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Thesis Summary

A search for the neutral Higgs bosons /, H and A, predicted by the Minimal Supersymmetric Standard
Model (MSSM), is presented in this thesis. It is based on a data sample with an integrated luminosity of
Line = 19.5 fb~! from proton-proton collisions with a center-of-mass energy of /s = 8 TeV produced at
the LHC and recorded by the ATLAS experiment in 2012. The search is performed in the decay channel
with two tau leptons decaying hadronically, i/ H/A — ThadThad-

The major background to hadronic tau decays are particle jets originating from the hadronisation of
a quark or a gluon. In ATLAS, tau identification techniques have been developed using multivariate
algorithms able to distinguish between a hadronic tau decay and a jet. However, the identification
efficiency in simulated events needs to be corrected to match the efficiency in data, in order to achieve a
meaningful comparison between collision data and simulated events. For this thesis, a fitting method has
been developed for the measurement of the tau identification efficiency in data using the spectrum of the
track multiplicity originating from charged particles in the hadronic tau decay. Correction factors for the
efficiency in the simulation were measured with very competitive precision, ranging between =~ 2% and
~ 5% depending on the track multiplicity of the tau and the region of the detector.

In the h/H/A — ThaaThaq Search, the selection of events is based on the kinematic and topological
properties of a heavy neutral Higgs boson produced by bb annihilation and gluon-gluon fusion production
mechanisms. The selection is divided in two categories where events are required to fulfill two separate
trigger requirements, a di-tau and a single-tau trigger. A higher signal efficiency and a lower multi-
jet background contamination are achieved in the single-tau-trigger category, where tau leptons are
triggered at higher transverse momenta with respect to the di-tau trigger. Data-driven techniques have
been developed in both categories for the estimation of the dominant multi-jet contamination. Other
background contributions are modelled using simulated events, including the abundant Z/y* — 77 and
the small W — tv+jets contamination. In simulated backgrounds, jets that are reconstructed as a tau
candidate are weighted using the tau mis-identification efficiency measured in data. This allows one to
correct for the mis-modelling of the efficiency and to artificially increase the number of simulated events.

The sensitivity provided by the h/H/A — ThadThad analysis is significantly enhanced with respect to
previous ATLAS searches in this channel, and dominates the sensitivity of the combined #/H/A — 77
search, where other tau decay modes are selected in the final state, for Higgs boson masses of my >
350 GeV. As no significant excess is found, exclusion limits are set in the space of the two leading-order
unpredicted parameters of the MSSM Higgs sector, the mass of the CP-odd Higgs boson, m4, and the ratio
between the vacuum expectation values of the two Higgs doublets, tang. After the discovery of a Higgs
boson in 2012, with a mass of my = 125.09 + 0.24 GeV, new phenomenological scenarios of the MSSM
were proposed. In this search, exclusion limits are obtained for these various scenarios in the mass range
my = 170 — 1000 GeV. Model-independent exclusion limits were also obtained for the production cross-
section of a generic resonance, ¢, for both production modes. Excluded cross-sections at 95% confidence
level vary with my and are Texcl.(bb — ¢ — 17) ~ 4.2 pb and Oexe.(9g9 — ¢ — 77) ~ 6.8 pb at
mg = 170 GeV and Texcl.(bb — ¢ — 17) £ 9.2 fb and T exe1. (99 — ¢ — 77) = 10 fb at mg = 1000 GeV.
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CHAPTER 1

Introduction

The scientific study of the main constituents of matter and their interactions is the main goal of particle
physics. The idea that the universe is composed by fundamental constituents dates back to several
hundreds of years B.C.. However, scientific investigations based on this underlying concept which led
to the establishment of modern atomic theory, only go back to the 19th century. As experiments were
performed over time, scientists gained insight into the structure of the atom itself, its nucleus structure,
composed by protons and neutrons, and the distribution of electrons surrounding it.

Our current knowledge of the subatomic world is one of the most precise among scientific fields, and
our theoretical description of such phenomena, called the Standard Model of particle physics (SM) [TH3]],
one of the most successful scientific theories. The Standard Model describes the universe in terms of a few
fundamental particles composing matter divided in two groups called quarks and leptons, each of them
subdivided in three generations. However, the complete picture also includes particles responsible for the
fundamental forces we observe: the electromagnetic, weak and strong interactions. The gravitational
force is left out of the SM as no successful quantum-mechanical description of this interaction has been
proposed yet.

The highest energy particle physics facility nowadays is the Large Hadron Collider (LHC) [4], located
near Geneva at CERN. The LHC has been designed to collide two proton beams at a center-of-mass
energy of /s = 14 TeV, and was operated in 2011 and 2012 at /s = 7 TeV and /s = 8 TeV, respectively.
One of the primary goals of the LHC is to shed light on the electroweak symmetry breaking mechanism,
which describes how fundamental particles acquire mass. In the Higgs mechanism [SHI0], the electroweak
symmetry is broken spontaneously by the Higgs potential and a new scalar particle is predicted to exist,
the Higgs boson.

On July 4 2012, the ATLAS and CMS experiments announced the discovery of a new particle consistent
with the Higgs boson [12]]. Since then, as more data were collected and analyses refined, the SM
nature of the new discovery seems to be confirmed, however, no conclusive evidence has been found yet
to exclude alternative models.

The Standard Model of particle physics is a very successful theory although not complete. In particular
the following open problems are relevant for the model related to the search presented in this thesis. The
Higgs sector in the SM poses the so-called hierarchy problem. In short, the quantum corrections to the
mass of the Higgs boson are found to diverge. The solution to this would be a fine-tuned cancellation
between the bare value of the Higgs mass and its correction, which is regarded to be an undesirable feature
of the theory. Direct observation of new phenomena has also motivated the speculation about new physics.
Based on data from the WMAP and Plank space observatory [14]], we currently know that only 4.9%
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of our universe is made of ordinary matter, while the remaining 68.3% of dark energy and 26.8% of dark
matter, whose nature is yet to be identified. In the SM the parameters characterising the intensity of the
fundamental interactions are found to have similar values at a high scale of the transferred momentum
in the interaction (Q ~ 10" GeV). This feature may indicate the need for unification which would
require new physics. Finally, the gravitational interaction needs to be described in a quantum-mechanical
framework.

Among the most popular extensions of the Standard Model there is Supersymmetry, a theory relating
the ordinary fermions and bosons with a new class of particles called superpartners, which are bosons
and fermions, respectively. Supersymmetry can be a fundamental ingredient in theories addressing
the previously mentioned problems, besides possibly providing a natural candidate for dark matter.
Supersymmetric models require an extended Higgs sector with respect to the SM. In the Minimal
Supersymmetric Standard Model (MSSM) the existence of three neutral physical states is predicted, two
CP-even called & and H plus one CP-odd called A, and two electrically charged, H*. Those states arise
from the mixing of the degrees of freedom contained in two Higgs doublets required by the MSSM. The
Higgs sector is characterised, at the leading order of perturbation theory, by two free parameters: the
mass of the CP-odd state, my, and the ratio between the vacuum expectation values of the two Higgs
doublets, called tang.

The topic of this thesis is the search for the neutral Higgs bosons predicted by the MSSM. The search
is performed in the decay channel 7/ H/A — ThadThag Where Thyq refers to a decay of the 7 (tau lepton)
into hadrons and a neutrino. The analysed data were collected by the ATLAS experiment and amount
to an integrated luminosity of 19.5 fb~! from proton-proton collisions at /s = 8 TeV. The search for
h/H/A — 77 is motivated by the enhancement proportional to tanf of the MSSM Higgs bosons couplings
to certain types of fermions. Other decay channels with enhanced couplings, like 1/ H/A — bb, present
poor discrimination against the large background of jets originated from b quarks at the LHC.

Among di-tau decay channels, double hadronic decays occur ~ 42% of the time, therefore providing a
comparative large sample to be analysed. The main challenge posed by this type of di-tau decays is the
large multi-jet background originated by the hadronisation of quarks and gluons, abundantly produced at
the LHC. A selection has been designed in order to suppress this background and separate it from the
signal and dedicated background estimation techniques have been used depending on the mass hypothesis
of the Higgs bosons.

This thesis is structured as follows. Chap. [2]introduces the Standard Model theoretical framework
including the description of the electroweak symmetry breaking mechanism and the Higgs sector. The
open problems of this theory are also discussed and the Minimal Supersymmetric Standard Model is
introduced. Chap. [3]is an overview of the experimental status of MSSM Higgs searches including the
most recent results from the LHC. Chap. ] describes the Large Hadron Collider facility and the ATLAS
experiment, while Chap. ] discusses the detail of the reconstruction and identification of physical objects
at ATLAS. Chap. [f]is dedicated to the reconstruction of tau leptons illustrating how these particles are
reconstructed and discriminated from their major source of background, with particular attention devoted
to the measurement of the tau identification correction factors, to be applied to the simulation, which
was performed for this thesis. Chap. |’Z| describes the h/H/A — ThadThaq analysis, including the data
and simulation samples used, background estimation techniques and the evaluation of the systematic
uncertainties. In Chap. [§]the hypothesis test aimed at setting an exclusion limit on the signal hypothesis in
the space of the free parameters of the theory is described. This test is performed by fitting the expected
signal and background distributions to data. The validation of the fitting procedure is also presented
in this chapter. Finally, Chap. Q| briefly reports the analyses performed in other di-tau decay channels,
h/HJ/A — TiepTiep and h/H/A — TiepThad, Where 7yep indicates the decay of the tau containing either
a muon or an electron, and two neutrinos. This part also discusses the combination between all three



channels in the #/H/A — 77 search aimed at setting an exclusion limit which depends on their joint
sensitivity.






CHAPTER 2

Theory Overview

In the following, the overview of the theoretical framework for this thesis is presented. In Sec.[2.1] the
Standard Model of particle physics (SM) is discussed, introducing the fundamental interactions and
the particle content, as well as the underlying theoretical concepts. As this thesis will be focused on
the Higgs boson sector, particular attention will be devoted to the description of the Higgs mechanism
and the Higgs boson, firstly in the context of the SM. The search presented in this thesis is set for new
Higgs bosons required by one of the most promising models of new physics, called Supersymmetry
(SUSY), introduced in Sec.[2.2] The Higgs sector in Supersymmetry is more complex with respect to
the SM one. The most simple extension of the SM, able to incorporate Supersymmetry, is the Minimal
Supersymmetric Standard Model (MSSM), with minimal particle content with respect to the SM. This
theory is discussed and motivated in Sec.[2.3] including a detailed illustration of the Higgs sector. A
fundamental part of a search at a particle collider is the simulation of events, a necessary procedure to set
the expectation of known processes and new signals. The main features of these simulation techniques
are discussed in Sec.2.4

2.1 The Standard Model

The Standard Model of particle physics describes the fundamental forces in nature as a result of the
interactions between few fundamental particles. This theory was developed starting from the second
half of the 20th century and proved to be very successful through time. Experimental efforts continue
nowadays to probe the SM predictions. The most important recent result is the discovery of a resonance
consistent with the Higgs boson, a particle predicted in 1964 [SHIO]l, and considered to be the last missing
piece of evidence for the theory. In the following sections the SM is introduced based on the more

detailed discussions in Ref. [[13]], [16]], and [[T7].

2.1.1 Interactions and Particle Content

The present section introduces the interactions described by the SM and the particle content of the theory.
Here, a description based on observable quantities and phenomena is given, paving the way to a more
accurate mathematical treatment to be discussed in the following sections.

In nature we observe four fundamental forces: the gravitational, weak, electromagnetic and strong
interactions. They result from the mediation of particles, the so-called gauge bosons, which have spin



Chapter 2 Theory Overview

Interaction Gauge Boson Mass / GeV Range / m
Electromagnetic v (photon) 0 00
W= (W bosons) 80.385 +0.015 13
Weak ~ 10
Z° (Z boson) 91.1876 + 0.0021
Strong g1, .-.»gg (gluons) 0 ~ 1071

Table 2.1: Summary of gauge bosons properties. Values are taken from Ref. .

s = 1, and are listed in Tab.[2.1] Particles which do not mediate the interactions are called matter particles
1

which are fermions with spin s = 5.

The relative intensity of the interactions we observe range between many orders of magnitude and
can be expressed as a function of physical parameters, called couplings, related to the probability of the
processes. Such couplings are found to depend on the energy scale of the interaction, as will be discussed
in the following sections. Here, we will consider the so-called electroweak scale Agw =~ 100 GeV,
relevant for processes tested at the LHC. The electromagnetic interaction is characterised by the coupling
parameter a = €2 /4nephic, with o '(Agw) ~ 127.9, containing the electron electric charge e. For the
weak and strong interactions we have respectively aw(Apw) = 2a(Agw) and as(Agw) = Ta(Asw).
Gravity is by far the weakest, being ~ 10738 times weaker than the weak interaction, and therefore left
out of the SM. Particle interactions mediated by gravity are not detectable at the energy scales probed at
the LHC, but are expected to be as frequent as the other kind of interactions at much higher energies.
Among gauge bosons, the photon (y) mediates the electromagnetic interaction, W and Z bosons the weak
one, and gluons (g) the strong interactions.

In a relativistic quantum theory like the Standard Model, energy can be converted into mass according
to the Einstein relation E = mc?. This implies that, for interacting particles, new states can be created
during the interaction. In a quantum theory the Heisenberg uncertainty principle has to hold AEAt = F.
As a consequence, particles with a mass different from the equivalent energy of the interacting particles
can be created for the time interval Az. The more different the mass, the shorter At. As a consequence of
this phenomenon, interactions mediated by massive gauge bosons have a limited range. The larger the
mass of the boson, compared to the transferred momentum in the interaction, the shorter the range. All
gauge boson masses and ranges are reported in Tab. 2.1} Similar to the case of the electric charge entering
in the electromagnetic coupling parameter, all interactions are characterised by appropriate charges,
which have to be conserved. We can assign to all particles in the SM quantum numbers associated with
those charges. In the electromagnetic case, this quantum number is the electric charge of a particle Q
which is expressed in units of the electron electric charge e.

Weak interactions conserve the quantum number 1), the so-called weak isocharge, which can assume
a set of discrete values. As will be discussed in the following sections, electromagnetic and weak
interactions are connected to each other. This feature is represented by the quantum number Y, called
weak hypercharge, and defined as

Yy=0-1 2.1

which is always conserved by the two processes.

Weak interactions violate parity (P), i.e. the probability of weak processes is not identical under
reversal of the three-dimensional coordinates, called a parity transformation. If C represents a generic
charge associated with a particle, weak interactions also violate the CP symmetry, i.e. they are not
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invariant for a reversal of the charges joined to a parity transformation. Strong interactions are induced
by the quantum number called colour, for which we have the three states red (r), green (g) and blue (b).
For every particle in the SM there is a corresponding antiparticle with opposite quantum numbers.

The gauge bosons can interact with themselves if they carry charges. W bosons can interact with
each other as well as with the Z, and thus have I3W = #1 and Q = #1. Photons and Z bosons are
neutral and don’t interact with themselves or with each other. Gluons carry colour charge in the form
of superposition of states carrying colour and anticolour, yielding a total number of eight independent
states, which interact with each other leading to a short range of the strong interaction, even though the
gluon does not have a mass. This fundamental difference between the photon and the gluon leads to a
different behaviour of the electromagnetic and strong couplings with increasing energy of the interaction.
In the electromagnetic case, the electric charge is screened by virtual pairs of electrons and positrons,
the electron antiparticle. This virtual pair arises by the decay of a virtual photon, y*. With increasing
energy we are able to probe shorter distances around the charge and be less affected by the surrounding
electron-positron cloud. For the strong interaction, a similar process occurs, but the gluons can couple to
other gluons from the vacuum which add colour charge to the cloud. This leads to an increasing colour
charge at larger distances, or decreasing energy (confinement), and diminishing at lower distances, or at
higher energy (asymptotic freedom). The confinement is responsible for the fact that we do not observe
free colour-charged states in nature.

In the Standard Model, matter particles are divided in leptons and quarks. All of them are fermions
with spin s = % They are reported in Tab. and which highlight their classification in three
generations with different mass scales. Among the leptons, neutrinos only interact weakly, as they do not
possess any electric charge, where all others also interact electromagnetically. Quarks interact weakly,
electromagnetically and strongly. They carry colour charge as a superposition of states with different
charges. Due to confinement, quarks form hadrons which are bound states of two or three so-called
valence quarks. These hadrons are called mesons and baryons, respectively. Hadrons are always colour
neutral. As the valence quarks interact strongly with each other, we can think of hadrons as composed
also by gluons and other virtual quark pairs, the so-called sea quarks. Particles composing hadrons will
be referred to as partons.

Partons remain confined in hadrons at low energies. However, when a high-energy interaction takes
place, like proton-proton collisions at the LHC, they are excited beyond the energy levels characterising
a bound state. As only colour-neutral states are observed in nature, all partons emerging from the
interaction are forced to couple to other virtual partons and form new hadrons. This phenomenon is very
common at the LHC and is called hadronisation.

2.1.2 Quantum Field Theory

In the following a detailed mathematical treatment is given of the Standard Model as a quantum field
theory. Theories of fundamental particles and interactions are based on the variational principle of least
action to derive equations of motion of the particles and define the structure of the interactions. The
action is defined as

s = f 0 L(Ba(). a2, (2.2)

where L is the Lagrange density, the so-called Lagrangian, dependent on the generic field ¢,, and its
space-time derivatives d,,¢,(x) with respect to the components of the four-vector x = (7, x), where ¢ is the
time coordinate and x is the three-dimensional space vector. Here a is an index representing the degrees
of freedom of the system. A field is a function representing the particles we observe. Different particles
are related to different fields. Equations of motions for the particles result from imposing S = 0, with
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Leptons Mass / GeV 0 ny
electron-neutrino | v, - <0.225%x107°° i -
electron e) (e)r  (0.5109898928 + 0.000000011) x 1073 1 —% : O)r
muon-neutrino Vi — <0.19%x 1073 0 i —
muon i) Gk (1056583668 +0.0000038)x 10° 1 (=] (O
- tau-neutrino Ve - <182 x 1073 0 % -
tau ) @ 1.77682 = 0.00016 1=y o

Table 2.2: Lepton content of the Standard Model. For each lepton generation the chiral components are broken
down according to the weak interaction symmetries. The electric charge in units of the electron charge e, Q, is
reported together with the weak isospin, I3W . Values are taken from Ref. .

Quarks Mass / GeV (0] I3W Colour Charge
. wr 23£07)x1072 2 [ 1) (0% rg.b
down . @r (48x05)x107 -3 (-3 Ok rg.b
[ Ccharme (Or  1275+0.025 % [1]| (O rg.b
strange . Ok (95£5)X 1023 -4 (-3 O rg,b
1 top (DR 173.21 + 0.87 3 3 (O)r ng.b
bottom . (k418003 5 (=3), Ok rgb

Table 2.3: Quark content of the Standard Model. For each quark generation the chiral components are broken down
according to the weak interaction symmetries. The electric charge in units of the electron charge e, Q, is reported
together with the weak isospin, I;’V . Each quark can carry any of the three values of the colour charge, as indicated
in the last column. Values are taken from Ref. [@]
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respect to a variation of the field, and can be written as
oL ( oL )

—o, [ 25 = 1,...,N. 23
o) @3

ag. "

Examples of Lagrangians describing a charged boson with spin s = 0, and a fermion with s = %, with
mass m, are

Lboson = 5”¢*3,1¢ - m2¢*¢, (2.4a)

Ltermion = J(ly'ua,u —my. (2.4b)

In (2-4)), ¢ is a complex scalar field with two degrees of freedom and ¢ a so-called Dirac spinor with

four. The symbols y* represent matrices defined in Ref. , and ¢ = y7y°, where " is the hermitian

conjugate of the field. In Eq. (2:4)) the symbols ¢ and y are related to the particles, while their respective
antiparticles are represented by ¢* and .

A quantum field theory has to satisfy the following commutation relations between the fields and their

conjugate moments
[@a(X, 1), mp (X', )] = i6a0(X — X') (2.52)
[Ba(X, 1), $p(X', )] = [m4(x, 1), mp(x", )] = O (2.5b)

where the conjugate moments are defined as

oL
ma(x) = m, (2.6)

in which 9,¢, is a time derivative.

2.1.3 Quantum Electrodynamics

Quantum electrodynamics (QED) introduces the photon in the Lagrangian of the free charged particles
and describes its interactions with them. This is achieved by requiring invariance of Eq. (2.2)) under the
so-called gauge transformations of the photon field ¢, = A, representing a neutral spin s = 1 particle

Au(x) = A/’l(x) = Au(x) + 0uf(x), (2.7

where f(x) is a real arbitrary function. If we consider the interaction between a photon and a fermion
with electric charge g = e(), invariance is ensured if the Lagrangian has the form

L= -Efermion + Linteraction = Z(lyﬂay - m)lﬂ - Q%’“lﬂAy (28)

and the fermion fields undergo the transformations
Y(x) = ¢ () = Y)Y =~ [1 - igf ()l (x), (2.9a)
Y(x) = P (x) = g0 ~ [1 +igf 0)lp(x), (2.9b)

where the approximation is true for small values of the exponent. In other words, the Lagrangian has to
be invariant under transformations of the group U(1).
The QED Lagrangian would not be complete without a term describing free photons, also invariant



Chapter 2 Theory Overview

under the transformation in Eq. (2.7), which we can write as
1 .
Lohoton = _ZF#VF/W with  Fy, = duAy — 0,A,. (2.10)

QED represents the most simple example of a gauge theory, and is extended in the SM to include weak
interactions in the way discussed in the next section.

2.1.4 Electroweak Unification

The first experimental evidence of weak interactions was established by the observation of processes
mediated by the charged gauge bosons W*. These particles couple to leptons and quarks selecting only
one component of the Dirac field, indicated by y. This component is said to have a definite chirality,
namely a left-handed one. Another component can be defined with a right-handed chirality, called yR.
They are defined as

1

Yl (x) = PLy(x) = S0 =ys)b(x) (2.11a)
1

YR (x) = Pryf(x) = S+ s, (2.11b)

where ys = iygy1Y2ys. The structure of the interaction is such that we can arrange leptons or quarks
fields into a so-called weak isospin doublet

L
Yh(x) = [%’(x)] : 2.12)
Wip(x)

where the symbols U and D indicate the up-type and down-type components, respectively, in the
representation of a doublet transforming under the group SU(2). This representation is also used to
display each lepton and quark generation in Tab. 2.2]and 2.3] On the other hand, we will treat the
right-handed chirality states as only transforming under the U(1) group in a similar way as discussed
for QED, so in Tab. and they are represented as a singlet. The W* bosons couple to fermion
pairs with different isospin, which are purely left-handed chirality states. This coupling is responsible for
maximal parity violation in weak interactions.

In the same way discussed for QED, the Lagrangian including the interaction term has to be invariant
under the SU(2) transformations of isospin doublets

PL(x) = Pl(x) = PE(x)e 9710 (2.13a)
T () o T () = P (x)el9ow), (2.13b)

where o, with j = 1,2, 3, are the Pauli matrices [[T5]] which generate the transformation parametrised by
the real function w;(x) and the coupling parameter g. Pauli matrices satisfy the commutation relation

[0’,’, O'j] = 2i8ijk0_k, (214)

where ¢;j is the completely antisymmetric tensor. In the case of weak interactions gauge bosons are
represented by three real fields Wf‘ which transform like

Wf(x) - W’i.l(x) = Wl’.l(x) + M wi(x) — gsijka)j(x)W,’:(x). (2.15)

10



2.1 The Standard Model

With part of the degrees of freedom provided by Eq. Z.13) we can write the two charged gauge bosons
W* as .
WHE(x) = %[Wf(x) FiW (0] (2.16)

The remaining degrees of freedom allowed by Eq. (Z.13) can be accommodated to represent a neutral
current. However, this neutral current can couple to right-handed chirality states as well. For this reason,
an extension of the model is required. This is done by introducing a further gauge field, B,,, which
transforms according to the U(1) symmetry, exactly as Eq. (2.7)), and requiring all the fields to be invariant
under transformations analogous to Eq. (Z.9), if we replace ¢ = eQ with a weak charge ¢g’Y, where Y is
the weak hypercharge and g’ a number parametrising the transformation analogous to e.

Electroweak unification requires the mixing

AH(x) = cosbw B (x) + sinbw W5 (x) (2.17a)
ZF(x) = —sinfBwB"*(x) + COSOng(x) (2.17b)

In Eq. @I7), Z* is the field representing the 70 boson, and 6y, called the Weinberg angle, mixes a
purely left-handed interaction, represented by the W% field, with a universal one represented by B“.
Experimentally we have sin’fy = 0.2397 + 0.0013 . In Sec. it will be seen how this angle
is related to the masses of the gauge bosons. U(1)y transformations, related to the B, field, commute
with SU(2),, transformations, therefore the unification represented by Eq. (2Z:17), can be described by the
joint group SU(2); ® U(1)y. In Tab.[2.2]and 2.3]the additional right-handed singlets interacting with the
neutral currents are indicated together with their quantum numbers. Electroweak unification implies the
relation

gsinfy = g'cosby = e. (2.18)

After electroweak unification the full interaction Lagrangian can be written as

g - g
Linteraction = —SuA* — E[JECW" +h.c]- mJ}jczﬂ (2.19)

where h.c. is the hermitian conjugate. In Eq. (2.19) the photon is coupled to the current s, the charged
vector bosons W* to JEC and the neutral vector boson Z° to J}fc, defined as

Su = qQUryuW (2.20a)

€ = Uyl =y Woas = gy, (2.20b)
_ 1

J,I:IC =¥y E(Uw —ayy W (2.20¢)

As evident from Eq. (2:20), the Z boson couples to a mixture of left-handed and right-handed states, as
no pure (1 — ys) operator is involved. The coupling is parametrised by the coeflicients vy, and ay which
depend on the particular fermion involved, and are defined as

vy = Iy —2Qsin’6y, (2.21a)
ay =1 (2.21b)

It has to be pointed out that quarks participate in the weak interaction as a superposition of mass
eigenstates in the current JEC. In other words a down-type quark in JEC coupling to an up-type quark j

11
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can be written as
Upj= Y. Vihpi, where j=u.c.t. (2.22)
i=d,s,b
In Eq. (Z:22)), the numbers V; are elements of a unitary matrix called Cabibbo-Kobayashi-Maskawa
(CKM) matrix [20]], parametrised by three angles and one complex phase, which accounts for the CP
violation of weak interactions. The unitarity requirement corresponds to the following constraints

DW= vk =1 (2.23)

i=u,c,t j=d,s,b

D ViV =0. (2.23b)
k

The CKM parameters are not a prediction of the SM and must be measured experimentally.

Similar to the quark case, recent experimental evidence has been collected proving the mixing
of neutrino mass eigenstates, necessary to explain the observed lepton-flavour violation in the neutrino
sector, or neutrino oscillations. Neutrinos mix according to a unitary matrix called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) [22] 23]

In addition to the interaction terms, the full Lagrangian includes the free field contributions. As for the
case of the electromagnetic interaction, and assuming massless gauge bosons, we can write these terms
with B, and W}, with no mixing. Therefore we have

1
Lp= _ZBWB’W where B" = §'B" - 9"B" (2.24a)
1
L= - F"Fyy where F" ='W —9"W" + gs; jkwjfw,f. (2.24b)

Unlike the QED case, the gauge bosons in the electroweak theory can interact with each other. This
happens on account of the term ge;j in Eq. (2.24) (b), which couples bosons possessing a charge,
therefore we observe the W* coupling to Z° and y, as well as to each other.

Electroweak interactions conserve the total lepton number defined as
L=N;—N; where I[=e,u,T, (2.25)

where the index [ (/) labels the different lepton (anti-lepton) generations.

2.1.5 Masses of Gauge Bosons and Fermions

In the previous section we left out the description of mass terms of gauge bosons and fermions. The
reason for this is that these terms would violate the electroweak symmetries of the Lagrangian, an
undesirable feature in a gauge theory, as will be explained later. We can try to add mass terms for gauge
bosons as
bosons __ 1 2Z ZH 2 WTWy 2.26

‘Emasses - EmZ pl” + My, u : (2.26)
Unfortunately, this term is not invariant under the transformations in Eq. (Z.7) and (Z.13). We can also
introduce a mass term for fermions as

LIS = —m g i . (2.27)

12
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Using the definitions in Eq. (Z.11)) we can expand it as
LN = —m i (P + Py = mp@us + 95w, (2.28)

where the right-handed components transform under U(1), as in Eq. (2.9), but the left-handed ones
under SU(2) ® U(1), as in Eq. (Z.13)), as they are part of an isospin doublet. This difference causes again
symmetry breaking. In Sec.[2.1.7]the Higgs mechanism will be presented, which allows the symmetries
to be preserved and accounts for the mass terms.

2.1.6 Quantum Chromodynamics

In the Standard Model, quarks carry colour charge, as indicated in Tab.[2.3] and therefore interact strongly.
Quantum chromodynamics describes the structure of the strong interaction utilising the symmetry group
SU(3). This symmetry group has 8 generators, called A matrices . If we define F; = %/l,-, where
i=1,...,8, we have

[Fi, F)] = ifijEr (2.29)

where f;jx are completely antisymmetric real structure constants.
In the space of SU(3) transformations a quark state can be represented as

%(X)]

W(x) = |¥y(x) (2.30)

Yp(x)

where r, g, b represent the three colour states. As in the electroweak case the Lagrangian is required to be
invariant under the transformations

P(x) - W' (x) = P(x)e 9, (2.31a)
F(x) - ¥ (x) = Px)eldstioit), (2.31b)

Complete invariance is obtained by introducing the eight gauge fields Gé‘ , which transform like
G (x) = G"(x) = G{(x) + ' wi(x) = g, fijkw ()G} (x), (2.32)

where the strong charge g, has been introduced. As for the electroweak interaction, the appearance of the
factor f;j in Eq. |T_ﬂ|leads to self interactions between the gauge bosons, the gluons. The interaction
term in the Lagrangian can be written as

1 —
Linteraction = _Egslyyu/lj\PGll; (2.33)

and the gluon-only term as

|
Lotwon =~ F{"Fjuy  where  F}" = 0'G) ~ "G} +9.fixG'G}. (2.34)

In nature we do not observe free coloured states, but only colour singlets. A remarkable feature of
QCD is the prediction of the composition of the hadrons in terms of quarks, based on the principle of
colour confinement, which excludes single-quark, di-quark, and other fractionally charged states.

A fundamental property of QCD is flavour independence, which means that the strength of the

13
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quark-gluon interaction is independent on the quark type. Also, QCD conserves the six quark flavour
numbers
N,=N(g)—N(g) where g=u,d,s,... (2.35)

defined as the number of quarks minus the number of antiquarks of a given flavour g, which can be
violated by electroweak interactions.

The QCD Lagrangian is SU(3) invariant, differently from the electroweak case. The SU(3) symmetry
commutes with SU(2); ® U(1)y, making SU(3) ® SU(2); ® U(1)y the group suitable to describe all the
interactions.

All interactions discussed so far conserve the barion number defined as

1

B=3 (Ng - Nz). (2.36)

2.1.7 The Higgs Mechanism

In Sec. 2.1.4 we introduced the Lagrangian describing electroweak interactions. The gauge bosons
introduced in the theory, should remain massless in order to conserve the electroweak symmetries of
the Lagrangian. Also fermions were treated as massless, as shown in Sec. 2.1.5] Invariance of the
Lagrangian is fundamental if we want to keep the theory renormalisable. This requirement guarantees
that all observable quantities can be computed with arbitrary degree of precision, i.e. to all orders in
perturbation theory, avoiding divergences. In order to keep the theory renormalisable it is essential to
introduce the masses by a mechanism which retains the gauge invariance of the Lagrangian. In this
section we will describe a dynamical mechanism for electroweak symmetry breaking called the Higgs
mechanism, ultimately responsible for all non-zero masses of gauge bosons, charged leptons and quarksﬂ

The Higgs mechanism is based on a fundamental consideration about the energy levels of a system
described by a Lagrangian £ invariant under a certain group of transformations G. Regarding the potential
related to such energy levels, two situations can occur. Firstly, if a given energy level is non-degenerate
then the corresponding eigenstate is unique and invariant under the transformations of G. Secondly, the
energy level might be degenerate and the corresponding eigenstates transform linearly into each other
under G. In particular, we focus on the lowest energy levels of the system, i.e. the vacuum. In Fig.[2.T]a
potential related to the second case is shown, which can be written as

1
V2

with % < 0 and A > 0. Such a potential is invariant for G = U(1). Looking at Fig. it is clear that if
we choose an arbitrary ground state this is not invariant under U(1), as this group consists of rotations
in the (¢, ¢2) plane. However, we notice that no additional non-invariant term arises in V(¢) after this
rotation. Then, if we insert V(¢) into L for a free massless boson, the U(1) symmetry will be violated
by the choice of an arbitrary ground state, but the Lagrangian will still be invariant under U(1). Such
a mechanism is called spontaneous symmetry breaking. In Eq. (2.37), a scalar field was chosen as its
vacuum expectation value is invariant under Lorentz transformations. Due to the shape of the potential,
this field has to have a non-vanishing vacuum expectation value

2 1
(#) = \/% - \/;v (2.38)

! Neutrino masses are left out of this picture, as an extension of the SM or an additional non-invariant term in the Lagrangian [24]],
would be necessary to introduce them.

V(g) = 12lgl* + Agl*  where  $(x) = —=[1(x) + ipa(x)] (2.37)

14
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corresponding in Fig2.T]to the distance between the minima and the origin in the (¢1, ¢) plane. From

V(g)

Figure 2.1: Qualitative sketch of the potential related to the spontaneous symmetry breaking mechanism in the case
G = U(1). Degenerate vacuum states form a circle around the origin, and transform into each other under a U(1)
transformation.

the point of view of perturbation theory, we notice that orthogonal perturbations with respect to the origin
of (41, ¢2) lead to the existence of massless bosons, while radial perturbations to massive ones, both with
spin s = 0. The latter will be relevant in the following to predict the existence of a new massive particle.

This simple picture of the case G = U(1) has to be extended for G = SU(2); ® U(1)y. In this case we
should work with a weak isospin doublet of complex scalar fields, called the Higgs field

D(x) = (Zggg) (2.39)
We wish to extend the electroweak Lagrangian with the Higgs field and to include its interactions with
the gauge bosons. This is achieved by the term
Ltiges = [VFO]'[V, @] — 20T® — A[@T D] (2.40)
where the symbol V¥ is the covariant derivative defined as
VH = o + igTjWﬁ.l/Z +ig' YB" (2.41)
Choosing a particular value for the ground state leads to spontaneous symmetry breaking, and without

loss of generality we can choose

1 (0
Oy = — 242
TV (v) —

where v is defined as in Eq. (2.38).

We would like to break the electroweak symmetry in such a way that the photon remains massless,
therefore we require the state @ to be invariant only under the electromagnetic gauge transformations of
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U(1). If we assign the value Y = % to @, then ®y would be invariant under
D(x) = D' (x) = e QSOP(x) = ¢ VBT P(x) (2.43)

as desired.

Any possible value of the Higgs field can be represented by

_ L m@)+in(x)
x) = V2 (v + H(x) + im(x)) (2.44)

We decide to apply to this field a SU(2); ® U(1)y gauge transformation, called unitary gauge, such that
O(x) takes the form

1 0
PO(x) = % (v N H(x)) (2.45)

The only degree of freedom left in ®(x) after the gauge transformation is the field H(x), generating a new
massive particle, as it represents a radial oscillation. If we consider the Lagrangian for massless gauge
bosons, insert Eq. (2:40), and transform the fields according to Eq. Z.17), we obtain

i ! :
‘EbOSOIlS — _ZF/'”/FIUV _EF/;[;/FWMV + m%}[/Wll W’u

photon W+ bosons

1 1 1 1
—=Z" Ly + =My Z} 7V —E(B“H)((')ﬂH)+ Emlquz FL0osons (D 46)

4 2 interaction

79 boson Higgs boson

The interactions between the Higgs and the gauge bosons can be written as

2 2 2 2
phigss=Guge _ Y wiyup Y 5wy 9 ywhyep2 o 9 g e (2.47)
2 K 4cos2y " 4 H 8cos20y
trilinear couplings quadrilinear couplings

In Eq. Z46), F, and Z*” have analogous definitions with respect to F*”, and the mass terms have been

introduced as
1 my
my = Evg’ mz =

. omyg = +|-2u2. (2.48)
cosBw

The Lagrangian £°°" contains a term related to neutral boson with spin zero called the Higgs boson.
From Eq. (Z:49), it is evident that gauge bosons have non-zero masses due to v # 0. From electroweak
measurements [[18]] we have

v =~ 246 GeV. (2.49)

The mass of the Higgs boson is not predicted by the theory and can only be measured experimentally. It
has recently been determined to be

My exp = 125.09 +0.24 GeV (2.50)

Masses for leptons and quarks arise once we couple ® with the fermions. In this coupling, terms not
proportional to H(x) are the mass terms. Also, if we focus for example only on leptons, we can write
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interaction terms as | |
£H1ggs—Leptons = _;ml'ﬁlle - ;mVI¢V[¢V[H (2.51)

where the masses can be written as
m; = vy my, = Yy, (252)

In Eq. (Z.52)), y; and y,, are called Yukawa couplings and parametrise the Higgs-fermion interactions.
It has to be noticed here that the neutrino term in Eq. (Z:31)) not only couples to left-handed states, as
required by total angular momentum conservation. As right-handed neutrinos are not observed, this
raises questions on whether neutrino masses are actually generated via the Higgs couplings.

In Fig.[2.2) (left), the cross-section for the production of the SM Higgs boson at the LHC is reported
for various processes, at center-of-mass energy of /s = 8 TeV. Feynman diagrams for the different
production modes are shown in Fig. 2.3] The SM Higgs boson decay probabilities to different final
states, so-called branching ratios (BR), are shown on Fig. 2.2] (right). Couplings to massive fermions
are enhanced due to Eq. (2.52). The dominant production mechanism is the gluon-gluon fusion (ggF),

102 I EE + 17\ T LA B I B L L B A g -
— 79 F ER
= s=8Tev ¥ 2 ¢ ~ S
= L 1z =2 L 1s
£ 10 s
T 5 ,‘_3101 7z ?E
tF + ]
o S o ]
2 o ]
o 1 — (%]

- 8o’ E

7 X ]

10 - i
: ;107

102 = ‘
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Figure 2.2: Production cross-sections for the SM Higgs boson at the LHC at /s = 8 TeV (left), and branching
ratios for its decays (right) as a function of the Higgs boson mass. Plots are taken from Ref. I@]]

reported in Fig. [2.3] (a), with the dominant contribution of the top quark in the quark loop. Other
contributions come from vector boson fusion (VBF), in Fig.[2.3](b), and the production in association
with W*/Z (VH), Fig. (c). Finally, the rate of associated production with top quarks, in Fig. (d)
and (e), is smaller due to the large top quark mass.

2.1.8 Fundamental Parameters of the Standard Model

In the previous sections the components of the Standard Model Lagrangian were described. Field
interactions and their dynamics depend on a number of parameters not predicted by the theory but
left to the experiments to determine. These are, for instance, masses and coupling constants. When
performing experiments, the probability of a certain process to occur has to be computed, in order to
set an expectation, as will be discussed in Sec. 2.4} This calculation is performed using the information
contained in the Lagrangian in perturbation theory, i.e. the calculation is expanded up to a finite power
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(a) (b)
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Figure 2.3: Feynman diagram representation of the SM Higgs boson production mechanisms at the LHC. The
diagrams illustrate gluon-gluon fusion (a), vector boson fusion (b), production is association with a vector boson
(c), and production in association with quark pairs (d) and a single quark (e).

of the fundamental couplings. This puts a limit on the number of vertices considered in the process, as
depicted for instance in Fig.2.3]and thus limits the accuracy of the prediction. Terms in the calculation
beyond the leading order of the fundamental couplings are usually referred to as radiative corrections.

Some terms in the finite-order expansion might introduce divergences. In order to avoid this, the
calculation is performed only up to a certain scale, A, of some physical parameter, such as the momentum,
a technique called regularisation [[15] [I6]]. This is considered to be acceptable only if A is much larger
than the energy scale of the process. However, as A is not physically motivated, we wish to use a
calculation scheme which does not depend on it.

Restoring a theory which is not dependent on such a scale to all orders in perturbation theory is a
technique called renormalisation [[I5] [I6]], in which the physical quantities depend on A and reabsorb
the divergences for A — oco. After renormalisation, whatever A value we consider, a certain value of
the coupling dependent on the scale is predicted, which restores the theory for interactions beyond A.
This will be possible to all orders in perturbation theory. As calculations are possible up to a finite order,
a particular choice of the scale, called renormalisation scale, has to be introduced. As this choice is
unphysical, it has to be taken into account when evaluating uncertainties on theoretical predictions.

In the Standard Model we can represent the couplings associated with the U(1)y, SU(2);, and SU(3)
symmetry as a function of the transferred momentum in the interaction. According to the previous
notation we can define a; = g'2 [An, ap = g2 /4m and a3 = g% /4n. In Sec. , we have already
introduced a3 with the different name as. The trend of aj,a; and a3 as a function of the energy
scale is determined by the so-called renormalisation group (RG), and is shown in Fig. 2.4]
The dependency of the fundamental parameters on a certain scale is referred to as the running of the
parameters.
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Figure 2.4: Standard Model couplings of the SU(3) ® SU(2); ® U(1)y symmetry group versus the transferred
momentum, Q. The two lines in correspondence of a3 represent the theoretical uncertainty. The plot is taken from

Ref. [@]

2.1.9 Open Questions of the Standard Model

The Standard Model has been proven to be a successful theory in numerous experiments performed over
several decades. Nevertheless, while providing a precise description of subatomic particles and their
interactions, is still regarded to be incomplete and not the ultimate description of all the phenomena we
observe. A list of open problems the SM does not address is given below.

Unification of forces : In Sec. 2.1.4] the unification of electromagnetic and weak interaction in the
SM was discussed. However, this is not a unification in the sense that both couplings arise from
a common source. In fact, the parameter 6w has to be introduced to relate the couplings, which
has to be experimentally determined. This is a reflection of the fact that electroweak interactions
are described by the mere product of the groups SU(2); and U(1)y. In a more appropriate unified
description of interactions the group SU(2); ® U(1)y would be part of a larger group G. Some
of the transformations of G would then relate elements of the two groups, ultimately leading to
a prediction for the relation between the couplings. We would like our unification to include the
whole set of interactions, thatis G > SU(3) ® SU(2); ® U(1)y. This unification would then lead the
running couplings to become identical at a certain energy scale and be unified beyond that point,
their difference at lower scales being caused by some symmetry breaking mechanism. Unification
is supported by the fact that we already predict similar values for the couplings at a certain energy
scale, like shown in Fig.[2.4] which is unlikely to be a coincidence.

Gravity : At present, there is no satisfactory quantum theory for the gravitational interaction. The small
coupling involved in gravitational processes also makes an experimental test particularly difficult.
However, when gravitational effects are extrapolated to very high energies, they are predicted to
have similar strength as the other forces. This may suggests that gravitation could be included in a
unified quantum description. The typical energy scale beyond which gravity is regarded to have
significant effects is the so-called Plank scale Mp ~ 10" GeV.

Hierarchy problem and fine-tuning : As discussed in Sec. [2.1.8] the fundamental parameters of
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the Standard Model show a scale dependence which has to be introduced to renormalise the
interactions. The mass of the Higgs boson also shows this feature. If we consider for instance
radiative corrections to my, due to creation and annihilation of fermion and anti-fermion pairs, we

have 5
g
Mexp = My + Ay = m2y - 8—;2/\2 +.. (2.53)

where g is the fermion-Higgs coupling, as in Eq. (Z:52), and A is the scale introduced. There is
no reason why A should be small, and, if we believe the SM to be reliable at any scale, it could
assume very large values. If we extend its value up to large scales, for instance Mp, the magnitude
of the corrections would be such that we will be forced to choose very large values of my, with
very high precision, to obtain the experimentally measured mass and avoid the unnatural hierarchy
mpy << A. This fine-tuning of the parameters is regarded to be undesirable in a theory, where a
dynamical cancellation of the diverging corrections would be preferable.

Dark matter and dark energy : Cosmological observations [29] [30] support the existence of a particu-
lar kind of matter in the universe which does not interact electromagnetically, but only through
gravity and the weak force [32]]. It amounts to 26.8% of the mass-energy of the universe [14]],
and we refer to it as dark matter. Not dark matter candidate is provided by the Standard Model. In
addition to this, evidence of an acceleration in the expansion of the universe points toward
the existence of an unidentified source of energy commonly referred to as dark energy [35]], making
up 68.3% of the universe. Extensions of the SM or new theoretical frameworks are necessary to
interpret these observations.

Anomalous magnetic moment : Higher-order corrections in QED are tested up to a very high preci-
sion, as in the case of the magnetic moment of the electron . Nonetheless, the measurement of
the analogous quantity for the muon, called (g — 2),, [37]], differs from the theoretical prediction,
possibly indicating the presence of new physics.

Neutrino masses : Recent experimental results indicate that neutrinos are massive particles.
According to the SM description of spontaneous symmetry breaking this leads to the existence of
right-handed neutrinos which are not observed by experiments. Accommodating non-interacting
right-handed neutrinos would require an extension of the model.

Baryon-antibaryon asymmetry : The observable universe is composed mainly of baryonic matter
rather than antimatter. While the universe is thought to be neutral with respect to all conserved
charges, there is no consensus about what caused this asymmetry during the baryogenesis in the

Big Bang [3§]].
All these problems require extensions of the Standard Model. One of the most prominent and best
motivated is Supersymmetry.
2.2 Supersymmetry

As outlined in Sec.[2.1.9] the Higgs sector in the SM poses problems which are not possible to address
in the same theoretical framework. Over time many theories have been proposed for the solution of
these problems. Among them, Supersymmetry (SUSY) is one of the most popular. In the next sections
a brief review of general SUSY is given, based on the more detailed documents Ref. [39H42]]. Such
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general introduction will serve to present the specific SUSY model relevant for this thesis, the Minimal
Supersymmetric Standard Model.

2.2.1 Supersymmetry and the Hierarchy Problem

As mentioned in Sec. [T} Supersymmetry predicts the existence of a new set of particles, called super-
partners, which mirror the Standard Model particles and differ from those by the value of their spin. In
particular, fermionic degrees of freedom in the SM are mirrored by bosonic ones in SUSY and vice versa.
Among the motivations for SUSY is the solution to the hierarchy problem mentioned in Sec.[2.1.9] If we
compute the corrections to my coming from a fermion f in the SM we obtain

2
9 A 1
2 _ a2 f A2 2100 > _h, 2 -
AmH’f = Ny = ( A°+ 6mflogmf 2mf) + O(AZ) (2.54)
where Ny is the number of fermion generations and g is proportional to the Yukawa coupling. Such
terms are generated by the process illustrated in Fig.[2.3](a), and are said to be one-loop corrections. Now,

(a) f (b) S () s
,/ \\ /,—~\\
H H 4 \ H ’ \ H
1 \ 1 1
-— - - - —— - 1 1 e e = \ -———-
\ 1 \ Vi
\ / \\ ’/
[ [ - = -
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Figure 2.5: Feynman diagram representation of the one-loop interactions between the Higgs boson and a generic
fermion (a), and a generic scalar boson (b) and (c).

if we assume the existence of a certain number of scalar particles Ny, represented by a real field, with
masses mg and linear and quadrilinear couplings to the Higgs boson given by gsv and gg, respectively,
they contribute to the correction by the amount

A s A
Am?, g = Ng 25 [-A2 + 2mslog “ne B (s 2log—~ |+ 0| (2.55)
’ 167 1672 1672 mg
If we make the assumptions ngr = —gs and Ny = 2Ny, we obtain
g; A m 1
Am?, = Niis ((mf ms)log +3m logm—i) + O(ﬁ) (2.56)

As can be seen from Eq. (Z.36), if such a symmetry were exact, or in other words my = mg, all the
corrections to my would exactly cancel. However, we fail to observe superpartners at the energy scale of
the Standard Model, therefore supersymmetry has to be broken. Logarithmic divergences in Eq. (Z.56)
do not present a hierarchy problem provided that the difference between m and myg is not too large, i.e.
in the order of a few TeV. This consideration motivates supersymmetry searches at the Large Hadron
Collider, which is able to probe such energy scales.

We will see in the following sections how supersymmetry can also provide a particle candidate for
dark matter, and allows for a unification of forces.
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2.2.2 Supersymmetric Transformations and Lagrangian

A supersymmetry transformation relates fermionic and bosonic states. If we define Q as the generator of
such a transformation, we can write

|[Fermion) = Q|Boson)  |Boson) = Q|Fermion) (2.57)

According to the Haag-Lopuszanski-Sohnius and Coleman-Mandula theorems [44]), the operator Q
and its hermitian conjugate Q" must satisfy anticommutation and commutation relations of the form

Q.. Q) = —20% P, (2.58a)
{Qa. Qs} = 0 Q.Q)=0 (2.58b)
[Qq, P“]1=0 [Q,P1=0 (2.58¢)

where P is the momentum operator. The dotted indices refer to the right-handed degrees of freedom in a
Dirac spinor, and the undotted to the left-handed ones. In the following, we will split each Dirac spinor
in two Weyl spinors carrying only one type of such indices, with two degrees of freedom each. It has to
be noted that the hermitian conjugate of any left-handed Weyl spinor is a right-handed Weyl spinor.

In a supersymmetric theory, particle states are represented as supermultiplets. Each supermultiplet
contains both fermion and boson states which are known as superpartners of each other. Particles
contained in the same supermultiplet have the same mass, before SUSY breaking, and share the same
electric charge, weak isospin and colour. Each supermultiplet contains an equal number of bosonic,
np, and fermionic, ny, degrees of freedom. The simplest supermultiplet contains a Weyl spinor and
a complex field, with np = 2, representing a fermion and a scalar boson, respectively. It is called a
chiral supermultiplet. The supermultiplet that accommodates a spin s = 1 vector boson with zero mass,
therefore with ng = 2, and a Weyl spinor with s = % is called a gauge supermultiplet.

Only chiral supermultiplets can contain fermions whose left-handed component transforms differently
from the right-handed one, as is the case in the Standard Model. Therefore, these fermions should be
arranged in separate supermultiplets with different complex scalar superpartners. Scalar superpartners
of Standard Model leptons and quarks are called sleptons and squarks, while fermions in gauge super-
multiplets with Standard Model gauge bosons are called gauginos. Unlike Standard Model fermions,
right-handed and left-handed gauginos should transform in the same way. The complete list of particles
predicted by the Minimal Supersymmetric Standard Model will be discussed in Sec. 2.3}

If we consider a chiral supermultiplet containing a left-handed Weyl spinor ¢ and a complex scalar ¢,
we can write a Lagrangian which is invariant under supersymmetry transformations, which also contains
interaction terms, as

*[ . FTi— s yx7l 1 ij * i j
Leniral = 09" i + T 0 = WiW' — (Wi + Wi Ty (2.59)
kinetic interaction
where 5
0w R 27 v 74 1 .. 1 ..
W= — = W= =MIgip; + —y i, 2.60

In Eq. (Z:60) the repeated indices i, j run over the different fermion families, and W denotes the superpo-
tential. The symbol M'/ is a symmetric mass matrix for the fermion fields and y'/* a totally symmetric
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symbol parametrising the interaction between a boson and two fermions, with the same physical meaning
as the Yukawa coupling. The set of transformations under which Lp; is invariant can be written as

5¢i = e 5¢* = €'yl (2.61a)
Wi = —i(0*€0d,; WMy = i(e5*)30,0™ (2.61b)

where € is an infinitesimal Weyl spinor parametrising the transformatiorﬂ It can be seen that, for the
generic transformations written in Eq. (2.61), and for X = ¢, ¢*, ¢, " the variation 6X can be expressed
as

[eQ+€'Q", X] = —i V26X (2.62)

For the complete Lagrangian we should also consider the contribution of the gauge supermultiplets,
featuring the gauge fields A%, where a is an index running over the number of generators of the gauge
group, and the gauginos 4,. Under an infinitesimal transformation in the adjoint representation the
fields transform as

AG(x) = AR(x) = AG(X) + & wa(x) = g fapewp(X)AL(X) (2.632)
Aa(x) - /l/a(x) = Aa(x) - gfabcwb(x)ﬂc(x) (263b)
where f,;. are the totally antisymmetric structure constants of the gauge group. A sensible Lagrangian

should be invariant under the previous set of transformations as well as supersymmetry transformations.
Therefore it can be written as

1 ta—,
Liotal = Lehiral _ZFZVFWV + i/l'aO'uV#/la

gauge

™ 1 , .
—V2g(¢iT)A® — V2gAT(yiT¢;) - ST TGNG T ) (2.64)

gauge—chiral interactions
where the symbols F%” and V¥ 1¢ are defined as

FY = 3PAY — AL + g fupc ALAY (2.65a)
VHAT = 3% + g fape AL A, (2.65b)

and the supersymmetry transformations of the gauge supermultiplet areEl
1 _ —
SAM = 5 (€44 + 2j7"e) (2.66a)

i
519 = —— (0,7 F" (2.66b)
242 " “

2 In a rigorous presentation of the theory it should be pointed out that for a transformation on (i4;), an additional term arises
which is proportional to an auxiliary bosonic field. This term is necessary to make Supersymmetry consistent as a quantum
theory i.e. even when equations of motion are not satisfied [39]. However, this detail is inessential for this discussion and
does not lead to a modification of the expression of the chiral Lagrangian given in Eq. (Z:39).

3 Similarly to what noted for Eq. (Z:61)), the reported transformations are incomplete as they lack an additional scalar component
necessary for the off-shell consistency of the theory. Even in this case, this term does not appear in the lagrangian including
interaction terms, and is not essential for this discussion.
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Names Supermultiplet Symbol ~ Spin 0 Spin %
Q @dyp  (ud)y
squarks, quarks (X 3 generations ) i i u;g
7 J i
d dp dp
I3 -
sleptons, leptons (x 3 generations ) e v :)L
e er e
TR H, (Hy H) (7 H)
Higgs, higgsinos 0 0 7
Hy (H;H;) (H,;H))

Table 2.4: Chiral supermultiplet content of the Minimal Supersymmetric Standard Model. Left-handed and
right-handed fermionic degrees of freedom are arranged in different supermultiplets. In the symbol indicating
supermultiplets originating from right-handed fermions, the bar does not indicate conjugation.

In Eq. (2.64), ordinary derivatives g, are replaced by the covariant derivative V,,, and 7¢ are the generators
of the gauge group. Here, only one group of such transformations has been considered, relative to the
parameter g, but all the known symmetries of the Standard Model should be added.

2.3 The Minimal Supersymmetric Standard Model

The Higgs boson sector of interest for this thesis is an extended version of the SM one. In particular,
its structure will be motivated by the general principles inspired by SUSY, discussed in Sec.[2.2} The
Minimal Supersymmetric Standard Model (MSSM) is a supersymmetric extension of the Standard Model
with minimal Higgs sector required. In the present section we will introduce and motivate the MSSM,
with particular detail on the Higgs sector, and the Higgs boson phenomenology.

The supermultiplets of massless particles in the MSSM are illustrated in Tab. [2.4]for sfermions and
in Tab. 2.5 for gauginos, where sparticles are marked by a tilde. Superpartners of fermions are scalar
bosons carrying the L and R labels, referring to the chirality of their SM partner. No such label is used
for the sneutrino as only left-handed neutrinos are observed. The symbols u and d are used for all three
generations of up-type and down-type quarks, respectively, while e indicates all charged leptons. The
bar on top of right-handed related supermultiplets is just a naming convention. Gauge interactions of
particles in the same supermultiplet are the same. For instance, W bosons interact with it; and dy, but not
with iig and C?R.

The MSSM Higgs sector differs from the SM one. Due to the requirement of the cancellations of
gauge anomalies introduced in the MSSM by the superpartner sector [39]], we are forced to introduce
two isospin doublets, (H;f, HS) and (HY, H;) with Y = % and Y = —%, respectively. The introduction
of two Higgs doublets with different hypercharge is also necessary because, due to the structure of the
MSSM, only a doublet with ¥ = % can have the necessary Yukawa couplings to generate the masses
of up-type quarks, and only a doublet with ¥ = —% can generate the masses of down-type quarks and
charged leptons. The fermionic superpartners of the Higgs bosons are called higgsinos. The MSSM is
completely specified by the following choice of the superpotential

Wmssm = ﬁYUQHu - jdeHd - éyeLHd + ,uHqu (267)
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Names Spin % Spin 1
gluino, gluon J g
winos, W bosons  W=*, W0 W= W0
bino, B boson B° B°

Table 2.5: Gauge supermultiplet content of the Minimal Supersymmetric Standard Model.

where u is the higgsino mass, and summation over family and colour indices is implied. The yy e
symbols are the Yukawa matrices, describing the mixing between the quarks, and determining the masses
of quarks and leptons after electroweak symmetry breaking. We can decide to write the superpotential
ignoring the contribution of the first and second generation of particles, which simplifies the form of the
Yukawa matrices. We then obtain

Waissm ~ y(itH) — ibH}) — yp(btH; — bbHY) — y(Fv.H; — TTHY) + pu(HF H; — HOH))  (2.68)

2.3.1 R-parity

Supersymmetric models like the MSSM can provide a candidate for the non-baryonic dark matter
observed in our universe. This is possible by imposing a new symmetry discussed in the following.

The superpotential in Eq. (2.67) is not written in the most general form, in the sense that other
terms could be added which violate lepton number, L, and baryon number, B, defined in Eq. @])
and Eq. (2.36), respectively. However, they are known to be conserved in the energy range of current
experiments. For example, we do not observe the proton decay which would require AL = 1 and AB = 1.

In the MSSM L and B are not assumed to be separately conserved. In the SM we do not make this
assumption, rather it just happens that Lagrangian terms violating B and L are non-renormalisable. We
also know that these quantum numbers are not conserved by non-perturbative electroweak effects [45]).
Therefore, we introduce a new symmetry, involving both L and B, which results in the quantity called
R-parity, Pr, to be conserved. R-parity is defined as

Pr = (-1 EL, (2.69)
where s is the spin of the particle. The form of Eq. (Z.69) is chosen such that sparticles have P = —1
and SM particles Pg = 1. If R-parity is exactly conserved, then there is no mixing between sparticles and
particles. In addition to this, every interaction vertex contains an even number of sparticles. This has the

following phenomenological consequences:

e The lightest supersymmetric particle, or LSP, is stable. If it is electrically neutral it only interacts
weakly and can be considered to be a non-baryonic dark matter candidate.

e Each sparticle, other than an LSP, must decay into an odd number of LSPs.
o At collider experiments sparticles can only be produced in even numbers.

