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CHAPTER 1

Introduction

In high-energy particle physics the main aim is to understand how matter is built from fundamental
particles, what their characteristics are and how they interact with each other. The smaller the objects are
the more energy is needed to create and the more e↵ort is needed to later observe these objects. Therefore
large particle colliders and also detectors were built. The currently highest-energy collider in terms of
center-of-mass energy as well as beam energy is the ring accelerator called Large Hadron Collider (LHC),
which was first started on 10 September 2008. One of the two big general purpose detectors at the LHC
is the ATLAS detector. The Higgs boson is the last missing particle of the Standard Model of Particle
Physics and its existence was predicted 1964 as a consequence of the Higgs mechanism [1], which was
needed to give masses to the particles of the Standard Model. In 2012, after a search of almost 50 years a
new neutral boson, compatible with a Standard Model Higgs boson, with a mass of about 125 GeV was
observed in the ATLAS [2] and the CMS experiment [3]. The observation of the new particle is only the
first step, now it has to be verified that the newly discovered particle really is the Standard Model Higgs
boson sought for by testing all its predicted properties.
A particularly interesting Higgs decay channel is the decay into a pair of tau leptons since this is the
leptonic decay channel with a large fraction. Since only a weak evidence [4] could yet be found in this
channel and the long shut down of the LHC has started, meaning that the amount of data is unchanged
until the new start planned for 2015, it becomes more and more important to improve the analysis of the
present data. A very important part in the Higgs search is to provide an e�cient separation of possible
Higgs candidates and background processes. The major background in the H ! ⌧⌧ analysis is coming
from Z bosons decaying into tau lepton pairs and, therefore results in the same final state with an invariant
mass close to the mass region of the signal. A promising criterion to suppress this background is the spin,
since the Higgs boson is a spin-zero and the Z boson a spin-one particle. This spin has a measureable
e↵ect the polarisation of the daughter particles. In this thesis, the tau lepton polarisation in decays of
Higgs and Z bosons is studied in view of a possible Higgs/Z separation.
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CHAPTER 2

The Standard Model of Particle Physics

The Standard Model of particle physics is a theory that includes all up to now observed elementary
particles (shown in 2.1) and their interactions except for gravitation. The particles are divided into two
classes: the twelve particles which form matter and have a half-integer spin named fermions and the five
mediators with an integer spin named bosons. Fermions can also be divided into two smaller groups:
the leptons, which take part in the weak interaction mediated by the Z and the W boson and the quarks
which can additionally interact via the strong force mediated by the gluon. All charged particles take part
in the electromagnetic interaction mediated by the photon.

Figure 2.1: Particles of the Standard Model (values from [5])

The mathematical concept to describe all these particles and their interactions including relativistic
and quantum mechanical e↵ects, is a quantum field theory (QFT) based on the
S U(3)colour

N
S U(2)weak

N
U(1)hyper symmetry group. In the following a short summary of some parts

relevant for this thesis is given, more detailed information can be found in [6]. QFT unifies particles
and fields including quantum mechanics and classical field theories, with the result that a particle can
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2 The Standard Model of Particle Physics

be regarded as the excitation of the quantum field. It is required that the theory is invariant under local
gauge transformations.

2.1 The Electroweak Standard Model

The weak interaction quantity comparable to electric charge in the electromagnetic interaction is called
weak isospin T . The description of weak interactions and electromagnetic interaction can be combined
such that the expression is independent under S U(2)T ⇥ U(1)Y transformations, because the isospin and
the electromagnetic charge are related in the following way:

Q =
Y
2
+ T3, (2.1)

where Y is the weak hypercharge and T3 the third component of the weak isospin.
A characteristic of weak interaction is that left- and right-handed particles are interacting di↵erently.
For example the W boson can only decay into left-handed particles, whereas the Z can decay into left-
or right-handed particles but with di↵erent coupling strength. The projection of the spin ~s onto the
momentum of the particle ~p is called helicity with the helicity operator

ĥ =
~s · ~p
|~p| =

1
2
~� · ~p
|~p| (2.2)

with ~� being the vector of the 2 ⇥ 2 Pauli spin matrices �i given above. Helicity is conserved in
electromagnetic and strong interactions but not in weak interactions. Another problem of the definition
of helicity is that it is not Lorentz-invariant for massive particles. While a massless particle is moving
with the speed of light, massive particles are moving with less speed therefore it is possible to change to a
reference frame in which the particle is moving in reverse direction changing the sign of helicity. A closely
related but Lorentz-invariant quantity is chirality. The chirality operator is �5, therefore eigenstates of
�5 (either +1 or �1) are defined as left- and right-handed chiral states. In the ultra-relativistic limit
(m ⌧ E) chiral eigenstates correspond to helicity eigenstates. The projection operators for right-handed
or respectively left-handed states are:

PR =
1
2

(1 + �5) PL =
1
2

(1 � �5) (2.3)

with �5 = i�0�1�2�3.
Regarding the weak isospin left-handed fermions form doublets and right-handed fermions singlets
shown in Table 2.1. Right-handed neutrinos are not shown in the table because they have not been
observed yet.
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2.2 Quantum Chromo Dynamics (QCD)

fermions generation Q/e T3

quarks
 

u
d0

!

L

 
c
s0

!

L

 
t

b0

!

L

+2/3
�1/3

+1/2
�1/2

uR cR tR -2/3 0
dR sR bR +1/3 0

leptons
 
⌫e
e

!

L

 
⌫µ
µ

!

L

 
⌫⌧
⌧

!

L

0
�1

+1/2
�1/2

eR µR ⌧R +1 0

Table 2.1: Multiplet-structure of fermions in the Standard Model.

In consequence of the S U(2)T ⇥U(1)Y transformation symmetry three fields W1
µ , W2

µ and W3
µ coupling

to the weak isospin and a field Bµ coupling to the weak hypercharge are created. The Lagrange densities
for these fields are

LEW1 = �
1
4

Wa
µ⌫W

a,µ⌫ � 1
4

Bµ⌫Bµ⌫, (2.4)

where the field-strength tensors Wa
µ⌫ and Bµ⌫ can be expressed as

Wa
µ⌫ = @µWa

⌫ � @⌫Wa
µ + gW"

abcWb
µW

c
⌫ (2.5)

Bµ⌫ = @µB⌫ � @⌫Bµ (2.6)

with the Levi-Civita symbol "abc and the coupling strengths gW and g0W between weak isospin current
and the boson fields B and W. It is not possible to include a mass term since this would destroy the
gauge invariance needed for renormalisation. The same applies to the lagrangian related to the fermions,
described by

LEW2 = i ̄R�
µDµ R + i ̄L�

µDµ L (2.7)
Dµ R = [@µ + ig0WBµ] R (2.8)

Dµ L = [@µ +
i
2
g0WBµ �

i
2
gW�

iWi
µ] L. (2.9)

2.2 Quantum Chromo Dynamics (QCD)

The strong interactions of colour carrying quarks and gluons are described in QCD, a SU(3) transformation
group. This colour concept is needed because neither quarks nor gluons are observed as free particles
but grouped as colour-neutral combinations named hadrons, this e↵ect is called colour confinement.
Three di↵erent colour charges, red, green and blue, and the respective anti-colours are introduced. Each
quark regardless of its flavour carries a colour charge while anti-quarks carry anti-colours and gluons are
carrying a colour and a anti-colour at the same time. The fact that the gluons themselves carry colour
leads to gluon self-interactions.
To preserve the local gauge invariance it is necessary to introduce eight massless gauge boson fields Ga

µ,
where a = 1, 2, ..., 8, which by means of the quark-fields q leads to the lagrangian

LQCD = �
1
4

Ga
µ⌫G

a,µ⌫ � q̄(i�µDµ)q. (2.10)

The covariant derivative
Dµ = @µ + igS(taGa

µ) (2.11)
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2 The Standard Model of Particle Physics

contains the coupling strength gS of the gauge bosons, also called gluons, to the eight generators ta and
the field strength tensors Ga

µ⌫ are given by

Ga
µ⌫ = @µG

a
⌫ � @⌫Ga

µ + gS f abcGb
µG

c
⌫ (2.12)

with the structure constants f abc (a,b,c=1,2,...,8) fulfilling the equation [ta, tb] = i f abctb.

2.3 Higgs Mechanism

Symmetry Breaking

The problem up to this point is that all these theories only describe massless gauge bosons to preserve the
gauge invariance, but the observed mediators of weak interaction do have mass. Therefore an indirect
way to introduce masses in the model is needed that does not destroy the gauge invariance. This is
done by spontaneous symmetry breaking via the Higgs mechanism, in which a complex scalar field
� = 1p

2
(�1 + i�2) (a doublet under S U(2)) is introduced, with a Lagrange density of

L = (@µ�)†(@µ�) � V(�) = (@µ�)†(@µ�) � (�(�†�)2 + µ2�†�). (2.13)

The lagrangian consists of two terms: the first gives the coupling to the gauge field while the second is
the potential of the Higgs field. µ2 is given in units of mass squared and the � term can be interpreted as
quartic self-coupling with the dimensionless positive parameter �. There are three cases shown in Figure
2.2, µ2 can be smaller than zero, greater than zero or of course also possible equal zero. If µ2 is greater
than zero the potential is minimal for �†� = 0, i.e. if � = 0, and is symmetric around the minimum. The
case µ2 smaller than zero is more interesting and often called "Mexican hat" because of its shape.

Figure 2.2: Higgs potential

It has an infinite number of states with minimum energy, that fulfil the equation:

�†� = �2
1 + �

2
2 = �

µ2

2�
= �. (2.14)

We may choose �1 = � and �2 = 0 and look at fluctuations ⌘ and ⇠ around the vacuum, defined by
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2.3 Higgs Mechanism

⌘ = �1 � � and ⇠ = �2. The lagrangian then is given by

L(⌘, ⇠) =
"
1
2

(@µ⌘)(@µ⌘) � ��2⌘2
#
+

"
1
2

(@µ⇠)(@µ⇠)
#

�
"
��⌘3 +

1
4
�⌘4 +

1
4
�⇠4 � 1

4
��4 + ��⌘⇠ +

1
2
�⌘2⇠2

# (2.15)

The first term describes a massive scalar particle ⌘ with mass

m⌘ =
p

2��2 =

q
�2µ2 > 0 (2.16)

and the second term a massless particle ⇠, the so-called Goldstone boson.

Higgs Mechanism

Breaking a local gauge invariance instead of the global gauge invariance makes it possible to choose a
gauge in such a way that the Goldstone boson disappears. Now replace the derivative by the ’covariant’
derivative associated to S U(2)T ⇥ U(1)Y

Dµ� = (@µ + igWµ �
i
2
g0Bµ)�. (2.17)

In the same way like before with identifying ⌘ as the Higgs boson h we get

Dµ� = (@µ + igWµ �
i
2
g0Bµ)

1p
2

 
0

� + h

!
(2.18)

which can be inserted in the lagrangian

L = (Dµ�)†(Dµ�) � V(�) (2.19)

where the from (Dµ�)†(Dµ�) resulting terms can be categorised by

1. (/ �2)-terms: mass terms for the gauge bosons

2. (/ �h)-terms and (/ h2)-terms: interaction terms gauge boson with the Higgs

The in nature observed gauge bosons W±,Z, � can not be matched directly to these Bµ, and Wµ fields, but
are built from linear combinations of them:

Aµ = Bµ cos⇥W +W3
µ sin⇥W (2.20)

Zµ = �Bµ sin⇥W +W3
µ cos⇥W (2.21)

W±µ =
1p
2

(W1
µ ⌥W2

µ) (2.22)

with masses emerging directly from the spontaneous symmetry breaking of

mW =
1
2
g� mZ =

1
2 cos ✓W

g� =
mW

cos ✓W
m� = 0. (2.23)

Two new parameters either µ and � or mH and � are added to the Standard Model by the Higgs mechanism.
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2 The Standard Model of Particle Physics

2.4 Running Coupling

The coupling constants are not constant, they are energy dependent. Note that in case of QED the e↵ective
coupling increases as the momentum increases, while for QCD the coupling decreases with increasing
energy. The behaviour of the QCD coupling constant can also be used to explain why we have never
seen quarks or gluons as free particles. At short distances the quarks and gluons only couple weakly and
therefore can be approximately considered as free, but with increasing distance the e↵ective coupling
grows and they have to be considered as bound particles, this e↵ect is called Asymptotic Freedom.
Removing a quark (or gluon) from a hadron therefore requires more and more energy as we attempt to
pull the quark away. At some point the energy contained in the binding energy is large enough to create a
new quark pair, resulting in more colourless hadrons instead of an isolated quark.

