the five-parameter fit as derived from the nine-parameter fit. The results
are in good agreement with table 11.6.

parameter fit. The full covariance matrices for the five- and nine-parameter fits for both beam
polarizations are given in the appendix in figures B.9, B.10, B.11, B.12, B.13, B.14, B.15
and B.16. The fit parameter r5 of the five-parameter fit and its uncertainty can be calculated
according to

r5 =
r9,ZH

1 +
(
σWWBR
σZHBR

)S M +
r9,WW

1 +
(
σZHBR
σWWBR

)S M (11.12)

(∆r5)2 =

 ∆(r9,ZH)

1 +
(
σWWBR
σZHBR

)S M


2

+

 ∆(r9,WW)

1 +
(
σZHBR
σWWBR

)S M


2

+
2 · Cov

(
r9,WW, r9,ZH

)(
1 +

(
σWWBR
σZHBR

)S M
) (

1 +
(
σZHBR
σWWBR

)S M
)

(11.13)

with r9,ZH(WW) representing the fit parameter of the nine-parameter fit for Higgs strahlung (WW
fusion) and Cov the covariance matrix of the fit. (σ × BR)S M is the expected number of
events from SM prediction after event selection. Table 11.8 shows the values of ∆r5 if they are
calculated from the nine-parameter fit values. The results are in good agreement with the five-
parameter fit (see table 11.6). The errors from the nine-parameter fits are about 5 % (relative)
larger than from the five-parameter fit for most values. The larger number of free parameters
and the larger correlations between the parameters is responsible for the small difference.

Branching ratio fit

The results of the five- and nine-parameter fit can be used in global fit methods to extract the
branching ratios from the measure of σ×BR, e.g. [178]. However, the fit function itself can be
modified to directly access the branching ratios and the WW-fusion cross section. Therefore,
the Higgs-strahlung cross section is needed as an input parameter for the fit. As already
discussed, the Higgs-strahlung cross section can be derived from Higgs recoil measurements
of leptonic decays of the Z [38, 39]. The cross section is determined from the decay products
of the Z boson alone. Thus, the correlation between the recoil measurement and the hadronic
Higgs branching ratios analysis is negligible. Based on this assumption, equation (11.11) can
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be modified to

σS M(ZH)
σ(ZH)

Ndata
i jk =

∑
t=ZH,WW

∑
x=bb̄,cc̄,gg,other

σS M(ZH)
σ(ZH)

× σ(t)
σS M(t)

BR(H→ x)
(BR(H→ x))S M · N t,H→x

i jk

+
σS M(ZH)
σ(ZH)

Nbkg
i jk (11.14)

=
σS M(ZH)
σ(ZH)

Nbkg
i jk +

∑
x=bb̄,cc̄,gg,other

BR(H→ x)
(BR(H→ x))S M · NZH,H→x

i jk

+
∑

x=bb̄,cc̄,gg,other

σ(WW)
σ(ZH)

× σS M(ZH)
σS M(WW)

BR(H→ x)
(BR(H→ x))S M · NWW,H→x

i jk (11.15)

with BR(H→ x) andσ(WW)/σ(ZH) being the fit parameters. Two cases are considered for the
fitting procedure. First, the uncertainty of σ(ZH) is assumed to be negligible and second, the
relative uncertainty of σ(ZH) is taken to be 3.5 %. The latter was also used in the former study
of the Higgs hadronic branching ratios in [145] and is used here for a better comparability.
Again, the contribution of H→ oth is once fitted and once fixed.

Tables 11.9 and 11.10 present the resulting relative uncertainties of the fitting parameters for
both beam polarizations. The uncertainty of σ(WW) is calculated from the fit parameter
σ(WW)/σ(ZH) and the applied σ(ZH). Because of the huge event statistics in the bb̄ decay
mode, the determination of the cross-section ratio is completely dominated by this channel.
The branching ratio of H → bb̄ is calculated from the Higgs strahlung contribution only,
therefore being consistent with the uncertainty of σ(ZH) × BR(H→ bb̄) in the nine-parameter
fit. The cross-section ratio is derived mainly from the event ratio in the bb̄ channel which is why
the uncertainty is consistent with the quadratic sum of the uncertainties ofσ(ZH)×BR(H→ bb̄)
and σ(WW) × BR(H → bb̄) in the nine-parameter fit. The event statistics in the H → cc̄ and
H → gg channel are so small that the BR uncertainties are determined from both production
processes. Consequently, the BR uncertainties in these channel are in agreement with the
uncertainties from the five-parameter fit.

