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Abstract

Particle physics is entering a new era. From spending the last decades establishing
the Standard Model (SM) the focus has now shifted towards answering the remaining
open questions of the theory. With this new target in mind, scientists all around
the world are designing the next generation of collider experiments. At CERN the
highest-priority post-LHC accelerator is the Future Circular Colliders (FCC) [1] . In
its first stage the 100 km tunnel will host an extreme luminosity electron-position
collider (FCC-ee), covering the interesting energy range from the Z peak to the tt̄
production threshold. The second stage will be a hadron-hadron collider (FCC-hh)
with collisions reaching unprecedented energies of

√
s = 100 TeV.

One of the goals of the FCC-ee is gathering high precision measurements of key SM
parameters [2]. In order to achieve this goal, it is of vital importance to construct the
best detector system possible including a calorimeter system. A potential solution for
the electromagnetic calorimeter (ECAL) is based on liquid argon (LAr). A variant of
a noble liquid ECAL is currently operated by the ATLAS experiment at CERN and
has proven itself highly stable with good energy resolution, linearity and uniformity
indicating fine prospects for this technology [3]. The requirements at FCC-ee are
rather different than at the LHC and it is therefore crucial to investigate whether
the suggested solution satisfies these new requirements. This study investigates the
performance of such a calorimeter for the particularly challenging task of achieving
a clean and well-understood separation of the different hadronic decay modes of
the τ lepton. Simulation studies of the proposed calorimeter is performed by first
concentrating on single particle studies and subsequently on full τ decays. A key part
of the analysis is a π0 reconstruction method, which can only be achieved with a high
performance ECAL. The study suggests that the performance of the LAr ECAL is
indeed appropriate and the design remains an interesting calorimeter option for the
FCC-ee. Especially its fine granularity, high energy resolution and low noise levels
are essential properties. A liquid krypton (LKr) ECAL design is also investigated
and the performances of the noble gas options are compared.
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1Introduction

Particle physics describes the smallest constituents of the universe. These objects,
called elementary particles, and their interactions are described by the Standard
Model (SM). Scientists has spend the last decades developing the model and today it
describes most phenomena observed in collider experiments. The latest validation of
the theory was the discovery of the Higgs boson in 2012 [4] [5]. Nonetheless, several
experimental measurements cannot be explained by the model. It is therefore a
pivotal moment in the history of particle physics where the focus has shifted towards
testing the Standard Model and searching for the missing elements. Eventually, this
search might propose a need for new physics.

The Standard Model does not provide any clues to what the potential new physics
might be or how to probe it, but an interesting opportunity is precision measure-
ments of Standard Model parameters. Precision measurements enables testing of the
consistency of theory to unprecedented orders of magnitude. If the theory does not
hold, precision measurements might help guide the further search for new physics or
even reveal it directly [2]. There are many areas where such measurements could be
interesting. One of them is τ physics. Precision measurements of the τ lepton and
especially of the τ polarisation allow studies of the weak mixing angle and the, until
the present day, assumed e− τ universality [6]. The former is one of the principal
parameters in the electroweak sector of the Standard Model and the latter is a central
concept stating that the leptons couple with equal strength to the force-carring Z
boson.
Conduction of these precision measurements demands suitable experiments. For this
purpose, scientists at Conseil Européen pour la Recherche Nucléaire (CERN) and
all around the world have begun designing a new accelerator - the Future Circular
Colliders (FCC). This integrated accelerator programme will consist of two collider
stages: an electron-positron collider (FCC-ee) and a hadron-hadron collider (FCC-
hh). The combination of the two colliders allows for an extremely wide search. The
electron-position collider will provide extreme luminosities and thereby statistics in
the energy range from the Z peak to the tt̄ production threshold making it well suited
for the precision measurement approach, whereas the high energies reached in the
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hadron collider (up to
√
s = 100 TeV) encourages a direct search for new particles [1].

The first collisions at the FCC-ee are scheduled to occur in the 2040s. At the time of
writing, the main focus is thus conducting feasibility studies as well as determining
the exact design of the detectors, which will be placed at the accelerator’s collision
points. The latter is the focus of this thesis.

Currently, two main detector concepts are planned for the FCC-ee: The IDEA
and CLD detector concepts [2]. They each consist of several sub-detectors which
should all be optimized individually. One of these sub-detectors is the electromagnetic
calorimeter (ECAL) which measures the energies of e.g. electrons and photons. The
Noble Liquid Calorimetry working group at CERN has proposed a new design for
a state-of-the-art detector, inspired by the current sampling ECAL in the ATLAS
experiment. It will consist of layers of lead and liquid argon (LAr) with a high energy
resolution and granularity which fulfills some of the central requirements for a new
detector [3].
A high performance ECAL is especially important for future τ polarisation mea-
surements. The precision of these measurements heavily depends on the ability to
obtain a clean and well-understood separation of the τ decay modes in addition to
measuring the energies of the daughter particles. The former is not a trivial task due
to the presence of many close-by particles, making examining the best possible sepa-
ration a good benchmark for the ECAL performance. This thesis presents a method
for obtaining the inter-channel separation for the brand new LAr ECAL design by
starting at the most primal analysis level of shower reconstruction, performed by
a specially developed clustering algorithm. Building the analysis tools completely
from scratch is necessary since no current methods are yet developed for this ECAL
geometry. Following the shower reconstruction is a particle identification scheme and
a π0 reconstruction method, which is one of the most central elements of this analysis.
Collectively, these methods enable the desired decay channel identification.

The study also investigates the performance of a tungsten and liquid krypton ECAL
design as well as a revised LAr and lead design with finer granularity. The goal of
this alternate analysis is indicating and comparing the performances of the different
ECAL designs.
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2The Standard Model and

beyond

The Standard Model (SM) describes our current day understanding of Natures most
fundamental building blocks, the elementary particles. The elementary particles are
believed to be the smallest constituents of the observable universe, which, according
to the model, can be constructed from just 12 matter particles and five force carrying
particles. The models’ success is especially due to its unifying structure and the veri-
fiability is allows. Since its first formulation in the early 1970s numerous experiments
have tested and consolidated its predictions. An overview of the SM particles along
with their properties and interactions can be seen in Figure 2.1 and Figure 2.2.

Figure 2.1: The particles of the Standard Model and their properties [7]

The two principle particles species of the theory are the fermions (matter particles)
and the bosons (force-carrying particles). The fermions all have spin-1

2 and they are
arranged in three generations based on their internal mass hierarchy, with the first
generation being the lightest. Each generation consists of four particles: an up-type
quark carrying charge +2

3 , a down-type quark carrying charge −1
3 , a charged lepton
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carrying charge −1, and a neutral lepton (a neutrino). The first generation consists of
the up-quark, the down-quark, the electron and the electron neutrino. They are the
most common elementary particles in our Universe and engage in many well-known
physical mechanisms and phenomena for example the hydrogen atom.
For each fermion there exisists an anti-particle with the same mass but opposite
electrical (and colour) charge. The anti-particles behave much like their corresponding
particle and participate in the same interactions.

Figure 2.2: Interactions of the Standard
Model particles [8]

The boson group consists of four Gauge
bosons: the gluon, the photon, the Z
and W± bosons, and one scalar bo-
son: the Higgs boson. The Gauge
bosons have spin 1 and mediate the
weak, the strong and the electromag-
netic interactions. These are the three
of the four basic interactions in na-
ture. Gravity is not yet embedded
in the framework of the SM but with
the small masses of the SM particles,
its influence can anyway be neglected
here.

The electromagnetic interaction is mediated by the photon. All electrically charged
fermions can undergo this interaction and since photons are massless and can propa-
gate freely, the range of the force is infinite.
The associated gauge bosons of the weak interaction are the Z and the W± bosons.
The weak neutral-current interaction is mediated by the Z boson and the charged-
current weak interaction is mediated by with the W± bosons. All fermions experience
the weak force and the range of force is about 10−18 m, which is largely due to the
heavy mass of theW bosons as the propagator of the particle has a 1/m2

W dependence
with mW ≈ 80 GeV. This is what makes the weak interaction weak.
The strong force is the interaction seen between coloured objects such as the quarks.
It earns its name by being the strongest of the four forces within the distance of
1 fm. The strength of the force increases with growing distance which is a very
special property for this force and ultimately leads to the formation of hadrons. The
associated boson is the gluon. The massless gluons do not propogate freely due to a
phenomenon called colour confinement. The strong force therefore has a finite range
of approximately 10−15 m(1 fm) corresponding roughly to the size of a nucleus [9].
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The only scalar boson in the SM is the Higgs boson. It has spin-0 and no elec-
trical charge. It is through interactions with the Higgs field that all SM paricles gain
their mass. This process is described in the Higgs mechanism which was proposed
by the physicist Peter Higgs and others in 1964 [10]. The experimental discovery of
the Higgs boson by the CMS and ATLAS experiments at the Large Hadron Collider
(LHC) at CERN is one of the strongest arguments supporting the Standard Model
[4] [5].

2.1 Quantum Field Theories

Quantum Field Theory (QTF) is the mathematical framework behind the SM and
combines special relativity, quantum mechanics and field theory. QFT treats the
physical particles as excitations of quantum fields, and interactions and dynamics are
described by the Lagrangian formalism. Two central quantum field theories in the SM
are quantum electro dynamics (QED) and quantum chromo dynamics (QCD). QED
describes the interactions between charged particles and an electromagnetic field,
whereas QCD describes the interactions of the strong force. This section presents key
aspects of the QFTs as well as defining symmetries in the SM.

The Lagrangian formalism

The dynamics of a classical system can be described by specifying the Lagrangian
and obtaining the equations of motion using the Euler-Lagrange equation [11]. The
Lagrangian is defined as

L

(
qi,

dqi
dt

)
= T − V , (2.1)

with T and V being the kinetic and potential energy, respectively. Here qi is a set of
generalized coordinates. In QFT, these discrete coordinates are replaced by continues
fields. The Lagrangian is then redefined as

L

(
qi,

dqi
dt

)
→ L(θi, ∂µθi), (2.2)

2.1 Quantum Field Theories 5



with θi = θi(t, x, y, z) being continues fields in space-time, and ∂µθi the derivative
defined as ∂µθi ≡ ∂θi

∂xµ
. The resulting Euler-Lagrange equation becomes

∂µ

(
∂L

∂(∂µθi)

)
− ∂L
∂θi

= 0. (2.3)

The Dirac equation

The fermion fields in QFT are described by the Dirac equation. To provide a
unification of special relativity and quantum mechanics, the Dirac equation needs
to be Lorentz invariant. This is a necessity that is not upholded by the Schrödinger
equation since it is not first order derivative of both space and time. The Dirac
equation, being first order derivative of both space and time, is formulated in the
covariant way

(iγµ∂µ −m)ψ = 0, (2.4)

with γµ being the four Dirac γ-matrices. These matrices are indeed Lorentz invariant
and can be built using the three 2× 2 Pauli spin matrices.

The solutions to the Dirac equation are four component wavefunctions and represent
spin-1

2 particles. These Dirac spinors are defined as:

ψ =


ψ1

ψ2

ψ3

ψ4

 (2.5)

and are linear combinations of two eigenspinors: the spin-up and spin-down states.
There is a spin-up and spin-down state for both the negative and postive energy
solution to the Dirac equation. Since quantum mechanics demands a complete set of
basis states, the negative energy solutions cannot be discarded and these solutions
are instead interpreted as the anti-particles [9] [11].

2.1 Quantum Field Theories 6



The Local Gauge Principle

The demand of local gauge invariance is central in the SM. Gerard t’Hooft showed
that only theories upholding local gauge invariance are renormalisable [9]. As a
consequence of this extremely powerfull statement, all QFT’s of the SM must fulfill
this symmetry. When enforcing it, it gives rise to the gauge bosons. Local gauge
invariance is introduced by requiring either U(1) (for QED), SU(2) (for the weak
interaction) or SU(3) (for QCD) local phase invariance of the fields. U(1), SU(2) and
SU(3) are the gauge groups of the QFT’s. An example is electrodynamics where the
underlying symmetry group is the U(1) group. The requirement of U(1) local phase
invariance in this theory gives rise to a new vector field Aµ, which interacts with the
fermion field. The transformation of these fields are

ψ(x)→ ψ′(x) = eiqχ(x)ψ(x) (2.6)

Aµ → A′µ = Aµ − ∂µχ(x) , (2.7)

where qχ(x) is a phase which can take different values in all points of space-time.
The transformations exactly describe the gauge field of the photon and thereby the
interactions of the photon and the electron in the requested renormalisable way.
Following this logic it can be shown that the QED Lagrangian can be formulated
as

LQED = ψ̄ (iγµDµ −me)ψ −
1
4FµνF

µν , (2.8)

where the normal derivative ∂µ has been replaced by the covariant derivative

∂µ → Dµ = ∂µ + iqAµ , (2.9)

in order to satisfy the local gauge invariance. This is an important result, but
the request for local symmetry has consequences beyond the QED formulation. It
ultimately leads to the entire SM being invariant under

SU(3)× SU(2)× U(1) (2.10)

gauge transformations [9].

2.1 Quantum Field Theories 7



Helicity and Chirality

Quantum numbers correspond to conserved quantities of quantum mechanical systems.
For example, in non-relativistic quantum mechanics, the spin along the z-axis is
used as a quantum number. In relativistic quantum mechanics, however, only spin
measured along the direction of momentum is a good quantum number. This quantity
is called helicity and is defined as

h ≡ S·p
p
, (2.11)

where S and p are the spin and the momentum of the particle, respectively. Helicity
has eigenvalues ±1/2, and the two states are called right-handed and left-handed.
Because helicity depends on the direction of motion, it cannot be invariant under
Lorentz transformations for massive particles, as reversing the direction of the particle
will switch the helicity. A non-geometrical but Lorentz invariant quantity, chirality,
is therefore introduced for all fermions.
Chirality is defined as the eigenstates of the γ5-matrix which is constructed of the
Dirac matrices, γ5 = iγ0γ1γ2γ3. Its eigenvalues are +1 and −1 and correspond to
right-handed and left-handed chiral states, respectively. Helicity and chiral states
are identical in the limit where masses of the particles can be neglected, i.e. the
relativistic limit [9] [11].

2.1.1 The Electroweak Unification

Electroweak unification is a theory within the SM that combines the weak interaction
with QED. It was developed in the 1960s by Glashow, Salam and Weinberg (GSW).
The symmetry group describing the weak charged-current interaction is the SU(2)L
group. The L indicates that the gauge transformation is only for left-handed par-
ticles and right-handed anti-particles, corresponding to the V-A structure of the
charged-current weak interaction. By requiring invariance under SU(2) local phase
transformations, it is necessary to introduce three new gauge fields W 1

µ ,W
2
µ ,W

3
µ to

insure that the Dirac equation is still fulfilling local gauge invariance. The first two
gauge fields can be associated with the W± bosons and the third gauge field with a

2.1 Quantum Field Theories 8



linear combination of the photon and Z boson. The physical W bosons mediating the
weak charged-current interactions are described by

W±
µ = 1√

2
(
W(1)

µ ∓ iW(2)
µ

)
, (2.12)

which means that they are a combination two fields.

The same applies to the the photon and the Z boson. Their fields, Aµ and Zµ,
can be described by a linear combination of the third vector field W 3

µ and another
field Bµ. The new field Bµ was introduced by GSW to replace the U(1) symmetry
group of QED with the U(1)Y local gauge symmetry. Y indicates that the field
couples to weak hypercharge. Using these fields, the photon and the Z boson can, in
the unified electroweak theory, be described as:

Aµ = BµcosθW +W (3)
µ sinθW (2.13)

and
Zµ = −BµsinθW +W (3)

µ cosθW , (2.14)

with θW being the weak mixing angle. This unification indicates a relationship
between the coupling constants of the weak and the electromagnetic interaction. The
relation can be given as a function of the weak mixing angle:

e = gW sinθW = g′cosθW (2.15)

with the weak hypercharge given as Y = 2Q− 2I(3)
W . The weak mixing angle is vitally

important in the electroweak model as it can be used to describe the relation between
the coupling of the weak and electromagnetic couplings. It also plays a central role
in determining the coupling strength of the Z boson to fermions. The coupling of the
Z boson is

gZ = gW

cos θW
≡ e

sin θW cos θW
. (2.16)

This can be used to determine the form of the neutral-current of the Z boson and
furthermore its coupling to LH and RH chiral states:

jµZ = 1
2gZū

(
cV γ

µ − cAγµγ5
)
u (2.17)

with the vector and axial vector couplings

cV = (cL + cR) = I
(3)
W − 2Q sin2 θW , cA = (cL − cR) = I

(3)
W . (2.18)

2.1 Quantum Field Theories 9



This shows that the Z boson couples to both LH and RH particle states but with
different strengths. The strengths are again determined by the weak mixing angle
[9].

2.1.2 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the theory describing the strong interaction.
The strong interaction is the interaction seen between coloured objects such as quarks
and gluons. The gluons are the mediating gauge boson and arise from the underlying
SU(3) symmetry. Requiring local phase invariance forges a need of eight new gauge
fields interpreted as the eight gluons. The gluons and their interactions are described
by the Lagrangian

LQCD = ψ̄ (iγµDµ −m)ψ − 1
4G

a
µνG

µνa. (2.19)

where Dµ is the covariant derivative, analogous to QED. It is described by

Dµ = ∂µ + igsTaG
a
µ. (2.20)

with Ta being the generator of the group and Ga
µ the field.

The eight generators of QCD are represented by 3 × 3 matrices with three extra
degrees of freedom called colour. They are labeled red (r), green (g) and blue (b).
Particles will carry colour and anti-particles will carry anti-colours denoted anti-red
(r̄), anti-green (ḡ) and anti-blue (b̄). The colours are orthogonal in colour space and
colour is conserved at all vertices. The states are described by two quantum numbers:
colour hypercharge, Y c, and the third component of the colour isospin, Ic3.

In order for colour to be conserved at each vertex, gluons must carry both colour and
anti-colour charges. The colour charge cannot be chosen randomly as only specific
combinations are allowed. Because gluons are related to the generators of the SU(3)
group, the eight gluons form an octet coloured state consisting of the following colour
combinations:

rḡ, gr̄, rb̄, br̄, gb̄, bḡ,
1√
2

(rr̄ − gḡ) and 1√
6

(rr̄ + gḡ − 2bb̄). (2.21)

2.1 Quantum Field Theories 10



The non-zero colour charge of the gluons allows them to self-interact. This is a special
property of QCD and has several consequences for the theory. They interact with
themselves and other particles carrying non-zero colour charges to form colour-less
objects as demanded by colour confinement. Colour confinement is a concept stating
that only colourless objects i.e. colour singlet states can propagate freely. A singlet
state does not only require that net sum of colour quantum numbers of a state is
zero. It also demands that the state is invariant under SU(3) colour transformations
and additionally, that the ladder operator T±, U± and V± (defined in the same way
as for SU(3) flavour symmetry) all give zero when used on the state. These impose
strict rules for allowed states and explains for example why the propagation of single
quarks are not observed in nature.

It is believed, although not yet proven, that colour confinement arises from gluon
self-interactions. When two free colour charges are pulled apart, they exchange virtual
gluons. Due to self-interactions of these virtual gluons, the colour field between the
two colour charges is compressed into a flux tube. The potential of this field is
described by V (r) ∼ κr with κ ∼ 1 GeV/fm and r being the distance between them.
This relation shows that it would take an infinite amount of energy to separate the
two colour charges at an infinite distance. Colour charges such as quarks are therefore
always confined in colourless states for example as hadrons [9].

2.2 The Higgs mechanism

The description of the elementary particles and their interactions presented so far
have one major problem: the demand of local gauge symmetry can only be met if
all particles are massless. It is obvious that this is not true for our Universe. Many
ferminos as well as the W± and Z bosons are observed to have a non-zero masses.
The Higgs mechanism solves the problem by introducing the masses of both fermions
and bosons without breaking local gauge invariance.

The SM Higgs mechanism is embedded in the U(1)Y × SU(2)L local gauge symmetry.
This symmetry group involves the electroweak sector of the SM. The Higgs potential
is a complex scalar field described by:

V (φ) = µ2φ†φ+ λ(φ†φ)2, (2.22)

2.2 The Higgs mechanism 11



with µ2 < 0. A drawing of the potential of a single complex scalr field can be seen in
Figure 2.3.