2.5 Limitations of the Standard Model

The Standard Model of Particle Physics does include all up to now observed particles and three out of
the four fundamental forces and predictions made match successfully with measurements. However the
Standard Model also leaves a lot of unsolved problems and fundamental questions.
Gravity is not included in the Standard Model. With a strength of 10�42 gravity is 1032 orders of
magnitude smaller than all other forces, therefore it can be neglected for low center-of-mass energy in
comparison to the Planck mass, but if the energy becomes comparable to the Planck mass self-gravity
e↵ects of the system can no longer be neglected. The dynamics become non-linear because the dynamics
of the state depends on the state itself.
Another problem is that measurements of the cosmic microwave background (for example with the
WMAP [7]) suggest that only 4.6% of the universe consists of atoms and therefore can be explained by
the Standard Model, while 24% are co-called "dark matter" and 71% "dark energy".
There are some unanswered questions left like: Why is gravity so weak? Why are there so many free
parameters? What is the origin of the mass of the neutrinos? Where does the observed baryon anti-baryon
asymmetry in the universe come from? Why are left-handed fermions in SU(2) doublets and right-handed
in SU(2) singlets? ...
But several attempts were made to solve these problems within new or advanced theories such as for
example super-symmetric models like the Minimal Supersymmetric Standard Model [8] in which a
symmetry is postulated giving every fermionic particle also a bosonic partner with similar properties but
di↵erent spin and vice versa.
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CHAPTER 3

The ATLAS Experiment

The LHC (Large Hadron Collider) is a proton-proton ring accelerator near Geneva with a circumference
of about 27 km. It was first put into operation in 2008 with a center-of-mass energy of about 2 TeV.
In 2012 LHC was running with a center-of-mass energy of 8 TeV. After LHC’s first long shut down
it is expected to reach its full design energy of 14 TeV center-of-mass energy. Two proton beams are
accelerated in separated ultra-high vacuum tubes and can be diverted so that they cross at four interaction
points, the centres of four large detectors. One of these detectors is a general-purpose detector called
ATLAS (A Toroidal LHC ApparatuS), which covers studies from the search for the Higgs boson to
super-symmetry and extra dimensions.
The ATLAS detector [9] (Figure 3.1) is 46 m long with a diameter of 25 m and its overall weight is about
7000 t.

Figure 3.1: schematic ATLAS detector [10]
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3 The ATLAS Experiment

3.1 ATLAS Coordinate System

In the right-handed ATLAS coordinate system wih the z axis orientated along the beam axis. Perpendicular
to that is the xy plane with a positive x direction in direction from the interaction point to the center of
the LHC ring. The positive y direction is pointing upwards. Additionally to this coordinate system there
are some often used parameters defined by:

• transversal momentum pT

• azimutal angle �: angle around beam axis tan(�) = py
px

• polar angle ✓: angle in regard to the beam axis cot(✓) = pz
pT

• pseudorapidity ⌘: ⌘ = � ln tan (✓/2)

• transverse impact parameter d0: distance at the point of closest approach of a track and the primary
vertex in the transverse plane

• longitudinal impact parameter z0: z-coordinate at the point of closest approach of a track and the
primary vertex

3.2 Particle Detection in ATLAS

There are four major components the ATLAS detector [9] consists of. Each of them is providing an
essential contribution to the detection and identification of particles.

3.2.1 Major Detector Components

1. Magnet System
There are two magnet systems in ATLAS: the magnet system next to the beam pipe is the so-called
central solenoid (CS) with a length of 5.3 m and 2.6 m outer diameter, arranged between Inner
Detector and calorimeter to provide the Inner Detector with a 2 T central magnetic field (2.6 T
peak magnetic field). The outer toroid system includes the barrel toroid (BT) and two inserted
end-cap toroids (ECT) producing a 3.9 T or 4.1 T strong peak magnetic field on the superconductors
respectively. The BT consists of eight coils, with a length of 25.3 m and a radial extention from
9.1 m to 20.1 m each, assembled radially and symmetrically around the beam pipe. Also the ECTs
are built from eight coils but with a shorter length of only 5 m extending from 1.65 m to 10.7 m
radially. Both systems lead to a curvature of trajectories for charged particles, which is necessary
to measure the momentum to high precision. All superconduction magnets require appropriate
cooling, in case of the CS done by a dewar coupled to the refrigerator, in case of the BT and ECT
additional cold helium pumps are used.

2. Inner Detector
Consisting of three parts to provide high resolution measurements at the inner radii but also
continuous track measurement at the outer radii, the Inner Detector is the detection system closest
to the beam pipe. It measures tracks of short living particles like b hadrons or tau leptons but also
of long living particles like electrons. Neutral particles cannot be detected with this detector part.
The first layers ,arranged as close as possible to the beam pipe ((5 � 12)cm), are pixel detectors
consisting of 80 million pixels in three barrel layers and three disks in each end-cap, which enables
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3.2 Particle Detection in ATLAS

three precision measurements over the full acceptance. The next layer is formed by a silicon mi-
crostrip tracker, the Semiconductor Tracker (SCT), consisting of 4088 two-sided modules arranged
in 4 cylindrical barrel layers and 9 planar endcap disks at each side, providing eight precision
measurements per track. The last layer is formed by the Transition Radiation Tracker (TRT) built of
straw tubes containing 50000 straws, each divided by two at the center, in barrel and 320000 radial
straws in the end-caps, which allows a large number of measurements for each track (typically 36).

3. Calorimeter
To measure energies of hadrons as well as energies of electrons or photons there are two kinds of
calorimeters. The electromagnetic calorimeter (ECAL) to measure energies of incoming electrons
or photons and the hadron calorimeter (HCAL) for measuring the energies of hadrons like pions.
In ATLAS the ECAL is, as the detector parts of the Inner Detector, divided into a barrel and
(in this case two) end-caps. It is built as a so called sampling calorimeter which means that it
consists of two sorts of alternating layers, absorbers (high density metals) and active elements
(liquid argon( LAr)). While interactions in the absorbers create showers, the sensing elements
provide a signal that is proportional to the incoming particle’s energy. For energy corrections
necessary due to loss of energy in material (Inner Detector, coil,...) in front of the calorimeters,
both the end-caps and the barrel are complemented with presampler detectors, consisting of thin
layers of argon equipped with readout electrodes but without absorbers. The HCAL is composed
of the Hadronic Tile calorimeter, the Forward calorimeter and the liquid-argon hadronic end-cap
calorimeters (HECs). The tile calorimeter is a large barrel shaped sampling calorimeter, it uses
iron layers as absorbing material and scintillating tiles as active material. It consists of one barrel
and two extended barrels. Always two independent wheels built from copper plates with an outer
radius of 2.03 m form a HEC. The last part of the HCAL is the forward calorimeter made of liquid
argon, which is integrated into the end-cap cryostat. The distance to the interaction is 4.7 m.

4. Muon Spectrometer (MS)
In contrast to other particles muons leave the Inner Detector and the calorimeters with only a small
loss of energy, therefore an additional detector system is required to measure their momentum
[11]. This part of the detector consists of several di↵erent detector types. Monitored drift tubes
(MDTs) with 1,194 chambers (67000 readout channels) provide a precise track measurement over
the range small and medium ⌘, in high ⌘ regions and close to the interaction point this is done by
32 cathode strip chambers (370000 channels) due to their higher granularity. Another part of the
muon spectrometer is built for triggering and consists of Resistive Plate Chambers (RPCs) in the
barrel and Thin Gap Chambers (TGCs) in the end-cap region. The entire muon system is inside of
the magnetic field generated by the toroid magnet system.

The covered pseudorapidity regions of the di↵erent detector systems can be found in the Tables A.1, A.2
and A.3 in the appendix.

3.2.2 Trigger and Data Storage

E�cient reduction of the enormous amount of data taken by ATLAS to only the physics events of interest
is one of the major challenges. At a luminosity of 1034cm�2s�1 with a bunch crossing rate of 40MHz
there is far too much data to save. To reduce this abundance of data to events of interest a three stage
trigger system is used. The first step, called level-1 (LVL1), reduces the amount of data to about 75 kHz
using information from the muon trigger chambers (RCPs and TGCs) and the calorimeters. Events with
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designated combinations of high pT muons, electrons, photons, jets and ⌧-leptons as well as large total or
missing transverse energy (calculated using the combined information) are selected on a time scale of
less than 2.5 µs and read out from the front-end electronics system into the readout drivers and later the
readout bu↵ers.
In the next step, called level-2 (LVL2), the information collected by LVL1 including ⌘, � and pT of
the objects and the energy sum is reused and additionally the LVL2 trigger has access to all event data.
However, in the most cases only information from the small fraction of the detector where the objects are
located is used. The rate of selected events by LVL2 is about 1 kHz on a time scale from 1 up to 10 ms.
The last step is the event filter (EF). The task of this tool is to reduce the selected events by a factor of ten
to about 100 Hz. Information from LVL2 is reused and extended with all data relevant to the specific
event, applying refined algorithms and selection criteria.

3.3 Particle Identification

Actually what is measured by the detector if a particle is moving through the detector is only a number
of hits (except for neutrinos, which have a small probability to interact with matter). Fortunately the
distribution and energy deposition of these hits in the detector can tell us a lot about the particle itself. As
sketched in Figure 3.2 for some common example particles, di↵erent types of particles leave tracks in
di↵erent regions of the detector.

Figure 3.2: Tracks of particles travelling through the ATLAS detector [10]

Short-lived particles often cannot be measured directly in the detector because they do not reach the
first detection layer, but their decay products can be measured and the particle can be reconstructed.

3.3.1 Electrons

For the identification of an electron information from reconstructed clusters in the ECAL is associated to
reconstructed tracks in the Inner Detector [12]. In this also called track-to-cluster matching it is very
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important to also take into account energy loss due to bremsstrahlung. Jets often look very similar to
electrons, to avoid these fake electrons cuts on information from calorimeter, tracker and combined
calorimeter/tracker information are used. The selection criteria are divided into three steps with increasing
rejection power named loose, medium and tight. The loose selection uses information of the second
ECAL layer and hadronic leakage (comparison of energy deposited in the hadronic calorimeter and the
electromagnetic cluster). Medium cuts additionally use information from first the ECAL layer, track
quality and track matching. The tight selection includes additional cuts on the innermost layer of the
Pixel Detector barrel region, TRT and conversion rejection, more track matching and tighter quality cuts.

3.3.2 Muons

There are three di↵erent approaches to identify muons [11]: the standalone reconstruction using the MS,
the combined reconstruction, combining and matching standalone tracks with Inner Detector tracks and
the identification of Inner Detector tracks as muons with calorimetric or MS information. In ATLAS these
three approaches are combined into two di↵erent reconstruction methods called "MuID" and "Staco".
Reconstructed muons used in this thesis are reconstructed by the Staco method, this means that two
independent measurements (MS & Inner Detector) of the track are statistically combined, taking into
account energy losses in the calorimeters. For all pairs of tracks that show reasonable matching in the
(⌘, �)-plane this is proceeded and a limit for acceptance is set. If more than one combination is above
the limit the best combination is chosen and two tracks are removed from the considered tracks for new
combinations.

3.3.3 Jets

Jet reconstruction is a complex field, on one hand because of the physical e↵ects such as fragmentation,
additional underlying events and radiations, on the other hand because of the amount of di↵erent detectors,
and therefore e�ciencies and characteristics, included in the reconstruction process. To reconstruct
jets the anti-kT algorithm [13] is used. In an event consisting of hard and soft particles for each pair of
particles distance measures

di j = min(p2p
ti , p

2p
t j ) ·
�R2

i j

R2 diB = p2p
ti , (3.1)

with p = �1 are calculated depending on the physical separation �R2
i j = (yi � y j)2 + (�i � � j)2 (using

rapidity and azimuth angle) and the transverse momentum of the particles pti. If di j is smaller than diB
the particles i and j are combined to a new particle, otherwise i is declared to be a jet and removed from
the particle list. Now the distance measure calculation is started again. The calculated distance is much
larger for two soft particles with the same physical separation than for a soft and a hard particle, which
leads to the preferred clustering of soft particles to a hard particle.