∆σ(ZH)
σ(ZH) = 0 % ∆σ(ZH)

σ(ZH) = 3.5 %
relative error on H→ oth fixed H→ oth fitted H→ oth fixed H→ oth fitted

% % % %

BR(H→ bb̄) 1.9 1.8 3.9 3.9
BR(H→ cc̄) 10.2 11.1 10.6 11.6
BR(H→ gg) 4.5 6.4 5.6 7.1
BR(H→ oth) - 15.4 - 16.1
σ(WW) 2.7 2.6 4.5 4.4

Table 11.9: Results of the branching-ratio fit, equation (11.15), for a beam polarization of Pe−,e+ =

(−0.8,+0.3) and Lint = 330 fb−1.
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∆σ(ZH)
σ(ZH) = 0 % ∆σ(ZH)

σ(ZH) = 3.5 %
relative error on H→ oth fixed H→ oth fitted H→ oth fixed H→ oth fitted

% % % %

BR(H→ bb̄) 2.2 2.2 4.1 4.1
BR(H→ cc̄) 14.1 16.4 15.0 16.8
BR(H→ gg) 6.6 10.0 7.5 10.8
BR(H→ oth) - 20.1 - 20.6
σ(WW) 10.1 9.6 10.7 10.3

Table 11.10: Results of the branching ratio-fit, equation (11.15), for a beam polarization of Pe−,e+ =

(+0.8,−0.3) and Lint = 330 fb−1.

When BR(H→ oth) is fitted, the uncertainties in the c-quark and gluon channel degrade similar
as in the five- and nine-parameter fit. However, the uncertainties of σ(WW) and BR(H → bb̄)
slightly improve as the other decay modes contribute in the uncertainty of the cross-section
ratio.

For the beam polarization Pe−,e+ = (+0.8,−0.3), the results are equivalent. Again, the uncer-
tainties degrade because of the reduced number of signal events. This is especially prominent
for the WW-fusion cross section as the WW-fusion process is highly suppressed for this beam
polarization.

As expected, any uncertainty on the Higgs-strahlung cross section is added quadratically to
the uncertainties of the fit parameter. The measurement of the Higgs-strahlung cross sections
is crucial to not be dominated by its uncertainty. The value of 3.5 % is based on the leptonic
recoil measurement at 250 GeV with 250 fb−1 [38, 39]. In this study, a cross section uncer-
tainty of 2.5 % was achieved. These results were than extrapolated by scaling the signal and
background cross sections to their corresponding values at 350 GeV with 250 fb−1. However,
this overestimates the actual achievable uncertainty. Two possible cases can be discussed,
the recommended running scenario of ILC (see section 2.3) and using solely the data of the
350 GeV stage. In the first case, the measurements at 500 GeV with 500 fb−1 would already
be available together with the 250 GeV results. At 500 GeV, not only the leptonic recoil
measurement is possible but the hadronic recoil from qq̄H final state as well. The boost
of the Higgs and Z boson is large enough to identify the bosons in this multi-quark final
state [179]. A relative cross section uncertainty of 4.8 % and 3.9 % can be achieved for the
leptonic and hadronic recoil, respectively. Even in the second case, the extrapolation 3.5 %
overestimates the achievable uncertainty. A study with fast simulation shows that the signal to
background separation is improved at 350 GeV [180] compared to the 250 GeV measurements.
Furthermore, the boost of the bosons is also large enough at

√
s = 350 GeV to perform the

hadronic recoil measurement. Assuming 165 fb−1 for each of the two polarization settings,
3.4 % accuracy is expected from the qq̄H final state. Combining this result with the leptonic
recoil measurement would lead to a much higher accuracy than the assumed 3.5 %. Of course,
the measurements at 350 GeV would also improve the uncertainties in the first case. Ultimately,
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a sub percent level will be reached after the initial 20 year program of the ILC. Thus, the results
without any uncertainty on the Higgs-strahlung cross section are more relevant and the 3.5 %
uncertainty can be interpreted as an intermediate results after the first years of data taking.

11.2 Event counting method

Contrary to the template fit method, event counting does not make use of any multidimensional
fit of event parameters but it is based solely on the total number of events after an event
selection. Naturally, the event selection cannot be conducted inclusively but must be optimized
individually for each of the three decay modes. This method gives access to the measure of
σ × BR and serves as a cross check for the five-parameter fit. To verify the results of the nine-
parameter fit, event selections for the individual production processes are studied, too. Hence,
a total of nine event selections are optimized for each of the two studied beam polarizations,
again by training boosted decision trees. The same preselection cuts are used as for the BDT
of the event selection for the template fit method (see section 11.1.1).

Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
number of isolated lepton = 0 number of isolated lepton = 0
155 GeV > PT,vis > 30 GeV 155 GeV > PT,vis > 35 GeV
135 GeV > Mvis > 90 GeV 140 GeV > Mvis > 95 GeV

It is arguable whether this leads to optimal results as the preselection cuts are not optimized
for each individual decay channel or production process. However, as it was demonstrated in
table 11.2, the degradation of the BDT performance is in the order of 5 % to 10 % for different
preselection choices as long as the number of background events is not too large. Even a 10 %
relative resolution of the event counting method is sufficient to cross check the template fit
method. The same input variables are used for the BDT as for the template event selection (see
section 11.1.1): visible transverse momentum PT,vis, visible mass Mvis, the angle between the
momentum axis of both jets cos a, the polar angle of the total visible momentum cos Θ, the two
Durham parameter D12 and D23, the momenta, masses and polar angles of the individual jets,
the thrust T and the thrust axis n̂. In addition, the fitting variables of the template fit method
(b-likeness, c-likeness and missing mass) are also added to the input variables of the BDT.
They are essential to differentiate between the different final states. The tables 11.11 and 11.12
show the cut flow of all nine studied final states for both beam polarizations. The number of
background and signal events are given for the whole data set, after the preselection and after
the individual BDT selection.

