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1 Introduction

In the year 2012 the Higgs boson was discovered by the LHC at CERN, after being postu-
lated for over 45 years. The discovery was a significant event which further strengthened
the Standard Model of particle physics (SM), which is to this day one of the most successful
theories in physics [13]. However, there are still inconsistencies between the theoretical
predictions of the SM and the experimental measurements. Since no experiment was
able to prove the SM wrong, many believe that it is incomplete. This resulted in mul-
tiple theories being developed which postulate physics beyond the SM. The Two-Higgs-
Doublet Model (2HDM) is one of those theories [21]. It attempts to resolve the derivations
between the experimental and theoretical value of the anomalous magnetic momentum of
the muon. Since this theory predicts the existence of multiple Higgs bosons, discovering
one of them would strongly hint towards this theory being correct. This thesis is focused
on the search for a low-mass CP-odd Higgs boson (A boson), which was predicted by the
2HDM for mass hypotheses in the range between 20 GeV and 80 GeV. The goal is to
present multiple cuts that improve the significance of the A boson signal and therefore its
upper limit. This cut optimization was done with masses calculated by a collinear mass
approximation (COLL) as well as with the Missing Mass Calculator (MMC). It is based
on the work and help of the working group for experimental particle physics at the IKTP
at TU Dresden, who carried out the search for the A boson.

This work is structured as follows: In chapter 2 the theoretical background is explained
while in chapter 3 the experimental setup is described. Chapter 4 talks about data,
statistics and methods to reconstruct the invariant mass of the A boson. In chapter 5 the
base analyses is introduced. Chapter 6 then presents the different cuts which improve the
significance of the signal and therefore the upper limit of the signal strength. Finally a

summary is given in chapter 7.



2 Theoretical Background

2.1 The Standard Model of Particle Physics

The SM of particle physics explains the strong, weak and electromagnetic force as well
as all the elementary particles discovered to this day (figure . It is a quantum field
theory, which combines classical field theory, special relativity and quantum mechanics.
Each mentioned fundamental force has an associated particle called a boson. The massless
photon is the boson associated with the electromagnetic force. For the weak force three
bosons exist, the charged W+ and W~ and the neutral Z. Corresponding to the strong
force gluons exists.

Apart from these spin-1 bosons, another boson, the spin-0 Higgs boson, exists. The spin
is referring to an intrinsic form of an angular moment.

The rest of the SM consists of fermions, which can be divided into leptons and quarks.
All of them have a spin of % The leptons are able to interact via the weak force and if
they have an electric charge additionally via the electromagnetic force. The electron (e™),
muon (x~) and tau-lepton (77) are the charged leptons with an electric charge of —1,
unlike the neutrinos which do not carry any electric charge and are different through their
flavor (e, pu or 7) from each other. Each of those leptons has a corresponding antiparticle,
with the same mass, same spin but opposite charges.

The electron, the positron (e*) and the neutrinos are the only stable leptons. The muon
and tau with their antiparticles are only different from the electron and positron by
their masses and finite lifespan. All fermions are categorized into three families based
on their properties, with each generation containing a charged lepton and its associated
neutrino, along with two quarks with different electric charges. Quarks are the only type

of elementary particles to interact with the three mentioned fundamental forces. They
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six different flavours of quarks with up and down being the lightest and only stable ones.

contain an electric charge of either %e or —ze and a colour charge. There are in total
Charm and strange as well as top and bottom decay into up and down to become stable.
For each of the quarks exists an antiparticle with a colour charge of cyan, magenta or

yellow. The flavours of quarks are not preserved, they can change via the weak force [29].

2.2 The Fundamental Forces

The Electromagnetic Force

The electromagnetic force is the best understood fundamental force with its source being
the electric charge. Since this charge can be positive or negative, the force between two
particles can either be attractive or repulsive. It is attractive if the particles are oppositely
charged and repulsive if they have the same charge. The photon, as already mentioned,

is the corresponding boson and has an infinite lifespan and no mass [22].



Standard Model of Elementary Particles

three generations of matter
(fermions)

=2.4 Mev/c* =1.275 Gev/c® =172.44 GeV/c® 0 =125.09 GeV/c*
a 2/3 2/3 2/3 0 0
- u [+ & H
f 1/2 o 12 - 12 t/ 1 0
up charm top | gluon Higgs

=4.8 MeV/c* =95 MeV/c* =4.18 GeV/c? 0
113 -1/3 13 0
3 Y
1/2 d/ 1/2 oy 1/2 l)/ 1
down strange bottom | photon

=0.511 MeV/c* =105.67 MeV/c* =1.7768 GeV/c* =91.19 GeV/c’

-1 -1 -1 0

1/2 e 12 ll 12 T 1 a
electron muon tau | Z boson

<2.2 eVfc? <1.7 MeVjc? <15.5 MeV/e? =80.39 GeVjc*

0 0 1] +1
1/2 ve 12 vl.l 12 V[ 1 y
electron muon tau

neutrino neutrino neutrino \ W boson

LEPTONS

Figure 2.1: Overview on the particle content of the SM .

The Strong Force

The strong force is responsible for binding quarks together into protons or neutrons.
On a slightly larger scale it confines the protons and neutrons in atomic nuclei. The
corresponding bosons, as mentioned above, are the gluons. Gluons carry a colour charge,
so in total eight independent types exist .

Since the strong force becomes stronger as quarks move apart, they are never found
in isolation but instead are confined within larger particles called hadrons . On the
other hand the coupling constant (which determines the strength of the interaction) of
the quarks decreases, as the distance between them becomes smaller. This leads to the
quarks behaving like free particles when they are extremely close to each other. This is
called asymptotic freedom . When these hadronized quarks are produced in a decay
and travel in approximately the same direction as the original quarks they are categorized

as “jets”. The particles in a jet are produced within narrow cones [33].

The Weak Force

The weak force plays a crucial role in particle decays. A prominent example for this
is the beta-minus decay. It is responsible for changing an up-quark into a down-quark,
which changes a proton into a neutron. Furthermore neutrinos only interact with other
particles via the weak force and gravity. The weakness of this force leads to the neutrinos
being difficult to detect [22]. Since the bosons of this force carry mass (W and W~ with
my ~ 80 GeV and Z with mz ~ 90 GeV), the weak force has a short range of about
1073 fm.



The bosons of this force carry mass, which means that they are not stable and decay into
other particles. One prominent decay channel of the Z boson is the Z — 77 decay, in

which the Z boson decays into two 7-leptons [29).

Gravitation

Gravitation as previous stated is the only fundamental force which cannot be explained
by the SM, which also means that to this day no corresponding particle (graviton) has
been found. The source of this force on a non-relativistic level is mass. Since the mass

cannot be negative, this force is always attractive [22].

2.3 Invariant Mass

The invariant mass of a particle is based on the equivalence of energy and mass. The
energy F of a particle can be calculated with the momentum p, the rest mass m and the
speed of light ¢ [22]:

E? = p22 + m2ct

In particle physics natural units are used in calculations. For the speed of light ¢ = 1 is

used, which simplifies the equation:
E? = p® + m?
This leads to the invariant mass being calculated as follows:

m = /E? — p?

2.4 Symmetries in Physics

In physics, symmetries are the most fundamental explanation of occurring phenomena.
They describe a transformation under which a system stays the same. Most of the time
conservation rules, like the conservation of energy or electric charge point towards a

symmetry [22].

Parity Symmetry

Parity, also known as space inversion, refers to the transformation of a system by reflecting
it through the origin of a coordinate system. If no transformations occur, then the system
is p symmetric. This can apply to various systems, including the wave function of a

particle, resulting in a mirror like reflection. It is denoted by P [22].