3.3.4 Missing Transverse Energy (MET)

At hadron colliders the MET plays an important role since the initial center-of-mass energy for a hard
scattering is not well known and the energy of escaping neutrinos cannot be measured directly. MET
provides the possibility to regain information about the energy carried away by the neutrinos, but can
also include instrumental e↵ects like badly measured energies and malfunctioning detector components.
In ATLAS the MET is calculated as the negative vector sum of the transverse energy of the electrons,
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photons, tau leptons, jets, calorimeter contribution of muons and cells that are not assigned to physics
objects or are the remnants of physics objects that have been removed by the ambiguity resolution.

3.3.5 Tau Leptons

Tau leptons are the most di�cult leptons to reconstruct because of their short life time and various
di↵erent decay modes. A tau candidate [14] is a calorimeter jet with a transverse energy larger than
10 GeV within the detector acceptance. To select tracks coming from the tau, tracks within a cone of
�R =

p
(��)2 + (�⌘)2 < 0.4 around the tau axis are associated to the tau if they pass the quality criteria.

Within a cone of �R < 0.2 around the four-vector sum of the jet clusters all clusters are used to calculate
the tau energy.
To identify hadronically decaying tau leptons a major step is to distinguish tau jets from QCD background.
Typically a jet from a tau decay has a low multiplicity and leaves a well-collimated cluster in the
calorimeter with only a few associated charged tracks. In ATLAS three di↵erent methods are used:
a cut-based approach, a projective likelihood method and boosted decision trees (BDT). Variables to
distinguish tau jets and other jets are: the jet radius Rem (only electromagnetic cells contained in the jet
are considered), the fraction of transverse energy �E12

T in the calorimeters and the number of charged
tracks Ntr’ exceeding a given transversal energy threshold, each considered in a given �R region around
the barycenter of the cluster.
It is also possible that an electron is misidentified as a tau, therefore an electron veto is applied (either
cut-based or BDT-based).

3.3.6 Overlap Removal

In some cases tracks/energies in the detector were assigned to more than one physical object. To avoid
this, an overlap removal has to be applied. It is checked that a cone �R =

p
�⌘2 + ��2 (with �R = 0.2

for muons and electrons otherwise �R = 0.4) includes only one object. If more than one object is found,
the additional objects are removed, for di↵erent types of objects according to the removal order: jet)
tau) electron) muon and for the same type of object starting with the lowest pT, until only one object
remains.

3.4 Event Generation and Detector Simulation

Event generation in combination with detector simulation is needed in order to test if a prediction is
reasonable or not. The output of the simulation is compared to measured data and checked for deviations.
If the model seems reasonable another application of simulation is to use information about the true
decay in order to improve reconstruction methods and decrease background due to improved selection
criteria. Afterwards these methods and cuts can be used on data. The event generators are all based on
Monte Carlo simulation to produce random events with a frequency expected in nature.

3.4.1 Hard Scattering and Underlying Event

A event consist of two major parts: the collision of interest, where two partons collide at high energy
and for example create some new high pT partons, called hard scattering and all other processes called
underlying event. The underlying event is comprised of remnants of both beams and multi parton
interactions. Sometimes more than one hard scattering process takes place at the same time (or in a time
smaller than the readout time of the detector), this is called pile-up. Gluons or photons can be emitted by
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the partons, this is called initial or final state radiation (ISR, FSR) depending on the occurrence before or
after the hard scattering. FSR is more likely to be detected than ISR since the radiation in most cases is
in direction of flight of the parton, which means that ISR is often orientated along the beam axis.

3.4.2 Proton-Proton Scattering Process

In Figure 3.3 the scattering process from incoming protons over hard interaction up to the hadronisation
is sketched.

Figure 3.3: Schematic Proton-Proton Scattering Process

1. In the first part each incoming proton can be considered as a bundle of three valence quarks (two
up quarks and a down quark) and an additional sea of quark-anti-quark pairs and gluons. At lowest
order the probability to find a fixed type of parton with a given momentum fraction is described by
the parton distribution function (PDF). This function fi(x) depends on the energy fraction x of the
parton and the momentum transfer between the partons inside one proton Q.

2. The next step is the hard interaction in which electromagnetic and QCD processes take place when
the point-like partons collide at high energy, with the possibility to create new high-energy as well
as short-lived particles, for instance a Z or Higgs boson.

3. The last part, the hadronisation also called fragmentation, is almost independent from the produc-
tion reaction. It is described by models tuned to measurements due to the fact that this process
is not calculable in QCD, because it is almost completely non-perturbative. In the hadronisation
process the colour charge carrying gluons, which decay into quark anti-quark pairs, and quarks are
combined in such a way that colour neutral hadrons arise. One model to treat this process is the
LUND string fragmentation model [15] where quark and anti-quark are bound together by colour
flux lines in form of a tube, inside of this energetic field new quark anti-quark pairs can be created
and the tube split into smaller tubes between the quarks unless the energy is reduced to a point
where it is not high enough to produce new pairs and so-called primary hadrons are formed. Not all
of the primary hadrons are stable, thus further decays take place. Another model is called cluster
fragmentation, where parton showering proceeds keeping the colour scheme. Afterwards quarks
and anti-quarks are combined to form colour singlet clusters and projected onto high mass meson
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resonances. These resonances now decay in either two mesons or a baryon and an anti-baryon
unless there is not su�cient energy of the created hadrons for further decays.

3.4.3 Event Generators and Detector Simulation

In experimental particle physics models are tested by generating samples under specified predictions
as detailed as could be observed by a perfect detector and comparing these after detector simulation
(including detector imperfections) to measured data, therefore the simulated events should on average
show the same behavior and fluctuations as observed data. To obtain these generated samples complex
simulation tools based on Monte Carlo techniques are used, which also provide the possibility to create
samples containing only one kind of reaction.

Event Generators

• PYTHIA8
The main general-purpose event generator in ATLAS is PYTHIA [16], which can be used stan-
dalone or interfaced with other libraries. Apart from the pp collisions in this thesis discussed,
PYTHIA also can simulate incoming p̄p, e+e� and µ+µ� beams. PYTHIA can handle around 300
di↵erent hard processes, but the produced number of particles in the hard process has to be two or
one, in fact only 2! 2 and 2! 1 processes are allowed.
At the beginning a collision process, for example the hard process gg ! H ! ⌧+⌧�, has to
be chosen and calculated in perturbation theory. The next step is the generation of initial- and
final-state radiation and the underlying event including multiple parton-parton interactions and
beam remnants. The last step, the hadronisation process, is done using Lund string fragmentation
(explained in Chapter 3.4.2).

• POWHEG
The POsitive Weight Hardest Emission Generator method is used to produce positive-weighted
events with NLO accuracy. One POWHEG framework used in ATLAS is the POWHEG BOX [17]
which can be interfaced with several shower handling programs, for example PYTHIA.

• PHOTOS
A high precision Monte Carlo generator for bremsstrahlung in decays is PHOTOS [18], which can
be interfaced with for example PYTHIA.

• TAUOLA
A possibility to handle tau decays with spin e↵ects is provided by TAUOLA [19][20]. Since
TAUOLA only handles the tau decay, all other decay parts have to be handled with programs like
PYTHIA.

Detector Simulation

• Geant4
Geant4 [21] is the standard detector simulation tool of ATLAS providing also a visualisation
framework. A geometrical model of the detector is built consisting of a large number of individual
components (shape, material) for which all interactions with the particles travelling through are
calculated. Additionally "sensitive" elements are defined and the detector responses are simulated.
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CHAPTER 4

Higgs and Z Boson at Hadron Colliders

Hadron collider experiments have the advantage of very high reachable beam energy using ring accelera-
tors. While leptons would lose a lot of energy due to radiation the masses of hadrons are much higher
and therefore the losses much smaller. In proton-proton collisions heavy particles like Z or Higgs bosons
can be produced. The cross-sections and rates as a function of the centre-of-mass energy are shown in
Figure 4.1.

Figure 4.1: Cross-section and rates (luminosity L = 1 ⇥ 1034 cm�2s�1) for various processes in proton-(anti)proton
collisions, as a function of the centre-of-mass energy [22].
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4.1 Z Boson at Hadron Colliders

Scattering between quarks and anti-quarks is the most likely process at LHC to produce a Z boson (shown
in Figure 4.2). But virtual photons can be created in the same way, therefore contribution interferences
cannot be avoided. The Z boson is a spin-one particle with a mass of about 91.19 GeV and a full width
of 2.50 GeV.

Figure 4.2: Z boson production via quark anti-quark scattering.

Z bosons couple to all kinds of fermions, both left-handed and right-handed but with di↵erent strengths.
In Table 4.1 the branching fraction for the most common decay modes are given.

decay products fraction �i/� in %
e�e+ 3.363 ± 0.004
µ�µ+ 3.366 ± 0.007
⌧�⌧+ 3.370 ± 0.008

invisible 20.00 ± 0.006
hadrons 69.91 ± 0.006

Table 4.1: Branching fractions for Z boson decays taken from [5].

4.2 Higgs Boson at Hadron Colliders

In Figure 4.3 the Standard Model Higgs boson production cross sections for the relevant production
mechanisms, gluon-gluon fusion (gg ! H), vector boson fusion (qq ! qqH), associated production
with vector bosons (qq̄ ! WH/ZH) and associated production with top quarks (gg/qq̄ ! tt̄H), for a
large range of Higgs masses at 8 TeV at LHC are shown. The associated width �H depends on the mass
�H / (mH)3 and is for a mass of mH ⇡ 125 GeV in the region of a few MeV.
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Figure 4.3: Standard Model Higgs boson production cross sections at LHC at 8 TeV. The ggF and VBF processes
are calculated in complex-pole-scheme, while other WH/ZH and ttH processes are calculated in zero-width-
approximation [23].

Gluon-gluon fusion via an intermediate top quark loop is the dominant production process. With an
about one order of magnitude lower cross section at masses below 500 GeV the next probable process
is vector boson fusion (VBF). In Figure 4.4 the high related leading-order Feynman diagrams for the
production mechanisms are sketched.

Figure 4.4: Higgs production modes.

The Higgs boson branching ratio depends on the mass of the produced daughter particles. Decays for
Higgs masses below 130 GeV are dominated by decays into a pair of b quarks. The next decay into a
pair of fermions is the decay into ⌧ leptons, this decay is also the leptonic decay mode with the highest
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branching fraction. With increasing mass also decays into pairs of W or Z bosons get more and more
interesting since they quickly dominate due to the already mentioned mass dependence. In this thesis a
Higgs mass near the experimentally indicated mass region of 125 GeV is assumed.

Figure 4.5: Standard Model Higgs boson decay branching ratios at 8 TeV [24].

4.3 Higgs and Z boson distinction and polarisation information

For small Higgs masses, as indicated by the combined research results of 2012 [2], a very promising
channel for Higgs searches is the decay into a lepton pair because of the clear signature, which makes
it easier to discern events of interest and suppress background. Since the branching fractions of Higgs
bosons have a strong mass dependence the previously mentioned decay into tau leptons is preferred to
the decay into muons or electrons. Despite the clear signature and a branching fraction of about 6% the
Higgs boson has not been observed yet in this channel. A very problematic background in all leptonic
channels originates from Z bosons also decaying into two leptons because the event topology is the same
as the one for a decaying Higgs boson. A di↵erence between Higgs and Z bosons is their mass, which can
be reconstructed as the tau-tau invariant mass. A result from the boosted category from the H ! ⌧lep⌧had
channel for the 8 TeV analysis is shown in Figure 4.6.