σ × BR(H→ x) of one decay mode x can be calculated from the number of events NTot which
pass the event selection for that particular decay mode

σ × BR(H→ x) =
Nx

εLint
=

NTot − 〈NBKG〉
εLint

(11.16)
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11.2 Event counting method

expected preselected TMVA selection
process BG signal BG signal BG signal

H→ bb̄ 19 870 167 18 817.0 215 549.6 14 649.3 2760.5 12 953.8
H→ cc̄ 19 888 111 872.5 229 499.3 699.5 381.7 283.0
H→ gg 19 886 197 2786.7 227 918.4 2280.4 1372.6 1357.1
Z(H→ bb̄) 19 881 137 7846.5 223 488.5 6710.4 2710.4 4850.4
Z(H→ cc̄) 19 888 619 364.4 229 880.1 318.7 299.9 107.2
Z(H→ gg) 19 887 818 1166.0 229 160.0 1038.9 752.9 481.0
WW→ H→ bb̄ 19 878 013 10 970.5 222 259.9 7938.9 2401.8 5973.1
WW→ H→ cc̄ 19 888 476 508.1 229 818.1 380.7 529.6 158.6
WW→ H→ gg 19 887 363 1620.8 228 957.3 1241.6 823.7 652.0

Table 11.11: Cut flow in the signal regions for the event counting method, a beam polarization of
Pe−,e+ = (−0.8,+0.3) and Lint = 330 fb−1.

with ε representing the event selection efficiency of the signal, Lint the integrated luminosity
and 〈NBKG〉 the expectation value of SM background events. ε and 〈NBKG〉 are taken from
MC simulations. At the time the ILC is build and data is recorded, enough MC statistics will
be available to neglect any uncertainty on ε and, in principle, 〈NBKG〉. The difficulty with
〈NBKG〉 is the uncertainty of SM processes. The decays of H → oth are one component of the
background. As in the template method, the available uncertainty on the other Higgs decay
branching ratios defines whether one can neglect ∆〈NBKG〉. Another complication is that three
different decay modes are studied. This will be discussed later. First, it is assumed that ∆〈NBKG〉
is negligible.

Also assuming negligible uncertainties of ε and Lint, the relative uncertainty of σ×BR(H→ x)
is derived from

∆(σ × BR(H→ x))
σ × BR(H→ x)

=

√( √
NTot

Nx

)2

+

(
∆〈NBKG〉

Nx

)2

≈
√

NTot

Nx
(11.17)

which is simply the inverse of the significance s and the reason why the significance is maxi-
mized in the event selections.

A summary of the results of the event counting method is given in table 11.13 for both beam
polarizations considered. The top part of the table presents the accuracies in the case that the
two production processes are handled inclusively. These values are in good agreement with the
five-parameter fit in the case that H → oth is fixed (table 11.6). The event selection method
shows a better performance in the gluon final state while it is slightly worse for c quarks. The
uncertainty of the gluon branching ratio is improved because the background rejection is en-
hanced in the event selection method. Due to the additional input variables of the BDT (flavor
likenesses and missing mass), SM backgrounds are identified more effectively. In addition, the
signal topology is better defined for the BDT training as only a single decay mode is considered
as signal. For the charm final state, the weighted total number of events is very small. For such
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11 Determination of Higgs branching ratios

expected preselected TMVA selection
process BG signal BG signal BG signal

H→ bb̄ 8 336 823 5904.7 35 532.3 4991.1 1118.9 4645.2
H→ cc̄ 8 342 454 273.8 40 286.5 236.9 207.7 121.0
H→ gg 8 341 853 874.5 39 751.4 771.9 322.1 474.8
Z(H→ bb̄) 8 337 755 4972.7 36 244.8 4278.6 1269.6 3796.3
Z(H→ cc̄) 8 342 497 230.8 40 320.4 203.0 244.3 110.3
Z(H→ gg) 8 341 991 737.2 39 861.7 661.6 330.3 394.1
WW→ H→ bb̄ 8 341 796 932.0 39 810.8 712.6 322.7 295.8
WW→ H→ cc̄ 8 342 685 43.0 40 489.5 33.9 134.4 12.5
WW→ H→ gg 8 342 591 137.2 40 413.1 110.3 197.0 44.3

Table 11.12: Cut flow in the signal regions for the event counting method, a beam polarization of
Pe−,e+ = (+0.8,−0.3) and Lint = 330 fb−1.

a small number of events, the preselection cuts are more important. Furthermore, the sensitivity
on the chosen multivariate analysis technique and tuning parameters of the algorithms is larger.
Nevertheless, a deviation of less than 10 % is a good agreement with the five-parameter fit.

