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Introduction

In this thesis an optimization of a previously performed inclusive search for beyond Standard Model Physics
in same-sign di-lepton final states is performed, but tuned for a doubly-charged Higgs boson decaying to
same-sign di-muons. The doubly-charged Higgs boson is a proposed fundamental particle whose existence
would provide evidence for theoretical extensions of the Standard Model (SM) of particle physics. The
aim of the optimization is to see whether one can improve on the sensitivity on the mass limits set by
previously performed searches for doubly-charged Higgs bosons with the ATLAS detector at the Large
Hadron Collider (LHC) at CERN. Assuming a branching of 100 % for a decay into two leptons with the
same charge provides a clean signal that can be distinguished from ordinary SM background processes. I
examine different variables such as leading muon transverse momentum pr and azimuthal angular difference
A¢ and invariant mass of the muon pair, where the signal and background yields differ and make a selection
(a cut) on these variables. The aim of the selection is to reduce the SM background while keeping the
signal i.e. to maximize the significance. The analysis is done using 20.3fb~! of proton-proton collisions
recorded at a center of mass energy of /s =8TeV with the ATLAS detector at the LHC in 2012. Five
different signal regions are examined, corresponding to mass points of mpg++ = 150 GeV, mpy++ = 300 GeV,
mp++ = 500 GeV, my++ = 600 GeV and my++ = 1000 GeV. The thesis is structured as follows. The first
section consists of a brief introduction to the world of particle physics and a description of the Standard
Model and the Standard Model Lagrangian. The subsequent section contains a description of the LHC and
the ATLAS detector. The analysis is thereafter presented along with a description of the two types of SM
backgrounds, the prompt and non-prompt backgrounds, the event selection and the optimization procedure.
The results contain a presentation of the selected cuts, their efficiency, the obtained significances and the
results when applying the cuts to real data. Finally, the necessity of the cuts is evaluated by comparing
the obtained significances in the different cases where all, some or none of the cuts were applied.



1 THEORY

1 Theory

The Standard Model has since the 1960s been the most successful theory describing the smallest constituents
of matter, the elementary particles. Its’ success is due to the many theoretical predictions that have been
experimentally tested at high energy physics laboratories such as CERN. The model establishes a set of
fundamental particles that can be divided into fermions and bosons depending on their spin. The fermions,
possessing half-integer spin, can further be divided into quarks and leptons. These are the building blocks
of matter. The other fundamental particles of the SM, the gauge bosons, are force mediators that carry
the fundamental forces such as the electromagnetic, strong and weak forces.

The most recent success of the Standard Model was the discovery of the Higgs boson in 2012. The
Higgs is a particle introduced to explain how some particles gain mass and whose existence was predicted
in the 1960s. Although the SM has proven successful in theoretically predicting the existence of particles
that have later been experimentally discovered at high energy physics laboratories, it is still not a complete
theory. For example, it only manages to describe three out of four fundamental forces, and is unable to
describe phenomena such as dark matter. Therefore, theorists and experimentalists are led to believe that
extensions of the SM must exist to account for the unanswered questions in the universe. Some of these
extended SM theories are studied in this thesis, namely the theories that predict a doubly-charged Higgs
boson. But before these theories are introduced, I will give a brief introduction to the formulation of the
SM using the SM Lagrangian, and a presentation of the Higgs boson.

1.1 The Standard Model Lagrangian

The Standard Model is a relativistic quantum field theory, which means that the particles we know are
described as excitations of fields in space-time. The idea is to describe the theory using the SM Lagrangian
L, which is a quantity containing all the dynamics of the theory, i.e. it explains all the interactions between
all the particles in one equation. I will proceed by using the conventions and notations found in [1] and
ask the reader for patience regarding technical terms and the far from complete description of the SM
Lagrangian. From a classical point of view, the Lagrangian is just defined as the kinetic energy minus the
potential energy, L =T — V. From a group theory point of view, the SM Lagrangian is formulated using
the powerful tool of gauge symmetries. The concept of symmetries is commonly used in physics and states
that if a system is invariant under some symmetry transformation, such as the rotation of a sphere that
leaves it just as it was before, each of these invariances under internal symmetries leads to conservation
laws. For example, the invariance under a so-called U(1) symmetry leads to the conservation of electric
charge of the theory. There are three fundamental internal symmetries that define the SM theory, i.e.
invariance under these internal symmetries generates all of the known forces. The symmetries that make
up the theory is the gauge group:

U(l)y x SU(2)L x SU(3)c (1)
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where each term represents one of the gauge symmetries that generate the fundamental interactions and
the force carriers. The SU(3)c! group represents the gauge symmetry of quantum chromo dynamics which
generates the 8 gluons, the mediators of the so-called strong force. The SU(2)r, x U(1)y? group represents
the gauge symmetry of electroweak interactions, which generate 3 massive bosons (Z and W*). These
are the mediators of the electroweak force. As mentioned above, the electromagnetic force mediator, the
photon, is generated by the U (1) internal symmetry. These symmetry transformations give us a hint on how
to organize the fermions in the SM, and how to explain the manner in which the different fermions interact
with each other through the gauge bosons. The leptons and quarks can be represented in left-handed SU(2)

doublets:
i vl i ufx
L - (ﬁ) ) QL704 = <d@> (2)
L */ L

R: dRa> URa (3)

and right-handed singlets:

where v = {v¢ v*, v} and I* = {e,u, 7} are the leptons of the three generations. Similarly there are
three generations of up-like quarks u* = {u,c,t} (called up, charm and top) and down-like quarks d’ =
{d, s,b} (called down, strange and bottom). This SU(2) representation tells us that the quarks and leptons
can interact with each other through the exchange of an electroweak gauge boson (the generators of the
electroweak theory), Z, W~ or WT. The subscript « in the representation of the quarks is introduced
because the quarks can be put into so-called color SU(3) triplets, assigning the quarks a new property:
color a =1, g,b (red, green and blue). The leptons are color singlets (that carry no color and therefore no
subscript «), and thus do not interact with the color charge mediators, the gluons. The Lagrangian of the
theory can be expressed as:

Eferm = Z f_Z’YM,D,uf (4)
f

where the sum is over the different fermions f = L, er, @1, ur and dr. The D,, is the covariant derivative
that ensures invariance under each of the gauge symmetries.
i

T A .
TWi —igs G (5)

Y .
D, =0, —ig1 =B, — 192 5

2
where Y is the generator of U(1) transformations, 7¢, i = 1, 2, 3 are the SU(2);, generators, and A%,
a=1,2,..,8 are the SU(3)c generators. The terms W' and B are the gauge fields of the electroweak
interaction, and Gj; are gluon fields i.e. the gauge fields of the strong interaction. The coupling constants

!The subscript C stands for color.

2The subscript L stands for left and the subscript R stands for right. These subscripts refer to the chirality, or handedness,
of a particle. The chirality is a property of the SM which tells us whether a transformation is under a right-handed or
left-handed representation of the Poincaré group. The meaning of chirality is not very intuitive, but effects of chirality are
incorporated in the SM, which treats left-handed and right-handed particles differently.
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g1, g2 and g3 are a measure of how strong the interactions are. To summarize, the SM Lagrangian in
Equation (4) contains all the fundamental particles of the SM, i.e. the six quarks, the six leptons and the
12 gauge bosons. The only missing piece of the theory is to explain how these particle gain mass, which
will be done in Sec. 1.2 treating the Higgs mechanism.

1.2 The Higgs Mechanism

The SM would not be a complete theory if it was unable to explain how particles gain mass. Fortunately,
it does, and I will try to, in all brevity, walk you through the concept of spontaneous symmetry breaking
(SSB), the Higgs mechanism, and finally introduce the Higgs boson.

Spontaneous Symmetry Breaking

The basic idea behind SSB is that if a system is described by a certain Lagrangian which is symmetric
under some transformation, the system is said to be spontaneously broken when one "picks" a vacuum state
for this system that is not invariant under the same symmetry transformations as the original Lagrangian.
This can be illustrated by the following example. Consider a Lagrangian of the form:

1 1 1
L=T -V =_0,00"¢~ <2u2¢2 + 4A¢4> (6)

with ¢ being a real scalar field. The first term is the kinetic term (whose interpretation is irrelevant for
the discussion of SSB). Just by observation, one can conclude that this Lagrangian is symmetric under a
¢ — —¢ transformation. Now, one can try to find the minimum of this potential V' by taking:

oV
aTzs:O = ¢ (u*+ \¢%) =0. (7)

If one requires that pu? < 0, this field is minimized by

¢0:i\/_52;v (8)

which is called v, the vacuum expectation value of ¢. A usual procedure is treating perturbative expansions
around the ground state, or vacuum state, to establish the dynamics of the system. Expanding ¢ around
v according to ¢ = v + n(z) and inserting it into the expression for the original Lagrangian:

1 . 1
L= 0,00"¢ — ()\02772 + o + 4)\174) . (9)
Without going too much into detail (a thorough derivation is given in both [1] and |2]) one can interpret the
term in front of 2 as a mass term. Thus this Lagrangian describes a particle with mass m% =202 = —242

and the other terms describe the interaction of this particle with other particles and itself. Once the
ground state v is chosen, and the expansion around this state is made, it is obvious that this new system
is not invariant under the reflection ¢ — —¢, and thus the symmetry of the system is said to have been
spontaneously broken. In the following subsection, the same procedure as above will be performed, but for
other fields, and similarly mass terms will appear.
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SSB and the Higgs Mechanism

Instead of considering the simple real scalar field as was done above, one can consider a complex scalar
SU(2)r, doublet which we will call our Higgs field:

_[o" L 01+ ig2 0 ®3+idy

The Lagrangian has the form:
L= (0u0)1(0"¢) = 1610 — Mo'9)? (11)

which is invariant under the local gauge transformation: ¢(z) — ¢'(z) = eX@@(z). The potential in
this Lagrangian is the so called Mexican Hat Potential. The ground state of the scalar field is found by
minimizing the potential with respect to the fields ¢ and ¢° as before:

U2

2
o= =7 (12)

Now the minimum is chosen, and in this case the standard choice is ¢35 = v, ¢1 = P2 = 3 = 0 so that the
field becomes:

1 [0
8(x) = 7 () (13

The dynamics of the system is determined by expanding around the ground state, and instead of expanding
in terms of 7 as before, we call this new field H(x) which, when quantized, can be interpreted as the Higgs
boson. In the case of the real scalar field, picking the direction to obtain the ground state resulted in
a spontaneously broken symmetry with a massive scalar particle n arising. Similarly, mass terms for
scalar particles will arise when plugging in this expression for the field into the original expression for the
Lagrangian in Equation (11), where the 0, is replaced with the covariant derivative in Eq. 5. After the
dust has settled, one can collect the quadratic terms in the gauge fields:

1
(Duo) (DHo) = miy WHW, + §m2ZZ“ZM (14)

where Wf = %(W/} TiW?) and Z, = (nW} — g2B,.)//91 + 93 and lo and behold, the electroweak gauge
bosons acquired masses! This was a short and too technical foundation to the popular scientific expression

that states that particles acquire mass by interacting with the Higgs boson.

2 Beyond the Standard Model

Theoretical extensions of the Standard Model are proposed to account for some of the unexplained phenom-
ena this universe exhibits. Motivations for Beyond Standard Model (BSM) formulations include questions
such as why can the fourth force, gravity, not be accounted for in the SM, why is there more matter than
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anti-matter in the universe, what is dark matter and dark energy? One open question that is of particular
interest in this analysis is the one concerning neutrinos. The Standard Model along with early experiments
have previously proposed that neutrinos are massless, but recent neutrino oscillation experiments [3] pro-
vide proof for tiny, but non-zero, neutrino masses. Several extensions of the SM are formulated to address
the problem of neutrino masses, and why they are so tiny in comparison to other fermions. Some of them
include the proposed existence of a doubly-charged scalar which plays the leading role in this analysis.

Left-Right Symmetric Models

In Sec. 1.1, the introduction of the SM Lagrangian, leptons were put into left-handed SU(2) doublets and
right-handed singlets. In the brief explanation, the peculiar property of the SM that does not incorporate
right-handed neutrinos, was overlooked. The Left-Right Symmetric Models (LRSM) [4] generate a neutrino
mass term by extending the gauge group to include a right-handed SU(2)g group:

SU(Q)L X SU(?)R X U(l)B_L (15)

The motivation for this model is the so called See-Saw mechanism that generates light left-handed neutrino
masses but heavy right-handed neutrino masses. In the same way that the Higgs mechanism breaks the
electroweak symmetry that results in generating the electroweak gauge bosons, the breaking of the LRSM
gauge group generates scalar triplets of SU(2)g. What is of interest for this analysis is the doubly-charged
scalars that are contained in these SU(2)g triplets.

Higgs Triplet Model

The Higgs Triplet Model (HTM) is a minimal extension of the SM that adds a complex scalar SU(2)p,
triplet. The model provides masses for neutrinos without introducing right-handed neutrinos. The model
has 7 Higgs bosons, neutral, singly and doubly-charged.

Doubly-charged Scalars

The doubly-charged scalars that are proposed in some SM extensions can be produced through a virtual

photon or a Z-boson as depicted in Fig. 1. Depending on the model, these doubly-charged scalars can

either decay directly into same-sign (SS) lepton pairs or into singly charged scalars and virtual W bosons.

The decay into a same-sign lepton pairs leads to a very clean signal and is treated in this analysis. The

decay rate for doubly-charged scalars to a pair of same-sign leptons is given by [5]:

M p++
8

D(H** 5 F5) =S |hij|? (16)

where i and j denote the lepton flavour, S = 1(2) for i = j (i # j) and h;; is the Yukawa couplings.
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Figure 1: A diagram depicting a process with two doubly-charged Higgs bosons decaying to two same-sign
leptons pairs.

3 Experimental Particle Physics at the LHC

The previous sections lead the reader through the theoretical foundations of particle physics, the SM and the
BSM extensions introduced to account for the unexplained phenomena in the universe. But, the formulation
of the SM could not have been done without close connections to experimental results, and the theories
would have been worthless without their testability. The basic idea is to produce all of these fundamental
particles by colliding two beams of hadrons (such as protons) or electrons and positrons and observe what
comes out. In this section, I will present the structure of particle production through collisions, the Large
Hadron Collider (LHC) at CERN, and the ATLAS detector.

3.1 Particle Production at Hadron Colliders

Protons are hadrons, i.e. composite, color neutral particles that are made out of quarks and bound together
by gluons. The quarks and gluons (collectively called partons) each carry some fraction of the protons
momentum Zpgrton, according to the Parton Distribution Function (PDF), denoted f(z). The momentum
of the proton is denoted P and thus a parton carries momentum according to p = xP. The likelihood for
producing a kind of particle or a particular final state is denoted as the cross section. The hadronic cross
section Ohadronic = Opp—H++H-— for pair producing doubly-charged Higgs bosons at the LHC by colliding
protons with momentum P and P’ is found by considering the partonic cross section for the sub-process
Opartonic = Oqgs* /2% —H++H—~ and the PDF’s for finding a quark and an anti-quark in the proton with a
certain fraction of the protons momentum, integrated over all of the possibilities for the fractions parton:

Tggsirt+m—— (P, P') = Z/
q xz

The partonic cross section can be calculated by considering the Lagrangian describing this interaction, or

1 1
diﬂq/ d$§fq(wq)fti(xlf)UqQﬁH++H**(wqp’ qu/) (17)

q,min Tg,min

more particularly, by considering the probability amplitude for a transition from an initial state to a desired
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final state given by the interaction terms in the Lagrangian. One has to also take into account momentum
conservation and masses of the particles involved in the process, all of this is described in [2].

3.2 The Large Hadron Collider

The most famous and powerful hadron collider today is the LHC at the European Organization for Nuclear
Research, CERN, located outside of Geneva on the Franco-Swiss border. The LHC is designed to accelerate
and collide protons at a center of mass energy of /s = 14 TeV. Up until now, the LHC has been operated
up to /s = 8 TeV during Run I until the end of 2012, and after an upgrade, the LHC will operate at its’
design energy during Run II starting in 2015. The protons are obtained by stripping off the electrons from
hydrogen atoms. The acceleration of the protons is done by a series of accelerators, the linear accelerator
Linac 2 followed by the three synchrotrons: the Proton Synchrotron Booster, the Proton Synchrotron (PS)
and the Super Proton Synchrotron (SPS). Once the protons have reached an energy of 450 GeV they are
injected into the LHC ring in two counter-rotating beams. The LHC ring measures 27 km in circumference
and is built up by alternating curved segments with straight segments. There are 8 curved segments in
which the protons are bent in a circular orbit by strong magnetic fields, and there are 8 straight segments
in some of which the protons are accelerated using time-varying radio frequency electric fields, so called
RF cavities. During the acceleration, the protons will enter the RF cavities with different energies. The
principle behind using a time-varying electric field is that the relatively slower protons, with lower energy
since they bent more in curved segments, arrive earlier relative the other protons in the RF cavity and
will thus experience a higher field strength. This gives the slower protons a push forward while the more
energetic protons are less accelerated. After some time the proton bunches are separated in time by for
example 25ns (which is the designed bunch spacing for Run IT). Once these bunches have reached their
intended energy, the two counter rotating beams are focused to collide. The collisions happen at different
Interaction Points (IPs) along the LHC ring and each IP is surrounded by a detector to analyze the result
of the collisions. There are four main detectors, ATLAS (A Toroidal LHC Apparatus), ALICE (A Large
Ion Collider Experiment), CMS (Compact Muon Solenoid) and LHCb.

