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Abstract

The Higgs boson discovery at the LHC in 2012 completes the predicted particle content of the Standard
Model (SM), leaving not much space for unknown physics in the accessibly TeV scale. This heralds
the precision measurement era of SM parameters of which the Higgs self-coupling is one of the last
unmeasured ones. Its high sensitivity to new physics scenarios further increases its relevance. Due to the
very small cross sections, the power of the LHC to measure the self-coupling is estimated to be limited,
which motivates the investigation of this process in as many channels as possible.

Apart of more intensively studied decay channels, the hh — 471 channel shapes up as a very promising
additional decay, because a very limited amount of other processes is expected to produce four truth taus.
However, a large background containing several sources of QCD jets can fake hadronically decaying
7 leptons and has to be fought.

This work studies the conspicuity of di-Higgs production within multi-tau events. As the signal
efficiency is expected to be low due to the high amount of demanded 7 leptons, a novel reconstruction
and identification method is developed. Instead of reconstructing every 7 lepton candidate on its own, the
whole event topology is studied to separate processes with many truth taus from fake enriched ones. It is
shown that the new method enables either a doubling of the signal significance or of the signal efficiency,
while the corresponding other value remains at its value when using classical reconstruction methods.

All relevant background processes are included in this thesis. To that effort, a sophisticated data-driven
fake estimation is developed for four objects. This method is aligned to the used tau combination method,
although both approaches are based on the lepton’s charges. Finally, three different cut-based signal
regions are designed by demanding either none, one or two light leptons together with the corresponding
amount of hadronically decaying taus (4h0¢, 3h1¢ and 2h2£). The signal selection is further improved by
exploiting boosted decision trees.

Overall, a combined significance of o= = 0.89 for an integrated luminosity of 3 ab~! is achieved. This
value is comparable to the expected significance of the widely studied hh — 4b channel of o = 0.6,
although for the hh — bbrt (00 = 2.1) and hh — bbyy (o0 = 2.0) channels even higher values are

expected. Eventually, an upper limit of the production cross section of oggr/ (rggi[: = 2.40f8:g? is predicted

for a dataset of 3ab~! at 95 % confidence level. To compare this result to published channels, the

limit is recalculated to be o gof/ a'zng = 36.9:%%:2 for 36.1 fb~!. This value outperforms the upper limits

of published decay channels containing W bosons (o ger /Uzg;[: = 120 — 300) by far. Instead, it is
more comparable to the exclusion capability of the previously named most promising decay channels
(0 ger/opg = 12.=25).

Hence, it is expected that the studied 7k — 47 channel is capable to valuably contribute to the overall
measurement of the Higgs self-coupling at the ATLAS detector and it should be investigated further in

future.
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CHAPTER 1

Introduction

In particle physics, the question of the origin of the universe and its content is investigated at the
microscopic scale. By performing experiments at very high energies, the fundamental building blocks of
the universe are studied in detail and conditions temporarily close to the big bang are created and probed.

In the 1960s, the Standard Model (SM) of particle physics was developed, which summarises the
knowledge of this field in three fundamental symmetries (cf. chapter 2). Most phenomena and particle
physics processes are described correctly over several orders of magnitude and it has been tested to very
high precision. Several particles were predicted successfully. In 2012 the discovery of the Higgs boson
completed the predicted particle content of the SM, leaving not much space for unknown physics at the
accessible TeV scale of the Large Hadron Collider (LHC).

Nevertheless, the SM cannot serve as a final theory of the whole universe. Gravitation, which dominates
the universe at large scales, is not included in the theory. Moreover, not even 5 % of the universe’s energy
density were found to be covered by the SM while for the remaining 95 %, divided into Dark Matter and
Dark Energy, no explanation is given.

Hence, the completion of the SM’s particle content without further clear hints to new physics heralds
the precision measurement era of SM parameters, of which the Higgs self-coupling is one of the last
unmeasured ones. Its high sensitivity to new physics scenarios further increases its relevance. Particle
physics phenomena at the high energy end are probed by the LHC, which is the largest and most powerful
particle accelerator worldwide. Protons are collided at centre-of-mass energies of 13 TeV and their
collision products are recorded by the ATLAS detector (cf. chapter 3).

Due to the very small cross section of di-Higgs events, the power of the LHC to measure the self-
coupling is estimated to be limited. This motivates the investigation of the named process in as many
channels as possible. Apart from more intensively studied decay channels, the 214 — 47 channel shapes
up as a very promising additional decay because a very limited amount of other processes is expected to
produce four truth taus (cf. chapter 4). However, a large background containing several sources of QCD
jets can fake hadronically decaying 7 leptons and must be fought.

This work studies the conspicuity of di-Higgs production within multi-tau events. For this purpose, a
novel method to increase the efficiency of detecting events with many truth taus and separating them
from fake taus is developed (cf. chapter 5). Moreover, the dominant background processes are studied in
detail and their separation from signal processes is investigated (cf. chapter 6).
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An essential task is the estimation of QCD multijet processes with a data-driven method for four objects.
The hh — 47 process is separated from background with significance scans and boosted decision trees
are utilised to further increase the separation. The contribution of the 7k — 41 process to a combined
search for di-Higgs processes after the whole data-taking period of the LHC up to 2038 is estimated.

Moreover, an upper limit on the di-Higgs cross section is estimated and compared with published results
of other channels.



CHAPTER 2

The Standard Model of Particle Physics

The theoretical framework of every particle physicist is the Standard Model of Particle Physics (SM) [1—
5]. An outlook of its basic concept and the incorporated particles and interactions is given in section
2.1, before its mathematical fundament as a quantum field theory is briefly introduced in section 2.2.
Very important for the consistency of the SM as well as for this thesis is the Higgs mechanism which is
explained in section 2.3. The main properties of the emerging Higgs boson are described in this section
and the Higgs self-coupling is introduced. Last but not least, shortcomings of the SM as a motivation for
this work are summarised in section 2.4.

2.1 Particles and Forces

The Standard Model integrates the current knowledge of particle physics into one theory and was
developed in the 1960s. It contains all known elementary particles, which make up the matter of the
universe and describes their dominant interactions via so called gauge bosons. Apart of the gravitational
force, which is rather weak on microscopic scale, the SM contains three of the four known interactions of
the universe. Namely, these are the electromagnetic force, the weak force and the strong force.

It was successfully tested numerous times with very high precision and predicted the existence of
several particles like gluons, the charm and the top quark as well as the W and Z boson before their
discovery [6]. In 2012, the SM was completed by the discovery of the Higgs boson at the LHC [7-9].
The elegance of the SM is indicated by the possibility to give a graphical overview of its particle content,
their interactions and and their main properties within one picture, which is presented in figure 2.1.

The matter particles are coloured in purple and green. They share the same spin § = % which makes
them fermions. Each fermion has a corresponding anti partner which has exactly opposite quantum
numbers (e.g. like the electric charge) but shares the mass of the fermion. These antiparticles theoretically
form antimatter. Due to energy conservation, matter can only be created if the same amount of antimatter
is generated within the SM. Moreover in figure 2.1, the gauge bosons are presented in red. They mediate
the different forces of the SM (cf. section 2.2) and feature a whole-number-spin of S = 1. Last but not
least, the Higgs boson (S = 0) is depicted in yellow. Its underlying mechanism is responsible for the
particles masses and is explained in section 2.3 in more detail.

The fermions are organised in three generations of four particles each (one column). Between the
generations, the properties of each particle type are replicated. Only the mass of the charged fermions
increases in each generation. Hereby, the masses are distributed over several orders of magnitude from
the electron mass of 511keV to the top mass of 173 GeV [11]. As it is energetically favoured for heavy
particles to decay into lighter ones, only the first generation of particles is stable. Thus, in today’s cooled
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Figure 2.1: The elementary particles of the Standard model are depicted. Each particle type has its own colour
and their background is dyed depending on the fundamental forces which are able to act on the specific particle.
Further explanations are given in the text. (Figure taken from [10])

down universe only particles of the first generation (and neutrinos) exist in great numbers and all existing
matter is built out of them. Particles of the second and third generation are only produced in high energy
processes and experiments and are short-lived.

Each generation contains two leptons which are arranged in a doublet. They can be divided into the
uncharged neutrino (v, v, and v;), which only interacts via the weak force, and the charged lepton
(electron, muon and tau), which also interacts electromagnetically.

The weak force is mediated by massive gauge bosons, namely the W boson and the Z boson and was
originally first observed in radioactive decays. Due to the high mass of its mediator bosons, the distance
of the weak force is roughly limited to O(1 fm). The mediator of the electromagnetic force is the photon vy.
It is massless which explains the long-range effect of this force. Due to its range and its relative strength
(e.g. compared to the weak force) the electromagnetic force forms bound states of electrons and nuclei
(as known as atoms) and of multiple atoms (which then form molecules). Moreover, electromagnetic
fields are described by this force. Hence, it is the most apparent force of the SM in everyday life.

Additionally, each generation contains a quark doublet in which the up type quark (up, charm and top
quark) has an electric charge of ¢ = +% while the down type quark (down, strange and bottom quark) has
a charge of ¢ = —%. All quarks also carry a so called colour charge and thus interact via the strong force.
Due to their additional electric and weak charge, they also interact via the weak and the electromagnetic
force. The strong interaction is mediated by the gluons g, which are colour charged on their own and thus
interact with each other. This explains the short range of the strong force in contrast to the masslessness
of the gluons.

Due to the properties of the strong force, which are explained in more detail in section 2.2, only
colour-neutral particles (hadrons) are found in nature. These colour-neutral hadrons can further be
divided into two groups depending on their ingredients. First, mesons contain a colour-charged quark and
an anti-quark with corresponding anti-colour. Second, a colour-neutral state can be formed by adding
all three different colour charges (referred to as red, blue and green). This analogy to primary colours
actually is the reason for the strong charge to be named “colour” charge. Such three-quark objects are
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called baryons. The most prominent examples of baryons are protons and neutrons which form atomic
nuclei and agglutinate despite the accumulating positive charge of the protons due to long range effects
of the strong force.!

2.2 Theoretical Description of the Standard Model via Quantum Field
Theories

Quantum field theories were developed as a solution of connecting quantum mechanics and special
relativity. As a first step, this connection lead to the famous Dirac equation in which the free motion of a
fermionic particle is described (and the Klein-Gordon equation for the motion of scalar particles (spin
S = 0) respectively). From here, by demanding Lorentz invariance and local U(1) gauge invariance, the
Lagrangian of Quantum Electrodynamics (QED) could be constructed which is given by

_ _ 1
-£QED = \I’f(l)/#aﬂ - mf)‘Pf + qule’y’u\PfAﬂ - ZFIL,VFIJV 2.1)

Physical differential equations of motion of an arbitrary field ®@; (like ¥ or A,,) can be deduced by using
the principle of least action leading to the Euler-Lagrange equation

0L \_ 0L _,
*\ow©,0)) o0

(2.2)

Hereby, in equation (2.1) the first term leads to the Dirac equation and describes a freely propagating
fermionic field ¥'; like the electron or the muon with a mass my. The third term describes a free, massless
vector field A# with F*” = g*A” — §”A¥, which can be identified as the photon field. The second term
describes the interaction between photons and fermions. This interaction can be drafted in a so called
Feynman diagram consisting of the photon-fermion vertex as shown in figure 2.2. Interestingly, the
second term had to be added to fulfil local U(1) gauge invariance, thus electromagnetic interactions are a
direct consequence of this fundamental symmetry [12, 13].

Figure 2.2: The photon-fermion vertex emerging from the term Logp D ¢ f@fy“l’fA# is shown. The vertex

consists of three interacting particles: The fermion f and antifermion £ take part due to the @fy”‘l’ part of the term
and the photon v is represented in the term by A,. gy denotes the strength of the coupling.

In front of the interaction term, the pre-factor g, denotes the strength of the coupling of each fermion

! Nevertheless, these “long range effects” are limited to the distance of atomic nuclei due to the mentioned self interaction of
gluons. The attraction of protons and neutrons to each other is often called the “van-der-Waals force” of the strong force to
underline the analogy to the eponymous force as a long distance effect of electrically neutral molecules and atoms.
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to the photon and can directly be identified as the electric charge of the particular fermion. Usually, the
coupling constant @em = j—;, with e being the elementary electric charge, is used to quantify the strength
of the electromagnetic force. In opposition to its name, however, the coupling “constant” @ep, is not
constant but depends on the momentum transfer ¢g* of a process. By using the Callen-Symanzik equation
of the renormalisation group [14, 15], the so called running coupling of QED can be calculated by

Qem(ﬂz)

1 2
1- aem(ﬂz)y In l%

Aem(q?) = (2.3)

Hereby, 1% denotes the renormalisation scale. To keep corrections to that equation small, x> should be
chosen of the order of the external momentum scale ¢2. For example, for small x> of the order of atomic
energy levels (O(10eV)), aem is approximately % For high energies, i.e. high ¢> values or very short
distances, the electromagnetic coupling strength grows. Phenomenologically, this can be explained by
vacuum polarisation, i.e. virtual electron-positron pairs which shield the particle’s electric charge. For
higher energies and equivalently shorter distances this shielding effect becomes weaker and the particle’s
effective charge grows. For example, at the energy scale of the Z boson mass (91.19 GeV), aem becomes
approximately %.

Quantum Chromodynamics (QCD) [5] is the theoretical framework of the strong force and can be
constructed similarly to QED. The corresponding gauge transformation of QCD is a SU(3) gauge group
and the QCD Lagrangian reads as

Lacp = V("0 — m)¥y + gs¥ ' Ta¥,G), - %GZVGQ”' 2.4)

@q and ¥, present the quark fields, g; is the coupling strength of the strong force, T, is the generator
of the SU(3) group and Gy, can be identified as the massless gluon field, the mediator of the strong force.
The similarity to the QED Lagrangian (eq. (2.1)) is glaring. In fact, any SU(N) gauge theory can be
expressed with such a so called Yang-Mills Lagrangian [16] with more general couplings, generators and
gauge bosons.

The very different phenomenological behaviour of the strong and the electromagnetic interaction can
be traced back to the fact, that the SU(3) group is non-abelian. Hence, the bosonic part of the Lagrangian
has to be generalised such that the Lagrangian stays gauge invariant and still transforms covariantly. The
generalised bosonic field-strength tensor is G, = *G} — 8"Gy — g fureGpGY-% fave is the completely
antisymmetric structure constant of the corresponding symmetry group and equal to zero for any abelian
U(1) group, like QED. In the SU(3) case of QCD, however, the term does not vanish and induces self
interacting vertices of the gluons. In summary, in a very simplified way, the Lagrangian can be describes
as

Locp = “@q‘l’q” + “gs@q‘PqG” +“GG” + “9,GGG” + “g’GGGG” (2.5)
which additionally to the Feynman diagrams of QED gives rise to vertices with three or four gluons (cf.

figure 2.3).

A direct consequence of these self interacting vertices is an altered running of the strong coupling.
Precisely, the three-gluon vertex causes a shift in sign in the Callen-Symanzik equation such that the

2 This holds for any SU(N) gauge theory. The structure constant is defined with the commutator of the group’s generators:
[Ty, Ty] = ifabcT,.
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g

9 g
(a) “gs@q‘I’qG” (b) “gsGGG” (c) “9*GGGG”

Figure 2.3: The QCD interaction vertices are shown. They are directly represented in the Lagrangian by the
underlying terms.

running of the QCD coupling @ can be described as

as(ﬂz)
1INc—2N
+ as(u?) iV —In q_2

as(q?) = (2.6)

in which Nc is the number of colours and Ny is the number of strongly interacting fermions (quarks
in the SM framework) which are accessible at energies of ¢>. As a result of this altered coupling, as
decreases with increasing momentum scale or shorter length scales (cf. figure 2.4). This is referred to as
the asymptotic freedom of quarks at high energies. Additionally, this means that for low momenta or
larger distances, the coupling strength grows significantly (hence the name “strong” interaction). Thus,
when separating two colour-charged quarks, the strong coupling creates an increasingly strong force
between these quarks. This binding energy eventually surpasses the threshold to produce additional
quark-antiquark pairs which then form colour-neutral binding states with the primary quarks. This
process is referred to as hadronisation in collider experiments. Consequently, no coloured particles can
be observed freely in nature but only in colour-neutral binding states (“‘confinement’) and the range of
the strong interaction is very limited [12, 17].

April 2016

v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® e.w. precision fits (N3LO)

v pp— jets NLO)

v pp —= tt (NNLO)

ayQ)

0.3+
0.2 +

0.1}
= QCD ay(My) =0.1181 +0.0011

1 Q [GGV] 100 1000

Figure 2.4: The measurement of the strong coupling strength a by various experiments is shown. Its running from
very high values at low energies (confinement) to comparably lower values for high energies (asymptotic freedom)
is clearly observable. Source: [11]
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The third and last fundamental interaction within the SM is the weak interaction. For several reasons,
this interaction is unique in the SM. As the name already suggests, the effective coupling strength of this
force is much weaker than the ones of the electromagnetic and strong interaction. Hence, it is the only
interaction which does not form binding states in nature and mainly shows up in radioactive 8-decays in
everyday life.

Additionally, it is the only force which is maximally parity (#) violating [18, 19] and couples only to
left-handed particles (or right-handed antiparticles). Moreover, it is the only interaction with massive
force-mediating gauge bosons, the W and the Z boson. Actually, the weakness of the interaction is a
direct consequence of the gauge boson masses as the effective coupling scales with mgév‘z”/z. The weak

coupling constant @y, = % itself amounts to roughly 29]7 at low energies and hence would be larger than
the electromagnetic coupling. The resulting weakness of the force leads to much higher lifetimes of
particles that decay only via the weak interaction compared to particles that decay electromagnetically or
strongly.

Furthermore, transitions between fermion generations are only possible via the charged current
(exchange of a W boson) of the weak force. Neutral currents (exchange of a Z boson) are the only
possibility of neutrinos to participate in scattering processes.

In the 1960s, Glashow, Weinberg and Salam were able to combine the electromagnetic and the weak
interaction into an overlaying electroweak interaction [1, 3, 4]. The symmetry group of this electroweak
unification is represented by SU(2);, X U(1)y in which all left-handed particles are grouped into doublets
(uL,dL) or (v, {1,) and carry a weak isospin 7" = % due to the local SU(2); symmetry. Additionally, every
particle carries a so called hypercharge Y due to the local U(1)y symmetry. In this picture, the electric
charge g can be deduced by g = T3 + % with T3 being the third component of the weak isospin.

The observed gauge bosons y, Z and W* are mixtures of the B* (the gauge boson of the U(l)y
symmetry) and the three gauge bosons of the SU(2); symmetry, the Wﬁ‘ , Wg and Wg‘ via the weak mixing
angle 6y, [12, 17]:

A"\ [ cosb sinfy) (B e _ PR—
(Z”)_(— sin By, cos@w) (Wg‘) and W= \/E(W‘ +ZW2) @7)

Now, nifty readers might object that massive gauge bosons contradict the required gauge invariance
of our Yang-Mills theory as e.g. a term like %m%AﬂA” clearly is not invariant under the local U(1)
gauge transformation A, — A}, = A, — d,x. The same statement holds for local SU(2), and SU(3)c
transformations which is in strong tension to the unambiguously observed masses of the W and Z boson.
Moreover, as stated before, left-handed particles transform as weak isospin doublets and right-handed
particles as singlets under the local SU(2); gauge transformation. However, the fermionic mass term
—myP¥ (see eq. (2.1) or eq. (2.4)) can also be expressed by —my(Pr¥r, + YL Wr) and thus couples
left-handed and right-handed particle states. Hence, this term also breaks the required gauge invariance
and the electroweak theory would not be renormalisable as shown by t’Hooft [20-22].

As a solution of this issue, the Higgs mechanism was developed and is introduced in the following
section.
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2.3 The Higgs Mechanism and Electroweak Symmetry Breaking

In the Standard Model, the massive gauge bosons as well as the fundamental fermions acquire their
mass without breaking the local gauge symmetries of the SM due to the Higgs mechanism [23, 24].
Here, the corresponding mass terms are not added directly to the Lagrangian but they are generated
through the interaction of the particles with the Higgs field and a spontaneous symmetry breaking of the
SU2). x U(1)y symmetry. A brief overview of the most important steps is given in this section. More
detailed calculations can be found in refs. [12, 17].

The simplest choice to gain as many degrees of freedom as needed to give mass to three gauge bosons
is to introduce two complex scalar fields embedded in a weak isospin doublet:

_ (o7 _ 1 (o1 +id
*= (¢°) R (¢3 + i¢4) 29

The possible additional terms arising in the Lagrangian for the scalar fields, which are invariant under
SU(2);, and U(1)y gauge transformations are

Liiiggs O (D, @) (D"®) - g (LOR + ROTL) - Vitigg () (2.9)

Here, D,, is the covariant derivative D,, = 0, + i%wo_" . W;l + i%Y@By (note that it actually isa 2 X 2
matrix) with the hypercharge of the Higgs doublet of Yo = 1. L is a left-handed lepton or quark doublet
L=(f, fg)T and R are the corresponding right-handed singlets.

V()

Figure 2.5: The Higgs potential is sketched. Apparently, its minima are unequal to zero. Source: [25]

The Higgs potential is given by
Lnggs(q)) M O'P ((I) (D) ( . )

which has very interesting properties if the * term becomes negative. In that case, the vacuum state of
the field @ or correspondingly the minimum of Vyjges(®) is no longer at |®| = 0 but satisfies the equation

|D| = \/% = % The field moves to its minimal value (cf. figure 2.5) and hereby gains a so called
vacuum expectation value v. The original symmetry of the Lagrangian is broken and thus this process is
referred to as spontaneous symmetry breaking. Quantum fluctuations of the field around the new minimal
value describe a particle state which can be identified as the SM Higgs boson. Without loss of generality,
the vacuum state can be chosen to be in the real direction and directly choosing the Unitary gauge for the
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excited field, after symmetry breaking the Higgs doublet can be written as

1 0
D(x) = 7 (Hh(x)) : (2.11)

The Higgs boson is hereby represented by /(x). Inserting this into the first term of equation (2.9), the
term reads as follows:

(D, @) (D'®) = %((')#h)(a”h) + ig%vW;W“’J'(v + h)? (2.12)
1 g —gwg’) (B” ) >
+— (B, W3 ( , (w+h? . (2.13)
3 (B W) ~gwg g J\Wy

The terms multiplied by v? are responsible for the gauge boson masses while the terms multiplied by
2vh or h? induce gauge boson couplings to the Higgs boson. The W mass term appears as m%VW/; WH* in
the Lagrangian and thus, the W mass can directly be read off to be my = %ng. Moreover, The mixing
of W3 and B appears naturally due to the off-diagonal terms in their mass matrix in term (2.13). After
diagonalising the matrix, the term can be written as

1, 0 0 \[aA
g (Au zﬂ)(O g%v+g'2)(2ﬂ) . (2.14)

By defining the weak mixing angle 6, to fulfil tan 6, = ;’—; the gauge-boson-mixing matrix as stated
in equation (2.7) results. Furthermore, this induces the massless photon and the Z boson mass of
my = %C;’S—Wng. It is worth to note that a massless vector boson has two degrees of freedom in contrast
to a massive vector boson with three degrees of freedom due to the additional longitudinal polarisation.
These additional degrees of freedom can be associated to three Goldstone modes of the Higgs which are
a consequence of the symmetry breaking. Instead of manifesting physically, they are “absorbed” by the
W and Z bosons such that the latter ones gain their masses. After measuring my, mz and gy, the vacuum

expectation value of the Higgs field is found to be v = 246 GeV.