20



4.3 Higgs and Z boson distinction and polarisation information

Figure 4.6: mass distributions of the selected events in the Boosted category of the H ! ⌧lep⌧had channel for the
8 TeV analysis, estimated using the missing mass calculator (MMC) [25]. The selected events in data are shown
together with the predicted Higgs boson signal mH = 125 GeV stacked above the background contributions. For
illustration only, the signal contributions have been scaled by a factor of 5. The last bin in the histograms contains
the overflow. [4]

It is obvious that even a five times bigger Higgs signal than expected in the Standard Model is very
small compared with the large Z ! ⌧⌧ background and the background uncertainty. Nevertheless there
is hope to see an evidence of H ! ⌧⌧ based on the up to now collected data, since it is possible to
improve the signal to background ratio via carefully categorised analyses of all relevant final states and
the application of multivariate analysis techniques. The di↵erence in the spin of the bosons (1 for a Z
boson, 0 for a Higgs boson) might be helpful additional information to improve the separation. For a
decaying H/Z boson the cases for resulting tau helicities in the boson rest frame are shown in Figure 4.7.
Since the resulting helicities are correlated due to the initial boson spin, they have the same sign for a
Higgs boson while they have opposite signs for a decaying Z boson.

Figure 4.7: Correlation between ⌧ helicities in the decaying boson rest frame for H/Z decaying into a pair of tau
leptons. The thick arrows denote the helicities of the tau leptons.

In the next chapter the technical methods to obtain the spin/helicity informations of the tau leptons are
discussed.
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CHAPTER 5

Tau-Lepton Spin Information

The tau lepton is the heaviest lepton with a mass of 1.777 GeV. As a fermion it carries a spin of 1
2 . Spins

are not directly accessible but due to (spin) momentum conservation they have to be conserved. In the
tau decay that influences the kinematics of the created daughter particles. Thus the tau decay provides
the chance to draw inferences about the initial tau spin/helicity and tau leptons can be used as "spin
analysers". Tau leptons and anti-tau leptons will be referred to as tau leptons in the following if not
further specified.

5.1 Tau Decays

Due to its high mass the tau lepton is the only lepton which can decay either into leptons or into hadrons
(as shown in Figure 5.1). In Table 5.1 the branching fractions for the most common tau decays are given.
The total leptonic branching fraction is about 35% and the total hadronic branching fraction about 65%
(50% events with one charged hadron, 15% with three charged hadrons).

Figure 5.1: Possible ⌧-decay modes.
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decay products mass meson/lepton fraction �i/� in %
e�⌫̄e⌫⌧ 0.511 MeV 17.82 ± 0.04
µ�⌫̄µ⌫⌧ 106 MeV 17.39 ± 0.04
⇡�⌫⌧ 140 MeV 10.91 ± 0.07
⇢�⌫⌧ 776 MeV 25.94 ± 0.09

! ⇡0⇡�⌫⌧
⇡0⇡0h�⌫⌧ 9.51 ± 0.11
h�h+h�⌫⌧ 9.80 ± 0.07

Table 5.1: ⌧-lepton branching fractions taken from [5]. "h±" stands for ⇡± or K±

5.2 Polarisation Information in Simulated Events

In simulation an important tool for handling the tau leptons is TAUOLA [19], in which tau decays are
performed regarding to a pre-assigned helicity. This true tau helicity would be an important knowledge
for studies concerning the reconstruction of helicity, but unfortunately this information is not saved and
therefore not directly available.
Although this is a serious technical problem, there is a possibility to re-establish the event-by-event
helicity in simulated events using the true event kinematics and a program based on the same algorithm
as TAUOLA called TauSpinner [26].

5.2.1 TauSpinner

TauSpinner [26] is a tool which provides the possibility to recalculate the longitudinal polarisation in any
tau lepton sample (data or MC) provided the tau lepton origin is known. In Table 5.2, the probability for
the configuration of longitudinal polarisation of the tau leptons from di↵erent origins is shown.

Origin P⌧1 P⌧1 Probability
Neutral Higgs boson +1 -1 0.5

-1 +1 0.5
Neutral vector boson Z/�⇤ +1 +1 p⌧Z

-1 -1 1 � p⌧Z

Table 5.2: Probability for the configuration of longitudinal polarisation of the tau leptons from di↵erent origins
[27]. The probability of the helicity states p⌧Z is a function of the scattering angle and the center-of-mass squared
of the hard process.

For each H/Z ! ⌧⌧ event TauSpinner calculates a spin weight wT using the given event kinematics.
The weight calculated in the rest frame of the H/Z boson with flight direction of the tau lepton along the
z-axis is given by

wT = Rijhihj (5.1)

where the hi/j are the associated (time and space) components of their respective polarimetric vectors and
Rij [19] denotes a matrix describing the full spin correlation between both tau leptons and summing over
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both helicities .
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P⌧ is the polarisation of the single tau lepton in a mixed quantum state and a linear function of the
probability of the helicity states p⌧Z .

P⌧ = 2p⌧Z � 1. (5.5)

The correlation of the spin vector ~S with the polarimetric vector ~h, which is a vector given by the
kinematics of the decay and calculated in the respective tau rest frame, can be expressed by [19]:

d� / (1 + ~S · ~h) (5.6)

meaning that for any decay mode the partial decay width depends on the product of the polarimetric
vector and the spin vector. Therefore the most likely configuration for a given S is h pointing in the
direction of S and the best estimate of spin direction is the direction of h for which d� is maximal.
Polarimetric vectors can be calculated for the most common tau decay channels separately using only
four vectors of the H/Z, the tau leptons and their decay products. By convention the first component h0
and R11 are set to 1.
In case of a decaying Z boson in the ultra-relativistic limit and neglecting the transverse spin degree this
expression can be written as:

wT = 1 + hz+hz� + P⌧hz+ + P⌧hz� , (5.7)

where hz± is the z component of the polarimetric vector of the ⌧±. For a neutral spin-zero Standard Model
Higgs boson wT can be written as:

wT = 1 � hz+hz� (5.8)

Using Equation 5.7 we can calculate the weights for the two polarisation possibilities ⌧�R⌧
+
L and ⌧�R⌧

+
L.

w⌧�R⌧
+
L
= 1 + hz+hz� � hz+ � hz� (5.9)

w⌧�L⌧
+
R
= 1 + hz+hz� + hz+ + hz� (5.10)

For a given longitudinal Z/�? polarisation ⇧ this leads to a likelihood for ⌧�L⌧
+
R of:

p⌧�L⌧+R =
(1 + ⇧)w⌧�L⌧+R

(1 + ⇧)w⌧�L⌧+R + (1 � ⇧)w⌧�R⌧+L
(5.11)

=
(1 + ⇧)(1 + hz+hz� + hz+ + hz�)

2 + 2 · hz+hz� + 2 · ⇧ · hz+ + 2 · ⇧ · hz�
(5.12)
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In TauSpinner (as in TAUOLA) this probability is compared to a random number between 0 and 1 and
if p⌧�R⌧+L is greater than the number, that the event is assumed to have, the spin configuration ⌧�R⌧

+
L is

assumed else it is assumed to have the spin configuration ⌧�L⌧
+
R.

For a Higgs boson decay the possibility, calculated using Equation 5.1,

p⌧�R⌧+R =
1 + hz+hz� + hz+ � hz�

2 � 2hz+hz�
(5.13)

is treated the same way with possible spin configurations ⌧�R⌧
+
R and ⌧�L⌧

+
L. TauSpinner provides, if the

four-vectors of the H/Z boson and the ⌧ lepton information including the four-vectors of the tau lepton
itself as well as the created daughter particles (given in pion/kaon end-state) are available, the possibility
to calculate an estimate if for example a Z decay looks more ⌧�L⌧

+
R or ⌧�R⌧

+
L like. This is done statistically

by comparing the calculated probability p⌧�L⌧+R to a random number. If the random number is greater than
p⌧�L⌧+R the event is assigned to be more likely coming from a ⌧�R⌧

+
L configuration, if not it is assigned to

the ⌧�L⌧
+
R configuration.

Note that TauSpinner does not return the initial spin configuration but rather an estimate for the initial
helicities on a statistical basis.

5.3 Reconstruction of Tau Decay Products

The kinematics of the tau decay products are essential to obtain information about the tau spin, hence
it is necessary to reconstruct all decay particles and their four-vectors. as well as possible. Three
di↵erent neutral pion reconstruction algorithms and two neutrino reconstruction methods, described in
the following, were used in this thesis.

5.3.1 Neutral Pion Reconstruction

Neutral pions decay into a pair of photons which leave their energy showering in the ECAL where also a
part of the charged pion energy is deposited, making it harder to detect and reconstruct the neutral pion.
Three algorithms were used in this thesis to reconstruct the neutral pions.

Cluster-Based Reconstruction

The cluster-based ⇡0 reconstruction algorithm [28] is available in the 2012 o�cal ATLAS data/Monte
Carlo samples . The ⇡0 counting, done with boosted decision trees (BDTs), is independent of the ⇡0

vector reconstruction. After a correction for noise and pileup for each cluster the information of the
energy of the cluster in the presampler and strip-layer EPSS

cluster, the fraction of energy the cluster has in
the hadronic calorimeter f HAD

cluster and the fraction of energy in the cluster divided by the energy of the
calorimeter minus the energy of the tracks Ecluster

Ecalo�Etrack
is used to calculate a so called ⇡0 score, which is

sort of a "⇡0 likeliness" given by:

⇡0 score =
EPSS

cluster

f HAD
cluster + a

q
| Ecluster

Ecalo�Etrack
|
. (5.14)

If the number of reconstructed ⇡0 is greater than zero clusters within a region �R < 0.2 of the track
system are chosen and corrected for noise. The most likely cluster or pair of clusters to contain the ⇡0 is
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5.3 Reconstruction of Tau Decay Products

selected, corrected for hadronic energy contamination if necessary and saved. Notice that the number of
saved clusters can be two for one ⇡0, in this case both clusters are added, and that for more than one ⇡0 it
is not clear which vector corresponds to each ⇡0. This method is fast and shows a good e�ciency.

Cell-Based Reconstruction

In the cell-based ⇡0 reconstruction [29] the averaged hadronic shower shapes are used to remove cell by
cell ⇡± showers in the ECAL. It is assumed that the energy left by a charged pion in the electromagnetic
calorimeter is equal to the energy of the track minus the energy deposited in the hadronic calorimeter.
Using Monte Carlo simulations, the longitudinal and lateral shower shapes can be estimated and the
expected energy deposit can be removed in the electromagnetic calorimeter. In case of overestimated
energy negative energies are assigned. The remaining energy distribution is searched for possible ⇡0

candidates. The last step is to reduce the fraction of fake ⇡0s due to pile up, noise or imperfect subtraction.
The subtraction method is independent of the energy distribution in the ECAL and provides the possibility
to split the energy in single cells, which is useful for overlapping pion showers.

EflowRec

Reconstruction with EflowRec [30] used in the tau-mode works very similarly to the cell-based algorithm,
but the subtraction method in EflowRec removes all energy from the calorimeter clusters around the track
until the estimated charged energy is removed instead of subtracting an average value. This is done in
ring-shapes around the track in an order depending on the energy distributions in the ECAL and HCAL .
The method is robust against statistical shower fluctuations especially if there is no overlap, but leads to
an error caused by double counting of energy deposits due to wrong assignments.

5.3.2 Neutrino Reconstruction

Collinear Approximation

The Collinear Approximation (Figure 5.2) assumes that all neutrinos are nearly collinear with the
corresponding visible decay products (correct for a strongly boosted tau) and that all the missing energy
is due to neutrinos from the tau decay. Therefore, the error of the Collinear Approximation strongly
depends on the missing transverse energy resolution.