Figure 2.3: Illustration of the
Higgs potential for a
single complex scalar
field [9]

φ in Eq. 2.22 is a weak isospin doublet of two
complex scalar fields:

φ =
 φ+

φ0

 = 1√
2

 φ1 + iφ2

φ3 + iφ4

 . (2.23)

Because µ2 < 0 there is an infinite set of the Higgs
potential minima corresponding to the lowest en-
ergy states of the field also called the vacuum states
(illustrated as the ring of minima for the single
complex scalar in Figure 2.3). The Higgs potential
minima are given by:

φ†φ =1
2
(
φ2

1 + φ2
2 + φ2

3 + φ2
4

)
= v2

2 = −µ
2

2λ (2.24)

⇒ v2 = −µ
2

λ
, (2.25)

where v is the vacuum expectation value of the Higgs field. It is hugely important
for the SM physics. The degenerate set of solutions forces a choosing (by Nature) of
vacuum state which spontaneously breaks the symmetry of the Lagrangian. After
the spontaneous symmetry breaking, the scalar field doublet can be chosen as

φ(x) = 1√
2

 0
v + h(x)

 , (2.26)

using a unitary gauge transformation. This field is no more complex and h(x) now
represents the physical Higgs field. The resulting Lagrangian will consist of terms
describing the massive Higgs scalar, the massive and massless gauge bosons, the
interactions between the Higgs and the scalar bosons and the Higgs self-interactions.
From the Lagrangian, the mass of the W bosons are found as

mW = mZcosθW = 1
2gWv (2.27)

which shows that the vacuum expectation value of the Higgs field sets the scale for
the masses of the electroweak sector of the SM. It’s value is determined to be

v = 246 GeV (2.28)
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and results in a Higgs mass of

mH ≈ 125 GeV. (2.29)

The fermion masses can furthermore be found using the Higgs mechanism by following
the same logic as for the electroweak bosons. Here, it is shown that the Yukawa
coupling of the Higgs boson to the ferminons is described by

gf =
√

2 mf

v
. (2.30)

This suggests that v also sets the scale of the fermion masses. Additionally, it shows
that the Higgs couples to all fermions but with a strength proportional to the fermion
mass. This proportionality also applies for the gauge bosons [9] [11].

2.3 Open questions and Beyond the

Standard Model physics

Regardless of the many compelling arguments supporting the SM, scientists agree
that the model does not give a complete description of particle physics. Questions
remain that cannot be answered within the current model and these could lead
particle physics to new far-reaching discoveries and maybe even new physics.

One sector with many interesting unknowns is the Higgs sector. Because of the
boson’s important role in the SM, it is essential to fully understand its properties
and their origins. Nonetheless, the Higgs boson remains the least understood particle
within the theory. Consider for example the vacuum expectation value of the Higgs
field, v = 246 GeV. This value is not predicted in the SM, but found from Eq. 2.27.
As it sets the scale of the masses of the electroweak bosons and the Higgs boson mass
itself, the exact value is hugely important. As a result, the mass of the Higgs boson is
just mH ≈ 125 MeV, which gives rise to the Hierarchy Problem, asking why the weak
force seems to be 1024 times as strong as gravity. An understanding of the origin of
the Higgs potential is necessary to solve this problem [2].
The Higgs boson is the only scalar boson in the SM. Since it does not carry an
electric charge or spin it could possibly interact with undiscovered scalar bosons
or new particles [12]. Further studies of its branching fractions are therefore of
special interest. A potential discovery of so-called exotic Higgs decays or invisible
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decays could reveal new physics and maybe even help answer other open questions.
Measurements of the total width of the Higgs boson along with precise determinations
of its branching fractions would therefore be immensely valuable. However, the lack
of observations of exotic decays suggests very small branching fractions, if any, and
so a dedicated Higgs factory is needed for these studies.

One of the biggest mysteries of physics concerns the origin and composition of
Dark Matter (DM). DM was proposed as the cause of an inconsistency between
observations of galaxies’ rotation curves and the predicted values. The high rota-
tion velocities suggested a need for additional non-luminous heavy matter (DM),
surrounding the galaxies in a halo. Calculations suggest there is 5.4 times more
DM than luminous matter in the universe. The SM does not give any indications
to what dark matter is or the mass scale of the DM particles. The DM problem
is regarded as a strong indication of Beyond the Standard Model (BSM) physics [9] [13].

The insufficiency of the SM is also demonstrated by the presence of flavour vio-
lation. Flavour violation was first observed for neutrinos as neutrino oscillations. The
weak eigenstate of the neutrino is a linear superposition of three mass eigenstates and
hence, it allows the neutrinos to alternate between the flavours, violating the laws
of the SM. As a result, the neutrino wavefunction will collapse when the neutrino
interacts and a weak eigenstate, i.e. flavour, is chosen. This was a ground-breaking
discovery. While it solved the problems for inconsistencies between experimental
measurements and predictions, (e.g. the Solar neutrino problem [14]) it also posed
new discussions since the phenomenon of neutrino oscillations requires the neutrinos
to have a non-zero mass. This is a contradiction to the SM where they are chosen
to be massless by convention. Measurements nonetheless supported the neutrinos
having a small but non-zero mass. However, a theoretical explanation is still missing
[15].

Another open question is the baryon-antibaryon asymmetry. Our universe today is
dominated by baryons and not anti-baryons and it is believed that this asymmetry
arose in the early universe and cannot have happened without C (charge conjugation)
and CP (charge conjugation and parity) violation. The SM only allows for CP
violation in the weak interactions of the quark sector but this alone cannot explain
the observed asymmetry. The lack of an explanation in the SM again suggests BSM
physics.

2.3 Open questions and Beyond the Standard Model physics 14



Figure 2.4: A summary of the SM predictions at the 68% and 95% confidence level.
The blue ellipse is the result the SM predictions for the W and top quark
masses including the measurements Higgs boson mass. The gray area is this
prediction without the Higgs mass measurement. The green bands are the
direct measurements of the W and top quark masses within 1σ [2].

These questions and more set the agenda for the next period of exploration in the field
of particle physics. However, it still needs to be decided where and how to search for
BSM physics. One suggestion is through precision measurements of the electro-weak
model [2]. The SM consists of several free parameters with values determined by
experimental measurements which allows for a comparison to theoretical predictions.
Increasing the precision of the measured values thereby automatically tests the
consistency of the SM. If breaches or discrepancies are found, they hint a presence
of other underlying physics phenomena. This has however not been the case to the
present day as measurements have only confirmed SM predictions. This means that
effects of potentially undiscovered physics are smaller than current uncertainties
which immediately motivates for precision measurements.
The electro-weak model is especially suited for precision measurements since it contains
many important free parameters of the SM. The parameters include the masses of
the Z and W± bosons, the weak mixing angle sin2(θW ) and the top quark mass. The
overall results, their uncertainty and the agreement with the SM predictions can be
seen in Figure 5.2 [16]. The results show a consistency between the predicted values
(blue ellipse) and the direct measurements (dark green ellipse).
Another option is precision measurements of the τ lepton with a special focus on
measurements of its polarisation. Such measurements allows for simultaneous testing
of the assumed e− τ universality of the SM and provide the numerical value of the
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key electro-weak model parameter, the weak mixing angle. This thesis concentrates
on the τ polarisation approach for which a τ decay mode identification is central.

2.3 Open questions and Beyond the Standard Model physics 16



3τ studies

Figure 3.1: The leptonic and hadronic decay channels of the τ lepton

The τ lepton was discovered in 1975 by Martin Lewis Perl (and others), who, in 1995,
was awarded the Noble Prize in physics for his work [17]. The τ lepton is the heaviest
of the three leptons with a mass of 1.77686± 0.00012 GeV [18]. Because of the mass,
the mean lifetime of the τ is only (290.3± 0.5)× 10−15 s. Unlike the lighter leptons
the τ can decay both hadronically and leptonically because of the sufficiently high
mass. Both happen through weak charged-current interactions as shown in Figure
3.1. The τ decays hadronically in ∼ 65% of the cases and leptonically in ∼ 35% of
the cases. The branching fractions for the most dominant decays can be seen in Table
3.1. For the hadronic decays, it is seen that the channels mostly differ by the number
of π0’s created in an event. Being able to count the number of π0’s is therefore a
useful tool for differentiating between the different hadronic final states. However,
the π0 also decays as π0 → γγ which complicates the counting.

3.1 τ polarization measurements

The polarisation of the τ lepton can be studied through asymmetries in the e+e− →
Z → τ+τ− process. These asymmetries arise from the parity violating nature of
the neutral-weak current interaction and means that the Z couples with different
strengths to right-handed and left handed helicity states. Because helicity is a
conserved quantity, the Z boson only couples to two τ ’s of opposite helicities. The
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Decay modes Branching fraction [%]
e− ν̄e ντ 17.82± 0.04
µ− ν̄µ ντ 17.39± 0.04
h− ντ 11.51± 0.05
h− π0 ντ 25.93± 0.09
h− 2π0 ντ 9.48± 0.10
h− 3π0 ντ 1.18± 0.07
h− 4π0 ντ 0.16± 0.04
3 prongs 15.20± 0.06

Table 3.1: The dominant decay modes and their branching fractions of the τ lepton. h−
represents a K− or a π− [18]

resulting two possible final states are thereby: τ−R τ+
L or τ−L τ+

R . Using the helicity
states, the longitudinal polarisation asymmetry can be defined as:

Apol = σR − σL
σR + σL

, (3.1)

where σR and σL are the cross-sections for the production of right-handed particle or
left-handed particle helicity final states [19]. Eq. 3.1 only applies in the limit E � m

where chrial and helicity states are identical. Due to parity violation, the left-handed
cross section will exceed the right-handed in magnitude. The cross sections are
proportional to the squared chiral couplings of the Z boson to the τ ’s. Hence, the
relative difference of the cross sections can be described as:

Apol = σR − σL
σR + σL

= (cτR)2 − (cτL)2

(cτR)2 + (cτL)2 = −Aτ (3.2)

where Aτ is the τ asymmetry parameter. It is more generally defined as the fermion
asymmetry parameter

Af =

(
cf
L

)2
−
(
cf
R

)2

(cf
L)2 + (cf

R)2 ≡
2cf
V c

f
A

(cf
V )2 + (cf

A)2 (3.3)

with cf
V and cf

A being the vector and axial vector couplings, respectively.

The Z boson also couples asymmetrically to the electron-position helicity states.
There are also two allowed states here, giving a total of four allowed combinations
for the process, which are shown in Figure 3.3 in the center-of-mass frame of the
colliding particles. The unequal coupling to the initial states, results in an angular
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(a) RL→ RL (b) RL→ LR

(c) LR→ RL (d) LR→ LR

Figure 3.3: Allowed helicity combinations for the e+e− → Z → τ+τ− process. The black
arrows describe the direction of motion of the particles and the orange arrows
their helicities

dependence of total τ polarisation. The total polarisation can be described using the
improved Born approximation at the Z peak, which is given by

Pτ (cos θ) = −Aτ (1 + cos2 θ) + 2 cos θAe
(1 + cos2 θ) + 2AτAe cos θ , (3.4)

where θ is the angle between the e− beam and the τ− direction of flight [20].
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Figure 3.2: The total polarisation Pτ (cosθ)
for Ae = Aτ = 0.15

The mean polarisation is equal to the lon-
gitudinal polarisation asymmetry (equal
to −Aτ ) whereas the amplitude of the
Born approximation will describe its an-
gular dependence determined by the Ae

parameter. This is illustrated in Figure 3.2.
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Figure 3.4: Distributions of the x and ω kinematic vari-
ables for different τ decay channels. The
distributions for only left-handed (dotted
line) and right-handed (dash-dotted line)
τ ’s for a perfect V − A coupling are also
shown. The shaded area is non-τ back-
ground. Decay channel: a) τ → eνν̄,
b) τ → µνν̄, c) τ → hν, d) τ → ρν, e)
τ → 3hν, f) τ → h 2π0 ν [20]

Eq. 3.4 shows that a mea-
surement of the polarisation de-
mands a measurement of the he-
licity states and the angular dis-
tributions of the particles. Such
measurements have been per-
formed by the Apparatus for
LEP PHysics (ALEPH) exper-
iment at the Large Electron-
Position Collider (LEP) [20].
Here, τ decays were used as spin
analysers to determine the frac-
tion of left- and right-handed fi-
nal state particles.
Figure 3.4 shows two theoreti-
cal kinematic distributions for
an ensemble of only right- or
left-handed particles compared
to the experimentally measured
values. The kinematic variable
x is used for the leptonic chan-
nels and the τ → hντ chan-
nel as the τ daughter particles
in these channels to not de-
cay. x is defined as the frac-
tion of beam energy carried
by the lepton or charged pion,
x = E` or π/Ebeam. For the re-
maining hadronic channels, the

parameter ω is used instead. It is a one dimensional combination of two angular
distributions θ and ψ. For the rho decay channel, θ is the angle between the emitted
rho meson and the τ , whereas ψ is the angle between the rho and the π± when it
further decays. Experimentally they are described by [21]:

cos θ ∝ Eπ− + Eπ0

EBeam
and cosψ ∝ Eπ− − Eπ0

Eπ− + Eπ0
. (3.5)
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Recon →
Gen ↓ h ν h π0 ν h 2π0ν h 3π0ν h 4π0ν

h ν 0.9270 0.0670 0.0047 0.0010 0.0003
hπ0 ν 0.0457 0.8756 0.0728 0.0053 0.0006
h 2π0ν 0.0044 0.1470 0.7499 0.0900 0.0087
h 3π0ν 0.0008 0.0288 0.3098 0.5768 0.0837

Table 3.2: The migration matrix of a selection hadronic τ decays obtained at the ALEPH
experiment. Each row shows the fraction of e.g. τ → h ν decays classified as
each of the considered channels [22]

Figure 3.5: The mass of two photons in four photon events, where one π0 has already been
identified. The histogram represents Monte Carlo data and the black circles
ALEPH data. The shaded histogram shows the contribution from backgrounds
[20]

Before the kinematic fitting can occur, a decay mode identification is done to determine
which events belong to which x or ω distribution. The classification is based on
the number of reconstructed charged hadrons and π0’s as well as a charged hadron
classification. The inter-channel separation results are summarized in the migration
matrix shown in Table 3.2. For simplicity, only the channels relevant for this thesis
are presented but the complete results can be found in reference [22]. The diagonal
elements hold the dominant fractions which proves that the separation is working and
most decays will be classified correctly. It is clear that the classification becomes more
difficult with the rising number of π0’s and a smaller percentage is labeled correctly.
For the two and three π0 decays, the migration is bigger towards the channels with
less π0’s which shows that some π0’s are lost in the analysis. For the rho channel the
migration is mainly towards the h 2π0ν channel.
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Figure 3.6: The total polarisation of the τ ’s in the process e+e− → Z → τ+τ− measured
by the ALEPH experiment [20]

The purity of the channel selection is illustrated in Figure 3.5, which shows the mass
distribution of two photons in four photon events where one π0 has already been
identified. It shows a clear peak at the π0 mass which will only appear if the true
photons are correctly reconstructed and combined with their right partner. As there
are six possible pairs of these four photons, this plot shows a high quality in the τ
decay mode identification and π0 reconstruction.

The total polarisation can now be measured. It is obtained by a fit of the experimental
data to a combination of the left- and right-handed contributions from Figure 3.4.
The result of the total polarisation of the τ ’s can be seen in Figure 3.6. Since the mean
of this distribution provides the Aτ parameter and the amplitude the Ae parameter,
the two values can be compared and constitute a valuable tool to investigate the
e− τ universality that the SM assumes. Their obtained values are

Aτ = 0.1451± 0.0059 (3.6)

Ae = 0.1504± 0.0068. (3.7)

These values are consistent within the uncertainties and suggests a e− τ universality.
From these measurements and the universality assumption, it is also possible to
determine the weak mixing angle by

cV
cA

= 1− 4 sin2 θW. (3.8)
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The value of this central parameter in the electro-weak model is found to be

sin2 θeff
W = 0.23130± 0.00048. (3.9)

3.1.1 Future studies

To further test the e− τ universality in future experiments, the uncertainties of the
ALEPH measurements should be reduced. In order to do so, especially three things
are important:

1. A clean and well-understood separation of the tau final states. This includes a
precise π0 counting method.

2. A good γ/π0 separation

3. The ability to measure the energy of the π± and the π0 separately in hadronic
decays with nπ0 > 0

Having an accurate inter-channel separation for the τ decays will improve for example
the τ branching fraction measurements and enable precision studies of the lepton
in general. For the polarisation study, it is important as mixing the channels will
disturb the kinematic fits and thereby the measured polarisation. Table 3.3 shows
the relative weight the decay channels have for the τ polarisation measurements. It
is clear that polarisation measurements mostly depend on having a clean separa-
tion of the hadronic channels, especially the hadron and rho channels. These are
unfortunately also the most difficult to distinguish a as they mainly differ by the
number of π0’s. This leads to the need for a precise π0 counting scheme. In an
experiment, there is a possibility that not all π0’s will be observed, for example if
have a low energy. Conversely, the presence of e.g. radiation photons or the inevitable
noise (which can be confused with photons) can lead to reconstructing extra fake
π0’s. These two feed-down and feed-up mechanisms need to be addressed. The
latter effect can be suppressed by having a good γ and π0 separation. The γ/π0

separation was one of the dominant factors for the uncertainties in the ALEPH results.
Figure 3.7a shows the obtained precisions of the six decay channels and it can be
seen that the two most precise channels, according to the systematic uncertainty,
is the hadron and rho channels. The statistical uncertainty is not as interesting as
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(a) Measurements of the Ae and Aτ parameters. The first error
is the statistical error and the second the systematic error

(b) Contributions to the systematic uncertainties (%) of Aτ
measurement for the different decay modes

Figure 3.7: The results and uncertainties for the Ae and Aτ parameters obtained by the
ALEPH experiment [20]
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Decay modes Sensitivity
S

Branching fraction
BR

Relative Weight
∝ S2BR

e− ν̄e ντ 0.22 0.18 0.06
µ− ν̄µ ντ 0.22 0.18 0.06
π ντ 0.58 0.12 0.30
ρ ντ 0.49 0.25 0.44
3 prongs 0.45 0.09 0.13

Table 3.3: The sensitivity, branching fraction and relative weight wrt. τ polarisation
measurements for different τ decay channels. The relative weight is normalised
to 1 [19]

this is mainly due to limited number of collisions at LEP. Figure 3.7b shows all the
separate contributions to the systematic uncertainty and demonstrates that the most
dominant contribution for the interesting rho and hadron channels (expect for the
unexciting Monte Carlo statistics contribution) is the γ/π0 separation. An improved
γ identification would therefore be one way to improve the overall precision of the
measurements. If a photon is accepted as a π0 or vice versa, the decay will most likely
be mis-classified and thereby worsen the precision the final polarisation measurements.

The last point on list concerns the ability to measure the energy of the π± and
π0 separately. This is important in order to obtain the x or ω variable. For the
hadron channel this straight-forward calculation of x only demands a measurement of
the π± energy, which can be determined by the tracking devise in a detector. For the
rho and remaining hadronic channels this is more complicated as they also contain the
decaying π0. Eq. 3.5 shows that it is necessary to not only measure the total energy
of the system, but to also measure the energies of the π0’s and π± separately.

3.1.2 Initial τ decay studies and detector

requirements

The understanding of the measurements and separations needed for future τ polarisa-
tion measurements can now be used to infer a list of experimental requirements. Such
requirements can be set by investigating the kinematics of τ decays. The kinematics
are investigated using a simulation of the τ → ρν decay. Figure 3.8 shows some of
the central variables based on the 4-vector information from the simulation.
The momentum of the ρ meson is shown in Figure 3.8a. It shows an almost uniform
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distribution for p > 10 GeV with an average ρ energy of Eρ ∼ 25 GeV. Figure 3.8b
shows the invariant mass of the charged and neutral pions. A clear peak at the ρ
mass mρ = 775 MeV can be seen.
The momentum of the charged pion and the π0 daughter photons can be seen in
Figure 3.8c and3.8d. They show that the π± and π0 momentum distributions are
equivalent. Furthermore, it demonstrates that many photons appear at very low
energies. Reconstructing all photons, and in extension all π0’s, is vital for a success-
ful decay mode identification. Providing an experimental sensitivity to these low
energy photons is therefore key. This means reducing noice and having a high energy
resolution.