The situation changes when the production processes are treated separately, which is presented
in the lower half of table 11.13. All uncertainty estimations are better than the nine-parameter
fit predicts with the exception of Higgs strahlung with cc̄ final state for a beam polariza-
tion of Pe−,e+ = (−0.8,+0.3). There are two reasons for the improved uncertainties. Again,
background reduction is more efficient in the BDT if only one of the possible final states is

Relative uncertainty on Pe−,e+ = (−0.8,+0.3) Pe−,e+ = (+0.8,−0.3)
% %

σ(ZH + WW) × BR(H→ bb̄) 1.0 1.6
σ(ZH + WW) × BR(H→ cc̄) 10.7 15.1
σ(ZH + WW) × BR(H→ gg) 3.8 6.0
σ(ZH + WW) × BR(H→ oth) - -

σ(ZH) × BR(H→ bb̄) 1.8 1.9
σ(ZH) × BR(H→ cc̄) 18.8 17.0
σ(ZH) × BR(H→ gg) 7.3 6.8
σ(ZH) × BR(H→ oth) - -
σ(WW) × BR(H→ bb̄) 1.5 8.7
σ(WW) × BR(H→ cc̄) 15.8 89.3
σ(WW) × BR(H→ gg) 5.7 6.8
σ(WW) × BR(H→ oth) - -

Table 11.13: Results of the event counting method. In the top part of the table, both signal production
processes are integrated in the final state, while they are split in the lower half of the table.
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11.3 Discussion of results

used as the signal. It is worth noting that the separation of the same decay mode from the
different production processes plays the key role. The second reason is that no correlations
between the different final states are considered in this type of analysis. The background of
many final states is dominated by other final states of this study. Thus, the results of the three
signal final states have a non-negligible correlation. This is the major drawback of the event
counting method. As already discussed, ∆〈NBKG〉 is neglected based on the assumption that
the background processes are well known. Here, the background processes consists of final
states which are measured in the same analysis. Therefore, uncertainties of the Higgs hadronic
branching ratios are needed as input for estimating ∆〈NBKG〉. LHC measurements could be
used but especially the decay mode H → cc̄ is extremely challenging at the LHC. This is a
major advantage of the template fit method, where all branching ratios are fitted at the same
time and the full covariance matrix is accessible.

11.3 Discussion of results

A precise understanding of the detector performance and the beam parameters is necessary to
achieve the presented results in a real detector experiment. Any systematic uncertainty on the
parameters would degrade the statistical precision of the measurements. A full investigation of
the experimental systematics is not the aim of this study but two aspects are shortly discussed.
The integrated luminosity can be measured by the Bhabha rate in the forward region of the
detector with a relative precision of 10−3 [33]. Such an uncertainty can be neglected for this
study. Furthermore, the online precision of the beam polarimeters is 0.25 % and can be further
improved by analyzing polarization sensitive processes [33]. Already for 0.25 % polarization
uncertainty, the uncertainty on the Higgs production cross section is at the per-mil level. Only
for a beam polarization ofPe−,e+ = (+0.8,−0.3), the uncertainty of the WW-fusion cross section
is around 1 % due to the small absolute value. Since the measurement uncertainty is also very
large (∼ 10 %), the polarization uncertainty can also be neglected in this analysis.

All three presented fitting procedures give consistent results for all final states and repro-
duce the simulated branching ratios within their uncertainties. The nine-parameter and the
branching-ratio fit are used for the first time in an analysis of the ILD. As these functions are a
modification of the five-parameter fit, the consistency among themselves is expected. However,
it is reassuring that the developed fitting procedure is not biased due to the choice of binning
or fitting procedure (binned maximal log likelihood).

An interesting point is the comparison of the obtained results with former studies. The extrap-
olated uncertainties from [145] have been presented in table 8.4 and are 1.3 %, 8.9 % and 6.6 %
for σ × BR of H → bb̄, H → cc̄ and H → gg, respectively. The five-parameter fit corresponds
closest to the fitting procedure of that study and is selected for the comparison (see table 11.6,
1.0 %, 10.0 % and 4.2 %). The uncertainties in the b-quark and gluon channel are improved
compared to the extrapolation. This can be explained by the more effective event selection
based on boosted decision trees. Not only is the background suppression increased by a factor
2.5, the signal efficiency is larger by an absolute 10 %. Despite that, the uncertainty of the
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11 Determination of Higgs branching ratios

c-quark channel is degraded compared to the extrapolated value. Two reasons are plausible:
the different flavor-tagging software packages and the different fitting strategy.

In the current version of ILCSoft, LCFIPlus superseded LCFIVertex as the flavor-tagging
software package. The performance of the flavor tagging is improved in the new framework
and the bc-tagging is discarded as it showed no performance improvements [181]. The effect
from the different tagging packages was tested in the qqH final state and LCFIPlus was found
to perform even better [152]. This is also expected in the studied νν̄H final state. Therefore,
it is very unlikely that the discrepancy in the H → cc̄ channel is caused by the different
flavor-tagging package.