Figure 5.2: Collinear Approximation

At high energies the masses of the particles can be neglected, and we can obtain (using momentum
conservation) the equation:

~pT(⌧1) + ~pT(⌧2) =
~pT(⌧vis1)

x1
+
~pT(⌧vis2)

x2
= ~pT(⌧vis1) + ~pT(⌧vis2) + ~ET, miss, (5.15)
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5 Tau-Lepton Spin Information

where x1 =
E(⌧vis1)
E(⌧1) and x2 =

E(⌧vis2)
E(⌧2) called fractions of visible energy. Then x1 and x2 can be expressed as:

x1 =
px(⌧vis1) · py(⌧vis2) � py(⌧vis1) · px(⌧vis2)

px(⌧vis1) · py(⌧vis2) � py(⌧vis1) · px(⌧vis2) + py(⌧vis2) · Ex,miss � px(⌧vis2) · Ey,miss
(5.16)

x2 =
px(⌧vis1) · py(⌧vis2) � py(⌧vis1) · px(⌧vis2)

px(⌧vis1) · py(⌧vis2) � py(⌧vis1) · px(⌧vis2) + px(⌧vis1) · Ey,miss � py(⌧vis1) · Ex,miss
(5.17)

These equations will be used later. The Collinear Approximation works best if the ⌧⌧ system is strongly
boosted, but H ! ⌧⌧ events are often produced with a nearly back-to-back topology according to a small
boost.

Missing Mass Calculator (MMC)

The Missing Mass Calculator technique [25] provides the possibility to reconstruct the event kinematics
for all ⌧⌧ event topologies. The requirement to do so is that the orientations of the neutrinos and other
decay products have to be consistent with the mass and decay kinematics of a ⌧ lepton. A system of
4 equations with 6 to 8 unknowns (the momentum components of the invisible part of tau decay and
for a leptonic decay also the invariant mass of the neutrinos) has to be solved. Since the system is
under-constrained it is not possible to give an exact solution, but it is possible to calculate likelihoods for
di↵erent solutions using additional knowledge like the expected angular distance between the neutrino(s)
and the visible tau as probability density functions in a global event likelihood. The final estimator for
the invariant tau-tau mass is then calculated by the production of an invariant di-tau mass for all scanned
solutions weighted by their probability and extracting the most probable value.
This tool is originally designed for the reconstruction of the invariant di-tau mass but can also be used
to reconstruct the neutrino four-vectors or, in the case of a leptonic decay, the sum of the neutrino
four-vectors. Since the tool was initially not designed to be used for the neutrino reconstruction, we see
to a strong bias in the determined neutrino momentum (Figure 5.3). One reason for that might be that
the tool incorporates the expected angle between the neutrino and the visible tau decay products as a
probability density function (PDF). This angle is parametrized using the leptonic decay mode and the
decay mode with one or three charged hadrons inclusively. From this follows that currently the same
parametrisation is used for di↵erent hadronic decay modes. Another important issue might be that a PDF
is used for the fraction of momentum carried by the neutrino in relation to the momentum of the visible
tau decay products. This PDF is obtained from Z ! ⌧⌧ decays and therefore can cause a Z-related bias
in H ! ⌧⌧ decays. As before the used PDF is not decay channel specific. The last point to mention is
also the missing transverse energy resolution and the selection cuts might cause biases.
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(a) Hadronic decays (rho or single pion) (b) Leptonic decays

Figure 5.3: Neutrino pT reconstructed with the MMC compared to its truth value.

5.4 Polarisation Observables in Tau Decays

For each tau lepton the direction of flight and the spin direction, in this case restricted to the helicity
of the tau, has to be reconstructed. This is done using the momenta of the tau decay products. Several
polarisation observables can be found, each with advantages and disadvantages concerning di↵erent
decay modes of the tau leptons. In the following the fraction of visible energy, the charged energy
asymmetry and polarimetric vectors will be discussed.

5.4.1 Fraction of Visible Energy

A very simple definition to get polarisation information is the fraction of visible energy x. This observable
is useful especially for the decay of a tau lepton into a single pion and a tau neutrino, because in that
case it is much more likely for the pion to be emitted in the direction of the tau spin orientation. For the
example of a decaying ⌧� this is sketched in Figure 5.4.

(a) ⌧� with positive helicity (b) ⌧� with negative helicity

Figure 5.4: Helicities assuming m⌧ ! 0 (denoted by double arrows) for a ⌧� ! ⇡�⌫⌧ decay where the tau lepton is
moving along the dashed line.

This e↵ect is caused by conservation of angular momentum and due to the left-handedness of the
neutrino and the spin zero pion. From this follows that it is much more likely for a tau with negative
helicity to decay into a low energetic pion with respect to the tau energy and for a tau with positiv helicity
to decay into a high-energy pion: where P⌧ denotes the polarisation of the tau and ✓ denotes the angle in
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5 Tau-Lepton Spin Information

the tau rest frame between the tau spin and the pion flight direction [31]:

d�
d cos ✓

/ 1
2

(1 + P⌧ cos(✓)) (5.18)

In terms of x = E⇡
E⌧ , assuming �⌧ ⇡ 1 with a = m⇡

m⌧
, it is given by:

cos ✓ =
2x � 1 � a2

1 � a2 (5.19)

) d�
dx

/ 1 + P⌧(2x � 1) (5.20)

Terms of the order a2 can be neglected due to the small pion mass. This distribution is shown for tau
leptons with positive helicity (P⌧ = +1) and negative helicity (P⌧ = +1) in Figure 5.5.

Figure 5.5: x = E⇡

E⌧
spectrum of pions from polarised tau leptons according to Equation 5.20.

Note that a ⌧+ with negative helicity acts like a ⌧� with positive helicity and vice versa, since
P⌧+ = �P⌧� . A more complicated case is the decay of a tau lepton into a vector meson and a tau-neutrino,
because of the spin carried by the meson. One possibility is the creation of a longitudinally polarized
rho meson, which means the helicity is zero. In this simplest case the decay is very similar to the single
pion case (Figure 5.4) but terms of order a2 cannot be neglected. The other possibility is the creation of a
transversely polarized rho meson shown in Figure 5.6.

(a) ⌧� with positive helicity (b) ⌧� with negative helicity

Figure 5.6: Helicities (denoted by double arrows) for a ⌧� ! ⇢�⌫⌧ decay where the tau lepton is moving along the
dashed line with the production of a transversely polarized rho meson.

In the case of a ⌧� with positive helicity decaying into a neutrino and a transversely polarised ⇢� it is
(because of angular momentum conservation) much more likely that the ⇢� is emitted in the backward
direction, while for a ⌧� with negative helicity the forward direction is preferred. The distributions can
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be expressed by [31]:

d�T

d cos ✓
/ 1 � P⌧ cos(✓) (5.21)

d�L

d cos ✓
/ m2

⌧

2m2
⇢

(1 + P⌧ cos(✓)) (5.22)

Summing both meson amplitudes leads to a loss of spin information since the information included in the
meson polarisation is not considered. This yields for a rho meson:

d�
d cos ✓

/ 1
2

(1 + ↵⇢P⌧ cos ✓) (5.23)

↵⇢ =
m2
⌧ � 2m2

⇢

m2
⌧ + 2m2

⇢

= 0.46 (5.24)

this first expression is similar to the single pion case but with an additional factor ↵ (for a a1 this factor is
↵a1 = 0.12). The smaller this factor ↵ is the smaller is the sensitivity.
For the spectrum in the laboratory frame (terms of the order a2 cannot be neglected) this yields [31][32]:

1
�⇢

d�T

dx⇢
= b ·

h
a2 sin2 ! + 1 + cos2 ! + P⌧ cos⇥? ·

⇣
a2 sin2 ! � a sin 2! tan⇥? � 1 � cos!2

⌘i
(5.25)

1
�⇢

d�L

dx⇢
= b ·

h
a2 cos2 ! + sin2 ! + P⌧ cos⇥? ·

⇣
a2 cos2 ! + a sin 2! tan⇥? � sin!2

⌘i
(5.26)

with

b =
m2
⌧m2

⇢

(m2
⌧ � m2

⇢)(m2
⌧ + m2

⇢)
(5.27)

cos! =
(m2

⌧ � m2
⇢) + (m2

⌧ + m2
⇢) cos⇥?

(m2
⌧ + m2

⇢) + (m2
⌧ � m2

⇢) cos⇥?
(5.28)

cos⇥? =
2x � 1 � a2

1 � a2 (5.29)

The angular decay distribution divided in transversally and longitudinal rho meson polarisations is shown
in Figure 5.7.
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(a) ⌧� with positive helicity (b) ⌧� with negative helicity

Figure 5.7: The angular decay distribution in the laboratory frame for the decay ⌧! ⇢⌫⌧ [33]

Following from these distributions the leading ⇢ mesons produced in decays of ⌧� with negative
helicity are preferably transversely polarised, whereas they are preferably longitudinally polarised for
⌧� with positive helicity [32]. An even more challenging decay mode is the decay into a lepton, a tau
neutrino and an additional lepton neutrino. In this case all three daughter particles carry spin and the
sensitivity decreases sharply, because of the many ways to combine the spins. Another problem is that
only the lepton can be observed in the detector, which means there are two undetected particles carrying
away an amount of energy where even in the best case only the sum can be reconstructed and therefore
the tau rest frame cannot be reconstructed very well. Nevertheless the spectrum can be calculated by
integration over the unobservable angle ✓ and ignoring terms of the order ( ml

m⌧
)2 or higher [31]:

d�
dx
/ 1

3
(1 � x)

h
(5 + 5x � 4x2) + P⌧(1 + x � 8x2)

i
(5.30)

and leads to the distributions shown in Figure 5.8.

Figure 5.8: xl =
El
E⌧

spectrum of leptons from polarised tau leptons according to Equation 5.30.

The energy of the tau lepton has to be reconstructed from the neutrino energy and the energy of the
visible tau decay products. Thus the quality of the reconstruction of the fraction of visible energy for all
decay channels strongly depends on the neutrino reconstruction.
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5.4.2 Charged Energy Asymmetry

As mentioned before, for a tau lepton decaying into a vector meson and a neutrino, there is a part of the
spin information unused since the decay of the rho meson provides additional information about the spin
carried by the ⇢ meson itself. For the decay of the rho in about 100% of the cases a neutral pion and a
charged pion are created (Figure 5.9).

Figure 5.9: Decay ⇢� ! ⇡�⇡0 where the ⇢ is moving along the dashed line.

The angle  between the direction of flight of the meson and the charged pion, which can be calculated
in the laboratory frame [31] to be

cos =
m⇢q

m2
⇢ � 4m2

⇡�

· E⇡� � E⇡0

|~p⇡� + ~p⇡0 | , (5.31)

is helicity sensitive due to the transformation of the ⇢ spin into orbital angular momentum since the pions
are spin-zero particles. Transversely polarized ⇢ are more likely to decay into two pions carrying an
equal amount of energy, while longitudinally polarised states prefer a large energy asymmetry. To reduce
the influences caused by the reconstruction of m⇢ the first term of the equation is dropped, leading to:

⌥ =
E⇡� � E⇡0

|~p⇡� + ~p⇡0 | . (5.32)

This expression is called the charged energy asymmetry and Figure 5.10 shows the resulting distributions.
This variable is also usable for a tau decaying into an a1 but with less distinction power.

Figure 5.10: The distribution of the charged energy asymmetry, from rho decays divided into left-handed (pink)
and right-handed (blue) samples. Each sample is normalized to one [34].
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5.4.3 Spin and Polarimetric Vectors

Another way to retrieve helicity information is to use the polarimetric vectors already discussed in Chapter
5.2.1. As in the TauSpinner-Tool only the projection of the polarimetric vector onto the tau flight axis
(here denoted as z-axis) is considered. A description how to calculate polarimetric vectors for di↵erent
tau decay modes can be found in [19]. In this thesis the TauSpinner Tool is used for the calculation. To
reconstruct the polarimetric vectors the complete kinematic information for all decay particles need to be
available. Thus it is expected that the polarimetric vectors are particularly sensitive to deviations caused
by the reconstruction. It is obvious that in case of a leptonic decay the four vectors of both neutrinos are
needed but as mentioned in Chapter 5.3.2 only the sum of the neutrinos is reconstructed by the MMC
or the Collinear Approximation. The energy of the neutrinos relative to each other depends on the tau
polarisation depicted in Figure 5.11, which is the information we try to reconstruct.