Luminosity

In order to know how many protons that actually are collided, the concept of luminosity is introduced. It
is a measure of how many protons are passing each other per unit time per unit area[15]. The concept of
luminosity is also related to the cross section, and therefore the theory through:

N:cr/ Ldt (18)
0

As an experimental physicist, one is interested in the quantity N, the number of events produced, given
a certain cross section ¢ at a given luminosity L of the machine that has been running for some time
7. Therefore the equation shows the important relationship between experimentally produced events,
theoretically calculated cross sections and accelerator design. Integrated luminosity is a commonly used

10
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2 3

quantity related to the amount of data collected and has the units of cm™ or more conveniently in barns
such as fb~!. For example, all of the \/s = 8 TeV data collected by the ATLAS detector during 2012 is
20.3 b~ L.

3.3 The ATLAS Experiment

The ATLAS detector is designed as a multi-purpose detector aimed to search for many different types of
new physics, such as Supersymmetry, dark matter etc. In each successful collision of protons, called an
event, there is an infinity of possible outcomes. The typical elements that are produced in an event are
jets of hadrons, which is the result of the hadronization of the available partons after a collision, as well
as electrons, muons and tauons and their corresponding neutrinos. A detector must be designed to detect
and identify each of the possible resulting particles, as well as measuring their kinematics. The ATLAS
detector is built up by several layers of detectors wrapped around some of the beam centred around the

interaction point, see Fig. 2.

25m

Tile calorimeters

‘ ‘ : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Figure 2: A schematic picture showing the different components of the ATLAS detector [6]

The Inner Detector

The innermost layer is the Inner Detector (ID) designed for measuring the momenta of charged particles
as well as their trajectories [7]. Closest to the beam pipe is the Pixel Detector, a silicon based detector,

3A barn is a unit of area, 1b = 10~ %*cm?

11
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designed to determine the impact parameter and identify short-lived particles that decay close to the
primary vertex (the vertex in which all the interesting physics happens). The Semiconductor Tracker is
also a silicon based detector that measures the momentum of charged particles, the impact parameter
and determines the position of the primary vertex. The Transition Radiation Tracker (TRT) uses drift
tubes, or straws, filled with a gaseous mixture of xenon, carbon dioxide and oxygen. Charged particles
ionize the gas in the tubes and the freed electrons drift to an anode which can be used to determine the
track coordinate and momentum of the charged particles. The TRT has the ability to identify particles
by discriminating between different charged particles such as the pion and the electron. The whole 1D is
subject to a magnetic field of 2T generated by a solenoid.

The Calorimeters

Outside of the ID are different calorimeters whose main purpose is to measure the energy of the particles
[8]. The idea is that the particles should deposit all of its energy into the calorimeter, which means that
the detector should be filled with materials in which the particles are likely to interact. The first type
of calorimeter is the Electromagnetic Calorimeter, which is a lead-liquid argon detector for measuring the
energy of and identifying electrons, positrons and photons. The second type of calorimeter is the hadronic
calorimeter which is composed out of three different kinds of calorimeters, the tile calorimeter, the hadronic
end-cap calorimeter and forward calorimeter (which has both an electromagnetic part and a hadronic part).
The hadronic calorimeter enables determination of the energy of hadrons.

The Muon Spectrometer

Due to their relatively long life time, muons are able to pass through the inner detectors and calorimeters,
and are identified in the outermost detector, the muon spectrometer [9]. A magnetic field generated
by a toroid enables for momentum measurement and charge identification. This is due to the fact that
these charged particles will bend in a magnetic field, and since the radius of curvature is related to their
momentum. Drift tubes are used for tracking. The muon spectrometer measures the momentum of muons,
which is of essence in this analysis. The momentum resolution is examined in [10] by considering the
invariant mass spectrum of the Z boson, the Z-peak, and shows that the resolution o(pr)/pr becomes
worse with higher pr. The momentum resolution can further be translated into invariant mass resolutions,
which is relevant in this analysis, since the aim is to find a mass peak, i.e. an invariant mass distribution.
Muons are identified by using information from the ID and the muon spectrometer.

4 Search for doubly-charged Higgs boson

Now the essence of this thesis is swiftly approaching. After the theoretical motivation behind BSM searches
and the presentation of the ATLAS detector, the aim of this thesis can be formulated. Searches for doubly-
charged Higgs bosons in same-sign dilepton final states have been conducted at CMS [11] and ATLAS [12]
at /s = 7TeV, at the LHC. Lower bounds on the mass of the doubly-charged Higgs bosons have been
established between 204 and 459 GeV [11]| and between 375 and 409 GeV [12] assuming a 100 % branching

12
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ratio for each final state, (ete®, eTp®, rret, ptpt, ptr*, 757% for [11] and eTe®, etp®, ptu® for

[12]). In a dissertation published in 2014, [13] , with an inclusive search for the production of same-sign
lepton pairs (etet, et pt, ptp®) using 20.3fb~! of \/s = 8 TeV pp collision data recorded with the ATLAS
detector, lower mass limits on doubly-charged Higgs bosons were further improved from the /s = 7TeV
by 30-40 % (470-550 GeV for left handed* Higgs bosons and 370-440 GeV for right handed Higgs bosons).
With the starting point in this analysis [13], the aim of my thesis is to improve the lower mass limits by
implementing new optimized cuts to reduce the background while keeping the signal.

4.1 Event Generators

In order to do particle physics analyses, it is essential to compare the recorded data to theoretical expec-
tations. The connections between experimentally recorded data and theory are event generators. The idea
behind event generators is to simulate what an event would look like. In essence, the event generators
provide complete information about what the event would look like, if it occurred. The simulations are
done by using the Monte-Carlo method, which is based on generating random samples to obtain numer-
ical results, and more specifically in the particle physics case, evaluate integrals over probability density
functions and generate samples according to these distributions. In the case of the optimization done in
this thesis, the idea is to use doubly-charged Higgs boson simulations and simulations of ordinary SM
background processes, and find variables to cut on so that the background is minimized. When these cuts
are established, they are applied to real data. If a significant excess of data is observed in the region where
the background is minimized, this might indicate a discovery.

4.2 Optimization

As mentioned in the previous subsection, the idea behind the optimization is to find variables to cut on
to reduce the SM background while keeping a significant part of the signal. Significance is measured in
standard deviations n,, assuming a Normal (or Gaussian) distribution N (u, o) which is the probability that
the measured value = will cover the true value p [16]. For example, a "16" (ngigma = 1) effect corresponds
to an area of 0.32 of the upper tail outside of § = 1o from the mean p, which means that once every
third time a measurement is conducted the true value will fall outside the confidence interval. A "3¢"
(ngigma = 3) effect corresponds to an area of the upper tail outside of § = 30 of 0.0027, which means that
once every 370th time a measurement is conducted the true value will fall outside the confidence interval.
An effect is considered significant when n, > 5. The significance in this analysis is defined as:

(19)

*Left and right-handed refers to the chirality of the particle, see Sectionl.1. In this case, the left-handed and right-handed
doubly-charged Higgs bosons decay into a pair of left-handed or right-handed fermions respectively.

13
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where B is the simulated number of background events, and S the simulated number of signal events. This
quantity is also related to the Luminosity L introduced in Eq. 18:

N = a/ Ldt (20)
0

where one can relate the cross sections of the signal and background processes, og and op, and thus
calculate the amount of data needed to reach ngigmq > 5 which would mean detection of the signal, in
terms of integrated luminosity Lins:

/7 08
o =\ Lin . 21
" VG 2!

4.3 same-sign Event Selection

This analysis is done by assuming that the doubly-charged Higgs boson only decays to muons, thus ignoring
bosonic decays such as H*+ — W*W and other leptonic final states®. The assumption provides a clear
di-lepton final state free of SM background, ideal for analyses, as opposed to the bosonic decays with
complicated final states including missing transverse momentum due to neutrinos® and jets. Under this
assumption, one can conclude that the signal final state event should include pairs of same-sign muons
with high transverse momentum (pr > 20 GeV), originating from or close to the primary vertex (prompt
muons) as well as being isolated (meaning that a small cone surrounding the track is free from other tracks
from jets other processes). All the cuts are presented in Appendix A.3. The Monte-Carlo samples used for
the five signal regions are presented in Appendix A.4.

4.4 same-sign Background

The perks of the assumed 100 % branching ratio to same-sign leptons is that it provides a clean signal with
low background predictions. The dominant SM background processes that imitate the signal, i.e. with a
final state with two same-sign leptons, are the following:

e WHZ — ITvItIT (a)
e W=Z = 1= vI*IF (b)
« ZZ — 1717 1M1t (c)

These processes are presented as diagrams in Fig. 4.
There are also processes where a tt-pair is produced and decays semi-leptonically along with a gauge
boson (either W or Z) that decays leptonically, see Fig. 5. Another possible SM background is W*W+ —

I*1*vv 4 2jets. The cross sections for these processes are presented in Appendix A.4.