Charge Conjugation Symmetry

If a particle is interchanged with its corresponding anti particle and the laws of physics
stay the same, then the system is symmetric under the charge conjugation symmetry.
From this follows that the by the laws of physics predicted behavior of a particle is the
same as for its anti particle. This symmetry is denoted by C' [22].

CP Violation

The charge conjugation symmetry and the parity symmetry can be combined in the
charged conjugation parity symmetry (CP-symmetry). This leads to a particle being
CP-odd, when it violates this symmetry.

In a decay of an CP-odd particle into a 7-lepton pair a different angle between the decay
planes of the two leptons can be measured, than in a decay of an CP-even particle. This
means that CP-symmetry has a direct influence on the angular distance AR between two
leptons. This also leads to the visible decay products of decaying CP-odd particles being

more parallel than in CP-even decays [27].

2.5 The Higgs Mechanism

The electromagnetic force and the weak force can be combined in the electroweak unifica-
tion. However, in this mathematical description, all elementary particles are without mass.
This is not consistent with the experimental observations of those particles. To solve this
inconsistency, P. Higgs, F. Englert and R. Brout introduced the Higgs mechanism in 1964.
From this mechanism results a Higgs field which fills out all of space and a corresponding
Higgs potential that defines the energy of the field as a function of its value. Since the
potential is shaped like a well (Figure , it leads to the Higgs field having a non-zero
vacuum expectation value (VEV). The vacuum state is the state in which the field has
the lowest possible energy and the VEV is the average value of a quantum field in the
vacuum. In this case the value is not zero, but around 246 GeV.

To gain mass the particles couple to the Higgs field. The stronger the coupling between
a particle and the Higgs field’s vacuum expectation value (VEV), the more massive the
particle becomes. This means particles with greater masses have a stronger coupling to
the Higgs field and, consequently, interact more intensely with the Higgs boson, which
represents the excitation of the Higgs field. Both gauge bosons and fermions generate

their masses from the Higgs mechanism, but each trough different processes [9).

2.6 Weaknesses of the Standard Model

The SM is one of the most successful theories in physics which means, that it can explain
almost all interactions and processes observed around elementary particles. Still there are
multiple observations and aspects that cannot be explained with the SM as it is today.

One aspect, as previous stated, is that it only combines three of the four fundamental



Figure 2.2: The higgs potential [16].

forces. Even though the gravitational force seems not to be relevant in particle physics,
there have been many attempts to unify the gravitational force with the other three
forces |22].

Furthermore there is an imbalance of matter and anti-matter in our universe, despite
theories suggesting they should have been created in equal amounts during the Big Bang.
This phenomenon is called the baryon asymmetry [24].

Another aspect the SM is not able to explain, is the occurrence of dark matter. Its impact
can be seen while looking at the velocity of stars, which rotate around their galaxies. The
observed velocity can only be explained if, apart from the visible matter, another type
exists. It appears that this kind of matter only interacts over the gravitational force,
which is why it is called dark matter. The limited interactions of dark matter make it
difficult to explain. In total, more than six times more dark matter than regular matter
exists in our universe [18].

Therefore multiple theories are being developed that try to expand or complete the physics
beyond SM, such as supersymmetry and string theory.

Anomalous Magnetic Moment of the Muon

Important for this thesis is the anomalous magnetic moment of the muon a,,, since the
prediction of the SM for it differs greatly from the experimentally observed value. The
magnetic moment fi is a combined measure of how strong a magnetic source is and its
orientation. It can be calculated using the g-factor g (quantification of how a particle’s
magnetic moment relates to its classical moment), which is predicted as g = 2, by the
Dirac equation. This value does not take the effects of quantum electro dynamics into
account, which leads to the observed value being different. The deviation is called the

anomalous magnetic moment a and can be calculated as follows [§]:

a= (9;2)



The theoretical value of the anomalous moment of the muon has been calculated with the
SM and amounts to [5]:

as™M = 116591810(43) x 10~

It has also been measured by multiple experiments |2|. The average value of the combined

results is:
asP = 116592059(22) x 10~

The comparison of the SM predicted value and the observed value leads to a discrepancy
of up to 5 standard deviations [8]. One approach to explain this difference is done by
using QCD lattice calculations. These calculations determine the contributions of the
strong force to the anomalous moment of the muon. The improvement of the precision
of lattice QCD calculations for the hadronic contributions (contributions of subatomic
particles made up of quarks held together by the strong nuclear force) could explain if the
disagreement between the prediction and the measured value is due to unknown effects
within the QCD or if it is a contribution of new physics beyond the Standard Model [11].

2.7 The 2-Higgs-Doublet Model

The 2HDM is an extension of the existing Standard Model. It is a theory that could
explain the deviation in the anomalous magnetic moment of the muon. This theory adds
four additional Higgs bosons, to the already existing one. Two neutral Higgs bosons with
h being lighter than H (one of the these two bosons is the already discovered Higgs boson
with a mass of Mmpigs = 125 GeV), two CP-even charged Higgs bosons H* and H~ and
the CP-odd neutral A boson are being predicted [21].

If one of the four bosons is found, it is very likely that the other three also exist. This

thesis is based on the search for the A boson.



3 Experimental Setup

3.1 The LHC

The large hadron collider (LHC) is the largest particle accelerator in the world, located
at the “Conseil Européen pour la Recherche Nucléaire” (CERN). It is a cyclic accelerator,
which makes it possible to accelerate particles, on a length of 26.7 km, up to a collision
energy of 13.6 TeV. To bring the particles to this energy they are sped up prior by different
small accelerators. Then the protons or heavy led ions inside the LHC are accelerated
in two different direction and brought to collision in one of the four detectors. Moved
by a strong magnetic field which is produced by superconducting electromagnets the
particles travel with nearly the speed of light in ultra-high vacuum. The electromagnets
operate in a state of superconductivity which means that the magnets are cooled down to
—271.3 °C. To keep the particles on a circular path the LHC uses 1232 dipole magnets.
To focus the beam before the collisions there are 392 quadrupole magnets in use. Every
25 ns two packets with 10'! protons each collide with one another [10]. This leads to a
high luminosity L, which is a measure of particle collisions per area and time. A high
luminosity is especially important to have a high number of events to find rare processes.
The following relation can be established for the number of events per second Neyents With

the cross-section Geyent:
N, events — Levent

The cross-section indicates the probability of a specific process that takes place during
particle interactions.

There are four major experiments installed around the LHC. Apart from the ATLAS
experiment, which will be discussed further in this thesis, the CMS, LHCb and ALICE
experiments are in use. ATLAS and CMS are designed to make a wide range of different
analyses possible. They have the same scientific goals, but use different magnet system
designs and different technical approaches. The LHCb is specialised to work with the
bottom quark to research the slight differences between matter and anti-matter, while
ALICE is used to study heavy-ion physics |10].

3.2 ATLAS

The ATLAS detector (A Toirodal LHC ApparatuS) is build like a cylinder around the
particle beam (Figure[3.1)). It has a length of 46 m and a height of 25 m with the collision
point being located right in the center of the detector. It is able to observe up to 1.7 million
collisions per second, which corresponds to a data volume of around 60 megabytes per
second. Since the amount of data that is produced at the ATLAS detector is to large to
save, a trigger system is used. It filters all of the events for interesting characteristics.