Figure 5.11: Helicity dependence of lepton neutrino transverse energy compared to the total transverse neutrino
energy in leptonic tau decays

Because of these problems, unless an improved reconstruction for the two neutrinos in a leptonically
decaying tau lepton is found, this channel is not useful for polarimetric vector reconstruction. Fortu-
nately hadronically decaying tau leptons only contain one neutrino among their decay products and a
reconstruction is possible.
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CHAPTER 6

Analysis

Before looking at the separation power between Higgs and Z bosons decaying into a pair of tau leptons
provided by the di↵erent helicity correlations, it is useful to start with the examination of e↵ects
reconstructing the helicity of single tau leptons. E↵ects like preselection influences or e↵ects due to
reconstruction can be observed and taken into account in terms of the final decay channel choice and the
interpretation. After this single tau study the most promising decay channel for the di-tau analysis will be
chosen and the separation measured.

6.1 Event Selection

The analysis presented here is based on 2012 Monte Carlo samples containing the decays H/Z ! ⌧+⌧�,
where for technical reasons in the analysis only events with at least one tau lepton decaying hadronically
were considered. A list of the used samples can be found in Table 6.1.

process generator center-of-mass energy cross section in [nb]
H(125 GeV)! ⌧⌧ PowHeg+Pythia8+Photospp 8 TeV 1.3170 · 10�2

Z ! ⌧⌧ Pythia8+Photospp 8 TeV 8.7804 · 10�1

Table 6.1: Monte Carlo samples used for the analysis. The Z boson sample is an o�cial ATLAS sample revised
with additional cell-based and efowRec ⇡0 reconstruction information

Simulated events are weighted, so that the number of interactions per bunch crossing corresponds to
the distribution observed in the ATLAS data. The number of vertices passing the cut criteria has to be at
least one and there have to be at minimum of four reconstructed tracks from the primary vertex. Since
the Higgs as well as the Z boson are electrically neutral particles, it is required that the tau leptons are
oppositely charged. For all events the polarimetric vector reconstruction has to converge and for the parts
of the analysis using the MMC it is required that the MMC converges as well.
The cut criteria for the particle selection are summarized in Table 6.2.
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particle/object pT |⌘|
muon � 10 GeV  2.5 |z0|  10 mm, |d0|  10 mm

combined muon
electron � 15 GeV  2.47, excluded 1.37–1.52

jet � 15 GeV  4.5
tau p⌧had-vis

T � 20 GeV  2.5 1 or 3 tracks
BDT Medium, Unit Charge
Electron Veto BDT Medium

Muon Veto

Table 6.2: Cut criteria for particle selection

Decays with two hadronically decaying tau leptons as well as with one hadronically and one leptonically
decaying tau lepton are considered. The additional channel specific requirements can be found in Table
6.3.

X ! ⌧lep⌧had X ! ⌧had⌧had
At least one BDT medium tau At least two BDT medium tau

Di-lepton veto Lepton veto
Number preselected leptons greater zero Lepton veto

Number preselected tau leptons greater zero Number preselected tau leptons greater one

Table 6.3: Additional channel specific requirements

The Z ! ⌧lep⌧had sample was used for the single tau analysis parts, while for the di-tau analysis the
X ! ⌧had⌧had samples were used.

6.2 Performance Evaluation

For a complete analysis it is necessary to evaluate which observable and reconstruction method is the
most promising. In the helicity separation analysis, where we look at the information of only one tau
lepton, the estimation is done by calculating the separation of the one dimensional distributions and the
resolution of the reconstruction. In the case of the H/Z separation analysis multivariate methods were
used.

6.2.1 Single Tau Lepton Analysis

To estimate the best observable in terms of distinction power between tau leptons with positive and
negative helicity as well as to calculate the quality of the reconstruction for each observable two types of
information were used:

• The separation hS 2i defined by

hS 2i = 1
2

X

y

(Â(y) � B̂(y))2

Â(y) + B̂(y)
, (6.1)

which is the sum over all bins y. Â(y), B̂(y) are the normalized distributions for the di↵erent
polarisations. This separation gives an estimation how well ⌧ leptons with negative and positive
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helicity can be distinguished.
This quantity indicates how well tau leptons with positive and negative helicity can be separated.
For example a value of 1 means that the distributions are completely di↵erent, while 0 means that
the distributions are identical.

• The standard deviation of the di↵erence (truth-reconstruction) distribution for events with correct
reconstructed channel ��

�� =

vut
(1/N) · (

NX

i=1

(�xi � �x̄)2) (6.2)

with �xi = xI , truth � xi, reco and number of events N with correctly reconstructed channel . ��
can also be understood as the resolution of the reconstruction. This quantity is chosen in such a
way that it is invariant under general shifts due to reconstruction, since general shifts do not change
the distinction power. For a perfect reconstruction �� would be zero.

6.2.2 Di-Tau Analysis

In order to measure the separation power using information from more than one observable the Toolkit
for MultiVariate Analysis [35] implemented in the standard ATLAS analysis data framework ’root’ is
used. With the search for increasingly smaller e↵ects and rarer particles in high-energy physics the
tools to distinguish signal and background events have to become even more e�cient. To achieve better
distinction power machine learning techniques are used and have become essential for most analysis.
MultiVariate Analysis methods (for example rectangular cut optimization, likelihood or decision trees)
are used to simultaneously analyse the e↵ects of multiple variables on an outcome of interest. TMVA
is a machine learning environment, based on multivariate classification. To run TMVA, a signal and a
background training sample with the desired distinction variables are needed. Both samples are then split
into a training and testing sample. From the training sample a predetermined number of sub-samples is
created and used as input for analysis. In this thesis boosted decision tree classifiers are used.
In the simplest case of a decision tree with monothetic decisions (meaning only one variable is used at
every step), shown in Figure 6.1, we are starting with the first decision node using the first discriminating
variable x j to decide if the event is more signal-like or background-like. This decision is then made
several times for di↵erent variables, not excluding that the same variable is used in several nodes. The tree
ends if a given purity in the classification (for background or signal) is reached in a leaf (split sample).
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Figure 6.1: Schematic view of a decision tree [35].

Nodes that do not increase the performance are discarded, this is called "pruning", therefore some of
the variables might not get used at all. To improve the performance of decision trees several techniques
are used, the two most commonly used ones are:

• Bagging
This is a technique to reduce the e↵ects due to statistical fluctuations. From the training set several
subsets were built randomly (not excluding that some events might be in more than one set) and
trained separately. The average of the output classifiers of all subsets is the final classifier. Due to
this averaging single variations are smoothed.

• Gradient Boosting
In gradient boosting each tree can be understood as a summand in a function expansion approach,
where the function is assumed to be the weighted sum of the parameterised decision trees. For
each tree the parameters are obtained by the minimisation of a so-called loss-function.

A often occurring e↵ect in machine learning is overtraining, meaning that there are to few data points for
the number of degrees of freedom of the model. In training samples overtraining seems to improve the
classification but used on an independent test sample the e↵ective performance decreases, therefore a
comparison of the performance on testing and training sample, is used to detect overtraining. Di↵erent
MVA methods have di↵erent sensitivity for overtraining e↵ects.
For the analysis in this thesis boosted decision trees with gradient boosting "BDT" were used. The
provided measures by TMVA for separation power between two samples are:

• separation hS 2
yi of a classifier y, defined by

hS 2
yi =

1
2

Z
(ŷS(y) � ŷB(y))2

ŷS(y) + ŷB(y)
dy (6.3)

where ŷS/B are the signal and background PDFs of y.

• significance
Di↵erence between the classifier means for signal and background divided by the squared sum of
their root-mean-squares.
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6.3 Tau Lepton Helicity Reconstruction

The reconstruction of the true tau helicity is an important step for H/Z distinction based on polarisation
information. As the true helicity the helicity reconstructed by TauSpinner running on true decay products
and four vectors is used, which yields the correct distributions on a statistical basis.
For the helicity reconstruction the fraction of visible energy, the charged energy asymmetry and the
polarimetric vector z-component, presented in Chapter 5.4 are tested in this chapter also to identify
e↵ects caused by preselection or reconstruction. It is expected that the fraction of visible energy is
a↵ected by the neutrino reconstruction, the charged energy asymmetry by the neutral pion reconstruction
and the polarimetric vectors by both types of reconstruction. Note that the separation calculated for the
polarimetric vectors might be misleading since the polarimetric vectors are used as an input to estimate
the helicity configuration of a given event.
Reconstruction e↵ects can be classified into two groups: e↵ects coming from imperfect four-vector
reconstruction and e↵ects coming from not correctly reconstructed decay channels. To distinguish both
e↵ects it is useful to apply a so-called truth match on the decay channel, meaning that the reconstructed
decay channel is required to be the same as the true decay channel. The observables are compared
with regard to their distinction power concerning di↵erent tau helicities to chose the most promising
combination of observable and tau decay channel.

6.3.1 Fraction of Visible Energy

The fraction of visible energy x is well defined for all tau decay channels, but as seen in Chapter 5.4.1 the
distinction power strongly depends on the decay mode. For the most promising decay channel ⌧± ! ⇡±⌫⌧
and the decay channel ⌧± ! l⌫⌧⌫l the distributions are discussed in the following.

Single Pion Channel

Before looking at reconstruction e↵ects the influences of the preselection have to be considered since the
applied cuts on the transversal track momentum (in this case ⇡± momentum) suppresses events with small
x values. In the single pion channel this a↵ects especially the distribution of ⌧� with negative helicity (⌧+

with positive helicity), where the pion is very likely to have a small energy and is thus strongly influenced
by the preselection, whereas the distribution of most likely high-energy pions coming from a decay of a
⌧� with positive helicity is barely a↵ected (Figure 6.2).

(a) ⌧� with positive helicity, ⌧+ with negative helicity (b) ⌧� with negative helicity, ⌧+ with positive helicity

Figure 6.2: Fraction of visible energy for ⌧! ⌫⌧⇡ decays (truth information).
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Since ⌧� with positive helicity behave like ⌧+ with negative helicity and vice versa, the distributions in
the following are split into polarisations "pol" meaning that ⌧� with positive helicity and ⌧+ with negative
helicity are defined as positively polarised tau leptons, whereas ⌧� with negative helicity and ⌧+ with
positive helicity are defined as negatively polarised tau leptons. Figure 6.3 proves that as expected the
reconstructed distributions strongly depend on the neutrino reconstruction. The Collinear Approximation
as well as the MMC reconstruction strongly deforms the distributions, causing a decrease in distinction
power.

(a) true distribution (b) Collinear Approximation (truth matched)

(c) MMC (truth matched) (d) MMC (cluster-based ⇡0)

Figure 6.3: Performance of di↵erent reconstruction methods for fraction of visible energy, ⌧! ⌫⌧⇡ decays split
into tau polarisation.

Even though the MMC was not optimized for neutrino reconstruction and has a large bias towards
x⇡ = 0.8 caused by internal parametrisation it performs better than the Collinear Approximation. In
Figure 6.3(d) the additional e↵ect due to the channel reconstruction (cluster-based ⇡0 reconstruction) can
be seen. The discrimination power (Table 6.4) further decreases because of not correctly reconstructed
decay modes.
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6.3 Tau Lepton Helicity Reconstruction

truth Col. Approx. MMC MMC
⇡- channel true true true reconstr. (cluster-based ⇡0)

standard deviation �� 0.634 ± 0.006 0.165 ± 0.001
separation hS 2i 0.203 ± 0.011 0.015 ± 0.004 0.044 ± 0.005 0.041 ± 0.004

Table 6.4: Estimators of the separation power of di↵erent x⇡ calculation methods

Lepton Channel

In Figure 6.4 the x distributions for the decay into a lepton and two neutrinos are shown. Readily
identifiable is the e↵ect of the preselection, reducing the amount of events with x between 0 and 0.3
significantly.

(a) true distribution (b) Collinear Approximation

(c) MMC

Figure 6.4: Performance of di↵erent reconstruction methods for fraction of visible energy, ⌧! ⌫⌧⌫̄ll decays split
into polarisation.

As expected the distinction power is already on truth level smaller than in the single pion channel
(Table 6.5) and further decreases with reconstruction.

truth Col. Approx. MMC
standard deviation �� 0.608 ± 0.002 0.1837 ± 0.0005

separation hS 2i 0.039 ± 0.002 0.003 ± 0.001 0.018 ± 0.001

Table 6.5: Estimators of the separation power of di↵erent xl calculation methods
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6 Analysis

6.3.2 Charged Energy Asymmetry

The polarisation variable which avoids problems with neutrino reconstruction is the charged energy
asymmetry with the confinement to events with at least one neutral pion in the final state. The largest
distinction power for the charged energy asymmetry is expected in the decay channel ⌧± ! ⇢±⌫⌧. The
true distributions in Figure 6.5 show that there is an asymmetry e↵ect caused by the preselection cut
on the track pT. This cut is suppressing events with low ⇡± energy, what is especially recognisable in
the region between �1 and �0.8. From the truth distributions a separation of 0.192 ± 0.014 is obtained,
which is a little bit lower than for the fraction of visible energy in the single pion channel.

