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Abstract
In this thesis the development of a time projection chamber (TPC) for the International Large
Detector (ILD) concept at the International Linear Collider (ILC) is discussed and an ana-
lysis is carried out to evaluate the performance of the detector concept. The ILC is a planned
linear electron-positron collider. Its first construction stage with a centre-of-mass energy of
250 GeV is primarily intended to perform precision measurements of the Higgs boson that
was discovered at the LHC in 2012. In addition, the unprecedented precision that is aimed
for also allows to search for indirect signs of new physics that manifest as deviations from
the predictions of the standard model. The ILD is one of the detector concepts proposed for
the ILC. Its distinctive feature is the large TPC foreseen as its main tracking detector. A TPC
provides a large number of measured space points on each track, resulting in an excellent
momentum resolution even for low momentum particles. Additionally it allows to measure
the specific energy loss (d𝐸/d𝑥) of the particles and thus perform particle identification.

In the first part of this thesis the development of a modular readout for the ILD TPC is
presented. Each module provides avalanche gas amplification of the electron signal via a
stack of three gas electron multiplier (GEM) foils, supported by thin ceramic grids. The
signal is read out on the anode plane, which is segmented into pads. For this work the pro-
duction procedure for the modules was reviewed and improved to achieve a higher accuracy
and repeatability. Three newly assembled modules were tested in a prototype TPC at the
DESY II Test Beam Facility. The acquired data is used to validate the results regarding the
spatial resolution acquired in a previous study. Additionally the d𝐸/d𝑥 resolution of the
setup is determined for the first time. An extrapolation of the result to the conditions of the
ILD TPC shows that the envisioned relative resolution of 5 % can be achieved.

In the second part of this thesis a measurement of the branching fractions of the Z boson
into the light quarks d, u and s is presented. In the standard model the coupling of the Z to the
quarks is independent of the flavour. Any deviation from this pattern is a hint of new physics.
Due to the difficulty in identifying the flavour of the primary quark in jets originating from
light quarks, the respective individual branching fractions are only known with uncertainties
of 5 % to 10 %. The analysis presented here uses data from a detailed simulation of the ILD,
scaled to the full data set of 𝐿int = 2 ab−1 of the ILC at √𝑠 = 250 GeV. To tag the flavour of
light quark jets, the high momentum leading hadrons in each jet are used since their flavour
content is correlated to the flavour of the primary quark. One challenge of this approach is
to identify the species of the tagging hadrons in the detector. The d𝐸/d𝑥 measurement in
the TPC is an essential tool for this purpose. The analysis shows that a relative statistical
precision of the branching fraction into light down-type quarks of about 1 % can be achieved.
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Kurzfassung
Die vorliegende Arbeit behandelt die Entwicklung einer Zeitprojektionskammer (TPC) für
den International Large Detector (ILD) am International Linear Collider (ILC). Zudem wird
die Leistung des Detektorkonzepts im Rahmen einer Physikanalyse betrachtet. Der ILC ist
ein geplanter Linearbeschleuniger zur Kollision von Elektronen mit Positronen. Die erste
Ausbaustufe sieht eine Schwerpunktsenergie von 250 GeV vor, um Präzisionsmessungen
der Eigenschaften des Higgsbosons durchzuführen, das 2012 am LHC entdeckt wurde. Die
angestrebte Genauigkeit erlaubt es außerdem indirekte Anzeichen von unbekannter Phy-
sik zu finden, die als Abweichungen von den Vorhersagen des Standardmodells erkennbar
sind. Der ILD ist eines der Detektorkonzepte, die für den ILC vorgeschlagen werden. Die
Besonderheit des ILD is die TPC, die als zentraler Spurdetektor vorgesehen ist. Durch die
hohe Anzahl an Messpunkten entlang jeder Spur erreicht eine TPC eine hervorragende Im-
pulsauflösung selbst für Teilchen mit sehr geringem Impuls. Des Weiteren erlaubt die hohe
Messdichte eine Bestimmung des Energieverlusts der Teilchen und so eine Ermittlung der
Teilchenart.

Der erste Teil der Arbeit befasst sich mit der Entwicklung einer modularen Auslese für die
ILD TPC. Jedes Modul beinhaltet eine Gasverstärkungsstufe bestehend aus drei gas elec-
tron multipliers (GEMs), die von schmalen Keramikrahmen gehalten werden. Das elektri-
sche Signal wird auf der segementierten Anode ausgelesen. Im Zuge dieser Arbeit wurde
der Fertigungsprozess für die Module überarbeitet, um eine höhere Wiederholgenauigkeit
zu erreichen. Drei neu gebaute Module wurden in einem TPC-Prototypen an der DESY II
Teststrahl Einrichtung erprobt. Die erhaltenen Daten werden ausgewertet, um die Ergebnis-
se einer früheren Studie bezüglich der Ortsauflösung zu überprüfen. Zudem wird zum ersten
Mal die Messauflösung des Energieverlusts für dieses System bestimmt. Eine Extrapolati-
on des Ergebnisses zu den Bedingungen der ILD TPC zeigt, dass die angestrebte relative
Auflösung von 5 % erreicht werden kann.

Der zweite Teil der Arbeit behandelt eine Messung der Verzweigungsverhältnisse des
Z-Bosons in die leichten Quarks d, u und s. Im Standardmodell ist die Kopplungsstärke des
Z zu den Quarks unabhängig von deren Flavour-Quantenzahl. Jede Abweichung von die-
sem Schema ist ein Hinweis auf neue Physik. Da es für Jets, die von leichten Quarks erzeugt
werden, schwierig ist die Art des ursprünglichen Quarks zu bestimmen, sind die jeweiligen
Verzweigungsverhältnisse nur bis auf Unsicherheiten von 5 % bis 10 % bekannt. Die hier
vorgestellte Analyse beruht auf simulierten Daten, die mit einem detailierten Modell des
ILD erzeugt wurden und auf die Größe von 𝐿int = 2 ab−1 des vollständigen Datensatzes des
ILC bei √𝑠 = 250 GeV skaliert wurden. Um die Art des Primärquarks zu ermitteln, wer-
den die Teilchen mit der höchsten Energie in jedem Jet betrachtet, da der Quarkinhalt der
entsprechenden Hadronen mit dem Flavour des Primärquarks korreliert ist. Eine Herausfor-
derung dieser Methode is die Identifikation dieser Hadronen. Hierfür ist die Messung des
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Kurzfassung

Energieverlusts in der TPC unverzichtbar. Im Ergebnis zeigt die Analyse, dass für die Mes-
sung des Verzweigungsverhältnisses in leichte d- und s-Quarks ein relativer stochastischer
Fehler von ungefähr 1 % erreicht werden kann.
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1. The Standard Model of Particle
Physics

The standard model of particle physics (SM) is currently the best description of the fun-
damental particles and their interactions. The SM is a Yang-Mills gauge theory [1] based
on the formalism of quantum field theory (QFT) that combines quantum mechanics with
Einstein’s special theory of relativity [2], but does not include the general theory of rela-
tivity [3]. Therefore from the four known fundamental forces, electromagnetism, the weak
and strong interactions and gravity, only the former three are incorporated in the SM. While
the electromagnetic (EM) and strong interactions are described in self contained theories,
quantum electrodynamics (QED) [4, 5] and quantum chromodynamics (QCD) [6, 7], re-
spectively, the weak interaction is better understood within a unified description of EM and
weak forces, the electroweak (EW) model, also called Glashow-Salam-Weinberg (GSW)
theory [8–10]. Therefore strictly speaking QED is not part of the SM. The EW model was
completed with the introduction of the mechanism of electroweak symmetry breaking [11–
14], often called Higgs mechanism.

Quantum mechanics differentiates between particles with integral spin values, i.e. bosons
that follow Bose-Einstein statistics [15], and half odd-integral spin, i.e. fermions following
Fermi-Dirac statistics [16, 17]. In QFT each elementary particle is understood as an ex-
cited state, or a quantum, of an underlying field and bosons and fermions play distinct roles,
which are described in the following. Mathematically, the particles and their interactions
are described as terms in the Lagrangian density ℒ involving the corresponding fields. The
requirement of local gauge invariance defines the possible terms and thus the existing in-
teractions. The underlying gauge symmetry of the standard model is given by the group
structure SU(3)𝐶 ×SU(2)𝑇 ×U(1)𝑌. For each generator of these gauge groups, a gauge field
must be introduced in the Lagrangian to ensure local gauge invariance. The gauge fields
of the standard model are vector fields and their quanta are the gauge bosons, which are
interpreted as the mediator particles of the respective forces. In addition, the spontaneous
breaking of the EW symmetry requires the introduction of a scalar field, the so-called Higgs
field, and at least one scalar boson, the Higgs boson. The properties of particles that define
their couplings to the mediators are additive quantum numbers called charges. The gauge
bosons of the SM are listed in table 1.1.

While the interactions are mediated by bosons, the matter in the universe is comprised of
elementary fermions. Protons and neutrons are made up of up- and down-quarks (u and d),
which are confined to the hadrons by the strong force. The electrons (e−) are not affected by
the strong force and are bound by electromagnetic Coulomb forces, e.g. to atomic nuclei.
Finally, neutrinos (ν), which are for example produced in the neutron β-decay and nuclear
fission and fusion, only interact with the weak force. While most visible matter is comprised

3



1. The Standard Model of Particle Physics

Table 1.1.: Summary of the gauge bosons of the three fundamental interactions described by
the standard model, including their masses and charges. The experimental photon, weak boson
and Higgs masses are taken from ref. [18]. The bound on the gluon mass was estimated in
ref. [19]. In their respective theories the gluons and the photon are massless. The charges are
explained in the corresponding sections on the interactions.

interaction boson mass [GeV] 𝑄 𝑇3 𝑌 colour

strong gluons (g) 0(<10−3) 0 0 0 octet

weak W± 80.379(12) ±1 ±1 0 neutral
Z 91.1876(21) 0 0 0 neutral

EM photon (γ) 0(<10−27) 0 0 0 neutral

— Higgs (h) 125.10(14) 0 −1/2 +1 neutral

Table 1.2.: The elementary fermions of the standard model and their charges. The charges
are explained in the corresponding sections on the interactions. The absence of right-chiral
neutrinos is discussed in section 1.2.

generation left-chiral right-chiral
1 2 3 colour 𝑄 𝑇3 𝑌 𝑇3 𝑌

quarks u c t triplet
+2/3 +1/2 +1/3 0 +4/3

d s b −1/3 −1/2 +1/3 0 −2/3

leptons νe νμ ντ neutral 0 +1/2 −1 —
e− μ− τ− −1 −1/2 −1 0 −2

of these four constituents, there exist two additional, successively more massive, copies
of each, for a total of three generations, as displayed in table 1.2. The second generation
includes the strange (s) and charm (c) quark as well as the muon (μ−) and the corresponding
neutrino. The third generation quarks are the bottom (b) and top (t) and the charged lepton
is designated τ−. Potential undiscovered heavier generations are constraint by the best fit of
the number of light neutrino flavours of 𝑁ν = 2.991 ± 0.007 [18].

Except for their mass, the particles in higher generations only differ by their so-called
flavour quantum number. For the quarks the flavour directly represents their type and gen-
eration. By convention, the flavour of a quark has the same sign as its electric charge. As is
explained in section 1.2, quark flavour is not conserved by the weak interaction and it can
mediate decays between generations. Therefore only the quarks of the first generation are
stable. For the leptons instead of six individual quantum numbers, often a single flavour is
assigned to both the charged lepton and the neutrino of each generation, i.e. electron num-
ber, muon number and tau number. In this picture, the heavier generation charged leptons
can decay by transforming into the corresponding neutrino via the weak interaction, without
violating flavour conservation. The neutrinos themselves are lighter than all other fermions
and thus cannot decay. Since in the SM, the particles in all three generations have the same
values of the charges corresponding to the SM forces, their couplings to the SM gauge bo-
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sons are expected to be generation independent, this is known as flavour universality.
Each of the fermions also has an antiparticle that has the same properties, such as mass,

but all additive quantum numbers, e.g. the standard model charges and the flavour, have the
opposite sign, i.e. particles transform into their antiparticles under charge inversion. This is
reflected in the solutions of the Dirac equation [20] describing the propagation of fermions.
The resulting Dirac spinor exhibits two components with positive energy and two with neg-
ative energy. The latter are identified as the antiparticle solutions. The Dirac spinor can be
projected into so-called left- and right-chiral components [21], which transform into each
other under parity inversion [22], i.e. when going from a left-handed to a right-handed co-
ordinate system and vice versa. The two chiral projections are generally not identical to the
particle and antiparticle components, except for Majorana fermions [23]. Therefore Dirac
fermions and antifermions both exist as left- as well as right-chiral states. For massless par-
ticles chirality is identical to helicity, i.e. the normalised projection of their spin onto their
momentum vector. For massive particles there always exists a Lorentz boost that inverts the
momentum direction and thus flips the sign of their helicity. Therefore it must be distin-
guished from chirality, which does not depend on the observer. In experiments only helicity
is observed, not chirality directly.

For light particles, such as electrons and positrons, at high momenta helicity is almost
equivalent to chirality. This can be utilised in e+e−-colliders by spin polarising the par-
ticle beams, i.e. aligning the spins (anti-)parallel with the momentum vector to a signifi-
cant degree. This has two effects that can be used to suppress or enhance certain processes.
First, since the SM interactions are mediated by vector bosons, many processes are only al-
lowed for configurations where the helicities of the colliding particles have opposite signs.
Secondly, as is explained in section 1.2, the weak interactions are sensitive to the chirality
of the interacting particles since they only interact with left-chiral particles and right-chiral
antiparticles.

The SM has several free parameters, which are not given by the theory. Since some of the
parameters depend on each other, different sets of independent parameters can be defined.
The set typically used includes the mass of the Higgs boson, the masses of the fermions
and the strong coupling constant 𝛼𝑠 as well as the mass of the Z, the Fermi constant 𝐺F and
the fine structure constant 𝛼 [18]. These and other parameters have been measured to great
precision in past and current experiments, e.g. 𝛼𝑠 at LEP [24] and HERA [25], 𝑀Z at LEP
and SLC [26], the W± mass at the Tevatron [27] and the top-quark mass at the LHC [28,
29]. A review of the current experimental status is published regularly by the Particle Data
Group [30]. Once the free parameters are known, the model can be used to predict other
quantities such as production cross sections and decay branching ratios. Predictions made
by the SM have widely been confirmed by experiments, e.g. the production cross sections of
a wide range of processes by ATLAS [31] and CMS [32] at the LHC and the decay branching
fractions of the Z boson into two fermions at LEP [26]. However, some experiments have
produced evidence of discrepancies, e.g. the measured anomalous magnetic moment of the
muon deviates by 4.2 𝜎 from the SM expectation [33] and certain branching fractions of
rare decays of hadrons containing b quarks deviate by more than 3 𝜎 [34, 35].
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1. The Standard Model of Particle Physics

1.1. Quantum Chromodynamics
The gauge field theory that describes the interactions of quarks via the strong force is called
quantum chromodynamics (QCD) and its gauge structure is the SU(3)𝐶 component of the
standard model of particle physics [18]. The charge of the strong interaction is called col-
our, as it comes in three states generally denoted as red, green and blue, in reference to the
three primary colours in additive colour models. The quarks are in the fundamental repre-
sentation of SU(3)𝐶, i.e. they exist as colour triplets 𝟑 with one colour degree of freedom.
Correspondingly, antiquarks are triplets of anticolour, ̄𝟑. The strong gauge bosons are the
massless gluons, which were discovered at the e+e− colliders DORIS [36] and PETRA [37].
Gluons can be interpreted as carrying both colour and anticolour, i.e. they are in the adjoint
representation of SU(3)𝐶 and thus form an octet 𝟖 [7]. Therefore, they not only mediate
the interaction but also take part in it themselves via gluon-gluon interactions. From group
theory it follows that the nine possible combined colour-anticolour states are arranged into
an octet and a singlet: 𝟑 ⊗ ̄𝟑 = 𝟖 ⊕ 𝟏. Since the singlet is colour neutral it could only inter-
act with other colour singlet states, i.e. not with the quarks or the gluon octet but with the
colour neutral SM particles [6, 7]. Like the photon, such a gluon would have infinite range.
However, no long-range strong interaction has been observed. Therefore the gluon singlet
is believed to not be realised in nature and QCD only includes the gluon octet, i.e. it has
SU(3) and not U(3) symmetry.

The Lagrangian of QCD is given by [18]

ℒQCD = ∑
𝑞

𝜓̄𝑞,𝑎(𝑖𝛾𝜇𝜕𝜇𝛿𝑎𝑏 − 𝑔𝑠𝛾𝜇𝑡𝐶𝑎𝑏𝒜𝐶
𝜇 − 𝑚𝑞𝛿𝑎𝑏)𝜓𝑞,𝑏 − 1

4𝐹𝐴
𝜇𝜈𝐹𝐴𝜇𝜈 , (1.1)

using Einstein notation, summing over any repeated indices. The Kronecker symbol 𝛿𝑎𝑏 is
zero for 𝑎 ≠ 𝑏 and one for 𝑎 = 𝑏, where the indices 𝑎 and 𝑏 run from 1 to 𝑁𝑐 = 3, representing
the three colour states. The 𝛾𝜇, with 𝜇 = 0, 1, 2, 3, are the four Dirac 𝛾-matrices. The first
term of the Lagrangian describes the propagation of the quarks, represented by the spinors
𝜓𝑞,𝑎, with flavour 𝑞 and mass 𝑚𝑞 as well as their interaction with the gluon octet fields 𝒜𝐶,
where 𝐶 runs from 1 to 𝑁𝑐

2 − 1 = 8. This quark-antiquark-gluon interaction term is pro-
portional to the QCD coupling constant 𝑔𝑠. The quark masses 𝑚𝑞 and the coupling constant
𝑔𝑠 are free parameters of QCD. The 𝑡𝐴 are related to the Gell-Mann matrices 𝜆𝐴 [38] by
𝑡𝐴𝑎𝑏 = 𝜆𝐴

𝑎𝑏/2. They are eight 3 × 3 matrices that, as generators of SU(3) transformations,
fulfil the commutation relation

[𝑡𝐴, 𝑡𝐵] = 𝑖𝑓𝐴𝐵𝐶𝑡𝐶 , (1.2)

where the 𝑓𝐴𝐵𝐶 are the structure constants of the group. The second term of the Lagrangian,
containing the field tensor

𝐹𝐴
𝜇𝜈 = 𝜕𝜇𝒜𝐴

𝜈 − 𝜕𝜈𝒜𝐴
𝜇 − 𝑔𝑠 𝑓𝐴𝐵𝐶𝒜𝐵

𝜇𝒜𝐶
𝜈 , (1.3)

describes the interaction between the gluons. It gives rise to three- and four-gluon interaction
terms, proportional to 𝑔𝑠 and 𝑔𝑠

2, respectively.
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1.1. Quantum Chromodynamics

1.1.1. The Quark-Parton Model of Hadrons
At low energies, colour is believed to be permanently confined due to the gluon self inter-
actions. This reflects the fact that in nature quarks and gluons only appear as colour-singlet
bound states, the hadrons. Since gluons carry no intrinsic quantum numbers except colour,
the properties of hadrons are defined by their constituent quarks and antiquarks. This de-
scription of hadrons is called the quark-parton model [18]. In this model there exist two
types of hadrons [39]: Mesons are 𝑞 ̄𝑞′ bound states of quarks 𝑞 and antiquarks ̄𝑞′, where the
flavours of quark and antiquark can be different but their colour charges have to cancel each
other, e.g. red and anti-red. Baryons are three-quark bound states with a fully antisymmet-
ric state of the three colours. Also here, the flavours of the three quarks may be different.
The quark model only describes the minimal quark content of hadrons, i.e. their so-called
valence quarks. In addition however, within each hadron there exists a sea of gluons and
virtual quarks. While these sea quarks do not influence the quantum numbers of a hadron,
they can partake in interactions with other particles. For the proton the properties of the
quark sea have been measured in deep inelastic e±p collisions at HERA [40].

All quarks except the top quark have been observed as part of hadrons. Due to its high
mass, the lifetime of the top quark is too short to form bound states. The hadronic states
can be described as SU(𝑛) multiplets of 𝑛 quark flavours [38, 39]. Since the u and d quarks
have almost equal mass, their SU(2) symmetry is nearly unbroken. Historically, this led to
the introduction of the isospin of the nucleons. In the quark model, the isospin 𝐼, or rather
its third component 𝐼3, is kept as the flavour quantum number of the first generation quarks,
with 𝐼3 = −1/2 for the d quark and 𝐼3 = +1/2 for the u quark. Including the somewhat
heavier s quark with strangeness 𝑆 = −1 results in an only slightly broken SU(3) symmetry.
However for 𝑛 > 3, i.e. hadrons containing c or b quarks, the symmetry is badly broken due
to the much higher masses of these quarks.

1.1.2. Fragmentation and Hadronisation
For interactions with large momentum transfers the strong coupling constant is greatly re-
duced [18]. This effect is referred to as asymptotic freedom of QCD [41, 42]. Therefore in
sufficiently hard interactions quarks and gluons can often be treated as free particles and the
interactions can be calculated using perturbation theory. However, on the scale of experi-
ments and detectors only hadrons may be observed. The transition between the parton state
of the hard interaction and the measurable hadronic event is called fragmentation. Describ-
ing this process is an important task in Monte Carlo simulations. Since at some point in
the transition the average involved momentum transfers become too low and the perturba-
tive approach fails, it can not be described fully analytically but requires phenomenological
parametrisations [43]. Different models have been developed, which are mostly grouped in
the two classes of string [44, 45] and cluster [46] fragmentation.

Typically the transition is split into three stages [43], the parton shower, hadronisation
and the decay of unstable hadrons. Immediately after a hard scattering process, e.g. e+e− →
Z → 𝑞 ̄𝑞, the primary partons in the final state are quasi-free colour charges. However, they
are still coupled via the colour field between them. Therefore they emit bremsstrahlung in
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1. The Standard Model of Particle Physics

the form of gluons. The gluons can interact and generate additional 𝑞 ̄𝑞 pairs, using energy
available in the colour field between the partons. These secondary particles form the parton
shower. During this stage the global properties of the event are determined [43], e.g. energy
and angular distributions, multiplicities etc. The bremsstrahlung gluons are predominantly
emitted with low momentum and at small angles to the primary parton. Therefore, the parton
shower develops into a roughly conical jet around the momentum axis of the primary parton.
Below a fixed cut-off scale, typically chosen at ∼1 GeV [43], the processes can no longer
be calculated perturbatively. Here, the phenomenological models are employed to transfer
the secondary partons into hadrons. This hadronisation is assumed to be local, since the
emitted soft gluons shield the colour charges of the individual higher momentum partons,
creating independent colour neutral systems [43]. Finally, any unstable hadrons are decayed
into stable particles, hadrons as well as leptons, according to their known decay widths.
However, the time scales of decays are often much shorter than that of the hadronisation, so
that the two processes cannot be clearly separated in reality.

Since the gluons emitted during formation of the parton shower are mostly soft, the
primary parton typically retains a large fraction of its initial momentum, i.e. the total mo-
mentum of the jet. Most of this momentum is carried over to the hadron as the hadronisation
process happens at low momentum-transfer scales. Therefore the leading hadron in a jet of-
ten contains the primary parton [47]. This fact is used in the analysis in part II of this thesis
to tag the flavour of jets generated by light u, d and s quarks.

1.2. Electroweak Model and Higgs Mechanism
The theory describing the unified EM and weak interactions of fermions, the electroweak
(EW) or Glashow-Salam-Weinberg (GSW) theory [8–10], contributes the gauge structure
SU(2)𝑇 × U(1)𝑌 of the standard model of particle physics. The corresponding charges are
the weak isospin 𝑇 and the weak hypercharge 𝑌, which fulfil the relation

𝑄 = 𝑇3 + 1
2𝑌 (1.4)

with the electric charge 𝑄 in units of the elementary charge 𝑒 and where 𝑇3 is the third
component of the weak isospin. The gauge fields form a weak isospin triplet 𝑊𝑖, 𝑖 = 0, 1, 2,
with 𝑇 = 1 and 𝑌 = 0 for the SU(2)𝑇 component and a singlet 𝐵 with 𝑇 = 𝑌 = 0 for the
U(1)𝑌 component.

In the original GSW theory the EW gauge bosons were massless since the corresponding
mass terms would break the gauge invariance of the Lagrangian. However, in experiments
it was shown that the three weak gauge bosons have masses of 𝒪(100 GeV) [26, 27, 18],
which are responsible for the short range of the weak interaction. The mechanism of electro-
weak symmetry breaking (EWSB) [11–14] was developed to restore gauge invariance in the
presence of massive gauge bosons. In the minimal model a new complex SU(2)𝑇 doublet
field 𝛷 with scalar potential

𝑉(𝛷) = 𝜇2𝛷†𝛷 + 𝜆2

2 (𝛷†𝛷)2 (1.5)
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1.2. Electroweak Model and Higgs Mechanism

is introduced, which is generally called the Higgs field. With quantum numbers 𝑇 = 1/2 and
𝑌 = 1 this doublet has an electrically charged component 𝜙+ and a neutral component 𝜙0,
following equation (1.4). Since the doublet is complex it has a total of four real degrees of
freedom. If 𝜇2 < 0, the neutral component acquires a non-zero vacuum expectation value
𝑣:

𝜙0 = 𝐻 + ⟨𝜙0⟩ , ⟨𝜙0⟩ ≕ 𝑣 ≈ 246 GeV . (1.6)
At low energies where the system is in the ground state, this results in the spontaneous

breaking of the SM gauge symmetry SU(3)𝐶 ×SU(2)𝑇 ×U(1)𝑌 into SU(3)𝐶 ×U(1)em. This
breaking of three of the four generators of the EW gauge symmetry implies the existence
of three massless Goldstone bosons [48]. These are identified with three of the four degrees
of freedom of the Higgs field. The two charged and one neutral Goldstone degrees of free-
dom mix with the EW gauge fields, 𝑊 𝑖 and 𝐵. They become the longitudinal components
of the now massive gauge bosons, the two charged 𝑊± ≡ (𝑊1 ∓ 𝑖𝑊2)/√2 and the neutral
𝑍 ≡ −𝐵 sin 𝜃W + 𝑊0 cos 𝜃W, respectively. The fourth EW generator stays unbroken and the
corresponding gauge field, the U(1)em photon 𝐴 ≡ 𝐵 cos 𝜃W +𝑊0 sin 𝜃W, remains massless.
The weak mixing or Weinberg angle 𝜃W ≔ arctan(𝑔′/𝑔) is defined by the relative strength
of the couplings 𝑔 and 𝑔′ of SU(2)𝑇 and U(1)𝑌, respectively. The last, neutral degree of
freedom 𝐻 of the Higgs doublet remains as a new scalar particle, the Higgs boson. A can-
didate for this particle, with a mass of about 125 GeV and properties consistent with the SM
predictions, was discovered by the CMS [49] and ATLAS [50] experiments at the LHC.

After EWSB the Lagrangian for the fermion fields 𝜓𝑓 is [18]

ℒ𝐹 = ∑
𝑓

𝜓̄𝑓 (𝑖𝛾𝜇𝜕𝜇 − 𝑚𝑓 −
𝑚𝑓
𝑣 𝐻)𝜓𝑓

− 𝑔

2√2
∑

𝑖
[𝜈̄𝐿𝑖𝛾

𝜇(1 − 𝛾5)𝑒𝐿𝑖 + ̄𝑢𝐿𝑖𝛾
𝜇(1 − 𝛾5)𝑉𝑖𝑗𝑑𝐿𝑗]𝑊+

𝜇 + h.c.

− 𝑔
2 cos 𝜃W

∑
𝑓

𝜓̄𝑓 𝛾𝜇[(1 − 𝛾5)𝑇 𝑓
3𝐿 − 2𝑄𝑓 sin2 𝜃W]𝜓𝑓 𝑍𝜇

− 𝑔 sin 𝜃W ∑
𝑓

𝑄𝑓 𝜓̄𝑓 𝛾𝜇𝜓𝑓 𝐴𝜇 , (1.7)

using Einstein notation, summing over any repeated indices. The first term contains the pro-
pagation term 𝑖𝛾𝜇𝜕𝜇, where the 𝛾𝜇 are the Dirac 𝛾-matrices. It also includes the masses
𝑚𝑓 of the fermions and their couplings to the Higgs field 𝐻, which both appear when diago-
nalising the Yukawa interactions [51] between the Dirac fermions and the Higgs field once
EWSB takes place. The neutrinos were originally thought to be massless and thus have no
Yukawa couplings. However, neutrino oscillations [52, 53] are observed in various exper-
iments probing different neutrino sources [54–60]. This shows that their mass eigenstates
are misaligned with their weak eigenstates, which implies that they have to possess non-zero
masses. Since it is not known whether neutrinos are Dirac or Majorana fermions, it is also
unclear whether their masses originate from Yukawa interactions or are acquired through a
version of the see-saw mechanism [61].

This distinction of the neutrinos from the other fermions comes from the fact that the
SU(2)𝑇 component of the EW interaction couples only to left-chiral fermions. This is re-
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1. The Standard Model of Particle Physics

flected in the second term of equation (1.7), which represents the charged current (CC) weak
interactions. The left-chiral fermion fields of each generation form weak isospin doublets
with 𝑇 = 1/2,

ℓ𝐿𝑖 = (𝜈𝐿𝑖
𝑒𝐿𝑖

) and 𝑞𝐿𝑖 = (𝑢𝐿𝑖
𝑑′

𝐿𝑖
) , (1.8)

while the right-chiral fields, 𝑒𝑅𝑖, 𝑢𝑅𝑖 and 𝑑𝑅𝑖, are singlets with 𝑇 = 0. The opposite is true
for the antifermions, i.e. right-chiral doublets and left-chiral singlets. Right-chiral neutrinos
𝜈𝑅𝑖, which need to exist if neutrinos are Dirac fermions, would not interact via any SM force
and thus are not part of the current theory.

Similar to neutrino oscillations, the three generations of quarks mix via the charged weak
currents since their mass eigenstates are not identical to the weak eigenstates. Per conven-
tion the mixing is applied to the down-type states according to 𝑑′

𝐿𝑖 ≔ ∑𝑗 𝑉𝑖𝑗𝑑𝐿𝑗, where 𝑉
is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [62, 63]. The structure of the
matrix and its consequences for the decays of quarks are explained in section 1.2.1 below.
An analogous mixing of the (charged) leptons through the charged weak currents has not
been observed due to the difficulty in detecting the neutrinos in traditional particle physics
experiments.

The third term of equation (1.7) describes the neutral current (NC) weak interactions. The
field 𝑍 couples to both the weak isospin 𝑇3 and the electric charge 𝑄. Here 𝑇3𝐿 represents
the weak isospin operator, which results in 𝑇3 = ±1/2 for the left-chiral components and
𝑇3 = 0 for the right-chiral components of the fermion spinor, according to table 1.2. The
interactions can also be expressed in terms of the vector and axial-vector components

𝑔 𝑓
V ≔ 𝑇 𝑓

3𝐿 − 2𝑄𝑓 sin2 𝜃W and 𝑔 𝑓
A ≔ 𝑇 𝑓

3𝐿 , (1.9)

respectively, such that the addends of the term become 𝜓̄𝑓 𝛾𝜇(𝑔 𝑓
V − 𝛾5𝑔 𝑓

A)𝜓𝑓 𝑍𝜇.
The last term in equation (1.7) describes the electromagnetic interactions of QED. As

above 𝑄𝑓 is the electric charge in units of the elementary charge e ≡ 𝑔 sin 𝜃W. As opposed
to the weak interactions, the electromagnetic interaction is purely vector like.

1.2.1. The CKM Matrix and Quark Decays
The Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [62, 63]

𝑉 =
⎛⎜⎜⎜
⎝

𝑉ud 𝑉us 𝑉ub
𝑉cd 𝑉cs 𝑉cb
𝑉td 𝑉ts 𝑉tb

⎞⎟⎟⎟
⎠

(1.10)

is a 3 × 3 unitary matrix, that describes the mixing between the three generations of quarks
via the charged weak currents. It can be parametrised by three mixing angles. An additional
complex phase can be included without breaking unitarity. A non-zero value of this phase
implies a violation of charge-parity (CP) symmetry.

The phases and magnitudes of the matrix elements have been determined using data from
experiments employing different methods and probing various processes. These measure-
ments are used in ref. [18] to perform a global fit and achieve the best precision for all values.
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1.3. Open Questions and Issues

The general structure of the matrix in terms of the magnitude of the elements is as follows:
The main-diagonal elements, ∣𝑉ud∣, ∣𝑉cs∣ and ∣𝑉tb∣, are just below unity. The first sub- and su-
per-diagonal elements between the first and second generation, ∣𝑉us∣ and ∣𝑉cd∣, have values
of about 0.2, while those between the second and third generation, ∣𝑉cb∣ and ∣𝑉ts∣, are around
0.04. The elements between first and third generation, ∣𝑉ub∣ and ∣𝑉td∣, are the smallest with
values below 0.01.

In the second term of equation (1.7) the CKM matrix governs the interactions of the dif-
ferent quark flavours via the charged weak currents, i.e. the transformation of up-type quarks
into down-type quarks by radiating a (virtual) W+ boson, e.g. c → sW+, and vice versa with
a W−. Since the matrix is not diagonal, the quarks can change between generations at these
vertices. However, as the off-diagonal elements are successively smaller, such transitions are
suppressed compared to transitions within one generation. This has consequences for the de-
cays of quarks and their containing hadrons. For all quarks except the top, the decays are
additionally suppressed by their mass difference to the W±, which necessitates the creation
of an off-shell W±. Since the b quark is lighter than the top, it can only decay into a lower
generation quark. Therefore its lifetime is increased by the CKM suppression, resulting in
values of 𝑐𝜏 ≈ (0.3–0.5) mm for bottom hadrons [18]. In collider experiments this results in
the decay vertices of bottom hadrons often being significantly offset from the primary col-
lision vertex, producing a distinct signature. Even though the decay of charm into strange
quarks is not CKM suppressed, the large mass difference to the W± increases the lifetime of
the charm quark. This results in charmed hadron lifetimes of 𝑐𝜏 ≈ (0.1–0.3) mm [18] and
similar experimental decay signatures as for b quarks. For the strange quark, CKM suppres-
sion of the decay to u is weaker than for the b quark but the W± is produced much further off
shell. This results in even larger hadron lifetimes 𝑐𝜏 of several centimetres to metres [18].

The top quark is special, as it is the only quark more massive than the W±. Therefore
in its decay it can create an on-shell W boson. This substantially increases its decay width
and reduces its lifetime so much that it cannot form bound states before decaying. Being the
heaviest quark the top quark can potentially decay into any down-type quark but the decays
into s and d are strongly CKM suppressed so that it does actually decay almost exclusively
into a b quark.

1.3. Open Questions and Issues
The standard model of particle physics has been thoroughly tested at various energy scales
and so far is very successful in explaining even the most precise measurements. However, it
is known to be incomplete in several aspects. One such issue arises from astronomical and
cosmological observations [64–66]. These imply that a large part of the energy density of
the universe is comprised of an unknown type of matter, called dark matter (DM), that is
massive but electrically neutral and only interacts faintly with the known, visible particles.
The standard model provides no suitable particle to fulfil this role. Therefore many exten-
sions of the SM introduce new particles to resolve this issue [67]. While the SM neutrinos
seem like a natural candidate, their potential contribution to dark matter is severely limited
by the observations [68, 69, 18].
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The existence of neutrino masses and mixing itself raises several questions. For one, the
absolute masses of the neutrinos are unknown but the existing upper limits [18] show that
the masses must be much smaller than those of the charged leptons. This may be linked
to the origin of neutrino masses, i.e. whether they are Dirac or Majorana fermions. In the
former case the simplest mechanism to generate the masses would be Yukawa interactions.
In the latter case the most attractive option is the see-saw mechanism [61]. The sterile, right-
chiral neutrinos introduced by this mechanism could also serve as a dark matter candidate.

Another feature of the see-saw mechanism is that it links the generation and scale of the
neutrino masses to another open issue of the standard model, the matter-antimatter asym-
metry of the universe. Currently it is unknown which mechanism is responsible for the pre-
ferred production of matter over antimatter in the early universe. The see-saw mechanism
could provide the violation of CP symmetry that is required in leptogenesis models [70, 71]
generating the asymmetry.

Other issues are related to the nature of the Higgs boson. Subsequent measurements of
the particle discovered at the LHC find it to be consistent with SM predictions for the Higgs
boson of the minimal model described in section 1.2. However, the mass of the Higgs boson
is of concern. It receives quantum corrections proportional to the highest energy scale the
SM is valid to and therefore should be of the same order of magnitude. If no new physics
is introduced below the Planck scale, this implies a fine tuning of (𝑀h/𝑚P)2 = 𝒪(10−34)
from the Planck mass 𝑚P = 𝒪(1019 GeV) to the measured mass 𝑀h of about 125 GeV, by
unrelated parameters. This is called the hierarchy problem [72–74]. Several theories exist
to resolve this issue, including more complex models with additional degrees of freedom
or the possibility that the Higgs boson is not elementary but a composite particle of a new
underlying symmetry.

Additionally some experiments have produced evidence of deviations from the SM, e.g.
the measured anomalous magnetic moment of the muon deviates by 4.2 𝜎 [33]. Also certain
ratios of branching fractions of b-hadrons into different lepton flavours deviate from the SM
prediction by more than 3 𝜎, e.g. [34, 35]. The latter indicates a violation of lepton-flavour
universality. The theories proposed to explain the non-universality include, amongst others,
phenomenological models with additional gauge bosons Z′ [75–77] or leptoquarks [78, 79],
and models of R-parity violating supersymmetry [80–82]. While these models typically only
consider new couplings specific to the divergent channels, they could be readily extended to
include flavour non-universality in the quark sector. Therefore many of these models may
be relevant to part II of this thesis.

To verify the theories above, continued tests by experiments are required. New particles
proposed can be either discovered directly, by producing them at high enough energies,
or indirectly, by their influence on the couplings of SM particles. In this regard, different
types of collider play important, complementary roles. On one hand, hadron colliders like
the Large Hadron Collider (LHC) with their high energy reach can discover new heavy
particles directly. On the other hand, e+e− colliders like the proposed International Linear
Collider (ILC), introduced in the next chapter, can use their higher precision for indirect
searches by looking for deviations from the SM. Of particular interest in this regard are
precision measurements of the properties of the Higgs boson.
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2. The International Linear Collider
The International Linear Collider (ILC) is a linear electron-positron collider designed to
reach centre-of-mass energies of 200 GeV to 500 GeV, with a potential upgrade to 1 TeV.
The possibility for operation at the Z-pole is also investigated. After the discovery of a Higgs
boson with a mass of 125 GeV at the LHC, the baseline design was changed to an initial stage
with a maximum centre-of-mass energy of 250 GeV, a so-called Higgs factory, reducing the
initial cost. The technical possibilities for a later stage of 500 GeV and the 1 TeV upgrade are
retained with this new design. To study the chiral structure of particles as well as to better
differentiate between signal and background processes, both particle beams are foreseen
to be spin polarised. The longitudinal polarisation reached in the interaction point (IP) is
∣𝒫e− ∣ = 80 % for the electron beam and ∣𝒫e+ ∣ = 30 % for the positron beam.

The design of the central region provides space for two detectors sharing runtime and
integrated luminosity at the same IP. This is achieved by the so-called push-pull concept,
where each detector is placed on a movable platform such that either can be moved as a
whole into the interaction region while the other is shifted into a parking position. The
detector hall is designed such that maintenance can be performed at the parked detector
during operation of the collider. Having two separate experiments gives the advantage that
results can be cross-checked directly and potential detector biases can be identified.

A detailed description of the ILC with a maximum centre-of-mass energy of 500 GeV,
including the machine design, physics programme and detectors, is available in the form of a
technical design report (TDR) [83]. With the change of the initial stage to 250 GeV, updates
of the baseline design and physics case were published in refs. [84, 85]. A comprehensive
overview of the project including the most recent advancements is available in ref. [86].
More details on the detector concept used for this work, the International Large Detector
(ILD), are given in ref. [87]. In the following the main components of the accelerator are
described in section 2.1. Afterwards the running scenario in terms of beam energy and
polarisation is detailed in section 2.2. Finally the design and subdetectors of the ILD are
presented in section 2.3.

2.1. The Accelerator Baseline Design
A schematic illustration of the ILC accelerator complex is shown in figure 2.1. The indicated
subsystems are briefly described in the following sections. The total footprint of the accel-
erator complex has a length of about 20 km for the centre-of-mass energy of √𝑠 = 250 GeV.
This would need to be extended to 31 km for the potential upgrade to √𝑠 = 500 GeV. Major
components of the accelerator, like the damping rings and the central region including the
beam delivery system and the beam dumps, as well as the detectors are already designed to
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2. The International Linear Collider

Figure 2.1.: A schematic illustration of the ILC accelerator complex (not to scale). The main
subsystems are labelled. © Rey.Hori/KEK [88]

be operated in the upgraded system. A full, detailed description of the machine design can
be found in ref. [89, 90] and the design changes made to optimise the machine for 250 GeV
operation are described in ref. [84].

2.1.1. Particle Sources

The polarised electron source consists of a semiconductor photocathode that is illuminated
by a circularly polarised laser inside a direct current (DC) electron gun. The most promising
material for the photocathode are strained superlattices of thin, alternating layers of gallium
arsenide (GaAs) and gallium arsenide phosphide (GaAsP), which typically provide elec-
tron polarisation of at least 85 % [91]. For illumination, a titanium-sapphire laser with a
wavelength of 790 nm, matching the band gap in the semiconductor, is used. The pulses
generated by the gun are compressed by a bunching system into ∼20 ps long bunches.

The positron source uses the electron beam in the main linear accelerator (linac). There-
fore, its performance and design depend on the beam energy. Below, the parameters for the
ILC at √𝑠 = 250 GeV are presented. By passing the electrons through a 231 m long heli-
cal undulator, a multi-MeV beam of circularly polarised photons is generated. The photons
are directed at a thin titanium-alloy target to produce electromagnetic showers of polarised
electrons and positrons. The positrons from these showers are captured and accelerated to
125 MeV before being separated from the remaining photons and shower electrons, which
are dumped afterwards. The baseline positron polarisation achieved this way is 30 %. Since
for the 500 GeV machine the photon yield in the undulator is higher, this can be increased
to 60 % by introducing an additional photon collimator in front of the target to absorb more
photons with the wrong polarisation state [90].

Both beams, electrons and positrons, are accelerated to 5 GeV in a superconducting (SC)
linac. Afterwards the polarisation vectors are rotated from the longitudinal direction to the
vertical to preserve the polarisation in the damping rings.
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2.1.2. Damping Rings
The ILC has two damping rings (DRs), one for the electrons and one for the positrons, each
with a circumference of 3.2 km. The rings are operated at beam energies of 5 GeV. Their
main function is to reduce the large transverse and longitudinal emittances of the electron
and positron beams to the level required to reach the intended high luminosity at the IP.
This is achieved by a 100 m long system of superconducting wigglers operating at ∼2 T,
forcing the beam particles to emit synchrotron radiation. The average beam energy lost in
this process is recuperated by systems of superconducting radio-frequency (SCRF) cavities.
This way the emittances are reduced by up to six orders of magnitude (in case of the positron
vertical emittance) [90].

2.1.3. Main Linacs
From the damping rings, located in the central region of the ILC complex, the electron
and positron beams are transported to the upstream ends of the respective main linacs by
the so-called ring to main linac (RTML) systems. Before injection into the main linac the
spin polarisation vectors are rotated from the vertical to any arbitrary angle, i.e. generally
to a longitudinal orientation. Additionally the bunches are compressed in length to the size
required at the IP. At the same time, the beam energy is increased to 15 GeV.

The main linacs then accelerate the beams to their final collision energy. The length of
each linac is defined by the desired centre-of-mass energy and the field gradient of the ac-
celeration structures. The design gradient for the ILC cavities is 31.5 MV/m, resulting in
a length of about 5 km for each linac, including an energy margin of 6 %. To recover the
energy lost in the undulators of the positron source, the electron beam also passes an ex-
tra length of accelerator afterwards. The acceleration structures intended to be used for the
ILC are SCRF cavities made of pure niobium, originally developed as part of the TESLA
project [92]. Extensive R&D effort has gone into the design of these cavities and the devel-
opment of an industrial mass production. The technology was first successfully operated at
the TESLA Test Facility (TTF), which was later developed into the Free-Electron Laser in
Hamburg (FLASH), where now electrons are accelerated up to 1.25 GeV with field gradi-
ents exceeding 25 MV/m [93]. A further milestone for the technology was the construction
and commissioning of the European X-ray Free-Electron Laser (XFEL) [94]. For the 3.5 km
long linac more than 800 nine-cell cavities were produced by industry partners, showing that
a mass production on the scale required for the ILC is possible. The XFEL cavities reach
an average gradient of 30 MV/m [95] and the full linac is successfully operated at electron
beam energies of up to 17.5 GeV [96].

2.1.4. Beam Delivery System
From the end of the main linacs the beams are guided to the interaction point by the beam
delivery system (BDS), which also includes the transport lines to the beam dumps. In ad-
dition, the BDS fulfils several other tasks. First, it provides beam diagnostics, including
emittance measurement and correction, trajectory feedback as well as polarimetry and en-
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ergy spectroscopy. The latter two systems determine the polarisation 𝒫 and energy 𝐸 with
precisions of 𝛥𝒫/𝒫 = 0.25 % and 𝛥𝐸/𝐸 = 10−4 bunch-to-bunch [97]. Furthermore, a
collimation system removes beam-halo particles that could create excessive background in
the detector. Finally, the BDS contains the final focussing system that focusses the beams at
the IP to achieve the beam cross section with a vertical size of a few nanometres and a hori-
zontal size of a few hundred nanometres. The two beams have a crossing angle of 14 mrad
in the horizontal plane to provide the space for the separate extraction lines. This reduces
the geometric overlap of the two colliding bunches and thus the luminosity. Therefore, so-
called crab cavities are used that rotate the bunches in the horizontal plane to effectively
create head-on collisions [98, 99].

2.1.5. Beam Parameters and Bunch Structure
The beams at the ILC are accelerated in pulses, so-called bunch trains, with a repetition rate
of 5 Hz. Each train contains 1312 bunches, separated by 554 ns, for a total length of ∼0.7 ms,
leaving over 199 ms without activity in the interaction region between trains. This structure

Table 2.1.: Selected beam parameters at the interaction point of the ILC optimised for
250 GeV [100]. For values that have changed from the TDR the original values are given in
brackets.

parameter unit value

bunch population 𝑁 1010 2
bunch separation 𝛥𝑡b ns 554
number of bunches per pulse 𝑛b 1312
pulse repetition rate 𝑓rep Hz 5
RMS bunch length 𝜎𝑧 µm 300
electron RMS energy spread 𝛥𝑝/𝑝 % 0.19
positron RMS energy spread 𝛥𝑝/𝑝 % 0.15
electron beam polarisation 𝒫− % 80
positron beam polarisation 𝒫+ % 30
horizontal emittance 𝛾𝜖𝑥 µm 5 (10)
vertical emittance 𝛾𝜖𝑦 µm 35
RMS horizontal beam size 𝜎𝑥 nm 516 (729)
RMS vertical beam size 𝜎𝑦 nm 7.66
horizontal disruption parameter 𝐷𝑥 0.51 (0.26)
vertical disruption parameter 𝐷𝑦 34.5 (24.5)
avg. beamstrahlung energy loss 𝛿BS % 2.62 (0.97)
photons per beam particle 𝑛γ 1.91 (1.21)
e+e− pairs per bunch crossing 𝑁pairs 103 n.s. (62.4)
geometrical luminosity 𝐿geo 1034 cm−2 s−1 0.53 (0.37)
total instantaneous luminosity 𝐿 1034 cm−2 s−1 1.35 (0.82)
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has certain implications for the design of the detectors. These are discussed in section 2.3.
The full beam parameters are listed in table 2.1. They are constrained by the capabilities of
the various subsystems of the accelerator as well as the goal to maximise the physics per-
formance in the form of luminosity and acceptable beam induced backgrounds. For the up-
dated 250 GeV baseline operation the beam parameters were changed to increase the instant-
aneous luminosity from 𝐿 = 0.82 ⋅ 1034 cm−2 s−1 in the TDR to 1.35 ⋅ 1034 cm−2 s−1 [100].
This is achieved by reducing the horizontal size of each beam at the IP. However there are
additional consequences of this change due to the interaction between the two bunches just
before the collision, including an increased disruption of the beams and a larger background
from beamstrahlung. Both effects are explained in the next section.

2.1.6. Pinch Effect and Beamstrahlung
The design of the ILC makes use of the bunch-bunch interaction at the collision point to
increase the achievable luminosity. Due to the high charge density within a single bunch,
the beams generate strong electromagnetic fields, that have a focussing effect for the on-
coming particles of opposite charge. This so-called pinch effect reduces the effective beam
size at the IP, which leads to an increased luminosity. The effect only becomes relevant
at linear colliders due to the highly focussed beams that are required to reach the desired
instantaneous luminosity. The luminosity at a linear collider is given by [101]

𝐿 = 𝐻𝐷 ⋅ 𝐿geo ≈ 𝐻𝐷 ⋅ 𝑁
4𝜋𝜎𝑥𝜎𝑦

⋅ 𝑁𝑛b 𝑓rep , (2.1)

where 𝐿geo is the luminosity expected purely from the beam geometry and the beam current.
The luminosity enhancement due to beam-beam interaction is described by the factor 𝐻𝐷,
which generally grows with the disruption parameters 𝐷𝑥/𝑦 [101]. The disruption parameters
are defined as [102]

𝐷𝑥/𝑦 =
2𝑁𝑟e𝜎𝑧

𝛾𝜎𝑥/𝑦(𝜎𝑥 + 𝜎𝑦) , (2.2)

with the classical electron radius 𝑟e and the relativistic Lorentz factor 𝛾.
While it may seem desirable to maximise 𝐻𝐷, and therefore 𝐷𝑥/𝑦, to achieve the highest

effective luminosity, there are other effects to consider that arise from the disruption of the
beams. Firstly, a stronger disruption of the beams requires a more accurate beam position
feedback at the IP. Otherwise, misalignment of the beams can induce the so-called kink
instability [101], which leads to a growing displacement of the two beams over time, causing
a loss of luminosity. Secondly, when the particles in one bunch are deflected in the strong
electromagnetic field generated by the opposing bunch they emit photons in a process similar
to synchrotron radiation, as is shown in figure 2.2. This radiation is called beamstrahlung
(BS) Each beam particle emits on average 𝑛γ ∝ 1/(𝜎𝑥 + 𝜎𝑦) photons, which carry away a
fraction 𝛿BS = ⟨−𝛥𝐸γ/𝐸⟩ ∝ 1/(𝜎𝑥 + 𝜎𝑦)2 of the particle’s energy [101]. Typically, values
of 𝑛γ = 𝒪(1) and 𝛿BS ≤ 𝒪(10 %) are aimed for. Since the process is non-Gaussian the
average energy loss is strongly influenced by the presence of a tail towards higher values in
the distribution, while the most probable value is much lower. It is possible to maximise the
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e+ e− pairs

beamstrahlung
Figure 2.2.: Sketch of the beamstrahlung photon emission and pair production processes. Il-
lustration adapted from ref. [103].

luminosity while keeping the beam disruption and beamstrahlung at an acceptable level by
choosing a very flat beam profile with 𝜎𝑥 ≫ 𝜎𝑦. This minimises the product 𝜎𝑥𝜎𝑦 for a high
luminosity, while keeping the sum 𝜎𝑥 + 𝜎𝑦 large to reduce 𝐷𝑥/𝑦, 𝑛γ and 𝛿BS.

The generated photons can also undergo further interactions with beamstrahlung or vir-
tual photons emitted from the opposing bunch, creating e+e− pairs or hadrons. While the
number of such pairs is not specified for the updated parameters in ref. [100], for the ori-
ginal ILC parameters typically 𝒪(106) pairs are created per bunch crossing [104]. Due to
their relatively low transverse momentum the detector solenoid focusses the pair particles
tightly around the beam axis and most leave the detector through the beam pipes. How-
ever, due to their large number they can cause a significant background in the subdetectors
closest to the beam axis, i.e. the vertex detector. This pair background can be mitigated
by limiting the number of bunch crossings the detector integrates over during one readout
frame [105]. During reconstruction the background can be further reduced by requiring ad-
ditional matching hits in subdetectors at larger radii in the pattern recognition. The number
of hadrons generated is much lower. For most ILC parameter sets 𝒪(1) γγ → hadrons
interaction per bunch crossing takes place on average, each producing a few hadrons [106].
While also these hadrons have low transverse momenta, they are not as tightly forward fo-
cussed as the e+e− pairs so that they traverse more parts of the detector. Therefore they can
present a challenging background to analyses with multi-jet final states, especially at higher
centre-of-mass energies. However, dedicated jet clustering algorithms are able to efficiently
separate the hard collision event from this background [107].