The difference in the fitting procedure was already discussed in detail. To compensate the
correlation between data and template histograms, the previous study neglected all bins which
contained less than one event (after weighting). Applying the same procedure on the current
study, the results are consistent with the ones that are shown in section 11.1.2 for the five-
parameter fit.

However, the event counting method confirms the results from the template method here. It
is reasonable to assume that the relative uncertainty of σ × BR(H → cc̄) is underestimated
in [145]. The most probable reason is the overestimation of signal-to-background separation
due to the extreme number of bins which were used in [145] (60 × 60 × 60). Furthermore, the
presented values are in better agreement with the SiD results. As a reminder, the SiD and ILD
analysis at 1 TeV showed a discrepancy in the H → cc̄ channel (see section 8.2 and table 8.5).
Due to the new event selection, the uncertainties of the gluon and b-quark channel are improved
by a factor of roughly 1.3 to 1.4 compared to the extrapolation in [152]. Scaling the determined
uncertainty of H→ cc̄ with this factor leads to an uncertainty of 13 % to 14 %. These numbers
represent the resolution which could be achieved with the presented analysis but a selection
efficiency as in [145]. Compared to the extrapolated result of 8.9 %, the results differ by a
factor of ∼ 1.5 which represents the overestimation of the H→ cc̄ channel in [145]. Assuming
that the same overestimation has been made at 1 TeV, a relative uncertainty of ∼ 8.5 % for the
c-quark channel could be achieved. This would be in good agreement with the updated SiD
results of 8.8 %. Of course, the assumption can only be fully validated by updating the 1 TeV
analysis but a promising working hypothesis exists now.

Compared to the updated branching ratios measurements in [152] at 250 GeV, the presented
350 GeV results are up to a factor of two better. In addition, the 350 GeV measurement allows
the determination of the WW-fusion cross section. From that point of view, the ILC running
scenario with a long 350 GeV run is favored over the currently recommended scenario with
a long 250 GeV run. However, more analyses must be revised and updated to compare the
capabilities at both beam energies. Especially, the mass and CP-properties measurements of
the Higgs boson are important since both are main reasons for the long 250 GeV run.
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CHAPTER 12

Summary and conclusion of part III

After the discovery of the Higgs-like boson at the LHC, the precise determination of the
nature of the Higgs-like boson is a major task in high energy physics. Key observables are
the couplings of the Higgs boson to SM particles. Any deviations of the couplings from the
SM prediction would indicate physics beyond the SM. A deviation of a few percent is typical
for many theoretical models.

Here, the measurement accuracies of the Higgs hadronic branching ratio at the future Inter-
national Linear Collider were determined for a center-of-mass energy of

√
s = 350 GeV. On

the basis of a detailed simulation of the International Large Detector, signal and background
samples were generated and reconstructed.

An optimization procedure of preselection cuts and a multivariate analysis by means of a
boosted decision trees was developed. With this, a very good signal-to-noise ratio of two
was achieved with a signal efficiency of ∼ 55 % and ∼ 65 % for a beam polarization of
Pe−,e+ = (−0.8,+0.3) and Pe−,e+ = (+0.8,−0.3), respectively. The largest background con-
taminations after the event selection come from inclusive processes, Higgs decays into two
weak bosons and WW→ qq̄νττ where the τ lepton decays hadronically and its decay products
are misassigned to the jets.

Two different fit models are used for the evaluation of the branching ratio errors: either the
production cross sections are handled exclusively or inclusively. To differentiate between
Higgs strahlung and WW fusion, the missing mass of the events is used as a discriminator.
First, the branching ratios are extracted by means of a template binned maximal log likelihood
fit to the three dimensional distributions of missing mass as well as b- and c-likeness of the
events. Binning artifacts needs to be controlled and are monitored by deviation of the fit
parameter from the simulated branching ratios. The equivalence of the two studied fit models
was demonstrated with the full covariance matrix of the exclusive method.

As a crosscheck for the template fit method, an event counting method is also applied. Boosted
decision trees are again used as the main discriminant. The event counting method suffers from
correlations between the different hadronic decay modes of the Higgs. Nevertheless, the results
of the template fit method can be reproduced with the event counting method.

199



12 Summary and conclusion of part III

Using the inclusive method, the measurement precision for σ × BR(H → bb̄, cc̄, gg) are 1 %,
10 % and 4.2 % for a beam polarization of Pe−,e+ = (−0.8,+0.3) and an integrated luminosity of
330 fb−1. This assumes well known branching ratios for the Higgs decay modes into a pair of
weak bosons. If these decay modes are not known with sufficient precision, the precision of the
c-quark and gluon channel degrades to 11.0 % and 6.3 %, respectively, due to the correlations.
For inverted signs of the beam polarization, the Higgs production cross section is reduced due
to the coupling of the weak bosons to the chiral nature of the colliding particles. Nevertheless,
the measurement precision is of comparable precision with 1.7 %, 14.3 % and 6.5 % for the
b-quark, c-quark and gluon channel, respectively. Again, the performance in the c-quark and
gluon channel is worse if H→WW,ZZ is not known precisely: 16.3 % and 9.9 %.