(a) true distribution (b) cluster-based ⇡0 reconstruction

(c) cell-based ⇡0 reconstruction (d) EflowRec ⇡0 reconstruction

Figure 6.5: Performance of di↵erent reconstruction methods for the charged energy asymmetry in ⌧! ⌫⌧⇢ decays.

The reconstructed ⌥ varies significantly for the di↵erent ⇡0 algorithms and for cluster-based recon-
struction a large distortion for the negative polarisation is observed. In additiona,l plots requiring a true ⇢
decay (Figure A.1 in the appendix) it is demonstrated that the general form of the distributions is not
caused by wrongly classified decay modes, but specific for the respective ⇡0 energy reconstruction. In
Figure 6.6 the event-by-event di↵erence between true and reconstructed ⌥ is shown and the standard
deviation calculated is given in Table 6.6.
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6.3 Tau Lepton Helicity Reconstruction

Figure 6.6: Event-by-event di↵erence between true and reconstructed ⌥ for truth matched ⌧! ⇢⌫⌧ events.

From Figure 6.5 and 6.6 as well as Table 6.6 can be concluded that the most promising ⇡0 algorithm
for the ⌥ reconstruction is the cell-based method.

⇢-channel truth cluster-based cell-based EflowRec
separation hS 2i reconstr. 0.082 ± 0.009 0.109 ± 0.011 0.085 ± 0.009

truth matched 0.192 ± 0.014 0.113 ± 0.012 0.145 ± 0.016 0.123 ± 0.013
standard deviation �� truth matched 0.161 ± 0.002 0.127 ± 0.001 0.165 ± 0.002

Table 6.6: Estimators of the separation power of di↵erent ⌥ calculation methods

Reconstruction using the cluster-based or the EflowRec ⇡0 gives roughly the same separation. It can
be seen that an improved reconstruction of the decay mode, here simulated by truth matching, would
improve the separation by roughly 30%. Nevertheless, the obtained reconstructed separation using the
charged energy asymmetry is about two times as high as the maximum obtained for the fraction of
visible energy in the single pion channel. This makes the ⇢-channel even more interesting for polarisation
studies.

6.3.3 Polarimetric Vectors

Polarimetric vectors are of special interest since they can be reconstructed in all hadronic channels and
use all kinematic information of the decay. As mentioned before, the reconstructed four-vectors of all
decay products are needed. Looking at the correlations between Hz and the other polarisation observable
gives an insight into the information used to calculate the polarimetric vectors compared to the other
observables. Additionally, it provides the possibility to estimate the influences of the preselection.
Since in decays into single pions all kinematic polarisation information is comprised in the angle between
the charged pion and tau lepton flight direction, which can be replaced by the fraction of visible energy.
Therefore, no additional information is gained by using the neutrino four-vector. The expected strong
correlation of Hz and x in this channel is reflected in Figure 6.7. Furthermore, the suppression of events
with high Hz as an e↵ect of the preselection is readily identifiable.
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6 Analysis

Figure 6.7: Polarimetric vector Hz correlation on truth level with fraction of visible energy x in ⌧! ⌫⌧⇡ decays

In ⌧! ⌫⌧⇢ decays neither x nor ⌥ uses the full information that is available to HZ, thus the in Figure
6.8 shown correlations are less clear but still recognizable. From both distributions it is obvious that the
preselection e↵ects in the Hz distribution will be less obvious for a decay into a ⇢ meson.

(a) Correlation with fraction of energy x (b) Correlation with charged energy asymmetry ⌥

Figure 6.8: Polarimetric vector Hz correlation on truth level with other polarisation observables in ⌧! ⌫⌧⇢ decays

The quality of the polarimetric vector reconstruction depends on several conditions. First of all the
correct decay mode has to be reconstructed, which for hadronic tau decays is a largely relevant problem
of ⇡0 reconstruction. If the decay mode is reconstructed correctly further reconstruction e↵ects associated
with the precision of the reconstructed four-vectors have to be considered. The e↵ects can be divided into
three groups each concerning one part of the decay objects:

1. track uncertainties
number and four-vector reconstruction of charged pions

2. neutral pion uncertainties
number and four-vector reconstruction of neutral pions (cluster-based)

3. neutrino uncertainties
four-vector reconstruction (MMC)
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6.3 Tau Lepton Helicity Reconstruction

To analyse the e↵ects of single object types the polarimetric vector reconstruction based on truth
information with only one particle type substituted by reconstruction with an additional split into
reconstructed (cluster-based) and true number of neutral pions can be found in Figure 6.9. It is obvious
that minor deviations coming from track reconstruction are negligible in comparison to deviations
due to neutral pion and neutrino reconstruction. Only for the case of correctly reconstructed zero
⇡0 the track uncertainty is relevant. The polarimetric vector reconstruction very much depends on a
correctly reconstructed decay mode, which means the correct number of reconstructed ⇡0s. For a wrongly
reconstructed number of ⇡0s the distribution is shifted caused by either missing or additional energy. A
smaller e↵ect related to ⇡0 reconstruction is arising from deviations in the reconstructed four-vectors
in comparison with the true vectors. This e↵ect can be seen in case of one reconstructed and one truth
neutral pion in Figure 6.9(d). Uncertainties in neutrino reconstruction are the major problem, especially
for no reconstructed neutral pions, where the energy is dispersed among less daughter particles, the
distribution is badly deformed. Comparing the rho and single pion decay channel, as expected the
influence is larger for the single pion channel than for the rho channel. This can also be explained taking
a look at the x distributions in Chapter 5.4 because the average fraction of energy carried away by the
neutrino is (summing over both helicities) smaller in case of a decay in a single pion than of a decay in a
rho.
In Figure 6.10 the resulting polarimetric vector Hz distributions in the reconstructed single pion and rho
channel are shown. The distribution from reconstruction of all decay parts (pointed histogram) is added
to the distributions from single track, ⇡0 or neutrino reconstruction. Table 6.7 displays the estimators for
Hz reconstruction in case of zero or one reconstructed neutral pion and one reconstructed charged pion
disregarding the true number of pions.

N(reco ⇡0) ⇡0, cluster neutrino, MMC track
standard deviation �� 0 0.146 ± 0.001 0.273 ± 0.003 0.0361 ± 0.003

1 0.236 ± 0.002 0.306 ± 0.003 0.0540 ± 0.0004

Table 6.7: Truth-reconstruction di↵erence standard deviation for polarimetric vector Hz. Only one particle type is
reconstructed at the same time, this is either the neutrino using the MMC, the neutral pion using the cluster-based
algorithm or the track(s).

The neutrino reconstruction is the part with the largest deviations followed by the neutral pion
reconstruction. But it is premature to conclude that the neutrino reconstruction is the largest problem in
the polarimetric vector reconstruction, since for example the correlations between the di↵erent particle
momenta have to be taken into account. Obviously e↵ects coming from the di↵erent parts of the
reconstruction combine to new previously unseen e↵ects, as for example the peak at HZ = 0.9 in Figure
6.10(b).
As appears from Table 6.8 the separations of Hz on truth and reconstruction level for one neutral pion
are slightly better than for the fraction of visible energy. This might be caused by the fact that the true
polarimetric vectors are used as an input to estimate the helicity configuration of a given event.

N(reco ⇡0) truth reconstruction (cluster-based & MMC)
separation hS 2i 0 0.220 ± 0.010 0.075 ± 0.006

1 0.272 ± 0.010 0.047 ± 0.004

Table 6.8: Separation of Hz on truth and reconstruction level
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6 Analysis

(a) N(⇡0)tru = 2, N(⇡0)reco = 0 (b) N(⇡0)tru = 2, N(⇡0)reco = 1

(c) N(⇡0)tru = 1, N(⇡0)reco = 0 (d) N(⇡0)tru = 1, N(⇡0)reco = 1

(e) N(⇡0)tru = 0, N(⇡0)reco = 0 (f) N(⇡0)tru = 0, N(⇡0)reco = 1

Figure 6.9: Polarimetric vector Hz reconstruction e↵ects split into reconstructed (cluster-based ⇡0) and true number
of neutral pions (1 ⇡± on truth level) respectively. For each of the coloured histograms only one particle type is
reconstructed. This is either the neutrino using the MMC, the neutral pion using the cluster-based algorithm or the
track(s). The black histogram gives the true distribution.
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6.3 Tau Lepton Helicity Reconstruction

(a) Hz in reconstructed single pion channel (b) Hz in reconstructed rho channel

(c) �Hz in reconstructed single pion channel (d) �Hz in reconstructed rho channel

Figure 6.10: Polarimetric vector Hz reconstruction in the reconstructed single pion and rho channel. For each of
the coloured histograms only one particle type is reconstructed, this is either the neutrino using the MMC, the
neutral pion using the cluster-based algorithm or the track(s). The black histogram gives the true distribution and
the dashed histogram the total reconstruction.

6.3.4 Conclusions

For single tau leptons decaying hadronically three di↵erent variables were used in order to distinguish
the two tau polarisations. As seen in Chapter 5.4 not all variables are equally sensible for each decay
channel: for x the best channel is the single pion channel and for ⌥ it is the rho channel. The separation
of x⇡ decreases sharply due to the preselection and the neutrino reconstruction, while the separation of ⌥
in the rho channel only slightly decreases. Therefore, the ⇢⇢-channel seems to be promising for further
analysis. For polarimetric vector reconstruction a correct ⇡0 reconstruction is essential and additional
problems occur due to neutrino reconstruction. From single reconstruction e↵ects it cannot be concluded
which reconstruction is more problematic for the polarimetric vector reconstruction, since the e↵ects in
HZ depend on the overall kinematics and therefore on the correlations.
For single tau decaying leptonically ⌥ is not usable, this extends to polarimetric vectors due to two not
separately reconstructed but needed neutrino four-vectors. The fraction of visible energy xl can be used
in this channel, but the sensitivity is smaller than for the hadronic decay modes.
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6.4 Polarisation of H/Z in Monte Carlo Samples

The next step is to combine the information given by both ⌧ leptons and estimate the e�ciency for
the distinction between H and Z boson. The defined observables are tested considering the maximum
achievable separation and the quality of reconstruction, that of course can change due to improvements
in future.

6.4.1 Distinction using Truth Information

As mentioned before, in the ⇡-channel the best choice on truth level is the fraction of visible energy. The
obtained plots in the ⇡⇡-channel for fraction of visible energy using the information of both ⌧ leptons
can be found in Figure 6.11. The diagrams for the di↵erent helicity configurations in the H/Z boson
rest frame on truth level are shown, split into polarisations and also the overall behaviour for Higgs or Z
bosons. Obviously it is possible to distinguish the di↵erent tau lepton helicity combinations. The e↵ect
of the preselection explained in Chapter 6.3.1 reduces the expected di↵erence between the distributions
of both bosons, but nevertheless the overall distributions look promising.
For the ⇢⇢-channel the most promising choice is the charged energy asymmetry (Figure 6.12). Even
though the di↵erent tau lepton helicity combinations look more separated than in the x⇡x⇡ diagrams, due
to the summation the total distinction power seems to be smaller than for the ⇡⇡-channel.
In the ⇢⇢-channel also the correlation between the polarimetric vectors is expected to be useful (shown in
Figure 6.13). The distributions have much broader maxima than for ⌥⌥ and especially events with HZ
values around zero will be di�cult to separate. Nevertheless the shapes of both distributions are clearly
di↵erent and the separation for the overall distributions looks very promising.
The results for the separation given in Table 6.9 lead to the conclusion that the best channel on truth level
is the ⇡⇡-channel with the fraction of visible energy. Since the lepton-hadron channel with a tau pair
branching ratio of about 46% plays an important role in the H/Z analysis the same diagram can be found
for this channel in the appendix in Figure A.2, although no solution is found yet to solve the two neutrino
four-vector reconstruction problem. For the ⇢⇢ final state the polarimetric vector is more e↵ective than
the charged energy asymmetry and the fraction of visible energy in the ⇢⇢-channel. An interesting fact is
that the fraction of visible energy seems to have a higher separation in the ⇢⇢-channel than the charged
energy asymmetry even though ⌥ has a higher separation considering the ⌧ ! ⇢⌫⌧ decay. A possible
reason for that is the summation over both H/Z configurations.

x ⌥ HZ
decay channel ⇡⇡ ⇢⇢ ⇢⇢ l⇡&l⇢ ⇢⇢
% of ⌧⌧-decays 1.19 ± 0.01 6.73 ± 0.03 6.73 ± 0.03 7.68 ± 0.04 & 18.27 ± 0.05 6.73 ± 0.03

hS 2
yi 0.189 0.066 0.035 0.075 0.089

significance 0.675 0.373 0.265 0.399 0.433

Table 6.9: H/Z-distinction power for di↵erent observables on truth level
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6.4 Polarisation of H/Z in Monte Carlo Samples

Figure 6.11: Correlation between the fractions of visible energy on truth level divided in helicity combinations and
total. ⇡⇡-channel. Please note that the color scheme is adjusted to the number of events in the respective plot.