Since many physically interesting particles decay before they are able to be measured,
only the final states are detected. It is not possible to detect neutrinos with the ATLAS

8
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Figure 3.1: A cutaway view of the entire ATLAS detector H

detector, because they rarely interact with matter. However following the conservation of
moment, the sum of all momenta perpendicular to the X-axis must be zero. This means
that the missing transverse momentum FE¥*5 can be calculated and be associated with

neutrinos or other weakly interacting particles [15].

The Inner Detector

The Inner Detector consists of the Pixel Detector, the Semi Conductor Tracker and the
Transition Radiation Tracker. Here, the particle tracks are deflected from their path ac-
cording to their momentum and charge. Since the magnetic field is known, the momentum

of the particles is reconstructed, so particle tracks of electrically charged particles can be

identified [15].

The Calorimeter

The calorimeter consists of two primary components, the Liquid Argon Calorimeters
(LAr) and the Hadronic Tile Calorimeters. Together they measure the energy of photons,
electrons and hadrons. In the LAr, in regular intervals copper plates, which serve as
an absorber and liquid argon, which serves as an emitter, are arranged. If a particle
hits the absorber, it is being converted into a particle shower. Those daughter particles
ionize the liquid argon, which sets free electrons, which then can be measured as electric
current. The combined current of all the daughter particles corresponds to the energy of

the original particle.



The Hadronic Tile Calorimeters are located around the LAr and detect all of the hadronic
particles, which were not absorbed in the LAr. It works after the same principle as the
LAr, but with layers of steel and plastic scintillating tiles. Most particles, that are detected
in the calorimeters, are leaving all of their energy in this layer of the ATLAS detector [15].

The Muon Spectrometer

Only muons and neutrinos are able to reach this layer of the detector. Since the neutrinos
do not interact with the detector only the muons are being detected. Most of the particles
either lose their energy or are absorbed by the dense layers of material in the inner parts
of the detector through electromagnetic or strong interactions. In contrast, muons do not
interact via the strong force and carry a relatively high mass which allows them to go
through the detector layers with minimal energy loss. Like in the Inner Detector the track

curved by a magnetic field is being measured [15].

3.3 The ATLAS coordinate system

The ATLAS coordinate system is a right-handed coordinate system with its origin being
the collision point in the center. The X-axis points towards the center of the LHC tunnel,
the Y-axis points upwards and the Z-axis points along the beam axis. The X-Y-plane is
called the transverse plane, since it lays orthogonal to the beam.

A point or a location of a particle is described with spherical coordinates. The position is
specified by r, 8 and ¢. The radius r is being defined as r = \/m . The azimuth
angle ¢ is being measured in the transverse plane from the X-axis and the angle # between

X and Z-axis. But in the experiment, # is being measured as pseudorapidity 7:

n= —ln(tan(g))

This means that a particle which moves parallel to the beam has a pseudorapidity of +o0
and one moving away vertically from the Z-axis has one of 0. From this follows, that the

angle difference AR between two particles can be calculated as [12] :

AR = \/An? + A¢?

10



4 Data, Statistics and Methods

4.1 Monte Carlo Simulation

In addition to the data produced in a particle accelerator, simulations are essential for
data analyses in particle physics. One method used to simulate the signal and background
processes is the Monte Carlo (MC) method. The MC simulations use a theoretical frame-
work, which describes the particle collisions and decays. The simulated events are based
on the random sampling from probability distributions, that represent the likelihood of
various outcomes [32|. For this analysis data generated with MC has been used for all
background and signal events, except for the ‘fake’ lepton background which was estimated
from data [14].

4.2 Statistical Methods

In the search for a new particle, it is in most cases not possible to detect the particle
itself. Most particles of interest are not in a stable state and decay before being detected.
Instead of looking for an unstable particle, a specific decay channel is considered and the
search is carried out by looking for the particle’s final states. One of the final states of
the CP-odd A boson consists of et~ or p*e”. Apart from the reconstructed A boson
signal, the background processes must be taken into account. The background consists
of muons and electrons that do not result from an A boson decay. Therefore statistical
methods are needed to confirm or deny the existence of the boson.

At first, a hypothesis, called the null-hypothesis Hy, is created which corresponds to the
SM predictions of the background. Then a second hypothesis H; is tested against it. The
H, consists of the background processes and of the signal process. The data is compared
with the two hypotheses. If the data is inconsistent with Hy, but consistent with H;, then
it means that a signal has been observed, which corresponds to the predictions made for
H,. On the other hand, if the data is still compatible with the Hy, then it means that

the Hy cannot be be ruled out with the necessary statistical significances.

4.3 Limit Setting

The maximum value of a parameter which is still statistically compatible with a specific
confidence level, is called exclusion. The calculation of exclusion limits is based on profile
likelihood-ratio tests. Profile likelihood-ratio tests are powerful statistical methods to
compare different hypotheses based on observed values. As mentioned above, the two
hypotheses compared in this analysis, are the already introduced Hy (only background
processes) and H; (signal and background processes). The parameter p is introduced
to represent the expected signal strength. It is used to scale the expected contribution

of a signal. The value of p = 0 is equivalent to Hy, while ¢ = 1 is equivalent to H;

11



hypothesis [19] [26].

Exclusion limits, also known as upper limits, set a threshold on how large the signal can
be relative to the predicted signal strength without being detected. The py-value gives an
indication of how likely it is that the observed data is occurring under H,. The smaller
the po-value the stronger is the evidence against the null hypothesis. To evaluate this,

often a p-value threshold of 0.05 is used, meaning Hj is rejected if p < 0.05 [4].

4.4 Applying Cuts

To be able to detect a new particle the signal-to-background ratio is of importance.
More precisely the significance Z, which is a quantity that expresses with which cer-
tainty a null hypothesis can be excluded, should be as high as possible. This means
that a higher Z value indicates a larger separation between the observed signal and the
expected background, which suggests that the signal is more statistically significant [6].
The significance can be approximated with the number of background events b and the
number of signal events s as follows:

Zz\/ig

The square root of b represents the uncertainty in the background estimation. To get a
high significance the ratio between the number of total events and the number of back-
ground events must be well balanced. This balance can be achieved by applying certain
cuts (selection criteria) on the different parameters of the data set. If for example, the
cut EXss < 50 GeV is set, all the events with a missing transverse energy greater than
50 GeV, both from the background processes as well as from the signal process, are not
being taken into account. If there are more background events being cut than signal

events, then the significance improves [20].

4.5 Invariant Mass Reconstruction Methods

Especially in the search for Higgs bosons or Z bosons, invariant mass reconstruction is
used to determine the invariant mass of the initially decaying particle. For all decays
in which only visible particles are involved, the mass of the original particles can be
calculated directly.

On the other hand, the important decay channel for this analysis, is the A boson decay
into a 7 lepton pair. Each of those 7-leptons then decays involving neutrinos. As stated
previously, the detectors are not able to detect the neutrinos. As a result, the energy
and momentum taken away by neutrinos cannot be fully measured, they can only be

reconstructed.