If the production cross section are handled exclusively, the Higgs-strahlung cross section can
be used as an input parameter from recoil mass measurement of the Z boson. Then, the WW-
fusion cross section and the branching ratios can be fitted directly. The relative measurement
accuracies for σWW, BR(H → bb̄), BR(H → cc̄) and BR(H → gg) are 2.7 %, 1.9 %, 10.2 %
and 4.5 % for a beam polarization of Pe−,e+ = (−0.8,+0.3) and 10.1 %, 2.2 %, 14.1 % and
6.6 % for Pe−,e+ = (+0.8,−0.3). Any uncertainty of the Higgs-strahlung cross section must
be added quadratically onto these values. This stresses the importance of the Higgs-strahlung
cross section in the general view of Higgs property measurements.

As an outlook, a joined treatment of both polarizations would be a next step. The separation
of the Higgs strahlung and WW-fusion events could be improved due to the relatively clean
Higgs strahlung sample for a beam polarization of Pe−,e+ = (+0.8,−0.3). In addition, a joint
treatment could lead to cancellations of systematics, which needs to be studied further.
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Part IV

Summary and conclusion

The discovery of the Standard Model Higgs-like boson at the LHC experiments was an im-
portant step to verify the Higgs mechanism of the Standard Model. Now, measurements of
the properties of the Higgs-like boson are crucial to verify whether the particle is really the
postulated particle of the Standard Model. The International Linear Collider (ILC) offers the
potential to address this question with precision measurements. Therefore, challenging perfor-
mance requirements have been defined for the detector concepts of the ILC. For measurements
of the Higgs coupling constants, the jet energy resolution and the flavor-tag performance are
of special importance. These parameters depend strongly on the tracking performance of the
ILC detectors. High precision and highly efficient tracking are necessary to reach the desire
detector performance. In addition, the material budget of the tracking detector needs to be
minimized to support the particle flow concept. A TPC is an optimal tracking detector to fulfill
all theses requirements and is foreseen as the central tracking detector of International Large
Detector (ILD), one of the detector concepts at the ILC.

In this thesis, a prototype readout module for the ILD TPC has been developed, constructed,
commissioned and successfully tested at the DESY II test beam area. The design of the module
follows the ILD requirements and is optimized for minimal material budget and maximal
sensitive area. The pad-based readout board is combined with a stack of three Gas Electron
Multipliers (GEMs) which are glued to thin ceramic grids. The grids serve as an integrated
support structure and spacer for the GEM stack. An additional guard ring at the topmost ce-
ramic grid was introduced to reduce electric field distortions at the border of the modules. The
test beam data was analyzed and a reconstruction scheme was established. The hit efficiency
of the readout is close to 100 % even including the border of the module due to the guard ring
potential. Nevertheless, field distortions are still visible and deteriorate the performance of the
outermost readout rows. The spatial resolution and its dependencies on the track parameter
have been investigated in depth and agree very well with theoretical predictions. The measured
spatial resolution has been extrapolated to the ILD TPC design parameters. The extrapolation
shows that the transverse spatial resolution goals of < 100 µm over the full drift distance of
2.4 m can be fulfilled with the developed readout module if the gas quality and purity can be
tightly constrained. The longitudinal spatial resolution can already be achieved with the gas
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quality of the prototype setup due to the excellent longitudinal diffusion coefficient of the T2K
gas mixture.

Precision measurements of the Higgs branching ratios could be performed with the designed
ILD detector. A detailed detector simulation has been performed to evaluate the achievable
statistical measurement precision of the hadronic Higgs decay branching ratios in the νν̄H
final state for a 350 GeV ILC. The background event rejection is realized as a multivariate
classifier, here a boosted decision tree. At 350 GeV, the two production processes of νν̄H,
Higgs strahlung and WW fusion, have similar cross sections. The missing mass of the events
is used to distinguish between the two production processes in the analysis. Two different
analysis strategies have been followed to determine σ × BR of the signal final states: three
dimensional template fits to the flavor likenesses and event counting. The template method
has the advantage that correlations between the signal final states and the production processes
are included in the covariance matrix of the fitting procedure, but binning artifacts needs to
be controlled. The event counting method was performed to cross check the results of the
template method. For the favorable beam polarization ofPe−,e+ = (−0.8,+0.3) and an integrated
luminosity of 330 fb−1, the relative measurement accuracies for σWW, BR(H → bb̄), BR(H →
cc̄) and BR(H→ gg) are 2.7 %, 1.9 %, 10.2 % and 4.5 %.
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Figure A.1: Technical drawing of the LP anode end plate from the Cornell University
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(a) Front view (b) Side view