For the fermion masses, equation (2.11) can be inserted into the second term of equation (2.9). As an
example, for the first quark doublet this leads to

Lo —%(&LdR + drdi)(v + h), (2.15)

resulting in a down quark mass of my; = gd\%. The up-type quarks gain their masses through the
Hermitian conjugate of the Lagrangian.

A few interesting remarks can be made. To begin with, the second term of equation (2.15) induces
a coupling of the specific fermion to the Higgs boson. Hence, the coupling of each fermion to the
Higgs is expected to be proportional to the measured fermion mass, which can be tested experimentally.
Moreover, the Yukawa couplings g are not predicted by the Higgs mechanism and have to be measured.
Actually, they are the only property which separates the different fermion generations from each other.
The reason for their huge variation, which becomes manifest in the very different fermion masses,
remains unanswered and somehow unsatisfactory from a theoretical point of view. Especially the very
small neutrino masses would need Yukawa couplings of < 107!2, if they are produced via the Higgs
mechanism. Also due to this reason, many theoreticians prefer other hypothetical mechanisms like the
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2.3 The Higgs Mechanism and Electroweak Symmetry Breaking

see-saw mechanism to generate the neutrino masses.”

Last but not least, after the Higgs field gained its vacuum expectation value (eq. (2.11)), the Higgs
potential (eq. (2.10)) is given by

1 1
Vitiges(®) = A0*h? + Ak’ + ZAh“ - Zau“ : (2.16)

Thus, looking at the first term of this equation, a famous prediction of the Higgs mechanism is a massive
scalar particle, the Higgs boson. Its discovery in 2012 [7-9] is a huge success of the whole Standard
Model and its measured mass of roughly m; = 125 GeV suggests a value of 4 = %%ﬁ ~ 0.129 = %.
Hence, all values of the Higgs potential, as predicted by the Standard Model, are known and can be tested
experimentally.

Apart of the unphysical constant term, the remaining terms of equation (2.16) induce Higgs self-
couplings. They are the main motivation of this thesis and thus are rewarded with their own section

(2.3.2) after general properties of the SM Higgs boson are summarised in section 2.3.1.

2.3.1 Higgs Production and Decay

As stated in the previous section, the Higgs boson coupling strength to fermions is proportional to their
mass. At the LHC, the colliding protons would thus implicate extremely tiny Higgs production rates if
the protons solely consisted of their valence quarks (uud). Fortunately from that point of view, due to
the nature of the strong force, the proton has a much more complex structure and consists of a wealth
of quarks, antiquarks and gluons. Their appearance in the proton is described by parton distribution
functions (PDFs) which are shown in figure 2.6.

1
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Figure 2.6: The parton distribution functions of the proton as obtained in a NNLO NNPDF3.0 global analysis [29].
The Bjorken x scaling variable can be interpreted as the fraction of the proton momentum which is carried by the
particular parton (figure from [11]).

3 In the Standard Model, the neutrinos do not have a right-handed component as this would be a singlet under all SM gauge
transformations. Hence, neutrinos are massless in the SM. In contradiction to that, neutrinos are experimentally favoured to
have tiny masses [26-28].
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For small fractions of the proton momentum, the gluon PDF dominates by far. Although massless
gluons do not couple to the Higgs boson directly, this results in the fact that they participate in the most
dominant Higgs production process at the LHC, the so called gluon fusion. This is a one-loop process, in
which the gluons couple indirectly via a loop to the Higgs. As top quarks are by far the heaviest particles
in the SM, their loop contribution dominates this process (cf. figure 2.7(a)). Other noticeable processes
are the Higgs production via vector boson fusion of the electroweak bosons which is depicted in figure
2.7(b) or Higgs radiation (cf. figure 2.7(c)). The cross sections of the latter two processes are more than
one order of magnitude smaller such that they will not be taken into account for the di-Higgs signal in
this thesis. However, the additional jets might fake 7 leptons (cf. chapter 5, 6) such that they might be a
scalable background process of this work.

w/z

(a) gluon fusion (b) vector boson fusion (c) Higgs radiation

Figure 2.7: The three dominant Higgs production processes at the LHC are shown.

The Higgs decay is also prescribed by its coupling to heavy particles. As a result the most dominant
decay is h — bb with 58.2 % as b quarks are the heaviest particles which can be produced pairwise
by the Higgs. Although my;, < 2my, the decay h — WW* has the second largest branching fraction of
21.4 %. Here, one W boson is produced off-mass-shell, which suppresses the matrix element. However,
the special coupling of the Higgs boson to the massive W leads to the relatively large branching ratio.
Most importantly for this thesis, Higgs bosons decay into 7 leptons in roughly 6.3 % of all cases (cf.
figure 2.8).

2.3.2 Probing the Higgs Potential with the k2 — 4t Channel

With the discovery of the Higgs boson, the Higgs mechanism as described in this section can be called
one of the greatest successes of the SM. It sets the course for the theory of electroweak unification with
the prediction of the massive W and Z boson. It is not only consistent with electroweak precision fits
made by the LEP experiments, also the couplings of fermions to the Higgs seem to agree with their
prediction [33-38]. Thus, it is safe to state that the discovered Higgs boson is at least Standard Model
like.

Nevertheless, it is worth to pause for a moment and reflect what we really know about the Higgs
potential at the moment. The vacuum expectation value v is measured indirectly by different measure-
ments. Moreover, the Higgs mass induces information about the direct slope of the potential around
the minimum. But being disarmingly honest, this knowledge is visualised in figure 2.9(a) while further
properties of the potential remain unmeasured (cf. figure 2.9(b)).

On top of that, many theories beyond the Standard Model predict a significant alteration of the potential
(cf. section 2.4). Hence, it should be probed as precisely as possible.

After symmetry breaking as predicted by the Standard Model (eq. (2.16)), the potential contains
a cubic and a quartic term with respect to the Higgs field. This induces the phenomenological effect
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Branching ratios
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Figure 2.8: Higgs branching ratios in dependence of the Higgs mass (a) and as a pie chart for m;, = 125.09 GeV
(b). The left plot is historically motivated without the proper knowledge of the Higgs mass. Nevertheless, for
educational reasons, this diagram is presented here.
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Figure 2.9: The current knowledge of the Higgs potential (a) and valid possible extrapolations (b) in a provocative
sketch. The possible extrapolations shown here are meant to be educational and should not be taken too seriously.
In fact, the slope around the minimum is also known to a certain extend and would have to be fulfilled by the
extrapolation. However, the global behaviour of the Higgs potential remains unmeasured.
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of either trilinear or quadrilinear Higgs boson self-coupling. While the latter remains inaccessible at
the LHC or future linear colliders [39—41], the trilinear Higgs coupling can be probed in multi-Higgs
final states. Moreover, its effects on precision observables [42] or loop corrections to single Higgs
production [43, 44] can be studied.

This thesis focusses on the multi-Higgs approach and its purpose is to participate in the ongoing
efford of measuring di-Higgs production for the first time. Within the SM, di-Higgs production is several
orders of magnitude lower than single Higgs production [45] due to additional vertices and the additional
on-shell Higgs boson which significantly reduces the kinematic phase space. Moreover, the production
suffers from a strong destructive interference of the two leading-order production processes [46], which
are presented in figure 2.10.

9 - h

©h
t/b

g " h g h
(@) (b) (c)

Figure 2.10: The dominating leading order di-Higgs production diagrams are shown. Within the SM, di-Higgs
production is possible via a heavy-quark loop (a) and the trilinear Higgs self-coupling (b). Theories beyond the SM
further predict possible high mass resonances (c) which decay into two Higgs bosons.

The most interesting diagram for this thesis is the so called triangle diagram (cf. figure 2.10(b)) in
which two Higgs bosons are produced via the exchange of another virtual Higgs boson. This is the only
tree-level diagram which is sensitive to the Higgs boson self-coupling constant gu,,. Moreover, two
Higgs bosons can be produced via a heavy quark loop (cf. figure 2.10(a)) which scales with the ¢tk and
bbh coupling strength. Due to their negative interference, the SM prediction of the overall di-Higgs
production cross section only accounts for 33.4 b [32].

This cross section can be enhanced by several scenarios beyond the SM (BSM) which are partly
motivated in section 2.4. In these scenarios, either the destructive interference is reduced by a shifted
tth, bbh or gpy;, coupling, or new hypothetical particles allow for additional production processes. These
could either interact via loop corrections such as light coloured scalars [47] or via resonant production if
they decay into two Higgs bosons (cf. figure 2.10(c)). For the latter case, several possible particles serve
as candidates for this resonant intermediate boson and are mentioned in the following section.

By confining ourselves to the SM-prediction, in summary the overall expected cross section of 33.4 fb
causes the observation of di-Higgs production to be a huge challenge as only in roughly one of two
trillion (!) proton-proton collisions [48], two Higgs bosons are produced at the same time. Thus, the
overall amount of these events is extremely limited and as many further decay channels as possible should
be taken into account to detect them.

The most promising decay channels [49, 50] to measure di-Higgs production are thought to be hh —
bbbttt [51], hh — bbbb [52] and hh — bbyy [53]. To further improve the detection significance at the
ATLAS detector, also studies for the less prominent production channels hh — yyWW?*, hh — bbWW*
and hh — WW*WW™* were published [54-56]. They exploit the high branching ratio of Higgs decaying
into b quarks or W bosons and partly try to connect that to channels which leave a very unique structure
in the detector such as two 7 leptons or two photons. However, they all suffer from an extremely large
QCD background produced in the hadron collider which mimics the signal of b quarks or hadronically
decaying W bosons. Thus, this thesis focusses on an alternative approach and serves as a first estimate of
the capability of the kh — ™ t*7t~1* channel. The drawback of an extremely low branching fraction
of roughly 0.4 % might well be overcome by the fact that hardly any other SM process produces four
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7 leptons at the same time. Hence, a very low SM background might be possible (cf. section 4.1). A
summary of the expected amount of events in each channel after the full LHC data taking period* (which
is planned to amount to an integrated luminosity of 3 ab~!) is shown in table 2.1.

Channel | Branching Ratio \ Expected Events ‘

total 100 % 100000
bbbb 35.38% 35380
bbWW* 24.91 % 24.91
bbrt 7.28 % 7280
WW*WWwW* 4.58 % 4580
bbyy 0.24 % 240
yyWWw* 0.08 % 80
TTTT 0.38% 380

Table 2.1: Amount of di-Higgs events expected in selected channels for an integrated luminosity of 3000 fb~! at
the LHC. The branching ratio is calculated by considering the single Higgs BRs (cf. figure 2.8).

Furthermore, it should be emphasised that even by combining the mentioned channels above, only a
detection significance corresponding to 3o is expected. This results in a trilinear Higgs coupling uncer-
tainty of roughly 50 % [49]. Indeed, many BSM theories allow for a strong modification of this coupling
and theoretically, even a six times enhanced trilinear coupling agrees well with all measured electroweak
properties at the moment [57]. As a result, the highest achievable accuracy is desirable to exploit the
self-coupling’s full probing power of BSM physics. In summary, every appreciable contribution of the
hh — 41 channel to the overall di-Higgs coupling sensitivity could be assessed as a success.

2.4 Shortcomings of the Standard Model and Their Connection to
Scalar Fields

Despite to the tremendous successes of the Standard Model and its enormous precision in correctly
describing microscopic processes, there are still open questions which cannot be answered by the SM
alone.

First of all, gravity is not included in the SM. Instead, Einstein’s theory of General Relativity from
1915 [58] is still the most recent and successful theory to describe macroscopic phenomena which
are completely gravity-dominated. Since then, several attempts have been made to integrate General
Relativity in an overlying quantum field theory. None of them succeeded and in fact, gravity seems to be
non-renormalisable and thus incompatible with the QFT framework of the SM.

Although these two theories seem to be well separated into the microscopic and macroscopic cosmos,
there are scenarios in the universe, in which the energy-momentum-density is high enough for gravity to
compete with the other fundamental forces with respect to the coupling strength. Examples for this are
the very early universe or black holes which both need a unified theory of QFTs and gravity, referred to
as quantum-gravity [59].

Moreover, the probably most glaring caveat of the SM also has to do with macroscopic scales. Astro-
nomical observations discovered that only 4.96 % of the universe are made out of baryonic matter which is

% this includes the high-luminosity upgrade of the LHC which is planned to start taking data in 2026
3 In fact, these are also the two examples in which General Relativity on its own runs into mathematical singularities. Thus, the
examples can also be seen as general problems of the gravitational theory.
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described by the SM. Another 26.54 % are made out of so called Dark Matter [60]. This arcane substance
only reveals itself through gravitational interaction like in rotational curves of galaxies, in gravitational
lensing observations or in its role in the structure forming of the early universe. Possible candidates for
Dark Matter might be unknown particles which only interact weakly (i.e. with the weak interaction or a
yet unknown new interaction) with the SM. The remaining 68.5 % of the universe are made out of the
even more mysterious Dark Energy. The energy is responsible for the observed accelerated expansion
of the universe and manifests itself as a cosmological constant in Einstein’s equations of gravity. Its
physical nature is completely unknown.

Astronomical observations also indicate that the baryonic matter of the universe seems to be only build
out of matter and not antimatter. However, within the SM, it is ensured that matter can only be formed by
creating an equal amount of antimatter. Therefore, the question arises why all antimatter disappeared
which is addressed as the matter-antimatter asymmetry problem. It might be possible that such an
asymmetry occurs under specific circumstances. They include deviations from thermal equilibrium such
as the moment when the Higgs field developed its vacuum expectation value and broke electroweak
symmetry. This phase transition, though, needs to be of first order to serve as a sufficiently strong
deviation from equilibrium. However, this could only be incorporated into the SM Higgs mechanism if
the Higgs mass would be m;, < 70 GeV which is clearly excluded.

Moreover, a CP-violating process is needed. In the SM, the CKM matrix of quarks provides such a
C#P-violating phase. However, the observed resulting C#-violation is several orders of magnitude too
small to explain the observed matter-antimatter asymmetry in the universe [61].

More technical caveats of the SM are the following. First, after the successful unification of the
electromagnetic and the weak force, it is tempting to suppose that all forces including the strong and the
gravitational force emerge from a single symmetry. This is referred to as a theory of everything. To start
more humble, the possible unification of the electroweak and the strong force to a so called grand unified
theory (GUT) is widely studied. Promising candidates for such a fundamental symmetry could be e.g.
SO(10) — SUS) — SUB)c x SUR);. x U(1)y, although most of the hypothetical theories come with
some serious drawbacks. Moreover, an interesting fact of the SM is, that quantum anomalies are only
cancelled if the following relation holds:

0 = Nc - quarks 4 gleptons — 3., (% - %) +0-1) 2.17)
This induces an interesting correlation of the electromagnetic charge and the number of colour charges
which can be interpreted as a hint of an underlying theory.

Indeed, the running of all four interaction couplings points into the same direction. It seems that
the three couplings of the SM reach comparable values at roughly 10'® GeV which is referred to as the
GUT scale. However, in the SM these couplings do not meet exactly, thus additional tuning like new
processes or new particles would be needed. This might emerge somewhere within the untested 12 orders
of magnitude up to the GUT scale. It is not too far-fetched to notice that the gravitational coupling which
reaches a strength of O(1) at the Planck scale of 10'” GeV might have similar values to the SM couplings
somewhere in between the GUT scale and the Planck scale. Eventually, it is desirable that the 27 free
parameters of the SM (including neutrino masses) emerge from such a unified theory. At the moment,
they are not predicted by theory and can only be tested experimentally.

There are several proposed extensions of the Standard Model which might explain a few of the
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listed caveats. Many of them come with an extended Higgs sector such as a two-Higgs-doublet model
(2HDM) [62]. It is worth to note that the introduced Higgs mechanism in section 2.3 is only the simplest
possible solution of electroweak symmetry breaking but apart of that, there is no real reason why this
mechanism is chosen over more complicated ones.

The best studied BSM theory is supersymmetry [63, 64]. Originally developed to solve specific
problems, it appears to provide solutions for a broad range of the SM’s shortcomings and is essential for
UV complete theories like string theory. In supersymmetry, among other things the scalar potential must
be holomorphic to provide a Lagrangian which is invariant under the theory’s specific symmetries. This
directly implies that two different Higgs doublets are needed such that masses for up-type and down-type
fermions can be provided.

Together with twin Higgs models [65] or composite Higgs models [66, 67], the extended Higgs sector
provides an additional heavy scalar which decays into two Higgs bosons and thus could be detected with
resonant production in a process as depicted in figure 2.10(c). Other heavy resonances might occur due
to gravitons or radions [68].

The non-resonant coupling might be altered by BSM theories such as the following very selective
example found in [69]. By expanding the Higgs sector to a CP-violating two Higgs-doublet model
(2HDM) it is claimed that the needed first-order electroweak phase transition as well as additional
sources of CP-violation are achieved. Most importantly for this thesis, the introduced new model would
significantly alter the trilinear higgs coupling and enhance it up to a factor of x = g;lr;lohdd / gi%ﬁ =2.5.
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CHAPTER 3

The Experimental Setup

This work is based on data taken at the ATLAS experiment at CERN. In this chapter, a brief overview of
the underlying particle accelerator, the LHC, is given in section 3.1. In section 3.2, the ATLAS detector
and its sub-systems are introduced and the used reconstruction techniques of physical objects are briefly
presented (cf. section 3.3). The computing techniques to simulate and analyse physical processes are
explained in section 3.4.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [70-72] is the world’s largest and most powerful accelerator with a
circumference of 27 km and is located and maintained at CERN, Geneva, near the Swiss-French border
(cf. figure 3.1). It is a circular accelerator and is designed to produce proton-proton collisions with a
centre-of-mass energy of 14 TeV. Moreover, it also accelerates and collides heavy ions like lead nuclei.
As the latter program focusses on different physics, it is not relevant for this thesis and will not be
described in much detail.

Geneva Switzg‘rland

Eanl France
™ - 11

Léke Geneva

Figure 3.1: The LHC and its four large experiments are shown. Their surrounding landscape at the Swiss-French
border is indicated (figure from [73]).

The LHC hosts four large experiments, namely ATLAS, CMS, LHCb and ALICE. Each experiment is
specially adjusted for different exploratory focusses and purposes. ALICE mainly studies the collision of
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heavy ions to widen the knowledge of fundamental properties of the strong force and to probe conditions
comparable to the early universe. LHCb focusses on flavour physics with the b quark and is designed to
precisely record the boosted region close to the beam pipe. Finally, ATLAS and CMS are designed to
probe a broad range of high-energy-particle-physics processes. Their main purpose was the experimental
discovery of the Higgs boson in particular and the search for several BSM physics scenarios in general.
The former detector recorded the data used in this analysis and is introduced in detail in the following
sections.

For these purposes, a very high amount of particle collisions is needed which scales as Nevent = LT event-
Hereby, the cross section oevent can be interpreted as a probability of each specific process to happen and
reaches from o = 7.81 x 1072 b for proton-proton collisions in general [48] to o~ = 1.3 x 10~'% b for the
signal process gg — hh — 4t of this thesis.

The luminosity £ is the amount of events per time and area and depends on machine parameters
of the accelerator like the number of particles in each particle bunch, the number of bunches in the
accelerator and the comprehensiveness of the bunches at the collision point. At the LHC, luminosities
of 2 x 103* cm~2s~! are achieved [74]. The required number of particles in each bunch for such high
luminosities is impossible to achieve with antiprotons. Accordingly, two separate acceleration rings are
used in which counter-rotating proton bunches are accelerated.

Several pre-accelerators at CERN serve as an injection chain for the LHC and ramp up the proton
energy to 450 GeV. At the LHC, 1232 dipole magnets with magnetic fields up to 8.36 T force the protons
into a circular movement. Additionally, 858 quadrupole magnets are used to focus the beam. Eventually,
the particles are brought to collision at four interaction points. Here, the named four experiments are
located which are designed to study the collision products of the particles.

Due to the large proton-proton cross section, one bunch crossing contains several proton interactions,
referred to as pile-up depending on the focussing magnets in front of each experiment. At the ATLAS
detector, the exact number of interactions varies roughly between 10 and 70 (cf. figure 3.2).
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Figure 3.2: Pile-up at the ATLAS detector for different data taking periods (figure from [75]).

The amount of data taken by the experiments is measured in integrated luminosity and the ATLAS
detector recorded a total of f Ldt = 147fb~! of usable data with a centre-of-mass energy of /s =
13 TeV [75]. This thesis, however, focusses on the data taken in 2017 which adds up to 46.9 fb~!. In
this data taking period, the average amount of pile-up events was 37.8 with a broad distribution (cf.
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figure 3.2). In general, the amount of pile-up events might not be negligible for this thesis as the signal
region will suffer from many fake-tau jets (cf. chapters 5, 6). More pile-up events might increase the
number of fakes and they pollute the low-momentum region which impedes the tau reconstruction. As an
outlook, another 150 fb~! of data are planned in Run 3 of the LHC which starts in 2021 before the LHC
will shut down for major upgrades.

The following so called high-luminosity LHC (HL-LHC) will use upgraded technology such as
magnets up to 12 T and is planned to reach peak luminosities of 5 x 103* cm™2 s~!. This is partly done by
increasing the average pile-up to values of 140, which will lead to much more challenging tasks in terms
of tracking, vertexing and particle identifications. Starting in 2026, the HL-LHC is planned to increase
the total amount of collected data to 3 000 fb~! until 2037 [76].