12



Collinear Mass Approximation

The collinear mass approximation (COLL) is based on the assumption that in 7-decays
the neutrinos and the decay products that can be measured in the detector are collinear
and that the mass of the 7-leptons is negligible compared to the mass of the A boson. In
this case, collinear means that the particles move in the same directions, therefore their
momentum vectors are aligned. The second assumption is that only neutrinos contribute
to the missing transverse energy. With those two assumptions the invisible momentum
that the neutrinos carry away can be estimated. The invariant mass of the 77-decay m.,,
can then be calculated as follows [23]:

Myis

Mrr = Uz

The visible mass is thereby myis and x;.2 are the momentum fractions that where car-
ried away by visible decay products. The momentum fractions are calculated with the
momentum of the leading lepton pieadiep (lepton with the highest transverse momentum
in the event), the momentum of the subleading lepton psubleadiep (lepton with the second

highest transverse momentum in the event) and the missing transverse energy El. = as
follows [23]:

1‘1 _ pTleadlep ZL'Q _ stubleadlep
- T - T
pTleadlep +EllliSS stubleadlep+EmiSS

This method provides a fully reconstructed 77 mass instead of providing only the visible
mass, but still has large shortcomings. One example is that this method tends to
overestimate the mass of the 77-pairs. Furthermore this method can not give reliable
resolutions for events that are back-to-back in the transverse plane of the beam line. If
two particles are back-to-back it means that they are emitted in opposite directions rel-
ative to each other |23|. This general disadvantage does not effect this analysis, because

only collinear processes are looked at.

Missing Mass Calculator

The Missing Mass Calculator (MMC) technique delivers an improved reconstruction of
the invariant mass and neutrino mass resolution in 77 final states in comparison to the
collinear mass approximation. The MMC takes the kinematic constraints of the decay
with its variations of energy and momentum into account. This method assumes that the
missing transverse energy is only caused by neutrinos. Each of the events is searched for
possible configurations of its visible and invisible 7-decay states. This is done by looking

for the most probable values for the unknown variables [23].
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Figure 5.1: Feynman diagram of the full A — 7, 7ep signal process [31].

5 Analysis

5.1 Signal Process

In this thesis the investigated signal process is the decay of the low-mass CP-odd A boson
in the range from 20 GeV to 80 GeV. The boson is produced through gluon fusion via
a top quark loop. This means, that two gluons interacting with each other can produce
an A boson. The gluons cannot interact directly with the A boson because they have a
colour charge and are mass-less. However, they can interact indirectly via “loops” of other
particles that couple both to gluons and the A boson. Considering the mass of the boson
and its possible couplings, the A boson decays almost exclusively into 7—leptons. This
T—leptonpair can decay further into hadrons and leptons. This analysis is focused on
the leptonic decays. Because the trigger thresholds are lower than for a hadronic decay,
which means, events with lower energy and momentum can now pass the trigger system,
in total more events are taken into account. Furthermore they leave a cleaner detector
signature. This decay and the production of the A boson can be seen in the Feynman
diagram shown in Figure [14] [31].

5.2 Background Processes

Apart from the described signal process, many different SM processes are able to produce
similar detector signatures. Those processes are producing the background events, which
have to be modeled and cut to achieve a high significance. To do this, it is important to

identify those different SM processes [14].

Z7" — 1l Background

The Z boson with a mass of mz ~ 90 GeV produces a very prominent background, be-
cause it shares properties with the A boson. They are both not electrically charged and for
a heavy A boson mass hypothesis the mass could almost be identical. Within the Z — 1[I
decay channel the Z boson decays into an electron positron pair or a muon-antimuon

pair. To eliminate this prominent background process, only the decays into a muon and

14



an electron with their corresponding neutrinos are considered. Because this specific decay
does not produce neutrinos, the missing transverse energy EX is lower in comparison to
the signal process.

Apart from the Z boson, off-shell photons can produce background events. Off-shell
photons do not satisfy the energy-momentum relation for ‘real’ photons, which is: £ = p,
with E being the energy of the photon and p being the moment. These processes also
contribute to the background because the off-shell photons can also decay into an electron
positron pair or a muon-antimuon pair. This background is also cut with the criteria, that

only takes events with muon electron pairs into account [14] [28].

Z7" — 71 Background

The Z7" — 77 decay process is the main background of this analysis. It has the same
final state as the signal process. Coming from the Z boson or involving off-shell photons,
the 7—leptonpairs decay into electrons and muons, which makes it difficult to separate
this decay from an A boson decay. Furthermore a possible similar mass of the A and Z
boson results in it being only difficultly identifiable over the reconstruction of the mass.
In order to separate the final states, the different CP-values and spin are used. They lead

to different decay angles between the leptons, which can be measured [14] [28].

Top quark processes

During decays, top quarks can be produced as a pair of top and anti-top quark or
individually. Those top quarks then decay with a high probability of 91.4% into a W
boson and a bottom quark. The W boson then either decays into a lepton with its
corresponding neutrinos or a quark pair. When the top-quarks are produced as a pair
and then decay leptonically, then this decay has a similar final state as the signal pro-
cess. However this process can still be distinguished by its missing transverse energy
Emiss because it produces less neutrinos than the signal process and therefore a smaller
Emiss. Furthermore the bottom quark can produce a jet, which can be identified as a
lepton. Those jets, called b-jets, can be differentiated because they are more stable than
regular jets. The rejection of the b-jets leads to a large suppression of the top quark
background [14] [2§].

SM Higgs processes

The already measured SM Higgs boson with a mass of my = 125 GeV can produce a
muon and electron through two different decay channel. The probability that the Higgs
boson decays into a 7 lepton pair is with 6.27% relatively low. The second important
process is H — WW. When the two W bosons decay into a muon and electron then they
can also contribute to the background. This background can be easily separated from the

signal process by its mass, because the SM Higgs has a higher mass than the low-mass

A boson [14] [28].
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Diboson Processes

Diboson processes are decays in which two bosons of the weak force can be found. The
combinations WW, W Z and ZZ can occur. If the two W bosons both decay into leptons
the same final state as in the signal process can be produced. To distinguish them from
each other, mass variables are used. Furthermore there can be false identifications in the
detector, which can produce background events. Still a lot of diboson processes have a

final state that differs significantly from the final state of the signal process [14] [2§].

Fake Lepton Background

In the ATLAS detector prompt leptons (directly produced in the interaction) can be easily
identified, but it is difficult to identify fake leptons (also called non-prompt leptons). These
fake leptons often come from decays with jets, particle misidentifications, or interactions
with the detector material. It is difficult to model these background processes accurately
with simulations. Because the A boson decays into leptons, the fakes also make up a

significant amount of the background [28].

5.3 Signal Regions

This analyses is divided into two signal regions (SR): the low-mass signal region for mass
hypotheses between 20 GeV and 80 GeV, which this thesis is focused on, and the high
mass signal region from 80 GeV to 110 GeV. The signal region is defined differently
because the intensity of certain backgrounds differ depending on the mass hypothesis as
well as some of the parameters of the decay. One prominent example is the Z background,
since my = 90 GeV, it is relevant in the high mass SR and accordingly not as relevant in
the low mass SR. This means that cuts can be set accurately for each signal region. This

leads to a better combined significance and therefore upper limit [14].

5.4 Uncertainties

In this analysis different systematic and statistical uncertainties occurred. Systematic un-
certainties are the most significant and can be divided into experimental and theoretical
uncertainties. The experimental uncertainties mostly arise from measurements and detec-
tor simulations. They are process-independent but affect the reconstruction of particles
(e.g., leptons and jets) [7]. The theoretical uncertainties on the other hand are specific
to the particle interactions and the modeling processes, such as uncertainties in cross-
sections for various particle interactions, like Z — 77 processes or top-quark processes
[30]. In addition, statistical uncertainties occur, which can be described by the Poisson

distribution. The systematic uncertainties are not taken into account in this thesis.
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6 Cut Optimization

To maximize the significance of the signal, a cut optimization is done by looking at dif-
ferent distributions of variables and setting cuts to remove the bins (intervals or divisions
that group data points into ranges), in which the background events are more promi-
nent than the signal events. From the significance, which is calculated as: Z = \/ig (as
explained in chapter 4.4), also follows that a smaller number of total events lead to a
deterioration of the significance. During a cut optimization the optimal ratio between
cutting the background and keeping most of the signal events must be found.