2.2. The ILC Running Scenario
To best utilise the runtime of the ILC, several scenarios regarding runtime with different
beam parameters, including centre-of-mass energy and polarisation, have been proposed by
the ILC Parameters Joint Working Group [108]. Based on an evaluation of the evolution of
the measurement accuracies of several physics observables one scenario was recommended.
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To reflect the change to a first stage at a centre-of-mass energy of 250 GeV, this recommend-
ation has been updated in ref. [85].

The original running scenario recommended for the ILC in ref. [108] assumes an initial
centre-of-mass energy of 500 GeV, reflecting the premise of the TDR. Following this plan,
in a first running period the ILC would provide integrated luminosities of 500 fb−1, 200 fb−1

and 500 fb−1 at centre-of-mass energies of 500 GeV, 350 GeV and 250 GeV, respectively, in
this order. After an upgrade to increase the instantaneous luminosity, further 3500 fb−1 at
500 GeV and 1500 fb−1 at 250 GeV would be accumulated, resulting in the total integrated
luminosities of 4000 fb−1, 200 fb−1 and 2000 fb−1 at 500 GeV, 350 GeV and 250 GeV, re-
spectively, within a period of 20 years. Three main reasons led to the decision for a starting
energy of 500 GeV:

• The availability of both major Higgs production processes, Higgs-strahlung and vec-
tor-boson fusion, to measure the Higgs couplings,

• the accessibility of the top quark couplings, including the top-Yukawa coupling,

• and the ability to utilise the full energy range for the discovery of new particles.

The subsequent, dedicated studies in ref. [85] show that the programme at a centre-of-mass
energy of 250 GeV already results in compelling, model-independent constraints on the
properties of the Higgs boson. Therefore a staged scheme with a long first stage at 250 GeV
is also well motivated from a physics standpoint. In this scenario the same final integrated lu-
minosities are foreseen. First the full integrated luminosity at 250 GeV is accumulated, with
an upgrade of the instantaneous luminosity after 500 fb−1. Then the machine is upgraded to
higher centre-of-mass energies and the runs at 500 GeV and 350 GeV are performed.

The original scenario assumes a beam repetition rate of 10 Hz during 250 GeV operation
instead of the default 5 Hz, utilising the full available cryogenic and radio frequency power
of the 500 GeV machine. This option is not available with the initial stage of 250 GeV, which
consequently must be stretched over a longer period of time to reach the desired integrated
luminosity. With the baseline parameters assumed in the TDR this would require 15 years
of operation at 250 GeV and 26 years for the full programme. Yet, by focussing the beams
more strongly at the interaction point than foreseen in the TDR, as described in section 2.1.5,
the instantaneous luminosity can be increased and the length of the 250 GeV stage can be
reduced to 11 years. The required accelerator parameters for this option, including the impact
on the beam induced backgrounds described in section 2.1.6, are discussed in ref. [84].

In all scenarios beam polarisations of 𝒫e− = ±80 % and 𝒫e+ = ±30 % are assumed.
However, the combination of the different signs of the electron and positron beam polar-
isation (−,+), (+,−), (−,−) and (+,+), where the first sign applies to the electron beam
polarisation and the second to that of the positron beam, can have a significant impact on
various physics processes. Therefore the fraction of the total integrated luminosity taken
with each of the combinations must be adapted to the physics programme at each centre-
of-mass energy. For the 250 GeV data set the original scenario foresees fractions of 67.5 %,
22.5 %, 5 % and 5 %, respectively. The (−,+) configuration is prioritised because it has the
largest Higgs production cross section. In ref. [85] the left-right cross-section asymmetry is
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emphasised instead. Here, allocations of 45 %, 45 %, 5 % and 5 % are chosen, to optimise
the measurement of this parameter. This sharing is also assumed in part II of this work. At
350 GeV both scenarios propose fractions of 67.5 %, 22.5 %, 5 % and 5 % to maximise the
production of t ̄t -pairs via the s-channel exchange of Z bosons or photons. At 500 GeV the
same-sign configurations are allocated larger fractions of the luminosity. This increases the
discovery potential for new physics beyond the standard model, as within the standard model
only few processes are allowed for same-sign chiralities. Therefore, a sharing of 40 %, 40 %,
10 % and 10 % is chosen.

While not part of the running scenario described above, the option to run the accelerator
at the Z-resonance for an integrated luminosity of 100 fb−1, which is equivalent to about
3 ⋅ 109 hadronic Z events (GigaZ), is also considered [108]. This would allow to perform
measurements of the electroweak parameters of the standard model with unprecedented
precision. The analysis presented in part II of this thesis could benefit greatly from this
data.

2.3. The International Large Detector
The International Large Detector (ILD) is one of the two detector concepts currently pro-
posed for experiments at the ILC. The detector, shown in figure 2.3, has been designed for a
wide range of precision measurements at collision energies between 90 GeV and 1 TeV with
a focus on the performance at the initial energy of 250 GeV. Geometrically the detector can
be separated in a barrel part and two end caps. In the barrel the subdetectors are arranged
concentrically around the beam pipe, with a silicon-pixel vertex detector (VTX) located
very close to the interaction point, followed by the main tracking detector, consisting of a
combination of silicon sensor layers (inner and external silicon tracker; SIT, SET) with a
time projection chamber (TPC), and the electromagnetic and hadron calorimeters (ECAL,
HCAL). All of these are enclosed in the coil of a superconducting solenoid magnet. Placed
on the outside of the coil is an iron yoke that returns the magnetic flux and is instrumented
to serve as a tail catcher for the calorimeter system and as a muon system. The forward
directions are instrumented similarly, including discs of silicon tracking layers around the
beam pipe (forward tracking detector; FTD) and the end caps of the calorimeters, yoke and
muon chambers. Additional calorimeters that are intended for measurement of the luminos-
ity (LumiCAL) and the beam parameters (BeamCAL), extend the coverage in the forward
directions, very close to the beam axis.

The beam structure at the ILC, described in section 2.1.5, in combination with the small
cross section of hard electron-positron collisions, allows to operate the detector in a con-
tinuous readout mode without a hardware based trigger. Additionally, several subsystems, in
particular the calorimeters and the TPC, are intended to operate in a so-called power-pulsing
mode to reduce the required power and cooling [105]. In this mode parts of the front-end
electronics are powered down after the data of each bunch train have been read out, until
the next train arrives. To fulfil the challenging performance requirements, described in sec-
tion 2.3.2, the detector has been optimised for application of the particle-flow reconstruction
paradigm. Particle flow (PF) describes the approach to precisely reconstruct each individual
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Figure 2.3.: Artist’s model of the ILD. © Rey.Hori/KEK [88]

Table 2.2.: The dimensions of the subdetectors for the large ILD model [87]. For the small
model the outer radius of the TPC is reduced by 343 mm and the number of pad rows (layers) is
reduced to 163. The values marked with * are adjusted accordingly. The acronyms are explained
in the text.

system 𝑟min [mm] 𝑟max [mm] ∣𝑧∣min [mm] ∣𝑧∣max [mm] layers

ba
rr

el

VTX 16 60 125 3×2
SIT 153 303 644 2×2
TPC 329 1770* 2350 220*
SET 1773* 1776* 2300 1×2
ECAL 1805* 2028* 2350 30
HCAL 2058* 3345* 2350 48
coil 3425* 4175* 3872 —
muon system 4450* 7755* 4047 14

en
d

ca
ps

FTD (pixel) 𝜃 ≥ 4.8° 153 220 371 2
FTD (strip) 300 645 2212 5×2
ECAL 250 2096* 2411 2635 30
HCAL 350 3226* 2650 3937 48
LumiCAL 84 194 2412 2541 30
LHCAL 130 315 2680 3160 n.s.
BeamCAL 18 140 3115 3315 30
muon system 350 7716* 4072 6712 12
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particle in an event, using the full available information from all subdetectors. The concept
is presented in more detail in section 2.3.3. Afterwards the subdetectors relevant for this
thesis are described briefly in sections 2.3.4 to 2.3.6. The focus here lies on the time pro-
jection chamber of the main tracking system, to motivate the research presented in part I of
this thesis.

The complete ILD concept is described in detail in the ILC TDR [105], also referred to
as the detailed baseline document (DBD), and a dedicated interim design report (IDR) [87]
that includes updates and development results since the TDR. One such update is a study of
the performance impact of scaling down the detector’s length or radius to reduce the overall
cost. This resulted in a version of the detector with a smaller radius of the main tracker
and consequently all external subsystems, e.g. calorimeters, coil, yoke and end caps, while
keeping the inner subdetectors and the depth of the calorimeters unchanged. To compensate
for the reduced lever arm in the tracking system, the nominal magnetic field of the solenoid
is increased from 3.5 T to 4 T. The dimensions of the subdetectors are given in table 2.2. In
the rest of this work the baseline, large version is designated ILD-L and the new, smaller
one ILD-S. If not specified, the baseline version is implied.

2.3.1. The ILD Coordinate System
The coordinate system used globally for the ILD has its origin at the interaction point. Gen-
erally, Cartesian coordinates are used to describe locations, e.g. of vertices. The 𝑧-axis is
parallel to the beam axis and pointing into the direction of the electron beam, the 𝑦-axis is
pointing upwards and the 𝑥-axis points sideways in the horizontal plane, such that a right-
handed coordinate system is formed. To describe directions, e.g. of particle momenta, po-
lar coordinates are used, where the azimuthal angle 𝜑 is measured from the 𝑥-axis in the
𝑥𝑦-plane and the polar angle 𝜃 is measured from the 𝑧-axis. Locally, many subdetectors use
cylindrical coordinates with the radius 𝑟 measured perpendicular to the 𝑧-axis and the azi-
muth angle 𝜑 as above. In this context the coordinate 𝑟𝜑 describes the distance along the
circumference of a circle of a given radius 𝑟 around the axis corresponding to the angle 𝜑.

2.3.2. Detector Performance Requirements
The performance requirements of the ILD are defined based on the physics goals of the ILC.
Therefore both versions of the detector, ILD-S and ILD-L, are designed to fulfil the same
requirements.

The goal for the momentum resolution was chosen such that the Higgs mass measurement
via the recoil mass in the Higgs-strahlung process e+e− → Zh, Z → μ+μ− at √𝑠 = 250 GeV
is dominated by the beam energy spread, given in table 2.1, and not the uncertainty of the
muon momentum measurement. This results in a requirement of

𝜎1/𝑝t
=

𝜎𝑝t

𝑝t
2 = 2 ⋅ 10−5 GeV−1 ⊕ 10−3

𝑝t sin 𝜃 , (2.3)

where 𝑝t = 𝑝 sin 𝜃 is the transverse momentum. The first term describes the resolution
for high particle momenta. It is defined by the detector geometry, point resolution in the
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transverse plane 𝜎𝑟𝜑 and magnetic field 𝐵 via the Gluckstern formula [109]

𝛿1/𝑝t
=

𝜎𝑟𝜑

𝑞𝐵𝐿2
√ 720

𝑁 + 4 , (2.4)

where 𝐿 is the lever arm of the tracking system, 𝑁 is the number of (equidistant) measurement
points and 𝑞 = 1 e ≈ 0.3 GeV/(T m) is the charge of the particle. The second term of
equation (2.3) describes the contribution due to multiple scattering. The constant in the
numerator is mainly defined by the radiation length 𝑋0 in the detector material and the total
length of the trajectory [18].

Many analyses in the ILC physics programme rely on flavour tagging to identify jets from
heavy c or b quarks as well as to separate the two, e.g. for measuring the Higgs branching
fraction into c quarks ℬ(h → c ̄c). Since the main signature of heavy quark jets are sec-
ondary vertices from decays of D and B mesons that are offset from the IP, measuring the
impact parameter of tracks is particularly important. Therefore, the resolution of the trans-
verse impact parameter 𝑑0 is required to fulfil

𝜎𝑑0
= 5 µm ⊕ 10 µm

(𝑝/GeV) sin3/2 𝜃
. (2.5)

Other measurements require the ability to separate the hadronic decays of the massive
gauge bosons W± and Z as well as the Higgs boson h. One example is the measurement of
the quartic gauge coupling vertices W+W− → W+W− and W+W− → ZZ. These can be
probed at √𝑠 = 0.5 TeV to 1 TeV in the process e+e− → νν𝑉𝑉 → νν𝑞𝑞𝑞𝑞, where 𝑉𝑉 can be
either W+W− or ZZ. Therefore the di-jet mass resolution must be smaller than the natural
widths of the gauge bosons, i.e. 𝜎𝑚jj

/𝑚jj < 𝛤Z/𝑀Z ≈ 𝛤W/𝑀W ≈ 2.7 %. This defines the
requirement for the jet energy resolution (JER) of

𝜎𝐸jet
/𝐸jet ≈ 3 % to 4 % (2.6)

for the typical jet energies of 𝒪(100 GeV) in the processes above [110]. This requirement
translates into a stochastic term of 𝜎𝐸/𝐸 ∼ 30 %/√𝐸/GeV in the calorimeter resolution.
This is very difficult to achieve with traditional calorimetry approaches, cf. the compensat-
ing uranium hadron calorimeter of the ZEUS detector at HERA [111]. Recent collider exper-
iments have typically only reached stochastic terms of 50 % to 100 % [112, 113]. Therefore,
a new approach to jet energy reconstruction is necessary.

2.3.3. The Particle Flow Concept
Particle flow is a strategy for jet energy reconstruction that diverges from the traditional,
purely calorimetric technique [114]. It is based on the knowledge that on average about 60 %
of the jet energy is carried by charged particles, most of which are hadrons, 30 % by photons
and 10 % by neutral hadrons. In the traditional approach this means that the jet energy res-
olution is dominated by the accuracy of the hadron calorimeter, as it is used to measure
∼70 % of the jet energy. The particle flow method reduces the impact of the hadronic en-
ergy resolution by identifying and separating individual particles and reconstructing their
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(a) Classical calorimetry approach. (b) Particle flow approach.

Figure 2.4.: Sketches comparing (a) the classical calorimetry and (b) the particle flow ap-
proaches to measuring the jet energy [115].

four-vectors in the best suited subdetector, i.e. charged particles benefit from the excellent
momentum resolution of the tracking system, the electromagnetic calorimeter provides a
reasonable photon energy resolution and only the neutral hadrons rely on the relatively poor
energy resolution of the hadron calorimeter. Figure 2.4 illustrates the differences between
both techniques.

In the particle flow approach the jet energy resolution is limited by the ability to correctly
associate energy deposits in the calorimeter to the particles reconstructed in the tracker.
This in turn relies on the capability to separate energy deposits from individual particles
within the calorimeters. For the case of perfect assignment an energy resolution of 𝜎𝐸/𝐸 ∼
20 %/√𝐸/GeV could be achieved for a detector like the ILD [114] but situations where
the assignment process fails deteriorate this performance. This so-called confusion can be
broadly described in two categories. On the one hand, if energy deposits from a charged
particle are not correctly linked to the corresponding track, they can be identified falsely as
an additional neutral particle or part of an existing one and the energy is counted twice. On
the other hand, it is possible that a shower from a real neutral particle is not fully separated
from a charged shower and thus a part of the energy deposit, or all of it, is falsely associated
to the charged particle and not counted at all.

The goal to keep the confusion as small as possible strongly influences the design of
the ILD calorimeters and the tracking system. An efficient matching of tracks to showers
in the calorimeters requires a high tracking efficiency down to very low particle momenta,
as well as a minimal amount of material in front of the calorimeters to minimise multiple
scattering of these low momentum particles. These requirements contributed to the decision
for a TPC as the main tracking device of the ILD. The large number of measurement points
results in an excellent pattern recognition, which enables almost perfect tracking efficiency
for all particles with transverse momenta 𝑝t ≥ 0.3 GeV [87]. Below this momentum they no
longer traverse enough of the TPC volume. For the calorimeters the separation of energy
deposits relies heavily on topological information and pattern recognition. Thus imaging
calorimeters with high readout granularities are needed.

Using a detailed model of the detector described in this section, the performance of the
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(a) Energy dependence. (b) Polar angle dependence.

Figure 2.5.: The jet energy resolution achieved in simulation [87]. (a) Comparison for jets in
the barrel region of the large (IDR-L) and small (IDR-S) ILD models at various jet energies.
(b) Dependence on the jet polar angle at the different jet energies for the large ILD model.

particle-flow algorithm (PFA) has been evaluated [87]. The simulation employed Z → 𝑞 ̄𝑞
events, 𝑞 = u, d, s, where the Z decayed at rest and its mass was varied to achieve the desired
jet energies. This event topology was chosen to separate the pure jet energy resolution from
effects arising from other sources that occur in more complex scenarios, e.g. confusion in jet
clustering. Results of this simulation are shown in figure 2.5. For jet energies ≥45 GeV the
jet energy resolution is better than the required 4 % and approaches 3 % for higher energies.
Almost no dependence on the polar angle is observed. Only in the very forward region the
resolution visibly deteriorates.

2.3.4. Calorimeter System

The considerations for the design choices of the ILD calorimeter system are given in the
TDR [105]. The design is mainly driven by the requirements of the particle flow approach.
Separating individual showers originating from different particles in the calorimeters is em-
phasised over the intrinsic energy resolution. A small radiation length 𝑋0 and Molière radius
𝑅M of the absorber material is needed to keep electromagnetic showers compact to cope with
high particle densities. To observe the transverse and longitudinal shower profile as well as
substructures of the showers, a high granularity of the readout is required in all three di-
mensions. It has been shown that it must be of the order of 𝑋0 and 𝑅M. Therefore, sampling
calorimeter designs were identified as the optimal choice for all calorimeter subsystems. In
addition the system needs to cover close to the full 4𝜋 solid angle and be deep enough to
minimise leakage of high energy showers. In depth the calorimeter system is divided into an
electromagnetic calorimeter (ECAL) in front of a hadron calorimeter (HCAL). In the end
caps these are complemented by additional calorimeters at small angles to the beam axis,
the LumiCAL, low-angle hadron calorimeter (LHCAL) and BeamCAL.

25



2. The International Linear Collider

Electromagnetic Calorimeter

The main task of the ECAL is to identify photons and measure their energy. The baseline
design [87] uses 30 layers of tungsten absorber (𝑋0 = 3.5 mm, 𝜆I = 9.6 cm [18]). It has
a total depth of 24 𝑋0 or 0.85 nuclear interaction lengths 𝜆I within a space of 20 cm. This
large ratio of 𝜆I/𝑋0 helps to separate electromagnetic and hadronic showers longitudin-
ally [105]. Alternating with the absorber are the readout layers, for which a transverse size
of the readout cells of 5 mm × 5 mm was chosen. Two readout technologies are considered,
or a combination of both. The baseline option are silicon sensors, which easily achieve the
required granularity. The other option are scintillator strips read out by silicon photomul-
tipliers (SiPMs). The individual scintillator strips have dimensions of 5 mm × 45 mm and
are intended to be arranged in alternating layers with orthogonal orientation of the strips
to effectively achieve the desired cell size. Tests of prototypes with electron beams reached
stochastic terms of the energy resolution of 16.5 % for the silicon option [116] and 12.5 %
for the scintillator option [117], while the constant terms are ∼1 % in both cases.

Hadron Calorimeter

The HCAL must provide topological separation of hadronic showers in order to identify
neutral hadrons and measure their energy. Its design [87] foresees 48 steel absorber layers
(𝑋0 = 1.8 cm, 𝜆I = 16.8 cm [18]) with a total depth of 6 𝜆I within the extent of 1.3 m.
Two technologies are considered for the readout layers. One option are scintillator tiles of
3 cm × 3 cm that are read out by SiPMs, providing an analogue measurement of the energy
deposition in each cell. The other variant uses resistive plate chambers (RPCs), which enable
a higher granularity with cells of 1 cm × 1 cm, but only foresees a 2 bit, so-called semi-di-
gital, energy measurement. A combined system of scintillator based ECAL and HCAL pro-
totypes achieved single particle energy resolutions for pions with momenta between 4 GeV
and 32 GeV between about 20 % and 8 %, respectively [118].

Forward Calorimeters

The forward calorimeters, LumiCAL, LHCAL and BeamCAL, need to operate with much
higher occupancies than the ECAL and HCAL, due to beamstrahlung and the resulting pair
particles [87]. Therefore all three foresee tungsten absorber layers with a thickness of 1 𝑋0,
alternating with finely segmented readout layers. While the LHCAL, placed in a cut-out in
the HCAL end cap, only serves to extend the hadron calorimeter coverage in the forward
directions, the other two are designed to perform specific additional tasks.

The LumiCAL measures the integrated luminosity with high precision by counting the
electrons and positrons originating from Bhabha scattering events at the IP [105]. It is posi-
tioned in a circular hole in the ECAL end cap. The readout layers consist of silicon sensors
with pads in the shape of concentric ring sections covering an angle of 𝛥𝜑 = 30° and a
radial pitch of 1.8 mm.

The BeamCAL provides a bunch-by-bunch estimate of the luminosity by measuring the
energy deposited by beamstrahlung pairs [105]. Additionally it can be included in a fast
feedback system for beam tuning. It is placed behind the LHCAL, extending the calorimeter
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coverage down to 6 mrad to the beam axis [87]. Due to the large particle flux at these small
angles, the BeamCAL requires radiation hard sensors. Therefore, several options for the
sensor material are investigated, namely GaAs, diamond and sapphire [87]. The size of the
readout pads will be in the order of 5 mm × 5 mm.

2.3.5. Main Tracking System
The main tracking device of the ILD is a time projection chamber (TPC), which offers con-
tinuous tracking with a large number of three-dimensional space points. This is complemen-
ted by layers of silicon sensors in front of and behind the TPC, the so-called silicon envelope.
These few precisely measured space points added before and after the TPC greatly improve
the overall momentum resolution. Additional silicon tracker discs cover the forward regions
at polar angles below the TPC acceptance. A detailed view of the tracking systems within
the inner detector is shown in figure 2.3b on page 21.

The track momentum resolution of the ILD models has been evaluated using single muon
events [87]. The muons were simulated with fixed momenta between 1 GeV and 100 GeV
and polar angles of 10°, 20°, 40° and 85°. In figure 2.6a the resulting transverse momentum
resolution 𝜎1/𝑝t

is shown. The goal of 2 ⋅ 10−5 GeV−1 for the asymptotic resolution stated in
equation (2.3) on page 22 is achieved for central tracks. For the polar angles of 10° and 20°
the simulated resolution degrades slightly faster than equation (2.3).

The tracking efficiency was evaluated using simulated t ̄t-events at √𝑠 = 500 GeV [87]. As
is shown in figure 2.6b, it is close to 100 % for tracks with transverse momenta larger than

(a) Momentum resolution. (b) Tracking efficiency.

Figure 2.6.: Performance of the tracking system in the large (IDR-L) and small (IDR-S) ILD
models [87]. (a) The dependence of the transverse momentum resolution on the total particle
momentum at different polar angles. Full markers represent the large model, open markers the
small one. From top to bottom the series are at polar angles of 10°, 20°, 40° and 85°. (b) The
tracking efficiency in dependence of the transverse momentum.
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∼0.3 GeV. The simulation also shows that it is better than 99 % even in the very forward
direction, 0.95 < cos 𝜃 < 0.99.

Silicon Tracking System

The silicon envelope consists of two subsystems, the inner silicon tracker (SIT), providing
two space points between the vertex detector and the TPC, and the external silicon tracker
(SET) providing an additional measurement between the TPC and the ECAL barrel. The
main tasks of these systems are to help connect the stand-alone tracks found in the vertex
detector and the TPC, to contribute additional precisely measured space points at a large
lever arm for an improved momentum resolution and to provide time-stamping information.
In the TDR [105] double-layers of strip sensors with a small stereo angle were foreseen for
both subsystems, achieving a resolution of 𝜎𝑟𝜑 = 7 µm in 𝑟𝜑-direction and 𝜎𝑧 = 50 µm in
𝑧-direction. With technological advancements in CMOS technology, the IDR [87] includes
the option to use pixel sensors in the SIT. For the SET the option to use sensors with high
timing resolution of 𝒪(10 ps) is considered, to enable time-of-flight (TOF) measurements
for particle identification.

The forward tracking detector (FTD) consists of seven discs, providing stand-alone track-
ing coverage at polar angles between 16° and 4.8°. To retain the momentum resolution for
tracks under such shallow angles relative to the magnetic field, the FTD provides a single
hit resolution in 𝑟𝜑 of 𝜎𝑟𝜑 ≤ 7 µm [105]. The inner two discs are equipped with pixel
sensors, to provide an accurate measurement of the radial component as well, which is re-
quired for a precise measurement of the longitudinal impact parameter 𝑧0 for very forward
directed tracks. Otherwise the measurement of the radial component is more relaxed with a
required resolution of several hundred microns. Therefore the outer five discs are equipped
with double-layers of strip sensors, arranged under a small stereo angle.

Time Projection Chamber

The main advantage of a TPC as main tracking device is the capability of highly redundant,
continuous three-dimensional tracking. In addition to the very good tracking efficiency, the
3D-imaging capability allows to reconstruct non-pointing tracks, which indicate the decay
of a charged particle within the tracking volume, e.g. π+ → μ+νμ. Also the decays of long-
lived neutral particles, e.g. K0

S , into charged particles inside the TPC can be identified easily.
Additionally, the TPC offers a minimal amount of material in front of the barrel calorimeters.
The material budget in this region is dominated by the field cage walls, in particular the
outer wall. This limits multiple scattering within the tracking volume, improving momentum
resolution and the performance of particle-flow algorithms. The low amount of material also
helps to mitigate backgrounds from pair conversions of beamstrahlung photons. Finally, a
TPC intrinsically provides particle identification via a measurement of the specific energy
loss d𝐸/d𝑥, which can be a valuable tool for various physics analyses.

To benefit from these advantages, the TPC must satisfy challenging performance require-
ments that have been specified in the TDR [105]. Most importantly, to achieve the required
overall momentum resolution of the tracking system, the stand-alone resolution of the TPC
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needs to fulfil 𝛿1/𝑝t
≤ 10−4 GeV−1. Following equation (2.4) on page 23, for the baseline

number of 220 readout rows, this corresponds to a single point resolution in the transverse
plane of 𝜎𝑟𝜑 ≤ 100 µm. In addition a transverse point resolution at zero drift distance of
𝜎𝑟𝜑 = 60 µm is specified. The measurement of the longitudinal coordinate is mainly needed
to match tracks in the TPC to hits in the silicon envelope. Therefore, the goal for the longi-
tudinal point resolution is more relaxed with 𝜎𝑧 = 0.4 mm to 1.4 mm at zero to full drift dis-
tance, respectively. The corresponding goals for the two-hit resolution are 2 mm and 6 mm
in 𝑟𝜑 and 𝑧-direction, respectively. A total material budget of 0.05 𝑋0 including the field
cage walls is allowed in the barrel region. The end caps, including the readout electronics,
should stay below 0.25 𝑋0. The goal for the d𝐸/d𝑥 measurement is a relative resolution of
5 %.

The geometrical parameters of the TPC are given in table 2.2. The sensitive volume is
divided by the central cathode into two equal drift volumes that are read out at the end caps.
The readout is modular and each module is self contained with integrated gas amplifica-
tion and readout electronics. The design performance cannot be achieved with multi-wire
proportional chamber (MWPC) readouts [119]. Therefore, new readouts based on micro-
pattern gaseous detectors (MPGDs) have been developed. The investigated options include
pad-based readouts with ∼1 mm × 6 mm pitch, using gas electron multipliers (GEMs) [120]
or micro-mesh gaseous structures (Micromegas) [121] for gas amplification, as well as a
pixel-based approach that implements a 55 µm × 55 µm pitch on silicon with an integrated
Micromegas gas amplification (GridPix) [122]. The development of the GEM based option
is the topic of part I of this thesis.

2.3.6. Vertex Detector
The main task of the vertex detector (VTX) is to resolve tracks and vertices that are offset
from the primary interaction point, e.g. from decays of D or B mesons. This is used to
identify heavy charm and bottom quarks or tau leptons, which is crucial for many parts of the
ILC physics programme, e.g. the measurement of the Higgs branching ratios. Additionally,
the vertex detector is capable of stand-alone tracking and thus contributes to the overall
tracking performance.

A set of requirements has been formulated to achieve the envisaged impact parameter
resolution [105]. The primary requirements are a point resolution better than 3 µm and a
material budget below 0.15 % of an 𝑋0 per layer. Additionally, the first layer needs to be at
a radius of ∼16 mm. Due to the beamstrahlung backgrounds this proximity to the IP makes
the vertex detector one of the few subsystems for which radiation hardness is of concern.
The backgrounds also dictate a requirement of a pixel occupancy below a few percent.

The baseline design [87] consists of three concentric cylindrical double-layers of sil-
icon pixel sensors, where the two sensor-planes in each double-layer are ∼2 mm apart.
Three sensor technologies are under investigation, CMOS, depleted field effect transistor
(DEPFET) and fine pixel CCD (FPCCD) sensors.

The impact-parameter resolution of the detector model has been evaluated using simu-
lated single-muon events at various momenta and polar angles of 10°, 20°, 40° and 85° [87].
Figure 2.7a shows the resolution of the transverse impact parameter 𝑑0 as a function of the
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(a) 𝑑0 resolution. (b) b-tagging performance.

Figure 2.7.: Performance of the vertex detector in the large (IDR-L) and small (IDR-S) ILD
models [87]. (a) The resolution of the transverse impact parameter for single muons as a func-
tion of the muon momentum. From top to bottom the series are at polar angles of 10°, 20°, 40°
and 85°. The the large and small model, represented by full and open markers, respectively,
perform almost identically. (b) The background rates for b-tagging as a function of the tagging
efficiency in e+e− → 6𝑞 events at √𝑠 = 500 GeV.

muon momentum. The resolutions achieved with the large and small ILD model are equal to
within a few percent. Only at low momenta in the forward region the ILD-S performs worse
since here the higher magnetic field increases the curvature and thus reduces the lever arm
for the measurement. At large momenta the resolution is significantly better than the required
asymptotic value of 5 µm. Also at low momenta the requirement is fulfilled. The resolution
of the longitudinal impact parameter 𝑧0 is similar to 𝑑0 for tracks in the barrel region. In the
forward region, where less VTX hits are available, it is significantly worse, e.g. by a factor
of ∼5 at 𝜃 = 10°.

The vertex resolution and flavour-tagging performance was investigated with e+e− → 6𝑞
events at √𝑠 = 500 GeV, where all quarks were chosen to have the same flavour [87]. As
expected from the impact-parameter resolution, the large and small detector model perform
very similarly. In the direction perpendicular to the jet axis the vertex resolution approaches
2 µm for increasing distances from the IP, whereas the resolution of the coordinate along
the jet axis approaches 55 µm. The b-tagging performance is shown in figure 2.7b in terms
of the background rates of c-quarks and light-flavour quarks, respectively, as functions of
the tagging efficiency. The background from light quarks, which becomes important for
the analysis in part II of this work, stays below 1 % up to an efficiency of about 0.75. For
c-tagging this is the case up to an efficiency of about 0.45.
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Part I.

Development of a Modular GEM based
Readout for a TPC
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3. Working Principles of Time
Projection Chambers

A time projection chamber (TPC) is a type of drift chamber. In figure 3.1 the basic working
principle is shown. As all tracking detectors, TPCs rely on the ionisation of the detection
medium by highly energetic charged particles along their trajectory. For collider physics
experiments most often gaseous mixtures with large fractions of noble gases are used as de-
tection and drift medium. The ions and free electrons created by a passing charged particle
are separated by applying an electric field across the chamber. This field forces the charges
to drift to the respective electrode, where they can be detected. In most experiments only the
electrons are detected since their faster drift velocity allows for higher repetition rates. In a
TPC the sensitive volume is defined by a single pair of cathode and anode, and surrounded
by a field cage of electrode strips creating a homogeneous field. In this way the track of
free electrons created along the particle trajectory is projected onto the anode plane. A seg-
mentation of the anode allows to register the two-dimensional position within the plane. A
measurement of the drift time together with a known drift velocity provides the possibility
to calculate the third coordinate perpendicular to the plane. The initial ionisation density
along the trajectory in gases at atmospheric pressure is typically of the order of 10 e−/cm to
100 e−/cm, which is too low to be detected directly. Therefore, to create a measurable signal,
amplification structures utilising the process of avalanche gas amplification are employed

Figure 3.1.: Sketch of the working principle of a TPC. © 2005 Oliver Schäfer [123]
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in front of the anode.
In this chapter the physics mechanisms underlying these principles are explained in more

detail. Section 3.1 starts with the primary ionisation process, including the potential for
particle identification via a measurement of the ionisation density. This is followed by the
drift of electrons and ions in the gas in section 3.2. Finally, the gas amplification process and
signal creation are described in sections 3.3 and 3.4 and different amplification technologies
in section 3.5.

3.1. Gas Ionisation by Charged Particles
Fast moving charged particles ionise the gas along their flight path, thereby leaving a track
of electron-ion pairs along their trajectory. The ionising interactions are random and their
rate is characterised by the mean free path

𝜆 = 1/(𝑁𝜎I) , (3.1)

defined by the electron density 𝑁 of the gas and the ionisation cross section 𝜎I. Therefore,
the number 𝑘 of ionisation events per flight length 𝐿 is Poisson distributed

𝑃(𝐿/𝜆, 𝑘) = (𝐿/𝜆)𝑘

𝑘! 𝑒−𝐿/𝜆 (3.2)

with a mean of ⟨𝑘⟩ = 𝐿/𝜆 [124]. The cross section 𝜎I and thus also 𝜆 depend on the velocity
of the travelling particle.

The above only holds true for primary ionisation events, i.e. the direct interaction of the
fast particle with the gas atoms or molecules, e.g. for a charged pion π+ and a gas atom or
molecule 𝐴

π+𝐴 → π+𝐴+e− , π+𝐴 → π+𝐴++e−e− , … . (3.3)

Primary ionisation needs to be distinguished from secondary ionisation, which includes all
ionisation events where the electrons are discharged from atoms or molecules that do not
interact directly with the initial, fast particle. Instead, secondary ionisation occurs through
collisions with ionisation electrons

e−𝐴 → e−𝐴+e− , e−𝐴 → e−𝐴++e−e− , … . (3.4)

Alternatively, intermediate excited states 𝐴∗, created in a primary collision or from ionisa-
tion electrons, can interact with other species of atoms or molecules 𝐵, e.g.

π+𝐴 → π+𝐴∗ , 𝐴∗𝐵 → 𝐴𝐵+e− . (3.5)

This process requires the excitation energy of 𝐴∗ to be higher than the ionisation potential
of 𝐵. In typical drift chamber gases often 𝐴∗ is a metastable excitation of a noble gas, while
𝐵 is a molecule of a quencher gas, which are required for stable operation of the gas ampli-
fication system (see section 3.3). 𝐵 may also be a molecule of a contaminant, e.g. nitrogen
from air. This type of ionisation process involving metastable states is known as Penning
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ionisation [125] and the resulting increase in ionisation in gas mixtures is called Penning
effect or Jesse effect [126]. The secondary ionisation created through these effects may be
significantly delayed with respect to the primary ionisation, depending on the de-excitation
rate of 𝐴∗. Retardation times as large as 1 µs have been observed [127]. In fast TPCs with
electron drift velocities of 𝒪(50 mm/µs), this spreads the signal significantly and potentially
reduces the accuracy of the position measurement in the drift direction.

The fast particle expends part of its kinetic energy in the primary ionisation process. The
total amount of ionisation from all processes is proportional to this energy loss. This relation
is characterised by the average energy 𝑊 required to create one free electron [124]:

𝑊⟨𝑁I⟩ = 𝐿⟨d𝐸
d𝑥 ⟩ , (3.6)

where ⟨𝑁I⟩ is the average number of ionisation electrons created along a path of length 𝐿 and
⟨d𝐸/d𝑥⟩ is the average energy loss per unit distance of the fast particle. Due to the different
contributions from the possible ionisation processes, 𝑊 depends on the composition of the
gas. It is not readily calculable but must be measured for every gas mixture. Considering this,
it is an important feature that for sufficiently fast particles, e.g. electrons with momenta above
a few keV or α-particles above a few MeV, 𝑊 is independent of the initial momentum [128,
129]. This allows measurements of 𝑊 at a certain energy, e.g. using stopped α, β or γ-rays
of known momentum, to be used to calibrate a measurement of the energy loss of a particle
via equation (3.6) at any sufficiently high energy. Measurements also show that for pure
noble gases the value of 𝑊 does not depend on the type of particle, while for some hydro-
carbon vapours, measurements with α and β-sources show ratios of 𝑊α/𝑊β up to 1.15 [130].
This means no large dependence on the particle type is expected for typical drift chamber gas
mixtures that consist mostly of noble gases with only small fractions of molecular additives.

3.1.1. Specific Energy Loss
While there is no direct dependence of the average ionisation energy 𝑊 of a fast charged
particle on the type of particle nor on the initial energy, there is a velocity dependence of the
average energy loss ⟨d𝐸/d𝑥⟩ itself, meaning different types of particles with distinct masses
show different ionisation strengths at the same momentum. This velocity dependence was
first calculated by Bethe in ref. [131], resulting in what is known today as the Bethe-Bloch
equation [132, 18]

⟨d𝐸
d𝑥 ⟩ = 𝐾𝜌𝑍

𝐴
𝑧2

𝛽2
⎡⎢
⎣

1
2 ln⎛⎜

⎝

2𝑚e𝑐2(𝛽𝛾)2𝑄max
𝐼2

⎞⎟
⎠

− 𝛽2 − 𝛿(𝛽𝛾)
2

⎤⎥
⎦
, (3.7)

with 𝐾 = 4𝜋𝑁A𝑟e
2𝑚e𝑐2 ≈ 0.3071 MeV mol−1 cm2 and where

𝑁A is Avogadro’s constant,

𝑟e is the classical electron radius,

𝑚e is the mass of the electron,
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𝜌 is the density of the medium,

𝑍 is the atomic number of the medium,

𝐴 is the molar mass of the medium,

𝐼 is the mean excitation energy of the atoms of the medium,

𝑧 is the charge number of the travelling particle,

𝑄max is the maximum energy transfer to an electron in a single collision,

𝛽 = 𝑣/𝑐 is the velocity of the fast particle in terms of the speed of light and

𝛾 = 1/√1 − 𝛽2 is its relativistic Lorentz factor.

This function describes, with a precision of a few percent, the average energy loss in the
region 0.1 ≲ 𝛽𝛾 ≲ 1000 as indicated in figure 3.2. At lower 𝛽𝛾 atomic shell effects of the
medium become important, while at higher energies, radiative losses such as bremsstrahlung
or Čherenkov radiation become dominant over ionisation. For small values of 𝛽𝛾 in the valid
region the energy loss first falls with 1/𝛽2. Then, after going through a minimum around
𝛽𝛾 ≈ 3 to 4, it rises again for larger values of 𝛽𝛾. This so-called relativistic rise is described
by the logarithmic term. The exact position of the minimum and the strength of the rise are
defined by the mean excitation energy 𝐼 of the medium. The last term, 𝛿(𝛽𝛾), describes
the so-called density effect. This effect is a result of the polarisation of the medium, which
leads to a shielding of the field created by the travelling particle [133]. Near the minimum
𝛿 vanishes while in the limit of 𝛽 → 1 the correction becomes [132]

𝛿(𝛽𝛾) → ln⎛⎜⎜
⎝

(ℏ𝜔p)2(𝛽𝛾)2

𝐼2
⎞⎟⎟
⎠

− 1 , (3.8)

where ℏ𝜔p is the energy equivalent to the plasma frequency of the medium. This means that
at high energies the density effect cancels the explicit 𝛽𝛾 dependence of the logarithmic
term, suppressing the relativistic rise.

As can be seen in figure 3.2, the rise is not eliminated completely. This is due to an
increase of the kinematic limit 𝑄max for the energy transfer between the travelling particle
and an electron in a single collision. For particles heavier than electrons, with mass 𝑀 and
energy 𝐸 [132]

𝑄max =
2𝑚e(𝐸2 − 𝑀2𝑐4)

(𝑀2 + 𝑚e
2)𝑐2 + 2𝑚e𝐸

= 2𝑚e𝑐2(𝛽𝛾)2

1 + 2𝛾𝑚e/𝑀 + (𝑚e/𝑀)2 . (3.9)

Electrons need to be distinguished since they have different kinematic limits and a different
spectrum of transferred energy. This is due to their small mass and because in this case the
collisions happen between indistinguishable partners.

For the measurement of the energy loss in a real drift chamber, the kinematic limit is
not always relevant, for several reasons. First, collisions with higher energy transfer become
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3.1. Gas Ionisation by Charged Particles

Figure 3.2.: The energy loss of muons in copper [18]. The Bethe-Bloch equation (3.7) is only
valid in the indicated Bethe region as described in the text.

exceedingly rare. Therefore, in a finite set of measurements, a value of energy transfer may
become so improbable that it does not appear in a significant fraction of tracks in a measure-
ment series. This leads to a statistically motivated effective cut-off [124]. More important,
especially in detectors with high spacial resolution, is the distance a highly energetic ionisa-
tion electron travels away from the incident particle track. Above a certain energy, this dis-
tance becomes large enough that it can be resolved from the primary track. These so-called
δ-electrons form secondary tracks and no longer contribute their energy to the primary
track. The threshold energy above which such a separate track is identified depends on the
experimental conditions, in particular the range of the electron in the detection medium, i.e.
the average distance they travel before their energy is expended. In a spectrometer with a
magnetic field the tracks are curved and some δ-electrons curl up around the track. Here,
in addition to the linear range the radius of curvature becomes a relevant scale. However, in
this case the situation is more complicated than a single number conveys, since δ-electrons
can be emitted under any angle to the magnetic field lines. Depending upon its direction,
a δ-electron may travel a significant distance parallel to the magnetic field while curling
around the field lines. These so-called micro-curlers leave a distinct signal already at much
lower energy transfers than expected purely from the radius of curvature. The effects above
lead to an effective cut-off 𝑄cut for the energy transfer 𝑄, the exact value of which depends
on the details of the drift chamber but typically lies between 30 keV and 1 MeV [124].

For the range of 𝛽𝛾 where 𝑄cut < 𝑄max this results in the restricted Bethe-Bloch equa-
tion [132, 18]

⟨d𝐸
d𝑥 ⟩∣

𝑄<𝑄cut

= 𝐾𝜌𝑍
𝐴

𝑧2

𝛽2 [1
2 ln(2𝑚e𝑐2(𝛽𝛾)2𝑄cut

𝐼2 ) − 𝛽2

2 (1 + 𝑄cut
𝑄max

) − 𝛿(𝛽𝛾)
2 ] . (3.10)

Since 𝑄cut replaces 𝑄max in the logarithmic term, the value at the minimum becomes smal-
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3. Working Principles of Time Projection Chambers

(a) ALICE measurement [135]. (b) ILD simulation [87].

Figure 3.3.: Spectra of d𝐸/d𝑥 vs. particle momentum (a) measured with the ALICE TPC and
(b) simulated with Geant4 for the large ILD model.

ler and the relativistic rise slower. Additionally, the indirect dependence on 𝛽𝛾, which is
responsible for the continued relativistic rise for 𝛽 → 1 in equation (3.7), disappears. Con-
sequently the energy loss now approaches a constant value, the so-called Fermi plateau, as
the density effect correction 𝛿(𝛽𝛾) cancels the explicit dependence.

In this form, equation (3.10) becomes applicable also for electrons, if 𝑄cut/𝑄max ≪ 1,
because they are affected the same cut-off. Additionally, it can be shown that electrons trav-
elling with 𝛾2 ≫ 𝑄cut/𝑚e𝑐2 produce approximately the same spectrum of ionisation as
heavier particles with the same velocity [124, 134]. Thus, the average energy loss of a fast
particle only depends on its velocity and not separately on its mass or energy. This is an
important fact for the identification of particles, when otherwise only their momentum is
known, e.g. from a spectrometer measurement. Since 𝛽𝛾 = 𝑝/𝑀𝑐, at any fixed momentum 𝑝
each particle has a specific energy loss, depending only on its mass 𝑀. This can be seen in
figure 3.3, which shows the d𝐸/d𝑥 spectrum of different particle species vs. their momentum
as measured with the ALICE TPC [135] and simulated with Geant4 for a model of the ILD
TPC [87].

Also visible in the figure is the importance of the statistical fluctuations of the energy loss,
as they limit the accuracy of the measurement and thus the discrimination power between
different particle species. While the rate of primary interactions is Poisson distributed, as
discussed at the start of section 3.1, the total number 𝑛 of free electrons resulting directly
or indirectly from each primary interaction is not. Because the secondary electrons are usu-
ally produced in close vicinity of the primary interaction, the distribution of this number
is called cluster-size distribution. It is generally not known, as it depends on the details of
the different secondary ionisation mechanisms. Simulations based on theoretical assump-
tions [136] and measurements with several gases [137] show that it falls steeply with the
number of electrons. In principle, knowledge of the cluster-size distribution allows to cal-
culate numerically the total ionisation distribution on a track length as the convolution of
the primary ionisation distribution and the cluster-size distribution.

In practice often the Landau, or Landau-Vavilov, distribution is used [138, 139] to de-
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scribe the total ionisation energy loss 𝛥 = 𝑛𝑊. This distribution is asymmetric, with a peak
around the most probable value (MPV) 𝛥mp and a tail proportional to 1/𝛥2 towards higher
energy losses [124]. Because of this tail, the mean and variance are only well defined if an
upper cut-off is introduced. Due to the assumptions made in Landau’s calculation for the
spectrum of energy transfers in ionising interactions, the Landau distribution is only a good
description of the energy loss fluctuations for sampling lengths equivalent to 𝒪(100 cm)
or more of argon gas at standard temperature and pressure (STP) [140, 141]. For thinner
samples, as is generally the case in a gaseous TPCs, the width of the peak increases sig-
nificantly. However, the most probable energy loss is still well described by the Landau
distribution. Its velocity dependence takes the form [141]

𝛥mp = 𝜉⎡⎢
⎣
ln⎛⎜

⎝

2𝑚e𝑐2(𝛽𝛾)2𝜉
𝐼2

⎞⎟
⎠

+ 𝑗 − 𝛽2 − 𝛿(𝛽𝛾)⎤⎥
⎦
, (3.11)

where 𝜉 = 𝑥𝜌(𝐾/2)(𝑍/𝐴)𝑧2/𝛽2 for a detector with sampling length 𝑥, and 𝑗 ≈ 0.2. Similar
to the restricted energy loss, the most probable energy loss has a shallow minimum around
𝛽𝛾 = 4 and reaches a Fermi plateau for 𝛽𝛾 ≳ 100.

In a measurement of the energy loss of single particles, the MPV is better defined than
the (restricted) mean energy loss, because the latter is weighted by few, rare events in the tail
of the distribution and thus subject to large fluctuations and susceptible to cuts. However, a
measurement of the MPV in a TPC with 𝒪(100) samples requires detailed knowledge of
the shape of the distribution, which is generally not known for thin samples. Therefore, in
TPCs often the mean of a fraction of the samples with the smallest signal, typically 50 %
to 70 %, is used to estimate the mean. In this way many of the rare events in the tail are
eliminated and the fluctuations reduced.

3.2. Drift of Electrons in Gases
The electron-ion pairs created by the travelling charged particle are separated as they are
forced to drift along the electric field. In a TPC at a collider experiment this field is usually
homogeneous, created between a single pair of anode and cathode, and parallel to the mag-
netic field 𝐵⃗ used to measure the particle momentum. For a TPC it is essential to know the
time it takes the charges to reach the readout electrode. This is possible due to the fact that
they drift with a constant velocity ⃗𝑢, the direction and magnitude of which depend on the
configuration of electric and magnetic field ⃗𝐸 and 𝐵⃗. The following discussion focuses on
drifting electrons since in most experiments, including this work, the ions are not used for
particle detection.

Macroscopically, the constant drift velocity can be understood as the result of an equation
of motion with friction [124]

𝑚d ⃗𝑢
d𝑡 = 𝑞 ⃗𝐸 + 𝑞( ⃗𝑢 × 𝐵⃗) − 𝐾 ⃗𝑢 , (3.12)

where 𝑚 and 𝑞 are mass and charge of the drifting particle, respectively, and 𝐾 is the coef-
ficient of friction. 𝜏 ≔ 𝑚/𝐾 has the dimension of a characteristic time and for times 𝑡 ≫ 𝜏

39



3. Working Principles of Time Projection Chambers

the solution becomes static, i.e. d ⃗𝑢/d𝑡 = 0 and

⃗𝑢 = 𝑞
𝑚

𝜏
1 + (𝜔𝜏)2 ∣ ⃗𝐸∣[ ̂𝐸 + 𝜔𝜏( ̂𝐸 × 𝐵̂) + (𝜔𝜏)2( ̂𝐸 ⋅ 𝐵̂)𝐵̂] , (3.13)

where ̂𝐸 ≔ ⃗𝐸/∣ ⃗𝐸∣ and 𝐵̂ ≔ 𝐵⃗/∣𝐵⃗∣ are the unit field vectors, and 𝜔 ≔ (𝑞/𝑚)∣𝐵⃗∣ is the cyclotron
frequency of the drifting particle in the magnetic field. The second term gives rise to a velo-
city component perpendicular to the drift field if it is not perfectly parallel to the magnetic
field. This so-called 𝐸 × 𝐵 effect can also appear in areas where the fields are not homo-
geneous, e.g. close to the gas amplification structures. It is generally tried to minimise such
areas and other sources of field inhomogeneity in a TPC, since they distort the projection
of the tracks of travelling particles and thus deteriorate the reconstruction accuracy. For the
case of no magnetic field, 𝐵⃗ = 0, or parallel fields, 𝐵⃗ ∥ ⃗𝐸, the solution (3.13) reduces to

⃗𝑢 = 𝑞
𝑚𝜏 ⃗𝐸 . (3.14)

The time scale 𝜏 can be understood in the microscopic picture, where the drifting elec-
trons are scattered in collisions with gas molecules. Between collisions the electrons move
with an instantaneous velocity 𝑣. They gain kinetic energy from the electric field until an
equilibrium is achieved, where they lose on average just as much energy in each collision
as they gained since the last one. Since their mass is negligible compared to that of the gas
molecules, electrons scatter isotropically and thus their direction of motion immediately
after each collision is effectively random. Due to the acceleration by the electric field, the
electrons obtain an additional velocity proportional to the time elapsed since the last colli-
sion. When averaging the velocity over a large time, the random oriented component does
not contribute and this second component emerges as the macroscopic drift velocity, equa-
tion (3.14), which is often written as 𝑢 = 𝜇𝐸, defining the electron mobility 𝜇 ≔ (𝑞/𝑚)𝜏.
In this picture, 𝜏 is the average time elapsed after the last collision, which is equal to the
average time between collisions

𝜏 = 𝜆
𝑣 = 1

𝑁𝜎𝑣 , (3.15)

where 𝜆 is the mean free path of the electron, 𝑁 is the number density of the gas and 𝜎 the
collision cross section. The latter depends on the kinetic energy 𝜀 = (𝑚/2)𝑣2 of the electron.
Some gases show a distinct minimum of 𝜎 at low 𝜀, e.g. argon around 𝜀 ≈ 0.2 eV [142].
This is the so-called Ramsauer minimum [143].

3.2.1. Diffusion
While the random movement of the individual electrons does not contribute to the macro-
scopic drift velocity, on average it causes them to migrate away from their initial position.
This means a cluster of electrons spreads out over time. Motivated by the isotropic scatter-
ing of the electrons, originally diffusion was also assumed to be isotropic in the absence of
a magnetic field. In this case, after a time 𝑡 ≫ 𝜏 an originally point-like cloud of electrons
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will have a Gaussian density distribution [124]

𝑛 = (4𝜋𝐷̃𝑡)−3/2 exp(−𝑥2 + 𝑦2 + (𝑧 − 𝑢𝑡)2

4𝐷̃𝑡
) , (3.16)

where the drift direction is parallel to the 𝑧-axis and the diffusion constant 𝐷̃ is defined such
that 𝑛 fulfils the continuity equation for the conserved electron current. The diffusion width
𝜎 after the electron cloud has drifted a distance 𝛥𝑧 = 𝑢𝑡 is thus given by

𝜎2 ≔ 2𝐷̃𝑡 = 2𝐷̃𝛥𝑧
𝑢 = 2𝐷̃

𝜇𝐸𝛥𝑧 = 4
3

𝜀
𝑞𝐸𝛥𝑧 . (3.17)

In the last step it was used that in terms of the microscopic picture, the diffusion constant
is [124]

𝐷̃ = 𝜆2

3𝜏 = 𝑣2𝜏
3 = 2

3
𝜀
𝑚𝜏 = 2

3
𝜇𝜀
𝑞 . (3.18)

Equation (3.17) implies, that to achieve small diffusion, a gas mixture must provide small
electron energies 𝜀 at high drift fields 𝐸.

This case of isotropic diffusion was assumed to be true until experiments by Wagner et
al. [144] showed that the value of the diffusion parallel to the direction of the electric field can
be very different from that in the perpendicular direction. Following these measurements,
Parker and Lowke developed a model to explain this disparity [145], which represents the
following underlying reasoning: If the average collision rate 𝜈 ≔ 1/𝜏 = 𝑁𝜎𝑣 is a function
of the electron energy, i.e. if the change of velocity 𝑣 and cross section 𝜎 do not cancel, then
the mobility of the electrons in the centre of the cloud is different from that of those at the
leading and the trailing edge. Consequently the drift velocity varies throughout the length
of the cloud. This is equivalent to a change of the diffusion in the direction of the electric
field, given by

𝐷̃∥𝐸

𝐷̃0
= 1 + 𝜂

1 + 2𝜂 , (3.19)

where 𝜂 ∝ 𝜕𝜈/𝜕𝜀 and 𝐷̃0 is the diffusion constant without the anisotropy. The diffusion in
the direction perpendicular to the field is unaffected, i.e.