R-parity is conserved in the MSSM by definition.
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2.3.2 Soft SUSY breaking in the MSSM

Sparticles have not been observed at energies probed by current experiments. This suggests that SUSY
has to be broken. Unfortunately, no consensus has been reached on how to introduce this mechanism
dynamically. In the MSSM, SUSY breaking is described by an effective additional term in the Lagrangian,
where only mass terms of positive dimension are present in order to maintain the hierarchy between
the electroweak and Planck scales. These terms are said to break SUSY softly, as they do not introduce
quadratic divergences due to quantum corrections to scalar masses, therefore providing a solution to the
hierarchy problem. In the MSSM, the soft SUSY-breaking part of the Lagrangian can be written as

1 _ .
LMSSM -5 (M3 + MyWW + M1 BB) +c. c.

soft

gaugino masses

(flauQHu - C?adQHd - gan,Hd) +cC.C.

triliniear couplings

—QTméQ - iTmiZ - ftmlz-lff( - c?mng - ?m%?

T

sfermion masses

—myy, HyH, —my H;Hy— (bH,Hy +c.c) (2.70)

Higgs sector

where c.c. is the complex conjugate. All bold symbols in Eq. represent matrices in generation
space. The a, g matrices are in one-to-one correspondence with the Yukawa matrices. The masses M3,
M, and M are the gluino, wino and bino masses, respectively. The symbol b is also a matrix with the
dimension of a mass squared, however, it can be reduced to a real parameter by redefining the complex
phases of the Higgs fields. The total number of parameters present in Eq. are 105. In particular, if
SUSY should be the solution to the hierarchy problem, the mass terms are expected to be very roughly at
the scale Msysy ~ 1 TeV.

In the MSSM the running of the coupling parameters is modified by the contribution of additional
particles in the loops. It is remarkable to see that the MSSM contains the right particle content that allows
for a unification of the forces at Q ~ 10'® GeV, as shown in Fig. an additional motivation for SUSY.
SUSY models other than the MSSM have been suggested in the attempt to break SUSY dynamically. In
mSUGRA (minimal supergravity) [46]l, the gravitational interaction communicates SUSY breaking to
the supersymmetric Standard Model. The graviton is predicted to have a superpartner, called gravitino.
In gauge-mediated supersymmetry breaking models (GMSB), gauge interactions in the SM break SUSY.

2.3.3 Electroweak Symmetry Breaking in the MSSM
In this section, the Higgs sector in the MSSM is introduced. It is described by the following potential
] ’
V= (b + iy DI + (il + gy )IHGE — (BHH + ¢.c) + 2(g” + g HHYP - [HYP?, (271
where the charged degrees of freedom of the Higgs doublets have been eliminated without loss of

generality. The CP symmetry is not spontaneously broken by this potential. Therefore, the Higgs mass
states have a well-defined value of CP.
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Figure 2.6: MSSM couplings of the SU(3) ® SU(2); ® U(1) symmetry versus the transferred momentum. The two
lines for a3 represent the theoretical uncertainty. The plot is taken from Ref. [@]

The following conditions have to hold

2b < 20ul* + my, +my;, (2.72a)
b* > (|l + mp, )l +my,). (2.72b)

The first condition is required for the potential to be bounded from below, and the second to require
electroweak symmetry breaking by imposing HY = HS = 0 not to be a stable minimum.

We can now define, in analogy with Eq. (2.42),

(H)) = \/gvu’ (H)) = \/gvd- 2.73)

These two vacuum expectation values (VEV) have to satisfy the phenomenological relation

2

4m
vy + 0 =00 = =25 ~ (246 GeV) (2.74)
9> +4g

The ratio between v, and v, can be expressed as a function of an angle 8 € (0,7/2) as

v vsin,
tang = 2= B

vg  vcosf

(2.75)

The two Higgs doublets in the MSSM correspond to eight real degrees of freedom. Out of these, three
can be removed after a gauge transformation, as seen in Sec.[2.1.7] while the remaining five mix to give
five mass eigenstates, two CP-even h°, H, one CP-odd A° and two charged H*. The mixing angle of the
CP-even states is defined as a € (—n/2,0), while 8 defines the mixing in the CP-odd and charged sectors.
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The following relations hold at leading order in perturbation theory

myo = 2Aul* + my +my (2.76a)

My o = % (mj0 +m, F \/(mf\0 —m2)? + 4m§m/§0sm2(2ﬁ)), (2.76b)

My = M, + My, (2.76¢)

sin2a _ [mi,o + mlzlo] tan2q _ (mio + m%] (2.76d)
sin2f3 mlzqo - mZO tan28 mi o= m% ' '

From the leading-order equations above we can see that two parameters introduced in the MSSM Higgs
sector cannot be constrained. We choose these two to be m4 and tang.

In principle, all the masses above can be arbitrarily large, with the only exception of m;,0 which has an
upper bound at the mass of the Z boson [41]]. However, Eq. (2.76) does not include radiative corrections.
These are dominated by the top and stop particles with diagrams analogous to Fig.[2.5] When they are
included we can write

2 < micos’(28) + 3m} [1 §+ X/ (1 X )] 2.77)
m m-COS — | 108 —— - .
W2 n22sin’B ¢ m?  2M; 6M;

leading order

radiative corrections

In Eq. 2.77), we have Mg = %(m;1 +mjz,), Where 7 » are the mass eigenstates of the stops, superposition
of 7z and 77, and X, is the stop mixing parameter to be introduced later. This equation holds in the
so-called decoupling limit where my > my, leading to h° couplings identical to the SM Higgs boson.
If we assume that all particles in the loops contributing to the corrections do not exceed 1 TeV, and
include even higher-order corrections [47]], we obtain an upper bound on the mass of the lightest Higgs
boson of
myo < 135 GeV. (2.78)

Higher-order corrections to my, are of primary importance to decide upon the values assumed by the free
MSSM parameters entering into it. This is particularly relevant after the discovery of a Higgs particle,
which is presumably consistent with 4. The discussion regarding the higher-order parameters will be the
subject of the next two sections.

In the MSSM the masses of quarks and leptons and the CKM mixing parameters are determined not
only by the Yukawa couplings but by tang as well. In fact, at leading order we have

m; = y,vsing, my = yYpucosp, My = YrUCOSP. (2.79)

We notice that, to a good approximation, y,/y; = (mp/m)tang and y./y, = (m./m,)tang. Therefore, if
tan8 > 1, y, and y, are enhanced. Also, we notice that if sing is too small y; will be too large to be
treated perturbatively. This leads to the requirement that tan > 1.2. For a similar reason tang < 60 if
Yp, Y- should be small. MSSM Higgs bosons searches are therefore set in the tanS range between these
two values.

The large number of free parameters in the MSSM can be reduced significantly, simplifying the
phenomenological interpretation of searches. We can constrain the 105 parameters based on experimental
results. In particular, no new sources of CP-violation should be introduced by the soft SUSY-breaking
potential (2.70), therefore all the complex phases of the new parameters are assumed to be zero. No
flavour-changing neutral currents (FCNC) are observed. Then, if we write the matrices a in Eq. (2.70)
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as a = Ay we can assume A to be diagonal and real. We notice that only squarks and sleptons of the
third family can have large trilinear couplings, due to the proportionality of the Yukawa couplings to the
masses of the fermions. In addition to this, squared-mass matrices are assumed to be diagonal with equal
masses for the first and second generations, due to experimental constraints coming from the mixing of
the mesons K° and K . The previous set of assumptions are also supported by the fact that they lead
to unification of the couplings as shown in Fig. [2.6]

After these assumptions we have reduced the number of MSSM parameters from 105 down to 19,
which are

e my, tanB: leading-order parameters.

e 4 higgsino mass parameter.

M, M,, M3: the gaugino masses.

® mg,,, My, Mg, ,,Mf, ,, Mg, ,: first and second generation sfermion masses.
® mg,, Mgy, Mg,, MLy, Mgy third generation sfermion masses.

o A;, Ap, Ay third generation trilinear couplings.

Any search for MSSM Higgs bosons depend on a particular choice of these parameters, which we
will refer to as a benchmark scenario. In Sec. all relevant scenarios for the search discussed in this
thesis will be presented and motivated.

Gauge eigenstates in the MSSM are not mass eigenstates, as also seen for the Higgs bosons. In
Tab. [2.6] the full list of mass eigenstates is given. The mixing does not introduce new parameters with
respect to the ones already mentioned. For sfermions, non-negligible mixing only occurs in the third
generation, due to large Yukawa couplings. The stop sector is of particular importance for the radiative
corrections to me, which depend on the off-diagonal term in the mixing matrix of the gauge eigenstates
mX; = my(A; — ucotB). As we will see later, this term is crucial for the definition of a benchmark scenario.
Benchmark scenarios include a choice of the values of the three gaugino masses. However, if these
masses unify at a large energy scale, only M3 and either M, or M have to be defined in the scenario, as
at the electroweak scale the following equality holds

5
M, = 3tanZerWMz. (2.80)

2.3.4 Neutral MSSM Higgs Bosons Phenomenology

In this and the following section we describe the phenomenology of the neutral MSSM Higgs sector,
and discuss the definition of the benchmark scenarios relevant for this thesis. As already shown by the
formulas in Eq. (2.76)), there is a mass hierarchy between the three neutral Higgs bosons. The dependence
of the mass of a generic neutral MSSM Higgs boson on m4 and tang is illustrated in Fig. which
includes radiative corrections, for the particular scenario called my ogo 1O be discussed in Sec. At
the LHC, the MSSM neutral Higgs bosons are produced by the same mechanisms already illustrated in
Fig. 23] for the SM case, with few important differences. Due to CP conservation the A boson does not
couple to gauge bosons, and is therefore not produced by the processes illustrated in the diagrams (b) and
(c). In the diagram in Fig. 2.3](a), sfermions contribute in the loop as well as quarks, in particular the
third-generation ones. In the MSSM the Higgs coupling to down-type fermions is enhanced by a factor
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Names Spin  Pr Gauge Eigenstates Mass Eigenstates
Higgs bosons 0 +1 HY, H2 JHy  HY W, HO AY H*
iy g, dy ,dg (same)
Squarks 0 -1 ¢L,Cr,SL, Sk (same)
ir»ir , by , br fi,0,b1, by
Ve , €L , €R (same)
Sleptons 0 -1 Vs fr , fIR (same)
Ve, TL, TR Ve, T1, T2
Neutralinos i -1 B, wo LAY, HY Ny, Ny, N3, Ny
Charginos % -1 Wt | FI:{ , I:I; C’;—' , C’;
Gluinos % -1 J (same)

Table 2.6: Mass eigenstates in the MSSM. The R-parity is quoted (Pg) , along with the original mixed gauge
eigenstates. Mass eigenstates are numbered from lighter to heavier.
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Figure 2.7: Masses of the neutral Higgs bosons in the MSSM. Here the m; _ , scenario is assumed . The plots
are obtained with the program FeynHiggs [50-52]). The plots are obtained for tanj = 5, 30.
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% Jdiu Jodd govy goaz JoH=W*
Hgm 1 1 1 0 0

h  cosa/sinB —sina/cosf sin(B—-a) cos(B—a) Fcos(B—a)

H  sina/sinB  cosa/cosf cos(B—a) —sin(f—a) =sin(B— a)

A cot8 tanf 0 0 1

Table 2.7: Ratio between the MSSM Higgs bosons couplings and the Standard Model ones. The labels « and d
represent all kinds of up-type and down-type fermions, respectively, while V represents eithera W a Z.

of tanB. Therefore, the diagrams in Fig. @ (d) and (e) become dominant when b quarks are considered.
The cross-sections for the production of the three neutral Higgs bosons are illustrated in Fig.[2.8] as a
function of my4 at two values of tanS. Differences in the Higgs couplings between the Standard Model
and the MSSM are shown in Tab. 2.7] at the leading-order of the theory. In the decoupling limit, all
leading-order couplings of the / boson reduce to the SM ones, for tanS > 1. In the same limit, the H
boson couplings approach the values of the A boson couplings in absolute value. Radiative corrections do
not significantly alter this picture. Due to the enhancement with tang, the decay channels h/H/A — bb
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Figure 2.8: Cross sections for the production of the neutral Higgs bosons of the MSSM at the LHC with /s = 8 TeV.
Here the m o scenario is assumed || Plots are taken from Ref. and obtained with the program SusHi
Ref. . The effect of different tangS is compared, with tan8 = 5 on the left and tan8 = 30 on the right.

and h/H/A — 147~ present a larger branching ratio with respect to the Standard Model prediction. The
branching ratios are shown in Fig.[2.9]as a function of m, at two values of tang.

2.3.5 MSSM Scenarios

An MSSM Higgs search has to rely on benchmark scenarios in which the higher-order parameters of the
theory have been fixed. In this section, all the relevant scenarios considered for the #/H/A — 71 search
are presented. The following set of assumptions is common to all scenarios

o m; =173.2 GeV
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Figure 2.9: Branching ratios of neutral Higgs bosons in the MSSM. The m,

are taken from Ref. [26]] and are obtained with the programs FeynHiggs |- 52]] and HDECAY [[54].
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e M3 =1500 GeV

® mg, = mg, = mg, = Msysy and mp, = mg,

® MY, = My, =Mg, = 1500 GeV and mg,, = Mg, = 500 GeV
e Ar=0 (f=c,s,u,d,pue)

It has to be noted that for the last two sets of assumptions the corresponding parameters only have a
minor impact on the Higgs sector.

The results of a search for neutral MSSM Higgs bosons are often presented as exclusion bounds
in the space of the leading-order free parameters of the theory, typically chosen to be my4 and tang.
Previous to the Higgs boson discovery, the most popular scenario, called m;***, was designed to obtain the
most conservative exclusion bounds on tang at LEP experiments searches | . In the m;lnax scenario
radiative corrections to my, are maximised for fixed values of m; and Msysy, such that the upper bound is
obtained as in Eq. 2.78).

After the discovery, such a scenario allows only a small region to be available in the (14, tanG) plane.
However, the MSSM parameters entering in the radiative corrections to my, can be chosen in order
to increase the available region in this two-parameter space. Such modifications affect the radiative
corrections on my, lowering the upper bound of Eq. (2.77) down to m;, < 125 GeV [49]. In the scenarios
called My od andm; . this is achieved by altering m, by the absolute value and sign of the X; parameter,
as reported in Tab.

Another way to modify the bound on m, is to decrease Msuysy, necessarily leading to lighter stops and
therefore lower M. For the light-stop scenario in Tab. @we have m;, = 325 GeV and m;, = 670 GeV.
In this scenario p and M, are modified according to the latest exclusion limits from LHC experiments.

In addition to the alteration on the mj; bound, another modification regards the decay rate h — yy, as
initial ATLAS and CMS measurements indicated an enhancement in this channel with respect to the
Standard Model prediction. This enhancement has by now become weaker. Light staus might lead to
such a modification, with a scale indicated in Tab. 2.8]in the light-stau scenario.

Finally, the tau-phobic scenario was proposed to motivate the initial lack of H — 77 evidence from
LHC experiments. Recent results from ATLAS [58]] and CMS [59]] make this motivation weak, as a 4o
excess has been observed in the H — 77 search. The tau-phobic scenario induces modifications up to
20% of the Higgs decay in tau pairs in some regions of the parameter space, increasing it or enhancing
it. The last two scenarios, even though no longer well motivated, were still considered for the search
presented in this thesis.

2.4 Cross Section and Simulation of Events at Hadron Colliders

One of the most important physical observables in a particle physics experiment is the cross-section for a
particular process. In the following, we illustrate how this quantity is defined and used in the simulation
of events, which are widely exploited in order to model both new and SM processes.

We first consider the number of events produced in the collisions. The expected value for this quantity
can be written as

Nexp = a'fdtL(t) (2.81)

where o is the cross-section of a physical process and the integral term is the so-called integrated
luminosity, where the integration over time is performed of the quantity L(¢) called instantaneous
luminosity. The cross-section is computed from the information contained in the Lagrangian and is
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Benchmark Scenarios

Parameters

mp / my oa ! m;’mo d light-stop light-stau tau-phobic

Msusy 1000 GeV 500 GeV 1000 GeV 1500 GeV
u 200 GeV 350 GeV 500 GeV 2000 GeV

M, 200 GeV 350 GeV 200 GeV 200 GeV
X, 2/ -19/ 1.5 Msysy 2 Msusy 1.6 Msusy 2.45 Msusy

Ap=Ar = A Ap=Ar=A, Ap=A, A, =0 Ap=A4A, A =0
mr,, Mg, 1000 GeV 1000 GeV 245 GeV 500 GeV

Table 2.8: Summary of the parameters of the MSSM benchmark scenarios. Values are taken from Ref. .

related to the probability of the process to occur, while the instantaneous luminosity is a parameter
of the collider. Assume that a collider produces head-on collisions of two bunches of particles at a
certain frequency f.o;1. We define the number of particles contained in these bunches as n; and n;. If the
bunches have the same transverse profiles, characterised by the horizontal and vertical widths o and o,
respectively, we can write the instantaneous luminosity as

niny
L= feon

2.82
dro oy ( )

Predictions of the cross-section for new and known processes are typically needed to interpret the data
collected from the collisions. Simulated events are generated according to the probability of a process to
occur, in a way illustrated in the following section.

2.4.1 Simulation of Hadronic Collisions

We focus our attention on the simulation of events originating from the scattering of protons, as relevant
for LHC collisions, however, the following discussion also applies to a generic hadron-hadron scattering.
This discussion will also serve to introduce the concept of a particle jet, one of the fundamental objects
reconstructed in the events. The following overview is based on the more exhaustive documents [60H63].

As discussed in Sec. 2.1.1} hadrons are composed of partons. In simulating hadronic collisions,
sequential steps are taken into account, starting from the partons in the initial state and ending with the
particles observed in the detector. First of all, the momentum distributions of partons should be modelled
by parton distribution functions (PDF). Knowing the kinematics of the initial state, the next step is the
generation of the so-called hard process which requires detailed knowledge of the cross-sections involved
for the particular interaction. After this, if coloured particles are produced, gluon radiation is emitted
and a cascade of quarks and gluons is produced, called a parton shower. Particles generated at this step
undergo hadronisation (cf. Sec.[2.1.1)) and form colour-singlet states. Final states produced in the hard
process might then decay in the detector, under the effect of the strong or electroweak interactions. If
particles produced in the hard process have an electric charge, the radiation of photons must be taken
into account. In Fig. all the sequential steps considered by the simulation are shown. The hard
process is characterised by a large transferred momentum between the initial partons. However, other
interactions at lower momenta populate the event, which are part of the so-called underlying event. The
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Decay {

Hadronisation

Parton

Shower + Underlying Event

Hard
Process

fx,Q%) fx,Q%)
Parton B

Distributions

Figure 2.10: Ilustration of all processes taken into account for the simulation of hadron collisions. The picture is
taken from Ref. [64].

next sections will be dedicated to the details of all the steps mentioned. It is important to point out that
only two interacting protons will be relevant for the following discussion, therefore ignoring for now the
interactions of other protons in the same or different colliding bunches. Computer programs simulating
the collisions are referred to as generators, which are based on Monte Carlo methods.

Hard Process

Interesting events produced in the collisions involve large momentum transfer, therefore, the core of
the simulation has to focus on them. For such processes we are allowed to treat strong interactions
perturbatively, as the asymptotic freedom, discussed in Sec. 2.I.1] guarantees that the coupling parameter
ag is small enough at high energies, thus making precision calculations possible. If we consider two
partons i and j interacting inside two hadrons had; and had,, respectively, and a final state n, we can
write the cross-section of the interaction as

1 1
T=> fo dx; fo dx; f S e ) 12 Oy ) joon (e, i)
L.j
1 1
1
= D [ [y [ O g £ ) 3 My @) 283
i.j

In Eq. (2:.83), the transverse momenta with respect to the direction of the collision are neglected, as they
are typically much smaller than the longitudinal component. Here, the index n represents the number of
particles in the final state. In Eq. (2.83)), we have introduced the parton distribution functions fl.had‘ (xis F)
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and f]l.‘ad2 (xj, ur) which represent the density of probability to find two partons i and j inside the hadrons
carrying momentum fractions x; = E;/Epaq, and x; = E/Ep,q,. These functions depend on a scale of the
transferred momentum Q? = ur called factorisation scale, corresponding to the energy scale at which we
are able to resolve quarks and gluons inside the hadrons. A PDF cannot be determined by first principles,
i.e. by perturbative calculations, rather it has to be measured experimentally. Different generators work
with different PDF sets obtained by tuning a phenomenological model to data. The relevant PDF sets for
this thesis, to be introduced later, are reviewed in Ref. [[63]]. The uncertainty deriving from the choice of
the PDF set is typically evaluated comparing the result with different PDFs.

The quantity &;—,(ur, ug) is the parton-level cross-section for the process i + j — n and depends on
Ug, which is the renormalisation scale, introduced in Sec. m corresponding to the momentum scale at
which the coupling parameter of the interaction has to be evaluated. The choice of the parameters up
and up is not guided by any general principle, therefore an uncertainty has to be assigned to the chosen
values. The differential parton-level cross-section dé;;_,, depends on the momenta available in the final
state phase space @,. The integrated phase space might need to be reduced as far as regularisation is
concerned, as discussed in Sec.[2.1.8]

The parton level process is represented by the so-called matrix element (ME) | M; j_mlz, which can be
computed using the Lagrangian, and is averaged over the initial state colour and spin degrees of freedom.
The factor 1/(25) = 1/(2x;x;s) is called the parton flux and contains the center-of-mass energy squared
of the collision computed using the initial four-momenta s = (p; + p j)z.

Eq. (2:83) holds to all orders in perturbation theory, however, commonly available simulations utilise
mainly leading-order (LO) matrix elements, as complications arise when next-to-leading-order (NLO)
terms are taken into account. The differential cross-section including LO and NLO contributions can be
written as

o0 = dO, [B(®,) + a5 V(®)] + Ay as R(Pp1) (2.84)

where B is the LO term, while V and R are the NLO contributions. The so-called virtual term, V,
includes higher order loop corrections to B, while the real term, R, features an additional particle in the
final state. The components of Eq. (2.84) include divergences. This problem can be addressed using
regularisation as far as the LO term only is concerned. However, the loop contribution from V generates
a diverging interference. This is not a concern as far as the R term is included, as divergences coming
from R exactly cancel those from V, for the inclusive observables of interest in a typical experiment.
These divergences arise because two partons in the real emission can become collinear, or a parton is
considered with vanishing momentum.

A NLO simulation is more accurate than a LO one. However, it is complicated by the fact that the
mutually cancelling real and virtual divergences appear in integrals with different dimensions in d®, and
are therefore difficult to treat numerically. Different methods exist to address this problem. However,
the majority of generators, based on Monte Carlo integration, provide LO cross-sections. In this case, a
correction can be applied, called a k-factor, derived by comparing the LO cross-section to a higher-order
one for inclusive regions of the phase space. This kind of correction will be used in the analysis later
described in this thesis.

Parton Shower

The description of the hard process given in the previous section is limited to a fixed-order in the
perturbative expansion of the coupling parameter, ag, if we consider the strong interactions. However,
to give a complete exclusive description of the final products of the scattering we need to address their
internal structure. This is achieved by using parton shower algorithms, which are formulated as an
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evolution in the transferred momentum from the high scales associated with the hard process, which
we will call Qnax, down to a cut-off scale Qg = 1 GeV, where as ~ 1 and QCD cannot be treated
perturbatively. This evolution is performed by generating additional radiation in addition to the final
state of the hard process simulated using the ME, using an approximated expression for the cross-section,
which is

all comb. )
do
o aP & P, (2.85)

a—bc

do ~ omE

where P, is the so-called splitting function, which is associated with the probability that the parton a
generated in the hard process subsequently decays in two other partons b and c. This function depends
in general on the energy fraction z = E,/E,, and the azimuth of b with respect to the axis defined by
a, called ¢. In Eq. (2.83)), 6 represents the polar angle of the emitted parton. It is important to notice
that Eq. (2:83)) is only valid in the soft/collinear approximation, i.e. when z and 6 are small. Different
fundamental splitting functions are given for the different splitting possibilities ¢ — gg, g — gg and
g — gg. Their expression can be found in Ref. [60], averaged over ¢.

We can now build an iterative algorithm using Eq. (2.83)), which is a completely general expression for
a hard process to be accompanied by a collinear splitting. The final state of this process can be viewed as
a new hard process to which we can apply a new collinear splitting, and so on. However, divergences
arise for z,# — 0. We notice, though, that in this limit b and ¢ are indistinguishable from a, i.e. the
transition a — b + c is identical to a — a. We can address the divergence by introducing a resolution
criterion, generating distributions of only resolvable partons. This can be done defining the cut-off Q(z)
relative to the transferred momentum, as this can be approximated as Q> ~ —4E,E;sin’(6/2).

The distribution we are interested in generating is the probability of the first split after the hard process
Pl per I wecall F (Q2,.x» @) the probability of having no emission between Q2 and any lower scale
0°, the first emission probability corresponds to its derivative with respect to Q?. We have

de’ dF(Q32... 0% dP
—b 5 —b
daQ % = d“g; = F(Q%, 0% "Q - (2.86)
where the probability P,_,;. is referred to a generic splitting and is determined by the so-called Dok-
shitzer—Gribov-Lipatov—Altarelli-Parisi (DGLAP) equation

dPy—be
= P(2)a—pcd 2.87
a0 ZQZ(Z)bZ (2.87)
The function F(Q?2,,, Q%) is obtained by solving Eq. (Z.86), and is equal to
Onax dk (1-20/%
F(Qmax’ Q ) = CXP[ Zf Lz/]@ a—>bc(Z )dZ (288)

The function F (Qmax, 0?) should account for the probability of emitting no radiation, but the second
integral contains the probability of the emission above the cut-off scale Q%. This is not surprising, as the
unitarity relation can be written as

1 — P(resolvable radiation) =

P(unresolvable) + P(virtual correction) = P(no radiation) + P(virtual correction) (2.89)

which relates the probability of resolvable processes to the quantity we are interested in, and where the

37



Chapter 2 Theory Overview

assumption P(unresolvable) = P(no radiation) has been utilised. From Eq. (2:88), we also deduce that

virtual corrections are included in F' (Qrznax, 0?) as well.

In the evolution of the parton shower the parameter Q2. changes after every emission, in order to

avoid double counting of the energy. The evolution continues, until no resolvable emissions are generated
above Q(z). In the previous formulas the parameter s depends on Q?, and Qy has to be chosen above
the scale below which QCD becomes non-perturbative, Aqcp = 200 MeV. Therefore Qg becomes a
physical parameter rather than a pure cut-off, and is chosen to be Qg ~ 1 GeV.

In general we refer to all the radiation emitted in the final state of the hard-process as final-state
radiation (FSR), including QED processes. Any radiation emitted at the initial parton level is called
initial-state radiation (ISR). The treatment of the ISR is complicated by the need to model the internal
structure of the hadron and will not be discussed here. A detailed explanation can be found in Ref. [[60].

Matching and Merging

In the previous two sections we have discussed two fundamental steps in the simulation of events
containing radiation from strong interactions. Both present advantages and shortcomings. The integration
of the matrix element allows one to simulate processes in a specific region of the phase space suitable
for experimental needs, but high-order calculations involve divergences which are difficult to treat.
On the other hand parton showers virtually include all orders of perturbation theory, due to unitarity
considerations and their iterative character, but are only valid in the soft or collinear limits. Ideally we
would like to combine the two methods. However, this is not a trivial task, because matrix element
methods are inclusive, as they are used for the simulation of a final state with at least » final partons
at a fixed order of ag, while parton showers are exclusive, as they model exactly » partons in the final
state approximately to all @g orders. Also, care has to be taken to not double count some regions of
phase space, or undercount them. Many algorithms have been proposed to address these problems, which
are based on two main strategies. We call matching algorithms those approaches were higher-order
corrections to an inclusive process are integrated with the parton shower. Other algorithms involve a
merging scale, defined in terms of a resolution scale, where any parton produced above is generated with
a corresponding higher-order ME, and any parton below with a parton shower.

Examples of NLO matching algorithms are implemented in Powheg [[66], used in this thesis to model
h/H/A production via gluon-gluon fusion, and MC@NLO [[67]. In these algorithms the LO matrix element
is weighted to take into account higher-orders. An example of a merging algorithm is CKKW [[68],
which is used by the generator Sherpa [[69]], used in this thesis for the modelling of #/H/A production
in association with b quarks. Merging algorithms depend on the choice of the merging scale. This
introduces a source of uncertainty, the estimation of which will be later discussed in this thesis.

Hadronisation

In the previous discussion we have illustrated the partonic level of the simulation. However, in physics
experiments hadrons are observed. During the hadronisation phase all outgoing partons form hadrons at a
typical energy scale of 1 GeV. This phase cannot be described from first principles, and phenomenological
models have to be used, which involve ad-hoc parameters. These models are based on two approaches
called the string and cluster fragmentation. They are implemented in the generators Pythia and
either Herwig or Sherpa, respectively. The details of these models are beyond the scope of this
thesis, however, a complete description is given in Ref. [[60} [74]).
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Particle Decays

The final step of the simulation is the decay of the particles produced. The major complication to this
task is the still incomplete knowledge about particle decays, for which measured branching ratios usually
do not add up to 100%. Then, the available information which has been collected experimentally has
to be complemented with a number of analytical methods. Standard generators typically include few
matrix elements for hadron decays. More sophisticated simulation of hadronic decays are possible using
specialised code to be interfaced to the generator. This is done for tau decays as well, with the package
TAUOLA [[75]]. Other generators do include tau decays such as Herwig++ and Sherpa featuring also
the description of spin effects. Radiative corrections to QED processes are modelled with the package
called PHOTOS [[76].

Underlying Event and Multiple Parton Interactions

The evolution of the hard process described so far regards the interaction of coloured particles bound
in a colour-singlet state such as a proton. The remaining partons, which are themselves coloured, are
therefore expected to hadronise or interact with each other. We refer to such a class of processes as the
underlying event (UE) where all the radiation from the original hard interaction is excluded. Underlying
event processes typically involve low transferred momenta, resulting in radiation with low transverse
momentum with respect to the direction of the collision. However, the UE activity increases when
selecting hard events. This happens because this kind of selection is biased toward those collisions
where the two protons overlap, leading to a higher chance of multiple parton interactions (MPI). Physics
generators can incorporate perturbative models of multiple interactions, like Pythia, Sherpa and
Herwig++. Others, like Herwig need to be integrated with other programs like Jimmy [[77]. In addition
to the MPI, the whole underlying event needs to be modelled. Due to the soft nature of the interactions
involved it is not possible to treat the UE perturbatively, rather phenomenological models have to be used
featuring parameters which needs to be tuned with data. For this thesis the tunes called Perugia [[78],
AUET2 and AUET2B [80] are used. Further information on the underlying event and multiple
interactions can be found in Ref. [[§T]].

2.4.2 Particle Jets

The previous discussion has introduced the details of the simulation of hadron-hadron collisions, introdu-
cing the fundamental physics models. However, any practical use of these simulation techniques relies
on reconstruction algorithms whose purpose is to provide an experimental definition of the physical
objects composing an event. The final state of the parton shower has a composition in which most of the
energy is carried by localised collinear bundles of partons called jets, whose structure is preserved after
hadronisation. Jets are not fundamental objects defined by the theory, but only defined by reconstruction
algorithms, which address the problem of what particles and momentum are to be assigned to a jet. In
general, we require that these algorithms provide a way to compute jet cross-sections on the parton level
to arbitrarily high-orders in perturbation theory, i.e. they should be collinear and infrared safe. This is
achieved if the same result is obtained when replacing any partons with a collinear set of partons with the
same total momentum or adding any number of infinitely soft partons in any direction. A general review
of such algorithms is given in Ref. [82]] and later in this thesis for our cases of interest.
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CHAPTER 3

Experimental Status of MSSM Higgs Searches

The present chapter summarises the status of searches for the neutral Higgs bosons predicted by the
MSSM. In Sec. 3.1] the discovery of a resonance consistent with the Higgs boson predicted by the
Standard Model is discussed. In Sec. a summary of the searches previous to the LHC experiments is
discussed, while Sec. [3.3]and [3.4]illustrate the status of the direct searches at LHC experiments and the
indirect experimental constraints on the MSSM Higgs sector, respectively.

3.1 Discovery of a Resonance Consistent with the Standard Model
Higgs Boson

On 4 July 2012 the ATLAS and CMS collaborations announced the discovery of a new particle consistent
with the Higgs boson predicted by the Standard Model [T} [12]]. An excess in data corresponding to a
significance of 5.10 and 50 for ATLAS and CMS, respectively, was observed. The sensitivity of the
search was dominated by the decay channels with the best mass resolution, H — yy and H — ZZ* — 4l.
Combined datasets at different center-of-mass energies of v/s = 7 TeV and +/s = 8 TeV were used by
the two experiments, with different integrated luminosities Liy: up to 4.8 fb~! and 5.9 fb~! for ATLAS,
and 5.1 fb~! and 5.3 fb~! for CMS, respectively.

With increasing data samples, the sensitivity also from other channels increased. The combined
sensitivity from all channels is shown in Fig. [3.T]on the left for the ATLAS experiment. The sensitivity of
the search is dominated by the channels already mentioned, followed by the contributions of H — WW,
H — tr and H — bb, ordered from the most to the least sensitive. The last two modes are particularly
challenging due to the difficult background situation involved.

More recent updates report evidence for H - WW — Ivly and H — 7 from ATLAS [58] [83]] and
CMS [[59]l, while no evidence for H — bb has been reported yet from the two collaborations 84).

As indicated by Fig. 3.1} the significance of the excess is largest for a mass around 125 GeV. The
current estimation of the mass has been published by ATLAS in Ref. [86], and is

my. ATLAS = 125.36 + 0.37 (stat.) + 0.18 (syst.) GeV 3.1
while for CMS [59] the value is

myg cms = 125.02 £ 0.27 (stat.) + 0.15 (syst.) GeV (3.2)
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Figure 3.1: Left: local probability p, for a background-only experiment to be more signal-like than the observation,
as a function of my. All channels mentioned in the text The channels H — yy, H —» ZZ* — 4l, H - WW,
H — 77 and H — bb are combined. The dashed curve represents the median expected py including the Standard
Model Higgs boson hypothesis at that mass. Right: likelihood contours for all channels, for a mass hypothesis
of my = 125.5 GeV. The values on the axes indicate the so-called signal strength which is the ratio between the
measured cross-section of a specific production and decay mode and the value predicted by the SM. Both results
are obtained by the ATLAS collaboration and are taken from Ref. .

The combination of the two measurements leads to the following estimate [25]]
MH, comb. = 125.09 + 0.21 (stat.) + 0.11 (syst.) GeV (3.3)

All these values have been measured using the two most sensitive channels. Contour plots for the mass
estimate are shown in Fig. [3.2]for different confidence levels (CL) [87].
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Figure 3.2: Left: likelihood contours as a function of the signal yield and my, for the channels H — yy and
H — ZZ* — 4l, from the ATLAS experiment [86]]. The signal yield is normalised to the measured value
mp = 125.36 GeV. Right: 68% CL contour plots from the CMS experiment for the same decay channels [59]]. The
cross-section and the relevant branching ratios are set to the Standard Model expectation.

The measured cross-section of a process divided by its value predicted by the SM is the so-called
signal strength u. Recent analyses at ATLAS and CMS aim at measuring u relative to the Higgs boson
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production mechanisms. An example of such a measurement is illustrated in Fig. [3.1] (right) from the
ATLAS experiment, showing the contribution of all channels. A similar study is reported by CMS in
Ref. [59]. The present status of the ;1 measurement from all channels is shown in Fig. 3.3 for ATLAS on
the left and CMS on the right. The plots are taken from Ref. [8§]] and [59], respectively.
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Figure 3.3: Summary of the signal strength measurements for the Higgs boson production and decays in the
different channels, relative to a fixed my. The ATLAS plot on the left summarises the results from Ref. [[58] [83] [84]
[89} 0]l The CMS plot on the right is taken from Ref. [59].

3.2 Neutral MSSM Higgs Boson Searches at LEP and Tevatron

Previous to the LHC experiments, neutral MSSM Higgs bosons were searched for at the e*e™ collider LEP
(Large Electron-Positron) and at the Tevatron, a pp collider. At LEP the main production mechanisms
are ete” — (h/H)Z (Higgs strahlung) and ete™ — (h/H)A (pair production), where H production is
prohibited by kinematics in a large part of the parameter space. The combined results from the LEP
experiments, ALEPH, DELPHI, L3 and OPAL, are reported in Ref. [55]]. The analyses were performed
with datasets collected at center-of-mass energies in the range /s = 91 — 209 GeV, and with integrated
luminosities in the range Liy = 125 — 2400 pb‘l.

Different decay channels are considered for different production modes. For Higgs strahlung the
processes Z — qg/vv/ete” /utu~ are used in association with Higgs decays into bb. Higgs boson decays
in 77 are considered only in conjunction with Z — gg/7t decays. For the pair-production mode different
combinations of the two Higgs boson decays into bb and 77 are considered.

The results of the search are interpreted in several MSSM scenarios, the most conservative being m,™*,
also relevant for this thesis. Exclusion limits in the plane (/my4, tanB) are shown in Fig.[3.4]

At the Tevatron the two experiments CDF and D@ performed searches with datasets from pp collisions
at /s = 1.96 TeV. In Ref. , data with Ly, = 2.6 fb~! for CDF and Liy = 5.2 fb~! for D@ were
used. The production mechanism relevant for this search is gb — h/H/A b with the subsequent decay
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Figure 3.4: Exclusion limit in the (714, tanf3) plane for combined LEP searches for neutral MSSM Higgs bosons. The

dashed line indicates the boundaries of the exclusion at 95% CL. Dark green and light green indicate the observed

exclusion at 99.7% and 95% CL, respectively. The limit is obtained for the m;** scenario with g = —=200 GeV.
The plot is taken from Ref. [55].

h/HJA — bb. The exclusion limits in the (m,4,tang) plane are shown in Fig. (left), including a
comparison with the LEP limit.

In Ref. another search is presented with Liy; = 1.8 fb~! and Ly, = 2.2 fb~! for CDF and
D@, respectively. The two production modes gg — h/H/A and gg — h/H/A bb are relevant for this
search, which focuses on the 77 decay modes of the Higgs bosons. The search is divided into categories
distinguished by the decays of the tau leptons. These decays are usually indicated as 7.7y, T¢Thad and
T Thad» Where Tp,q is the hadronic decay mode, and 7, and 7, the leptonic ones, featuring respectively an
electron or a muon plus two neutrinos. The corresponding exclusion limit is reported in Fig.[3.5]on the
right. The D@ collaboration has also performed a combination of the previously mentioned bb decay
channel and the searches in tau leptons in Ref. . This study is performed with Li, = 7.3 fb~!. Also, a
search in the channel Th,qThad is reported in Ref. [94]] by CDF collaboration.

3.3 Neutral MSSM Higgs Boson Searches at the LHC

The following sections illustrate the status of the neutral Higgs boson searches at the LHC. Decays into
fermions (ff) are considered in Sec.[3.3.1] while decay chains into other Higgs bosons are discussed in
Sec.[3.3.2)

3.3.1 h/H/A — ff Searches

Neutral MSSM Higgs boson searches in di-fermion decays are particularly attractive in the 77 decay
mode, as it offers a high branching ratio and better background separation with respect to the bb channel.
Searches for i/H/A — 771 have been performed by the ATLAS and CMS experiments. The most recent
update from the ATLAS experiment, previous to the work presented in this thesis, is reported in Ref. [95],
and relies on Liy = 4.7 — 4.8 fb~! of data collected at \s = 7 TeV. The CMS result in Ref.
combines the datasets at /s = 7 TeV and +/s = 8 TeV, with Ly, = 4.9 fb~! and Li, = 19.7 b1,
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Figure 3.5: Exclusion limits at 95% CL in the (my4, tanS) plane for neutral Higgs boson searches at the Tevatron.
The left-hand plot shows the limit for the bb decay channel , and the right-hand plot for 77 .

respectively. Both searches include also the channel 2/ H/A — pu, which allows for a precise estimate of
the resonance mass, despite the lower branching ratio. The 77 search is optimised for different categories
distinguished by the tau decay modes. These channels are 7,7, T¢Thad, TuThad and ThadThad- A further
sub-categorisation is performed for each channel into a selection requiring the presence of a particle
jet originating from the hadronisation of a b quark (b-tagged selection), and one vetoing such events
(b-vetoed selection). These sub-channels target the dominant production mechanisms at the LHC, as seen
in Sec.[2.3:4] the gluon-fusion mode and the associated production with b quarks.

The exclusion limits in the (my4, tanB) plane set by the two analyses are shown in Fig. [3.6) and are
obtained in the m;"** scenario. The CMS collaboration performs the hypothesis test relative to the MSSM
prediction of the different scenarios already discussed in Sec.[2.3.5] It has to be noticed that the CMS
test is performed using a different definition of the test statistic [§7]], which quantifies the compatibility
between data and the model, with respect to ATLAS. In the CMS case, the presence in data of the Higgs
boson predicted by the SM penalises the significance of an excess, while in the ATLAS case it does
not. The CMS plot in Fig. also shows the region in the m;'** scenario which is compatible with
my = 125 GeV, bounded by the dashed contour at low tang. This region is larger for other scenarios
already discussed in Sec. in particular for the m; "~

h,mod"

Upper bounds on the cross-section for a generic resonance ¢ are also derived in the two studies. The
ATLAS one is reported in Fig.[3.7)on the right-hand side, for the b-tagged and b-vetoed selections. The
left-hand plot shows the expected and observed exclusions set by the different channels in the ATLAS
search.

Other di-fermion searches at the LHC have been performed by CMS in the channel h/H/A — bb
in Ref. . The data used correspond to Ly = 2.7 — 4.8 fb~! at \/s = 7 TeV. The search targets the
production mode with at least one b quark in the final state, and requires the presence of three b-tagged
jets. The selection is divided into two categories. The all-hadronic category features only hadronic decays
of the b quarks, while the semi-leptonic category requires the presence of at least one b quark including a
muon among the decay products. No significant excess is observed among the expected background at
95% CL in the mass range ms = 90 — 350 GeV.
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3.3.2 Other Neutral Higgs Boson Searches

Other than the di-fermion decay channel, LHC searches have been performed for neutral MSSM Higgs
bosons coupling to each other. Therefore the decay mode H — hh has been considered for the ATLAS
search in Ref. and for the CMS one in Ref. in the final state hh — yybb. Both searches use
data at /s = 8 TeV, with Ly, = 20 fb~! for ATLAS and Li,; = 19.7 fb~! for CMS. As many models,
other than the MSSM, predict the existence of resonances with similar di-Higgs decays, the exclusion
limit at 95% CL is set in a model-independent way. The ATLAS result excludes the cross-section of
the process pp — ¢ — hh in the interval mg = 260 — 500 GeV having fixed the h — yy/ bb branching
ratios to the SM expectation. In the mentioned mass interval the expected exclusion lies in the range
OTexp = 1.7 = 0.7 pb and the observed in ogps = 3.5 — 0.7 pb. The CMS result excludes the cross-section
for pp — ¢ — hh — yybb, while a constraint on m;, is used in the analysis, requiring compatibility with
my, = 125.6 £ 0.45 GeV. For CMS we have oexp = 3.14 — 0.43 b and o = 3.98 — 0.33 b in the range
mg = 260 — 1100 GeV.

Another model-independent search is performed by CMS for the process pp — ¢ — hh — bbbb in
Ref. || using L = 17.93 fo~! at v/s = 8 TeV for masses mg = 270 — 1100 GeV. The expected
exclusion lies in the range oexp ~ 6000 — 10 fb, and no significant excess is observed.

Finally, the CMS search in Ref. is performed for the decay chain A — Zh — [Ibb, where the
leptonic decays of the Z are either electrons or muons. The data sample used amounts to Liy = 19.7 fb~!
at /s = 8 TeV. Constraints on the mass of the Higgs boson and the Z are used. The model-independent
cross-section exclusion in my = 225 — 600 GeV reveals a local excess at mg = 560 GeV with a
significance of 2.60, which is reduced to a global significance of 1.1¢0 after taking into account the
look-elsewhere-effect [102]]. Excluded cross-sections are in the range o ~ 18 — 2 fb.

3.4 Indirect Constraints on the Neutral MSSM Higgs Boson

In addition to the direct searches already discussed, other measurements exist that are able to constrain
the neutral MSSM Higgs sector.

The branching ratio of the decay By — u*u~, where By is a meson composed of a b and an s
quark, is sensitive to the existence of sparticles as well as additional Higgs bosons. The SM process is
dominated by flavour changing neutral currents induced at 1-loop level and features a small branching
ratio of ~ 107°. Effects predicted by the MSSM are dominated by the coupling between the heavy
states H/A and a flavour changing neutral current » — s also induced at a 1-loop level. Evidence for
the process By — u*u~ was first reported by the LHCb collaboration in Ref. [103]]. The most recent
determination of its branching ratio comes from the combination of LHCb and CMS results and is
BR(By; — ptp”) = (2.9 +£0.7) x 107, compatible with the SM expectation. This measurement allows
the high-tanf portion of the (m4, tanf) plane to be constrained. However, such a constraint is highly
dependent on the MSSM scenario, as discussed in Ref. [I03].

The process B — Xy, where the meson X in the final state contains an s quark, also features a loop
which could contain particles predicted in the MSSM. The BaBar experiment has recently updated its
measurement of BR(B — X,y) [106]], modifying the world average. The updated result is BR(B —
Xyy) = (3.43 +£0.22) x 10~* in very good agreement with the SM prediction. This measurement excludes
the region in the (1my4, tang) plane lower than m4 ~ 300 GeV as shown in Ref. [105]).

The XENON100 collaboration has set stringent limits on the scattering cross-section between dark
matter and nucleons, going as low as o < 2 X 10~*cm? for dark matter masses of O(100 GeV) . If
we regard the dark matter candidate to be the lightest neutralino, the cross-section of its scattering on a
proton strongly depends on the bino and higgsino masses M| and y, respectively. If those particles are
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maximally mixed (M ~ u) we obtain the strongest constraint, ruling out tang3 values as high as tan8 ~ 60
atmy ~ 1.2 TeV [[105]].

The anomalous magnetic moment of the muon, a, = (g — 2),/2, is one of the most precise physical
measurements. Its sensitivity to the MSSM comes from the contribution of sparticles in the loop
corrections to it. Experimental results on a, show a deviation with respect to the SM expectation.
The experimental value is ayexp = 11659208.0 £ 5.4 (stat.) + 3.3 (syst.) X 10710 , while the SM
expectation is ayexp = 11659180.2.0 + 4.9 (theor.) x 10°10 || corresponding to a significance of the
discrepancy of ~ 40. The precise experimental determination challenges the theoretical uncertainties,
therefore large effort is dedicated to improve both the SM and MSSM calculations as illustrated in

Ref. [109].

3.4.1 MSSM Constraints from SM Higgs Coupling Measurements

More indirect constraints on the MSSM parameter space come from the measurement of the couplings
and the mass of the Higgs particle discovered at the LHC. The ATLAS collaboration has published a
study in Ref. based on such measurements performed at /s = 7 TeV with L, = 4.8 tb~! and
at /s = 8 TeV with Lj, = 20.3 fb~!'. Those measurements have already been discussed in Sec.
This study relies on a simplified version of the MSSM [IT1] [112]] where the mass mixing matrix of
the CP-even states is exploited to express all the couplings as a function of only m4 and tang. This is
possible after fixing the value of my, to m; = 125.5 GeV, which allows one to express all the relevant
radiative corrections as a function of these two parameters. The resulting exclusion limit at 95% CL in
the (m4, tanB) plane is shown in Fig.[3.8] The observed data are perfectly consistent with the decoupling
limit of the MSSM, where m4 > m; and the & boson couplings tend to the SM ones. It has to be pointed
out that such a result is only valid in this simplified version of the MSSM.
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Figure 3.8: Exclusion limit at 95% CL in the (my4, tanB) plane, for a simplified version of the MSSM [[111}|112],
obtained using the measured couplings of the discovered Higgs boson to all the final states indicated in the plot.
The limit is taken from Ref. [TT0].
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CHAPTER 4

LHC and the ATLAS Experiment

New physics phenomena can be searched for at particle accelerators which produce collisions of particles
at a fixed center-of-mass energy +/s. The ability to generate collisions at high energies is fundamental to
probe the energy scales where new physics might be discovered.

The most powerful particle collider to date is the Large Hadron Collider (LHC) located near Geneva,
in Switzerland, at the Conseil Européen pour la Recherche Nucléaire (CERN). This machine can be
operated at the highest energies ever achieved in the history of particle colliders. The search documented
in this thesis is based on data collected with the ATLAS detector in the proton-proton collisions produced
at the LHC.

The present chapter describes the LHC and the ATLAS experiment in detail. In Sec.[4.]] the accelerator
is presented along with the details of its operation during the first period of data taking, the so-called
Run-I. In Sec.[d.2] the ATLAS detector is described, and its relevant components, including the ATLAS
trigger system. In Sec.[.3] the simulation of the ATLAS detector is illustrated, to be integrated with the
Monte Carlo simulation previously discussed in Sec. [2.4]

4.1 The Large Hadron Collider

The Large Hadron Collider [4] is a synchrotron [[I8]] with a circumference of 26.7 km. It’s located
under the ground at a depth ranging between ~ 50 m and = 175 m. Two particle beams are accelerated
inside adjacent ultra-high vacuum (> 10~ bar) cavities. Collisions can take place in four points of the
accelerator where the four experiments are placed: ATLAS, CMS, LHCb and ALICE. Experiments other
than ATLAS are discussed briefly in Sec. [F.I.1] The LHC is designed to accelerate beams of protons as
well as heavy nuclei, typically lead ions (Pb). For protons, the designed center-of-mass energy of the
collisions is /s = 14 TeV, with energetically symmetric beams. For heavy ions, energies up to 5.5 TeV
per nucleon pair can be achieved.

At the LHC, particle beams are bent by a magnetic field created by 1232 super-conducting dipole
magnets, with a length of 15 m each, operating at a temperature of 1.9 K. These magnets are designed to
provide magnetic fields of 8.33 T. Super-conducting quadrupoles are used to focus or defocus the beam,
each with a length of 7 m, and to compensate for the energy loss caused by synchrotron radiation [[T8]].
The particles are accelerated using electric fields generated by 8 super-conducting cavities operating at a
frequency of 400 MHz, which increase the beam energy by 485 keV per turn.

The acceleration of protons starts with their extraction from a bottle containing gaseous hydrogen
which is ionised. After this, protons are injected in a linear accelerator (LINAC2) which brings their
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energy to 50 MeV. They are then injected into a circular booster where they reach 1.4 GeV. Before
being transferred to the LHC, protons are further accelerated by the Proton Synchrotron (PS) and by the
Super Proton Synchrotron (SPS), where they reach 26 GeV and 450 GeV, respectively. In the PS a bunch
train structure is generated, which is the one used for LHC collisions. At design conditions, this structure
corresponds to 72 close bunches separated by a 25 ns spacing. They are grouped in bunch trains separated
by a 320 ns time gap. Under these conditions, the bunch crossing occurs at a frequency of 40 MHz at the
interaction points. However, the configuration is subject to changes and a 50 ns bunch spacing was used
for collisions in 2011 and 2012. The proton acceleration chain at the LHC is schematically illustrated in
Fig. 1] At design operation the LHC is filled with 39 bunch trains, therefore 2808 bunches per beam
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Figure 4.1: CERN accelerator complex including the LHC and the accelerators used for the beam injection:
LINAC2, BOOSTER, PS and SPS. The image is taken from Ref. [@]

are collided, each of them containing approximately 10'! protons. Instantaneous luminosities as high
as L = 10* cm™2 s7! can be achieved at the interaction points where the two experiments ATLAS and
CMS are located.

The high instantaneous luminosity reached at the LHC and the high energy of the beams are the
most important factors making this machine very competitive. As illustrated by Eq. (2:81)), the number
of events produced, hence the statistical power of a search, is directly proportional to the luminosity.
The trend of the cross-sections for the relevant processes produced in proton-(anti)proton collisions
as a function of the center-of-mass energy is reported in Fig. .2} also indicating the Tevatron and the
LHC design working points. The advantage coming from high interaction rates, however, comes at the
expense of overlapping proton-proton interactions in the event, a phenomenon called pile-up. This occurs
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either in the same bunch crossing (in-time pile-up), or in different ones (out-of-time pile-up). The latter
phenomenon is relevant if the signal acquisition by the detector is slower than the typical bunch spacing.
In general, pile-up affects the reconstruction performance of the physical objects and has to be controlled.

4.1.1 LHC Experiments

The four experiments located at the collision points are designed for different purposes. The ATLAS
(A Toroidal LHC ApparatuS) and CMS [T16]] (Compact Muon Solenoid) experiments are multi-purpose
detectors intended to pursue a broad physics program, performing precision measurements of known
Standard Model processes, as well as probing the Higgs boson sector and searching for new physics
phenomena. The two experiments make use of different arrangements of similar technologies for particle
detection. The LHCb experiment (Large Hadron Collider beauty) was designed to investigate
hadrons containing b quarks, b-hadrons, with the purpose of studying CP violation as well as new physics
in the b quark sector. The ALICE detector [T18]] (A Large Ion Collider Experiment) is specifically
designed to collect data from Pb-Pb interactions, with the aim of studying the quark-gluon plasma [T19],
a new physical state where such particles are de-confined.

Further experiments at the LHC are TOTEM [120] (TOTal Elastic and diffractive cross-section
Measurement), located near the CMS experiment and studying the low angle proton-proton scattering,
and LHCS [121]] (Large Hadron Collider forward), located on the beam line near the ATLAS experiment,
which uses mesons from the collisions emitted in the forward direction to simulate cosmic rays in
laboratory conditions. Finally, the MoOEDAL experiment [I22]] (MOnopole and Exotics Detector At the
LHC) performs the search for magnetic monopoles.

4.1.2 LHC Operation and Data Acquisition at ATLAS

LHC operations began in 2008 but soon stopped due to a connection failure of the magnets system.
After this, data taking started in 2009 and stopped at the end of 2012 after completion of Run-I. During
2013/14, the LHC underwent an upgrade necessary to reach the design parameters of the machine
and started operation again in early 2015 at /s = 13 TeV. During Run-I, data was recorded from
proton-proton collisions at /s = 900 GeV and +/s = 2.36, 7, 8 TeV. The total integrated luminosity
delivered by the LHC was recorded by the ATLAS experiment with very high efficiency. In 2010,
a total integrated luminosity of Liy; = 48.1 pb~' was provided by the accelerator and collected with
93.6% efficiency, followed by a heavy-ion run in winter 2012/11. Proton-proton collisions in 2011
at v/s = 7 TeV were recorded by ATLAS with higher than 90% efficiencies, for a total integrated
luminosity of Ly, = 5.08 fb~!, followed again by a further heavy-ion run. At the beginning of 2012, the
center-of-mass energy was increased to /s = 8 TeV and a luminosity of Lj, = 22.8 fb~! was achieved
by the LHC, allowing ATLAS to collect Ljy; = 21.3 fb~! of data. The LHC delivered luminosity, and the
one collected by the ATLAS experiment since the beginning of 2011, are reported in Fig. 3] [123].

As previously illustrated, high luminosities increase the amount of pile-up in the events. It has to be
noted that the amount of pile-up generated at the LHC during Run-I exceeds the design values. This
happened due to the higher number of protons per bunch with respect to the original plan, which allowed
to achieve instantaneous luminosities as high as L = 7.73 cm™2 s~!, even with a bunch spacing of 50
ns. Halving this spacing, i.e. achieving the original design, is one of the main challenges for the next
run (Run-II). The average number of interactions per bunch crossing is reported in Fig. #-4] [123]]. The
peak luminosities and number of interactions per bunch crossing are reported in Fig. 4.5} from the start
of 2010 until the end of Run-1.
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Figure 4.3: Cumulative luminosity from proton-proton collisions at the LHC as a function of time since the
beginning of 2011. The plot includes the delivered luminosity by the LHC, the one recorded by the ATLAS
experiment and the one flagged as usable for data analysis in ATLAS, due to full and correct operation of all
subsystems, indicated as Good for Physics. The plot is taken from Ref. [T23].
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Figure 4.5: Upper plot: maximum instantaneous luminosity delivered to ATLAS in runs between 2010-2012.
Lower plot: maximum mean number of interactions per bunch crossing for the same runs. The plots are from

Ref. [@]
4.2 The ATLAS Detector

The ATLAS detector was designed to cope with a variety of experimental needs and has been optimised
for high interaction rates, radiation doses, particle multiplicities and energies, as well as featuring
subdetectors capable of precise measurements of energies and tracks. The detector is symmetric with
respect to the plane orthogonal to the beam direction and containing the interaction point, and allows
for a nearly complete coverage of the full solid angle (4r). The characteristics of the experiment were
designed using the Standard Model Higgs boson signal as a benchmark, although they are compatible
with a wide variety of other searches. The ATLAS experiment has been optimised for the following
requirements:

o The electronics and the sensors have to be sufficiently fast and radiation-hard due to the demanding
experimental conditions of the collisions at the LHC. High granularity of the detectors is also
needed due to the high particle fluxes and to reduce the effects of pile-up.

e The geometrical acceptance of the detector should be as large as possible with an almost full solid
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angle coverage.

e The subdetector closest to the interaction point, the inner-detector tracker (ID), should provide
excellent charged-particle momentum resolution and reconstruction efficiency. This is of particular
importance for tau leptons and b jets, i.e. the reconstruction of secondary vertices close to the
interaction point.

o Excellent electromagnetic calorimetry for electron and photon identification and energy measure-
ment. This has to be integrated with a very good hadronic calorimetry, in order to provide accurate
jet and missing energy measurements.

e Good muon identification and momentum resolution in a wide range of momenta.

o The trigger rate for the processes of interest has to be kept at a reasonable level, requiring good
background rejection while keeping high signal efficiencies.

The ATLAS detector, schematically illustrated in Fig. [f.6] is a large forward-backward symmetric
structure approximately 25 m high and 44 m long. The central region is referred to as the barrel, while
the forward and backward regions are called the end-caps.