Figure 3.8e shows the opening angle between the two photons. This angle is energy
dependent in the following way:

m2
γ,γ = 2E1E2(1− cos α(γ, γ)) . (3.10)

The mass mγ,γ is the invariant mass of photon-photon system, E1 and E2 are
the photon energies and α(γ, γ) is the opening angle between the photons [23].
The expression is only valid for two mass-less particles. To illustrate the angular
dependence, it is helpful to examine the special case where E1 = E2. As the opening
angle is generally small the expression simplifies to

α(γ, γ) = mγ,γ

Eγ
, (3.11)

where Eγ is the photon energy. This means that at higher energies the particles will
be geometrically closer. At an average π0 energy of ∼ 15 GeV (based on Figure 3.8d),
which corresponds to Eγ = 7.5 GeV, the opening angle becomes α(γ, γ) = 0.018 rad.
This is comparable with the experimental measurement of the opening angle shown
in Figure 3.8e. For the π0’s of the highest possible energy (Eπ0 = 45.6 GeV), this
opening angle will be α(γ, γ) = 0.006 rad which corresponds to 1.2 cm at a radius of
2 m. Being able to spatially separate such two photons in an experiment demands a
high granularity of the detector. If the granularity is insufficient, the photon signals
will merge into one and the π0 might be mistaken for a single photon. This will
disrupt the π0 counting.

Figure 3.8f shows the angle between the charged pion and the photons. It can
be seen that the distributions peak at ∼ 0.05 rad which gives a spatial separation of
1.0 cm at a radius of 2 m.

3.1 τ polarization measurements 26



The kinematics of the τ decay show that the detector requirements a future ex-
periment can be summarised as:

1. A need for sensitivity to low energy photons in order to detect all π0’s.

2. A minimization of the noise levels to enhance precision in the π0 counting.

3. A high granularity to spatially separate the π0 daughter photons.

There are different options for such new experiments, but for scientists at CERN the
FCC-ee experiment is the highest preference. However, before studying the specific
experiment, it is important to understand how particles are detected in collider
experiments. This demands an explanation of how particles interact with matter.
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(a) Momentum of the ρ meson
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(b) Invariant mass of the π± and π0

0 5 10 15 20 25 30 35 40 45

 momentum   [GeV]±π

0

200

400

600

800

1000

1200

1400

1600

1800

C
ou

nt
s

 

τν ρ → τDecay channel: 

 

(c) Momentum of the charged pion
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(d) Momentum of the π0 and its two daugh-
ter photons
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(e) Opening angle between the photons
from the π0 → γγ process
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Figure 3.8: Variables describing the kinematics of a τ → ρντ decay. All plots are based on
the 4-vector information
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4Interactions of particles and

matter

As a particle traverses a detector it will interact with the material it penetrates. It
is these interactions a detector records and exploits for later reconstructions of the
particle. The type of interaction depends on the identity of the particle and can be
sub-categorized in three classes: the interactions of charged particles, interactions of
photons and electrons and interactions of hadrons [9].

4.1 Interactions of charged particles

Relativistic charged particles mainly interact electromagnetically. They ionize the
atoms in the detector material which causes an energy loos for the charged particle
itself. The magnitude of the ionisation energy loss mainly depends on the energy of
the charged particle and on the density of the material it traverse. This dependence
is shown in Figure 4.1, where ρ is the material density, dE/dx is the energy loss per
unit length, β = v/c and γ is the Lorentz factor given by γ = 1/

√
1− v2/c2.

Figure 4.1: Energy loss due to ionisation for a single charged particle passing through
different materials [9]

The figure shows the same behaviour for the materials and it can be seen that the
energy loss for each material varies with approximately a factor 2. It is also clear that
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Figure 4.2: Left: the bremsstrahlung process. Right: the e+e− pair production. N is the
nucleus and has charge +Ze [9]

the energy loss is greatest at lower energies. For relativistic energies the dependence
becomes almost logarithmic. This increasing energy loss is called "the relativistic rise".
Some particles, such as cosmic-ray muons, will an energy loss close to the minimum
of this curve, which is βγ ≈ 3. They are therefore labeled as Minimum-Ionizing
Particles (MIPs). This definition is however often expanded to include all particles
that only looses energy due to ionisation. The latter definition is used in this thesis.
An example of such particles are muons.

4.2 Interactions of photons and electrons

The second kind of interactions are the interactions of photons and electrons. The
energy loss for low energy electrons is also mostly caused by ionisation, but when they
exceed a critical energy (Ec), the energy loss becomes dominated by bremsstrahlung
instead. Bremsstrahlung is the process where a charged particle is accelerated by the
electric field of the atomic nuclei and therefore emits a photon. It is illustrated in
Figure 4.2. The energy loss due to bremsstrahlung is linearly dependent on the energy
of the particle and can occur for all charged particles. The probability of such an
interaction occurring is inversely proportional to the squared mass of the particle. As
for example muons are heavy, their energy loss is dominated by ionisation, whereas
the lighter electrons are disposed to this process.

Since photons are neutral objects, they do not undergo bremsstrahlung, but they
still interact electromagnetically. At low energies their energy loss is mainly due to
photoelectric interactions. In these interactions, the photon will be absorbed by an
atomic electron which causes an emission of the electron. At higher energies, the
majority of the energy loss is instead due to e+e− pair production. Pair production
in general, is the process where a neutral boson creates a particle and its anti-particle.
For the photon, this can happen when it is subjected to the field of a nucleus. It is
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illustrated in Figure 4.2. For this process to occur, the photon energy must be above
the total rest mass energy of the e+e− pair and low energy photons do therefore not
undergo this process.

For particle physics experiments, the high energy interactions are the most im-
portant. A central parameter for these electromagnetic interactions is the radiation
length, X0. It defines the average distance travelled by an electron when its energy is
reduced by a factor 1/e due to bremsstrahlung. For a photon, the radiation length cor-
responds to approximately 7/9 of the mean free path of pair production. The radiation
length varies with the atomic number of the material the photon/electron penetrates.
Materials with higher atomic numbers will in general have shorter radiation lengths.

Figure 4.3: A simulation of the mean longitudinal profile of an electromagnetic shower
produced by a 30 GeV electron in iron. The histogram shows the longitudinal
profile per radiation length with a gamma-function fit (the curve). The circles
(squares) shows the number of electrons (photons) with E > 1.5 MeV (E ≥
1.5MeV) crossing planes with a distance of X0/2. They are measured by the
scale on the right [24]

The interactions of an electron or photon will usually create an electromagnetic
shower. When an electron undergo bremsstrahlung and radiates an photon, this
photon will then undergo pair production creating an e+e− pair. The pair production
electrons can then radiate a new bremsstrahlung photon, continuing to create a
cascade of secondary particles until the average particle energy falls below critical
energy. Beyond this point the energy loss is mainly due to ionisation. The number
of particles in such a shower approximately doubles for every radiation length the
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Figure 4.4: An example of a hadronic shower in Pb from a 100 GeV pion [25]. The particle
enters from the left and leaves a MIP signal before creating a hadronic shower

shower penetrates. The energy deposition of the shower is described by the mean
longitudinal energy profile. This is parameterized by:

dE

dt
= E0b

(bt)a−1e−bt

Γ(a) , (4.1)

where t is the depth in radiation lengths and a, b are constants and E0 is the initial
energy of the particle [24]. An illustration of this gamma function can be seen in
Figure 4.3. It shows a rapid increase in deposited energy followed by a slower decent
as particles fall below the critical energy.

A useful quantity to describe the transverse development of an EM shower is the
Molière radius. It is defined a the radius of a cylinder that, on average, contains
90% of the detected shower energy. It scales linearly with the radiation length of
the detector material and is therefore useful when developing detectors as a smaller
Molière radius means narrower showers and thereby better particle separation and
position resolution.
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4.3 Interactions of hadrons

The remaining form of interactions is the interactions of hadrons. Hadrons also loose
energy due to ionisation but unlike the previously discussed particles, they can also
interact with the atomic nuclei through the strong force. These interactions creates
cascades of secondary hadrons which will subsequently interact. Additionally, if any
π0’s are produced, their two daugther photons (π0 → γγ), will create electromagnetic
showers within the hadronic shower. A hadronic shower becomes vastly complicated
and irregular compared to an electromagnetic shower.

For hadronic showers, the nuclear interaction length (λn) describes the average
distance travelled by a hadron between interacting hadronically with the material it
traverses, and can therefore be used to characterise the scale of the shower. There is
also a pion interaction length (λπ) , which describes the same distance specifically for
pions. Even though a hadron on average travels one interaction length before starting
a hadronic shower, it does not mean that no interactions occur before this point.
Hadrons will still loose energy due to ionisation and these interactions will usually
appear as a MIP-like signal. Figure 4.4 shows an example of a hadron traversing lead
and creating a hadronic shower. The initial particle enters from the left and interacts
hadronically after penetrating approximately 1/3 of the lead. Until this point a MIP
signal appear. Afterwards, the hadron showers, creating irregular energy depositions
as a result of the numerous hadronic and electromagnetic interactions. Some of the
energy depositions are even spontaneous energy depositions around the interactions.
These are called satellites [9] [25].

4.4 Detection of particles

In order to detect all the different types of interactions, a particle detector will need
to consist of many specialized sub-detectors. When detecting a charged particle, the
trail of ionised atoms it leaves behind can be exploited to reconstruct the particles’
trajectory and momentum. This measurement is obtained in the tracking detector,
of which there are two main types. The first is gaseous tracking detectors. These
are large volumes of gas with a strong electric field. When the gas is ionised by
the charged particle, the electrons will drift to an anode where the electric field
provokes the electrons to create an avalanche of secondary ionisation. This creates an
amplification of the original signal, which can then be detected. Because the ejected
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atomic electrons have to drift to the anode before being detected, it creates a time
lag between the original ionisation and the detection of the avalanche. This time lag
can be determined if the electron drift velocity of the devise is known. The obtained
time lag can be used to reconstruct the position of the passing charged particle to a
high precision and thereby increase the position measurement accuracy. A chamber
with known drift time information is called a drift chamber.

Figure 4.5: A illustration of charged particle passing
through a silicon tracker, creating electron-
hole pairs which will drift in opposite di-
rections [9]

The other main tracking detec-
tor technique is silicon track-
ing detectors. They use semi-
conductors and consist of sili-
con pixels or strips. The silicon
is doped to increase conductiv-
ity which induces the charged
particle to create electron-hole
pairs when traversing the detec-
tor. A potential difference is ap-

plied across the silicon and will force all holes to drift in the same direction where
they are collected in a p-n junction. This is shown in Figure 4.5. A silicon tracker
consists of several silicon layers in which a traversing particle will leave a hit. This
tail of hits is then used for track reconstruction of the particle. The entire tracker is
placed in a large solenoid which provides a uniform magnetic field in the direction of
the beam axis (z-axis). Since a charge particle will move in a helix trajectory in a
magnetic field, it is possible to parameterize its path. This parametrisation along
with the known magnetic flux density of the applied field can be used to reconstruct
the momentum of the particle. These silicon tracking detectors are becoming an
increasingly popular for new experiments [9].

Electrons and photons are detected in the electromagnetic calorimeter (ECAL).
There are two main types of ECALs: a homogeneous and a sampling ECAL. In the
homogeneous calorimeter, the entire volume is sensitive and contributes to recon-
structing the signal. The sampling calorimeter is constructed of sandwich-layers of
active and absorber materials. The absorber material is usually a high-Z material,
such as lead, to provoke the traversing particle to shower. The active material detects
the EM showers and can be constructed in many different ways for example using
plastic scintillators or noble liquid ionisation chambers. An advantage of the sam-
pling calorimeter is that the sandwich structure allows for optimizing the individual
materials for one specific task. The dis-advantage is that some of the particle energy
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Figure 4.6: The CLD detector concept. Left: a cut-through view of the entire detector.
Right: The sub-detector layers in the longitudinal direction. The center of the
detector is the lower left corner [2]

will be deposited in the absorber layers and will thereby not be detected [26].
The ECAL is physically divided into read-out cells (in 3D). Each of these cells will
register the energy deposited in the active material and provide a signal. The signals
can then be combined to determine the total energy deposistion in the ECAL. The
calorimeter is often also divided into segments in the longitudinal direction. The
cells are assembled in towers from the interaction point to the outer radius of the
detector. These cells and cell towers can be used to determine both the longitudinal
and transverse energy dispersion. Since charged particles will also leave an ionisation
tail in the ECAL, they will also be detected here and some hadrons might even shower
in this calorimeter.

Hadrons are also detected in the hadron calorimeter (HCAL). Much like the ECAL,
there are different design options for the HCAL, but one of them is also a sampling
type, consisting of absorber and active materials. However, because the nuclear
interaction length is usually significantly larger than the radiation length, it takes a
longer distance before the hadrons have deposited all their energy. Some hadrons
might even penetrate the entire ECAL without interacting, leaving only a MIP signal
here. For this reason, HCALs are usually much thicker than the ECAL [26].

All of these sub-detectors are stacked in layers around a collision point and their
combined measurements allows for reconstruction of the total event. An example of
a complete particle detector is the CLD detector concept [2]. This detector is one of
the proposed detector concepts for the FCC-ee experiment - a future experiment at
CERN. An overview of the detector can be seen in Figure 4.6. The tracking system
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consists of a silicon pixel vertex detector and a silicon tracker. Surrounding this
inner part is a high granularity sampling ECAL with active layers of silicon and
absorber layers of tungsten. Then follows a scinillator-steel HCAL. Surrounding these
calorimeters is a superconducting solenoid applying a 2T magnetic field and a steel
yoke which will also include muon chambers. Muon chambers are usually applied
as an outer layer of detectors as muons are highly penetrating due to their MIP
behaviour.
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5The Future Circular Colliders

The Future Circular Collider (FCC) integrated programme is the highest priority
post-LHC accelerator at CERN. Its impressive tunnel will have a circumference of
97.756 km and will host two colliders during different stages. The first stage will be an
ultimate luminosity electron-position collider (FCC-ee) and will cover the interesting
energy range from the Z peak to the tt̄ production threshold. This includes the Higgs
production threshold which is a high priority of the experiment.
The second stage is an extreme energy proton-proton (FCC-hh) collider. It will reach
energies as high as

√
s = 100 TeV which is unseen to the present day [1].

The physics opportunities for these colliders is enormous and extremely exciting. For
studying τ physics, the FCC-ee is of the highest interest. With the FCC-ee being the
earliest stage of the FCC, it is important to start considering, testing and optimizing
its design.

Figure 5.1: The placement of the FCC-ee ring compared with the current LHC ring [2]
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5.1 Collider design

The placement of the FCC ring compared to the LHC and the geological boundaries in
the surrounding area can be seen in Figure 5.1. The geological boundaries determines
the study boundaries for the optimization of the placement.
The FCC-ee will be a quasi-circular double-ring collider. The tunnel will consist of
straight and curved sections and if it is build, it will be one of the longest tunnels
in the world exceeding the LHC in size by a factor ∼ 4. There will be at least
two interaction points (IPs) evenly spaced along the ring. Here, particles with a
center-of-mass energies from 88 GeV to 365 GeV will be collided at a horizontal
crossing angle of 30 mrad. The IPs are placed on straight sections of the tunnel to
minimize the synchrotron radiation interfering with data from the collisions [2].

One of the goals of the FCC-ee design is achieving ultimate luminosities. This
is, among other things, achieved by the top-up injection scheme which continuously
re-fills the tubes with bunches using a booster synchrotron. Without this system
the integrated luminosity would be more than an order of magnitude lower. An
overview of the impressive luminosities as a function of the center-of-mass energies
for FCC-ee can be seen in figure 5.2. The Z factory alone is expected to produce
5× 1012 Z bosons which is 105 times the statistics from LEP. The expected number
of Z → τ+τ− decays is 1.7× 1011, again providing enormous statistics and suggesting
a reduction of statistical uncertainties of up to 300 times the uncertainties of former
LEP measurements.
The extreme luminosities are also made possible by the double-ring structure as
it eliminates parasitic collisions when storing large numbers of bunches. At the Z
peak 16640 bunches will be stored with an average spacing of 19.6 ns and a bunch
population of 1.7× 1011. At the Z peak the energy loss due to synchroton radiation
is 0.036 GeV pr turn. The FCC-ee is also expected to produce 108 W pairs, 106 Higgs
bosons and 106 tt̄ pairs. From these numbers it is clear that unprecedented precision
studies of the W, Z, Higgs boson and top quark are also possible [2].

Figure 5.2 also shows a comparison of the FCC-ee luminosity to the luminosi-
ties of three other potential future e+e− experiments [1]. The International Linear
Collider (ILC) is a Higgs factory operating at

√
s = 200− 500 GeV. The Compact

Linear Collider (CLIC) will run at threshold energies from 380 GeV to 3 TeV to study
the Higgs boson and the top quark. The Circular Electron Positron Collider (CEPC)
is another circular collider planned to be built in China. It will run at energies
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Figure 5.2: The expected luminosities for the center-of-mass energies (
√
s) planned for

the FCC-ee collider. These luminosities are shown in comparison with other
possible e+e− collider projects. [1]

between 90 GeV and 250 GeV and function as a Higgs, Z and W factory. It can be
seen that the FCC-ee exceeds the linear colliders in luminosity at these relatively low
energies (this would not hold for higher energies due to synchrotron radiation).

The design of the FCC-ee suggests impressive measurement potentials. Choos-
ing to collide electrons and positions gives a clean experimental environment with
little background and low radiation levels. Minimizing the background will make it
easier to identify the interesting physics processes. Also the fact that the leptons are
point-like will give a well defined initial state in terms of the particles’ 4-vectors and
polarisation. Constructing a circular collider instead of a linear one also ensures that
the beam energy is explicitly known.

The construction of the ring is an ambitious project and the first collisions are
scheduled to occur in the 2040s. Right now there are several on-going feasibility
studies on many different aspects of the experiment. For τ polarisation measurements,
especially performance studies of possible ECALs are of interest. One of the proposed
ECALs is a liquid argon based design.
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Figure 5.3: The design of barrel for the LAr ECAL proposed for the FCC-ee. The sampling
calorimeter consists of layers of lead and steel (absorber) and LAr (active gap)
that are tilted by a ∼ 50◦ angle wrt. the radial direction. In front of the
calorimeter is a cryostat and a LAr pre-sampler [3]

5.2 A liquid argon electromagnetic

calorimeter

A liqiud argon (LAr) electromagnetic calorimeter is currently installed in the ATLAS
detector at the LHC and has proven to be highly stable and provide an high energy
resolution, linearity and uniformity. It has therefore been proposed by the Noble
Liquid Calorimetry working group at CERN to adapt this sampling calorimeter for
the FCC-ee [3].
The proposed design can be seen in Figure 5.3. The central barrel of the proposed
calorimeter is 40 cm deep which corresponds to ∼ 22 radiations lengths (X0). It
consists of 1536 sandwich layers composed by an absorber layer, a readout electrode
and two active gaps. The absorber is a 2 mm thick lead layer with two 100 µm thick
steel plates glued onto each side of the lead. It is followed by the first active LAr
gap which varies from 1.2 mm at the inner radius to 2.4 mm at the outer radius. A
layer of readout electrodes is placed before the second LAr gap which has a thickness
identical to the first. In order to retrieve signals from the readout electrodes, all the
sandwich layers are titled by ∼ 50◦ wrt. the radial direction. This construction also
ensures a high sampling frequency of the ECAL without any acceptance gaps. The
exact inclination is chosen to uphold a uniform signal in φ.
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The sandwich layers are divided into 12 segments in the radial direction. The first
of the segments is approximately half as thick as the following segments and does
not contain lead in the absorber sections of the sandwich layers. This pre-sampler is
included to facilitate a correction of the energy lost before particles reach the active
ECAL layers. This is especially important for low energy particles.