This thesis will study the significance of the hh — 41 channel after full data taking. Hence, if not
stated differently, an integrated luminosity of 3 000 fb~! will be assumed. Hereby, the possible difficulties
of the much higher pile-up are neglected. However, the HL-LHC might run at centre-of-mass energies
of 14 TeV which increases the signal cross section compared to many background cross sections [32].
Moreover, the ATLAS detector will be upgraded to higher solid angle coverage and thus might lose
less signal events (cf. section 3.2.2). Hence, positive and negative influences of the next upgrade might
at least equal out (in a pessimistic scenario) such that the data of 2017 is thought to serve as a good
extrapolation dataset for the full 3000 fb~! in future.

3.2 The ATLAS Detector

The ATLAS (A Torodial LHC ApparatuS) experiment [77] (cf. figure 3.3) is one of the two multi-purpose
detectors at the LHC. As well as the similar experiment CMS, it is designed to detect the decay products
of particles produced in high-energy-particle-physics processes of broad phenomenology such as in
Higgs boson processes or hypothetical events beyond the Standard Model.

It covers the interaction point with a solid angle of almost 4 such that as many emerging particles
as possible are detected. For this purpose, the detector surrounds the named point with several layers
of specific sub-detectors and forms a cylindrical shape. In the barrel region, the sub-detectors encase
the beam pipe and in the end-cap region at each end, they are arranged perpendicular to the beam in
a wheel-like structure. In total, the detector spans a volume of 44 m X m(12.5 m)? which makes it the
largest experiment at CERN.

Concerning their purposes, the subsystems can roughly be arranged in three categories. They are
briefly discussed in the following sections. The Inner Detector (section 3.2.2) reconstructs the tracks and
momenta of charged particles. It is surrounded by different calorimeters (section 3.2.3) which measure
the energies of different particle types. The outermost part of the ATLAS detector consists of the muon
spectrometer (section 3.2.4) which detects and measures weakly interacting particles such as muons [77].

3.2.1 Used Coordinate System at ATLAS

Before dedicating the following sections to the subsystems, a short introduction to the used coordinate
system at the ATLAS detector is useful.

Its origin lies in the nominal interaction point in the centre of the detector and the z-axis is pointing
along the beam axis. Its x-axis points towards the centre of the LHC accelerator ring and the y-axis
points upwards which makes it a right-handed coordinate system. The usual spherical coordinate system
might be used. Here, ¢ € [—n, m] defines the azimuthal angle which spans the area of the x-y-plane and
6 € [0, ] defines the polar angle between the z-axis and the selected direction.
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Figure 3.3: A schematical view of the ATLAS detector and all its components is presented. Its dimension is
illustrated by the comparison to several dummy-people standing in front of the detector (figure from [77]).

However, it is more convenient to introduce the pseudorapidity 7:

n= —lntan(g) . 3.1

An advantage of 7 is that the fraction of emerging particles at a hadron collider is roughly equal in each
An-interval. Moreover, the difference between two pseudorapidities is Lorentz invariant. r7 runs from 0 at
the perpendicular direction to the z-axis (6 = 90°) to infinity (parallel to the z-axis, 6§ = 0°). Nevertheless,
due to detector properties, this thesis will be limited to = 2.5 which corresponds to 6§ = 9.4°.

As already stated in section 2.3.1, the colliding protons are composite particles. The interaction is
carried out by partons whose original momentum fraction of the proton is described by the PDFs and
remains unknown for a specific event. Hence, the system is very likely to be boosted in one direction as
the momenta of participating partons are usually not balanced. As a result, at hadron colliders, it is useful
to use quantities which are easily transformed and the distance between two objects will be calculated as

follows:
AR = 1/An2 +Ap? . (3.2)

Furthermore, the transverse plane becomes of enhanced interest as only here, momentum conservation
can be assumed. The transverse momentum is given by

pr = AP+ P} (3.3)

and can be interpreted as the projection of the total momentum to the named plane.
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3.2 The ATLAS Detector

3.2.2 Tracking and Vertexing

The innermost detector of ATLAS [78, 79] is located directly around the beam pipe and is designed to
reconstruct the tracks and vertices of electrically charged particles (cf. figure 3.4). For this purpose, the
Inner Detector (ID) is surrounded by a solenoid which creates an axial magnetic field of 2 T such that the
charged particle’s tracks are bent depending on their momentum.

6.2m R = 1082mm

R = 554mm

R =514mm
R =443mm
SCT
IIIIII R=371mm

R =299mm

|\ Barrel semiconductor fracker
Pixel detectors

7 ‘ Barrel fransition radiation tracker Pixels {
End-cap fransition radiation tracker

R =122.5mm
R =88.5mm
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End-cap semiconductor tracker

(a) Longitudinal profile [77] (b) Radial profile [80]

Figure 3.4: The Inner Detector is represented with two different lateral cuts. In (a), the proportions of each detector
component are visualised and in (b) the barrel part is shown in more detail.

Its innermost ingredient is a four-layer Pixel Detector (PD) which surrounds the detector centre with
a radius spanning from 33.25 mm to 122.5 mm. At the end-caps, the PD is completed by three disks and
in total, it covers a pseudorapidity region up to || < 2.5. Due to its vicinity to the interaction point, it is
exposed to a very high track density and hence a large radiation dose. To allow for a precise vertex and
momentum reconstruction anyhow, it is highly granulated and consists of more than 90 million silicon
pixel detectors. Each pixel has a size of 50 pm X 400 wm or 50 wum X 250 um for the innermost layer. With
this setup, a resolution of 10 um in the transverse plane and 115 um in z direction is achieved [77, 80].

The PD is surrounded by the Semiconductor Tracker (SCT). It consists of four cylindrical layers
of silicon stripes in the barrel region. In total nine wheels of silicon strip detectors are arranged in the
end-caps to enable at least four space point measurements up to || = 2.5. Each strip is between 5 cm
and 12 cm long and has a width of 80 wum. The layers are arranged with a small angle with respect to
each other to enable information about the z direction [81]. In total, the detector achieves a resolution of
17 um in the transverse plane and 580 um in z.

The ID is completed by the Transition Radiation Tracker (TRT). In contrast to the other two tracking
detectors, it is a gaseous detector which consists of 351 000 mainly xenon filled straw tubes with an
detection wire along their central axis. Its detection principle is analogous to the one of a drift chamber
in which particles ionise the gas mixture along their trajectory. The ionised gas is accelerated towards the
detection wires creating an avalanche of ions which then can be detected.

Additionally, the TRT is also used for electron identification. For this purpose, special materials are
places in between the straw tubes such that high energy particles emit transition radiation due to quickly
changing refractive indices. Light particles like electrons are much more likely to produce transition
radiation than heavier ones such as pions. In the end-cap region, the barrels are arranged radially and the
TRT covers a range of || = 2.0 [82].

23
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The ID limits the solid angle coverage of the ATLAS detector. As the two most sensitive tracking
detectors (the PD and SCT) only cover the detector up to |7 = 2.5, no particles outside of this region are
considered. After the HL- LHC upgrade, however, it is planned to achieve a full coverage up to || = 4.0.

3.2.3 Calorimetry

The calorimeter system (cf. figure 3.5) is dedicated to measure the energy of emerging particles and
covers a range up to || = 4.9. It directly encases the Inner Detector.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAY electromagnetic

LAr electromagnetic
barrel

Figure 3.5: Cut-away view of the ATLAS calorimeter system (taken from [77]).

In opposition to the ID, which is designed such that it is transited by particles with the lowest possible
energy loss, the calorimeter system is constructed with the aim that particles deposit their whole energy
in this system. Especially neutral particles which do not leave a track in the ID can only be detected
by the calorimeters. Thus, it is designed sufficiently large and divided into two subsystems due to the
diverse interaction behaviour of different particles.

The electromagnetic calorimeter (eCAL) is designed to stop electromagnetically interacting particles
like electrons and photons such that their whole energy can be measured. Two different alternating layers
with separate tasks are arranged in an accordion shape for this purpose. On the one hand, the particles
deposit their energy in the passive absorber material made out of lead plates by creating relatively narrow
electromagnetic showers. On the other hand, the active absorber material liquid Argon (LAr) gets ionised
by the particle showers and creates a measurable signal proportional to the particles energy.

To ensure that most mainly electromagnetically interacting particles deposit their full energy in this
calorimeter, it has a thickness of more than 22 times the radiation length Xy in which particles lose all but
1/e of their original energy.

Particles that pass the eCAL are most likely hadrons which then are stopped in the hadronic calori-
meter (hCAL). Such as the eCAL, the hCAL consists of alternating layers of active and passive absorber
materials. Hereby, the passive material mainly consists of steel in the barrel region while scintillating
tiles form the active layers. The latter ones are read out by photomultipliers. In the end-caps, liquid argon
serves as the active material and copper is used as the passive absorber. In the very forward region, the
forward calorimeter allows energy measurements up to || = 4.9. It is exposed to very high occupancy
and radiation doses and uses copper and tungsten as passive material. Again, liquid argon is used as
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the active material. The hCAL is designed to stop strongly interaction particles like jets or the daughter
particles of hadronically decaying 7 leptons. They initiate hadronic showers that show a much larger
structure than the electromagnetic ones. Thus, the hCAL is even larger than the eCAL and reaches a
thickness of roughly 9.74 where A is the interaction length defined as the mean free path of a particle
before it scatters inelastically [77].

Unfortunately, between the barrel and the end-cap region, a small region is occupied by cables
and cryostats which leads to a bad energy resolution. To account for this, usually particles within
1.37 < In| < 1.52 are discarded in ATLAS analyses.

3.2.4 Muon System

Muons are the only detectable particles of the SM which cannot be stopped by the calorimeters. They
do not interact via the strong force and due to their higher mass they by far do not lose as much energy
as electrons via bremsstrahlung. To still measure the trajectory and momentum of minimally ionising
particles like the eponymous muon, the ATLAS detector is completed by the muon system (depicted in
light blue in figure 3.3).

It is pervaded by a toroidal magnetic field which forces particles on a curved track and thus enables
to measure information about their momenta. To achieve good resolutions, the muon system is large
and gives the ATLAS detector its size. Four different subsystems are used. Hereby, the Monitored
Drift Tubes as well as in the Cathode Strip Chambers, both gaseous detectors, provide precise spatial
measurements perpendicular to the beam axis.

Moreover, the muon system provides a very good time resolution and a fast responses and hence can
be used for fast trigger decisions. The Resistive Plate Chambers as well as the Thin Gap Chambers
are designed for this task and achieve time resolutions of 4 ns. Additionally, they measure the spatial
observable parallel to the beam axis [77].

3.2.5 Trigger System

At the ATLAS detector, every 25 ns the proton beams collide which is equivalent to a frequency of
40 MHz. Moreover, each collision produces roughly 10 to 70 interactions (cf. figure 3.2). Considering
an average event size of 1.5 MB, a storage of all these events would require 60 TB of data each second,
which is not only strongly limited by the overall required storage facilities but also technically in terms
of data transfer time. Fortunately, most events are physically not very interesting and contain only soft
QCD interactions with low transverse momenta. Therefore, a fast decision system is implemented to
select events with potentially interesting properties. For example, high transverse momenta indicate the
production of a heavy (and thus potentially interesting) particle. All other events are then discarded and
cannot be reproduced if in future some properties might become interesting which nobody thought of
today.

This delicate task is fulfilled by the trigger system [83]. In the version used in Run II a hardware-
based level 1 trigger (L1) reduces the data rate to 100 kHz in a latency of 2.5 us. Hereby, compressed
information of the calorimeters and the muon system is available. Events which were accepted by the L1
trigger are further processed by the software-based High-Level Trigger (HLT), which reduces the data
rate further to 1 kHz. The HLT bases its decisions on full detector information and first reconstructions
which are available for 0.2 s. Each event passing the HLT is stored permanently and accordingly, a storing
capability of the order O(1 GB/s) is needed [83, 84].

A serious issue in future might be to actually trigger on a multi-tau system as it is demanded in this
thesis for the 440¢ channel. Especially, when all taus are soft, it will be very challenging for the triggers
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to distinguish them from jets at the first place. This problem will intensify at the HL-LHC where much
more pile-up is expected. Thus, a neat trigger solution has to be found once the possibilities at the
HL-LHC are foreseeable.

In this work, a general combination of any trigger is used which then demands e.g. at least two high
energetic taus or similar properties. Especially at the HL-LHC data-taking period, the trigger system will
significantly be altered and further development of tau triggers is expected. Therefore, it is relinquished
from selecting one possible trigger scenario for current data which has to be completely reconsidered
for most of the expected 3 000 fb~! anyway. As all signal selections defined in section 6.4 include high
requirements on the sum of all four lepton momenta, it is imaginable that a high-pr cut on at least one or
two of the 7 leptons due to a future trigger selection might not reject further signal events.

For leptonically enriched final states, the most promising approach probably will be to trigger on the
light lepton as these triggers achieve much higher reconstruction efficiencies.

3.3 Reconstruction and Identification of Physical Objects at the
ATLAS Detector

Proton-proton collisions produce various particles which decay further or directly burst apart of each
other. The detection and identification of these particles is the main purpose of the ATLAS detector.
Each particle type leaves characteristic traces in the detector and information of several sub-detectors is
combined to identify them. Only neutrino interactions are orders of magnitude too weak such that they
leave the detector without any direct signal. A short overview of the basic methods to reconstruct jets,
leptons and missing transverse energy is given in this section.

3.3.1 Jet Reconstruction

As already described in section 2.2, the strong coupling grows for low energies or correspondingly low
transferred momenta. As a result, in strong interactions the relative momenta of emerging quarks and
gluons are mostly small such that they are usually collimated to the direction of the original particle.
Moreover, due to the confinement, coloured particles cannot exist on their own but form colour neutral
states in the process of hadronisation. Therefore strongly interacting particles or hadronically decaying 7
leptons usually result in a jet of hadrons pointing into similar directions [17].

At the ATLAS detector, jets are typically reconstructed by using the anti-k;-algorithm [85], which
uses three-dimensional, togological clusters as input. In these clusters, the signals of neighbouring cells
in the calorimeters are merged. Here, cells with a high energy deposit serve as seed cells from which
neighbouring cells are iteratively added depending on their signal properties. The anti-k;-algorithm
then defines the distance of the clusters with respect to each other and to the beam and combining the
closest objects. If the closest distance is the one to the beam, the object is considered to be a jet and is
removed from the list of unidentified objects. By repeating this step several times, eventually all objects
are assigned to jets. In this process, the size of the jets can be governed by adjusting corresponding
parameters in the distance measure. Typically, the jets are formed in a radius of AR < 0.4.

Finally, to determine the jet’s energy and momentum several corrections apply. For instance, pile-up
effects have to be considered. Further calibrations are done by comparing the reconstructed jets to Monte
Carlo simulations.

Among the various amount of QCD jets, the ones containing b quarks, so called “b-jets” can be singled
out. Here, one exploits the fact that hadrons containing a b quark only decay under the weak interaction
and thus (cf. section 2.2) have a relatively long lifetime of the order of O(1.5 ps). Accordingly, due to
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their additional high energies, their travelled distance before the decay into a jet becomes measurable
which results in a displaced vertex. Moreover, the usual decay modes of b-hadrons are used such that
quite effective b-tagging algorithms have been developed [86]. In this analysis, b-tagging is mainly used
to separate QCD and ¢ quark background from the signal.

3.3.2 Lepton Reconstruction and Light Lepton Identification

The outstanding property of the signal channel of this analysis is that it contains solely four 7 leptons
in its final state. With a mass of m,; = 1.777 GeV, the 7 lepton is the heaviest of all leptons and due to
its small lifetime of 290 fs, 7 leptons have to be reconstructed from their decay products. Its high mass
enables the decay into hadrons in addition to the emerging T-neutrino, which occurs with a probability of
65 % [11].

An essential task, while working with 7 leptons, is to distinguish hadronically decaying 7 leptons
(further referred to as Tp,q) from QCD jets and other fakes. This is addressed phenomenologically in this
section and in more technical detail in chapter 5.

Leptonically decaying 7 leptons (7jep, occuring with a probability of 35 %) suffer from an additional
undetectable neutrino and cannot be distinguished from directly emerging electrons or muons in the
ATLAS detector. Instead, these light leptons are directly reconstructed as such and their reconstruction
and identification techniques are very important in the signal channels allowing leptonic decays of one or
two of the signal taus. Hence, the characteristic properties of each lepton are shortly explained in this
section.

Electrons

Electrons leave signals in the Inner Detector and are stopped by the eCAL. Therefore, information of
these two systems is combined for electron reconstruction and identification. There are algorithm starting
the other way around, but usually, the electron identification algorithm starts with the search for an
characteristic eCAL cluster with pr > 2.5 GeV. This cluster is then matched to a track. In this process
tracks with many hits in the silicon tracker are preferred. Moreover, electrons differ to other particles by
their strong transition radiation in the TRT as described in section 3.2.2. Usually, it is demanded that
they appear isolated and carry at leasts 90 % of the detected energy in their surrounding. Depending on
several criteria like the track quality, their shower shape in the eCAL or the ratio of their measured energy
in the calorimeter and momentum measured in the tracker, several likelihood-based working points like
Loose, Medium or Tight are defined in ATLAS analyses. They differ in the achieved electron-efficiencies
compared to background rejection. For example, for Medium electrons, efficiencies of 88 % up to 95 %
are achieved depending on the electron pt [87].

The electron signal in the eCAL can be mimicked by photons. Indeed, the photon algorithm also
starts by searching for eCAL clusters. However, photons are neutral and do not leave a track in the Inner
Detector accordingly. Even if the photons already decay via pair production into e*e™-pairs in the ID,
the emerging electrons can be distinguished from original ones by the two clear trajectories of different
charge emerging from the same vertex [88, 89].

Muons

For muon reconstruction and identification, signals of the Inner Detector, the calorimeter and the
muon system are combined. As muons are the only particles, which manage to leave the detector’s
calorimetry, they leave a very characteristic signature in the muon system. At first, particle trajectories
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are reconstructed independently in the ID and in the muon system. The tracks are then extrapolated and
compared with the reconstructed tracks in the other system. Muons are called combined muons if such a
track agreement is found. Segment-tagged muons, however, are muons whose track in the ID can only be
associated to at least one track segment in the MDT or CSC. Typically, these are low pt muons or they
traverse a low-acceptance region of the muon system. Muons which leave no information in the muon
chambers but can be identified due to their track and energy deposition in the calorimeters (which has to
match an expected signal of a minimal ionising particle) are called calorimeter-tagged muons. Contrary
to that, muons which are reconstructed solely with muon spectrometer information are called stand-alone
MUons.

Apart of muons, only highly energetic particles partly manage to escape the calorimeters. However, in
opposition to the muons, they deposit huge amounts of energy in the calorimeters before and thus by
capitalising on the calorimeter’s information, effective methods to identify muons were developed [90].
Depending on the transverse momentum of the muon, reconstruction efficiencies of up to 97 % are
achieved [91].

The high reconstruction and identification efficiencies for light leptons lead to the fact that in this work,
pure QCD fake objects will be considerably less important in leptonic decay channels than in the 4420¢
channel, in which all taus decay hadronically (cf. section 6.2).
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(a) Figure from [92] (b) Figure from [93]

Figure 3.6: The tau decay modes with the corresponding branching ratios and the number of emerging charged and
neutral particles are shown in (a). The leptonic decay mode is further divided into electron and muon decays which
occur nearly equally often. In figure (b) a typical particle shower of a 3 prong tau decay is compared to a shower
emerging from a hadron.

Roughly three out of four hadronically decaying 7 leptons decay into one charged particle (“1 prong”),
while the other one decays into three charged decay products (“3 prong”) [11].! These particles are
mostly pions (cf. figure 3.6(a)). Apart of that, one or more neutral particles such as 7° can be produced
and for every decaying tau, one T neutrino emerges. Since the neutrino leaves no trace in the detector, the
overall tau energy cannot be detected directly.

As stated in section 3.3.1, hadrons are reconstructed as jets, hence also hadronically decaying taus are
first reconstructed as jets with the anti-k; algorithm. If they satisfy pr > 10GeV and || < 2.5, they serve

! The amount of hadronically decaying taus which produce five or more charged particles is less than 0.2 % and therefore can
be neglected.
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as seeds for the Th,q reconstruction. The challenge is to distinguish hadrons emerging from a tau to them
emerging from a quark or gluon.

Accordingly, the tau decay properties are fully exploited. First, jets tend to produce much more
particles and thus charged tracks than 7 leptons. Moreover, the overall charge of a jet does not need to be
limited to =1 and jets tend to be broader. In general, jets emerging from 7 leptons are more collimated
than others because they are already colour neutral (cf. figure 3.6(b)). Consequently, the tau candidates
are divided into a core (0 < AR < 0.2) and an isolation (0.2 < AR < 0.4) region. The tracks of a tau
candidate are required to lie in the core region. They have to fulfil pt > 1 GeV and a sufficient amount
of hits in the SCT and pixel detector. The tracks within the isolation region are further used for tau
identification variables (cf. section 5.2). The tau vertex is determined by choosing the vertex with the
highest contribution to the transverse momentum pr of the 7 lepton. [94-96].

In this thesis, the exact tau identification method differs to the approach which is usually used in
ATLAS analyses. This novel approach as well as the detailed and technical usual reconstruction is
presented in chapter 5.

3.3.3 Reconstruction of Missing Transverse Energy

Although the overall momentum of the fundamental parton-parton collision remains unknown in a hadron
collider (cf. sections 2.3.1, 3.2.1), statements about the transverse plane are possible. Compared to
the usual energies considered at the LHC, the partons can be assumed to have no initial momentum
component perpendicular to the beam axis. Thus, energy and momentum conservation can be applied
in the transverse plane and a balanced distribution is expected. This balance can be spoilt by particles
which leave the detector undetected and thus carry away a certain amount of energy and momentum. In
the SM, only neutrinos serve as such particles. Summing up, by considering all measured energies and
momenta, the missing transverse energy EITniSS can be reconstructed.

As at least four tau neutrinos are expected to be produced in the signal region of this analysis, E3" is
an interesting quantity to look at even though is seems not to provide the best separation power. This
can be explained if the neutrinos leave the detector in different directions. In this case the effect of a
considerable E?iss in one particular direction is balanced out.