SLeptonic final states such as HT* — eiei/TiTi and lepton flavour violating processes such as H**

et pt Jetr Jut et
5Neutrinos cannot be detected directly in the ATLAS detector, but by imposing conservation of momentum their existence
can be indirectly detected by assigning them the "missing" momentum.
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Figure 4: Examples of some of the dominant SM background processes producing same-sign leptons,
W+Z = 1T vitIT (a), W= Z = 1= vl* 1T (b) and ZZ — 1717 1T1T (c).

d t g t
F g
Z
u w+ g t
(a) (b)

Figure 5: FExamples of some of the more rare SM background processes producing same-sign leptons,
tt+ W (a) and tt + Z (b), the t and ¢ can decay to muons, and the W and Z can also decay to muons,
and combined they produce at least one same-sign lepton pair.
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Fake Factor Method

The processes mentioned in the previous subsection are so called prompt processes, i.e. the leptons in the
final state come from the primary interaction. There is another kind of process that can lead to same-sign
lepton pairs in the final state. These processes are called non-prompt, they provide same-sign muon pairs
in the final state where either one or both of the muons does not originate from the primary interaction
(called true fakes), or from either photons, jets or hadrons being misidentified as muons (just called fakes)
(this misidentification is a much smaller effect than the non-prompt secondary muons). The dominant
non-prompt process, the true fakes, are decay products from b-jets, pions or kaons produced in the primary
interaction and decays in flight. For example if some particle with short life time decays to a muon within
the distance set by the impact parameter dy, it can wrongly be identified as a signal muon even though it
is not originating from the primary vertex 7. To estimate the non-prompt contribution to the background,
I will use the results of a so called fake factor method [13]. The idea is to predict how many of these muons
are non-prompt by, first of all, defining a region that is assumed to be rich in fakes, called the fake region.
Since this method is data-driven, one must also impose a fake region that is different than the signal region
defined in Appendix A.3. The fake region is defined by loosening the impact parameter cut |dp]|, to get a
region that is rich in fakes, and by reversing the |do|/o(dp) to get a region that is different than the signal
region. The fake region is defined by:

° ’do’/O‘(do) >3
e |dp| < 10mm

Now, one defines two objects, numerator and denominator objects. Numerator objects are defined as signal
muons but in the fake region. Denominator objects are defined as numerator objects, but with one cut
reversed to make numerator and denominator objects mutually exclusive. The ratio f = Z—’[\)’ is the "fake
factor" calculated by measuring the number of numerator objects ny and denominator objects np, both
measured in pr and 7 binning. The fake factor can be viewed as a ratio that gives how many denominator
objects will appear as signal muons in some region defined by pt and n. The fake factors are calculated in
[13] and presented in A.5. To estimate the background contribution due to fakes, this fake factor is applied
to different scenarios where one or both of the "muons" in a muon pair pass/passes the denominator cut, and
thus scaled one finds out how many of these denominator objects are actually signal muons. Theoretically,

there are three types of scenarios, namely
e Type A: Only the leading® muon is fake.
e Type B: Ounly the sub-leading muon is fake.
e Type C: Both the leading and sub-leading muons are fakes.

When evaluating this experimentally, one encounters scenarios where all muons in an event are paired up in
all possible combination, and within these pairs, either both pass the numerator cuts (N+N), the leading

"See Appendix A.3
8The leading muon is the muon with highest pr.
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one passes the numerator cut and the sub-leading passes the denominator cut (N+D), the leading one
passes the denominator cut and the sub-leading passes the numerator cut (D+N) or both the leading and
sub-leading pass the denominator cut. The total number of fakes is obtained by adding the contributions
from the three theoretical scenarios, A+B+C, which experimentally is translated to the following:

Nrakes = 3 folprim)+ Y filprom)— Y, fulprin) fa2(prim)
) )

i€(N+D i€(D+N 1€(D+D)

where the first term contains contributions from types B and C (the sum Zie( N+D) 18 Over muon pairs
where the leading muon passes the numerator cuts and the sub-leading passes denominator cuts with fo
being the fake factor for the sub-leading muon, that provides how many of these muons can be interpreted
as fake muons), the second term contains contributions from type A and C (the sum Zie( D4N) is over
muon pairs where the leading muon passes the denominator cuts and the sub-leading passes numerator
cuts with f; being the fake factor for the leading muon, that indicates how many of these muons can be
interpreted as fake muons), and the last term is included to avoid double counting of the contributions from
type C. In [13], the n dependence on the fake factors is not significant, and therefore the pr dependence of
the fake factor will be considered.

4.5 Strategy

Now that the aim of this thesis is formulated, along with the description of the signal and background
processes, the strategy for this analysis is presented. As mentioned above, the idea is to improve the
lower mass limits by finding optimized cuts that reduce the background while keeping the signal, and then
apply these cuts to real data. The data used are collected at the LHC during Run I at /s = 8 TeV, and
correspond to an integrated luminosity of 20.3fb~!. The variables to cut on that are examined are: the
transverse momentum pr of the leading and sub-leading muons, the scalar sum Hrp of the lepton transverse
momenta, the angular difference A¢? , pseudo-rapidity 7, missing transverse momentum ¥ and invariant
mass of the muon pair. In principle, a cut on the number of same-sign lepton pairs could be examined (since
theoretically more than one same-sign pair could be produced), but according to recent publications [14],
multi-lepton final states are heavily suppressed. Events with two or more same-sign muons are selected,
and all pair combinations of muons are considered. The analysis is performed as a so called blind analysis,
which means that in principle the whole analysis is made with just considering MC samples, i.e. without
looking at data. This is to reduce the probability for biasing the optimization due to what is seen in data.
Once the cuts are obtained, the analysis is "unblinded" when the cuts are applied to data. Only statistical
errors are considered, systematic errors are for the most parts ignored in this analysis (see Appendix A.2
for a presentation of the uncertainties).

9@ is the azimuthal angle which is the angle that sweeps out the x — y plane, perpendicular to the beam axis z and
A¢p = ¢1 — ¢2 is the difference in azimuthal ¢ between the two muons.

17



5 RESULTS

5 Results

This section is organized as follows. I will first give a couple of remarks on the mass points used, and
comment on the event selection. Then the properties of the different background and signal processes are
presented, followed by a description of the variables that have been examined and the final optimized cuts
and the corresponding significances. The numerical results are presented at the end of this section.

5.1 Remarks

This analysis was performed using five different mass points, i.e. MC samples generated for a doubly-
charged Higgs boson of mass my++ = 150GeV, my++ = 300GeV, my++ = 500 GeV, mpyr+ = 600 GeV
and my++ = 1000 GeV. Even though a doubly-charged Higgs boson has been excluded up to a certain
mass (400-500 GeV, see Sec. 4.), I chose to include the mass points mg++ = 150 GeV and mpy++ = 300 GeV
because they correspond to processes having larger cross sections and narrower mass resolutions than the
higher mass points, and thus provide more statistics to simplify the optimization. In ATLAS analyses
there are a couple of corrections that are applied to Monte-Carlo (MC) samples, to account for, e.g., pile-
up effects, lepton identification and isolation efficiencies, for better agreement with data. In this analysis,
these corrections are not applied, but instead the MC samples are normalized to data. The normalization is
done before any cuts are applied. Remarks on the data taken as well as the a comment on the uncertainties
included in this analysis are presented in Appendix A.1 and Appendix A.2. The actual analysis was
performed using the data analysis framework ROOT [20] developed for high energy physics analyses.

5.2 Signal and Background Distributions

Below are the background and signal distributions presented. The relevant variables for this analysis (as will
be discussed below) are the leading muon pr, invariant mass of the muon pair and their A¢ distribution.

Non-Prompt Background

The background contribution from non-prompt!® muons is presented in Fig. 6, showing the invariant
mass distribution for muon pairs in prompt and non-prompt background processes, as well as data. The
histograms show a reasonably good agreement between the total background (prompt + non-prompt) and
data, which justifies the use of the fake factor method in this region.

0From now on I will use the terms fakes and non-prompt interchangeably.
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Figure 6: Invariant mass distribution for muon pairs (a) and leading muon pr distributions (b). The
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agreement of MC to data with Poisson errors.
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Prompt Background

The prompt SM distributions are presented in Fig. 7 and Fig. 8 for the three relevant variables in this anal-
ysis. The most dominant background are the diboson processes (W*Z — 1T vt 1T, ZZ — 1717 111T).
It is worth mentioning is that the SM backgrounds seem to be heavily suppressed at high pr-and mass
ranges. The lack of statistics in the MC generated samples in these regions should be taken into account
when performing the optimization. Since the aim of the optimization is to reduce the background while
keeping the signal, the lack of backgrounds in higher mass regions must be taken into account. At low pr

fake muons are dominant.
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Figure 7: Invariant mass distribution for muon pairs (a) and leading muon pr distribution for the dominant
SM backgrounds represented as stacked histograms. For the invariant mass and pr distributions the binning
is changed from 300 GeV to include more statistics.
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Figure 8: A¢ distribution for the dominant SM backgrounds represented as stacked histograms.

Signal Distributions

The five signal regions are examined in this subsection, the signal regions corresponding to doubly-charged
Higgs bosons of masses my++ = 150GeV, my++ = 300 GeV, mpy++ = 500 GeV, my++ = 600 GeV and
mpyg++ = 1000 GeV. In Fig. 9 and Fig. 10, the signal distributions are presented with the total background
and data. The momentum resolution of the muon spectrometer becomes obvious at this point, with the

11 Unfortunately, binning with respect to the expected invariant

narrower peaks for lower Higgs masses
mass or momentum resolutions has not been implemented, only a general broadening of the bins to include

more statistic has been implemented at 300 GeV for both distributions.