Figure 5.4 shows the fine cell structure and the diamond shape cells formed from the
titled layers. Here, the example cell is defined to include four sandwich layers expect
for the pre-sampler which includes only two. A particle with a straight trajectory
at θ = 90◦ will traverse ∼ 50 sandwich layers before reaching the outer limit of the
ECAL [27]. The cell sizes vary with the radius because the thickness of the LAr gaps
are increasing. This induces the sampling fraction to be radial dependent as well.
The behaviour is corrected by an energy calibration combined with a E/p calibration
from the tracker.

Figure 5.4: Example cells for a 11 layer
calorimeter with each cell
containing four sandwich
layer, expect for the pre-
sampler which contains two
[28]

All the sandwich layers are placed inside a
cryostat and cooled to cryogenic tempera-
tures which reduces thermal noise (as well as
ensuring that the argon is liquefied). This
has proven effective at the ATLAS experi-
ment even for long cable connections. The
careful design of the read-out electrodes also
promote very low noise levels. They con-
sists of multiple layer printed circuit boards
(PCBs) and each calorimeter cell is expected
to contain one to four electrodes in φ. The
estimated noise per readout cell is 2-10 MeV.
Since a minimum ionizing particle is expected
to leave ∼ 32 MeV per cell, it should be pos-
sible to detect these low energy signals with
the current estimated noise levels. The exact
number of sandwich layers per cell will be
optimized by studies of the requirements for
π0 and particle-flow reconstructions [3].

There are many other on-going optimization studies regarding the design of this
ECAL. The main focus is to optimize it for better particle identification such as the
π0/γ separation. This study seeks to investigate the performance of the proposed
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LAr design with respect to future τ polarisation measurements. A clean and well-
understood separation of the hadronic τ decays is vital for polarisation measurements
but in order to achieve it, a precise π0 reconstruction is needed. This is instrumentally
demanding as the decay products of the τ are close-by and requires a sensitivity to
low energy photons. An examination of the best τ decay mode separation possible
with the LAr ECAL is therefore a good benchmark for its performance.
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6Simulations

The results presented in this thesis are based on events generated in simulations.
These simulations and the applied ECAL geometries are discussed in this chapter.

6.1 Generating event files

The event files are produced using Pythia [29] and the FCC software (FCCSW) [30].
There are two main type of events: Single particle gun (SPG) events and full τ events.
The full τ event files contain the decay products of the τ ’s from e+e− → Z → τ+τ−

events at the Z peak (
√
s = 91.2 GeV). An overview of the generation of these events

can be seen in Figure 6.1. The τ events are generated using Pythia. The τ ’s are not
polarized in this simulation and they are forced to decay to a predetermined final
state. The simulations are also conducted without applying any magnetic field. The
4-vectors of the generated particles are saved in Les Houches files and passed on to
the Geant4 toolkit which is embedded in the FCCSW [31]. Geant4 and the FCCSW
provides the detector simulation using a specified ECAL geometry. The output are
so-called hit files which are ROOT files containing all the energy depositions (hits) of
the event along with their coordinates. A ROOT macro then imports the hit files and
establishes a cell structure. The cells are arranged in a fixed 3D grid and contains the
collective hit energy deposited within them. The macro outputs a cell file in ROOT
format which can then be used for clustering and further analysis. The hits and cell
files are received as the starting point of this analysis.

For the full τ events, one of the τ ’s will decay through a fixed hadronic channel and
this decay will be the interesting one for this analysis. The other τ lepton is forced

Figure 6.1: An overview of how the simulated events used for this analysis are generated
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to decay through the τ → µντ ν̄µ channel and will be neglected. As the direction of
the particle is arbitrary, the full τ events are produced at θ = π

2 .

The SPG events contain one single particle per event with a predetermined en-
ergy or energy range. These events are generated directly with Geant4 but otherwise
goes through the same process as the full τ event simulation. For simplicity, all SPG
events are generated along the x-axis of the detector with θ = π

2 and φ = 0 . An
overview of the central data files for the analysis along with their statistics can be
seen in Table 6.1.

Single Particle Gun Full τ event
Particle Energy N events Decay mode N events

γ 0.5 GeV, 1 GeV 10k, 10k τ → π±ν 20k
5 GeV, 10 GeV 2k, 10k

20 GeV, 45.6 GeV 1k, 1k
0-45.6 GeV 20k

π0 5 GeV, 10 GeV 1k, 1k τ → π±π0ν 20k
20 GeV, 45.6 GeV 1k, 1k

0-45.6 GeV 20k
e− 10 GeV, 20 GeV 10k, 10k τ → 2π±π0ν 20k

0-45.6 GeV 20k
π+ 10 GeV, 20 GeV 10k, 10k τ → 3π±π0ν 20k

35 GeV, 0-45.6 GeV 10k, 20k
π− 35 GeV, 0-45.6 GeV 10k, 20k
µ− 10 GeV 10k

Table 6.1: The event files (SPG and full τ events) used for this analysis. The particle
species, energy and number of events is shown. The full τ events are produced
in the e+e− → Z → τ+τ− process where the electrons are collided at

√
s = 91.2

GeV.

It was unfortunately discovered late in the thesis process that the τ decays do
not happen realistically. The initial and finial state particles are correct, but the
intermediate ρ meson or a1 particle is not produced. This means that for example
the rho decay will be a direct decay from τ → π±π0ντ giving a 3-body decay of the τ
instead of a 2-body decay. The kinematics of the τ → π±π0ν decays used for this
analysis is shown in Figure 6.2. The kinematics presented in Figure 3.8 are however
from a later realistic τ decay simulation, and the two can be compared to investigate
the difference. Figure 6.2a and 6.2b show that there is indeed no ρ meson produced
in the events used for this analysis. The momentum distribution of the π± and π0

(Figure 6.2c and 6.2d) are also slightly different than for the realistic decays (Figure
3.8c and 3.8d). Figure 6.2f shows that the opening angle between the photons and the
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π± is enhanced, since it is a direct 3-body decay. However, the π0 decays, which is one
of the crucial aspects of this analysis, happen realistically. The distributions of the
photon opening angle shown in Figure 6.2e and 3.8e are also consistent. The majority
of the results presented in this analysis are therefore valid, but results concerning the
full τ events should be treated with some caution.
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Figure 6.2: Variables describing the kinematics of the (unrealistic) τ → π±π0ντ decay. All
plots are based on the 4-vector information.
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6.2 Simulated geometries

The proposed LAr ECAL geometry is set up using the FCCSW. The simulation is
based on an original FCC-hh simulation design made by J.Faltova and A.Zaborowska.
To accommodate this generic framework for the LAr geometry, the radius (both inner
and outer) was adjusted and a PCB layer was added to the sandwich layers. The
virtual geometry is however not an exact replica of the proposed LAr geometry. A
few simplifications is introduced since the proposed design is still being developed
and so including all details is unnecessary. The focus of this simpler geometry is
persevering the longitudinal and transverse granularity of the proposed ECAL and
ensuring a correct material composition. One simplification is a substitution of the
titled layers by concentric cylinders. This is because square cells are simpler for a
first study. The analysis is still valid as the physics is not affected by the cell shape.
Nevertheless, it does make the design unrealistic and impractical as retrieving signals
from such a detector in real life would be impossible (this is of cause not an issue
for simulations). The titled layers can be introduced at a later time without major
changes in the analysis.

Figure 6.3: A sandwich
layer of the simulated
LAr geometry

The sandwich layers of the proposed ECAL are simplified
by merging the PCB and glue layer into one. An average
material constant is used to ensure a realistic material
composition. The placement of this mixed layer can be
seen in Figure 6.3. The simulated sandwich layers are
5.7 mm thick and consists of 0.37 mm steal, 1.44 mm
PCB/glue, 1.39 mm lead and 2.5 mm LAr. The over-
all geometry consists of 70 layers in total and is 40 cm
deep.
A 50 mm cryostat made of aluminium and a 20 mm LAr
pre-sampler are placed before the sandwich layers.

The LAr ECAL design is not unique. For a noble liquid sampling calorimeter
such as this, both the active and absorber layers can be exchanged and investigating
other compositions is a natural part of design optimization. A liquid krypton (LKr)
and tungsten (W) ECAL will therefore also be investigated in this thesis. This study
is less comprehensive and some methods are simplified to make a fast comparison
of the performances for the two noble liquid options. The LKr and W materials
are interesting because they have smaller radiation lengths and Molière radii which
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possibly lead to more compact showers. Having compressed showers might be advan-
tageous for the separation of spatially close particles and could thereby enhance the
π0 reconstruction. The constituting materials of the both ECALs along with their
interaction lengths, radiation lengths and Moliére radii, can be seen in Table 6.2.
The total thickness of a sandwich layer in the LKr design is 3.7 mm instead of the
former 5.7 mm for the LAr ECAL. As the LKr design still consists of 70 concentric
cylinder layers, the LKr ECAL is 140 mm thinner than the LAr ECAL. The thickness
of the tungsten and LKr layers are adjusted to match the depths of the LAr ECAL
measured in radiation lengths. For the LKr ECAL the total depth is 21.3X0 whereas
it is 20.6X0 for the LAr design.

Material λn [mm] λπ [mm] X0 [mm]
Molière
radius
[mm]

Thickness
LAr ECAL

[mm]

Thickness
LKr ECAL

[mm]
LAr 857.7 1067 140.03 90.43 2.5 -
Pb 175.9 199.3 5.613 16.02 1.389 -
LKr 618.0 734.7 47.03 58.57 - 1.0
W 99.46 113.3 3.504 9.327 - 0.889

Steel 170.12 205 17.75 - 0.37 0.37
Glue+PCB 482.62 482.62 178.89 - 1.44 1.44

Table 6.2: Nuclear interaction length, pion interaction length, radiation length, Molière
radius and thickness of the materials in the sandwich layers for both the LAr
and LKr ECAL designs [32].

The total interaction length of the two ECALs can be computed using the information
given in Table 6.2 and the expression:

1
λ

=
∑ wj

λj
, (6.1)

summing over the different materials of the ECAL. λj is the interaction length and
wj is the thickness fraction of material j. The radiation length in a sandwich layer
can be found in a analogues manner. The interaction and radiation lengths of the
sandwich layer compositions can be seen in Table 6.3 and shows shorter lengths for
all parameters for the LKr design.

6.2.1 A first comparison of the noble liquid designs

As a first comparison of the two calorimeters, the shower development in each
calorimeter will be studied using the hit files. Figure 6.4 shows the longitudinal
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ECAL λn [mm] λπ [mm] X0 [mm]
LAr 356.75 404.12 19.44
LKr 235.14 264.08 12.18

Table 6.3: Interaction and radiation lengths of the LAr and LKr sandwich layers

profile of 10 GeV photons showering in each of the two ECALs. The profiles show the
regular shapes of EM showers and compares nicely to the theoretical profile shown
in Figure 4.3. The means of the distributions in Figure 6.4a and 6.4b show that
photons shower slightly earlier in the LKr ECAL. The fact that both distributions
end at ∼ 0 GeV after the 70 sandwich layers demonstrates that even though the LKr
ECAL is 140 mm thinner than the LAr ECAL, the shorter Molière radii of these
materials ensures that almost all the initial energy of the particle is still deposited in
the ECAL.
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(b) The energy deposited per sandwich layer
for the LKr ECAL
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(c) The cumulative energy fraction de-
posited in each sandwich layer of the
LAr ECAL
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(d) The cumulative energy fraction de-
posited in each sandwich layer of the
LKr ECAL

Figure 6.4: The longitudinal shower development in the LAr (left) and LKr (right) ECALs
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(a) The hit position along the y-direction
for the LAr ECAL

50− 40− 30− 20− 10− 0 10 20 30 40 50

Position in y   [mm]

0

2000

4000

6000

8000

10000

12000

14000

C
ou

nt
s

 

Entries    1.143059e+08

Mean  0.01001− 
Std Dev     9.916

γParticle: 
E = 10 GeV
N events = 10000

ECAL: W+LKr

 

(b) The hit position along the y-direction
for the LKr ECAL
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(c) The transverse dispersion of energy for
the LAr ECAL
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(d) The transverse dispersion of energy for
the LKr ECAL

Figure 6.5: The transverse shower development in the LAr (left) and LKr (right) ECALs

The transverse profile is can be seen in Figure 6.5. As the events are produced along
the x-axis, the y position is centered around zero and the x-position will imitate the
previously discussed longitudinal profile. By comparing the standard deviations in
both directions, it is clear that the showers are more compact in the LKr ECAL. This
is also illustrated in the Figure 6.5c and 6.5d, which show the energy dispersion in
the transverse plane. A comparison of the two figures show that the LKr showers are
narrower.

Figure 6.6 shows the energy deposited in the ECAL as a function of the distance
from the track line. When comparing the means of the distributions shown in Figure
6.6a and 6.6b, it is again clear that the particles deposit more energy at shorter
distances for the LKr ECAL. This is explicitly shown in the integrated distributions
from which the Molière radius can be directly extracted. The Molière radius is found
at the 90% mark on the y-axis, which is indicated by a horizontal line. For the LAr
ECAL the Molière radius is 41 mm whereas it is 27 mm for the LKr ECAL. This
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(a) The hit energy as a function of its dis-
tance to the track line for the LAr ECAL
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(b) The hit energy as a function of its dis-
tance to the track line for the LKr
ECAL
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(c) The deposited energy fraction as a func-
tion of the distance from the track line
for the LAr ECAL. The horizontal line
indicates the Molière radius
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(d) The deposited energy fraction as a function
of the distance from the track line for the
LKr ECAL. The horizontal line indicates
the Molière radius

Figure 6.6: The deposited energy as a function of the distance from the track line for both
the LAr (left) and LKr (right) ECALs

supports the overall argument that a LKr ECAL will provide more compact showers.
Investigating this option further therefore remains interesting.
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6.3 Cell structures

There is no build-in cell structure in the simulated geometries. The cell structure is
implemented subsequently and all hits from the particles are assigned a cell. The
sandwich layers of the LAr calorimeter is divided in 680 cells in the φ−direction, 300
cells in the z−direction, 10 cells in the radial direction, giving an approximate cell
size of 2× 2× 4 cm3. Because all single particles are generated parallel to the x-axis,
the events will have a bias towards the cell structure of the detector. To avid this, the
position of the entire event is displaced randomly within the area of one cell. This
smearing is shown in Figure 6.7.

Figure 6.7:
Smearing of event
position (black dot)
within the area
of 1 cell (orange
square)

The choice of not integrating the cell struc-
ture into the geometry allows for testing
other cell sizes on the same simulations.
To exploit the more compact showers of
the LKr design the cell size is decreased
to 1× 1× 2.6 cm3. The LKr design will
thereby consist of 1360 cells in φ−direction,
600 cells in the z−direction and 10 cells in
the r−direction. The event smearing is also
applied here.

In order to make an apples-to-apples comparison of the noble liquid detectors,
a the revised LAr design with 1× 1× 4 cm3 cells is studied and compared to the
2× 2× 4 cm3 cell design (see section 10.1). The smaller cell size is interesting to
investigate in general as it was shown in section 3.1.2 that the spacing of the photons
from a 45 GeV π0 is 1.2 cm at r = 2 m. Cells of 1× 1 cm2 in the transverse plane
will therefore have a better chance of separating two photons. The main focus of
this thesis is however on the proposed LAr 2× 2× 4 cm3 cell design and next three
chapters will concern this detector.
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6.4 Initial energy resolution

To account for the fact that only energy deposited in active layers is recorded,
a calibration is implemented. It is observed that only ∼ 1/8 of the energy is
deposited in the active layers of the LAr detector and a linear calibration factor of
fcali = 7.92 is obtained. This corresponds to a sampling fraction of 12.6%. The total
energy deposited after this calibration for 10 GeV photons can be seen in Figure 6.8.
The distribution is nicely centered around the initial energy due to the successful
calibration. The fit shows an energy resolution of σE

E
= 7.75%√
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Figure 6.8: Total energy deposited by a 10 GeV photon in the LAr ECAL
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7Shower reconstruction

The simulation described in chapter 6 provide cell files containing the energy deposited
in each cell along with the cell position. In order to reconstruct a particle shower,
these cells need to be assembled into a 3D cluster which collects the total energy of the
original particle. This re-assembly is performed by a specially developed clustering
algorithm. The optimal algorithm will ensure that one cluster corresponds to exactly
one particle. Real-life collisions can contain several particles with different energies
and directions, which complicates separate reconstructions of all particles. The design
of the clustering algorithm and its performance is discussed in this chapter.

7.1 Clustering algorithm

The clustering algorithm build for this analysis is inspired by the CLUstering of
Energy (CLUE) method developed by the CMS collaboration [33]. The method used
in this thesis is however implemented from scratch by Mogens Dam with several
changes from the original CLUE algorithm. The optimization of the algorithm
was performed by the author of this thesis. The method relies on three prerequi-
site variables: a zero-suppressed list of cells, i.e. a list of all cells with recorded
energy depositions, and two adjustable energy thresholds, called the low and the
high threshold. The thresholds define the energy limits for cells to be included in
(low threshold) or start a new cluster (high threshold). For this study, the limits
are thrslow = 10 MeV and thrshigh = 20 MeV. The thresholds have been defined
after consulting the Noble Liquid Calorimetry working group to ensure that the val-
ues are realistic and in agreement with the previously presented expected noise per cell.

The algorithm starts from the zero-suppressed list of cells by defining a list of
3D neighbours for each cell. For flexibility, the number of neighbours can be adjusted
from 26 neighbours (a 3× 3 box of cells) via 18 neighbours (suppressed corners of
3× 3 box) to 6 neighbours (only cells with faces touching). Throughout this analysis,
the 26 neighbour option is being used.
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The neighbour list allows for identifications of a highest-neighbour for each indi-
vidual cell. The highest-neighbour is the highest energy neighbouring cell exceeding
both the low threshold and the energy of the cell itself. If no highest-neighbour is
found, the cell is an energy maximum and will either be classified as a seed or an
outlier. An outlier is an energy maximum cell without any neighbours that exceeds
the low threshold and it will not be considered for clustering. A seed is an energy
maximum cell that exceeds the high threshold and has at least one neighbour.
During this step each cell is additionally provided with a list of followers. The list
contains all cells that point to this cell as their highest-neighbour.

Now the actual building of the clusters can occur. Starting at the seeds, cells
are collected iteratively using the list of followers. Each seed will thereby create a
proto-cluster.

The energy depositions within a shower can fluctuate and have multiple energy
maxima leading to the creation of several clusters per shower. To avoid this, a last
merging step is included in the clustering process. Here, the proto-clusters will be
merged into larger final clusters if two clusters have neighbouring cells exceeding the
low threshold additional to meeting one of two sub-requirements. More specifically,
it is required that the opening angle between the seeds is αseed 1,seed 2 < 0.02 rad or
that at least one of the seeds is located in the last half (last five layers) of the ECAL.
After the merging, all clusters are saved and ready for further analysis.

There are a few things to notice with this method. First of all, since there is
no energy limit for cells to point a highest-neighbour, there will be one extra layer (in
3D) of cells at the edge of the clusters that are collected irrespective of their energy.
This design choice ensures a more complete containment of the energy of the original
particle as it is often deposited in a cloud without definite boarders.
Secondly, a reconstruction threshold of 200 MeV is enforced after the clustering. This
means that all clusters with energies below this limit will be dismissed and not used
in the subsequent analysis. It is extremely hard to determine if these very low energy
clusters emerge from actual particles or not, and since it is rarely the case, they can
be dismissed with a minimal the loss of signal.

The cluster-merging and its requirements demand a more detailed explanation. The
merging process has been optimized with the goal of ensuring that each cluster corre-
sponds to one particle. Without merging, one shower could be split up into several
clusters, but without strict merging requirements too many clusters will be merged.
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Figure 7.2: Two examples of clusters from 10 GeV photons. The color bar indicates the
energy deposited in each cell measured in GeV

Figure 7.1: Illustration of showers in the ECAL. Left:
An example muon shower. Right: An ex-
ample π0 consisting of two daughter pho-
tons

Two example events where
merging is central are illustrated
in Figure 7.1. The left figure il-
lustrates a muon/MIP passing
through the ECAL, whereas the
right figure imitate a photon pair
from a π0. In order to recon-
struct the muon properly the
proto-clusters should be merged
into one, but the two photons
should still be reconstructed as
two separate clusters. The de-

sign of the merging step tries to accommodate both situations. The angular re-
quirement (αseed 1,seed 2 < 0.02) ensures a proper reconstruction of the example muon
shower by merging close-by proto-clusters to avoid splitting up the MIP signal. The
layer requirement on the other hand exploits the fact that showers are narrower in
the first ECAL layers and are therefore possible to separate here, even if they touch
in the later layers. Demanding one of these requirements to be true before a merging
occurs can thereby help increase the precision in the clustering algorithm.