Figure 6.12: Correlation between ⌥s on truth level divided in helicity combinations and total. ⇢⇢-channel. Please
note that the color scheme is adjusted to the number of events in the respective plot.
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Figure 6.13: Correlation between the polarimetric vectors on truth level divided in helicity combinations and total.
⇢⇢-channel. Please note that the color scheme is adjusted to the number of events in the respective plot.
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6.4 Polarisation of H/Z in Monte Carlo Samples

6.4.2 Distinction after Reconstruction

To reconstruct the polarisation of the H/Z boson the four-vector information of both tau leptons and their
decay products is needed, unfortunately in the channel with the highest branching ratio (about 46%),
the lepton-hadron channel, we have a problem reconstructing the helicity of the leptonically decaying
tau due to the two neutrinos in this channel. The channel with the next highest branching ratio of about
42% is the hadron-hadron channel. In the hadronic channels we have seen that on truth level especially
the fraction of visible energy in the ⇡⇡-channel yield good results. In Figure 6.14 the fraction of visible
energy is shown in the reconstructed ⇡⇡-channel.

Figure 6.14: Correlation between x⇡ on reconstruction level divided in helicity combinations and total. ⇡⇡-channel.
Please note that the color scheme is adjusted to the number of events in the respective plot. (cluster-based ⇡0,
MMC)

Obviously the previously mentioned e↵ects of preselection and MMC reconstruction lead to a combined
loss of events with x⇡(reco) < 0.4 and a strong shift towards 0.8 � 0.9 resulting from the discussed
internal MMC parametrisations.
Looking at reconstructed decays into rho mesons the preferred observables upsilon and polarimetric
vector HZ behave like shown in Figure 6.15 and 6.16.
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Figure 6.15: Correlation between ⌥s on reconstruction level divided in helicity combinations and total. ⇢⇢-channel.
Please note that the color scheme is adjusted to the number of events in the respective plot. (cluster-based ⇡0)

Figure 6.16: Correlation between HZs on reconstruction level divided in helicity combinations and total. ⇢⇢-channel.
Please note that the color scheme is adjusted to the number of events in the respective plot. (cluster-based ⇡0,
MMC)
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As before the distinction power is calculated for the shown decay modes and observables with the
values given in Table 6.10. The additional broadening in the distributions due to reconstruction makes
the overall distribution using the charged energy asymmetry and also the polarimetric vectors for a Higgs
and a Z boson look similar and decrease the separation power sharply.

x ⌥ HZ
decay channel (reconstr.) ⇡⇡ ⇢⇢ ⇢⇢ ⇢⇢

hS 2
yi 0.075 0.56 0.007 0.0004

significance 0.395 0.347 0.092 0.027

Table 6.10: H/Z-distinction power for di↵erent observables on reconstruction level

To complete the analysis in the ⇢⇢-channel the distributions for the fraction of visible energy can be
found in Figure 6.17.

Figure 6.17: Correlation between x⇢ on reconstruction level divided in helicity combinations and total. ⇢⇢-channel.
Please note that the color scheme is adjusted to the number of events in the respective plot. (cluster-based ⇡0,
MMC)

In the following chapter an analysis of the polarisation reconstruction combining the observables is
performed.

6.4.3 Combined Analysis in the ⇢⇢-Channel

Unlike in the ⇡⇡-channel it is in the ⇢⇢-channel possible to combine information of all observables to
optimize the distinction power. The BDT response comparing signal (H bosons) and background (Z
bosons) in the test and training sample is shown in Figure 6.18. Both distributions show very good
agreement.
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(a) truth level information (b) reconstructed information

Figure 6.18: BDT response calculated by TMVA for the combination of all observables in the ⇢⇢ channel.

As expected the reconstruction does not reach the maximal value of the truth information calculation.
This is also demonstrated in Table 6.11 showing separation and significance for both MVAs and additional
combinations of the observables.

decay channel truth reconstruction
observables all HZ, x HZ,⌥ ⌥, x all HZ, x HZ,⌥ ⌥, x

separation hS 2
yi 0.141 0.140 0.094 0.098 0.055 0.055 0.006 0.053

significance 0.563 0.566 0.448 0.458 0.333 0.328 0.065 0.327

Table 6.11: H/Z-distinction power for combination of observables calculated by TMVA for BDT method. The
error on the separation and the significance due to the TMVA settings is tested to be in the order of 0.002

The stability of the resulting separation and significance was tested regarding the variation of analysis
parameters and the error was found to be in the order of 0.005 for both quantities. On truth level the
separation can be improved by a combination of all observables. An equivalent result can be obtained by
the combination of HZ and x. This is reasoned by the fact that these are the best variables (on truth level)
in the ⇢⇢-channel and HZ already includes the ⇢ spin information. Combinations with ⌥ and an other
observable in this channel cannot reach the same separation.
On reconstruction level the observable with the highest separation is the fraction of visible energy, which
is reflected by the calculated separations.

6.4.4 Conclusions

The H/Z distinction power for the chosen observables can be improved by combining several observables.
The best performance using truth information is reached using the fraction of visible energy and the
polarimetric vectors. The separation based on the charged energy asymmetry is low since only the sum
of the di↵erent helicity combinations for H/Z boson is considered.
On reconstruction level using the MMC and the cluster-based ⇡0 algorithm the separation of ⌥ and HZ
is very small since ⌥ su↵ers from an additional blurring due to ⇡0 reconstruction and the polarimetric
vector is calculated from all decay products and therefore is sensitive to all miss-reconstruction e↵ects.
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CHAPTER 7

Conclusions and Outlook

In this thesis three di↵erent observables (the fraction of visible energy, the charged energy asymmetry
and the z-component of the polarimetric vector) were tested in several ⌧ decay channels in order to
distinguish Higgs and Z bosons. Most promising, looking at truth level information, is the single pion
channel, in which the fraction of visible energy can be used as well as the polarimetric vectors, with
a strong correlation between both observables. The separation in this channel is very challenging on
reconstruction level due to neutrino reconstruction and selection e↵ects. Fortunately, the ⇢ decay mode
provides an observable that is independent of neutrino reconstruction, the charged energy asymmetry.
Combining all observables in this channel in a multivariate analysis provides the possibility to retrieve
separation power.
It was found that the major problems in the reconstruction of these variables are related to neutrino
and neutral pion reconstruction while the track reconstruction works quite su�ciently. For the neutrino
reconstruction the Collinear Approximation was used as well as the Missing Mass Calculator. The
Missing Mass Calculator is not originally designed for neutrino reconstruction and generates a strong
bias in the neutrino energy distribution due to its internal parametrisation. Despite of this bias it turned
out to work better. Nevertheless, it would be helpful for further polarisation studies to optimize the
Missing Mass Calculator for this purpose.
For the distinction of the di↵erent decay channels, necessary to use the optimal polarisation observable for
each channel, a neutral pion reconstruction algorithm has to be used. Three neutral pion reconstruction
algorithms were tested in the reconstruction of the charged energy asymmetry, of which only the
cluster-based ⇡0 reconstruction is available in ATLAS 2013 data and Monte Carlo. The cell-based
⇡0 reconstruction and a method named EflowRec, were provided in an ATLAS sample extended with
additional ⇡0 information. The most e�cient algorithm in terms of separation between the two tau lepton
polarisations turns out to be the cell-based ⇡0 reconstruction, which shows an about 30% improved
separation compared to the cluster-based method. Furthermore there is a new algorithm to improve the
⇡0 counting, PanTau, and an on-going work on further improvements in the tau-substructure algorithms
[29][36]. Since the cell-based method is not available in the common samples further results of this
thesis were based on the cluster-based ⇡0 reconstruction, leading to results which can be expected to be
improved by the more e�cient method.
For a qualitative analysis concerning the measurement of separation powers in the H/Z distinction this
thesis was limited by the available data, to this end additional high statistic samples in the X ! ⌧⌧! ⇢⇢
or ⇡⇡ channel would be extremely useful.
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7 Conclusions and Outlook

An extension to other decay channels including leptonic ones might be valuable especially in view of
the incorporation into an analysis. The leptonic ⌧-decay channels, which have the highest branching
fractions, provide only small reconstructed polarisation information since the information contained in
the four-vectors of two neutrinos can only be partially reconstructed.
For the incorporation into the currently used Higgs analysis, the study needs to be extended to other
backgrounds as well. This is a promising aim in view of the start of Run II of the LHC scheduled for
2015, since the amount of data will rapidly increase and polarisation information might be a helpful
extension to the already available tau lepton information.
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APPENDIX A

Useful information

A.1 Detector Acceptance in pseudorapidity

system position ⌘ coverage
pixel 1 removable barrel layer ±2.5

2 barrel layers ±1.7
5 end-caps (each side) 1.7 � 2.5

SCT 4 barrel layers ±1.4
9 end-caps (each side) 1.4 � 2.5

TRT axial barrel straws ±0.7
radial end-cap straws (each side) 0.7 � 2.5

Table A.1: Covered pseudorapidity regions of the Inner Detector taken from [9].

system position ⌘ coverage
ECAL barrel ±1.475

end-cap (each side) 1.375 � 3.2
Presampler barrel ±1.52

end-cap (each side) 1.5 � 1.8
Hadronic Tile barrel ±1.0

extended barrel 0.8 � 1.7
Hadronic LAr endcap (each side) 1.5 � 3.2

Forward Calorimeter forward 3.1 � 4.9

Table A.2: Covered pseudorapidity regions of the Calorimeters taken from [9].

system position ⌘ coverage
barrel chambers ±1

end-caps (each side) 1 � 2.7

Table A.3: Covered pseudorapidity regions of the muon spectrometer taken from [9].

57



A Useful information

A.2 Charged Energy Asymmetry Reconstruction with Channel Match

(a) cluster based ⇡0 reconstruction

(b) cell based ⇡0 reconstruction

(c) eflowRec ⇡0 reconstruction

Figure A.1: Performance of di↵erent reconstruction methods for charged energy asymmetry, ⌧! ⌫⌧⇢ decays split
into polarisation for truth matched channel.
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A.3 Additional Observable Correlations

A.3 Additional Observable Correlations

Figure A.2: Correlation between the polarimetric vectors on truth level divided in helicity combinations and total.
l⇡& l⇢-channel. Please note that the color scheme is adjusted to the number of events in the respective plot.

Figure A.3: Correlation between x⇡s on truth level divided in helicity combinations and total. ⇢⇢-channel. Please
note that the color scheme is adjusted to the number of events in the respective plot. (cluster-based ⇡0, MMC)
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A.4 TMVA analysis in the ⇢⇢-channel

(a) Hz & ⌥, truth (b) Hz & ⌥, reco

(c) Hz & x, truth (d) Hz & x, reco

(e) ⌥ & x, truth (f) ⌥ & x, reco

Figure A.4: BDT response calculated by TMVA for a combination of observables in the ⇢⇢ channel.
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