The inner part of the detector is immersed in a solenoidal magnetic field generated by a thin super-
conducting solenoid surrounding the inner detector, which is able to generate a magnetic field of 2 T,
with field lines parallel to the beam pipe. The inner detector is composed of high-resolution silicon
semiconductor pixel and strip detectors, in the core, and straw-tube tracking detectors in the outer part,
which are able to generate and detect transition radiation. This internal region is enclosed within a
high-granularity liquid-argon (LAr) electromagnetic sampling calorimeter, which is surrounded by the
hadronic calorimeter. The outermost part of the detector is the muon spectrometer, integrated within
an eight-fold air-core magnetic system for the generation of a toroidal magnetic field. Excellent muon
momentum resolution is achieved with three layers of high precision tracking chambers. The following
sections describe all components of the ATLAS detector in more detail. This short review is based on

Ref. [T15}[124].

4.2.1 Coordinate System and Kinematic Variables

The ATLAS coordinate system relies on the definition of a three dimensional cartesian space (x, y, z)
where the origin is the interaction point. The x axis points towards the center of the LHC, the y axis
upwards, and the z axis in the direction of the beam pipe. A cylindrical coordinate system is defined
(r, 0, ¢), with r = /x2 + y2, the polar angle 6 = arctan(r/z) and the azimuthal angle ¢ = arctan(y/x).
Kinematic variables are defined in terms of their transverse components, as the longitudinal kinematics is
poorly constrained due to the internal momenta of the partons inside the protons and the high boost of
these particles along z. We will use the transverse momentum pr, as defined in Tab.[d.T] as well as the

transverse energy Et = /m? + p% defined for an object with mass m. The pseudo-rapidity, defined in
Tab. A1} is of particular importance, which is often used instead of the polar angle 6. Given the rapidity
y, also defined in Tab.[4.1 we have that y — n for massless particles. The rapidity is invariant under a
Lorentz transformation [[I5]] along the z axis (boost). This is not true for the pseudo-rapidity, however,
differences in pseudo-rapidity are invariant. Thanks to this property, we are able to work with distances in
the (7, ¢) space, AR, which are well defined independently of the longitudinal kinematics of the physical
objects.
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Figure 4.6: Schematic overview of the ATLAS detector with its subdetectors. From Ref. ||

Variable Definition
Four-momentum p = (E, px, py, Pz)
Transverse momentum pr=+Pr+ D
Polar angle ¢ = arctan (%)
Azimuthal angle 6 = arctan (%)
Rapidity y = 3n(FL
Pseudo-rapidity n=-Iln (tang)
Azimuthal distance A¢ = min{|¢p — ¢’|, T —|¢p — ¢'|}
Pseudo-rapidity distance An=n-1n|
(n, ¢) distance AR = \/(An)? + (Ap)?

Table 4.1: Definition of variables relevant at ATLAS.
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Another fundamental quantity relevant for the analysis is called the missing transverse energy, E?iss.
It is a vector in the transverse plane defined as

miss __
E™ = - Z PT.i>
i

where the index i runs over all transverse momentum vectors associated with the objects in the event.
The value of IE%IiSSI vanishes if the kinematics of the event are balanced in the transverse plane. A
non-vanishing value can be related to the presence of particles which escape detection, like neutrinos,
which have low probability of interacting with the detector material. It can also be related to energy
losses in the event or mis-reconstruction of particles.

(4.1)

4.2.2 The Inner Detector

The ATLAS inner detector (ID) is a tracking system covering the pseudo-rapidity region up to || < 2.5.
It is built to provide excellent momentum resolution for measuring the primary vertex of proton-proton
interactions and the decay vertex of particles with longer lifetimes [[I§]], such as tau leptons or b-hadrons.
It can also provide electron identification and separation from charged pions (7*) for |5| < 2.0.

The ID is contained within a cylindrical structure, 7024 mm long, with a radius of 1150 mm, and
immersed into a solenoidal magnetic field of 2 T, which curves the trajectories of the charged particles in
the transverse plane, allowing their momenta to be measured. The lateral section of the ID is shown in
Fig.[£77} The layout of its subdetectors is illustrated in Fig.[#.8] The ID is composed of the pixel layer
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Figure 4.7: Quadrant of the ATLAS inner detector. The image is from Ref. ||

and silicon micro-strip (SCT) detectors, located in the innermost region and capable of high-resolution
pattern recognition achievable using discrete space-point measurements. At larger distances from the
interaction point and in the region |n7| < 2.0, the transition radiation tracker (TRT) is located, composed
of many layers of straw-tubes [[I8] [[23] filled with gas interleaved with transition radiation material. A
more detailed presentation of all these ID components is given below.
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Figure 4.8: Left: the ATLAS inner detector. Right: barrel section of the inner detector illustrating the arrangement
of its subcomponents starting from the LHC beam pipe. A typical track is represented by the red line. Both
illustrations are from Ref. [TT5].

Pixel Detector

The ID subdetector closest to the interaction point is the pixel detector. This device consists of three
coaxial cylindrical layers in the barrel and three concentrical discs in the end-cap, extending between
5 cm and 12 cm in the radial direction, and covering a pseudo-rapidity range of || < 2.5. The innermost
layer in the barrel is called the B-layer, and provides crucial information to reconstruct secondary vertices,
in particular those from h-hadrons. The entire device is composed of 80.4 x 10° Si sensors with a
thickness of 250 um distributed on 1744 modules. Each pixel has a nominal size of 50 x 400 um?. Each
sensor contains a depletion region maintained by an electromagnetic potential up to Vyias = 600 V. In
this region, ionisation occurs during the passage of a charged particle. The charges produced move under
the effect of the electric field and generate a signal in the readout electronics, called a hit. A charged
particle passing through the layers produces on average three hits in the pixel detector. Each hit has a
resolution of 10 um in the r — ¢ plane and 115 um for both the z and r directions, measured in the barrel
layers and the end-cap discs, respectively. The detector is operated at a temperature of 0° C, to suppress
electronic noise.

Silicon Micro-strip Tracker

The silicon micro-strip tracker (SCT) is composed of four cylindrical layers in the barrel region plus nine
discs in each of the end-caps, and covers a region up to |5j| = 2.5, for at total active area of 63 m?. The
SCT consists of 4088 double-sided modules composed of two back-to-back sensors which are 6 cm long,
for a total number of 15912 active sensors segmented in longitudinal strips with a pitch of 80 um. The
two sensors in a module are tilted by +40 mrad with respect to each other, allowing for the measurement
of the z coordinate in the barrel and r in the end-caps. The sensor thickness is approximately 285 um.
Each of them can be operated up to potentials Vpias = 250 — 250 V, required after ~ 10 years of operation
to maintain a good charge collection efficiency. Three-dimensional space-points are measured with an
accuracy of 17 um in the r — ¢ plane and 580 um in either z, for the barrel, or r, for the end-cap. On
average eight hits per track are provided by the SCT.
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Transition Radiation Tracker

The transition radiation tracker (TRT) is built for tracking purposes as well as to provide electron
identification and separation from charged mesons, in particular pions. The TRT is composed of 370000
drift tubes (straws) with a diameter of 4 mm and 144 cm long, and covers the pseudo-rapidity region
up to || = 2. The straw tubes are made of kapton and are covered by a conductive film. They are
aligned with the beam pipe in the barrel and arranged radially in the end-caps. Each tube is filled with a
Xe/CO, /0, gas mixture and contains at its center a gold-plated tungsten wire with a diameter of 30 pm.
An electric field is present between the tube, serving as a cathode, and the anode wire. Electron-ion pairs
are generated by an ionising charged particle in the gas and drift in the volume producing a signal. The
coordinate measurement is performed using a drift-time measurement resulting in a spatial resolution of
130 um on the distance between the charged particle track and the wire. No measurement of z is provided
by the TRT.

The e* /n* separation is achieved by using the energy depositions in the TRT. The straws are interleaved
with fibers of polypropylen/polyethilen. When particles cross these layers, they emit photon radiation
with an intensity proportional to the Lorentz y factor, therefore inversely proportional to the mass of the
particle. Given that m, ~ 273m,, photons are suppressed for pions (or heavier particles) with respect to
electrons. Two energy thresholds are then optimised for tracking and e* /n* discrimination.

The poorer spatial resolution of the TRT, compared to the pixel detector or the SCT, is compensated by
the large number of hits per track, which is 36 in total.

Material Budget

The material budget of the ID can significantly affect the tracking efficiency and the momentum resolution
of charged particles. In addition to this, the following can happen:

o Electrons can lose their energy via photon emission before reaching the calorimeter.

o Approximately 40% of photons can convert into electron-positron pair before reaching the calori-
meter.

e Hadrons can undergo inelastic hadronic interactions inside the ID volume.

These phenomena lead to an incorrect energy estimate of the initial particle by the calorimeters. For
these reasons, the ID material and its effect have to be carefully modelled by the simulation. The ID
material budget is illustrated in Fig.[4.9]as a function of |n|.

4.2.3 The Calorimeter

The purpose of the ATLAS calorimeter is to measure the energy of particles using the total absorption
of the particle energy in a bulk of material followed by the measurement of the deposited energy. The
energy deposition is mainly due to the ionisation of atoms in the material. On the other hand, particles
like highly energetic photons, electrons and hadrons can interact with the material producing secondary
particles which lead to a shower development. Calorimeters are optimised to detect electromagnetic
and hadron showers and are referred to as electromagnetic (ECAL) and hadronic (HCAL) calorimeters,
respectively.

The ATLAS calorimeter, including the ECAL and HCAL regions, is shown in Fig. 10| (left). The
calorimeter region extends up to || = 4.9. The ECAL is characterised by a fine granularity and is ideally
suited for precision measurements of electrons and photons, while the coarser segmentation of the HCAL
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Figure 4.9: Material distribution in || outside of the inner detector envelope, as seen by a straight track traversing
the detector. The distribution is shown in units of the radiation length X, [[T8] [I25]] on the left, and interaction
length 2 [[T8] [T25]| on the right. Both distributions are averaged over ¢. The plot is from Ref. [[TT5].

is sufficient to provide good jet energy resolution and E?iss measurement. As particle showers have to be
contained within the bulk of the calorimeter, the depth of this detector is an important design parameter.
The thickness of the ATLAS ECAL is > 22 Xy in the barrel and > 24 X in the end-caps, where Xg is
the radiation length [[I8] [I23], defined as the path length necessary to reduce the particle energy by 1/e
due to photon radiation. The HCAL thickness is measured in units of the interaction length [[I8] [125],
A, defined as the mean path length required to reduce the number of particles in a shower by 1/e, and
amounts to 9.7 A in the barrel and 10 A in the end-cap.
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Figure 4.10: Left: Calorimeter system of the ATLAS experiment. Both the electromagnetic calorimeter (ECAL)
and the hadronic calorimeter (HCAL) are shown. Right: Module of the ECAL illustrating its granularity. The
values reported are for the barrel at = 0. From Ref. [[T15].

Electromagnetic Calorimeter

The ATLAS ECAL is divided into a barrel region covering || < 1.475 and two end-cap regions covering
1.375 < || < 3.2 (EMEC). The barrel region itself is composed of two half-barrels separated by a gap of
4 mm at z = 0, extending up to |z| = 3.2 m with a radial coverage of r = 2.8 — 4 m. Each end-cap section
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is divided in two coaxial wheels, an external one covering 1.375 < || < 2.5 and an internal one covering
1.375 < |n| < 3.2. They are 63 cm thick and range from r = 33 cm to r = 209.8 cm.

The ATLAS ECAL is a sampling calorimeter, where only a fraction of the energy is detected, which is
deposited in active layers alternated with layers of absorbing material. In the ECAL, the active material
is LAr and the absorber is lead. The readout electronics uses kapton electrodes. The calorimeter has
an accordion geometry, as shown in Fig. on the right, in order to provide complete ¢ coverage
without azimuthal cracks. In the barrel, the accordion waves are axial and run in ¢, while in the end-cap
they are parallel to the radial direction and run axially. As shown in the figure, the ECAL is divided
in three regions with different granularities: the first one, called the strip layer, is finely segmented in
7, the second is coarser, collecting the majority of the shower, while the third is the less segmented
and collects only the tail of the shower. Fig. shows the different granularities of the layers in
A¢ X An, only for the barrel section. Coarser segmentations are used in the end-cap. Excellent energy
resolution of approximately oz /E = 10%/ VE/GeV @ 0.7% is provided by the ATLAS ECAL. The fine
segmentation of the strip layer is particularly useful to identify the decays 7% — yy, which is relevant for
the reconstruction and identification of the tau decay, as will be illustrated later.

As mentioned in Sec.[#.2.2] phenomena occurring upstream of the calorimeter region might lead to an
incorrect energy estimate for electrons or photons. In order to correct for this, a pre-sampler detector is
used in the region |g| < 1.8, consisting of a 1.1 (0.5) cm thick LAr layer in the barrel (end-caps). The
pre-sampler is used to measure showers occurring before the calorimeter.

Hadronic Calorimeter

The hadronic calorimeter uses different technologies depending on the || region. The so-called tile
calorimeter is composed of a barrel and two end-cap sections, ranging over || < 1.0 and 0.8 < || < 1.7,
respectively. Radially, it extends from r = 2.28 m to r = 4.25 m, and is divided in depth in three layers
with different thickness in A. At = O the total detector thickness is 9.7 A. The depth in A of the three
layers as a function of || is illustrated in Fig.[f.T1} The tile calorimeter is a sampling calorimeter, where
steel is used as the absorber and scintillating tiles as the active material, for a total amount of 64 modules
divided azimuthally. Its granularity is coarser than for the ECAL, due to the larger dimension of hadronic
showers compared to electromagnetic ones. The segmentation of the barrel cells is A¢ X Ay = 0.1 x 0.1
for the first two layers, while the An granularity is twice as coarse for the third layer.

In the forward region of the detector, the hadronic calorimeter is composed of two independent wheels
per end-cap (hadronic end-cap calorimeter, HEC), behind the ECAL section. The HEC covers the
range 1.5 < || < 3.2. Each wheel is composed of 32 modules and divided into two layers. Also the
HEC is a sampling calorimeter, where the absorbing material is copper and the active material liquid
argon. Closer to the interaction point, the wheels are composed of 25 mm parallel copper plates, while
for the outer wheels 50 mm plates are used. These plates have inner and outer radii of 0.475 m and
2.03 m, respectively. They are interleaved with 8.55 mm thick LAr gaps. The granularity of the HEC is
A¢ x An = 0.1 x 0.1 up to || < 2.5 and twice as coarse beyond.

The forward region of the end-cap (3.1 < || < 4.9) is covered by the forward calorimeter (FCal),
which is a combined electromagnetic and hadronic sampling calorimeter using LAr as active material.
The FCal is located 4.7 m away from the interaction point up to 6.1 m. It is composed of three layers
where the first is optimised for electromagnetic showers, using copper as the absorber, and the last two
for hadronic showers, where tungsten is utilised. Each layer is segmented in plates featuring holes into
which electrode structures are inserted. They are composed of a coaxial rod and a tube made of absorber
material, separated by LAr.

The typical hadron energy resolution provided by the HCAL is og/E = 50%/ VE/GeV & 3% for the
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barrel and end-cap regions, while for the forward calorimeter it is oz /E = 100%/ VE/GeV @ 10%.

The material distribution of the entire calorimeter system, including both the electromagnetic and
hadronic portions, is reported in Fig..TT] as a function of || and in units of the interaction length. The
entire calorimeter system has a thickness of at least 10 A, providing good coverage in pseudo-rapidity,
and good shower containment.
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Figure 4.11: Material distribution of the ATLAS calorimeter system as a function of || and in units of the
interaction length A. All layers of the hadronic calorimeter are shown separately. The material distribution
before the calorimeter is indicated as “before ECAL”. For completeness, the material distribution just outside the
calorimeter, and in front of the muon spectrometer, is also included, indicated as “before MS”. The plot is from

Ref. .

4.2.4 The Muon Spectrometer

Outside the calorimeter, the ATLAS muon spectrometer (MS) is installed, which measures the muon
momenta. The momentum of the muon is not significantly altered after traversing the calorimeter, due
to the typical muon energies featured in LHC events, which make these leptons minimum-ionising
particles [1§]. The MS is immersed in a toroidal magnetic field, with field lines running mainly in the
transverse plane, therefore bending the muon trajectories in a plane containing the beam pipe, the so-called
bending plane. The magnetic field is generated by superconducting coils with an eight-fold geometry,
as shown in Fig. @on the left, present in the barrel (|| < 1.4) and in the end-caps (1.6 < || < 2.7).
The bending power of the magnetic field, f Bdl, ranges from 1.5 Tm to 5.5 Tm in the barrel, and from
1.0 Tm to 7.5 Tm in the end-caps.

The MS uses different technologies for the muon tracking. Up to || = 2.7, Monitored Drift Tube
chambers (MDT) provide a precision measurement of the muon trajectory in the bending plane. These
detectors are present in three layers in the barrel and from three to four layers in the end-caps, as shown
in Fig. .12) on the right. The chambers are composed of layers of aluminium drift tubes [I8] [T23],
which are orthogonal to the beam pipe and run azimuthally. They have a diameter of 3 cm and contain a
tungsten-rhenium wire functioning as the anode. The tubes are filled with an Ar/CO, gas mixture. The
drift time of the ionisation products is converted into the distance between the muon track and the wire.
The MDT chambers provide very high spatial resolution, approximately 35 um, therefore an excellent
monitoring of their alignment is required, which is achieved at the level of 30 um by an optical system.
Drift times of the ions in the gas of ~ 700 ns are typical, therefore making this technology unsuitable for
fast acquisition of events or for regions with large radiation fluxes.
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In the forward region closer to the interaction point, covering 2.0 < || < 2.7 and at z = 7 m, Cathode
Strip Chambers (CSC) are used for tracking, which are multi-wire proportional chambers [[18] [125]]
where two cathode plates are separated by a gap hosting anode wires radially oriented and immersed in
an Ar/CO; gas mixture. Both cathodes are segmented, one parallel to the wires and the other orthogonal
to it. A precision in r and ¢ coordinates of 40 ym and 5 mm, respectively, is achieved.

For the fast acquisition of events (triggering) and in order to measure the azimuthal coordinate of the
tracks, Resistive Plate Chambers (RPC) are used in the barrel for || < 1.05 and in the forward
region for |n| < 2.0. These detectors are mounted on two layers surrounding the middle MDT Ilayer in
the barrel and in one layer close to the outer MDT one. Each RPC is composed of two plates made of
resistive material and hosting the electrodes, which are separated by a 2 mm gaseous gap where fast
charge multiplication takes place after the passage of the ionising muon. The electrodes are segmented
in the ¢ and z directions for a two-dimensional hit measurement with a precision of 10 mm in each
dimension.

In the region of 1.05 < || < 2.4, Thin Gap Chambers (TGC) are mounted to provide for the trigger
and measure the azimuthal coordinate. The TGC detector is a multi-wire proportional chamber, with
anode wires oriented in the azimuthal direction placed between radially segmented cathode plates. The
hit resolution ranges approximately from 2 mm to 7 mm, for both the radial and azimuthal components.

The muon momentum resolution provided by the MS is a function of the momentum, and ranges
approximately from 3% to 10% for 10 GeV < pr < 1000 GeV.

Thin-gap chambers (TE&C)
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Figure 4.12: Left: Muon spectrometer of the ATLAS detector. The toroidal magnets are also shown. Right:
Quadrant of the muon spectrometer showing the arrangement of its subdetectors. MDT chambers are present in the
barrel in three layers (BIL, BML, BOL), and four layers in the end-cap (EIL, EEL, EML, EOL). RPC detectors are
located near the two outermost MDT layers in the barrel, while four layers of TGC are present in the end-cap. The
CSC tracking detector is located in the forward region closer to the interaction point and is indicated in yellow. The
pictures are from Ref. [TT5].

4.2.5 The Forward Detectors

The whole set of ATLAS subdetectors includes forward devices dedicated to the measurement of the
luminosity and other beam parameters. They are located along the beam pipe, outside of the ATLAS
main volume and far away from the interaction point, as illustrated in Fig. f.13] The two LUCID
detectors (LUminosity measurement using Cherenkov Integrating Detector) are located 17 m away from
the interaction point. They provide an online measurement of the instantaneous luminosity delivered to
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ATLAS by measuring the number of inelastic proton-proton scatterings using an array of 20 Cherenkov
tubes [[123].

Farther away, the ALFA detectors are collocated (Absolute Luminosity For ATLAS), 240 m away
from the interaction point. They measure the proton-proton elastic scattering amplitude, which can
be related to the total cross-section using the optical theorem [15] [I6]]. These detectors are tracking
detectors made of scintillating fibres located inside Roman Pots [[18]], which allow for a scintillator near
the beam at variable distances, as close as 1 mm. The ALFA detectors can only be used in dedicated low
instantaneous luminosity runs as they are not able to withstand the severe radiation conditions at full
luminosity.

The ATLAS luminosity measurement relies on horizontal and vertical beam profile scans called van
der Meer scans (vdM) [126]]. A remarkable precision of +1.8% [[I27]] was achieved in 2011, while in
2012 a precision of +2.8% was reached.

Finally, the zero-degree calorimeter (ZDC) is located at z = +140 m and measures the centrality of
heavy ion collisions. All detectors discussed in this section are shown in Fig. [f.13]
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Figure 4.13: The ATLAS forward detector system. From Ref. [115].

4.2.6 The ATLAS Trigger System

With a collision rate of 40 MHz and a typical event size of few MB, it is impossible to store all the
events produced in proton-proton collisions at the LHC. An online acquisition system able to select only
interesting events has to be used, which is referred to as trigger. This system is divided in three levels
with the purpose of reducing the recorded event rate down to ~ 200 Hz at the end of the chain. These
stages are called Level-1 trigger (L1), implementing a hardware-based decision, Level-2 trigger (L2) and
Event Filter (EF), which are both software-based.

The L1 trigger takes hardware based decisions based on information coming from the calorimeters
(L1Calo), the muon chambers (L1Muon) and the scintillators in the forward regions (Minimum Bias).
The L1 searches for distinctive signatures of electrons, muons, tau leptons, jets as well as missing
transverse energy. A decision is achieved within 2.5 us by processing data with reduced granularity
coming from the RPC and TGC detectors for muons, and from all the calorimeters for the other objects.
The selected objects have to fulfill several topological and kinematic criteria to be selected. For instance,
their pt or ET has to be larger than a certain threshold, or isolation in the (7, ¢) plane might be required.
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Different criteria are implemented in different trigger menus. The L1Calo information comes from
the so-called projective trigger towers, which are calorimeter regions with reduced granularity, mostly
A¢ x An = 0.1 x 0.1 or larger. The information coming from L1Muon is organised in roads defined as
conical regions where the hit coincidence coming from different RPC or TGC planes is searched for. The
width of a road depends on the magnetic field and the pr of the track. Results from the L1 subsystems
are processed by the Central Trigger Processor (CTP) which implements a trigger menu based on logical
combinations of the L1Calo and L1Muon subsystems. At this stage a pre-scale can be applied, which
implements an artificially reduced “event acceptance” in order to make efficient use of the available
bandwidth in situations where the luminosity or background conditions change. The L1 trigger supplies
information organised in Regions-of-Interest (Rol), which consist of the coordinates of the object, as well
as the set of criteria it satisfies. The output rate of L1 is ~ 75 kHz.

The L2 trigger uses data with full granularity and relies on software algorithms to refine the selection
by L1. At the L2 stage, 2% of the data from L1 are selected based on the Rol information. The nominal
output rate of L2, 3.5 kHz, has been exceeded during Run-I where a rate of 5 kHz was achieved [128].

The last stage of the event selection is provided by the EF and works with fully reconstructed events.
At this stage, similar algorithms to those used in the offline data analysis are used. The nominal
processing time is 4 s per event, with an output rate of ~ 200 Hz, which was also improved in Run-I to
~ 500 Hz [128]]. The output from the EF is then written to tape and can be used for physics analysis. The
whole trigger chain is illustrated in Fig. #.14]
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Figure 4.14: Diagram representing the various stages of the ATLAS trigger system. From Ref. ||
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4.3 The ATLAS Detector Simulation

In Sec. 2.4 the simulation of events produced in hadronic collisions was discussed. However, the
discussion did not take into account the passage of the particles through the detector. At this intermediate
stage of the simulation, simulated particles are referred to as true particles. The reconstruction of events
in data relies on hits and energy deposits collected in the ATLAS detector. Monte Carlo simulated events
have to be reconstructed using the same algorithms used for data, but the detector needs to be simulated in
order to provide hit and energy deposit information. The simulation has to model the detector geometry
and components, the interaction of the particles with the detector material and pile-up.

The full detector simulation is performed by GEANT4 [[130], a general tool used to simulate the passage
of particles through matter, which relies on the complete detector geometry encoded in databases also
containing the operation conditions for specific runs. The deposited energy is digitised, converting
voltages and currents on a particular readout channel which raise above a certain preconfigured threshold.
Pile-up is simulated overlapping different events, whose number depends on the luminosity and is
Poisson-distributed. Simulated samples are not always produced after a data-taking period. For this
reason the simulated pile-up conditions might need to be corrected using parameters measured in data
after a given run.

The full simulation chain is very CPU-consuming and can take up to 15 minutes per event. Simulated
samples, requiring a large number of events, can be obtained using a common dedicated framework
called ATLFAST2 [I31]], where a simplified detector model is used. In addition, the longitudinal and
lateral profiles of the showers in the calorimeter are parametrised, rather than fully simulating the energy
deposit of single particles.
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CHAPTER 5

Object Reconstruction and Identification

In physics analyses we are interested in studying the properties of the events from collision data using
comparisons to the simulation. It is important to understand these properties in order to improve the
separation between signal and background. The lowest level of information provided by the detector
consists of signals from its components, which are either hits or energy deposits. From this information
we want to be able to reconstruct the physical objects in the event, meaning all the particles and their
four-momenta.

In the present chapter we discuss how physical objects are reconstructed at the ATLAS experiment.
The algorithms dedicated to this purpose are implemented in the ATLAS software called ATHENA [[132].
The whole reconstruction chain reconstructs the particles starting from hits or energy deposits and using
intermediate level objects such as tracks and clusters in the calorimeter.

These intermediate objects are the main building blocks of particle reconstruction. They also serve to
discriminate between particles required in physics signatures and other particles which look similar in the
detector, the so-called fakes. An example of fake relevant for this thesis is a jet, similar to the hadronic
decay of a tau.

The process of discriminating between particles and their fakes is performed using dedicated algorithms
which rely on variables providing discrimination between signal and background, and is known as particle
identification. Reconstruction and identification are performed with the same algorithms in data and in
the simulation but imperfections in the simulation might lead to deviations. Therefore, corrections to the
simulated events are often necessary which have to be determined in dedicated studies using data.

In this chapter, the definition of intermediate-level objects is discussed in Sec.[5.1] [5.2]and [5.3] for
tracks, vertices and calorimeter clusters, respectively. A brief presentation of the relevant objects for
the h/H/A — 77 analysis is then given, extended to those physical objects used by searches which are
combined with i/H/A — TpaqThad. In Sec. [5.4]and [5.5| muons and electrons are discussed, respectively.
The reconstruction of jets and missing transverse energy is presented in Sec[5.6]and [5.7] respectively.
Tau leptons are of particular importance for this thesis and are thus discussed in a separate chapter.

5.1 Tracks

In this section, only the reconstruction of tracks as measured by the inner detector is addressed, as those
measured by the muon spectrometer are less relevant for this thesis. Tracks from the inner detector are
also important to reconstruct primary and secondary vertices in the event. A complete review of all the
algorithms used for tracking is given in Ref. [I33]].
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Two main tracking methods are used in ATLAS, the inside-out and outside-in algorithms. The first step
of the inside-out algorithm is the definition of three-dimensional hits from the pixel detector and SCT,
which are called space-point objects. The two-dimensional hit position provided in the pixel sensors
plane is integrated with the position of the sensors itself. For SCT sensors, only the azimuthal coordinate
of the hit is measured, using the longitudinal segmentation of the module, while the module position
itself, and the stereo angle between its two faces, allow for a determination of the remaining coordinates.
A subset of these hits is then selected to seed the track-finding algorithm, which relies on a Kalman
filter to select track candidates. Many tracks are selected at this stage which have to be resolved,
therefore, they are ranked in their likelihood to represent trajectories of real particles. This is done by
assigning a score promoting tracks measured by more precise elements of the ID. Tracks falling below a
certain quality selection are discarded. Finally, the last step of the algorithm extends the tracks into the
TRT using the measurements from this subdetector, looking for compatibility between the two segments.
The inside-out algorithm is the baseline for particle momenta pt > 400 MeV.

Situations might occur where seeds from the silicon detectors of the ID are not selected due to
ambiguous hits or secondary decays of particles within the ID volume, such as Ks mesons or photon
conversions. Also, due to mis-modelling of the material budget, particles might lose substantial energy
outside of the silicon detectors, leading to a different track extrapolation in the TRT than predicted by the
algorithm, which make the TRT matching inefficient. The outside-in algorithm is designed to cope with
these cases, where track seeding starts from the TRT volume followed by back-tracking into the silicon
region, relying on hits not selected to seed the inside-out algorithm.

In both algorithms all the points finally associated with the tracks are refitted [135]]. Tracks are usually
parametrised with the following vector:

track parameters = (dy, 20, ¢, 0, g/ p). 5.D

Parameters in this vector are defined with respect to the perigee point, i.e. the point of closest approach
of the track with respect to the interaction point in the transverse plane. The distance between these two
points is the transverse impact parameter, dy, while zg is their longitudinal separation. The angles ¢ and
6 also refer to the perigee point, while g/ p is the ratio between the charge of the particle, measured by the
track curvature, and its momentum. The selection of tracks in physics analyses requires them to satisfy
quality criteria, such as a minimum number of hits in the silicon detectors, in order to further improve the
quality of these objects. These requirements depend on the type of reconstructed particle.

5.2 Vertices

The algorithm for the reconstruction of primary vertices (PV) firstly selects reconstructed tracks based on
quality criteria designed to reject those originating from secondary interactions. The algorithm, called
iterative vertex finding relies on the definition of the beam-spot center, i.e. the expected collision
point determined by measurements of the beam position [I37]]. The z coordinate of the point of closest
approach between the tracks and the beam-spot center is determined. The maximum of its distribution
defines the seed vertex of the algorithm. At this point, the vertex is fitted using the seed position and the
tracks around it. This step also serves to refit the tracks, constraining them to originate from the collision
point. The fit down-weights outlier tracks with a weight which depends on the compatibility between the
track and the vertex, as measured by a y? variable [138]. After the fit, tracks with a x? significance of 7o
are used to seed a new vertex. The procedure is repeated until no tracks are left in the event or no new
vertex can be found. Vertices with less than two associated tracks are discarded.

Due to pile-up, more than one primary vertex is typically reconstructed in the event. For all tracks
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associated with a vertex the quantity p?r is calculated, and the primary vertex of the hard scattering,
Vs, is defined as the one with the largest ), p% value. All remaining primary vertices are referred to as
pile-up vertices.

Physics analyses might need to further match reconstructed tracks to vertices, which is done using
geometrical requirements. Usually, a selection of tracks with Azg sinf < 1 mm and Ady < 1 mm with
respect to the vertex position is performed.

5.3 Topological Clusters

Energy deposits in the calorimeter originating from jets or tau leptons decaying hadronically are recon-
structed with the so-called ropological cluster algorithm [139]], which has the advantage of efficient
noise suppression for clusters with a large number of associated cells. The main idea behind topological
clustering is to group neighboring cells with energies significantly above the expected noise, leading
to clusters with a variable number of associated cells. The algorithm is divided in two steps, called the
cluster maker and cluster splitter.
During the clustering process, seed cells are defined as those where the signal to noise ratio r is above
a large threshold. The ratio is defined as
. E51gnal (52)

electronicy2 pile-up\o
\/(O-HOise )>°+ (Gnoise )

and the threshold is fseq = 4. In r, the pile-up noise is estimated from simulations and depends on 7 and
the calorimeter module. Cells are considered over the entire extension of the calorimeter, but might also
come from a portion of it as defined in a trigger Rol.

After the seed list is completed, all seed cells are ordered in descending order of r. Clusters are
then formed by adding neighboring cells to each seed cell in turn, if they have r > fyeighvor = 2 and
are not in the seed list. Clusters are merged if a neighbor cell is adjacent to more than one seed. If
Ineighbor > T > Ieell, With feen = 0, the cell is added only to the seed with the higher r. After this iteration,
the original seed list is discarded and the list of neighbors becomes the new seed list, which is considered
for a further iteration. The algorithm is executed until the seed list is empty.

The second part of the algorithm, the cluster splitting, finds local maxima among the energy deposits
clustered as previously described. This is done in order to separate individual particles showering in
the calorimeter which do not typically lead to isolated clusters, especially in the end-caps and forward
calorimeters. Firstly, local maximum cells are defined as the clustered ones with £ > 500 MeV, at
least four neighbouring cells and energy greater than any other neighboring cell. After this, clustering
is performed similarly to what already described, but only considering previously clustered cells and
without applying thresholds and cluster merging. In this process, cells could be associated with two
clusters. These cells are then weighted according to the energy of the clusters and their distance with
respect to the cluster centroids. The weights account for the probability of the shared cell to belong to
either cluster.

When clusters are reconstructed they are calibrated at the electromagnetic energy scale (EM scale),
which is defined as the calorimeter calibration suitable to restore the energy deposited by a purely
electromagnetic shower. The EM scale is estimated in test-beam measurements. However, the ATLAS
calorimeter is non-compensating, meaning that, depending on the nature of the shower (electromagnetic
or hadronic) different signals in the detector are obtained, i.e. they have different response. While the EM
scale is suitable to be used for electromagnetic showers, corrections have to be made to the deposits from

69



Chapter 5 Object Reconstruction and Identification

hadronic showers. During reconstruction, various cluster properties are determined, related to the shower
shape and its energy density. Based on these, a probability for the cluster to be of electromagnetic or
hadronic origin is assigned. In order to restore the correct energy scale of hadronic showers the local
cluster weighting method (LCW) [140] is used. The calibration in LCW, often referred to as LC scale,
is determined by comparing the reconstructed energy of simulated charged pions to their true energy,
using the GEANT4 software. According to the shower properties, the LCW method applies a weighted
calibration to the cluster and its associated cells.

5.4 Muons

Muons are reconstructed and identified with the information collected by the muon spectrometer, the
inner detector, and to a lesser extent by the calorimeter. According to the information available in the ID
and MS, different muon algorithms are used [141]], defining different reconstructed muon types. Muons
are called stand-alone (SA) when the trajectory is reconstructed only in the MS. The track parameters
at the interaction point are determined by extrapolating the track to the point of closest approach to the
beam line, accounting for the energy loss in the calorimeter. SA muons are used to extend the acceptance
in the region 2.5 < || < 2.7, where the ID cannot provide a measurement. A muon is segment-tagged
(ST) if, when reconstructed in the ID and extrapolated in the MS, it is associated with at least one local
track segment in the MDT or CSC chambers. This method can be used to increase the reconstruction
efficiency of muons for low-pt ones, or in regions of reduced acceptance of the MS.

The majority of the muons are called combined (CB). Track reconstruction is performed independently
in the ID and the MS and the two tracks are combined. The main algorithm implementing this method
is called STACO [[I42]], which uses the parameters vectors of the tracks, as measured by the ID and MS,
to define a y? variable including their covariance matrix. This variable is used to decide which pairs of
segments are retained based on the quality of the match. The MS track parameters take into account the
energy loss and multiple scattering in the calorimeter volume. The track parameters determined
by STACO are the result of a statistical combination of the two track vectors.

Reconstructed muons are required to satisfy track quality requirements. One hit in the pixel detector
and five in the SCT are required. At most two pixel and SCT sensors have to be traversed by the track
without hits. At least nine TRT hits are required in the region of the full acceptance of this detector
0.1<|g<1.9.

Muon reconstruction efficiencies are measured with Z — uu events, using a tag-and-probe method [141]),
where the so-called tag muon is reconstructed and required to be within a maximum AR distance from
a muon selected by the trigger, and another muon, the probe, is used to measure the efficiency. Very
high reconstruction efficiencies are achieved of ~ 99% with a precision of ~ 0.1%, for || < 2.5 and for
pt > 10 GeV. The muon momentum scale and resolution are measured using J/¥ — yu, T — yu and
Z — uu events. The measured momentum scale is used to improve the agreement between data and
simulation, and to reduce the uncertainties in physics analyses. Uncertainties on the scale depend on the
pseudo-rapidity and are +0.05% for || < 1 and increases up to 0.2% in the forward region.

5.5 Electrons
Electrons are reconstructed in the region || < 2.47 by matching the energy deposits in the electromagnetic

calorimeter with a track in the inner detector. As electrons feature a more complex signature with respect
to muons, identification is performed using multivariate techniques or cut-based decisions.
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Electron reconstruction starts from energy deposits in the EM calorimeter which is divided into a grid
of towers in the 7 — ¢ space. Seed clusters with energies above 2.5 GeV are considered by the sliding
window algorithm [[139]]. Cluster reconstruction efficiencies above 95% for true electrons are achieved.
Electrons might lose a significant amount of energy via photon radiation (bremsstrahlung) [[18]]. In this
process, the radiated power is inversely proportional to the mass of the emitting particle, which implies
that electrons lose a significant fraction of their energy via bremsstrahlung and more than any other
particle.

Track reconstruction has to take into account for this phenomenon and provide high and uniform
efficiency. Tracks are searched for in Rols defined by the EM cluster positions and are measured by
pattern recognition, as illustrated in Sec.[5.1] followed by a fit. The pattern recognition uses the pion
hypothesis for energy loss in the detector material. This is complemented with a modified algorithm [[I43]]
which allows higher energy loss due to the contribution of photon radiation. If a track seed reconstructed
with the usual algorithm does not lead to a segment satisfying quality criteria, and falls into an Rol, the
modified method is used. Tracks are then fitted with either the pion or electron hypothesis using the
ATLAS global track fitter [135]). After the fit, track matching to the EM cluster is performed based on a
number of quality and geometrical requirements. Finally, the track parameters of the matched candidates
are precisely re-estimated using an optimised electron track fitter, the Gaussian Sum Filter (GSF) [144]],
and a new matching is performed using the new track and tighter requirements, also including corrections
for the energy deposit in the EM calorimeter [145]].

Objects reconstructed at this stage include background due to jets and photon conversions. Electron
identification exploits the separation power provided by variables related to the longitudinal and transverse
shower shape, track properties and track-to-cluster matching quality, which provide separation between
signal and background. A selection can be implemented using these quantities (cut-based identification)
or a more refined multi-variate analysis (MVA) can be used based on a likelihood function. The latter
combines the separation power of the different variables into a single discriminant. A selection in the
distribution of the discriminant is the last step of the MVA identification. Depending on the required
signal efficiency and background rejection, three working points are defined for both methods, which
are called loose, medium and tight, in order of decreasing signal efficiency and increasing background
rejection.

The reconstruction and identification efficiencies are determined with a tag-and-probe method using
Z — ee and J/¥ — ee events and is described in detail in Ref. [143] for the full data sample at
\s = 8 TeV with Li,, = 20.3 fb~'. Averaged over 7, the reconstruction efficiency is about 97%,
for pt > 15 GeV, and increases up to 99% at pr = 50 GeV. For different pt regions, maximum
uncertainties up to = 1.5% are achieved. The identification efficiency, determined with respect to
reconstructed electrons, is about 96% for the loose working point and 78% for the tight one, with a pile-
up dependence below 4%. The background rejection, or inverse background efficiency, is = 106.4 and
~ 344.8 for the loose and tight working points, respectively. The total uncertainty for the identification
efficiency ranges between 1% and 6% depending on the electron pr.

5.6 Jets

Many algorithms for the reconstruction of jets are available [82]], which have to satisfy the criteria
outlined in Sec.[2.4.2] In ATLAS, the so-called anti-kt algorithm [[I46]] is used, which is implemented
in the FastJet package [[147]]. The algorithm is available in different versions depending on its input
objects, which are organised in a list for sequential recombination. These inputs could be stable simulated
particles, making up truth jets, reconstructed tracks in the inner detector, composing track jets, or clusters
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in the calorimeter leading to calorimeter jets. Only calorimeter jets are relevant for this thesis. For each
pair of objects in this list, the quantities d;; and d;p are evaluated which are defined as

2
_ 1 1 A7
dij=min| —, — |2, where  Aj=(i-y)’+ (4= )’ (5.32)
PT; pT]
1
and dip=—, (5.3b)
PT;

where R is a jet-radius parameter, usually a certain value of order one, and d; is called the beam distance.
In this thesis, jets are reconstructed with R = 0.4. After the list is compiled, the minimum is found
among all d;; and d;p, called dpn. If dyy 1S a d;j, the objects i and j are merged by summing up their
four-momenta. If it is a beam distance, the object associated with it is considered to be a single jet and
removed from the initial list. The procedure is iterated until no objects are present in the list. The anti-kt
algorithm has a number of advantages. First of all, it is infrared safe (Sec.[2.4.2). Due to this property the
reconstruction performance of the jet is not significantly affected by the initial parton momentum. Also,
it is collinear safe, i.e. it is robust against different particle multiplicities. The algorithm can be used
with partons or reconstructed objects, allowing for direct comparison between theoretical predictions and
experimental results. Also, the jet area in the 1 — ¢ space, as defined in Ref. [[I46],, can be controlled with
the parameter R, and is found to be approximately 7R?, which is of advantage when corrections to the jet
properties have to be applied, e.g. due to pile-up. Finally, the anti-kt algorithm is computationally fast.

As illustrated in Sec.[5.3] the energy of hadronic clusters is calibrated according to the LCW scheme.
This method restores the correct energy deposit from hadrons with respect to the EM scale, and improves
the energy resolution of the jet. However, this calibration alone is not sufficient to retrieve the correct
energy of the initial parton which initiated the jet. A correction needs to be applied to determine the jet
energy scale (JES). This has to be done for a number of reasons. Firstly, showers may not be completely
contained in the calorimeter (punch-through effect), or be located in regions of the detector not completely
instrumented or malfunctioning. Also, pile-up contributes to contaminate the jet with additional particles,
or particles belonging to the jet may not be associated with it during reconstruction or not reach the
calorimeter because their momenta is too low.

The JES is determined in four steps. First of all, a pile-up correction is applied using the
number of primary vertices in the event Npy and the expected number of interactions (i), as well as the
jet area and the median pr density of the event, which depends on the pile-up activity. The correction is
found to be proportional to Npy by a factor of * 100 MeV. Secondly, the jet direction is corrected in
order to make it point to the hard-scattering vertex instead of the nominal center of the ATLAS detector.
The third step is the jet calibration itself, and is derived by comparing the visible energy of true jets in the
simulation Etvr:;e]et which excludes the contribution from neutrinos, with the energy of the reconstructed

jets Efé in both data and simulation. The response, R, defined as

jet
R = ELC
- Elrue

vis jet

5.4

is obtained as a function of the pseudo-rapidity. Energy calibration is followed by a pseudo-rapidity
correction of the direction of the jet, derived in a similar way. The measurement of the JES and its
uncertainties are described in Ref. for data collected during 2011 at +/s = 7 TeV. Finally, due
to the non-compensating nature of the calorimeter and the complex calorimeter geometry and material
distribution, the JES needs to be validated in-situ to minimise the impact of eventual mis-modelling from
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the simulation. This validation leads to the measurement of correction factors to be applied in addition to
the JES. The validation is performed using di-jet events in data, where the momentum of a well-calibrated
jet measured in a reference region pi' is compared with the other jet’s momentum p%rObe. The relative
response is measured as

be
1 pgl‘o
T

Details on this measurement can be found in Ref. for data collected at /s = 8 TeV. The
measurement is performed for data and simulation, which is then corrected with a residual calibration
factor cgaa/cmc. The in-situ calibration, determined in Ref. [[I5T]], is applied in addition to the JES
measured at v/s = 7 TeV. The relative response as a function of p%vg = ( p%mbe + pﬁ?f) /2 in the central and

forward region is illustrated in Fig.[5.1} and its uncertainty in Fig.[5.2] The number of reconstructed
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for the MC simulation. A SHERPA sample is used. The plots are taken from Ref. ||
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jets depends on the amount of pile-up in the event. Pile-up subtraction helps reducing the number of
reconstructed pile-up jets. However, this correction alone is not sufficient to suppress them completely
due to localised fluctuations in the pile-up activity. Jets not originating from the hard-scattering vertex
are rejected, using the tracks associated with each jet using topological requirements. To identify the
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origin of jets, the jet vertex fraction (JVF) is used [152]], which is defined for a generic jet J and
vertex V as

Nk trk
% pr,(LV)

JVE(J, V) = — , (5.6)
Npy Nik uk
% Z pTrJ(J’ Vk)
1

where i runs over all tracks matched to a vertex and a jet, and & over all primary vertices in the event. Only
tracks from the inner detector with pr > 500 MeV are considered. This variable may be interpreted as an
estimate of the fraction of the jet energy which is associated with a vertex, as illustrated schematically in
Fig.|5.3] For physics analyses in 2012, with data taken at /s = 8 TeV, different selection criteria are

' JVFljet2,PV1]=0
| JVF[jet2, PV2]= 1

JVF[jetl, PV1]=1-f
JVF[jet1, PV2] = f

4

Figure 5.3: Schematic representation of the JVF principle. Tracks inside the cones in the drawing are considered
matched to the respective jet. The picture is taken from Ref. [149].

used for the JVF variable computed for relevant jets and the hard-scattering vertex Vyg of the event, as
defined in Sec.[5.2} Each analysis can choose between different values (JVF > 0,0.25, 0.5) depending on
the kinematic selection or the scope of the analysis itself.

Many physics analyses require the ability to identify jets originating from a b quark, a technique called
b-tagging. This is achieved by using dedicated identification algorithms reviewed in Ref. [153]]. The
most commonly used flavour tagging algorithm in ATLAS is called MV 1, which is calibrated in the
simulation using #f events, as described in Ref. [154]]. An overall efficiency of ~ 70% is achieved by the
algorithm for b jets with pr > 20 GeV and 7| < 2.5. The mis-identification probability measurement for
jets originating from other quarks, like ¢ quarks, is illustrated in Ref. [I55]], and is approximately 0.7%
depending on 1 and pt. The identification of b jets is not used in the analysis presented in this thesis,
however, it is used by the searches combined with it. These other searches define selections optimised for
the two main production mechanisms of the neutral Higgs bosons in the MSSM, featuring the presence
or absence of at least one b jet.

5.7 Missing Transverse Energy
As discussed in Sec. [f.2.1] the vectorial sum of the particle momenta in the transverse plane may not

add up to zero, as required by momentum conservation. This is due to either the presence of undetected
particles in the event, such as neutrinos, mis-measurements of the momenta, or losses of particles outside
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the detector fiducial region. The missing transverse energy is defined as

EIfniss — |E?issl — \/(E;CniSS)Q + (E;niSS)Z' (57)

It is reconstructed as discussed in Ref. for 2012 data at /s = 8 TeV, and is measured using the
energy deposits in the calorimeters and muons measured by the MS, as well as ST muons as defined in
Sec.[5.4] and tracks in the ID from low-pr particles not reaching the calorimeter. The energy deposits
are associated with reconstructed and identified parent objects in a specific order, as indicated in the
following formula

EMiss = prisse . gy prissr  pIIssIes | pmisssoft gk (5.8)
where only hadronic decays of the tau lepton are considered. The E;‘iyss’s"ﬁ term includes contributions
from jets with pr < 20 GeV, calibrated with the LCW method, and tracks or clusters which are not
associated with any object. If combined muons are used, their small energy loss in the calorimeter is
subtracted from ET"™ to avoid double counting. Electrons and photons are calibrated to the EM scale,

while tau leptons are calibrated as described in the following chapter. In order to characterise the EIF“iSS
reconstruction performance, the following scalar variable is often used:

D Er=Ef+ E}+ B} + Ef° + EP™", (5.9)

which is combined into the event variable

> Er(event) = ) Er+ ) ph. (5.10)

Pile-up has a significant effect on the EITniSS reconstruction, especially concerning the soft term which
can be affected by large fluctuations. Different methods are available for pile-up suppression, which
are reviewed in Ref. [I57]]. Among them, the soft term vertex fraction (STVF) method is relevant for
this thesis. This method uses tracks which are not associated with physics objects, but come from either
the hard-scattering vertex Vys, or from any other pile-up vertex. This correction is only applied to
tracks with 500 MeV < pt < 100 GeV, |n| < 2.5 and with more than 6 or 10 hits in the Pixel+SCT or
Pixel+SCT+TRT systems respectively. The STVF variable is defined as

Nux trk
2 pr(Vus)
l

STVF = ———, (5.11)
Npy Nux

Y Pk (V)

T

where, in the numerator, only tracks from the vertex Vys are considered, while in the denominator
all primary vertices are taken into account, including Vgs. The STVF variable is used as a factor to
scale the soft contribution in Eq. (5.8). The pile-up correction is studied in Z — pu events, which do
not feature genuine EITniSS, apart from a small contribution coming from the pt of the Z boson, and is
shown in Fig. A similar study for a selection of W — ev events, featuring genuine E%“iss from the
neutrino, can be found in Ref. . The E‘TniSS resolution as a function of Npy for the two classes of
events is reported in Fig. The ErTniss resolution for W — ev and VBF H — 77 is reported in Fig.
Systematic uncertainties on ET"** come from the propagated uncertainties on all the physics objects this
quantity is computed from. An additional uncertainty comes from the resolution and scale of the soft
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term, which is studied in Z — uu events. Values as low as 1.4% on the scale and 0.7% on the resolution

are obtained [[157].
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CHAPTER 6

Tau Leptons

Tau leptons are an important part in the physics programme of the ATLAS experiment. In the Standard
Model, the decay Hsy — 77 features the second highest branching ratio available to study the coupling
between the Higgs boson and fermions, as illustrated in Fig. [2.2] Many searches for physics beyond the
Standard Model also include tau leptons in the final state, such as searches for heavy resonances, like
Z' — 7 [158], SUSY signals and MSSM Higgs searches. Tau leptons are of paramount importance for
the search for i/ H/A — ThaqThad presented in this thesis. The symbol 1,4 refers to a tau lepton decaying
to a combination of hadrons plus a neutrino, via the weak interaction. This kind of decay is dominant, as
illustrated in Tab.[6.1} with BR(7haa) ~ 65%. Leptonic decays featuring either an electron or a muon plus
two neutrinos, Tjep, are less likely to occur, having BR(7ep) ~ 35%. The tau is the heaviest lepton, with
m; = 1.777 GeV, and decays with a short lifetime, therefore also features a short characteristic decay
length cTjifetime =~ 87 um. With such a short lifetime, tau leptons produced in the collisions are unlikely
to reach the detector, therefore, leptonic decays of the tau are difficult to distinguish from the prompt
production of muons or electrons in the collisions. Therefore, no attempt to identify these decays as a tau
decay is made, instead, only hadronic decay modes are candidates for the identification process. Hadronic
tau-decay modes are usually divided into two categories: the so-called /-prong decays, where only one
charged hadron is produced, predominantly a pion, and 3-prong decays, featuring three charged hadrons.
A different number of neutral hadrons in the final state further characterises these decays, as illustrated
in Tab. [6.1] The major source of background for hadronic decays of tau leptons are jets, however, also
electrons and muons can mimic them. Separate identification techniques are designed to reject these
backgrounds, which are discussed in the appendix.

The present chapter is structured as follows. In Sec. [6.1} tau reconstruction is discussed. Tau
identification, or discrimination against jets, is performed with multivariate techniques illustrated in
Sec.[6.2] The tau energy calibration is presented in Sec. [6.3] For this thesis, the measurement of the
tau identification efficiency in data, and the corresponding calibration factors for the simulation, were
performed using a tag-and-probe technique based on Z — 7,7haq events. This measurement is presented
in Sec.[6.4] Finally, the tau trigger is discussed in Sec.[6.5] The following chapter is based on Ref. [I59
[162]], which document the tau reconstruction and energy calibration used in ATLAS in 2011 and 2012.
Further details on discrimination techniques against electrons and muons are presented in App.[Bl which
are relevant for the other channels that are later combined with the search described in this thesis.
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Decay Branching Ratio (%)
Leptonic Decay Modes
™ = WV, 17.36
™ - e*vevs 17.85
Hadronic Decay Modes
1-prong
™ > ntv, 10.91
= — 1410y, 25.52
= > 11070, 9.27
* - 157197070, 1.04
* — K*v, + neutral particles 1.57
3-prong
™ > rttrtnty, 9.32
™ > it aly, 4.61
* — K*n*n¥v, + neutral particles 0.48

Table 6.1: Summary of tau lepton decay modes and their branching ratios. Values are taken from Ref. .

6.1 Tau Reconstruction

Tau reconstruction uses the information collected by different detectors. Tracking and calorimeter
information is combined and leads to the definition of a tau candidate called Thaq—vis, emphasising that the
reconstruction only considers the visible products of the decay, i.e. excludes neutrinos. In ATLAS, the
Thad—vis Teconstruction is seeded by jets reconstructed as described in Sec. @ but only calibrated with the
LCW method, i.e. not applying any JES correction. These jets are all considered as Thyq—vis candidates.
The following sections describe how tracks are associated with the tau and how their vertex is defined, in
Sec.[6.1.1]and [6.1.2] respectively. The energy calibration of jets, previously described, is not appropriate
for tau leptons, as these objects consist of a specific mixture of charged and neutral hadrons. Their
calibration is derived independently of the JES and is illustrated in Sec.[6.3] The  and ¢ coordinates of
Thad—vis candidates are determined by the sum of the four-momenta of the clusters associated with the
jet, assuming zero mass for each component, such that pt = Et = Esiné. The 1 coordinate of the tau is
finally corrected during the energy calibration procedure, as will be described later.

6.1.1 Tau Track Association

All jets with pr > 10 GeV and || < 2.5 are considered. Tracks are associated with a 7pa4_vis candidate if
they are in the so-called core cone of the jet, i.e. within AR < 0.2 with respect to the jet axis. They also
have to satisfy the following criteria

e pr>1GeV

e Number of pixel hits > 2
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e Number of pixel hits plus number of SCT hits > 7

e |Azp sinf| < 1.5 mm

e |Ady| < 1 mm
where the zo and dy distances are measured with respect to the fau vertex, which is defined in the next
section. The number of tracks n counted in the core cone is used to classify the tau as n-prong. Tracks are

also counted within the so-called isolation annulus, 0.2 < AR < 0.4, useful for identification purposes, as
described later. A schematic representation of a tau decay is shown in Fig. [6.1}

isolation annulus ~_ A

core cone

Figure 6.1: Schematic representation of a 3-prong tau decay of the type 7~ — n~ 7~ " 7’v,. The decay 7° — yy is
also shown. The picture includes a sketch of the isolation annulus and the core cone, defined in the main text.

6.1.2 Tau Vertex Association

Events must have a reconstructed hard-scattering vertex with at least three associated tracks. Such a
vertex does not necessarily correspond to the origin of the tau, especially in events with many primary
vertices. A dedicated algorithm is used to identify the best vertex hypothesis for each seed jet, which
reduces the effect of pile-up and increases the reconstruction efficiency. This is due to the possibility
to improve the track association which is sensitive to pile-up through the [Azg siné| requirement. The
algorithm, called Tau Jet Vertex Association (TIVA) is described in detail in Ref. [T62]. It uses all tracks
associated with the candidate, as already described, but excluding the |Azg sinf| and Ady requirements.
For each candidate, the vertex with the highest JVF value, as defined by Eq. (5.6)), is defined as the tau
vertex. The improvement provided by this algorithm is illustrated by Fig.[6.2] where the track selection
efficiency is studied as a function of pile-up and compared to a version of the algorithm matching the
tracks to the primary vertex. According to the pile-up conditions of 2012, in Z — 77 events the tau vertex
coincides with the hard-scattering vertex ~ 90% of the times, while in analyses requiring objects with
higher pr this happens in = 99% of the cases.
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Figure 6.2: Track selection efficiencies of Tp,q-vis candidates as a function of the expected number of interactions
per bunch crossing u. The plots are referred to 1-prong candidates (left) and 3-prong ones (right). The efficiency is
studied in simulated Z — 77 events. The default method uses tracks matched to the primary vertex, while TIVA
uses the tau vertex. The plots are taken from Ref. [T62].

6.1.3 7 Reconstruction in Tau Decays

The number of 7° particles produced in the tau decay, and other variables related to them, is used in the
identification process. A 7 reconstruction algorithm was developed , which is based on calorimeter
cluster information and is divided into two steps. These two separate steps utilise a multivariate technique,
the so-called Boosted Decision Trees (BDT) [164} [I65]). In the first stage, the number of neutral pions is
estimated, N0, using global features of the tau decay in the core cone. These properties are measured by
a number of subdetectors including the pre-sampler and strip layer of the calorimeter, the calorimeter
itself and the tracking system. All this information is combined into a BDT. If N0 > 0, the second step
of the algorithm reconstructs 7 candidates using up to two clusters among those in the core cone. The
cluster properties are used to assign a n0-likeness score to each cluster, which depends on the proportion
of energy deposited in the pre-sampler and strip layer with respect to the energy deposited by charged
pions. This is done after subtracting the contributions of pile-up, the underlying event and electronic
noise, which are estimated in the isolation annulus. Only those clusters with the highest scores are kept,
which will contribute to the definition of the tau variables used during identification. The additional
information provided by 7° reconstruction improves the separation power against jets.

6.2 Tau ldentification

The reconstruction process provides little discrimination against the dominant background source for
hadronically decaying tau leptons, i.e. jets initiated by a quark or a gluon, which have a very large
production cross-section at the LHC, as shown in Fig. f.2] However, jets typically feature higher track
multiplicities than tau leptons, as well as a different energy deposit in the calorimeter, characterised by a
wider shower shape compared to tau leptons due to less collimated particles. Therefore, we can define a set
of variables based on these properties, which provide separation between the signal and the background.
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These variables are used as input to a BDT algorithm which quantifies the combined separation in a
discriminating variable called the BDT score. A selection on this score defines a working point for tau
identification, with a characteristic signal efficiency and background rejection. The performance of the
identification algorithm is optimised in order to achieve a stable signal efficiency as a function of pile-up
and pr. In the following, the identification algorithm and its performance are illustrated.