1 The broader peaks of the pr and invariant mass distributions for higher Higgs masses could in addition to being a detector
effect be due to the shorter lifetimes of the heavier Higgs bosons which will result in broader peaks.
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Figure 9: Invariant mass distribution for muon pairs (a) and leading muon pt distribution (b) for the total

background, signal. The signals are represented as hatched lines. The binning is changed from 300 GeV

and from 800 GeV, and the last bins are overflow bins.
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Figure 10: A¢ distribution for the total background, signal and data. The signals are represented as
hatched lines.

To find the optimal variables to cut on, and their optimal values, it is essential to find a region in the
parameter space where the signal and background differ. From the plots in Fig. 9 and Fig. 10, only the
invariant mass and momentum resolution for the signal are obvious. It is also apparent from these plots
that the optimization for the higher mass regions is not an easy task, due to the lack of statistics in the
background as well as the low cross sections for the signal processes. But zooming in on the scale of the
momentum and invariant mass distributions and on the log-scale of the A¢, see Fig. 11, more distinct peaks
are unveiled. The choice to include the MC samples for the already excluded doubly-charged Higgs bosons
of masses my++ = 150 GeV, my++ = 300 GeV becomes obvious here. By finding optimal variables to cut
on for these signal regions that are characterized by their relatively high cross section, one can extrapolate
these results to the higher mass regions as well. From Fig. 11 another cut becomes obvious, a lower cut
in pr around 100 GeV that is predicted to rise for higher mass regions. This cut is heavily correlated to
a cut around the expected invariant mass peak of the signal for low pr regions. Examining the difference
in azimuthal angles for the two muons, another trend is disclosed. As opposed to the other variables, the
A¢ has no lack in statistics in any region, which gives a hint that it should be an interesting variable to
include. By eye, one can see that a lot of background can be excluded by setting an upper cut on A¢. The
background has high values for the A¢, meaning that the same-sign leptons often go out back-to-back in
the detector. Keeping the behaviour of the background in mind, an extrapolation of the A¢ cut can be
done by considering the boost of the doubly-charged Higgs bosons. A light doubly-charged Higgs boson
will be more boosted than a heavier one. This is because a light Higgs has more available momentum after
its production, i.e. it will travel faster and be more boosted. Whereas for the heavier Higgs boson, more of
the available energy goes into its production, leaving it with less momentum to travel off with. Therefore
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the decay products of the heavier doubly-charged Higgs bosons will go out more back-to-back, i.e. with

a higher A¢ value. Extrapolating on this trend of the less boosted heavier Higgs bosons, one can assume

that a cut on A¢ that increases with the doubly-charged Higgs mass is in order.
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Figure 11: Leading muon pr and A¢ distribution for the total background and signal, zoomed in to disclose

the characteristic peaks and bumps of the signal.
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5.3 Optimized Cuts

Events are selected with two or more muons. First of all, the most obvious cut is applied, namely the
same-sign muon requirement. The events selected are those where two muons have the same-sign, and
where more than two muons form combinations of muon pairs that have the same-gign. An invariant mass
cut is applied my < 15GeV to reject events that could originate from the mass peak of a J/¥ meson!213.
The invariant mass of the decay products of the doubly-charged Higgs boson forms a mass peak centred
around the expected mass, see Sec. 5.2. Therefore, an effective way of isolating the signal would be to

apply a cut around the mass peak of width Amy according to:
\m” — mH] S AmH (22)

where my; is the invariant mass of the muons and my the mass of the doubly-charged Higgs boson. With
the starting point in the discussion about resolution of the pr and invariant mass distributions of the muon
spectrometer (see Sec. 3.3.), conclusions can be made about the width of the expected mass peaks in the
different signal regions. The A¢ cut is applied as well as a cut on leading muon transverse momentum.
Several variables were examined in the search for the maximum significance, such as sub-leading muon pr,
the pseudo-rapidity'* n of the leading and sub-leading muon, missing transverse momentum J, number
of jets and the scalar sum of lepton pp, Hr', but these additional variables were not as effective as the
optimal cuts Amy, A¢ and pr of the leading muon. The variable 5 of the leading and sub-leading muon
did not provide a good enough discrimination between background and signal. A cut on the number of
jets did not improve the results either, since neither the signal nor the background expects a dominant
jet contribution. Sub-leading muon pt and Hp showed distributions where no additional discrimination
between the signal and background could be made, so they were not used.

For the optimization, a script was written that maximized the significance when making a selection on
three of the different variables simultaneously, and provided the optimal values for the three most efficient
variables to cut on. Each variable was examined on its own, and rejected if it did not increase the signif-
icance. The optimal values for the optimal variables for each signal region are presented in Tab. 1, along
with the corresponding significance.

"2The J/¥ meson is a bound state of a charm and an anti-charm quark of mass 3.097 GeV with significant branching fraction
to leptons that could mimic the signal.

13Tn fact, this cut is a residue from a previous analysis [13] where same-sign electrons are treated in addition to muons.
For electrons, the probability for charge misidentification is significantly higher (due to Bremsstrahlung), resulting in a larger
probability for the opposite sign decay products of a J/¥ to be misidentified as a same-sign pair. This effect is heavily reduced
for muons since muon charge misidentification is negligible [13], so even though the cut in this analysis is redundant, it is still
applied for completeness.

YPseudo-rapidity is defined as n = —In (tan(0/2)) a spatial coordinate describing the angle of a particle relative to the

beam axis where 6 is the angle from the particle track to the beam axis.
15 —
Hr =3, pra
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Cuts Ampg (GeV) prp (GeV)  |A¢| n, (o)
my = 150 GeV >9 > 120 <16 33
my = 300 GeV > 27 > 130 <12 3.8
my = 500 GeV > 60 > 130 <15 1.7
my; = 600 GeV > 100 > 130 < 1.7 1.2
my = 1000 GeV > 250 > 100 <25 0.044

Table 1: Optimized values for the optimal variables to cut on with the associated significance for each
signal region. pr is the leading muon transverse momentum.

Bearing in mind the assumptions on the values of the cuts that were discussed above, it is of interest
to see if the predicted values correspond to the values obtained by the actual optimization performed by
the script. From Tab. 1, the value for Ampg cut increases with the doubly-charged Higgs mass, which
is according to the predicted trend proposed by the invariant mass resolution of the muon spectrometer.
The pr cut is not changing drastically, it is maintained around 120 GeV which is opposing the slight rise
that was predicted. Another deviation from the predictions is in the relatively low value of the pr cut for
my of 1000 GeV. This deviation can be explained by the efficiency of the Ampg cut, which successfully
reduces a lot of background resulting in the pr cut becoming more or less useless. The A¢ cut is also
following the predicted trends, with a value increasing with the doubly-charged Higgs mass, at least for
mpg = 300GeV to my = 1000 GeV. The high value for the A¢ cut for my = 150 GeV can probably be
explained by the efficiency of the other cuts. Although it is assumed that the A¢ cut is the most sensitive
for low doubly-charged Higgs masses, it is still not as efficient as the other cuts in this region. The efficiency
in these cuts is cross-checked in the subsequent section treating the numerical results of the efficiency of
the cuts. The significances follow the obvious prediction that the significance increases with cross section.
The results when only applying the pt and A¢ cuts are presented in Tab. 2 along with the corresponding
significance. When only applying the pr and A¢ cuts, the significance is reduced by an order of magnitude,
approximately, for all signal regions.

Cuts pr (G&V) [Ad] ny (o)
myg = 150 GeV > 120 < 1.6 12
myg = 300 GeV > 130 < 1.2 0.52
myg = 500 GeV > 130 < 1.5 0.030
mpyg = 600 GeV > 130 < 1.7 0.016
myg = 1000 GeV > 100 < 2.5 0.00044

Table 2: Optimized values for the A¢ and pr cuts with the associated significance for each signal region.
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5.4 Numerical Results

First of all, histograms containing the five signal regions, the total background and the data, with a ratio
plot to indicate the agreement between data and background, are presented in Fig. 12 and Fig. 13.
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Figure 12: Invariant mass distribution for muon pairs (a) and leading muon pr distribution (b) for the total

background, signal and data. The signals are represented as hatched lines, and the data are represented as

closed circles with Poisson errors. The binning is changed from 300 GeV and from 800 GeV, and the last

bins are overflow bins.
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Figure 13: A¢ distribution for the total background, signal and data. The signals are represented as
hatched lines, and the data are shown as closed circles with poisson errors.

Fig. 12 and Fig. 13 show positive result. As mentioned before, the MC samples were normalized to
data instead of applying some corrections (see Sec. 5.1), and they show a very nice agreement with data
and background for low pr and my. But it is not obvious that they should keep agreeing for higher pr
and my, since the background MC samples were lacking statistics in these regions, but Fig. 12 indicates
that the data and predicted background show a very nice agreement. With this in mind, one can conclude
that no excess in data is observed, and this is not due to lack of background statistics or problems with the
normalization, it simply means that no doubly-charged Higgs bosons were found. If data and background
did not show a good agreement at higher pt and my;, the validity of the optimization and the cuts could
be questioned.