𝐷̃⟂𝐸 = 𝐷̃0 . (3.20)

In the presence of a magnetic field, the situation is again different. Between collisions
the electrons are now forced to follow helical paths, curving in the plane perpendicular to
the magnetic field. Thus the straight distance travelled in this plane is reduced, which is
effectively equivalent to a reduction of the mean free path 𝜆⟂ perpendicular to the magnetic
field. The resulting change of diffusion is given by [124]

𝐷̃⟂𝐵(𝜔)
𝐷̃⟂𝐵(0)

= (𝜆⟂(𝜔)
𝜆⟂(0) )

2

= 1
1 + (𝜔𝜏)2 , (3.21)

where 𝜔 is again the cyclotron frequency of the electron. The diffusion parallel to the mag-
netic field is unchanged, i.e.

𝐷̃∥𝐵(𝜔) = 𝐷̃∥𝐵(0) . (3.22)
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For an arbitrary configuration of electric and magnetic fields, the anisotropies combine
and the individual diffusion constants are replaced by a three dimensional diffusion tensor
that depends on the angle between the fields. However, in typical TPCs where the electric
and magnetic fields are parallel, the combination of the electric and magnetic anisotropies
results in two distinct diffusion coefficients for the transverse and longitudinal directions, 𝐷̃t
and 𝐷̃l, respectively. Then the electron density distribution is given by

𝑛 = (4𝜋𝐷̃l𝑡)
−1/2(4𝜋𝐷̃t𝑡)

−3/2 exp(−𝑥2 + 𝑦2

4𝐷̃t𝑡
− (𝑧 − 𝑢𝑡)2

4𝐷̃l𝑡
) , (3.23)

Analogous to equation (3.17) the corresponding diffusion widths are

𝜎t
2 = 2𝐷̃t𝑡 = 2𝐷̃t

𝜇𝐸 𝛥𝑧 ≕ 𝐷t
2𝛥𝑧 (3.24)

𝜎l
2 = 2𝐷̃l𝑡 = 2𝐷̃l

𝜇𝐸 𝛥𝑧 ≕ 𝐷l
2𝛥𝑧 . (3.25)

The last step defines the parameters 𝐷t and 𝐷l that characterise the relation between diffusion
and drift distance. These are often used instead of the diffusion constants 𝐷̃t/l to describe
the performance of detectors, since the maximum drift distance is fixed while the drift time
depends on other parameters.

3.2.2. Electron Attachment
During drift electrons can be absorbed by gas atoms or molecules, forming negative ions.
The gases typically used in drift chambers, i.e. noble gases and most organic vapours, re-
quire electron energies of several eV to form stable ions, which is much higher than the
energies reached during drift. However, some molecules, such as oxygen (O2) or halides,
have much larger electron affinities and are capable of attaching electrons at much lower
energies. Therefore it is important to avoid contamination of the drift gas with water or air
and outgassing of detector components containing halocarbon polymers.

Attachment mechanisms are classified into two and three-body processes. The simplest
mechanism are two-body processes with a molecule 𝑀:

e− + 𝑀 → 𝑀− . (3.26)

However, quite often the molecule dissociates in the process and one of the components 𝐴,
𝐵, … forms a negative ion:

e− + 𝑀 → 𝐴− + 𝐵 + … . (3.27)

For these processes the rate ̃𝐴 of attachment is given by the electron velocity 𝑣, the number
density 𝑁 of the attaching molecule and the cross section 𝜎𝐴:

̃𝐴 = 𝑁𝜎𝐴𝑣 . (3.28)
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For the three-body processes, which play an important role in the attachment to O2 mo-
lecules, two mechanisms are distinguished. First, there is the Bloch-Bradbury process [146,
147]. At the typical energies of drifting electrons, the attaching O2 molecule forms an excited
and unstable state O∗−

2 . Therefore, within the lifetime of 𝒪(10−10 s) an additional interaction
with a third body 𝑋 is required to carry away the excitation energy. Otherwise the oxygen
will lose the additional electron. The effective attachment rate ̃𝐴 thus depends on the lifetime
as well as the number densities of O2 and 𝑋 and the cross sections of the two processes,

e− + O2 → O∗−
2 , (3.29)

O∗−
2 + 𝑋 → O−

2 + 𝑋 . (3.30)

Secondly, there are processes involving unstable Van der Waals molecules [148]:

O2 + 𝑋 ↔ (O2𝑋) . (3.31)

In collisions with an electron, these bonds are broken, dissipating the excess energy, and the
electron remains attached to the O2 molecule:

e− + (O2𝑋) → O−
2 + 𝑋 . (3.32)

Measurements have shown that for mixtures of oxygen with pure noble gases the Van der
Waals mechanism is dominant, while for many hydrocarbons the Bloch-Bradbury process
is more important [149]. Because the oxygen attachment rates are generally much larger in
mixtures with hydrocarbons, in typical drift chamber gases, containing both noble gases and
organic quenchers, the Bloch-Bradbury process plays the bigger role.

For either of the processes above, the number 𝑁 of free electrons drifting in a gas is
reduced over time as given by the attachment rate ̃𝐴:

𝑁 = 𝑁0 ⋅ 𝑒−𝐴̃𝑡 = 𝑁0 ⋅ 𝑒−𝐴𝛥𝑧 . (3.33)

Instead of ̃𝐴, the attachment coefficient 𝐴 ≔ ̃𝐴/𝑢 per drifted distance 𝛥𝑧 = 𝑢𝑡 is used in this
work.

3.3. Gas Amplification
The amount of charge produced by the primary and secondary ionisation processes intro-
duced in section 3.1 is too small to be detected over the electronic noise of most electronic
amplifiers and readouts. Therefore gaseous detectors make use of the process of proportional
avalanche gas amplification. This mechanism occurs in regions of high enough electric field,
typically 𝒪(104 V/cm) for gases at STP [124], where drifting electrons acquire enough en-
ergy between individual collisions with gas atoms or molecules, that they can ionise these.
The newly liberated electrons then undergo this process themselves and an avalanche forms.
The avalanche only stops, when it leaves the high field region or all electrons are collected
on the anode.
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The production cross sections for photons, e.g. due to bremsstrahlung, are of the same
order of magnitude as the ionisation cross sections. Therefore photons are as abundant in
the avalanche as electrons. The small fraction of photons that is energetic enough to ionise
the gas is an important factor in the amplification process, especially in the presence of gas
components with low ionisation potentials. This can become a problem if the mean free
path of these photons is larger than the extent of the amplification region, as is typically the
case in pure noble gases. In this case the photons may escape the amplification region and
give rise to full, independent avalanches somewhere else in the detector. In the best case
this only creates a background of spurious, localised signals but in the worst case it can
cause the detector to break down. To prevent this scenario, detector gas mixtures typically
contain hydrocarbons or other molecules with wide photon absorption spectra due to an
abundance of vibrational and rotational degrees of freedom [150, 151]. Already fractions
of a few percent of these additives can reduce the mean free path of photons considerably.

One important aspect of the gas amplification process is that the amount of charge cre-
ated in the avalanche is proportional to the initial number of electrons. This is true as long
as the changes of the electric field induced by the avalanche are small compared to the over-
all field strength, i.e. the charge density of the avalanche is small compared to that of the
amplification structure. This fact gave its name to one of the most widely used types of gas
amplification structure, the proportional wire and in turn the multi-wire proportional cham-
ber (MWPC). Due to its widespread use, many of the models of gas amplification were
developed based on its radial field 𝐸 ∝ 1/𝑟. Others make use of the simple geometry of a
homogeneous field.

In general the amplification process is described by the first Townsend coefficient

𝛼 = 1/𝜆ion = 𝑁gas𝜎ion , (3.34)

where 𝜆ion is the average distance between ionising collisions, 𝜎ion is the cross section for
these collisions and 𝑁gas is the number density of the gas. The amount of additional electrons
liberated per path length d𝑠 is given by [124]

d𝑁 = 𝛼𝑁d𝑠 . (3.35)

No analytical expression exists for the Townsend coefficient 𝛼, since the excitation and ion-
isation cross sections 𝜎ion of the electrons depend on the details of the ionisation mechanisms
presented in section 3.1. Therefore 𝛼 must be measured for every gas mixture. Generally the
ionisation cross section increases with larger collision energy 𝜀, which in turn rises with the
electric field [152]. Therefore 𝛼 is often used as a function of 𝐸.

The amplification factor, or gain 𝐺, is defined as the ratio of the final to initial number
of electrons, 𝑁 and 𝑁0, respectively. From equation (3.35) the gain of an avalanche along a
path 𝒞 is given by

𝐺 ≔ 𝑁
𝑁0

= exp(∫
𝒞

𝛼( ⃗𝑟)d𝑠) = exp(∫
𝐸2

𝐸1

𝛼(𝐸)
d𝐸/d𝑠d𝐸) , (3.36)

where 𝐸1 and 𝐸2 are the corresponding field strengths at the start and end of the path and
d𝐸/d𝑠 is the electric field gradient along the path. The last relation is only strictly true if
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there is a bijection between the points of the path and the field strength, i.e. the behaviour
of the field along the path is strongly monotonic. Other geometries can be described by
piecewise integration, where each segment of the path fulfils this condition.

Since the multiplication process in the avalanche is random, equation (3.36) only de-
scribes the average gain. The statistical fluctuations can affect measurements of the initial
ionisation and the specific energy loss. Therefore, they were the subject of many studies.
For weak electric fields Legler found the gain to follow an exponential distribution [153].
For the general case with strong fields no explicit analytical description of the gain distribu-
tion is known. However, Legler calculated distributions for homogeneous fields of various
strength [154], which were in good agreement with measurements [155]. For the radial field
𝐸 ∝ 1/𝑟 of a proportional wire, Alkhazov [156] calculated the variance and the higher mo-
ments of the distribution and found that the fluctuations are approximately described by a
Pólya distribution

𝑃(𝐺) = 1
⟨𝐺⟩

(𝜗 + 1)𝜗+1

𝛤(𝜗 + 1) ( 𝐺
⟨𝐺⟩

)
𝜗

exp(−(𝜗 + 1) 𝐺
⟨𝐺⟩

) , (3.37)

with the average gain ⟨𝐺⟩ and the gamma function 𝛤(𝑥). The parameter 𝜗 depends on the
field strength and gas mixture. In ref. [156], typical values of 𝜗 = 0.25 to 0.67 are reported.
While this distribution does not match the measured spectra for the case of homogeneous
fields exactly, in practice the difference is often negligible. In particular this applies if one
measures avalanches started by a large number of electrons, as then the central limit the-
orem of statistics applies and the total distribution approaches a Gaussian. This is the case
in many drift chambers used for tracking, with typical sampling lengths of 𝒪(1 cm) and
𝒪(100) initial electrons per sample. Therefore the Pólya distribution is also widely used in
calculations for other field geometries.

3.4. Signal Creation
The free charges moving in the gas induce an electric current in all electrodes in the vicinity.
This signal can be read out by connecting the relevant electrodes, e.g. the anode wire of an
MWPC or dedicated readout strips or pads, to electric amplifiers. The creation of the signal
is described in the following for the case of electrodes connected directly to ground. The
effect of the impedance of the readout electronics on the induced signal is discussed in
ref. [124].

A point charge 𝑞 at position ⃗𝑟𝑞 generates an electric field ⃗𝐸( ⃗𝑟; ⃗𝑟𝑞) at any point ⃗𝑟. In the
presence of a grounded electrode, the field is locally perpendicular to the conducting surface.
From Gauss’ law it follows that the surface charge density 𝜎 on the electrode is related to the
electric field by 𝜎( ⃗𝑟; ⃗𝑟𝑞) = 𝜖0𝐸( ⃗𝑟; ⃗𝑟𝑞), with the vacuum permittivity 𝜖0. The total charge 𝑄
induced on the electrode surface 𝒮 is then

𝑄 = ∬
𝒮

𝜎( ⃗𝑟)d𝑆 . (3.38)

For a closed surface surrounding 𝑞 or an infinite surface, 𝑄 is always equal to −𝑞, independ-
ent of the position ⃗𝑟𝑞. Since this is generally not the case for real electrodes, the induced
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charge on each electrode depends on ⃗𝑟𝑞. Therefore, if the charge is moving with velocity
⃗𝑣 = d ⃗𝑟𝑞/d𝑡, the current induced in electrode 𝑖 is given by

𝐼 ind
𝑖 (𝑡) = − d

d𝑡𝑄𝑖( ⃗𝑟𝑞(𝑡)) = − ∇ 𝑄𝑖( ⃗𝑟𝑞) ⋅ d
d𝑡 ⃗𝑟𝑞(𝑡) = − ∇ 𝑄𝑖( ⃗𝑟𝑞) ⋅ ⃗𝑣(𝑡) , (3.39)

where ∇ is the gradient with respect to ⃗𝑟𝑞.
The electrode geometries in real detectors are generally quite complex and the method

of signal calculation described above can become difficult to perform. A method to sim-
plify this process was proposed independently by Shockley [157] and Ramo [158]. In this
approach the charge on each electrode is given by

𝑄𝑖 = − 𝑞
𝑉w

𝜓𝑖( ⃗𝑟𝑞) , (3.40)

where 𝜓𝑖 is called the electrodes weighting potential. It is defined as the potential that
emerges when the electrode 𝑖 is set to a voltage 𝑉𝑖 = 𝑉w, while all other electrodes are
grounded, i.e. ∀𝑗 ≠ 𝑖 𝑉𝑗 = 0, and the charge 𝑞 is absent. For simplicity often 𝑉w = 1 V is
chosen. Then the current induced on the electrode is given by the Shockley-Ramo theorem,
which follows from equations (3.39) and (3.40):

𝐼 ind
𝑖 (𝑡) = − ∇ 𝑄𝑖( ⃗𝑟𝑞) ⋅ ⃗𝑣(𝑡) = 𝑞

𝑉w
∇ 𝜓𝑖( ⃗𝑟𝑞) ⋅ ⃗𝑣(𝑡) = − 𝑞

𝑉w
⃗𝐸𝑖( ⃗𝑟𝑞) ⋅ ⃗𝑣(𝑡) , (3.41)

defining the weighting field of the electrode
⃗𝐸𝑖( ⃗𝑟𝑞(𝑡)) = − ∇ 𝜓𝑖( ⃗𝑟𝑞(𝑡)) . (3.42)

The weighting field can be calculated for each electrode individually from the boundary
conditions defined above, either analytically or using numerical simulations. It is important
to note that the weighting field is independent of the actual field configuration used during
operation of the detector, as well as the position, movement and value of the drifting charges.
Therefore, it only needs to be calculated once for each relevant electrode.

For distances much larger than the dimensions of the electrode, the weighting field gener-
ally drops rapidly. Therefore, the induced signal is only large for the charges in the vicinity
of each electrode, even though each charge induces a signal in every electrode. Once all
charges have been collected on the different electrodes, it follows from the definition of the
weighting potential that the total charge induced in an electrode is equivalent to the sum of
all electrons and ions collected on that electrode, consistent with the conservation of charge.
In principle this allows to completely separate the signal induced by the electrons and the
positive ions produced in the gas amplification process. However, due to their difference in
mass, which causes ions to drift much slower than electrons, they produce signals of vastly
different time scales. These aspects need to be considered in the design of the amplification
and readout structure, and in particular the readout electronics.

3.5. Gas Amplification Technologies
To achieve the high field strengths required for gas amplification, several technologies have
been developed. The earliest solution was the proportional wire, still widely used in the form
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of multi-wire proportional chambers (MWPCs), first introduced by Charpak in 1968 [159].
Depending on the detector geometry, MWPCs are realised in various ways. The common
structure in all cases is the thin anode wire that creates a strong, radial electric field in its
vicinity and collects the electrons, as well as some surrounding cathode arrangement. Planar
detectors, such as TPC readout chambers, e.g. in the original ALICE TPC [160], commonly
consist of a grid of parallel anode wires placed between two cathode layers. In a TPC, the
cathode plane facing the drift volume must be transparent to drifting electrons, and thus
is implemented as a parallel wire grid itself. The other cathode plane can be formed by a
pad plane, a printed circuit board (PCB) with segmented electrodes that pick up the signal
induced by the electron avalanche at the anode wire. While the spatial resolution can be
increased this way, compared to measuring the signal on the anode wires, the performance is
ultimately limited by the spacing of the wires to each other and to the pad plane. This applies
in particular to the multi-track resolution. Additionally, in a strong magnetic field, where the
transverse electric field components close to the wire induce 𝐸 × 𝐵 effects, the resolution in
the wire direction is deteriorated. Experiments with a TPC prototype in a 4 T magnetic field
have shown that even with an optimised wire spacing the performance requirements of the
ILD TPC cannot be met [119].

Due to the increasing performance requirements in tracking detectors so-called micro-
pattern gaseous detectors (MPGDs) were adopted [161]. Today there are mainly two MPGD
technologies in use, micro-mesh gaseous structures (Micromegas) and gas electron multipli-
ers (GEMs). Both technologies have in common that their typical structure size is about an
order of magnitude smaller than possible with wires, i.e. 𝒪(100 µm) instead of 𝒪(1 mm),
greatly reducing 𝐸 × 𝐵 effects. Since in most MPGDs the electron avalanche is collected
directly on the readout pad plane instead of picking up an induced signal, the position of the
avalanche can be measured with high precision. For such devices the spread of the charge
cloud on the pad plane is the limiting factor for the spatial resolution measurement. In ad-
dition to allowing for higher precision, MPGDs have the advantage of being more robust
and easier to handle than an MWPC, potentially containing hundreds or thousands of wires.
Therefore, MPGDs are widely used in various applications, also outside of particle physics.
Since this work is centred around the development of a GEM-based TPC readout, GEMs are
introduced in detail in the following section. Information about Micromegas can be found
in various publications, starting with their first introduction in ref. [121].

3.5.1. Gas Electron Multipliers
The gas electron multiplier (GEM) was introduced as a new concept for electron gas ampli-
fication by Sauli in 1997 [120]. GEMs consist of a thin insulator coated on both sides with
a conductive metal layer. To allow the passage of drifting charges, a dense, regular grid of
holes is pierced into this foil, as is displayed in figure 3.4a. By applying a sufficiently high
voltage between the two conductive layers compared to the external fields, a field line con-
figuration as sketched in figure 3.4b is created. Electrons in the drift volume at the top of
the figure are forced to follow the field lines into the holes. There the field becomes strong
enough to initiate gas amplification. Afterwards the field guides the amplified electrons out
of the holes to the other side of the foil.
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(a) Microscope image of a GEM [162]. (b) GEM field geometry [123].

Figure 3.4.: Design and working principle of GEMs. (a) A microscope image of a GEM pro-
duced in the workshop of the CERN Gas Detectors Development group. The holes have a
diameter of 70 µm and are spaced at a pitch of 140 µm. (b) A sketch of the field line geometry
around the holes of a GEM for a representative field configuration.

The base material most commonly used for GEMs is copper coated polyimide, with a
thickness of 𝒪(50 µm). The holes are typically formed using photolithographic etching
processes. This method scales well to large areas and it allows to control the shape of the
holes [163], which has a big impact on the field geometry in the vicinity and thus on the
overall behaviour of the GEM. For most applications a two-sided etching technique is used
that creates double-conical holes, as shown in figure 3.4. The achievable hole pitch is of
order 100 µm. Similar devices are produced using other insulator materials such as different
polymers, ceramic and glass substrates, see e.g. [164, 165]. For some applications GEM-
like devices made from standard PCB materials with a thickness of 𝒪(1 mm) are employed,
see e.g. [166]. In these devices the holes are created by mechanical drilling, which does not
allow to reach the same small hole sizes and high densities as etching techniques.

One issue with early MPGDs were electrical breakdowns and discharges that damage
the amplification structure or even the readout electronics [161]. Electric breakdowns can
never be avoided completely but GEMs are intrinsically robust against damage from such
discharges. Therefore in most cases the GEM is only disabled briefly until the voltage is
recovered. Only rarely a permanent conductive connection between the two electrodes of the
GEM is formed in a discharge, leaving it unusable. Furthermore, discharges rarely propagate
from the GEM to the readout electronics since both are spatially and electrically separated.
To further reduce the probability of a discharge damaging a GEM, the area of the electrodes
can be limited to reduce the stored charge and energy. For larger area GEMs this is achieved
by segmenting one of the electrodes into isolated sectors.

In principle a typical thin GEM can achieve an effective gain of up to 104 before electric
breakdown [167]. However, this is rarely reached in practice since already a single local
defect can reduce the breakdown voltage of the whole device. To minimise the probability
of discharges while still reaching the required gain, it is possible to stack several GEMs
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in a cascade. By choosing suitable fields between the GEMs, the electrons extracted from
one are transferred to the next and amplified again. Up to five GEMs have been stacked
successfully [168]. In such a stack, individual GEMs are typically only operated at gains of
𝒪(10–100). This way, total effective gains of up to 104 to 105 can be reached.

The effective gain of a GEM depends not only on the amplification inside the holes but
also on its transparency to electrons [167]. Therefore three factors contribute: First an elec-
tron has a finite probability 𝐶− to be collected into one of the holes, instead of being ab-
sorbed by the facing electrode. Then the amplification with gain 𝐺0 occurs. Finally each
electron again has a finite probability 𝑋− to be extracted from the hole, and not be absorbed
by the walls or the rear electrode. For a cloud containing many electrons this results in an
effective gain 𝐺 = 𝐶−𝐺0𝑋−. The real gain 𝐺0 depends to good approximation only on the
field inside the hole and thus, for any given geometry, only on the voltage between the two
GEM electrodes. However, the collection and extraction efficiencies additionally depend
on the external fields on the corresponding side of the GEM, or rather the ratio between
the respective external field and the field inside the hole. This has been studied in detail in
ref. [169]. Generally the collection efficiency increases for lower ratios while the extraction
efficiency increases for higher ratios.

A similar behaviour is observed for the transfer efficiencies for ions. However, since the
positive ions created in the gas amplification process are drifting in the opposite direction,
the fields relevant for collection and extraction are swapped compared to the electrons. This
allows to make a GEM almost opaque to ions while keeping it transparent to electrons. In
multi-GEM stacks this can be used to full advantage. The transfer fields and GEM voltages
can be tuned so that a large fraction of the ions produced in the GEMs deeper in the stack
are absorbed by the GEMs closer to the drift volume. This has been successfully applied to
suppress the ion back flow (IBF) into the drift volume by factors of 𝒪(10−2) [170, 171].
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4. The Readout Module
The design goal for this readout module is to provide the largest possible total sensitive area
and to minimise the size of gaps. Further, the material budget in terms of average radiation
length 𝑋0 should be kept as low as possible. The outer geometry of the module is given by the
end plate of the large TPC prototype (LP), described in section 6.2, which has module slots
with a shape similar to those intended for the TPC of the ILD. The footprint of a module
is therefore limited to the sector of an annulus with an inner radius of 1430 mm and an
outer radius of 1600 mm, encompassing an angle of about 8.4°. In addition the performance
requirements of the ILD TPC stated in section 2.3.5 need to be taken into account in the
design of the readout electrode and the amplification system.

4.1. General Design
Figure 4.1 shows an assembled module and an overview of the arrangement of the major
components. The main structural component of the module is the aluminium back frame. It
provides the required mechanical rigidity and is used to mount the module in the end plate of
the TPC using an additional mounting bracket. It also defines the size of the module. To leave
a margin between modules, all dimensions are kept 1 mm smaller than the bounding box
defined above. This leads to inner and outer radii of 1430.5 mm and 1599.5 mm, respectively,
and a correspondingly smaller azimuthal coverage. On its back side, the frame has a shoulder
with which it is seated on the end plate. On this shoulder a groove that holds an O-ring gasket

(a) A mostly assembled module.

ceramic
frames

back frame

GEM
mounting
bracket

readout
board

(b) Explosion view of the components.

Figure 4.1.: Overview of the GEM readout module. In (a) a photo is shown of an assembled
module, before the GEM HV connections were trimmed and soldered. The explosion view
in (b) shows from right to left the mounting bracket and aluminium back-frame in grey, the
readout board in red, the GEMs in yellow and in between the GEMs the ceramic frames they
are mounted on.
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(a) Pad side.
ℎ = 5.85 mm

5.65 mm

𝑤 = 1.2625 mm

1.05 mm

(b) Pad geometry. (c) Connection side.

Figure 4.2.: Overview of the readout board. (a) The pad side of the board, which faces the
active volume. The 4828 pads are arranged in 28 staggered rows. The insert shows two of the
20 soldering slots for the GEM HV connections. (b) The layout of the pads, showing the row
pitch ℎ and the pad pitch 𝑤. (c) The connection side of the board, featuring 152 connectors for
the signal lines. The free spaces at the left take up the HV connectors.

runs around the whole circumference of the module to make a gas tight seal between the
two metal parts.

Directly glued onto the back frame is the readout board. It is a multi-layer PCB using
glass-fibre reinforced plastic (GRP) as base material. Since the module is part of the gas
containment, the board and its bond to the back frame need to be gas tight. The side of
the board facing the active volume, shown in figure 4.2a, is segmented into 4828 readout
electrodes, called pads in the following. These pads are arranged in 28 concentric rows. For
future reference the rows are numbered from 0 to 27, starting at the inner radius of the mod-
ule. The row and pad geometry is sketched in figure 4.2b. The rows have a pitch of 5.85 mm
in the radial direction. Within each row the pads have a pitch of 1.2625 mm in the azimuthal
direction, measured at their midpoint. As the pitch is the same in all rows, the number of
pads in each row increases from 164 in row 0 to 182 in row 27. By carefully choosing the
azimuthal offset of each row, the pads in adjacent rows are staggered over most of the width
of the module, while keeping the layout symmetric along the centre line. From each pad a
signal line is routed through the PCB to a channel in one of the 152 connectors on the other
side of the board, shown in figure 4.2c. These connect to the readout electronics, described
in section 6.3. Each connector houses 40 lines, eight of which are used for grounding, leav-
ing 32 data lines per connector. Two high voltage (HV) connectors with four channels each
can provide eight separate voltages. This allows to power each side of up to four GEMs inde-
pendently. Having independent voltage supplies for each GEM electrode is important in the
prototype phase, as it allows to test different operation conditions of the gas amplification
stage. The board feeds through the HV lines for the GEM electrodes to solder connections
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𝑉1

𝑅1
𝐶GEM

𝑅1

𝑅1

𝑅1

𝑅2

𝑉2𝐶1
𝑐 𝐶2

𝑐

Figure 4.3.: Effective circuit diagram of the HV system of a single GEM. The four sectors are
represented by the capacitors 𝐶GEM. In reality the common electrode (facing 𝑅2) is continuous.
The protection resistors 𝑅1 and 𝑅2 are implemented as SMDs on the readout board. 𝐶1

𝑐 and 𝐶2
𝑐

represent the capacitance of the cable between the voltage supply and the module.

on the pad side at the outer radius of the board, shown in the insert in figure 4.2a. Figure 4.3
shows the effective circuit diagram of the HV supply for one GEM. On the board, half of
the incoming HV lines are split into four channels each, as the electrode on one side of each
GEM is subdivided into four sectors. As explained in section 3.5.1, the subdivision is done
to reduce the energy stored in the individual sectors, for protection in case of a discharge of
the GEM. Therefore SMD resistors on the PCB decouple the sectors from each other and
from the comparatively large capacitance of the HV supply cable.

The amplification stage consists of three GEM foils, which are supported by thin ceramic
frames. Due to the size of the modules, not much tension is needed to keep the GEMs from
sagging under electric load or gravity. Therefore the total stretching force during mounting
can be kept low, at 𝒪(10 N) per side. As mentioned above, the electrode on one side of each
GEM is subdivided into four sectors. To minimise the additional insensitive area introduced
by the gaps between sectors, the GEMs and ceramic frames were designed such that the gaps
coincide with the supports of the frame. To avoid distortions of the drift field close to the
module, the GEMs are installed with the unsegmented side facing towards the drift volume
of the TPC. As visible in figure 4.4, the HV lines from each sector end in connection straps
on the larger radius edge. These straps are soldered directly into the respective slots on the
readout board.

The support frames of the GEMs, visible in figure 4.4a, are laser cut from 1 mm thick alu-
minium-oxide (Al2O3) ceramic substrates [172]. This material was chosen since it combines
a high dielectric strength of 19 kV/mm with good mechanical properties. With a Young’s
modulus of 331 GPa this material is much more rigid than the commonly used GRP FR-4
(20 GPa to 25 GPa [173]). This, together with the low tension of the GEM foils, allows the
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(a) Previous design. (b) New design.

Figure 4.4.: Comparison of GEM designs. In both pictures the common electrode faces up
and the connection straps are visible at the bottom of the pictures. Those of the split electrodes
on the back side are visible as dark stripes through the foil. (a) The previous design with four
connection straps per electrode. A ceramic frame was glued to this GEM. (b) One of the new
designs with only one connection per electrode.

bars of the frame to have a width of only 1.4 mm. The frames have the same outer dimen-
sions as the readout board except for a slightly smaller outer radius to leave space for the
HV connections of the GEMs. With this design the modules have more than 90 % active
area. The frames also define the transfer gaps between the GEMs and the induction gap
after the last GEM of 2 mm and 3 mm, respectively. To reduce the field distortions caused
by the gap between two modules, a field-shaping wire runs along the outer circumference
of the topmost frame in the stack. To optimise the effect, the potential of this wire can be set
independently from the GEM voltages.

4.2. Improvements over the last Module Generation
While the previous iteration of the modules performed well, some points for further optim-
isation have become apparent during the first beam tests and further investigations after-
wards. Two of these points required dedicated studies. First, to avoid glue spills onto the
active area of the GEM when gluing the ceramic frames, the optimal parameters for the ap-
plication of the glue were reinvestigated, as described in section 4.2.1. Second, to provide a
consistent high quality of the mounted GEM, a new tool for the gluing of the ceramic frames
to the GEMs was developed and commissioned, as presented in section 4.2.2. An overview
of the other points is given in the following.

Already early on it was recognised that the HV connection straps of the GEMs could
provoke flashovers, since they are uninsulated and in close vicinity of each other. Electric
discharges were also observed between the HV connection straps and the readout pads,
which are separated by the ceramic frames. Adding to the risk was the fact that the same
GEM design was used in all layers of the stack. Therefore, the design included the connec-
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(a) Previous design. (b) Corrected design.

Figure 4.5.: (a) Overlap of active area and ceramic frame in a GEM as used for the previous
modules. (b) On the new GEMs the added margin is visible as the slightly brighter band along
the frame.

tion straps required for all possible positions of the GEM, i.e. 4 connections for each of the
5 electrodes, 20 in total, as visible in figure 4.4a. Cropping the unused straps in each layer
leaves behind sharp edges, which create high potential gradients in their vicinity. Therefore
great care had to be taken to insulate all remaining connections adequately within the lim-
ited space available. To relax this situation in the new modules build for this work, three
individual GEM designs are used, each only featuring the five connection straps actually
needed for the respective layer in the stack. An example is show in figure 4.4b.

During work with GEMs produced for the previous module generation, it was found that
the ceramic frames and therefore also the glue bond partially overlapped with the active area
of the GEMs, as shown in figure 4.5a. The source of the overlap was found to be an inconsist-
ency in the design drawings. The experience with those modules lead to the suspicion, that
glue on the active area of a GEM negatively affects the HV stability. Therefore, the design
of the GEMs was adjusted to maintain a consistent margin between the ceramic frame and
the active area of the GEM. The size of this margin was fixed at 0.15 mm, following the in-
vestigations on glue spills in section 4.2.1. Additionally, to obtain a fully consistent design
for the new modules, the drawings of every part of the module were checked and corrected
if necessary.

4.2.1. Investigation of Gluing Parameters
In this section first the gluing setup and procedure are described briefly. The goal of the
following investigations of the gluing parameters is to ensure a strong, continuous bond
between frame and GEM while avoiding glue spills onto the active area of the GEM. The
latter is important, since the glue may cover or permeate the GEM holes. This not only
introduces additional dead area in an uncontrolled manner but also may reduce the high
voltage stability of the GEM, making it unusable in the worst case.

Two glues, both two-component epoxy resins, were tested for the GEM mounting. Both
had been used already in previous gaseous detector projects. In the previous iteration of the
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module the Araldite® AY 103-1 / HY 991 adhesive [174] was used. However, tests done for
the outer tracker of the LHCb experiment show detector ageing effects due to outgassing
of this glue [175, 176]. Therefore, an alternative was searched for the new modules. The
STYCAST® 1266 A/B encapsulant [177] was chosen as it was shown to produce no ageing
effects [178]. Additionally, its much lower viscosity promised to simplify the glue applica-
tion. The mixed Araldite and STYCAST compounds have a dynamic viscosity of (4-6) Pa s
and 0.65 Pa s, respectively.

The glue is applied to the ceramic frames from a syringe with a Teflon (PTFE) tipped,
hollow needle, using a Techcon Systems TS9702 dispenser with a pressure range of 0.1 bar
to 7 bar [179]. In most tests, needles with an inner diameter of 0.15 mm were used but also
larger sizes were investigated. The syringe is moved along the frame by an xyz-stage con-
sisting of an LT8-LBMA linear axis [180] mounted on a GT9-NSMA cross table [181], both
by LANG GmbH & Co. KG, for the vertical and horizontal movement, respectively. All
axes are steered via an LSTEP express controller [182] from the same company, which is
programmed using a LabVIEW interface [183].

For the optimisation of the gluing procedure, the pressure 𝑝disp of the dispenser and the
movement speed 𝑣stage of the xyz-stage were varied. The glue was applied to plates of the
same ceramic material the frames are cut from. Multiple straight lines were deposited for
each tested parameter combination. After curing, the resulting glue lines were inspected
visually. Samples with discontinuous lines, drops or excessive amount of glue were ex-
cluded from further studies. Examples are shown in figure 4.6a. For samples with suffi-
ciently uniform and narrow lines the width 𝑤glue at randomly chosen points was measured
under a microscope. The results from the latter measurements are summarised in table 4.1
and examples are shown in figures 4.6b and 4.6c. This measurement does not allow a direct
comparison of the total amount of glue between the two types, as the thickness of the glue
line can be different at the same width.

When using the Araldite glue the pressure and speed need to be adjusted simultaneously
to keep the glue line continuous. For this reason the width of the line could not be reduced
below a value of about 0.4 mm. Above speeds of 5 mm/s it becomes increasingly difficult to
achieve a continuous line by compensating with higher pressure. With this glue the process
is very sensitive to the size of the gap between the tip of the needle and the ceramic surface.
An optimum was found at about 0.1 mm. Going much above that leads to drops forming, as
the glue adheres to the tip of the needle, and thus an interrupted glue line. With a narrower
gap the glue is smeared by the needle, resulting in a less uniform line. This can be translated
in a requirement for the planarity of the surface, i.e. the ceramic frame, which needs to
deviate less than about 10 µm from the movement plane of the xyz-stage, for a perfect glue
line.

Due to the lower viscosity of the STYCAST glue, a large range of speeds can be covered
without adjusting the pressure of the dispenser. The process also becomes less dependent
on the width of the gap, which was increased from 0.1 mm to 0.25 mm in some of the tests
without affecting the quality of the glue lines. The larger range of speeds covered with the
same dispenser pressure, allows to interpolate the measured glue line widths. As the glue
flow from the syringe is constant, the cross section of the glue line is expected to scale
anti-proportional to the speed of the xyz-stage. Therefore a power-law dependency can be

56



4.2. Improvements over the last Module Generation

(a) STYCAST lines.

(b) Microscope view of a good Araldite line.

(c) Microscope view of a good STYCAST line.

Figure 4.6.: Examples of glue line quality. (a) STYCAST lines with different parameters. Each
blue marking separates a parameter set. The left set shows continuous but quite wide lines. In
the middle set the pressure was lowered reducing the flow and causing the line to break up into
individual beads. For the rightmost set the speed was lowered to compensate. (b) An Araldite
line and (c) a STYCAST line under the microscope.

Table 4.1.: Results from the measurement of the glue line width. Only samples are listed, that
show a continuous line in a visual check. The errors given on the average line width correspond
to one standard deviation of the measurements. The varied parameters are the pressure of the
dispenser 𝑝disp, the movement speed of the syringe on the xyz-stage 𝑣stage and the gap between
the needle tip and the surface ℎgap.

adhesive 𝑝disp [bar] 𝑣stage [mm/s] ℎgap [mm] line width [mm]

Araldite
0.4 1

0.10
0.419 ± 0.057

0.7 3 0.392 ± 0.086
1.0 5 0.391 ± 0.079

STYCAST 0.7

2

0.10

0.786 ± 0.109
3 0.604 ± 0.093
4 0.550 ± 0.084
5 0.493 ± 0.126

10

0.25

0.391 ± 0.064
12 0.411 ± 0.100
15 0.339 ± 0.075
17 0.311 ± 0.040
20 0.324 ± 0.064
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(b) Standard deviation.

Figure 4.7.: Graphical representation of the STYCAST data in table 4.1. (a) The width
of the glue line shows the power-law behaviour explained in the text. The fit of 𝑤glue ∝
(𝑣stage)

𝑘 describes the data reasonably well (𝜒2/𝑛df = 12.64/7) and returns an exponent
𝑘 = −0.384 ± 0.017. (b) The standard deviation of the line width is also slightly reduced with
increasing speed of the xyz-stage.

expected for the width of the line. This is confirmed for the STYCAST data in figure 4.7. As
the data with both gap sizes can be interpolated by the same fit, it can be assumed that this
change of the gap size does not affect the width of the line. This leads to relaxed requirements
on the planarity of the surface compared to the Araldite glue.

Because of the larger flexibility in the parameters, it was decided to go ahead with the
STYCAST adhesive. Using a pressure of 0.7 bar and speed settings of 4 mm/s, 10 mm/s,
15 mm/s, 17 mm/s and 20 mm/s, pieces of ceramic frame were glued onto transparent Kap-
ton foil without copper coating, to study the flowing and smearing of the glue in the pro-
cess. For this, the manual procedure described at the beginning of section 4.2.2 was used. At
4 mm/s the amount of glue is too large, causing it to spill out along all frame edges up to dis-

(a) Good distribution. (b) Glue spill out. (c) Missing glue.

Figure 4.8.: Examples of the STYCAST bond between ceramic frame and a clear Kapton foil,
as seen through the foil. (a) Good glue distribution covering the frame fully but no glue spilling
out. (b) Glue spilling out at the edges of the frame is visible as dark bands. (c) At the lighter
spots the glue did not cover the frame fully.
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tances of 0.2 mm. For the speeds of 10 mm/s and higher, a mostly good glue distribution was
observed. Figure 4.8 shows some examples with different quality of the glue bond. It varied
between the picture in (a), covering the full width of the frame but no glue spilling out, and
in (b), with spills of up to 0.1 mm width at 20 mm/s and increasing for the lower speeds. At
some spots the glue did not fully cover the frame, as seen in (c). The exact cause for this
could not be determined but as the size and frequency of these spots are rather independent
of the speed and therefore the amount of glue, this leaves non-uniform contact pressure as
the most likely explanation. This issue was addressed by improving the mounting procedure
as presented in section 4.2.2.

In a first attempt to apply these results, a working GEM was glued with the STYCAST
epoxy, still using the manual procedure. Due to a handling error, a small amount of glue
spilled onto the active area. While the affected area was comparable in size to spills on GEMs
glued with the Araldite adhesive before the optimisations in this section, the HV stability
of this GEM was reduced drastically, making it unusable. Because of the limited number
of available GEMs no further potentially destructive tests were performed. Therefore, the
exact cause of this difference in behaviour between the two adhesives was not determined.
Due to the prior experience with the existing modules, where the Araldite adhesive did not
cause problems to this extent, it was decided to keep using it for the new modules. While
the detector ageing effects of this glue are not relevant for the prototypes, due to the shorter
service life and the benign radiation environment at the test beam, the studies of alternative
adhesives should be continued for future usability under the conditions at the ILC.

4.2.2. A new GEM Mounting Procedure
The main steps of the original mounting method for the GEMs were mostly manual. To
achieve a higher and more consistent quality it was decided to develop dedicated tooling
for the procedure. This section will present the new apparatus and briefly describe both the
manual and the tool-assisted procedure. A comparison of the quality of both procedures in
terms of the flatness of the framed GEMs is presented in sections 5.3 and 5.4.

In the manual procedure the GEM is laid out flat on a rolled aluminium holding plate and
taped down while applying some tension. The ceramic frame is placed on a second plate.
Both GEM and frame are positioned on their respective plate using two alignment pins each.
Epoxy glue is applied to the frame using the dispenser system and xyz-stage, as described in
section 4.2.1. The plate with the GEM is then lowered by hand onto the frame, making sure
the alignment pins on each side match the remaining holes in the other. Weight is applied
until the glue has cured and the framed GEM can be removed. For a double framed GEM
the procedure is repeated on its other side with a second ceramic frame.

The mounting tool, shown in figure 4.9, consists of three sub-assemblies. The first is a
rigid base plate including a lifting stage, intended to mate frame and GEM in a controlled
manner. The stage is manually driven with a screw drive for precise control. The frame is
held in place on top of the lifting stage by a vacuum jig that has a hole pattern following
the geometry of the frame to apply suction. Correct positioning of the frame is ensured by
alignment pins in the jig. The jig is detachable so it can also be used to hold the frame
on the xyz-stage while applying the glue. This not only makes it easier to move the frame

59



4. The Readout Module

stretching frame

carriage & clamp

base plate

lifting stage
& vacuum jig

Figure 4.9.: The GEM stretching and mounting tool used for the production of the new mod-
ules. The base on the left includes the lifting table with a vacuum jig to hold the ceramic frame.
On the right is the GEM tensioning frame, which is detachable to access the lifting table.

from the xyz-stage to the mounting tool, but also keeps the frame flat to ensure a uniform
glue application. Alignment pins on the stage and corresponding holes in the bottom of
the vacuum jig allow for precise repositioning between the steps. The last part is the GEM
tensioning frame, which rests on support pillars on the base plate. Consistent positioning
is assured by linear bearings riding on guide rods centred in two of the pillars in opposing
corners. The GEM foil is clamped onto four carriages on the frame, each clamp held closed
by four knurled nuts on threaded rods. The carriages are arranged in a rectangle and can
slide in- and outwards on two rails each. Tension is applied by two coil springs per carriage,
one mounted parallel to each rail, pulling the carriages outwards. The springs used have
a spring constant of about 10 N/cm and the maximum travelling distance of the carriages
is about 2 cm. The tension can be relieved by a wire-pulley system that pulls the carriages
inwards.

The following steps of the mounting procedure using the tool are depicted in figure 4.10.

a) The tool is prepared by placing the vacuum jig and the tensioning frame on the base.
The clamps of the tensioning frame are opened and the lifting stage is adjusted so that
the surface of the vacuum jig is level with the lower jaws of the clamps, providing an
even support for the GEM.

b) Then the GEM is placed in the stretching frame using the alignment pins of the va-
cuum jig to achieve alignment between GEM and ceramic frame in the end.

c,d) When the GEM is in place, the clamps on the tensioning frame are closed and the
tension relieve is disengaged.

e) After that, the lifting stage is lowered to withdraw the alignment pins from the GEM.
This is done to avoid damaging the GEM in the next step.

f) The tensioning frame is removed from the base and placed at the side.
g) Next the vacuum jig is removed from the lifting stage and moved to the xyz-stage.

Then a ceramic frame is placed on top using the same alignment pins and suction is
applied to keep it flat.
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(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j) (k)

Figure 4.10.: The steps of the GEM mounting procedure described in the text.

h) The epoxy glue is applied in the same way as before using the dispenser system and
xyz-stage, as described in section 4.2.1.

i) The vacuum jig with the frame is then moved back onto the lifting stage of the mount-
ing tool in the same orientation as before, without removing the suction.

j) After remounting the tensioning frame on the base, the lifting stage is carefully raised
again until the ceramic frame fully touches the GEM without distorting it.

k) A flat plate the size of the vacuum jig is put on top for additional contact pressure. As
this is enough to keep the ceramic frame flat the vacuum can be released afterwards.

After the glue has cured, the weight is removed, the tension released and the GEM is removed
from the tool. As in the manual procedure, a second ceramic frame can be added to the other
side of the GEM by repeating the procedure.

After the tool was successfully used to build ten GEMs, of which six have a frame on
both sides, further improvements were made based on the collected practical experience.
One concern arose from the clamping mechanism, shown in figure 4.11a. Since the knurled
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(a) Old mechanism. (b) New mechanism.

Figure 4.11.: Comparison of the original and improved clamping mechanism. (a) The original
clamps had separate jaws held closed by knurled nuts. (b) The new mechanism uses hinged
jaws locked by a screw actuated wedge.

(a) Spring mechanism. (b) Pneumatic mechanism.

Figure 4.12.: Comparison of the original spring tensioning mechanism and the new pneumatic
system. (a) Each carriage was actuated by two springs parallel to the rails. (b) The pneumatic
system uses two pistons per carriage.

nuts used to close the clamps had to be fully unscrewed and removed from the threaded rods
to open the clamps, they could accidentally be dropped onto the GEM, damaging it in the
procedure. Additionally, in some cases the GEM slipped partially out of one of the clamps.
Therefore the clamps were reworked to avoid lose parts and increase the holding power.
Now, the clamps are hinged, each held closed by a single screw pushing a wedge against a
lever arm, as shown in figure 4.11b.

Another part to be redesigned was the tensioning mechanism. While the springs provided
force in the correct order of magnitude, the actual force applied to the GEM foil depended
on the initial elongation of the springs before disengaging the tension relive. Therefore the
tension could not be accurately controlled. To address this issue a pneumatic system was
implemented to replace the springs. Each carriage is now actuated by two pneumatic pistons
and tension is applied by supplying compressed air. This allows to control the force using a
pressure regulator. Figure 4.12 shows the details of the implementation of both systems.

Since the epoxy glue used to attach the ceramic frames to the GEMs needs several hours to
fully cure, the production time for double framed GEMs could be roughly halved by gluing
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(a) Side view. (b) Bottom view.

Figure 4.13.: The assembly to attach the second frame to a GEM. (a) Seen from the side the
four guide rods of the lifting stage are visible, as well as the brass knob for adjusting the height
of the stage. (b) When turned around the stage and vacuum jig are easily accessible.

Figure 4.14.: The fully assembled GEM mounting tool.

both frames at the same time. For this purpose an additional assembly was build to lower a
second ceramic frame onto the GEM from the top after the first one is in place for curing.
The assembly, shown in figure 4.13, consists of a support frame that rests on additional
pillars on top of the tensioning frame, using the same guide rods for relative positioning.
The support frame holds a lifting stage, that is manually actuated via a screw drive. This way
it can be lowered down onto the GEM in a precise and controlled manner. The ceramic frame
is held against gravity by a second vacuum jig, identical to the one used before. To fasten
the vacuum jig to the lifting stage, the whole assembly can be taken off and turned upside
down. Since this assembly adds significant height and weight on top of the tool, the whole
support structure was made more compact and rigid. The fully assembled tool is shown in
figure 4.14.
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5. GEM Flatness Studies
The ambitious performance requirements set for the tracking system regarding single point
and momentum resolution as well as the d𝐸/d𝑥 resolution put stringent demands on the
quality of the readout modules for the TPC. Quality assurance procedures for components
of a large scale GEM detector have already been established for the COMPASS experi-
ment [184] and adapted by others, such as the ALICE TPC [171], to ensure a uniform re-
sponse and stable operation. Many of the controlled parameters, such as the uniformity of
the hole size over the GEM area, concern the individual GEM foils and thus are independ-
ent of the design and assembly procedure of the readout module. What is affected by these
aspects, is the flatness of the mounted GEM foils, i.e. the magnitude of their deflections
due to internal stresses or the geometry of their supports. Deflections of the GEM foils af-
fect mainly two aspects of the detector performance. On one hand, the deflections locally
change the distances between the individual GEMs in the stack. Since the potentials on the
GEM surfaces are fixed, a local variation of the gap also changes the local field strength,
see figure 5.1. As explained in section 3.5.1, this alters the electron transfer coefficients of
the respective GEMs and thus the effective gain at that location. In turn this can affect the
accuracy of the d𝐸/d𝑥 measurement. On the other hand, the GEM electrode facing the drift
volume is part of the field cage. Therefore, any deflections here create distortions of the drift
field, which can have a negative impact on the spatial resolution.

A detailed study of these two effects is presented in ref. [185]. To assess the influence of
GEM deflections on the effective gain, the height profiles of several GEMs with and area
of 10 cm × 10 cm were measured, using a setup and method similar to those presented in
the following sections. As in section 5.5, the measured profiles were combined into triple-
GEM stacks and a parametrisation of the transfer coefficients and single GEM gain was
used to calculate the effective gain at each point of the stack. The height difference between
the highest and the lowest measured point ranged from about 400 µm to 900 µm for different
GEMs. The resulting distribution of the effective gain had a relative root mean square (RMS)
of 3 %. To judge the impact on the d𝐸/d𝑥 measurement, the average of all gain maps was

Figure 5.1.: Sketch of the effect of deflections of the GEM foils on the local field configuration
in a GEM stack [185].
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(a) Anode shape. (b) Field quality map.

Figure 5.2.: Simulation of a TPC field cage with deflected anode [185]. (a) Sketch of the anode
shape used in the simulation. (b) The resulting field quality map. Green areas mark regions
where the required field uniformity is reached, while in the red areas the limit of 𝛥𝐸/𝐸 ≤ 10−4

is exceeded.

taken and tracks were simulated passing over different areas of the map. Over the whole
surface, the average gain of the tracks showed an RMS of 0.27 %. However, between different
areas of the map the mean gain varied by up to 0.7 %. For reliable d𝐸/d𝑥 measurements,
certain requirements on the stability and uniformity of the gain in drift chambers have been
established from experience with the LEP experiments. While the variations of the gain
along a track can be tolerated up to a magnitude of several percent, the mean value of the
gain in different regions of the anode or directions from the IP should not vary by more than
10 % of the desired d𝐸/d𝑥 resolution and already variations of 𝒪(5 %) of the resolution
are visible in the data [185]. For the goal of a relative resolution of 5 % for the ILD TPC,
this means only gain variations up to 0.5 % are tolerable. The measured values above exceed
this limit. While this can be corrected for by applying a calibration using a gain map, it is
preferable to start out with small deviations. Therefore the goal is to control the size of the
deflections already during the mounting of the GEMs and assembly of the modules.

To simulate the influence of GEM deflections on the drift field quality, in ref. [185] an
electromagnetic model of the large TPC prototype – see section 6.2 – was adapted to include
a simplified model of a deflected anode. It features a sinusoidal deflection pattern where the
scale of the deflections was chosen to be 400 µm peak-to-trough with a transverse distance
between two peaks of 8 cm, based on the previous measurements. Figure 5.2 shows a sketch
of the anode geometry and a map of the resulting field deviations. To reach the required
single point resolution better than 𝜎𝑟𝜑 ≤ 100 µm, field deviations of 𝛥𝐸/𝐸 ≤ 10−4 can be
tolerated [186]. Otherwise 𝐸 × 𝐵 effects become too large. In figure 5.2b it can be seen that
this limit is exceeded up to ∼8 cm away from the anode, as indicated by the red shaded area,
and field distortions of up to 10−2.25 occur in direct vicinity of the anode. By simulating
charged particle tracks in the distorted field and calculating the deviation of the reconstruc-
ted tracks from the true position, the impact on the spatial resolution was estimated. If a
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magnetic field of 3 T to 4 T was applied in the simulation, the residuals were smaller than
25 µm [185]. Taking these residuals into account as a systematic uncertainty 𝜎res, the point
resolution changes accordingly:

𝜎𝑟𝜑 → √(𝜎𝑟𝜑)2 + (𝜎res)
2 = √(100 µm)2 + (25 µm)2 = 103.1 µm . (5.1)

While this deterioration of 3 % is acceptable on its own, it is not the only effect that can have
a negative impact on the drift field quality. Other influences of similar magnitude can arise
from the accuracy of the field cage itself [187] and from ions flowing from the amplification
region back into the drift volume [188]. Since all such effects add up, every one of them,
including the flatness of the GEM foils, need to be tightly controlled to ensure the required
measurement accuracy.

For this work, a method similar to the one used in ref. [185] was adapted to study the
flatness of GEM foils as they are used in the modules described in chapter 4. Several height
profiles of GEMs that were mounted on their ceramic frames using the newly developed tool
presented in section 4.2.2 have been measured. To evaluate the advantage of the tool assisted
procedure, these are compared to another set of GEMs mounted via the manual procedure
described in the same section.

5.1. Measurement Setup
The measurement setup is shown in figure 5.3. It consists of a laser displacement sensor
attached to a precision xyz-movement stage and a GEM mounting plate. Both the xyz-
stage and the displacement sensor are controlled and read out via a common LabVIEW
program [183].