To see the difference before and after a cut, limit plots are used. They show, for each A
boson mass from 20 GeV to 80 GeV, the needed signal strength p so that the pg-value is
less than 0.05. The signal strength is indicated as the gg — A production cross-section
(measure of the probability for an A boson to occur in a particle collision) times the
branching ratio for an A boson decay into two 7-leptons (probability that an A boson
decay will result in a 7-lepton further decaying into a ue, pu or ee final state, compared

to all possible decay modes):
(g9 — A) X B(A = TiepTiep)

A higher significance therefore leads to a smaller necessary p to qualify for p, < 0.05,
meaning that a lower 0(g9 — A) X B(A — TiepTiep) 1s sufficient to be certain that the
observed data is not occurring under Hy, if the significance is higher.

The upper limits with the different implemented cuts (baseline cuts and additional cuts)
are compared to the upper limit with no additional cuts (baseline cuts). This means that
only the baseline cuts have been implemented in the “no cut” references. The baseline
selection states, that each event must contain one electron (p5 > 18 GeV) and one muon
(pfr > 15 GeV). Additionally the electric charge of the two leptons must meet the following
criterion: ¢, -, = —1. The particles also have to be measured in certain detector regions
(Ine] < 2.47 excluding 1.37 < |n.| < 1.52 and |n,| < 2.7). Finally, only events without
b-jets and a jet transverse momentum over 20 GeV are being taken into account [28|.

This cut optimization was done for the low-mass signal region (LMSR).

6.1 Cuts on MMC Variables

In this section the cuts which maximize the significance of the signal of the A boson and

therefore optimize the upper limit, while using the MMC method, are being introduced.

Missing Transverse Energy Cut

The missing transverse energy, denoted as EX'S| represents the energy that cannot be
directly detected in the experiment but is required by the principles of energy and
momentum conservation. Responsible for the EX5 are the neutrinos, which do not

interact with the detector and therefore remain invisible [25|. This is further explained in
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chapter 3.2 “ATLAS”. In Figure a distribution of the number of events measured for
their corresponding ER is shown. In the range between 0 GeV and 60 GeV, the back-
ground events are way more prominent than the signal events, so the cut EX'* > 60 GeV
is set (Figure . This cut follows from the top quark processes, because they produce
a smaller EXs5 | than the signal process and therefore more background events in the lower
mass ranges. This is further explained in chapter 5.2 “Background Processes”. Also more
‘fakes’ are being measured in this range, compared to higher EM events.

This is why this cut leads to an improvement of the upper limit in comparison to the upper
limit without any additional cuts, in the range from 20 GeV to around 60 GeV, as can be
seen in the limit plot with its corresponding ratio plot (Figure[6.2]). The highest improve-
ment with around 45%, can be seen between 30 GeV and 40 GeV. On the other hand
a deterioration can be seen in the higher mass ranges from around 60 GeV to 80 GeV,
because a lot of signal events in this higher mass ranges have been cut. In comparison to
an EXs > 50 GeV cut or B > 70 GeV cut, the 2 > 60 GeV cut shows the highest
improvement. If the variable is cut with the E2 > 50 GeV cut, the limit deteriorates in
comparison up to 15% . On the other hand if the cut is set with £ > 70 GeV the limit
only deteriorates in the lower mass ranges up to 15% and improves at around 50 GeV up
to 7%. The limit plots for the comparison cuts are shown in the Appendix
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Figure 6.1: Distribution of the EM variable without and with the
Emiss > 60 GeV cut, shown from 0 GeV to 200 GeV in bins of 10 GeV. The various
colors in the stacked histograms show contributions from various background processes
and the A — 77 signal are presented as lines in shades of red for different mass hypotheses.
The last bin is used as an overflow bin (all access events which where measured outside
the range of the scale of the x-axis, are being combined in this bin). The scale used for
the number of events in the plots is logarithmic. The blue band in the ratio plot shows
the uncertainties from statistical sources.
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Figure 6.2: Upper limits with and without the B > 60 GeV cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a ue, pu or ee final state, for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = reif;twe,
with ¥ = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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Higgs Transverse Momentum Cut

The transverse momentum of the Higgs pl%iggs describes the momentum of the A boson

perpendicular to the beam axis. In the lower pih%8° ranges, again a lot of fake background
was measured, which can be seen in Figure [6.3al Furthermore the signal for the different
A boson masses are not as strong in the lower mass ranges from 0 GeV to around 110 GeV
as in the higher mass ranges. This is because, a property of the A boson is large phes®
[14], which leads to the pp®® > 110 GeV cut being set. The cut is visualized in Figure
6.3D

This cut leads to an improvement in the mass range from 20 GeV to approximately
65 GeV with up to 50% in comparison to the upper limit without any additional cuts
(Figure . In the higher mass ranges again a deterioration is noticeable of up to 4%.
If the cut is set lower such as phe® > 100 GeV the limit deteriorates slightly up to 4.5%
between 30 GeV and 70 GeV. In the lower ranges between 20 GeV and 30 GeV however
an improvement of up to 4% can be seen. Since this effects a much smaller mass range
the p& > 110 GeV cut is kept. If the cut is set higher at p# > 120 GeV the limit
deteriorates up to 20%, especially in the lower ranges compared to the p&® > 110 GeV
cut. An slight improvement with up to 7% can be seen in the higher mass ranges. The

limit plots for the comparison cuts are shown in the Appendix [A.2]
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Figure 6.3: Distribution of the PhE variable without and with the
phES > 110 GeV cut, shown between 0 GeV and 400 GeV in bins of 10 GeV. The
various colors in the stacked histograms show contributions from various background pro-
cesses and the A — 77 signal are presented as lines in shades of red for different mass
hypotheses. The last bin is used as an overflow bin. The scale used for the number of
events in the plots is logarithmic. The blue band in the ratio plot shows the uncertainties
from statistical sources.
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Figure 6.4: Upper limits with and without the p®®* > 110 GeV cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, pu or ee final state, for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = =it
with y = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.

21



Jet Transverse Momentum Cut

The jet transverse momentum p]Tet refers to the momentum of a jet in the plane perpen-
dicular to the beam axis. It is calculated by summing up the values of all particles within
the jet. The measured events become less frequent with increasing p];t Since it is a
logarithmic scale, there are more background events than signal events in the lower mass
ranges, as can be seen in Figure [6.5a] Because the A boson has a high pr, the jets also
need to have a high py because of the law of conservation of momentum. Since momentum
is conserved in all directions, this means that the vector sum of the momenta of the decay
products have to be equal the momentum of the original particle before decay . This
leads to the cut being set as p’ft > 30 GeV, as portrayed in Figure M

This cut shows an overall optimization of the upper limit in comparison to the upper limit
without any additional cuts (Figure . The improvement is consistent at around 20%
to 30% in all mass ranges.