6.2.1 BDT Algorithm

BDT algorithms map the space of the input variables into regions which are more likely to be populated
by signal or background. The mapping procedure, known as training, is based on two samples, known to
be signal and background. Training is performed iteratively with the purpose of assigning weights to
events in the samples, which depend on the performance of a previous classification, a technique called
boosting. Boosting improves the performance of the classification, making the algorithm more robust
against those events which are ambiguous to classify.

Separate BDT algorithms are used for 1-prong and 3-prong candidates, which use a different set
of discriminating variables. The algorithms are trained with the Toolkit for Multivariate Analysis
(TMVA) software using a mixture of tau decays from simulated Z, W and Z’ samplesﬂ while data
are used for the background from collisions in 2012, selected with jet triggers. Only candidates with
pr > 15 GeV and || < 2.3 are used. For the signal, a topological matching between the simulated and
reconstructed Thaq-vis candidates is utilised, by requiring them to be within AR < 0.2 from each other.
The distributions of all variables used by the identification algorithm and their definitions can be found in

App.[Al

6.2.2 Tau Identification Performance

The outcome of the BDT algorithm is called BDT score. This variable is distributed between zero and one,
where background and signal events tend to have lower and higher scores, respectively. Tau identification
is defined by a selection on the score, and three working points are defined. The signal efficiency is
defined as the fraction of Tp,4-vis candidates that are found beyond a BDT threshold, for signal events
matched to a true simulated tau and reconstructed with the same number of tracks as the simulated
number of charged decay products. The background efficiency is defined in the same way, relative to
background events. Three working points are defined, depending on the signal efficiency, called loose,
medium and tight, ordered from highest to lowest efficiency. Their respective efficiency and background
rejection, i.e. the inverse background efficiency, are shown in Fig. [6.3]for candidates with low-pr (left)
and high-pr (right), the latter being particularly relevant for this thesis. The selection on the BDT score
is chosen such that the signal efficiency is independent of the pr of the Thag—vis. The performance is
also stable with respect to pile-up, as shown in Fig.[6.4] due to a careful choice of the discriminating
variables used in the algorithm, relying on tracking and energy deposition in a narrow cone, as well as
their correction for pile-up effects, a technique called pile-up weighting which is going to be introduced
later.

! The Z’ particle is a neutral gauge boson predicted by models including an electroweak extension of the Standard Model [[167]).
Its mass is believed to be much larger than the Z mass. Tau-related studies in ATLAS use simulated Z’ — 77 samples with
myz between 250 GeV and 1250 GeV to study the high-pr region of tau decays.
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Figure 6.3: Inverse background efficiency as a function of the signal efficiency for the tau identification algorithm.
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3-prong (right) candidates. The plots are taken from Ref. [T59].

6.3 Tau Energy Scale

All clusters composing a tau candidate are calibrated to the LC scale. The correct tau energy scale
(TES) has to be determined independently from the JES, as the Tp,q-vis consists of a specific mixture of
hadrons. The calibration is performed using the simulation, and aims at eliminating any dependence of
the response on 7, the tau energy itself, pile-up and track multiplicity, as well as improving the energy
resolution.

The response function for tau candidates is determined in a similar way as discussed for jets in Sec.[5.6]
and is defined analogously to Eq. (5.4). It is a function of the reconstructed tau energy at the LC scale,
E[ , pseudo-rapidity and the track multiplicity, and will be indicated as R(ET -, [frecol, Nuk)- Simulated
events of the processes Z — 71, W — v and Z' — 77 are used. Reconstructed candidates are selected
by requiring pric > 15 GeV, || < 2.4 and matching to a true tau with a visible pt > 10 GeV. In
addition, they have to satisfy the medium identification requirement against jets and be at least AR = 0.5
away from a jet. The distribution of the ratio Ef ./E\' is obtained in intervals of Eiri‘;e, pseudo-rapidity
and track multiplicity, and is fitted with a Gaussian function. In each interval, the mean value of EJ .
is also measured. Finally, empirically derived functions are used to fit the Gaussian mean determined
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in the fit as a function of <E£C> The fit results are shown in Fig. After the response curve is
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Figure 6.5: Response curves for 1-prong (left) and multi-prong (right) tau candidates, evaluated in intervals of
pseudo-rapidity, as a function of the energy associated with the reconstructed tau candidate 7p,q-vis. The plots are
taken from Ref. [@[}

measured, an additional correction to the pseudo-rapidity is applied, in order to correct for a bias arising
from underestimated energy in the clusters, due to poorly instrumented regions. The correction is
typically negligible and smaller than 1% in the transition region between the barrel and the end-cap. The
correction is obtained from the average deviation of the reconstructed pseudo-rapidity with respect to the
generated one, i.. ONbias = {|Mrecol — [Miruel). Therefore, the correction is applied only as a function of the
pseudo-rapidity

71 = Mrecol = OMbias- (6.1)

Finally, a pile-up correction 6 Epjje—yp is measured which is proportional to the number of primary vertices.
This is done with a linear fit versus Npy performed in different regions of |.co| and for different track
multiplicities, for the determination of the proportionality factor A(|7cecol> Nirack)- The pile-up correction
1s written as

5Epile—up = A(|Mrecols Nirack)(Npv — (Npv)). (6.2)

The correction increases with the absolute value of the pseudo-rapidity, and ranges between 90 MeV and
420 MeV per reconstructed vertex.
The final calibrated energy of the tau can then be written as
E£C - 5Epile—up

Elco = . (6.3)
reco R(EEC’ |77recol’ Nuk)

The energy resolution of the tau after all corrections are applied is shown in Fig. [6.6]

6.3.1 Tau Energy Scale Uncertainties

Uncertainties on the TES come from the energy response of the calorimeter, the specific choice of the
underlying event model, the detector description in the simulation and the calibration method itself,
referred to as non-closure uncertainty.

The calorimeter response uncertainty can be estimated using single particle response measurements.
The particle composition of the hadronic tau decay is taken from simulated Z — 77 and Z' — 77 events
modelled with Pythia8 without pile-up, and is convoluted with the response of each hadron in the
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Figure 6.6: Energy resolution of tau leptons for 1-prong (left) and 3-prong (right) candidates. Curves corresponding
to different pseudo-rapidities are shown. The resolution corresponds to the width of a Gaussian function from the
fit to the distribution of (Ereco — EX¢)/EX. The plots are taken from Ref. [159].

vis

decay. This is done using a pseudo-experiment approach, where the energy scale is estimated from a set
of pseudo-experiments, altering the single particle response and including the statistical and systematic
uncertainties associated with it. The outcome of a set of 1000 pseudo-experiments is then fitted with a
Gaussian function and its standard deviation is taken to represent the total TES uncertainty due to the
calorimeter response, while its mean value is a bias.

The single particle response is estimated from three sources. For low-momentum hadrons with
p < 20 GeV in the barrel (5] < 1.7), or p < 60 GeV in the end-cap (1.7 < || < 2.5), in-situ
measurements of E£/p are used, where the energy is measured by the calorimeter and the momentum by
the inner detector. For charged hadrons at high momenta with || < 0.8, the response is estimated from
Combined Test Beam (CTB) measurements [[I68]]. For particles with high momenta outside the central
region, the simulation is used to determine the response. The uncertainty associated with the EM scale,
mainly affecting the response of 7° — yy decays, is constrained by Z — ee measurements to ~ 1.5%
for the EM calorimeter, and by minimum ionising muons in the Tile calorimeter to ~ 3%. The usage of
in-situ measurements helps constraining the uncertainties associated with the interaction between the
particles and the calorimeter and with the material in front of the calorimeter. As mentioned previously,
after the TES is estimated from the set of pseudo-experiments, a bias might arise determined from a fit to
the outcome of the pseudo-experiments. However, this is found to be within the estimated calorimeter
response uncertainty, therefore it is quadratically added to the total uncertainty instead of performing a
new correction.

Simulated interactions between hadrons and the calorimeter rely on specific models of the hadronic
shower shape. Different choices of these models can lead to different energy densities in the shower,
affecting the weights assigned by the LCW method, hence the uncalibrated energy of Taq—vis. To estimate
the uncertainty coming from the hadronic shower choice, the nominal model QGSP_BERT is
compared to the FTFP_BERT model. For 1-prong and multi-prong tau decays, uncertainties
of ~ 0.5% and ~ 1%, respectively, are achieved.

The total uncertainty associated with the calorimeter response is estimated to be ~ 1.5 — 2% and
~ 2 —2.5% respectively for 1-prong and multi-prong decays, depending on the transverse momentum
and pseudo-rapidity region.

In addition to the calorimeter response, four more sources of uncertainty have to be considered:
dead material in front of the calorimeter, the underlying event model, non-closure of the calibration
method, and pile-up. To estimate the dead material contribution, the nominal sample is compared with
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a simulation including extra amount of material. On average, an effect between ~ 1% and ~ 2% is
found. The uncertainty due to the underlying event model is estimated using a different underlying event
tune, and amounts to = 1%. The non-closure effect is due to differences between the reconstructed
and the true Thyg—vis energy when the calibration is applied to the same sample it is derived from. This
effect is estimated to be ~ 1% and ~ 2% for 1-prong and multi-prong decays, respectively. The pile-up
uncertainty is assigned independently of |n|. It is estimated by dividing the simulation sample in five
intervals of (Npy), from 0 to 40, and taking the largest variation of (pfF®® — pJ"¢)/pJe.

All TES uncertainties are summarised in Fig.[6.7]as a function of the calibrated tau pr, for the central

region of the detector. More details about the TES uncertainty measurement can be found in Ref. [T61]].
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Figure 6.7: TES uncertainties for 1-prong (left) and multi-prong (right) tau decays as a function of the calibrated
tau pr. The magnitude of the different sources of uncertainty is shown separately. Their contribution is added
quadratically and represented by the shaded area. The plots are taken from Ref. [161]].

6.4 Tau ldentification Efficiency in Data

The measurement of the identification efficiency in data and the derivation of its correction factors to be
applied to the simulation are part of the work for this thesis. The measurement has been performed with
Z — T,Thaq events from a tag-and-probe selection, referred to as the muon channel. The muon in the
final state is the so-called tag while the hadronic decay of the tau is the probe, which is the object under
study. This choice of decay and final state allows to select probe taus with good rejection against the
large multi-jet contamination. In addition, muons are characterised by high trigger efficiencies. The final
result has been combined with a similar and independent measurement using Z — T,.Thaq €vents (electron
channel). The following sections are dedicated to the details of the muon channel and the combination
with the electron channel. This method has been developed with a portion of the full dataset collected at
Vs = 8 TeV, and updated with the full integrated luminosity in a second stage. The results discussed here
refer to Lip; = 8.5 fb~! and are documented in Ref. , while the update is documented in Ref.
and is performed with Ly = 20.3 fb~! of data.

The measurement utilises a fitting method, so-called template fitting, to determine the number of tau

leptons in data before and after identification, le‘éfore p and fo‘ter 1o respectively. The efficiency is then
determined as
N ﬁft D
aft
Edata = Nﬁdt$ (6.4)
before ID

The fit is performed to the tau track multiplicity distribution in data, which offers good separation power
against the jet background.
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The identification process could lead to different results in the simulation compared to data. For this
reason, simulated events have to be rescaled with a correction factor, referred to as scale factor (SF),
which is determined as

Edata

SF = (6.5)

EMC
where the efficiency in the simulation, ey, is derived from simulated events before the fit is performed.

6.4.1 Modified Track Counting

For the fitting method, the track multiplicity of the tau is determined with an alternative method to the
standard one used for tau reconstruction, which only relies on the core cone AR < 0.2, as described in
Sec.[6.1.1] From now on, we will refer to the track multiplicity assessed with the standard method as
Nitack-

As jets initiated by a quark or a gluon feature tracks that are less collimated, the region outside the core
cone can be used to improve the separation and include outer tracks, to be added to the inner tracks in the
core. An annulus around the core is considered. For each track in the outer cone the distance parameter

is computed
inner
P
outer
Pt

Douter _

AR(inner, outer) (6.6)

with respect to all tracks in the inner region. If any of the computed distances satisfies the requirement
DUt < DM the outer track is included. In the case of real tau leptons, additional tracks in the outer
cone are likely to originate from pile-up. As these typically have a much lower pt than tracks from
the tau, they are rejected. However, outer tracks from a jet typically have a higher pr. In addition, the
pr difference between tracks in the core cone and the outer region is smaller for jets than it is for tau
leptons. For these reasons, outer tracks from jets are included by the algorithm. This algorithm, known as
pr-correlated track counting , estimates the number of additional tracks in the outer region, called
Nioti - The total number of tracks is then used in the fit: Ni'¢ = Noo© + Ntcrgrcrfla‘ed.

Three parameters influence the performance of the algorithm and the track multiplicity shape, which
are the maximum distance D™, the dimension of the annulus surrounding the core region, AR™®*, and
the minimum pr of the tracks in the outer region. The choice of these parameters has been studied, based
on a preliminary measurement of the efficiency using template fitting. The distributions for real tau
leptons and the jet background are shown in Fig. [6.8] [6.9]and [6.10] and are determined using simulated
Z — 7,Thad and data events from a tag-and-probe selection as will be described later. As shown by
the plots, the algorithm allows for a better separation between signal and background, as can be seen
by comparing the N¢'¢ spectra with the standard result. Using a preliminary template fitting, based
on Liy = 4.5 fb~! of data at v/s = 8 TeV, the uncertainty associated with the efficiency estimate is
minimised with the choice D™ = 4, AR™ = 0.6 and p}"*" > 500 MeV, which are consequently
chosen as the default parameters.

6.4.2 Selection

A sample of hadronically decaying tau leptons is obtained from a tag-and-probe selection of Z — 7, Thaq
events. Muon triggers are used to select the muon. Events are considered if the trigger signals muons
with p‘% > 20 GeV and a tight topological isolation, or with pﬁ > 24 GeV and looser isolation. Well
reconstructed muons are required to have p’; > 22 GeV and |n7,| < 2.4. Muon isolation is also required
to suppress the multi-jet background, by measuring the total transverse energy Et in the region with
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multiplicity is obtained from data. All distributions are normalised to unit area.

Fraction of Events

D™ variation

Standard counting, N ag

—— D"=2, AR™=0.6, p}">500 GeV
—e— D=4, AR"™'=0.6, p"“'>500 GeV

max,

—— D"™=10, AR™=0.6, p]"'>500 GeV

ﬁ%r!—t_._l TP P T |
5 6 7 8 9 10 11 12 13
Nc+c
track

Fraction of Events

0.5

0.4

0.3

0.2

0.1

LA L I L I L L

D™ variation

Standard counting, N ey

D"=2, AR™=0.6, p3"*'>500 GeV
D"'=4, AR"™'=0.6, p3"*'>500 GeV

D"™=10, AR™=0.6, pJ"“'>500 GeV

[T T s o o S R RN

11111

1111111111111111111

o

8 9 10 11 12 13

c+c
N

track

Figure 6.9: Variation versus D™ of the track multiplicity spectrum for tau leptons (left) and jets (right) determined
with the alternative track counting. The track multiplicity spectrum obtained with the standard track counting
is shown by the dashed line. The signal distributions are obtained using simulated events, while the jet track
multiplicity is obtained from data. All distributions are normalised to unit area.

&9



Chapter 6 Tau Leptons

0.9

(2] = 2]
c F ] 2 05— -
outer yariati outer i

% 0.8 Thao peUe" variation 3 LGI>J-) [ jets P’ variation ]
— F e Standard counting, Nyag E -— L e Standard counting, N o 4
o - © 04 T —
c D=4, AR™=0.6, p*>500 GeV E c L —e— D=4, AR™'=0.6, p]"*">500 GeV 4
o 7 o oo : -
B —— D=4, AR"™=0.6, p2"*'>1000 GeV — B3 [ . —— D"™=4,AR"™=0.6, p{"“>1000 GeV |
© ] © FooE ]
S ] — — ' ' H —
v = o0 ]
3 Lo : —a— i
] 02 | i~ ]
E S ]

- H —.— !
: ] [ e : e T
: ] 0.1— .. A —
3 = O R - 1
—— B L I ]
oo I TR O P O I ) PR P R N R ) K o e s = T PN P Y
5 6 7 8 9 10 11 12 13 0 1 2 3 45 6 7 8 9 10 11 12 13
NEHe Ne&*e

track track

Figure 6.10: Variation versus py"*" of the track multiplicity spectrum for tau leptons (left) and jets (right) determined
with the alternative track counting. The track multiplicity spectrum obtained with the standard track counting
is shown by the dashed line. The signal distributions are obtained using simulated events, while the jet track
multiplicity is obtained from data. All distributions are normalised to unit area.

0.05 < AR < 0.2 from the muon direction and requiring it to be less than 4% of p“{ No additional tracks
with pr > 1 GeV are allowed within AR < 0.4 from the muon.

Hadronic tau decays are selected by requiring p7 > 20 GeV, Ip,| < 2.47 and N>t > 0. The
loose working point of the electron veto algorithm (cf. App. is also utilised if NS = 1. The
major portion of the jet background contamination comes from multi-jet events, and from those jets

produced in association with W — uv events. In order to suppress the latter background the quantity

mr = \/2p*T'ErT“iSS(1 — cosAg(u, EIF“iSS)), called the transverse mass, is required to be below 50 GeV. For

the same reason the requirements cosA¢(u, E‘Tniss) + cosA¢(r, E%li“) > —0.15 and A¢(t,u) > 2.4 are
applied.

In addition, the presence of a primary vertex with at least four associated tracks is required, no
additional lepton other than the muon and the tau are allowed in the event, and the mass reconstructed
with the muon and the Tph,q_vis, called the visible mass, m.;s, has to be in the window 42 GeV <
Myis(U, Thad—vis) < 82 GeV. Finally, opposite electric charges between the tag and the probe are required.

The selection described above defines the region where the fit is performed to data. This region will be
called the opposite-sign (OS) region referring to the charge correlation between the tag and the probe. As
will be discussed in the following section, jets are modelled in the fit by using data selected in a control
region where the tag and the probe have the same electric charge, the so-called same-sign (SS) region.
Events in the SS region typically show a larger fraction of jets that originate from the hadronisation
of a gluon compared to the OS region, where quark-initiated jets are more predominant. This charge
correlation effect is introduced in the background by the presence of W — uv events with associated jets.
As the jet model in the fit is obtained from the SS control region, it is important to check that this choice
does not introduce a bias.

A potential bias could be caused by gluon-jet track multiplicities being higher than those of quark-jets,
due to the higher colour charge of gluons. In order to reduce this effect, a selection is applied on the
BDT score distribution. As gluons feature higher track multiplicities, gluon-originated jets are better
separated from tau leptons than the quark-originated ones. Therefore, a BDT score of at least 0.3 is
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required. This selection does not affect the signal efficiency, as shown in Fig. [6.1T} where the BDT score
distributions in the detector barrel and the end-cap are reported. The BDT score selection reduces the
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Figure 6.11: Distributions of the BDT score in the barrel (left) and in the end-cap (right), obtained with a data
sample of Li, = 4.5 fb~!. The large discrepancy between the data and the simulated contributions is caused by the
lack of the multi-jet contribution, which is not shown here.

overall background in the OS region, while also reducing the discrepancy between the track multiplicity
spectra from W — uv events between the OS and the SS region, as illustrated by Fig.[6.12] This allows
for a completely data-driven estimate of the model for the jet track multiplicity in the fit, where the SS
region does not show any significant bias with respect to the OS region. The summary of all the selection
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Figure 6.12: Shape comparison of the track multiplicity distributions for the W — v background in the opposite-
sign and same-sign regions before identification (left) and after (right). The shapes are obtained using simulated
events. All distributions are normalised to unit area.

requirements used to define the relevant regions for the fitting method is given in Tab.[6.2] The table

includes the definition of the regions where the fit is performed, as well as control regions used for the
estimation of the jet background and its systematic uncertainty, which will be described later.
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Selection Requirements Fit Region CRC CRB CRD W — puv CR
(SS, Isolated)  (OS, Anti-isolated)  (SS, Anti-isolated)
Tag Muon
Identified muon . . . . .
Muon triggers (pr(u) > 20 GeV + tight isolation or pr(u) > 24 GeV + loose isolation) . . . . .
pr(w) > 22 GeV and [p(u)| < 2.4 . . . . .
Muon isolation (Et in 0.05 < AR < 0.2 from muon direction less than 4% of pr(u)) ) . rev. rev. .
No other tracks with pr > 1 GeV within AR < 0.4 . . . . .
Probe Tau
pr(t) > 20 GeV and |n(7)| < 2.47 ° ° ° ° .
Npxe >0 . . . . .
Loose electron veto if N7t = 1 . . ° . .
BDT score > 0.3 . . . . .
. . . . .
No tau-ID loose loose loose loose loose
medium medium medium medium medium
tight tight tight tight tight
Event Topology and Kinematic
cosAp(u, ErT“iSS) + cosA¢(t, ErT“iSS) > —0.15 ) ° ° ° rev.
my = \/2pT(u)Egiss<1 — cosAg(u, ET™)) < 50 GeV . . . . rev.
Ag(t, 1) > 2.4 . . . . .
One primary vertex with at least 4 associated tracks . . . . .
No other reconstructed leptons in the event . . . . .
42 GeV < mys(u, 7) < 82 GeV . ° ° . .
Muon and tau with opposite electric charge . rev. . rev. o /rev.

Table 6.2: Summary of the selection requirements defining the relevant regions of the fitting method, including the region where the fit is performed and control
regions used for the estimation of the background and its uncertainty. In the table, the dot indicates the application of the requirement indicated in the list on the
left. When a different requirement is imposed, it is explicitly indicated in the table. The reversal of a selection requirement is indicated as “rev.”. The control
regions used in the method and indicated as CR C, B and D, are named according to the convention used in Fig. @and@
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6.4.3 Fitting Method and Choice of Templates

The tau identification efficiency in data is measured by a fit, which determines the number of real tau
leptons in data before and after identification. To perform the fit, the track multiplicity distributions
in data before and after identification are considered, which offer good discrimination power between
the signal and the background. The signal is composed of real tau leptons, while the background is
composed of the jet contamination and a small contribution from electrons. Both the signal and the
background have to be modelled in the fit, i.e. they have to be included in the fitted functions before and
after identification, foefore ID(NSS ) and fageer ID(NtCr;CCk), respectively. The signal and background models,

track
also called templates, contribute to the fitted functions as

fbefore ID(NtCr:CCk) = NTST(Nfrzgk) + ]VjetBjet(NtCr;ch) + NeBe(NtCr;cck) (6-73)
Jafter lD(Nfr;ch) = 8TNTS;(N§:1—CC]() + SjethetBJ{et(Ntcrzcck) + SeNeB;(Nfrsz)- (6.7b)

In Eq. (6.7), S+, Bje: and B, represent the templates for signal, jets and electrons before identification,
while S7, Bj'et and B, refer to the respective templates after identification. The parameters determined
by the fit are the number of events for each contribution before identification and the efficiencies. As
the electron contribution is a minor one, the corresponding parameters are fixed using the simulation
prediction. Hence, the fit only measures the signal and jet normalisations before ID, N and Njet,
respectively, and their efficiencies &; and gje.

The question now arises about how to choose the different templates. The strategy used in the fit is
to rely on the simulation to model real tau leptons and the minor electron background, while using a
data-driven method to address the dominant jet background, for which no reliable simulation is available.
The signal is modelled using simulated Z — 7,74 events with Pythia, where reconstructed tau leptons
are matched to the true simulated ones. The jet template consists of the ¢+ data distribution in a region
where the tag and the probe have opposite electric charges. The distributions in the fit regions before and
after identification are illustrated by Fig.[6.13](A) and [6.14] (A), respectively, for the medium working
point of the ID algorithm and before the fit is performed. The data distributions in the same-sign control
regions are also visible in Fig.[6.13](B) and [6.14] (B) for the respective cases. The figures also show the
jet background composition, which is dominated by the W — uv + jetsand W — 7v + jets contributions,
together with multi-jet events, which are assumed to account for the large discrepancy between the data
and the model. Other contributions, intended to be included in this model, are Z — uu + jets, where a jet
is produced in association with the final state, and ¢f events, where the hadronically decaying tau and the
muon are produced in top and anti-top decays. The electron contribution is mainly due to mis-identified
electrons in the tau decay. This background is modelled using simulated Z — 7,74 events, like the
signal, but the reconstructed tau is required to fail the matching with the true one. This contribution
amounts to only a small fraction of the events labelled as other EW in the figures.

The measurement of the efficiency is performed for inclusive track multiplicity, where no distinction is
made between 1-prong and multi-prong decays, as well as for the exclusive case. The signal template in
Eq. (6.7) is used for the inclusive measurement. In order to measure exclusive efficiencies, the signal
template is split according to

St (NS = S 1p e(NES) + (1= IS mp o (NEXE), (6.82)
SUNEES) = /ST (NEIE) + (1= f)S o o(NEES), (6.8b)

where f and (1 — f) represent the fraction of 1-prong and multi-prong tau decays, respectively, before
identification, and f” and (1 — f”) are the corresponding fractions after identification. In order to simplify
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Figure 6.13: Signal and background distributions in all the regions relevant for the measurement of the tau
identification efficiency in data. The distributions are shown before identification and no fit is performed. (A)
Signal region chosen to perform the fit, also called opposite-sign region. (B) Control region chosen to model the
jet contribution in the fit, which is the data distribution shown in the plot. (C) Control region for multi-jet events,
where the isolation on the muon is reversed. (D) Control region for multi-jet events, where the tag and the probe
have the same electric charge and isolation on the muon is reversed. All backgrounds shown are modelled with the
simulation, choosing Pythia for Z — 77 events, and Alpgen for other contributions. The discrepancy between
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data and the simulation is due to the multi-jet background, which is not shown here.
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Figure 6.14: Signal and background distributions in all the regions relevant for the measurement of the tau
identification efficiency in data. The distributions are shown after identification at the medium working point of
the BDT algorithm and no fit is performed. (A) Signal region chosen to perform the fit, also called opposite-sign
region. (B) Control region chosen to model the jet contribution in the fit, which is the data distribution shown in the
plot. (C) Control region for multi-jet events, where the isolation on the muon is reversed. (D) Control region for
multi-jet events, where the tag and the probe have the same electric charge and isolation on the muon is reversed.
All backgrounds shown are modelled with the simulation, choosing Pythia for Z — 77 events, and Alpgen for
other contributions. The discrepancy between data and the simulation is due to the multi-jet background, which is
not shown here.

95



Chapter 6 Tau Leptons

the fit procedure and avoid instabilities, only f” is allowed to vary in the fit, while f is determined
from the simulation. Potential fit instabilities can arise due to similarities between the shapes of the
multi-prong signal and the jet background before identification. Fixing the proportion of the 1-prong and
multi-prong contributions in this fit relies on the assumption that the reconstruction efficiency is well
modelled by the simulation independently of the track multiplicity. The signal templates are obtained by
requiring Ngot = 1 and N2 > 1 for 1-prong and multi-prong decays, respectively. An example of the
fit is shown in Fig.[6.15] where the signal template is split.
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Figure 6.15: Fit of the track multiplicity distribution in data. All regions shown are fitted simultaneously. The
signal is split into a 1-prong and a multi-prong component, which allows for the separate measurement of the
respective efficiencies.

The efficiency and the corresponding scale factors are measured for 1-prong, multi-prong and inclusive
decays of the tau. For each case, different pseudo-rapidity regions are considered: the barrel, the end-cap
and the full 5 region.
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6.4.4 Systematic Uncertainties

Systematic uncertainties have to be estimated, which are assigned to the choice of the templates. Indi-
vidual systematic uncertainties are estimated altering each template shape, according to the systematic
effect, and repeating the measurement. The relative uncertainty on the scale factor is then measured as

€nom. ~ Esyst.

ASFsyst. (%) = (6.9)

€nom.

where g0, is the efficiency from the nominal fit and &gy the one from the systematic variation.

Systematic uncertainties are estimated for the signal and the background. Signal uncertainties are
assigned to the choice of the generator of simulated events, the tuning of the underlying event, the model
of the detector material, the model of the hadronic shower and the effect of pile-up. The choice of the
generator is accounted for by obtaining a signal template using Alpgen instead of Pythia. The
tuning of the underlying event is altered according to the A2 tune [80]]. The detector model is taken into
account by including an additional amount of material in the simulation. The effect of the hadronic
shower model is investigated by altering the shape according to the FTFP_BERT model or QGSP. To
avoid double counting this effect, the largest variation between these two is considered. Simulated
events might not reproduce well the effect of pile-up, hence, simulated distributions are modified using a
weighting procedure based on a correction of the simulated {u) distribution to match the one in data. The
correction has an uncertainty associated with it, which is propagated to the signal templates. In this case
the uncertainty is estimated as ASFpije_up(%) = £|ASFyp(%) — ASFgown(%)|.

In order to reduce the statistical uncertainty on the systematically altered signal templates, the nominal

and altered shapes are obtained without applying the full tag-and-and probe selection, i.e. for § o™ no T&P
and S syst. no T&P
i

defined as

, respectively. The nominal signal shape is then rescaled by the ratio R™ T&P(N[Cr:gk),

syst. no T&P(Nc+c )

R"™ T&P(Nc+c ) = T track ] (6.10)
track . T&P
ST TN )
The rescaled signal template can be written as
ST NG = RTINSO ™ (N (6.11)

This method relies on the assumption that systematic effects are not correlated with the tag-and-probe
selection itself. This is a reasonable assumption, as it is found that R"° T&P(Nfrzcck), defined in Eq. (6.10),
is consistent with RT&P(N;;’CCI() for all systematic uncertainties taken into account. This is illustrated
in Fig.[6.16]showing a comparison of the two ratios obtained using the full tag-and-probe selection or
discarding it. The ratio in Fig.[6.16is obtained comparing the nominal Pythia sample with the Alpgen
one, which corresponds to the leading alteration among the signal systematic uncertainties. The signal
shapes § 3% ™ T&P(Nfrzgk) and §2om-no T&P(Nfrzcck), used to define R™ T&P(Nfrzgk), are obtained including
Z — ThadThad €vents, in order to increase the available number of signal events. This is done by matching
hadronically decaying tau leptons to true simulated taus, and imposing the same pt requirements of the
tag-and-probe selection. An example of the nominal signal template compared to the systematically

altered ones is shown in Fig.[6.17] before and after medium identification.

The dominant systematic effect in the fitting method is due to the shape of the jet background. As
mentioned in Sec.[6.4.2] a different proportion of gluon-initiated and quark-initiated tau candidates is
present in the OS region, where the fit is performed, and in the SS region, where the jet shape is modelled.
The requirement on the BDT score to be higher than 0.3 helps reducing this difference. Nonetheless, a
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Figure 6.16: Ratios between signal templates obtained with Alpgen and Pythia before identification (left) and after
(right). The plots show the comparison between the ratios of templates obtained applying the full tag-and-probe

selection (red) or not (black). The uncertainty shown is only statistical.
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Figure 6.17: Nominal signal template compared to the systematically altered ones before identification (left) and
after the medium one (right). All distributions are normalised to unit area.
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systematic uncertainty has to be taken into account. To estimate the uncertainty the fit is repeated with an
altered jet template reproducing the effect of a different proportion of quark and gluon-initiated jets with
respect to the nominal template.

The method used to obtain the altered jet template relies on both data and simulation. The systematically
altered jet template is obtained using all simulated contributions featuring tau candidates which are jets,
as shown in Fig. [6.13] (B) and Fig. [6.14] (B), which are subtracted from data in the SS region. These
contributions are dominated by W + jets events. Then, the remaining distribution, accounting only for
multi-jet events, is rescaled with a data-driven factor, to take into account the different number of multi-jet
events between the OS and SS regions. Two control regions, highly enriched in multi-jet events, are
chosen for the measurement, which are defined by the same requirements applied to the OS and SS
regions, but with reversed isolation on the muon tag (anti-isolation). The regions are shown in Fig. [6.13]
(C,D) and[6.14](C,D), before identification and after the medium requirement, respectively. The summary
of the selection requirements imposed to define the control regions B, C and D are summarised in Tab.[6.2]
The data-driven factor also alters the multi-jet shape, as it is measured as a function of N¢ < . Finally, the
simulated contributions in the OS region are added to the shape. This procedure is summarised by the
formula

all sim. dataanti—iSO(Nc+c ) all sim.
SYst.  arc+c \ _ c+e ) c+e oS track . c+e
Bjet (Ntrack) - dataSS(Ntrack) - Z BleS(Ntrack) dat anti—iSO(Nc+c ) + Z Bl,OS(Ntrack)‘ (6.12)
i alagg i

track

In Eq. (6:12), the normalisation of the W — uv and W — 7v contributions is obtained from data. Their
simulated number of events is corrected to data in a control region enriched with W — uv events and
defined by requiring mr(u, E%ﬁss) > 50 GeV and cosA¢(u, E?iss) + cosAY(T, E?iss) < =0.15, i.e. reversed
with respect to the nominal selection (cf. Tab.[6.2). An example distribution in this control region for
the OS and SS selections, and before and after identification, is shown in Fig.[6.18]and [6.19] before any
correction is applied to the simulation. The measurement is performed by rescaling the number of events

of the two contributions to match the data, independently of Ni< . The correction factor measured in
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Figure 6.18: Control regions for the measurement of the normalisation correction factor to be applied to W — uv
and W — 7tv simulated events. The plots show the opposite-sign (left) and same-sign (right) regions and are
obtained before identification.

this region, called &y, ranges between ~ 1.2 and ~ (.73 depending on |57, the charge product between the
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Figure 6.19: Control regions for the measurement of the normalisation correction factor to be applied to W — uv
and W — 71v simulated events. The plots show the opposite-sign (left) and same-sign (right) regions and are
obtained after medium identification.

tag and the probe, and the ID working point. It has to be noted that the small signal contamination present
in the control regions does not significantly alter the shape of the jet background and has negligible effect

in the fit. The nominal and altered jet templates are compared in Fig.
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Figure 6.20: Comparison of the nominal and systematically altered jet templates before identification (left) and
after the medium requirement (right). All distributions are normalised to unit area.

Finally, a systematic uncertainty is assigned to the choice of the electron template by conservatively
altering its normalisation upward and downward by 100%. This conservative choice simplifies the
treatment of the uncertainty and does not lead to a significant decrease in the precision of the measurement.
The fit is repeated for the upward and downward variation and the uncertainty is estimated as ASF.(%) =
*|ASFyp(%) — ASFyown(%)|. The full set of results are summarised in Tab. @ and refer to the entire
pseudo-rapidity range.
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ID Efficiency Scale Factors

Z — TyThad Inclusive 1-prong Multi-prong
Loose Medium Tight Loose Medium Tight Loose Medium Tight
Generator 0.4% 0.2% 0.6% | 0.5% 0.5% 1.7% | 2.6% 2.1% 2.2%
Hadronic shower | 0.4% 0.5% 1.0% | 0.3% 0.5% 1.0% | 1.3% 1.5% 0.9%
UE tune 0.1% 0.1% 0.1% | 0.1% 0.1% 0.1% | 2.0% 2.2% 2.0%
Detector geometry | 0.1% 0.1% 02% | 0.1% 0.1% 02% | 1.1% 2.3% 1.1%
Pile-up 0.2% 0.1% 0.1% | 0.2% 0.2% 0.1% | 0.5% 0.5% 0.6%
Jet shape 2.0% 2.3% 24% | 1.4% 1.7% 1.9% | 2.3% 2.5% 2.9%
Electrons 1.5% 0.4% 0.6% | 1.3% 0.3% 0.5% | 1.7% 0.6% 0.7%
ASFys. 2.5% 2.4% 27% | 2.0% 1.9% 23% | 4.1% 4.3% 3.5%
ASFgat. 1.3% 1.5% 1.9% | 1.3% 1.5% 1.9% | 1.9% 2.1% 2.8%
ASFigat +syst. 2.9% 2.8% 33% | 2.4% 2.4% 3.0% | 4.6% 4.8% 4.5%
SF 1.001 0970 0.895 | 0992 0968 0.892 | 1.149 1.021  0.934

Table 6.3: Scale factors for the tau identification efficiency measured in data using a tag-and-probe selection of
Z — T,Thaq events. The table includes the breakdown of the systematic uncertainty in its components, which are
added in quadrature. The total SF uncertainty includes the statistical and systematic components which are added
in quadrature.

6.4.5 The Z — 71,Th.qa channel

A similar measurement has been performed using a tag-and-probe selection of Z — 7,Th,q events, i.e.
in the electron channel, which relies on data collected at 4/s = 8 TeV with an integrated luminosity of
Line = 10.5 fb~!. Events are selected using similar requirements as for the muon channel, with only a few
differences regarding the tag selection. An electron trigger requiring isolation and E1 > 24 GeV is used.
The kinematic and topological requirements are also applied: 25 GeV < pf7 <40 GeV and || < 1.37
or 1.52 < |n.| < 2.47. Isolation around the electron is required at the 8% level. The track multiplicity
distribution of the probe tau is shown in Fig. [6.21] before and after medium identification. The fit models
in the Z — 7,Tha and Z — 7,Tpaq channels are identical, featuring an identical choice of the control
regions used for the jet template. The electron contribution in this channel, however, is dominated by
Z — ee events, and the shape, as well as its normalisation, are taken from the simulation and fixed in the
fit. An example of the fit in the electron channel is shown in Fig.[6.22] before and after identification.
The systematic uncertainties for the measurement in the electron channel have identical sources as those
already discussed for the muon channel, and are evaluated using similar methods. Further details about
the electron channel can be found in Ref. [I60].

6.4.6 Final Results and Combination

The scale factor measurements in the muon and electron channels are combined in the barrel, the end-cap,
in the inclusive pseudo-rapidity region, and for each track multiplicity. The statistical combination of the
two measurements is performed according to the prescriptions discussed in Ref. [[174]], which require the
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Figure 6.21: Track multiplicity distributions of the tau probe from a tag-and-probe selection of Z — 7,Tp,q events
before identification (left) and after the medium requirement (right). Simulated signal events are obtained with
the Pythia generator, while Alpgen is used for the other contributions. The large discrepancy between data and
simulation is due to the multi-jet background which is not estimated.
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Figure 6.22: Fit to the track multiplicity distribution in data, using the template method in the electron channel.
The fit is shown before identification (left) and after the medium requirement (right).

decomposition of the total uncertainties into a correlated and uncorrelated component. Each individual
uncertainty is treated as 100% correlated between the two channels, as every systematic effect has the
same origin and is evaluated in an analogous way. However, this does not necessarily lead to the same
level of correlation between the total uncertainties associated with each channel. In order to compute the
total degree of correlation, pytal, the following scheme is applied. We can write each uncertainty as o-;
which is evaluated for the two channels, ¢, and c,. The correlation matrix between the measurements can
be written as " )
all unc.
Mo, corr.(c/u Ce) = Z (p O-i,c‘,, th't,;;‘O'z,oe) 6.13)

; iTi,c,Tice Tic,:
As all sources of uncertainty are treated as fully correlated, we have p; = 1. The total degree of correlation
between the measurements is then

all unc. all unc. all unc.

pow =| D Tic,Tie, / DA D, ok (6.14)
i

i i
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ID Efficiency SF Combination
Z > TThad Inclusive 1-prong Multi-prong

Loose Medium Tight Loose Medium Tight Loose Medium Tight

SF(Z — 7,thaa) | 1.001 0970 0.895 | 0992  0.968 1.892 | 1.149 1.021  0.934

uncorrelated syst. | 2.0% 2.3% 24% | 1.4% 1.7% 1.9% | 2.6% 2.1% 2.2%
correlated syst. 1.6% 0.7% 1.3% | 1.5% 0.7% 2.1% | 3.9% 5.7% 5.3%
stat. 1.3% 1.5% 1.9% | 1.3% 1.5% 1.9% | 1.9% 2.1% 2.8%
syst.+stat. 2.9% 2.8% 33% | 2.5% 2.4% 34% | 5.1% 6.4% 6.4%

SF(Z — t,haa) | 1.056 099 0954 | 1.046 0983 0954 | 1.057 0998  0.951

uncorrelated syst. | 1.0% 2.8% 43% | 0.5% 2.0% 3.0% | 2.6% 5.1% 7.4%
correlated syst. 1.7% 1.8% 21% | 1.9% 2.1% 23% | 22% 2.2% 3.0%

stat. 1.5% 1.7% 23% | 1.6% 1.8% 25% | 2.3% 2.6% 3.5%
syst.+stat. 2.5% 3.8% 53% | 2.5% 3.5% 4.5% | 4.1% 6.2% 8.7%
SF combined 1.033 0979 0907 | 1.015 0972  0.908 | 1.081 1.008  0.939
syst. 2.0% 2.1% 26% | 1.8% 1.8% 27% | 3.5% 4.8% 5.3%
stat. 1.0% 1.1% 1.5% | 1.0% 1.2% 1.5% | 1.5% 1.7% 2.2%
syst.+stat. 2.2% 2.4% 3.0% | 2.1% 2.1% 3.1% | 3.8% 5.1% 5.8%
Protal 0.387  0.121  0.159 | 0457 0.182 0310 | 0.418 0.326 0.282

Table 6.4: Combination of the tau identification scale factors as measured by the muon channel and the electron
channel. The relative systematic uncertainties are split in a correlated and uncorrelated part. The total degree of
correlation between the two measurements is reported as py. The statistical and systematic uncertainties are
combined quadratically.

where the off-diagonal elements are considered in the numerator and the diagonal ones in the denominator.
After computing piora1 €ach scale factor measurement is decomposed as

SF + ASFga. + ptotalASFsyst. (- ptotal)ASFsyst. (6.15)

where the last two components are the correlated and uncorrelated uncertainties, respectively. A summary
of the full combination is given in Tab.[6.4]for the full pseudo-rapidity range. The combination is also
performed in the barrel and the end-cap, as illustrated in Fig.[6.23] The full set of results for all working
points is reported in App. [C}

6.5 Tau Trigger
The ATLAS trigger system was already introduced in Sec..2.6] In this section the implementation of

the tau trigger algorithm is discussed, as it is relevant for the main topic of this thesis, which follows
the architecture already illustrated in Chap.[d] The tau reconstruction algorithm utilised by the trigger is
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Figure 6.23: Tau identification efficiency scale factors measured by the muon and the electron channels in the barrel
and the end-cap. Only the medium working point is shown here. The combined scale factors in the two regions are
illustrated by the circles. The combination of the n-inclusive measurements is also shown (shaded area).

required to fulfill the requirements dictated by the reduced latency times available at the various trigger
levels. In the following, the details of the various trigger stages will be outlined.

6.5.1 L1 Tau Trigger

The Level-1 trigger only relies on the calorimeter information, which is provided with reduced granularity.
Energy deposits are considered in a core and in isolation regions of the EM and HCAL calorimeters
composing the L1 Region-of-Interest (Rol). These are built from projective trigger towers with a
granularity of Ap X A¢ = 0.1 X 0.1 up to || = 2.5. The core region is built from 2 X 2 trigger towers. The
tau energy is then estimated at the EM scale, considering the two neighboring most energetic towers in
the core region for the EM calorimeter, and the whole core region in the HCAL. This scheme is depicted
in Fig.[6.24] The region in the EM calorimeter just outside the core in the annulus between 0.2 x 0.2 and
0.4 x 0.4 serves to compute the EM isolation. Background suppression is required in order to reduce
the trigger rate. This is achieved by requiring isolation at the level of 4 GeV for the lowest trigger Et
threshold of 8 GeV. No Et-dependent isolation requirement can be implemented at L1, which causes an
efficiency loss across the Et threshold range between 11 GeV and 40 GeV. As this loss increases with
the tau energy, no isolation is required for the highest threshold. No specific clustering algorithm nor
energy calibration are exploited at L1, limiting the tau reconstruction efficiency and energy resolution at
this stage.

6.5.2 L2 Tau Trigger

At Level-2, an Rol defined at L1 is considered in order to compute variables based on tracking and
calorimeter information, which are used in an identification algorithm. The energy deposited by the
tau is calibrated taking into account the subtraction of electronic and pile-up noise. A region around
the L1 seed within AR < 0.4 is used to compute the centre of the energy deposit weighting the cells
according to their energy, while the total transverse energy of the tau is measured using only cells within
AR < 0.2 from this centre. Tracks are measured using a fast tracking algorithm relying only on
pixel and SCT hits. Tracks are considered if they have pt > 1.5 GeV and are within AR < 0.3 of the tau
axis, computed as previously mentioned. No vertex information is available at this stage. Therefore, the
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Figure 6.24: Schematic representation of an Rol at the Level-1 stage of the tau trigger algorithm. The separation
between the core and isolation regions is highlighted. The picture is taken from Ref. [[115].

track-based pile-up rejection relies on a Azg requirement between the candidate track and the one with
the highest pr. The distribution of Azy shows a peak consistent with the interaction point. Only tracks
with —2 mm < Azg < 2 mm and AR < 0.1, with respect to the highest-pt tracks, are considered in order
to reject pile-up events. Isolation is track-based and requires that no track is reconstructed in the isolation
region for 1-prong candidates. Multi-prong candidates are required to have a ratio between the total track
pr in the region 0.1 < AR < 0.3 to the one in AR < 0.1 lower than 0.1.

At this point identification variables are defined similarly to what was already described in Sec.[6.2.1]
with few differences. The f..n¢ variable is computed without a pile-up correction, and expanding the cone
size to AR < 0.4 in the denominator sum. The quantities fiack and Ryqck both consider tracks within
AR < 0.3 around the highest-pr track. A background rejection factor of 10 is achieved by the algorithm,
and a signal efficiency of = 90% at the medium working point.

6.5.3 Event Filter of the Tau Trigger

The Event Filter level of the tau trigger algorithm is similar to the tau reconstruction already discussed at
the beginning of this chapter (offfine tau reconstruction). Clustering is performed as described in Sec.[5.3]
and calibration restores the tau energy scale. Both algorithms are run within an Rol. Track reconstruction
is performed in the same region using a dedicated tracking algorithm. Vertex reconstruction is not
available as tracking is limited to an Rol. Therefore, tracks are selected with different requirements with
respect to the offline reconstruction in order to reduce the effect of pile-up. A Azg requirement is used,
similar to the L2 stage, which is Azg = 2 mm with respect to the highest-pt track. The requirement
Adp < 2 mm is also applied between the tracks and the vertex found within the Rol. The variables used
for the identification algorithm illustrated in Sec. [6.2.1]are then computed, without applying any pile-up
correction. In addition, variables relying on 7° information are not used for the EF identification. This
algorithm is trained using simulated Z — 77, W — 7v and Z’ — 77 events for the signal and multi-jet
events from data for the background. The selected samples contain events passing the L1 trigger and
with tau leptons that are matched with a reconstructed Tpa4—vis With pr > 15 GeV and || < 2.2. Truth
matching is also required for the signal as well as the medium identification requirement of the offline
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BDT algorithm. The performance of the tau identification used in the EF is illustrated in Fig.[6.23]

10*

Tau trigger identification

— 1-track candidate

— 2,3-track candidate -

10°

Inverse background efficiency
target eff.

2
10 ATLAS Data 2012, {s=8TeV

P R RN EREE RREEN EFRTRS S P!
03 04 05 06 07 08 09

Signal efficiency

o[TrTrrT
N

Figure 6.25: Background rejection as a function of the signal efficiency for the tau identification algorithm at the
Event Filter. The target efficiencies and background rejections are highlighted by the dashed lines. The picture is
taken from Ref. [T59].

6.5.4 Trigger Efficiency in Data

The tau trigger efliciency is measured in data from a tag-and-probe selection of Z — 7,Tp,q events, in
a similar way to what was already described in Sec. [6.4 However, the measurement is performed by
requiring each candidate to pass the offline tau identification, therefore enhancing the relative signal
fraction of the sample. The systematic uncertainty is dominated by the shape of the largest backgrounds,
W — uv and multi-jet. Their contributions are estimated with a method similar to that described for the
identification efficiency measurement, i.e. using data from a same-sign control region to model multi-jets,
and rescaling the W — uv contribution with the kw factor defined in Sec.[6.4.4] A control region for
tf events is defined by requiring the presence of a jet originating from a b quark, dedicated to measure
the 77 normalisation in data. The Z — uu + jets contribution, where an associated jet in the final state
is mis-identified as Thaq—vis, 1S estimated from the simulation and normalised in a control region where
the two muons have the same electric charge. The scale factors are measured as a function of the tau
p1, 11 and separately for 1-prong and 3-prong tau leptons. For this measurement, tau candidates are
selected according to different offline BDT working points. Hence, scale factors are provided for different
thresholds, as well as for different EF menus featuring different pt thresholds, ranging from 20 GeV to
38 GeV. In addition, as the trigger algorithm configuration was subject to changes throughout data-taking
in Run-I, the measurement is also performed for three different data-taking periods. In Fig.[6.26 and [6.27}
data and simulation efficiencies are presented for 1-prong and 3-prong decays, respectively. The plots
show the efficiency versus the tau pt (turn-on curve) for the EF menu requiring pt > 38 GeV, and
are obtained for tau leptons passing the offline medium identification in the barrel (|| < 1.5) and in
the end-cap (|| > 1.5). The plots also show the scale factors (lower insets). A detailed review of the
measurement is given in Ref. [I76]], and all the resulting scale factors are reported in Ref. [177]]. In
general, in the pr range from 30 GeV to 50 GeV, a total uncertainty of ~ 2% is achieved on the scale
factors, which increases up to ~ 8% at pr ~ 100 GeV and for pr < 30 GeV, due to larger background
contamination.
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Figure 6.26: Trigger efficiencies in data and simulation as a function of the tau pr, for 1-prong decays in the barrel
(left) and the end-cap (right). The lower inset shows the scale factor, with statistical uncertainty obtained from data.
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CHAPTER 7

MSSM h/H/A — TpaqThaa analysis

The present chapter presents the search for i/ H/A — TpadThaq decays, performed with Ly = 19.5 fb~!
of ATLAS data collected at /s = 8 TeV. The search only considers tau leptons decaying in the hadronic
channel and is part of a larger search where different combinations of tau decays are considered. All
search channels are later combined. The signal is searched for by selecting data events using kinematic
and topological requirements, and by comparing data to the expected background, which has to be
carefully estimated. The final state with two hadronic tau decays offers a high branching ratio of
BR(77t — hadrons) ~ 42%.

The signal is searched for by requiring two tau leptons in the final state selected with a topological and
kinematic configuration as required by the decay of a heavy neutral resonance. The h1/H/A — ThadThad
search is performed in two event categories with different requirements. A different tau trigger is required
for each category. A trigger featuring low-pr thresholds on two taus is used to define a category where
the selection is optimised in order to achieve better sensitivity in the hypothesis of Higgs bosons with low
mass. Another trigger implementing a high-pr threshold on only one tau is used to optimise a selection
for high-mass signal. The two categories feature the same types of background contributions, however,
with different relative compositions. The background is mainly composed of processes containing two
objects in the final state which are either real tau leptons, jets mimicking tau decays, also referred to
as fake taus, or a combination of the two. The dominant contribution is due to multi-jet events, where
two jets are mis-identified as tau leptons. The background featuring real tau leptons is dominated by
Z/y* — 7. Other minor sources of background include W — v + jets and #f events. Some background
contributions are estimated with the help of simulation. However, this is not possible for multi-jets, given
the complications in simulating QCD interactions. For this reason, data-driven techniques will be used to
estimate the multi-jet background, and whenever possible to model backgrounds originating from jets.

This chapter is structured as follows. In Sec. [7.]] and the signal and the backgrounds of the
search are introduced, respectively. This includes details about the simulated samples relevant for their
estimation and the evaluation of the systematic uncertainties. In Sec. [7.3} the pre-selection stage of
the analysis is illustrated, where events are selected according to general requirements previous to the
definition of categories. Events are further selected and assigned to two categories as described in
Sec.[7.33] The different methods for multi-jet estimation are outlined in Sec.[7.4)and[7.5] The Z/y* — 77
contribution is validated as described in Sec.[7.6] In Sec.[l.7] an overview is given of a weighting
technique used to estimate the contribution of fake tau leptons. Systematic uncertainties affecting the
data-driven estimation of backgrounds are discussed in the corresponding sections, while the remaining
systematic uncertainties are discussed in Sec.[7.8] The results presented in this and the following chapter
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are documented in Ref. [I78]].

7.1 Signal

The dominant production modes for neutral MSSM Higgs bosons are b-associated production, also called
bb annihilation, and gluon-gluon fusion, for reasons explained in Sec. They will be discussed in
Sec.[T1.1]and [7.1.2] respectively.

Simulated signal samples have been produced for each production mode in order to optimise the
selection and to estimate the signal contribution. Events are generated for thirteen different mass
hypotheses, my, in the range 170 — 1000 GeV. The value of tang not only affects the total cross-section,
or equivalently the total number of expected events, but also the width of the mass spectrum, I'. However,
the width ranges roughly between 0.01 GeV and 10 GeV across the m4 — tang region of interest, i.e. it is
much smaller than the experimental resolution on the mass of = 30%. For this reason, no modification
of the shape of the mass spectrum dependent on tanS will be taken into account. The signal hypothesis
for each value of the mass is tested for different values of tang between 3 and 60. An example of the
generated invariant mass distributions for the signal samples in this analysis is given in Fig.[7.1] In

i :\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\: :\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\:
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Figure 7.1: Spectra of the generated invariant mass for some of the signal samples used in the analysis. The mass
spectrum for bb annihilation and gluon-gluon production are shown on the left and on the right, respectively. The
distributions are normalised to unit area.

Fig.[7.2} an example of the pt spectra for the highest-pr and the lower-pr tau lepton in the decay of the
generated Higgs boson are given, referred to as the leading tau and the sub-leading tau, respectively.

7.1.1 MSSM neutral Higgs Production via bb Annihilation

As already illustrated in Sec.[2.3.4] the coupling between bb pairs and a generic neutral MSSM Higgs
boson ¢ is enhanced for increasing values of tang, and is larger than for other down-type fermions pairs
due to the relatively large mass of b quarks. Two computational schemes are available to determine the
inclusive cross-section for producing ¢ bosons involving bb coupling. The calculation can be treated
perturbatively, as the scale Agcp below which this is no longer possible is much lower than m;,. In
one scheme, the so-called four-flavour scheme (4FS) [180]l, we can assume that b quarks do not
contribute to the parton distribution functions of the protons. In this model, the processes g — ¢bb
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Figure 7.2: Spectra of the visible transverse momentum of true tau leptons in the decay of a simulated generic
Higgs boson for a subset of the signal samples used. The highest-pr and lower-pt tau lepton are indicated as
leading and sub-leading, respectively. The pr spectra for bb annihilation and gluon-gluon fusion are on the left and
on the right, respectively. The distributions are normalised to unit area.

and gg — ¢bb, illustrated in Fig. (a) and (b), respectively, are dominant. However, the cross-section
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Figure 7.3: Example of the production modes for a generic neutral MSSM Higgs boson ¢ via bb annihilation.

for the latter is expressed as a sum involving logarithms of the form In(ur/my,), originating from the
nearly-collinear splitting of the gluons. This can lead to divergences if my > 4m;,, as the factorisation
scale ur is chosen as ur ~ mg/4 [I8THI83]. If we introduce another scheme featuring b quarks in
the partons, the so-called five-flavour scheme (5FS) [185]], the logarithms can be summed to all
orders in perturbation theory. This is based on the assumption that the momentum transferred to the
outgoing b quarks is small compared to their mass. In this case the leading-order production mode is
the one depicted in Fig.[7.3](c). In principle, if all orders would be taken into account, the two schemes
would yield identical results. However, at any finite order, they include different parts of the complete
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calculation, leading to different predictions. The two approaches are combined by a matching scheme
called Santander matching [[186]]. As the 4FS and 5FS approaches provide a unique prediction of the
cross-section in the limits mg/m;, — 1 and mg/m;, — oo, respectively, the Santander scheme interpolates
the two methods for very low and very high values of my. This is done by weighting the prediction from
the two methods using variable weights depending on mg. The cross-sections are combined according to

O 4FS + WO sFs

, 7.1
1+w 7.1

U Santander =

where the total inclusive cross-sections from the 4FS and SFS are included, and the weight is

)
w=Inl—]-2. (7.2)
my

With this particular choice of w, both approaches get the same weight for mg ~ 100 GeV, consistent
with the fact that they lead to very similar predictions in this region. The uncertainty on the predicted
cross-section comes from the linear combination of the individual uncertainties associated with the
4FS and 5FS approaches, according to Eq. (7.I). The individual uncertainties are due to the choice
of ur, ugr, as and the PDF set. In this thesis, theoretical uncertainties are estimated according to the
prescriptions outlined in Ref. [187]]. The cross-sections combined by the Santander matching are at NLO
for the 4FS and NNLO for SFS. Predictions for all MSSM scenarios illustrated in Sec. are available.
In this thesis, masses, couplings and branching ratios of the signal are predicted with the program
FeynHiggs . In Fig. an example of the cross-sections o(bb — ¢) x BR(¢ — 77) is given as
a function of my4 and for tang = 15, 50 in the m;"™* scenario. The plots also illustrate the cross-section
uncertainty associated with the PDF set, as, pur and pg. In Fig. the production cross-sections of A
and H are illustrated in the (m4, tang) plane for the same scenario. The full summary of the cross-sections
and their uncertainties for the bb annihilation production mode is reported in App. |§|, for the m;™*
scenario.
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Figure 7.4: Cross-sections for the process bb — ¢ — 77 as a function of m, and for tang = 15 (left) and tang = 50
(right) in the m;** scenario. The plots show also the uncertainty band associated with the PDF set, as, ur and ug
uncertainties. Numerical values are obtained with FeynHiggs [50H52]], implementing the Santander matching as
illustrated in the text.
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Figure 7.5: Cross-sections for the bb — A (left) and bb — H (right) production mechanisms in the (114, tanf3)
plane in the m;* scenario. The cross-sections have been computed with FeynHiggs [S0H52] implementing the
Santander matching as illustrated in the text.

All signal samples for the bb annihilation production mode in this thesis have been produced using the
Sherpa generator [[69]). This generator features all the leading-order matrix elements for processes of the
form 2 partons — 77 + n, where n < 3 is the number of associated partons in the final state. Couplings
between the Higgs bosons and quarks other than the b are not included. The Sherpa generator features
its own parton shower and hadronisation model, as well as modelling the tau decay by itself. Finally, this
generator uses the CKKW algorithm [[68]] in order to perform the merging of the parton shower and the

matrix element, as discussed in Sec. [2.4.1f which is characterised by the scale Ackkw = - /20 GeV/+/s.
The PDF set called CT10 [[T88]] is used.