The laser displacement sensor LK-G10 by Keyence [190] works based on triangulation
as sketched in figure 5.4. A laser diode projects a dot with 20 µm diameter onto the surface
to be measured. The reflected light falls through a low aberration lens system onto an image
sensor. When the distance to the measured surface changes, the position of the image of
the laser dot on the image sensor changes. Therefore, the position of the reflecting surface
can be deduced from the position of the image of the laser-dot on the sensor. The size of
the optics and the image sensor limits the measurement range to ±1 mm around the neutral
position. Measurements can be taken either in single point mode or continuously at sampling
frequencies up to 50 kHz. During continuous operation the data is stored in an internal buffer
that can be read out after the measurement is stopped. Several statistical operations can be
applied to the data online. Of interest for this work is the floating average with up to 16 384
samples, which can be used to increase accuracy on rough surfaces or in case of vibrations
in the setup. The LK-G10 specifications state a repeatability of 0.02 µm when averaging over
4096 measurements [190], suggesting a single point accuracy better than 2 µm. Effects from
linearity of the measurement range and temperature dependence are below 1 µm.

The xyz-stage consists of an LT8-LBMA linear axis [180] mounted on a GT9-NSMA cross
table [181], both by LANG GmbH & Co. KG, for the vertical and horizontal movement,
respectively. Both are steered via an LSTEP express controller [182] from the same company.
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(a) Overview of the setup. (b) Displacement sensor.

Figure 5.3.: The GEM profile measurement setup during the measurement of a GEM dummy
glued onto a cast-aluminium frame profile. (a) The xyz-stage with mounted displacement sensor
in the back and the LSTEP controller in the front. (b) The displacement sensor mounted on the
moving arm of the xyz-stage.
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Figure 5.4.: Sketch of the working principle of the laser displacement sensor. © 2008 Keyence
Corporation [189]
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(a) After slope correction. (b) Raw measurement.

Figure 5.5.: The height profile of the GEM mounting plate (a) after correcting for the relative
inclination of the setup and (b) without the correction. Note the different scales of the height
axes.

All axes provide a travel distance of 300 mm and a positioning accuracy of 3 µm using their
internal high resolution measurement system. During the movement, vibrations of the laser
device on the end of the mounting arm with an amplitude of 𝒪(10 µm) and wavelengths of
𝒪(100 µm) at the chosen movement speed were observed. This magnitude is not critical and
is further mitigated by averaging the height measurement over sufficiently large movement
distances. Since the vibrations are the single largest contribution to the uncertainty of the
measurement, an accuracy of 10 µm is assumed for single points.

The GEM mounting plate provides a flat reference surface, on which the GEMs are placed
during the measurement. To affix the GEM to the plate, it features a pattern of threaded holes
matching the mounting holes in the GEMs and ceramic frames. The plate is milled from cast
aluminium to limit distortions due to internal stresses. As can be seen in figure 5.5a, the
milling process left a depression in the centre, about 30 µm deep compared to the corners.
Since the measured deflections of the GEM are much larger and all mounting points for the
GEM are on roughly equal height, this should have only little effect on the GEM profiles.
All other measurement uncertainties introduced by the setup are negligible.

5.2. Measurement Procedure
For the measurements presented in this chapter the movement speed of the xyz-stage was
set to 20 mm/s. The displacement sensor was operated in continuous mode with a sampling
rate of 5 kHz, resulting in 250 measurement points per mm. To account for the vibrations of
the setup, a floating average with 64 samples was used in the first measurements. However,
this was found to be redundant due to the binning of the data in the analysis. Therefore no
floating average was used in later measurements.

For the measurement of a GEM height profile the framed GEM is fixed on the mounting
plate using nylon screws. The mounting plate can be placed in either horizontal or vertical
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scan path GEM surface

Figure 5.6.: Sketch of the meander pattern used to scan the GEM surface.

orientation in the operating volume of the xyz-stage. The vertical orientation was included
because the GEMs would be mounted this way in the TPC. Compared to the horizontal
orientation, potential sagging of the foil due to gravity could be reduced. However, meas-
urements showed no significant difference of the height profiles between both orientations.
Therefore only the horizontal orientation was used for the measurements in this chapter.

To ensure the whole surface of the GEM is in the measurement range of the displacement
sensor, the xyz-stage is used to adjust the distance between the sensor and the surface so that
it is in the centre of the measurement range. Then, starting from one corner of the GEM,
the stage moves the displacement sensor across the surface, following a meander pattern as
shown in figure 5.6. The step distance between the horizontal lines was first set to 1 mm.
To reduce the time required for one measurement it was later increased to 5 mm, roughly
matching the row pitch of the readout planes in the modules. Since the GEM surfaces are
generally smooth on these scales, the deflections at adjacent locations are highly correlated
and no significant effect is expected from this change. At the beginning of each line, the
displacement measurement is started. The data is stored in the internal buffer and at the end
of the line the buffer is written to hard disc and reset. Since the displacement sensor and
the xyz-stage are independent devices in terms of data flow, the exact position of the stage
is not synchronised with the displacement measurement. Therefore only the position of the
xyz-stage at the start and end of each line is stored by the LabVIEW program.

In the analysis the two-dimensional position for each point of the displacement measure-
ment is calculated from the start and end positions of the corresponding line based on the
acceleration and speed of the xyz-stage. After calculating the positions, the data are input
into a 2D histogram to create a map of the height deviations, in the following called a height
profile. The binning perpendicular to the measured lines is given by the step size of the
meander, i.e. 1 mm or 5 mm. Parallel to the lines, a bin width of 1 mm was chosen. Each
bin value is given by the average of all data points included in the bin area. The height axis
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is centred around zero by subtracting from each bin value the total average height. Since
this process averages over 250 measurement points per bin, the statistical uncertainty of the
height value in each bin, as calculated from the single point uncertainty given in the previous
section, is smaller than 1 µm.

As can be seen in figure 5.5b on page 69, there is a relative inclination between the move-
ment plane of the xyz-stage and the surface of the mounting plate. To correct for this in-
clination a profile measurement of the bare mounting plate is taken whenever the setup was
changed. A two dimensional linear fit is performed on the resulting height profile. Then, for
each bin in the corresponding GEM profiles the value of the fit at that position is subtracted
from the measured height value. A comparison of both images in figure 5.5 shows the effect
of this correction on the mounting plate profile itself. The fit is performed on the profile of
the base plate and not the GEMs themselves to avoid introducing biases into the fit due to
the deflections that this analysis intends to measure.

5.3. Testing the manual GEM Mounting Method
A set of five GEMs that were assembled using the manual mounting method described in
chapter 4 were measured using the method introduced above. This sample contains three
GEMs with a single ceramic frame and two double framed GEMs, i.e. one frame on each
side of the foil, as listed in table 5.1. The corresponding height profiles are displayed in fig-
ure 5.7. The observed height deviations are comparable in size to the 10 cm × 10 cm GEMs
investigated in ref. [185], which were mounted using a similar method. The stripes of large
negative values in the upper area of GEM_4 in figure 5.7e result from interaction of the
laser dot of the displacement sensor with the holes of the GEM. An attempt was made to
detect these patterns in the reconstruction and correct the corresponding values using adja-
cent measurement points. However, this was not successful and a more involved approach
was not in the scope of this work. Therefore the quantitative analysis described below is
designed to eliminate the impact of these patterns.

To get a measure for the magnitude of the height deviations in different areas of the GEMs,
the RMS of the deviations between all five GEMs is calculated for each bin. The resulting
map is shown in figure 5.7f. The RMS is preferable to the mean deviation since the deflec-
tions have no preferred direction. Therefore in the mean, positive and negative deviations
cancel, resulting in an underestimation of the total deviations. The structures in figure 5.7f
are dominated by the GEMs LPD_10 and LPD_17, cf. figures 5.7a and 5.7b. However, some
similar patterns are visible in most of the GEMs. Except for GEM_1 in figure 5.7c, the largest
deflections appear in the centre of the panels of the frames. The cause of this is most likely
insufficient stretching force during the mounting of the GEM, resulting in preexisting deflec-
tions persisting through the process. An additional, different structure is visible in LPD_10
and GEM_4 in figures 5.7a and 5.7e in the form of diagonal and horizontal ridges that do
not follow the location of the frame. These may indicate tension lines where the GEM foil
bends due to internal stresses induced by non-uniform tension. This non-uniformity can be
caused by the manual GEM stretching procedure or by stresses introduced into the ceramic
frame during mounting. The above may also explain the dipole-like structure in figure 5.7d,
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(a) LPD_10. (b) LPD_17.

(c) GEM_1. (d) GEM_3.

(e) GEM_4. (f) Height deviation RMS.

Figure 5.7.: Deflections of the manually mounted GEMs. (a) to (e) Height profiles mounted
GEMs. The average height deviations are listed in table 5.1. The stripes of large negative values
in the upper area of (e) result from interaction of the laser dot of the displacement sensor with
the holes of the GEM. (f) A map of the RMS of the height deviation between all five measured
GEM.
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Table 5.1.: Summary of the flatness measurement results of GEMs assembled using the manual
procedure. Given are the RMS90 of the height as well as the smallest and largest value measured
on each foil and the peak-to-peak difference. In addition to the individual measurements, the
averages of the single and double framed GEM subsets and of all GEMs are shown. For the
individual measurements purely statistical uncertainties are given. For the averages the standard
error of the mean is displayed, see the text for details.

GEM ID frame RMS90 [µm] min [µm] max [µm] 𝛥 [µm]

LPD_10 single 140.14 ± 0.57 −397 298 695
LPD_17 single 116.70 ± 0.47 −329 222 551
GEM_1 single 64.04 ± 0.26 −158 185 343
GEM_3 double 86.14 ± 0.35 −182 239 421
GEM_4 double 43.61 ± 0.18 −170 170 340

average single 107.0 ± 22.5 −295 ± 71 235 ± 33 530 ± 102
average double 64.9 ± 21.3 −176 ± 6 205 ± 35 380 ± 41
average all 90.1 ± 17.4 −247 ± 49 223 ± 22 470 ± 68

where each of the frame panels is divided diagonally, with one half depressed and the other
elevated. In LPD_10 and GEM_1 large deflections are visible at locations of the ceramic
frame. Since the stretching forces of the foil are oriented within the plane of the GEM, they
should not deflect the frames in this way. Therefore these deformations are likely induced
by stresses in the material of the frames themselves.

The quality of the GEM mounting is evaluated using the distribution of the measured
height values on each GEM. To avoid biases from measurement points on the ceramic frames
on top of the GEM and from untrimmed foil outside of the frame, geometric cuts are ap-
plied to exclude measurements in these areas. The value chosen to compare the flatness of
the GEMs is the RMS of the smallest interval of the height distribution containing 90 %
of the entries (RMS90). This is done to eliminate any influence from other outliers, in par-
ticular produced by the interaction of the laser dot with the GEM holes described above.
The RMS90 is scaled such that for a Gaussian distribution the value is equal to the standard
deviation. The results of these calculations are summarised in table 5.1. The consistency
and repeatability of the mounting procedure can be judged by looking at the difference in
the average height deviations between the GEMs. The table shows that they differ by almost
100 µm between the flattest GEM and the most uneven one, GEM_4 and LPD_10, respect-
ively. This means the variation of the average height deviations between individual GEMs
is of the same order of magnitude as the deflections themselves. A different way to approach
this, is to calculate the mean of the RMS90 of all five GEMs and the corresponding stand-
ard deviation. This average, given in the last line of table 5.1, is (90.1 ± 17.4) µm, where
the uncertainty is the standard error of the mean. Accordingly the standard deviation of the
sample is (39.0 ± 12.3) µm.

To estimate the influence of the stiffness of the frame on the achieved flatness, the average
RMS90 is also calculated for the two subsamples of single and double framed GEMs, see
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also figure A.2a on page 191. A difference of (42.1 ± 31.0) µm between the two averages
is observed. This result is not significant, mainly because the large differences between the
individual GEMs are dominated by insufficient or non-uniform tension of the GEM foils.
Therefore based on this small sample an advantage of double framed GEMs can not be
reliably concluded. It is to be noted that for the small sample sizes used here, the sample
standard deviation tends to underestimate the standard deviation of the population [191],
e.g. by ∼6 % for 𝑁 = 5 and ∼25 % for 𝑁 = 2, further reducing the significance of the result.

5.4. Test of the Tool Assisted Procedure
To assemble the three modules used for the test beam measurements in chapters 8 and 9,
nine GEMs were glued to their frames using the stretching and mounting tool described in
section 4.2.2. Due to availability of the setup, the flatness measurement was only performed
for seven of these. Of these seven GEMs, two have a single frame and five are double framed,
as listed in table 5.2. The height profiles are displayed in figure 5.8. For the GEM LPD_M_5,
the measurement area was not correctly aligned with the GEM and the profile appears shifted
along the 𝑦-axis compared to the others. As for the manually mounted GEMs in section 5.3,
the RMS of the deflections between the GEMs is calculated for each bin. The resulting map
is shown in figure 5.8h. It can be noted that the overall scale of the deflections is much re-
duced compared to the manually mounted GEMs. Additionally, the map in figure 5.8h is not
dominated by the deflections of only a couple of GEM foils and it shows fewer structures in
general. The largest deviations no longer occur in the centre of the panels of the frame, as is
the case for the manually mounted GEMs. Instead they show up at the edges and along the
struts of the frame, mostly at points further away from the fixing screws. Only LPD_M_5,
shown in figure 5.8d, exhibits some structures similar to those observed in GEM_3 in fig-
ure 5.7d. All this indicates that with the tool-assisted mounting procedure the deflections of

(a) LPD_D_3. (b) LPD_D_5.

Figure 5.8A: Deflections of the GEMs mounted using the tool assisted procedure. Continued
on the facing page.
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5.4. Test of the Tool Assisted Procedure

(c) LPD_M_1. (d) LPD_M_5.

(e) LPD_B_1. (f) LPD_B_4.

(g) LPD_B_5. (h) Height deviation RMS.

Figure 5.8B: Deflections of the GEMs mounted using the tool assisted procedure. Continued
from the preceding page. (a) to (g) Height profiles of the mounted GEMs. The average height
deviations are listed in table 5.2. The spots and stripes of larger negative values on the left
side of some of the profiles result from interaction of the laser dot of the displacement sensor
with the hole pattern of the GEM. (h) A map of the RMS of the height deviation between all
measured GEM. Note that the colour scales are reduced by a factor of 2 compared to figure 5.7.
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Table 5.2.: Summary of the flatness measurement results of GEMs assembled using the mech-
anised procedure. Given are the RMS90 of the height as well as the smallest and largest value
measured on each foil and the peak-to-peak difference. In addition to the individual measure-
ments, the averages of the single and double framed GEM subsets and of all GEMs are shown.
For the individual measurements purely statistical uncertainties are given. For the averages the
standard error of the mean is displayed.

GEM ID frame RMS90 [µm] min [µm] max [µm] 𝛥 [µm]

LPD_D_3 single 31.53 ± 0.29 −80 183 263
LPD_D_5 single 36.32 ± 0.34 −60 125 185
LPD_M_1 double 30.57 ± 0.28 −70 88 158
LPD_M_5 double 39.97 ± 0.37 −164 142 306
LPD_B_1 double 21.46 ± 0.20 −42 114 156
LPD_B_4 double 49.40 ± 0.46 −133 91 225
LPD_B_5 double 16.81 ± 0.16 −70 79 149

average single 33.9 ± 2.4 −70 ± 10 154 ± 29 224 ± 39
average double 31.6 ± 5.9 −96 ± 23 103 ± 11 199 ± 30
average all 32.3 ± 4.2 −89 ± 17 117 ± 14 206 ± 23

the GEM foils due to non-uniform tension are mostly eliminated. Also deformations of the
frames due to the tension of the foil do not seem to contribute significantly, as then similar
patterns would be expected in all GEMs. In this case the deflections of the single-framed
GEMs would also be expected to be significantly larger than the double-framed ones. In-
stead, the deflections seem to be dominated by the deformations of the ceramic frames under
their own internal stresses.

To compare the flatness of the GEM foils and thus the quality of the mounting proced-
ure quantitatively, also here the RMS90 of the distribution of the height values is calculated
for each GEM, as described in section 5.3. As for the manually mounted GEMs, also the
average RMS90 of the full sample as well as the single and double framed subsamples are
calculated. The results are summarised in table 5.2. As was the case for the manually moun-
ted GEMs, the difference of the average deflections between the flattest and the most uneven
GEM, LPD_B_5 and LPD_B_4, respectively, is of the same scale as the deflections them-
selves. However, in comparison with table 5.1 the average size of the deflections on the
individual GEMs is much smaller. This can also be seen comparing the overall distribu-
tions of the height deviations for both samples in figure 5.9a. The mean RMS90 of the total
sample is (32.3 ± 4.2) µm, where the uncertainty is again the standard error of the mean.
The standard deviation of the average deflections across the whole sample is accordingly
(11.0 ± 2.9) µm. Compared to the manually mounted GEMs the average size of the deflec-
tions is reduced by a factor of about 2.8. The variation between individual GEMs, indicated
by the standard deviations of both samples, is reduced by a factor of about 3.5. Addition-
ally, for the GEMs mounted using the tool assisted procedure there is no large difference
in the average scale of the deviations between the single and double framed subsamples,
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(a) GEM height distributions.
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(b) Gain distributions.

Figure 5.9.: Distributions of (a) the GEM height deviations and (b) the resulting effective gain
normalised to the nominal gain, using the parametrisation for T2K gas. Shown are the distri-
butions for the two samples of GEMs, the manually mounted ones and the ones using the tool-
assisted procedure, respectively.

see also figure A.2b on page 191. As in the previous section, also here the sample sizes are
small and the given uncertainties may greatly underestimate the standard deviation of the
population [191]. Therefore, a sizeable difference can not be fully excluded.

5.5. Effective Gain Calculation
To study the effect of the GEM deflections on the effective gas gain of the triple GEM stack
in a module, the method used in ref. [185] – which itself is based on studies in ref. [192] –
was adapted. It uses a parametrisation of the electron transfer coefficients and immedi-
ate gas gain of GEM foils, see section 3.5.1. Here mainly a parametrisation for T2K gas
(Ar ∶ CF4 ∶ HC(CH3)3 in a ratio of 95 ∶ 3 ∶ 2 [193]) without a magnetic field – based
on measurements in ref. [169] – is used, since it is the gas intended for the ILD TPC and
is also used for the test beam measurements in chapters 8 and 9. Unfortunately, parameters
including a magnetic field were not available for this gas at the time of this work. Additional
input parameters are the voltages across the GEM foils and the fields in the drift region as
well as the transfer and induction gaps, as given in table 5.3. The voltages are set to 250 V
for all three GEMs. The nominal fields are 240 V/cm for the drift field, 1500 V/cm for the
transfer fields and 3000 V/cm for the induction field. Stacks of three GEMs are build from
the height profiles measured in sections 5.3 and 5.4. Using the binning of the profiles as
described in section 5.2, the local width of the transfer and induction gaps is modulated
according to the height deviations in each bin. The nominal values are 2 mm and 3 mm, re-
spectively. Using the known, fixed potentials on the GEM surfaces, this change in the size
of each gap is translated into a change of the local field strength, as sketched in figure 5.1
on page 65. For each bin the transfer coefficients of each GEM are recalculated and the total
effective gain is determined from the product of all three GEMs.
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5. GEM Flatness Studies

(a) Manually mounted GEM. (b) Tool assisted mounting.

Figure 5.10.: Maps of the average deviation from the nominal gas gain as given by the RMS
in each bin, for (a) the manually mounted GEM and (b) the GEM mounted using the new tool
assisted procedure. The vertical stripes and spots of enhanced RMS in both maps result from
the corresponding structures in the height measurements. Note that the scales in the two figures
are different by a factor of two.

With the number of measured height profiles in the two samples, five and seven, respect-
ively, the number of possible combinations is limited. Therefore, each profile is mirrored
at its symmetry axis, i.e. the 𝑥-axis in figures 5.7 and 5.8, to double the number of pro-
files. By inverting the height deviations in each profile, original and mirrored, the statistics
is doubled again. This leads to final sample sizes of 20 and 28 profiles and in total 6840
and 19 656 possible combinations of three different GEMs. However, care is taken to avoid
double counting by rejecting combinations that are fully mirrored versions of already used
stacks. This is achieved by never using a mirrored profile as the first GEM in the stack. Ad-
ditionally, to avoid artificial accumulation or cancellation of deviations in certain areas, the
same GEM is not used multiple times in one stack, neither is it used in combination with its
inverted profile. These restrictions lead to the final numbers of valid combinations of 2880
and 8736 for the two GEM samples.

For each of these combinations an effective gain map is calculated as described above.
To judge the spatial distribution of the largest gain deviations, for each bin the RMS of
the effective gain deviation across all stack combinations is determined. The results for both
samples are shown in figure 5.10. Unfortunately, the presence of the stripe patterns in several
of the height profiles is translated to the gain maps. In particular for the tool mounted sample
this makes it harder to see patterns in the left half of the map. However, it is still easily
visible that the overall scale of the gain deviations is much smaller in this sample than in
the manually mounted one. The locations of the largest gain deviations generally follow the
largest height deviations, as is expected. In the manually mounted sample, this means there
are areas of large deviations in the centre of the frame panels and regions of small deviations
close to the frame. In the sample of GEMs using the mounting tool the picture is somewhat
inverted, with large deviations close to some areas of the frame.
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5.5. Effective Gain Calculation

Table 5.3.: The fields and GEM voltages used for the different gasses in the effective gain
calculation. Values for P5 gas are taken from ref. [185]. Values for TDR gas are taken from
ref. [194].

gas GEM HV [V] fields [V/cm]

drift transfer induction

T2K 250 240 1500 3000
P5 325 90 1500 3000
TDR 310 240 2500 5000

Table 5.4.: The mean and the average deviations of the effective gain from the nominal gain
as given by the RMS90 of the gain distribution of all combinations of three GEMs. Values
are given for the two data sets of manually mounted and tool mounted GEMs, each for the
three gasses T2K, TDR and P5 as well as with magnetic fields of 0 T and 4 T. For T2K gas no
parametrisation for a magnetic field of 4 T was available.

gas B [T] mean RMS90 [%]

manual tool manual tool

T2K 0 0.9979 1.0005 8.36 3.15

P5 0 1.0006 0.9996 2.49 0.92
4 0.9996 0.9997 2.46 0.91

TDR 0 1.0012 1.0002 1.89 0.69
4 1.0006 1.0004 3.25 1.20

To judge the gain deviations quantitatively, for both samples the distribution of the ef-
fective gain in all bins, normalised to the nominal gain, is created. The result is shown in
figure 5.9b. For comparison the distributions of the GEM deflections are displayed in fig-
ure 5.9a. As can be seen the reduction of the deflections of the tool mounted GEM directly
translates to the deviations of the effective gain. To mitigate the biases on the quantitative
comparison due to the stripe patterns in the height maps, again the RMS90 is used. For better
comparison with earlier results and to judge the influence of the magnetic field, the calcu-
lation is repeated with parametrisations of P5 gas (Ar ∶ CH4 in a ratio of 95 ∶ 5), which was
used for the simulations in ref. [185], and a mixture proposed in the TDR of the TESLA
project [195] (TDR gas; Ar ∶ CH4 ∶ CO2 in a ratio of 93 ∶ 5 ∶ 2), both without a magnetic
field and a 4 T field. The GEM voltages and values of the drift, transfer and induction fields
used for these gasses are summarised in table 5.3.

The results are presented in table 5.4. In all cases the mean is close to 1, i.e. on average
the nominal gain is preserved. In T2K gas the manually mounted GEMs show a gain RMS90
of 8.36 % while the distribution of the tool mounted GEMs is less than half as wide with
a width of 3.15 %. As the results show, the scale of the relative gain deviations depends
strongly on the gas choice. Most notably the gain deviations in T2K gas are significantly
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larger than in the other two gasses. However, the improvement by going from the manual
mounting procedure to the tool assisted one is always similar, with an average reduction
factor of 2.70 ± 0.01. Therefore, while in P5 gas the manually mounted GEMs already reach
a better gain uniformity than the GEMs presented in ref. [185], in T2K gas a similar level is
only reached with the tool assisted mounting procedure.

Additionally, it is of note that the gain deviations in TDR gas increase by ∼70 % with the
introduction of the 4 T magnetic field. However, in P5 gas they are unchanged. Therefore
these simulations give no indication for the behaviour of the deviations in T2K gas. A cor-
responding parametrisation of the gain should be prepared to investigate further. If a similar
increase as in TDR gas arises for T2K gas, the gain uniformity of the GEM stack would
need to be further improved by other means. In this case additional quality control for the
GEM foils may be necessary.

5.5.1. Influence on d𝐸/d𝑥 Measurements
As explained at the beginning of this chapter, for particle identification (PID) via the meas-
urement of d𝐸/d𝑥, the important quantity is not the total fluctuation of the gain over the
anode but the variation of the average gain of tracks in different sectors of the anode or in
different directions from the IP. To estimate the impact of the calculated gain variations on
d𝐸/d𝑥 measurements, the gain is simulated for tracks, using a similar method as ref. [185].
However, instead of an average gain map, here the individual maps are used, and rather than
the parametrisation of P5 gas, the one of T2K gas is applied. For this procedure, gain maps
similar to sectors of the ILD TPC anode are build, each using eight individual gain maps
that are selected randomly from the corresponding sample. Similar to the rings of modules
in the ILD TPC end plate, these are arranged in eight staggered rows, as is shown in fig-
ure 5.11. Each map is only used once in this process, leading to a total number of sectors of
360 for the manually mounted sample and 1092 for the tool mounted one. For each sector
created this way, simple straight tracks are simulated. Starting from each of the 233 bins
in the first column of the map, tracks to all bins of the last column are created, i.e. in total
2332 = 54 289 tracks per sector. The bins are 1 mm wide in the 𝑦-direction of the maps, i.e.
perpendicular to the track. In each column a mock hit is formed using the three bins closest
to the track. To emulate the charge distribution found in reconstructed hits in the beam test
data, see figure 7.2 on page 107 as well as sections 7.3.2 and 8.1.3, the two outer bins in

Figure 5.11.: An example of an eight-module gain map, as used for the investigation of the
average gain on tracks. It consists of eight randomly selected individual gain maps, based on
the height profiles of the manually mounted GEMs.
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(a) Track gain distribution.
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(b) Distribution of means.

Figure 5.12.: The average gain on tracks simulated with the gain maps using the two samples
of GEMs, manually mounted and tool assisted mounting. (a) The distribution of the average
gain for all tracks. (b) The distribution of the mean gain of the tracks in each of the sectors.

Table 5.5.: Summary of the results of the track gain calculation.

sample standard deviation [%]

track gain sector means

manual 1.75 0.625 ± 0.033
tool-assisted 0.66 0.1946 ± 0.0048

each column contribute only with half the weight of the central one in the calculation of the
average gain of the hit. Since there are many gaps with invalid gain values in the sector gain
maps, hits are discarded if their gain is further than ±6 RMS90 from the nominal gain, using
the values in table 5.4. This also serves to mitigate the effect of the stripe patterns in some
GEM profiles. From the remaining hits the average gain of the track is calculated.

In figure 5.12a the distributions of the average gain of all tracks in all sectors normalised
to the nominal gain are shown. In addition, the mean gain of the tracks in each sector is
calculated. The resulting distributions are shown in figure 5.12b. In both figures the distri-
butions for the manually mounted GEMs are slightly offset from the nominal gain with a
mean of 0.993, while for the tool mounted GEMs they are nicely centred around 1. It could
not be determined what causes this offset but it also does not influence the conclusions to
be drawn from this analysis. Since all four distributions are well described by Gaussian dis-
tributions, their width is extracted by corresponding fits within a range of ±3 𝜎 around the
central value. The distribution of the gain of all tracks using the manually mounted GEMs
has a standard deviation of 𝜎 = 1.75 %, while the one for the tool mounted GEMs has
𝜎 = 0.66 %. For these two distributions the statistical uncertainties of the fit are negligible
(𝛿𝜎/𝜎 ≈ 10−4). The corresponding distributions of the mean gain in the different sectors
have standard deviations of 𝜎 = (0.625 ± 0.033) % and 𝜎 = (0.1946 ± 0.0048) %. These
results are summarised in table 5.5.
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This shows that the overall non-uniformity of the gain for tracks in different regions of
the anode is dominated by the variation of the gain within each sector, rather than the shift
of the mean value between the sectors. Regarding the requirements set in the beginning of
this chapter, it can be seen that with the tool assisted mounting procedure the track gain
variation between individual sectors is unproblematic, as it is smaller than even the stricter
threshold of 0.05 𝜎d𝐸/d𝑥 = 0.25 % for the visibility in the data. While the total variations
for either sample of GEMs exceed the defined acceptable limit of 0.1 𝜎d𝐸/d𝑥 = 0.5 % for
the ILD TPC, the tool-assisted sample gets close to this value.

5.6. Conclusions of the Flatness and Gain Studies
Using the tool assisted mounting procedure, the average size of the deflections is reduced to
an RMS90 of (32.3 ± 4.2) µm, which represents a factor of about 2.8 compared to the manual
procedure. In addition to the overall smaller deflections, the tool assisted procedure produces
much more consistent and repeatable results. Due to this improvement the flatness of the
GEMs is no longer limited by non-uniform stretching forces during the mounting procedure.
Instead the measurements indicate that the distortions of the ceramic frames under their own
internal stresses now dominate the deflections. Therefore, further improvements of the GEM
flatness could be achieved by reducing the distortions of the frames. While the measurements
show no significant improvement from applying two frames to a GEM compared to single
framed GEMs, the geometry of the frames does influence their rigidity. This is studied in the
next section. For additional possibilities for improvement, different materials or production
techniques that introduce less stress into the material could be investigated.

The gas gain calculations reveal that the impact of the GEM deflections on the gas gain
is much larger for T2K gas than for other gasses studied so far. Additionally, they show that
the introduction of a magnetic field can have a negative impact on the size of the gain fluctu-
ations. Considering this, it is important that the measured reduction of the GEM deflections
directly translates into an improvement of the variation of the gas gain over the surface of
the anode. In the calculations, the variations for the GEMs mounted with the tool assisted
procedure are reduced by a factor of 2.7 compared to the manually mounted GEMs, e.g.
from an RMS90 of 8.36 % to 3.15 % using T2K gas. This also holds true for the fluctuations
of the average gain of tracks in different areas of the anode, which have a standard deviation
of 0.66 % for the tool mounted GEMs using T2K gas. This is close to the acceptable limit
of 0.1 𝜎d𝐸/d𝑥 = 0.5 % after calibration for the ILD TPC. Therefore this is an important step
to help reduce the demands on the calibration or to improve the yield of acceptable GEMs
after quality control and selection.

5.7. Testing different Frame Geometries
The current geometry of the ceramic frames with its central crossing struts forming 2 × 2
panels, shown in the bottom right of figure 5.13a, is mainly dictated by the need to subdivide
one of the GEM electrodes into four sectors of roughly equal size without creating additional
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(a) The frame geometries. (b) The aluminium frame dummies.

Figure 5.13.: Overview of the four investigated frame geometry options. From top left to bot-
tom right, in either figure, these are referred to as 1 × 4, 3 × 3, 2 × 3 and 2 × 2. The 2 × 2 geo-
metry is used in the current modules. (a) Sketches of the geometries. (b) The implementation
as aluminium dummies.

dead space. For this purpose the current geometry is the most simple design, using the lowest
number of struts. However, the divisions of the GEM electrode and the frame panels are
technically independent and other frame geometries could be employed. Considering the
results of section 5.5, a geometry resulting in an improved flatness of the mounted GEM
foils would be welcome. Therefore, on one hand, a new design could provide more support
and rigidity. On the other hand, a design without radial struts would be beneficial since these
dead areas are aligned with the interaction point and the resulting long gaps in radial tracks
affect the reconstruction and pattern recognition performance. An azimuthal strut adds a
similar amount of dead area and affects a larger number of tracks. However, it creates only
a short gap in each track, which is much easier to handle by pattern recognition algorithms.
In any case, any new geometry should introduce as little additional dead area as possible.

To test the influence of the geometry of the ceramic frames on the GEM deflections, the
forms of the current and three additional geometry options, displayed in figure 5.13a, were
milled out of cast aluminium plates, shown in figure 5.13b. The 1 × 4 geometry was chosen
as it avoids radial struts. The 2 × 3 and 3 × 3 designs are potentially more rigid and the
smaller size of the frame cells may also help to reduce warping of the GEM foil. The frame
dummies were equipped with sheets of unprocessed GEM base material, using multiple ver-
sions of the mechanical mounting tool and procedure described in section 4.2.2. The height
profiles were measured using the setup and procedure described in sections 5.1 and 5.2.

Due to the rigidity of the aluminium plate, these dummies eliminate all distortions present
in the ceramic frames. Therefore mechanical simulations of their distortion under load were
performed [196] using the finite-element analysis program Ansys 16.0 [197]. These can be
used to estimate the relative distortion of the frames under internal stresses and the tension
of the GEM foil. In addition to the default 1 mm thick frames, the mechanical advantage of
2 mm thick frames is investigated, to study the behaviour of double framed GEMs.
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5.7.1. Height Profile Measurements with Dummy Frames

Unfortunately only a very limited number of GEM dummies were successfully created dur-
ing this work. This is due to two reasons. First, in the earliest tests air got trapped in some of
the cavities between the foil and the aluminium plate with the frame, resulting in a balloon-
ing of the foil. For the later tests holes were drilled into the plates in each panel of all frames
to allow for the equalisation of pressure. Secondly, there were issues with the later iteration
of the mounting tool, which were only discovered as a result of these measurements. When
operated in combination with a heat box, which is used to accelerate the curing of the epoxy
glue, the stretching forces become non-uniform, resulting in distortions of the foil and in-
validating the sample. Due to a limited availability of the GEM-foil base material, only two
good tests each of the 1 × 4 and 2 × 2 geometry options and only one each of the 2 × 3 and
3 × 3 geometries are available. With these small sample sizes only preliminary conclusions
can be drawn from the results.

All six measured height profiles are displayed in figure 5.14. The high spot in the lower
right panel of the frame dummy in figure 5.14c is the result of a handling error, as are the
small crescent shaped spots in the top left of figure 5.14e and the centre right of figure 5.14f.
Since these have no impact beyond their immediate vicinity, only the corresponding panels
are ignored in the rest of the analysis. Except for the damaged spots, these three dummies
show the least distortions of the sample. The most and largest distortions are visible on
the 1 × 4 dummies. For the 1st one in figure 5.14a they seem to be randomly distributed.
However, for the 2nd one in figure 5.14b some structures that seem to be related to the shape
of the frame panels are visible. First, it shows a zig-zag pattern of depressed and elevated
areas in the second-to-left panel. It is clearly delimited by the frame but extends over the full
panel. Secondly, there are diagonal ripples in the foil within the rightmost panel of the same
figure. Since similar structures are observed in some of the real GEMs with 2 × 2 geometry,
the influence of the frame is not clear. The 2nd 2 × 2 dummy in figure 5.14d shows a large
low area, taking up about half the bottom-right panel of the frame. This is similar to some of
the real GEMs in figure 5.7 on page 72. Other structures appear to be more localised and are
not so clearly delimited by the frame geometry. In comparison with the real ceramic frames
in figure 5.8 on page 75, the dummies show no deflections in the vicinity to the frames, as
is expected due to the rigidity of the aluminium plates.

The distributions of the height deviations of each measured profile are displayed in fig-
ure 5.15. They are mostly symmetric, except for those of the 2 × 2 dummies, which have tails
corresponding to the visible high and low spots. For a quantitative comparison the RMS90
is calculated for each of the distributions. The results are given in table 5.6. For these few
examples the 3 × 3 geometry delivers the flattest foil. When taking the average width for the
two 1 × 4 dummies and the two 2 × 2 dummies, the next flattest option is the 2 × 3 geometry,
followed by the 1 × 4 and finally the 2 × 2. However, the large difference between the two
tests of the 2 × 2 geometry shows that the variations due to the mounting procedure can be
much larger than the apparent impact of the frame geometry. As can be seen in comparison
with table 5.2 on page 76, most of the dummies are much flatter than the average real GEM.
This is expected, since the deflection of the real GEMs is dominated by the distortions of
the ceramic frames. Only the 2nd 2 × 2 dummy is on a similar level as the GEMs, which is
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5.7. Testing different Frame Geometries

(a) 1st 1 × 4 frame. (b) 2nd 1 × 4 frame.

(c) 1st 2 × 2 frame. (d) 2nd 2 × 2 frame.

(e) 2 × 3 frame. (f) 3 × 3 frame.

Figure 5.14.: Height profiles of the GEM foil on the four frame-dummy geometry options.
Note the different height scales of the profiles. The high spot in (c) resulted from a handling
error after production and does not influence the other sectors of the foil.
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Figure 5.15.: Distributions of the height deviations of the dummy GEMs. The different geo-
metries are described in the text. On the right is is the same plot as on the left except the 𝑦-axis
is Logarithmic.

Table 5.6.: The RMS90 of the height deviations for the four investigated frame geometries. The
uncertainties are purely statistical. The last column gives the reference to the height profile in
figure 5.14.

geometry RMS90 [µm] figure

1 × 4 16.493 ± 0.067 (a)
19.785 ± 0.140 (b)

2 × 2 11.924 ± 0.049 (c)
32.052 ± 0.130 (d)

2 × 3 12.222 ± 0.049 (e)
3 × 3 7.639 ± 0.031 (f)

mostly due the one large depression. This leads to the conclusion that the mechanical rigid-
ity of the frame is more important for the flatness of the mounted GEMs, than the details of
the geometry. The fact that only few deflection patterns are observed that are clearly induced
by the frame geometry, seems to confirm this.

5.7.2. Mechanical Simulations of the Frame Options
To study the mechanical rigidity of the different frame geometries, two scenarios with dif-
ferent acting forces are investigated in Ansys simulations. In all cases the value of the forces
was chosen to be 10 N, based on the magnitude of the tension of the GEM foils in the mount-
ing tool. In either scenario the ceramic frames are fixed at the six screw locations. In the first
scenario a force is applied perpendicular to each of the four outer edges of the frame, acting
inwards. This simulates the forces from the tensioning of the GEM foil acting on the frame.
The second scenario applies a force uniformly distributed over the top surface of the frame.
This has no direct equivalent in the real system but it can give an impression on how strongly
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5.7. Testing different Frame Geometries

(a) Forces on the edges. (b) Force from the top.

Figure 5.16.: Visualisations of the forces acting in the two simulation scenarios applied to test
the distortions of the ceramic frames [196]. The surfaces a force is acting on are shaded red and
the respective directions are indicated by the red arrows. All forces have a magnitude of 10 N.

the frames may warp due to internal stresses. Visualisations of the forces in both scenarios
are shown in figure 5.16. The results of the simulations for the four geometry options are
summarised in table 5.7 in terms of the maximum deflection of the frame. Additionally, the
maximum bending stress is given, which has to be compared to the flexural strength of the
material of 400 MPa [172]. In all cases the induced stress is well below the strength of the
material.

First Simulation Scenario

In the first scenario, the distortions of the 2 mm thick frames are generally only about half
as large as for the 1 mm frames. In addition, the maximum deflections are similar between
all geometries except the 3 × 3 option. This can be explained by noting where the largest
deflections are occurring. Generally this is the longest unsupported strut section of the frame.
As can be seen in figure 5.17, this usually are the azimuthal struts at the perimeter of the
frame. In the 3 × 3 frame these are supported by a radial strut at about 2/3 of the distance
between the two fixed points. This reduces the maximum deflection from over 100 µm to
31 µm. In the 1 × 4 frame on the other hand, the much longer azimuthal struts in the centre
bend even slightly further under the mostly axial load. Looking away from the maximum
deflections, it can be seen that the deflections of the radial struts at the perimeter of the frame
in the 2 × 2 geometry are significantly reduced in the other geometries, due to the additional
azimuthal struts.

The above can be understood by approximating the struts of the frame as thin rectangular
beams of constant cross section. For such a beam the area moment of inertia is 𝐼 = 𝑏 ℎ3/12,
where 𝑏 is the width of the beam perpendicular to the force and ℎ is its thickness in the
direction of the force [198]. Then the maximum deflection 𝑤 due to a load 𝑞 = 𝐹/𝑙 uniformly
distributed over the length 𝑙 of the beam is given by

𝑤 ∝ 𝑞 𝑙4
𝐼 ∝ 𝐹 𝑙3

𝑏 ℎ3 . (5.2)
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Table 5.7.: Maximum deflection and tensile stress in the material of the frame in the simulation
scenarios in figure 5.16 for the different frame geometries and thicknesses.

scenario geometry max. deflection [µm] max. shear stress [MPa]

1 mm 2 mm 1 mm 2 mm

(a)

1 × 4 126 64 51.0 25.8
2 × 2 110 55 50.3 23.6
2 × 3 111 56 48.3 25.2
3 × 3 31 16 24.7 12.2

(b)

1 × 4 3270 525 121.5 31.4
2 × 2 711 92 65.6 16.9
2 × 3 738 99 76.4 21.7
3 × 3 949 152 54.4 14.3

(a) Distortion of the 1 × 4 frame. (b) Distortion of the 2 × 2 frame.

(c) Distortion of the 2 × 3 frame. (d) Distortion of the 3 × 3 frame.

Figure 5.17.: The simulated distortions of the 2 mm thick (a) 1 × 4, (b) 2 × 2, (c) 2 × 3 and
(d) 3 × 3 frames in the test scenario in figure 5.16a [196]. The displayed deflections are greatly
exaggerated. Note the different absolute scales between the figures. Qualitatively, the distortions
of the 1 mm frames are the same, see table 5.7 for detailed numbers.
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This shows that the achieved reduction of the deflections for the 2 mm thick frames is as
expected. On the other hand, for the comparison of the 3 × 3 frame with the other geometries,
the observed reduction by a factor of ∼0.28 is less than expected from the shorter length of
the beam, (2/3)4 ≈ 0.2, since the radial struts also bend under the load. Finally, the deflection
of the central azimuthal struts in the 1 × 4 frame is not described by equation (5.2), since
here the load is mostly parallel to the axis of the struts.

Since the forces in this scenario are introduced by the tension of the GEM foil, the distor-
tions of the frame partially relax some areas of the foil while other stay under full tension.
This leads to non-uniform stresses in the GEM, which can cause it to bend. Since the cen-
tral struts in the 1 × 4 frame are deflected to a similar degree as the azimuthal struts at the
perimeter of the frame, the foil is submitted to much larger stress gradients than in the other
geometries. This is similarly true for the outer radial struts in the 2 × 2 frame. However, it is
not straight forward to translate the distortions of the frames into a scale for the deflections
of the GEM foil.

(a) Distortion of the 1 × 4 frame. (b) Distortion of the 2 × 2 frame.

(c) Distortion of the 2 × 3 frame. (d) Distortion of the 3 × 3 frame.

Figure 5.18.: The simulated distortions of the 2 mm thick (a) 1 × 4, (b) 2 × 2, (c) 2 × 3 and
(d) 3 × 3 frames in the test scenario in figure 5.16b [196]. The displayed deflections are greatly
exaggerated. Note the different absolute scales between the figures. Qualitatively, the distortions
of the 1 mm frames are the same, see table 5.7 for detailed numbers.
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Second Simulation Scenario

The second simulation scenario is intended to study the behaviour of the frames when in-
troducing additional forces that are not in the plane of the GEM foil. Such forces bend the
frame out of the plane, leading to further deflections of the foil. They can arise from internal
stress in the material of the frame, e.g. from the production process or from the mounting
of the frame in the module. However, the simulation assumes perfect, stress-free materials.
Therefore, this scenario applies a force perpendicular to the plane of the frame. This allows
to estimate the relative size of the deflections due to such forces in the different geometry
options. Real internal stresses will not be as uniform as assumed here. Therefore, the de-
flections will be smaller than simulated but a qualitative comparison can still be done. The
results of this test are also summarised in table 5.7. An overview of the location of the de-
flections is given in figure 5.18. The largest deflections appear in the centre of the frame,
which is the point furthest away from the six fixed screw locations. As expected the long
central struts of the 1 × 4 frame show the largest deflection of all geometries under this load.
Interestingly, the 3 × 3 frame also shows larger deflections than the 2 × 2 and 2 × 3 frames.
This is because the central, radial struts are offset from the two fixed points at the middle of
the outer azimuthal struts, creating longer lever arms.

Since in this scenario the force is now acting from the top, the dimensions referred to by
𝑏 and ℎ in equation (5.2) are swapped. Therefore, the deflections here should be roughly
inversely proportional to the third power of the frame thickness and going from the 1 mm
to the 2 mm thick frames results in an expected reduction of the distortions by a factor of
1/8. The 2 × 2 and 2 × 3 geometries show improvements close to the expected factor since
their maximum deflection is defined mostly by the central radial strut connecting the fixed
points. The 1 × 4 and 3 × 3 frames show a reduction by a factor of only about 1/6, since the
geometry of the frames leads to torsion of the struts under this load, so that equation (5.2)
is not applicable in this case.

5.7.3. Conclusions of the Frame Geometry Studies
The height measurements of the foil on the aluminium frame dummies show an average
RMS90 of (16.5 ± 3.5) µm, which is about half of the value measured for the real GEMs
mounted with the tool assisted procedure. Additionally, only very few deflection patterns
are observed that appear to be linked to the geometry of the respective frame. This confirms
the conclusion in section 5.6 that there the distortions of the ceramic frames are the dominant
contribution to the GEM deflections. Therefore, a higher mechanical rigidity of the frame
could help to further improve the flatness.

The 1 × 4 geometry is the only example where measured deflection patterns of the foil
indicate a direct impact of the geometry. Additionally, the mechanical simulations show
that it is generally weaker than the others due to the long central struts, which are prone
to bending under internal stresses. Their deformation behaviour under tension of the foil
could exaggerate the deflections of the GEM foil in certain areas. Whether the advantage
of the removed central, radial strut is worth this trade-off is difficult to judge since various
performance parameters of the TPC are affected. This level of fine-tuning requires in depth
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studies, which are not in the scope of this work.
The 3 × 3 geometry is the strongest against the forces arising from the tension of the foil.

However, it may be weaker against internal stresses, because the two central radial struts
are offset from the locations of the middle screws. Since the measurements in section 5.4
indicate that the internal stresses of the frame are the dominant source of GEM deflections,
the 3 × 3 geometry does not provide a clear mechanical advantage over the other geometries.
The additional radial strut also introduces another pointing gap in the active area. Therefore
this geometry is disfavoured.

The 2 × 3 and 2 × 2 geometries behave very similar in both simulation scenarios, with the
exception of a reduced deformation of the outer radial struts in the 2 × 3 geometry under
tension of the GEM foil. The added azimuthal strut may affect the d𝐸/d𝑥 measurement, as
is explained in chapter 9 for the current geometry. However an extra azimuthal strut is less
disadvantageous for the track reconstruction than an additional radial strut. Therefore it may
still be worthwhile to further investigate the 2 × 3 geometry.

The mechanical simulations indicate that thicker frames should be much more resistant
to deformations due to internal stresses. While the small sample sizes and the resulting large
uncertainties of the real GEM measurements do not allow conclusions in either direction,
a change this large should be visible. However, the simulations do not take into account
potential changes of the magnitude of the stresses with increased material thickness. Further
investigations should be performed, in particular because for the final module design for the
ILD TPC the option is considered to bond the whole GEM stack to the pad plane with epoxy
glue. This is mainly done to eliminate the mounting screws protruding into the drift volume.
In this case the stack is essentially a monolithic structure. Additionally the pad plane and
back frame would provide a rigid base at any point of the ceramic frames instead of only
the six screw locations. This could greatly reduce the distortions of the frames and allow to
use a less rigid geometry, such as the 1 × 4 design.

5.8. Summary
To assess the quality of the manual and tool assisted GEM mounting procedures described
in section 4.2.2, the height profiles of two corresponding samples of GEMs were measured.
These measurements show that the tool assisted procedure results in deflections of the moun-
ted GEM foils with an RMS90 of (32.3 ± 4.2) µm, which is a reduction by a factor of 2.8
compared to the manual mounting procedure. Additionally, a more consistent flatness and
improved repeatability is observed. With the new method the flatness of the GEMs seems to
be limited by the deformations of the ceramic frames due to their internal stresses, instead
of stresses in the foils due to non-uniform stretching.

Parametrised calculations of the effective gas gain in triple-GEM stacks made up of the
measured GEMs height profiles show a reduction of the gain fluctuations by a factor of 2.7,
equivalent to the improvement of the flatness. The calculations also reveal that the impact
of the GEM deflections on the gain stability depends on the gas mixture. With an RMS90 of
3.15 % for the tool mounted GEMs the fluctuations in T2K gas are much larger than the other
two tested mixtures, P5 and TDR gas with 0.92 % and 0.69 %, respectively. Additionally,
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the calculations with TDR gas indicate that the introduction of a magnetic field can have a
large negative impact on the gain stability.

To assess the impact of the frame geometry on the deflections of the GEM foil, height
measurements with aluminium dummies of four different frame geometries were performed.
The options included the existing frame design with 2 × 2 cells, a 1 × 4 design without a
central radial strut, as well as a 2 × 3 and a 3 × 3 design with additional struts. The measure-
ments show only very few deflection patterns that appear to be linked to the geometry of the
respective frame. Also in the height variations, no significant difference between the four
geometries is found. Including all options, the height variations result in an average RMS90
of (16.5 ± 3.5) µm, which is only about half of the value measured for the real GEMs moun-
ted with the tool assisted procedure. Since the aluminium dummies eliminate any distortions
of the frame, this difference confirms the finding above, that the deflections of the real GEMs
are dominated by the distortions of the frames.

To investigate the distortions of the four frame geometries under external loads and in-
ternal stresses, mechanical simulations were carried out. These disfavour the 1 × 4 frame
design because of its lower rigidity compared to the other designs. The 3 × 3 design does
not provide a clear advantage over the remaining two options, while adding more dead area.
The 2 × 2 and 2 × 3 geometries behave very similar but the latter is slightly more rigid in
some scenarios. Additional studies are required to investigate the effect of bonding several
frames together, on the deflections due to their internal stresses.
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6. Test Beam Setup
The readout modules build implementing the changes and using the new process as de-
scribed in chapter 4 were tested with an electron beam at the DESY II Test Beam Facility. In
this chapter the setup is described, starting with the beamline equipment in section 6.1, the
TPC prototype in section 6.2 and the readout electronics in section 6.3. Then the gas choice
is explained in section 6.4. Finally the settings and conditions used in the setup are given in
section 6.5.

6.1. Area T24/1 at the DESY II Test Beam Facility
The DESY II Test Beam Facility [199] utilises the DESY II synchrotron to provide electron
or positron beams in three independent beam lines. The synchrotron accelerates electrons
(or positrons) to an energy of 6.3 GeV. Each test beam is produced by inserting a target
consisting of a single 7 µm thin carbon fibre into the orbit of the DESY II beam. The resulting
bremsstrahlung photons then tangentially exit the beam pipe of the DESY II accelerator
through a 0.5 mm aluminium window. In a secondary converter target, consisting of a thin
(1 mm to 10 mm) copper or aluminium plate selectable by the user, the photons undergo pair
conversion. A spectrometer system consisting of a dipole magnet and a variable collimator
allows the user to select electrons or positrons with momenta between 1 GeV and 6 GeV by

Figure 6.1.: Sketch of the beam production at the DESY test beam. Also shown in the back-
ground is the arrangement of the experimental areas of the three beam lines T21, T22, and
T24 [199].
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Figure 6.2.: The PCMag solenoid magnet mounted on its movable stage in the DESY test beam
area T24/1. The electron beam is entering from the wall behind the magnet, perpendicular to
the bore axis of the solenoid.

controlling the magnet current and polarity. In beam area T24/1 only electrons are available
due to a second dipole magnet in the beam line, which has a fixed polarity. A sketch of the
process of beam generation as well as the layout of the beam lines and areas is provided
in figure 6.1. The beam rates are generally of 𝒪(kHz), depending on the selected beam
energy and opening of the variable collimator as well as the thickness and material of the
converter target, but drop rapidly for energies approaching the nominal energy of the DESY
II synchrotron. Where the beams enter the areas and at the transition from area T24 to T24/1
final lead collimators can be installed with apertures of 1 mm to 20 mm.

6.1.1. The PCMag Solenoid Magnet
Beam area T24/1 houses a superconducting solenoid magnet, the so-called persistent current
magnet (PCMag) [200], shown in figure 6.2. It has a design field strength in the centre of
the 85 cm diameter bore of up to 1.25 T at a current of 520 A. Since the magnet does not
have a field return yoke, the total wall thickness including coil and vacuum insulation vessel
amounts to only 20 % of a radiation length. Because the electron beam must pass through
the magnet wall to reach the device under test inside, a low material budget is important to
minimise energy loss of the beam particles due to multiple scattering and bremsstrahlung. A
downside of the missing yoke and the accompanying design choices is a less homogeneous
field in the end regions of the solenoid, limiting the usable length of the bore [201, 202].
Therefore, careful placement of the large TPC prototype, see section 6.2, in the centre of
the coil is required to minimise effects from the field distortions.