A successful clustering of two 10 GeV photons can be seen in Figure 7.2. It demon-
strates the shape and energy distributions of the 3D clusters. The clusters are centered
around the seeds with all the followers creating an energy cloud around them.
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7.2 Clustering performance

To evaluate the design of the clustering algorithm, its performance will be studied
using single photons with an energy of 10 GeV. The number of reconstructed clusters
for such events can be seen in Figure 7.3a. The fact that exactly one cluster is
reconstructed for most events indicates a successful clustering. Nonetheless, in 0.6%
of the events, more than one cluster is reconstructed. This is a result of fluctuations in
the shower development in combination with the workings of the clustering algorithm.
The clusters are classified as either leading or sub-leading with the leading cluster
being the highest energy one and the sub-leading being all remaining clusters. If
multiple sub-leading clusters are reconstructed, these are also catalogued by highest
energy. The energy of the first sub-leading cluster for the 10 GeV photons can be
seen in Figure 7.3b. It shows that even if a sub-leading cluster is reconstructed, it
contains a very small fraction of the initial particle energy. This indicates that only
the leading cluster is physically interesting. The choice of dismissing all sub-leading
clusters for this performance investigation will therefore have a minimal effect on the
total recorded energy of a particle.

7.2.1 Energy response

The energy of the leading cluster along with the total deposited energy is shown in
Figure 7.3c. The total recorded cell energy does not match the leading cluster energy
as some energy will be lost in the clustering process. The lost energy is contained
in possible sub-leading clusters or it is dismissed by the clustering threshold. The
latter is an effect of the low threshold excluding some cells, causing an energy loss.
This is illustrated in Figure 7.3d where the decrease in number of cells due to the
clustering is clear. As a result, the energy distribution of the leading cluster will no
longer be centered around the initial energy of the particle, which suggests a need for
an energy re-calibration.
The clustering procedure disrupts the linear energy calibration used up to this point
and the re-calibration factor is now described by an energy dependent function which
can be seen in Figure 7.4a. The re-calibrated energy of the 10 GeV photons can be
seen in Figure 7.4b. Similar distributions showing the effect of the re-calibration for
different photon and electron energies can be seen in Appendix A.1. The figures show
that the re-centering also works for electron clusters.

7.2 Clustering performance 57



0 1 2 3 4 5 6 7 8 9 10

Number of clusters

1

10

210

310

410

C
ou

nt
s

 

,  E = 10 GeVγParticle: 
N events = 10000
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(b) Energy of the first sub-leading cluster
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(c) The total energy of all cells compared
to the energy of the leading cluster
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Figure 7.3: Parameters showing the reconstruction of 10 GeV photons before energy re-
calibration

The total energy resolution is obtained by fitting a Gaussian function to the energy
distribution and is found to be σE

E
= 8.29%√

E
as seen in Figure 7.4b. This is a small

reduction in precision compared to before the clustering (see Figure 6.8), but this
is expected due to the inevitable energy loss. The fact that the energy resolution is
only slightly reduced and that the majority of the shower energy is contained within
the leading cluster shows that the clustering is successful.
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(a) Calibration factor for energy re-
calibration as a function of the photon
cluster energy
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Figure 7.4: The energy re-calibration factor (left) and the resulting calibrated energy for
leading clusters of 10 GeV photons (right)

7.2.2 Position resolution

The cluster positions are calculated as the energy weighted mean of the associated
cell positions:

zclus = ΣiEizi
ΣiEi

and φclus = ΣiEiφi
ΣiEi

. (7.1)

This procedure provides an rφ resolution of 1.95 mm for a 10 GeV photon at the
inner radius of the ECAL (r = 2160 mm). This is already 1/10 of the cell width,
but it can be enhanced even further. Figure 7.5 shows the φ and z resolutions for
45.6 GeV photons. The double-peak structure is an effect of the continues positions
of the generated particles being forced into the discrete cell structure. This causes
the difference of the generated and reconstructed coordinates to be described by
a so-called s-curve [34]. This behaviour is illustrated in Figure 7.6 which shows
the difference between reconstructed and generated coordinates as a function of the
reconstructed coordinate. In order to correct this dispersion, a sine function is fitted
to the s-curves and the fit result used as a correction. These corrections are displayed
in Appendix A.2.

Figure 7.7 shows the φ and z resolutions for the 45.6 GeV photons after the cor-
rection. The double peak structure has successfully been corrected and the s-curve
straightened as seen in Figure 7.8. The resulting position resolution is observed to
be energy dependent and Figure 7.9 shows the overall improvement as a function of
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the generated photon energy. It is clear that the resolution is especially improved for
higher energies. For the 10 GeV photons the rφ precision at the inner radius of the
ECAL is now 1.28 mm. The coordinate resolutions for other photon energies before
and after applying the s-curve correction can be seen in Appendix A.2.
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Figure 7.5: The difference in φ (left) and z (right) coordinates between generated 45.6 GeV
photons and reconstructed clusters before s-curve correction
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(a) φ coordinate
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(b) z coordinate

Figure 7.6: The difference in φ and z coordinates between generated photon and recon-
structed cluster versus reconstructed coordinate within one cell width before
s-curve correction
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Figure 7.7: The difference in φ (left) and z (right) coordinates between generated 45.6 GeV
photons and reconstructed clusters after s-curve correction
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(a) φ coordinate
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Figure 7.8: The difference in φ and z coordinates between generated photon and recon-
structed cluster versus reconstructed coordinate within one cell width after
s-curve correction
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Figure 7.9: The overall rφ and z resolution before and after the s-curve corrections for
0-45.6 GeV photons
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7.2.3 Invariant mass measurement

The position and energy resolutions will both contribute to the width of the π0-mass
distributions. In order to optimize the calorimeter, it is important to identify which
contribution dominates. The π0 mass is found by calculating the invariant mass of
the two daughter photons from the π0. For simplicity, the special case where the
photons have equal energy is considered. The total mass can then be found from
Eq. 3.11 and the resolution is obtained by

δm

m
=

√√√√(δE
E

)2

+
(
δαγ,γ
αγ,γ

)2

. (7.2)

The energy contribution is simply given by δE
E

= 0.083√
E

(from Figure 7.4b) whereas
the total δαγ,γ

αγ,γ
contribution for both daughter photons is found as

δαγ,γ
αγ,γ

=
√

2 A(Eπ0/2)
r

1
αγ,γ

. (7.3)

The function A(Eπ0/2) is the fit result from Figure 7.9 taken at half of the π0 energy
and r is the inner radius of the ECAL. As Eγ = Eπ0/2, the angle αγ,γ can be re-written
as αγ,γ = 2m

Eπ0
and the position contribution becomes:

δαγ,γ
αγ,γ

= A(Eπ0/2)
r

Eπ0√
2mπ0

. (7.4)

The results of the calculation are displayed in Figure 7.10. It can be seen that for
energies below 6 GeV, the energy resolution is the biggest contribution to the width
of the π0-mass. Above this point the position resolution dominates. This calculation
is only valid in the case where the π0 daughter photons are reconstructed as two
separate clusters (called resolved π0’s). Since the opening angle of the photons is
inverse proportional to the π0 energy, resolved π0’s are mostly found at lower energies
and so it is mainly interesting to look at the contributions here. It can therefore be
concluded that the energy resolution is the principal contribution to the π0-mass width
for most resolved π0’s. However, the angular resolution quickly becomes dominant
when the π0 energy rises.
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Figure 7.10: Predicted π0 mass resolution for decays to two equal-energy photons. The
contributions from the position resolution (orange) and energy resolution
(black) are also shown

7.3 Shower shapes

The ECAL geometry has a high granularity in both the longitudinal and transverse
directions. This section studies the difference in shower shapes for various particle
species along these directions.

Muons

The results for the clustering of muons can be seen in Figure 7.11. Figure 7.11a
demonstrates that a muon signal is being detected in all events. This suggests that
the noise levels and clustering thresholds are sufficiently low for gaining a sensitivity
to MIP signals. The total and layer-wise cluster energy of these signals can be seen
Figure 7.11b and Figure 7.11c, respectively. Because the energy loss of the muons is
purely due to ionization, both of these energies are well defined. The energy loss per
layer is equal for all layers since the layers are identical in composition. It can be seen
that the average energy deposition by a muon is ∼ 430 MeV. The reconstruction
threshold at 200 MeV should therefore not dismiss any of these clusters. Figure 7.11d
shows that muons penetrate the entire ECAL as expected.
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Figure 7.11: Parameters describing the reconstruction of 10 GeV muons

Charged pions

The results from the clustering of a 10 GeV π+ signal can be seen in Figure 7.12. The
number of clusters per generated particle (presented in Figure 7.12a) is significantly
larger compared to the number of clusters reconstructed for both the muons and
photons. This is due to the irregular hadronic showers. The average number of
additional clusters per generated 10 GeV π+ is 0.8 clusters. To distinguish the
clusters from each other, they are categorised as either associated or non-associated
clusters. The classification is based on the proximity to the charged track rather than
the energy, since the hadron will not necessarily shower in the ECAL. The associated
cluster (there can be maximally one pr track), is the cluster closest to the track
and the charged track is approximated by the truth information. If no cluster lies
within 0.02 rad of the track, the track has no associated cluster. This can occur if
the asymmetric hadronic interactions drags the barycenter of the cluster outside the
0.02 rad cone.
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(b) Energy of the associated π+ cluster

Figure 7.12: Parameters describing the reconstruction of 10 GeV π+

Figure 7.12b shows the energy of the associated clusters in the 10 GeV π+ sample.
It reveals a clear a MIP peak as well as a continues energy distribution from the
hadronic interactions.

The non-associated clusters are neutral objects and are therefore a priori easily
confused with photon clusters which may disrupt the decay mode identification. It
is therefore important to discriminate between these two types of neutral clusters.
Throughout this study, neutral clusters not originating from a π0 decay will be labeled
as fake photons. Section 8.2 presents a fake-photon-killing (FPK) tool for identifying
these clusters. The observed π0 daughter photons are called genuine photons.

Photons, Electrons and π0’s

Photons, electrons and π0 clusters have several similarities. Photons and π0’s because
the π0 almost immediately decays into photons and photons and electrons because
they both interact electromagnetically. Figure 7.13 shows the last ECAL layer reached
by either a photon or an electron and indicates that it rises with the energy of the
cluster. Both particle species reach the last ECAL layer already at E > 5 GeV. Other
features of the shower shapes for photons have already been studied section 7.2 along
with the energy response of electrons (Appendix A.1).

One of most central observables for a π0 decay is the opening angle between the
daughter photons. This parameter was presented in Figure 6.2e. Using Eq. 3.11 the
opening angle for a 20 GeV π0 can be obtained and is found to be 2.72 cm at the inner
radius of the ECAL. With a cell size of 2× 2× 4 cm3 (as used in the simulation), the
photons will typically hit two adjoining cells and their clusters are therefore likely to
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(a) For 0-45.6 GeV photons
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(b) For 0-45.6 GeV electrons

Figure 7.13: The last ECAL layer reached by the photon or electron cluster vs. the cluster
energy

merge. Figure 7.14 shows the fraction of π0 events with one or two genuine photons
as a function of π0 energy. It can be seen that for energies above ∼ 16 GeV, most
daughter photons merge into one cluster and form a so-called unresolved π0. For
2 GeV < E < 16 GeV the larger opening angle generally allows for separate photon
reconstructions, and the two clusters will form a resolved π0. Below E = 2 GeV,
many events only contain one cluster. This is typically not due to a merging, but
because one of the photons is below the reconstruction limit and this particle will
therefore not be observed. The remaining cluster is classified as a residual single
photon.
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Figure 7.14: The fraction of one or two genuine photons in π0 events as a function of the
π0 energy

The unresolved π0’s are easily confused with true single γ clusters. Figure 7.15a
shows the reconstructed energy for true single photon events, and for π0 events
with one detected genuine photon (a possibly merged π0). It can be seen that both
clusters contain the initial energy of the generated particle. However, Figure 7.15b
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(b) Number of cells in a cluster

Figure 7.15: The energy and number of cells contained in clusters from 20 GeV single
photon events and one-genuine-photon π0 events

demonstrates that a larger amount of cells is contained in the π0 clusters compared
to the single photon clusters. This difference indicates a merging of the two daughter
photons into an unresolved π0. Furthermore, it suggests a wider shape of the merged
π0 clusters, which can be used to separate the two neutral clusters. This will be
discussed further in section 7.3.2.

7.3.1 Longitudinal shape

The mean longitudinal shower development for electromagnetic showers in the LAr
ECAL is shown in Figure 7.16.
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Figure 7.16: Mean longitudinal energy profile of 10 GeV EM showers created by electrons
(open square) and photons (filled circles). The constant t0 = 0.7X0 accounts
for the depth of the cryostat and LAr pre-sampler

7.3 Shower shapes 67



The data is fitted with the function from Eq. 4.1, describing the mean longitudinal
EM shower profile, with the small alteration of t → t + t0 with t0 = 0.7X0. This
constant describes the depth of the cryostat and LAr pre-sampler placed before the
sandwich layers. The distance is included, as passing through these layers affects
when the EM shower starts.
The measured profile is consistent with the expected profile. The b-value is expected
to be b ≈ 0.5 which the fits consolidate [24]. The figure also shows that most of
the electron/photon energy is deposited in the first five layers. It can be seen that
photons on average penetrate more of the ECAL before interacting compared to
electrons. The probability of a photon not interacting within depth x is described
as

P (x) = Ce−x/`, (7.5)

where ` is the mean free path [35]. The mean free path correspond to 9/7 of the
radiation length and is therefore expected to be 9/7 · 19.44 mm = 24.99 mm for
the LAr ECAL (see Table 6.3). The experimental determination of the photon
mean free path can be seen in Figure 7.17. The mean free path is here found to
be ` = 23.0 ± 0.4 mm. This is not completely consistent with the expected value,
but the values are close. This could be due to the fact that the distribution is not a
perfect decreasing exponential function as seen from the fit.
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Figure 7.17: The probability of the first interaction of a 10 GeV photon within depth x.
The fit result determines the mean free path of the photons to be ` = 23.0±0.4
mm.

The longitudinal development of hadronic showers is studied using charged pions.
Because of their initial MIP signal, a layer-by-layer MIP identification can be applied
to π± samples in order to study the pion interaction as a function of depth. The
numerical cut ensures a 99% efficiency for muons throughout all ECAL layers by
stating that a MIP deposits less than 120 MeV pr layer. The probability of hadrons
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not interacting is also described by Eq. 7.5 but the mean free path, `, is replaced by
the interaction length, λ [35]. Figure 7.18 shows the experimentally determined pion
interaction lengths for both π+ and π− samples. For π+, λπ+ = 499.70± 5.85 mm
whereas for π−, λπ− = 490.94± 5.71. The total theoretical pion interaction length
is λπ = 404.12 mm as shown in Table 6.3. The experimental values are therefore
not consistent with the calculation but the fits show that the dependence of the
interaction probability on the traversed distance is exactly described by Eq. 7.5. A
plausible cause the difference between the calculated and observed lengths is the
rather loose requirement of 120 MeV on the energy per layer, resulting in not all
interactions being observed.
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(a) For the π− sample. The interaction
length is found to be
λπ− = 490.94± 5.71 mm.
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(b) For the π+ sample. The interaction
length is found to be
λπ+ = 499.70± 5.85 mm

Figure 7.18: The fraction of π± appearing as MIPs as a function of calorimeter depth. The
distributions are fitted with a decreasing exponential function to retrieve the
pion interaction length

7.3.2 Transverse shape

Figure 7.19: Illustration
of the two principal
components of a cluster

To determine the size of a shower in the transverse plane,
the dispersion (RMS) of the energy around the shower
axis is calculated along the two orthogonal directions φ
and θ. This dispersion-matrix is then diagonalized and the
eigenvalues, called principal components, are obtained [36].
A set principal components are illustrated in Figure 7.19.
Since the showers are rarely completely symmetric these
two principal components will not, in general, be equal.
The largest eigenvalue is defined as the major axis and
the smallest eigenvalue as the minor axis of the cluster.
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(a) Major axis length for hadronic showers
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(b) Major axis length for EM showers
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(c) Minor axis length for hadronic showers
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(d) Minor axis length for EM showers
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(e) The fraction of energy deposited in the
central 9 cell towers for hadronic showers
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(f) The fraction of energy deposited in the
central 9 cell towers for EM showers

Figure 7.20: Transverse shape variables of clusters from hadronic (π+) and electromagnetic
(e−) showers

The major and minor axis lengths in layer 0-5 for hadronic (π+) and electromagnetic
(e−) showers can be seen in the top two rows of Figure 7.20. For the electromagnetic
showers, both distributions are Gaussian-like as these showers are generally regular
in shape. For the hadronic showers there is a peak at very low values which arises
from the MIP response, as ∼ 52% of pions have not yet interacted within this first
half of the ECAL (see Figure 7.18). The following continuous distribution arises from
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the hadronic interactions which can create very wide transverse showers.

Another useful variable to describe the transverse shower profile is the energy fraction
contained in the central 9 towers of a cluster (with the most central tower including
the cluster seed). This variable is shown in the bottom row of Figure 7.20 for the
hadronic and electromagnetic shower, respectively. Due to the regular shape of the
EM showers, the energy dispersion is centered around the cluster seed which pushes
this fraction towards higher values. The irregular shape of the hadronic showers
in general pushes the variable towards lower values, with the exception of the MIP
signals where the energy dispersion is extremely small.

Figure 7.21: The major and
minor axis of a
merged cluster
consisting of two
photons

The transverse shower shape is especially important
for the unresolved π0 reconstruction. As both the
single photons and unresolved π0 are electromagnetic
showers, their the difference in cluster shape mainly
appears in the transverse plane.
The major axis for a merged π0 cluster will be corre-
lated with the spatial separation of the two photons
as shown in Figure 7.21. The major axis length will
therefore (in general) be longer for a merged π0 clus-
ter then for a single photon cluster. As illustrated
in the figure, the minor axis will not show the same
behaviour.

Figure 7.22 shows the major axis length for different particle energies of clusters from
π0 events with only one genuine photon as well as the major axis length of single
photon clusters. For E = 20 GeV, it was shown in section 7.3 that most π0’s will be
unresolved. This is consolidated by Figure 7.22c which demonstrates a longer major
axis for the π0 events compared to the single photon events.
For 45.6 GeV (Figure 7.22d) the difference between the distributions becomes less
significant. This is because the opening angle between the daughter photons is so
small that the sub-structure is hard to detect and hence, the difference in major axis
length between diminishes.
For the 5 GeV samples (Figure 7.22a) there is no difference between the axis lengths
in the two samples. Most of the π0’s are observed as residual single photons at this
energy and the major axis lengths are therefore identical.
At 10 GeV (Figure 7.22b) a double peak structure starts to form since some π0’s will
be observed as residual single photons, and some will become unresolved π0’s.
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(a) For 5 GeV samples
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(b) For 10 GeV samples

0 0.01 0.02 0.03

Major axis lenght - Layer 0-5  [rad]

0

100

200

300

400

500

600

C
ou

nt
s

E = 20 GeV
 eventsγ
 events0π

γw. 1 genuine 

 

(c) For 20 GeV samples
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(d) For 45.6 GeV samples

Figure 7.22: The major axis length in layer 0-5 for photon events and one-genuine-photon
π0 events. The axis length is shown for different particle energies
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8Particle identification

A particle identification scheme seeks to classify the reconstructed particles by particle
species. Achieving a precise classification requires different separation algorithms,
which should be optimized individually. The designs and performances of the particle
identification methods implemented for this study will be discussed in the following
chapter.