Five signal regions are examined in this analysis. The numerical result of the efficiency of the cuts are only
discussed for three of these signal regions, namely for my = 150 GeV, myg = 500GeV, my = 1000 GeV.
The results for the other regions are presented in Appendix A.6. The first region corresponds to a doubly-
charged Higgs boson that is already excluded, but it has a high cross section that is valuable for testing
the validity of the optimization. Table 3 presents the number of events passed for each type of background,
signal and data, in the first column with no cuts applied, and the subsequent columns with the indicated
cut implied in the first row. The errors presented are Gaussian. If no events pass the cuts, as is often the
case when all of the cuts are applied to rare SM processes, an uncertainty is added corresponding to one
event. Table 4 presents the same results, but with the relative efficiency of the cuts in percent.
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myg = 150 GeV no cuts Ampy pr A¢ pr + A¢  All Cuts

WZ — v 1177.8£34.3  92.949.6  126.1+£11.2 336.04+18.3 24.3+4.9 1.9+1.4

77 — 1111 314.8+4.3 22.0+1.1 26.0+1.1 50.0+1.3 3.2+0.3  0.3+0.1

WW + 2j 6.5+0.1 0.6£0.0 1.3£0.1 2.3+0.1 0.440.0 0.0+1.0

tt+V 14.1+0.2 1.040.0 2.840.1 5.74+0.1 0.8+0.1 0.0+1.0

Fakes 300.04+3.7 7.9+0.4 6.8+0.3 84.54+2.0 1.740.2  0.340.1

Total Background | 1813.24+42.6 124.4+11.2 163.0£12.8 478.6+21.9 30.4+55 2.5+1.6

MC myg = 150GeV | 160.7+1.8 128.94+4.8 95.0+3.3 92.94+2.0 65.7+4.3 52.94+5.8
Data 1814 143 136 526 22 0

Table 3: The number of events obtained after applying the cuts determined by the optimization for mpy =
150 GeV. The cuts are specified in Tab. 1. The errors indicated are Gaussian. The rows show the five
dominant background processes, the total background, the signal MC and finally the real data. The V
indicated in the fifth row of all tables is a boson, either W or Z.

myg = 150 GeV Ampy pr A¢  pr+ A¢p All Cuts
WZ — lllv 7T9% 107% 285% 21% 0.2%
77 — 1111 7.0% 83% 15.9% 1.0% 0.1%
WW + 2j 94% 208% 358% 6.6 % 0.0%
tt+V 70% 200% 406% 5.5% 0.2%
Fakes 26%  23% 282% 0.6% 0.1%
Total Background | 6.9% 9.0% 264% 1.7% 0.1%
MC myg =150GeV | 80.2% 591% 578% 40.9% 329%
Data 79% 75% 29.0% 1.2% 0.0%

Table 4: The efficiency of applying the cuts represented in percentage for mpy = 150 GeV.

If a doubly-charged Higgs boson of mass myg = 150 GeV existed, one would see 53 events passing the
cuts. Obviously this is not the case since there are zero events in the data that passed the cuts. If it were
the case, we would have had a detection with a significance of 33 0. Since a doubly-charged Higgs boson of
mass approximately my < 450 GeV has already been excluded, this was just a cross-check to see if these
results were contradicting the results of previous analyses. The most interesting results in data are found
in Tab 5, where one expects 1.7 £ 0.9 events passing the cuts if a doubly-charged Higgs boson of mass
mpg = 300 GeV exists, and there is indeed 1 event passing the cuts in the data. Even though this could
look like a detection of a doubly-charged Higgs boson, it should not be treated as one. First of all, it is
contradicting established results of previous analyses that has excluded a doubly-charged Higgs of mass
my = 300 GeV. Secondly, the error included here are just statistical, and if the systematic uncertainties
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were implemented, the errors would have been high enough that this would just look like a fluctuation, and

not a detection.

myg = 300 GeV no cuts Ampyg pT A pr+ A¢ All Cuts

WZ — v 1177.8434.3 39.6+£6.3 100.3+£10.0 228.94+15.1 12.4+3.5 0.240.4

77 — 1111 314.8+4.3 8.84+0.7 19.5+0.9 33.4+1.1 1.5+£0.2  0.041.0

WW + 2j 6.51+0.1 0.3+0.0 1.1+£0.0 1.940.1 0.2+0.0  0.0+1.0

tt+V 14.140.2 0.51+0.0 2.3+0.1 4.1+0.1 0.4+0.1 0.0+1.0

Fakes 300.0+3.7 2.04+0.1 4.740.2 59.0£1.7 0.94+0.1 0.0+1.0

Total Background | 1813.2442.6 51.3+7.2 128.0+£11.3 327.3+18.1 15.543.9 0.2+0.5

MC myg = 300 GeV 7.4+0.1 6.1+0.4 7.0+0.3 2.240.1 2.14+0.3 1.74+0.9
Data 1814 45 114 370 16 1

Table 5: The effects of applying the cuts determined by the optimization for my = 150 GeV. The cuts are
specified in Tab. 1. The errors indicated are Gaussian. The V indicated in the 5th row of all tables is a
boson, either W# or Z.

Tab. 6 and Tab. 7 present the same kind of results in percentage for my = 500 GeV and my = 1000 GeV,
but the number of events passed for each cut is presented in Appendix A.6. The Amy is obviously very
efficient in keeping the signal, for all signal regions, which was predicted. For mpy = 150 GeV the A¢ and
pr are equally successful in keeping the signal, but the pr cut is more efficient in reducing the background.

myg = 500 GeV Ampy pr A¢  pr+ A¢p All Cuts

WZ — lllv 08% 85% 26.1% 1.5% 0.0%
77 — 1111 0.7% 62% 142% 0.6 % 0.0%
WW + 2j 1.9% 17.0% 34.9% 4.7% 0.0%
tt+V 08% 166% 38.1% 4.1 % 0.0%
Fakes 00% 1.6% 256% 0.3% 0.0%

Total Background | 0.7% 7.1% 241% 1.2% 0.0%
MC myg =500GeV | 82.0% 99.4% 355% 353% 28.0%
Data 06% 63% 259% 1.1% 0.0%

Table 6: The efficiency of applying the cuts represented in percentage for mpy = 500 GeV.
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myg = 1000 GeV Ampy pr A¢  pr+ A¢p All Cuts

WZ — lllv 01% 179% 62.0% 8.3% 0.0%
Z7Z — 111 0.0% 141% 458% 4.1 % 0.0%
WW -+ 2j 00% 292% 689% 17.0% 0.0%
tt+V 00% 31.8% 73.0% 21.6% 0.0%
Fakes 00% 51% 581% 3.5% 0.0%

Total Background 00% 153% 58.7% 69% 0.0%
MC myg =1000GeV [ 90.9% 99.9% 751% 75.0% 68.1%
Data 01% 13.7% 55.7% 6.0 % 0.0%

Table 7: The efficiency of applying the cuts represented in percentage for my = 1000 GeV.

As was predicted, the A¢ cut becomes less significant with higher doubly-charged Higgs masses, i.e. the
increase in the A¢ cut allows to keep more of the signal, but it is at the same keeping a lot of background.
One can conclude that as the A¢ cut becomes less important, the other cuts become more similar. This is
due to the fact that the distributions of the signal and background become more distinguishable at higher
mass regions, since the background invariant mass and muon pr is centred in the low mass regions, whereas
these distributions are centred in higher mass regions. Therefore, a low cut to reduce the background pr is
as efficient as keeping a high invariant peak of the signal. A common effect for all of the tables presented
here, is that the cuts are equally efficient when applied to data and background. This gives a hint that the
data is just composed of SM processes. The most dominant background processes are indeed the diboson
processes (W+Z — 1T viIF T, W=Z — I vl* 1T and ZZ — 1717 1T1") but also the fake background in
low pr regions, therefore one can conclude that in order to properly estimate the background, it is essential
to include fakes. The trends discussed for these mass points are also valid for the mass points presented in
Appendix A.6.

The aim of this thesis has been to find variables that would help in isolating a potential doubly-charged
Higgs boson, and to improve future searches for it. It would have been for nothing if these cuts did not
improve the significance, so a last concluding measurement is done to see whether the cuts are actually
valuable or not, by measuring the significance without any cuts applied. A previous search for a doubly-
charged Higgs boson [13] has used the following cuts for the muon channel:

e Same-sign requirement.
e A Z veto excluding invariant mass pairs in the region 70 < my < 110 GeV.
e A J/1i veto excluding invariant mass pairs under my < 15 GeV.