The PCMag is mounted on a movable stage that is able to move the whole setup perpen-
dicular to the beam direction, both vertically and horizontally. Additionally the stage can
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be rotated around the vertical axis by up to ±45° relative to the beam direction. The posi-
tioning accuracy of the linear axes was determined to be better than 0.3 mm, which is much
smaller than the spread of the electron beam of ∼10 mm with the final collimator used for
the measurements with the LP and therefore negligible for most measurements.

6.1.2. The TPC Gas System and HV Supply

A gas monitoring system was developed for the TPC tests at DESY and is available in the test
beam area [123, 203]. It provides basic monitoring of environmental conditions, i.e. pres-
sure and temperature, and gas impurities, i.e. water and oxygen content, as well as control
of the gas flow. The Distributed Object-Oriented Control System (DOOCS) [204, 205] is
used to provide the interface between the monitoring devices and the user. A flow controller
of type MKS 1179A [206] can be used to regulate the gas flow to the TPC between 1 lN2

/h
and 60 lN2

/h. It also provides a measurement of the actual flow rate. Directly before the inlet
and behind the outlet of the TPC, thermometers are placed in the gas lines to assess the
temperature of the gas inside the chamber. Further downstream a chilled-mirror dew-point
hygrometer of type DP3-D-SH from the company MBW Calibration [207] monitors the wa-
ter content of the gas in the 𝒪(10 ppm) regime. Last in the line is the oxygen measurement,
which is provided by a fuel cell device (XLT-12-123 by Analytical Instruments Inc. [208])
with an accuracy of 2 % of the chosen range. During the measurements presented in this
work the active range was generally 0 ppm to 100 ppm. The gas exhaust line is vented to the
atmosphere through a gas bubbler to avoid additional contamination by air. As the field cage
of the large TPC prototype was designed to operate close to atmospheric pressure, an over-
pressure protection valve is installed downstream of the chamber, which opens at 20 mbar
pressure difference to the environment to limit the deformation of the field cage and prevent
damage. A static gas line directly connects the TPC to a set of manometers that measure the
absolute pressure inside the chamber and the difference to atmospheric pressure.

Two power supplies are used to deliver the HV to the field cage of the TPC and the GEMs
in the amplification structure. A power supply model HCN 80M-20000 by FuG Elektronik
GmbH [209] produces the HV needed for the cathode of the field cage. It can generate
negative voltages up to 20 kV, with ripple and long term stability over 8 h of 10−5 of this
value. The slow control system reads out the actual voltage via a voltage divider. For the
GEM amplification system and the field termination plane a modular power supply system
by CAEN with a model SY2527 main frame is available [210]. Two high voltage boards of
type A1732N [211] with 12 channels each are used to accommodate the required number
of high voltage lines. Each channel provides negative voltages up to 6 kV with an accuracy
of ±3 %. Voltage ripple is less than 30 mV peak-to-peak. The ramp-up and -down gradients
can be set independently between 1 V/s and 500 V/s. An overcurrent condition can be set
for each channel in steps of 0.1 µA, either as a current limit or a trip condition. The main
frame can be programmed to propagate the trip signal to other channels. This feature is used
to prevent extreme potential differences between the various electrodes of the field cage and
the modules.
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(a) Sketch of the LP field cage [187]. (b) The LPTPC anode end plate [212].

Figure 6.3.: The large TPC prototype. (a) Sketch showing the dimensions of the LP field cage.
(b) Picture of the anode end plate with three mounted GEM modules and four dummy modules.
The GEM modules can be distinguished by their more shiny surfaces.

6.2. The Large TPC Prototype

The large TPC prototype (LP) was build as a common infrastructure for tests of potential
readout technologies for the ILD TPC [213, 187]. The cylindrical field cage, sketched in
figure 6.3a, has an inner diameter of 72 cm and allows for a maximum drift length of ∼57 cm.
The wall of the field cage barrel consists of a composite structure made from a 23.5 mm thick
aramid honeycomb material sandwiched between two 300 µm layers of GRP. Together with
a 125 µm polyimide layer on the inside this structure provides the necessary rigidity and high
voltage insulation. The innermost layer is the field-strip foil, which is needed to achieve a
homogeneous electric field. It consists of a 75 µm thick polyimide foil that is metallised with
35 µm copper on both sides. On each side 210 field strips with a pitch of 2.8 mm are etched
into the copper layer, alternating and overlapping between the two sides. On the outside of
the field cage structure a thin copper-coated polyimide foil is applied to shield the chamber
from electromagnetic noise. In total the field cage wall is 25 mm thick and constitutes only
about 1.2 % of a radiation length. The field cage was designed to be operated only a few mbar
above ambient pressure and should deform less than 100 µm at 10 mbar pressure difference.
An overpressure of that magnitude is just enough to suppress contamination of the gas with
air in case of small leaks. The field cage can sustain voltages up to 25 kV allowing for a drift
field strength of at most 440 V/cm for an anode at ground potential. Higher anode potentials
required by the various technologies used in the different readout module designs reduce
the reachable drift field. However, in most common gas mixtures used in drift chambers the
optimal drift field is far below this value. Therefore it is generally not a limiting factor for
the module design.

On the cathode side an end plate made from ∼10 mm thick GRP is used to close the
gas volume. The cathode itself consists of a copper-plated aluminium disc that is mounted
in three points on an intermediate flange, which attaches it to the field cage barrel. The
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mounting can be adjusted to align the cathode to be parallel with the anode plane. The
cathode is electrically connected to the field-strip at the same depth. The voltage is stepped
down towards the anode potential at the other end of the field cage via two resistor chains
on the field-strip foil.

The end plate on the anode side was milled from cast aluminium to achieve the required
accuracy and rigidity [214]. An O-ring provides the seal between the end plate and the
flange of the field cage barrel to which it is attached. The end plate houses up to seven
readout modules arranged in three staggered rows, as show in figure 6.3b. Since all the
module slots have the same shape, they are annular sections with common inner and outer
radii, the three rows are not concentric and the gaps between them are not of constant width,
potentially leading to enhanced distortions of the electric field in these regions. To maintain
a flat anode plane of the drift volume the end plate is equipped with field termination plates
in the areas not taken up by the module slots. The 7th field strip is on the same depth as
the field termination plates and can be powered to the same voltage. Unused slots can be
equipped with dummy modules to provide field termination. The total instrumented path
length using active modules in all three rows is about 50 cm.

6.3. Readout Electronics
The readout electronics is derived from the front-end electronics used in the TPC of the
ALICE detector at the LHC [215, 160]. It was developed by Lund University with support
by the EUDET programme [216] as part of the linear collider TPC (LCTPC) collaboration
and is provided to its members. The charge collected on the readout pads is transferred to
the front-end cards (FECs) of the readout electronics via flexible flat cables plugged onto
the connectors on the backside of the pad board (see section 4.1). Each FEC houses eight
programmable charge-sensitive preamplifier/shaper chips, called PCA16 [217]. The output
of each of these is passed on to a separate ALICE TPC Readout (ALTRO) chip for digitisa-
tion [218].

The PCA16 is a 16 channel analogue charge-to-voltage amplifier with a built-in shaper.
The term programmable refers to the possibility to change several of its parameters online.
This is done by setting an 8 bit shift register via a field-programmable gate array (FPGA)
located on the FEC. This allows to switch the polarity of the input and to put the PCA16 in
pure preamplifier mode by turning off the shaping function. The gain of the amplifier can
be set to 12 mV/fC, 15 mV/fC, 19 mV/fC or 27 mV/fC and the shaping time of the shaper
to 30 ns, 60 ns, 90 ns or 120 ns. The decay time constant of the preamplifier can be tuned
by setting an octal digital-to-analogue converter (DAC). For input signals shorter than the
shaping time 𝜏, the output of the shaper can be approximately described by a 𝛤4-function
of the form

𝛤𝑘(𝑡) = 𝐵 + 𝐴 ⋅ [𝑡 − 𝑡0
𝜏 ⋅ exp(1 − 𝑡 − 𝑡0

𝜏 )]
𝑘

⋅ 𝛩(𝑡 − 𝑡0) . (6.1)

Here 𝐵 denotes the signal baseline (pedestal), 𝐴 the amplitude of the shaped signal, 𝑡0 the
start time, 𝑘 = 4 the order of the 𝛤-function and 𝛩 the Heaviside step function.
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The ALTRO chip is a 16 channel analogue-to-digital converter (ADC) with 10 bit resolu-
tion. It can run with sampling clock frequencies of 5 MHz, 10 MHz, 20 MHz or 40 MHz
but at the highest frequency the effective number of bits is reduced to 9 or less [219].
While a number of modified chips was produced that allow for almost full resolution at
40 MHz, these do not provide enough channels for the measurements with the large TPC
prototype [220]. Therefore, the system is run at a reduced sampling frequency of 20 MHz.
At this frequency the event storage memory of 1024 samples corresponds to a drift time of
50 µs. For all settings presented in section 6.4 the expected drift time over the full length of
the drift volume in the large TPC prototype does not exceed ∼10 µs.

The ALTRO chip provides sample by sample pedestal subtraction and can do automatic
zero suppression, reducing the requirements on the data acquisition (DAQ) system. The
pedestals are determined regularly during operation in dedicated pedestal runs. For these
runs the electronics is triggered by a pulse generator while the beam shutter is closed. For
each channel ∼80 000 samples are recorded. Typically, the recorded ADC values follow a
Gaussian distribution for each channel. The mean value of the distribution is equivalent to
the pedestal level, while the standard deviation is a good estimate of the electronics noise
level. The pedestal values can then be stored in the ALTRO chips to be used for pedestal
subtraction. Subsequently, zero suppression can only be applied if pedestal subtraction was
performed.

With eight PCA16 and eight ALTRO chips each FEC provides 128 channels. Up to 32
FECs are connected to one Readout Control Unit (RCU) [221] via adapter boards, the so-
called back planes. The RCU handles the distribution of the trigger signals to all connected
FECs. It also collects the recorded data from the ALTRO event memory and transmits it
via an optical link to a Detector-Readout Receiver Card (DRORC) installed in the DAQ
computer.

6.4. TPC Gas Choice
The gas mixture used for the tests with the LP was first applied in the TPCs of the near
detector ND280 of the Tokai to Kamioka long baseline neutrino experiment (T2K) [222,
193] and is therefore referred to as T2K gas in the following. It is an argon based gas mixture
with additions of tetrafluoromethane (CF4) and 2-methylpropane (HC(CH3)3) in a ratio of
Ar ∶ CF4 ∶ HC(CH3)3 of 95 ∶ 3 ∶ 2. The quencher gasses CF4 and HC(CH3)3 are added
to absorb ultra violet (UV) photons produced in the amplification process, as described in
section 3.3. Generally noble gases are a good choice for detector gas mixtures as they do
not tend to capture drifting electrons, forming negative ions and reducing the signal. The
negative ions can also produce unwanted time delayed signals at the anode. They also do not
react with the detector materials, which could lead to ageing of the amplification structure.
Argon in particular is attractive for large volume detectors, due to its comparatively low cost.
This specific mixture was chosen for its high maximum drift velocity and the good behaviour
of the longitudinal and transverse diffusion coefficients. A high drift velocity is preferable in
a TPC, as it leads to a faster readout time, reducing occupancy and dead time. The transverse
diffusion in T2K gas is small at the drift field strength required for maximum drift velocity,
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Figure 6.4.: Simulated behaviour of the electron drift parameters of T2K gas at STP for vary-
ing electric field strength [169]. The parameters shown are (a) the drift velocity and (b) the
longitudinal diffusion coefficient as well as the transverse diffusion for various magnetic field
strengths.

allowing for good spatial resolution at long drift distances. It increases strongly at the higher
field strengths applied in the transfer and induction gaps in the GEM stack, see table 6.1.
This is important to defocus the electron cloud and achieve sufficient charge sharing between
the readout pads. Figure 6.4 shows the behaviour of the drift velocity and the diffusion
coefficients for varying electric field strength at standard temperature and pressure (STP) of
20 ∘C and 1013.25 mbar.

6.5. Working Point
The working point for the beam test measurements was chosen, taking into account the
experience from the previous beam test campaign presented in refs. [212, 223] and dedicated
measurements with smaller TPC prototypes, e.g. ref. [169]. It includes the settings of the
electric field in the drift volume and the voltages and fields in the GEM stack of the readout
modules as well as the gas conditions and the settings of the readout electronics.

6.5.1. Field Settings
Measurements were performed with different settings of the drift field and the voltages in
the GEM stack. These settings are summarised in table 6.1. A sketch of the location of the
different field and voltage parameters is shown in figure 6.5. The drift field was usually kept
at 240 V/cm, close to the maximum of the drift velocity in T2K gas to minimise the ef-
fect of field inhomogeneities and environmental conditions on the drift time and therefore
the position measurement in drift direction. A different point of interest is the minimum of
the transverse diffusion at 130 V/cm, which results in an improved resolution in the trans-
verse direction but a slightly worse resolution in drift direction [223]. Most data presented
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Figure 6.5.: Location of the fields and voltages in the GEM stack of the readout module defined
in the text and in table 6.1. The readout pads indicated by the yellow stripes at the bottom are
on ground potential.

Table 6.1.: Electric field and GEM voltage settings used in the beam tests with the large TPC
prototype and, where applicable, the respective diffusion coefficients and drift velocity at STP
taken from Magboltz simulations. The simulation uncertainty on the drift velocity is omitted,
as it is much smaller than 0.1 %.

default MIBF

setting 𝐸 𝑈 𝐷t 𝐷l 𝑣d 𝐸 𝑈
[V/cm] [V] [µm/√cm] [µm/√cm] [mm/µs] [V/cm] [V]

𝐸drift
240 – 98.1 ± 0.7 220.3 ± 1.4 77.50 240 –
130 – 72.0 ± 0.5 315.2 ± 2.8 56.74 130 –

𝑈GEM,drift – 255 – – – – 230
𝐸trans,1 1500 – 405.2 ± 1.3 137.2 ± 0.4 32.75 2500 –
𝑈GEM,middle – 250 – – – – 260
𝐸trans,2 1500 – 405.2 ± 1.3 137.2 ± 0.4 32.75 290 –
𝑈GEM,anode – 250 – – – – 280
𝐸ind 3000 – 455.6 ± 1.5 170.5 ± 0.8 25.57 3000 –
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in chapters 8 and 9 were acquired with a magnetic field of 1 T. In addition, data were taken
without magnetic field, but these conditions differ drastically from those expected at the ILD
with its 3.5 T magnetic field and therefore do not allow for a good extrapolation. With the
default settings the voltages across the GEMs are first set to equal voltages of 250 V on all
three GEMs in the stack to distribute the load and minimise the probability of discharges.
The voltage on the GEM facing the drift volume is adjusted from there, such that the full dy-
namic range of the ADC is used while only in a small fraction of cases saturation is reached,
resulting in a slightly higher voltage. The induction field is set to 3000 V/cm to maximise
the transverse diffusion in the induction gap and thus the charge sharing between readout
pads. The two transfer fields are set to 1500 V/cm to achieve a good electron transparency
of the GEM stack. The field termination plates and any dummy modules are set to the same
potential as the GEM electrode facing the drift volume. The potential of the field shaping
wire is finally set to 50 V higher than this [169].

As explained in section 3.5.1, GEMs provide an intrinsic suppression of the back flow of
ions created in the amplification process into the drift volume. While an ion-gating structure
is foreseen for the readout modules at a future point, it is still advantageous to reduce the
number of ions already in the GEM stack, so the opaqueness of the gate is not a critical para-
meter. Therefore additional measurements were performed using settings of the GEM stack
voltages and fields designed to provide minimal ion back flow (MIBF). These settings are
adapted from ref. [169]. The general idea is to reduce amplification and thus ion production
in the GEM facing the drift volume by applying a lower voltage, since ions produced here
can directly enter the drift volume. The reduced gain is compensated by a higher voltage in
the last GEM in the stack, which is closest to the anode. Additionally the second transfer
field is lowered to reduce the ion extraction efficiency for the anode GEM to close to zero,
thus directly capturing most of the ions created there. Finally, the first transfer field is in-
creased to reduce the ion collection efficiency of the drift GEM, so that more of the ions
produced in the middle and anode GEM are caught here.

In the originally proposed MIBF settings the induction field is increased to 4500 V/cm
to achieve a higher extraction efficiency of electrons for the anode GEM. However, since in
ref. [169] it was also shown that the electron attachment coefficient of T2K gas rises rapidly
for field strengths above 2000 V/cm, this is rather counter productive in terms of total effect-
ive amplification. Therefore the induction field was left at the default value of 3000 V/cm.
Furthermore, the voltage of the anode GEM used here is lower by 10 V compared to the
proposed settings to ensure the stability of the setup against discharges.

6.5.2. Gas Conditions
The field cage of the TPC at ILD is intended to operate close to environmental pressure.
First and foremost this is due to the requirement of minimal material, which constrains the
possible structural rigidity of the field cage and directly conflicts with the presence of a
pressure vessel. Furthermore a higher pressure and therefore density of the gas also leads
to more multiple scattering, which negatively affects the achievable momentum resolution.
While a high pressure TPC offers improved resolution of the specific energy loss, the first
two points were deemed to outweigh the possible gain in this regard. Therefore also the
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large TPC prototype at the DESY II test beam is operated at environmental pressure. The
flow resistance of the gas system behind the TPC leads to an intrinsic overpressure inside
the chamber of ∼10 mbar at the chosen flow rate of 40 lN2

/h. At this flow rate the gas in the
chamber is exchanged roughly once every four hours.

While leaks in the system are kept minimal and the slight overpressure further reduces
diffusion of air into the chamber, some contamination of the gas can not be prevented. Dur-
ing the beam test measurements the water content was observed to vary between 45 ppm
and 80 ppm. Unfortunately, the 2-methylpropane content of the gas starts to precipitate on
the chilled mirror of the dew-point hygrometer, described in section 6.1, at similar temper-
atures as a water content within that range. Therefore the measured water content can only
be taken as an upper limit. The oxygen content was measured to be constant at ∼65 ppm.
Oxygen is mostly introduced through leaks in the system and by contamination of the gas
bottle, with the former being the dominant source in the prototype setup. Therefore it is
a reasonable assumption that the measured oxygen content represents the contamination
with air. Accordingly, in absence of a direct measurement, the nitrogen content is assumed
to be ∼240 ppm. Another important source of contamination can be outgassing of volatile
compounds from detector components or substances in the gas system, e.g. glues, sealants,
polymers, etc., which can not be estimated from the available measurements. Therefore care
was taken to only use materials that are inert in this regard.

6.5.3. Electronics Settings
The settings of the readout electronics are based on the experience gained in ref. [223]. The
signal polarity is negative, since for the GEM system the signal on the pads is induced by the
electrons, as described in section 3.5. Pedestal subtraction and zero suppression are always
applied to reduce the amount of data to transfer and store. The zero suppression threshold is
set to 3 ADC counts, corresponding to a signal-to-noise ratio of ∼4. The signal is required
to stay above this threshold for at least two time samples. The gain of the preamplifier was
kept at the lowest setting of 12 mV/fC, as the gas amplification system already provides an
adequate signal charge, and a higher preamplifier gain would increase the noise level. The
shaping time was set to 120 ns, as this setting was found to provide the best performance re-
garding transverse spatial resolution, due to increasing noise at shorter shaping times. While
shorter values for the shaping time result in better timing resolution, the better transverse
spatial resolution was deemed more important.

To cope with trigger delays the electronics continuously stores 15 samples in memory.
When a trigger arrives, these samples are kept in addition to the data recorded after the trig-
ger. The maximum event length is adjusted according to the expected maximum drift time,
to minimise dead time of the readout. Of the available buffer length of 1024 samples, 200
and 300 samples are used for the drift field settings of 240 V/cm and 130 V/cm, respect-
ively. With a sampling frequency of 20 MHz this corresponds to drift lengths of 775 mm
and 851 mm at the respective drift speeds.
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7. Software Framework and Data
Reconstruction

This chapter describes the software used for the reconstruction and analysis of the beam
test data in chapters 8 and 9. Section 7.1 introduces the common software framework of
the linear collider development effort, iLCSoft. In particular the Marlin framework and the
MarlinTPC package, described in section 7.1.3, were used for all steps of the analysis pro-
cess. Furthermore, in section 7.2 Magboltz, a program to calculate transport parameters of
electrons in gasses, is introduced. Finally, in section 7.3 an overview of the reconstruction
steps for the beam test data is given.

7.1. iLCSoft
For the development efforts of the linear collider community a common software frame-
work is being developed under the name iLCSoft [224, 225]. It comprises various software
packages needed for the simulation, reconstruction and analysis of data, mainly for full scale
models of the collider detectors, e.g. the ILD. Important tools used in this part of the work
are the common data model LCIO [226] and the geometry description model GEAR [227].
The actual reconstruction and analysis methods are defined in the Marlin framework [228].
In this framework the LCTPC collaboration is developing the MarlinTPC package [229], a
dedicated suite of tools for the analysis of data from TPC prototypes. It is also intended to
provide input to the simulation and reconstruction of data for the full scale detectors. For this
part of this work, version v01-17-11 of iLCSoft is used, whereas the Monte Carlo (MC)
data used in part II were simulated and reconstructed with version v01-16-04 and the ana-
lysis is based on version v02-00-02.

7.1.1. LCIO
The Linear Collider I/O (LCIO) package provides a persistence framework and common
data model for studies regarding the linear collider detectors. It comprises data objects for all
reconstruction steps of the subdetectors, in particular the TPC, as well as MC objects needed
for simulated data. The data is structured into events, which contain all objects related to a
common occurrence, e.g. a detector trigger or a simulated particle collision.

Also defined within LCIO is the parametrisation of particle trajectories, described in de-
tail in ref. [231]. In a detector with a homogeneous magnetic field a charged particle follows
a circle in the plane perpendicular to the magnetic field (𝑥𝑦-plane in figure 7.1) while its
momentum parallel to the field direction (𝑧-axis) is constant, resulting in a helical path. In
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Figure 7.1.: Sketch of the five track parameters in LCIO [230].

the perigee parametrisation chosen for LCIO, a trajectory is defined at its point of closest ap-
proach (PCA) to a reference point. For collider detectors the global origin, typically placed
at the interaction point of the beams, is chosen as the reference point. For beam tests other
points may be more suitable. In addition to the reference point, a track is defined by five
parameters:

𝑑0 the distance in the bending plane from the reference point to the PCA,

𝜑0 the azimuthal angle of the track at the PCA,

𝛺 the curvature of the circle in the bending plane (∣𝛺∣ = 1/𝑅),

tan𝜆 the slope of the track relative to the bending plane and

𝑧0 the position of the PCA relative to the reference point along the field direction.

The sign of these parameters depend on the direction of motion of the particle. This allows
to distinguish between particles following the same trajectory in opposite directions. In par-
ticular, the sign of the curvature 𝛺 encodes the sign of the charge of the particle. In the
limit of 𝛺 = 0 the parametrisation describes a straight line, which is often accurate enough
to describe particles with very high momentum or, in the case of beam tests, without the
influence of a magnetic field. The various cases of the signs of the parameters are shown in
detail in ref. [230].

7.1.2. Gear
The Geometry API for Reconstruction (GEAR) package is a framework used to provide
information on the detector geometry during data reconstruction and analysis. As such it
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does not contain information on the detector materials but only the geometry of the readout.
The detector description has to be prepared in form of an XML file. Different base classes
of geometries are available to describe detectors of various shapes, e.g. cylindrical layers as
present in a TPC or planar Cartesian geometries as found in silicon sensors.

7.1.3. Marlin and MarlinTPC

The Marlin package provides a software framework for the reconstruction and analysis of
data in the LCIO format. Each task, e.g. a reconstruction step, is defined in a self contained
piece of software, a so-called processor. The list of processors to execute and the order of
execution of these processors as well as the input objects, potential output objects and other
steering parameters for each processor are defined in an XML steering file. The output of
a processor can be used directly as input to processors later in the chain without the need
to store it on hard drive. Marlin executes the processors event by event, but after all events
have been processed a processor can perform additional tasks that require information from
the complete data set.

The MarlinTPC package is being developed as a common software framework for the
LCTPC collaboration. As a companion package to Marlin, most tools are integrated in
Marlin processors. The package includes various processors used for the reconstruction and
analysis of data from TPCs, as well as tools for the simulation and digitisation of TPCs with
different readout technologies at several levels of detail. For the analyses in chapters 8 and 9
revision r5491 [232] was used.

7.2. Magboltz

Magboltz is a simulation program for the transport of electrons under the influence of elec-
tric and magnetic fields in various gas mixtures [233]. It calculates the macroscopic trans-
port parameters, such as electron drift velocity, diffusion coefficients and attachment rates
for electrons and ions, see section 3.2. The user input for the calculations are the gas com-
position, the electric and magnetic field strength as well as the pressure and temperature
of the gas. The gas composition is given by up to six gas components with their respective
relative fractions in the mixture. The fields are assumed to be perfectly homogeneous but
they can be set at an angle towards each other. Internally Magboltz uses a database of en-
ergy dependent collision cross sections between electrons and the various gasses as input to
a MC simulation, which then yields the aforementioned macroscopic gas parameters. The
precision of the output parameters depends on the number of collisions performed in the
simulation. To reach a relative precision of 𝒪(1 %) on the diffusion coefficients in T2K gas,
see section 6.4, the number of collisions was set to 200 ⋅ 107.

In chapter 8 Magboltz version 11.2 was used to identify possible gas or environmental
parameters affecting the performance of the large TPC prototype.
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7.3. Beam Test Data Reconstruction

In this section a brief overview over the reconstruction steps from the raw data to the final
tracks is given. The reconstruction generally follows the steps used in ref. [223], where a
more detailed description of all the involved methods and algorithms is provided.

7.3.1. Pulse Finding

The raw data from the readout electronics, see section 6.3, consists of the time stamped
and digitised charge information for each readout channel, as displayed in figure 7.2a. In
the figure, each bar in one of the charge profiles represents a single sample of the readout.
In each of these charge profiles, signals have to be identified that rise significantly over the
pedestal noise. These signals are called pulses. To discriminate the signal from noise, two
thresholds are applied, as sketched in figure 7.2b. When the charge in a channel exceeds
the first threshold, this defines the start of a potential pulse. The pulse ends when the charge
drops below the second threshold. Additionally a minimum peak value and minimum length
of the pulse can be defined. To avoid discarding part of the rising and falling edge of the
pulse, additional samples before and after the thresholds are included in the pulse. The de-
fault settings of the pulse finder are given in table 7.1. These are used in the analyses in
chapters 8 and 9, unless noted otherwise.

The electronics are designed such that the peak value of a shaped pulse corresponds to
the collected charge. However, the integral over the full pulse length is proportional to the
peak value and can also be used as a measure of the pulse charge. The integral has a distinct
advantage in the case of pulses that saturate the ADC. For these signals the peak is cut of in
the digitised pulse, resulting in the loss of the information of the pulse height. In this regime
also the integral stops being proportional to the charge of the signal but it still increases with
higher charge, due to the increase in the total pulse length. This can enable the reconstruction
of the full charge information, since the pulse shape is well approximated by equation (6.1).
While no methods to take full advantage of this possibility are applied, yet, the integral was
used to at least benefit from the partial recovery of the charge information.

Table 7.1.: List of the settings used for the pulse finder. For details on the individual settings,
see the text.

setting value

pulse start threshold 5 ⋅ RMSnoise
pulse end threshold 3 ⋅ RMSnoise
minimal pulse length 5 time samples
minimal peak value 8 ADC counts
samples saved before start 3
samples saved after end 7
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(a) Measurement principle.

(b) Pulse identification. (c) Hit identification.

Figure 7.2.: Overview of the pulse and hit finding process [223]. (a) The digitised charge in-
formation is collected from each readout channel. (b) Pulses are identified as peaks in the charge
development in each channel. The indicated parameters are explained in the text. (c) Clusters of
adjacent pulses with matching arrival times are combined into hits, starting from a seed pulse
with the highest charge. The sketch shows the charge distribution within a hit. A darker colour
represents a higher charge.
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7.3.2. Hit Finding

Hit finding is the process of combining pulses to form points with full three dimensional
space information. By design it is expected that most particles pass through the detector such
that in the transverse plane they travel perpendicular to the rows of pads, in the prototype as
well as in the eventual ILD TPC. Therefore each row is defined as one measurement layer
and adjacent pulses in one row are combined to hits, as sketched in figure 7.2c. Looking
only at single pulses the information on the location in the transverse plane is limited by the
pad pitch 𝑤 = 1.2625 mm to

𝜎𝑟𝜑 = 𝑤/√12 = 364 µm ,

which would not allow to fulfil the requirement of ILD of a resolution better than 100 µm
over the full drift length. For this reason, the amplification stage in the GEM module is de-
signed such that the cloud of electrons from the amplification process is spread over several
pads. This allows to determine a more accurate position by calculating the charge weighted
mean of a group of adjacent pads in one row. The task of the hit finding algorithm is to
identify these groups while separating close-by particles or noise. The algorithm uses the
pulse with the highest charge on each row as a seed. It then adds pulses on adjacent pads on
both sides until it either reaches the edge of the readout module or no pulses were found on a
number of neighbouring pads. Except for pads connected to dead channels of the readout it
is not expected to find larger gaps in a hit. Therefore the maximum number of empty pads is
set to two. The algorithm also requires the pulses to have similar arrival times within a user
defined time frame. For the setup used here adjacent pulses were required to arrive with a
difference of less than 500 ns.

When no more pulses can be added to the hit, the full positional information and its total
charge are calculated. The position of the hit in the radial direction, perpendicular to the row,
is defined by the radius at half the height of the row. Since the electrons from the primary
ionisation process are expected to be equally distributed along the length of the track on
average, the uncertainty on this position estimate is given by the height ℎ = 5.85 mm of
the row as 𝜎𝑟 = ℎ/√12 = 3.46 mm. The position in the 𝜑-direction is calculated from
the charge weighted mean of the pad positions of all contributing pulses. In ref. [234] the
systematic effects of this method on the determined position have been investigated. For hits
with more than three pulses the weighted mean was found to be a perfect estimator of the
hit position. The 𝑧-position can be determined from the arrival time of the pulses in the hit
and the drift velocity of the electrons in the drift volume. The determination of the hit time
and systematic effects on the pulse arrival time have been studied in detail in ref. [223]. It
was found that the measured arrival times are systematically shifted with respect to the seed
pulse, depending on their charge as well as their distance to the seed pad. Therefore only the
seed pulse is taken into account for the calculation of the 𝑧-position. The total charge of the
hit is calculated as the sum of the charge of all contributing pulses.
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7.3.3. Tracking
Finally, the trajectory of the particle is reconstructed from the hits constructed in the previ-
ous step. This tracking procedure generally involves two steps, track finding and track fitting.
Track finding is the process of identifying and collecting all hits that belong to one initial
particle. While most track finding algorithms already produce an estimate of the track para-
meters, dedicated track fitting algorithms are employed afterwards to gain the best estimate
of the properties of the true trajectory.

Various track finding and fitting methods that are implemented in Marlin have been com-
pared in ref. [223] regarding their execution speed, hit finding efficiency and spatial resolu-
tion. The tested track finding methods were two implementations of a Hough transformation,
described in refs. [230, 235], a triplet chain [236] and two versions of a Kalman filter [237],
that were originally developed for the full ILD simulation [238]. No significant differences
were found in the performance of the various algorithms, regarding the track finding ef-
ficiency and impact on final spatial resolution after fitting. However, the triplet chain and
the implementation of the Hough transformation in ref. [235] were found to be an order of
magnitude faster than both Kalman filters. Therefore, the Hough transformation was chosen
as track finder.

The Kalman filters can also be applied as a track fitter, since they provide a precise re-
cursive least-square fit. Another track fitting method implemented in Marlin is the general
broken lines (GBL) method [239, 240]. In addition several very fast fitting methods are
available. Straight tracks in the absence of a magnetic field can be fitted using a linear re-
gression. For helical trajectories the Karimäki method [241] gives an approximate solution.
These methods ignore energy loss and multiple scattering of the particle in detector materi-
als, which is a reasonable approximation for a gas filled TPC with its low material density in
the tracking volume. In ref. [223] the Kalman filters were found to be an order of magnitude
slower than GBL, which in turn is an order of magnitude slower than the linear regression
and the Karimäki method. The spatial resolution in the transverse plane was found to be
nearly independent of the used fitting algorithms. Since the GBL method can be used for
both straight and helical tracks, it was chosen as the default track fitting method. An excep-
tion is the determination of the point resolution, which requires a separate track fit for each
hit on the track. To reduce the required processing time resulting from the large number of
hits, the linear regression and Karimäki fit are used in this process.
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8. Comparison of Beam Test Results

In this chapter the existing data from a beam test in March 2013 [223, 212] are compared to
data gathered in December 2016 in a beam test performed as part of the work for this thesis.
The latter measurements were taken with a new generation of readout modules, produced
using the improved design and construction methods described in section 4.2. The goal of
this chapter is to test the reproducibility of the results over long periods of time and un-
derstand the sources of potential differences. This allows understanding of detector effects,
like stability of the electronics and differences in production between the modules as well as
influences from environmental conditions like atmospheric pressure and temperature. First,
a comparison of several observables in both data sets is provided in section 8.1. Then, ob-
served discrepancies are investigated further in section 8.2. Finally, an extrapolation of the
𝑟𝜑-resolution measured in both data sets to the full size and magnetic field of the ILD TPC
is performed in section 8.3.

The data used in the comparison were taken in a magnetic field of 𝐵 = 1 T at various
drift distances over the full length of the large TPC prototype. For technical reasons, the
magnetic field was inverted between both beam test campaigns, leading to an inverted track
curvature. During each beam test, data were taken with drift fields of 240 V/cm, close to the
maximum drift speed of the gas, and 130 V/cm, in the minimum of the transverse diffusion.
Both the azimuthal and polar angle of the beam relative to the detector were kept at zero for
the presented data.

The two beam test campaigns were performed under different environmental and gas con-
ditions. A gas pressure and temperature around 1006 mbar and 17.4 ∘C were recorded for
the 2013 beam test and around 1034 mbar and 17.1 ∘C for 2016. The measured gas contam-
ination with water and oxygen was similar for both beam tests, with 60 ppm of each in 2013
and 50 ppm water and 64 ppm oxygen in 2016. As explained in section 6.5.2, it is expected
that the oxygen content indicates a contamination with air. Therefore a nitrogen content of
224 ppm and 239 ppm is assumed for 2013 and 2016, respectively.

8.1. Comparison of the Observables

The focus of the comparison is on the high level observables, in particular the point resol-
ution and related quantities. These have already been studied extensively in the 2013 data
set in ref. [223] and therefore can be readily compared using established analysis methods.
In the following, first several basic performance parameters are analysed, i.e. the drift speed
and average hit charge, and good agreement is found. Small differences are observed in the
investigation of the pad response function and the transverse point resolution.
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Figure 8.1.: Determination of the drift velocity from the mean arrival time of pulses for various
distances of the beam to the readout plane. The solid and dashed lines represent the linear fits
used to extract the drift velocity.

8.1.1. Drift Velocity
In a TPC the position of the impinging particle along the drift direction is determined from
the arrival time of the measured signal. The drift velocity of the electrons in the gas is needed
as an input for this calculation and therefore needs to be known precisely. While simulation
tools like Magboltz can provide an estimate of the drift velocity with very small statistical
uncertainty, the gas composition in the beam test setup, including any contaminants, is not
known well enough to reduce the systematic uncertainties to a similar level. Therefore, the
drift velocity must be determined by other means.

Some experiments employ dedicated monitoring TPCs to continuously measure the drift
velocity. A good example of this are the gas monitor chambers for the TPCs of the near
detectors of the T2K experiment [193]. In this example, two radioactive 90Sr sources are
placed at a well defined distance along the drift direction of the chamber, creating tracks
perpendicular to the drift field. Measuring the time difference between the arrival of signals
from both sources allows to calculate the drift velocity. A measurement of the drift velocity
in this way, combined with measurements of the environmental conditions, allows to infer
corrections for the main TPC.

Since no gas monitoring setup was available for either beam test, the drift velocity has
to be determined from the data. The method adopted in ref. [223] uses as a reference the
recorded position of the movable stage of the PCMag, in which the TPC is mounted as
described in section 6.1.1. Performing measurements with the beam at various positions
along the drift direction, for each the mean arrival time of the recorded pulses is determined.
In figure 8.1 the resulting relation between beam position and arrival time is shown for both
data sets. A linear fit is applied, where the slope corresponds to the drift velocity. The lowest
point is not included in either fit, since at this position the beam partially passes below the

112



8.1. Comparison of the Observables

Table 8.1.: Results for both data sets of the drift velocity measurements with drift fields of
240 V/cm and 130 V/cm and the corresponding simulated values from Magboltz. The uncer-
tainties of the simulated values are negligible compared to the measurement errors.

year drift field 𝑣d [mm/µs]
[V/cm] measurement simulation

2013 240 77.28 ± 0.04 76.87
2016 240 75.97 ± 0.03 76.45
2013 130 55.14 ± 0.03 55.64
2016 130 53.66 ± 0.02 54.50

anode termination plane of the field cage, introducing a bias between the position of the stage
and the centre of gravity of the visible part of the beam. The statistical uncertainty of this
measurement is dominated by the uncertainty of the stage position of ∼0.3 mm. The results
of the measurements are shown in table 8.1, including corresponding values from Magboltz
simulations using the amount of gas contamination as well as temperature and pressure as
stated above. The observed discrepancies can be explained by systematic effects, e.g. due
to unmeasured gas contaminants, differences in pressure and temperature, as well as the
uncertainty of field inhomogeneities. Considering these effects, the values from both data
sets are in good agreement with the simulation and also agree well with each other.

8.1.2. Hit Charge
In addition to tracking of charged particles a TPC also provides a measurement of the par-
ticle’s d𝐸/d𝑥 along its trajectory, which is investigated in detail for the 2016 data set in
chapter 9. This measurement is based on the number of electrons liberated in the primary
ionisation process, which is related to the energy loss as described in section 3.1.1. The
primary electrons drift through the gas to the GEM stack, where they are amplified and a
signal is created in the readout pads. Therefore, attachment of primary electrons to the gas
during drift must be avoided and a stable gas amplification is crucial for a precise meas-
urement. Additionally, a calibration of the readout electronics and the gas amplification is
generally necessary. Unfortunately, the setup does not provide dedicated calibration mech-
anisms. Improvised electronics and gain correction methods were tested for the 2016 setup,
as described in section 9.3, but not applied for the purpose of this comparison.

In figure 8.2a the average charge of all hits in both data sets is plotted for various drift dis-
tances. In the 2016 data the average charge falls off with increasing drift distance, indicating
attachment of the electrons during drift (see section 3.2.2). Fitting an exponentially decaying
curve to the data, results in an attachment rate of 𝐴 = (0.0023 ± 0.0002) cm−1. To interpret
the 2013 data, in particular the jump between 70 mm and 100 mm, it is important to note the
order in which the data points were taken. First, the points from 100 mm to 500 mm were
measured before recording the data from 70 mm to 10 mm. Therefore the jump hints at an
effect that increases the measured charge over the course of the scan, most likely related to
changing environmental conditions, e.g. atmospheric pressure. Regrettably no slow control
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Figure 8.2.: The average hit charge in both data sets. (a) The average measured charge of all hits
at various drift distances. The jump in the 2013 data is explained in the text. An exponentially
decaying function is fitted to the 2016 data. (b) The average charge of hits on the individual
rows of all three modules. The vertical dashed lines mark the extent of the modules.

data with the required time resolution exists any more, preventing a more detailed investig-
ation of the effect. Since the points at 500 mm and 70 mm were taken in direct succession,
a comparison still allows to estimate the attachment to be of a similar magnitude as in the
2016 data. While the jump is visible in some other low level observables, e.g. the average
number of pulses per hit, it is not reflected in the relevant higher level observables, i.e. pad
response function and spatial resolution.

Comparing the absolute value in both data sets shows the average charge to be higher by
a factor of ∼1.3 in the 2016 data. Since the same settings for the fields and the high voltage
in the GEM stack were used for both beam tests, a difference this large is not expected. As
shown in figure 8.2b, the discrepancy is mainly caused by a lower charge on the first module
in 2013. During the 2016 beam test campaign a similar effect was observed. It was caused by
a shift of ∼5 V in one insert of the HV power supply for the GEMs (see section 6.1.2) over the
first few hours of operation, which lead to a reduced amplification in the last module. Since
each GEM and each module is powered separately, the voltage offset in the affected channels
was corrected manually. The 2013 beam test used the same power supply. Therefore it is
likely that the same effect is responsible for the reduced charge observed here. On the central
module, which is the only one apparently unaffected in both beam tests, the measured charge
is the same in both data sets. Therefore it can be concluded that the GEM amplification
system provides a consistent performance between the two module generations. However the
issue outlined above also shows the importance of a stable voltage supplied to the system.

8.1.3. Pad Response Function
The pad response function (PRF) describes the average distribution of the charge within a
hit on the pad plane. It is determined from data by plotting the charge of each pulse in a hit
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Figure 8.3.: Examples of the pad response function for the (a) 2013 and (b) 2016 data sets. The
PRF describes the charge distribution of hits on the pad plane. The data in both figures were
recorded at ∼20 mm drift distance in a drift field of 240 V/cm with 𝐵 = 1 T. The lines represent
a fit as described in the text.

against the position of the pad the pulse was detected on within the row. To be able to average
over several hits, the charge of each pulse is normalised to the total charge of the hit and the
position is taken relative to the reconstructed centre of the hit. In figure 8.3 examples of the
distribution are shown for data from each data set, taken with a magnetic field of 1 T at short
drift length, resulting in low diffusion. The width of the PRF follows the width of the charge
distribution, which is expected to be Gaussian due to diffusion. Therefore, the hypothesis for
the shape of the distribution is a convolution of a Gaussian with a uniform distribution, that
takes into account the uniform probability distribution of the initial position of the electron
relative to the pad centre. A fit of this distribution within a range of ±3 standard deviations
around the mean is used to extract the width of the charge distribution. The width of the
uniform distribution is defined by the pad pitch and therefore not a free parameter in the fit.

As can be seen in the figure, the fit matches the central part of the distribution well but
fails to describe the tails. As explained in ref. [223], these tails are artefacts resulting from
the behaviour of the readout electronics. While an electron traverses the induction gap, it
already induces a signal into each pad. If an electron is not collected on a specific pad, the
positive and negative part of the signal cancel each other, resulting in a vanishing integral
of the signal on this pad. If pedestal subtraction is applied in the readout electronics, it
records samples below the baseline as zero, since it is only sensitive to signals of the selected
polarity. This results in a biased estimate of the total charge of the pulse. Since they only
collect a small fraction of the electrons, pads at the edges of the charge cloud have a higher
probability to see a signal part below baseline, resulting in an artificially increased charge
in the recorded data. Still, the result of the chosen fit describes the central part of the PRF
well, which can be taken as a confirmation of the assumed Gaussian shape of the charge
distribution.

Determining the width of the PRF at several drift lengths allows to extract the transverse
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Figure 8.4.: The measured average width of the PRF at various drift distances in both data sets.
The solid lines represent fits of equation (8.1). The fit results are given in table 8.2.

Table 8.2.: Results for both data sets of a fit of equation (8.1) to the width of the PRF, and the
corresponding simulated values of 𝐷t from Magboltz.

year drift field 𝜎PRF,0 [µm] 𝜎diff [µm] 𝐷t [µm/√cm]
[V/cm] measurement simulation measurement simulation

2013 240 578.2 ± 1.9 354.4 ± 0.6 102.87 ± 0.38 97.49 ± 0.70
2016 240 540.8 ± 1.9 348.7 ± 0.9 97.28 ± 0.40 95.48 ± 0.63
2013 130 593.6 ± 1.2 354.4 ± 0.6 80.29 ± 0.30 74.17 ± 0.48
2016 130 544.6 ± 1.3 348.7 ± 0.9 74.11 ± 0.33 74.08 ± 0.71

diffusion coefficient 𝐷t. The width of the PRF is expected to follow the function

𝜎PRF = √(𝜎PRF,0)2 + (𝐷t)
2 ⋅ 𝑧 , (8.1)

where 𝜎PRF,0 is the width of the PRF at zero drift distance due to the diffusion of the electron
cloud inside the GEM stack and signal induction:

𝜎PRF,0 = √(𝜎ind)2 + (𝜎diff)2 = √(𝜎ind)2 + (𝐷trans
t )2 ⋅ 2𝛥trans + (𝐷ind

t )2 ⋅ 𝛥ind , (8.2)

with the transfer and induction gaps of the module 𝛥trans = 2 mm and 𝛥ind = 3 mm, respect-
ively, and the corresponding diffusion coefficients 𝐷trans

t and 𝐷ind
t . The first term 𝜎ind, which

is currently not well understood, accounts for the difference between the measured 𝜎PRF,0
and the simulated diffusion in the GEM stack 𝜎diff.

In figure 8.4 the width of the PRF in data from both beam tests is shown for various drift
distances at drift fields of 240 V/cm and 130 V/cm, including fits of equation (8.1). The res-
ults of the fits are given in table 8.2 including the corresponding values from a Magboltz
simulation. The diffusion coefficients measured in the 2016 data agree reasonably well with
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the simulated values, while the 2013 measurements are significantly larger than expected
from the simulation. Additionally, the intrinsic width 𝜎PRF,0 is significantly larger in the
2013 data than in the 2016 data, while a very similar diffusion in the GEM stack is expec-
ted from the simulation. In ref. [223] the discrepancy of the diffusion coefficient between
measurement and simulation is attributed to the inhomogeneities and resulting transverse
components of the electric and magnetic fields in the setup, which are not considered in
the simulation. Under this assumption the results presented here would be qualitatively con-
sistent with the increased field homogeneity expected due to the improved flatness of the
GEMs in the new modules described in chapter 5. The reduced 𝜎PRF,0 would then indicate
an improved homogeneity of the transfer and induction fields in the new modules.

Comparing the two distributions of the pad response in figure 8.3, they show the same
shape with a similar fraction of charge in the tails but the tails appear more populated in the
2013 data. Since the differences found here are likely related to the discrepancies observed
in the following sections, possible common causes are explored in section 8.2.

8.1.4. Pulse Shapes
As described in section 6.3, the pulse shape as seen by the ADC is given by the shaper
function (6.1). Since each pulse in a hit is only affected by a part of the electron cloud, the
longitudinal profile and thus the signal length varies between the pulses within each hit. For
this reason two groups of pulses with common features were investigated separately. The
first group contains the leading pulses of each hit, which contribute the most charge. The
other group consists of the pulses with the least charge in each hit, which are expected to
be located at the edges of the hits. The digitised pulses are normalised to an integral of one
and from each group an average pulse shape is calculated. Pulses with irregular shapes, e.g.
due to saturation of the ADC, are excluded. Finally, the shaper function (6.1) is fitted to the
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Figure 8.5.: The average normalised pulse shapes from data with 𝐸drift = 240 V/cm at a drift
distance of ∼20 mm for (a) the leading pulses with the highest charge and (b) the pulses with
the least charge in each hit. The lines in both figures represent fits of the shaper function (6.1).
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Figure 8.6.: The rise time 𝜏 from a fit of equation (6.1) to the average pulse shape from data
with 𝐸drift = 240 V/cm for (a) the leading pulses with the highest charge and (b) the pulses
with the least charge in each hit.

average pulse shapes to extract the rise time 𝜏. Examples of the average pulse shapes in both
data sets are shown in figure 8.5.

In figure 8.6 the rise times of the average leading pulse (a) and lowest pulse (b) are shown
for 240 V/cm data from both beam tests. In figure A.3 on page 192 the same is shown for
a drift field of 130 V/cm. The leading pulses in all data sets show a similar average rise
time of 170 ns to 190 ns at short drift distance, with only little change over the drift length
in the 240 V/cm data. In the 130 V/cm data a stronger dependence on the drift distance is
visible, consistent with the expected higher longitudinal diffusion (see table 8.4). Here also
a difference of ∼10 ns in the rise time can be observed between the two beam test periods,
with the 2016 data showing the shorter pulses. For the lowest charge pulses the picture is
different. The average rise time is shorter with values from 120 ns to 140 ns at short drift
distances. In both drift fields the rise time shows a stronger dependence on the drift distance
than the corresponding leading pulses. Here also, the rise time is consistently lower in the
2016 data than in the 2013 data, by ∼10 ns to 20 ns for the 240 V/cm drift field and ∼20 ns to
40 ns for the 130 V/cm drift field. More notably, the 2016 data behaves very similar in both
cases, while the 2013 data shows the expected stronger drift dependence expected from the
larger longitudinal diffusion in the 130 V/cm drift field. Additionally, the 2016 data shows
a flat behaviour at drift distances below 100 mm for both drift fields.

This difference in behaviour can be seen as a hint that the small pulses in the 2016 data are
artificially biased, e.g. by thresholds. This is investigated further in section 8.2.4. The rise
time is related to the length of the signal, i.e. the longitudinal extent of the electron cloud
due to diffusion, cf. the transverse case in equations (8.1) and (8.2). However, there is no
direct analytical conversion between the two parameters. Still, interpreting the observations
in terms of the shape of the charge cloud indicates a smaller longitudinal diffusion within
the GEM stack in the 2016 setup. This is consistent with the reduction in the transverse
diffusion observed in the PRF in section 8.1.3.
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8.1.5. Spatial Resolution
The theoretical behaviour of the spatial resolution in a TPC was investigated in detail in
refs. [242, 243], for a pad based readout with rectangular geometry and the use of a charge
weighted mean to calculate the position in the readout plane. The final result is the following
formula, which considers most important processes and detector effects in a TPC:

𝜎𝑥 = √𝐴(𝑧,𝛼) + 1
𝑁eff

𝐵(𝑧) + 1
̂𝑁eff

𝐶(𝛼) , (8.3)

with

𝐴(𝑧,𝛼) ≔ ∫
1/2

−1/2
d( ̃𝑥

𝑤)(∑
𝑎

(𝑎𝑤)⟨⟨𝐹𝑎⟩𝑦
𝛥𝑥⟩𝑦 − ̃𝑥)

2

, (8.4)

𝐵(𝑧) ≔ ∫
1/2

−1/2
d( ̃𝑥

𝑤)⟨(∑
𝑎

(𝑎𝑤)𝐹𝑎 − ∑
𝑎

(𝑎𝑤)⟨𝐹𝑎⟩𝛥𝑥)
2

⟩
𝛥𝑥

, (8.5)

𝐶(𝛼) ≔ ℎ2 tan2 𝛼
12 , (8.6)
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and

̂𝑁eff ≔
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(8.8)

where the pointed brackets represent integration or summation over the variables given by
the subscripts, and the superscripts show dependent variables afterwards. The symbols used
are

𝑎 the pad identifier,

𝑤 the pad width (pitch in 𝑥 direction),

ℎ the pad height (pitch in 𝑦 direction),

̃𝑥 the track position in 𝑥 at half the height of the pad row,

𝛼 the relative angle between pad and track direction in the pad plane,
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𝑁 the number of primary clusters,

𝑘𝑖 the number of primary electrons from the primary cluster 𝑖,

𝐺𝑖𝑗 the gas gain for electron 𝑗 from cluster 𝑖 and

𝐹𝑎 the response function of pad 𝑎.

The 𝐴 term (8.4) takes into account the systematic error of the charge weighted mean
method that is introduced due to the finite size of the pads. This method is only a perfect
estimator for hits with four or more pulses [234]. If the charge sharing between pads is to
small, i.e. for hits with less than four pulses, the calculated position is biased, due to a non-
linear response depending on the actual position of the centre of the electron cloud relative
to the pad centre. This is called the hodoscope effect or S-shape systematics. The result is a
worse resolution in the transverse plane in cases where a significant fraction of hits consist
of three or less pulses. In the prototype setup for the working points presented here this effect
should only be visible for drift distances below ∼100 mm, as otherwise diffusion ensures a
sufficient width of the charge distribution.

The 𝐵 term (8.5) describes the effect due to diffusion of the electrons in the drift volume
and the distribution of the charge on the readout pads. It is attenuated by the effective number
of primary electrons 𝑁eff (8.7) contributing to the signal on one row.

The 𝐶 term (8.6) represents the systematic uncertainty on the track position within a row,
which is introduced for inclined tracks due to the finite height of the row. It is scaled by the
effective number of primary cluster ̂𝑁eff (8.8).

For most working points in the large TPC prototype, i.e. for drift distances above 100 mm,
diffusion ensures sufficient charge sharing (𝜎𝐷 ≳ 𝑤) but is small enough to prevent large
correlations between the individual rows (𝜎𝐷 ≪ ℎ). Under these conditions equation (8.3)
can be simplified to

𝜎𝑟𝜑 = √(𝜎𝑟𝜑,0)2 + (𝐷t)
2

𝑁eff
𝑧 + ℎ2

12 ̂𝑁eff
tan2 𝛼 , (8.9)

where the coordinates 𝑥 and 𝑦 from the rectangular pad layout have been identified as 𝑟𝜑
and 𝑟 in the concentric row layout, respectively, and 𝜎𝑟𝜑,0 denotes the intrinsic resolution of
the readout and 𝐷t the transverse diffusion coefficient. Further, the measurements presented
here were performed under small inclinations of the beam to the detector leading to small
angles 𝛼. Under this condition the behaviour of the transverse and longitudinal resolution
are similar, as they mainly differ in their angular dependencies. Additionally, the original
formula ignores attachment of the drifting primary electrons to components or contaminants
of the gas, e.g. oxygen, which is expected to be negligible in the ILD TPC but may play a
role in the prototype setup. Adjusting the formula for these considerations yields

𝜎𝑟𝜑/𝑧 = √(𝜎𝑟𝜑/𝑧,0)2 +
(𝐷t/l)

2

𝑁eff ⋅ 𝑒−𝐴𝑧 ⋅ 𝑧 , (8.10)

120



8.1. Comparison of the Observables

0 100 200 300 400 500
drift distance [mm]

0

50

100

150

𝜎 𝑟
𝜑

[µ
m

]

2013

2016

(a) 𝑟𝜑-resolution.