The classification algorithms use different separation variables. An example of
such a variable is the fraction of the track momentum a charged particle deposits
in the ECAL. For MIPs this will be a very low fraction as they only loose energy
due to ionisation, but for an electron this fraction will be close to 1. A separation of
MIPs and electrons could therefore be achieved by enforcing a cut on this variable.
To achieve a clear separtion, more than one cutting variable are often used.

8.1 Electron classification

When identifying electrons, it is important to have a clear separation of electrons
and charged pions. The implemented separation exploits several differences between
hadronic and EM showers. The signal in this separation is associated clusters of
electrons with E = 1− 45.6 GeV and the backgrounds are associated clusters of π+

and π− samples with E = 1− 45.6 GeV. Particles with E < 1 GeV are neglected in
this method since they would spiral and never reach the ECAL in the real detector
due to the magnetic field.

The first separation variable is the E/p variable, where E is the cluster energy
and p is the track momentum. The initial distributions of this cutting variable for
the background and signal samples can be found in the first row of Figure 8.1. An
electron deposits most of its energy in the ECAL giving E/p ∼ 1 whereas E/p < 1
for many hadronic showers. The applied cut is 1− 4σE/p < E/p < 1 + 4σE/p with a
lower limit of E/p > 0.8. The energy dependence of σE/p can be found in Appendix
B. Applying this cut preserves only 1.4% of the π+ events and 1.0% of the π− events
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while 99.4% of the e− events remain. The different efficiencies for the two background
samples could be related to the possibility of charge exchange for π+ particles. Charge
exchange is the process π+ + n → p+π0. As a p− cannot be created because the
ECAL consists of matter rather than anti-matter this process does occur for π−. If
charge exchange happens early in the ECAL more of the track momentum will be
contained in the cluster, resulting in a higher E/p-value for the π+ samples.

The second cut uses the transverse shower profile. A major axis cut enforces
0.002 rad < major < 0.008 rad and preserves 70.0% of the π+ background and
72.4% of the π− background whereas 0.03% of the signal events are dismissed. The
major axis distributions are shown in the second row of Figure 8.1.

The last separation variable is the energy fraction in the first three ECAL lay-
ers. It is shown in the third row of Figure 8.1. As hadrons tend to interact later
than EM particles, this fraction is lower for hadron showers. The cut is defined as
Elay > µElay − 3σElay with Elay = Elayer 0−3/Etot. Both the mean energy fraction
and its standard deviation are energy dependent and described by the fits displayed
in Appendix B. The cut conserves 64.6% and 68.1% of the π+ and π− samples
respectively and 99.4% of the e− sample.

Applied Cuts Background: Signal:
π+ / π− e−

Num. par εcut Accu. ε Num. par εcut Accu. ε
None π+: 19264 1. 1. 19555 1. 1.

π−: 19256 1. 1.
1− 4σE/p < E/p < 1 + 4σE/p π+: 270 0.014 0.014 19440 0.994 0.994

E/p > 0.8 π−: 199 0.010 0.010
major > 0.002 rad π+: 189 0.700 0.010 19434 1. 0.994
major < 0.008 rad π−: 144 0.724 0.007
Elay = Elayer 0−3/E, π+: 122 0.646 0.006 19308 0.994 0.987
Elay > µElay − 3σElay π−: 98 0.681 0.005

Table 8.1: Cuts applied in the electron identification method. Both the individual efficiency
of cut i and the accumulated efficiency of each additional cut is shown. Both the
background (π+/π−) and signal (e−) samples have energies E = 1− 45.6 GeV

All separation variables, along with the individual and accumulated efficiencies are
summarised in Table 8.1. The distributions of the variables following each cut can
be seen in Figure 8.1. The total efficiency of the separation leaves only 0.6% of the
π+ events, 0.5% of the π− events while preserving 98.7% of the electron signal. It is
clear that the E/p cut is especially effective for achieving a clean separation.
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Figure 8.1: Initial distributions of the cutting variables used in e−/π± separation for both
background (π+/π−) and signal (e−) samples

8.2 Fake photon killing

A π± event will contain several fake photons. Identifying and dismissing these fake
photons is of great importance as a fake photon could be falsely interpreted as a π0.
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Figure 8.2: Energy of all non-associated clusters
from 0-45.6 GeV charged pions

Fake photon clusters mostly have
low energies as seen in Figure 8.2.
Many of the fake photons actually
have energies below the reconstruc-
tion threshold of 200 MeV. The limit
reduces the number of fakes by a
factor ∼ 4 which results in an aver-
age of 0.9 fake photons per 20 GeV
π+ before the Fake Photon Killing
(FPK).
The remaining fake photons are fre-
quently confused with low energy sin-
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(a) The leading cluster from a 0.5 GeV γ
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(b) The leading cluster from a 1 GeV γ
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(c) A fake photon cluster from a 20 GeV π+
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(d) A fake photon cluster from a 20 GeV π+

Figure 8.3: Examples of single photon clusters (top) and fake photon clusters (bottom).
The clusters are centered around the cluster seeds

gle photons. For this reason, the separation of the two is focused on low energy clusters
with E < 5 GeV. Neutral clusters above this energy are automatically accepted as
genuine photons. The photon identification is based on five separation variables. The
signals are leading clusters from two low energy single photon samples with E = 0.5
GeV and E = 1 GeV. The background is non-associated clusters with E < 5 GeV
from 20 GeV π+ events.

Figure 8.3 shows examples of clusters from single and fake photons. Since the
fake photons arise from hadronic interactions, their showers are much more irregular.
Many of the separation variables exploit this difference.

The first separation variable is the energy fraction contained in the highest energy
ECAL layer. The initial distribution of this variable for the background and signal
samples can be seen in the first row of Figure 8.4 and the separation limit set at
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Figure 8.4: The distributions of separation variables for the FPK before any cuts are
applied for both background and signal samples

Elay/E ≤ 0.6. Since photons penetrate many layers, they are likely to fulfill this
demand in contrast to fake photons. The cut preserves 37.7% of the background and
93.6 % and 99.7 % of the 0.5 GeV and 1 GeV signal, respectively.
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Applied Cuts Background: Signal:
Non-asso. π+ 20 GeV γ: 0.5 GeV / 1 GeV

Num. par εcut Accu. ε Num. par. εcut Accu. ε
None 9084 1. 1. 0.5 GeV: 9985 1. 1.

1 GeV: 9993 1. 1.
Elay/E ≤ 0.6 3424 0.377 0.377 0.5 GeV: 9350 0.936 0.936

1 GeV: 9966 0.997 0.997
Laystart < 2 1748 0.511 0.192 0.5 GeV: 9003 0.963 0.902

1 GeV: 9718 0.975 0.972
E9 towers/E ≥ 0.85 500 0.286 0.055 0.5 GeV: 8801 0.978 0.881

1 GeV: 9603 0.988 0.960
major ≤ 0.008 rad 391 0.782 0.043 0.5 GeV: 8763 0.996 0.877

1 GeV: 9580 0.998 0.959
minor > 0.001 rad 352 0.900 0.039 0.5 GeV: 8713 0.994 0.873
minor ≤ 0.006 rad 1 GeV: 9578 1. 0.958

Table 8.2: An overview of the cuts applied in the FPK. Both the individual efficiency
of cut i and the accumulated efficiency of each additional cut is shown. The
background is all non-associated clusters from 20 GeV π+ events and the signals
are leading clusters of 0.5 GeV and 1 GeV single photon events.

The second separation variable is the first layer with recorded energy deposition.
This variable is shown in the second row of Figure 8.4. Since fake photons are mostly
secondary particles, they tend to start later in the ECAL. Only clusters starting in
layer 0 or 1 will pass through this cut. Applying it preserves 51.1% of the remaining
background events, 96.3% of the 0.5 GeV signal events and 97.5% 1 GeV of the signal
events.

The last three cuts all concerns the transverse shower profile. The fourth cut enforces
a constraint on the energy fraction in the central 9 towers and the fifth and sixth cuts
enforces constraints on the major and minor axis lengths, respectively. The limit of
the fifth separation variable is E9 towers/E ≥ 0.85 and the efficiency is 28.6% for the
background sample, 97.8% for the 0.5 GeV signal sample and 98.8% for the 1 GeV
signal sample. The major axis cut is major ≤ 0.008 rad and preserves 78.2% of the
remaining background and 99.6% and 99.8% of the remaining 0.5 GeV and 1 GeV
signal, respectively. The minor axis cut enforces 0.001 rad < minor ≤ 0.006 rad with
an efficiency of 90.0% for the background, 99.4% for the 0.5 GeV signal and 0.02%
for the 0.5 GeV signal.
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An overview of the separation variables, the cutting limits and the cut efficiencies
can be seen in Table 8.2. The distributions of all separation variables following each
cut can be found in Appendix C. After the five cuts, the number of fake photons pr
charged hadron is reduced by approximately a factor 26 to 0.035 fakes pr hadron.
This leaves 3.9% of the background while preserving 87.3% of the 0.5 GeV signal and
95.8% of the 1 GeV signal.

8.3 Separation of unresolved π0 and single γ
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Figure 8.5: The cluster mass of single γ
events (orange) and π0 events
with one genuine photon (blue)

The separation of unresolved π0’s and
single photons is based on a difference in
major axis lengths as explained in section
7.3.2. The major is however only corre-
lated with the opening angle between the
photons but does not describe it directly.
It is therefore convenient to reformulate
this property into a more intuitive quan-
tity, namely the invariant mass. The
cluster mass can be calculated from the
principal components as:

mclus = c1Eclusx (8.1)

with c1 being a calibration factor
and x2 = major2 − minor2. To
avoid statistical fluctuations, the aver-
age minor axis length for π0 events
with E > 12 GeV is used. It is
found to be µ(minor) = 0.0057 rad.
The major axis is calculated for each
shower individually. The calibration
factor has value c1 = 0.9854 with a
small linear energy dependent correc-
tion.

The invariant mass distributions for sin-
gle photons and one-genuine-photon π0
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events for different energy ranges is presented in Figure 8.5. For all energies above 8
GeV a peak at the π0 mass can be seen for the π0 sample. Below 8 GeV the clusters
from π0 events are inconsistent with the π0 mass as these one-genuine-photon events
most likely contain residual single photons instead of unresolved π0. For energies
between 8-15 GeV the double peak structure shows that both residual single photons
and unresolved π0’s are present. For energies above this point, a wide peak around
the π0 mass is clear while the single γ peak remains inconsistent with the mass. This
variable can therefore be used for a separation of the two, with the cleanest separation
achieved in the energy range 8-25 GeV. For higher energies the mass peaks become
more indistinguishable and it becomes harder to perform the separation. This is due
to the diminishing cluster sub-structure at high energies which smears the peaks.
Based on these results, a unresolved π0 is defined as having m > 0.1 GeV.
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9Results

After implementing the necessary methods, the π0 reconstruction and the decay mode
identification can take place. The decay mode identification is based on a π0 counting
method along with some optimizations. Applying these optimizations requires a
thorough understanding of the physics processes and analysis aspects causing confu-
sion in the decay classification, and implementing them therefore becomes challenging.

The results for the π0 reconstruction will be compared with similar results from
the ALEPH experiment to evaluate the performance of the LAr ECAL. A direct
comparison of the decay mode identification to ALEPH results is not possible due to
the unrealistic kinematics of the full τ decays, but some interesting contrasts will be
presented.

9.1 π0 reconstruction

The goal of the π0 reconstruction is finding every π0 in an event without including
any fakes. In order to only reconstruct true π0’s, the reconstruction is build on top
of the FPK.

Decaying particles are (in general) reconstructed by combining the measured decay
products and comparing their invariant mass to the mass of the assumed mother
particle. The daughter photons therefore have to be reconstructed separately (resolved
π0’s). However, as described in section 7.3.2, the π0’s can also be observed as either
unresolved clusters or single residual photons. Every genuine photon should therefore
be considered for all three types. The algorithm ensures that a genuine photon can
only be accepted as one type of π0. This method will first combines all genuine
photon clusters and identifies all resolved π0’s. Then the π0/γ separation is used to
select the unresolved π0’s from the remaining clusters. Finally, the residual single
photons are found from the leftover genuine photons. The results and the detailed
method for reconstructing each type of π0 is presented in the next sections.
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9.1.1 Resolved π0’s

Finding resolved π0’s is the first step of the π0 counting algorithm. The method
calculates the invariant mass of all possible genuine photon pairs and compares
the results to the true π0 mass. If the mass is consistent with the π0 mass, the
photon pair is confirmed as a resolved π0. A complication is that a genuine photon
can appear in more than one accepted pair. To address this issue, the photon
pair with the mass closest to the true π0 mass will be selected first and these
photons will not be included in other pairs. This selection will continue until there
are no more photon pairs with an acceptable invariant mass. The accepted mass
range is mπ0 − 4σmγ,γ < mγ,γ < mπ0 + 4σmγ,γ where σmγ,γ is found by fitting a
Gaussian to the distribution of all two-genuine-photon events for the τ → π±π0ν

channel. This fit is shown in Figure 9.1. With σmγ,γ = 0.010, the numerical cut
becomes 95MeV < mγ,γ < 175MeV. The figure additionally shows that the invariant
mass of the photon pairs is centered around the true π0 mass essentially without
any background. Having such a distinct peak at the π0 mass demonstrates the a
successful suppression of fake photons.
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Figure 9.1: The invariant mass of two gen-
uine photons in π0 events
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Figure 9.2: The efficiency of the resolved
π0 finding

The efficiency of the resolved π0 finding can be seen in Figure 9.2. It shows an
efficiency of ε > 94% for the entire energy range. For energies below 16 GeV the
efficiency rises even further to εE<16GeV > 98% which is important since most resolved
π0s will have energies within this range (see section 7.3).
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9.1.2 Unresolved π0’s

The unresolved π0’s are found among the genuine photons remaining after the resolved
π0 finding. As described in section 8.3, the biggest background for this π0 type is the
single photons. The cluster mass calculations presented in this section are used for
the unresolved π0 identification.
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Figure 9.3: Efficiency of the unresolved π0 finding for single γ events (background) and for
one-genuine-photon π0 events (signal)

Based on Figure 8.5, a genuine photon cluster with m > 0.1 GeV will be categorized
as an unresolved π0. Figure 9.3 shows the efficiency of the separation as a function of
energy for both the background and signal samples. The signal efficiency is low for
energies below E < 15 GeV. This is because many of the one-genuine-photon events
will contain a residual single photon instead of an unresolved π0s at this energy, which
brings down the fraction of identified unresolved π0’s. For higher energies, the wide
π0 mass peaks of Figure 8.5 reduces the efficiency.
The figure shows that the amount of unresolved π0’s found in the background sample
rises at higher energies, which is expected from Figure 8.5. In real τ decays not many
π0’s will have energies above 25 GeV (see Figure 3.8d) and so, it is most important
that the separation works below this limit, which seems to be the case. The efficiency
in the limit E > 16 GeV for the signal sample is 82− 90%.

9.1.3 Residual single photons

The residual single photons are, as stated earlier, resolved π0’s where one photon
is most likely below the reconstruction limit. These clusters are thereby actual
single photon clusters which greatly complicates distinguishing them from single
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photons. There are in general not many single photons in a hadronic τ decays
and so assuming all remaining genuine photons to be residual single photons seems
acceptable. However, this is only true if efficiency of the PFK is high and if there are
no radiation photons. Radiation photons are photons from other processes besides
the τ decay and can for example arise from initial or final state radiation. They will
most likely pass through the FPK but should of cause not be accepted as a residual
single photon. In order to suppress the radiation photons, only genuine photons
within a 0.3 rad cone of the π± track are accepted as single residual photons. The
limit is based on the distribution shown in Figure 6.2f. The previous π0 from the
residual single photons will also be included in the total π0 counting.

9.1.4 Summary of π0 reconstruction
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(a) For π0 events
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Figure 9.4: The probability of identifying a π0 in π0 and photon events

Figure 9.4 shows the efficiency of the overall π0 reconstruction as a function of the π0

energy, along with the contributions from resolved and unresolved π0 identifications,
respectively. The probability of reconstructing a π0 is generally above 80%, but
drops for E < 5 GeV. The decrease is due to the fact many generated π0 at low
energies will be observed as residual single photons and are therefore not identified
by the two methods shown here. A decrease is also seen at high energies because the
sub-structure of the unresolved clusters diminishes, and so these clusters might not
be accepted as unresolved π0’s but instead as single residual photons.
Figure 9.4a furthermore shows that at energies below 16 GeV, the dominant observed
π0 type is the resolved π0’s. Above this point, the probability of observing an unre-
solved π0’s exceeds the probability of observing resolved π0’s as the photon clusters
are more likely to merge.

The overall probability of reconstructing a π0 as either resolved or unresolved for

9.1 π0 reconstruction 84



all energies combined is 83.88% (using SPG events). For the ALEPH analysis this
efficiency was ∼ 84% [37]. This number, however, also includes the residual single
photons which are not included in the 83.88%. The average probability of falsely
accepting a photon as a π0 is 4.38%, dominated by high energy photos due to the
wider cluster mass distributions here. Fortunately, there are not many high-energy
single photons in τ decays. The result achieved in this analysis is competitive with the
ALEPH results and suggests that the proposed LAr ECAL is a promising calorimeter
option for improving the π0 reconstruction.

9.2 The hadronic migration matrix

The implementation of the π0 reconstruction scheme enables a π0 counting and
thereby a decay channel classification of the hadronic τ decays. The inter-channel
separation is based on the number of identified π0s with a few optimizations to
avoid common pitfalls. A central aspect is minimizing the number of radiation
photons. Besides the restrictive cone for the genuine photons, it is also demanded
that 0.2 < mπ±,γ < 1.8 GeV for any photon to be considered a genuine photo, with
the upper limit being the τ mass. The full invariant mass distribution can be found
in Appendix D.1.

The second optimization determines whether the π0 and the π± merged into one
cluster. In this instance the cluster would most likely be categorized as the π±

associated cluster and the π0 would be lost.
The merged clusters are defined as events where the associated π± cluster has
E/p > 1.2. An E/p value exceeding this threshold is most likely because the cluster
contains more than the π± particle. Such clusters are present in 0.12% of events for
hadron decay channel, 2.38% of events for the π±π0ν channel, 6.50% of events for
the π±2π0ν channel and 12.06% of events for the π±3π0ν channel. For the hadron
channel, the charged pions most likely merge with radiation photons. To account for
the lost π0’s, the merged clusters are included in the π0 counting, if the event does
not contain any residual single photons. The residual single photon identification
already counteracts loosing π0’s, and so only merged events without these photons
are considered (see Appendix D.2).
There are two complications regarding this optimization method: it does not allow
for separate energy measurements of the charged and neutral pions, which is required
for polarisation measurements, and it cannot account for more than one π0 being
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Recon →
Gen ↓ π± ν π± π0 ν π± 2π0ν π± 3π0ν π± 4π0ν

π± ν 0.9560 0.0425 0.0010 0.0003 0.0002
π± π0 ν 0.0374 0.9020 0.0586 0.0016 0.0002
π± 2π0ν 0.0090 0.1277 0.7802 0.0808 0.0022
π± 3π0ν 0.0036 0.0372 0.2679 0.5972 0.0910

Table 9.1: The migration matrix of the hadronic the τ decays considered in this analysis.
Each row shows the fraction of e.g. τ → π±ν decays classified as each of the
considered channels

contained in the π± cluster. The latter mainly affects the π±3π0ν channel to which
the polarisation measurements are less sensitive. A more consistent method should be
developed in future studies, however, for the current analysis this simple optimization
is sufficient and leads to a more precise decay channel classification.

The resulting migration matrix can be seen in Table 9.1. The diagonal elements of
the matrix dominate for all the decay channels, which means that the majority of
events will be correctly classified for every decay mode. The precision is especially
impressive for the π±ν and π±π0ν channels where decays are categorized correctly
for 96% and 90% of the events. This is a noteworthy result since these channels are
most important for τ polarisation measurements (see section 3.1.1). For the two
remaining channels, the precision decreases due to the rising combinatorics of the
many photons. Precisions of 79% for the π±2π0ν channel and 60% for the π±3π0ν

channel are obtained.