Figure A.2: Cad model pictures of the end plate of the Large prototype.
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Figure A.3: Total collected charge on each readout pad for a typical measurement run. The beam is
positions in the center of the instrumented area.
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Figure A.4: Performance plots of the different track finding algorithms for a short drift distances and a
1 T magnetic field.
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Figure A.5: Performance plots of the different track finding algorithms for a short drift distances and no
magnetic field.
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Figure A.6: Measured and extrapolated results of the transverse spatial resolution for a drift field of
E = 130 V/cm, which represents the minimum of the transverse diffusion in T2K. Therefore, the spatial
resolution is improved and the goal of σrϕ < 100 µm can be reached easier.
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Figure B.1: Reconstructed Higgs mass and missing mass of the signal events for different R parameters
of the kT algorithm. Instead of the true two-jet signal topology, the algorithm is steered to construct four
jets as this improves the resolution of reconstructed events. In violet and black the results are shown for
an inclusive Durham algorithm with two jets, which is run with and without the reconstructed overlay
particles, respectively. This can be taken as the best and worst case scenario. The results with a larger R
parameter are closer to the MC truth, with R = π/2 being the parameter limit.
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Figure B.2: Reconstructed Higgs mass and missing mass of the signal events for different requested
number of jets in the kT algorithm. The R parameter is tuned for all the three number of jets and is
optimized to be R = 1.57 for all cases. In violet and black the results are shown for an inclusive Durham
algorithm with two jets, which is run with and without the reconstructed overlay particles, respectively.
This can be taken as the best and worst case scenario. Although physically only two jets are expected,
the reconstructed parameters from a larger number of jets is closer to the MC truth.
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Figure B.3: Reconstructed Higgs mass and missing mass of the signal events for different R parameters
of the kT algorithm. The algorithm is steered to construct two jets as expected from the signal final
state. In violet and black the results are shown for an inclusive Durham algorithm with two jets, which
is run with and without the reconstructed overlay particles, respectively. This can be taken as the best
and worst case scenario. The results with a larger R parameter are closer to the MC truth, with R = π/2
being the parameter limit.
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Figure B.4: Reconstructed Higgs mass and missing mass of the signal events for different R parameters
of the kT algorithm. Instead of the true two-jet signal topology, the algorithm is steered to construct six
jets. In violet and black the results are shown for an inclusive Durham algorithm with two jets, which
is run with and without the reconstructed overlay particles, respectively. This can be taken as the best
and worst case scenario. The results with a larger R parameter are closer to the MC truth, with R = π/2
being the parameter limit.
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Figure B.5: Projections of the template histograms onto the b-likeness and c-likeness dimensions for a
beam polarization of Pe−,e+ = (−0.8,+0.3). The binning used for the analysis results is shown.
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Figure B.6: Projections of the template histograms onto the b-likeness and missing mass dimensions for
a beam polarization of Pe−,e+ = (−0.8,+0.3). The binning used for the analysis results is shown.
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Figure B.7: Projections of the template histograms onto the b-likeness and c-likeness dimensions for a
beam polarization of Pe−,e+ = (+0.8,−0.3). The binning used for the analysis results is shown.
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Figure B.8: Projections of the template histograms onto the b-likeness and missing mass dimensions for
a beam polarization of Pe−,e+ = (+0.8,−0.3). The binning used for the analysis results is shown.
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Cov


σBR(H→ bb̄)
σBR(H→ cc̄)
σBR(H→ gg)
σBR(H→ oth)

 =


0.00011 −2.8e-5 2.8e-5 −0.00012
−2.8e-5 0.014 0.0022 −0.0084
2.8e-5 0.0022 0.0048 −0.0079
−0.00012 −0.0084 −0.0079 0.022


Figure B.9: Full covariance matrix of the five-parameter fit with H→ oth contribution fitted and a beam
polarization of Pe−,e+ = (−0.8,+0.3).

Cov


σBR(H→ bb̄)
σBR(H→ cc̄)
σBR(H→ gg)
σBR(H→ oth)

 =


0.00028 −5.5e-5 6.7e-5 −0.00025
−5.5e-5 0.032 0.0059 −0.018
6.7e-5 0.0059 0.011 −0.015
−0.00025 −0.018 −0.015 0.038


Figure B.10: Full covariance matrix of the five-parameter fit with H → oth contribution fitted and a
beam polarization of Pe−,e+ = (+0.8,−0.3).

Cov

σBR(H→ bb̄)
σBR(H→ cc̄)
σBR(H→ gg)

 =

0.00011 −6.9e-5 −1.4e-5
−6.9e-5 0.010 −0.00067
−1.4e-5 −0.00067 0.0020


Figure B.11: Full covariance matrix of the five-parameter fit with H → oth contribution fixed and a
beam polarization of Pe−,e+ = (−0.8,+0.3).