0 100 200 300 400 500
drift distance [mm]

0

100

200

300

400

500

600

𝜎 𝑧
[µ

m
]

2013

2016

(b) 𝑧-resolution.

Figure 8.7.: The point resolution in both data sets for a 240 V/cm drift field at various drift
distances in (a) the transverse plane and (b) the drift direction. The solid lines represent fits of
equation (8.10). The fit results are given in tables 8.3 and 8.4.

with 𝐴 denoting the exponential attachment rate and 𝐷l the longitudinal diffusion coefficient,
equivalent to the transverse case. The parameters 𝐷t/l, 𝑁eff and 𝐴 are strongly correlated,
with 𝐷t/l and 𝑁eff being completely ambiguous. This correlation can be partially resolved
by providing either 𝐷t/l or 𝑁eff from other sources. As explained in ref. [223], estimating
𝑁eff from a simulation introduces large uncertainties. Therefore it is preferable to provide the
diffusion coefficients, which can be simulated rather precisely using Magboltz. The trans-
verse diffusion coefficient 𝐷t can alternatively be determined from the measurement of the
width of the PRF, as explained in section 8.1.3.

In figure 8.7 the measured point resolution in (a) the transverse direction and (b) the
drift coordinate is shown for both data sets at a drift field of 240 V/cm. In figure A.4 on
page 192 the same is shown for a drift field of 130 V/cm. To resolve the correlation between
𝐷t and 𝑁eff in equation (8.10) a combined fit of equation (8.1) to the width of the PRF in
figure 8.4 and equation (8.10) to the 𝑟𝜑-resolution is performed. The fit to the 𝑟𝜑-resolution
is only performed in the valid range of equation (8.10) for drift distances above 100 mm.
The resolution of the drift coordinate 𝜎𝑧 is fitted independently with 𝐷l/√𝑁eff as one free
parameter. 𝑁eff is then calculated using 𝐷l as determined from a Magboltz simulation. The
results of the fits are summarised in tables 8.3 and 8.4. Since in the combined fit 𝜎PRF,0 and
𝐷t are fully constraint by the width of the PRF, the values of these parameters do not change
from table 8.2 on page 116.

First, it should be noted that the quality of the fits to the 130 V/cm data, in particular the
𝑧-resolution, is much worse than for the 240 V/cm data. In terms of 𝜒2 per degree of freedom
this means 𝜒2/𝑛df ≈ 2 and 3 for the 𝑟𝜑-resolution in the 2013 and 2016 data, respectively,
and 𝜒2/𝑛df ≈ 10 for the 𝑧-resolution in both data sets. The reason is visible in figure A.4b on
page 192, which shows large fluctuations between individual measurements. This indicates
the presence of systematic effects, which are not considered in the uncertainties of the fits. At
least partially these may be caused by anomalously high noise observed in the measurements
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Table 8.3.: Results for both data sets of a combined fit of equations (8.1) and (8.10) to the
width of the PRF and the 𝑟𝜑-resolution, respectively. The combined fit allows to resolve the
correlation between 𝐷t and 𝑁eff. The values of 𝐷t are unchanged from table 8.2.

year drift field 𝜎𝑟𝜑,0 𝐷t 𝑁eff 𝐴
[V/cm] [µm] [µm/√cm] [1/cm]

2013 240 68.1 ± 1.6 102.87 ± 0.38 43.4 ± 2.8 0.0054 ± 0.0011
2016 240 77.7 ± 1.6 97.28 ± 0.40 41.6 ± 3.2 0.0054 ± 0.0013
2013 130 72.3 ± 0.8 80.29 ± 0.30 48.2 ± 2.7 0.0089 ± 0.0010
2016 130 82.5 ± 0.8 74.11 ± 0.33 46.8 ± 3.3 0.0084 ± 0.0012

Table 8.4.: Results for both data sets of an independent fit of equation (8.10) to the 𝑧-resolution.
The values of 𝐷l are simulated with Magboltz to determine 𝑁eff.

year drift field 𝜎𝑧,0 𝐷sim
l 𝑁eff 𝐴

[V/cm] [µm] [µm/√cm] [1/cm]

2013 240 288.4 ± 0.6 221.6 ± 1.6 39.9 ± 1.4 0.0050 ± 0.0006
2016 240 285.4 ± 0.7 227.1 ± 1.4 39.4 ± 1.4 0.0038 ± 0.0007
2013 130 268.0 ± 1.3 319.8 ± 3.3 46.5 ± 1.8 0.0093 ± 0.0007
2016 130 256.8 ± 2.6 319.5 ± 3.9 32.7 ± 1.6 0.0007 ± 0.0008

between 150 mm and 250 mm drift distance in both data sets. Additionally, due to the greater
longitudinal diffusion in the 130 V/cm drift field, the length of the charge cloud, given by
the ±3 𝜎 interval of the distribution, exceeds the shaping time of the preamplifier of 120 ns
already for drift distances of 150 mm. This may affect the pulse shape in unforeseen ways
and bias the 𝑧-resolution in particular. Therefore, the affected data is considered mostly
qualitatively.

Good agreement between the data sets is found in the 𝑧-resolution. The intrinsic resolution
at zero drift distance is consistent between all data sets. The effective number of primary
electrons 𝑁eff agrees well between the two 240 V/cm data sets. The systematic effects in the
130 V/cm data sets mentioned above lead to a significantly higher value of 𝑁eff in the 2013
data and a lower one in the 2016 data. The corresponding values of the attachment rate 𝐴
diverge in the same manner, compatible with the correlation of the two parameters in the
fits. For the two 240 V/cm data sets the values determined for 𝑁eff and 𝐴 from the 𝑧-res-
olution are compatible with the values extracted from the 𝑟𝜑-resolution. This serves as an
important cross check between the measurements. The attachment rates determined in these
measurements are also of a similar magnitude as the direct estimate from the charge meas-
urements. Since the resolution measurement is independent of fluctuations of the gas gain,
a discrepancy to the direct charge measurement can be expected. A significant discrepancy
between the 2013 and 2016 data sets is found in the 𝑟𝜑-resolution at lower drift distances,
present for both drift fields. Where the 2013 data shows the resolution flattening at drift dis-
tances below ∼60 mm, turning into a slight rise towards zero drift distance, consistent with
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the expected hodoscope effect, the 2016 data shows a strictly monotonic behaviour and a
slightly worse intrinsic resolution 𝜎𝑟𝜑,0. Due to the lower transverse diffusion measured in
the 2016 data this difference is reduced over the drift length of the LP.

In section 8.1.3, the assumption is made that the new modules used in the 2016 beam
test create more homogeneous electric fields leading to lower transverse diffusion and a
narrower PRF. Under this assumption one would generally expect an improved resolution
in the 2016 data, which conflicts with the observations in this section. This contradiction
can be resolved by taking into account the observations in section 8.1.4. The the conjecture
is that the longitudinal diffusion is also reduced leading to shorter charge clouds in the 2016
data. The shorter average pulse length may lead to a lower pulse finding efficiency for the
smallest pulses, deteriorating the transverse resolution.

8.2. Investigation of Discrepancies
In section 8.1 small discrepancies between the 2013 and 2016 data sets were observed in
the width of the PRF 𝜎PRF, the transverse diffusion coefficient 𝐷t and the transverse spatial
resolution 𝜎𝑟𝜑, as well as the average pulse rise time 𝜏 of the smallest pulses in each hit.
An assumption on the cause for these discrepancies made in the respective sections, is the
improved homogeneity of the electric fields, i.e. drift, transfer and induction field, due to
the reduced deflections of the GEMs in the new modules used in the 2016 beam test. Since
the field homogeneity is only inferred from the GEM deflections and can not be tested dir-
ectly, also other potential causes are investigated. Starting in section 8.2.1, systemic effects
caused by differences in environmental and gas conditions and the electric and magnetic
field strength are explored. Following in section 8.2.2, the influence of different track angles
is discussed. The potential of an effect due to the electronics noise levels is briefly shown in
section 8.2.3. Finally, the pulse threshold settings are studied in section 8.2.4, according to
the observations in section 8.1.4.

8.2.1. Gas and Field Conditions
The most obvious candidates for creating the observed differences are variations of the en-
vironmental and gas conditions as well as the electric and magnetic field settings, as they
have a direct impact on the performance parameters in all parts of the TPC. As detailed in
section 6.1.2, these conditions are generally well observed, with the exception of the ex-
act gas composition. For the gas composition, only oxygen and water contaminations are
monitored directly. Other contaminations as well as variations of the gas mixture can not be
tested in-situ. This led to some concern regarding the 2-methylpropane content of the gas
supplied to the TPC during the 2013 beam test. In the gas bottle, the 2-methylpropane con-
tent starts to condense at temperatures below 4 ∘C, staying unmixed even after rewarming
the bottle. Since this fact was not known at first, some gas bottles for the 2013 beam test
were temporarily stored outside in cold weather, making a lowered 2-methylpropane content
a possible cause for the observed discrepancies.
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Table 8.5.: Overview of the settings for the various conditions used in the Magboltz simu-
lations. One parameter is varied at a time within the given range, keeping all others at their
respective default values. Separate simulations are performed for each of the electric field set-
tings.

parameter unit default value simulated range

electric field V/cm

240 200 to 320
130 100 to 175

1500 1200 to 1800
3000 2400 to 3600

magnetic field T 1.0 0.8 to 1.2
pressure mbar 1013 950 to 1100
temperature ∘C 20 10 to 30
oxygen (O2) ppm 0 0 to 500
air (79 % N2 ∶ 21 % O2) ppm 0 0 to 1500
water (H2O) ppm 0 0 to 500
2-methylpropane (HC(CH3)3) % 2.0 0.0 to 2.5

Regrettably the slow control data for the 2013 beam test period was only stored in a re-
duced format with daily averages. While the environmental conditions are not expected to
change strongly over that period, the averages may still be biased. For the field conditions,
which are set manually and may change multiple times during a day, the averages do not
provide any good information and also the manually curated run logbook and database may
not reflect erroneous settings. Luckily the impact of all the variables above can be simulated
in Magboltz. Comparing both the simulated electron drift speed and diffusion coefficients
to the measured values provides a good cross check. To assess the impact on the intrinsic
width of the PRF, simulations are not only performed for the nominal drift field strength of
240 V/cm and 130 V/cm but also for the transfer and induction fields within the GEM stack
of 1500 V/cm and 3000 V/cm, respectively. The simulated ranges of the various parameters
and their default values are summarised in table 8.5. When varying one setting, all others
are kept at their respective default value. The ranges are chosen larger than any expected
variation, to be able to determine the general behaviour of the observables around the nom-
inal values. The nominal field settings are identical to the default values given in the table.
The nominal gas and environmental conditions for each beam test period are given at the
beginning of this chapter and in section 6.5.2.

Gas Composition

The impact of the measured gas contaminants, oxygen, air and water, is shown in figure A.5
on page 193 and figures 8.8 and 8.9, respectively. Oxygen does not produce any significant
change in any of the investigated gas parameters, even at concentrations of ∼10 times the
measured value. For air and water there is some visible influence on some of the relevant
parameters. For air in particular, the diffusion coefficients at 1500 V/cm and 3000 V/cm are
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Figure 8.8.: The influence of contamination of the gas with air on (a) the drift speed and (b) the
diffusion coefficients. During both beam tests ∼300 ppm air are expected from the oxygen meas-
urement. The lines represent polynomial fits of up to third order to guide the eyes and assess
the rate of change.
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Figure 8.9.: The influence of contamination of the gas with water vapour on (a) the drift speed
and (b) the diffusion coefficients. During the beam tests 50 ppm to 60 ppm H2O were recorded.
The lines represent polynomial fits of up to third order to guide the eyes and assess the rate of
change.
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Figure 8.10.: The influence of the 2-methylpropane content of the gas on (a) the drift speed and
(b) the diffusion coefficients. The lines represent polynomial fits of up to third order to guide
the eyes and assess the rate of change.

affected. For water the drift speed and longitudinal diffusion at 240 V/cm and 130 V/cm
change slightly. However, these parameters only change by less than ∼1 % for a variation of
the contamination of 100 % of the respective measured value. Since under stable operating
conditions variations this large are not expected, the measured gas contamination can be
excluded as a cause of the observed discrepancies.

Varying the 2-methylpropane content produces more drastic changes in the gas paramet-
ers, as shown in figure 8.10. In particular, the transverse diffusion in the transfer and in-
duction fields increases by ∼0.75 % per 0.1 points lower 2-methylpropane content and is
reduced by ∼0.5 % in the 130 V/cm drift field. Additionally, the drift speed at 240 V/cm
and 130 V/cm is increased by ∼0.5 % to 1 % per 0.1 points lower 2-methylpropane content.
The transverse diffusion in the 240 V/cm drift field increases by a few percent towards zero
2-methylpropane but does not change at all for small variations. Since the measurement in
section 8.1.1 shows a rather consistent drift speed between the two beam test periods, the
2-methylpropane content can not have dropped below 1.8 % during the 2013 beam test. Oth-
erwise the deviation of the drift speed would be much larger than the observed difference
between the data sets. Therefore, an unmixing of the 2-methylpropane from the gas on a
significant scale due to low temperatures can be excluded. This limits the modulation of the
diffusion in the GEM stack to 1.5 % or less and does not allow for any significant change of
the transverse diffusion in the drift field.

Pressure & Temperature

The pressure inside the TPC is mainly defined by the exterior pressure, since the gas sys-
tem is vented to the atmosphere. During both beam test periods the atmospheric pressure
in the area changed by 10 mbar or less over any given day [244]. At the nominal flow rate
of 40 lN2

/h the flow resistance of the gas system introduces a slight overpressure of ∼6 mbar
inside the TPC. The gas temperature is affected by the temperature of the gas bottle, the tem-
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perature of the environment and the flow rate. Since the bottles are generally stored in the
test beam hall for several hours before use, the temperature should have equalised with the
rather stable temperature in the hall. Therefore the available daily average pressure and tem-
perature during the 2013 beam test period should be sufficiently accurate as a starting point.
The simulated impact on the gas parameters is shown in figures A.6 and A.7 on page 193
and on page 194. Any expected modulation caused by a reasonable deviation of pressure
and temperature from the recorded values is negligible.

Field Conditions

As the magnetic and electric fields are set manually, the most probable cause of field values
diverging from the nominal settings is an error in the operator’s input. Since large deviations
are likely to be discovered, when the settings are changed again, the variation can be expected
to be relatively small. The potentials in the GEM stack are controlled individually for each
module, making a consistent error across all three modules unlikely. A divergence of one
module would be readily visible in the data, as observed in section 8.1.2. That variation,
consistent with a shift of ∼5 V in some of the GEM HV channels as discussed there, has
a negligible impact on the drift field strength and also the diffusion in the GEM stack. As
shown in figure 8.11, to reproduce the discrepancy in the transverse diffusion coefficient the
drift field would need to be changed by 10 V/cm to 15 V/cm (∼4 % to 6 %), equivalent to a
modulation of the cathode voltage of 570 V to 850 V at a nominal voltage of ∼15.9 kV. As
this would not influence the intrinsic width of the PRF, an additional variation of some of
the GEM potentials would be necessary. Therefore, erroneous voltage settings can be safely
excluded as a cause of the observed discrepancies, due to the required magnitude of the
modulation and number of affected HV channels.
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Figure 8.11.: The influence of the electric field strength inside the TPC on (a) the drift speed
and (b) the diffusion coefficients. The field strength is normalised to the respective nominal
field given in the legend. The lines represent polynomial fits of up to third order to guide the
eyes and assess the rate of change.
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Figure 8.12.: The influence of the magnetic field strength inside the TPC on (a) the drift speed
and (b) the diffusion coefficients. The lines represent polynomial fits of up to third order to
guide the eyes and assess the rate of change.

On the other hand, the magnetic field influences the transverse diffusion in both the drift
volume and the GEM stack, while leaving the drift velocity unaffected, as shown in fig-
ure 8.12. The required modulation to recreate the observed diffusion during drift is ∼0.05 T,
equivalent to a change of the coil current of 22 A from a nominal 441 A for a 1 T field [200].
However, the variation required to achieve the observed difference of the diffusion in the
GEM stack is far outside the simulated range. Since both discrepancies cannot be resolved
using the same magnetic field setting and because the necessary changes are so large, the
magnetic field can also be excluded as a cause for the discrepancies.

8.2.2. Track Angle
The azimuthal angle of the TPC relative to the beam is controlled by manually rotating
the TPC around the axis of the field cage. Since during both beam tests no measurement
device for this angle was available, the accuracy of the position is of 𝒪(1°). Additionally,
the magnetic field was inverted between the two beam test periods, resulting in an inverted
curvature of the beam and different angles relative to the individual pad rows. This angle
directly affects the transverse point resolution measured at zero drift distance according to
equation (8.9) on page 120, but also the transverse diffusion is effectively broadened for
larger angles, as shown in figure 8.13a. Since 𝑁eff and ̂𝑁eff are expected to be proportional
to the length of the track segment above each row, they also increase with larger inclination
as

𝐷t(𝛼) ≈ 𝐷t(0)
cos 𝛼 , 𝑁eff(𝛼) ≈ 𝑁eff(0)

cos 𝛼 , ̂𝑁eff(𝛼) ≈
̂𝑁eff(0)

cos 𝛼 . (8.11)

Also the width of the PRF is affected by the inclination of the track. Equivalent to the con-
volution of the Gaussian charge distribution due to diffusion and the uniform probability
distribution of the track position over the pad width, the uniform distribution over the width
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Figure 8.13.: (a) The effects of inclined tracks on the resolution and width of the PRF. (b) Dis-
tribution of the track inclination relative to hits on each pad row for both beam test periods. The
three peaks visible in the 2016 data result from the offset between the three rows of modules.

𝑊 = ℎ ⋅ tan 𝛼 traversed by the track on the pad row needs to be included, such that

𝜎PRF = (𝜎𝐷t
∗ 𝛱(𝑤)) ∗ 𝛱(𝑊) , (8.12)

where 𝛱(𝑑) is the uniform distribution between −𝑑/2 and 𝑑/2.
Until now the track inclination was ignored in all these cases, as the respective angles are

expected to be small. In figure 8.13b the distribution of the track inclination 𝛼 relative to
the individual rows is shown and confirms this expectation. The inverted direction of the
magnetic field between the two data sets is visible by the opposite direction of the tails of
the distributions, which result from energy loss of the electrons due to interaction with the
magnet wall in front of the TPC. As expected, the angles are small with ∣𝛼∣ ≤ 2° for electrons
with negligible energy loss. While there is a small offset between the two distributions, they
mostly overlap. With cos 𝛼 > 0.99 and ∣tan 𝛼∣ < 0.1 the involved angles are too small to
have any significant effect on the transverse point resolution or the width of the PRF.

8.2.3. Electronics Noise
In the comparison of the PRFs in figure 8.3 in section 8.1.3 the different abundance of entries
in the tails of the distributions was noted, with less populated tails in the 2016 data. While the
thresholds for the pulse finding process, as described in section 7.3.1, are small, they affect
the small pulses at the edge of each hit most. Since the thresholds are scaled with the noise
level in each channel, differences in the overall noise level can have a significant impact
on the tails of the PRF. In figure 8.14 the distribution of the noise in all used electronics
channels, measured as the RMS of the pedestal in each channel, is shown for both beam
tests. In both cases the noise roughly follows a Landau distribution with similar width and
a MPV of ∼0.72 ADC. While the distribution of the 2016 beam test shows a few more
channels in the tail towards higher noise, the difference is too small to have an impact of the
observed magnitude on the efficiency of the pulse finding process.
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Figure 8.14.: Pedestal noise distributions for the 2013 and 2016 data sets.

8.2.4. Pulse Thresholds

The difference in the pulse shapes observed in section 8.1.4 between the two beam tests
may also be responsible for the difference in the tails of the PRF in figure 8.3. Since the
pulse shapes differ in the rise time, the most obvious adjustment is to reduce the required
minimum pulse length. The observed difference in the rise time of up to ∼40 ns results in a
difference of ∼50 ns in total pulse length for the smallest possible pulses passing the default
thresholds. To put it differently, due to the shorter rise time the smallest pulses require up to
∼50 % more charge to exceed the minimum pulse length. Since the chosen sampling rate of
the ADC is 20 MHz the sampling period is exactly 50 ns. Therefore, reducing the required
minimum pulse length from 5 to 4 samples should be sufficient.

First, as a cross check, the minimum pulse length is reduced for both the 2013 and 2016
data set. The effect on the rise time of the average smallest pulses is shown in figure 8.15 for
both drift fields. In comparison to figure 8.6b on page 118 and figure A.3b on page 192 the
average rise time in the 2016 data is reduced by ∼50 ns, indicating that a large number of
additional shorter pulses now pass the thresholds. On the other hand, the 2013 data shows
a reduction by only 10 ns or less, meaning only few additional pulses are included. The rise
time of the leading pulses is unaffected in all cases. A further reduction of the minimum
pulse length to 3 samples has no additional effect on the observed average rise times. This
confirms the need for a relaxed pulse length requirement in the 2016 data only, to ensure an
equivalent treatment of the data.

Therefore the comparison is now done between the 2013 data using the default settings
and the 2016 data using the reduced minimum pulse length. In figure 8.16 the resulting trans-
verse resolution is shown for both drift fields. The width of the PRF and the 𝑧-resolution are
shown in figures A.8 and A.9 on page 194 and on page 195, respectively. The fit results are
given in tables 8.6 and 8.7. As in section 8.1.5, the results at 130 V/cm must be considered
with care, since in both data sets there are large fluctuations between the individual meas-
urements of the 𝑧-resolution that could not be fully investigated in the scope of this work.
With the adjusted thresholds the behaviour of the 𝑟𝜑-resolution is almost identical between
the 2013 and 2016 data sets, while the width of the PRF and the 𝑧-resolution are almost un-
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Figure 8.15.: The rise time 𝜏 from a fit of equation (6.1) to the average pulse shape from data
with the minimum pulse length reduced from 5 to 4 samples.
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Figure 8.16.: The transverse point resolution at various drift distances. The minimum pulse
length was reduced for the 2016 data The solid lines represent fits of equation (8.10) on
page 120. The fit results are given in table 8.6.

Table 8.6.: Results for both data sets of a combined fit of equations (8.1) and (8.10) to the width
of the PRF and the 𝑟𝜑-resolution, respectively. The minimum pulse length was reduced for the
2016 data. The 2013 results are unchanged from tables 8.2 and 8.3.

year drift field 𝜎𝑟𝜑,0 𝐷t 𝑁eff 𝐴
[V/cm] [µm] [µm/√cm] [1/cm]

2013 240 68.1 ± 1.6 102.87 ± 0.38 43.4 ± 2.8 0.0054 ± 0.0011
2016 240 66.2 ± 2.1 99.06 ± 0.40 38.7 ± 3.0 0.0040 ± 0.0013
2013 130 72.3 ± 0.8 80.29 ± 0.30 48.2 ± 2.7 0.0089 ± 0.0010
2016 130 69.7 ± 1.2 75.58 ± 0.34 38.3 ± 2.9 0.0067 ± 0.0013
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Table 8.7.: Results for both data sets of an independent fit of equation (8.10) to the 𝑧-resolution.
The values of 𝐷l are simulated with Magboltz to determine 𝑁eff. The minimum pulse length
was reduced for the 2016 data. The 2013 results are unchanged from table 8.4.

year drift field 𝜎𝑧,0 𝐷sim
l 𝑁eff 𝐴

[V/cm] [µm] [µm/√cm] [1/cm]

2013 240 288.4 ± 0.6 221.6 ± 1.6 39.9 ± 1.4 0.0050 ± 0.0006
2016 240 286.0 ± 0.7 227.1 ± 1.4 38.6 ± 1.3 0.0033 ± 0.0006
2013 130 268.0 ± 1.3 319.8 ± 3.3 46.5 ± 1.8 0.0093 ± 0.0007
2016 130 251.3 ± 2.9 319.5 ± 3.9 30.0 ± 1.5 −0.0009 ± 0.0008

affected. This is expected since the thresholds mostly affect the small pulses at the edges of
the hits, which are not used for the calculation of the 𝑧-coordinate and are likely to lie outside
of the fit range for the PRF width. All data sets now show a consistent intrinsic resolution
𝜎𝑟𝜑,0, including the hodoscope effect for drift distances below ∼80 mm. The numbers of
effective primary electrons 𝑁eff are changed but still compatible between the measurements
at 240 V/cm. Moreover, the values of 𝑁eff for the 2016 data are now compatible for all fits
except the 𝑧-resolution at 130 V/cm, which as the worst fit quality and should be treated with
care. Now the main difference between the two data sets in the transverse resolution is due
to the discrepancy of the transverse diffusion, which is still significantly lower in the 2016
data.

8.3. Extrapolation to ILD Parameters
The measurements of the point resolution can be used to estimate the resolution in the
ILD TPC with a magnetic field of 3.5 T and a drift length of 2350 mm. The TDR for the
ILC [105] states the requirements for the TPC. The transverse point resolution is supposed
to be below 100 µm at the full drift length and to reach ∼60 µm at zero drift distance. The
corresponding goals for the longitudinal resolution are 1.4 mm and 0.4 mm for the full drift
length and zero drift distance, respectively.

For the extrapolation of the transverse point resolution, the reduced transverse diffusion
due to the higher magnetic field needs to be taken into account in equation (8.9) on page 120.
Therefore, Magboltz is used to simulate the diffusion coefficients 𝐷t for T2K gas in the
3.5 T magnetic field. For the drift fields of 240 V/cm and 130 V/cm the resulting values
are (31.83 ± 0.36) µm/√cm and (21.81 ± 0.20) µm/√cm, respectively. The other parameters,
i.e. 𝜎𝑟𝜑,0, 𝑁eff and 𝐴, including their correlations are taken from the fits to data using the
final settings in table 8.6. From experience with existing experiments with large gaseous
detectors, e.g. the ALICE and T2K TPCs [171, 193], gas contaminations causing electron
attachment, i.e. oxygen, can be expected to be well under control in the final detector, with
values of less than 5 ppm being a realistic assumption. Therefore, an additional extrapolation
is performed with the electron loss removed, by setting the attachment coefficient 𝐴 to zero.
In contrast to ref. [223], here also the uncertainty on the attachment coefficient is assumed
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Figure 8.17.: Extrapolation of the transverse point resolution to the ILD TPC. The coloured
bands represent the 95 % confidence interval. The horizontal dotted lines at 100 µm mark the
goal for the ILD TPC at the full drift length of 2350 mm.

to be zero, leading to an overall smaller uncertainty on the extrapolation. In the following
the results for the 2016 data set are shown, as here the measured diffusion coefficient 𝐷t
agrees better with the corresponding simulation than for the 2013 data. Since apart from
this the parameters are very similar in both data sets, also the extrapolations are in good
agreement. In figure 8.17 the predictions of the 𝑟𝜑-resolution for the ILD TPC are shown
for the drift fields of 240 V/cm and 130 V/cm. The coloured bands represent the 95 % con-
fidence intervals calculated from the uncertainties of the parameters. It is clearly visible that
the goal of a transverse resolution better than 100 µm over the full drift length of 2350 mm
cannot be reached with the rate of electron attachment present in the prototype setup. On the
other hand, if the attachment is well suppressed the requirement can be fulfilled with either
drift field. The lower diffusion coefficient in the 130 V/cm drift field results in an improved
transverse resolution at long drift distances, making the goal easier to achieve.

For the longitudinal resolution the projection is straight forward, since the longitudinal
diffusion is not influenced by the magnetic field strength. Therefore, the fitted parameters
in table 8.7 can be used directly. In figure 8.18 the projections of the 𝑧-resolution for the
ILD TPC are shown for the drift fields of 240 V/cm and 130 V/cm. Due to the fluctuations
between the measurements in the 130 V/cm data the fitted parameters 𝑁eff and 𝐴 differ sig-
nificantly from the other data sets. To be noted in particluar is that the fitted value of 𝐴 is
negative for this drift field. Since this is unphysical, the extrapolation from this measurement
is of doubtful accuracy and only shown for completeness. With the drift field of 240 V/cm
the requirements for the 𝑧-resolution of the ILD TPC are easily fulfilled.

Generally, using the new data set the applicability of the presented readout system for the
ILD TPC is confirmed and the results are in concordance with the results from ref. [223]
for the extrapolation of both the 𝑟𝜑-resolution and 𝑧-resolution.
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Figure 8.18.: Extrapolation of the longitudinal point resolution to the ILD TPC. The coloured
bands represent the 95 % confidence interval. For the drift field of 130 V/cm the fitted electron
attachment coefficient is negative, see table 8.7, resulting in the seemingly better performance
of the fit with e− loss. This behaviour is unphysical and the plot is only shown for completeness.

8.4. Summary
The existing data from a beam test in 2013 was compared in several observables with the
results from a beam test with a new generation of readout modules in 2016. Good agree-
ment between both data sets as well as corresponding simulations was found in the drift
velocity and the measured charge, i.e. the gas amplification. Small differences were found
in the width of the PRF, the average length of the charge pulses and the transverse resolu-
tion. Various influences on these observables were investigated and subsequently excluded
as possible causes, including the gas quality, environmental conditions and field settings as
well as the angle of the beam relative to the detector and the noise of the electronics. Since
no underlying cause could be determined conclusively, the pulse thresholds were adjusted
according to the observed difference in the signal length. This resulted in a very good agree-
ment of the transverse resolution but did not resolve the difference in the PRF nor does it
provide an explanation for the observed discrepancies. As the narrower PRF and shorter
signal length in the 2016 data suggest a lower transverse and longitudinal diffusion, respect-
ively, it was hypothesised that this may be caused by more homogeneous electric fields due
to the less distorted GEMs used in the new setup. This hypothesis could not be verified with
the available data and a dedicated measurement or simulation study was not in the scope of
this thesis. Finally, the results of the resolution measurement were extrapolated to the size
and conditions of the ILD TPC. Here it was found that the defined goals can be achieved if
a high gas quality is ensured, confirming the findings in ref. [223].
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9. Analysis of the Specific Energy Loss
In this chapter the capabilities of the GEM readout system regarding the measurement of the
specific energy loss d𝐸/d𝑥 of particles are explored. The data set used for this was recorded
during the beam test in 2016. The data was taken at various drift distances with a drift field
of 240 V/cm in a magnetic field of 1 T. Most of the analysis is performed on data where the
electron beam traverses the TPC under small angles relative to the readout.

First, the general method to determine the d𝐸/d𝑥 resolution of the data sample is de-
scribed in section 9.1. This is followed by the determination of the best d𝐸/d𝑥 estimator
in section 9.2. In section 9.3 two methods are presented that emulate the calibration of the
charge measurement as it would be performed in the final detector. Finally, in section 9.4 a
method is presented that allows to extrapolate the results to the size of the ILD TPC based
on the measured data alone.

9.1. Determining the d𝐸/d𝑥 Resolution
As detailed in section 3.1, the energy loss of particles in the momentum ranges that are of
concern here proceeds mainly through ionisation of the surrounding medium. Therefore the
liberated charge is expected to be proportional to the lost energy. This allows to determine
the resolution of the specific energy loss directly from the measured charge. The average
energy loss of a particle is estimated from the individual charge measurements of the hits
associated to its track in the TPC. To avoid a biased result, the hits are required to fulfil
certain quality criteria, which are discussed in section 9.1.1. Afterwards, on average 56.5
hits per track are viable for the d𝐸/d𝑥 calculation. The charge of each hit is determined as
described in section 7.3. To calculate the specific energy loss the charge 𝑄 of each hit is
normalised to the sample length 𝛥𝑥 of the track segment over the corresponding row:

𝛥𝐸
𝛥𝑥 ∝ 𝑄

𝛥𝑥 (9.1)

with 𝛥𝑥 = 𝛥𝑠/ cos 𝜆 , (9.2)

where the length 𝛥𝑠 is the path length between the two intersection points of the recon-
structed track with the inner and outer edges of the respective row in the projection onto
the readout plane. To simplify the calculation, instead of the full arc length, the straight dis-
tance between these two points is used, as is sketched in figure 9.1. While this ignores the
curvature of the track, the error is expected to be negligible due to the small height of the
rows compared to the track curvature. This length is then adjusted for the dip angle 𝜆 of the
track relative to the readout plane.
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ℎ
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𝑟i

𝛥𝑠

Figure 9.1.: The definition of the track segment length 𝛥𝑠. It is given by the straight distance
between the intersection points of the projection of the track onto the readout plane with the
inner and outer radius of the row, 𝑟i and 𝑟o, respectively. The curvature of the track is greatly
exaggerated.

As explained in section 3.1, the statistical fluctuations of the primary ionisation density
are expected to follow a Landau distribution, which does not have a well defined mean value
due to a strong tail towards large values of 𝛥𝐸/𝛥𝑥. A proven method to gain a robust estimate
for the energy loss of a track from such a distribution is to discard a fixed fraction of the
highest charge hits and calculate the mean of the truncated distribution [245]. The optimal
fraction of samples to use in the calculation of the mean was determined to be ∼75 %, as
is shown in section 9.2. Using this method the average energy loss d𝐸/d𝑥 = ⟨𝛥𝐸/𝛥𝑥⟩75 is
calculated for each track, resulting in the distribution in figure 9.2a. A Gaussian fit in a range
of ±3 𝜎 around the mean of the distribution is performed. As can be seen in comparison
with the fit, the distribution is not perfectly Gaussian but slightly skewed due to a small
enhancement of the upper edge. Therefore, the resolution is determined not from the fit but
from the RMS of the central 90 % (RMS90) of the distribution. The RMS90 value is scaled
such that for a perfect Gaussian distribution it is equal to the standard deviation. Since no
absolute calibration of the charge measurement is available, the relative resolution as given
by RMS90/mean is used in all following analyses.

As is shown in figure 9.2b, no significant dependence of the d𝐸/d𝑥 resolution on the drift
distance, e.g. as could be expected from electron attachment, can be observed. This allows to
use the average of the individual measurements as a more accurate estimate of the resolution.
This average value is calculated to be 𝜎d𝐸/d𝑥 = (8.95 ± 0.02) %, where the uncertainty is the
standard error of the weighted mean of the individual measurements. The standard deviation
of these measurements of 0.14 % can be interpreted as an additional systematic uncertainty.

9.1.1. Hit Selection
To avoid biases on the d𝐸/d𝑥 measurement, hits that are expected to have a biased measure-
ment of the charge are excluded from the calculation. The best example are hits that contain
a dead readout channel, causing part of the arriving electron cloud to be lost. The same goes
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Figure 9.2.: d𝐸/d𝑥 measurement with the large TPC prototype. (a) The distribution of the
d𝐸/d𝑥 values from all tracks in one measurement, which is used to determine the d𝐸/d𝑥 res-
olution. (b) The dependence of the d𝐸/d𝑥 resolution on the drift distance. The horizontal line
marks the weighted average of the measurements.

for hits directly next to a dead channel, since here it is unknown how much charge ended up
on the dead pad. Due to faulty connections of some of the readout cables in the prototype
setup, 15 pad rows had too many dead channels in the path of the beam to produce a signifi-
cant amount of valid hits. Since such an issue would not be present in the final system, these
rows are excluded from the analysis before any of the following cuts, reducing the maximum
possible number of viable hits from 84 to 69. This number is used for the calculation of the
presented cut efficiencies. Outside of the excluded rows, in total 2 % of hits are affected by
dead channels.

Events with more than one reconstructed track are excluded from this analysis. However,
the data may still contain remnants of unresolved tracks and in the worst case unresolved
overlapping hits. These double hits contain charge from two tracks and thus must either be
separated or excluded. Therefore both the pulse and the hit finding algorithm try to identify
double hits. The pulse reconstruction algorithm searches for double peak structures in the
pulse shapes, which indicate two hits in close vicinity in the drift direction. While the pulse
finder can attempt to separate these pulses, the resulting estimate of the charge is question-
able since the shaper may react in unforeseen ways to the irregular signal shape. The hit
finding algorithm checks for double hits in the drift direction as well as the transverse plane.
In the drift direction, hits are tagged as potential double hits if any pad contains more than
one pulse within the allowed window of arrival time. In the transverse plane, double hit
candidates are identified by looking for a local minimum in the charge distribution between
adjacent pads. In total, about 5 % of hits are considered multi hit candidates by either of the
algorithms.

Due to the field distortions at the module edge a fraction of the drifting electrons are
deflected onto the frame of the GEM or into the gap between modules. From simulation
studies presented in ref. [169] a charge loss of up to ∼20 % on row 0 and ∼40 % on row 27
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Figure 9.3.: The effect of the hit quality cuts. (a) The efficiency of the cuts if applied success-
ively. (b) The distribution of the resulting number of valid hits on a track after all cuts.

could be expected. For the row numbering scheme see section 4.1. In figure 9.8b on page 144
the average measured charge corrected for the local inclination of the track on each row is
shown. It is visible, that the actual losses are smaller than predicted with only ∼20 % on
row 27 and no visible loss on row 0. The difference might result from the higher potential
used on the field shaping wire during the beam test compared to the simulation. Also visible
is an apparent reduction of the charge on rows 13 and 14, the two rows next to the central
azimuthal strut of the GEM frame. The causes for this are different for the two rows. On the
one hand, the bar partially overlaps with row 14, reducing the effective row height, which is
not reflected in the geometry description. On the other hand, for technical reasons the pitch
of row 13 in the geometry description is slightly larger than the actual physical height of this
row. In both cases the result is an overestimated length of the track segment. As is shown in
section 9.3, these effects, actual charge loss at the module edges and erroneous row height,
can be recovered through calibration of the charge on each row. However, since the channel
calibration method in section 9.3.1 is strongly affected by the vicinity of the ceramic frames,
hits on the four rows next to the frame are excluded from all d𝐸/d𝑥 calculations to make
the results comparable between the correction methods. This is also the reason no attempt
was made to adjust the geometry description to account for rows 13 and 14. In principle the
same issue arises for hits at the ends and in the centre of each row, next to the radial struts
of the GEM frames. However, the beam was positioned such that there are almost no hits at
these locations.

Figure 9.3a shows the cumulative efficiency of the successive application of each cut for
a representative run. The final efficiency of all cuts combined is about 0.82. As can be seen
in the distribution in figure 9.3b, after the cuts on average 56.5 hits per track are viable for
the d𝐸/d𝑥 calculation, with a standard deviation of 2.3 hits. If the four rows at the edges and
next to the central azimuthal bar of each module can be recovered as described above, the
total efficiency is increased to ∼0.95.
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9.2. Comparison of different Estimators
As described in section 9.1, due to the shape of the distribution of 𝛥𝐸/𝛥𝑥, shown in fig-
ure 9.4a, its mean is strongly influenced by the tail towards large values and may not even
be well defined, as in the case of a Landau distribution. Therefore, the resolution depends on
the method used to estimate the average d𝐸/d𝑥 value of a track from the individual samples.
A widely used approach to gain a robust value is to calculate the mean of a truncated dis-
tribution, ignoring fixed fractions of the hits with the highest and lowest charge [245, 246].
The optimal fractions of samples to reject in the calculation of the mean need to be de-
termined experimentally. A different approach, which was adopted for the drift chamber of
the H1 experiment at HERA [247], is to apply a transformation to the measured values of
𝛥𝐸/𝛥𝑥 that results in a more well behaved distribution. The transformation that was found
to produce the best results is

𝑓(𝛥𝐸/𝛥𝑥) = 1
√𝛥𝐸/𝛥𝑥

. (9.3)

As can be seen in figure 9.4b, the resulting distribution is much narrower than the original
one, since the tail is compressed into a shoulder on the rising edge. The effect of this shoulder
may be further reduced by applying a truncation before the transformation. The inverse
transformation is applied to the average calculated for each track to determine the resolution.

With the increase in available computing power it has become feasible to perform a max-
imum-likelihood fit of the expected distribution to the measured samples of 𝛥𝐸/𝛥𝑥. This of
course requires knowledge of the shape of the expected distribution [124]. As can be seen
in figure 9.4a, the measured distribution diverges from the Landau shape expected from the
fluctuations of the primary ionisation [138]. The Landau distribution is still a sensible de-
scription of the measured distribution but it overestimates the tail. A similarly good match
to the core of the distribution is found in the log-normal distribution but this strongly un-
derestimates the tail seen in the measurement. As shown in figure 9.4b, the distribution
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Figure 9.4.: The distribution of the measured 𝛥𝐸/𝛥𝑥 sample values. (a) The distribution dir-
ectly as measured. (b) The distribution under the transformation (9.3).
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Figure 9.5.: Comparison of the different d𝐸/d𝑥 calculation methods. (a) The achievable res-
olution with each method. The solid lines represent polynomial fits of third order, used to de-
termine the location and value of the minimum. (b) The 𝜒2/𝑛df of a Gaussian fit to the d𝐸/d𝑥
distribution.

transformed under equation (9.3) is equally well described by a log-normal distribution.
While neither the Landau nor the log-normal distribution describe the data perfectly, they
are close enough to test the general concept.

The different approaches introduced above are applied to the beam test data to determine
the method that achieves the best d𝐸/d𝑥 resolution. For the first two methods, the tradi-
tional truncated mean and the truncated mean under the transformation (9.3), this includes
optimising the fractions of samples to reject at the edges of the distribution. Truncation at
the low charge edge is found to only deteriorate the resolution. Therefore, truncation is only
performed at the high charge edge. The results for various fractions of samples remaining
in the distribution are shown in figure 9.5, split in (a) the resulting resolution and (b) the 𝜒2

value per degree of freedom of a Gaussian fit to the d𝐸/d𝑥 distribution. The latter can be
seen as a measure of potential biases on the d𝐸/d𝑥 measurement that are not accounted for
by the determined resolution.

The truncated mean shows a shallow minimum of the d𝐸/d𝑥 resolution at a fraction of
∼75 % of samples used for the calculation. As can be seen in figure 9.5a, this also marks the
best resolution gained by any of the methods. Therefore, this method is used for all other
results presented in this chapter. For the transformed data the best achievable resolution is
slightly worse at an optimal truncation fraction of ∼90 %. For both methods the Gaussian
fit reaches 𝜒2/𝑛df ≈ 2 at these fractions and does not improve for stronger truncation. As
visible in figure 9.2a on page 137, this deviation from the optimal value of 𝜒2/𝑛df = 1 is
caused by a slight asymmetry of the distribution, due to an enhancement of the falling edge.

The best result with the maximum-likelihood method is achieved using the Landau distri-
bution but the resolution is again slightly worse than either of the truncation methods. The
presented log-normal fit is performed on the transformed distribution, since the result using
the untransformed distribution is much worse. This is likely due to the bad description of
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the tail of the distribution, which can bias the fit significantly. In the transformed distribu-
tion the samples making up the tail are confined to a narrow interval, reducing the possible
impact on the positional parameter of the fit, but it does not quite reach the resolution of
the Landau fit. In general, the maximum-likelihood method requires about 10 times more
computing time than the other options.

9.3. Charge and Gain Calibration
Identification of particles by their specific energy loss requires that systematic errors on the
measurement of the energy loss be kept below ∼1 % [248, 246]. Therefore, local variations
of the charge measurement that lead to a dependence on the track direction must be known
and corrected for with this precision. This requires a calibration of the gas amplification and
the electronics gain for each readout channel.

Various methods can be applied to measure the local gas gain. Outside of the detector,
i.e. after assembly of a module, X-ray sources with a known energy spectrum, e.g. iron-55
(55Fe) or X-ray tubes, can be used to scan the readout area of each module. This allows to
determine an absolute calibration factor for each position due to the known energy equivalent
of the produced charge clusters. This method was used to test the gain homogeneity of the
GEM readout chambers of the ALICE TPC upgrade [171]. The downside of this method
is that it cannot easily account for changes of the gas amplification over the lifetime of a
readout module. This can be overcome by an in-situ measurement of the gas gain in the
assembled detector, which can be repeated at any point during the lifetime of the TPC. Here
the challenge is to introduce clusters of known charge into the active volume of the TPC. A
method that was developed for the ALEPH [249, 250] and DELPHI [251] experiments and
has been applied successfully by the NA49 [252] and ALICE [160] experiments is to inject
a small concentration of a radioactive isomer of Krypton-83 (83𝑚2Kr) into the counting
gas. Unfortunately, none of these methods is applicable for the prototype setup used in the
beam test. To start, the Krypton-83 method requires a complex system for the generation and
injection of the 83𝑚2Kr, since the short half-life of the isomer prevents effective storage of
the gas. It is further complicated by the precautions necessary for the use of a radioactive gas
in the existing gas system, since it would prohibit the exhaust to stay open to the environment
but require an equally complex system for recovery and filtering of the gas mixture. An ex-
situ scan with an 55Fe source, while in principle possible, was prevented by time constraints,
since in absence of an automated setup the scan would have to be performed manually.

The calibration of the electronics gain is best achieved by an internal calibration circuit
that induces pulses of predetermined amplitude into each channel, allowing to measure the
response curve. Unfortunately, no such system is implemented in the present readout elec-
tronics.

Therefore, alternative methods for both calibrations were investigated. To calibrate the
electronics of the ALICE TPC the cathode wire planes of the readout chambers could be
pulsed, injecting a charge into the readout pads via the capacitive coupling [160]. In a similar
way it is possible to pulse the GEM electrode facing the pad plane in the readout modules.
This process is described in section 9.3.1. To calibrate the gas amplification, the data from
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the beam test were used. Since in each measurement run the beam passes only over a nar-
row section of each pad row, a relative correction can be determined from the average charge
measured on all rows, as explained in section 9.3.2. In section 9.3.3 the effect of these cor-
rections on the d𝐸/d𝑥 measurement and in particular the resolution is discussed.

9.3.1. Electronics Gain Calibration
The current implementation of the ALTRO electronics used for our setup does not provide
a channel calibration functionality but a similar effect is achieved by pulsing the common
electrode of the GEM closest to the readout anode, which then induces a rather uniform
signal into all readout channels. Unfortunately, this process was not foreseen in the design
of the modules. Therefore the common electrodes of all GEMs are facing away from the pad
plane but tests showed that enough signal is transmitted even when pulsing the electrode
facing away from the pad plane. Additionally, the protection resistors in the HV lines of the
GEMs prevent an effective pulsing through these lines and no bypass is implemented in the
modules. On two of the three modules the hindering resistor could be bridged manually in
the running setup by connecting the pulse generator via a probe to a soldering pad behind
the resistor, thus enabling the measurement. On the third module the access to the pad was
blocked by the data cables connecting the module to the readout electronics. A sketch of the
electric scheme of the pulsing setup is shown in figure 9.6.

By inducing square pulses of various peak voltages a calibration curve from ADC counts
to pulsing voltage can be measured for each channel. Due to the unknown capacitance 𝐶pad
no absolute calibration to charge is possible. The response curves are linear but include
an offset that is not expected after pedestal subtraction. In channels up to three pads away
(∼3 mm) from the ceramic frames of the GEMs, much higher calibration factors are ob-
served than in other channels. This is due to the high permittivity of the alumina ceramics
compared to the gas, which increases the capacitive coupling between the GEM electrode
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ALTRO electronics𝑅prot

Figure 9.6.: Sketch of the electric scheme of the pulsing setup for the calibration of the electron-
ics channels. 𝐶GEM denotes the capacitance of the GEM and 𝐶pad is the capacitance between
the GEM electrode facing the pad plane and a single pad. 𝑅prot is the bridged protection resistor,
which is 𝑅2 in figure 4.3 on page 53.

142



9.3. Charge and Gain Calibration

0 500 1000 1500
calibration slope [ADC/V]

0

100

200

300

400

#
ch

an
ne

ls

accepted

excluded

(a) Calibration slopes.

−0.2 −0.1 0 0.1 0.2
calibration offset [V]

0

50

100

150

200

250

#
ch

an
ne

ls

accepted

excluded

(b) Calibration offsets.

Figure 9.7.: Distributions of the channel calibration parameters as determined from the pulsing
measurements. The red curves represent Gaussian fits to the data within a range of ±3 standard
deviations around the mean.

and the pads and leads to a higher charge being induced at the same voltage. Since the
actual electron signals are not affected by the presence of the ceramics in this way, the
calibration gives wrong results for these channels. Therefore all analyses in this chapter
that make use of this calibration method exclude hits with pulses on pads adjacent to the
ceramic frames, in particular all hits on rows 0, 13, 14 and 27 of each module. The dis-
tributions of slopes and offsets in the accepted and the excluded channels are shown in
figure 9.7. The calibration factors in the accepted channels are distributed around a mean
of ⟨𝑠⟩ = (701.41 ± 0.85) ADC/V and the average offset is ⟨𝛥𝑞⟩ = (32.17 ± 0.31) mV, both
determined from Gaussian fits to the distributions. In addition a time calibration could be
performed on this data but first studies showed that the variation between channels is small
(𝒪(ns)) and not relevant for this analysis.

Using these calibration parameters the measured charge on a pad is corrected according
to

𝑞corr
𝑖 =

𝑞meas
𝑖
𝑠𝑖

− 𝛥𝑞𝑖 , (9.4)

with the calibration factor 𝑠𝑖 and offset 𝛥𝑞𝑖 of the respective readout channel 𝑖. To be able to
compare the calibrated measurements to the uncorrected data the resulting values are again
multiplied by the average calibration factor ⟨𝑠⟩:

𝑞corr
𝑖 → 𝑞corr

𝑖 ⋅ ⟨𝑠⟩ . (9.5)

Since the average offset is greater than zero, the mean of the d𝐸/d𝑥 distribution is shifted
to lower values compared to the uncalibrated data. As the absolute width of the distribution
is unaffected by the offset, this results in a worse relative d𝐸/d𝑥 resolution. Therefore for
the comparison of the calibration methods in section 9.3.3 the data that is not calibrated
in this way is shifted by the average offset ⟨𝛥𝑞⟩ ⋅ ⟨𝑠⟩ = (22.55 ± 0.22) ADC to allow for a
fair comparison. As is shown in figure 9.8a, this results in a consistent d𝐸/d𝑥 mean value
between the calibrated and uncalibrated data.
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Figure 9.8.: (a) Comparison of the mean d𝐸/d𝑥 value in the channel calibrated data to the
uncorrected data with and without the average charge offset applied. (b) Comparison of the
average charge of hits on each row between the uncorrected data and the data with the row
charge correction applied. The vertical dashed lines mark the location of the module edges.

9.3.2. Average Row Charge Correction
To emulate the effect of a local gas gain calibration, a correction method was applied that
uses the measured data to determine a correction factor for each row of the readout. Since
the angular spread of the electron beam is quite small all tracks intersect each row in only
a narrow region. This allows to reduce the normally required two dimensional correction
map, i.e. one calibration factor per readout pad, to a one dimensional problem with one
correction factor per readout row. To reduce biases, the correction factors are calculated
only from a subset of 1000 events in each run and then applied to the remaining events.
For straight tracks with a constant inclination relative to every row these correction factors
could be calculated from the average measured charge of hits on each row ⟨𝑄⟩row. Since the
tracks bend in the magnetic field and the inclination changes from row to row, the measured
charge needs to be corrected for angular effects. Therefore, the measured charge on each
row is normalised to the length of the track segment over the respective row according to
equation (9.1). The average of this quantity on each row ⟨𝑄/𝛥𝑥⟩row is again normalised to
the mean of all rows so that the correction is given by

𝑄corr
row = 𝑄meas

row ⋅
1

𝑁rows
∑𝑁rows

𝑖=0 ⟨𝑄/𝛥𝑥⟩i

⟨𝑄/𝛥𝑥⟩row
(9.6)

and the average correction factor over all rows is one.
In figure 9.8b the effect of this correction on the average charge on each row is shown.

By eye, the fluctuations between the rows are greatly reduced. Quantitatively, the relative
standard deviation of all rows before the correction is 9.5 % and afterwards it is 2.4 %. Ig-
noring the rows at the module edges and next to the central bar of the GEM frames, which in
section 9.1.1 were found to measure a reduced charge, the corresponding values are 6.5 %
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9.3. Charge and Gain Calibration

and 2.3 %. As visible in the figure, in particular these rows are brought back closer to the
average. This shows that after a calibration of the local gain, samples in locations where
some charge is expected to be lost, e.g. due to field distortions, can be recovered for the
measurement of d𝐸/d𝑥. Also visible in the figure is a difference in the average charge meas-
ured on the individual modules, likely caused by slight differences in the HV supplied to
the GEMs. The difference between the module with the highest average (module 0) and the
lowest average (module 3) is reduced from 10.0 % without to 0.8 % with the correction. This
shows the importance and the effectiveness of such a calibration to reduce regional biases
like this.