3.4 Computational Methods, Data Simulation and Software

3.4.1 Event Generation and Detector Simulation

To draw meaningful conclusions in science, observations have to be compared to predictions from
(possible) underlying theories. In particle physics, however, the data as well as the predictions from the
Standard Model quickly become very complex as a huge multitude of effects and probabilities provide a
rich field of possible observables and phenomena. Thus, precise simulations of particle physics events
and the resulting detector response are crucial for the interpretation of ATLAS data.

Starting with the proton-proton collision, the produced particles and their properties as well as their
decay products have to be modelled. Eventually, their interaction with the ATLAS detector and its
response have to be simulated. To account for the probabilistic quantum nature of particle physics
processes, Monte Carlo (MC) simulations are used for the event generation. Here, the actual physical
process is divided into several steps which are neatly visualised in figure 3.7.

At the primary interaction of each proton-proton collision process in this analysis, a hard parton-
parton interaction (signalled in red in figure 3.7), the momentum transfer is large. This results in
a coupling of the strong force which is weak enough to be described with perturbation theory (cf.
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Figure 3.7: The sketch of a hadron-hadron collision as simulated by a Monte-Carlo event generator is shown. In
this figure, the dark red blob represents the actual hard collision and in red its collision products and bremsstrahlung
processes are depicted. The purple blob signals the event from the proton remnants and in light green, the
hadronisation process, i.e. the transition of partons to hadrons (dark green) is shown. Yellow lines denote soft
photon radiation (taken from [97]).

figure 2.4). Hence, matrix elements can be calculated with Feynman diagrams. Moreover, the parton
distribution functions of the proton (cf. figure 2.6) are used. Additionally, the interactions of the proton
constituents which do not participate in the hard scattering have to be modelled (purple). This is typically
a non-perturbative process due to its low-momentum transfer and corresponding strong coupling.

Next, initial (marked in blue) and final (again in red) state radiation in which partons radiate of a gluon,
cause additional parton showers. These showers are simulated as an extrapolation from the scale of
the hard process towards the non-perturbative confinement scale. However, parton shower algorithms
are limited to a certain cut-off scale. In the infrared scale, where QCD becomes strongly interacting,
sophisticated non-perturbative models of hadronisation (green) have to be taken into account. This is
done on a purely phenomenological level. The two most successful models of hadronisation are the string
and the cluster model. Here, the partons and gluons are either modelled as a connected string or as parts
of a colour-singlet cluster [98].

The event generators provide the generated particles and their four-momenta. Now, their interaction
with the detector has to be modelled which is done by the program GEANT4 [99]. This includes effects of
their deflection by the detector’s magnetic fields up to the release of additional particles as showers in the
calorimeters and the corresponding energy loss. Next, the detector response is mimicked by simulating
the electrical readout signals caused by the primary and secondary particles. This output is analysed
by the same reconstruction algorithms as explained in section 3.3 such that the simulated events are
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comparable to actual data.

The search for rare processes usually takes place in the tail region of various background processes.
For a proper estimation of these tail regions, many events have to be simulated. Moreover, the simulated
events have to be validated and optimised by comparing them to data in well understood control regions.

In this analysis, the events involving vector bosons and leptons were fully simulated by Sherpa [100],
which is a general purpose leading order event generator that simulates the full event from the hard
interaction to hadronisation. For processes involving ¢ quarks or Higgs bosons, PowHeg [101] was used
as the event generator and Pythia8 [102] simulated the parton showering and hadronisation by using
the Lund string model. For the hh — 47 signal sample, MC@NLO [103] was used as the event generator
and the particle showering was modelled with Herwig [104]. A full table of the used samples and their
generators is given in the appendix in table A.1 to A.6.

3.4.2 Boosted Decision Trees

The boosted decision trees used in this thesis are binary classification methods to discriminate signal
from background events. Here, signal events can either be truth taus (cf. chapter 5) or hh — 41 events
(cf. chapter 6). In general, a boosted decision tree (BDT) consists of a variable amount of decision trees
which are weighted depending on their separation power between the classes.

In a decision tree, data is split into several subsets with respect to specific properties. These properties
are defined by the input variables of the tree. Each tree consists of a number of binary decisions which
each divide the dataset further. In figure 3.8 a binary tree structure is sketched.

Root node

Terminal nodes

Figure 3.8: A pictorial decision tree is visualised. The tree has a depth of two and utilises two input variables x|
and x, (Figure taken from [105]).

While the root node contains the full dataset, it is split into several disjoint subsets which are represented
by the terminal nodes in figure 3.8. The splitting depends on the defined maximum depth of the tree
and further stopping criteria like a minimal number of training events in each node. Commonly used
for creating decision trees is the Gini impurity Ig(p) = 2p(1 — p). Here, p is the signal purity in each
node. Usually, the best split is chosen such that the mean of the Gini impurities of the resulting nodes is
minimised. In this process, each node is weighted with its sum of event weights [105]. In the program
TMVA [106], which was used in chapter 6, a further parameter is defined which governs the number of
grid points in each input variable to find the optimal cut in node splitting.
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For the used BDTs, hundreds of such decision trees are produced. To improve the overall separation
power of the two input classes (signal and background), these trees are now boosted (hence the straight-
forward name boosted decision tree). In the boosting process, algorithms are used which in the end
assign weights to each decision tree depending on its separation power. The boosting algorithm with best
performance was found to be Adaptive Boosting (AdaBoost) [107] in this analysis. Here, the decision
trees are trained while assigning higher weights to events which were previously classified incorrectly.
Next, a weighted sum of these trees is created and a final BDT score is assigned to each event. For
instance, signal-like events might achieve a score close to 1 while background-like events are close to —1.
The exact value of the maximal score, however, is arbitrary.

3.4.3 Analysis Software

In this thesis, mainly the xTauFramework [108] and HAPPy [109] were used and adapted. Both utilize
the ROOT software package [110]. The former one provides tools to process MC or data samples and
was used to create N-tuples from the more detailed DAOD files. In this step, the framework provides all
common recommendations for object definitions (although the tau object definition was studied in more
detail in this analysis and accordingly was altered several times). Also event cleaning and the standard
ATLAS object calibration is applied. HAPPy was used to further study the N-tuples, to compute results
and to visualise them in histograms and graphs.

More suited to specific tasks is the TMVA [106] package which is integrated in the ROOT software.
TMVA was used to train and study BDTs (cf. section 6.5). Last but not least, a shape fit of the signal
region and a corresponding calculation of an upper limit on the di-Higgs cross section was performed by
HistFitter [111]. This framework was originally developed to search for SUSY processes but can be
used for several signals with low cross sections.
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CHAPTER 4

Setting Up the Scene

In this chapter a general guideline for approaching the di-Higgs signal is presented. For this purpose, first
it is motivated on truth level' that the ki — 47 channel indeed protrude from possible processes with
four taus in the SM (section 4.1). On reconstruction level, several technical drawbacks such as fake taus
have to be dealt with. A general strategy to do so is presented in section 4.2. Subsequently, in section 4.3
a preselection is introduced which utilises the expected event topology while keeping much signal as
possible.

4.1 Truth Level Considerations

As already stated in section 2.3.2, there are several di-Higgs decay channels such as hh — bbbb or
hh — bbrt with higher branching ratios than hh — 4t (cf. table 2.1) and hence more signal events.
However, they all either contain b quarks or W bosons and thus suffer from a large hadronic background.
The hh — 47 channel, though, might single out as one of the very few SM production channels of four
7 leptons. Hence, this channel might serve a very clear signal. Indeed, by studying several physical
processes on truth level, a promising signal to background ratio of up to 1.5 or 2 is observed (cf. table
4.1).

’ Cut hh — 47" Higgs ‘Multiboson ‘ V + Jets ‘ Z -7 ‘ Top ‘ 1t ‘S/ VS + B‘
Ny > 4 268 6 849 52672 160 1202903 | 8906 | 96506 0.44
Gri_4: 242~ 268 6656 50689 131 |[151079| 5668 | 61318 0.51
Np.yers = 0 222 5605 43916 113 [124499| 2165 | 16022 0.51
Tl_ruth
2 pf Tt >250GeV | 202 2349 6095 9 1085 | 208 919 1.94
Tl_ruth
> pT’fV‘i’s“ > 200 GeV 107 1058 2326 3 258 93 214 1.68
ARTtlru;hthruAtlh <2.0 64 691 876 0.0 115 0 11 1.53
m¥S. o > 50GeV 37 292 258 0 0 0 0 1.52
Tiy3 T4

Table 4.1: Cutflow of several SM processes by assuming an integrated luminosity of 3000 fb~!. The cuts are

truth
meant to add up from top to bottom. Hereby, the }; p;"z“*‘ > 250 GeV is an exception as this cut is only applied in
truth

-+ > 200 GeV cut. Further explanations are given in the text.

is

the forth row and then replaced by the }; p;":\ll

! “Truth level” refers to the exploitation of underlying truth information in Monte Carlo generated events.
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Chapter 4 Setting Up the Scene

Unfortunately, a full truth level study is not possible without much more technical effort, as some
cuts on reconstruction level have already been placed on the used DAOD? datasets. These DAOD cuts are
summarized in table 4.2. Only events which fulfil these requirements are available for this analysis.
Therefore, at least one (reconstructed) tau candidate and either a light lepton (HIGG4D2) or another tau
candidate (HIGG4D3) are demanded. They further have to fulfil some momentum requirements and other
properties to ensure their reconstruction quality. The ratio of events which fulfils these requirements spans
from 73.37 % for the di-Higgs signal to 8.46 % for associated single vector boson and jet production (cf.
table 4.4 in section 4.3). The amount of expected taus to be lost in the #h — 47 channel is cross checked
with the acceptance study in section 5.1 and is in agreement with that.

HIGG4D2 HIGG4D3

object related N:>1,N.+N,>1 N:>2,N,+N,=0
momentum related | pL > 23 and (pf > 12 or p > 15) . o
> >
(cuts in GeV) 0rp}218and(p%2180rp%222) pr 233 and py 223
object identification
related

tau related NtT ks
TacKs

e = Medium or ¢ = Good 71 = Loose or 7o = Loose

=1or3,|g] =1 N2 €[1,8],1gr,l =1

tracks

Table 4.2: The two different DAOD types are presented which are used in this thesis. They differ in the different
requirements which have to be fulfilled for events to be written in the DAOD sample. In order to ensure orthogonality
between both samples, in this work the light lepton veto for HIGG4D3 samples (marked in red) was added
subsequently. The effect of this selection on each considered process is summarised in table 4.4.

To summarize the partly-truth-level study of table 4.1, in the first row, four or more truth 7 leptons
are demanded. Next, additionally to that, the tau charges are required to equalize which means that
all four taus should be produced in correlated events such as Higgs or Z boson decays into 7777, It
can be observed that especially the amount of Z — 77 and ¢ quark events drops noticeably. This can
be explained, as in both processes, only the correlated production of two taus is expected either via
Z — v+t~ or via tf — bby,v.t" 1. Here, the ¢ quark decays via t — btv; in 7.1 % of all cases [11]. The
two additional truth taus probably occur as decay products of additional hadronic jets in the event and
do not necessarily have to be charge correlated. As a result, many of these events are discarded by the
charge cut.

The veto of b-jets again refers to reconstruction level due to the information which was stored in the
used N-tuples. This explains why so many ¢ quark events survive despite the nearly exclusive branching
ratio of # quarks into b. Theoretically, on truth level almost all top events should be excluded by this cut.

The further two cuts examine the scalar sum of all four tau pr. In general the taus emerging from an
Higgs boson should carry a higher momentum (at least compared to taus from Z bosons or other lighter
particles) due to the high mass of the Higgs. First the truth tau momentum is considered (forth row),
afterwards this cut is replaced with the more applicable visible tau pt. The latter cut is much harder as a
significant ratio of the momentum is carried away by the v;. As a result, the significance drops due to the
loss of signal events and further decreases after applying additional cuts on either the AR of each tau
pair or their invariant mass. However, these cuts are thought to play an important role in the analysis on

2 The data recorded at the ATLAS detector is stored in data files of the Analysis object data (AOD) type. Their content is
referred to as the xAOD data format. As the original data files are too big to analyse directly (usually several Petabytes), they
are reduced according to the needs of each physics group. The resulting Derived AODs (DAODs) still contain information in
the xAOD data format, but they are much smaller (Terrabyte scale). They are further processed by the xTauFramework in this
thesis which creates N-tuples of the order of Gigabyte in which a very selective amount of information is stored.
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4.2 Analysis Strategy

reconstruction level and (at least the scalar sum of all tau momenta) ensures that the event has a higher
probability to be successfully identified.?

Furthermore, this quick study is not thought to examine the highest possible significance which
might be achieved on truth level. Instead, it is proven that a few very straight-forward cuts already lead
to significances which are well suited to significantly improve the overall measurement of di-Higgs
production at the ATLAS detector. Especially after applying all cuts (last row), it is interesting to note
that nearly all background can be reduced to zero. The remaining events are single Higgs events or part
of “Multiboson”. The latter one includes the production of two or three vector bosons (W or Z) or the
more general Sherpa 4¢ and Sherpa 3¢1v samples (cf. table A.6 in the appendix). It is natural to expect
many truth taus if multiple vector bosons are involved. However, the vector boson masses fall below the
Higgs mass and thus it is much more likely for at least one of their decay products to undershoot the
momentum threshold for identification. Indeed, the ZZ — 47 process was investigated quite detailed in
this analysis* and it was found that di-Z events are only roughly ten times more frequent than di-Higgs
events after complete identification of four leptons even though the cross section of ZZ — 47 is 161
times higher.

To sum up this section, it is proven that the hh — 471 process is very interesting on (partly) truth-level.
Therefore, this work is dedicated to the task to examine the possible achievable significance of this signal
on reconstruction level. Obviously, without having access to truth-level information, it is much harder to
single out signal events from the background. The analysis strategy to do so is presented in the following
section.

4.2 Analysis Strategy

The hh — 47 channel can be split into several sub-channels depending on their specific tau decays. As
already stated in section 3.3.2, T leptons have a 35 % probability to decay into electrons or muons. Only
in the remaining 65 % of the cases, the tau decays hadronically and appears as a reconstructed tau in the
ATLAS detector.

The naming scheme of the sub-channels refers to the number of hadronically and leptonically decaying
taus. For example, in 3/1¢, three 7 leptons decay hadronically and one leptonically. Correspondingly,
at least three tau candidates and exactly one light lepton will be demanded in this channel. The other
channels are named analogously. In figure 4.1, the probabilities of the different channels and the expected
amount of events in each channel is shown.

In most signal events, one or two light leptons are produced (38 % or 31 % of all four-tau events). The
amount of four hadronically decaying taus is also considerably high (18 %). A main aim of this work is
to develop an identification method for multi-tau events. To fully exploit the method’s performance, in
this thesis the main focus lies on events with many hadronically decaying taus, i.e. the 420¢ and the 3h1¢
channel, especially in chapter 5. Nevertheless, the 242¢ channel will be investigated in chapter 6 although
it might suffer from different background and would need a more specific treatment. Additionally, chan-
nels with many light leptons also originate from hh — XXWW — X' X’{v{v decays. These are already
studied in more detail in separate analyses and it might become difficult to guarantee orthogonality in the
2h2¢ channel. In this channel, either exactly one electron and one muon or two light leptons of the same
charge are demanded to reject most Z — £*¢~ events.

3 This refers to the fact that all taus have to fulfil a certain pr threshold to be identified.
4 This was also due to the fact that the hh — 47 signal sample on reconstruction level was not available before mid-January, i.e.
only during the last five month of this work.
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Lth}au Decay Channel \ Events \
0ohal 11%
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18% 4h0¢ 68.4
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2h2¢ 117.8
L 1h3¢ 41.8
3h1l 0h4t 7.6
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Figure 4.1: The division of the #h — 41 process into its five sub-channels is shown in (a). In (b), the corresponding
expected event numbers for an integrated luminosity of 3000 fb~! is presented.

Due to the extremely low cross section of hh — 41 processes, an essential task will be not to lose too
many of the rare signal events. Therefore, every event selection has to be reviewed with respect to the
amount of signal events which are discarded by each cut.

A huge drawback of the signal channel is the creation of at least four neutrinos which leave the detector
undetected and carry away energy and momentum. As a result, a significant percentage of the remaining
decay products of the 7 leptons will fall below the momentum threshold to be successfully identified.
Moreover, the solid angle coverage of the detector is limited to || < 2.5 (cf. section 3.2.2) such that
any particle is lost that leaves the detector outside of this region. An event can already be classified as
insufficient if only one of the four 7 leptons could not be identified. Thus, the ratio of taus which is lost
during the identification process scales with the power of four. E.g. if the overall reconstruction and
identification efficiency of a single 7 lepton is 70 %, only in 24 % (0.7* = 0.24) of all four-tau events,
every tau is identified successfully .

It is straightforward to assume that the amount of di-Higgs events which successfully undergo the full
identification process is very limited (cf. section 4.3). This is especially true if usual tau identification
approaches of ATLAS analyses (cf. section 5.2) are used. The expected tau acceptance as well as the
reconstruction and identification efficiencies are studied and possible improvements are outlined.

As the signal events’ unique signature can only be fully exploited if all four leptons are successfully
reconstructed and identified, a major part of this analysis is the development of a new tau identification
method. This methods exploits the shape of multi-tau events instead of identifying each tau on its own
and is presented in section 5.3. Its aim is to lose as few signal events as possible while rejecting most of
the background without four truth taus.

In chapter 6, further properties of the signal are studied to separate it from background events. For
this purpose, the background has to be controlled first. Although the amount of events which produces
four truth taus is limited, hadronically decaying T leptons can be faked by hadronic jets. They can either
emerge from other heavy particle decays of the SM or from pure QCD interactions which are very
frequent in a hadron-hadron collider like the LHC.

Heavy particles result from hard scattering processes and can thus acceptably be modelled with Monte
Carlo simulations (cf. section 3.4.1). As this work can be seen to be the first attempt on four-tau structures,
a proper estimation of all SM events which might mimic four taus is crucial. This is outlined in section
6.1. In pure QCD interactions, however, the hadronisation process of all involved particles cannot be
treated perturbatively and is extremely difficult to model properly. Unfortunately, this is exactly the
process which determines weather a jet is identified as a tau or not. To effectively estimate the extreme
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case of four QCD jets which are misidentified as tau candidates, a huge amount of mostly uninteresting
QCD events would need to be simulated and corrected if their model assumptions are found to be not
ideal.

Instead, a data driven fake estimation of four tau-like objects is developed and studied in section
6.2.. Here, phase space regions of the recorded data are utilised in which it is ensured that they almost
exclusively contain pure QCD events. With appropriate scaling, they can serve as estimations of these
processes in the other phase space regions.

Eventually, a proper signal region is defined by studying and developing a vast amount of observables
which are suitable to separate signal from background (cf. section 6.4). In section 6.5 boosted decision
trees are trained to improve the significance further. Furthermore, the expected shape of signal and
background in the developed signal regions is fitted and an upper limit on the di-Higgs cross section is
calculated in section 6.6.

It should be emphasized that this work is meant to study the capability of the four-tau channel to
participate in the measurement of di-Higgs production at all. Thus, the analysis is pushed to final
significances and statistical interpretations while detailed background studies unfortunately have to be
left aside at some points. The drawback of this approach is that several usual tasks of a complete analysis
are postponed such as proper estimations of control regions of different background processes or a decent
estimation of systematic uncertainties. In the limited time of a Master thesis, the focus of this work is a
final estimation of the potential improvement of the measurement of the di-Higgs self-coupling due to
the 7h — 47 channel. If this is found to be interesting, further detailed studies are motivated.

4.3 Preselection

As described in more detail in section 6.1, many processes are studied (cf. section A.1) with respect to
their probability to produce four taus or four tau-like objects (so called fake-taus). As it was already
motivated in the previous section, usual tau identification approaches might cut away almost all of the
signal. Thus, a very general preselection is designed for the 420¢ and 341¢ channel such that the unique
event topology can be exploited but as few signal events as possible are lost.

Therefore, the tau identification requirements are generalised as much as possible. In the following,
every jet will be considered as a tau candidate, that exceeds a transverse momentum of pt = 20 GeV.
Moreover, the jet or tau candidate is required to consist of one or three charged tracks and an overall
absolute value of the charge of one. Additionally, only tau candidates are considered which lie in high
performance regions of the detector. The tau candidate requirements as well as additional preselection
cuts are summarised in table 4.3.

Selection
pr > 20GeV, |g°@ =1,
Niacks = 1 or 3
Inl < 2.5, ¢ [1.37,1.52]

required objects Niewa > 3, (Npeana + No + N) > 4

gi: 2+2—, all 79 from same vertex,

vertex vertex
|zy ~ 2 cand | < 1 mm

tau candidate
properties

object properties

Table 4.3: The preselection cuts are presented. If not stated differently, they are applied to all samples.

In summary, three or more tau candidates are required. Moreover, at least four leptons in total, i.e.
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either a fourth tau or one light lepton are demanded and their charges have to equalize to ensure their
physical pair production. Additionally, in the hh — 47 process, all four leptons are produced in the
same vertex. Thus, it is ensured that the tau candidates share the same vertex. As the lepton is thought
to originate from a leptonically decaying tau, its z component is demanded to be close to the multi-tau
vertex. Although these cuts are designed to be as general as possible, mainly due to tau acceptance
problems (cf. section 5.1 for more details), a significant ratio of the signal is already lost after these
requirements. In table 4.4, the effect of the preselection cuts as well as the DAOD cuts (cf. table 4.2) on
different processes is summarized.

| hh —» 47 | Higgs [ Multiboson | V+Jets | Z—7r | Top | 1 |
Events after DAOD cuts
Ratio | 7337% | 2297% | 19.21% 846% | 8.64% | 2537% | 30.54 %
Events 268 41-10°] 6.0-107 [ 1.1-10° [ 54-10% | 1.2-10% | 74-10®
Preselection cuts
Ny>2 [ 71.99% | 2133% | 2929% | 10.74% | 50.76% | 41.01 % | 45.09 %
N:>3 | 2955% | 3.48% 5.10% 1.00% | 657% | 980% | 12.81%
Niep >4 | 16.86% | 2.00% 2.98% 091% | 131% | 5.80% | 8.98%
Vertex | 15.48% | 123 % 2.09 % 037% | 0.80% | 461% | 7.50%
gi: 2+2— | 11.30% | 0.65% 0.97 % 020% | 029% | 2.00% | 3.46%
Events 302 [27-10*| 58-10° |21-10°]1.6-10° | 2.3-10° | 2.6- 107

Table 4.4: In the first block, the effect of the DAOD cuts (cf. table 4.2) are summarised. The ratios of events that
survive the DAOD selection are presented with respect to the overall amount of expected events in each process due
to their cross sections. The total amount of the surviving events in the DAOD files is presented in the second row.
This amount is available for further studies. Hence, the ratios of surviving events due to preselection cuts (cf. table
4.3) refer to that number. They are presented in the second block. For example, after demanding N, > 2, 71.99 %
of the 268 hh — 4t-events which passed the DAOD selection is left. To get the total ratio of accepted events in each
process, the ratios of the second block thus have to be multiplied with their value in the first row (in the named
example, this would be 0.7199 - 0.7337 = 0.5282).