The significances obtained by applying all, some and none of the cuts are presented in Tab. 8.
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Cuts pr+A¢+Amyg pr+A¢ Ampyg No cuts
myg = 150 GeV 33 12 12 4.2
mpyg = 300 GeV 3.8 0.52 0.86 0.20
myg = 500 GeV 1.7 0.030 0.091 0.011
myg = 600 GeV 1.2 0.016 0.057 0.0054
myg = 1000 GeV 0.044 0.0004 0.0054 0.0002

Table 8: The significances n, obtained by applying all, some and none of the cuts. "No cuts" are just the
cuts presented in 5.4 (same-sign requirement, Z veto and J/1 veto.).

The significances are indeed much improved by applying the cuts, but on should keep in mind that they
never reach 3, let alone 5 which would imply a detection. Applying all of the three cuts provide a huge
increase in significance. The more modest cuts on just pr and A¢ provide at least a significance increased
by a factor of two. The significance obtained when applying just the Amy cut is also presented in Tab. 8,
and the significances obtained are approximately equal to those obtained for by applying the pr and A¢
cuts.

6 Conclusions

To sum up all the results in this analysis is both encouraging and discouraging. The cuts obtained in
this analysis show a drastic improvement of the significances, but no excess in data is observed. On
these energy scales, the cross section for a production of doubly-charged Higgs bosons is very low and the
amount of integrated luminosity required for a discovery is very large (see Appendix A.7 for a calculation
of the required integrated luminosity) so this section will be spent on discussing how the future looks for
doubly-charged Higgs bosons at higher cross sections and center-of-mass energies.

6.1 Optimized Cuts

The values presented in Tab. 1 follow the trends discussed in the previous section. The optimal value for
the width Ampr increases with the expected doubly-charged Higgs mass, reflecting the momentum and
invariant mass resolution of the muon spectrometer. The A¢ cut follows the trend discussed regarding the
boosted Higgs bosons, with an increasing value for higher Higgs masses. Unfortunately, this cut is the most
effective for the lower mass regions, since the more boosted muons will allow to put a low upper cut on Ag,
and thus excluding a big chunk of the background. An extrapolation of this effect will just lead to the A¢
cut becoming less and less significant for higher doubly-charged Higgs masses, as the A¢ of the signal and
background distribution becomes more similar. That being said, it is still included in this analysis, because
it is still providing a small reduction of the background in these signal regions, but as an outlook for Run
IT and higher energies in general, the A¢ will probably not be of interest. On a brighter note, there is not
much of a fluctuation when it comes to the values of the pr cut, which means it is assumed to be fairly
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independent of the different signal regions. Therefore, the pr cut can be treated as a more general cut,
which is unbiased by the specific MC samples and the doubly-charged Higgs mass. A task in this analysis
was to find variables to cut on that would be independent of the most obvious cut, the width Ampg. The
reason for this was that the invariant mass peaks are heavily correlated to the specific MC samples, and
thus the mass of the Higgs. If one knew what the mass of the doubly-charged Higgs boson was, the most
obvious cut would be around its mass peak. But since the mass of the doubly-charged Higgs boson is
not known (yet), one should keep in mind that the cut on the width around the mass peak provides large
significances that are biased to the specific MC samples. It is a common practice in analyses like this to
generate signal MC samples for all of the possible masses (as opposed to only five mass points used in this
analysis) for the doubly-charged Higgs boson or whichever particle one looks for. In that case, one can
optimize signal regions for all of the masses, and the most efficient cut is then around the generated mass
peaks corresponding to high significances. Then when unblinding the analysis, one can sweep over all the
possible mass points, and if no excess is observed in data, one can exclude the existence of the particle
at that mass. Therefore one can conclude that the cut around the mass peak is a very efficient cut and
provides an efficient tool for finding or excluding particles, if more mass points are included. But for an
analysis like this, with few mass points, other cuts should also be implemented. If the cut around the mass
peak is included in future analyses, improvements could be made by take into account the binning around
the peaks, which has not been implemented here. This could hopefully result in a better discrimination of
the signal to background and thus provide more accurate cuts on the width.

Important results in this analysis are the significances obtained for applying the different sets of cuts.
Applying all of the cuts results in a very high significance (33 o) for the lightest doubly-charged Higgs boson,
and relatively high significance (1.2-3.8 ¢) for doubly-charged Higgs bosons of masses my = 300 GeV to
myp = 600 GeV. This leads to the conclusion that these cuts are valid, but limited to searches for doubly-
charged Higgs bosons of just five different masses. Just applying the pt and A¢ cuts and just applying the
Amy cut result in almost the same-significances, and thus one can conclude that the two sets of cuts are
equally good, but the pr and A¢ is more general since it is not depending less on the specific MC samples.
To conclude, this analysis has found cuts that increase the significance by almost a factor of ten (compared
to when no cuts are applied), which is a very drastic increase and should be seen as a success.

No excess in data is observed, but data and background show a very good agreement which is a good
cross-check to secure the validity of this analysis.

Systematic uncertainties are not implemented in this analysis apart from when determining the non-
prompt contribution, where the systematic uncertainty was almost 17% and to large to be neglected. When
summing up the other systematic uncertainties they account for an uncertainty of approximately 5%.

6.2 Outlook

The main problem in this analysis has been to deal with the lack of statistics. Even though the whole Run
I data set of 20.3fb~! has been used, the low cross sections for the production of doubly-charged Higgs
bosons limits the validity of this optimization. One expects to find approximately one doubly-charged
Higgs boson of mass my = 1000GeV, (N = o [ Ldt = 0.05fb*20.3fb~! ~ 1). The low cross sections
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make it really hard to isolate the signal, since it barely exists. But keeping in mind that these cross sections
are generated for a specific center-of-mass energy (y/s = 8 TeV) and that they will increase!® with the new
center-of-mass energy of the LHC /s = 14TeV, this is increasing detection prospects. In the near future,
the problem of lack of statistics will be accounted for during Run II, since the ATLAS detector is expected
to generate an integrated luminosity of approximately 100 fb~!. But until Run II, a way to deal with the
lack of statistics in signal and background for high mass regions is to loosen the signal muon definition and
allow for more fakes. The looser cuts in the muon selection would provide more statistics. The fake factors
has an inherent high uncertainty related to it at higher pt regions, which should be re-evaluated with more
statistics during Run II. Systematic uncertainties should also be assessed in future analyses.

The aim of this analysis was not to find a doubly-charged Higgs boson, but rather possibly improve on
the lower mass limits and provide insight on the efficiency of applying cuts in the search. In principle, the
positive results on the significances found in this analysis could help in improving the mass limits that are
already set on the doubly-charged Higgs bosons, by running a limit setting program.

The A¢ cut can be incorporated into future analyses, but just up to the point where the signal and back-
ground distribution becomes too similar, which happens for high enough Higgs masses, my > 1000 GeV.
The validity of the cut on the width around the mass peak Amp has been discussed in this thesis, and the
conclusion to bring into future analyses is that it is an extremely efficient cut, but biased by an assumption
on the mass of the doubly-charged Higgs. Future searches could generate signal MC samples for more
mass points and use the Amy; cut for a search that thoroughly scans whole mass regions. Neural networks
can be used to find correlations between cuts in the higher mass regions that are hard to optimize due to
the low statistics. Results from this analysis on the efficiency of the cuts can be incorporated into future
analyses, using higher center-of-mass energies, but also in general dilepton searches exploring final states
with electron pairs, tauon pairs or lepton flavour violating pairs (such as electron-tauon or electron-muon
pairs), or final states involving two same-sign lepton pairs.

All in all, the future for searches for doubly-charged Higgs bosons decaying into same-sign leptons looks
bright and I am excited to see the results that the Run II will bring.
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A.1 Data Recorded

The data used in this analysis is all of the data recorded during Run I (period A-L) that is considered Good'",
at a center-of-mass energy of /s = 8 TeV. The trigger used for the pp channel is EF mul8 tight mu8 EFFS,
a trigger that requires a leading muon with ppr > 18 GeV and a sub-leading muon with ppr > 8 GeV.

A.2 Uncertainties

There are systematic uncertainties'® entering into all stages of the analysis, such as the following, with the
quoted errors found in [13]:

e Uncertainties associated with the MC statistics (3%).

e Uncertainties associated with muon reconstruction and identification (0.6%)

Uncertainties associated with the efficiency of the triggers at different pp and 7 of the muons (2.1-

2.6%).
e Uncertainties in the integrated luminosity (2.8%).
e Uncertainties in the determination of the fake factor (17%).
e Uncertainties in the MC cross sections calculations (varies from process to process).

Worth mentioning is that the uncertainties treated in this analysis are just statistical, i.e. the systematic
ones presented above are well known, but not taken into account, apart from the uncertainties in the
determination of the fake factor which has a non-negligible systematic uncertainty of 17%.

A.3 Muon Selection

In Tab. 9, the selection requirements for muons are summarized. The muons should have a transverse
momentum of more than 20 GeV. Pseudo-rapidity is defined as n = —In (tan(6/2)) a spatial coordinate
describing the angle of a particle relative to the beam axis where 0 is the angle from the particle track to
the beam axis. The impact parameter dy is the distance from the track to the collision point in the transverse
direction. dy describes the proximity to the initial collision point, which ensures that the associated track
comes from a point close enough to the collision point, i.e. the muon is prompt and not originating from
for example a b-decay in flight. The requirement QQ;p == @Qarx ensures that the charge measured in the
ID is the same as the charge measured in the muon spectrometer. The jet overlap cut is to ensure that
around a cone AR = A\/(An)? + (A¢)?, where An and A¢ is the relative pseudo-rapidity and azimuthal
angle ¢ between a jet and a muon to ensure that the muons are well isolated from the jets.