9.3.3. Effect on the d𝐸/d𝑥 Measurement
To gauge the effect of the charge calibration on the d𝐸/d𝑥 measurement the same data were
processed in total four times. Once with each of the two calibrations applied, once with
neither, and once with both. As explained at the end of section 9.3.1, in the cases were the
channel calibration is not used, still the average charge offset is corrected for a fair compar-
ison. Figure 9.9a shows the d𝐸/d𝑥 resolution determined in several measurements at various
drift distances for these four cases. There is no large difference visible between any of the
calibration states, which is expected since the d𝐸/d𝑥 resolution is dominated by the fluc-
tuations of the primary ionisation. The average improvement from the uncalibrated to the
fully corrected data is (0.089 ± 0.078) % absolute, which is almost compatible with zero and
anyway smaller than the systematic uncertainty of 0.14 % absolute due to the fluctuations
of the resolution between the individual measurements.

On one hand, this shows the equal importance of a charge calibration against environ-
mental effects, i.e. changes of temperature and pressure, which have a strong influence on
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Figure 9.9.: Comparison of the d𝐸/d𝑥 measurement with different levels of charge calibration.
(a) The d𝐸/d𝑥 resolution. The horizontal dashed and solid lines mark the average resolution of
the uncalibrated data and the fully corrected data, respectively. (b) The corresponding average
energy loss.
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9. Analysis of the Specific Energy Loss

the gas gain. As can be seen in figure 9.9b, the average measured energy loss changes sig-
nificantly over the course of several measurement runs, since in the current setup no system
for such a calibration is implemented. One possibility to continuously determine a correc-
tion for these effects are dedicated monitoring chambers that measure the gas gain under
the same conditions as the main chamber. An example for the successful implementation of
such a system are the TPCs in the near detector of the T2K experiment [193].

On the other hand, the rather small active area and number of channels in the large TPC
prototype limit the probability of large local variations in the charge measurement. In a
larger setup such as the ILD TPC these calibrations become important to avoid local or dir-
ectional biases of the d𝐸/d𝑥 measurement and achieve the required precision as established
in chapter 5.

9.4. Extrapolation to ILD Parameters

To extrapolate the d𝐸/d𝑥 resolution to the size of the ILD TPC with up to 220 hits one needs
to determine the improvement with increasing number of samples 𝑁 on a track. Experience
with past experiments has shown that this dependence does not follow the naively expected
1/√𝑁 behaviour. Instead, power laws 𝜎d𝐸/d𝑥 = 𝜎0 ⋅ 𝑁−𝑘 with exponents 𝑘 < 0.5 are found
to describe the data best [253–255], e.g. 𝑘 = 0.43 at the OPAL Jet Chamber [246].

To determine the exact dependence from the beam test data itself, a method is applied
that combines recorded d𝐸/d𝑥 samples of real tracks to emulate the energy loss of pseudo
tracks with an arbitrary number of samples. For each pseudo track, d𝐸/d𝑥 samples are ran-
domly selected from the existing real tracks until the chosen number is reached. Due to the
implementation of the analysis software the data is processed event by event. Therefore it is
infeasible for this process to choose samples randomly from all tracks in one measurement.
Instead they are taken from the track in one event at a time until each sample from this track
is used exactly once. If the pseudo track is supposed to contain more samples than are avail-
able from the real track in the event, it is continued with samples from the next event. This
is possible since the beam energy spectrum is reasonably narrow and at the beam energy the
energy loss of electrons depends only weakly on their momentum. This process is repeated
for various numbers of d𝐸/d𝑥 samples on the pseudo tracks until all samples associated to a
real track in the measurement are used exactly once. In total 25 ensembles of pseudo tracks
with 4 to 220 samples are created this way.

For each ensemble of pseudo tracks the d𝐸/d𝑥 resolution is determined as described in
section 9.1. Similar to there, for each point the average resolution of all individual measure-
ments at different drift distances is calculated. In figure 9.10 the resulting resolution for the
various track lengths up to 220 samples is shown. A power-law fit finds an exponent of 𝑘 =
0.480 ± 0.003 and 𝜎0 = (58.7 ± 0.9) % for the fluctuation of single samples, which is dom-
inated by the fluctuations of the primary ionisation. Using these parameters the resolution is
determined to be 𝜎d𝐸/d𝑥(220) = (4.41 ± 0.02) % and 𝜎d𝐸/d𝑥(165) = (5.06 ± 0.02) % for
the large and small option of the ILD TPC, respectively. In both cases the standard deviation
of the individual measurements, indicating an additional systematic uncertainty, is ∼0.10 %.
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Figure 9.10.: The d𝐸/d𝑥 resolution achieved with pseudo-tracks of different length, created
as described in the text. The solid line describes a power-law fit. As a comparison the value
directly measured with the large TPC prototype is included. The dashed curve represents a
power law adjusted to fit this measurement as described in the text.

Calculating the resolution for the average track length in the LP setup from the fit para-
meters results in 𝜎d𝐸/d𝑥(56.5) = (8.43 ± 0.03) %, deviating significantly from the value of
𝜎d𝐸/d𝑥(LP) = (8.95 ± 0.02) % determined in section 9.1, even when considering an addi-
tional systematic uncertainty of 0.16 % absolute due to the spread of the number of hits in
the LP data. This may hint at a bias caused by the pseudo-track method. A potential source
of this bias are correlations between samples on one pad row in consecutive events, that
are included in the same pseudo track. Under this assumption, pseudo tracks with a small
number of samples should be least affected by this bias. Therefore the fitted value of 𝜎0 is
assumed to be correct. Then, the bias on the extrapolation can be estimated by adjusting the
exponent 𝑘 so that the power law matches the measurement with the large TPC prototype.
This results in 𝑘 = 0.465 ± 0.004 and a resolution of 𝜎′

d𝐸/d𝑥(220) = (4.77 ± 0.03) % and
𝜎′

d𝐸/d𝑥(165) = (5.46 ± 0.03) % for the large and small ILD TPC, respectively. The adjusted
power law is displayed in figure 9.10 as the dashed curve.

In either of the cases above, perfect efficiency of the TPC is assumed but as detailed
in section 9.1.1 the number of available samples on real tracks is reduced by hit quality
cuts. As is shown in section 9.3.2, hits at the edges and next to the ceramic frames of the
modules can be recovered after calibration. Therefore the cut that removes hits on these
rows can be ignored here. From figure 9.3a on page 138 it can be seen that this leaves an
inefficiency of ∼5 % from the remaining cuts, mostly due to multi-hit candidates. Taking
this into account and ignoring the potential bias, the d𝐸/d𝑥 resolution for the large and
small option of the ILD TPC is increased to 𝜎d𝐸/d𝑥(0.95 × 220) = (4.52 ± 0.02) % and
𝜎d𝐸/d𝑥(0.95 × 165) = (5.19 ± 0.02) %, respectively.

This shows that the expectation of a d𝐸/d𝑥 resolution of 5 % stated in ref. [105] can be
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fulfilled with the GEM modules in the default large option of the ILD. Also with the small
option of the ILD that value is exceeded only slightly.

9.5. Summary
A procedure was established to determine the resolution of the specific energy loss meas-
urement for the large TPC prototype setup. To this effect the optimal d𝐸/d𝑥 estimator was
determined to be a truncated mean calculated on a fraction of 75 % of the smallest charge
samples. Estimators based on a maximum-likelihood fit of the charge spectrum were found
to give slightly worse resolution at a much higher computing cost. However, with further
investigation these methods may still be improved. Furthermore, two methods for a calib-
ration of the charge measurement in the prototype setup were successfully implemented,
which are a prerequisite for avoiding directional biases caused by local deviations of the
gas gain or response of the electronics. Finally, the data was extrapolated to estimate the
d𝐸/d𝑥 resolution achievable with the ILD TPC, showing that the expected value of 5 % can
be reached.
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10. Summary of Part I
In this part of this work the design and production procedure for the GEM readout modules
were reviewed and revised. In particular the method for gluing and mounting the GEMs on
the ceramic frames was improved. To this end the parameters for application of the glue
were optimised. Furthermore a new tool was commissioned that was designed to make the
mounting process more accurate and reproducible. To assess the quality of the tool assisted
GEM mounting procedure, the deflections of several mounted GEMs were measured. These
measurements show that the new tool assisted procedure reduces the average size of the de-
flections by a factor of 2.8 compared to the previously used method. Additionally, a more
consistent flatness and improved repeatability is observed. Parametrised calculations of the
effective gas gain in triple-GEM stacks show a corresponding reduction of the gain fluc-
tuations across the area of the GEMs. The calculations also revealed that the impact of
the GEM deflections on the gain stability depends on the gas mixture. With an RMS90 of
3.15 % the fluctuations in T2K gas are much larger than the other two tested mixtures, P5
and TDR gas with 0.92 % and 0.69 %, respectively. Additionally, the calculations indicate
that the introduction of a strong magnetic field can have a large negative impact on the gain
uniformity.

To assess the impact of the frame geometry on the deflections of the GEM foil, deflection
measurements with dummies of four different frame geometries were performed. Addition-
ally, mechanical simulations were carried out to investigate the distortions of the different
frame geometries under external loads and internal stresses. The options included the exist-
ing frame design with 2 × 2 cells, a 1 × 4 design without a central radial strut, as well as a
2 × 3 and a 3 × 3 design with additional struts. The measurements reveal only little differ-
ence between the four geometries. The simulations show that the current design is already
close to optimal in terms of mechanical rigidity.

Using the new production method a set of three modules was build and tested at the
DESY II Test Beam Facility. The resulting data was then compared to existing data from a
previous beam test, using several observables related to the spatial resolution. Good agree-
ment between both data sets was found for the drift velocity and the measured charge, i.e. the
gas amplification. Small differences were found in the width of the PRF, the average length
of the charge pulses as well as the transverse point resolution. Various influences on these
observables were investigated and subsequently excluded as possible causes, including the
gas quality, environmental conditions and field settings as well as the angle of the beam
relative to the detector and the noise of the electronics. Since no underlying cause could
be determined conclusively, the pulse thresholds were adjusted according to the observed
difference in the signal length. This resulted in a very good agreement of the transverse
resolution. However, it did not resolve the difference in the PRF nor does it provide an ex-
planation for the observed discrepancies. The narrower PRF and shorter signal length in
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the new data suggest a lower transverse and longitudinal diffusion of the drifting electrons,
respectively. Therefore it can be hypothesised that the cause may be the more homogeneous
electric fields due to the less distorted GEMs used in the new setup. This hypothesis could
not be verified with the available data. In future, a dedicated study could provide valuable
insight in the performance impact of the flatness of GEMs. The results of the resolution
measurement were extrapolated to the size and conditions of the ILD TPC. It was found
that the defined goals can be achieved if a high gas quality is ensured, confirming the results
in ref. [223].

Finally a procedure was established to determine the resolution of the specific energy
loss measurement at ILD using the large TPC prototype setup. In the absence of an in-situ
charge calibration method for the prototype setup, two procedures for a relative calibra-
tion were successfully implemented. While one method uses the beam test data to determ-
ine the calibration, the other relies on signals induced by pulsing the lowest GEM in each
module stack. The optimal d𝐸/d𝑥 estimator was determined to be a truncated mean calcu-
lated on a fraction of 75 % of the smallest charge samples, reaching a relative resolution
of 8.95 ± 0.02 ± 0.14 % with the LP. Estimators based on a maximum-likelihood fit of the
charge spectrum were found to give slightly worse resolution at a much higher computing
cost. However, the analytical functions used to fit the charge spectrum do not describe it per-
fectly. Thus, with further investigations these methods may be improved. Lastly a method
was developed to extrapolate the data from the prototype to the ILD TPC. The results show
that the d𝐸/d𝑥 resolution goal of 5 % can be well achieved with the large ILD model but
would be exceeded slightly with the small ILD model.
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Part II.

Measurement of Light Quark Branching
Fractions of the Z at the ILC
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11. Introduction

The method used in this work was originally proposed in ref. [256] to determine the branch-
ing fractions of the Z into individual light quark flavours using the experiments at the Large
Electron-Positron Collider (LEP). Using a data set of 4.3 ⋅ 106 hadronic Z decays collec-
ted at the OPAL experiment, the branching fraction into d or s quarks 𝑅d,s was determined
to a total relative precision 𝛿𝑅d,s

/𝑅d,s ≈ 6 % [257], with about equal contributions from
statistical and systematic uncertainties. With the intended data set of the ILC at 250 GeV
containing about 120 ⋅ 106 e+e− → 𝑞 ̄𝑞 events a drastic improvement in the statistical preci-
sion could be expected. In addition, advances in detector technologies and design for the ILD
may help to make better use of the data set by increasing efficiencies and reducing systematic
uncertainties. The analysis presented here is intended to explore the possible improvement
and discuss the necessary reduction of systematic uncertainties.

11.1. Motivation

Within the Standard Model of particle physics, introduced in chapter 1, the interactions
of the fermions via the strong and electroweak forces are supposed to be universal for all
three generations except for effects resulting from the differences in mass. For leptons the
universality has been confirmed to high precision for both charged and neutral electroweak
currents [18]. The flavour universality of the strong interaction has been tested to a precision
of a few percent for b quarks, c quarks and inclusive light quark samples and to 𝒪(10 %)
for the individual light flavours [258–260]. The electroweak couplings have been precisely
measured for the heavy b and c quarks [18]. The measurement in ref. [257] quoted above
represents the precision achieved for the individual couplings of the light quarks to the Z.
Therefore, it is desirable to reach a higher precision also here to further test the flavour
universality of the gauge couplings.

The approach presented in ref. [256] tries to minimise the dependence on the specifics of
any models of the hadronisation process in the identification of the individual quark flavours.
Since the hadronisation process is non-perturbative, one has to make assumptions on how
to parametrise the production of hadrons. As the parameters of those models do not follow
from basic principles of QCD, they are subject to significant uncertainties. To reduce these
uncertainties, a variation of this method was explored in ref. [261]. While this approach is
not followed here, the methods are similar enough that the results of this work may allow to
estimate the possible reduction of uncertainties with the higher statistical power expected at
ILC compared to LEP.
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11.2. Method Overview
The basic observables intended to be measured in this analysis are the cross sections 𝜎 of
the process e+e− → 𝑞 ̄𝑞 for the individual light quark flavours 𝑞. In this work the analysis is
performed at tree level, where this is equivalent to measuring the couplings of the quarks to
the neutral electroweak gauge bosons γ and Z. The total cross section of the process depends
on the centre-of-mass energy √𝑠 and at tree level includes single photon and Z exchange,
𝜎γ and 𝜎Z, as well as the γ-Z interference term 𝜎γZ [18]:

𝜎0
𝑞 (𝑠) = 𝜎Z(𝑠) + 𝜎γ(𝑠) + 𝜎γZ(𝑠) (11.1)

𝜎Z(𝑠) = 12𝜋
𝑀Z

2
𝛤(e+e−)𝛤(𝑞 ̄𝑞)

𝛤Z
2

𝑠𝛤Z
2

(𝑠 − 𝑀Z
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2
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(11.2)

𝜎γ(𝑠) = 4𝜋(𝛼(𝑠))2

𝑠 𝑄𝑞
2 (11.3)
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. (11.4)

At LEP corrections for initial-state radiation (ISR) were included by convoluting equa-
tion (11.1) over a Radiator Function [18] 𝐻(𝑠, 𝑠′):

𝜎𝑞(𝑠) = ∫ 𝐻(𝑠, 𝑠′) 𝜎0
𝑞 (𝑠) d𝑠′ , (11.5)

where now √𝑠 is the total collision energy and √𝑠′ is the effective centre-of-mass energy after
ISR. This analysis uses data with √𝑠 = 250 GeV where effects due to ISR are much larger
than at LEP, in particular due to the radiative return to the Z-pole, see section 12.2. To use
these radiative return events, ISR must be fully reconstructed, as is discussed in section 13.1.
However, a similar correction may be necessary to account for the spectrum of √𝑠′.

For collisions with an effective centre-of-mass energy √𝑠′ equal to the mass of the Z, the
interference term 𝜎γZ vanishes and 𝜎γ is negligible compared to 𝜎Z. Therefore, the partial
decay widths 𝛤𝑞 ̄𝑞 of the Z can be measured directly from the total cross section:

𝛤𝑞 ̄𝑞 ≔ 𝛤(𝑞 ̄𝑞) ∝ 𝜎Z(𝑀Z) ≈ 𝜎0
𝑞 (𝑀Z) . (11.6)

For events away from the Z-pole, the beam polarisation at the ILC can be used to disentangle
the three contributions 𝜎Z, 𝜎γ and 𝜎γZ. Then 𝛤𝑞 ̄𝑞 can be determined from 𝜎Z as above.
Corrections due to QED and QCD effects in the final state can be included in the definition
of the 𝛤𝑞 ̄𝑞 [18]. However, for the measurement in ref. [257] the corrections were found to
be negligible.

As the analysis only looks at the hadronic events, the hadronic branching fraction

𝑅𝑞 ≔ 𝜎(Z → 𝑞 ̄𝑞)
∑𝑞 𝜎(Z → 𝑞 ̄𝑞) =

𝛤𝑞 ̄𝑞
𝛤had

=
𝑁𝑞

𝑁had
(11.7)
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will be used instead, where 𝛤had is the total hadronic width of the Z, 𝑁𝑞 is the number of
Z decays into the quark flavour 𝑞 and 𝑁had is the total number of hadronic Z decays in the
data. The main issue is then to efficiently identify events with the various quark flavours in
the detector. When identifying b and c quarks, secondary vertices as lifetime tags for B and
D hadrons and high 𝑝t leptons from semileptonic decays of these hadrons allow for purities
of more than 95 %, while keeping reasonable efficiencies [262]. Furthermore, the efficiency
can be extracted from data with high precision by taking advantage of double tagged events,
where a tag is present in both jets [263]. Using only single tags, the tagging efficiency 𝜖
has to be estimated from MC simulations, introducing systematic uncertainties that directly
affect the precision of the measurement. In case of 𝑅b

𝑁 tag
b = 𝜖b ⋅ 2𝑁had𝑅b + 𝑁bkg , (11.8)

where 𝑁bkg denotes contributions from misidentified charm and light quark jets. Instead, the
tagging efficiency can be inferred directly from the data by measuring the ratio of double-
tagged events to single tags. Ignoring backgrounds, the expected numbers of single and
double tags are

𝑁 tag
b = 𝜖b ⋅ 2𝑁had𝑅b

𝑁 tag
bb = (𝜖b)2 ⋅ 𝑁had𝑅b

⇒ 𝜖b = 2 ⋅
𝑁 tag

bb

𝑁 tag
b

, (11.9)

reducing the uncertainty on the efficiency to 𝛿𝜖b
/𝜖b ∼ (𝑁 tag

bb )
−1/2

, as long as the back-
grounds from c and light quarks are negligible.

To select a sample of light quarks with small backgrounds from c and b quarks, one
needs a different tag. For this, one can use stable or long-lived particles with high scaled
momentum

𝑥𝑝 = 2𝑝ℎ/√𝑠′ > 𝑥cut , (11.10)

where 𝑝ℎ is the momentum of the particle. This method efficiently rejects heavy quark jets,
since even though B and D mesons are often produced as leading particles, their high decay
multiplicity reduces the probability to obtain stable particles with high energy [264]. Other
than for b and c quark tags, this tag selects an unknown mixture of all three light flavours.
Therefore one has to disentangle the contributions of the individual flavours to determine
their branching fractions This can be achieved by identifying different leading particle spe-
cies, e.g. by their specific energy loss in the TPC of the ILD, see chapter 9 in part I of this
work. In ref. [47] it has been shown that the leading particle in each jet is more likely to
carry the primary (anti-)quark from the initial interaction, e.g. the leading particles in jets
from s quarks are expected to preferentially be kaons, while u and d quarks preferentially
produce leading pions. Unfortunately, also tags like these are in no way pure. For one, there
is the ambiguity, which of the valence quarks of the leading hadron carries the flavour in-
formation of the primary quark. In addition, even up to very high scaled momenta there is a
significant fraction of leading particles that carry no flavour information from the primary
quark, either resulting from decays of unstable resonances or directly from the hadronisa-
tion process [256]. The solution is to identify a set of hadron species with various flavour
contents. Following [257], for this analysis the chosen tagging hadrons are π±, K±, p(p̄),
K0

S and Λ(Λ̄), with the respective flavour contents of (ud), (us), (uud), (ds) and (uds).
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These hadrons were chosen since they can be separated by their d𝐸/d𝑥 (π±, K±, p(p̄)) or
identified by the invariant mass of their decay products (K0

S ,Λ(Λ̄)) with reasonable purities
and efficiencies, as is described in section 13.3. The different sensitivities of these hadrons
to the various quarks allow to disentangle the contributions of the individual quark flavours,
using only basic assumptions on symmetries of the hadronisation process following from
SU(2) isospin symmetry and flavour independence of QCD. Analogous to the case of heavy
quarks, the tagging efficiencies can be obtained from double-tagged events.

The basic observables are the number of tags 𝑁ℎ by a particle of species ℎ and the number
of double-tagged events 𝑁ℎ𝑘, with a tagging particle ℎ in one jet and 𝑘 in the other. The
relation of the 𝑁ℎ and 𝑁ℎ𝑘 to the branching fractions 𝑅𝑞 are given by the probabilities 𝜂ℎ

𝑞
for a jet with primary quark 𝑞 to be tagged by a particle ℎ:

𝑁ℎ
𝑁had

= 2 ⋅ ∑
𝑞

𝜂ℎ
𝑞𝑅𝑞 , (11.11)

𝑁ℎ𝑘
𝑁had

= (2 − 𝛿ℎ𝑘) ⋅ ∑
𝑞

𝜌ℎ𝑘 ⋅ 𝜂ℎ
𝑞𝜂𝑘

𝑞𝑅𝑞 , (11.12)

where 𝛿ℎ𝑘 is the Kronecker delta and the sums run over the quark flavours 𝑞 = d, u, s, c, b.
The 𝜌ℎ𝑘 take into account potential correlations between the tagging probabilities in op-
posite event hemispheres. These can arise from gluon radiation and exchange between the
primary quarks during fragmentation as well as from geometrical and kinematic constraints
imposed by the detector or the reconstruction and analysis. For the chosen set of five tag-
ging hadrons, equations (11.11) and (11.12) represent a system of 20 coupled, non-linear
equations. This includes 5 equations for the single tags 𝑁ℎ, 5 for double tags with identical
tagging particles in both hemispheres 𝑁ℎℎ and 10 equations for the double tags with differ-
ent tagging particles 𝑁ℎ𝑘, ℎ ≠ 𝑘, since the two tags are in no particular order. As is explained
in section 14.3, the branching fractions into heavy quarks, 𝑅b and 𝑅c, can be determined in-
dependently, as can the contributions of the heavy quarks to the individual tagged samples.
This leaves three unknown 𝑅𝑞 and fifteen unknown 𝜂ℎ

𝑞 . Since the unknowns appear in terms
of the products 𝜂ℎ

𝑞𝑅𝑞 and 𝜂ℎ
𝑞𝜂𝑘

𝑞𝑅𝑞, which are correlated, the 20 measurements are not suffi-
cient to solve the equation system. Therefore additional constraints are needed.

These constraints can be introduced by relations between the 𝜂ℎ
𝑞 , which can be derived

from isospin symmetry under the assumption of flavour independence of QCD [256]. Al-
ternatively or in addition, relations between the 𝑅𝑞 can be assumed. Again adhering to
ref. [257], the following hadronisation relations were assumed:

𝜂π±
d = 𝜂π±

u , (11.13)

𝜂K0(K̄0)
d = 𝜂K±

u , (11.14)

𝜂K0(K̄0)
u = 𝜂K±

d , (11.15)

𝜂K0(K̄0)
s = 𝜂K±

s , (11.16)

𝜂Λ(Λ̄)
u = 𝜂Λ(Λ̄)

d . (11.17)
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Here K0(K̄0) implies the sum of K0
S and K0

L, assuming equal contributions. An additional
constraint is taken from the overall normalisation ∑𝑞 𝑅𝑞 = 1, which translates to

𝑅light = 𝑅d + 𝑅u + 𝑅s = 1 − 𝑅c − 𝑅b , (11.18)

allowing to use independent measurements of 𝑅c and 𝑅b to constrain the sum of the light fla-
vour branching fractions 𝑅light. Alternatively, one can use the partial light flavour branching
fractions

𝑅′
𝑞 =

𝑅𝑞
𝑅light

, (11.19)

to minimise the influence of measurements of the heavy flavour fractions. With these con-
straints the solution of the equation system is still not unambiguous. Therefore, the additional
assumption of 𝑅d = 𝑅s is made, motivated by the weak isospin structure of the standard
model. This also leaves 𝑅u fully constraint by equation (11.18).

11.2.1. Hadronisation Symmetries and Relations
The hadronisation symmetry relations (11.13) to (11.17) are motivated by the assumption
that the probability 𝜂ℎ

𝑞 for a primary quark 𝑞 to form a meson (baryon) ℎ is proportional to
the probability 𝛾𝑞′ (𝛾𝑞′𝑞″) to create the respective additional quark(s) from the hadronisation
sea. Since these quarks are created by gluon splitting into 𝑞 ̄𝑞 pairs, the probabilities for
quarks and antiquarks are equal. Furthermore, the probabilities to produce several quarks
are independent and can be factorised, i.e. 𝛾𝑞′𝑞″ = 𝛾𝑞′𝛾𝑞″. For a meson with flavour content
(𝑞𝑞′) and a minimum scaled momentum 𝑥𝑝 > 𝑥cut [256]

𝜂ℎ=(𝑞𝑞′)
𝑞 (𝑥cut) = 𝛾𝑞′ ∫

1

𝑥cut
Dℎ

𝑞(𝑥𝑝)d𝑥𝑝 = 𝛾𝑞′𝒟ℎ
𝑞(𝑥cut) , (11.20)

where Dℎ
𝑞(𝑥𝑝) describes the shape of the fragmentation function of the quark 𝑞. Flavour

independence of QCD implies, that the 𝛾𝑞′ are independent of the flavour of the primary
quark 𝑞 [265]. This directly leads to the relations (11.14) and (11.15). The other three rela-
tions additionally assume that 𝛾d = 𝛾u, which follows from SU(2) isospin symmetry and is
supported by measurements of hadron production rates at LEP [266].

All these assumptions only hold for direct production of the hadrons from the primary
quark. Additional sources of high momentum hadrons are indirect production via decays of
unstable resonances containing the primary quark and non-primary hadronisation including
only sea quarks. While the latter process is independent of the primary flavour, using the
same argument of QCD flavour independence as above, the former process still maintains
some relation to the primary quark. For instance a K∗(892)0 produced from a primary d
quark and decaying via K∗(892)0 → K+π− may either produce a leading π−, which would
be indistinguishable from direct production, or a leading K+. This makes it possible that
𝜂K±

d > 0, which is not permitted in direct production. Both indirect and non-primary pro-
duction may break the hadronisation relations as they introduce mixing of the various 𝜂ℎ

𝑞 .
Additionally, they reduce the purities of the individual hadron tags, leading to a reduced dis-
crimination power. As shown in ref. [256], models of the hadronisation process imply that
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the contributions of these unwanted processes can be reduced by choosing tagging particles
with high scaled momenta 𝑥𝑝.

158



12. Simulation and Data Samples
This chapter introduces the Monte Carlo data samples used for the presented analysis. To
this end, first the simulation setup used for the generation of the samples is outlined in
section 12.1. Afterwards an overview of the signal process and potential backgrounds is
given in section 12.2. Finally in section 12.3 the actual data samples are described including
a discussion of the event weighting.

12.1. Simulation Setup
The production of the central MC data samples for studies of the ILD concept can generally
be divided into three steps. First the hard scattering process between electron and positron
is calculated and the resulting particles in the final state are generated. Then, using a model
of the detector as it is described in the DBD [105], the passage of the particles through the
detector is simulated, i.e. the interactions with the detector material and potential decays
of particles. In this step also the response of the detector is determined. Lastly the event is
reconstructed using various pattern recognition algorithms. The following paragraphs give
a brief overview of the software tools used. A more detailed description of the all steps can
be found in ref. [105].

To generate the MC event samples the event generator Whizard in its version 1.95 [267,
268] was used. It implements a detailed description of effects related to the beam parameters
at the ILC, such as beam energy spread, polarisation and beamstrahlung as well as initial-
state radiation. Whizard employs the Optimized Matrix Element Generator O’Mega [269]
to calculate partonic tree-level matrix elements. The program then integrates the matrix ele-
ments over phase space and evaluates distributions of observables to determine the total
cross section and eventually generate the hard scattering events. The hadronisation and
fragmentation of final states including quarks or gluons is internally delegated to Pythia
6.422 [270, 271]. The default settings of Pythia were shown to not describe the obser-
vations at LEP accurately – in particular the amounts of produced stable and long-lived
hadrons were overestimated [272]. Therefore the settings were tuned by the LCC generator
group based on data from the OPAL experiment at LEP-II.

The background due to γγ interactions described in section 2.1.6 was not generated
for each event individually. Instead a number of γγ events corresponding to the expec-
ted amount of background was randomly selected from a pregenerated sample and overlaid
with the hard e+e− scattering.

The following steps of simulating the interactions of all the resulting particles with the de-
tector and the detector response were performed using Mokka [273, 274], a Geant4 [275,
276] based full simulation tool, which is provided as part of the ILC software framework
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iLCSoft [224]. More components of iLCSoft are described in section 7.1. For the central
data production v01-16-04 of iLCSoft was used. While Geant4 is a full simulation frame-
work on its own, it can be called also directly from within Mokka thanks to its modular
structure. Here the main use of Geant4 is the functionality to simulate the interaction of
particles with matter, using its extensive library of physics models, and to determine the de-
tector response. The program can handle detailed detector geometries including various ma-
terials and user-defined sensitive volumes. The geometry description is provided by Mokka
via a database. Mokka also handles the data output in the LCIO format [277].

The digitised data are then reconstructed using the Marlin framework [228], see also sec-
tion 7.1.3. Two main steps of reconstruction are performed, tracking, i.e. track finding and
fitting, and calorimeter clustering. The tracking starts by applying a series of pattern re-
cognition algorithms dedicated to the various subdetectors of the tracking system, i.e. TPC,
silicon barrel detectors (VTX, SIT) and forward detectors (FTD). The track segments in the
subdetectors are then combined and a global fit of all tracks is performed [278, 279]. After-
wards an algorithm dedicated to finding the charged decays of long-lived neutral particles is
applied. This process is described in more detail in section 13.3.1. Calorimeter clustering is
performed as part of the Pandora particle-flow algorithm (PFA) [114, 115], which combines
the information from the tracking system with the hits in the highly granular calorimeters
and aims to reconstruct each individual particle in an event. In an iterative procedure various
algorithms are employed to cluster the calorimeter hits and associate clusters and tracks. Re-
clustering steps are performed in case cluster energy and track momentum are too dissimilar.
The algorithm also implements a first step of particle identification that is briefly described
in section 13.3. The output of the PFA are particle-flow objects (PFOs) that represent each
reconstructed particle in the detector. Any further reconstruction and analysis is performed
using the PFOs. Additional reconstruction steps that are specific to the presented analysis
are discussed in chapter 13.

12.2. Signal Process and Backgrounds
The signal process for this analysis is e+e− → 𝑞 ̄𝑞. The tree-level diagram is shown in fig-
ure 12.1a. At the full centre-of-mass energy of √𝑠 = 250 GeV the Z in the propagator is
created off-shell. Here the contributions from photon and Z to the total cross section are
about equal. However, the availability of data sets with different polarisation states of the
electron and positron beams, see chapter 2, allows to disentangle the two fractions, due to the
different chiral behaviour of the weak and electromagnetic couplings, see chapter 1. While
this allows to extract the pure branching fractions of the Z at the full collision energy, this
work concentrates on a subset of the data where the Z is created on-shell and the photon
contribution is negligible. In many events one or both of the colliding e+ and e− in the ini-
tial state radiate photons, as shown in figure 12.1b, so-called initial-state radiation (ISR),
reducing the effective centre-of-mass energy √𝑠′. The energy spectrum of the ISR photons
generally follows a power law with an exponent of about −0.9 [280, 281] but the process
is greatly enhanced at an effective centre-of-mass energy equivalent to the mass of the Z,
√𝑠′ = 𝑀Z. This is called the radiative return to the Z and caused by the increased cross
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e−

e+

𝑞

̄𝑞

γ∗/Z∗

(a) e+e− → 𝑞 ̄𝑞.

γe−

e+

𝑞

̄𝑞

Z

(b) e+e− → 𝑞 ̄𝑞γ.

Figure 12.1.: The Feynman diagrams of the signal process (a) at tree level with an off-shell
propagator and (b) with an additional ISR photon. In this case √𝑠′ is often reduced such that
the propagator becomes an on-shell Z.

section due to the on-shell propagator. The process to reconstruct the momentum of the ISR
photons and the resulting effective centre-of-mass energy is described in section 13.1.

A background to the signal process are hadronically decaying 𝜏 lepton pairs produced
in the hard scattering, e+e− → τ+τ−. If these events are not removed prior to the analysis
they will be erroneously included in the total number of hadronic Z decays. Due to the
low decay multiplicity of the τ± the resulting hadrons will also rarely be rejected by the
scaled momentum cut and therefore mostly be included in the tagged samples. Luckily the
low multiplicity of these events also makes them easily distinguishable from real hadronic Z
decays. In refs. [257, 261] a simple threshold cut of at least eight charged particles in an event
was applied, reducing the background to negligible levels. Since the particle-flow approach
reliably reconstructs also individual neutral particles, the cut could be adjusted accordingly
for the ILD. A first estimate based on the distribution of the particle multiplicity of signal
events in the MC suggests that a cut like this would reject about 2 % of the signal. Due to the
small expected effect, at this first stage of the analysis no background samples were included
and no corresponding cut was applied.

Another potential source of background are e+e− pairs and hadrons created in photon-
photon interactions from beamstrahlung, as explained in section 2.1.6. While these particles
generally have low transverse momenta, their total momentum may be large enough to be
falsely identified as the leading particle in a jet. However, the forward direction of these
particles allows to exclude most of them by simple fiducial cuts on the polar angle of the
jets and the leading particle. Such cuts are applied anyway, as is described in section 14.1,
to ensure that the events are well contained in the detector and to ensure optimal particle
identification in the TPC. In the final sample of leading particles the contribution from these
backgrounds is found to be negligible.

12.3. Data Samples
This analysis uses a sample of 2.86 ⋅ 106 e+e− → 𝑞 ̄𝑞 events that were generated with a
centre-of-mass energy of √𝑠 = 250 GeV, including the effects of ISR and beam energy
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Table 12.1.: The sharing of the total integrated luminosity 𝐿int between the four polarisation
settings and the corresponding cross sections 𝜎𝒫e−,e+ for the process e+e− → 𝑞 ̄𝑞 according
to equation (12.1). The last two lines give the cross sections for fully polarised electrons and
positrons, 𝜎LR and 𝜎RL, as calculated by the MC generator [283].

𝒫e−,e+ 𝐿int [fb−1] 𝑤LR 𝑤RL 𝜎𝒫e−,e+ [fb]

(−0.8,+0.3) 900 0.585 0.035 78 047 ± 88
(+0.8,−0.3) 900 0.035 0.585 46 215 ± 60
(−0.8,−0.3) 100 0.315 0.065 45 315 ± 48
(+0.8,+0.3) 100 0.065 0.315 30 846 ± 34

(−1,+1) — 1 0 129 149 ± 150
(+1,−1) — 0 1 71 273 ± 102

spread (BES) as well as the background due to γγ interactions. The events were simulated
and reconstructed using a fully detailed model of the ILD, using the process described in
section 12.1. Of these, 1.54 ⋅ 106 events were generated using left-handed primary electrons
and right-handed primary positrons, equivalent to a beam polarisation of 𝒫e−,e+ = (−1,+1).
The remaining 1.32 ⋅ 106 events have the opposite polarisation of 𝒫e−,e+ = (+1,−1). Due
to the vector boson, γ/Z, in the propagator, only the opposite-sign helicity interactions with
𝐽 = 1 contribute to the signal process. As the beams at the ILC will not be fully polarised,
the events need to be reweighted to reflect the actual polarisation. For an arbitrary beam
polarisation, the cross section of a process mediated by s-channel vector boson exchange
can be calculated according to ref. [282]

𝜎𝒫e−,e+ = (1 − 𝒫e−

2 )(1 + 𝒫e+

2 ) ⋅ 𝜎LR + (1 + 𝒫e−

2 )(1 − 𝒫e+

2 ) ⋅ 𝜎RL

= 𝑤LR ⋅ 𝜎LR + 𝑤RL ⋅ 𝜎RL ,

(12.1)

with the cross sections 𝜎LR and 𝜎RL for 𝒫e−,e+ = (−1,+1) and (+1,−1), respectively.
The nominal polarisations at the ILC are ±80 % for electrons and ±30 % for positrons [90,
84]. The corresponding cross sections of the signal process for the four possible polarisation
combinations 𝒫e−,e+ = (−0.8,+0.3), (+0.8,−0.3), (−0.8,−0.3) and (+0.8,+0.3) are given
in table 12.1.

The running scenario introduced in chapter 2 foresees a total integrated luminosity of
𝐿int = 2000 fb−1 at √𝑠 = 250 GeV, shared between the four polarisation combinations
as given in the table. To reflect this size of the expected real data set, the simulated data
are scaled accordingly. The luminosity weights 𝑤LR,𝐿 for simulated events with 𝒫e−,e+ =
(−1,+1) needed for the individual polarisation combinations can be calculated as 𝑤LR,𝐿 =
𝑤LR ⋅𝜎LR ⋅𝐿int(𝒫)/𝑁LR,sim, where 𝑁LR,sim is the number of simulated events, and analogous
for 𝒫e−,e+ = (+1,−1). For the full data set, this results in total weights of 50.059 for events
with 𝒫e−,e+ = (−1,+1) and 32.141 for (+1,−1).
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As detailed in chapter 12, the simulated data are subjected to a default reconstruction pro-
cedure during the data production. This process finishes at the level of individual particle
candidates, with the Pandora PFA [114] combining information from all subdetector sys-
tems to gain the best estimate of the direction and momentum of each particle. Starting
from there, additional reconstruction steps are necessary for the presented analysis. These
steps are presented in this chapter, mostly following the order in which they are applied to
the data. First, the treatment of photon radiation from the colliding particles is discussed in
section 13.1. Then, the reconstruction of the jets formed by the primary quarks is explained
in section 13.2. The last reconstruction step before the actual analysis concerns the identi-
fication of particle species. Two methods are applied for different groups of particles. The
first method, which reconstructs long-lived neutral particles from their decay products, is
actually part of the default reconstruction but due to its importance for this analysis, it is
described in detail in section 13.3.1. The second method, presented in section 13.3.2, uses
the specific energy loss measurement in the TPC to separate stable charged particles.

13.1. Treatment of Initial State Radiation
The following reconstruction and analysis steps rely on the knowledge of the effective centre-
of-mass system and energy after beamstrahlung and initial-state radiation (ISR). Therefore,
the momentum carried by the photons needs to be reconstructed. In some events one of
the ISR photons is emitted within the acceptance of the detector. These photons can be
identified if they are geometrically isolated from the hadronic activity. For such events the
full kinematics can be reconstructed using only the well measured angular information of
the two jets and the photon [284, 285] without relying on the measured energies, which
have comparatively large uncertainties. Unfortunately ISR and beamstrahlung are preferably
emitted under small angles relative to the momentum direction of the incoming beams. As is
shown in figure 13.1a for ISR, this means that in a large fraction of events both photons are
generated in the forward direction outside of the acceptance of the tracking system and can
not be identified and reconstructed directly. Under these conditions the angular information
is not enough to reconstruct the event kinematics unambiguously [286].

To resolve the ambiguity and recover this otherwise lost information, other analyses have
successfully applied kinematic-fit methods [287, 288]. These deduce the best solution for
the missing momentum using the precise knowledge of the centre-of-mass energy at an e+e−

collider and the measured four-momenta of the jets. Additionally, constraints following from
the conservation of energy and momentum or the event topology, e.g. invariant masses of
intermediate resonances, are used. The performance of such an algorithm for the processes
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Figure 13.1.: (a) The distribution of the polar angle 𝜃γ of the MC ISR photons peaks in the
forward directions. The vertical dashed lines mark the edges of the tracker acceptance. (b) The
effective centre-of-mass energy after ISR and beamstrahlung determined from MC truth (gen-
erator level), from the four-momentum of the centre of mass determined using the MC photons
(cheated ∣𝐩′

cm∣) and from the reconstructed invariant di-jet mass 𝑚jj.

e+e− → W+W−/ZZ → hadrons at √𝑠 = 500 GeV was investigated in ref. [287]. Using a set
of constraints that would also be reasonable for the two-jet topology of e+e− → 𝑞 ̄𝑞 a fraction
of 87 % of good fits was achieved there. The photon momentum could be reconstructed with
an RMS of 3.1 GeV, while the resolution of the invariant di-jet mass was improved by a factor
of ∼1.5 compared to a measurement without kinematic fit. Since the study cited above, the
process was optimised further by using a better estimate of the uncertainties of the jet related
input parameters [289].

As it was not in the scope of this work to adapt such an algorithm to the presented analysis,
instead the four-momenta of the ISR photons are determined from MC information. Since
beamstrahlung (BS) is not created as individual photons by the event generator but included
as a reduced energy of the colliding electrons, its effect can not be separated from the beam
energy spread (BES) of 𝛥𝐸/𝐸 ≲ 0.2 % [90], even in the Monte Carlo. Therefore only the
combined effect of beamstrahlung and beam energy spread can be inferred from the total
four-momentum of all MC particles in the final state. The combined four-momentum of the
two possible ISR photons as well as BS and BES

𝐩γ = 𝐩ISR,1 + 𝐩ISR,2 + 𝐩BS+BES , (13.1)

serves as a starting point for the reconstruction of the effective centre-of-mass system. This
momentum is smeared according to the determined resolution of the photon momentum in
the kinematic fit in ref. [287]. By subtracting the smeared four-momentum of the photons
𝐩′

γ from the combined four-momentum of the colliding electrons 𝐩e+e−, the four-momentum
of the effective centre-of-mass system

𝐩′
cm = 𝐩e+e− − 𝐩′

γ (13.2)
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is then determined. Here 𝐩e+e− = (250; 1.75, 0, 0) GeV is assumed. The transverse mo-
mentum component results from the beam crossing angle of 14 mrad. Finally, a Lorentz
boost from the lab system into the rest system of the effective centre of mass is calculated
from 𝐩′

cm and applied to all PFOs. Likewise, all MC particles are boosted into the true ef-
fective centre-of-mass system.

The effective centre-of-mass energy √𝑠′ after the photon emission on generator level and
calculated from 𝐩′

cm is shown in figure 13.1b. The peak of the radiative return to the Z res-
onance – explained in section 12.2 – and the primary energy peak at √𝑠′ = 250 GeV are
well visible in MC as well as in the mass associated with 𝐩′

cm. Also shown is the invariant
mass of the di-jet system 𝑚jj, based on the jets defined in section 13.2. At the Z-return peak
the true effective centre-of-mass energy is better estimated by the latter. This may indicate
that the photon momentum resolution of the kinematic fit assumed above is an overestimate
for these events. Therefore the di-jet mass is used in the following, which has the additional
advantage of avoiding further use of MC information. As noted earlier, by applying an ac-
tual kinematic fit the di-jet-mass resolution can potentially be improved significantly. This
would lead to a higher efficiency of the following cuts since fewer events migrate out of the
intervals.

For the determination of the branching ratios of the Z boson in chapter 14, an event sample
around the Z -return peak with 81.2 GeV < 𝑚jj < 101.2 GeV is used. An average offset of
about 1.3 GeV between the di-jet mass and the MC is observed in this sample and taken into
account. Unweighted, the sample contains 1.79 ⋅ 106 events, corresponding to an efficiency
of (82.48 ± 0.03) % at a purity of (98.36 ± 0.01) % compared to the same interval in MC.
The efficiency here is defined as the number of correctly selected events on detector level
divided by the number of selected events on generator level. The given errors result purely
from the MC statistics. In a more detailed analysis systematic effects, e.g. due to differences
between the real and simulated energy distributions, must also be considered. Potentially
of interest is another sample around the full collision energy, i.e. restricted to events with
soft or no ISR and 240 GeV < 𝑚jj < 260 GeV. With an efficiency of (68.96 ± 0.06) %
at (91.27 ± 0.05) % purity this interval contains 0.40 ⋅ 106 events. The lower efficiency is
caused by the larger di-jet-mass resolution of 5.9 GeV at 250 GeV compared to 3.5 GeV in
the Z-return sample.

For the few events where an ISR photon is emitted within the acceptance of the detector,
MC information is used to identify all related reconstructed particles. These are then ex-
cluded from the further reconstruction. This includes not only directly reconstructed photons
but also any daughter particles, i.e. mostly electron-positron pairs created by pair produc-
tion. Due to a known issue with the simulation of the LumiCAL [290] that was only fixed in
later versions of iLCSoft [291], some ISR photons in the simulation are not correctly linked
to the corresponding PFOs. This causes them to be included in the remaining analysis and
also the calculation of the invariant-mass above. The corresponding events migrate to higher
√𝑠′, as is shown in figure B.1 on page 197. This effect degrades the purity of the sample at
the full collision energy by 𝒪(1 %) while the efficiency of the Z-return sample is reduced
by ∼1 %. Since the effect is so small, no attempt is made to recover these events.
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(a) Angle between reconstructed jets.
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Figure 13.2.: Angular distributions of the reconstructed hemispheres in the lab frame for the
two event samples defined in section 13.1. The other category includes events with a di-jet
mass not contained in either of the two energy ranges. (a) The cosine of the opening angle
between the two reconstructed hemispheres as defined in the text. (b) The cosine of the opening
angle between the reconstructed hemispheres and the corresponding primary quarks in MC, as
calculated in the reconstructed effective centre-of-mass system.

13.2. Jet Reconstruction
After the ISR is identified and the event is boosted into the new centre-of-mass system, the
two jets are expected to be oriented back to back. Furthermore, the expected background
from γγ → hadrons is negligible for the beam parameters used in the simulation, cf. sec-
tion 2.1.6 and table 2.1. This allows to forego more involved jet-finding algorithms in favour
of the simpler approach of event hemispheres. For this the thrust axis of the event must be
known [292]. The thrust axis is defined in the centre-of-mass system of the event as that line
going through the centre of mass, for which the sum of the momentum vectors of all particles
projected onto that axis is maximised. In the reconstruction it is calculated using the Tasso
algorithm implemented in the ThrustReconstruction processor in iLCSoft. Each reconstruc-
ted particle is assigned to one hemisphere based on the projection of its momentum onto
the thrust axis. One hemisphere contains all particles for which the projection has a positive
sign and the other one contains all with a negative projection. As figure 13.2a shows, the
opening angle between the reconstructed hemispheres 𝜃jj, defined by the directions of the
total momentum of the respective constituent particles in the boosted reference frame, tends
strongly towards 180° (cos 𝜃jj → −1) in the two samples. This confirms the correctness of
the Lorentz boost and the validity of the hemisphere approach. By construction no event
exceeds cos 𝜃jj = 0.

On the generator level, MC jets are formed by applying a similar process to the MC parti-
cles as is done for the PFOs. While the MC information allows to trace back the decay chain
of MC particles to the first colour neutral hadrons, these cannot be unambiguously linked
to one of the primary quarks, due to gluon exchange and fragmentation in the hadronisation
process. Instead, the primary hadrons are assigned to the quark for which the the projection
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of their momentum onto the direction of the quark is positive. Since this is done in the MC
centre-of-mass frame of the event, the quarks are perfectly back to back and the process is
unambiguous. All subsequent decay products of the primary hadrons down to stable parti-
cles are then assigned to the same quark as their parent particle. To later be able to compare
the generator and detector level results, the MC jets constructed this way are associated to
the reconstructed hemispheres, again based on the projection of the corresponding primary
quark momenta onto the reconstructed thrust axis. As figure 13.2b shows, the reconstructed
hemispheres tend to be collinear to the primary quarks. In a small fraction of events the
opening angle between a hemisphere and the corresponding primary quark is found to be
larger than 90° (cos 𝜃qj < 0). As can be seen in the figure, this mostly affects events that are
not contained in the centre-of-mass energy range of either of the two event samples. This is
mostly due to hadronic resonances at low effective centre-of-mass energy, which remove the
correlation between the direction of the resulting decay products and the primary quarks.
The few events remaining in the two selected energy samples should not affect the analysis.

13.3. Particle Identification
As noted in section 12.1, the Pandora PFA applied during the default reconstruction per-
forms a first step of particle identification (PID). It uses the topology of the calorimeter
response to distinguish photons, electrons, muons, charged hadrons and neutral hadrons.
Photons (electrons) are distinguished from neutral (charged) hadrons by the shape of the
showers in the calorimeters and the different fraction of energy deposited in the ECAL and
HCAL. Photons and neutral hadrons are separated from their charged counterparts, elec-
trons and charged hadrons, respectively, by the absence of a track associated to the calor-
imeter clusters. Muons are reconstructed by connecting a track in the muon system to a
matching track-like deposit in the calorimeters. The charged decays of long-lived neutral
particles (𝑉0) are reconstructed already on the track level, as the process does not require
calorimeter information. The Pandora PFA matches them to the corresponding calorimeter
clusters and replaces the four-momenta of the daughter particles with that of the parent. The
𝑉0 finding algorithm and its performance are described in section 13.3.1.

The performance of the Pandora PFA and the PID algorithms in the following sections is
only evaluated for the particles relevant to the analysis in chapter 14, i.e. the leading particles
in each jet with a true scaled momentum 𝑥𝑝 > 0.5. In addition to the momentum requirement,
acceptance cuts as described in section 14.1 are applied. These cuts include the requirement
of ∣cos 𝜃LP∣ < 0.8 for the polar angle of the leading particle (LP) and ∣cos 𝜃j∣ < 0.95 for the
polar angle of the jet containing the corresponding LP.

After these cuts the charged hadron sample identified by the PFA contains about 99 % π±,
K± and p(p̄) on generator level. The remaining fraction comprises mostly heavier hadrons,
mainly Ξ± and charged Σ baryons, as well as a smaller number of electrons and muons. The
efficiency to correctly identify a leading π±, K± or p(p̄) as a charged hadron is about 99 %.
Normally, information on the specific energy loss in the TPC would be used to further dis-
tinguish between the charged hadrons, in particular π±, K± and p(p̄). The expected d𝐸/d𝑥
PID performance of the ILD is described in detail in the IDR [87]. However, in version
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v01-16-04 of iLCSoft, which was used for the simulation of the data samples, information
on the energy loss was not stored and thus no real d𝐸/d𝑥 information is available. There-
fore a toy Monte Carlo, which uses parametrised Bethe-Bloch curves of version v02-00-02
of iLCSoft, was implemented. This process and the achieved performance are described in
section 13.3.2.

13.3.1. Long Lived Neutral Hadrons

This section describes the algorithm for the identification and reconstruction of the decays
of long-lived neutral particles (𝑉0), i.e. K0

S and Λ(Λ̄). The same procedure is also used
to find pair conversions of photons, since they show a similar topology. Due to the proper
lifetimes of the K0

S and Λ(Λ̄), 𝜏K0
S

= (0.8954 ± 0.0004) ⋅ 10−10 s (𝑐𝜏 ≈ 27 mm) and 𝜏Λ =
(2.632 ± 0.020) ⋅ 10−10 s (𝑐𝜏 ≈ 79 mm) respectively [18], their decay vertices are often
significantly offset from the primary vertex. Similarly, since pair conversion of photons can
only happen within the material of the detector, the corresponding vertices are only expected
from the radius of the beam pipe (𝑟 = 15 mm) outwards.

The K0
S preferentially decays via K0

S → π+π− with about 69 % probability. In almost 31 %
of cases it decays into two neutral pions instead. Similarly, the Λ decays via Λ → pπ− for
about 64 % of decays and for almost 36 % it produces a neutron and a π0. For either particle,
other decay modes have combined probabilities of 𝒪(0.1 %) [18]. As the reconstruction of
the decay vertex requires the precise information from the tracking system, the neutral decays
introduce a hard limit on the possible fraction of reconstructable decays. This does of course
not apply to photon pair conversions, which can only produce charged particle pairs, almost
exclusively e+e−.