7.1.2 Signal Production in the Gluon-Gluon Fusion Mode

Higgs bosons do not couple directly to gluons, hence, a quark loop is always involved in the process
gg — ¢. Examples of gluon-gluon fusion (ggF) production mechanisms for a generic neutral Higgs
boson in the MSSM at the LHC are shown in Fig.[7.6] In the Standard Model, the process shown in
Fig.[7.6|(a) is largely dominated by the contribution of the top quark in the loop. However, in the MSSM
the contribution of b quarks is also relevant, due to the dependence on tang of the coupling between ¢ and
bb. The gluon-gluon fusion cross-sections are computed with ggh@nnlo and HIGLU taking
into account the contribution of QCD processes at NNLO and the contribution of & quarks at NLO as well
as their interference with a ¢ loop, respectively. The contribution of squarks in the loop can be neglected,
as it is suppressed by the factor M% /M; . As for the bb annihilation production mode, uncertainties
associated with the PDF set and a affect the prediction, and are evaluated by following the prescriptions
in Ref. [187]. Fig.[7.7] illustrates the cross-sections for the process o(gg — ¢) X BR(¢ — 77) as a
function of m, and for tang = 15, 50 in the m;** scenario. Uncertainties associated with the PDF set,
as, urp and pg are also reported. In Fig.[7.8] the production cross-sections of A and H are shown, in the

(m4, tanp) plane for the m;™ scenario. A full summary of the cross-sections and their uncertainties for

the gluon-gluon fusion production mode is reported in App. D} for the m,'** scenario. Signal events for
the gluon-gluon fusion production are simulated with Powheg [[66]], which is interfaced to Pythia8 for

parton shower, hadronisation and model the tau decay. The PDF set used in the simulation is CT10.
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Figure 7.6: Examples of production modes for a generic neutral MSSM Higgs boson ¢ via gluon-gluon fusion.
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Figure 7.7: Cross-sections for the process gg — ¢ — 77 as a function of m4 and for tan8 = 15 (left) and tang = 50
(right) in the m;™* scenario. The plots show also the uncertainty band associated with the the PDF set, as, ur
and ug uncertainties. The production cross-section is predicted with ggh@nnlo and HIGLU [I89], and

FeynHiggs [50H52] is used for couplings and branching ratios.
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Figure 7.8: Cross-sections for the gg — A (left) and gg — H (right) production mechanisms in the (14, tanB) plane
in the m™* scenario. The production cross-section is predicted with ggh@nnlo [[T85] and HIGLU [[T89].

7.2 Backgrounds

This section introduces the backgrounds to the signal previously discussed. In Sec.[7.2.1|the dominant
multi-jet background is introduced, while the irreducible Z/y* — 77 is presented in Sec. In
Sec.[72.3] W — tv+jets events are discussed. Other minor contributions, including events featuring the
top quark in the final state, are presented in Sec.[7.2.4]and [7.2.5] In Fig.[7.9]the production cross-sections
of the main sources of backgrounds for the present search are reported, along with a variety of other
cross-sections. This plot only serves as a general figure for comparison. All background cross-sections
relevant for the analysis are reported in App.

7.2.1 Multi-jet Background

The high multi-jet production cross-section and the similarities between events with two hadronic tau
decays and di-jet events, make this background particularly important. Examples of di-jet production
modes at the LHC are illustrated in Fig. showing some of the LO processes. However, this
background might feature even a higher number of jets in the final state, as no requirement on the number
of jets is posed by the analysis. As illustrated by Fig. [7.9] multi-jets have a much larger production
cross-section at the LHC than the other backgrounds. For this reason, the usage of simulation for the
estimation of this background is suboptimal, as any selection of resonant decay topologies would select
only a small portion of the simulated events, leading to large shape uncertainties. In addition, as illustrated
in Sec. 2.4} difficulties in the modelling of the parton shower, hadronisation, and choice of as make the
modelling of QCD interactions non-trivial. In particular, the relative fraction of jets initiated by either
a quark or a gluon can be mis-modelled, which would have a significant impact in the estimated tau
mis-identification probability, which is critical for the present search. In both categories used in the
analysis, multi-jets events are estimated from data, utilising requirements on the tau identification, as will
be shown later in Sec.[Z.3]and [7.4]
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Standard Model Production Cross Section Measurements

Status: March 2015
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Figure 7.9: Cross-sections of relevant SM processes for in the ATLAS physics programme, as measured by the
ATLAS experiments during Run-1. The theoretical cross-sections are marked in grey and compared to the measured
values from collisions at /s = 7 TeV (blue points), and at /s = 8 TeV (orange points). The contribution labelled
as Z includes Drell-Yan processes [I91]]. The symbols indicate the final state considered for the measurement. The

plot is taken from Ref. [T92].
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Figure 7.10: Examples of LO production modes for di-jet events.

116



7.2 Backgrounds

722 Z/y* - 171

The second largest background contribution in the search comes from di-tau decays originating from
a Z boson, as well as from a virtual photon, y*. The decay has a branching ratio of BR(Z/y* — 77) »
3.4% [[18]]. This contribution is known as Drell-Yan process [191]]. Due to the high-pr selection on the
tau leptons, events in the kinematic region of the peak in the spectrum of the invariant mass of the Z are
rejected. Hence, only the high-mass portion of the spectrum is relevant for this analysis.

The production of the Z or y* features a coupling to gg pairs, as illustrated by the diagrams in Fig.
As the final state of this background contribution is identical to the signal, tau identification is not effective
in reducing it. In addition, no control region for this contribution can be defined without a significant
signal contamination or with a sufficiently large number of data events, hence prohibiting the usage of a
data-driven technique. For this reason the Z/y* — 77 background is estimated using simulated events.
The simulation is performed with Pythia 8.1 [[71]], which handles all stages of the simulation including
the tau decay.

. q/q Z[y* q Z/y
7/ —>—N\ N\ —>—| N\
 /  /
0000 V—>— —<—— 0000
a g a/q q g
Z/y
q/q
g q/q

Figure 7.11: Examples of production modes for Z/y*.

The analysis is sensitive to the tail of the invariant di-tau mass spectrum. Therefore, a proper
modelling of this background at high masses is critical. The total simulated sample consists of twelve
simulated samples corresponding to exclusive regions of the di-tau invariant mass m!+¢ in the range
mie = 60 — 2500 GeV. The usage of these exclusive samples enhances the statistical power of the

simulation in the tail of the m!"t® distribution. The generator used for this analysis provides LO cross-
sections, thus, a correction is needed to provide a prediction at NNLO, i.e. the k-factor already introduced
in Sec.[2.4.1] This factor is applied as a function of the invariant mass of the simulated true tau leptons
and is defined as k = onNLo/0 Lo Where the NNLO cross-section is computed with FEWZ 3.1.b2 [193]
and the LO one with Pythia.

The PDF set used in the simulation is CTEQ6L1 [[195]). The distribution of the generated invariant
mass for all the exclusive samples considered is reported in Fig. [7.12] (left), together with the transverse
momentum distribution of the visible true tau leptons in the final state. In these plots the LO production
cross-sections in the exclusive regions and the k-factor rescaling are taken into account. The k-factors are
given in Fig. [7.13] which includes the uncertainty associated with the variation of as at 90% CL and

the PDF set, which is altered using the MSTW prescriptions [196]]. Further details on the simulation of
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Drell-Yan events are reported in App.
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Figure 7.12: Left: mass spectrum of the generated resonance mass in the simulated Z/y* — 77 production.
Exclusive samples for different mass intervals are generated with Pythia 8.1 [[71]]. The complete distribution is
rescaled to the total integrated luminosity used in the analysis and the predicted cross-section, featuring k-factors
for the NNLO prediction. Right: spectrum of the visible pt of true leading and sub-leading taus from Z/y* decays.
The distributions are normalised to unit area.
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Figure 7.13: k-factor as a function of the resonance mass used to rescale the LO Pythia cross-section in order
to achieve a NNLO prediction for Z/y* — 77 events. The upward and downward variation is also shown,
corresponding to the uncertainty from the PDF set and as. Numbers are obtained with FEWZ 3.1.b2 [[193}[194].

723 W - 1v + jets

The production of a W boson in association with a jet is another source of background, if the W decays
into a tau and a neutrino. This decay occurs with a branching ratio BR(W — 7v) ~ 11% [[1§]]. In these
events two tau leptons are selected which arise from the real tau and a mis-identified jet. Even if tau
identification rejects the vast majority of these events, the large W + jets production cross-section at the
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LHC makes this background non-negligible. The dominant production modes are illustrated in Fig. [7.14]
where the final state contains only one associated jet. As previously mentioned, the W boson and a
quark-initiated associated jet feature a charge correlation. As the mis-identification probability for quark
and gluon-initiated jets is different, and the signal region contains predominantly oppositely charged
tau leptons, the origin of the jet has to be taken into account when estimating the mis-identification
probability.

a/q w= a/q W=
 /  /
0000 —>— —e—rpooo>
g q/q q/q g
a/q W q/q

! i
9 qd/q q/q ;

Figure 7.14: Examples of production modes for W + jets events.

The estimation of this background is partially data-driven. Simulated events are weighted with a
mis-identification probability obtained from data, as will be described in Sec.[7.7.2} The simulation
is performed using Sherpa 1.4.1 [[69], implementing the CKKW merging algorithm. This generator
handles all steps of the simulation including the tau decay. The PDF set is CTEQO6L1 [[195]].

Events are simulated in five regions of the W boson transverse momentum, from p‘T)V > 0 GeV to
p%v > 500 GeV. For each region, exclusive samples are generated for different flavours of the quark
initiating the associated jet. An exclusive simulation is performed depending on the flavour of the
associated jet, which are obtained in the three cases (u, d, s), ¢ and b quarks. Cross-sections are computed
using FEWZ and are summarised in App.

7.2.4 tt and single-top

Another source of background is due to the production of #f and single-top events. Feynman diagrams
for these processes are shown in Fig. [T.I5] Due to the low production cross-sections at the LHC,
this type of events corresponds to only a small contamination. The ¢ quark decays in t — Wb, with
BR(# = Wb) = 100%. In selected tf events, the two identified tau candidates might be real tau leptons,
from the decays W — tv, or might be fake taus most likely originating from a b-initiated jet, or a
combination of the two cases. As b quarks hadronise into B mesons, or other b-hadrons, which have
a lifetime roughly comparable to the one of the tau, they also lead to a displaced decay vertex, which
increases their mis-identification probability. Simulated events are used to model this contribution, which
are generated with MC@NLO 4.01 [67], interfaced with Herwig 6.52 for the simulation of
the parton shower and hadronisation. Multiple interactions, discussed in Sec.[2.4.1] are modelled with
Jimmy 4.31 [[77]. The PDF set is chosen to be CT10 [[I88]]. The NNLO computation of the cross-section
is performed with top++ 2.0 [[T98H203]), and uncertainties associated with the PDF set and the value
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Figure 7.15: Examples of production modes for the 7 background (upper row), and single-top background (lower
rows). The s-channel and 7-channel diagrams for single-top production are indicated by the middle row and lower
row, respectively.

of ag are evaluated according to the prescription of PDFALHC [[63]]. The calculation also includes
terms up to the next-to-next-to-leading logarithm (NNLL) of the perturbative expansion associated
with gluons at low momenta. The computed cross-section is compatible with the value measured
by ATLAS, reported in Fig. Tobs(1f) = 242.4 + 10.3 pb [204]], with a theoretical expectation of
om(tf) = 252.89 + 11.67(PDF + ag) = 7.51(ur + ug) pb. Events are simulated in two exclusive samples,
one considering only hadronic decays of the W bosons and the other only leptonic decays.

Single-top production has a smaller cross-section than #f production, as illustrated in Fig. where
single-top is indicated as tW, if the final state features a W boson, or #s-chan for the ¢t-channel or
s-channel exchange of an intermediate W boson [18]], respectively. For the tW final state, the
cross-section is oops(tW) = 27.2 £ 5.8 pb in good agreement with the theoretical prediction
on(tW) = 22.4+ 1.5 pb [206]. The dominant contribution to single-top production comes from 7-channel
W exchange, with oopg(r—chan) = 82.6 £ 12.1 pb , where the theoretical prediction is o, (t—chan) =
87.8 + 2.6 pb [208]]. A smaller contribution to the total single-top production cross-section comes from
the s-channel exchange, with ops(s—chan) = 5.0 +4.3 pb and o (s—chan) = 5.61 +0.22 pb [210].
As for the #7 contribution, the single-top background is modelled with simulation. The tW and s-channel
contributions are simulated with MC@NLO as previously described for #7, interfaced with the
same tools already mentioned. The r-channel is modelled with AcerMC 3.8 [213] interfaced with
Pythia 6.421 for parton showering and hadronisation. The PDF set used is CTEQ6L1 [[195]]. For
both 7 and single-top simulation the tau decay is modelled with TAUOLA [[75]].

Due to the small cross-section of the single-top contribution and the fact that the final state features
at most one real tau from the W decay, only few events from this background are selected in the signal
region. For convenience, the ¢ and single-top contributions will be merged in the following, and are
referred to as the top background. More details about the simulation of this background are given in
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App.

7.2.5 Other contributions

A number of other backgrounds contribute to the event yield in the signal region but only with a very
small fraction. These are di-boson production, where WW or ZZ pairs are present in the final state,
Z/y* — lland W — Iv + jets events, where [ = e, u.

In di-boson events, two real tau leptons from WW can arise from the decay of each W boson, while
in ZZ one Z boson can decay in two tau leptons and the other in two neutrinos. WZ final states might
lead to various combinations of real tau leptons or tau fakes in the final state. However, the kinematic
selection in the signal region largely suppresses this class of events, which rarely feature a pair of back-
to-back tau leptons in the transverse plain. Also, the small cross-sections involved make the di-boson
contribution small. Events are simulated with Herwig 6.52 [[I97]], which handles the parton shower
and hadronisation, interfaced with Jimmy 4.31 to model multiple interactions. Tau decays are
simulated with TAUOLA, while the chosen PDF set is CTEQ6L1 [195]]. Cross-sections are computed at
NLO with MCMF [214].

A contribution from W — [v + jets and Z/y* — [l is present in the analysis in particular in final states
including electrons. Events containing either a reconstructed muon or electron are vetoed in the analysis,
and only a small fraction of these backgrounds contaminate the signal region. Simulated events are used
for their estimation. For W — [v + jets the same simulation is used as described in Sec.[7.2.3] while
Z/y* — Il events are simulated with Powheg [[66]|, where the parton shower and the hadronisation are
simulated with Pythia8 [[71]|. In a similar way as discussed in Sec.[7.2.2] the predicted cross-section
has to be rescaled as a function of the generated di-lepton invariant mass, in order to provide a NNLO
prediction, as the Powheg prediction is NLO. The k-factor is reported in Fig. [7.16] together with its
upward and downward systematic variations resulting from the variation of the PDF set and the value of
as. They are obtained with FEWZ 3.1.b2.

More details about the simulation of these additional contributions are given in App.
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Figure 7.16: k-factors as a function of the resonance mass used to rescale the NLO Powheg cross-section in
order to achieve an NNLO prediction for Z/y* — Il events. The upward and downward variation is also shown
corresponding to the uncertainty from the PDF set and as. Numbers are obtained with FEWZ 3.1.b2 [[193}[194].
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7.3 Selection of Events

This section illustrates the selection of events used in the analysis, which is divided into a pre-selection
stage, discussed in Sec. [7.3.1} a set of general topological and kinematic requirements illustrated in
Sec. and the selection of events in two categories which are based on the trigger decision, presented
in Sec.

7.3.1 Pre-selection

Pre-selection includes a number of general requirements, referred to as event cleaning, aiming at removing
those events collected in data-taking runs with non-perfect detector conditions or poorly reconstructed
objects. Also, potential sources of fake hadronically decaying tau candidates from electrons or muons are
removed with a dedicated light-lepton veto. An overview of the pre-selection requirements is given in
the following. In this section, the overview of the pile-up weighting procedure is also given, aimed at
correcting the effect of pile-up interactions in simulated events.

Event Cleaning

Each data-taking period is monitored in order to guarantee optimal detector conditions as well as good
LHC operations status. Events fulfilling all the data-quality requirements are flagged by the ATLAS
collaboration as good ones, which are used in this analysis. This includes the removal of events where sub-
detectors could be flagged as temporarily unavailable. Noise-bursts or readout errors in the calorimeter
system could lead to poorly reconstructed events, which are also flagged and not considered. Events
are selected if they contain at least one reconstructed vertex with more than three associated tracks.
This ensures that only pp collisions are selected, and removes spurious events that originate from e.g.
proton collisions with the residual gas in the beam pipe or with components of the beam-halo [215]], or
cosmic-ray muons [[I§].

The missing transverse energy will be used in the selection of events. The determination of this
quantity depends on reconstructed jets. However, these could be poorly reconstructed due to a number of
reasons, including hardware problems, beam conditions and showers from cosmic rays overlapping with
a jet. Sporadic noise-bursts in the HEC cells can lead to a reconstructed jet if neighboring cells feature
coherent noise. Requirements on the fraction of energy deposited in the HEC and the pulse shapes are
applied to flag these jets. Coherent noise is also induced by noise-bursts in the ECAL. Jets affected by
this are flagged based on requirements on the pulse shapes and the electromagnetic fraction, fem, defined
as the ratio between the energy deposited in the EM calorimeter and the sum of the energies deposited in
the EM and HCAL calorimeters. Reconstructed jets from non-collision events are flagged using fgm, the
energy fraction in the pre-sampler, and the fraction of charged particles inside the jet. If events contain
a flagged jet they are not considered for the analysis. Jets fulfilling the quality requirement must have
pr > 20 GeV.

Light-Lepton Veto

Events containing reconstructed electrons or muons are vetoed in this analysis to reject tau candidates
originating from electrons or muons. Pre-selected events containing at least one electron or muon are
not considered. The use of this veto in the i1/ H/A — ThaaThad Channel also prevents any overlap with the
other channels in the combined #/H/A — 77 search, which utilise leptonic decay modes of the tau in the
final state. In Tab. a summary of the pre-selection requirements is given.
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Period Name Begin End Run Number Interval Recorded L;, [pb‘l] eatLas[%]  max

A Apr. 04  Apr. 20 200804-201556 910 98 30

May 01  Jun. 18 202660-205113 5594 98 31
C Jul. 01 Jul. 24 206248-207397 1643 98 34
D Jul 24 Aug. 23 207447-209025 3598 98 34
E Aug. 23 Sep. 17 209074-210308 2863 98 36
G Sep. 26 Oct. 08 211522-212272 1404 98 34
H Oct. 13 Oct. 26 212619-213359 1655 98 35
I Oct. 26 Nov. 02 213431-213819 1149 98 34
J Nov. 02  Nov. 26 213900-215091 2941 98 35
L Nov. 30 Dec. 06 215414-215643 983 98 36
M Dec. 15 Dec. 16 216399-216432 14 97 12

Table 7.1: Summary of data taking periods during Run-I for pp collisions at /s = 8 TeV in 2012. Each period
is subdivided in runs where run numbers are indicated in the table. The data-taking efficiency from the ATLAS

experiment, gatyas., is also indicated as well as the maximum number of average interactions per bunch-crossing,
Imax. Values are taken from Ref. .

Pile-up Weighting

Pile-up interactions are difficult to model in the simulation. As pile-up could significantly affect the
distributions of the physical observables used in the analysis, Monte Carlo simulated distributions should
be corrected to match the amount of pile-up observed in data. This is performed using a weighting
procedure, where all simulated events are multiplied by a weight w(u, P), which depends on the average
number of interactions per bunch-crossing, 4, and the data-acquisition period, P. In Tab.[7.1} a summary
of the data-taking periods in 2012 collisions at +/s = 8 TeV is given, featuring their total integrated
luminosities and average number of pile-up interactions. In Fig.[7.17] the distributions of the average
number of interactions per bunch-crossing yu is shown for the data from the four periods with the highest
luminosity.

7.3.2 Topological and Kinematic Requirements

After pre-selection, a set of topological and kinematic requirements are applied to select tau leptons
compatible with the decay of a heavy neutral resonance. Exactly two tau candidates are selected, with
pt > 50 GeV, one or three associated tracks, and opposite electric charge (opposite-sign requirement).

Due to the very large multi-jet cross-section at low momenta, little sensitivity is expected when the
tau leptons in the decay have low pr, hence likely to stem from a resonance with low mass. For this
reason, the event selection in the #/H/A — ThaqThag channel mainly targets decays from a high-mass
resonance. Two tau candidates are required to be emitted in opposite directions in the transverse plane, by
rejecting events with |A@(Tiead, Tsub-lead)| < 2.7. In Tab. a summary of the topological and kinematic
requirements listed in this section is given.

In Fig. [7.18] distributions of events are shown, before the A¢ requirement is applied. In these
distributions, the multi-jet contamination is estimated by simple subtraction of all other backgrounds
which are estimated using the simulation with no data-driven correction applied. In Tab.[7.3] the event
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Figure 7.17: Average number of interactions per bunch-crossing in data corresponding to the four periods with the
highest luminosity in 2012 data-taking.

h/H/A — ThadThaa Selection Requirements

Pre-selection

Event cleaning
At least one reconstruced primary vertex with > 3 associated tracks
Veto on events with poor jet reconstruction

Veto on events with reconstructed electrons or muons

Event Topology and Kinematic

Exactly two tau candidates
Ntrack(Tlead/sub—lead) =1lor3
pT(Tlead/sub—lead) > 50 GeV

Leading and sub-leading tau candidates with opposite electric charge
|AG(T1cads Tsub-tead)| > 2.7

Table 7.2: Summary of the pre-selection, topological and kinematic requirements applied in the 7/ H/A — ThagThad
analysis previous to the categorisation.
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Figure 7.18: Distributions after pre-selection including topological and kinematic requirements, as discussed in the
main text, with the exception of |A@(Tiead, Tsub-1ead)| < 2.7. Left: absolute value of the azimuthal angular separation
of the tau leptons in the event. Right: missing transverse energy in the event. In the plots, the multi-jet background
is estimated as the difference between data and all other background contributions, which are estimated using the
simulation. The signal shown in the plots is increased by a factor of 200 after normalising the expectation for
Lin = 19.5 fb~! at tang = 20.

Pre-selection pT(Tlead/subflead) > 50 GeV Opposite—sign |A¢(Tlead’ Tsubflead)l >2.7

Background
Zy* > 17 59058 + 253 32059 + 256 19851 + 197 10840 + 141
W — v 442150 + 958 141734 + 561 93100 + 461 55713 £ 373
Top 267626 + 723 130322 + 633 69062 + 457 18604 + 233
Others 315562 + 951 27860 + 316 15163 +238 7281.3 £ 174
Signal (ms = 350 GeV, tang = 20)
bb — A 3772 +2.5 257.6 £2.6 2434 +£2.5 213.8+23
gg— A 40.15 +0.27 28.02 £ 0.27 25.99 +0.26 20.47 +£0.23
Data 1533922 + 1238 677172 + 822 358722 + 598 227093 + 476

Table 7.3: Event yields for the background contributions, the data and the signal after pre-selection and the
application of topological and kinematic requirements as discussed in Sec.[7.3.1]and [7.3.2] respectively. The table
includes the statistical uncertainty. The multi-jet background is not included, as it is not yet estimated at this stage
of the analysis. The expected amount of signal events is determined assuming the n2;'** scenario.

yield for each of the background contributions, the data and the signal are reported after pre-selection and
the topological and kinematic requirements. For the signal, m4 = 350 GeV and tan8 = 20 is assumed.
The results for all other mass points can be found in App. [E]

7.3.3 Definition of Categories

Events in this analysis are classified in two categories where different tau triggers are utilised. At high
my, the sensitivity of the entire h/H/A — 77 search is dominated by the #/H/A — TpaqThad channel. This
is possible thanks to the contribution to the 7/ H/A — TpagThad Sensitivity of a category where events are
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selected using a single-tau trigger with a high-pr threshold. A category utilising a di-tau trigger is also
defined with low-pt thresholds on the tau pair. Its sensitivity dominates the 4/H/A — ThadThad Search
for signal masses m4 < 350 GeV. The use of different tau triggers in the analysis allows for dedicated
data-driven background estimation techniques for the multi-jet contribution, as will be discussed later.

Simulated events emulate the trigger decision. However, trigger menus are finalised using data, which
is typically collected after a simulation campaign. Therefore, the trigger decision in simulated events
might need to be re-emulated to avoid inconsistencies with data. However, this correction is not always
possible if the necessary information for the re-emulation is not stored in the data format utilised by
physics analyses. This happened in 2012 for collisions at /s = 8 TeV, where during period A no Az
selection on the tracks utilised at trigger level was implemented. A Azy requirement is present in simulated
events, but the necessary tracking information needed for the re-emulation is not available. For this
reason, period A is discarded and the total integrated luminosity used by this analysis is Liy; = 19.5 fb~!,
instead of the full Ly, = 21.3 fb™! for the 2012 data sample.

Single-tau-trigger Category

The single-tau trigger, called EF_taul25_mediuml, selects one hadronically decaying tau with pt >
125 GeV, and applies medium identification on the candidate. This menu is seeded at L.1 by L1_TAU40,
where a candidate with Et > 40 GeV is selected. Signal efficiencies for the single-tau trigger are
illustrated in Fig. [7.19| (right), where the trigger-level tau lepton is matched to a true one.

Trigger threshold effects are avoided by requiring pr(tiead) > 150 GeV, while pr(Tsup-tead) > 50 GeV
is maintained. Given the high-prt requirement of the trigger, multi-jet events are less abundant than in the
di-tau-trigger category, therefore the loose working point is used when requiring identification of both
tau candidates. Events selected by the single-tau trigger belong to the single-tau-trigger category (STT).
The summary of the requirements defining the signal region of the STT category is given in Tab.[7.4]

Di-tau-trigger Category

The di-tau trigger used in this analysis, called EF_2tau38T_mediuml, selects two hadronically decaying
tau leptons with pt > 38 GeV, identified according to the medium working point at the EF level. At L1
this menu is seeded by L1_2TAU20, selecting two tau candidates with Et > 20 GeV. At L2, the tau is
required to have a number of associated tracks between one and four. At the EF level, not more than three
tracks are required. Signal efficiencies for the di-tau trigger are illustrated in Fig. [7.19) (left), obtained for
simulated signal events where triggered tau leptons are matched to a true tau.

In addition to the trigger requirement, a few other selection criteria are applied. In order to improve
the rejection of multi-jet events and avoid pr-threshold effects from the trigger turn-on curves, the tau
leptons must have pt > 50 GeV. In order to avoid any overlap with the single-tau-trigger category, the
requirement pr(Tiead) < 150 GeV is applied. Reconstructed tau leptons have to be identified according
to the medium working point of the identification algorithm. Given the presence of two neutrinos in
the final state, the signal features higher E'T’[liss than multi-jet events. For this reason, E‘T’fliss > 10 GeV
is required. Finally, the total sum of the scalar transverse energies of all objects in the event, )] ET as
defined in Eq.[5.9] is required to be above 160 GeV. This is also effective in removing multi-jet events,
as they are preferentially produced in collisions with lower transferred energies than the signal. Events
selected by this trigger will be referred in the following as di-tau-trigger category (DTT). The summary
of the selection requirements defining the DTT signal region is given in Tab. [7.8]
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Figure 7.19: Trigger efficiencies for the EF_2tau38T_mediuml menu (left), and the EF_taul25_mediuml (right)
menu, measured with signal samples as a function of the leading tau pr. Only pre-selection is applied plus the
requirement pr > 50 GeV for both tau candidates. The trigger-level tau lepton is geometrically matched to a true
one. The efficiencies shown in the plots are the combined efficiencies measured with several signal samples at
different values of my, as indicated in the plots.

7.4 Multi-jet Background Estimation in the Single-Tau Trigger
Category

As illustrated in Fig. [7.19] the single-tau trigger has a higher signal efficiency than the di-tau trigger.
In addition, due to the higher pr threshold, the rejection of the multi-jet contribution is significantly
enhanced. These features make the single-tau trigger category the most sensitive in the combined
h/H/A — 7t analysis for masses myg = 350 GeV, where the leading sensitivity is provided by the
h/H/A — ThadThad channel.

The use of a single-tau trigger allows one to define a multi-jet background estimation method which is
completely data-driven and relies on a control region particularly rich in multi-jet events. This method
is based on a weighting technique applied to events found in a control region defined using identical
requiremnts with respect to the signal region, but where the sub-leading tau candidate fails identification.
The summary of the requirements defining this control region is given in Tab.[7.4] where it is called
CRmulti—jet‘

In Fig. and [7.2]] the distributions of the tau identification BDT score for the leading and sub-
leading tau candidates in the STT selection are shown before any identification is applied. The loose
ID working point used in the STT category corresponds approximately to a 0.6 threshold on the score.
As becomes evident from the BDT distributions, events below this threshold, used in the weighting
technique, are dominated by multi-jet events.

The event weight applied to events in CRpyii—jet 18 called the fake-factor, frake, and is defined as

Npass (P, Nuk)
Niait (P15 Nuk)

Stake = (7.3)

where Npass 1p and Nij p are the number of tau candidates above and below the loose working point

threshold, measured as a function of the candidate pr and track multiplicity, respectively. Fake-factors
are measured in a data-driven way from a tag-and-probe selection of di-jet events, as will be described in
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. . STT CRpnuiti-jet VR1 VR2
STT Selection Requirements
signal region  (multi-jet estimation)  (multi-jet validation)  (multi-jet estimation for validation)

Single-tau trigger (p(7) > 125 GeV + medium trigger-level tau-ID) . . ° .
pT(Tlead) > 150 GeV o . ° °

Leading and sub-leading tau candidates with opposite electric charge . . rev. rev.
Loose tau-ID on leading tau . . . .

Loose tau-ID on sub-leading tau . rev. . rev.

Table 7.4: Summary of the selection requirements defining the relevant regions of the STT category. In the table, the dot indicates the application of the
requirement indicated in the list on the left. When a requirement is reversed it is explicitly indicated in the table by “rev.”. The region indicated as CRyuii—jet 1S the
control region used for the estimation of multi-jet events. The regions indicated as VR1 and VR2 are defined to validate the estimation of the multi-jet bakcground.
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Figure 7.20: Distributions of the BDT score for the leading tau lepton for 1-prong (left) and 3-prong (right)
candidates. All selection requirements of the STT category are applied with the exception of the tau identification.
The multi-jet contribution is not estimated.
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Figure 7.21: Distributions of the BDT score for the sub-leading tau lepton for 1-prong (left) and 3-prong (right)
candidates. All selection requirements of the STT category are applied with the exception of the tau identification.
The multi-jet contribution is not estimated.
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Tag-and-Probe Di-jet Selection Requirements

Pre-selection (cf. Tab.

Single-jet triggers (pr(jet) > 110, 145, 180, 220, 360 GeV)
At least two tau candidates with pr(7) > 50 GeV
pr(tag) > 150 GeV

Tight electron veto on tag jet

pr(probe)/pr(tag) > 0.3

Table 7.5: Summary of the requirements applied in the di-jet tag-and-probe selection for the measurement of the
fake-factors used in the STT category for the multi-jet background estimation.

the next section.

7.4.1 Measurement of Fake-factors

Fake-factors are measured using a tag-and-probe selection of di-jet events in data. Events are pre-selected
as described in Sec. [7.3.1} with no opposite-sign requirement to reduce the statistical uncertainty. Many
single-jet triggers with different pt thresholds are used. Some of these triggers feature pre-scale factors,
which artificially increase their event rejection, given the very large multi-jet production cross-section,
especially the low-pt ones. Different thresholds from pr(jet) = 110 GeV to pr(jet) = 360 GeV are
implemented.

The selection used for di-jet events in data is as similar as possible to the selection of the STT category.
At least two reconstructed tau candidates are required with pt > 50 GeV. The probe object is the
lowest-pt one, while the tag is required to have pr > 150 GeV. Electrons from Z/y* — ee + jets
might contaminate the selection. To reduce this contribution, the tag is required to pass the electron veto
according to the tight working point (cf. App.[B.0.I). In addition, the requirement pr(probe)/pr(tag) >
0.3 is applied to reduce the pt imbalance between the two objects. Events in the STT category indeed have
high values of this pr ratio, as illustrated in Fig. @ where the distributions of pr(Tsub-t1ead)/ PT(Ticad)
are shown for the STT signal region (upper-left), the control region chosen to weight multi-jet events,
CRpulti—jet» (upper-right), and two additional control regions which are relevant for the validation of
the multi-jet estimation, VR1 and VR2. All these regions are defined in Tab.[7.4] The summary of the
requirements applied in the tag-and-probe di-jet selection is given in Tab.[7.5]

The selection on pr(probe)/pr(tag) reduces the contribution of multi-jet events where more than
two jets are present in the event, thus increasing the fraction of di-jet events which are likely to be the
dominant multi-jet contribution in the STT selection. This is important, as the relative fraction of quark
and gluon-initiated probes is likely to be very different in the two classes of multi-jet events, leading to a
significant effect on the fake-factors.

If multi-jet events contaminate the selection used in the fake-factor measurement, it is important
to check whether this has an effect on the fake-factors. For this reason, the measurement is repeated
distinguishing between different additional jet multiplicities, where a number of additional reconstructed
jets in the event between zero and four is required. This measurement is illustrated in Fig.[7.23] No
significant dependence on the number of additional jets is visible. A large statistical uncertainty can be
seen for the zero-jet measurement at low pt due to the requirement on the pt balance rejecting events
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Figure 7.22: Distributions of the ratio between the pr of the sub-leading and leading tau leptons in the STT selection
for the signal region and three control regions. The upper row shows the distribution for the signal region (left) and
a control region where the sub-leading candidate is required to fail identification (right), defined in Tab.[7:4] where
it is called CRpyi—jet- The lower row shows analogous regions, where the two candidates are required to have the
same charge. They are also defined in Tab.[7.4] where they are called VR1 and VR2, corresponding to the lower
plots on the left and the right, respectively. No multi-jet contribution is estimated in the plots.
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with missing additional jets at low momenta.
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Figure 7.23: Fake-factors measured as a function of the probe jet pr from a di-jet tag-and-probe selection of events
in data. The plots show the comparison of measurements where different numbers of additional jets are required in
the event. The measurement is obtained for 1-prong (left) and 3-prong (right) fake candidates, applying a same-sign
requirement for the tag and the probe.

Fake-factors are measured with single-jet triggers. However, in the STT signal region and in the
control region used to estimate the multi-jet background, events are selected by a single-tau trigger.
Multi-jet events selected by the tau trigger might feature a different relative fraction of quark and
gluon-initiated jets, with respect to those selected by jet triggers, or a contribution from real tau leptons.
Thus, fake-factors measured using the di-jet tag-and-probe selection might not be applicable to the STT
analysis, where events in CRyyii—jer are selected by the signle-tau trigger. To check for an eventual bias,
fake-factors measured from di-jet events using single-jet and single-tau triggers are compared in Fig.
as a function of pr(probe). Different fake-factors are obtained depending on the charge-product between
the tag and the probe jet. At high pt the available number of events selected by the single-tau trigger
decreases due to the isolation requirement at the trigger level, not applied by the jet triggers. Same-sign
fake-factors measured with the di-jet and single-tau triggers do not show a significant discrepancy as a
function of pr(probe), while opposite-sign ones differ in the low-pr regions. This low-pt discrepancy
is likely to be caused by a contamination from Z/y* — 77 + jets events in di-jet events selected by the
single-tau trigger in the tag-and-probe selection. However, same-sign fake-factors measured with the two
different triggers agree within the statistical uncertainties, indicating that no bias is found. In addition,
same-sign and opposite-sign fake-factors measured with single-jet triggers are in agreement.

In the nominal STT selection, quark-initiated fakes are more likely to be triggered by the single-tau
trigger than gluon-initiated ones. This implies that CRyyii—jer is more enriched in gluon-initiated jets. As
this feature is not present in the di-jet tag-and-probe selection, it is important to investigate the effect
of altering the fake composition. This is performed by applying a selection on the BDT score of the
tag, simulating the effect of the tau trigger. The effect is illustrated by the plots in Fig.[7.23] obtained
by applying the same-sign requirement to avoid any Z/y* — 7t contamination. The plots show no
significant effect, which increases the confidence in the nominal measurement.

Nominal fake-factors are measured without applying any requirement on the charge-product between
the tag and the probe. As illustrated by the checks discussed in this section, this does not result in a
bias of the measurement, but contributes to reduce the statistical uncertainty. However, a charge-product
requirement is applied when evaluating the systematic uncertainty, as will be explained in Sec.[7.4.2] The
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Figure 7.24: Fake-factors measured as a function of the probe jet pr from a di-jet tag-and-probe selection in data.
The comparison of the measurement performed using di-jet triggers is shown with respect to the single-tau trigger
one. The plots on the left and the right are obtained for 1-prong and 3-prong candidates, respectively. A same-sign
and opposite-sign requirement is applied to the candidates in the upper and lower plots, respectively.

events yield for backgrounds and the signal contamination in CRyuii—jer are reported in Tab.[7.6]

7.4.2 Uncertainty on STT Multi-jet Estimation

Fake-factors measured for opposite-sign or same-sign tag and probe are consistent with the inclusive ones
within the statistical uncertainty. However, as can be seen in Fig.[7.26] opposite-sign fake-factors tend to
be larger than same-sign ones. This can be due to a contribution of real tau leptons in the tag-and-probe di-
jet selection from Z/y* — 7t decays, or, even more likely, of quark-initiated jets which are more similar
to a hadronically decaying tau lepton than gluon-initiated ones. Therefore, a systematic uncertainty on
the estimate is assessed by comparing the opposite-sign and same-sign fake-factors as a function of pr.
Their difference with respect to the inclusive measurement is computed. The largest deviation is taken
to represent one standard deviation of the nominal measurement due to systematic effects. When this
difference is smaller than the statistical uncertainty on the nominal estimate, the statistical uncertainty is
used instead. The uncertainty evaluated in this way amounts to 6 — 30%, depending on pr and the track
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Figure 7.25: Fake-factors measured as a function of the probe jet pr from a di-jet tag-and-probe selection of events
in data. The plots show the comparison between measurements where different requirements on the BDT score
of the tag jet are used. The measurement is obtained for 1-prong fake candidates (left) and 3-prong ones (right),
applying a same-sign requirement between the tag and the probe to avoid any Z/y* — 77 contamination.

STT Control Regions
CRmulti—jct VR2
(OS, Tgup_iead fails loose ID)  (SS, Teub-iecad fails loose ID)

Background
Zly* - 1T 1.44 £ 0.28 0.65 £0.17
W —1v 3.63+0.22 1.94 £ 0.14
Top 1.01 £0.11 0.57 £0.11
Others 0.202 + 0.088 0.0438 +0.0099
Signal (m4 = 400 GeV, tang = 20)
bb — A 0.174 £ 0.012 0.0291 + 0.0048
gg— A 0.021 + 0.0015 0.00316 + 0.00055
Data 14814 + 122 13971 £ 118

Table 7.6: Events yields for the simulated backgrounds and data in the control regions used for the estimation of
multi-jet events in the STT category. The regions are indicated as CRpyii—jer and VR2, respectively, following the
convention used in Tab.[7.4] They are used for the nominal multi-jet estimation and its validation, respectively. The
symbol OS refers to the opposite-sign requirement on the electric charge of the candidates, while the SS symbol
to the same-sign one. In this table, the contribution of the multi-jet background is not included. In these control
regions, it is simply assumed to be the difference between the data and the sum of all other backgrounds. The
statistical uncertainty on the yields is indicated in the table. The signal is estimated assuming tan8 = 20 in the

Max gcenario.

m h
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Figure 7.26: Fake-factors measured for 1-prong (left) and 3-prong (right) candidates obtained inclusively and
applying an opposite-sign or same-sign requirement.

multiplicity. The systematically altered multi-jet estimate is taken using fake-factors varied upward and
downward by one standard deviation. The nominal fake-factors and their total uncertainty as a function
of pr are illustrated in Fig. [7.27]
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Figure 7.27: Nominal fake-factors as a function of the probe jet pr. The uncertainty corresponds to the statistical
and systematic uncertainties.

7.4.3 Validation of Multi-jet estimation in the Single-tau Trigger Category

In order to validate the multi-jet estimation outlined in Sec.[7.4] a control region is chosen using a
selection which does not significantly distort the kinematic and topological properties of the signal region,
while containing a negligible amount of signal. This is done by using the nominal selection of the STT
category, but replacing the opposite-sign requirement with the same-sign one. The estimation of the
multi-jet background is then performed with the fake-factor method applied to same-sign events. The
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summary of the requirements defining the regions used to validate the multi-jet estimate in the STT
category is given in Tab.[7.4] In the table, the region used for the validation and the one used to estimate
multi-jet events for the validation are called VR1 and VR2, respectively.

In Fig.[7.28]-[7.32] tau lepton variables as well as global event and mass variables in VR1 are presented,
where the multi-jet contribution is estimated after applying the nominal fake-factors to events in VR2. A
good agreement between the data and the estimated background is observed. The events yields of the
various contributions in VR2 are reported in Tab.[7.6] All contributions in the validation region VR1 are
given in Tab.[7.7]
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Figure 7.28: Distributions of pr(r) for the leading (left) and sub-leading (right) candidates in the STT multi-jet
validation region VR1, where the two tau candidates satisfy the same-sign requirement. The lower plots illustrate
the ratio between the data and the total expected background. The grey band shows the statistical uncertainty on
the expected background and the red one the effect of all systematic uncertainties added quadratically. The signal
contamination is estimated assuming tan$ = 20 in the m;'** scenario.
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Figure 7.29: Distributions of (1) for the leading (left) and sub-leading candidates (right) in the STT multi-jet
validation region VR1, where the two tau candidates satisfy the same-sign requirement. The lower plots illustrate
the ratio between the data and the total expected background. The grey band shows the statistical uncertainty on
the expected background and the red one the effect of all systematic uncertainties added quadratically. The signal
contamination is estimated assuming tan$ = 20 in the m;"™* scenario.
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Figure 7.30: Distributions of track multiplicities for the leading (left) and sub-leading candidates (right) in the
STT multi-jet validation region VR1, where the two tau candidates satisfy the same-sign requirement. The lower
plots illustrate the ratio between the data and the total expected background. The grey band shows the statistical
uncertainty on the expected background and the red one the effect of all systematic uncertainties added quadratically.
The signal contamination is estimated assuming tan = 20 in the m;"®* scenario.
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Figure 7.31: Distributions of E%‘iss (left) and )’ Et (right) in the STT multi-jet validation region VR1, where the
two tau candidates satisfy the same-sign requirement. The lower plots illustrate the ratio between the data and the
total expected background. The grey band shows the statistical uncertainty on the expected background and the red
one the effect of all systematic uncertainties added quadratically. The signal contamination is estimated assuming
tanB = 20 in the m;"™* scenario.
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Figure 7.32: Distributions of m" (left) and m‘TOt (right) in the STT multi-jet validation region VR1, where the two
tau candidates satisfy the same-sign requirement. The lower plots illustrate the ratio between the data and the total
expected background. The grey band shows the statistical uncertainty on the expected background and the red
one the effect of all systematic uncertainties added quadratically. The signal contamination is estimated assuming

tanB = 20 in the m;"™* scenario.
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STT Validation Region
VRI
(SS, Tgup-leaa passes loose ID)
Background
Multi-jet 2062 +3.3
Zlyt =17 4.21+0.52
W -1y 6.14 £ 0.28
Top 1.17 £0.15
Others 0.066 +0.018
Signal (m, = 400 GeV, tang = 20)
bb — A 0.305 + 0.060
gg — A 0.0380 + 0.0078
Data 205+ 14
Total SM 217.8 £33

Table 7.7: Events yields for all backgrounds, data and the signal contamination in the multi-jet validation region
in the STT category, where the two tau candidates satisfy the same-sign requirement. The region is indicated as

VR1, according to the convention used in Tab. [7.4] The statistical uncertainty is shown in the table. The signal is

estimated assuming tan8 = 20 in the m,™* scenario.

7.5 Multi-jet Background Estimation in the Di-tau-trigger Category

In the di-tau-trigger category, the multi-jet background is estimated with a method similar to one already
discussed in Sec.[6.4.4] It is usually referred to as ABCD method, where each letter stands for a different
region of the event selection, region A being the signal one. The multi-jet shape is modelled using data
events from a control region (B) identical to the signal region, but requiring the two tau leptons to have
the same electric charge. All other contributions are subtracted, which are modelled using simulated
events where fake taus are weighted as described in Sec.[7.7] However, multi-jet events selected in this
way might not amount to the correct event yield in the signal region. To predict the correct normalisation
the other two control regions are used. In the di-tau trigger selection the requirement ErT‘rliss > 10 GeV is
the most effective in suppressing multi-jets. By reversing it, a sample of multi-jet events is obtained with
very little background contamination. The regions C and D are defined, which are analogous to A and
B, but require E?iss < 10 GeV. The selection requirements defining the relevant regions of the ABCD
method are summarised in Tab. [7.8]

Assuming that the relative proportion of multi-jet events in regions C and D are the same as in A and
B, the ratio between the number of data events in C and D is computed, which is called Rog/ss, after
subtracting all other contributions. We can write

C C
ROS/SS — Ndata B Nsim. (7 4)
D D .
Ndata - Nsim.

Where Nin. is the number of expected events for the sum of all backgrounds, excluding multi-jets, which
are estimated using the simulation. Ropg/ss is used to rescale the multi-jet description from region B.
This method re;lies on the assumption that Ros;ss does not depend on E%“SS, i.e. that ROS /ss measured
in the low-E7™* control regions can be used to model multi-jet events in the high-ET™ regions. A

139



Chapter 7 MSSM h/H/A — ThadThad analysis

systematic uncertainty will be later introduced associated with this assumption. To summarise, the
multi-jet background is estimated as

Nmulti-jet(x) = Ros/ss (me(x) - Nﬁm,(x)) (7.5)

where x is the discriminating variable used to perform the fit for the hypothesis test in the #/H/A —
ThadThad Channel. This is chosen to be the fotal transverse mass of the di-tau system defined as

”lE[(‘)t = \/2pT(TIead)|E"IrniSS|F1 + ZPT(Tsub—lead)IE?isleZ + 2p1(Tiead) PT(Tsub-lead ) F3 (7.6)
where
Fi = 1 - cosAG(Tiead, EX™™), (7.7a)
F =1 - cosA¢(Tsub-lead> E%liss), (7.7b)
F3 =1 = cosA@(Tiead, Tsub—lead)- (7.7¢)

The mtTOt variable corresponds to the mass of a particle determined using the topology and kinematic of its
decay products determined in the transverse plane. In this case, the leading and sub-leading tau leptons
are taken into account, as well as E?iss to account for the neutrinos in the tau decays.

Systematic uncertainties for the ABCD method are evaluated by comparing the nominal value of
Ros/ss with one determined using two additional control regions, alternative to C and D, called E and
F, where the tau identification reversal is used instead of EmeSS < 10 GeV. The selection requirements
defining the control regions E and F are summarised in Tab. [7.8] The uncertainty on Rosss is the largest
affecting the multi-jet estimate in the DTT category. However, the estimate is also affected by all other
systematic uncertainties evaluated for the simulated backgrounds subtracted from the control regions.
This will be discussed in detail in Sec.[Z.3.1]

In Fig. the m" distributions for all the regions considered for the ABCD method are shown,
including the signal one as well as E and F. The events yield for all backgrounds and data in all the
control regions is reported in Tab. [7.9]

7.5.1 Uncertainty on DTT Multi-jet Estimation

The multi-jet estimation method utilised in the DTT category and illustrated in Sec. [7.3relies on the
assumption that the transfer factor, Ros/ss, measured to determine the normalisation of multi-jets in
the‘signal region, does not depend on E‘Tniss. This is important because th¢ signal region is defined by
ET™ > 10 GeV, while Ros/ss is measured using control regions with E7"* < 10 GeV. To verify this
assumption, the transfer factor is measured using two alternative control regions, where the nominal E"**
requirement of the signal region is used, but both tau candidates are required to fail loose identification.
The event yield and background composition of the alternative control regions is illustrated in Tab.[7.9]
where the fail-ID opposite-sign and same-sign regions are called E and F, respectively. A difference
of ~ 5.4% is found in the measured Ros,ss value, which is taken into account as an uncertainty on the
multi-jet event yield.

In addition to the effect on the multi-jet normalisation, another source of uncertainty is considered
which affects the m" shape of this background. In principle, the m" shape in the signal region could be
different with respect to the shape in the control region where it is estimated. To get a handle on this
difference, Rog/ss is measured as a function of mtTOt using the two methods where the control regions are

defined with the high-E%liSS and fail-ID criteria. The transfer factor as a function of mtTOt, as determined
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DTT

DTT Selection Requirements CRB CRC CRD CRE/VRA CRF/VRPB’ VR C VR D’
signal region
Di-tau trigger ( pr(Ticad/sub—lead) > 38 GeV + medium trigger-level tau-ID) . . . . . . . .
Pr(Tieaa) < 150 GeV . . . . . . . .
Leading and sub-leading tau candidates with opposite electric charge . rev. . rev. . rev. . rev.
Medium tau-ID on leading tau . . . . fail loose fail loose fail loose  fail loose
Medium tau-ID on sub-leading tau . . . . fail loose fail loose fail loose  fail loose
E?i“ > 10 GeV . . rev. rev. . . rev. rev.

Y Er > 160 GeV

Table 7.8: Summary of the selection requirements defining the relevant regions of the DTT category. In the table, the dot indicates the application of the
requirement indicated in the list on the left. When a requirement is reversed it is explicitly indicated in the table by “rev.”. The control regions CR B, C, and D are
used for the nominal estimation of the multi-jet background, while CR E and F for the estimation of the its systematic uncertainty. The validation regions VR A’,
B’, C’ and D’ are also defined, which are used to validate the multi-jet estimation. The definition of CR E and F, and VR A’ and B’ is the same, as indicated in the

table.
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Figure 7.33: Distributions of my" in the DTT signal region and in the control regions used in the ABCD method.

The OS and SS symbols refer to the opposite-sign and same-sign requirement on the electric charges of the tau
candidates, respectively. The letters below the plots indicate the name of the region as defined in the ABCD
method. Here, two additional regions are reported, E and F, which are relevant for the estimation of the systematic
uncertainty on Ros/ss, which are defined requiring the two tau leptons to fail the loose identification requirement.
The multi-jet background is not estimated in these plots. The signal is estimated using cross-sections for tan = 20
in the m)"™ scenario.
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DTT Control Regions
B C D E F
Background
Zly* > 17 30.2+3.2 180 + 14 3.05+049 114+ 1.8 6.18 +0.61
W — 1v 480+ 1.4 39.0£2.7 4.67 +0.57 62.5+1.9 16.97 £ 0.69
Top 438 +0.21 1.21 £ 0.69 0.104 + 0.031 6.84 +0.44 2.55+0.19
Others 0.57 +£0.33 0.629 +0.328 0.028 +0.012  0.855 +0.053 0.234 + 0.023
Signal (m4 = 250 GeV, tang = 20)
bb— A 2.40+0.71 31.56 £2.48 0.34 +0.32 0.72 +0.36 0.0061 + 0.0031
gg — A 0.279 +£0.084 3.898 +0.331  0.026 +£0.025 0.055 +0.038  0.00070 + 0.00031
Data 5627 £ 75 2889 + 54 2194 + 47 7603 + 87 6545 + 81

Table 7.9: Events yield for the backgrounds and data in the control regions used to estimate the multi-jet contribution
in the ABCD method. The nominal control regions are indicated as B, C and D, while E and F are used to estimate
the systematic uncertainty on Rog;ss. The control regions are named according to the same convention used in
Tab. [7.8] The statistical uncertainty on the number of events is also indicated in the table. The estimate of the

max

multi-jet contribution is not shown in the table. The signal contamination is estimated assuming the m2;'** scenario.

by the two methods, is illustrated in Fig. The two trends shown in Fig. [7.34] are fitted with a linear
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Figure 7.34: Multi-jet transfer factor Ros/ss, used for multi-jet estimation in the DTT category, measured as a
function of my". Different estimation methods are compared, based on different definitions of the regions used.
They rely on either the E7"** < 10 GeV or the fail-loose-ID criterion. The linear fits used to address the multi-jet
shape systematic uncertainty are also shown.

function where only the slope parameter is allowed to vary. The slope can be written as

R mtot —(R
Co os/ss(my’) — (Ros/ss) (78)

mtTOt _ <m£[(3t>

where (Ros/ss) is the standard estimate of Rpgs/ss as measured in the ABCD method, and (m‘T"t> is the
mean of the m‘T"t distribution in the control regions C and D, or alternatively E and F. Both (Rog/ss) and
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Rosiss) )y (k) Cu

E?iss <10GeV 1.220+0.035 132.22+0.39 13245+041 (-4.6+8.2)x10™

Fail loose ID 1.154 +£0.019  155.62+0.35 15554+0.37 (0.0+2.6)x 107*

Table 7.10: Fit parameters and fit results for the estimation of the multi-jet systematic shape uncertainty in the DTT
category. The statistical uncertainties are also indicated for each value.

(mtT"t) are fixed in the fit. Their values are reported in Tab. along with the value of C as determined
by the fit.

A systematic uncertainty on the shape is finally assessed by computing the maximum difference
between the nominal Rps;ss measurement and the two estimates determined by the linear fit as a function
of m'®. This difference is regarded to be one signed standard deviation of the uncertainty assigned to the

T
multi-jet shape.

7.5.2 Validation of Multi-jet estimation in the Di-tau-trigger Category

The multi-jet model has to be validated by checking the agreement between data and the expected
background in control regions with negligible signal contamination. This is done by using another
version of the ABCD method, where all regions are defined as in Sec. [7.5] but the two tau leptons are
required to fail identification. In order to decrease the signal contamination as much as possible, the two
candidates are required to fail the loose working point instead of the medium one used in the di-tau trigger
selection. The summary of the requirements defining the control regions used for multi-jet validation in
the DTT category is given in Tab.[7.8]

In Fig.[7.33] [7.36]and [7.37| the distributions of transverse momenta, pseudo-rapidity and track multipli-
city of the two tau leptons are shown, while in Fig. the E%‘iss and ZEt variables are shown. The m
variable along with the di-tau visible mass are shown in Fig. [7.39} Good agreement between the data and
the expectation is observed, indicating a reliable multi-jet model. The events yields for all backgrounds
and the signal contamination are reported in Tab. [7.1T]for the validation regions used in the alternative
ABCD method.
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Figure 7.35: Distributions of pr(7) for the leading (left) and sub-leading tau candidates (right) in the DTT multi-
jet validation region, defined inverting the loose identification requirement on both tau candidates. The lower
plots illustrate the ratio between the data and the total expected background. The grey band shows the statistical
uncertainty on the expected background and the red one the effect of all systematic uncertainties added quadratically.
The signal contamination is estimated assuming tan = 20 in the m;"®* scenario.
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Figure 7.36: Distributions of n(7) for the leading (left) and sub-leading tau candidates (right) in the DTT multi-
jet validation region, defined inverting the loose identification requirement on both tau candidates. The lower
plots illustrate the ratio between the data and the total expected background. The grey band shows the statistical
uncertainty on the expected background and the red one the effect of all systematic uncertainties added quadratically.
The signal contamination is estimated assuming tan = 20 in the m;"®* scenario.
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the DTT multi-jet validation region, defined inverting the loose identification requirement on both tau candidates.
The lower plots illustrate the ratio between the data and the total expected background. The grey band shows the
statistical uncertainty on the expected background and the red one the effect of all systematic uncertainties added
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7.5 Multi-jet Background Estimation in the Di-tau-trigger Category
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Figure 7.39: Distributions of m*®* (left) and m3" (right) in the DTT multi-jet validation region, defined inverting the
loose identification requirement on both tau candidates. The lower plots illustrate the ratio between the data and
the total expected background. The grey band shows the statistical uncertainty on the expected background and
the red one the effect of all systematic uncertainties added quadratically. The signal contamination is estimated
assuming tanB = 20 in the m;™* scenario.

DTT Validation Regions
A B’ C D’
Background
Multi-jet 7681 + 95 - - -
Zly* - 17 114+1.8 6.18 £ 0.61 1.01 £0.22 0.64 £ 0.16
W — v 62.5+1.9 16.97 + 0.69 6.69 = 0.81 1.19+0.14
Top 6.84 +0.44 2.55+0.19 0.229 +0.034  0.102 +0.018
Others 0.855 +0.053 0.234 +0.023 0.058 £0.011  0.0153 + 0.0037
Signal (ms = 250 GeV, tang = 20)
bb— A 0.72 £ 0.36 0.0061 +0.0031 0.0+0.0 0.0+0.0
gg — A 0.055 +0.038  0.00070 + 0.00031 0.0+0.0 0.0+0.0
Data 7603 + 87 6545 + 81 2919 + 54 2471 £ 50
Total SM 7767 + 95 - - -

Table 7.11: Events yields for the backgrounds and data in the control regions used to validate the multi-jet
background in the DTT category. The control regions are defined analogously to the nominal ABCD definition, but
requiring the two tau leptons to fail the loose identification requirement. The name of the regions A’, B’, C” and D’
is defined in analogy to those in the nominal ABCD method, and follows the same naming convention used in
Tab.[7:8] where they are defined. The statistical uncertainty on the number of events is also indicated in the table.