In this table, Nie, summarises the total amount of leptons, i.e. tau candidates and light leptons. The requirement to
have at least four leptons which share the same vertex (or light leptons close to it) is abbreviated with “Vertex”. In
all cases, an integrated luminosity of 3000 fb~! is assumed.

As expected, only a tiny fraction of background events fulfils the combined requirements. Unfortu-
nately, also the amount of signal events scales down to 0.73 - 0.11 = 0.08, i.e. only 8 % of all hh — 41
processes are successfully reconstructed in the 440¢ or 3h1¢ channel. Furthermore, the amount of
background events still exceeds the signal by far. Sophisticated methods to separate these processes are
thus needed and are developed in the following chapters.
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CHAPTER 5

Tau ldentification

The exceptional property of the i — 47 signal channel is the production of four 7 leptons. Thus, it is
obvious that a decent tau identification is crucial to adequately separate the named signal from possible
background. The ratio of taus which are accepted and successfully reconstructed is estimated in section
5.1. The classical tau identification approach, which is introduced in section 5.2 rejects an even higher
ratio of truth 7 leptons. As every tau loss scales with the power of three or four in the signal regions
of this analysis, a significant amount of signal would already be lost before any other selection cut.
Thus, a novel tau identification method is developed and introduced in section 5.3. It is based on the
classical tau jet BDT score (cf. section 5.2) and is further developed (sections 5.3.1, 5.3.2, 5.3.3) such
that significantly improved signal-to-background ratios are achieved (section 5.3.4).

5.1 Tau Acceptance and Reconstruction

In order to enable the identification of 7 leptons (cf. section 5.2), they have to fulfil several requirements.
A unique detector response is needed to differentiate them from jet traces in the detector.

As discussed in section 3.2.2, the pseudorapidity region [r7| > 2.5 is not covered by the Inner Detector.
Accordingly, no track information is available and no 7 leptons can be reconstructed in this region.
Moreover, in the region of || € [1.37, 1.52], the calorimeter response suffers from a crack region in which
cables and cryostats are placed (cf. section 3.2.3). Hence, usually particles in this region are discarded.
Additionally, only taus with a sufficiently large transverse momentum can be distinguished from jets.
The official recommendations demand for the provided scale factors a pt higher than 20 GeV [96]. The
lower pr region suffers from a large pile-up background as many QCD processes take place with low
transverse momentum transfer (cf. section 2.2).

Taking both into account, several taus are lost before they can be reconstructed as tau candidates. To
estimate the amount of 7 leptons which do not fulfil the detector requirements in the 44 — 47 channel, the
DAOD signal sample is only partially appropriate. As the DAOD cuts (cf. table 4.2) already require at least
one reconstructed tau, truth taus in DAOD samples are enriched in the “allowed” regions of reconstructable
taus. As a result, the amount of truth taus in the rejected parameter space is slightly underestimated. To
avoid this disadvantage, a truth-level data sample is produced for the 7 — 4r-channel.! This sample

! For this purpose, MC@NLO [103] is used as the event generator and the particle showering is modelled with Herwig [104].
More detailed comparisons between the created truth-level sample and the more sophisticated official ATLAS reconstruction
sample revealed that they do not agree well in all properties. In detail, the boosting of the di-Higgs system was modelled
more properly in the ATLAS sample which also leads to higher tau pr values. Accordingly, the truth-level sample slightly
overestimated the amount of truth taus which do not reach the need momenta. In summary, neither the truth-level sample nor
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was produced without any preselection and hence is more suitable for the following considerations.

In figure 5.1, the amount of taus outside the preferred |r7| or pr region is visualised. The relative loss
due to each effect is further summarised in table 5.1. The corresponding plots for the DAOD files can be
found in figure A.1 in the appendix. Figure A.2 also shows the distributions for ZZ — 4t events.
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Figure 5.1: Fraction of reconstructable truth taus in the hh — 41 channel with respect to their pseudorapidity (a)
or their transverse momenta. The latter one is divided into hadronically (b) and leptonically (c) decaying taus.
Taus in the red region are not reconstructable or impossible to identify. Taus in the orange region are very hard to
successfully identify. However, they might be accessible in general. Further explanations are given in the text.

Cut ‘ Thad ‘ Tlep ‘
py > 10GeV - 72 %
pys > 12GeV - | 67%

pys > 15GeV 86 % | 60%
pys>20GeV | 79% | 51%

Inl < 2.5 9B% | 93%
nl ¢ [1.37,1.52] | 95% | 95%

vis
Py ab\(,):ﬁ c;lllyl;j:shold, 0% | 53%

Table 5.1: Amount of truth taus in the hh — 47 process that fulfil specific requirements which are needed for
reconstruction and identification. For hadronically decaying taus a pr threshold of 20 GeV is assumed in the last
row, while for leptonically decaying taus 15 GeV are taken. An average of a truth-level sample and the DAOD
sample of this process was taken. Further explanations are given in the text.

A large fraction of 21 % of the hadronically decaying taus already does not fulfil the pt > 20 GeV
requirement. This limit is mainly caused by pile-up corrections. Within the tau candidate’s AR cone, it
is not unusual to have an overall energy deposition of up to 5 GeV in the calorimeters due to pile-up
processes. Hence, the tau candidate’s energy calibration becomes very challenging for events with
momenta lower than 20 GeV even with advanced reconstruction techniques like particle flow [112, 113].
Nevertheless, tau candidates with lower momenta are accessible in principle. Even though their exact

the incomplete DAOD ATLAS sample describe the correct fraction of lost taus. However, the fractions of taus in the studied
regions are similar in both samples. Hence, an average of both samples is taken as it is expected that the overestimation and
underestimation of the respective samples roughly equalise. The conclusions of this section do not change if the considered
values fluctuate by O(1 %).
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energy and momentum comes with higher uncertainties, they might be worth to consider in the hh — 47-
channel. Especially the special structure of the &~ — t7-decay might be helpful as every low-energy
tau usually comes with a high pr tau (with lower relative uncertainties) which was boosted in the same
direction as the Higgs. Thus, taus up to a transverse momentum of 15 GeV might be considerable in this
analysis. Accordingly, this region is coloured in orange in figure 5.1.

For leptonically decaying taus the ratio of leptons exceeding high momenta is even smaller. This is
natural as an additional neutrino emerging in this decay will carry a considerable amount of energy as
well. Fortunately, electrons and especially muons can be reconstructed with high efficiencies up to lower
momenta of usually 12 GeV for muons or 15 GeV for electrons. Going lower than these values in future
might also allow a considerable gain of signal events.

Moreover, taus which decay in the eta-crack region of || € [1.37, 1.52] pass the Inner Detector and
their tracks are perfectly reconstructed. Although their assigned energy information of the calorimeters
will lead to wrong values, the track information of these taus might be enough to use them for this
analysis. This is supported by the fact that the energy resolution due to the track curvature (assuming
pion masses for each track) is higher than the one of the calorimeters up to energies of roughly 100 GeV.
Hence, it might be possible to allow at least parts of the tau leptons to decay in the eta-crack region if
further signal events should be saved.

These signal enhancing possibilities are further discussed in section 6.4 and 6.5. In this chapter, tau
candidates with pt > 20 GeV in unspoilt eta regions are considered. This is fulfilled for a fraction of
70 % of all truth 1,4 in the signal channel of this work (cf. table 5.1).

In general, to select these taus as possible tau candidates, their tracks have to be reconstructed
unambiguously. Here, the main problem is the correct track classification for each tau candidate as
several pile-up tracks pollute the tracking detector. As a result, an additional reconstruction efficiency
of roughly 85 % for 1-prong taus and 70 % for 3-prong taus was measured [114]. Hence, in total only
roughly 60 % (1-prong) or 49 % (3-prong) of all hadronically decaying taus in the 44 — 471 channel are
reconstructed in such a way that they are available for further studies.

Leptonically decaying taus are reconstructed as light leptons in the ATLAS detector. These leptons are
considered in this analysis in the 341¢ and 2A2¢ channel and due to the HIGG4D2 derivation cuts, muons
with pt > 12 GeV and electrons with pt > 15 GeV are demanded. In the di-Higgs process, on average
56 % of all leptonically decaying taus fulfil this requirement together with the || constraint. Fortunately,
the reconstruction efficiencies for light leptons are much higher (cf. section 3.3).

5.2 Classical Tau Identification Approach

The predominant difficulty of identifying 7 leptons after their successful reconstruction is to distinguish
them from quark or gluon initiated jets. Especially quark jets tend to be quite collimated (compared to
gluon jets) and thus are likely to fake the typical Th,q decay properties. This can be observed in figure
5.2 in which the distribution of tau candidates is depicted after applying several preselection cuts like
pt > 20GeV (for further details see [96]). Although this figure should not be taken quantitatively in
a general case’, it serves as an educative example of the distribution of jets and light leptons in tau
candidates depending on their number of tracks.

A sufficient separation power is gained by using a multivariate approach based on boosted decision
trees as described in section 3.4.2. In this approach, 1-prong and 3-prong tau candidates are trained
in separate BDTs. Z/y* — 77 serves as the signal and dijet events (selected from data) are taken as

2 E.g. in this figure, the Z — T, Tpyq is studied. Muons are less likely to fake taus than electrons and hence, the ratio of leptonic
fakes is underestimated in this figure.
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Figure 5.2: The origin of tau candidates in dependence of the track multiplicity is shown. Here, tracks in the core
and isolation region are considered and several preselection cuts are applied which is explained in more detail
in [96]. The number of tracks shown here is not equal to the number of tracks which will be used in the further
analysis. However, this plot serves as a nice example of the contamination of jet fakes in the tau reconstruction
(taken from [96]).

background events. The discriminating variables used as the BDT input are listed below and are directly
taken from [95]. Three of them are exemplarily shown in figure 5.3.
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Central energy fraction (fcent): The fraction of transverse energy deposited in the centre region
AR < 0.1 compared to all energy deposited in the core region AR < 0.2 around the 7, candidate.
Pile-up contributions are corrected based on yu, the average number of pile-up interactions per
bunch crossing.

Leading track momentum fraction (fl ;;dtmck): The transverse energy deposited in all cells
belonging to topological clusters in the core region divided by the transverse momentum of the
highest-pr charged particle in the core region.

Track radius (R?r'ick): pr-weighted AR distance of the associated tracks in the core region to the
Thad direction.

Leading track IP significance (|Sieadtrack|): Absolute value of the transverse impact parameter of
the highest-pr track in the core region divided by its estimated uncertainty.

Fraction of tracks pr in the isolation region ( fitsroack): Scalar sum of the pr of tracks of the
Thad candidate in the isolation region divided by the sum of the transverse momenta of all tracks
associated to the 1,4 candidate.

Maximum AR (ARpax): The maximum AR between a track in the core region associated with the
Thad candidate and the 1,9 direction.

Transverse flight path significance (Sl;ight): The x-y-plane distance of the vertex reconstructed

from the tracks associated with the core region of the 7,4 candidate (secondary vertex) with respect
to the reconstructed tau vertex, divided by its estimated uncertainty. This observable is only defined
for 3 prong 1,4 candidates.
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Figure 5.3: Exemplary discriminating variables for the tau jet BDT score for tau leptons (red circles) and multi-jet
background (black squares). In general, their discriminating power is less for 3 prong taus (taken from [95]).

o Track mass (myack): For each track a pion mass is assumed and the invariant mass of the sum of
all four-momenta of the core- and isolation-region tracks is calculated.

e Fraction of EM energy from charged pions (fg/‘fk‘HAD): The difference between the sum of
the momentum tracks in the core region and the sum of cluster energies deposited in the hadronic
calorimeter divided by the sum of energies deposited in the electromagnetic part of each cluster
associated to the 1,54 candidate.

¢ Ratio of EM energy to track momentum ( ft Exk): The sum of energy deposited in the electro-
magnetic part of each cluster associated to the 7,4 candidate divided by the sum of momenta of
the core-region tracks.

o Track-plus-EM-system mass (mgm+track): The invariant mass of all tracks and up to two most
energetic electromagnetic clusters in the core region. The four-momentum of an EM-cluster is
calculated assuming zero mass.

o Ratio of track-plus-EM-system to py (ng“““Ck /pr): Ratio of the vector sum of track momenta
and up to two most energetic EM clusters in the core region to the calorimeter-only measurement
of the momenta.

The resulting BDT score is further corrected such that its efficiency is relatively flat with respect to the
transverse momenta of the tau candidates and the pile-up of the event. The resulting score #BPT runs
from —1 for very jet-like objects to +1 for very tau-like objects as displayed in figure 5.4(a). Moreover,
a second BDT score is created as follows. The original BDT score is transformed such that its values
directly correspond to the identification efficiency of true 7 leptons, i.e. a value of 0.3 of the transformed
BDT score ﬂfﬁ? T directly implies that 30 % of the reconstructed truth taus do not exceed this value [115].
Naturally, this score runs from 0 (all truth taus included) to 1 (no truth tau above this value) and is shown
in figure 5.4(b).

Three working points are provided for the taus depending on their overall reconstruction and identific-
ation efficiency. These working points Loose, Medium and Tight are aiming for signal efficiencies (the
product of identification efficiency and reconstruction efficiency) of 0.6, 0.55 and 0.45 respectively for
1-prong taus and 0.5, 0.4 and 0.3 for 3-prong taus [95, 96]. Effectively however, they are defined directly

by means of the ﬂffj? T score. Here, every 1-prong tau candidate exceeding a value of 0.15, 0.25 or 0.4 is
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Figure 5.4: The tau jet BDT score 7BPT (a) and its transformed value 720" (b) are shown for the ki — 47

process. In (a) it is nicely observable that fake taus peak at —1 while truth taus peak at +1. In (b), the truth tau
behaviour in dependence of the transformed BDT score is flat, which is directly implied by the definition of the
score.

labelled Loose, Medium and Tight, respectively. For 3-prong tau candidates, these values read 0.25, 0.4
and 0.5.

The ATLAS tau working group provides pr correction scale factors and uncertainties for these working
points. Therefore, in usual ATLAS analyses, it is recommended to demand the considered 7 leptons to
fulfil one of the named working points such that Monte Carlo simulations can be scaled appropriately.

However, the di-Higgs signal of this work suffers from extremely low production rates and produces a
total of four 7 leptons. By using the usual Loose working point, the probability to successfully reconstruct
and identify every tau would roughly be 0.6* = 0.13 (for three taus, the calculation reads 0.6> = 0.22
while the efficiency loss due to the light lepton from the 7i¢, decay is neglected).

Hence, this analysis will not demand the tau candidates to be Loose, Medium or Tight. Instead, the
BDT values are combined to serve as a new, more powerful separation observable for multi-tau events
than each BDT value on its own. This approach is outlined in the following section.

5.3 Novel Identification Method for Multi-Tau Events

In section 5.1, the acceptance and reconstruction efficiencies for 1-prong and 3-prong 7 leptons are
determined. Using these results, a reconstruction efficiency of about 0.70-(0.74-0.85+0.23-0.70) = 0.55
for hadronically decaying taus is achieved.’> Expecting 68 events in the 440¢ channel and 146 events in
the 3h1¢ channel, a successfull reconstruction efficiency of all taus is expected to be 0.55% = 0.091 or
0.55% - 0.56 = 0.093 respectively.* This leaves 6.1 reconstructable events in the 4h0¢ channel and 13.6

3 Only 70 % of all hadronically decaying taus fulfil the acceptance requirements. 74 % of all hadronic tau decays are 1-prong
decays and 85 % of the 1-prong taus are successfully reconstructed (cf. section 5.1). Another 23 % of all taus decay via
3-prong channels for which a reconstruction efficiency of 70 % is achieved.

* For leptonically decaying 7 leptons, an acceptance of 56 % was deduced as they equally decay into electrons and muons and
either 15 GeV or 12 GeV is demanded (cf. table 5.1). Further, an unrealistically high reconstruction efficiency of 100 % was
assumed for light leptons.
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events in the 341¢ channel without any further cut.

Thus, it is clear that only very delicate cuts can be applied such that as few signal events as possible
are lost. A requirement of all taus to fulfil the Loose working point would add another efficiency factor of
(0.74-0.85 + 0.23 - 0.75)*® = 0.41(0.51).> To actually see some SM di-Higgs events in the 47 channel,
the Loose requirement hence can hardly be applied.

Instead, a novel method to distinguish multi-tau events from fake-tau enriched ones is developed. For
this purpose, the tau jet BDT values are analysed further as described in section 5.3.1. To gain as high
separation power as possible, many additional tau properties are considered in section 5.3.2, before the
new method is applied (section 5.3.3) and its gained significances are presented (section 5.3.4).

5.3.1 Truth Tau Likelihood and Probability

The tau candidate requirements as defined in section 4.3 induce many fake-taus which originate from
QCD jets. Hence, a separation of truth taus and jets is needed and will be based on the original tau jet
BDT scores 7®BPT and T]tf;]s? T as introduced in section 5.2. In a first step, the distribution of truth and
fake taus with respect to the jet BDT values is considered as shown in figure 5.4 for the hh — 41 process.
This is not only done for the signal MC sample but for every sample which possibly pollutes the signal
region of this work® and can look quite different for each sample depending on the samples chance to

actually produce four truth taus (cf. figure 5.5(a), 5.5(b) and A.3 in the appendix).
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Figure 5.5: The distribution of truth and fake taus for different production modes. While in the Z — 77 process (a),
a considerable amount of truth taus is produced, it can be seen that the vast majority of tau candidates in the #7
production sample (b) originates from jet fakes. As #f production by far dominates the amount of events after the
preselection (cf. table 4.4), also a combination of all samples (c) is dominated by fakes.

The overall distribution of truth and fake tau candidates of all samples (cf. figure 5.5(c)) with respect
to the jet BDT values is used to assign a new value to each tau candidate. For this purpose, the likelihood
7HH and the probability 7P™P of a tau candidate to be a truth tau is calculated for each BDT value as
follows:

truth (TjetBDT) Ntruth (TjetBDT)

p
LLH _ prob _
T - ptruth (TjetBDT) + pfake (TjetBDT) and 7 ~ Ntruth (TjetBDT) + Nfake (TjetBDT) 5.1

3 This is only true under the assumption that the probability for tau candidates of the di-Higgs process to fulfil Loose
requirements is comparable to the one of tau candidates of the Z — 77 process, which was used to define the working points.
6 They are introduced in detail in section 6.1. A full list of all used samples can be found in the appendix in section A.1.
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is the probability density function of all truth or fake tau candidates with respect

Here, ptruth/take (TjetBDT)

to the jet BDT value and Ntvth/fake (TjetBDT) is the total amount of truth and fake tau candidates with that

value. The likelihood and the probability in dependence of 71*BPT are shown in figure 5.6.
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Figure 5.6: The mapped likelihood value 77 (a) and the mapped probability value 7P (b) with respect to the tau
jet BDT value are shown. As the overall amount of fake taus is much higher than the one of truth taus (cf. figure
5.5(c)), the probability value is squeezed to lower values. The corresponding plots for the ﬂf;ﬁPT value are shown
in figure A.4 in the appendix.

The advantage of 75! is that it should be independent of further applied cuts as each distribution
(truth or fake) is treated on its own. 7P is a similar value but it additionally takes into account how
many truth taus are produced compared to the fake taus in the considered MC samples. This advantage of
information comes with the drawback that the value might fluctuate stronger if the selection of considered
samples changes. Thus, in principle it is desirable to use the likelihood 7" and to use the information
of the overall amount of truth to fake taus additionally. Nevertheless, both alternative approaches are
studied in broad detail in the following.

The difference in the values becomes obvious if their behaviour with respect to the underlying process
is studied. While the likelihood is roughly similar for all processes, the probability varies significantly
due to the different overall ratios of truth and fake taus (cf. figure 5.7). The analogous plots for the ﬂfﬁ? '
value are shown in the appendix in figure A.5.

5.3.2 Sorting Methods to Map the Taus

Although the #°BPT score is designed to be relatively flat with respect to several tau properties like their
transverse momentum or the pile-up of the event, small dependencies on specific quantities cannot be
excluded. Hence, it is worth to study the 77°BPT behaviour in more detail to maximise the separation
power of the defined likelihood or probability of the previous section.

For this purpose, the tau candidates are divided depending on several quantities. First, they are
separated depending on their pr in two different ways (ptsort, ptsort2). It is also studied if their

46



5.3 Novel Identification Method for Multi-Tau Events

w 12 { T T T T { T T T T { T T T T { T T T T { w 1_2 { T T T T { T T T T { T T T T { T T T T {
8 L ATLAS Work in Progress 4 8 L ATLAS Work in Progress 4
o + Simulation, BDT score studies 1 o + Simulation, BDT score studies 1
= I =21 s T ]
3 L 11 = L ]
T == S R | 1
0.8 — ttbar = - 0.8 — ttbar -
r — Single Top — b r — Single Top b
F—z -1t |_|_'_—’ B F—z -1 B
F —V+Jets — F —V+Jets B
- — Multib = . - _
0.6~ Muliboson L 1 0.61 1
L —hh = 4t — | i L i
0.4+ = - 0.4 -
=< ] I =il
0.2 ] 5 0.2 g1
07 o b e e ] 07 —r—r—*—i\’\f’wl_'\_'__':—r'_ll_ ]

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
.[JetBDT .[JetBDT

(a) Likelihood (b) Probability

Figure 5.7: The mapped likelihood value 7" (a) and the mapped probability value 7P (b) with respect to the
7°BPT yalue are shown for different processes. While the likelihood is roughly independent of the process (within
statistical fluctuations due to the limited statistic in some processes), the probability significantly differs.

performance is changed depending on their eta region (etasort). The influence of the number of tracks
on likelihood and probability is studied (prongsort) and in bdtsort, the tau candidates are separated
depending on their BDT value. In this sorting scenario, the tau candidate with highest BDT value is
always considered separately and a distinct truth and fake distribution is created. The same happens for
the tau candidates with second and third highest BDT value. If existing, the remaining tau candidates are
collected in a fourth truth and fake distribution. All sorting scenarios are compared to the one, if all taus
are taken for one single truth and fake distribution function as explained in the previous section. This
“sorting” is referred to as allinone in the following.