If the cut is set higher at pJTEt > 40 GeV a deterioration of up to 12% occurs in comparison
to the '{ft > 40 GeV cut. Because the cut is already set relatively low, a lower cut is not

sensible. The limit plot for the comparison cut is shown in the Appendix [A.3]
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Figure 6.5: Distribution of the pjft variable without and with 1} the

' > 30 GeV cut, shown between 20 GeV and 200 GeV in bins of 10 GeV. The various
colors in the stacked histograms show contributions from various background processes
and the A — 77 signal are presented as lines in shades of red for different mass hypothe-
ses. The last bin is used as an overflow bin. The scale used for the number of events in
the plots is logarithmic. The blue band in the ratio plot shows the uncertainties from
statistical sources.
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Figure 6.6: Upper limits with and without the ;t > 30 GeV cut on the g9 — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, up or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = %,
with ¥y = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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ARlep,lep Cut

The angle distance ARy, 1ep describes the separation between two leptons in the detector
and is further described in chapter 2.3 “The ATLAS Coordinate System”. The distribution
of this variable is shown in Figure[6.7al It can be seen that the larger the angle, the larger
the Z background becomes. In addition, the signal events become less prominent at larger
values of the angle, which leads to the ARjep 1ep < 0.6 cut being set (Figure. This cut
significantly reduces the Z — 77 background, because in comparison to the A boson, the
leptons of the Z — 77 decay produce a larger AR angle . This larger angle is caused
by the different spin and CP-values as well as the larger mass of the Z boson compared
to the A boson.

This cut ensures an improvement in all the mass ranges (Figure compared to the limit
without any additional cuts. The biggest optimization can be seen at around 40 GeV with
55%. If the cut is set at ARjep1ep < 0.4 the limit deteriorates up to 50% and if the cut is set
higher at ARjep1ep < 0.8 the limit deteriorates up to 40% compared to the ARjep 1ep < 0.6
cut. The limit plots of the comparison cuts are shown in the Appendix [A.4]
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Figure 6.7: Distribution of the ARjep1ep variable without and with the
ARjep1ep < 0.6 cut, shown between 0.2 and 1.4 in bins of 0.2. This variable has no unit.
The various colors in the stacked histograms show contributions from various background
processes and the A — 77 signal are presented as lines in shades of red for different mass
hypotheses. The last bin is used as an overflow bin. The scale used for the number of
events in the plots is logarithmic. The blue band in the ratio plot shows the uncertainties
from statistical sources.
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Figure 6.8: Upper limits with and without the ARjp1ep < 0.6 cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, pup or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = reif;twe,
with ¥ = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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Combined MMC Cuts

In Figure the MMC mass variable mync is depicted with all the mentioned cuts
which means that all the background and signal events which do not fulfill the criteria of
Emiss > 60 GeV, pn#® > 110 GeV, plt* > 30 GeV and ARjep1ep < 0.6, are cut. There can
be seen an improvement of the background-to-signal ratio in comparison to Figure [6.94]
which shows the mypc variable without any additional cuts. The limit and ratio plot for
all the mentioned cuts combined are depicted in Figure[6.10] In total, a large improvement
can be seen. However the largest optimization of the upper limit with around 70% can
be found at 40 GeV. The improvements are generally higher in the medium masses of
this signal region, because the higher masses are more influenced by the Z boson and this
cut optimization was primarily done for ranges with few Z influence. This leads to an
improvement of maximum 55% in the range between 60 GeV and 80 GeV. On the other

hand, there was only an improvement of around 30% at 20 GeV.
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Figure 6.9: Distribution of the mync variable without (a) and with (b) the combined cuts
(Emiss > 60 GeV, phe® > 60 GeV, p > 40 GeV and ARjep1ep < 0.6), shown between
0 GeV and 150 GeVin bins of 10 GeV. The various colors in the stacked histograms show
contributions from various background processes and the A — 77 signal are presented
as lines in shades of red for different mass hypotheses. The scale used for the number of
events in the plots is logarithmic. The blue band in the ratio plot shows the uncertainties
from statistical sources.

26



BelL - Exp. o(gg -A) x B(A - T|ep7|ep) limit
_ 1 O +10
10| Ys=13Tev, 140.1 b 95% CL 20
A-T,T, Exp. NOCUTS

gy ~A) X B(A - T,y T,ep) [Pb]

20 30 40 50 60 70 IISD 90 100 110
m, [GeV]

0.9
0.8
0.7
0.6
0.5
0.4
0.3

L
20 40 60 80 100

Figure 6.10: Upper limits with and without the combined cuts (E¥ > 50 GeV,
PhEE > 110 GeV, ' > 30 GeV and ARjep1ep < 0.6) on the gg — A production cross-
section times the branching ratio for an A boson decay into two 7-leptons, which further
decay into a pe, up or ee final state for A boson masses from 20 to 80 GeV. The dash-
dotted line shows limit with the cuts and with its 1o and 20 uncertainty bands in green
and yellow. The solid red line shows the limit without any additionally implemented cuts
(reference). The vertical dashed line indicates the splitting of the SR: only the low-mass
hypotheses on the left side are being cut optimized in this work. The ratio plot beneath
the limit plot shows the improvement or the deterioration of the limit (dashed line) in
comparison to the reference (red line). The y-axis is plotted as: ratio = regﬁirtme, with
y = 1 being the perfect agreement between the limit with the additional cuts and the
reference. The deviations of 1 indicate whether the limit has improved (y < 1) or deteri-

orated (y > 1) in comparison to the reference limit.
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6.2 Cuts on COLL Variables

In this section the cuts which maximize the significance of the A boson signal and there-
fore optimize the upper limit, while using the collinear mass approximation, are being
introduced. Since the cuts for the COLL reconstruction method are almost identical to
the cuts of the MMC mass reconstruction method, the explanations for the cuts, as well

as the explanations of their effects can be found in chapter 6.1 “Cuts on MMC Variables”.

Missing Transverse Energy Cut

In Figure a distribution of the number of events measured for their corresponding
Emiss are shown. In the range between 0 GeV and 60 GeV, the background events are
way more prominent than the signal events (Figure , so the cut E¥s > 60 GeV is
set (Figure [6.11D)).

This cut leads to an improvement of the upper limit for all mass ranges, compared to
the upper limit without any additional cuts, as can be seen in the limit plot with its
corresponding ratio plot (Figure . The highest improvement can be seen at 30 GeV
with about 45%. In comparison to an ER® > 50 GeV cut or an BT > 70 GeV cut,
the ERs > 60 GeV cut shows the highest improvement. If the variable is cut with the
Emiss > 50 GeV cut, the limit deteriorates in comparison up to 15%. However, there
can also be seen an improvement of up to 14% in the lower mass ranges, but since the
deterioration effects a larger mass range, the E¥5 > 60 GeV cut leads to a overall higher
improvement. On the other hand if the cut is set as EXs > 70 GeV the limit deteriorates
in the lower mass ranges up to 27% and improves at around 40 GeV up to 4%. The limit

plots for the comparison cuts are shown in the Appendix
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Figure 6.11: Distribution of the E¥* variable without and with the
Emiss > 60 GeV cut, shown from 0 GeV to 200 GeV in bins of 10 GeV. The various colors
in the stacked histograms show contributions from various background processes and the
A — 77 signal are presented as lines in shades of red for different mass hypotheses. The
last bin is used as an overflow bin (all access events which where measured outside the
range of the scale of the x-axis, are being combined in this bin). The scale used for the
number of events in the plots is logarithmic. The blue band in the ratio plot shows the
uncertainties from statistical sources.
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Figure 6.12: Upper limits with and without the ER > 60 GeV cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, pp or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = reif;twe,
with ¥ = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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Higgs Transverse Momentum Cut