The signal contamination is estimated assuming the m;** scenario.
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7.6 Z/y* — tt Validation

The Z/y* — 77 contribution is the second most important background in this analysis. Its final state is
identical to the signal and it is very difficult to suppress or to define a signal-free control region for a
data-driven estimation. For this reason, it is estimated using simulated events. However, it is desirable
to check the reliability of this estimation. A control region is defined with low signal and multi-jet
contamination, for events selected by the di-tau trigger and with p(Ticad/sub—1ead) > 50 GeV, where the
decaying resonance is produced with significant transverse momentum. No back-to-back requirement is
applied, instead the two candidates have to satisfy cOSA@(Tiead, Tsub—1ead) > 0.2 and must have opposite
electric charge. Also, the E‘T“iss, which is mainly due to the neutrinos, should point in the same direction
of the sum of the momenta of the two taus, therefore, events are selected with coSAG(ET"™, Tsub-lead) > 0.
The two tau leptons must have AR(Tiead, Tsub—lead) < 1.5. Finally, E%“SS > 10 GeV is required. The
summary of all the requirements defining the control region for Z/y* — 77 validation is given in Tab.[7.12]

In this control region, the multi-jet contamination is estimated using a method similar to the one
described in Sec.[7.5] where the multi-jet shape is taken from a same-sign control region, but the transfer
factor is the same determined in Sec.[7.3] In Fig. [7.40} [7.41] and [7.42] distributions of the two tau leptons
are shown, while in Fig.[7.43] and[7.44] global variables of the event are shown. As can be seen by these
distributions, this control region is not suitable for background estimation given the low number of events
and the different kinematics with respect to the signal region. Nevertheless the comparison between data
and the estimated background indicates a reliable estimate. The event yield for all contributions in the
Z/y* — 7t validation region is reported in Tab. [7.13]

Selection Requirements of the Z/y* — 77 Validation Region

Di-tau trigger ( pr(Ticad./sub—lead.) > 38 GeV + medium trigger-level tau-ID)
PT(Tiead/sub-lead) > 50 GeV
Leading and sub-leading tau candidates with opposite electric charge
COSAP(Tieads Tsub-lead) > 0.2
COSAP(ET"™, Tsub-tead) > 0
AR(Tiead> Tsub-lead) < 1.5
ET > 10 GeV

Table 7.12: Summary of the requirements defining the control region used for the validation of the Z/y* — 77
background.
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validation region. The lower plots illustrate the ratio between the data and the total expected background. The
grey band shows the statistical uncertainty on the expected background and the red one the effect of all systematic
uncertainties added quadratically. The signal contamination is estimated assuming tanf = 20 in the n2;"** scenario.
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Figure 7.41: Distributions of 7(7) for the leading (left) and sub-leading tau candidates (right) in the Z/y* — 71
validation region. The lower plots illustrate the ratio between the data and the total expected background. The
grey band shows the statistical uncertainty on the expected background and the red one the effect of all systematic
uncertainties added quadratically. The signal contamination is estimated assuming tanf = 20 in the n2;'** scenario.
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of all systematic uncertainties added quadratically. The signal contamination is estimated assuming tang8 = 20 in
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161

Z/y* — 7t Validation Region Selection

COSAP(Tieads Tsub-lead) > 0.2 E?iss > 10 GeV COSA¢(E?M’ Toub-lead) > 0 AR(Tiead, Tsub—lead) < 1.5

Background
Multi-jet - - - 579+9.38
Zly* - 1T 904 + 44 852 +43 717 + 39 633 + 37
W — v 424+1.9 409+1.9 21.1 + 1.1 11.79 £ 0.72
Top 26.7+2.2 26.1 £2.2 140+ 1.8 7.1+1.2
Others 1.85 +0.64 1.84 + 0.64 0.82 +0.53 0.51 +0.45
Signal (m4 = 250 GeV, tanB = 20)
bb — A 1.68 + 0.57 1.68 +0.57 1.66 + 0.57 0.53 £0.31
gg — A 1.54 +0.21 1.51 +0.21 1.31 £0.19 0.57 +0.13
Data 1427 + 37 1300 + 36 855 +29 684 + 26
Total SM - - - 710 + 39

Table 7.13: Events yields for the backgrounds and data in the control region used to validate the Z/y* — 77 contribution at each step of the selection. The

statistical uncertainty on the number of events is also indicated. The signal contamination is estimated assuming the m;** scenario.
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Figure 7.44: Distributions of m" (left) and mtTOt (right) in the Z/y* — 77 validation region. The lower plots illustrate

the ratio between the data and the total expected background. The grey band shows the statistical uncertainty on
the expected background and the red one the effect of all systematic uncertainties added quadratically. The signal
contamination is estimated assuming tan$ = 20 in the m;"** scenario.

7.7 Weighting of Simulated Fake Tau Candidates

With the exception of the multi-jet contribution, all backgrounds in this search are estimated using
simulation. However, the jet-to-tau mis-identification probability might be mis-modelled in the simulation,
as previously discussed in this thesis. Thus, backgrounds with one or more jets in the final state might be
significantly mis-modelled, for instance W + jets, as illustrated in Fig.[7.43] For this reason, a method
relying on data has been used in this analysis for the estimation of these backgrounds.

The method is based on a weighting technique for fake taus. If a tau candidate in simulation is not
matched to a true tau, no identification is applied. Instead, a weight is assigned to the event corresponding
to the mis-identification probability of the object. This quantity is measured in data using a selection of
W — uv+jets events, by counting data events before and after identification. The choice of W — uv+jets
events is justified by the fact that its fake tau composition is very similar to W — 7v + jets events, which is
the major source of fake taus after the multi-jet background in this search. Mis-identification probabilities
are measured as a function of the pr and track multiplicity of the tau candidate, as well as distinguishing
between the two cases where a fake tau candidate has been triggered or not. The latter distinction is
important as identification is also performed at the trigger level. Finally, mis-identification probabilities
are also measured depending on the sign of the charge-product of the candidates, which is useful for
background estimation in same-sign control regions already described.

7.7.1 W — uv + jets Control Region

To measure the mis-identification probabilities, the number of fake taus from W — uv + jets events is
measured in data before and after tau identification ina W — uv+jets control region. In this control region,
events are selected by either of the two muon triggers named EF_mu24i_tight and EF_mu36_tight,

152



7.7 Weighting of Simulated Fake Tau Candidates

> 0.4:“””“1\%”_”‘ ; 20‘02:““““.1{(“““‘ 3
% 03 iIL dt=19.5fb™ Vs =8 TeV E % O.OlB}IL dt=19.5fb™ Vs =8 TeV E
g F Loose ID, 1-prong  —e— Data 2012 ] J§ OOlGiLoose ID, 3-prong  —e— Data 2012 E
S 0.3? o —e— Simulated W - pv *; 50014; s —e— Simulated W - pv E
& oasp T oAy 3 2 F ]
s 025 - —_—— S ook ¥ 3
r ] r - ]
0.2 3 0.01 .
r ot ] r ]
| - i — —
0.15— o+ = 0.0081 . & ]
F —_—— 4 ] 0.006F- * < -
0.1— - E ol b
B ] 0.004f- «~ =
r i r -+ —_——— 1
0.05 ] 0.002( e E
[ u L —_—m, 4
ol v v v v L e e T T N IR P IE N R R

50 100 150 200 250 50 100 150 200 250
P, [GeV] p, [GeV]

Figure 7.45: Mis-identification probability for 1-prong (left) and 3-prong (right) fake tau candidates as measured in
data and in simulated W — uv + jets events, applying the loose identification requirement.

Selection Requirements of the W — v + jets Control Region

Muon triggers (pr(u) > 24 GeV + isolation and tight identification or pr(i) > 36 GeV + tight identification)
Pre-selected muon with pr(u) > 26 GeV
Muon isolation (E1 in 0.05 < AR < 0.2 from muon direction less than 6% of pr(w))
Veto on events with > 1 reconstructed electron
Veto on events with > 1 reconstructed muon
pr(w) > 40 GeV
One tau candidate with pt(7) > 50 GeV
cosAp(u, E’Tni“) + cosA¢(t, E‘T“i“) < -0.15

Table 7.14: Summary of the selection requirements defining the W — uv+jets control region for the measurements
of the tau mis-identification efficiency.

selecting muons with transverse momenta pr(u) > 24 GeV and pr(u) > 36 GeV, respectively, identified
according to the tight working point. The first trigger also requires muon isolation at the EF level.
Isolation at the trigger level is track-based and requires that the ratio between the sum of the pt of
the tracks measured by the ID within AR < 0.2 around the muon and pt(u) is less than 12%. At this
stage, offline muons are required to have pr(u) > 26 GeV and a calorimetric isolation E4*<02/pr < 6%,
reducing the amount of muons from semi-leptonic b-hadron decays found inside jets. Events with at least
one reconstructed electron are rejected, as well as those containing two muons. A further requirement on
the muon momentum, pr(u) > 40 GeV, reduces the number of multi-jet events. One reconstructed tau
candidate with pt(7) > 50 GeV is required in the event, which is due to a jet faking a tau lepton. Similarly
to what was discussed in Sec. the two azimuthal angl_e distances A@(u, EIT“iSS) and A¢(t, EIT“iSS) are
exploited by the requirement cosA@(u, ET"*) + cosA¢(t, EF™*) < —0.15. The selection imposed to define
the W — uv+jets control region is summarised in Tab.[7.14]

An example of distributions in this control region at various stages of the selection are illustrated
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in Fig.[7.46] The total number of events for each contribution in the control region at various stages
of the selection is reported in Tab. A high purity sample of W — uv + jets events is obtained,
with W — uv+jets making up ~ 87% of the selected sample. The background is mainly composed of
tf and single-top events, amounting to ~ 8%. A minor contribution arises from Z — pu + jets. The
impact of these backgrounds on the measured mis-identification probability is small and covered by the
uncertainties.

x107° x1073

g 220 T 1T { L { TT T1 T { L { L { L { L { TTT . N T TT { L { TT 1T { TT 1T { TT 1T { TT 1T { TT 1T { TT 1T
. [Ldt=1951"s=8Tev ] Qo [Ldt=195f"/s=8Tev ]
S 200 3 o3 -
2 180 W—spv control region * \?Vai)au%mz B ; W-puv control region —— \l?vaic’)iuiom ]
qc) Pre-selection ) Wotv E % Full selection ] Wotv -
2 160 o Ziveun o O Zh-ue o
140 Il Top 3 I Top 7
120 Others 1 Others ]
100 E
80 = E
60 — -
40 3 ]
20 3 E

A. Il ‘ L1 11 ‘ L1l 11 ‘ L1 11 ‘ L1 11
2 15 1 05 0 05 15 2 2 15 1 05 0 05 1 15 2
Y cosA® Y cosAd

Figure 7.46: Distribution of X;-, -cosA¢(l, E?iss) in the W — pv + jets control region at the pre-selection stage
(left) and after the full selection (right). The pre-selection stage corresponds to the muon trigger requirement as
indicated in Tab. [7.T5] Multi-jet events are not estimated in the plots.

7.7.2 Tau Mis-identification Probability Measurement

The mis-identification probability for hadronic tau decays, fyata, is measured in a completely data-driven
way, using data events in the control region introduced before. It is defined as

Nytter ID (and trig.) (PT> Nuks 4 X T charge sign)

Jdaa = . (7.9)
" Nietoren (and trig.) (PT> Nurk, 4 X T charge sign)

where N7 is the number of tau candidates in data. In every event, only the tau candidate with the
highest pr is selected. Different levels of tau-ID are considered, which are loose and medium. As the
identification algorithm running at trigger level is identical for all menus, only the trigger decision from
EF_2tau38T_mediuml is considered for this measurement. The obtained mis-identification probabilities
are illustrated in Fig.[7.47)and [7.48] with and without the trigger requirement, respectively. Because of
the charge correlation already mentioned in Sec. [0.4.2] mis-identification probabilities measured with the
opposite-sign requirement are typically higher than those measured using the same-sign requirement, and
are mainly due to the mis-identification of quark-initiated jets.

The fake tau composition in W — uv + jets events is very similar to the W — 71v + jets case.
However, the measured mis-identification probabilities are used to weight all non-multi-jet contributions,
where the relative fraction of quark and gluon-initiated fake taus can significantly differ with respect to
W + jets. This relative fraction can significantly influence the mis-identification probability, therefore, it
is important to check that it is comparable between W + jets and the other backgrounds. This check is
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W — pv Control Region Selection

Muon triggers  Electron veto  pr(i) > 26 GeV  Di-muon veto  Muon isolation N; =1 pr(p) >40GeV  XcosA¢ < 0.15
W — uv 87.8 x 10° 87.7 x 10° 80.2 x 10° 80.1 x 10° 76.8 x 10° 18.2 x 10° 13.5x10° 78.5 x 10*
Zly* — uu 12.1 x 10° 12.0 x 10° 11.4 x 10% 38.9x10° 37.4x10° 63.1 x 103 49.3 x 10° 21.5x10°
W -1y 30.8 x 10° 30.7 % 10° 22.5%10° 224 % 10° 214%x10°  98.9x10° 48.4 x 10 19.0 x 10°
Top 73.4 x 10* 64.3 x 10* 60.8 x 10* 49.3 x 10* 41.0 x 10* 21.1 x 10* 152 x 10* 74.6 x 10°
Others 62.9 x 10* 58.2 x 10* 46.4 x 10* 42.1 x 10* 39.8 x 10* 33.6 x 10° 19.4 x 10° 76.7 x 10?
Data 18.4 x 107 18.3 x 107 15.3 x 107 14.2 x 107 93.3 x 10° 93.3x 10° 16.8 x 10° 89.9 x 10*

Table 7.15: Event yields for all expected contributions and the data in the W — pv + jets control region, at each step of the selection.
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Figure 7.47: Mis-identification probabilities for fake tau candidates measured using data events selected in a
W — uv + jets control region. The plots on the left and the right are obtained for 1-prong and 3-prong candidates,
respectively. The loose and medium identification requirements are used for the upper and lower plots, respectively.
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Figure 7.48: Mis-identification probabilities for fake tau candidates measured using data events selected in a
W — uv + jets control region. The plots on the left and the right are obtained for 1-prong and 3-prong candidates,
respectively. The loose and medium identification requirements are utilised for the upper and lower plots,
respectively. The di-tau trigger requirement is also applied.
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illustrated in Fig.[7:49] showing the fraction of quark-initiated jets in the final state of different background
contributions, including W — tv+jets.
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Figure 7.49: Fraction of jets originating from quarks in different background contributions, including W — uv+jets,
obtained using the true information in inclusive simulated events.

7.7.3 Uncertainty on the Tau Mis-identification Probability

Fake tau candidates in W — uv + jets events originate from quarks or gluons. However, the relative
proportion of the two might differ between W — pv+jets and other sources of background. In this
analysis, the assumption is made that this proportion is similar between W — uv +jets and W — 1v + jets
events, as confirmed by Fig. [7.49 Motivated by this assumption, the uncertainty considered on the
mis-identification probability for the weighting of W — v + jets is only the statistical one. Other
backgrounds, such as ¢7, are likely to differ significantly in the proportion between quark and gluon-
initiated fake tau candidates. For this reason, a conservative 60% uncertainty on the mis-identification
probability is propagated during weighting, motivated by the observed difference between the weights
measured in opposite-sign and same-sign events, as shown in Fig.[7.47]and [7.48] This large uncertainty
does not reduce the sensitivity of the analysis in a significant way because of the very small amount of
these backgrounds.

7.8 Systematic Uncertainties

The sensitivity of the analysis to the presence of signal is affected by statistical and systematic uncertain-
ties. The statistical uncertainty is due to the finite number of events, both for the data and the simulation.
Systematic uncertainties arise due to imperfections in the model of the signal and the background and
their reconstruction. Systematic uncertainties are also assigned to the background estimation techniques.
Uncertainties can influence both the normalisation and the m:* shape of the signal or the background.
This section illustrates the sources of systematic uncertainty considered in this analysis and the
methods used to estimate their effects. Experimental and theoretical uncertainties will be discussed in
the following. Experimental uncertainties, discussed in Sec.[7.8.1} are mainly due to the background

estimation techniques, reconstruction and calibration of the objects and the effect of pile-up. Theoretical
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uncertainties, discussed in Sec. affect the cross-sections and shapes of distributions for the signal
and the backgrounds.

The TES is among the leading sources of uncertainty for the signal and for backgrounds featuring
real tau leptons, together with the tau trigger and the tau identification uncertainties. The dominant
uncertainty on the multi-jet background comes from the method used for its estimation and is assigned to
the fake-factors in the STT category and to the Rog/ss factor in the DTT category. The uncertainty on the
mis-identification probability is dominant for those backgrounds where fake tau leptons are simulated,
like W — tv+jets, the top background and the other minor background contributions. Other experimental
uncertainties affect all backgrounds and the signal, like the track reconstruction efficiency in the STT
category, or the JES and E'Tniss resolution and scale in the DTT category.

The impact of each systematic uncertainty will be illustrated in the next section as the relative variation
in the number of expected events for either the background or the signal. In addition, systematic effects
will also be quantified in the next chapter by estimating their impact on the fitted amount of signal in the
final hypothesis test.

7.8.1 Experimental Uncertainties
Tau Energy Scale

The tau energy is calibrated as discussed in Sec.[6.3] Due to the use of a pr-based selection in this
analysis, the uncertainty associated with the energy calibration influences the event yield. It also affects
the shape of the m" distribution. As the uncertainty on a single tau is measured as a function of pr(7),
its pseudo-rapidity and its track multiplicity, this uncertainty is applied as a shift in pt(7), where the TES
is varied upward and downward coherently for all tau leptons, independent on pr, i.e. the TES is treated
as correlated over the whole pr range. Recommendations are only available up to pr(7) = 200 GeV.
Above this threshold, the TES and the uncertainties associated to it are assumed to not change, based on
studies performed with y + jets events [217]]. Depending on the pr, the tau track multiplicity and the ||
region of the detector, the uncertainty on the TES amounts to ~ 2 —4%. The TES uncertainty is evaluated
separately for real tau leptons in the simulation and fake tau candidates.

Tau Trigger Efficiency

The tau-trigger efficiency and its uncertainties have been measured as described in Sec.[6.5.4] A tag-
and-probe method using Z — 77 events is used, similar to the method utilised for the tau ID efficiency.
Therefore, prescriptions to treat uncertainties are only available up to pr(t) = 100 GeV. For this reason,
no simulation correction factors are applied to tau leptons beyond this threshold. Rather, a conservative
uncertainty of 10% covers any mis-modelling for pr(7) > 100 GeV. This is based on the maximum
deviation of the correction factors from unity observed at lower pr, as can be seen in Fig. [6.26]

Tau Identification

The tag-and-probe method for the estimation of the tau identification correction factors has been illustrated
in Sec.[6.4] It only provides uncertainties up to pr(r) ~ 100 GeV, as Z — 77 events are used. Given the
much higher transverse momenta involved in this search, a different estimation has to be performed. For
pr(7) 2 100 GeV and up to pr(7) = 800 GeV, there is no abundant source of tau leptons in data to be
used for testing the simulation. However, the problem that has to be addressed is whether there is any
degradation in the tau-ID efficiency correction at high pt. Any degradation in the response is mainly
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caused by either a mis-modelling of the tau decay, or of the detector response. Any effect from these
sources will be considered to increase the uncertainty, which is measured as described in Sec.[6.4]

As far as the tau decay is concerned, the assumption is made that no degradation in the simulation
is present at high pr. To get a handle on this assumption different configurations of the simulation are
used, as described in Ref. 218]l, where Z’ — 77 decays with mz = 1000 GeV are modelled. Five
simulated samples have been produced. One is obtained with Pythia, using QGSP_BERT to model
the hadronic shower, while other two are obtained using QGSP and FTFP_BERT instead. A different
detector geometry with additional material is used in another simulation. Finally, a different underlying
event tune, A2 I@]], is considered. For all these simulated samples the tau identification efficiency is
measured for reconstructed candidates as a function of pr(r) with respect to the loose working point.
This measurement is shown in Fig. showing the 1-prong and 3-prong efficiencies. Reconstructed
tau leptons are matched to a true tau within AR < 0.2. As shown in the pictures, consistent efficiencies
are measured in the various cases, even at higher pr, indicating no degradation due to the decay model.
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Figure 7.50: Tau identification efficiency for the loose working point as a function of pr of the reconstructed
candidate. Simulated events from different Z’ samples with mz = 1000 GeV are used for this measurement, each
of them accounting for a different systematic effect. Efficiencies for 1-prong (left) and 3-prong (right) candidates
are shown. The lower plots show the ratio between the measurement using the specific sample and the nominal
simulation setup. The plots are taken from Ref. [218].

In order study the robustness of the detector response at high pr, the mis-identification probability
of jets is measured in data and simulation using di-jet events. These events are selected using similar
requirements as those described in Sec. [7.4.I] A data sample selected with single-jet triggers and
corresponding to Liy = 20.3 fb~! is used. Two jets are selected, the tag and the probe, which are required
to be back-to-back in the transverse plane, cosA¢(tag, probe) < —0.95. A pr-balance requirement is
applied |(pr(tag) — pr(probe))/pr(tag)| < 0.05. This selection targets jets originating from leading-order
processes at high energies, therefore avoiding low-pt gluon radiation which is difficult to model. Electron
contamination is reduced by applying an electron veto to the probe, and excluding reconstructed jets
in the region 1.37 < || < 1.52, where electron identification is more difficult due to the presence
of non-instrumented regions of the detector. Only probe jets with one or three associated tracks are
considered. Simulated events are obtained with Pythia, in exclusive samples for different jet pr ranges.
Details about the samples are reported in Ref. 218]l. An overall good agreement is observed between
the simulation and the data. However, the ¢ distribution, presented in Fig. [7.51] shows an excess in data
for ¢(probe) ~ —2. The reason for this is a broken pixel module in the inner detector, which causes an
inefficiency in the track reconstruction for jets with high track multiplicities, resulting in an enhanced
number of reconstructed jets with one or three tracks. The excess is present because the broken sensor is
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not modeled in the simulation. For this measurement, the probe jet is required to be outside the region
—2.5 < ¢(probe) < —2.0. As the tau identification does not depend on ¢, a negligible effect is expected.
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Figure 7.51: Distributions of the polar angle of the probe jet for 1-prong candidates (left) and 3-prong ones (right).
In the legend, JXW (with X = 2 — 7) refers to different simulated samples where di-jet events are simulated in
exclusive regions of pr, from pr = 80 GeV to pr = 2000 GeV. The plots are taken from Ref. [218].
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Figure 7.52: Mis-identification probability as a function of the probe jet pr for 1-prong (left) and 3-prong (right)
tau candidates. The comparison between the data and the simulation is shown. A selection is applied on the BDT
score which reproduces the effect of the loose tau identification. The lower plots show the ratio between the data
and the simulation as well as the linear fit performed. The plots are taken from Ref. @]

The mis-identification probability measured with reconstructed probe jets in data and simulation is
illustrated in Fig. as a function of pr(probe) for 1-prong and 3-prong candidates. A selection is
required on the BDT score in order to obtain a mis-identification probability comparable to the loose
working point of tau identification. As expected, a discrepancy is observed, likely due to the mis-
modelling of jets. However, no significant deterioration of the mis-identification probability is observed
with increasing pr. This increases the level of confidence that no deterioration in the response for real tau
leptons is to be expected at high pt. To quantify the agreement between data and simulation, a linear fit to
the ratio between the mis-identification probabilities is performed. It is found that the slope is consistent
with zero. The uncertainty on the slope is used to increase the uncertainty on the tau-ID efficiency
determined in Sec. @ A&r_1D Jow—pr» as a function of pr. To avoid an extreme increase of the uncertainty
at high pr, Ae;_p, a cut-off is used. For this, a constant fit is performed and the uncertainty on the
determined constant is taken as an upper bound for Ae;_p. The identification efficiency uncertainty for
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pr(7) > 100 GeV can then be written as

Ae T8 (pr) = Ae T +0.011%/ GeV x (pr = 100 GeV), (7.10a)
ASTIEE(pr) = Asi 0N +0.0076%/ GeV X (pr — 100 GeV), (7.10b)

where Agl fgmg and A83 p " have an upper bound of 2.3% and 1.5%, respectively. More details about

this measurement can be found in Ref. [218].

Track Reconstruction Efficiency at High pr

It has been shown [[I58]] that the track reconstruction efficiency for 3-prong tau leptons at high momenta
decreases. This is due to track-merging effects, where overlapping tracks cannot be resolved due to
hits being very close to each other in the inner detector. The collimation of the tracks of tau candidates
increases with increasing tau pr, therefore this effect becomes relevant at high energies. The fraction of
reconstructed candidates with two, three or four tracks as a function of the tau transverse momentum
is shown in Fig. [7.53] for simulated 3-prong decays. Different reconstructed track multiplicities are
compared. As visible in the plot, for pr(7) > 150 GeV, the fraction of wrongly reconstructed track
multiplicities increases. In particular the fraction of 2-prong tau leptons increases due to track-merging
effects. The simulation has been proven to be consistent with data in modelling the effect of hits shared
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Figure 7.53: Fraction of simulated 3-prong tau leptons reconstructed as 2-prong, 3-prong and 4-prong, as a function
of the reconstructed pr(r). The plot is taken from Ref. I@]]

by more than one track in the inner detector, which leads to track merging [219]. A conservative estimate
of 50% on the tracking efficiency loss for 3-prong candidates is assumed [219]], which is confirmed by
the plot in Fig. The degradation becomes significant for pr > 150 GeV, and increases by = 10%
every Apt ~ 100 GeV. The following prescription is used

Erins(p) = 0 for pr(7) < 150 GeV, (7.11a)
A ?raf]z?;lgg(PT) 0.05 x (pr(7)/ GeV — 150)% for pt(r) > 150 GeV. (7.11b)
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Jet Energy Scale

The measurement of the jet energy scale has been discussed in Sec. [5.6] along with all the sources
of uncertainty associated with it. The uncertainties depend on the jet pt and  and amount to ~ 5%.
Their measurement is discussed in detail in Ref. [I5T]]. Sources of uncertainty include pile-up, the
contribution of other close jets and the flavour composition of the hadrons composing them. In this
analysis, no selection criterium is applied to jets. However, the topology and kinematic of the jets in the
event is relevant for the E?iss calculation, as illustrated in Sec. Therefore, the JES uncertainty can
affect the missing transverse energy. However, this uncertainty only has a minor effect in the analysis.

Missing Transverse Energy

The determination of the missing transverse energy in the events has been detailed in Sec. As E%liss
is computed using all objects in the event, its uncertainty is influenced by the uncertainties on all objects,
including their energy scale and resolution. The evaluation of this effect is performed by recalculating
ErTrliss after varying the kinematic and topology of all objects according to their systematic uncertainties.
Another source of ET"** uncertainty comes from the soft term, defined in Eq. (B8). The energy resolution
and scale of the soft term is studied in Z — pyu events and propagated to the ET"* estimate, as detailed in

Ref. [[157].

Luminosity

The luminosity is measured by the forward detectors introduced in Sec.[#.2.5] The procedure is illustrated
in Ref. [[127]). In 2012, the total uncertainty on the estimate of the luminosity is 2.8%. All background
contributions and the signal are affected by this uncertainty, which is also propagated to the data-driven
estimate of multi-jets, as simulated backgrounds are subtracted in the control regions.

7.8.2 Cross-section and Acceptance Uncertainties

In this section, the uncertainty on the cross-sections used to normalise signal and background samples is
discussed, as well as the acceptance uncertainty, which has an impact on the probability for events to
pass the selection in the STT and DTT categories.

Cross-section Uncertainty on Z/y* — 1l

Backgrounds from Z/y* — Il are estimated with simulation, using programs discussed in detail in
Sec.[7.2.2)for Z/y* — 7t and in[7.2.5]for other final states. This estimate is affected by the uncertainty on
the k-factor used for the NNLO cross-sections. The dependence of the k-factors on the resonance mass
are visible in Fig.[7.13(left) and [7.16] along with their uncertainty. Uncertainties arise from the choice of
the PDF set and the values of @y, and are computed with the program FEWZ 3.1.b2 using the MSTW
prescriptions. The effect depends on the generated mass of the resonance, and is at most = 10%.

Cross-section Uncertainty on W — 7v + jets

The control region used to measure the tau mis-identification probability can be used to constrain the
prediction of the cross-section for W — 71v + jets events. This is of great advantage in reducing the
uncertainty, which would be ~ 27% using only the theoretical predictions. This uncertainty is constrained
by applying the mis-identification probability to all fake tau candidates in simulated events found in the
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W — uv + jets control region defined in Sec.[7.7.1] A good agreement is found, indicating a reliable
cross-section prediction. The largest background not from W + jets in this region comes from 7 events,
and amounts to ~ 10%. As discussed in Sec.[7.7.3] the mis-identification probability uncertainty has
a 60% effect on the normalisation of this background. Propagating the uncertainty in #f events in this
region to the W + jets normalisation results in a = 6% effect. This number is then assumed to be the
cross-section uncertainty for W — 7v + jets.

Cross-section Uncertainty on ¢ and single-top

Cross-sections for #7 and single-top events are computed as discussed in Sec. and are found to be in
good agreement with measurements. Uncertainties associated with the calculation come from the choice
of the PDF set and value of @g. They are evaluated according to the prescriptions in Ref. [220]], and
amount to =~ 10% for ¢f and ~ 13% for single-top events.

Cross-section Uncertainty on Di-boson events

A total cross-section uncertainty of 5% is assigned to di-boson events such as WW, WZ and ZZ production,
based on previous ATLAS results [221]].

Acceptance Systematic Uncertainties

Alterations in basic parameters of the simulation can affect the acceptance of the analysis, due to
alterations they induce on the kinematic properties of the final state. The impact of this uncertainty is
evaluated using different simulated samples where these properties are altered. Effects considered are
associated with the variation of the PDF set, the initial and final state radiation, the renormalisation scale
and the factorisation one. After each variation is applied, the event yield is measured and its difference
with respect to the nominal one is considered as the uncertainty. The systematically altered event yield
is obtained at the generator level using the RIVET framework [222]]. All contributions are added in
quadrature.

Only four different representative mass points are chosen for the signal samples, in order to reduce
significantly this computationally demanding process. Also, only the main simulated backgrounds
Z/y* — trand W — 7v + jets are considered. The nominal PDF set is replaced in the new simulations in
order to alter the nominal one. The nominal PDF set for Sherpa and Powheg generators is CT10 [[188],
which is altered using CTEQ6L1 [220]. This set is the nominal one for Pythia samples, for which
NNPDF21INLO [220] is considered as a systematic variation.

Another source of uncertainty is the choice of the merging scale featured by the nominal algorithm, al-
tering the amount of initial and final state radiation predicted. As illustrated in Sec.[7.1.1} the Sherpa gen-

erator relies on the CKKW algorithm to perform merging, which uses the scale Acxkxw = \/ 20 GeV/ +/s.
Upward and downward variations of this scale are considered, setting the values Ackkw = ~ /30 GeV/+/s

and Ackkw = w/ 15 GeV/ +/s. For Powheg the initial and final state radiation can be tuned using dedic-
ated parameters which have been altered according to ATLAS prescriptions [220].

The nominal choice of the renormalisation and factorisation scales, ug and pr, respectively, depends
on the sample considered. For the gluon-gluon production mode of the signal the choice ug = pur = my
is adopted . The bb annihilation process relies on two approaches, the four-flavour and five-flavour
schemes, as illustrated in Sec. @ The choice adopted in each case is ug = 4ur = my for the SFS and
MR = uF = mg/4 for the 4FS. All other samples rely on the assumption ug = ur = mg. The uncertainty
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associated with the choice of ug and up is estimated by altering their values by 10% and 50%, respectively.
This shift is applied upward and downward. In all samples the variations are treated as uncorrelated, with
the exception of Powheg, where they are both varied upward or downward simultaneously.

7.9 Results

As can be seen from Fig. [7.54] (left), the fraction of generated signal events accepted in the DTT category
has a maximum at m4 =~ 300 GeV. Beyond this peak a migration to the STT category is observed, due to
the requirement pr(Tieaq) < 150 GeV. Also, the DTT category features a lower acceptance than the STT
one, due to the tighter tau selection and the different trigger.
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Figure 7.54: Signal acceptance in the DTT (left) and the STT (right) categories for the two production modes bb
annihilation and gluon-gluon fusion.

After the background estimation is performed and validated, the expected contributions are compared
with data. This is shown in Fig.[7.55]- for key distributions in the DTT signal region. The number
of events in the DTT category after each selection stage is reported in Tab. [7.16] for the backgrounds,
the data and the signal. As the selection in the DTT category is optimised for low my, the point
my = 250 GeV and tanB = 20 is assumed for the signal. The results for other mass points can be found
in App.

The dominant systematic uncertainty in the DTT category is the multi-jet normalisation, followed by
the TES and the trigger uncertainties, affecting backgrounds with real taus.

In Tab. [7.17] the effect of the experimental systematic uncertainties on the event yields for every
contribution is illustrated. The chosen signal point for the table is my = 250 GeV and tanS = 20.
Cross-section uncertainties for the full set of signal mass points are reported in App.[D} while the effect
of the other systematic uncertainties is reported in App.

Distributions in the STT signal region are shown in Fig. - The number of background, data
and signal events in the STT signal region is reported in Tab.[7.18] For the signal, m4 = 400 GeV and
tanf = 20 is assumed. The results for all other mass points can be found in App.[E] The signal acceptance
in the STT category is illustrated in Fig. [7.54] (right). It increases with the signal mass and is higher
than for the DTT category due to the more inclusive selection and the higher trigger efficiency. The STT
systematic uncertainties are given in Tab.[7.19] The chosen signal point is m4 = 400 GeV and tang = 20.
Systematic uncertainties for the full set of signal mass points are reported in App. [F]
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Figure 7.55: Distributions of pr(7) for the leading (left) and sub-leading (right) candidates in the DTT signal region.
The lower plots illustrate the ratio between the data and the total expected background. The grey band shows the
statistical uncertainty on the expected background and the red one the effect of all systematic uncertainties added
quadratically. The signal is estimated assuming tan8 = 20 in the m;"** scenario.
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Figure 7.56: Distributions of () for the leading (left) and sub-leading (right) candidates in the DTT signal region.
The lower plots illustrate the ratio between the data and the total expected background. The grey band shows the
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quadratically. The signal is estimated assuming tan8 = 20 in the m;"™* scenario.
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Figure 7.57: Distributions of track multiplicities for the leading (left) and sub-leading (right) candidates in the
DTT signal region. The lower plots illustrate the ratio between the data and the total expected background. The
grey band shows the statistical uncertainty on the expected background and the red one the effect of all systematic
uncertainties added quadratically. The signal is estimated assuming tang = 20 in the n;* scenario.
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Figure 7.58: Distributions of E?i“ (left) and Y Et (right) in the DTT signal region. The lower plots illustrate the
ratio between the data and the total expected background. The grey band shows the statistical uncertainty on the
expected background and the red one the effect of all systematic uncertainties added quadratically. The signal is
estimated assuming tan8 = 20 in the m;™ scenario.
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estimated assuming tan = 20 in the m,™* scenario.

DTT Selection
Di-tau trigger  pr(Tiead) < 150 GeV  Medium tau-ID E%‘iss >10GeV XE7 > 160 GeV
Background
Multi-jet - - - - 6765 +92
Zly* = 1t 8631 + 132 8143 + 129 1196 + 37 904 + 30 752 +25
W — v 56409 + 382 52880 + 379 5129+9.7 462.6 £9.1 408.7+79
Top 18535 +234 16708 + 222 77.6 £4.9 76.4+49 764 +4.9
Others 7282 + 174 6807 + 159 4.38 +0.39 3.68 £0.22 342 +0.21
Signal (m, = 250 GeV, tang = 20)
bb — A 422.1+9.2 415.1 +9.1 3122+7.8 2763 +7.4 2649 +7.2
gg — A 56.3+1.2 543+1.2 389+1.0 34.71 £ 0.96 33.97 £0.95
Data 85816 + 293 85316 + 292 15294 + 124 10291 + 101 8225 +91
Total SM - - - - 8005 = 95

Table 7.16: Event yields for the background contributions, the data and the signal at each stage of the selection in
the DTT category. The quoted uncertainty is statistical. The multi-jet background is estimated only at the final step
of the selection. The expected number of signal events is determined assuming the m;™* scenario.
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DTT Systematic Uncertainties [%]

Multi-jet ~ Z/y* — 17 W —1v Top Others Total SM bb — ¢ g9 — ¢
Expected Events 6765 + 92 752 +25 408.7+79 764+49 342+0.21 8005+95 2649+72 3397+0.95
Ros/ss +5.4 i i ) i +4.6 ) )
-0.8 +9.9 +4.9 +3.6 +0.6 +2.8 +2.4
TES true tau +1.2
+0.4 -9.5 -3.4 2.3 -0.01 2.4 -3.8
-0.06 +0.2 +3.4 +1.3 +6.1 - -
TES fake tau +0.1
+0.08 -0.3 -2.7 -0.8 -3.9 - -
, -15 +16.9 +10.4 +123 +0.7 +147 +14.9
Trigger low-pr +2.3
+1.6 -18.4 -12.2 -13.5 -0.9 -15.9 -16.4
. . -0.1 +5.1 +4.8
Trigger high-pt +3.1 +0.7 +2.9 +0.1 +0.3
+0.1 -4.9 -4.7
-0.5 +6.6 +5.1 +6.6 +6.7
Tau-ID +3.6 +0.3 +0.8
+0.5 -6.4 -4.9 -6.4 -6.4
. -0.4 +5.2 +29.4 +15.4 - -
Mis-ID reweighting +4.8 +0.6
+0.4 -4.9 -25.9 -11.3 - -
+0.2 +0.6 +2.1 +0.07 +2.8 +0.5 -0.2
JES +0.3
-0.3 -0.8 -2.3 -0.23 -2.1 -0.4 -0.4
. +0.1 +0.6 -0.2 +0.03 +0.5 -0.5 -0.03
ET™ resolution +0.1
-0.05 -0.1 -0.08 -0.05 +0.07 +0.04 -0.1
- 0.1 0.4 -0.02 0.2 +0.3
E?“” scale F0.2 F0.05 +0.1
+0.06 - -0.03 +0.02 -0.09
. +3.94 +12.1 +13.9
Cross-section +0.32 +6.0 +8.3 +5.1 +0.5
-3.32 - - - -16.1 -14.8
Acceptance +1.15 +15.0 +19.4 i i +1.9 +4.7 +1.8

Table 7.17: Systematic uncertainties in the DTT category presented as a relative variation in the expected number
of events for each contribution. The chosen signal point is m4 = 250 GeV and tanS = 20. Systematic uncertainties
discussed in the main text that are negligible in the DTT category are not included. The upward and downward
variations in the event yield are shown in the upper and lower rows, respectively, for the case of asymmetric
systematic effects. Each uncertainty is also propagated to the total SM expectation.
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Figure 7.60: Distributions of pr(7) for the leading (left) and sub-leading (right) candidates in the STT signal region.
The lower plots illustrate the ratio between the data and the total expected background. The grey band shows the
statistical uncertainty on the expected background and the red one the effect of all systematic uncertainties added
quadratically. The signal is estimated assuming tan8 = 20 in the m;"** scenario.
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Figure 7.61: Distributions of 7(7) for the leading (left) and sub-leading (right) candidates in the STT signal region.
The lower plots illustrate the ratio between the data and the total expected background. The grey band shows the
statistical uncertainty on the expected background and the red one the effect of all systematic uncertainties added
quadratically. The signal is estimated assuming tan8 = 20 in the m;"™* scenario.
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Figure 7.62: Distributions of track multiplicities for the leading (left) and sub-leading (right) candidates in the
STT signal region. The lower plots illustrate the ratio between the data and the total expected background. The
grey band shows the statistical uncertainty on the expected background and the red one the effect of all systematic
uncertainties added quadratically. The signal is estimated assuming tang = 20 in the n;* scenario.
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Figure 7.63: Distributions of E%‘i“ (left) and Y, E (right) in the STT signal region. The lower plots illustrate the
ratio between the data and the total expected background. The grey band shows the statistical uncertainty on the
expected background and the red one the effect of all systematic uncertainties added quadratically. The signal is
estimated assuming tan8 = 20 in the m;™ scenario.
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Figure 7.64: Distributions of m"** (left) and mp' (right) in the STT signal region. The lower plots illustrate the
ratio between the data and the total expected background. The grey band shows the statistical uncertainty on the
expected background and the red one the effect of all systematic uncertainties added quadratically. The signal is
estimated assuming tan = 20 in the m,™* scenario.

STT Selection
Single-tau trigger  pr(Tieaq) > 150 GeV  Loose tau-ID
Background
Multi-jet 60178 + 245 33322 + 182 216.1 £3.3
Zly* =17 952 + 90 485 + 27 113.3+24
W — v 35383 + 280 3349 + 48 336+1.0
Top 17325 £ 231 1792 £ 73 102+ 1.4
Others 7268 + 174 475 +70 0.54+0.19
Signal (m, = 400 GeV, tang = 20)
bb — A 4278 +£0.74 32.97 +0.65 25.31 £ 0.56
gg — A 4.914 £ 0.090 3.873 £ 0.080 2.926 +0.068
Data 60178 + 245 33322+ 182 373+ 19
Total SM 121106 + 479 39423 £ 215 373.7+44

Table 7.18: Event yields for the background contributions and the data at each stage of the selection in the STT
category. The quoted uncertainty is statistical. The multi-jet background is estimated only at the final step of the
selection. The expected number of signal events is determined assuming the m;"™* scenario.
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STT Systematic Uncertainties [%]
Multi-jet Zly* -1t W -1y Top Others Total SM bb — ¢ g9 —> ¢

Expected Events 216.1+33 1133+24 336+10 102+14 054+0.19 373.7+44 2531+0.56 2.926+0.068

Fake Factor +11.3 - - - - +6.6 - -
- +7.2 +5.9 +20.3 - +6.1 +6.6
TES true tau +2.3
- -6.1 -3.8 -9.0 - -6.7 -6.0
- +0.6 +6.9 +3.2 +5.4 - -
TES fake tau +0.7
- -0.1 -5.8 -1.4 -8.0 - -
Trigger high-pt - +9.8 +2.4 +7.5 - +3.0 +10.0 +10.0
- +6.5 +6.5
Tau-ID +6.5 +34 +5.2 +0.3 +2.0
- -6.3 -6.3
. o - +14.8 +33.0 +21.0 - -
Mis-ID reweighting +1.7 +1.3
- -12.8 -28.0 -14.7 - -
Track reco. eff. - +0.7 +0.2 +0.4 - +0.2 +0.4 +0.4
- +4.32 +13.3 +18.7
Cross-section +6.0 +8.9 +4.8 +1.4
- -3.54 - - - -15.1 -16.8
Acceptance i +6.3 +14.7 i i +2.3 +13.2 +1.5

Table 7.19: Systematic uncertainties in the STT category presented as a relative variation in the expected number
of events for each contribution. The chosen signal point is m4 = 400 GeV and tanS = 20. Systematic uncertainties
discussed in the main text that are negligible in the STT category are not included. The upward and downward
variations in the event yield are shown in the upper and lower rows, respectively, for the case of asymmetric
systematic effects. Each uncertainty is also propagated to the total SM expectation.

As can be seen in Fig. a local excess of events is present in the data in the pseudo-rapidity
distribution of the two tau leptons for 1z, e & 0-4 in the DTT signal region. This feature, albeit not
significant for the sensitivity and well within the total uncertainties, is addressed in Sec.[7.9.1]

7.9.1 Pseudo-rapidity Distributions in the DTT Category

The pseudo-rapidity distributions of the leading and sub-leading tau leptons in the DTT category show an
excess of events in the range n € [0, 0.6]. This effect does not lead to an excess when the final hypothesis
test is performed. However, it is important to investigate whether it has an impact on the sensitivity of
the analysis, or, in other words, if the m7" distribution is affected by this excess. To do so, the ABCD
method illustrated in Sec. |7§|is altered, and the Rog/ss factor is measured in 16 exclusive regions of
n, dividing the 7 distributions for each tau lepton in four regions defined by the boundaries n < —1,
n€[-1,0],7€[0,1] and n > 1. The measured factors are illustrated in Fig.[7.65] They are applied to
the distributions in each of the exclusive regions, which are then summed to obtain the total multi-jet
estimation in the signal region. This leads to the 7 distributions shown in Fig.[7.66] As can be seen in the
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Figure 7.65: Ros/ss factors measured in exclusive regions of 7 for the leading and sub-leading tau candidates. The
statistical uncertainty is shown for each point. The plot includes the nominal value of Rps;ss measured over the 7
range, with its statistical uncertainty.

figures, the expected backgrounds show a better agreement with the data than in the nominal estimation.
However, the m" distribution obtained with this alternative method does not show a significant difference
with respect to the nominal one, as can be seen in Fig.[7.67] As no significant difference is observed in
the variable used for the hypothesis test, no change in the nominal sensitivity is expected.
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Figure 7.66: Distributions of 7(7) for the leading (left) and sub-leading (right) candidates in the DTT signal region,
where the multi-jet contribution is estimated measuring Ros;ss in exclusive 7 regions. The lower plots illustrate the
ratio between the data and the total expected background. Only the statistical uncertainty is shown. The signal

contamination is estimated assuming tan$ = 20 in the m;** scenario.
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Figure 7.67: Distributions of mY" for the nominal multi-jet estimation technique (left) and the altered one (right),
where Ros/ss is measured in exclusive regions of 7. Only the statistical uncertainty is shown in the lower plot on

the right.
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CHAPTER 8

Exclusion Limits

In the present chapter the background prediction and the signal hypothesis are compared to data for the
selected sample and the background estimates discussed in the previous chapter to check if a significant
excess in data is present. This comparison, called hypothesis testing, is based on principles discussed in
Sec.[8.1} The signal hypothesis is tested in the (my4, tanp) plane, rejecting portions of it incompatible
with the observed data. As a result, an exclusion limit in the (m4, tang) plane is set. Hypothesis testing
is implemented in the analysis using a fit, whose model is discussed in Sec.[8.2} The final results are
illustrated in Sec.[8.3] and the fit is validated as presented in Sec.[8:4] The results presented in this chapter
are documented in Ref. [[T78§].

8.1 Hypothesis Testing

In this section, all the fundamental quantities necessary for the evaluation of exclusion limits are
introduced. They pertain the underlying procedure of hypothesis testing, where the outcome depends on
the assumed confidence level, which is going to be introduced at the end of this section.

Hypothesis testing quantifies the agreement between the observed outcome of an experiment
and the expectation by evaluating a probability called p-value [87]. This number depends on the assump-
tions we make on the expectation and will be computed in the following using the distributions obtained
in the previous chapter. We can write the number of expected events in these distributions as

E[n;] = us; + b; (8.1)

where E[n;] is the expected number of events in bin number i of the histograms while s; and b; are the
number of expected signal and background events, respectively. The expected number of signal events
is scaled by the factor u, called the signal strength, which quantifies the abundance of the signal, and
assumes values between 0 and 1, representing the absence of any signal and the nominal expectation,
respectively. We can write the p-value for a certain value of u as

00

Pu = P(qu = quobslw) = Sfqulwdg,. (8.2)

qu.0bs

In Eq. (8:2), the variable g,,, called a test statistic, depends on u and quantifies the agreement between the
model and the data. The definition of g, will be presented later in this chapter. This variable is distributed
according to the probability density f(q,lu), which describes the distribution of g,, under the assumption
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of a certain signal strength. Assuming that this function is known, hypothesis testing relies on an estimate
of gy, obs,» Which is the value of the test statistic computed using the data collected by the experiment. In
the limits that will be presented later, results based on g, obs Will be called observed exclusion.

The test statistic assumes positive values by definition. Larger values of g, obs, Or smaller p-values,
indicate worse compatibility between the data and the model. A qualitative illustration of how p-values
are computed can be seen in Fig.[8.I]on the left. In particle physics, p-values are typically converted into
a corresponding significance Z, utilised to quantify potential excesses in data. It is defined as

Z=0"'(1-p), (8.3)

where ®~! is the inverse of the cumulative distribution of a standard Gaussian function . It follows
that Z can be measured in units of a Gaussian standard deviation o.

The previously defined variables are useful to introduce the concept of confidence level (CL) [87],
which is a probability defined as
CL=1-p/, (8.4)

where p’, called the significance level, is computed as illustrated in Eq. (8:2), but replacing the lower
bound of the integral with a predefined threshold g, s, and corresponds to the probability of wrongly
rejecting the hypothesis. A confidence level CL= 95% is chosen to exclude the presence of signal in data.
In terms of p-values, this corresponds to p,, < 0.05, relative to the hypothesis that some signal is present
in data in addition to the background, i.e. u > 0, which will be indicated as H.

Stricter requirements on the confidence level are placed for discovery than for signal exclusion. A
discovery is based on the rejection of the background-only hypothesis, indicated as Hj, corresponding to
u = 0. If the observed p-value for Hj, called py, is found to be below a certain threshold, a significant
excess is regarded to be present in the data, which might indicate new physics. The particle physics
community has agreed to establish such threshold at p = 2.87 x 1077, or Z = 5¢-. This corresponds to a
confidence level of CL= 99.99994%. The estimate of pg is performed with the distribution f(go|0) and
estimating goobs. It is important to notice that go is not necessarily a special case of g, with u = 0.

f(a, [w) med(q,|0]
[ f(qulp.) Qp.l
qM,obs / f(Qplo)
p-value / p-value
\/
\
Ou Ou

Figure 8.1: Qualitative examples of different evaluations of the p-values in the case of the observed limit (left) and
the expected one (right). The plots are taken from Ref. [223].
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8.1.1 Sensitivity of a Search

The limits that will be presented in the following will include an expected exclusion, which depends on
the sensitivity of the search. The sensitivity quantifies our ability to reject a signal hypothesis in case
only background is present in the data. It is estimated by comparing the distribution of g, for u = 0
with the corresponding distributions for all other assumptions, as illustrated in Fig.[8.T] on the right for a
generic signal strength x. The median [[8] of the distributions f(g,|0) is computed, and a p-value is
estimated for f(g,lu) by using such median instead of g, obs. As for the case of signal exclusion, we can
decide to set CL= 95%. The u value corresponding to p,, < p’ is excluded.

In the limits that will be presented, a standard deviation is assigned to the expected exclusion,
corresponding to two bands at the =10 and +20 levels. These are obtained by considering the values
of the test statistic that correspond to the appropriate quantiles of the f(g,|0) distribution, instead of its
median.

8.1.2 Definition of Test Statistic

After discussing the principles of hypothesis testing and introducing the quantities that characterise
exclusion limits, the problem remains how to define and compute the test statistic.

Assuming that the expectation for the signal and background does not depend on any parameter, like
for instance u in Eq. (8.1)), the Neyman-Person lemma can be used for the definition of the most
powerful test statistic. This power can be quantified as follows. Assuming a generic hypothesis H, and a
certain confidence level, we define a threshold value gy, for a test statistic g such that P(¢ < gu|Hy) = p
We assume an alternative hypothesis Hg, which is accepted if ¢ > g, rejecting H,. We would like to
achieve a minimal value for the probability P(q > gu:|Hg), corresponding to a high test power. This is
possible if

_ L(H,)
L(Hp)’
where L is the so-called likelihood [87]. For our purposes, we would like to parametrise both hypotheses
Hg,p and H), as a function of . We then define the likelihood

(8.5)

Nbins Nbins

L = | | Poistrilusi + by) = | | - (’”’ il b) e Hsith), (8.6)
i=1 i=1

In Eq. @, Pois(n;|us; + b;) is the Poisson probability of observing n; events in each bin of the data
histogram while expecting us; + b; events.

Using the Neyman-Person lemma, the optimal choice for the definition of a test statistic suitable for
setting exclusion limits has been investigated in Ref. [223]], addressing the problem of parametrising any
hypothesis, including a variable signal strength and a set of uncertainties. The effect of the systematic and
statistical uncertainties can be incorporated in the likelihood. This alters the expression of the signal and
the background event yield in each of the bins, which can be written as s;(6) and b;(#) where the vector 6
is introduced to parametrise the effect of the uncertainties. The definition of 8 will be discussed later.
Each element of this vector is usually referred to as a nuisance parameter (NP). In general, different sets
of nuisance parameters could affect different contributions, so the most general notation would be s;(8;)
and b;(0p) = b1,i(0p) + ... + bkag (GbN ) where the sum of all backgrounds is considered. However,
here the same vector of nuisance parameters has been written for the signal and the background to reduce
clutter.

Uncertainties are constrained in the likelihood depending on their nominal bound. This is done by
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introducing an auxiliary multiplicative term which only depends on the vector 6. This term could be
viewed as the contribution to the analysis of all those auxiliary measurements performed to constrain
the uncertainties. For example, in the case of an auxiliary tag-and-probe technique for the measurement
of a systematic uncertainty, this approach corresponds to considering the histograms utilised by the
tag-and-probe measurement as coming from a control region of the analysis. However, to simplify things,
these are treated as correlated with the signal region only via the nuisance parameters corresponding
to the uncertainties that the tag-and-probe method constrains. As a consequence, in the most general
formalism, the auxiliary likelihood will have a Poissonian form. The total likelihood is then defined as

Nbins

.E(,u, 0) = -Enom(/l’ 0) x Laux(a) = 1_[

i=1

i Mbins . i
(usi(0) + bi(0))" o~ s ODi0) o l_l a;(6)" O (87)

ni! =1 m j!
where the dependence of the signal and the background on # has been highlighted in the nominal
likelihood and in the auxiliary one. In the latter, E[m;] = a;(0) is the expected number of events in bin j
of the distributions of the auxiliary measurement. In practice, approximations are used for the form of
Laux(0) used in the actual fit, which will be introduced later.
We define the quantity A
_ L6
L@ 6)
called the profile likelihood ratio . In Eq. (B3), the symbol 9 indicates the set of nuisance
parameters which maximises £(u, #) for a fixed value of . It depends on u and is called a conditional
maximum-likelihood estimate of the nuisance parameters. The quantities /i and @ are the u and
6 values which maximise L(u, #), respectively, and do not depend on each other. This is called an
unconditional maximum-likelihood estimate of the parameters. We notice that /i is an effective estimator
of ¢ and is not constrained to be positive.

Using the profile likelihood ratio, a test statistic has been proposed in Ref. [223]], which is used by the
ATLAS experiment to set exclusion limits:

A(w) (8.8)

—2In L(y,@(y))/zj(o, 9(0))], ifa<0
au =1 ~2In | £(, B/ L(p 9)] . if0<p<u (8.9)
0, if o >

No general rule can be formulated for the optimal definition of a test statistic depending on a set of
parameters. However, approximations can be made for the functional form of Eq. (8:8) for a sufficiently
large data sample. This result, called the Wald approximation , shows that g, is a monotonic
function of fi, as well as g. This means it is optimal in the absence of uncertainties, or approximately so
for well constrained ones.

The Wald approximation also allows one to express the observed and expected upper limits on the
signal strength u,, obtained with g,, for a certain confidence level, which can be written as

s = i+ @ (1= p) (8.100)
’ui)épiNO' =+ O_(q)—l(l _ p/) + N) . (SIOb)

Here o is the standard deviation of the distribution of /i, which is Gaussian. Asymptotic formulae also
allow one to express o as a function of . In Eq. (8.10), &V indicates the number of standard deviations
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considered for the expected exclusion and u the hypothesised signal strength.

Expressions for the distributions of g, are also obtained using the Wald approximation and are reported
in Ref. [@] In the following we will refer to these results as asymprotic formulae for g,. These formulae
greatly simplify the limit setting procedure, which in the most general formulation would require the
generation of a large number of simulated experiments in order to obtain the distributions.

8.1.3 Method for Exclusion

The previous sections illustrate the general procedure of hypothesis testing. However, specific methods
have been formulated to address problems recurring in particle physics. For this search a particular
technique called CL method [226]] is used. This method has been formulated to prevent spurious signal
exclusions in situations where the distributions f(g,|u) and f(g,|0) are not well separated from each other,
i.e. when the distribution of g, under the signal+background hypothesis is very similar compared to the
one in the background-only prediction. In such cases, it is preferable to base the test not on the usual
p-value alone, but to compare its value to another quantity related to the background-only distribution.
For this reason we define the following variable:

= p;l
1-py

In Eq. §.IT), the variable p;, is defined as the integral of f(g,|0) in the range g, € [0, g, obs]. In Fig.
a qualitative example is shown of how CL; is computed. It is easy to see that when the two distributions

CL, (8.11)

ERR
=
ko) L
= | .
[ qp,obs
0.15 |- :
I f(q,|w)
0.1
005 Po
0
-10 0

Figure 8.2: Qualitative example of how the CL; value is determined. The plot includes the distribution of the test
statistic in the case of the background-only hypothesis f(g,|0), and the signal+background one f(g,|u) The plot is
taken from Ref. [223].

in Fig.[8:2]approach each other, the CL; value increases. For the exclusion limits presented in this chapter,
the CL; value, rather than p,, is compared to the significance level p’ to reject the signal hypothesis.
This is done assuming a confidence level of 95%, i.e. excluding the signal hypothesis when CL < 0.05.
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8.2 Fit Model

The procedure outlined in the previous sections is implemented in this analysis using fits of the estimated
signal and background distributions to the observed data. The definition of the test statistic relies on
the profile likelihood ratio defined in Eq. (8:8), hence, likeliAhood fits are used. These fits estimate the
unconditional parameters, /i and 8, and the conditional one, 6, by maximising the respective likelihood
functions in which they appear, for each hypothesis of p. This method is referred to as the maximum
likelihood estimate (MLE) of the parameters. The contribution of different histograms from the
different signal regions in the DTT and STT categories is included simultaneously in the fit by simply
defining a combined product likelihood:

Leomb(t, 0) = Lorr(i, OprT) X LsTT(1, O5TT). (8.12)

The form of Eq. (8.12)), implies that the fit procedure takes correctly into account systematic correlations
across different bins or channels of the analysis, which might depend on the same nuisance parameter.

In order to simplify the numerical treatment of the maximisation procedure and guarantee the same
result, the likelihood functions are transformed monotonically according to £ — —2In(L) (negative
log-likelihood, NLL). The principle of MLE then corresponds to the minimisation of the NLL. The
procedure is now simplified, as a product has been transformed into a sum, and exponential terms into
simple factors. Later in the chapter, likelihood profiles will be shown, whose minima correspond to the
best estimate of the parameters.

The NP vector 8 can be divided into two components, which we will call a, for the modelling of
the systematic uncertainties, and y for the treatment of the statistical ones. The following two sections
illustrate how these two vectors affect the model of the signal and backgrounds in Eq. and how the
auxiliary likelihood term is defined. These notions will be used when discussing the validation of the fit
performed to obtain the exclusion limits.

8.2.1 Model of Systematic Uncertainties

First of all, we discuss the dependence of the signal and the background on the nuisance parameters
associated to the systematic uncertainties, arranged in the vector @. By definition, the nominal expected
number of events in each bin of the signal regions corresponds to the choice @ = 0 for each element of
a = (ay,..., cyNsys). ‘We will call this number of events c?, for a generic contribution c. In addition, the
systematic variation within one standard deviation of each uncertainty presented in Sec.[7.8]is represented
by the values @} = +1 corresponding to an upward and downward variation, respectively.

The nuisance parameters can affect both the normalisation and the shape of the m/* distributions of the
signal and the background. If we take into account both effects simultaneously at the 10 level, we can
define the expected number of events in each bin i of the distributions as c;f , relative to the uncertainty k.
An upward or downward variation in the number of events does not necessarily correspond to a shift in
ay in the same direction.