The different sorting methods are summarised and explained in more detail in table 5.2. As a result,
several (mostly four) different 7/ (cf. figure 5.8 at the end of this section) and 7P (cf. figure 5.9)
distributions are created by the different sorting methods.

As seen in figure 5.8(a) and 5.8(b), the different likelihood 71! distributions in dependence of the
transverse momentum or pseudorapidity of the tau candidates look very similar. Thus, no real gain of
distinguishing these taus is expected compared to the allinone method. However, as seen in figure
5.8(e), the tau candidates do show a different behaviour depending on their pr if the 7HH g calculated
with respect to the 7‘12]3:) T score. In detail, tau candidates with a higher transverse momentum seem to be

more likely to be a truth tau than taus with less pr with the same 1‘1?;]:? T score.

By separating the tau candidates with respect to their number of charged tracks (cf. figure 5.8(c) and
5.8(f)), it becomes visible that 3-prong tau candidates with low T](frtfn?)T score are more likely to be a truth
tau than 1-prong tau candidates. The most diverse distributions can be seen by sorting the tau candidates
with respect to their relative 73BDT ¢eore compared to the other candidates of the event (cf. figure 5.8(d)).
Such a strong behaviour can be explained, because this sorting is highly correlated to the underlying

process which produces the three or four tau candidates. E.g. a process like t7-production is very likely to
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]Cut\ ptsort \ ptsort2 \ etasort \ bdtsort |prongsort |allinone

1 pr < 35GeV pr < 25GeV Il <0.6 |[max. 7*BPT [ 1_prong all
2 | pr€[35,60)GeV |pr € [25,40)GeV ||n| € [0.6,1.2) second 3-prong -
3 | pr€[60,90)GeV | pr € [40,70)GeV ||n| € [1.2,1.8) third - -
4 pT = 90 GeV pr = 70 GeV Inl > 1.8 rest - -

Table 5.2: The sorting methods to create the 75! and PP values are shown. E.g. in ptsort (and similarly in
ptsort2 and etasort with different cuts), all tau candidates with a transverse momentum of less than 35 GeV are
handled separately and a truth and fake distribution of them is created. With these distributions, a specific likelihood
and probability curve with respect to the ﬂfr[fnl?)T values is created. The same happens for all tau candidates with
pr € [35,60) GeV and so on.

As a result, four different 75 and 7P™P distributions are created which are shown for different sorting methods in
figure 5.8 and 5.9. In the bdtsort method, the tau candidates of each event are sorted with respect to their 7#*BPT
value. For the candidates with highest 7eBDT of each event, a separate distribution is calculated. Further, a second
and third distribution is created for the tau candidates with second and third highest 7¥*BPT values and eventually
all remaining tau candidates of the event are collected to form a forth distribution. In the prongsort case, only
two distributions are created, one for 1-prong and one for 3-prong tau candidates and in allinone, only a single
distribution is created from all tau candidates independently of their further properties.

produce many fake taus while only a few truth taus are produced (cf. figure 5.5(b)). In this process, it is
much more likely that the highest achieved 71®BPT score of all tau candidates is still relatively low as all
candidates (or at least a significant amount of them) are fakes. This, however, looks very different if four
truth taus are produced. The probability that any of these taus looks very tau-like and thus is tagged with
a high 7°BPT gcore is very high. Hence, events which create two, three or four truth taus are very likely
to have at least one tau candidate with a high 77*®PT score. In contrast to that, mostly events without truth
taus are likely to produce the event’s highest 7i®BPT score to still be comparably low. Thus, the major
amount of tau candidates with a relatively low 7®BPT score is likely to be a fake tau if this candidate

simultaneously has the event’s highest 7*BPT (blue curve).

This discriminating power reverses for the tau candidates which yield the lowest 7°BPT values (orange

and red curve). They are only likely to have relatively high 7*BPT scores if the event already produces
several truth taus such that two or even three tau candidates have higher scores. Hence, if the tau candidate
with lowest 7#°BPT score still has a score of e.g. —0.2, it is very likely to be part of an event with many
truth taus and correspondingly it is also very likely to be a truth tau itself as well. In summary, the
position of a specific 7¥°BPT value reveals a lot about the underlying event and thus its absolute value is
interpreted very differently depending on the relative position of the value to the other tau candidates.

Concerning the probability 7P (cf. figure 5.9), a similar qualitative behaviour is observed. Namely,
the ptsort, ptsort2 (cf. figure 5.9(a)) and etasort method (cf. figure 5.9(b)) reveal that tau candidates
only show slight differences in their distribution of truth and fake taus in 7#*BPT with respect to their ||
or pr values.

The sorting method which utilises track information about the tau candidates (prongsort, cf. figure
5.9(c)) interestingly shows the opposite behaviour compared to 7M. A distinct difference between
1-prong (blue curve) and 3-prong (green curve) tau candidates can be seen if the probabilities are created
with respect to the 7#°BPT score. In fact, 3-prong tau candidates are much more often faked by jets and
thus their probability to be a truth tau is significantly reduced. This behaviour is expected as hadronic jets
tend to produce much more tracks than taus. As a result, the number of hadronic jets with three tracks is
much higher than the corresponding amount with only one track.
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Similarly to the 7+H distributions, some qualitative differences between candidates with e.g. different
transverse momenta can only be observed if the probability is deduced with the ‘I‘E;EP T value (cf. figure
5.9(e)). Moreover, with this score, tau candidates in the outermost |7| region tend to be faked more often

(cf. figure 5.9(1)).
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Figure 5.8: The plots show the created "' distributions by the different sorting methods. The different cuts are
outlined in table 5.2. In (a) and (b), no significantly different 7" shape can be seen. In (c) and especially in (d),
however, the likelihood seems to depend significantly on the number of tracks (c) of each tau candidate or which
position the candidate has in term of its 7/*BPT score compared to the other candidates in the event (d). (e) and (f)
show the 7-UH distribution with respect to the transformed 720" score for selected sorting methods. It is worth to
note that for this score, a different behaviour in dependence of the pr of the tau candidate can be seen (e) while this

was not observable for the ¢®BPT value (a).
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are outlined in table 5.2. Similarly to the 7

observed for both ptsort methods or etasort (a) and (b). In other sorting methods or the use of
shapes are observable. E.g. in (c) it can be seen that 3-prong tau candidates in green are significantly more probable
to be faked than 1-prong tau candidates in blue. To avoid repetitions with no information gain, partly different

sorting methods are presented compared to figure 5.8.
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5.3 Novel Identification Method for Multi-Tau Events

5.3.3 Separation of Multi-Truth and Multi-Fake Tau Events

In the novel tau identification approach of this work, the tau candidates are no longer treated separately
for their identification. Instead, the shape of an overall multi-tau event is studied and it is tried to separate
this from events without many truth taus.

By demanding e.g. four Loose-taus in each event, as it might be done by using the classical tau

identification method, all events are rejected in which less than four tau candidate’s T'tf;g? T scores exceed

the value 0.15. Instead of this demand on four separate T{fﬁﬁ? T scores, the following is done: The

7LLH/prob yalyes of each event’s tau candidates are multiplied to result in a likelihood- or probability-

product [] T?LH/ Prob 7 While the effective separation power of the single 7-M/P yalyes to distinguish
JetBDT
(trans)

to separate multi-tau events from background better than single tau cuts (cf. figure 5.10 for the 7P™P
product and A.6 for the 74H product).

truth and fake taus compared to the original scores might be manageable, their product is expected
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Figure 5.10: The separation power of the logarithm of the 7P™" product is shown for the Sherpa ¢££¢ sample.
Events with a high amount of truth taus (light and dark green) peak at higher values while events which are mainly
fake dominated peak at the left. The overlap is expected to be less than the truth-fake overlap of the ﬂ:ﬁfﬂ?} scores
(cf. figure 5.4).

In detail, the calculated likelihood- and probability-products are used as a threshold value which needs
to be fulfilled in every event. Opposite to that, in the classical approach, every tau candidate is considered
on its own. Each of them usually is demanded to exceed a certain T{fﬁ? T threshold depending on the
chosen working point. Only if each of the tau candidates (in this work mostly three or four) fulfils the
T{f;ﬁ:) T requirement, the event is not rejected in the classical approach.

As an example which favours the new method, in a hypothetical four truth tau event, it might be
possible that two taus leave a very tau-like trace in the detector and thus gain a high ﬂfrtfn]f score. The
two remaining taus, however, are reconstructed worse and both get a medium score® which is slightly

below the Loose threshold. In the classical tau identification approach, only two taus would be identified

7 In this section the TMP® values for the allinone sorting method are used for the sake of simplicity. The differences
between the sorting methods are studied in section 5.3.4.

8 This should not be confused with the Medium working point of tau candidates. Working point are highlighted by using italic
font.
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LLH/prob

and the event would be rejected. With the new [] 7, approach, however, the event might exceed

the needed [] TI.LLH/ PP threshold and thus would be “rewarded” for having several T-LE/PP valyes with

at least medium scores. In contrast to that, an event with a very jet-like fake tau would not reach the

product threshold, as the whole event is “punished” for one very low 7H-H/PP gcore,

Both methods — first the introduced cut on [] T{-‘LH and second a cut on each single 7*BPT value — are

compared in figure 5.11 and A.7. In this section, the multiplication method is first studied for its general
capability to separate events with three or four truth taus from events which mainly consist of fakes. Thus,
for now all events in which three (or four) of the tau candidates are truth matched, are labelled as signal
events. The corresponding results for the [] T?mb are presented in figure A.8 and look very similar. This

ietBDT .
also accounts for the curves when the transformed 7% score is taken to extract the 7-LH/prob

trans values.
Hence, all observations which are outlined in the following paragraphs of this section also account for
them. Their detailed performance compared to utilising the 7MH value as well as the significance gain of

the different methods is studied in section 5.3.4.

Multiple conclusions can be drawn. First, in the signal process hh — 41 (cf. figure 5.11(a)) as well
as in multiboson processes (cf. figure 5.11(b)), hardly any difference between the methods can be seen.
In the signal sample, it even seems to worsen, which can probably be explained by fluctuations due to
limited statistics. In the multiboson case, a small improvement is visible which seems to be statistically
stable. The small changes are probably due to the fact that in these processes, indeed many truth taus
are created. Thus, most of the reconstructed tau candidates are featured with a high 7! score and

maybe one tau candidate falls behind. If it is only one tau candidate that either does not fulfil the 7I*BPT

requirement to still be identified as a tau or the very same candidate which holds the [] T{.‘LH value low,
the process is equally rejected after the respective thresholds are reached.
LLH LLH

The separation power of the [ ] 7;-" method evolutes if several tau candidates with medium 7 scores
exist. This can be observed especially in the major background processes of this work, ##-production
(cf. figure 5.11(c)) and Z — 77 (cf. figure 5.11(d)). Here, the rejection method based on the [] TiLLH cut
clearly exceeds a cut-based method on single tau candidate properties. By summing over all relevant
signal and background processes, this effect dominates as fake-tau processes outnumber events with three
or four truth taus.

This is illustrated in figure 5.11(e) in which the [] TI.LLH based method clearly leads to better results.
The promising results duplicate if not only the first three but four tau candidates are considered (cf. figure
5.11(f) for the combination and figure A.7 for separated processes). It can also be observed that the
background rejection is much higher when four objects are considered. In these processes, however, the
ROC-curves suffer from low statistics as the amount of events with four truth matched taus (which is
treated as the signal in the four-tau consideration) is very limited (cf. figure A.7(d) to A.7(f)).

By requiring three or four Loose taus (as in the classical identification approach), signal efficiencies
of 51 % or 39 % are expected.’ In these regions, the background rejection is already sufficiently large
such that the discrepancy between both methods is not visualised ideally any more. Instead, the signal

significances will be studied in more detail in the following section.

It should be emphasised that such a multi-object approach like the [] TILLH method introduced here is

interesting in general. The presented figures already illustrate that this method is applicable to separate
multi-truth-tau events from fake ones in general. Similar methods might also be interesting to separate
e.g. events with many b-jets like in the hh — bbbb channel.

9 This is simply estimated by the reconstruction efficiencies of Loose taus as introduced in section 5.2 via (0.74 - 0.85 + 0.23 -
0.70)* = 0.49 (with the power of four we get 0.39). The signal efficiency depicted in the visualised plots solely refers to the
events which were already successfully reconstructed.

52



5.3 Novel Identification Method for Multi-Tau Events

> N e e B LA e e s > e L AL L B > LB s s s e L
2 [ ATLAS Work in Progress | 2 [ ] 2 [ ATLAS Work in Progress |
-g Simulation, Multitau ID study -g -% Simulation, Multitau ID study
= 3 tau candidates considered | = [ T [ 3 tau candidates considered 7
] 5 hh - 4t [9) 5 [} ttbar
- 10°F | - 10°F = - 10°F E
c E E c E 3 c E E
S = 1 =1 F 3 =] F 1
e 12 r 12 r ]
=) L ] =) L i =) L ]
X 4 4
3] L 1 5} L ] 3] L ]
@ © ©
a a a
o 10 — @© 10t ATLAS Work in Progress — o 10k -
&2 E ] o £ Simulation, Multitau ID study J 4 £ ]
g F 3 q>’ [ 3tau candidates considered ] 2 F 3
£ [ ] £ [ Multiboson ] = [ ]
- cut on every ee0T ] | - cut on every eteoT ] | - cut on every Uil ]
E-MT based cut - E-NT based cut - E-Mt based cut R
1:”|13 PR N R = 11“r‘|\l—‘1‘3‘H‘\H‘\Hmi 11“r‘|\l—‘13m”‘m”mmi
0 0.2 0.4 0.6 0.8 1 0 0.4 0 4 0.8 1
Signal efficiency Signal efficiency Signal efficiency
(a) hh — 47, 3 tau (b) Multiboson, 3 tau (c) tf production, 3 tau
2 — T T T g 2 L B B B 2 I B~ R S N A
c ATLAS Work in Progress | c [ : ATLAS Work in Progress | c E -
-g Simulation, Multitau ID study -g Simulation, Multitau ID study % 3
© 3 tau candidates considered | T [ 3 tau candidates considered 7| © 10 E E
[} 5 Z- 1t [} 5 Combinded processes [} L 3]
o 10°E; E o 10°F 3 ° [ ]
c ] c E 3 c
3 L. ] 3 [ ] 3 r 1
o £ ] IS [ ] Syl B
e ¥ 1 2 | 1 910% ]
(3] L 1 5} L ] 3] £ ]
] I ] £ ]
o o o L ]
2 10 | o 10p - o - ATLAS Work in Progress K
= 3 = E 3 = Simulation, Multitau ID study
2 - 4 a>.> F 4 2 10 E 4 tau candidates considered
s [ Tem ] £ [ ] £ [ Combinded processes
- cut an every T’e‘BDT """ 1 - cut on every peteoT ] - cut on every il
1; n Y13 bqsed cu‘t ‘ E 1; |'| T“_ 1 based cut ‘ E 1= - |‘| r“_ bﬁsed cut ‘ E
0 0.2 0.4 0.6 0.8 1 0 0.2 04 06 0.8 1 0 0.2 0.4 0.6 0.8 1
Signal efficiency Signal efficiency Signal efficiency
(d)Z — 17,3 tau (e) Sum of all samples, 3 taus (f) Sum of all samples, 4 taus

Figure 5.11: The background rejection of two separation methods with respect to the signal efficiency is shown for
several processes (ROC curves). In the classical method, events are rejected if all three/four tau candidates with
highest 7°BPT value do not fulfil a certain 77*BPT threshold which runs from —1 to +1. In the new method, the
7 product of the first three/four tau candidates is demanded to exceed a running threshold between 0 and 1.

Signal events are all events of the specific process in which indeed the considered tau candidates are truth matched
taus. Correspondingly, all events are labelled as background if one or more of them are fake. In figure (e), all
processes are combined when the first three tau candidates are studied and in figure (f), the combined results are
shown if the first four taus are considered. Analogous figures for the "1 based cuts for the remaining samples as
well as process-related studies with four taus are found in A.7. The results when utilising the probability 7P™" are
presented in figure A.8.

The strange shape of the ROC curve for Z — 77 process (d) can be explained by several negatively weighted events
with three or more truth matched taus due to higher-order corrections of the MC samples. This effect is not physical
but indicates insufficient statistics of the corresponding process and will be further studied in section 6.4.
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5.3.4 Significance Gain of the Multiplied Probability Method

In the hh — 47 channel alone (cf. figures 5.11(a), A.7(d)), the multiplied-probability method presented
in the previous section might not improve the separation of three or four truth matched taus from fake-
enriched events of the same process. However, its main interest is to separate the di-Higgs signal from
background processes.

The majority of events to deal with actually originates from background processes like 7 production or
Z — 77 events. Both processes have in common that they hardly produce four truth taus. Accordingly,
most of the background is highly fake-enriched. Additionally, the multiplied probability method is not
only capable to reject background fake-processes (cf. e.g. figure 5.11(c)) but the 7-/Pob product also
rejects background processes with four truth taus better than single BDT cuts. This is probably due to the
fact that e.g. in tf processes, truth taus are mainly created in decays of heavy quarks. These taus are not

meant to be identified as taus in the ATLAS detector and thus, their 7°®°" value is probably not very

(trans)
high.'” Hence, even a four-truth-tau process in 7 probably does not achieve such a high [] Tl.LLH/ Prob o

the di-Higgs signal with four isolated taus.

In this analysis, the most interesting result is the possible significance gain to separate di-Higgs signal
from background processes. This can be quantified by calculating the significance S/ VS + B with §
being the amount of signal events surviving a selection and B is the corresponding amount of background
processes. Moreover, several methods to map the ﬁf:fn?)T scores to the THH/PP score were introduced
in section 5.3.2. They are also evaluated with respect to their significance gain. For this purpose, the
I TZ.LLH/ Prob yalue is demanded to exceed running values from O to 1 and the amount of remaining signal

LLH and figure

and background events is noted. The resulting plots are presented in figure 5.12 for [] 7;
5.13 for [] T?rOb. Moreover, the corresponding plots were cross checked with the ZZ — 4t process and
are presented in figure A.9 and A.10 in the appendix.

In all plots, a clear enhancement of the signal significance can be observed when cutting on the
I T?LH/ Prob yalue instead of using the d:;fnlz)T value of each candidate on its own (depicted in the black
dashed line). Moreover, the likelihood seems to be very stable with respect to properties of the tau
candidates. As a drawback, no significant improvement of the significances can be observed by utilising
more of the properties named before.

When using the probability product, however, the prongsort method clearly exceeds all other sorting
methods. Similar observations are made when using the ZZ — 47 process as the signal (cf. figures A.9
and A.10). The original T'(f:il[:)T scores already distinguish between 1-prong and 3-prong taus and two
different BDT scores were designed [95]. Thus, it might be natural to assume an information gain by
creating two different 7" scores for 1-prong and 3-prong taus as well. In contrast to that, the BDT
scores were designed to be flat with respect to most other tau candidate properties. Hence, the similarities
between etasort, ptsort, ptsort2 and allinone document this flatness and unfortunately no further

significance gain can be achieved by these methods.

10 Probably, most of the time it is a medium value such that the event is not rejected by requirements on each tau candidate’s

TjelBDT
(trans) score.
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Figure 5.12: The significances while cutting either on the 7" product of the first three tau candidates (a) and (b),
or on four of them (c), (d) with respect to the signal loss are presented. Here, every product is first evaluated when
the 7XH values were gained with the normal 7#BPT score and second when the transformed score 750" was used.
Different sorting methods were further used to map the BDT scores to the likelihood (cf. section 5.3.2). Compared
to cutting on Tl(i’:i?)T (like in the classical tau identification approach, visualised by the black dashed line) a clear
significance gain in most sorting methods is observed. However, no sorting method really singles out to be the best
one.
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Figure 5.13: The significances while cutting either on the 7P product of the first three tau candidates (a) and
(b), or on four of them (c), (d) with respect to the signal loss are presented. Here, every product is first evaluated
when the 7P values were gained with the normal
used. Different sorting methods were further used to map the BDT scores to the probabilities (cf. section 5.3.2).
(like in the classical tau identification approach, visualised by the black dashed
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In a next step, the separation power of 7HH and PP js compared directly. Moreover, the usage of
7ieBDT o T{fﬁﬁ? T is evaluated.

Additionally, it is tested if the consideration of all samples to map the BDT scores to /PP Jeads to
the best result or if it is more sensitive to exclusively study the fake and truth distributions of signal-like
samples. In this side-study, only samples are used to create the /PP scores, which are at least close
to create many truth taus.!! In summary, eight different modes are tested against each other. They are
summarised in table 5.3 and their performance in the prongsort method is visualised in figure A.11 for
di-Higgs and di-Z events in the appendix. As the plots are very busy, they are also depicted without the

signal-like modes in figure 5.14 for di-Higgs processes.

Mode name ‘ Cut based observable ‘ used BDT score | used processes
72 prod., All [Tr" . i=1-3/4 7IetBDT all
7 prod., Sig. [T, i=1-3/4 7ieBDT signal-like
MH prod., All (trans) | []7HH,i=1-3/4 BT all
7MH prod., Sig. (trans) | []7HH,i=1-3/4 TIetBDT signal-like
P prod., All 177 i=1-3/4 7etBDT all
7P prod., Sig. I1 T?rOb, i=1-3/4 7ieBDT signal-like
P prod., All (trans) | []77,i=1-3/4 AeBDT all
P prod., Sig. (trans) | [, i=1-3/4 TIetBDT signal-like

LLH/prob

Table 5.3: Different modes which were used to map the BT cores to 7 values

(trans)
In all figures, it can be observed that the different 7P product cuts lead to much higher significances
than cutting on the 7" product. This is mostly also true when the 7M-H/PP yalye is created while
using only signal-like samples. However, on average, considering all samples (i.e. also all background
processes) leads to slightly better significances such that only their results are presented in figure 5.14.
As the 7P value utilises the additional information of the ratios of truth and fake taus which are
considered, this might have been expected. This knowledge is of increased importance when studying
the prongsort method. As 3-prong taus are much more likely to be faked (cf. figure 5.9(c)) they gain
smaller probabilities to be a truth tau. If an event contains many 3-prong taus, is it thus more likely to
have its origin in a background process and this is quantised by the 7P™° product. In opposition to that,
this information is lost due to normalisation in the 7" calculation.
As a result, in the following chapter, the 7P product will be used to separate signal processes from
background. While for the 341¢ channel, the 7P value which originated from the °BDT yalye seems
to be best, in the 440¢ channel, the corresponding value from the T{:;E;) T score is used. However, their

differences might simply be caused by statistical fluctuations in the used samples and the regions in
which either of them performs best alternate.