In Figurethe phiE® variable is shown. This variable is cut with ph&® > 100 GeV and
visualized in Figure|6.13b, The cut leads to an improvement of up to 48% in comparison
to the upper limit without any additional cuts, with the highest improvement being at
30 GeV (Figure . If the cut is set any lower such as ph#®® > 90 GeV the limit
deteriorates slightly up to 5% between 30 GeV and 80 GeV. However, in the lower mass
ranges between 20 GeV and 30 GeV an improvement of up to 6% can be seen. Since
this is a much smaller mass range the p}{‘iggs > 100 GeV cut is kept. If the cut is set
higher at pn&* > 110 GeV the limit deteriorates up to 20%, especially in the lower ranges
compared to the ph#® > 110 GeV cut. An slight improvement with up to 7% can be

seen in the higher mass ranges. The limit plots for the comparison cuts are shown in the

Appendix [A.6]
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Figure 6.13: Distribution of the pp®® variable without (6.13a) and with (6.13b) the
PhE& > 100 cut, shown between 0 GeV and 400 GeV in bins of 10 GeV. The various

colors in the stacked histograms show contributions from various background processes
and the A — 77 signal are presented as lines in shades of red for different mass hypothe-
ses. The last bin is used as an overflow bin. The scale used for the number of events in
the plots is logarithmic. The blue band in the ratio plot shows the uncertainties from
statistical sources.
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Figure 6.14: Upper limits with and without the ph#* > 100 GeV cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, pp or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = =it
with y = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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Jet Transverse Momentum Cut

In Figure the distribution of the variable p]Tet is shown. This variable is cut with
' > 25 GeV and visualized in Figure This cut shows an overall optimization of

the upper limit in comparison to the upper limit without any additional cuts (Figure.

The improvement is consistent at around 30% in all mass ranges.

If the cut is set higher at p’ft > 40 GeV a deterioration of up to 9% occurs. Because

the cut is already set relatively low, a lower cut is not sensible. The limit plot for the

comparison cut is shown in the Appendix [A.7]
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Figure 6.15: Distribution of the pk' variable without and with the

' > 30 GeV cut, shown between 20 GeV and 200 GeV in bins of 10 GeV. The various
colors in the stacked histograms show contributions from various background processes
and the A — 77 signal are presented as lines in shades of red for different mass hypothe-
ses. The last bin is used as an overflow bin. The scale used for the number of events in
the plots is logarithmic. The blue band in the ratio plot shows the uncertainties from
statistical sources.
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Figure 6.16: Upper limits with and without the {ft > 30 GeV cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, up or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = %,
with ¥y = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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ARlep,lep Cut

The distribution of the ARy e, variable is shown in Figure This variable is cut
with ARjep1ep < 0.6 and visualized in Figure [6.17b] This cut ensures an improvement
in all mass ranges in comparison to the limit without any additional cuts (Figure .
The greatest optimization can be seen around 30 GeV with 52%. If the cut is set at
ARjep1ep < 0.4 the limit deteriorates up to 39% and if the cut is set higher at ARjep 1ep < 0.8
the limit deteriorates up to 25%. However a small improvement at around 70 GeV of up
to 4% can be seen. The limit plots of the comparison cuts are shown in the Appendix[A.8]
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Figure 6.17: Distribution of the ARjep ep Variable without and with the
ARjep1ep < 0.6 cut, shown between 0.2 and 1.4 in bins of 0.2. This variable has no unit.
The various colors in the stacked histograms show contributions from various background
processes and the A — 77 signal are presented as lines in shades of red for different mass
hypotheses. The last bin is used as an overflow bin. The scale used for the number of
events in the plots is logarithmic. The blue band in the ratio plot shows the uncertainties
from statistical sources.
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Figure 6.18: Upper limits with and without the ARjep1ep < 0.6 cut on the gg — A
production cross-section times the branching ratio for an A boson decay into two 7-leptons,
which further decay into a pe, pup or ee final state for A boson masses from 20 to 80 GeV.
The dash-dotted line shows limit with the cut and with its 1o and 20 uncertainty bands in
green and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = reif;twe,
with ¥ = 1 being the perfect agreement between the limit with the additional cut and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or
deteriorated (y > 1) in comparison to the reference limit.
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Combined COLL Cuts

In Figure the COLL mass variable m®" is depicted with all the mentioned cuts,
which means that all the background and signal events that do not meet the criteria
of B > 60 GeV, ph#® > 100 GeV, pi* > 40 GeV and ARjpiep < 0.6 are cut. An
improvement of the background-to-signal ratio can be seen in comparison to Figure [6.194)]
which shows the variable m®! without any additional cuts. The limit and ratio plot for all
the mentioned cuts combined, are depicted in Figure [6.20] In total, a large improvement
can be seen in comparison to the limit without any additional cuts. However, the largest
optimization of the upper limit with around 68% can be found at 30 GeV and 50 GeV.
The improvements are relatively constant in all the mass ranges and vary slightly between

50% at 70 GeV and 45% at 20 GeV.
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Figure 6.19: Distribution of the m®!" variable without (a) and with (b) the combined cuts
(Emiss > 60 GeV, phe® > 100 GeV, pi¥ > 40 GeV and ARjep1ep < 0.6), shown between
0 GeV and 120 GeV in bins of 5 GeV. The various colors in the stacked histograms show
contributions from various background processes and the A — 77 signal are presented
as lines in shades of red for different mass hypotheses. The scale used for the number of
events in the plots is logarithmic. The blue band in the ratio plot shows the uncertainties

from statistical sources.
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Figure 6.20: Upper limits with and without the combined cuts (E¥s > 50 GeV,
PhEE > 110 GeV, ' > 30 GeV and ARjep1ep < 0.6) on the gg — A production cross-
section times the branching ratio for an A boson decay into two 7-leptons, which further
decay into a pe, up or ee final state for A boson masses from 20 to 80 GeV. The dash-
dotted line shows limit with the cuts and with its 1o and 20 uncertainty bands in green
and yellow. The solid red line shows the limit without any additionally implemented
cuts (reference). The vertical dashed line indicates the splitting of the SR: only the low-
mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = reg:rtme,
with y = 1 being the perfect agreement between the limit with the additional cuts and
the reference. The deviations of 1 indicate whether the limit has improved (y < 1) or

deteriorated (y > 1) in comparison to the reference limit.
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6.3 Comparison between the MMC upper limit and the COLL
upper limit

In Figure the upper limits for the MMC and COLL mass are depicted. The COLL
mass is shown as the reference to compare the two limits with each other. In the mass
ranges between 20 GeV and 50 GeV the MMC mass has a limit that is up to 20% better
than the limit of the COLL mass. On the other hand, the COLL mass has a up to 12%
better limit in the higher mass ranges between 50 GeV and 80 GeV. One reason why
the COLL mass performs better in the higher mass ranges is, that this method tends
to overestimate the mass of the 77-pairs and therefore over estimates the mass of the A
boson. However, the main reason why the COLL mass performs better in the higher mass
ranges is that the COLL mass approximation reconstructs the Z peak less well, because
Z events are rarely collinear. This causes the peak of the Z boson being narrower for the
MMC mass approximation, than for the COLL mass approximation. The MMC mass has
therefore a better limit far away from the peak. On the other hand, closer to the Z peak
the limit deteriorates in comparison to the COLL mass. Over all the MMC cuts produce
a slightly better limit, because the MMC technique delivers an improved reconstruction
of the invariant mass compared to the COLL mass, as explained in chapter 4.5 “Invariant
Mass Reconstruction Methods”. However both limits show a similar improvement.