Cov

σBR(H→ bb̄)
σBR(H→ cc̄)
σBR(H→ gg)

 =

 0.00028 −0.00017 −3.3e-5
−0.00017 0.022 −0.0015
−3.3e-5 −0.0015 0.0043


Figure B.12: Full covariance matrix of the five-parameter fit with H → oth contribution fixed and a
beam polarization of Pe−,e+ = (+0.8,−0.3).
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Cov



σ(ZH)BR(H→ bb̄)
σ(ZH)BR(H→ cc̄)
σ(ZH)BR(H→ gg)
σ(ZH)BR(H→ oth)
σ(WW)BR(H→ bb̄)
σ(WW)BR(H→ cc̄)
σ(WW)BR(H→ gg)
σ(WW)BR(H→ oth)


=



0.00041 −0.00011 5.2e-5 −0.00033 −0.00012 2.6e-5 −8.9e-6 6.3e-5
−0.00011 0.038 0.004 −0.020 4.3e-5 −0.0086 −0.00052 0.0032

5.2e-5 0.0043 0.013 −0.019 −3.362e-6 −0.00068 −0.0025 0.0034
−0.00033 −0.0201 −0.019 0.061 5.4e-5 0.0031 0.0026 −0.0094
−0.00012 4.3e-5 −3.4e-6 5.4e-5 0.00028 −6.0e-5 7.8e-5 −0.0003

2.6e-5 −0.0086 −0.00068 0.0031 −6.0e-5 0.031 0.0055 −0.018
−8.9e-6 −0.00052 −0.0025 0.0026 7.8e-5 0.0055 0.011 −0.017
6.3e-5 0.0032 0.0034 −0.0094 −0.00029 −0.018 −0.017 0.045


Figure B.13: Full covariance matrix of the nine-parameter fit with H → oth contribution fitted and a
beam polarization of Pe−,e+ = (−0.8,+0.3).

Cov



σ(ZH)BR(H→ bb̄)
σ(ZH)BR(H→ cc̄)
σ(ZH)BR(H→ gg)
σ(ZH)BR(H→ oth)
σ(WW)BR(H→ bb̄)
σ(WW)BR(H→ cc̄)
σ(WW)BR(H→ gg)
σ(WW)BR(H→ oth)


=



0.00051 −0.00010 6.8e-5 −0.00032 −0.0013 0.00013 −5.4e-5 0.00056
−0.00010 0.046 0.0083 −0.025 0.00029 −0.092 −0.010 0.039

6.8e-5 0.0083 0.017 −0.023 −4.3e-5 −0.011 −0.030 0.040
−0.00032 −0.025 −0.023 0.054 0.00051 0.039 0.035 −0.095
−0.0013 0.00029 −4.3e-5 0.00051 0.011 −0.0020 0.0013 −0.0065
0.00013 −0.092 −0.011 0.039 −0.0020 0.87 0.11 −0.35
−5.4e-5 −0.010 −0.030 0.035 0.0013 0.11 0.34 −0.40
0.00056 0.039 0.040 −0.095 −0.0065 −0.35 −0.4038 0.92


Figure B.14: Full covariance matrix of the nine-parameter fit with H → oth contribution fitted and a
beam polarization of Pe−,e+ = (+0.8,−0.3).
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Cov



σ(ZH)BR(H→ bb̄)
σ(ZH)BR(H→ cc̄)
σ(ZH)BR(H→ gg)
σ(WW)BR(H→ bb̄)
σ(WW)BR(H→ cc̄)
σ(WW)BR(H→ gg)


=



0.00040 −0.00021 −5.2e-5 −0.00012 4.9e-5 1.0e-5
−0.00021 0.031 −0.0018 6.2e-5 −0.0076 0.00039
−5.2e-5 −0.0018 0.0064 1.6e-5 0.00045 −0.0015
−0.00012 6.2e-5 1.6e-5 0.00028 −0.00019 −3.5e-5

4.9e-5 −0.0076 0.00045 −0.00019 0.025 −0.0016
1.0e-5 0.00039 −0.0015 −3.5e-5 −0.0016 0.0046


Figure B.15: Full covariance matrix of the nine-parameter fit with H → oth contribution fixed and a
beam polarization of Pe−,e+ = (−0.8,+0.3).

Cov



σ(ZH)BR(H→ bb̄)
σ(ZH)BR(H→ cc̄)
σ(ZH)BR(H→ gg)
σ(WW)BR(H→ bb̄)
σ(WW)BR(H→ cc̄)
σ(WW)BR(H→ gg)


=



0.00051 −0.00024 −6.7e-5 −0.0012 0.00034 0.00015
−0.00024 0.034 −0.0022 0.00046 −0.072 0.0035
−6.7e-5 −0.0022 0.0069 0.00017 0.0048 −0.015
−0.0012 0.00046 0.00017 0.011 −0.0041 −0.0015
0.00034 −0.072 0.0048 −0.0041 0.68 −0.043
0.00015 0.0035 −0.015 −0.0015 −0.043 0.16


Figure B.16: Full covariance matrix of the nine-parameter fit with H → oth contribution fixed and a
beam polarization of Pe−,e+ = (+0.8,−0.3).
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