In summary, the presented new identification method (based on multiplied probability cuts) outperforms
the classical identification method (based on separate cuts on each tau candidates 7_1&1131113; score) by far.

For the same signal efficiency, much higher significances are achieved when cutting on [] Tfmb. For

example, for a signal loss of 61 %'? the classical approach achieves signal significances of roughly

! This refers to the observation, that the 7P value strongly depends on the selection of considered samples. For the signal-like
samples, apart of the hi — 4t process, the Sherpa ¢€¢¢ sample (which e.g. contains ZZ — 47) as well as ¢¢€v, €fvv and
tvvy were also added to the overall truth and fake distributions.

12 As expected when demanding four Loose taus.
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Figure 5.14: The separation power of 7! and 7P is compared. Both values are either produced with the normal
7°BDT gcore or the transformed 75207 score. It can be observed that the 7™ values in purple or turquoise by far

trans
outperform the "' values in red or gold.

These plots were also created when only signal-like processes were used to create the truth and fake distributions
for the TMLH/Prb scores. In figure A.11 in the appendix, it can be seen that in most cases the significance is reduced
if the values are created only with the information of signal-like samples. Thus, they are discarded in the presented
figures here for the sake of clarity.

30 - 1073 (cf. figure 5.14(b), the dashed lines). When using the multi-tau approach, this significance is
doubled.

Moreover, the new approach enables similar significances of 30 - 1073 for a signal loss of only 35 %.
Hence, it is possible to achieve the same significances while keeping much more signal events. For
the three-tau channel, (cf. figure 5.14(a)), the effect is verified although the full power of this method
evolutes best for more objects.

In summary, the new multi-tau identification method represented in this chapter is ideally suited to
search for the extremely rare signal events of the #h — 471 channel. It will further be exploited in the
following chapter, in which a signal enriched region is designed.
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CHAPTER 6

Approaching the Di-Higgs Signal

In section 4.1, it is proven that apart from the ih — 41 process, only a very limited amount of processes
in the SM produces four truth 7 leptons. Nevertheless in a vast amount of processes such a multi-tau
topology can be faked e.g. by tau-like jets. The fake-rate increases drastically if the tau identification
threshold is reduced as much is it is done in this thesis (cf. table 4.4).

Hence, background processes with the capability to produce a considerable amount of truth or fake
taus have to be estimated and controlled. For this purpose, in section 6.1 heavy-particle processes which
are likely to produce four tau-like objects are presented. As they can partly be treated perturbatively, MC
simulations are used to estimate their properties.

In contrast to that, pure QCD events suffer from model uncertainties for the essential process of
hadronisation (cf. section 4.2). Hence, MC predictions usually do not provide an adequate estimation of
the fake-rates in these processes. Instead, in section 6.2, a data-driven method is designed to estimate
their production of four fake objects.

In section 6.3, the pairing of the four leptons in each event is studied. To utilise the unique event
topology of the hh — 41 process, the leptons have to be divided such that the pairs emerging from the
same Higgs boson are identified. An essential task is the alignment of this combination to the data-driven
fake estimation.

Eventually, different methods are probed to separate the di-Higgs signal from named background
processes. For this purpose, multiple observables are scanned with respect to a possible significance gain
(cf. section 6.4). Based on that, phase space regions with maximised signal signatures are designed. In
section 6.5, the signal-region selection is improved by specially designed boosted decision trees and in
section 6.6 the capability of the most promising phase space regions is interpreted. Moreover, they are
used to calculate an upper limit on the di-Higgs cross section.

Several observables are used in the following studies. The used notation is outlined below.

e pr(t;) The transverse momentum of the ith tau. Here, the tau candidates are sorted with respect to
their 7*BPT score. For instance, 7/ is the tau candidate with the highest score of the event.

® My, 1,/ My, My o, 1S the invariant mass of the ditau system which contains the positively charged
tau candidate with highest 7#°BPT score (further referred to as the first ditau system). The tau
candidates are paired as described in section 6.3. Analogously, m,z, is the invariant mass of the
ditau system which contains the positively charged tau candidate with lower *BPT score. As both
ditau systems are treated analogously, possible differences of these values are not utilised in this
work.
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. m'T"TW/ ml;iTgh The lower/higher of both possible invariant masses of the ditau systems. These
quantities are beneficial for significance scans and the BDT training as a cut on them directly
implies that both ditau system masses are bounded from below/above.

. mlT"TWfalse The lower of both possible invariant masses of the ditau systems when they are assigned

in opposition to the introduced combination approach of section 6.3. In di-Higgs processes, both
Higgs bosons are produced back to back. By combining one tau of each Higgs decay, relatively
high invariant masses are achieved. If the tau candidates are produced randomly, this is not
necessarily the case. This quantity is used in the BDT training.

® AR,/ AR, The distance of both tau candidates of the first (AR;,+,) or second (AR,,) ditau
system, respectively.

. ARIT"TW/ ARlTﬁTgh The lower/higher tau-distance of both ditau systems. Again, these quantities are
useful in significance scans and the BDT training as directly a threshold on both ditaus is implied.

. Zl"w pr(77) The lower of both possible scalar sums pr(7;) + pr(7;) of both ditau systems. The
scalar sum of a specific ditau system is written out explicitly.

e > pr(lep;4) The scalar sum |pr(71)| + |pr(T2)l + |pr(73/€0)| + |p1(T4/L1)2)] Of the four leptons
(light leptons and/or tau candidates) which form the two ditau systems. In the 440¢ channel, also

the notation ), pt(714) is used for this quantity.

o pr(T1T27374) The vector sum of the four leptons (light leptons and tau candidates) which form the
two ditau systems. In the hh — 47 case, this quantity describes the boost of the overall di-Higgs
system. This observable should not be confused with >} pr(71.4).

® My 1,7y, The invariant mass of the four leptons (light leptons and tau candidates) which form the
two ditau systems. In the #h — 47 case, this quantity describes the invariant mass the overall
di-Higgs system.

® AR: 1,737, The distance between both ditau systems. In the hh — 47 case, this quantity describes
the distance between both Higgs bosons.

® Nobjects The sum of all tau candidates, light leptons and jets. As fake systems tend to produce more
jets and/or more lepton candidates, this value tends to be lower for the di-Higgs process.

® Njets, 40 Gev The amount of jets with a transverse momentum of pt > 40 GeV

6.1 Tau Fake Production by Heavy Particles

In this thesis, the investigation of four-tau events is investigated for the first time. Hence, the background
estimation was built up from scratch. Due to the very low signal cross section, the identification threshold
for tau candidates was loosened as much as possible (cf. section 4.3). As a drawback, tau candidates
are very likely to be faked by hadronic jets. Hence, several SM processes may be capable to produce a
multi-tau-like structure which is caused by fakes. A selection of such processes is visualised in figure 6.1.

As an example, in #f production (cf. figure 6.1(a)), both ¢ quarks almost exclusively decay into Wb.
The b quark decays further and creates a hadronic jet which might be misidentified as a tau. The W boson
might decay directly into a tau or into a light lepton (and then occur in the 341¢ or 2h2¢ channel). Apart
from that, a hadronic W decay can also be misinterpreted as a hadronically decaying tau. Analogously,
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Figure 6.1: Possible processes which might fake a four-tau event topology. For most of them, several production
and decay modes exist. All visualised processes contain at least four final states. If quarks are produced, they
create a hadronic jet which might be misidentified as a Tp,q. W bosons might either decay hadronically and fake a T
lepton, or they directly decay into a tau. Z bosons might even decay into a 7+7~ lepton pair which looks nearly like
a tau pair of a Higgs boson. Accordingly, the SM process which is expected to mimic the di-Higgs signal best is
the ZZ — 4t process (e). Further explanations are given in the text.

four tau candidates possibly emerge from an associated Wt process (cf. figure 6.1(b)) which will further
be referred to as “single top”. Fortunately, the probability to misidentify four jets as taus at the same time
is expected to be relatively low. Nevertheless, due to the comparably huge cross section of these ¢ quark
processes at the LHC, they form one of the dominant backgrounds of this work.

In single Z boson events (cf. figure 6.1(c)) two truth 7 leptons are produced directly, such that the
signal topology is partly mimicked. For instance, a dominant distribution of the background consists
of Z — 11 events where the remaining two tau candidates are faked by jets. Also Z boson decays into
light leptons are considered as they might serve as background processes in the 341¢ or 2h2¢ channel,
especially if one of the light leptons is lost or misidentified as a 1-prong tau. The latter ones are included
in the single vector boson background distribution and referred to as “V + Jets”. However, they are found
to play a comparably insignificant role.

For events in which more than one W or especially Z boson is produced, the number of emerging light
leptons, taus or collimated jets increases. Thus, events with two or more vector bosons are studied and
referred to as “multiboson” (cf. figure 6.1(d)). They also include the ZZ — 4t process (cf. figure 6.1(e))
which is thought to resemble the di-Higgs process most closely.

Last but not least, events which already contain one Higgs boson are likely to look similar to a di-Higgs
process. Especially vector-boson-fusion or Higgs radiation (cf. figure 2.7(b), 2.7(c)) either produces
two additional jets which potentially fake the residual taus or an electroweak boson which might decay
further to truth light leptons or taus. Although Higgs processes feature a relatively low cross section,
they are still several orders of magnitude more frequent than di-Higgs processes. In some of their decay
channels, they come close to the signal topology.

A list of used samples as well as details of their MC production can be found in section A.1 in the
appendix.

The designed background composition has already been used in the truth study in section 4.1 and
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Chapter 6 Approaching the Di-Higgs Signal

the effect of the preselection cuts has been tested in section 4.3. Indeed, single Higgs and multiboson
events are most similar to the signal process. Accordingly, they form the exclusive background on truth
level (cf. table 4.1). However, due to much higher cross sections in the other processes, the overall
event distribution which passes the preselection is dominated by far by ¢ events (cf. table 4.4). Hence,
observables to isolate signal events from ¢ quark fakes are an essential part of this work. Nevertheless,
due to their similar event topology, multiboson and single Higgs events are expected to become more
dominant when a sharp signal region is defined.

To verify that all important processes are selected which might account for the background, they are
tested against the data for several phase space regions (cf. figure 6.2). A massive discrepancy is observed.
The missing events probably do not have their origin in processes as described in this section but are pure
QCD events. They are very hard to model with MC simulations. Therefore, a data-driven estimation of
their contribution is designed in the following section.
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Figure 6.2: A comparison of events predicted by the considered MC processes and recorded data is presented for
different observables and cuts. In (a) the number of jets is shown after the preselection introduced in section 4.3
is applied. In (b) the invariant mass of the first ditau pair is presented after AR < 1.9 is demanded and in (c), the

distance AR.; between two taus which are assigned to the same ditau system is shown for all events which fulfil

the additional requirement log (H T?:K;Ii?)) > —1.82. In all plots, the amount of recorded events significantly exceeds

the predicted amount by the considered MC simulations.

6.2 Data Driven Fake Estimation with Four Objects

The overwhelming amount of processes at the LHC are QCD processes. Often multiple jets are produced
such that the multi-tau topology can be mimicked. Unfortunately, due to the strong coupling in the
hadronisation process of the jets, they cannot be described by perturbation theory. As this is the essential
process which determines weather a jet is identified as a tau or not, their modelling is error-prone.

Hence, QCD or multi-jet processes are usually estimated by data-driven methods. Here, the data in
orthogonal regions of the phase space is used to estimate the amount of missing events in the signal
region. To ensure that no physical information is lost with this method or that a data-to-model agreement
is artificially created, the orthogonal regions to extract data information have to be chosen carefully.
Ideally, the data-driven fakes solely contain pure QCD events and all other processes are estimated with
well controlled MC simulations.

In this thesis, the data driven fakes are estimated by demanding unphysical charge combinations.
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In physical processes like Higgs decays into 7777, the tau charges have to equalize. Hence, for four
correlated objects, two positively and two negatively charged objects are expected. If the tau candidates,
however, mainly consist of randomly misidentified objects, their charges are expected to have no
correlation at all and a binomial distribution of 1 : 4 : 6 : 4 : 1 is expected.! In table 6.1, the ratios of
charge combinations for some selected processes as well as for the recorded data are presented.

| Cut | hh >4t | ZZ — 47 | Higgs | Z —> 77 | Diboson | V +Jets | 7 | Data |

440- [ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 [ 1.0
3+1- | 235 207 | 821 | 16.6 9.9 88 | 85 | 44

[ 2+2-] 1645 | 845 [1754] 303 | 176 | 159 [153 ] 6.6 |
1+3- | 240 212 [ 775 | 152 8.9 74 [ 84 | 41
0+4- | 1.0 1.0 0.9 0.8 0.8 0.7 1.0 || 09

Table 6.1: The ratios of charge combinations for some selected processes are presented. The corresponding charge
requirement of the preselection was abdicated for this study. Each process is normalised with respect to their
amount of events in the 4+0— channel. If the charges of all four objects are distributed completely random, a
binomial distribution of 1: 4 : 6: 4 : 1 is expected. A small asymmetry towards positive charges can be explained
by the two-times positively charged initial state of two protons in each collision. Further interpretations are given
in the text.

The charge distribution of all MC processes manifests to be far from binomial. Especially di-Higgs
or di-Z events strongly peak at 24+2— as expected due to the underlying physical process. In the data,
however, a shape close to the binomial distribution is revealed. As physical processes hardly produce
four taus in the 3+1— or even 4+0— channel, this is a strong hint that the data indeed mostly contains
QCD multi-jet processes.

By assuming that multi-jet events share the same properties independently of their charge distribution,
the unphysical charge combinations can be utilised to predict their appearance in the 2+2— channel.
Correspondingly, the amount of QCD processes in the unphysical channels is estimated by subtracting all
MC predictions from the recorded data. The remaining number of events is rescaled to the 2+2— channel
subsequently. Unfortunately, a simple upscaling of all four unphysical channelsinthe 1:4:6:4: 1
scheme is not sufficient to dispose of the observed data-MC disagreement as visualised in figure 6.3.

Instead an additional information is utilised, which is already foreshadowed in table 6.1. Namely, in
the last four processes (Z — 77, Diboson, V + Jets and #f production) the distributions of the 3+1—,
2+42— and 143— channels can roughly be described by 1 : 2 : 1, i.e. the binomial distribution of two
objects. Exactly this distribution is expected when only the charges of two objects are created randomly
while the other two are produced in correlation to each other. For instance, in the Z — 77 channel, two
truth taus with opposite charges emerge as decay products of the Z. To pass the preselection, two other
tau candidates (or the sufficient amount of light leptons) have to be faked. As the fake-tau candidates do
not necessarily originate from the same physical process, their charges are not correlated and thus form a
1: 2 : 1 distribution. Analogously, in #f production processes, the decay products certainly contain
one W* and one W~ boson which decay further. In short, again two charged objects are produced with
correlated charges and the other two emerge randomly.

! Of course, four positively charged jets in a single event cannot emerge without the creation of negatively charged objects
as well. However, if pure QCD processes are expected to fake tau leptons, several jets are produced. The jets which are
reconstructed only with one or three tracks such that they are tagged as tau candidates may have a random charge distribution.
The equalising negative charges can be absorbed by other jets which are not identified as tau candidates. Moreover, charges
can be misidentified in the reconstruction process, especially when trajectories of high-pr objects feature a small curvature.
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Figure 6.3: The MC predictions together with the data-driven fake estimation are compared to data. In the presented
figures, the fakes are predicted by naively upscaling the unphysical 4+0— and 3+1- regions (and the corresponding
ones with more negatively charged leptons) by a factor of 6 or 1.5 respectively. If all four objects are produced
completely random, a charge distributionof 1: 4: 6: 4 : 1 is expected and the named factors of 6 or 1.5 correspond
to the ratio of the 4+0— or 3+1— region and the physical 2+2— region respectively.

While the estimated fakes seem to suit the gap between MC predictions and data quite well for ), pr(t;.4) (),
or Niets, 40 Gev (b), this is not the case for the latter three observables. Especially for log (H ‘rf“’b) ((c) and (d)), a
systematic aberration is observable. The predicted amount of produced tau candidates (e) is also not in agreement
with the observed data. The latter quantity is of special interest as the different channels which are investigated in
this thesis are highly correlated with the amount of produced tau candidates.

Such a fake-production is accounted for as follows. To properly estimate the produced amount of four
fake taus, the excess of measured events in the 44+-0— and 0+4— channels compared to the MC predictions
are averaged and sextupled to serve as a first fake estimation in the 2+2— channel. Additionally, the
named distributions are quadruplicated and subtracted from the average of the data-to-MC excess in the
3+1- and 1+3- channel. The remaining events in the latter channels are then upscaled inthe 1: 2 : 1
scheme and complete the fake estimation in the physical channel. An advantage of this method is that
possible additional processes which create two correlated taus and two fakes are also accounted for and
are added to the overall fake estimation.

The resulting fake estimation in the 2+2— channel is visualised in figure 6.4. Apart of some tail regions,
the overall event estimation agrees very well with the data due to the introduced fake-tau estimation. This
is also true after applying several cuts. Thus, the data-driven method designed in this section is well
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Figure 6.4: The MC predictions in combination with the data-driven fake estimation are compared to data. Here, the
more sophisticated scaling method introduced in the text is used to predict the amount of fakes in the 2+2— channel.
Apart of some exceptions in the tail regions a strong agreement can be observed. This agreement still holds after
several cuts which are summarised in each caption. The cuts are meant to be additional to the preselection.
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suited to predict the properties of fake-taus due to pure QCD events.

The robustness of the fake estimation can further be tested by separating fake-like and tau-like
production channels from each other in a different way. For this purpose, the tau identification properties
are inverted. As the tau identification in this thesis is directly correlated to the log (H Tfmb) values, a
strongly tau-fake enhanced region can be defined by demanding the events to undershoot a specific
log (H Tfmb) threshold. Again the amount of fakes is estimated by the excess of data compared to MC
predictions in this phase-space region. As these selected events are assumed to consist almost exclusively
of fake-taus, they are expected to share the same properties as the fakes which are estimated by the
charge-related method presented in the previous paragraph. The properties of these tau candidates defined
by different tau-fake definitions are compared in figure 6.5.

x10% x107
>0 12 T T T T T Ty > B A e 10 T T
8 F ATLAS Work in ProgresrFakes T Charges - g [ ATLAS Work in PrugresfFakes ‘Pm Charges o [ ATLAS Work in F'rogressr"akf“"s e, Charges ]
0 L ,f,:fﬁtf” §“§‘1" 170 Fakes, 6 Charges ] r 80? ,';Z'Eeﬂt?“ §“)‘d>y 170 Fakes Charges ] g 50 E’f%'?” 5")“! 170 Faee Charges
@ 0.1~ b © | > [
2 7 ] [} F
£ £ £ 40
wio. - = - & r
gl w 1 = r
I 3 1 g so-
=0.06] B N 1 = [
£ é 1 € |
20.04 1 s 1 8
0.02 . . 10
P I I . ] o ] okl
0 50 100 150 200 250 50 100 150 200 1 2 3 4
pT(rlr2r3r4) [GeV] My, [GeV] Del. Req,
(a) (b) (©
> I R IR AR - L SN
1 =
80 151 ATLAS Work in Progress™ £ Fakes ‘ o Charges | @ [ ATLAS Work in Progress_ Fax Fﬂkes “" , Charges -
© i Eag'zf:l'f” i“d!“o Fakes Charges g r E,agfﬁ‘f“ §“)’“ly170 Fakes Chavges
) 0 B
£ 3
i N
0.1~ -4 8
g £ ]
g 5
€
g L
0.05+ — B
[ [ s P TR B
OO 50 100 150 200 250 300 6 8 10
DT(Tl) + pT(Tz) [GeV] N jets, 40 GeV
(d) ©)

Figure 6.5: The normalised shape of different data-driven fake estimations is compared. The fakes are either defined
by the scaling of different channels with unphysical charges (“Fakes, Charges”) or by inverting the requirement of
log (H Tp rob ) > —1.70. In detail, these “Fakes, 7P " are demanded to fulfil log (H Tp rob ) € (—1.82,-1.74) such

that their total amount of events is roughly equivalent to the amount which surpasses the log (H Tp_";b 3) threshold.

Additionally, unphysical charges are investigated in this inverted log (H Ti:1_3) region (“Fakes, 77, Charges™).
All methods are thought to describe highly fake-enriched events of similar origin. This implies that apart of obvious
differences like their charges, the differently selected events should resemble each other in most other physical
properties. This is confirmed by the figures shown here.

The differently defined fake-taus are confirmed to share such a similar behaviour for the presented
observables. This strengthens the reliability of the fake estimations and supports the assumption that
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they indeed exclusively describe fakes. Moreover, in a next step which exceeds the scope of this thesis,
the differences in the presented specific fake-tau definitions can be utilised to estimate the fluctuation
strength of the fake-taus. Systematic uncertainties of these events can be estimated and ideally reduced
significantly.

A few more remarks can be made. First, hardly any fakes pass the preselection for N; = 3 (cf. figure
6.4(b)). This can be explained by the fact that at least one additional light lepton is required if only three
tau candidates are produced. In this thesis, at least one of the light leptons is required to fulfil the Medium
working point. Therefore, it is relatively unlikely that light leptons are faked. Apparently, the existence
of such a clean light lepton is extremely rare in pure QCD processes which are thought to dominate the
data-driven fakes marked in grey.

Second, in figure 6.4(a) and 6.4(d), the data-MC agreement becomes worse for high values of
log (H Tf’mb). Unfortunately, this is exactly the phase space region which will be of highest interest when
separating the di-Higgs signal from background (cf. section 6.4 and 6.5). Especially in the 341¢ channel,
the MC predictions exceed the measured data (cf. figure 6.4(d)). In fact, this explains the low appearance
of fakes in the N; = 3 region. In the data-driven fake estimation, only the excess of data to MC is used. If
the MC predictions already overshoot the measured data, naturally no fakes will be predicted. Thus, the
observed disagreement does not have its origin in a suboptimal fake estimation but in the MC predictions
in general.

This behaviour in particular and the general behaviour of each MC sample should be studied further.
Usually, the different production channels are separated in respective control regions which ideally are
doubtlessly understood. In these control regions, each process is fitted to the measured data and possible
minor mismodelling is diminished by global correction factors for each process.