The optimized cuts for the MMC mass and COLL mass are almost identical and only the
phiEe differs slightly (Ap'®8® = 10 GeV) because of the different reconstruction methods.
The different cuts can be seen in Table [6.1]

MMC cuts COLL cuts

Emiss > 50 GeV

phiees > 110 GeV > 100 GeV
Jet > 30 GeV

ARlep,lep < 0.6

Table 6.1: Overview of the selection criteria for the MMC and the COLL mass.
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Figure 6.21: Upper limits of the MMC mass (dotted line) and the COLL mass (red solid
line) with cuts (B2 > 50 GeV, phg® > 110/100 GeV, pi' > 30 GeV and ARjep1ep < 0.6)
on the gg — A production cross-section times the branching ratio for an A boson decay
into two 7-leptons, which further decay into a pe, uu or ee final state for A boson masses
from 20 to 80 GeV. The dash-dotted line shows limit with its 1o and 20 uncertainty bands
in green and yellow. The vertical dashed line indicates the splitting of the SR: only the
low-mass hypotheses on the left side are being cut optimized in this work. The ratio plot
beneath the limit plot shows the improvement or the deterioration of the limit (dashed
line) in comparison to the reference (red line). The y-axis is plotted as: ratio = ﬁ,
with y = 1 being the perfect agreement between the MMC limit and the COLL limit. The
deviations of 1 indicate whether the limit has improved (y < 1) or deteriorated (y > 1)

in comparison to the reference limit.
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7 Summary

In this thesis the basic principles of a search for a low-mass CP-odd A boson as well
as the motivation behind the search have been presented. Especially the decay channel
A — 77 was looked at. The chosen decay channel, for this analysis, was the leptonic
decay of the two 7-leptons into an electron and muon. Corresponding to this decay
channel, different background processes with the same final state have been presented.
Different event selection criteria have been tested and then used to optimize the up-
per limit for the (g9 — A) x B(A — TiepTiep). This has been done for two mass re-
construction methods: the collinear mass approximation (COLL) and the missing mass
calculator (MMC). The cuts that improve the significance of the A boson signal the
most, while using the MMC, are E2% > 60 GeV, pp®® > 110 GeV, p¥' > 30 GeV
and ARjeplep < 0.6. In comparison to the upper limit without any additional cuts a
large improvement can be seen. However the improvement varies depending on the mass
range between 30% and 70%. The cuts which strengthen the A boson signal, while using
the COLL mass reconstruction method are almost identical to the MMC cuts, but they
produce a different upper limit. The cuts for the COLL mass are: EXs > 60 GeV,
PhEE > 100 CeV, pls* > 30 GeV and ARjepiep < 0.6. The improvement is more constant
and only varies between 45% and 68%.

The comparison of the upper limits of the two mass reconstruction methods shows that
the MMC mass performs better in the lower mass ranges, while the COLL mass performs
better in the higher mass ranges. However overall the MMC mass provides a slightly
better upper limit.

To further improve the overall upper limit, a combination of the MMC and COLL upper

limit could be a solution.
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A.1  E¥s MMC Limit Plots
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Figure A.1: Upper limits of the EX*5 > 50 GeV cut and the FXs > 70 GeV cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, puu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its 1o
and 20 uncertainty bands in green and yellow. The solid red line shows the limit of the
chosen EMiss > 60 GeV cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = ﬁ, with y = 1 being the perfect agreement between the limit with

the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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A.2 Pl MMC Limit Plot
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Figure A.2: Upper limits of the pp®®® > 100 GeV cut and the phes® > 120 GeV cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, uu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its 1o
and 20 uncertainty bands in green and yellow. The solid red line shows the limit of the
chosen pi%8 > 110 GeV cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = reg‘ﬁ, with y = 1 being the perfect agreement between the limit with
the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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A.3 p MMC Limit Plot
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Figure A.3: Upper limits of the ft > 40 GeV on the gg — A production cross-section
times the branching ratio for an A boson decay into two 7-leptons, which further decay
into a pe, pp or ee final state for A boson masses from 20 to 80 GeV. The dash-dotted line
shows limit with the cuts and with its 1o and 20 uncertainty bands in green and yellow.
The solid red line shows the limit with g > 30 GeV (reference). The vertical dashed line
indicates the splitting of the SR: only the low-mass hypotheses on the left side are being
cut optimized in this work. The ratio plot beneath the limit plot shows the improvement
or the deterioration of the limit (dashed line) in comparison to the reference (red line).
The y-axis is plotted as: ratio = re};‘lﬁ, with y = 1 being the perfect agreement between
the limit with the additional cut and the reference. The deviations of 1 indicate whether
the limit has improved (y < 1) or deteriorated (y > 1) in comparison to the reference

limit.
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A4 ARypiep MMC Limit Plots
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Figure A.4: Upper limits of the ARjep1ep < 0.4 cut and the ARjep1ep < 0.8 cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, pu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its
lo and 20 uncertainty bands in green and yellow. The solid red line shows the limit of
the chosen ARjep1ep < 0.6 cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = regfﬁ, with y = 1 being the perfect agreement between the limit with
the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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A.5 EXs COLL Limit Plots
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Figure A.5: Upper limits of the EI > 50 GeV cut and the EMs > 70 GeV cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, puu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its 1o
and 20 uncertainty bands in green and yellow. The solid red line shows the limit of the
chosen EMiss > 60 GeV cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = re}ier;;ifme, with y = 1 being the perfect agreement between the limit with

the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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A.6 ph# COLL Limit Plot
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Figure A.6: Upper limits of the ph#&® > 90 GeV cut and the phe® > 110 GeV cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, uu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its 1o
and 20 uncertainty bands in green and yellow. The solid red line shows the limit of the
chosen pi%8 > 100 GeV cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = reg‘ﬁ, with y = 1 being the perfect agreement between the limit with
the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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A.7 P COLL Limit Plot
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Figure A.7: Upper limits of the ft > 40 GeV on the gg — A production cross-section
times the branching ratio for an A boson decay into two 7-leptons, which further decay
into a pe, pp or ee final state for A boson masses from 20 to 80 GeV. The dash-dotted line
shows limit with the cuts and with its 1o and 20 uncertainty bands in green and yellow.
The solid red line shows the limit with g > 30 GeV (reference). The vertical dashed line
indicates the splitting of the SR: only the low-mass hypotheses on the left side are being
cut optimized in this work. The ratio plot beneath the limit plot shows the improvement
or the deterioration of the limit (dashed line) in comparison to the reference (red line).
The y-axis is plotted as: ratio = re};‘lﬁ, with y = 1 being the perfect agreement between
the limit with the additional cut and the reference. The deviations of 1 indicate whether
the limit has improved (y < 1) or deteriorated (y > 1) in comparison to the reference

limit.
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A.8 ARjep, ep COLL Limit Plots
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Figure A.8: Upper limits of the ARjep1ep < 0.4 cut and the ARjep1ep < 0.8 cut
on the gg — A production cross-section times the branching ratio for an A boson
decay into two 7-leptons, which further decay into a pe, pu or ee final state for A boson
masses from 20 to 80 GeV. The dash-dotted line shows limit with the cuts and with its
lo and 20 uncertainty bands in green and yellow. The solid red line shows the limit of
the chosen ARjep1ep < 0.6 cut (reference). The vertical dashed line indicates the splitting
of the SR: only the low-mass hypotheses on the left side are being cut optimized in this
work. The ratio plot beneath the limit plot shows the improvement or the deterioration
of the limit (dashed line) in comparison to the reference (red line). The y-axis is plotted
as: ratio = re%;“ﬁ, with y = 1 being the perfect agreement between the limit with
the additional cut and the reference. The deviations of 1 indicate whether the limit has
improved (y < 1) or deteriorated (y > 1) in comparison to the reference limit.
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