A computational scheme has to be provided in order to parametrise the variation in the number of events
as a function of @. The appropriate choices of these schemes for both the shape and the normalisation
effects are discussed in Ref. [227]] and are referred to as the piecewise linear L(@) and exponential E(a)
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interpolations, respectively. They are defined by the following equations:

Nsys Nsys
cila) = | + > Lixtan) | | ] | Exten) (8.13)
k=1 k=1
shape effect normalisation effect
where
ap(pfct, - C(.)), ifap >0
Li(ay) = { oo (8.14)
ag(c; — ¢, ci’k), ifa, <0
Nbins Nbins
o=, c?/ >k (8.15)
i=1 i=1
Nbins Nbins
b=, C?/ e (8.15b)
i=1 i=1
and

Nbins Nbins 0 T .

xochl Xl . ifar=0

_ i=1 i=1

Ek(alk) - Nbins 0 Nbins R
¢ z;l ikl o if o <0

(8.16)

i=1
The factors ¢; are defined in order to maintain the normalisation of the original distributions once the
linear interpolation is applied.

The total likelihood in Eq. .7) includes an auxiliary factor L,,x(6). As far as systematic uncertainties
are concerned, this portion of the total likelihood represents a constraint on the nuisance parameters
determined by the set of auxiliary measurements which estimate the +10 systematic effect, as already
illustrated in Sec.[8.1.2] In general, a Poissonian constraint should be used to incorporate these meas-
urements into the main analysis, as previously illustrated. However, this is an extremely unpractical
procedure. The effect of the auxiliary measurements is modelled by assuming that only the relevant
nuisance parameters constrained by those measurements are correlated with the signal region of the
analysis. As a result, only those parameters are considered to enter the expression of L,;x(6). Also,
the central limit theorem is used to approximate the Poissonian form of each auxiliary constraint.
Each NP is then allowed to vary according to a Gaussian distribution centered at the nominal value and
variance determined by the auxiliary measurement. According to our parametrisation of the nuisance
parameters these nominal values and variances correspond to 0 and 1, respectively. We can therefore

write
N, Sys N, sys (22 / 2

Lys(@) = | | Gauss(ay0, 1) = ,

where Gauss(ay|0, 1) represents a Gaussian distribution centered at zero with unit variance.

(8.17)

8.2.2 Model of Statistical Uncertainties

The effect of the statistical uncertainties can be modelled by an additional set of nuisance parameters,
which we will call y. In the most general fit model, a different vector for each contribution should be
considered. However, this would considerably complicate the fitting procedure. Therefore, a single
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nuisance parameter is assumed to represent the statistical fluctuations in the number of events for the
sum of all backgrounds in each bin. This approximation is summarised by the following equation:

bi(a@, 7)) = b1i(@, Vb)) + oo+ DNy i (@ Yoy, ) = Vi (b1i(@) + ... + by, (@) = yibi(a).  (8.18)

To further simplify the model, only bins where the statistical uncertainty is larger than 5% are considered
for the introduction of a corresponding ;. This simplifies the fit and has negligible impact on the
result [227]. In addition, no statistical uncertainty is considered for signal events, which are characterised
by smaller statistical uncertainties than the background.

For the systematic uncertainties, each component of  has to be constrained with a term which will
appear in L,x(6). This is done using a very similar approach to the one illustrated in Sec. [8.2.1and
leading to Eq. (8:17).

Each background contribution can be thought of as the sum of weighted events. The weights could
come from background estimation techniques, e.g. the tau mis-identification probabilities, or correspond
to overall multiplicative factors, such as the luminosity, applied to simulated events. Unweighted
background events b’ could be thought of as representing auxiliary measurements following a Poissonian
distribution with expectation value E[b;"] = y;b;” for the number of events in each bin i. This Poissonian
constraint would enter the expression of L,,x(0). However, an approximation has to be made for b;". As
this number of events is usually unknown, the statistical uncertainty in each bin, o7, is used to estimate it.

This leads to :
b/ = —, (8.19)

7
which is true for all Poissonian-distributed numbers of events. In Eq. (8:19), b, is the sum of all
backgrounds. This treatment of the constraint is also consistent under the assumption that all weights

applied to the backgrounds act as an effective overall rescaling of the total background distribution.

The value of b;” determined in Eq. (8:19) is not an integer, inconsistent with the assumption of a
Poissonian distribution. To resolve this problem, a different constraint is assumed for the auxiliary
measurement, namely a Gamma distribution is utilised. We therefore obtain

b +1,—|= ]—[ A (8.20)

1 ) Nstal ,yjbj,e—)/j
b/) TG+ 1)

N, stat
-Estat(')’) = l_[ Gamma (yj

J=1

where the index j runs over all Ny, elements of the y vector, a subset of the number of bins, and

I'x)= fux_le_“du.
0

Having obtained the expression for the auxiliary constraint on the systematic and statistical nuisance
parameters, the full auxiliary likelihood term appearing in Eq. (8.7) can be expressed as

Lax(0) = -Lsys(a) X Lstat(‘}’)- (8.21)

8.2.3 Fitting Procedure

Before presenting the results a few details will be given in this section regarding the fitting procedure.
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Observed and Expected Exclusion

In the following, the exclusion limits will be presented for a 95% confidence level for the hypothesis test.
The plots will include the observed and expected exclusion limits. The observed limit is the result of the
procedure outlined in Sec. @ where the value of g, ops is determined using a likelihood fit to data for a
certain hypothesis of u. In practice, this involves two likelihood fits, conditional and unconditional, to
determine the numerator and denominator of A(u) in Eq. (8-8)), respectively, which enters in the definition
of ¢, in Eq. (8.9).

The expected exclusion limit depends on the sensitivity of a search, introduced in Sec. [8.I.1} The
procedure outlined there requires the estimation of the median of the distribution f(g,[0). As illustrated
in Ref. [223]], asymptotic formulae can be used to approximate this value, greatly simplifying the test
procedure. In practice, the median value med[ f(q,|0)] is obtained by using a fit to the so-called Asimov
dataset [223]). This dataset is defined as the sum of all expected backgrounds in correspondence of
the estimate of @ resulting from a conditional fit to data assuming ¢ = 0, which can be written as

Oasimov = O(u = 0). The usage of the Asimov dataset greatly simplifies the standard procedure for
hypothesis testing, where the distribution of f(g,|0) should be obtained using a pseudo-experiment
approach which is computationally demanding. This procedure will be described in the following, and it
is used to validate the fit results for only one m4 and tanf point.

Treatment of Systematic Uncertainties

As illustrated in Sec.[8.2.1] systematic uncertainties could affect the normalisation and the shape of the
expected distributions. In the fit model, shape uncertainties are considered based on a compatibility
test between the upward and downward altered distributions and the nominal one for each expected
signal and background sample. The compatibility is measured using the Kolmogorov-Smirnov test [87]],
based on the evaluation of the probability for two distributions to arise from the same probability density,
pks- For each signal and background contribution all systematic effects are tested against the nominal
expectation. If pgs < 0.8, the systematic effect is implemented in the fit model also as a shape uncertainty,
as discussed in Sec. [8.2.1] Fig.[8.3] shows an example of signal distributions in the DTT (left) and STT
(right) categories, where the TES alteration leads to a significant shift in the m' shape. Significant
alterations of the shape are only observed for the signal distribution in both categories and relative to
the TES and trigger uncertainties. As a consequence, no shape systematic uncertainty is implemented
for any of the backgrounds except for the shape uncertainty associated with the Ros/ss transfer factor
for the rescaling of the multi-jet contribution in the DTT category, discussed in Sec.[7.5.1] Despite the
high value of pks ~ 0.9 measured for this shape alteration, this choice is motivated by a conservative
approach on the multi-jet estimate in the DTT category.

In the following, a series of plots and studies will be presented to investigate the modelling of the
nuisance parameters in the fit. For reference, Tab. B.I] gives the naming convention chosen for the
nuisance parameters in this analysis. .

8.3 Results

Exclusion limits are set in two different ways. One for the MSSM Higgs interpretation, referred to as
model-dependent exclusion, and one where no model restrictions are imposed on the production and
decay of a generic resonance, referred to as model-independent. The following two sections describe the
signal model and the results for these two cases.
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Figure 8.3: Distributions of m{" for two signal samples in the DTT (left) and STT (right) categories for the bb
annihilation production. The plots show the nominal distribution and the two distributions corresponding to an
upward (red) and downward (blue) variation of the TES uncertainty. A significant difference between the altered
shapes and the nominal one is observed as indicated by the pks values reported in the plots for the two variations.

Systematic Uncertainty

Nuisance Parameter Symbol

Tau energy scale for real tau leptons

Tau energy scale for fake tau leptons

Tau trigger for pr(7) > 100 GeV
Tau trigger for pr(t) < 100 GeV

Tau identification

Mis-identification probability for W + jets events

TES_REAL
TES_FAKE
TAU_TRIG_HIPT

TAU_TRIG_LOWPT

Mis-identification probability for non - W + jets events

Track reconstruction efficiency for 3-prong tau leptons

Multi-jet normalisation in DTT category

Multi-jet shape in DTT category

Multi-jet normalisation in STT category

Missing transverse energy

Luminosity

k-factor applied to Z/y* — 77/l events

Cross-section uncertainty for contribution x

Acceptance uncertainty for contribution x

TAU_ID
TAU_MISID
TAU_MISID60
TAU_3PRECO
R_OSSS
R_OSSS_SHAPE
FAKE_FACTOR
LUMI
MET
K_FACTOR
XS _x
Q2_x

Table 8.1: Summary of nuisance parameters and their names used in this analysis.
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8.3.1 Model-dependent Exclusion

The model-dependent exclusion relies on a signal modelled in accordance with the MSSM prediction and
is set in the (m4, tanf) plane. In principle, the signal should include the contribution of all three Higgs
bosons A, H and A produced by the two mechanisms discussed in Sec. [7.1] However, due to the very low
signal acceptance at lower masses, as illustrated in Fig. [7.54] no A contribution is added to the signal
model, which would only contribute with a small number of events. For instance, in the DTT category
and for my = 130 GeV only Nexp(9g9 — h — ThadThad) ~ 6.4 and Nexp(bE — h — ThadThad) = 0.2 signal
events are expected assuming the m,'** scenario.

The limit is obtained by determining the excluded signal strength pexc1 using the CL method in a grid

of my and tang values, which are

my = (170,200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000) GeV, (8.22a)
tanB = (3,4,5,8, 10, 13, 16, 20, 23, 26, 30, 35, 40, 45, 50, 55, 60). (8.22b)

For each mass point the production and decay of only one Higgs boson is simulated for each production
mechanism. For this reason, the entire signal model is built by just combining mass spectra at different
mass points, out of the same simulated set. These are selected from those which agree best with the
MSSM mass dispersion relations, as in Eq. 2.76), for the (ma,tanB) point taken into account. As
mentioned in Sec. [7.I] any variation in tang is assumed to not change the shape of the signal, but only its
normalisation. The combination of all mass spectra corresponding to the two production mechanism is
then represented by one signal strength u.

A point in the (my4, tang) space is excluded if pexo < 1. This is illustrated in Fig. @for limit curves
obtained at my = 350 GeV as a function of tanB, where the excluded tan8 region is computed by
interpolating the grid results across pexc; = 1. Exclusion limits are computed in all MSSM scenarios

g 3 L [ T T T T L [ T T T T [ T T T T
~° [ 95% CL, m,=350 GeV, mr= ]
[ MSSM ]
25? —e— observed limit ]
oo e expected limit B
i I 0 1
2 [ +20 7
151 ILdt =195 (5=8TeV]
1 i
0.5? “\ N
Ok - l 1 1 1 | l 1 1 1 | l 11 -1-1- 11 1 | 1 ¢

10 20 30 40 50 60
tanf

Figure 8.4: Example for the interpolation of the excluded signal strength, piexc1, as a function of tang for my =
350 GeV. The red line indicates the MSSM prediction in the m;'®* scenario, which is excluded by the curves if
they assume values below it.

illustrated in Sec. 2.3.5] In Fig. [8.5] the exclusion for the mj'** scenario is presented. This scenario
is disfavoured by the measured value of the Higgs boson mass. Nevertheless, is still instructive to do
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comparisons between current searches and previous ones, e.g. at LEP, as also mentioned in Sec.[2.3.3]
The curves in Fig[8.3] represent upper bounds on the allowed parameter region at CL=95%. Cross-section
uncertainties on the signal production are not included in the fit model. However, the observed exclusion
is computed again for upward and downward variations of the cross-section. These additional observed
limits are shown as curves surrounding the nominal observed limit.
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Figure 8.5: Exclusion limit in the m;"** scenario of the MSSM. The area above each curve is excluded at 95%
CL. The blue and the red lines represent the observed exclusion determined after varying the signal cross-section
upward and downward, respectively, within its uncertainty.

At lower masses the sensitivity of the search is dominated by the DTT category, up to my4 =~ 350 GeV
where the contribution of the STT channel starts to become dominant. This effect is illustrated in Fig. 8.6}
where only the expected limit is shown. The plot also illustrates the decrease in sensitivity due to the
effect of the systematic uncertainties. Systematic uncertainties in the DTT category have the largest
effect on the sensitivity at lower masses. The dominant systematic uncertainties in the DTT category are
those associated with the multi-jet background and the trigger at low momenta. At higher masses the
largest effect comes from the trigger and tau identification, which are the dominant uncertainties in the
STT category. Alternative MSSM scenarios are considered beyond m;"*. The limits computed assuming
the m;;mo g and m;’mo 4 scenarios are shown in Fig. on the left and right, respectively. Limits for the
remaining scenarios discussed in Sec. [2.3.5]are shown in App.[F.0.2]

8.3.2 Model-independent Exclusion

Limits are also provided in a model-independent way for each production mechanism, to investigate the
presence of a generic resonance ¢ in the data. The cross-section exclusion for the production and decay
of ¢ is set as a function of its mass. Only one signal sample is considered for the signal in correspondence
of a mass hypothesis. Predicted signal events are rescaled to account for a total production cross-section
and decay branching ratio of 1 pb. In this way, the excluded value of u represents the exclusion on these
observables.

Exclusion limits for the two production mechanisms are reported in Fig. [8:8] They feature a very
similar sensitivity, as a consequence of the similar signal acceptances presented in Fig. [7.54
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Figure 8.6: Expected exclusion limits in the mhmalx scenario for the DTT (blue) and STT (red) categories, as well
as their combination (black). The limits are obtained considering only the statistical uncertainty in the fit model
(dashed lines) and including the effect of the systematic uncertainties (continuous lines). The effect of the systematic
uncertainties increases toward lower masses.
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Figure 8.8: Model independent exclusion limits at 95% CL. The curves represent the excluded cross cross-section
for the production and decay of a generic Higgs boson ¢ produced via bb annihilation (left) and gluon-gluon fusion

(right).

8.4 Fit Validation

In this section studies to validate the fitting procedure are presented. These studies are mainly focused
on the nuisance parameters associated with the systematic uncertainties implemented in the likelihood.
They include tests to check whether the appropriate model is implemented for the nuisance parameters, a
measurement of their correlations, and their impact on the fitted signal strength.

8.4.1 Profiling of Nuisance Parameters

Nuisance parameters are constrained in the likelihood function using a Gaussian term, as illustrated
in Eq. (8:17). It is important to check that this model is consistent with the fitting procedure, which
should not alter the Gaussian profile of each parameter. Alterations might result in multiple minima of
the NLL and lead to ambiguous results. If the minimisation procedure is consistent with the model, the
NLL profile is found to be parabolic as a function of a single nuisance parameter, as a consequence of
its Gaussian constraint. The value of the likelihood at its minimum is irrelevant and can be subtracted,
leading to the definition of In(£) — In(Lnin) = Aln(L), which is equal to zero at the minimum. The
contour of this new parabolic profile, where the function assumes a value of one, corresponds to the
uncertainty determined by the minimisation procedure on a nuisance parameter which we will call &;{ni“,
referring to the uncertainty k. The minimum of this function corresponds to the estimate of the nuisance
parameter itself, dkmi“.

In Fig.[8:9] two NLL profiles are presented for two of the dominant systematic uncertainties in the
analysis, the TES and the tau trigger. These profiles are the results of an unconditional fit to data
assuming my4 = 400 GeV and tang = 20. Both profiles feature a smooth trend, with no double minima,
indicating no problems in the minimisation. Similar trends are observed for the other parameters. A line
is drawn in the plots indicating the (Ar}{“i“ contour of the nuisance parameters. In correspondence of the

line, bounds of ~ +1 are observed for the two nuisance parameters considered, indicating that the fit does
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not over-constrain the uncertainty on the nuisance parameter beyond the nominal 1o level.

m, =400 GeV, tanp = 20 m, =400 GeV, tanf = 20
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Figure 8.9: Likelihood profiles determined from an unconditional fit to data for the tau trigger uncertainty at
high-pr (left) and the TES (right). The horizontal line corresponds to the contour defining the uncertainty of the
nuisance parameter determined by the fit &"" + 167" The point ms = 400 GeV and tang = 20 has been used.

In order to provide exclusion limits, the asymptotic approximation is used. In the most general version
of this hypothesis test, a pseudo-experiment approach should be applied [228]], where the distribution of
the test statistic is not approximated, rather it is obtained by repeating the fit many times after altering the
model by randomly varying each of the nuisance parameters according to their constraint. This random
alteration is called a pseudo-experiment. As the pseudo-experiment approach represents the most general
method to set limits, it is used in this thesis, rather than the likelihood profiles, to investigate constraints
and final fitted NP values.

A non-problematic fitting procedure is guaranteed if the fitted nuisance parameters are distributed
according to a Gaussian model. The distribution of the fitted nuisance parameters is checked for the
systematic uncertainties by plotting the following variable

min __ nom
Y T

Ay = , (8.23)

O.]r{nin
where a,fc“i“ is the fitted value of the nuisance parameter in each of the pseudo-experiments, ;°™ the
nominal one used to generate the distributions and o™ the uncertainty on ;" obtained from the
fit. According to the Gaussian model in the likelihood of Eq. [8:17] the distribution of Aa; should be
centered at zero and have a standard deviation of one. To check the consistency of the model, 10000
pseudo-experiments are generated and an unconditional likelihood fit to data is performed each time. In
Fig. the Aqy distributions for the TES and tau trigger uncertainties are plotted. The figures include
a Gaussian fit using the function Gauss(Aa|0, 1), which describes the distributions well. The Gaussian
mean and standard deviation are an estimate of &kmin and &rkni“, respectively, and they should be consistent
with the parameter of the likelihood profile previously mentioned. The full set of fitted distributions can

be found in App.[F0.1] The gaussian means might be shifted with respect to the nominal value of zero.
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These shifted values, called the pulls, are summarised in Fig.[8.11}

Overall, the fitted mean does not show a significant deviation from the nominal value, being always
within the 10 band. This indicates that the fit does not significantly alter each background component
using the nuisance parameters, indicating that the nominal values of the scales, for instance the TES or
the tau identification scale factors, are estimated well. An exception is the normalisation of the multi-jet
background in the DTT category, represented by the factor Rosss. In Fig.[8.11] it can be seen that the fit
prefers a larger number of multi-jet events, as it increases the nominal estimate by approximately 80% of
its nominal uncertainty, therefore increasing the number of multi-jet events by =~ 4.4%. Also, the = 5%
uncertainty on Ropg/ss is constrained by the fit to nearly half of this value. The constraint indicates that
the normalisation uncertainty for the multi-jet background is conservative. This could be a concern if the
fit was trying to accommodate more multi-jet events, which would lead to a bias on the values of other
parameters, in particular the signal strength. In other words, to make sure that no bias is introduced, we
have to check the correlation matrix between the parameters and fi. The correlations are illustrated in
Fig.[B12] for an unconditional fit to data at the point my = 400 GeV and tanj = 20.
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Figure 8.10: Distributions of Aqy, defined in the main text, for the tau trigger uncertainty at high-py (left) and the
TES (right). The distributions obtained with pseudo-experiments are fitted with a Gaussian function in order to
determine @;"'" and 6", whose values are indicated in the plots. The point m4 = 400 GeV and tang = 20 has
been used.
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Figure 8.11: Full set of fitted values for akm‘“ and é'kmi“, for all systematic uncertainties, determined with pseudo-

experiments. The point m, = 400 GeV and tang = 20 has been used.
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Figure 8.12: Correlation matrix of the systematic uncertainties obtained from an unconditional fit to data for
my = 400 GeV and tan8 = 20. Systematic uncertainties are named according to the nomenclature defined in

Tab. |8:f|
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The correlation matrix does not reveal a problematic amount of correlation between the nuisance
parameters. The fitted signal strength [ is not correlated with any of the uncertainties.

Only two cases are present of correlations below ~ 40%. This degree of correlation is not problematic
and arises from expected features in the fit. In the first case, R_OSSS and R_OSSS_SHAPE are correlated
by ~ —38%. This is expected, as they are two non-independent components of the same uncertainty,
as the value of Ros/ss is used for the evaluation of the shape systematic uncertainty, as illustrated in
Eq. (7.8). In the second case, the Z/y* — 77 acceptance and low-py component of the tau trigger
uncertainties, Q2_Ztautau and TAU_TRIG_LOW, respectively, are correlated by ~ —36%. Also this is
expected, because, as shown in Tab. these are the largest uncertainties on Z/y* — 77 and have
similar magnitudes. As both are implemented only as a normalisation parameter in the fit, they similarly
compete with each other to alter the normalisation of this background.

8.4.2 Ranking of Systematic Uncertainties

In the previous chapter, the impact of the systematic uncertainties on the expected number of events
for signal and background was presented, and summarised in Tab. [7.17} However, the impact on the
expected number of events is not the most relevant quantity to determine the effect of the systematic
uncertainties on the exclusion limit. As the exclusion relies on a fitting procedure, the impact of the
systematic uncertainties on the fitted signal strength, /1, has to be determined. This is done separately for
each uncertainty.

In order to measure the effect of the systematic uncertainty k on /i, the following procedure is used:

1. Perform an unconditional fit to the Asimov dataset to measure the nominal value of the signal
strength f1g.

2. Find the ié'kmi“ contour for the nuisance parameter &; based on the measured likelihood profile, as
illustrated in Fig.[8.9

min + é\_mll’l

& 1n turn.

3. Fix the value of @ at the upper and lower 1o limits, i.e. &

4. Repeat the unconditional fit allowing the other nuisance parameters and u to vary, in order to
estimate two additional values of the signal strength fi. for the upper and lower bounds on the
systematic contour.

5. Estimate the systematic impact on f1 as 0 = £l F [+

These steps are performed in order to estimate the so-called post-fit systematic impact on [, as step 2
makes use of the post-fit likelihood profile measured in step 1.

A similar kind of measurement is also performed to investigate the pre-fit systematic impact on fi. This
is done by repeating step 3 using the nominal systematic boundary before any fit constraint, which is
simply +107°" = £1. In the case the fit is not able to constrain a systematic uncertainty, the post-fit and
pre-fit systematic impacts on 2 are the same. In Fig.[8:13] the pre-fit and post-fit impacts on j are reported,
together with the nominal and constrained boundaries on the nuisance parameters. Each uncertainty is
ranked from top to bottom according to the magnitude of the post-fit impact, i.e. | + o3| + | — 07| Further

ranking plots for other mass points and tanf values are in App.[F0.3]
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Figure 8.13: Summary of the impact of systematic uncertainties on /1 determined from an unconditional fit to the
Asimov dataset. The point m4 = 400 GeV and tang = 20 has been used. Systematic uncertainties are ranked from
top to bottom on the left axis according to the post-fit impact shown in red. The upper axis illustrates the scale of
0. The plot also includes the values of o“}c“i“, shown in black, determined from the post-fit likelihood contours.
The nominal pre-fit bound on each nuisance parameter is also shown and represented by the yellow region. The
scale of the post-fit and pre-fit systematic contours is shown by the lower axis.

196



CHAPTER 9

MSSM h/H/A — vt analysis

In Chap. |Z|and|§|the MSSM h/HJA — ThadThad analysis was discussed, which is intended as one of the
channels in a wider 2/ H/A — 71 search including other combinations of decay modes of the tau, also
including leptonic decays. At lower masses, from my = 200 GeV downwards, the h/H/A — ThadThad
channel starts to lose sensitivity due to selection criteria aimed at rejecting the abundant multi-jet
background. The low-mass region of the MSSM Higgs hypothesis is probed by the other channels, which
are presented in this chapter. Their selections and background estimation techniques are briefly outlined
in the following. In Sec. @, the h/H/A — 7,7, analysis with two leptonic tau decays is presented. In
Sec. the h/H/A — TiepThad channel is discussed, where both hadronic and leptonic tau decays are
considered in the final state. Finally, Sec.[9.3]presents the combination of all three channels in the search
and the combined exclusion limits. The combination of all three channels and the final limit derivation is
part of the work performed for this thesis, while the searches for 7/H/A — 7,7, and h/H/A — TiepThad
is not. All results are documented in Ref. [[T78§].

9.1 MSSM k/H/A - 7,7, channel

In the h/H/A — 7,7, channel, final states where each tau decays into two neutrinos and two light
leptons are selected. Only final states where these two light leptons have different flavours (e and u) are
considered. Masses in the range m4 = 90 — 200 GeV are taken into account for the signal hypothesis.
In this range the h/H/A — 7,7, search offers competitive sensitivity, despite the low branching ratio of
BR(7 + 7 — uv,vr + evevy) = 6%, due to the very low multi-jet contamination. The major source of
background in this channel are Z/y* — 77 events. Further backgrounds come from 7 and single-top
events. This search uses Liy = 20.3 fb~! of collected data.

9.1.1 Selection

Tau decays with leptons of different flavours are required to reduce the abundant Z/y* — Il background.
Events are selected using single-electron or electron-muon triggers, imposing a momentum threshold on
the leptons of pr(e) > 24 GeV or pr(e) > 12 GeV and pt(u) > 8 GeV, respectively. Events are required
to contain exactly one isolated electron and one isolated muon with opposite electric charges. The lepton
momenta have to satisfy the offline requirement pr(e) > 15 GeV and pr(u) > 10 GeV. Events in the
window 15 GeV < pr(e) <25 GeV are selected by the electron-muon trigger, while at higher momenta
they are selected by the single-electron trigger. A veto is imposed on events containing a hadronically
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Chapter 9 MSSM h/H/A — 7t analysis

decaying tau identified with the loose identification criterion.

For the further selection, two categories targeting the two main production mechanisms are introduced.
A tag category and a veto category are defined, based on the presence or absence of a b-tagged jet,
respectively.

Events in the tag category are required to contain exactly one b-tagged jet. The dominant background
contribution in this category are #f and single-top events. In order to reject them, a number of kinematic
requirements is applied. The azimuthal angle between the leptons must satisty A¢(u, e) > 2.0. Also,
Di=pe COS(() — ¢(E‘T“iss)) > —0.2 is required. The scalar sum of the transverse momenta for all jets with
pr(jet) > 30 GeV has to be lower than 100 GeV, and the scalar sum of lepton momenta, including ET",
has to be below 125 GeV.

In the veto category, events featuring b-tagged jets are rejected. Kinematic requirements are loosened
due to a lower #f and single-top contamination. Therefore, the requirements A¢(u,e) > 1.6 and
D=y, COS(P(]) — ¢(E‘Tniss)) > —0.4 are imposed.

9.1.2 Background Estimation

Events from the Z/y* — 77 process are an important source of background, especially in the veto category
where they dominate. This contribution is modelled using the so-called embedding technigue [229]). In
this method Z/y* — pu events are used, which are selected from data. The muon signature, consisting of
tracks and energy deposits in calorimeter cells, is replaced by the signature of a simulated tau decay. The
tau decay is modelled with the program TAUOLA [[75]]. This procedure offers the advantage of a data-driven
model of the event kinematics, leaving to the simulation only the tau decay and its detector response.
Di-muon events are selected by requiring two isolated muons within || < 2.5, pr(uead) > 20 GeV,
PT(Usub—lead) > 15 GeV and an invariant mass my, > 40 GeV. Events at lower invariant masses, i.e.
m:r < 40 GeV, are modelled using events simulated with Alpgen. The normalisation of the Z/y* — 77
contribution is estimated using the FEWZ [193] [T94] estimate of its cross-section at NNLO, together with
an estimate of the muon selection efficiency performed using the simulation.

Two uncertainties are related to the embedding method, namely, the one associated with the muon
selection, which is estimated by altering the muon isolation requirement, and one associated with the
energy subtraction from calorimeter cells associated with the muon. Their combined impact on the
normalisation of Z/y* — 71 events is 1.3% in the tag category, and 0.1% for the b-veto category. The
dominant uncertainty, however, is associated with the normalisation of this background and amounts to
an alteration on the number of expected events of ~ 5.0% for both categories.

The 7 background is estimated from the simulation. However, the predicted number of events are
normalised according to the data event yield in a control region defined by requiring the presence of
two b-tagged jets in the event. Single-top events are estimated using the simulation only. The dominant
systematic uncertainties on the 77 and single-top contributions come from the JES and b-tagging efficiency
in the tag category, amounting to ¥ 6% and = 3%, respectively, and the b-tagging efficiency and
cross-section uncertainty in the veto selection, ~ 12% and ~ 5.5%, respectively.

The multi-jet contamination is the third most significant contamination. It is estimated from data
using an ABCD method similar to the one described in Sec. The control region B, from which the
multi-jet shape is taken, is defined by requiring two leptons with the same electric charge. The control
regions C and D are defined for the measurement of the multi-jet normalisation, and require opposite and
same charges, respectively, while also imposing an anti-isolation criterion on both leptons. The main
systematic uncertainty on the multi-jet contribution comes from the ABCD method, and is estimated by
altering the anti-isolation criterion used to define regions C and D. This has an impact of = 7% for both
categories in the analysis.
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9.2 MSSM h/H|A — TiepThad channel

In Fig. @ the m. mass distributions of the h/H/A — 7,7, channel are presented for the tag channel
(left) and the veto channel (right). The mass variable utilised by this search differs from the one used
in the h/H/A — ThadThaq analysis. The presence of two neutrinos in the final state affects the mass
resolution significantly. Therefore, a more advanced reconstruction technique is used, called the Missing
Mass Calculator (MMC) [230] algorithm. In this technique the missing momentum is assumed to be
entirely caused by the presence of the neutrinos. The two-dimensional space of the angles between
the E‘TIliss vector and the visible momenta of the two tau leptons is scanned to look for the most likely
configuration in the event. This configuration is determined with the help of input PDFs obtained with
simulated tau decays. A mass resolution of ~ 30% is achieved at my = 150 GeV.

As two neutrinos are present in the i/ H/A — ThaqThad final state, the MMC algorithm has also been
considered for the m.; mass reconstruction. However, no significant improvement has been observed at
lower masses and a decrease in sensitivity is observed for high masses, compared to the use of mtTO‘. The
reason for this is due to the fact that multi-jet events typically have lower transverse momenta than the
signal. For this reason, a variable relying purely on the transverse kinematics, like m:", will improve
the separation between the signal and this particular background, which will be more peaked at lower
masses. The predicted number of background and signal events in the signal regions, together with the
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Figure 9.1: Mass distributions in the signal regions of the h/H/A — 7,7, channel. The variable called mMMC

corresponds to the invariant mass estimate of the di-tau system from the MMC algorithm as explained in the main
text. The tag and veto categories are shown on the left and on the right, respectively. The uncertainty band shown
on top of the total expected background includes the statistical and systematic uncertainties, where all sources
are added in quadrature. The signal model is plotted on top of the total background and includes both production
mechanisms at m4 = 150 and tang = 20. The plots are taken from Ref. .

observed number of data events, are reported in Tab. [9.1] for the two categories.

9.2 MSSM h/H/A = TiepThaa Channel

In the 7/H/A — T1epThada channel the leptonic decay of only one tau is taken into account, considering
both electron and muons in the final state, while the other tau decays hadronically. This is the channel
with the highest total branching ratio, being BR(7 +7 — uv,v; +hadrons) ~ 23% and BR(t+1 — eV,v; +
hadrons) =~ 23%. The analysis offers competitive sensitivity across the mass range ms = 90 — 1000 GeV.
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h/HJA — 7,7, Categories

Tag Veto
Signal (m4 = 150 GeV, tanS = 20)
h—1T 87+19 244 + 11
H—- 1t 65 + 14 882 + 45
A—> 1T 71 £ 15 902 + 48
Z/y* > 1T 418 £ 28 | 54700 + 3800
Multi-jet 100 + 21 4180 + 670
tf and single-top | 421 + 46 2670 + 360
Others 25.8+7.4 | 4010 + 280
Total SM 965 +59 | 65500 + 3900
Data 904 65917

Table 9.1: Event yields for the expected signal and background and for the observed data in the tag and veto
categories of the h/H/A — 7,7, channel. The signal expectation is split into the contribution from each neutral
Higgs boson in the MSSM. The uncertainties on the number of events include the statistical and systematic
components, added quadratically. Values are taken from Ref. .

The dominant background contamination is the irreducible Z/y* — 71 contamination, followed by
W + jets, tf and single-top, and multi-jet backgrounds. A different optimisation of the selection is
performed depending on the mass hypothesis as discussed in the next section. The analysis uses
Line = 20.3 fb! of ATLAS data.

9.2.1 Selection

Events are selected using single-electron and single-muon triggers, both featuring lepton pr thresholds
of 24 GeV. An offline requirement of pt(l) > 26 GeV is imposed, as well as pr(Thag) > 20 GeV. The
light lepton and the tau have to be oppositely charged and a medium tau identification is required for
the hadronic tau decay, together with an electron and a muon veto (cf. App.[B) to reject light leptons
mis-reconstructed as tau candidates. A veto on events with additional electrons or muons is applied.

The analysis is divided into three categories. Both a tag and a veto category are used to optimise the
selection for my < 200 GeV, while only one category, the so-called high-mass category, is used for
my > 200 GeV.

In the tag category, events containing at least one b-jet are selected. Events containing further jets with
pr(jet) > 30 GeV are rejected, in order to reduce the ¢ background. For the same reason the selection
criterion mr(l, E%’iss) < 45 GeV is imposed. In the veto selection, all events containing at least one b-jet
are rejected. In order to reduce the W + jets contribution, two kinematic requirements are applied. First of
all, mp(l, Efrniss) < 60 GeV, and secondly A¢(Thad, E%‘iss) + Di=pe AP(L, E%‘iss) < 3.3. In the muon channel
of the veto category, a further event veto is applied for events with 70 GeV < myis(U, Thad) < 112 GeV
and with 1-prong tau candidates with an electromagnetic fraction of fgm < 0.1, to further reject events
where a muon is mis-reconstructed as a tau.

The last requirement is also utilised in the high-mass category. In this category the visible decay
products are required to be back-to-back in the transverse plane by imposing A@(l, Thaq) > 2.4. Hadronic
tau decays tend to deposit a higher fraction of their energy as visible component in the detector compared
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9.3 MSSM h/H/A — 1t Combination

to leptonic ones, due to the presence of only one neutrino in the final state. In the high-mass category,

this property is exploited by imposing a momentum imbalance requirement: pt(Tpag) — pr(l) > 45 GeV.
In the low-mass categories the electron and muon channels are treated separately in the final hypothesis

test, while they are merged in the high mass category in order to improve the statistical significance.

9.2.2 Background Estimation

The dominant Z/y* — 77 background is estimated using the embedding technique illustrated in Sec.[9.1.2]
and normalised in an analogous way. The dominant uncertainty on the Z/y* — 71 background is
associated with its normalisation, amounting to ~ 7.5% on the predicted number of events for all
categories, followed by the TES ranging between ~ 3.5% and ~ 9.8% depending on the category.

Events from W + jets, #f, single-top and the less abundant Z/y* — Il + jets production contribute to the
background due to the presence of an additional jet faking the hadronic tau decay. They are estimated
using simulation. However, their normalisation is derived by comparing simulated events with data in
control regions enriched in these backgrounds. Different control regions are defined for each category
and background. The dominant systematic uncertainties on W + jets, ¢7 and single-top come from the
estimate of their normalisations and are obtained by altering the selection of the control regions. Their
relative impact varies between ~ 12 — 17% for W + jets and is =~ 8.0% for tf and single-top combined,
depending on the category.

Events from Z/y* — ee + jets also contribute to the background if one of the electrons fakes a
hadronically decaying tau lepton. Simulated events are then weighted with the electron-to-tau mis-
identification probability, which is measured as illustrated in App.[B-1}

An ABCD method is used in the 4/H/A — TiepThaq channel to estimate the multi-jet contribution,
where different definitions of the three auxiliary control regions B, C and D are used depending on the
category. However, region B is always defined by imposing a same-charge requirement between the tau
and the light lepton, while an anti-isolation criterion on the latter is always used for regions C and D. The
systematic uncertainty on the multi-jet normalisation is estimated by altering the anti-isolation criterion,
resulting in an uncertainty of ~ 6% on the expected number of multi-jet events.

As mass estimator in the 1/ H/A — TjepThag analysis also the MMC is used. In Fig. @ the final m,,
distributions for the tag (left) and veto (right) categories are illustrated. In Fig. @, the final distribution
for the high-mass category is reported. The predicted number of events in each signal region for the
signal and background, along with the observed data, are reported in Tab.[9.2]and 03] for the low-mass
and high-mass categories, respectively.

9.3 MSSM h/H/A — vr Combination

As previously stated, the combination of the three channels in the search depends on their sensitivity
for different mass hypotheses. Below my = 200 GeV, only h/H/A — 7,7, and h/HJA — TiepThaqg are
combined, while above that value, only 7/H/A — TpaqThaq and h/H/A — TiepThaq are combined. The
signal model for the model-dependent and model-independent exclusion presented in this section is
analogous to the one discussed in Sec.[8.3.T]and [§.3.2}

The final exclusion in the (m4, tanS) plane is illustrated in Fig. on the left for the m}™* scenario.
On the right, the observed and expected limits are shown separately for each channel in the search. The
h/HJA — ThadThad channel dominates the sensitivity of the combined search for m4 > 300 GeV, while
in the intermediate mass range, 100 GeV < my < 300 GeV, the h/H/A — TiepThag channel is the most
sensitive. For masses my < 100 GeV, the h/H/A — Ti¢pTiep channel is the dominant one, with rapidly
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Figure 9.2: Mass distributions in the signal regions of the low-mass categories of the 1/ H/A — TiepThad channel.
The variable called mMMC corresponds the invariant mass estimate of the di-tau system from the MMC algorithm as
explained in the main text. The tag and veto categories are illustrated by the plot on the left and right, respectively.
The uncertainty band shown on top of the total expected background includes the statistical and systematic
uncertainties, where all sources are added in quadrature. The signal model is plotted on top of the total background

and includes both production mechanisms at m4 = 150 and tang = 20. The plots are taken from Ref. [[178]].
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Figure 9.3: Mass distribution in the high-mass signal region of the 1/ H/A — TiepThag channel. The variable called
mMMC corresponds the invariant mass estimate of the di-tau system from the MMC algorithm as explained in
the main text. The uncertainty band shown on top of the total expected background includes the statistical and
systematic uncertainties, where all sources are added in quadrature. The signal model is plotted on top of the
total background and includes both production mechanisms at m4 = 350 and tan$ = 30. The plot is taken from

Ref. .
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h/H|A — TiepThag Low-mass Categories

Tag Veto
e channel  u channel e channel u channel
Signal (m4 = 150 GeV, tan§ = 20)
h— 1t 10.5+2.8 | 10.5+£2.6 194 + 13 192 + 14
H -7 86 + 26 86 + 24 836 + 60 822 + 61
A—>TT 94 + 29 94 + 27 840 + 64 825 + 62
Zly* - 17 403 £39 | 425+42 | 31700 + 2800 | 38400 + 3300
Zly* —> 1l 72 + 24 33+ 14 5960 + 920 2860 + 510
W + jets 158 + 44 185 +58 | 9100+ 1300 | 9800 + 1400
Multi-jet 185 £ 35 66 + 31 11700 + 490 3140 + 430
tf and single-top | 232 +36 | 236+ 34 533 +91 535 + 98
Di-boson 9.1+23 | 10025 466 + 40 468 + 42
Total SM 1059 +£ 81 | 955 +86 | 59500 + 3300 | 55200 + 3600
Data 1067 947 60351 54776

Table 9.2: Event yields for the expected signal and background and for the observed data in the tag and veto
categories of the h/H/A — TiepThag channel. The signal expectation is split into the contribution from each neutral
Higgs boson in the MSSM. The uncertainties on the number of events include the statistical and systematic
components, added quadratically. Values are taken from Ref. .

h/HJ/A — TiepThaa High-mass Category
Signal (m4 = 350 GeV, tangS = 30)

h—1r 5.60 + 0.68
H—- 11 157 £ 13
A—>TT 152+ 13
Zly* =17 380 + 50
Zly* - 1l 349 +17.3
W + jets 213 £ 40
Multi-jet 57 £20
tf and single-top 184 + 26
Di-boson 30.1 £ 4.8
Total SM 900 + 72

Data 920

Table 9.3: Event yields for the expected signal and background and for the observed data in the high-mass category
of the h/H/A — TiepThag channel. The signal expectation is split into the contribution from each neutral Higgs
boson in the MSSM. The uncertainties on the number of events include the statistical and systematic components,
added quadratically. Values are taken from Ref. .
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decreasing sensitivity at higher masses due to the lower branching ratio with respect to the other channels.
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Figure 9.4: Exclusion limits in the (14, tanB) plane of the MSSM obtained assuming the m** scenario. The effect
of the theoretical uncertainties is represented in the plot on the left by the black lines surrounding the observed
limit, which are obtained by recomputing the observed exclusion after an upward and downward alteration of the
signal cross-section. On the same plots the red and blue lines illustrate the contour of the (my4, tanS) plane where
my, and mpy, respectively, assume the values indicated along the curves. The vertical dashed line in the plot at
my = 200 GeV illustrates the separation between the low-mass and high-mass combinations. While the low-mass
expected exclusion is always obtained for m, < 200 GeV and the high-mass one for m, > 200 GeV, the quoted
observed limit at my = 200 GeV is considered to be the most stringent among the two different combinations,
which, in this scenario, comes from the low-mass analysis. The graph on the right illustrates the expected and
observed exclusion limits for each channel in the combined analysis. The plots are taken from Ref. .

In Fig. , the exclusion limits in the (m4, tanB) plane are shown for the m;’mo 4 (left) and my od
(right) scenarios. In Fig.[0.4]and 0.5]red and blue lines are shown, which correspond to the contours
of the (mg4, tanB) plane where my, and my, respectively, assume the values indicated on the same lines.
These contours are scenario dependent, and, by comparison between the figures, it is evident that a larger
portion of the (my4, tanB) plane is compatible with the hypothesis of mj, ~ 125 GeV in the m;’mo 4 and
my oq Scenarios than it is in the .

All the other additional scenarios proposed in the MSSM are also considered for the limit setting.
The full list of plots is available in Ref. [[I78]]. The model-independent exclusion plots are presented in
Fig.[0.6] for the two production mechanisms.

The major sources of systematic uncertainty in the final combination are presented in Tab.[09.4]and[9.5]
respectively for the low-mass and high-mass combinations at ms4 = 150 GeV and tan8 = 5.7 and
my = 350 GeV and tanB = 15. They are listed in a similar fashion as discussed in Sec. [8.4.2] ranking
from top to bottom in decreasing order of their post-fit impact on the fitted signal strength.
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Figure 9.5: Exclusion limits in the (/my4, tanG) plane of the MSSM obtained assuming the m;lr moa (eft) and my
(right) scenarios. The effect of the theoretical uncertainties is represented by the black lines surrounding the observed
limits, which are obtained by recomputing the observed exclusion after an upward and downward alteration of the
signal cross-sections. On the same plots the red and blue lines illustrate the contour of the (14, tan8) plane where
my, and my, respectively, assume the values indicated along the curves. The vertical dashed line at m4 = 200 GeV
in the plots illustrates the separation between the low-mass and high-mass combinations. While the low-mass
expected exclusion is always obtained for m, < 200 GeV and the high-mass one for m, > 200 GeV, the quoted
observed limit at the m4 = 200 GeV is considered to be the most stringent among the two different combinations,
which, in this case, comes from the low-mass analysis. The plots are taken from Ref. Im]
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Figure 9.6: Model-independent exclusion limits of the combined analysis. The limit on the bb annihilation
production mode, here called b-associated production, is shown on the left, while the one for the gluon-gluon
fusion production mode is on the right. The plots are taken from Ref. [T78].
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h/HJA — T,T; + TiepThaa at my = 150 GeV, tanf = 5.7

Systematic Uncertainty Relative Effect on 1 (%)
Lepton-to-tau mis-identification probability 14
TES 12
JES+JER 11
Electron reconstruction and identification 8.1
Backgrounds cross-sections and acceptances 7.5
Luminosity 7.4
Muon reconstruction and identification 7.2
b-tagging 6.6
Jet-to-tau mis-identification probability 6.2
Multi-jet shape and normalisation 6.1
Z — 11 embedding 53
Signal acceptance 2.0
Electron+muon trigger 1.5
Tau identification 0.8

Table 9.4: Relative impact of systematic uncertainties on the fitted signal strength for the low-mass combination.
The systematic uncertainties listed in the table do not always correspond to a single nuisance parameter in the fit
model as some systematic effects on [i are added quadratically. Here the point m4 = 150 GeV and tang = 5.7 has
been used. Values are taken from Ref. [T78§].

h/HJA — ThagThad + TlepThad at ma = 350 GeV, tang = 14

Systematic Uncertainty Relative Effect on i (%)
TES 15
Multi-jet shape and normalisation 9.8
Tau identification 7.9
Jet-to-tau mis-identification probability 7.6
Tau trigger 7.4
Backgrounds cross-sections and acceptances 6.6
Signal acceptance 4.7
Luminosity 4.1
Z — 71 embedding 1.2
Electron and muon identification 0.7

Table 9.5: Relative impact of systematic uncertainties on the fitted signal strength for the high-mass combination.
The systematic uncertainties listed in the table do not always correspond to a single nuisance parameter in the fit
model as some systematic effects on [ are added quadratically. Here the point m4 = 350 GeV and tang8 = 15 has
been used. Values are taken from Ref. [T78].
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Summary and Conclusions

The discovery of a resonance consistent with the Higgs boson predicted by the Standard Model of particle
physics was announced by the ATLAS and CMS experiments in July 2012 [[T1}[12]]. The discovery of this
particle, with a mass of my = 125.09 + 0.24 GeV, has started a new era in particle physics. While the
Higgs boson is one of the key elements to complete our picture of the fundamental constituents of matter,
many observations and open questions in the Standard Model suggest to push the investigation beyond
this theory. Measurements of the properties of the Higgs boson have been performed at the LHC and will
continue to be an important part of its future physics programme. These measurements are compatible
with predictions from extensions of the Standard Model proposed to address unsolved issues with the
theory. The model taken into account in this thesis is the Minimal Supersymmetric Standard Model,
where the Higgs sector is extended to include three neutral Higgs states 4, H and A, and two charged
states, H*. In the MSSM, the discovered particle could arise from the neutral Higgs sector.

In this thesis, the search for the neutral Higgs bosons predicted by the MSSM has been discussed,
which was performed with a data sample of Lj,; = 19.5 fb~! collected by the ATLAS experiment from
LHC proton-proton collisions at /s = 8 TeV. This search focuses on di-tau decays of these particles,
which offer a large branching ratio and a better separation from background compared to the dominant
decay into pairs of b quarks. For this thesis, the di-tau decay channel where both tau leptons decay
hadronically, h/H/A — TpadThad, Was studied. This decay channel offers a high branching ratio and is
part of a combined search in which also other decay channels of the tau leptons are considered. The
h/HJA — ThadThad channel has been shown to provide the best sensitivity for high masses of the Higgs
bosons, m4 = 350 GeV.

A fundamental requirement of the analysis is a good discrimination between the hadronic decay of a
tau and particle jets initiated by quarks or gluons. The jet background is very abundant in proton-proton
collisions, therefore discrimination techniques have been developed to help improve the separation
between the tau signal and the jet background. These techniques, based on multivariate algorithms, are
applied to both data and simulated events to identify hadronic tau decays. However, the identification
efficiency in the simulation might be mis-modelled. For this thesis, a method to calibrate the tau
identification efficiency for simulated events has been developed based on a fit to the tau track multiplicity
spectrum in data before and after identification. The identification efficiency measured by the fit is
then compared to the simulated one in order to derive correction factors provided as a function of the
pseudo-rapidity and the track multiplicity of the tau. Systematic uncertainties on the correction have
been estimated and are dominated by the model of the jet background in the fit. The fitting method
significantly improved the precision of the measured correction factors compared with the previous
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ATLAS measurement, lowering the total uncertainty from ~ 5% to ~ 2%. The correction factors provided
with this method helped reducing the uncertainty associated with the tau identification efficiency in all
searches featuring hadronic tau decays, particularly the one reporting evidence for di-tau decays of a
scalar boson consistent with the Higgs particle [5§].

The search discussed in this thesis greatly improved upon the sensitivity of previous ATLAS searches
inthe h/H/A — ThadThad channel [@] In the search, events are selected with topological and kinematic
requirements compatible with the di-tau decay of a heavy neutral resonance produced by bb annihilation
or gluon-gluon fusion production modes. Two categories are defined, where events are triggered by either
a single-tau or a di-tau trigger, with high and low pr thresholds, respectively, on the tau candidates. In
the single-tau-trigger category the signal acceptance is higher than in the di-tau-trigger category, due to
the trigger selection. In addition to this, it offers a better multi-jet rejection compared to the di-tau-trigger
category, due to the higher pr threshold.

The multi-jet background is the dominant one and is estimated with data in both categories. In the
single-tau-trigger category, a multi-jet control region offering a high number of multi-jet events is used.
The multi-jet contribution in the signal region is estimated by weighting events in this control region
using weights measured in data with a di-jet tag-and-probe selection. In the di-tau trigger category, three
control regions are defined for the measurement of the multi-jet 7" shape and normalisation in the signal
region.

Other contributions to the total background include Z/y* — 7r and W — tv+jets events. The
analysis is affected by the Z/y* — 77 background mainly due to its off-peak events away from the Z
resonance peak. Dedicated simulated samples are used to model the tail of the Z/y* — 77 invariant mass
distribution, which improves the statistical power for this background expectation with respect to an
on-peak simulation only. The W — tv+jets contribution is estimated using a weighting technique applied
to simulated fake tau candidates where simulated events are not rejected when failing tau identification,
but corrected using a weight measured from data in a W — uv + jets control region. This allows one to
conserve the statistical power of the simulated sample, while, at the same time, correcting the simulation
for a possible mis-modelling of the jet-to-tau mis-identification probability.

The sensitivity of the i/H/A — ThadThad channel dominates the combined search for high Higgs
masses, my = 350 GeV. The combined #/H/A — 71 search at ATLAS makes use of the combined
statistical power of the h/H/A — 7,7, and h/H/A — TjepThad channels. Mainly due to the contribution of
the h/H/A — ThadThad, the ATLAS exclusion limit in the (m4, tan8) plane is currently the most sensitive
in the high-mass region [[I78]]. Compared to the current CMS result [96], the ATLAS expected exclusion
is stronger by = 2% to ~ 20% for mass values from my = 400 GeV to myq = 1000 GeV. A similar
difference is seen in the observed exclusion limits. Even though the two fit models are not directly
comparable, as a different test statistic is used in the hypothesis test (cf. Sec.[3.3.1), the presented search
is still the most sensitive at high mass.

Many MSSM scenarios, proposed after the discovery of the new resonance, have been investigated in
the analysis. While the most conservative m,*** has become disfavoured after the measurements of the
Higgs mass of my ~ 125 GeV, it has nonetheless been considered in this thesis in order to allow for a
comparison with previous results. Less conservative scenarios, like m;’mo 4 and My ods however, while
being more compatible with the measured Higgs boson mass value, do not lead to an observed excess.
Also these new scenarios have been investigated.

Exclusion limits have also been set in a model independent way, providing an excluded cross-section
at 95% confidence level on the bb annihilation and the gluon-gluon fusion production modes of a
generic neutral resonance, ¢. The excluded cross-sections decrease with the value of the resonance
mass and are Texe (bb — ¢ — T7) = 4.2 pb and oexc1. (99 — ¢ — 17) = 6.8 pb at my = 170 GeV and
Texcl.(bb — ¢ — 17) ~ 9.2 fb and Texe1. (99 — ¢ — 77) = 10 fb at mg = 1000 GeV. These limits are of
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paramount importance to theorists who investigate new models and can probe new parameter spaces with
the excluded cross-sections.

Research is continuing at the ATLAS and CMS experiments after the start of Run-II at /s = 13 TeV.
The increase in the centre-of-mass energy opens up interesting prospects for the h/H/A — 77 search,
especially at high my4. In fact, background cross-sections will increase very roughly by a factor of =~ 3,
but production cross-sections for A and H will both increase by a factor in the range from = 2 to = 7 for
my = 100 GeV and my4 = 1000 GeV, respectively. The sensitivity of the combined #/H/A — 77 analysis
presented in this thesis is expected to be achieved already with L, ~ 5 fb~!, expected to be collected
within 2016. Given these projections, the high-mass region of the MSSM parameter space will be the
main focus of the new search, where the h/H/A — ThadThad channel will be the one with the dominant
sensitivity across the vast majority of the my4 range.

New prospects for tau lepton reconstruction will also be taken into account for future ATLAS searches.
An improved tau reconstruction is available in Run-II, taking into account the topological and kinematic
configuration of the hadronic tau decay products, which will particularly benefit tau identification and the
h/HJA — ThaqThad search. Thanks to this, searches for di-tau resonances will also have the possibility
to address spin correlations of the two tau leptons, especially in the channel where both taus decay
hadronically, due to the presence of only two neutrinos.

For future h/H/A — 17 searches, the interpretation of the results will be updated. The MSSM
phenomenological scenarios considered in this thesis will continue to provide a useful benchmark for
the presentation of final results, however, further scenarios have been proposed [[IT1]], which are less
dependent on assumptions on the next-to-leading-order MSSM parameters of the Higgs sector, and fix
the value of the mass of the lightest MSSM Higgs boson at the measured Higgs boson mass.

If no discovery is made in the next LHC runs, a significant portion of the available MSSM parameter
space will close. However, if signal of new physics, such as additional Higgs bosons, will be found,
our picture of the fundamental constituents of matter will significantly change, opening a new era of
scientific investigations.
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APPENDIX A

Tau Identification Variables

Below, the full list of variables utilised by the BDT algorithm used for tau identification is given. The
algorithm itself is described in Sec.[6.2]

Central energy fraction (fcent) : Fraction of the transverse energy in the central region (AR < 0.1) of

Thad—vis
AR;<0.1 EM
i
icfall cells}
= A.l
Jeent AR;<0.2 (A.1)
EM
2 Erj

Jje{all cells}

where 7 and j run over all cells associated with the candidate within the AR indicated in the formula
and computed with respect to the candidate axis. Here, the transverse energy is calibrated to the
EM-scale. This variable is utilised after a correction for pile-up, for pr(Thad-vis) < 80 GeV, by
adding Afeene = 0.003 Npy, where quality criteria are applied for the selection of primary vertices.
In Fig. [AT] the feen: distributions for 1-prong and 3-prong candidates are shown.
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Figure A.1: Central energy fraction for 1-prong (left) and 3-prong (right) Thaq-vis candidates. The plots are taken

from Ref. @]
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Leading track momentum fraction (firack) :

lead track

Pr

AR;<0.2 (A-2)

ftrack =
EEM

jefallcells)

where plTead track ¢ the highest-pr track of the Thaq-vis candidate in the core region. For 1-prong

candidates, this corresponds to the momentum attributed to the track compared to the total Thaq—vis
momentum, which is affected by the presence of neutral pions. This variable is corrected for
pile-up as the previous one, and its distributions for 1-prong and 3-prong candidates are shown in

Fig.[A7]
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Figure A.2: Leading track momentum fraction for 1-prong (left) and 3-prong (right) Thaq—vis candidates. The plots

are taken from Ref. .

Track radius (Ryack) : Distance between the Thaq—vis tracks and its axis. The variable is computed
using all tracks within the core and isolation regions, and weighting them with their pr.

ARi<0.4
2. PriAR;

ie{all tracks}

Rirack = AR <04 (A.3)
<0.

pr,j
Jje{all tracks}

The distributions are shown in Fig.[A.3]

Leading track dj significance (Sjeaq track) : Significance of the impact parameter of the leading track

in the core region
do

Slead track — % (A4)

where dj is computed with respect to the tau vertex, and dd is its uncertainty. The variable is only
considered for 1-prong candidates. The distributions are shown in Fig.[A4] (left).

Maximum AR (ARp,,x) : Maximum distance between a track in the core region and the Tpa4—vis direction.
Only 3-prong candidates are considered for this variable. The distributions are illustrated in Fig.[A4]

(right).
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Figure A.4: Left: impact parameter significance of the leading track. This variable is only used for 1-prong
candidates. Right: Maximum AR for 3-prong tau candidates. The plots are taken from Ref. [159].

Number of tracks in the isolation region (Nii‘;ck) : This variable is only used for 1-prong candidates.
Distributions are shown in Fig.[A.3]

Transverse flight path significance (S : Using only the tracks associated with the 7Th,q_vyis can-
didate in the core region, a new vertex is determined by combining the tracks into a fit. Its distance
in the transverse plane with respect to the tau vertex is called the decay length or flight path of the

flight
T )

flight L .
tau, LTlg . Its significance is
flight
flight
Soet = L (A5)
T flight
oLy

where (SL,?ight is the estimated uncertainty. This variable is only defined and used for 3-prong
decays. Distributions are shown in Fig. [A.6] (right).

Track mass (myack) : Invariant mass computed using the momenta of tracks in the core and isolation
regions, assuming a pion mass for each track. The variable is only used for 3-prong candidates and
is distributed as shown in Fig.[A.6] (right).