The nπ0 > 1 channels primarily show a migration of events towards channels with
fewer π0’s, which indicates that some π0’s are not reconstructed. Nonetheless, the
main migration of the π±π0ν is towards the π±2π0ν channel, suggesting that the
feed-up mechanisms are also present. The migration matrix from this study shows
the same tendencies for upwards or downwards migration as the migration matrix
obtained by the ALEPH experiment (see Table 3.2). For instance, the considerable
amount of π± 3π0ν decays classified as π± 2π0ν decays. This indicates that in spite
of the unrealistic kinematics of the decays in this analysis, it is the same convoluted
physics that complicates the two analyses. The increase in precision in the migration
matrix in this analysis is therefore first and foremost a demonstration of the high
performance ECAL. The results presented in Table 3.2 generally suggests that using
a LAr ECAL looks promising for obtaining a precise τ decay mode separation. To
further show the purity of the selection, the invariant mass of two photons in events

9.2 The hadronic migration matrix 86



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
    [GeV]γ, γm

0

200

400

600

800

1000

1200

1400

1600

C
ou

nt
s

 

γHemispheres of 3-4 
 
All decay channels

τν  0π  1 ±π  →  τ 
τν  0π  3 ±π  →  τ 

 

Figure 9.5: γ γ mass of additional photons in hemispheres where one π0 has already been
identified. The first reconstructed π0 is the most energetic. The background
contributions are scaled by the their cross section relative to the τ → π± 2π0ν
cross section

where one π0 has already been identified is shown in Figure 9.5. Each background is
scaled by their respective cross section (relative to the signal) and their contributions
are shown. A major peak around the π0 mass is shown with limited background.
For the π±π0ν background channel, a peak at the π0 mass shows that the second
identified π0 is actually a real π0. This occurs when the first π0 identified is a radiation
photon being accepted as a residual single photon. Afterwards, the true π0 is found
and so the π±π0ν channel is mis-classified as the π±2π0ν channel. However, this
background contribution is small and the overall limited background supports the
conclusion that the ECAL design seems well suited for achieving the desired decay
mode separation.

Recon →
Gen ↓ π± ν π± π0 ν π± 2π0ν π± 3π0ν π± 4π0ν

π± ν 0.9859 0.0129 0.0008 0.0001 0.0003
π± π0 ν 0.0351 0.9338 0.0300 0.0011 0.0001
π± 2π0ν 0.0084 0.1314 0.8050 0.0546 0.0003
π± 3π0ν 0.0031 0.0360 0.2673 0.6138 0.0792

Table 9.2: The migration matrix of hadronic τ decays for events not containing any
radiation photons. Each row shows the fraction of e.g. τ → π±ν decays
classified as each of the considered channels
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The biggest contribution to the decay mode mis-classifications is due to radiation
photons. To show their impact on the migration matrix, the matrix is re-calculated
for events without these photons. The result is presented in Table 9.2. It shows a
significant enhancement of the diagonal elements of ∼ 3% for the hadron, π±π0ν and
π±2π0ν channels and 1.7% for the π±3π0ν channel. Identifying and dismissing these
radiation photons is therefore vitally important. Dismissing the radiation photons
mostly reduces the upwards migration of the decays, and an improved method for
radiation photon classification in future studies would therefore mainly leave the
down-wards migration. This would simplify later optimizations as it allows for mainly
concentrating on the feed-down mechanisms.
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10Alternative noble liquid

electromagentic calorimeters

After having conducted a thorough study of the proposed LAr ECAL, a shorter
analysis investing the LKr ECAL will now be presented. The goal of this simple
comparison is not determining the entire migration matrix but rather obtaining the
resolved and unresolved π0 results as this indicates the efficiency of future decay
mode identifications. It is therefore not necessary to implement all analysis elements
from the previous LAr ECAL study. The π0 reconstruction only requires SPG events
without charged pions, which means that the amount of fake photons is negligible.
The approximation that the constructed clusters correspond to physical particles is
therefore used for this study. Throughout all the analysis, the clustering limits are
kept fixed at thrslow = 10 MeV and thrshigh = 20 MeV along with the reconstruction
limit at Ecluster > 200 MeV.

The π0 reconstruction is performed analogously to the methods presented in section 9.1.
First, all resolved π0’s are identified by requiringmπ0 − 4σmγ,γ < mγ,γ < mπ0 + 4σmγ,γ
where σmγ,γ is the standard deviation of the invariant mass distribution of two-cluster
π0 events. Subsequently, the unresolved π0’s are identified by selecting clusters with
mass mclus > 0.1 GeV.

Since the cell size of the LKr design is only 1 × 1 × 2.6 cm3 it is important to
isolate the effect this change will have from the effects of changing the ECAL materi-
als. Therefore, a revised LAr ECAL of the same smaller cell size (1× 1× 4 cm3) will
be discussed first and compared to the initial LAr design.

10.1 A revised liquid argon design

As for the initial LAr ECAL, the revised ECAL must be properly re-calibrated
after the clustering. These calibrations are performed in the same manner as the
calibration of the intial LAr design presented in section 7.2. The result of the energy
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calibration for the revised ECAL can be seen in Figure 10.1a. It shows an energy
resolution of σE

E
= 8.91%√

(E)
which is comparable with the initial LAr ECAL resolution

of σE
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(a) Energy of the leading cluster after en-
ergy re-calibration
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(b) The position resolution before and after
s-curve correction

Figure 10.1: Energy calibration and position correction for the revised LAr ECAL

The result of the s-curve correction is shown in Figure 10.1b. The distributions
showing full correction method can be found in Appendix E. Unlike for the initial
design, this correction does not show a considerable impact on the overall angular
resolution. With a smaller cell size, the discrete cell structure becomes less significant
and so the s-curve smearing of angles diminishes. The s-curve correction improves
the rφ and z resolution for 10 GeV photons from 1.04 mm to 0.98 mm. A comparison
of the angular resolutions after the s-curve correction for both the initial and revised
LAr design can be seen in Figure 10.2. It shows that the smaller cell size provides a
higher resolution throughout the entire energy range.
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Figure 10.2: The rφ and z resolutions of the initial and revised LAr ECALs after the
s-curve correction
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After the re-calibration, the number of clusters can be studied. To eliminate effects
of not using a FPK in this analysis, the study of the initial LAr design is repeated
using the simplified method for all plots in this chapter. The number of clusters per
generated single photon for each of the two cell structures can be seen in Figure 10.3a
and 10.3b. They show that the smaller cells seed more clusters, most likely because
they are more sensitive to energy fluctuations within a shower. The average number
of so-called fake clusters per generated photon is 0.04 for the initial ECAL whereas it
is 0.12 for the revised ECAL.
Figure 10.3c and 10.3d show the fraction of one- and two-cluster π0 events as a
function of the π0 energy. For both cell structures, it is possible to detect two clusters
in a fraction of the events up to the maximal energy. For the revised LAr design,
this fraction is higher for all energies. However, since the number of fake clusters per
generated photon is higher for the this design, some of the two-cluster events will
contain one fake cluster.
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(a) Number of reconstructed clusters per
generated photon in the initial LAr
ECAL
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(b) Number of reconstructed clusters per
generated photon in the revised LAr
ECAL

0 5 10 15 20 25 30 35 40 45

 energy (truth) [GeV]0π

0

0.2

0.4

0.6

0.8

1

1.2

F
ra

ct
io

n 
of

 e
ve

nt
s 

w
. N

 c
lu

st
er

s

 

1 cluster

2 clusters

ECAL: Pb+LAr
3Cells: 2x2x4 cm

 

(c) The fraction of events with one or two
clusters for π0 events in the initial LAr
ECAL
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(d) The fraction of events with one or two
clusters for π0 events in the revised LAr
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Figure 10.3: The number (top) or fraction (bottom) of recorded clusters per photon (top)
or π0 (bottom) for the initial and revised LAr ECAL
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Figure 10.4 shows the invariant mass of two-cluster π0 events for both the initial and
revised LAr cell structures. The larger amount of fake clusters create a background
distribution for the revised design. However, the figure shows a dominant peak at
the π0 mass, which indicates that most two-cluster events will contain a resolved
π0. The smaller cell sizes result in a narrower π0 mass distribution with a width of
σ = 0.009 GeV compared to σ = 0.011 GeV for the initial cells.
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(b) For the revised LAr ECAL

Figure 10.4: The invariant mass of two clusters in π0 events

The cluster mass distribution of single photons and one-cluster π0 events for both cell
structures is shown in Figure 10.5. It is calculated in the same manner as presented in
section 8.3. The mean minor axis for the initial LAr ECAL is µ(minor) = 0.0058 rad
whereas it is µ(minor) = 0.0043 rad for the revised ECAL. The discrepancy suggests
that cell sizes of the initial ECAL contribute to the total width of the showers which
means that decreasing the cell size to 1 cm might enhance the precision of the cluster
mass measurements. As seen in Figure 10.5, the π0 mass peaks are much wider for
the initial LAr ECAL than for the revised design, which significantly improves the
separtion of single photons and unresolved π0’s, especially for the 25-35 GeV samples.

Based on Figures 10.4 and 10.5 it is possible to implement cuts to identify re-
solved and unresolved π0’s. Resolved π0s are accepted if | mcl1, cl2−mπ0 |< 4 σmcl1, cl2 .
For the initial LAr ECAL this implies 95 MeV < mcl1, cl2 < 175 MeV and for the
revised detector the limits are 99 MeV < mcl1, cl2 < 171 MeV. For both ECALs,
unresolved photons are defined as one-cluster events with mclus > 100 MeV.
The number of reconstructed π0’s per event can be seen in Figure 10.6. It shows
that a π0 is reconstructed in most events, for both cell structures. It additionally
demonstrates that the larger amount of fake clusters for the revised LAr design does

10.1 A revised liquid argon design 92



0 0.05 0.1 0.15 0.2 0.25 0.30

200

400

600

800

1000

1200

C
ou

nt
s  

 eventsγ
 events w. 1 cluster0π

 < 8 GeVclusEECAL: Pb+LAr
3Cells: 2x2x4 cm

 

0 0.05 0.1 0.15 0.2 0.25 0.30

100

200

300

400

500

600

C
ou

nt
s  

 < 15 GeVclus8 < E

 

0 0.05 0.1 0.15 0.2 0.25 0.30

100

200

300

400

500

C
ou

nt
s  

 < 25 GeVclus15 < E

 

0 0.05 0.1 0.15 0.2 0.25 0.30

100

200

300

400

500

C
ou

nt
s  

 < 35 GeVclus25 < E

 

0 0.05 0.1 0.15 0.2 0.25 0.3

Cluster mass   [GeV] 

0

100

200

300

400

500

C
ou

nt
s  

 > 35 GeVclus E

 

(a) For the initial LAr ECAL
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(b) For the revised LAr ECAL

Figure 10.5: Cluster mass of one-cluster π0 and single photon events

not lead to a significant amount of fake π0’s, which supports the argument that a
FPK is not necessary for this simplified analysis.

The total efficiency of the π0 reconstruction method for both the initial and revised
LAr ECALs can be seen in Figure 10.7. The plots in the top row show the probability
of reconstructing a π0 in π0 (signal) events whereas the bottom plots show the
same feature but in single photon (background) events. The average probability
of reconstructing a π0 is 89.23% and 91.09% for the initial and revised designs,
respectively. The reconstruction probability in the signal events exhibits the same
behaviour for both cell structures. At very low energies many π0’s will be observed as
residual single photons, which lowers the probability here. The probability rises with
increasing π0 energy, since more π0’s are observed as either resolved or unresolved
events, with the latter dominating at higher energies. Due to the increasing smearing
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(a) For the initial LAr ECAL
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(b) For the revised LAr ECAL

Figure 10.6: The total number of reconstructed π0’s per event

of the one-cluster mass peaks at higher energies, the efficiency for the signal events
decreases with higher energies whereas the probability of background accepted as
π0’s increases with higher energies. The average probability of accepting a photon as
a π0 is 5.62% for the initial LAr ECAL and 2.48% for the revised ECAL, which is a
substantial reduction. The higher granularity of the revised design allows more π0’s
to be resolved in two clusters at lower energies and the better unresolved π0/single
photon separation reduces the amount of background accepted as π0’s. The tipping
point for detecting more unresolved than resolved π0’s is ∼ 16 GeV for both cell
structures.

The overall impression from this comparison is that the smaller cells of only 1× 1× 4 cm3

influence the precision of both the resolved and unresolved π0 finding. The higher
granularity improves the position resolution and resolves a larger fraction of π0’s into
two clusters. The one-cluster mass distributions become narrower which enhances
the separation of unresolved π0’s from the single photons. The latter reduces the
number of fake π0’s significantly.
This knowledge can now be used for studying the effects of changing the absorber
and active materials in the ECAL to LKr and tungsten.
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(a) The probability of reconstructing a π0

in π0 events for the initial LAr ECAL
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(b) The probability of reconstructing a π0

in π0 events for the revised LAr ECAL
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(c) The probability of reconstructing a π0

in γ events for the initial LAr ECAL
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(d) The probability of reconstructing a π0

in γ events for the revised LAr ECAL

Figure 10.7: The probability of reconstructing a π0 in π0 (top) and photon (bottom) events
for both the initial and revised LAr ECAL
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(a) Number of clusters per generated photon
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(b) Leading cluster energy vs. truth energy
for photons before energy re-calibration
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(c) Number of clusters per 10 GeV gener-
ated muon
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(d) Recorded energy of leading muon clus-
ters

Figure 10.8: Photon (top) and muon (bottom) reconstruction in the LKr ECAL

10.2 A liquid krypton electromagentic

calorimeter

The performance testing of the LKr ECAL is done analogously to the method pre-
sented in the previous section and its performance is compared to the revised LAr
design.

It is first ensured that the clustering method is still valid for the LKr design. Figure
10.8 shows the number of reconstructed clusters above the reconstruction limit of
200 MeV for muons and photons along with their recorded energy. Figure 10.8a
and 10.8c show that a cluster corresponds to a generated particle in most events
for both particle species. The average number of fake clusters per photon is 0.06.
This indicates that the clustering thresholds are still adequate. Figure 10.8b shows a
comparison of the leading cluster energy (before the non-linear energy calibration) to
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(b) The energy of 10 GeV leading photon
clusters after calibration

Figure 10.9: Energy re-calibration of the LKr ECAL

the generated photon energy. It can be seen that the leading clusters in general will
contain most of the initial energy of the photon. Figure 10.8d shows that the MIP
energy is EMIP ∼ 440 MeV, which means that the reconstruction limit of should not
dismiss MIP signals. The clustering therefore seems to reconstruct the particles as
intended also for this design.

The calibration of the LKr ECAL is performed using the same methods as for the LAr
ECAL. The energy is calibrated using a energy dependent correction, displayed in
Figure 10.9a, which demonstrates that the calibration is most precise for lower energies
as for the LAr ECAL. This calibration accounts for the inevitable energy loss of the
clustering process. The energy distribution of the leading cluster of 10 GeV photons
is shown in Figure 10.9b and shows an energy resolution of σE

E
= 9.11%√

E
. Compared

to the revised LAr ECAL (σE
E

= 8.91%√
E

) this is a bit lower but still comparable. The
resolution can however be adjusted by fine tuning the relative thickness of LKr to
tungsten.

Figure 10.10a shows the rφ and z resolution before and after the s-curve correction.
The s-curve correction mostly improves the resolution of higher energy photons. The
position resolution of 10 GeV photons is improved from 0.93 mm to 0.76 mm in the
rφ and z direction. The fits and detailed s-curve correction of the LKr ECAL and be
found in Appendix F.
Figure 10.10b shows the resulting rφ and z resolution for the two ECALs. The fact
that the LKr ECAL has better position resolution for the entire energy range suggests
that the modest energy dispersion of the LKr ECAL materials allows for a more
precise determination of the cluster position. This might lead to a better resolution
of close-by photons and hence a larger fraction of resolved π0s.
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(a) The angular resolution before and after
s-curve correction for the LKr ECAL
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(b) The angular resolution of the revised
LAr and LKr ECALs after s-curve cor-
rection

Figure 10.10: The effect of s-curve correction and total rφ and z resolution

The fraction of one- and two-cluster events for the π0 samples is presented in Figure
10.11 for both ECALs (Figure 10.3d is re-printed for an easier comparison). It can
be seen that the fraction of two-cluster events is lower for the LKr design, which is
possibly due to the lower amount of fake clusters per generated photon.
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(a) For the revised LAr ECAL
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(b) For the LKr ECAL

Figure 10.11: The fraction of events with π0 events with one or two clusters

Figure 10.12 shows the invariant mass in two-cluster events. It shows a narrow peak
around the π0 mass as well as a background distribution. The background is less
significant compared to the revised LAr ECAL results (Figure 10.4b) due to the
reduced amount of fake clusters. The standard deviation is 0.008 GeV which is smaller
than the standard deviation of both the initial and revised LAr ECAL.

Turning to the one-cluster mass, the calculation of the mean minor axis demonstrates
that µ(minor) = 0.0037 rad for the LKr geometry. A comparison to the mean minor
axis of the revised LAr ECAL (µ(minor) = 0.0043 rad) supports the results from
section 6.2.1, suggesting that the smaller Molière radius indeed give rise to narrower
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Figure 10.12: The invariant mass of two-cluster π0 events

showers. The cluster mass of one-cluster events in the π0 and the single photon
samples can be seen in Figure 10.13. It shows narrower peaks for the LKr ECAL
for both true single photons and unresolved π0’s. This is especially clear for energy
ranges 25-35 GeV and E > 35 GeV and allows for a cleaner separation of the two. An
almost ideal separation can be achieved up 35 GeV with a cut of mclus > 0.1 GeV.

The π0 identification for the LKr geometry requires a resolved π0 to have an invariant
mass of 103 MeV < mcl1, cl2 < 167 MeV and an unresolved π0 to havemclus > 0.1 GeV.
The total number of reconstructed π0’s can be in Figure 10.14 and shows that one π0

is reconstructed in most events.

The overall probability of reconstructing a π0 is displayed in Figure 10.15. Figure
10.15a and 10.15c show that probability for reconstructing a π0 for a generated π0 is
very similar for the two designs but increases slightly to 91.17% for the LKr ECAL.
The tipping point for observing more unresolved than resolved π0’s is also ∼ 16 GeV
for the LKr ECAL. For the photon events, the probability of falsely accepting a
photon as a π0 is reduced significantly for the LKr ECAL to 1.09%. Due to the
lower amount of fake clusters and the narrower resolved π0 mass peak, the fraction of
fake resolved π0’s is almost eliminated. The cleaner single photon and unresolved π0

separation also reduces the probability of accepting background events as unresolved
π0’s. The π0 reconstruction efficiency for all three designs is summarized in Table
10.1.

Generally, the analysis of alternative ECAL designs show a significant improvement
in the π0 reconstruction efficiency for both signal and background samples when
decreasing the cell size of the LAr ECAL from 2× 2× 4 cm3 to 1× 1× 4 cm3. The
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(a) For the revised LAr ECAL (20.000
events)
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(b) For the LKr ECAL (10.000 events)

Figure 10.13: Cluster mass of single photons and one-cluster π0 events
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Figure 10.14: The total number of reconstructed π0’s per generated π0 for the LKr geometry
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ECAL Efficiency
Signal Background

Initial LAr ECAL 89.23% 5.62%
Revised LAr ECAL 91.09% 2.48%

LKr ECAL 91.17% 1.09%

Table 10.1: The π0 reconstruction efficiency for the signal sample (π0, E = 0-45.6 GeV)
and background sample (γ, E = 0-45.6 GeV) for all three noble liquid ECAL
designs

smaller cells also improves the position resolution. Choosing a LKr/W ECAL, results
in more compact showers, due to the shorter Molière radius of the materials and
improves the position resolution even further. This slightly enhances the overall
probability of reconstructing a π0, but it is mostly important for the quality of the
separation of unresolved π0’s and single photons. The LKr and tungsten design seems
well suited for reducing the number of photons falsely accepted π0’s and this noble
liquid option therefore remains interesting.
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(a) The probability of reconstructing a π0

in π0 events for the revised LAr ECAL
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(b) The probability of reconstructing a π0

in π0 events for the LKr ECAL
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(c) The probability of reconstructing a π0

in γ events for the revised LAr ECAL
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(d) The probability of reconstructing a π0

in γ events for the LKr ECAL

Figure 10.15: The probability of reconstructing a π0 in π0 (top) and photon (bottom)
events for both the revised LAr ECAL and the LKr ECAL
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11Conclusion

The extreme luminosities of the FCC-ee will produce 1.7× 1011 Z → τ+τ− processes,
which enables precision measurements of the τ polarisation. The measurements
require a clean and well-understood separation of the τ decay channels. An inter-
channel separation of the hadronic channels is especially important and relies heavily
on a precise electromagnetic shower reconstruction from the calorimeters. A noble
liquid sampling electromagnetic calorimeter (ECAL) consisting of layers of lead (Pb)
and liquid argon (LAr) has been proposed as part of a potential calorimeter system.
Its performance, based on the barrel geometry, has been studied in thesis. The
calorimeter has a sampling fraction of 12.6%, corresponding to an energy resolution
of σE

E
= 7.75%√

E
. The cell sizes of 2 × 2 × 4 cm3 establish a fine granularity, which

is important when reconstructing π0’s due to the close-by daughter photons. The
careful design of e.g. the electronics ensure a noise per read-out cell of 2-10 MeV at
the EM scale and allows for reconstructions of low energy photons and minimum
ionising particles (MIPs). The proposed design has a depth of ∼ 20X0 and a Molière
radius of 41 mm.