The algorithm to reconstruct the charged decays is implemented in the V0Finder pro-
cessor in iLCSoft [225]. All cut values below correspond to the default settings for the cen-
tral production of the data set described in chapter 12. The algorithm goes through every
combination of two tracks with opposite charge in the event. The combination is discarded if
the distance of closest approach between two fitted track helices is larger than 1.5 mm or the
PCA of the higher momentum track to the other one has a distance to the beam axis smaller
than 5 mm. The latter cut excludes the region around the IP where secondary vertices from
heavy quark decays are expected. This is done to give priority to vertexing and heavy flavour
tagging algorithms, which are applied later in the reconstruction chain. Furthermore the high
track density in this region greatly increases the probability to find unrelated tracks fulfilling
the requirements below, thus leading to larger combinatorial background. For the remaining
track combinations, different mass hypotheses corresponding to the charged decay channels
stated above are used for the two tracks to calculate the combined invariant mass. For the
photon pair conversion the electron mass is ignored, as it is negligible compared to the rel-
evant momenta. Only the hypothesis that gives the smallest difference 𝛥𝑚𝑉0 = ∣𝑚0 − 𝑚𝑉0 ∣
between the calculated invariant mass 𝑚0 and the nominal mass 𝑚𝑉0 of the respective 𝑉0

is considered further. The masses assumed in the processor are 𝑚K0 = 497.648 MeV and
𝑚Λ = 1115.683 MeV for the K0

S andΛ(Λ̄) respectively, while the photon is of course mass-
less. The smallest mass difference must then fulfil 𝛥𝑚γ < 10 MeV for a photon hypothesis
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Table 13.1.: The fractions of true particles contained in each reconstructed PID sample after the
𝑉0 identification process. The sum of the entries in each line is normalised to 1. The diagonal
elements represent the purity of the samples. The last line in each table lists the efficiencies to
correctly assign the PID. The shown uncertainties are statistical only. Uncertainties given as
zero are smaller than 5 ⋅ 10−4.

(a) Z-return sample.

Assigned True PID
PID K0

S Λ(Λ̄) other

K0
S 0.991(1) 0.008(1) 0.001(0)

Λ(Λ̄) 0.078(5) 0.904(5) 0.018(2)

efficiency 0.798(5) 0.796(7) —

(b) Sample at √𝑠′ = 250 GeV.

Assigned True PID
PID K0

S Λ(Λ̄) other

K0
S 0.990(6) 0.010(6) 0.000(3)

Λ(Λ̄) 0.191(28) 0.765(26) 0.044(14)

efficiency 0.581(19) 0.667(29) —

or 𝛥𝑚K0/Λ < 20 MeV for K0
S and Λ(Λ̄). Additionally, to further reduce the combinatorial

background, the PCA of the two tracks is required to have a distance to the beam axis of
larger than 10 mm, 30 mm or 50 mm for the photon, K0

S orΛ(Λ̄) hypotheses respectively.
Due to the selection of the most energetic particles in each event, the average momentum

of the selected 𝑉0 is about 30 GeV in the Z-return sample and 75 GeV in the sample at
√𝑠′ = 250 GeV, cf. figure 13.3b. At these momenta, relativistic time dilation allows large
fractions of the 𝑉0 to traverse the tracking system before decaying. Even for decays within
the tracking volume there is a soft cut-off at a radius of ∼1.5 m. This is mainly due to the
following two effects. Firstly, the decay products have low transverse momenta relative to
the high momentum of these 𝑉0. Therefore in the lab frame their trajectories start out col-
linear and thus their tracks in the TPC overlap. The remaining distance in the TPC is often
too short for the tracks to sufficiently separate in the magnetic field and only one track is
reconstructed. Secondly, if the trajectories of the decay products separate far enough, they
may no longer produce enough hits in the TPC to be accepted by the tracking algorithm. The
MC predicts that due to these effects (30.5 ± 0.4) % of K0

S and (40.1 ± 0.5) % of Λ(Λ̄) in
the Z-return sample are not distinguished from other neutral hadrons by the reconstruction
software. In the sample at √𝑠′ = 250 GeV these fractions increase to (63.7 ± 0.9) % of K0

S
and (68.6 ± 1.3) % ofΛ(Λ̄).

The results of the reconstruction algorithm in terms of purity and efficiency of the K0
S

and Λ(Λ̄) samples are given in table 13.1. The population used to calculate these values

169



13. Additional Data Reconstruction

includes only those 𝑉0 that could potentially be reconstructed, i.e. that undergo a charged
decay within the tracking volume. High purities are achieved, (99.1 ± 0.1) % for K0

S and
(90.4 ± 0.5) % for Λ(Λ̄) at the Z -return peak , where the uncertainties result from the MC
statistics. At √𝑠′ = 250 GeV the respective purities are (99.0 ± 0.6) % and (76.5 ± 2.6) %.
In all cases only a negligible amount of combinatorial background is found. The dom-
inant source of background is confusion between the three particle species reconstructed
with this algorithm. Therefore the other category contains mostly photons that underwent
pair conversion and were reconstructed using the wrong mass hypothesis. The lower pur-
ities of the reconstructed Λ(Λ̄) samples compared to K0

S are due to the kinematics of the
decays, which prevent an efficient rejection of K0

S background in the Λ(Λ̄) sample [257].
The efficiencies in the Z-return sample are about 80 % for either 𝑉0 species. In the sample
around √𝑠′ = 250 GeV the efficiencies are lower with values of (58.1 ± 1.9) % for K0

S and
(66.7 ± 2.9) % for Λ. For the tagging efficiencies which are calculated in chapter 14, in ad-
dition to the PID efficiencies, the fraction of neutral decays and the fraction of 𝑉0 reaching
the calorimeter must be taken into account.

13.3.2. Stable Charged Hadrons

Charged particles that traverse the tracking system can be distinguished by the difference in
their specific energy loss d𝐸/d𝑥 in the TPC. However as stated above, the data samples used
for the analysis do not include d𝐸/d𝑥 information from the simulation. Therefore a toy MC
method was implemented to emulate the particle identification process by d𝐸/d𝑥, according
to the established performance of the ILD [87]. It is based on parametrised Bethe-Bloch
curves, see also equation (3.7) on page 35, for electrons, muons, pions, kaons and protons,
shown in figure 13.3a, that were generated using version v02-00-02 of iLCSoft [293]. A
relative d𝐸/d𝑥 resolution of 4.7 % is assumed for this analysis, based on the results presented
in chapter 9 of this work and of beam tests with other readout technologies summarised in
ref. [87]. This value applies for tracks traversing the full depth of the TPC perpendicular to
the 𝑧-axis of the detector reference frame. The resolution is expected to improve for polar
angles 𝜃 ≠ 90° similar to 𝜎d𝐸/d𝑥 ∝ 𝐿−0.34 ∝ (sin 𝜃)0.34 due to the increased track length 𝐿
in the TPC [124]. On the other hand, for tracks that do not cover the full depth of the TPC,
e.g. particles that are exiting through one of the end plates, or otherwise contain a different
number of hits 𝑁, the d𝐸/d𝑥 resolution is expected to change similar to 𝜎d𝐸/d𝑥 ∝ 𝑁−0.47,
as shown in section 9.4. Both of these effects are taken into account in the toy PID process.

At the start of the procedure, the true particle species and the momentum in the rest
frame of the detector are gathered from the MC simulation. Using this information, for each
particle the expected average energy loss in the TPC is calculated from the parametrisation.
Here, electrons and muons use the corresponding parameters in table B.1 on page 198. Any
hyperons are treated as protons, since no dedicated parametrisations are available. However
also in reality an efficient separation of these heavier hadrons from protons is generally
not possible due to the relatively small mass differences. Since no assumptions are made
for the hadronisation symmetries of the proton, and the total number of hyperons is small,
this is not expected to significantly affect the final results. A random value is drawn from a
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Figure 13.3.: (a) The parametrised energy-loss curves used in the toy MC d𝐸/d𝑥 process.
The parametrisation formula and the parameters for the individual particle species are given in
equation (B.1) and table B.1 on page 198. (b) The true momenta in the lab frame, of the leading
particles identified as charged hadrons by the PFA on detector level.

Gaussian distribution around the MC expectation value, with a standard deviation equal to
the expected d𝐸/d𝑥 resolution based on the true direction of the particle and the number of
its hits in the TPC. The resulting value represents the measured energy loss d𝐸/d𝑥.

This value is then compared to the expected energy loss for pions, kaons and protons,
calculated from the parametrisations using the measured momentum of the particle. For
each of the three hypotheses an acceptance interval is defined around the corresponding
expectation value ⟨d𝐸/d𝑥⟩ℎ, taking into account the expected absolute resolution 𝜎d𝐸/d𝑥,ℎ:

• for pion candidates: d𝐸/d𝑥 − ⟨d𝐸/d𝑥⟩π± > −𝑟 ⋅ 𝜎d𝐸/d𝑥,π± ;

• for kaon candidates: 𝑟 ⋅ 𝜎d𝐸/d𝑥,K± > d𝐸/d𝑥 − ⟨d𝐸/d𝑥⟩K± > −𝑟 ⋅ 𝜎d𝐸/d𝑥,K± ;

• for proton candidates: 𝑟 ⋅ 𝜎d𝐸/d𝑥,p > d𝐸/d𝑥 − ⟨d𝐸/d𝑥⟩p .

If a particle is a candidate for more than one species, the result is ambiguous and neither
hypothesis is accepted. An interval of 𝑟 = 1 was found to give a good compromise between
efficiency and purity of the three samples. These intervals are visualised in figure 13.4. For
larger intervals the efficiency of the kaon sample, in particular in the energy band around
√𝑠′ = 250 GeV, is severely diminished due to the overlap with the intervals of the two
other samples. For smaller intervals the purity of the proton samples is greatly reduced as
more kaons are falsely accepted as protons. These intervals could be further improved by
optimising the range for each particle species independently. However, such an optimisation
relies on the precise knowledge of the relative abundance of the three particle species in
the respective sample. The abundances can only be determined from the MC and thus could
introduce biases related to the specifics of the hadronisation model. Therefore, this approach
was not further pursued for this work.
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(b) Sample at √𝑠′ = 250 GeV.

Figure 13.4.: Distributions of the measured d𝐸/d𝑥 values for pions, kaons and protons, relative
to the expected value for kaons and normalised to the d𝐸/d𝑥 resolution, in (a) the Z-return
sample and (b) the sample around √𝑠′ = 250 GeV. The vertical dashed lines represent the
acceptance intervals defined in the text.

Table 13.2.: The fractions of true PIDs contained in each reconstructed sample after the full
PID process of the Pandora PFA and the toy MC d𝐸/d𝑥. The sum of the entries in each line
is normalised to 1. The diagonal elements represent the purity of the samples. The last line
lists the efficiencies to correctly assign the PID. The shown uncertainties are statistical only.
Uncertainties given as zero are smaller than 5 ⋅ 10−4.

(a) Z-return sample.

Assigned True PID
PID π± K± p(p̄) other

π± 0.951(1) 0.047(1) 0.000(0) 0.002(0)
K± 0.125(2) 0.823(3) 0.047(1) 0.005(0)

p(p̄) 0.003(1) 0.458(5) 0.498(5) 0.041(2)

efficiency 0.821(2) 0.593(3) 0.754(5) —

(b) Sample at √𝑠′ = 250 GeV.

Assigned True PID
PID π± K± p(p̄) other

π± 0.878(3) 0.118(3) 0.002(0) 0.002(0)
K± 0.372(8) 0.551(8) 0.063(4) 0.015(2)

p(p̄) 0.039(4) 0.414(10) 0.458(10) 0.089(6)

efficiency 0.692(4) 0.315(6) 0.614(11) —
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The results of the toy MC process are summarised in table 13.2 in terms of the true parti-
cle contents of the three reconstructed hadron samples. The values in the table represent the
combined performance of the Pandora PFA and the d𝐸/d𝑥 PID. In the energy region around
the Z-return peak the pion sample reaches an excellent purity of 95 % at an efficiency of over
80 %. The largest background with a fraction of almost 5 % is confusion of kaons. Since the
pion interval is unconstrained towards higher d𝐸/d𝑥 values, the charged leptons that are
identified as hadrons by the PFA are almost exclusively reconstructed as pions by the d𝐸/d𝑥
PID. However, their total fraction, given by the other column, is negligible. Also the kaon
sample has a very good purity of about 82 %. The largest background are mis-reconstructed
pions with a contribution of over 12 %. This fraction is larger than for the reverse migration
because of the much greater abundance of pions in the overall hadron sample. The recon-
structed kaon sample also includes a fraction of about 5 % of true protons and less than 1 %
of heavier hadrons in the other category. Since the kaon acceptance interval is constrained
on both sides, the efficiency of the sample of about 60 % is significantly lower than that of
the other two samples. The purity of the proton sample suffers from the small separation of
the kaon and proton d𝐸/d𝑥 as well as the much smaller abundance of protons. Therefore
it reaches only about 50 %, while kaons make up over 45 % of the reconstructed sample.
The remaining fraction is comprised of heavier hadrons, which are almost exclusively re-
constructed as protons. This low purity is accepted because for this smaller sample a high
efficiency is deemed more important. This way an efficiency of over 75 % is achieved.

In the energy band around √𝑠′ = 250 GeV the picture is similar for the pion and proton
samples. The respective purities are slightly lower with about 88 % for pions and ∼46 % for
protons. The loss of efficiency is larger with values of ∼69 % and 61 % respectively. On the
other hand, the performance for the kaon sample is drastically reduced. The purity drops to
only ∼55 % and the efficiency is halved with just over 30 %. The lower purities are mostly
due to larger mixing between the three samples but also the fraction of heavier hadrons in
the proton sample is increased.

To understand this reduced performance, it is important to consider the relevant mo-
mentum distributions of the leading particles produced in the two centre-of-mass energy
ranges. These are shown in figure 13.3b. Due to the boosted event geometry after ISR in the
sample at the Z-return peak, the full momentum range up to 120 GeV is covered, even after
the cut on the scaled momentum. After the cut the sample has an average momentum of
about 30 GeV. In the sample around √𝑠′ = 250 GeV a sharp cut-off is observed at a quarter
of the centre-of-mass energy, as is expected after the 𝑥𝑝 > 0.5 cut. The average momentum
in this sample is over 75 GeV. Since the average energy loss of a particle depends its mo-
mentum, so does the separation power 𝑆𝑎𝑏 = 𝛥𝜇𝑎𝑏/𝜎d𝐸/d𝑥 for particle species 𝑎 and 𝑏,
where 𝛥𝜇𝑎𝑏 represents the difference between the d𝐸/d𝑥 expectation values and 𝜎d𝐸/d𝑥 is
the resolution of the energy loss measurement. As is shown in figure 13.5, the separation
power is highest at low to intermediate momenta. With the d𝐸/d𝑥 resolution of 4.7 % as-
sumed for this analysis 𝑆 > 2 from ∼2 GeV to 40 GeV for π±-K± separation. For K±-p(p̄)
separation it never exceeds 𝑆 = 2 but is highest in a similar momentum range. Therefore the
leading particles in the higher energy sample have momenta far above the optimal range.
This is reflected in the large overlap between the distributions in figure 13.4b.
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Figure 13.5.: Separation-power curves for discrimination of pions and kaons and of kaons and
protons simulated with the large (IDR-L) and small (IDR-S) ILD models [87].
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14. Finding the Branching Fractions
After the preparatory reconstruction described in the previous chapter, this chapter presents
the steps and results of the actual measurement of the branching fractions. As inputs the
procedure uses the reconstructed particles and jets in the effective centre-of-mass system
after ISR emission as well as the corresponding generator level objects in the MC simu-
lation. In the following, first the selection criteria for the events and the leading particles
are described in section 14.1. Then in section 14.2 the treatment of tagging efficiencies is
discussed. Section 14.3 explains how contributions of heavy c and b quark jets are taken
into account. Section 14.4 discusses the fit to extract the branching ratios. Finally a brief
discussion of potential systematic uncertainties follows in section 14.5.

14.1. Event Selection
The analysis uses the sample of 1.79 ⋅ 106 simulated events in the centre-of-mass energy
band of ±10 GeV around the Z return peak defined in section 13.1. Weighted to the full
integrated luminosity of the ILC at 250 GeV, as described in section 12.3, 73.9 ⋅ 106 events
are expected, with an average event weight of 41.36.

To select events which are well contained in the detector, the polar angle of each of the two
jets in the event, defined by the direction of their total momentum in the lab frame, must fulfil
∣cos 𝜃j∣ < 0.95. The distribution of the polar angle of both the more central and the more
forward jet in each event is shown in figure 14.1a. The allowed range for the jet angle can be
extended this far forward without risking to loose a significant number of leading particles
down the beam pipes since their momentum tends to be collinear with the jet direction,
as visible in figure 14.1b. After the cut on the jet angle, 1.16 ⋅ 106 unweighted (47.8 ⋅ 106

weighted) events are retained, for an efficiency of (64.72 ± 0.04) %.
To enrich the fraction of hadrons from direct production and to suppress contributions

from heavy flavours, as explained in section 11.2, only events are considered for tagging
that have at least one PFO with a minimum scaled momentum of 𝑥𝑝 > 0.5. In order to
ensure good particle identification by d𝐸/d𝑥 in the TPC, the leading particles are required
to have polar angles with ∣cos 𝜃LP∣ < 0.8 in the rest frame of the detector. For larger val-
ues of ∣cos 𝜃LP∣ the particles are starting to pass through the end plate of the TPC and the
d𝐸/d𝑥 separation of pions, kaons and protons rapidly degrades as the number of measure-
ment points in the TPC decreases. Of the events passing the jet angle cut, 106 742 (4.4 ⋅ 106

weighted) events have a potential tagging particle that passes the requirements above, in at
least one jet. For comparison, the OPAL analysis in ref. [257] retains 198 309 events out of
4.3 ⋅ 106 hadronic Z-decays after all cuts.
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Figure 14.1.: Angular distributions of jets and their leading particles in the lab frame.
(a) Stacked distributions of the polar angle of the more central and the more forward jet in each
event. The vertical dashed line marks the cut value of ∣cos 𝜃j∣ < 0.95. (b) The angle between the
leading particle and the jet direction for jets passing the polar angle cut and leading particles
with a scaled momentum 𝑥𝑝 > 0.5. Negative values arise from false jet assignments due to
misreconstructed ISR boosts.

14.2. Treatment of Tagging Efficiencies and Purities
A precise knowledge of the composition of the tagged samples is crucial to this analysis. The
different tagging efficiencies for the various particle species need to be taken into account
to correctly apply the hadronisation symmetries introduced in section 11.2. The efficiency
losses due to the finite geometric acceptance, i.e. the cuts on the polar angle of the jets and
LPs, and the event energy selection are common to all particle species. Therefore they do
not change the relative composition of the samples and can be absorbed into the values of
the 𝜂ℎ

𝑞 . This eliminates the uncertainty of the cut efficiency as a systematic error on the
branching fractions 𝑅𝑞.

Beyond that, the PID process introduces mixing between the different tagging particle
species as well as efficiency losses, as discussed in section 13.3. Additional efficiency losses
are introduced in the selection of the LP on detector level. This is mainly due to the error
in the reconstruction of the event kinematics, i.e. the boost into the centre-of-mass system
after ISR and the effective centre-of-mass energy, which causes particles with momenta
close to the 𝑥𝑝 threshold to migrate across. This way about 5 % of valid LPs on generator
level are reconstructed with insufficient momentum, while about 8 % of LPs accepted in
the reconstruction do not pass the threshold on generator level. To a much lesser extent
(𝒪(10−3)) LPs are assigned to the wrong hemisphere or are selected from the products of
a hard interaction of a particle with the detector material. The beam induced backgrounds
described in section 12.2 are fully suppressed by the 𝑥𝑝 requirement and the polar angle cut.

In total this leads to the true composition of the reconstructed tagged samples and the tag-
ging efficiencies given in table 14.1. The efficiencies are defined as the number of correct
tags on detector level divided by number of tags on generator level. The mixing between the
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Table 14.1.: The true composition of the reconstructed tagged samples. The sum of the entries
in each line is normalised to 1. The diagonal elements represent the purity of the samples.
The last line lists the efficiencies to correctly tag a hemisphere. The shown uncertainties are
statistical only. Uncertainties given as zero are smaller than 5 ⋅ 10−4. Due to the effects explained
in the text the values differ significantly from the pure PID performance in section 13.3.

Assigned True tag
tag π± K± p(p̄) K0

S Λ(Λ̄) other

π± 0.845(2) 0.053(1) 0.000(0) 0.002(0) 0.000(0) 0.099(2)
K± 0.134(3) 0.735(3) 0.045(2) 0.000(0) 0.001(0) 0.085(2)

p(p̄) 0.008(1) 0.414(5) 0.441(6) 0.000(0) 0.011(1) 0.125(4)
K0

S 0.000(0) 0.000(0) 0.000(0) 0.904(4) 0.009(1) 0.086(4)
Λ(Λ̄) 0.000(0) 0.000(0) 0.000(0) 0.083(6) 0.809(9) 0.108(6)

efficiency 0.763(2) 0.546(3) 0.678(6) 0.334(4) 0.261(5) —

samples is dominated by confusion in either of the two PID algorithms for 𝑉0 and charged
hadrons described in section 13.3. Therefore the composition of the tagged samples is sim-
ilar to tables 13.1a and 13.2a. However, compared to the pure PID performance, the purity
of each sample is reduced by a factor of ∼0.9 due to LPs migrating above the 𝑥𝑝 threshold
in the reconstruction, as explained above. This is reflected by the increased fraction in the
category other, which contains primarily these events. Only for protons and Λ a significant
fraction of other particle species, not used for tagging, is included due to the backgrounds
explained in sections 13.3.1 and 13.3.2. Also the efficiencies for the charged hadron samples
generally follow those of the PID performance. For the 𝑉0 samples the fractions of neutral
decays and of 𝑉0 penetrating the tracker reduce the achievable tagging efficiencies, as de-
scribed in section 13.3.1. For all samples the efficiency is further reduced by ∼5 % absolute
due to LPs falling below the 𝑥𝑝 threshold in the reconstruction.

The relations between the reconstructed tagging particle species 𝑘 and the true particle
species on generator level ℎ can be described by a flow matrix ℰℎ

𝑘 , such that [257]

𝑁det
𝑘 = ∑

ℎ
ℰℎ

𝑘𝑁ℎ , (14.1)

with the corresponding numbers of reconstructed tags 𝑁det
𝑘 and true tags 𝑁ℎ. Using equa-

tion (11.11) on page 156 this implies

𝜂𝑘,det
𝑞 = ∑

ℎ
ℰℎ

𝑘𝜂ℎ
𝑞 . (14.2)

These relations are used in section 14.4 to convert from the tags observed on detector level
to the underlying true tags, to fit the branching fractions 𝑅𝑞.
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14. Finding the Branching Fractions

14.3. Treatment of Heavy Quark Contributions

To accurately determine the light quark branching fractions of the Z, it is important to know
the contributions from c and b quarks to the tagged samples described in the previous sec-
tion. These are given by the fractions 𝑓 ℎ

c and 𝑓 ℎ
b , where ∑𝑞 𝑓 ℎ

𝑞 = 1. In addition, the branching
fractions 𝑅c and 𝑅b of the Z into heavy quarks must be known.

Precise measurements of the branching ratios 𝑅c and 𝑅b are available from previous ex-
periments, as detailed in section 11.1. An issue with the use of these values arises from the
cut on the effective centre-of-mass energy introduced in section 13.1. Due to the presence
of neutrinos in many heavy flavour jets, originating from semileptonic decays of charmed
and bottom hadrons, the reconstructed invariant di-jet mass of such events is biased towards
lower values. While efforts are ongoing to correct for this effect [289], the information can-
not be fully recovered. Therefore a fraction of heavy flavour events is reconstructed below
the lower 𝑚jj threshold, while being valid on generator level. This means the cut on the di-jet
mass is less efficient for heavy flavour events than for light flavour events. The MC simula-
tion shows that in the sample around the Z peak the efficiencies for e+e− → c ̄c and bb̄ events
are reduced relative to light quark events by factors of about 0.94 and 0.81 respectively.

When using externally measured branching fractions in the fit in section 14.4, these vary-
ing efficiencies would need to be taken into account. The use of the reduced branching frac-
tions 𝑅′

𝑞, as defined in equation (11.19), eliminates the 𝑅c/b as parameters in the fit and thus
avoids the related systematic uncertainties. The 𝑅c/b are then needed to calculate the full
hadronic branching fractions 𝑅𝑞 from the 𝑅′

𝑞. Also with this method the 𝑓 ℎ
c/b are required,

to subtract the heavy flavour contributions from the individual tagged samples. Addition-
ally, the contribution of the heavy quarks to the total number of hadronic events 𝑁had must
be known to calculate the total number of light quark events 𝑁light = 𝑁had − 𝑁c ̄c − 𝑁bb̄ =
𝑁had ⋅ (1 − 𝑓c − 𝑓b). In the OPAL analysis the 𝑓 ℎ

b were determined from data by searching
for a secondary vertex or a high 𝑝t lepton in the hemisphere opposite to each tagging had-
ron [257]. Due to lack of an efficient tag for c-jets the 𝑓 ℎ

c were taken from the MC. This
introduces significant systematic uncertainties related to the specific properties of the had-
ronisation model. With the improved detector performance of the ILD and the much larger
data set at the ILC, it will be possible to determine all the 𝑓 ℎ

c/b from data, thus greatly redu-
cing the uncertainties. However, the small size of the MC data set available for this analysis
results in similar constraints as faced by the OPAL analysis. The 𝑓c/b were identical to the
𝑅c/b for the OPAL analysis. Due to the varying cut efficiencies for the different quark fla-
vours discussed above, this is not the case for this work and the 𝑓c/b must be determined
independently.

Because implementing such a measurement is not in the scope of this work, the contri-
butions of heavy quarks to the total number of hadronic events as well as to the individual
hadron tagged samples are determined from the MC. The unweighted numbers of tags from
heavy quark events 𝑁ℎdetc and 𝑁ℎdet

b and the relative contributions 𝑓 ℎdetc and 𝑓 ℎdet
b are shown

in table 14.2. The contributions from charm quarks to the individual samples range from
about 6 % for the π± sample to almost 10 % for the two kaon samples. The fraction of bot-
tom quark events lies around 2 % in most samples except the pion sample where they make
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14.4. Fitting the Branching Fractions

Table 14.2.: The contributions of heavy quarks to the hadron tagged samples on detector level
as determined from the MC. The errors are purely statistical and calculated from the unweighted
event numbers.

hadron tag 𝑁ℎdetc 𝑓 ℎdetc [%] 𝑁ℎdet
b 𝑓 ℎdet

b [%]

π± 1801 5.9 ± 0.1 1343 4.3 ± 0.1
K± 1656 9.6 ± 0.2 390 2.2 ± 0.1

p(p̄) 636 7.7 ± 0.3 185 2.3 ± 0.2
K0

S 402 9.2 ± 0.4 84 1.9 ± 0.2
Λ(Λ̄) 131 6.3 ± 0.5 43 2.1 ± 0.3

up ∼4 %. The contributions from charm and bottom quarks to the total number of hadronic
events in the selected energy band are 𝑓c = (17.06 ± 0.03) % and 𝑓b = (18.76 ± 0.03) %
respectively, with the errors resulting purely from the unweighted MC statistics.

14.4. Fitting the Branching Fractions
The final step in determining the branching fractions of the Z into the light quarks d, u
and s is to solve the equation system defined by equations (11.11) and (11.12) for the five
measured numbers of tagged hemispheres and the fifteen combinations of double tagged
events. Using the five hadronisation symmetries in equations (11.13) to (11.17) leaves as
unknown parameters the partial light flavour branching fraction 𝑅′

d,s, the 𝜂ℎ
𝑞 and the cor-

relation factors 𝜌ℎ𝑘. The partial branching fraction into u quarks 𝑅′
u is fully constraint by

equations (11.18) and (11.19). As visible in figure 14.2, the MC shows the 𝜌ℎ𝑘 to be in-
dependent of the hadron species and the flavour of the primary quark within uncertainties,
confirming similar findings in ref. [256]. Therefore one global correlation factor 𝜌 is used,
leaving twelve unknowns.

The equation system is solved by minimising the 𝜒2 function

𝜒2 = ∑
ℎ

⎛⎜⎜⎜
⎝

̃𝑁det
ℎ − 2𝑁light ⋅ ∑𝑞 𝜂̃ℎ,det

𝑞 𝑅′
𝑞

√ ̃𝑁det
ℎ

⎞⎟⎟⎟
⎠

2

+ ∑
ℎ,𝑘

⎛⎜⎜⎜
⎝

𝑁det
ℎ𝑘 − (2 − 𝛿ℎ𝑘) ⋅ 𝑁light ⋅ 𝜌 ⋅ ∑𝑞 𝜂ℎ,det

𝑞 𝜂𝑘,det
𝑞 𝑅′

𝑞

√𝑁det
ℎ𝑘

⎞⎟⎟⎟
⎠

2

,

(14.3)

where the sums run over 𝑞 = d, u, s and ℎ, 𝑘 = π±,K±, p(p̄),K0
S,Λ(Λ̄). In the second term

the sum is applied such that double counting of the double tagged events with two different
tagging hadrons ℎ ≠ 𝑘 is avoided. The corrections

̃𝑁det
ℎ = 𝑁det

ℎ − ∑
𝑘

(1 + 𝛿ℎ𝑘)𝑁det
ℎ𝑘 (14.4)
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Figure 14.2.: The hemisphere correlation factors 𝜌ℎ𝑘 for all combinations of double tags and
the five primary quark flavours. The coloured bars represent the uncertainty due to the MC
statistics. For missing entries no corresponding double tag was present in the data sample. The
average represented by the horizontal dashed line is determined as the weighted mean of all
entries.

and
𝜂̃ℎ,det

𝑞 = 𝜂ℎ,det
𝑞 − 𝜌 ⋅ ∑

𝑘
𝜂ℎ,det

𝑞 𝜂𝑘,det
𝑞 (14.5)

are necessary to account for double counting between the samples of single-tagged hemi-
spheres and double-tagged events [261]. The 𝜒2 function (14.3) is minimised using the
measured numbers of tags given in table 14.3 as inputs. The total number of light quark
e+e− → 𝑞 ̄𝑞 events is 𝑁light = 742 387 (30.7 ⋅ 106 weighted). In each minimisation step the
hadronisation symmetries are applied to the 𝜂ℎ

𝑞 , which are free fit parameters. Afterwards
the detector level 𝜂ℎ,det

𝑞 are calculated from the 𝜂ℎ
𝑞 according to equation (14.2). This order

avoids the need to correct the individual symmetries for the mixing of the samples. Some of
the symmetry relations are broken by 𝒪(1 %) due to isospin-violating decays. Corrections
for these effects are taken from the MC.

The full results of the fit for all parameters are given in table 14.4 for both the weighted
and unweighted data. The unweighted fit has a 𝜒2 of 11.9 for seven degrees of freedom
(𝑝 = 0.11). A comparison of the fit result with the MC input values is shown in figure 14.3.
Within the errors the result agrees very well with the MC inputs.

The hemisphere correlation factor 𝜌 is found to be significantly smaller than one. This is
mostly due to the polar angle constraint applied to the leading particles. Due to the boosted
event geometry the two jets can have vastly different polar angles in the lab frame. Therefore
often one LP is rejected by the polar angle cut while the other is still counted. This way no
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14.4. Fitting the Branching Fractions

Table 14.3.: The numbers of tagged event hemispheres and double tagged events on detector
level after subtraction of heavy quark contributions for (a) the unweighted data and (b) the
weighted data with an average event weight of 41.36. The numbers are rounded to the nearest
integer.

(a) Unweighted data.

hadron single double-tagged events
type tags π± K± p(p̄) K0

S Λ(Λ̄)

π± 27 752 203 158 101 28 10
K± 15 299 74 67 45 19

p(p̄) 7429 12 12 14
K0

S 3873 4 7
Λ(Λ̄) 1911 1

(b) Weighted data.

hadron single double-tagged events
type tags π± K± p(p̄) K0

S Λ(Λ̄)

π± 1 148 510 8434 6370 4253 1160 426
K± 632 973 3004 2749 1931 773

p(p̄) 307 653 460 492 659
K0

S 160 730 176 311
Λ(Λ̄) 79 053 49

parameter
𝜌 𝑅′

d,s 𝜂π±
d 𝜂π±

s 𝜂K±
d 𝜂K±

u 𝜂K±
s 𝜂p(p̄)

d 𝜂p(p̄)
u 𝜂p(p̄)

s 𝜂Λ(Λ̄)
d 𝜂Λ(Λ̄)

s
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e
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Figure 14.3.: Comparison of the fit result from the unweighted data with the MC input.
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Table 14.4.: The fitted values of the free parameters in the equation system including statistical
uncertainties. The uncertainties are highly correlated. Results from fits to both the weighted
and the unweighted data are shown. For comparison the values from the MC input are given.

parameter fitted value MC input
weighted unweighted

𝜌 0.690 ± 0.004 0.687 ± 0.026 0.673
𝑅′

d,s 0.352 ± 0.004 0.345 ± 0.015 0.359
𝜂π±

d 0.0482 ± 0.0003 0.0482 ± 0.0017 0.0462
𝜂π±

s 0.0107 ± 0.0005 0.0101 ± 0.0031 0.0094
𝜂K±

d 0.0027 ± 0.0010 0.0017 ± 0.0060 0.0054
𝜂K±

u 0.0147 ± 0.0013 0.0171 ± 0.0070 0.0124
𝜂K±

s 0.0494 ± 0.0005 0.0486 ± 0.0034 0.0462

𝜂p(p̄)
d 0.0061 ± 0.0006 0.0053 ± 0.0036 0.0031

𝜂p(p̄)
u 0.0111 ± 0.0008 0.0115 ± 0.0044 0.0124

𝜂p(p̄)
s 0.0019 ± 0.0004 0.0020 ± 0.0024 0.0017

𝜂Λ(Λ̄)
d 0.0009 ± 0.0002 0.0009 ± 0.0013 0.0019

𝜂Λ(Λ̄)
s 0.0177 ± 0.0004 0.0180 ± 0.0024 0.0148

double tag is found but only a single tag, shifting their relative abundance. On generator
level without any geometrical constraints the MC predicts a correlation factor of 𝜌 = 1.11,
which is caused by gluon exchange between the primary quarks.

The fit using the weighted data as input gives results very similar to the unweighted fit.
The results are not expected to be exactly the same since the event weight for the less popu-
lated (double-tagged) samples can deviate significantly from the average, as can be seen in
table 14.3. This modulates the relative influence of these samples in the weighted fit when
compared to the unweighted fit. The value of 𝜒2 at the found minimum is 515.9. Taking into
account the average event weight of 41.36 this is equivalent to 𝜒2/𝑛df = 12.5/7 (𝑝 = 0.09).
From the weighted data the partial light flavour branching fraction for the down-type quarks
is determined to be

𝑅′
d,s = 0.3519 ± 0.0042

with a purely statistical error. The value of 𝑅′
u = 0.2961 ± 0.0083 is fully anticorrelated to

the value of 𝑅′
d,s, as described above.

Since the MC used for this analysis does not perfectly reflect the underlying physics, the
central values of the parameters found by the fit presented here may differ significantly from
the values found in the corresponding OPAL analysis in ref. [257]. Therefore, the potential
improvement in statistical precision in this measurement is investigated using the relative
uncertainties. In figure 14.4 a comparison is shown between the relative statistical uncer-
tainties achieved here and the OPAL results. With the unweighted data the uncertainties are
about the same as in the OPAL analysis while the data set used here is a factor of 2.4 smaller.
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Figure 14.4.: Comparison of the relative statistical uncertainties achieved in the fits with the
results from the analysis on the OPAL data presented in ref. [257]. For the OPAL measurement
also the combined statistical and systematic uncertainties are shown.

This reflects the superior performance of the ILD, in particular regarding the 𝑉0 PID, and
the larger geometric acceptance.

Using the weighted data the uncertainties are on average reduced by about an order of
magnitude compared to the OPAL result but with large fluctuations between individual
parameters. For the partial light quark branching fractions 𝑅′

d,s, which are of particular in-
terest, the relative uncertainty is improved by a factor of about 3.5 from 4.2 % to 1.2 %.
Judging from the event numbers after all cuts in both analyses, as given in section 14.1, an
improvement by a factor of 4.7 to a relative uncertainty of 0.9 % would be expected. Extra-
polating from the unweighted result using the average event weight, gives an uncertainty of
4.3 %/√41.36 ≈ 0.7 %. While the former is still reasonably close to the actual result, the
latter is significantly better than what was achieved. A larger simulated data set that requires
much lower event weights could help to resolve this discrepancy in a future analysis.

14.5. Discussion of Systematic Uncertainties
In the OPAL analysis [257] the systematic uncertainties on the branching fractions 𝑅d,s
added up to a similar value as the statistical uncertainty. Therefore, to take advantage of the
improved statistical precision expected at the ILC, the systematics need to be reduced by
at least the same amount. A complete investigation of all potential systematic effects was
not in the scope of this work, partially because the small statistics of the MC data sample,
reflected in the high event weights, limit the accuracy to which the systematic uncertainties
can be determined. Instead this section gives a first qualitative estimate of the expectation for
the largest contributions to the total systematic uncertainty identified in the OPAL analysis.
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Table 14.5.: The largest sources of systematic uncertainties in the measurement of the branch-
ing fractions 𝑅d,s identified the OPAL analysis in ref. [257]. As opposed to the partial fractions
𝑅′

d,s, the full branching fractions do depend significantly on the knowledge of the heavy quark
fractions 𝑅c and 𝑅b, which is reflected in the contribution to the systematic uncertainty. The
total systematic error given in the second to last line includes additional, smaller sources of
error not shown here.

source of error 𝛿𝑅d,s
𝛿𝑅d,s

/𝑅d,s

K0
S purity and efficiency ±4.1 % ∓0.0077 ∓0.034

𝑅c = 0.158 ± 0.010 ∓0.0037 ∓0.016
𝑓 K±
c = 0.101 ± 0.011 ±0.0031 ±0.014
𝑓 K0
c = 0.114 ± 0.012 ±0.0026 ±0.011
𝜂K0

d /𝜂K±
u , 𝜂K0

u /𝜂K±
d = 1.00 ± 0.02 ∓0.0024 ∓0.010

d𝐸/d𝑥 resolution ±5 % ∓0.0023 ∓0.010
𝑓 K0
b = 0.036 ± 0.010 ±0.0021 ±0.009
𝑓 K±
b = 0.039 ± 0.004 ±0.0010 ±0.004

Total Systematic Error 0.0104 0.045
Total Statistical Error 0.0096 0.042

The effects and the corresponding uncertainties are listed in table 14.5. Most of the largest
uncertainties are related to the charged and neutral kaons. This is due to the fact that the
separation of up- and down-quark events depends strongly on the difference between the
production of K± and K0

S . While kaons primarily tag strange-quark events, besides that
charged and neutral kaons preferentially tag u and d events respectively, due to the flavours
of their valence quarks.

The largest single contribution to the systematic error in the OPAL analysis was intro-
duced by the uncertainty of the K0

S purity and efficiency. These values were estimated from
the MC and the uncertainties are mostly due to correction factors needed to adjust for differ-
ing mass resolutions between data and the MC simulation as well as the simulation of other
cut distributions [257]. Therefore it is difficult to judge the magnitude of this uncertainty
for the presented analysis since no comparison with data is available for the ILD. However,
the greatly increased statistics in data available at the ILC will help to optimise the detector
simulations, reducing the reliance on correction factors. Furthermore, with the ILD the de-
tection and identification efficiency for K0

S of (79.8 ± 0.5) % established in section 13.3.1
is about 3 times higher than achieved at OPAL [294]. Therefore even when assuming the
absolute magnitude of the errors is unchanged, their relative impact is reduced by this factor
of 3, already achieving most of the needed improvement. Thus it can be expected that this
error will be reduced well below the required magnitude.

The next highest contribution to the systematic error came from the branching fraction of
the Z into charm quarks 𝑅c. For the OPAL analysis a value of 𝑅c = 0.158 ± 0.010 was used.
By now the global average decay width of the Z into charm quarks reported by the Particle
Data Group (PDG) is equivalent to 𝑅c = 0.1721 ± 0.0030 [18]. This already achieves the
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required reduction of the uncertainty. With further improvements in c-tagging performance
future measurements will only shrink the error, e.g. [295].

A similar share of the systematic uncertainty was introduced by the contribution of charm-
quark events to the K± and K0

S samples, 𝑓 K±
c and 𝑓 K0

c , as well as the b-quark contribution
to the K0

S sample 𝑓 K0
b . In ref. [257] the values of the 𝑓 ℎ

c were determined from the MC
simulation, due to the low efficiency of the available c-tags. The c-tagging performance
expected for the ILD with an efficiency of ∼35 % at 95 % purity [87] surpasses the b-tagging
performance reported in the OPAL analysis, ∼16 % efficiency at the same purity. At the same
time the b-tagging efficiency at the ILD will be improved to about 70 % at 95 % purity.
Since this allows to determine the 𝑓 ℎ

c from data, the large statistics available at the ILC can
be used to reduce the uncertainties well below the required value. Therefore the systematic
uncertainties introduced by the fractions of heavy-quark events should not pose an issue for
this analysis.

The breaking of the kaon related hadronisation symmetries is estimated purely from MC,
since measurements of the related 𝜂ℎ

𝑞 , e.g. [261], are affected by large uncertainties. As
such the scale of the breaking will stay the best measure of this uncertainty. Therefore it
is unlikely that this source of systematic error will shrink. Fortunately already the current
magnitude allows to reach the required total systematic uncertainty if most of the other,
larger uncertainties are sufficiently reduced.

In the OPAL analysis the uncertainty of the d𝐸/d𝑥 resolution was determined from data
using pion and proton tracks from the charged decays of K0

S andΛ(Λ̄), respectively. There-
fore the given error of the d𝐸/d𝑥 resolution of ±5 % includes a statistical component from
the number of tracks but also a systematic contribution from detector and calibration ef-
fects, which unfortunately were not given separately. This means higher statistics may help
to reduce the d𝐸/d𝑥 related errors but the ultimately achievable precision depends strongly
on the performance of the detector, e.g. the homogeneity and stability of the d𝐸/d𝑥 meas-
urement, and the scale of the required calibrations. As for the symmetry relations above, the
uncertainty due to the d𝐸/d𝑥 resolution is already small enough to allow the required total
systematic uncertainty to be reached.

14.5.1. New Systematic Effects

Due to the centre-of-mass energy at the ILC being far above the Z-pole and the reliance of
this analysis on events with a radiative return to the Z, new effects are introduced that may
contribute to the systematic uncertainty. The major effect that comes to mind here is the
selection of events on the Z return peak, as described in section 13.1, since the uncertainties
of the selection efficiency and purity can only be determined from the MC. Additionally,
as described in section 14.3, the selection efficiencies for the heavy flavours are different
from the efficiency for the light flavours. If the efficiency was the same for all flavours it
could simply be absorbed into the 𝜂ℎ

𝑞 , as it is done for the cuts on the polar angles of the jets
and the leading particles. Fortunately, in determining the partial branching fractions 𝑅′

𝑞, the
heavy flavour contributions are measured independently and subtracted. This leaves only
the efficiency common to all three light flavours that can again be absorbed into the 𝜂ℎ

𝑞 . This
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shifts the issue to determining the heavy flavour contributions to the tagged samples and the
total di-jet data sample, for which the systematic uncertainties have already been discussed
above.

As seen above a precise knowledge of the K± and K0
S tagging efficiencies is crucial for this

analysis. Therefore the fraction of K0
S that are not reconstructed since they decay too far out

in the tracker or reach the calorimeter must be accurately known as well. In section 13.3.1
the fraction was determined from the MC, which may introduce biases if the momentum
spectrum or the polar angle distribution are not well modelled. Fortunately isospin symmetry
allows these to be accurately estimated from the corresponding distributions of charged
kaons in data, thus benefiting from the greatly improved momentum resolution of the ILD
compared to OPAL and the large statistics available at the ILC to reduce the uncertainties.

Other potential sources of error include, likely amongst others, the performance of kine-
matic fits to recover the information from unreconstructed ISR photons and beamstrahlung,
and the much less well known effective centre-of-mass energy compared to the LEP meas-
urements. The impact and magnitude of these effects are difficult to judge without a dedic-
ated study.

14.6. Conclusions and Outlook
The presented analysis is only a first step that helps to gauge the possible improvement of
the statistical measurement uncertainties of the Z branching fractions into light quarks with
the data set of the ILC at √𝑠 = 250 GeV. A significant reduction of the statistical error is
found, indicating that it is possible to reduce the uncertainty to the level of 1 %. However, it
depends on the development of the systematic uncertainties whether the increased statistical
power can be benefited from fully. A qualitative look at the largest systematic effects found
in the original analysis indicates that the required reduction can be achieved with the ILD
at the ILC but a more detailed analysis is required to quantify all effects and judge the final,
total uncertainty. In particular effects that are newly introduced due to the centre-of-mass
energy away from the Z-pole and the use of events with a radiative return to the Z need
to be investigated. Furthermore, the performance of the PID by d𝐸/d𝑥 should be validated
using real d𝐸/d𝑥 information in a new simulated data set, instead of the toy MC method.
Finally, the analysis may be affected by the large event weights used. Further investigation, in
particular of the systematic uncertainties, requires a data set with much lower event weights,
preferably below a value of 1.

If the GigaZ running scenario for the ILC, introduced in chapter 2, would be implemented,
the resulting 3 ⋅ 109 hadronic Z-decays could be used to improve the statistical precision
much further. Simply scaling the uncertainty achieved here with the expected number of
events, ignoring potential differences in cut and PID efficiencies, results in an uncertainty
of only 0.2 %. This is comparable in size to the current uncertainty of the branching fraction
of the Z into charm quarks.
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In this part of this thesis an analysis originally devised to measure the branching fractions
of the Z boson into light u, d and s quarks in the process e+e− → 𝑞 ̄𝑞 at LEP [256] has been
adapted for the ILD at the ILC at √𝑠 = 250 GeV. The analysis uses high momentum hadrons
with different quark flavour content (π±, K±, p(p̄), K0

S , Λ(Λ̄)) to tag jets and events with
the different final state quarks. The main difference in the method used here compared to
ref. [256] is due to the higher centre-of-mass energy at the ILC. In a large number of events
the initial e+e−-system returns to the Z-resonance by emitting ISR photons. This results
in two distinct data samples with different effective centre-of-mass energies, one at the full
collision energy and one around the Z-pole. In the former sample the mediator of the process
is a mixture of Z and γ. While the beam polarisation of the ILC can be used to disentangle
this mixture, this sample was not used here as it is actually the smaller of the two. In the
latter sample the emission of the ISR photons results in a strongly boosted event geometry.
Since these photons generally are produced outside of the acceptance of the detector, the
boost and effective centre-of-mass energy must be reconstructed from the visible part of the
event. This can be done using a kinematic fit, which was emulated using MC information in
this work.

The major challenge of this analysis is the identification of the tagging hadron species.
The long-lived neutral particles K0

S andΛ(Λ̄) can be reconstructed from their charged decay
products. The stable charged hadrons are identified by their specific energy loss. Since no
true d𝐸/d𝑥 information was available in the simulated data, a toy MC method was imple-
mented. Both PID methods were shown to be affected by the higher centre-of-mass energy
and the correspondingly higher momenta of the hadrons. For the 𝑉0 the higher momentum
results in a relativistic enhancement of their lifetime, allowing large fractions to penetrate
the tracking system. These particles are lost for the reconstruction and thus lower the tag-
ging efficiency. For the stable charged hadrons the higher momentum means that the d𝐸/d𝑥
measurement is performed far in the relativistic rise part of the Bethe-Bloch curve, where
the separation between the different particle species is worse than at lower momenta. How-
ever, in both cases it has been shown that the performance of the ILD is sufficient to provide
efficient separation between the tagging particle species. In comparison with the original
analysis performed with the OPAL detector [257] the tagging efficiencies for the two 𝑉0

species were significantly improved and the performance for the stable charged hadrons at
least maintained. While this is true for the large ILD model, the reduced outer radius of
the TPC in the small ILD model would degrade the tagging efficiency for both groups of
particles, as it increases the fraction of 𝑉0 penetrating the tracker and reduces the number
of available d𝐸/d𝑥 samples in the TPC.

The actual measurement of the branching fractions was performed using only the data
set around the Z-return peak containing about 1.79 ⋅ 106 simulated events. These events
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were weighted to the full data set of the complete ILC running scenario corresponding to
73.9 ⋅ 106 events, resulting in an average event weight of 41.36. The branching fractions
were determined by a 𝜒2-fit to the number of jets and events tagged by the five hadron
species. The fit to the unweighted data reproduces the MC input well within its uncertainties
and the fit to the weighted data produces very similar results. The weighted fit results in a
relative statistical uncertainty of the down type branching fractions 𝑅′

d,s of 1.2 %. Compared
to the existing measurement at OPAL [257], which used 4.3 ⋅ 106 events at the Z-pole and
reached a statistical uncertainty of 4.2 %, this is an improvement by a factor of 3.5. To benefit
from this increased statistical power, the systematic uncertainties must be reduced by the
same amount. A first qualitative look suggests that the largest systematic effects identified
in the OPAL analysis could be sufficiently improved at the ILD due to the advanced detector
performance and the much larger data set available at the ILC.

The result of this analysis may be affected by the large event weights. Therefore it should
be validated using a larger data set. This would also allow to investigate and fully quantify the
systematic uncertainties. Additionally, the reliance on MC information should be reduced
by performing an actual kinematic fit to determine the effective centre-of-mass energy and
by using fully simulated d𝐸/d𝑥 information for the PID process.
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A. Part I

A.1. GEM Flatness Studies
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Figure A.1.: Mounting plate height distribution.
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(a) Manually mounted GEM.
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(b) Tool mounted GEM.

Figure A.2.: Comparison of the height deviations in single and double framed GEMs for (a)
manually mounted GEMs and (b) GEMs mounted using the new tool.
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A.2. Comparison of Beam Test Results
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Figure A.3.: The rise time 𝜏 from a fit of equation (6.1) on page 97 to the average pulse shape
from data with 𝐸drift = 130 V/cm for (a) the leading pulses with the highest charge and (b) the
pulses with the least charge in each hit.
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Figure A.4.: The point resolution in both data sets for a 130 V/cm drift field at various drift
distances in (a) the transverse plane and (b) the drift direction. The solid lines represent fits of
equation (8.10) on page 120. The fit results are given in tables 8.3 and 8.4 on page 122.
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Figure A.5.: The influence of contamination of the gas with oxygen on (a) the drift speed and
(b) the diffusion coefficients. During both beam tests ∼60 ppm O2 were recorded. The lines
represent polynomial fits of up to third order to guide the eyes and assess the rate of change.
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Figure A.6.: The influence of the gas pressure inside the TPC on (a) the drift speed and (b) the
diffusion coefficients. The lines represent polynomial fits of up to third order to guide the eyes
and assess the rate of change.
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Figure A.7.: The influence of the gas temperature inside the TPC on (a) the drift speed and
(b) the diffusion coefficients. The lines represent polynomial fits of up to third order to guide
the eyes and assess the rate of change.
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Figure A.8.: The measured average width of the PRF in both data sets at various drift distances.
The minimum pulse length was reduced for the 2016 data. The solid lines represent fits of
equation (8.1) on page 116. The fitted diffusion coefficients are given in table 8.6 on page 131.
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Figure A.9.: The longitudinal point resolution at various drift distances. The minimum pulse
length was reduced for the 2016 data The solid lines represent fits of equation (8.10) on
page 120. The fit results are given in table 8.7 on page 132.
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B.1. Additional Data Reconstruction

0 50 100 150 200 250
√𝑠′

MC [GeV]

0

100

200

300

400

𝑚
jj

[G
eV

]

1

10

102

103

104

105

#
ev

en
ts

(a) Centre of mass energy comparison.

−10 −5 0
ln(1 − cos 𝜃γ1

)

−10

−5

0

ln
(1

+
co

s𝜃
γ

2
)

1

10

102

103

#
ev

en
ts

(b) Polar angle of selected ISR.

Figure B.1.: Some reconstructed ISR photons are not correctly linked to their MC counterparts.
(a) These photons are included in the calculation of the invariant di-jet mass, causing the events
to migrate to larger 𝑚jj. The red line marks the cuts used to select such events. (b) The polar
angle distribution for MC ISR photons in the selected events shows that they are primarily
directed at 0.9997 > ∣cos 𝜃∣ > 0.997 (1.5° < 𝜃 < 4.6°), matching the acceptance of the
LumiCAL [105].
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Table B.1.: The equation and parameters used to calculate the expected energy loss of charged
particles [293], where 𝛽 is the speed of the particle relative to the speed of light and 𝛾 =
1/√1 − 𝛽2 the relativistic Lorentz factor (see also equation (3.7) on page 35).

⟨−d𝐸
d𝑥 ⟩ = 1

𝛽2 ⋅ (𝑝0
2 ⋅ ln(𝑝1 ⋅ (𝛽𝛾)2 ⋅ 𝑄max) − 𝑝3 ⋅ 𝛽2 − 𝑝4 ⋅ 𝛽

2 )

𝑄max = 𝑝2 ⋅ (𝛽𝛾)2

(B.1)

𝑝0 [10−2] 𝑝1 ⋅ 𝑝2 𝑝3 𝑝4 [10−4]

e −1.054 232 91 6.992 961 543 144 832 5 ⋅ 101 −1.764 647 96 −0.083 070 863
μ 7.018 704 74 1.822 175 490 478 ⋅ 1014 0.444 841 020 3.234 621 27
π 7.276 575 27 4.032 284 759 595 497 3 ⋅ 1013 0.452 784 712 3.715 020 54
K 7.879 450 81 9.686 924 017 674 677 ⋅ 109 0.265 291 325 3.967 002 23
p 7.949 225 64 3.060 789 122 326 154 3 ⋅ 109 0.232 913 411 3.011 266 98
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