Track-plus-z’-system mass (1,0, ack) : Invariant mass of the tracks plus the contribution of 7°
mesons. The signal and background separation is illustrated in Fig.[A77]
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Figure A.7: Invariant mass of the track and 7° system for 1-prong (left) and 3-prong (right) Thaq_vis candidates. The
plots are taken from Ref. [I59].
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Number of 7 mesons (N,0) : The number of 7° mesons in the core region is used for all track
multiplicities of the tau decay. The distributions are in Fig. [A.§]
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Ratio of track-plus-z’-system py (p’T’0+tr“‘Ck /pt) : Ratio between the pr estimated using the track

and 7° information and the pr determined from the calorimeter only. The distributions are in

Fig.[A9]

" S
g 0'18? o Z,Z - 11, W - Tv (Simulation) E
> 0.16~ w Multi-Jet (Data 2012) =
© 0.14F . =
= r . =
% %12F p>15Gev, pl< 25 s=8Tev 1
_1; |

% ATLAS - ° 1track 1
0.08F- 3
0.06 . . =
0.04F =

= - |

0'025 - .. ]
5*02""04 06 08 1 12 14 ot

TO+track /
pr P,

8

Arbitrary Units

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

oO

e 7,7 - 11, W - 1V (Simulation)
= Multi-Jet (Data 2012)

ATLAS {s=8TeV

[, THR RETH NNE FEEE ETTL EET A F AT A

P> 15GeV, |nj< 2.5 .
-
-
3-track ..t. .,
e ® ..
-
- - .
-'.. o’ e ..o
ant" " o ....Ir-...
. *® e,
02 04 06 08 1 12 14 16 8

TP+track /
pr P,
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APPENDIX B

Light Leptons Identification

As described for jets in Sec.[6.2] dedicated algorithms are used to separate tau candidates from electrons
or muons, which are described respectively in Sec.[B.0.1]and [B.0.2} In Sec. [B.I} the measurement for the
electron veto correction factors is described.

B.0.1 Electron Veto

After jet suppression, depending on the analysis, a yet large background contamination could be present
for 1-prong Tpa4-vis candidates which can be mimicked by electrons. Several variables are combined
into a BDT, which rely on the information collected by the TRT and the calorimeter. The ratio of
high-threshold to low-threshold hits in the TRT is typically higher for electrons than it is for the charged
pions from the tau decay. The angular distance between a track and the calorimeter-based direction of the
Thad—vis tends to be smaller for electrons. The ratio of the energy deposited in the EM calorimeter to the
energy in the EM plus HCAL sections (electromagnetic fraction, fgm) is also higher for the background.
Also, the amount of energy leaking into the HCAL is used as a measurement of the longitudinal shower
shape, and the ratio of the energy deposited in the region 0.1 < AR < 0.2 to the energy in the entire
core region is used, which depends on the transverse development of the shower, which is narrower for
electrons. Different BDT algorithms are used depending on the pseudo-rapidity, as the available set of
variables depends on 7, due to the limited coverage of the TRT system, and the reduced discriminating
power of subset of variables in certain regions of the detector, which are dropped.

The signal and background efficiencies are determined by using simulated Z — 77 and Z — ee events,
respectively. The signal efficiency is defined by selecting reconstructed 1-prong candidates identified
with the loose working point of the jet discrimination, and matched to the simulated tau within AR < 0.2.
The background efficiency is measured with respect to reconstructed electrons matched to simulated
ones within AR < 0.2. Both signal and background objects are selected above pr = 20 GeV. Signal
efficiencies of = 75%, 85% and 95% are provided respectively by the tight, medium and loose working
points. The inverse background efficiency as a function of the signal efficiency is shown in Fig. [B-1] for
the different regions in pseudo-rapidity.

B.0.2 Muon Veto

Muons are unlikely to fake a tau, as they typically deposit very little energy in the calorimeter. However,
a sufficiently energetic cluster might be incorrectly associated with a muon track, and together be mis-
identified as a Tpag—vis With one associated track. On the other hand, low energetic muons can lose
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Figure B.1: Inverse background efficiency as a function of the signal efficiency for the electron veto algorithm.
Simulated Z — 771 events are used to measure the signal efficiency and Z — ee events for the background one. The
plot is taken from Ref. [I59].

significant energy in the calorimeter and be stopped in its volume, or lead to badly reconstructed tracks
in the MS. Finally, inefficient regions in the MS will provide no track outside the calorimeter, making the
standard muon reconstruction to fail. All these cases make the standard muon reconstruction inefficient
and not suitable to reject the muon background. A muon veto has been developed, which is based on
the definition of variables sensitive to the mentioned cases. Muons with high energy deposited in the
calorimeter predominantly lead to showers in the HCAL, leading to low fgym values. For those muons
the momentum estimated from the track is usually higher than the energy deposit, leading to high fiack
values, which is also true for clusters incorrectly assigned to a muon track. Finally, muons with very
low momenta, which are stopped in the first few layers of the calorimeter, might fake a Thaq_vis if their
energy deposit overlaps with other clusters, and are therefore characterised by high fgy and lower fipack.
A simple selection on fgm and fiack 1S used to discriminate tau leptons and muon fakes. Efficiencies are
determined by using simulated Z — 77 events for the signal and Z — pu events for the background. In
Fig.[B2] the distribution of fgy for the signal and the background is shown. The efficiency achieved is
better than 96%, with a corresponding reduction of muon fakes of = 40%.

B.1 Electron Veto Efficiency in Data

Similarly to what already described in Sec.[6.4] the efficiency of the electron veto algorithm has to be
measured in data using a Liy; = 20.1 fb~! sample collected at /s = 8 TeV. A tag-and-probe selection of
Z — ee events is used in this case, where the tag and the probe are found in opposite hemispheres of
the detector. The probe is required to have only one track associated with it and reconstructed as a tau,
while the tag has to pass electron identification. To suppress the Z — 77 background, tag electrons must
have p%. > 35 GeV. Finally, probe electrons are required to not overlap geometrically with an identified
electron. Different levels of jet discrimination are tested in correspondence to the different electron
veto algorithms. Efficiencies in data are measured in different intervals of the Tpa4-vis pseudo-rapidity
by counting the number of reconstructed tau leptons before and after applying the veto. Background
processes include Z — 77, W — ev and 7. These backgrounds are subtracted and are estimated using
the simulation renormalised in dedicated control regions, with the exception of the multi-jet background
which is estimated from data in a control region where the tag and the probe have the same electric charge,
after subtracting the other contributions. The scale factors are measured comparing the efficiency in data
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Figure B.2: Distributions of the electromagnetic fraction of 1-prong tau candidates used for the muon veto algorithm.
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The distributions are obtained after removing candidates that overlap with a reconstructed muon. The plot is taken

from Ref. || .

and the one measured from Z — ee events. Scale factors are close to unity and have uncertainties in the
range 8 — 30%, getting larger with the tightness of the working point and are driven by the statistical
component. In Fig.[B3] distributions are illustrated for the number of probe electron fakes selected
before the electron veto (left) and after (right). More details about this measurement can be found in

Ref. 159} [T60].
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Figure B.3: Left: visible mass distribution of the tag and probe electrons before electron veto is applied. Right:
pseudo-rapidity distribution of the probe electron after the loose working point of the electron veto algorithm.
Medium tau identification is applied in both cases. The backgrounds labelled as others correspond to Z — 77, tf
and multi-jet events. The distributions are obtained using the loose working point of the tau identification algorithm.
The uncertainty indicated only includes the statistical component. The plots are taken from Ref. [@]}
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ApPENDIX C

Results of Tau Identification Efficiency in Data

In this section, the tables summarising the results for the mesurement of the tau identification efficiency
scale factors are presented, for the Z — 7,,Thq channel, in Tab.[C.T} the Z — 7,Thaq channel, Tab.[C.2]
and their combination, Tab.[C.3} The measurement has been discussed in Sec. [6.4]

Inclusive ID Efficiency SF =+ syst .+ stat.
zZ - TuThad
Overall Barrel End-cap

Loose 1.001 £2.5% £ 1.3% 0993 £2.7% + 1.8% 1.000 + 2.6% + 2.8%
Medium 0970 +24% £ 1.5% 0973 +2.9% +1.9% 0.947 +2.5% + 2.6%

Tight 0.895£27% +£19% 0930+33% +£2.1% 0904 +2.4% +2.6%

Table C.1: Summary of the results for the measurement of the tau identification efficiency scale factors in data in
the Z — 7,Thaq channel. The table is illustrating the results for inclusive track multiplicities. Measurements are

presented for the overall pseudo-rapidity region, the barrel and the end-cap.

Inclusive ID Efficiency SF =+ syst .+ stat.
Overall Barrel End-cap
Loose 1.056 £2.0% +1.5% 1.040 £2.2% +1.6% 1.001 +4.4% +1.9%
Medium  0.996 +33% £ 1.7% 0949 £45% +1.9% 0.960 +£2.7% + 2.4%
Tight 0954 £4.8% +2.3% 0980 +55% +£2.6% 0911 +59% +4.0%

Z = T¢Thad

Table C.2: Summary of the results for the measurement of the tau identification efficiency scale factors in data in
the Z — 7,7, channel. The table is illustrating the results for inclusive track multiplicities. Measurements are

presented for the overall pseudo-rapidity region, the barrel and the end-cap.
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Appendix C Results of Tau Identification Efficiency in Data

L. Inclusive ID Efficiency SF + syst .+ stat.

Combination
Overall Barrel End-cap

Loose 1.033 £2.0% +1.0% 1.021 +2.1% +1.2% 1.000 +2.9% + 1.6%

Medium 0979 £2.1% £ 1.1% 0.966 +2.8% + 1.3% 0.954 +2.2% + 1.8%

Tight 0907 £2.6% +£1.5% 0941 £3.0% +1.6% 0.905 +2.4% +2.2%

Table C.3: Summary of the results for the measurement of the tau identification efficiency scale factors in data for
the combination between the Z — 7,7,4 and Z — 7,Thaq channels. The table is illustrating the results for inclusive
track multiplicities. Measurements are presented for the overall pseudo-rapidity region, the barrel and the end-cap.
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APPENDIX D

Cross-sections and Simulated Samples for the
h/H/A —> ThadThad analysis

This section illustrates details regarding the simulated samples used for the i/ H/A — ThadThad s€arch.
Tables are presented summarising the cross-section of the different processes, multiplied by the branching
ratio of the final state previous to the hadronic decay of the tau leptons. The effective luminosity of the
samples used is also reported which is defined as

Nwmc
Leg. = m (D.1)
where Nyc is the number of generated events in the simulation, o X BR the cross-section of the process
up to the final state and &gy, the efficiency of the filter applied to the generator to select a particular final
state.
In Tab. D1} D.2] [D-3]and [D-4] details about all simulated background processes are presented, while in
Tab. [D.5] details about the signal simulation are illustrated. Signal cross-sections depend on tang and are
illustrated from Tab. to for the m;™* scenario.
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Appendix D Cross-sections and Simulated Samples for the h/ H/A — TpadThad analysis

Sample o xBR[pb] &her Leg.[fb™']  Generator

Z/y* — 71 (inclusive) 878.04 1 17.08 Pythia
Zly* — 17 (180 GeV < m,, < 250 GeV) 1.25 1 120.14 Pythia
Zly* — 17 (250 GeV < m,, < 400 GeV) 0.44 1 343.97 Pythia
Zly* — 17 (400 GeV < m,, < 600 GeV) 0.07 1 20.89 x 10> Pythia
Zly* — 17 (600 GeV < m,, < 800 GeV) 0.01 1 1226 x 10>  Pythia
Z/y* — 17 (800 GeV < m,, < 1000 GeV)  3.07 x 1073 1 47.19x 10>  Pythia
Z/y* — 7t (1000 GeV < m; < 1250 GeV)  1.07 x 1073 1 13.53 x 10*  Pythia
Z/y* — 17 (1250 GeV < m; < 1500 GeV)  3.00 x 10~ 1 50.04x10* Pythia
Z/y* — 17 (1500 GeV < m; < 1750 GeV)  9.52x 1073 1 1576 x 10°  Pythia
Z/y* — 1t (1750 GeV < m; < 2000 GeV)  3.26 x 1073 1 46.00 x 10°  Pythia
Z/y* — 17 (2000 GeV < m,; < 2250 GeV)  1.19x 1073 1 12.64 x 10°  Pythia
Z/y* — 17 (2250 GeV < my < 2500 GeV)  4.46 x 107° 1 33.66x10° Pythia
Z[v* — pu (inclusive) 990.00 1 10.09 PowHeg
Zly* — puu (180 GeV < my, < 250 GeV) 1.57 1 63.59 PowHeg
Zly* — pu (250 GeV < my, <400 GeV) 0.55 1 181.90 PowHeg
Zlv* — pup (400 GeV < my,, < 600 GeV) 0.10 1 10.34 x 10> PowHeg
Zlv* — pup (600 GeV < my,, < 800 GeV) 0.02 1 66.23 x 10>  PowHeg
Z/y* — pp (800 GeV < my, < 1000 GeV)  3.75x 1073 1 26.67x 10  PowHeg
Z/y* — pp (1000 GeV < my,, < 1250 GeV)  1.29 x 1073 1 7726 x 10°  PowHeg
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Z/y* — pp (1250 GeV < my,, < 1500 GeV)  3.58 x 107 27.96 x 10*  PowHeg
Zly* — pp (1500 GeV < my,, < 1750 GeV)  1.12x 107 88.96 x 10*  PowHeg
Zly* — pp (1750 GeV < my, <2000 GeV)  3.84x 107 26.05x10°  PowHeg
Z/y* — pp (2000 GeV < my,, < 2250 GeV)  1.39 x 107 71.99 x 10°  PowHeg
Z/y* — pp (2250 GeV < my,, < 2500 GeV)  5.23x107° 19.10 x 10°  PowHeg
Z/y* — ee (inclusive) 1109.80 9.01 PowHeg

Z/y* — ee (180 GeV < m,, < 250 GeV) 1.57 63.65 PowHeg
Z]y* — ee (250 GeV < m,, < 400 GeV) 0.55 182.08 PowHeg
Z|y* — ee (400 GeV < m,, < 600 GeV) 0.10 10.35x 10>  PowHeg
Z[y* — ee (600 GeV < m,, < 800 GeV) 0.02 66.22 x 10? PowHeg
Z/y* — ee (800 GeV < m,, < 1000 GeV)  3.75x 1073 26.67x 10>  PowHeg
Z/y* — ee (1000 GeV < m,, < 1250 GeV) 129 x 1073 7734 % 10>  PowHeg
Z/y* — ee (1250 GeV < m,, < 1500 GeV)  3.58 x 107 27.93x 10*  PowHeg
Zly* — ee (1500 GeV < m,, < 1750 GeV) 1.12x 107 84.15 x 10* PowHeg
Z/y* — ee (1750 GeV < m,, <2000 GeV)  3.84 x 1073 26.05x 10°  PowHeg
Z/y* — ee (2000 GeV < m,, < 2250 GeV)  1.39x 107 7199 x 10°  PowHeg
Z/y* — ee (2250 GeV < m,, < 2500 GeV)  5.23 x 107° 19.13x 105  PowHeg

Table D.1: Summary of cross-sections and effective luminosities for the simulated Z/y* — Il samples. The k-factors,
not reported in the table, are mass dependent as illustrated in Sec. [7.2.2]
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Sample o xBR[pb]  &qper k-factor  Leg [fb7']

W — v+ > 1 b—jet (p%v > 0 GeV) 11000.00 0.012 1.10 102.80

W — v+ > 1 c—jet (p%v > 0 GeV) 11000.00 0.048 1.10 17.21

W — v+ > 1 light jet (p?’ > 0 GeV) 11000.00 0.940 1.10 3.51
W — v+ > 1 b—jet (70 GeV < p%V < 140 GeV) 250.60 0.046 1.10 157.92
W — v+ > 1 c—jet (70 GeV < p‘T'V < 140 GeV) 250.60 0.199 1.10 54.72
W — v+ > 1 light jet (70 GeV <p¥/ < 140 GeV) 250.60 0.755 1.10 24.03
W — v+ > 1 b—jet (140 GeV < pTW < 280 GeV) 31.16 0.063 1.10 462.38
W — lv+ > 1 c—jet (140 GeV < p‘T’V < 280 GeV) 31.16 0.220 1.10 264.84
W — Iv+ > 1 light jet (140 GeV <p‘T” < 280 GeV) 31.16 0.716 1.10 81.48
W — v+ > 1 b—jet (280 GeV < p%v < 500 GeV) 1.84 0.083 1.10 595.92
W — v+ > 1 c—jet (280 GeV < p¥V < 500 GeV) 1.84 0.233 1.10 425.22
W — v+ > 1 light jet (280 GeV <p¥’ <500 GeV) 1.84 0.684 1.10 361.69
W — v+ > 1 b—jet (p?’ > 500 GeV) 0.10 0.100 1.10 894.89
W — v+ > 1 c—jet (p%v > 500 GeV) 0.10 0.242 1.10 368.22
W — Iy+ > 1 light jet (pXY > 500 GeV) 0.10 0.660 1.10 675.60

Table D.2: Summary of cross-sections and effective luminosities for the simulated W — Iy + jets samples. All
charged leptons are considered in the final state. All processes are simulated with Sherpa.

Sample o XBR [pb]  &gier k-factor L. [fb-!1] Generator
t(fully-hadronic final state) 238.06 0.457 1 11.03 MC@NLO
tf(non-fully-hadronic final state) 238.06 0.543 1 115.99 MC@NLO
single-top: s-channel W — Iy 0.61 1 1 329.87 MC@NLO
single-top: t-channel W — Iy 9.48 1 1 31.65 AcerMC
single-top: Wt 22.37 1 1 89.38 MC@NLO

Table D.3: Summary of cross-sections and effective luminosities for the simulated samples of the top quark
bakcground.

Sample o XBR[pb]  &fer k-factor  Leg [fb7]

WW inclusive 53.90 0.382 1 121.12
ZZ7 inclusive 7.32 0.212 1 161.36
WZ inclusive 22.30 0.305 1 146.78

Table D.4: Summary of cross-sections and effective luminosities for the simulated samples of the di-boson
background. All processes are modelled with Herwig.
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Appendix D Cross-sections and Simulated Samples for the h/ H/A — TpadThad analysis

malGeV] bb—¢ 94 = ¢
Nmc  &Efier k-factor  Nymc &her  k-factor
170 50000 1 1 50000 1 1
200 50000 1 1 49999 1 1
250 39999 1 1 50000 1 1
300 50000 1 1 50000 1 1
350 50000 1 1 49999 1 1
400 50000 1 1 49999 1 1
450 49999 1 1 50000 1 1
500 50000 1 1 50000 1 1
600 50000 1 1 50000 1 1
700 50000 1 1 50000 1 1
800 50000 1 1 49998 1 1
900 50000 1 1 50000 1 1
1000 50000 1 1 50000 1 1

Table D.5: Number of generated events in the simulation for each of the dominant production mechanisms of the
A boson in the MSSM. The table also shows the filter efficiency egyer and the k-factor featured in the simulation,
always unitary for the signal samples. The bb — ¢ and gg — ¢ mechanisms are respectively modelled with
Sherpa and Pythia.
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m,™* scenario, tan3 =5  Mass [GeV] o(bb — ¢)xBR(¢p — 10)[fb] (g9 — ¢)xBR(¢p — 77)[fb]

A 170.0 153.03 +1368 73.25 +1905
H 178.4 75.03 *956, 197.81 3334
h 120.2 131.83 +1337 1400.70 17709
A 200.0 63.00 75, 35.30 H478
H 205.9 48.50 +692 95.56 *1978
h 122.4 72.28 +1062 1439.59 *1709
A 250.0 14.69 *18 13.49 #1733
H 254.1 17.78 +318 31.06 381

h 123.9 40.49 #3391 1383.95 +197-33
A 300.0 2.63 03 4.80 1383

H 303.3 5.16 *984 10.12 12

h 124.6 29.43 429 1322.34 +13391
A 350.0 0.63 008 4.94 1333

H 352.6 1.75 022 5.16 38

h 124.9 2425 333 1277.58 *133%
A 400.0 0.32 +0.04 225 %%

H 401.9 0.62 008 2.28 4026

h 125.1 21.34 4319 1246.16 11335
A 450.0 0.16 *4Q2 1.07 +0.13

H 451.4 0.19 +003 0.73 *5.38

h 125.3 19.50 283 1223.58 111543
A 500.0 0.09 49! 0.54 1387

H 501.2 0.09 001 0.32 +0.03

h 125.4 18.19 #26 1207.13 *13567
A 600.0 0.03 *00 0.14 +902
H 601.2 0.03 090 0.09 =51

h 125.5 16.62 241 1185.05 #1173
A 700.0 0.01 *4%9 0.05 00!

H 701.0 0.01 090 0.03 £330

h 125.6 15.87 1230 1170.54 *1365
A 800.0 0.00 090 0.02 £330
H 800.8 0.00 *4: 0.01 250

h 125.6 15.48 223 1160.58 13244
A 900.0 0.00 *4: 0.01 3§
H 900.7 0.00 *9:9 0.01 250

h 125.6 15.24 22! 1153.41 *13739
A 1000.0 0.00 00 0.00 +4:99
H 1000.5 0.00 0 0.00 +4:%

h 125.7 15.08 212 1148.13 +1306

Table D.6: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;"™

scenario and tan8 = 5. The masses of the three states are also reported.
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Appendix D Cross-sections and Simulated Samples for the h/ H/A — TpadThad analysis

m,** scenario, tan8 = 10 Mass [GeV]

o(bb — @)XBR(¢p — 77)[fb]

o(gg — ¢)XBR(¢ — 77)[fb]

A 170.0 746.46 +9598 218.44 1355
H 172.6 623.96 *8%15 403.95 35,87
h 127.2 156.96 2263 1423.89 +179-34
A 200.0 368.30 4388 78.34 +1147
H 201.7 359.43 +4476 173.53 *33:13
h 128.0 72.48 *1042 1382.76 16339
A 250.0 125.63 *1343 17.99 +23)
H 251.2 148.67 *}8.23 56.07 76}

h 128.5 37.04 433} 1267.97 *13333
A 300.0 36.15 31 4734079
H 301.0 56.64 1793 19.74 #3581

h 1287 26.08 374 1184.91 *1%4%5
A 350.0 11.54 +148 5.46 *02

H 350.7 20.77 +2¢ 8.25 {7

h 128.8 21.17 398 1130.71 *{3795
A 400.0 5.56 4073 3.05 042

H 400.3 8.56 *1-12 3.42 +049

h 1288 18.46 *264 1094.33 * 13983
A 450.0 2.81 +038 1.55 +0:24
H 450.1 3.06 +042 1.09 #3145

h 1289 16.77 249 1068.92 *13;:33
A 500.0 1.50 +921 0.80 *012

H 500.1 1.41 +429 0.44 *003

h 1289 15.56 223 1050.76 *133:35
A 600.0 0.43 007 0.21 #4003
H 600.3 0.43 006 0.10 *301

h 1289 14.07 #292 1026.99 "33
A 700.0 0.16 *003 0.07 *3:01

H 700.2 0.16 *003 0.03 *300

h 129.0 13.43 £1:92 1011.94 *13943
A 800.0 0.07 001 0.03 +009
H 800.1 0.07 *90!1 0.01 3%

h 129.0 13.14 +188 1001.96 11833
A 900.0 0.03 +001 0.01 *§:0
H 900.1 0.03 04! 0.00 *300

h 129.0 12.96 186 994.81 11847
A 1000.0 0.02 +9:00 0.01 £3:99
H 1000.0 0.02 00 0.00 *§00

h 129.0 12.84 +1.84 989.73 +}1146

Table D.7: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;™
scenario and tan8 = 10. The masses of the three states are also reported.
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m,** scenario, tan = 20  Mass [GeV]

o(bb — @)XBR(¢p — 77)[fb]

o(gg — ¢)XBR(¢ — 77)[fb]

A 170.0 2987.58 38414 1021.10 #1353
H 170.7 2866.59 36227 1146.05 *{$29]
h 129.4 175.11 #3593 1499.65 *{§ 5
A 200.0 1598.55 +19%:14 409.77 *$503
H 200.5 1592.84 +19853 488.97 *19-23
h 129.7 75.11 +1073 1402.27 17148
A 250.0 633.74 +7796, 107.75 +}$1¢8
H 250.4 661.51 *81.2 147.94 3331
h 129.8 37.23 #5331 1252.45 13900
A 300.0 259.52 4323 30.42 *40
H 300.4 296.63 +3¢82 53.23 +8%

h 129.8 25.98 +371 1156.39 *}3890
A 350.0 105.27 +1347 11.25 739
H 350.2 133.45 1657 21.25 +339

h 129.9 21.00 399 1096.17 *1398)
A 400.0 52.84 +6%9 6.79 129

H 399.9 64.56 *$47 8.56 +123

h 129.9 18.26 *26} 1056.71 13345
A 450.0 27.94 383 3.53 +0.67
H 449.8 29.12 +3:96 3.10 334

h 129.9 16.57 +3:3¢ 1029.43 +12247
A 500.0 154138 1.85 #9033
H 499.8 14.79 +38 1.27 17

h 129.9 15.34 4219 1010.07 +{3965
A 600.0 4.88 +074 0.52 *310
H 600.0 4.84 073 0.28 *003

h 129.9 13.69 #19 985.30 111§
A 700.0 1.88 +031 0.18 +004
H 700.0 1.88 031 0.08 *001

h 129.9 13.10 *187 969.60 *113%
A 800.0 0.82 *014 0.07 +001

H 799.9 0.81 014 0.03 +009

h 129.9 12.93 +184 958.95 11377
A 900.0 0.38 #0407 0.03 +001
H 899.9 0.38 +0.97 0.01 *3:0

h 129.9 12.82 +183 951.72 *115:28
A 1000.0 0.19 +004 0.01 £5:99
H 999.9 0.19 004 0.00 +009

h 129.9 12.74 +182 946.41 {1558

Table D.8: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;"™

scenario and tanf = 20. The masses of the three states are also reported.
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Appendix D Cross-sections and Simulated Samples for the h/ H/A — TpadThad analysis

m,** scenario, tanB = 30 Mass [GeV]

o(bb — @)XBR(¢p — 77)[fb]

o(gg — ¢)XBR(¢ — 77)[fb]

A 170.0 6738.89 55547 2394.87 +33443
H 170.3 6610.61 +$5307 2428.56 3343
h 130.0 185.48 *3646 1568.07 +197:40
A 200.0 3650.62 +$33.71 987.46 +14379
H 200.2 3641.86 *3400 1032.64 +15280
h 130.0 78.00 1112 1438.48 +175:86
A 250.0 1488.29 +153.98 27553 4%
H 250.2 1515.12 +18602 308.41 +4797
h 130.1 38.35 +341 1265.46 +13236
A 300.0 660.03 *%%1 88.03 ¥134}
H 300.3 697.11 *§5, 110.40 +17.17
h 130.1 26.70 +38} 1159.59 +13881
A 350.0 295.95 +31%] 31.11 #5339
H 350.1 334.69 425 44.29 +199

h 130.1 21.57 3% 1094.61 *+13065
A 400.0 153.50 3939 16.10 *3:9
H 399.9 171.50 3259 18.55 +3:94

h 130.1 18.74 +267 1052.45 *123:39
A 450.0 83.76 *1148 8.06 *1-590
H 449.7 85.91 +1147 7.55 112

h 130.1 16.99 +3:42 1023.40 +124.79
A 500.0 47.55 4678 4.16 +079
H 499.7 46.38 53 3.36 103

h 130.1 15.71 3% 1003.07 +119:2¢
A 600.0 16.20 347 1.19 %3

H 599.9 16.13 +3:4 0.84 +0-13

h 130.1 13.85 197 977.37 +11$%
A 700.0 6.48 *1.05 0.40 £008
H 699.9 6.47 *106 0.26 *0:04

h 130.1 13.30 +1:39 960.99 *114:93
A 800.0 2.86 *9%0 0.16 +003
H 799.8 2.85+031 0.09 +3:92

h 130.1 13.23 18 949.70 *11271
A 900.0 1.36 933 0.07 31
H 899.8 1.35 +03¢ 0.03 301

h 130.1 13.19 +188 942.07 +14181
A 1000.0 0.68 *o1¢ 0.03 31
H 999.8 0.67 *313 0.01 *9:00

h 130.1 13.14 £387 936.65 1447

Table D.9: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;"™
scenario and tanB = 30. The masses of the three states are also reported.
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m,** scenario, tan = 40 Mass [GeV]

o(bb — @)XBR(¢p — 77)[fb]

o(gg — ¢)XBR(¢ — 77)[fb]

A 170.0 12032.50 +1347.11 4338.33 #4718
H 170.2 11895.23 *1333.57 4246.74 *01522
h 130.2 194.87 +27.71 1636.73 #3993
A 200.0 6541.44 *85L90, 1805.31 38399
H 200.2 6529.03 +81397 1802.33 +388-20
h 130.3 81.03 +1133 1478.19 *15835
A 250.0 2691.04 +331.93 514.74 1884
H 250.2 2716.67 33332 535.45 8330
h 130.3 39.61 364 1282.49 *344
A 300.0 1226.08 *13283 17231 1383}
H 300.2 1259.90 *13637 191.14 #3942
h 130.3 27.53 392 1167.00 #1373
A 350.0 575.35 +3:63 63.08 *1033
H 350.0 620.67 *1899 77.04 *1346
h 130.3 2222 4311 1097.54 +13493
A 400.0 303.59 +4943 30.59 *33]
H 399.8 325.95 +4276 33.05 338

h 130.3 19.29 #27 1052.67 *133:4)
A 450.0 168.47 +23.09 15.05 34
H 449.6 171.58 +33:3) 14.33 1336

h 130.3 17.48 +249 1022.12 *133:93
A 500.0 97.22 +1381 773 44
H 499.6 95.79 *1349 6.70 *1-13

h 130.3 16.13 ¥23¢ 1000.88 *112-45
A 600.0 34.63 +32] 224 38
H 599.8 34.56 34 1.79 *034

h 130.3 14.05 299 974.18 *113%
A 700.0 14.16 ¥33 0.77 313
H 699.7 14.16 123 0.57 *310

h 130.3 13.54 +1.93 957.01 *}1333
A 800.0 6.35 +1-10 0.30 *:9
H 799.7 6.34 +113 0.21 ¥304

h 130.3 13.58 *1:93 945.40 *1{33t
A 900.0 3.05 #0357 0.12 #5003
H 899.6 3.03 H0% 0.08 +002

h 130.3 13.60 +194 937.38 1443
A 1000.0 1.54 +031 0.06 *001

H 999.6 1.52 033 0.04 01

h 130.3 13.59 £33 931.73 *{og 8

Table D.10: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;"™

scenario and tanf = 40. The masses of the three states are also reported.
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Appendix D Cross-sections and Simulated Samples for the h/ H/A — TpadThad analysis

m,** scenario, tan = 50  Mass [GeV]

o(bb — @)XBR(¢p — 77)[fb]

o(gg — ¢)XBR(¢ — 77)[fb]

A 170.0 18915.99 +243217 6867.31 +73:94
H 170.1 18774.34 342076 6617.88 +308:39
h 130.4 204.44 212 1708.44 +3159¢
A 200.0 10294.72 +12824¢ 2868.57 1374
H 200.1 10281.58 +1281.80 2803.32 *§38 31
h 130.4 84.16 +11.9 1519.33 H18350
A 250.0 4250.29 +32283 825.87 *15}13
H 250.1 4276.17 3252 830.55 *{3} 82
h 130.4 40.89 +382 1300.57 *{3548
A 300.0 1959.23 24431 282.46 14
H 300.2 1989.50 24692 295.94 73543
h 130.4 28.35 404 1175.46 *1398}
A 350.0 941.47 +12047 106.11 *}7-3%
H 350.0 992.33 +126.15 119.60 +1343
h 130.4 22.87 +3%6 1101.38 13438
A 400.0 501.43 +66.2 49.94 837
H 399.7 527.62 *§920 52.03 821

h 130.4 19.82 +282 1054.02 *133:65
A 450.0 280.88 *38-30 24.38 439
H 4495 285.20 3874 23.34 +321

h 130.4 17.95 #2:36 1021.83 *135-19
A 500.0 163.67 3325 12.50 +338
H 499.5 162.30 +228¢ 11.22 4192

h 130.4 16.53 233 999.57 *1ieas
A 600.0 59.85 Ll 3.66 *9.70
H 599.7 59.89 397 3.11 %938

h 130.4 14.23 203 972.08 *1131
A 700.0 24.85 494 1.26 ¥033
H 699.6 24.88 +49] 1.02 *338

h 130.4 13.75 +1:8 954.30 *11339
A 800.0 11.25 +19 0.49 +010
H 799.5 11.24 #2990 0.38 *008

h 130.4 13.90 +198 942,09 +111.89
A 900.0 5.43 +101 0.20 £992
H 899.4 5.41 105 0.16 =393

h 130.4 13.99 *1.99 933.85 +11094
A 1000.0 2.76 *0:3 0.09 +002
H 999.4 2.73 +03 0.07 +001

h 130.4 14.01 *3%9 927.97 11923

Table D.11: Cross-sections for the production and decay of A, H and £ in the di-tau final state assuming the m;™
scenario and tanB = 50. The masses of the three states are also reported.
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APPENDIX E

Summary Tables of the h/H/A — ThaqThad
Analysis Results

Pre-selection pT(Tlead/sub—lead) > 50 GeV OppOSite'Sign |A¢(Tleady Tsub—lead)l > 2.7

bb — A (tang = 20)

my =170 GeV 40006 + 44 2253 +41 2129 + 39 1705 + 35
my =200 GeV 3153 +£29 1943 + 27 1835 +27 1512 + 24
my = 250 GeV 1722 £ 15 1132+ 15 1066 + 14 905 + 13
my =300 GeV 836 +59 572.8 £6.1 5416 +5.9 466.4 +5.5
my =350 GeV 3772+25 257.6 £2.6 2434 +25 213.8+2.3
my =400 GeV 2049 +1.3 1438+ 1.4 1348 +1.3 1193+1.2
my = 450 GeV 112.60 + 0.71 77.89 +0.73 73.3+0.71 65.73 + 0.67
my = 500 GeV 63.98 +0.40 44.45 £ 0.41 41.73 £0.39 37.58 £0.38
my = 600 GeV 20.95 +0.13 14.67 +0.13 13.67 +0.13 12.50 £ 0.12
my =700 GeV 8.160 £ 0.050 5.726 + 0.051 5.338 +0.049 4.906 + 0.047
my = 800 GeV 3.526 +0.022 2.469 +0.022 2.270 + 0.021 2.104 £ 0.020
my = 900 GeV 1.5478 + 0.0082 1.1467 + 0.0091 1.0543 + 0.0087 0.9852 + 0.0084
my = 1000 GeV 0.7445 + 0.0045 0.5489 + 0.0049 0.5020 + 0.0048 0.4675 + 0.0046

Table E.1: Event yields for the bb — A signal after pre-selection and the application of topological and kinematic

requirements as discussed in Sec. [7.3.T]and[7.3.2] respectively. The table includes the statistical uncertainty. The
cross-section used to normalise the signal corresponds to tang = 20 in the n,* scenario.
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Appendix E Summary Tables of the h/ H/A — ThadThad Analysis Results

Pre-selection

pT(T]ead/sub—]ead) > 50 GeV

Opposite-sign

|A¢(T]ead, Tsub—]ead)l > 2.7

gg — A (tang = 20)

my =170 GeV 1446.18 £ 15.5 837.0+14.4 752.5+13.7 449.8 +10.6
my = 200 GeV 789.6 +7.2 489.8 +7.0 4488 +£6.7 2943 +5.4
my = 250 GeV 291.7+22 191.0+2.2 176.5+2.2 1250+ 1.8
my = 300 GeV 97.5+0.7 66.53 +0.71 61.71 £0.68 46.62 £ 0.59
my =350 GeV 40.15 +0.27 28.02 +0.27 25.99 +0.26 20.47+0.23
my =400 GeV 25.85+0.17 18.07 £ 0.17 16.76 + 0.17 13.65 +0.15
my =450 GeV 14.135 £ 0.090 9.961 +0.093 9.294 + 0.089 7.72 +0.081
my = 500 GeV 7.644 +0.048 5.428 +0.049 5.034 +£0.048 4.209 + 0.044
my = 600 GeV 2.185+0.013 1.561 +0.014 1.561 +0.014 1.232 £ 0.012
my =700 GeV 0.7632 + 0.0047 0.5452 + 0.0048 0.4972 + 0.0046 0.4233 +0.0042
my = 800 GeV 0.2923 +0.0018 0.2070 + 0.0018 0.1887 + 0.0018 0.1645 + 0.0016
my =900 GeV 0.12140 + 0.00064 0.08877 + 0.00069 0.08031 + 0.00067 0.07024 + 0.00062
my = 1000 GeV 0.05400 + 0.00032 0.03907 + 0.00035 0.03513 + 0.00033 0.03094 + 0.00031

Table E.2: Event yields for the gg — A signal after pre-selection and the application of topological and kinematic
requirements as discussed in Sec. [7.3.1]and[7.3.2] respectively. The table includes the statistical uncertainty. The
cross-section used to normalise the signal corresponds to tang = 20 in the m;* scenario.

DTT Selection

Di-tau trigger  pr(Tiead) < 150 GeV ~ Medium tau-ID Eg‘i“ > 10 GeV

XEr > 160 GeV

bb — A (tang = 20)

my =170 GeV 754 +24 752 £23 548 +20 432+ 18 370 £ 16
my = 200 GeV 655+ 16 651 + 16 482+ 13 407 £ 12 371 +12
my = 250 GeV 422.1+£92 415.1+9.1 3122 +7.8 2763+ 7.4 2649 +7.2
my = 300 GeV 2109 +£3.7 1945 +3.5 147.8 £3.1 1329+2.9 1293 £2.8
my = 350 GeV 102.7+ 1.6 763+ 1.4 582+12 522 +1.1 513+ 1.1
my =400 GeV 59.28 +0.88 33.47 +£ 0.66 25.80 +0.58 23.67 £ 0.55 23.37 +0.55
my =450 GeV 32.31 £0.47 14.02 £ 0.31 10.91 £ 0.27 9.89+£0.26 9.82+0.26
my = 500 GeV 19.24 £ 0.27 6.54 £ 0.16 5.00+0.14 458 +0.13 449 +0.13

Table E.3: Event yields for the bb — A signal at each stage of the selection in the DTT category selection. The table
includes only the statistical uncertainty at each stage. The cross-section used to normalise the signal corresponds to
tang = 20 in the m;™* scenario. Only the relevant signal masses for the DTT category are considered.
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DTT Selection

Di-tau trigger  pr(Tiead) < 150 GeV ~ Medium tau-ID E‘T’ﬂiss > 10GeV ZXEr > 160 GeV

gg — A (tanB = 20)

my =170 GeV 196.0 £ 7.1 191.7+7.0 129.8 +5.7 1049 +5.1 945+49
my = 200 GeV 131.5+3.7 1293 £3.6 94.7+3.1 799 +2.9 754 +2.8
my = 250 GeV 56.3+1.2 543+1.2 389+1.0 34.71 £ 0.96 33.97 +£0.95
my = 300 GeV 21.45+0.41 19.16 + 0.38 1442 +0.33 13.16 + 0.31 13.02 + 0.31
my = 350 GeV 9.69 +0.16 7.10+0.14 525+0.12 4.811+£0.11 4.80+0.11
my =400 GeV 6.47 £0.10 3.530+0.078 2.665 = 0.067 2.473 +0.064 2.472 +0.064
my =450 GeV 3.686 + 0.057 1.504 + 0.036 1.127 + 0.031 1.058 + 0.031 1.055 + 0.030
my = 500 GeV 2.039 +0.030 0.668 +0.017 0.492 + 0.015 0.460 + 0.014 0.458 +0.014

Table E.4: Event yields for the gg — A signal at each stage of the selection in the DTT category selection. The table
includes only the statistical uncertainty at each stage. The cross-section used to normalise the signal corresponds to
tanB = 20 in the m;"** scenario. Only the relevant signal masses for the DTT category are considered.

Single-tau trigger

STT Selection
pT(Tlead) > 150 GeV

Loose tau-ID

bb — A (tang = 20)

my = 250 GeV 275+23 69+1.1 4.56 +0.92
my =300 GeV 57.7+1.9 215+1.2 15.35 +0.97
my =350 GeV 546+1.2 35.16 £ 0.95 26.71 £0.82
my =400 GeV 4278 £ 0.74 32.97 £ 0.65 2531 +£0.56
my =450 GeV 28.13 +0.44 23.85+0.41 18.69 + 0.35
my = 500 GeV 18.32 +0.26 16.30 +£0.25 12.95 +0.22
my = 600 GeV 7.069 + 0.092 6.628 + 0.089 5.263 +0.078
my =700 GeV 3.002 + 0.037 2.887 +0.037 2.339 +0.032
my = 800 GeV 1.332 +0.016 1.295 +0.016 1.295 +0.016
my = 900 GeV 1.295 + 0.016 0.6313 + 0.0068 0.5116 + 0.0060
my = 1000 GeV 0.3023 + 0.0037 0.2960 + 0.0037 0.2392 + 0.0032

Table E.5: Event yields for the bb — A signal at each stage of the selection in the STT category selection. The table
includes only the statistical uncertainty at each stage. The cross-section used to normalise the signal corresponds to
tanB = 20 in the m"** scenario. Only the relevant signal masses for the STT category are considered.
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Appendix E Summary Tables of the h/ H/A — ThadThad Analysis Results

Single-tau trigger

Selection
pT(Tlead) > 150 GeV

Loose tau-ID

gg — A (tang = 20)

my = 250 GeV 5.77+0.39 223+0.24 1.25+0.17
my =300 GeV 6.58 £0.22 3.05+0.15 2.12+0.12
my = 350 GeV 549 +0.12 3.579 +0.099 2.593 +0.083
my =400 GeV 4.914 + 0.090 3.873 £ 0.080 2.926 +0.068
my =450 GeV 3.407 = 0.054 2.924 +0.050 2.228 +0.043
my = 500 GeV 2.058 +0.031 1.826 + 0.028 1.401 + 0.024
my = 600 GeV 0.6998 + 0.0094 0.6547 + 0.0091 0.5076 + 0.0079
my =700 GeV 0.2527 + 0.0033 0.2427 + 0.0032 0.1892 + 0.0028
my = 800 GeV 0.1049 + 0.0013 0.1023 + 0.0013 0.0796 + 0.0011
my =900 GeV 0.04521 £ 0.00050  0.04428 £ 0.00049  0.03442 + 0.00043
my = 1000 GeV 0.02005 £ 0.00025  0.01968 + 0.00024  0.01517 + 0.00021

Table E.6: Event yields for the gg — A signal at each stage of the selection in the STT category selection. The table
includes only the statistical uncertainty at each stage. The cross-section used to normalise the signal corresponds to
tang = 20 in the m;™* scenario. Only the relevant signal masses for the STT category are considered.
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bb— A DTT Systematic Uncertainties [%]
mu[GeV] 170 200 250 300 350 400 450 500
+8.9 +5.3 +2.8 +0.3 -0.9 -3.9 -4.3 -6.0
-6.8 =17 -2.4 -1.1 +2.0 +3.4 +4.8 +5.4
- -0.07 - -0.07  -0.09 - -0.07 -
- +0.1 - -0.01 +0.1 - +0.01 -

TES true tau

TES fake tau

+20.2  +194 +14.7 +11.3 +9.7 +8.8 +8.5 +7.7
212 -20.3 -159  -125 -109  -10.1 -9.8 9.2
+0.4 +5.04 482 +9.6 +102 +10.6 +10.6
Trigger high-pr +1.52
-0.3 -4.92 -7.9 9.2 -9.7 -10.04  -10.1
+6.6 +6.8 +6.6 +6.7 +6.6 +6.5 +6.5 +6.3

-6.4 -6.6 -6.4 -6.5 -6.4 -6.3 -6.3 -6.1

Trigger low-pr

Tau-ID

Mis-ID reweighting  +0.04  +0.02 +0.02 +0.03 +0.01 +0.02 +0.01 =+0.01

+1.8 +0.3 +0.5 +0.05 +05 +04  +024 +0.2
-2.6 -0.9 -0.4 -0.38 -0.2 -0.8 -0.01 -0.1

-0.1 -0.3 -0.54 +0.5 -0.2 -0.38 -0.2 +0.01
+0.5 -0.4 +0.04 -03 +0.5 -0.07 +03  +0.15
+0.6 -0.14  -0.19 -0.3 +0.04  -0.09 -0.27 -0.16
+0.5 +0.09 +0.02 +0.1 +0.26 -0.10 +0.06 -0.04

JES

ET'™ resolution

EMss gcale

Acceptance +6.4 +6.4 +6.4 +4.7 +4.7 +4.7 +4.7 +5.2

Table E.7: Systematic uncertainties in the DTT category presented as a relative variation in the expected number
of events for each bb — A signal hypothesis. The upward and downward variations in the event yield are shown
in the upper and lower rows respectively, when a systematic effect is not symmetric. Cross-section uncertainties
depend on tang and are illustrated in App. |§|
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Appendix E Summary Tables of the h/ H/A — ThadThad Analysis Results

gg — A DTT Systematic Uncertainties [%]
my[GeV] 170 200 250 300 350 400 450 500
+6.9 +6.1 +24  -0.06 2.4 -2.5 -5.1 -5.9
-10.6 -5.9 -3.8 -0.81 +2.5 +3.2 +3.8 +4.6
- +0.01 - -0.18  -0.05 -0.12  -0.08 -
- +0.03 - - +0.10 - +0.04 -

TES true tau

TES fake tau

+20.5 +18.6 +15.1 +11.5 +9.6 +9.1 +7.9 +7.9
215 -199 -164 -129 -109 -10.5 -9.4 9.3
+4.8 +7.7 +9.6 +9.8 +10.8 +10.9
4.7 -1.5 9.2 94  -103 -103
+6.9 +6.7 +6.7 +6.6 +6.6 +6.5 +6.5 +6.3
-6.6 -6.5 -6.4 -6.4 -6.4 -6.3 -6.3 -6.1

Trigger low-pr

Trigger high-pr +0.4 +1.5

Tau-1D

Mis-ID reweighting  +0.16  +0.06 +0.04 +0.02 +0.02 +0.03 +0.03 +0.03

+14  +0.51 -02  +0.04 -0.02 -007 +0.1 +0.01
-0.8 -0.08 -0.4 -0.18  -041  -0.06 -0.2 -0.75
-098  +03  -0.03 -0.3 +0.3 -0.4 -0.11  -0.39
-0.05 -0.1 -0.13 +0.5 -0.5 +0.1  +0.03 +0.05
+0.1 -0.3 +0.35 +0.11  +0.1 -0.21  -0.20  -0.02
+0.2 +02 -0.09 +0.02 -02 +0.02 -0.19 -0.20

JES

E}'™ resolution

EXss gcale

Acceptance +1.3 +1.3 +1.3 +1.3 +1.8 +1.8 +1.7 +1.7

Table E.8: Systematic uncertainties in the DTT category presented as a relative variation in the expected number
of events for each gg — A signal hypothesis. The upward and downward variations in the event yield are shown
in the upper and lower rows respectively, when a systematic effect is not symmetric. Cross-section uncertainties
depend on tang and are illustrated in App. |§|
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bb — A STT Experimental Uncertainties [%]

my[GeV] 250 300 350 400 450 500 600 700 800 900 1000
+23.1 4275 499 +6.1 +4.3 +3.4 +1.5 +0.9 +0.8 +0.7 +0.4
-385 -19.8  -11.8 -6.7 -5.2 -3.2 -2.0 -1.4 -0.7 -0.8 -0.7
-0.01 - -0.06 -0.07 - -0.02  -0.06 -0.03 -0.04

TES fake tau F0.05 ¥0.02
- - - +0.09 - - - +0.02  +0.02

TES true tau

Trigger high-pr +10.0 +10.0 +10.0 100 =+10.0 =+10.0 +10.0 =100 =+£10.0 +10.0 =+10.0

+6.9 +6.5 +6.5 +6.5 +6.5 +6.5 +6.6 +6.7 +6.8 +6.9 +7.0
-6.7 -6.3 -6.3 -6.3 -6.3 -6.3 -6.4 -6.5 -6.6 -6.7 -6.8

Tau-1D

Mis-ID reweighting  +0.02  +0.05 +0.03 +0.01 +0.01 +0.01 +0.02 =+0.01 =+0.02 +0.02 +0.02

Track reco. eff. +0.2 +0.2 +0.2 +0.4 +0.6 +0.8 +1.2 +1.5 +2.1 +2.4 +2.6

Acceptance +282 £132 132 132 132 3.0 +3.0 +2.8 +2.8 +2.8 +2.8

Table E.9: Systematic uncertainties in the STT category presented as a relative variation in the expected number
of events for each bb — A signal hypothesis. The upward and downward variations in the event yield are shown
in the upper and lower rows respectively, when a systematic effect is not symmetric. Cross-section uncertainties
depend on tang and are illustrated in App. El
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Appendix E Summary Tables of the h/ H/A — ThadThad Analysis Results

gg — A STT Experimental Uncertainties [%]
my[GeV] 250 300 350 400 450 500 600 700 800 900 1000
+22.0 +18.1 4938 +6.5 +3.7 +3.1 +1.7 +0.8 +0.8 +0.5
TES true tau +0.6
-143  -184  -12.0 -5.9 -4.0 -3.3 -1.6 -1.3 -1.0 -0.7
+0.01 - - -0.06  -0.02 - - -0.03 - -0.02  -0.02

TES fake tau
- +0.25 - +0.05 +0.09 +0.03 +0.02 +0.02 +0.03 +0.01 -

Trigger high-pr +10.0 +10.0 +£10.0 100 =+10.0 =+10.0 +10.0 =100 =+£10.0 +10.0 =+10.0

+6.9 +6.5 +6.4 +6.4 +6.4 +6.5 +6.5 +6.6 +6.8 +6.9 +7.0
-6.7 -6.3 -6.2 -6.2 -6.2 -6.3 -6.3 -6.4 -6.6 -6.7 -6.7

Tau-1D

Mis-ID reweighting  +0.52  +0.19 +0.03 +0.03 +0.04 +0.03 +0.02 =+0.03 +0.03 +0.03 +0.03

Track reco. eff. +0.32 024 +0.3 +0.4 +0.6 +0.8 +1.1 +1.5 +2.0 +2.3 +2.5

Acceptance +8.3 +8.3 +8.3 +1.5 +1.5 +1.2 +1.2 +1.2 +1.2 +1.2 +1.2

Table E.10: Systematic uncertainties in the STT category presented as a relative variation in the expected number
of events for each gg — A signal hypothesis. The upward and downward variations in the event yield are shown
in the upper and lower rows respectively, when a systematic effect is not symmetric. Cross-section uncertainties
depend on tang and are illustrated in App. El
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Supporting Material for Exclusion Limits

F.0.1 Pull Distributions
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Appendix F Supporting Material for Exclusion Limits
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Figure F.1: Distributions of the fit pulls for all systematic uncertainties in the 7/ H/A — ThagThad analysis
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Figure F.2: Distributions of the fit pulls for all systematic uncertainties in the 7/ H/A — ThadThad analysis
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Figure F.3: Distributions of the fit pulls for all systematic uncertainties in the i/ H/A — ThagThad analysis
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F.0.2 Exclusion Limits in Additional MSSM Scenarios

Figure F.5: Exclusion limit in the light — stop scenario of the MSSM. The area above each curve is excluded at

95% CL.

Figure F.6: Exclusion limit in the light — stau scenario of the MSSM. The area above each curve is excluded at

95% CL.
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Figure F.9: Summary of the impact of systematic uncertainties on & determined from an unconditional fit to the
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Figure F.11: Summary of the impact of systematic uncertainties on j determined from an unconditional fit to the
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Figure F.13: Summary of the impact of systematic uncertainties on j determined from an unconditional fit to the
Asimov dataset. The point my = 800 GeV and tang = 30 has been used. Systematic uncertainties are ranked from
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Figure F.15: Summary of the impact of systematic uncertainties on j determined from an unconditional fit to the
Asimov dataset. The point my = 800 GeV and tang = 55 has been used. Systematic uncertainties are ranked from
top to bottom on the left axis according to the post-fit impact shown in red. The upper axis illustrates the scale of
0. The plot also includes the values of 6’2““, shown in black, determined from the post-fit likelihood contours.
The nominal pre-fit bound on each nuisance parameter is also shown and represented by the yellow region. The
scale of the post-fit and pre-fit systematic contours is shown by the lower axis.

271






Acknowledgements

The work documented in this thesis would not have been possible without the wise lead and inestimable
support of my advisor Prof. Jochen Dingfelder. Working in your group has been a wonderful experience
of my life, which made me grow professionally and humanly. I would also like to express my deep
gratitude to Dr. Will Davey for supervising my work tirelessly and collaborating with me with inspiring
enthusiasm.

A big thanks to all the people involved in tau related studies in the ATLAS Tau Working Group during
2011 and 2012, especially to the conveners Stefania Xella, Stan Lai and Martin Flechl. Thanks also to
Soshi Tsuno, Daniele Zanzi, Yuki Sakurai, Pierre-Olivier de Viveiros, Almut Maria Pingel, Guilherme
Nunes Hanninger and the many other tau-passionate physicists I had the pleasure to collaborate with.

I thank also the fellow analysers involved in the 7/H/A — 77 search: Julian Glatzer, Marcus Mat-
tias Morgenstern, Sebastian Wahrmund, Felix Friedrich, John Stakely Keller, Tan Wang, Alessandro
Manfredini, Matthew Beckingham, Stephen Sekula and Jianming Qian with a special thanks to Nikolaos
Rompotis. Thanks also to the members of the ATLAS editorial board of the #/H/A — 7t analysis, who
helped getting the final result in good shape, Tony Liss, Mogens Dam, Jaechoon Yu and Keith Baker.

These years in Bonn have been great also thanks to the good company of my office mates Christian
Oswald, Luis Pesantez, Jan Hasenbusch, Benedict Winter and Stephanie Yuen. It has been wonderful to
know you all.

Finally, I wish to express the deepest gratitude to my parents Maria Antonietta and Silvano, for their
infinite support and understanding, often of super-human nature. My last thank you goes to Flavia, my
Mimi, for making my life rich and preparing cake with me.

273



	Introduction
	Theory Overview
	The Standard Model
	Interactions and Particle Content
	Quantum Field Theory
	Quantum Electrodynamics
	Electroweak Unification
	Masses of Gauge Bosons and Fermions
	Quantum Chromodynamics
	The Higgs Mechanism
	Fundamental Parameters of the Standard Model
	Open Questions of the Standard Model

	Supersymmetry
	Supersymmetry and the Hierarchy Problem
	Supersymmetric Transformations and Lagrangian

	The Minimal Supersymmetric Standard Model
	R-parity
	Soft SUSY breaking in the MSSM
	Electroweak Symmetry Breaking in the MSSM
	Neutral MSSM Higgs Bosons Phenomenology
	MSSM Scenarios

	Cross Section and Simulation of Events at Hadron Colliders
	Simulation of Hadronic Collisions
	Particle Jets


	Experimental Status of MSSM Higgs Searches
	Discovery of a Resonance Consistent with the Standard Model Higgs Boson
	Neutral MSSM Higgs Boson Searches at LEP and Tevatron
	Neutral MSSM Higgs Boson Searches at the LHC
	h/H/Aff Searches
	Other Neutral Higgs Boson Searches

	Indirect Constraints on the Neutral MSSM Higgs Boson
	MSSM Constraints from SM Higgs Coupling Measurements


	LHC and the ATLAS Experiment
	The Large Hadron Collider
	LHC Experiments
	LHC Operation and Data Acquisition at ATLAS

	The ATLAS Detector
	Coordinate System and Kinematic Variables
	The Inner Detector
	The Calorimeter
	The Muon Spectrometer
	The Forward Detectors
	The ATLAS Trigger System

	The ATLAS Detector Simulation

	Object Reconstruction and Identification
	Tracks
	Vertices
	Topological Clusters
	Muons
	Electrons
	Jets
	Missing Transverse Energy

	Tau Leptons
	Tau Reconstruction
	Tau Track Association
	Tau Vertex Association
	0 Reconstruction in Tau Decays

	Tau Identification
	BDT Algorithm
	Tau Identification Performance

	Tau Energy Scale
	Tau Energy Scale Uncertainties

	Tau Identification Efficiency in Data
	Modified Track Counting
	Selection
	Fitting Method and Choice of Templates
	Systematic Uncertainties
	The Zehad channel
	Final Results and Combination

	Tau Trigger
	L1 Tau Trigger
	L2 Tau Trigger
	Event Filter of the Tau Trigger
	Trigger Efficiency in Data


	MSSM h/H/Ahadhad  analysis
	Signal
	MSSM neutral Higgs Production via bbarb Annihilation
	Signal Production in the Gluon-Gluon Fusion Mode

	Backgrounds
	Multi-jet Background
	Z/*
	W + jets
	tbart and single-top
	Other contributions

	Selection of Events
	Pre-selection
	Topological and Kinematic Requirements
	Definition of Categories

	Multi-jet Background Estimation in the Single-Tau Trigger Category
	Measurement of Fake-factors
	Uncertainty on STT Multi-jet Estimation
	Validation of Multi-jet estimation in the Single-tau Trigger Category

	Multi-jet Background Estimation in the Di-tau-trigger Category
	Uncertainty on DTT Multi-jet Estimation
	Validation of Multi-jet estimation in the Di-tau-trigger Category

	Z/* Validation
	Weighting of Simulated Fake Tau Candidates
	W+jets Control Region
	Tau Mis-identification Probability Measurement
	Uncertainty on the Tau Mis-identification Probability

	Systematic Uncertainties
	Experimental Uncertainties
	Cross-section and Acceptance Uncertainties

	Results
	Pseudo-rapidity Distributions in the DTT Category


	Exclusion Limits
	Hypothesis Testing
	Sensitivity of a Search
	Definition of Test Statistic
	Method for Exclusion

	Fit Model
	Model of Systematic Uncertainties
	Model of Statistical Uncertainties
	Fitting Procedure

	Results
	Model-dependent Exclusion
	Model-independent Exclusion

	Fit Validation
	Profiling of Nuisance Parameters
	Ranking of Systematic Uncertainties


	MSSM h/H/A analysis
	MSSM h/H/Ae  channel
	Selection
	Background Estimation

	MSSM h/H/Alephad  channel
	Selection
	Background Estimation

	MSSM h/H/A Combination

	Summary and Conclusions
	Bibliography
	Tau Identification Variables
	Light Leptons Identification
	Electron Veto
	Muon Veto

	Electron Veto Efficiency in Data

	Results of Tau Identification Efficiency in Data
	Cross-sections and Simulated Samples for the h/H/Ahadhad  analysis
	Summary Tables of the h/H/Ahadhad  Analysis Results
	Supporting Material for Exclusion Limits
	Pull Distributions
	Exclusion Limits in Additional MSSM Scenarios
	Ranking of Systematic Uncertainties