Simulation studies have been performed by using both single particles and full
e+e− → Z → τ+τ− events at the Z peak. The shower reconstruction is achieved by a
clustering algorithm. The design of this algorithm is essential since the later analysis
relies upon proper particle reconstructions. The methods’ success is demonstrated
by the fact that it is able to reconstruct MIP signals as well as separating close-by
photons. Having low (but realistic) clustering thresholds of threslow = 10 GeV and
threshigh = 20 GeV is highly important for enabling the reconstruction. The low
noise levels allows for a low shower reconstruction limit of Eclus > 200 MeV and
the modest, but inevitable, energy loss results in an energy resolution of σE

E
= 8.3%√

E

after the clustering. The spatial resolution of the ECAL is improved by an s-curve
correction from 1.95 mm to 1.28 mm in both the rφ and z direction for 10 GeV photons.

Hadronic interactions in the detector give rise to satellite clusters, also called fake
photons. These clusters are a priori easily confused with single photons and a
dedicated algorithm with the goal of separating the two neutral clusters has been

103



implemented. It successfully suppresses the number of fake photons per charged pion
by approximately a factor 26 from 0.9 to 0.035 fake photons per π+, while preserving
95.8% of the 1 GeV photon signal.

The observed π0’s are divided into two sub-categories: resolved and unresolved
π0’s. For resolved π0’s, the two daughter photons are reconstructed separately in
two clusters whereas they have merged into one bigger cluster for the unresolved
π0’s. The resolved π0’s dominate at energies below Eπ0 < 16 GeV. Above this point
more π0’s become unresolved due to the increasingly smaller photon opening angle.
Each π0 type has a specific reconstruction scheme. The resolved π0’s are identified
by combining the observed photons in pairs. The invariant mass of the pairs is then
calculated, and if it is consistent with the true π0 mass, the photon pair is accepted
as a π0. The efficiency of the resolved π0 finding below E < 16 GeV is εres π0 > 98%.

The unresolved π0’s are identified by exploiting their wider transverse profile compared
to single photon clusters. The transverse profile properties facilitate a calculation of
the cluster invariant mass, which for the unresolved π0’s is observed to be consistent
with the π0 mass. This unresolved π0/single photon identification has an efficiency
of 82− 90% for E > 16 GeV, with the efficiency decreasing with increasing energy.
The overall probability of reconstructing a π0 is 83.9% which is competitive with
ALEPH results, achieving a probability of ∼ 84%. Contrary to this analysis, the
ALEPH results also include residual single photons, which are resolved π0’s where the
partner photon is not observed due to e.g. low energy. This indicates a satisfactory
performance of the LAr ECAL. The probability of falsely accepting a photon as a
π0 is 4.4% and is mostly dominated by high energy photons, which are rare in τ decays.

The ECAL performance is further investigated with the formation of the hadronic
migration matrix. The migration matrix has dominant diagonal elements which
indicates a successful classification. For the τ → π±ν and τ → π±π0ν channels
the fraction of correctly classified decays are 95.6% and 90.2%, respectively. The
results are compatible with former ALEPH measurements. However, due to the
unfortunate improbable kinematics of the simulated τ decays in this thesis (see section
6.1), these results might change slightly when correcting the data. Nonetheless, the
results indicate that the ECAL design is suitable for achieving a relatively clean and
well-understood separation of the decay channels. To further increase the precision of
the inter-channel separation, it is necessary to develop an improved radiation photon
identification method as well as providing a suitable solution for tackling events with
merged π± and π0 clusters.
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A simplified analysis compares the π0 reconstruction efficiency of the initial LAr
ECAL with cell size 2× 2× 4 cm3 to a revised LAr ECAL with cell size 1× 1× 4 cm3.
The results of the revised LAr ECAL analysis are subsequently compared to a liquid
krypton (LKr) and tungsten (W) ECAL design with cell sizes 1× 1× 2.6 cm3. Due
to the replacement of LAr/Pb with LKr/W, the Molière radius of this ECAL is only
27 mm. Increasing the granularity of the LAr design by choosing smaller cell sizes
increases the position resolution in rφ and z for 10 GeV photon from 1.28 mm of the
initial LAr ECAL to 0.98 mm for the revised LAr ECAL. For the LKr design the
position resolution becomes 0.76 mm for 10 GeV photons. The energy resolution is
similar between the designs.
The comparison of the initial and revised LAr calorimeters suggests that the smaller
cell sizes resolves a larger fraction of π0’s in two clusters. The higher granularity
furthermore results in a significantly better unresolved π0 and single photon separa-
tion and thereby lowers the amount of photons accepted as π0’s. The consequence
of the decreasing the cell size is that the smaller cells are more sensitive to energy
fluctuations within the electromagnetic showers, which can divide one shower into
several clusters. This does however not seem to affect the overall π0 reconstruction
efficiency. The overall efficiency for reconstructing a π0 improves from 89.2% for the
initial LAr (a re-calculated value using the same simple analysis method as for the
other designs for an apples-to-apples comparison) to 91.1% for the revised design.
The amount of background accepted as π0’s decreases from 5.6% to 2.5% with the
smaller cells.

Replacing the lead and LAr with tungsten and LKr enhances the precision of both
the resolved and unresolved π0 finding. The overall probability of reconstructing a
π0 increases slightly to 91.2% and the efficiency for the background is substantially
reduced to 1.1%. The probability of accepting fake resolved π0’s is almost eliminated
with this design. The comparison of the three designs suggests that a higher precision
in the π0 reconstruction can possibly be achieved by decreasing the cell sizes of the
LAr ECAL. The LKr design indicates a high suppression of fake π0’s and an improved
position resolution, which shows great promise for this technology.

In general, this study shows that a LAr and lead sampling electromagnetic calorimeter
of the proposed geometry looks promising for achieving a τ decay mode identifica-
tion. Especially the good energy resolution, low noise levels and high granularity
are important features of the detector. Additionally, an exact and sophisticated
clustering algorithm is a necessity for maintaining the precision in the later analysis
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as well as having a precise π0 reconstruction scheme. Further investigations should be
conducted to determine the optimal design and adjusting the cell size of the proposed
LAr ECAL or investigating an alternative LKr and tungsten design is particularly
interesting.
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Appendices

Appendix A Clustering

This appendix concerns the clustering method presented in chapter 7. Appendix A.1
expands on the energy re-calibration of the clusters, whereas Appendix A.2 shows
the s-curve correction.

Appendix A.1 Energy re-calibration

Figure A.1 shows the energy of the leading clusters of electrons and photons before
and after the energy re-calibration is performed. It can be seen that the calibration
indeed re-centers the cluster energy around the initial energy of the particle for both
particle species.

111



0 0.5 1 1.5 2 2.5

 clusters [GeV]γEnergy of leading 

0

500

1000

1500

2000

2500

3000

C
ou

nt
s

 

 = 1 GeVinitE

Before calibration 

 = 0.89 GeV
no cal

µ

After calibration

 = 1.00 GeV
cal

µ

 

(a) Energy of leading 1 GeV photon clus-
ters before and after the energy re-
calibration

17 18 19 20 21 22 23 24 25

 clusters [GeV]γEnergy of leading 

0

10

20

30

40

50

60

70

80

C
ou

nt
s

 

 = 20 GeVinitE

Before calibration 

 = 19.24 GeV
no cal

µ

After calibration

 = 20.05 GeV
cal

µ

 

(b) Energy of leading 20 GeV photon clus-
ters before and after the energy re-
calibration

0 0.5 1 1.5 2 2.5

 clusters [GeV]
-

Energy of leading e

0

500

1000

1500

2000

2500

3000

C
ou

nt
s

 

 = 1 GeV
init

, E-e

Before calibration 

 = 0.86 GeV
no cal

µ

After calibration

 = 0.96 GeV
cal

µ

 

(c) Energy of leading 1 GeV electron clus-
ters before and after the energy re-
calibration

17 18 19 20 21 22 23 24 25

 clusters [GeV]
-

Energy of leading e

0

100

200

300

400

500

600

700

C
ou

nt
s

 

 = 20 GeV
init

, E-e

Before calibration 

 = 19.27 GeV
no cal

µ

After calibration

 = 20.11 GeV
cal

µ

 

(d) Energy of leading 20 GeV electron clus-
ters before and after the energy re-
calibration

Figure A.1: The effect of energy re-calibration for photons (top) and electrons (bottom)
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Appendix A.2 s-curve correction

Figure A.2 shows a fit to coordinate difference (in φ and z) between the position of
the cluster and truth position as a function of the cluster position for 0− 45.6 GeV
photons. It can be seen that the s-curve can be described by a sine function. The fit
is used as a correction and Figure A.3 shows the angular resolutions in the φ− and
z-coordinates before and after this correction has been applied for different photon
energies. It can be seen that the double-peak structures are successfully eliminated
by the correction and the position resolution is improved for all energies.
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Figure A.3: The angular resolutions before and after the s-curve correction is applied for
different photon energies
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Appendix B e−/π± separation

This appendix expands on the separation variables used for the electron identification.
Figure B.1 shows the energy dependencies of the limits for different separation
variables used in the e−/π± separation. For all variables, the limits decrease with
rising particle energy.
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Figure B.1: The energy dependence of different separation variables used in the electron
identification scheme

Figures B.2 to B.4 presents the distributions of the separation variables following
each cut for both signal and background samples. The signal plots contain associated
clusters of 20 GeV electrons and the backgrounds plots contain associated clusters 20
GeV π+ and π− samples. The figures show a reduction of background events with
each cut while preserving most the signal events.
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Figure B.2: Distributions of the cutting variables for electron identification for both back-
ground and signal samples after applying the cut 1−4σE/p < E/p < 1 + 4σE/p
with the lower limit of E/p > 0.8
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Figure B.3: Distributions of cutting variables for electron identification for both background
and signal samples after applying the cut 0.002 rad < major < 0.008 rad
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Figure B.4: Distributions of cutting variables for electron identification for both background
and signal samples after applying cut Elay > µElay − 3σElay with Elay =
Elayer 0−3/E
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Appendix C Fake photon killing

This appendix presents the distributions of the separation variables used for the
FPK following each cut. They are displayed in Figures C.1 to C.5 for both signal
and background samples. The signal is two single photon samples and the leading
cluster is chosen as the genuine photon. The samples have energies E = 0.5 GeV and
E = 1 GeV. The background is all non-associated clusters from a 20 GeV π+ sample.
It can be seen that the number of background events is significantly reduced with
each cut while preserving most signal events.
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Figure C.1: Distributions of cutting variables for FPK for both background and signal
samples after cut Elay/E ≤ 0.6.
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Figure C.2: Distributions of cutting variables for FPK for both background and signal
samples after applying cut Laystart < 2 .
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Figure C.3: Distributions of cutting variables for FPK for both background and signal
samples after applying cut E9 towers/E ≥ 0.85 .
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Figure C.4: Distributions of cutting variables for FPK for both background and signal
samples after applying cut major ≤ 0.009 .

Appendix C Fake photon killing 123



0 0.2 0.4 0.6 0.8 1 1.2
Energy fraction in max energy layer

1

10

210

C
ou

nt
s

  Entries  352
Mean   0.4742
Std Dev    0.08993
,  E = 20 GeV+π

background

  

0 0.2 0.4 0.6 0.8 1 1.2
Energy fraction in max energy layer

0
200
400
600
800

1000
1200
1400
1600
1800

C
ou

nt
s

  Entries  8713
Mean   0.4184
Std Dev    0.08351

,  E = 0.5 GeVγ
signal

  

0 0.2 0.4 0.6 0.8 1 1.2
Energy fraction in max energy layer

0

500

1000

1500

2000

2500

C
ou

nt
s

  Entries  9578
Mean   0.3664
Std Dev    0.07172

,  E = 1 GeVγ
signal

  

0 1 2 3 4 5 6 7 8 9 10
First ECAL layer of clusters

0
20
40
60
80

100
120
140
160
180
200
220
240

C
ou

nt
s

  Entries  352
Mean   0.3239
Std Dev    0.4679
,  E = 20 GeV+π

background

  

0 1 2 3 4 5 6 7 8 9 10
First ECAL layer of clusters

0

1000

2000

3000

4000

5000

6000

7000

8000
C

ou
nt

s
  Entries  8713

Mean   0.1087
Std Dev    0.3112

,  E = 0.5 GeVγ
signal

  

0 1 2 3 4 5 6 7 8 9 10
First ECAL layer of clusters

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

C
ou

nt
s

  Entries  9578
Mean   0.09939
Std Dev    0.2992

,  E = 1 GeVγ
signal

  

0 0.2 0.4 0.6 0.8 1 1.2

Energy fraction in 9 central towers

210C
ou

nt
s

  Entries  352
Mean   0.9486
Std Dev    0.04512,  E = 20 GeV+π

background

  

0 0.2 0.4 0.6 0.8 1 1.2

Energy fraction in 9 central towers

210

310

410

C
ou

nt
s

  Entries  8713
Mean   0.9635
Std Dev    0.03315,  E = 0.5 GeVγ

signal

  

0 0.2 0.4 0.6 0.8 1 1.2

Energy fraction in 9 central towers

10

210

310

410

510

C
ou

nt
s

  Entries  9578
Mean   0.9505
Std Dev    0.02956,  E = 1 GeVγ

signal

  

0 20 40

3−10×

Major axis length  [rad]

1

10

210

C
ou

nt
s

  Entries  352
Mean   0.005938
Std Dev    0.001105
,  E = 20 GeV+π

background

  

0 20 40

3−10×

Major axis length  [rad]

0

500

1000

1500

2000

2500

3000

3500

C
ou

nt
s

  Entries  8713
Mean   0.004714
Std Dev    0.0009772

,  E = 0.5 GeVγ
signal

  

0 20 40

3−10×

Major axis length  [rad]

0

500

1000

1500

2000

2500

3000

3500

4000

C
ou

nt
s

  Entries  9578
Mean   0.004755
Std Dev    0.0008347

,  E = 1 GeVγ
signal

  

0 5 10 15

3−10×

Minor axis length  [rad]

0

20

40

60

80

100

C
ou

nt
s

  Entries  352
Mean   0.003568
Std Dev    0.001118
,  E = 20 GeV+π

background

  

0 5 10 15

3−10×

Minor axis length  [rad]

0

500

1000

1500

2000

2500

3000

3500

C
ou

nt
s

  Entries  8713
Mean   0.003057
Std Dev    0.0008672

,  E = 0.5 GeVγ
signal

  

0 5 10 15

3−10×

Minor axis length  [rad]

0

1000

2000

3000

4000

5000

C
ou

nt
s

  Entries  9578
Mean   0.003387
Std Dev    0.0007537

,  E = 1 GeVγ
signal

  

Figure C.5: Distributions of cutting variables for FPK for both background and signal
samples after appplying cut 0.001 < minor ≤ 0.005 .
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Appendix D Optimizing the migration

matrix

There are two optimization schemes implemented for the formation of the migration
matrix. The first is a suppression of radiation photons and will be presented in
Appendix D.1. The second is a method to tackle events where the π± and π0 clusters
have merged and is presented in Appendix D.2.

Appendix D.1 Suppression of radiation photons

Figure D.1 shows the the invariant mass distribution of the charged pion and either a
related and radiation photon. A cut of 0.2 < mπ±,γ < 1.8 GeV is enforced to identify
and dismiss the radiation photons and the limits are set based on Figure D.1. Only
photons obeying this cut are considered genuine photons, even if they passed through
the PFK.
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Figure D.1: The mass of π± and photons for both related and radiation photons

Appendix D.2 Events with merged clusters

To identify merged clusters of π± and π0’s a limit of E/p ≤ 1.2 is enforced. It is trivial
that a cluster exceeding this value will contain more than the charged pion, but this ap-
pendix provides a more detailed discussion of the optimization concerning these events.

Figure D.2 shows the number of genuine photons in an events vs. angluar dis-
tance from the charged pion to the neutral pion. It demonstrates that the closer the
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photon is to the π±, the fewer genuine photons are observed, which means that the two
clusters probably merged. It is therefore likely that events without genuine photons
contain such a merged cluster. Figure D.3 then shows the E/p separation variable for
these zero and two genuine photon events. The distribution for non-merged clusters
have E/p < 1. as expected whereas the merged clusters can have a much larger
E/p-value. This parameter can therefore be used to separate the two.

For the identified merged events containing no single residual π0’s, Figure D.4 shows
the difference in observed and generated π0’s. The fact that only one π0 is merged
in most events for all decay channels, justifies the approximation of counting the
merged cluster as one missing π0. For the π±3π0ν channel, this simplified method is
less effective, but as the polarisation measurements are less sensitive to this channel,
it is most important that it is optimized to the hadron and π±π0ν channels. The
optimization generally counteracts the feed-down mechanism without disturbing the
already correctly classified events and is therefore used in this analysis. However,
developing an improved method is still important for future studies.
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Figure D.2: The number of reconstructed genuine photons vs the angle between the charged
pion and the furthest daughter photon of a π0

Appendix D Optimizing the migration matrix 126



0 0.5 1 1.5 2 2.5

 cluster±πE/p for asso. 

1

10

210

310

C
ou

nt
s

 

γEvents with 2 genuine 
γEvents with 0 genuine 

τν 0π ±π → τDecay channels: 

 

Figure D.3: The E/p value of events with and without genuine photons for the τ → π±π0ν
channel
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Figure D.4: The difference between observed and generated π0’s in merged events
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Appendix E S-curve correction for the

revised LAr ECAL

Figure E.1 shows the difference between the position of the cluster and the truth
position as a function of the cluster position in the φ and z directions for photons in
the revised LAr ECAL. The figures show a clear s-curve structure. This distribution
is then projected onto a 2D plot and fitted with a sine curve, which can be seen in
Figure E.2. The fit result is used as a position correction. The resulting differences for
the cluster and truth positions in φ and z are shown in Figure E.3. The correction has
successfully straightened the s-curve which also increases the position resolution.
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Figure E.1: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width
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(b) z coordinate

Figure E.2: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width fitted with a sine
function
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Figure E.3: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width after s-curve
correction

Appendix F S-curve correction for the LKr

ECAL

Figure F.1 shows the difference between the position of the cluster and the truth
position as a function of the cluster position in the φ and z directions for photons for
the LKr ECAL. The distribution is s-shaped due to the s-curve phenomenon. This
distribution is then projected onto a 2D plot and fitted with a sine curve. This fit
can be seen in Figure F.2. The fit result can be used as a position correction to
increase the overall position resolution. The resulting differences in the cluster and
truth positions in φ and z is shown in Figure F.3 and it is clear that the correction
has successfully straightened the s-curve.
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Figure F.1: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width
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(b) z coordinate

Figure F.2: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width fitted with a sine
function
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Figure F.3: Difference in coordinate (φ and z) between generated particle and reconstructed
cluster versus reconstructed coordinate within one cell width after s-curve
correction
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