'"Which means that the whole detector and the triggers were fully operational at the time of the recording.
8Which is an error that is introduced by an inaccuracy inherent in the system rather than an uncertainty determined by
chance.
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Selection

Muon requirement

Leading muon transverse momentum
Sub-leading muon transverse momentum
Muon pseudo-rapidity
Impact Parameters
Identification Criteria
Track Isolation
Jet Overlap

pr >25GeV
pr =20 GeV

In| < 2.5

‘do‘/o‘(do) <3, ’d0’< 0.2mm
ID hit requirements, Qrp == Qux
ptcone30/pr < 0.07
AR(u,jet) > 0.40

Table 9: Table of signal muon definitions, taken from [13]

A.4 Cross Sections

The diboson SM background processes are generated with Sherpa 1.4.1 [17]. The other processes are
generated with MADGRAPH-5.1.4.8 [18]. The cross sections for the different processes are presented in

Tab. 10.

Process Generator Sample Number

Cross section (pb)

WZ — lllv SHERPA

27 — 1l SHERPA

WW +25 | MADGRAPH
tt+ W MADGRAPH
tt+ 7 MADGRAPH

126893
126894
158818
119353
119355

9.75
8.73
0.369
0.104
0.068

Table 10: Monte Carlo samples used for the SM background processes

The cross sections for the doubly-charged Higgs processes generated with Pythia [19] are presented in

Tab. 11.
Process Generator | Cross section (fb)
H* — 51 m(H**) = 150GeV | Pythia 132
H** 5 1% m(H**) =300GeV | Pythia 8
H** 5 1% m(H**) =500GeV | Pythia 0.6
H** 5 1% m(H**) =600GeV | Pythia 0.2
H* — [F[* m(H**) = 1000GeV | Pythia 0.05

Table 11: Monte Carlo samples used for the signal processes
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A.5 Fake Factor Method

The fake factors used in this analysis are presented in Tab. 12, which in turn is obtained from [13|. The

errors presented are the total errors, i.e. both systematic and statistical errors.

pr Bin [GeV] | Fake Factor Error [%]
(20,22) 0.125 16.8
(22, 25) 0.126 16.9
(25, 30) 0.113 17.3
(30, 35) 0.109 19.1
(35, 40) 0.131 92.7
(40, 60) 0.201 23.1
(> 60) 0.201 100

Table 12: Monte Carlo samples used for the signal processes

A.6 Additional Numerical Results

Tab. 13 to Tab. 17 present the additional numerical results obtained for the signal regions my = 300 GeV

and mpyg = 600 GeV.

my = 300 GeV Ampy pr A¢  pr+A¢ All Cuts
WZ — v 34% 85% 19.4% 1.1% 0.0%
77 — 1111 28%  6.2% 10.6% 0.5% 0.0%
WW + 2j 4.7% 17.0% 29.2% 3.8% 0.0%
tt+V 38% 166% 29.0% 31% 0.1%
Fakes 0.7% 1.6% 19.7% 0.3% 0.0%
Total Background | 28% 71% 181% 09% 0.0%
MC myg =300GeV | 82.7% 94.0% 29.6% 27.7% 22.8%
Data 25%  63% 204% 0.9% 0.1%

Table 13: The efficiency of applying the cuts represented in percentage for my = 300 GeV.
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my = 500 GeV no cuts Ampg pT A pr+ A¢ All Cuts

WZ — lllv 1177.8434.3 9.9+3.1 100.3+10.0 308.0+17.5 17.844.2 0.0+1.0

77 — 111 314.8+4.3 2.3+0.3 19.5+0.9 44.84+1.2 1.940.2  0.041.0

WW + 2j 6.54+0.1 0.1£0.0 1.140.0 2.3+0.1 0.3£0.0  0.0+41.0

tt+V 14.1+0.2 0.1£0.0 2.3+0.1 5.440.1 0.6£0.1 0.0+0.1

Fakes 300.0+3.7 0.14+0.0 4.7+£0.2 76.9+£1.9 0.940.1  0.041.0

Total Background | 1813.24+42.6 12.5+3.5 128.0+11.3 437.3+20.9 21.5+4.6 0.0+0.1

MC myg = 500 GeV 0.44+0.0 0.3+0.0 0.440.0 0.1£0.0 0.1+£0.0 0.1+0.3
Data 1814 10 114 470 20 0

Table 14: The effects of applying the cuts determined by the optimization for my = 500 GeV. The cuts
are specified in Tab. 1. The errors indicated are Gaussian. The V indicated in the fifth row of all tables is
a boson, either W¥ or Z.
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myg = 600 GeV no cuts Ampy pr A¢ pr + A¢ All Cuts

WZ — v 1177.84£34.3 7.1+£2.7 100.3+10.0 371.4£19.3 224+4.7 0.0+1.0

77 — 1111 314.8+4.3 1.3+0.2 19.5+0.9 55.9+1.4 2.0+£0.2  0.0+1.0

WW + 2j 6.51+0.1 0.1£0.0 1.1£0.0 2.440.1 0.3£0.0 0.0+1.0

tt+V 14.1+0.2 0.1£0.0 2.3+0.1 6.2+0.2 0.7+£0.1  0.0+40.1

Fakes 300.0£3.7  0.0£1.0 4.7+0.2 91.5+2.1 1.1£0.1  0.041.0

Total Background | 1813.24+42.6 8.6+£2.9 128.0£11.3 527.5+23.0 26.5+5.1 0.0+0.1

MC myg = 600 GeV 0.240.0 0.240.0 0.240.0 0.14+0.0 0.1+£0.0 0.140.2
Data 1814 6 114 572 24 0

Table 15: The effects of applying the cuts determined by the optimization for mpy = 600 GeV. The cuts
are specified in Tab. 1. The errors indicated are Gaussian. The V indicated in the fifth row of all tables is
a boson, either W¥ or Z.

myg = 600 GeV Ampy pr A¢  pr+ A¢p All Cuts

WZ — v 06% 85% 315% 1.9% 0.0%
77 — 1111 04% 62% 17.8% 0.6 % 0.0%
WW + 2j 1.9% 17.0% 37.7% 4.7% 0.0%
tt+V 0.7% 166% 44.3% 4.9% 0.0%
Fakes 00% 16% 305% 0.4% 0.0%

Total Background | 0.5% 7.1% 29.1% 1.5% 0.0%
MC myg =600GeV | 8.0% 99.5% 413% 41.2% 34.5%
Data 03% 63% 31.5% 1.3% 0.0%

Table 16: The efficiency of applying the cuts represented in percentage for my = 600 GeV.
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my = 1000 GeV no cuts Ampy pT Ao pr+A¢  All Cuts

WZ — v 1177.8434.3 0.7£0.8 211.2+14.5 730.7+27.0 97.449.9 0.0+1.0

77 — 111 314.844.3 0.1£0.1 44.441.5 144.04+2.5 12.9+0.6 0.0+1.0

WW + 2j 6.5+0.1 0.0£1.0 1.940.1 4.440.1 1.1£0.1 0.0+1.0

tt+V 14.1+0.2 0.0+£0.0 4.540.1 10.340.2 3.0+0.1 0.0+1.0

Fakes 300.0£3.7 0.0£1.0 15.3£0.5 174.3+2.8 10.5+0.5 0.041.0

Total Background 1813.24+42.6 0.840.9 277.3+16.7 1063.7+32.6 124.9+11.2 0.041.0

MC mpyg = 1000 GeV 0.0£0.0 0.0+0.0 0.04+0.0 0.040.0 0.040.0 0.0+0.1
Data 1814 2 248 1011 108 0

Table 17: The effects of applying the cuts determined by the optimization for mpy = 1000 GeV. The cuts
are specified in Tab. 1. The errors indicated are Gaussian.

A.7 Integrated Luminosity Caluclations

To calculate the amount of integrated luminosity needed for a discovery of a particle, one can use Eq. A.7:

-
N=o / Ldt (23)
0
which is related to Eq. 21:
o
o= VI 25 @)

A discovery is assumed to have been made when n, > 5. A back of the envelope calculation can be
performed to get a feel of how much integrated luminosity is required for a discovery. Using the cross
section for the most dominant SM background (WZ — lllv) op = 9750fb and the cross section for the
production of the lightest doubly-charged Higgs boson (mpy = 150GeV) og = 132fb. For these values,
the integrated luminosity needed for a detection is approximately L;,; > 14 fb~1. Since the cross section
for the doubly-charged Higgs bosons heavily decreases with mass (see Tab. 11), the integrated luminosity
required for a detection for my = 300 GeV is much higher, namely L;,; > 3809 fb~!. This provides a feel
for the amount of data needed for a discovery at these energy scales.
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