Moreover, it should be mentioned, that the presented charge-based data-driven fake estimation only
describes fakes with exactly four objects which share the same vertex. As in the following, the amount
of signal events is tried to keep as high as possible, such a requirement might be suboptimal. A more
complete fake-estimation for events with more than four objects can be designed by the introduced
inverted log (H Tf mb) method. Moreover, regions with 4+1— or 54+0— might be included with a sufficient
scaling. Maybe this issue can also be solved by an overall global scale factor on the charge-based fakes
or a combination of all proposals in a so-called ABCD method can be applied. Possible scaling factors
can be calculated by fit programs like HistFitter [111].

For this thesis, the combination of MC predictions (cf. section 6.1) and the presented data-driven
fake estimations of this section are thought to model the background sufficiently well such that further
investigations are possible. In the following sections, their properties are studied in detail and observables
are designed to separate background processes from the signal.

6.3 Ditau Pair Combination

After a sufficient understanding of the dominant background processes has been ensured in the previous
sections, the di-Higgs process can be approached. To utilise the unique signal topology, the four leptons
of each event have to be combined such that both leptons emerging from the same Higgs boson are paired
correctly. Hereby, a specific difficulty is to ensure that the data-driven fakes, which feature different

2 Data-driven fakes are still observed after demanding Niep = 1 (cf. e.g. figure 6.4(d)). Further investigation revealed that these
fakes almost exclusively feature more than three tau candidates. Additionally, the forth tau candidate emerges from another
vertex then the other four leptons. Therefore, these events can be reduced significantly by an appropriate cut selection.
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charges, are treated comparably. Otherwise, their ditau properties are not comparable to the events in the
2+2— region.

The property in which a Higgs boson differs most from e.g. a Z boson is its mass. Thus, a very
important quantity to distinguish the 7 — 77 decay from the corresponding one of a Z is the invariant
mass of the tau pair (cf. e.g. [7, 8, 38]). A meaningful calculation of the invariant mass requires the right
combination of taus as input objects. While this assignment is straightforward for two objects, the tau
combination for four objects is ambiguous.

Each event which passes the required preselection (cf. section 4.3) contains at least four leptons from
which at least two are positively and negatively charged respectively. As the identification requirements
for light leptons are much higher in this thesis, they are always used to form the ditau pairs, if existing.
Nevertheless, in this section they are not always mentioned explicitly for the sake of simplicity. If the
amount of leptons of a specific charge exceeds two, only the tau candidates with highest 7/°BPT scores
are considered.

In each Higgs decay, the decay products are required to have opposite charges. Therefore, for two
leptons of each charge, two ditau pair combinations are possible (7{7] & 7375 or {7, & 157]). As
already mentioned in the introduction of this section, a selection of tau pairs depending on their invariant
masses might suggest itself. Indeed, such a tau pair combination is used in the hh — bbbb analysis [52].
Here, the tau pair combination is chosen which is most consistent with the decay of two particles of equal
mass.

Unfortunately, in the four-tau case, a significant amount of energy is lost due to undetected neutrinos.
As aresult, a similar-mass requirement on the ditau pairs is not ideal. Instead, the topology of the Higgs
decays in the hh — 47 process is utilised. As shown in figure 6.6(a), the distance AR, of both taus
emerging from the same Higgs tends to be very low on truth-level. In contrast to that, two distinct peaks
in AR, are observed on reconstruction level in figure 6.6(b) if the taus are combined with respect to their
resulting invariant masses.
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Figure 6.6: The distance between two leptons which are assigned to form a ditau pair is shown for the hh — 41
process. On truth level (a), a clear peak at low values is observable. When the ditau pairs are chosen with respect to
their invariant masses, however, a second peak at roughly AR = 2.9 appears (b). In this peak, probably one tau of
each Higgs was paired. As the Higgs bosons tend to be boosted back to back, a much higher distance between
these taus is measured.
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6.3 Ditau Pair Combination

As a result, the distance of possible tau pairs is chosen to select the tau combination in this thesis. In
detail, the taus are assigned such that the resulting >, AR, with

D ARy = ARyr + ARqsr- (6.1)

is minimised. The gained benefit of this method is visualised in figure 6.7. Only 13 % of the ditau pairs
is mismatched by the ), AR;; method while for the similar-mass method, this amount rises to 21 %. In
both cases, in 18.65 % of all events the ditau pairs cannot be matched correctly because at least one of
the decay products is not reconstructed sufficiently.

m 60,15 21,19 18,65
AR 68,56 12,78 18,65
AR 65,52 15,83 18,65

0,00 20,00 40,00 60,00 80,00 100,00

correct wrong lost event

Figure 6.7: The ratio of correctly combined ditau pairs for different selection methods is visualised. The upper bar
refers to a ditau combination in which the invariant masses are most similar (). The requirement to minimise the
sum of distances between each tau pair is referred to as ), AR.;. In AR, only the first ditau pair’s tau distance is
required to be minimal with respect to the alternative mapping.

The pairing of taus becomes considerably more complicated when unphysical charges are allowed.
This might not affect the signal region directly, but events with charges like 4+0— or 3+1— are utilised to
form the fake-tau distribution as introduced in section 6.2. In these events, one or even both ditau pairs
have to be formed with leptons of the same charge, which enables not only two but three possible ditau
assignments.® The most straightforward solution (referred to as first selection method) might be to select
the combination out of the three in which the sum of ditau distances is minimal. Unfortunately, this leads
to poor fake estimations as visualised in figure 6.8(a), 6.8(b) and 6.8(c).

This can be explained by the fact that such a comparison between three possible ditau pairs enables
more degrees of freedom than the comparison between only two ditau pairs in the physical 2+2— region.
Thus, in a considerable amount of cases, the third option enables a combination in which an even lower
sum of AR, is found. As a result, in unphysical channels the average AR, of the combined taus is
smaller (cf. figure 6.8(c)) and correspondingly, their average invariant masses are lower.

As a solution, in the improved selection method also in the unphysical region, only two possible ditau
combinations are checked against each other with respect to their >, AR,;. The third option, in which
the tau with highest 71*BPT score (of the majoritarian charge) is mapped to the one with lowest charge

3 In the 3+1- channel, they read i) & 1375, 157) & 1775 and 7i7] & 777} For the 4+0- case, 7113 & rj7;, 711} & 137}
and 7{7; & 7573 are possible. For channels with more negatively charged leptons, the combinations are equivalent but with

switched charges.
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Figure 6.8: The data-MC agreement of ditau properties for different ditau selection methods is compared. In each
figure, light leptons are excluded. The invariant mass m., tends to be underestimated in (a) and (b). This has its
origin in the fact that in the data-driven fake estimation, an additional degree of freedom is gained by selecting the
lowest sum of AR, in three and not two possible ditau combinations. If one of the possibilities is rejected, better
agreement is achieved as visualised in figure (d) to (f). Further explanations are given in the text.

of the same kind, is discarded. The resulting new fake estimations are presented in figure 6.8(d) to
6.8(f). A good data-Monte-Carlo agreement is achieved with this method. Hence, it is assumed that the
unphysical channels undergo a comparable treatment compared to the 2+2— channel and thus, also the
ditau combination of the fakes in the latter channel is modelled sufficiently well.

If one of the considered leptons is a light lepton, however, the ditau properties become even worse
(cf. figure 6.9(a) and figure 6.9(b)). As the tau candidates are ordered with respect to their 7#*BPT score,
the appearance of a light lepton changes the order in which possible AR, values are compared. A more
comparable handling of unphysically charged fakes with respect to the straight-forward 24+2— region
is achieved when only those combinations are considered in which the light lepton is paired with tau
candidates of relatively low 77°BPT score. The resulting AR, with this light lepton selection is presented
in figure 6.9(c). Hence, the ditau combination is slightly altered for events in which light leptons are
included.
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Figure 6.9: The data-MC agreement of ditau properties for different ditau selection methods is compared. In each
figure, exactly one light lepton is demanded. It can be seen that neither by the comparison of the distances of all
three possible ditau systems (a) nor by the comparison of only the first two options (b) the unphysically charged
regions are handled equivalently to the 24+2— region. As a result, the data in the latter region is not sufficiently
described by fakes estimated by the unphysically charged channels. The lepton combination in unphysical channels
is aligned to the one of the 2+2— channel, if the light lepton is not combined with the tau candidate with highest
possible 7°BPT score (c). These effects are mainly technical and correspond to the order in which leptons are
treated in the N-tuple production.

6.4 Signal Region Definition Based on Significance Scans

The amount of events which passes the preselection requirements is extremely dominated by background
(cf. table 4.4). Hence, in order to detect the di-Higgs signal process, the background has to be reduced
massively. At the same time, however, hardly any signal should be lost as its amount of totally produced
events is very limited.

To solve both tasks at the same time, many observables are scanned in multiple dimensions of the
parameter space. The significance S/ VS + B is used as a guideline to evaluate possible cuts. Here, S
denotes the amount of remaining signal events and B is the corresponding background amount. Moreover,
the events are strictly divided into the 321¢ and 440¢ channel for this study by demanding either exactly
one or no light lepton at all. The 2A2¢ channel will also be investigated although the preliminary work of
this thesis was focussed on the former two channels. For this channel, exactly two leptons are demanded.
To reduce the enormous amount of background events like Z — £*¢~, the light leptons are required to be
either of the same charge and/or of different generations. The preselection introduced in section 4.3 is
altered appropriately for this channel.

In every channel, the main limitation of the significance is the very low prediction of signal events. As
already indicated in section 5.1, the general acceptance of signal events might be increased by relaxing
the requirements for tau candidates further. To estimate the possible significance gain, the tau-candidate
requirements were loosened to a minimal transverse momentum of pt > 15 GeV instead of the previous
pt > 20 GeV. Additionally, also candidates in the |n7| € [1.37, 1.52] were allowed. The requirements of
either one or three charged tracks and an overall charge of one were not altered. This new tau candidate
selection is referred to as very loose taus from now on.*

* This should not be misidentified with the unofficial Very Loose working point which is used by some ATLAS analyses and

refers to the tau identification. Here, similar to other working points (cf. section 5.2) a minimal value of each Ty score
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Indeed, a very small significance gain of the order of 1 % was observed in some possible signal regions
in every channel. However, the introduction of such loose tau candidates comes with several drawbacks
as explained in section 5.1. In particular, especially for tau candidates in the constrained |r7| region, their
energy is not recommended to be reconstructed by the calorimeters (as their information in this |r| region
is incomplete) but only by their track information. In short, they would need to undergo an specially
designed new reconstruction process to ensure a maximal performance. Moreover, the uncertainty of very
low transverse momenta is strongly limited by pile-up processes. As the high-luminosity LHC upgrade
features much more pile-up events, this uncertainty might grow. Thus, low-p tau candidates need to be
treated very carefully.

It is questionable if such a low significance gain is worth the effort. All of the three signal regions
defined in the following subsections require at least ) pr(71.4) > 200 GeV. It is straight-forward to
assume that most low-pr taus are rejected by this demand anyway. The exploitation of the |;|-crack
region, however, remains interesting. As the reconstruction of affected taus was not altered in this thesis,
their erroneous energy information probably lead to the fact that they were rejected by momentum or
energy requirements before they could enhance the signal expectation in the signal region of the following
channels.

Hence, the the following subsections refer to the previous tau candidate requirements as introduced
in table 4.3 with pt > 20GeV and a veto for the || crack region. In section 6.5, however, boosted
decision trees are trained to separate signal processes. With this approach, adverse correlations (like the
appearance of a tau candidate in the [r7] crack and a correlated strange invariant mass of the ditau system)
might be balanced more adequately and the very loose tau selections remains interesting.

6.4.1 4h0¢ Channel

A significance scan over several properties reveals the strong separation power of the log (H T?:ili 4) as
defined in chapter 5. This is visualised in figure 6.10(a). As the unique signal topology is defined by four
truth taus and the named product was developed to separate best between truth and fake events, this is
expected. Moreover, the scalar sum of all transverse momenta of the tau candidates ), pr(7;.4) stands out
against other quantities due to its possible high significance gain (cf. figure 6.10(b)). Since Higgs bosons
are more massive than most other SM particles, it is natural to assume that their exclusive decay into taus
produces leptons with higher momenta than most of the background processes. Especially, if most of the
tau candidates are fakes, they tend to have lower momenta. By calculating the scalar sum of all four tau
candidates, the separation power is increased.

As already discussed in section 6.3, the distances of two taus forming a ditau system are quite low
for the hh — 47 signal. This is reflected in the increased significance by demanding an upper cut on
AR as visualised in figure 6.10(c). Furthermore, the significance scans reveal that the invariant mass of
each ditau system becomes interesting to separate signal from background especially after additional
requirements on AR, (cf. figure 6.4(h) in section 6.2).

Such correlations between variables occur frequently. Hence, a hard cut on one observable might spoil
a possible higher significance by more careful demands on several quantities. To account for this, at first
a comparably soft requirement of

log([ [7F,)>-2 and ) pr(ria)>220GeV (6.2)

is chosen. With this selection, a two-dimensional significance scan of the invariant mass of each ditau

is demanded. The very loose tau candidates of this work refer to the tau reconstruction process and are much looser than
demanded by the Very Loose working point.
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Figure 6.10: The significance scans of the most interesting observables in the 4720 channel are shown. In the upper
half of each plot, a usual stack plot of all background processes and the artificially enhanced signal process are
shown. The lower half visualises the significance alteration depending on changing cuts.

The blue line represents the significance S/ VS + B if a cut from below of the specific plot quantity is applied. For
instance, by additionally demanding Y’ pr(7;.4) > 310 GeV in figure (b), a significance of roughly 0.2 is achieved.
The red line visualises the achieved significance, if a cut from above is applied and thus has to be read from right to
left. For example in figure (c) an additional requirement of AR < 1.9 leads to an overall signal significance of all
remaining events of roughly 0.27. A clear rise of either the blue line (from left to right) or the red line (from right
to left) indicates a beneficial cut to separate signal from background.

Hence, in (a) a minimal requirement on log (H e 4) is recommendable. Correspondingly, in (b) log (H e 4) >
1.52 is demanded. To further rise the s1gn1ﬁcance a lower bound of the scalar sum of all tau momenta like
> pr(t1—4) > 220GeV (or even more) is advisable. In (c), both cuts are applied and it is visualised by the red
significance line that an upper bound of AR, will increase the significance further.

system and the distance of its taus is performed as visualised in figure 6.11. This scan is repeated for the
stricter demand of log (H Tp rob ) > —1.52 and/or }’ pr(71.4) > 300 GeV. Moreover, the requirements of
Npjers = 0 or Ny = 4 (i.e. vetomg b-jets or demanding exactly four taus without allowing more (fake)
tau candidates) were found to be interesting in previous studies. Thus, all mentioned two-dimensional

significance studies are also repeated with and without these demands.

| Cuts | hh — 47 | Higgs | Multiboson | Others | Combined | S/ VS + B |

1 0.76 0.47 0.40 0 0.87 0.60
2 0.65 0.36 0.11 0 0.47 0.61
3 1.10 1.26 3.02 0 4.28 0.47

Table 6.2: The predicted events of different processes in possible signal regions of the 440¢ channel are displayed.
The processes V + Jets, Z — 77, Single Top, #f production and fakes are summarised in “others” and are estimated
to be completely discarded by these selections. Depending on the amount of remaining signal events, different
significances from 0.47 to 0.61 are achieved.

The required cuts in each selection are log (H Tp_“l)b 4) > —1.52 and } pr(r14) > 220GeV. Moreover, in cut 1,
AR < 1.925 and m,, > 81 GeV is required. In cut 2, additionally events with more than exactly four tau leptons
are rejected. In cut 3, again more than four reconstructed tau candidates are allowed and the ditau requirements are
slightly altered to AR, < 2.08 and m., > 73 GeV. The slightly different numbers compared to figure 6.11(b) are

due to a different binning in this figure which also defines the cuts there.

The highest significance with a signal event expectation close to at least one is achieved for the
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Figure 6.11: The correlation of the lower invariant mass of both ditau systems m!%" against the higher of both tau
distances AREiTgh is shown in figure (a). It can be seen that most of the normalised signal events (marked in red)
accumulate in the lower right corner, i.e. at high masses and low distances. The background in blue is distributed
broader. In (b) a two-dimensional significance scan of these observables is shown. Here, each bin represents a
cut from below on m'°* of the corresponding value and a cut from above on ARE'Tgh. Hence, only events which are
located in bins to the right or below each corresponding bin are used to calculate the significance as indicated
by the arrows in each axis title. The best significances are achieved by demanding roughly m!%" > 80 GeV and

ARME < 2.0,

following selection:

log (]—[ ) > -1.52, Z pr(T14) > 220GeV, ARy <1925 & mer > 81GeV

Here, the former two cuts were selected since the highest significance values were observed in the
two-dimensional significance scan with this selection as shown in figure 6.11(b). The latter two cuts
are directly motivated by this figure. As presented in table 6.2, a maximal significance of roughly 0.6 is
achieved.

However, the comparably high significance is gained by rejecting almost all background while not
even one signal event is expected. It is questionable if such a background rejection is natural or just due
to limited statistics of the simulation of corresponding processes. The latter constraint is supported by
the fact that especially in the Z — 77 sample, strong fluctuations are observable (cf. figure 6.10(b) and
6.10(c)). Here, a few events with very high event weights (due to the upscaling to 3 000 fb~!) pollute
phase space regions close to the signal region. The high amount of negatively weighted events in this
sample also lead to a strange behaviour of the ROC curve in figure 5.11(d).

Although it was ensured that no highly negatively weighted events of one process pull down the overall
background prediction, they can push up the data-driven fake estimation. Here, MC predictions are
usually subtracted from the data in unphysical regions. If the overall MC prediction is highly negative,
the opposite happens and a highly positive fake estimation results, as observed in the named figures.
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6.4 Signal Region Definition Based on Significance Scans

These are only effects due to limited statistics and are not physical at all.

Since the Z — 771 process is one of the main background processes, reliable predictions can only be
made if statistical limitations in the simulation are controlled or ruled out. Moreover, no systematic
uncertainties were taken into account yet. Their consideration will lower the final significance further.

Nevertheless, the observed background processes in the signal region agree with the ones expected
in the truth-level study (cf. table 4.1). The lower event expectation for single Higgs and multiboson
processes compared to the truth-level study can be explained with their comparably lower tau momenta
and thus lower tau acceptances as outlined in chapter 5. Moreover, several other event selections lead
to similar significances which supports the assumption that this is more than statistical fluctuations in a
very specific phase space region. Additionally, in some bins, even higher significances were observed (cf.
table 6.2). Thus, an assumption of a possible significance in the 4420¢ channel of roughly 0.56 to 0.61
seems to be reliable as a first guess.

6.4.2 3h1¢ Channel

For the 341¢ channel, an analogous procedure as in the 440¢ channel is conducted. Similarly, the
log (H Tf’mb) value and the sum of all lepton momenta ) pr(lep,_4) feature a good separation power
and a considerable significance gain can be achieved (figure 6.12(a) and 6.12(b)). Therefore, a first
requirement of

log([ [725°5)>-130  and > prllep; ) > 210GeV 63)

is chosen. To gain additional significance, further requirements on AR, as well as the invariant mass
of the ditau system seem to be beneficial (cf. figure 6.12(c)). Moreover, a veto on Nj,_jets increases the
significance appreciably (cf. figure 6.12(d)). As b quarks are produced in any ¢ quark decay and in many
other QCD processes, it is expectable that a significant amount of background is reduced by this cut.
Similarly to the previous channel, two-dimensional significance scans are performed with respect to
the behaviour of AR, versus the invariant ditau mass m.,. A further tightening of the Tpr"b—product cut
to log (H Tfi(;b_3) > —0.90 is tested and the effect of an b-jet veto is compared in all scenarios (cf. figure
6.13). The highest stable significance is achieved in the following event selection (cf. figure 6.13(d)):

log ([ [ ") > =0.90, > prllep;4) > 210GeV, Nyjes =0, ARrr <1925 & e > 51GeV

’ hh — 4t ‘ Higgs ‘ Multiboson ‘ tf production ‘ Others ‘ Combined ‘ S/VS +B ‘
| 206 [ 624 ] 1939 | 530 [ 0 | 3093 [ 036 |

Table 6.3: The predicted events of different processes in the signal region of the 341¢ channel are displayed. The
processes V + Jets, Z — 77, Single Top and fakes are summarised in “others” and are all estimated to be completely
discarded by the selection. For all events, [] Tfff% > -0.90, . pr(lep;y) > 210GeV, Np_jeis = 0, ARr < 1.925
and m,; > 51 GeV is demanded.

The expected amount of events partitioned in their different processes is presented in table 6.3. Again,
single Higgs and multi-tau events serve as the major background. In total a significance of 0.36 is
achieved. Again, this result is meant to be a careful first estimation of the general capability of the
hh — 4t channel rather than a doubtless result. However, negative influences on the significance such as
an underestimation of remaining background events due to limited statistics in the simulations might as
well be balanced by positive effects. For instance, it is indicated in figure 6.4(d) that the MC simulations
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Figure 6.12: The significance scans of the most interesting observables in the 3#1¢ channel are shown. In the upper
half of each plot, a usual stack plot of all background processes and the artificially enhanced signal process are
shown. The lower half visualised the significance alteration depending on changing cuts. They are explained in
detail in the caption of figure 6.10.

In (a), it is visualised that a minimal requirement on log (H Tpr‘l’b 3) is recommendable. Correspondingly, in (b)

log (H Tpmb ) > —0.90 is demanded. To further rise the significance, a lower bound of the scalar sum of all tau and
light lepton momenta like ) pr(lep, 4) > 210 GeV is advisable. In (c) and (d), cuts on both previous observables
are applied and it is visualised that an upper bound of AR, or N;_jes Will increase the significance further.
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Figure 6.13: Two-dimensional significance scans of the lower invariant mass of both ditau systems m!%" against the

higher of both tau distances AR™E" are shown for the 341¢ channel. Each bin represents a cut from below on m'%"

of the corresponding value and a cut from above on ARITﬁTgh. Hence, only events which are located in bins to the
right or below each corresponding bin are used to calculate the significance S/ VS + B. This is indicated by the
arrows in each axis title.

For each plot, slightly different selection criteria are applied. The highest significances are observed for the
selection in (d) by additionally demanding roughly m!% > 51 GeV and AR‘;‘Tgh < 1.9.

T
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tend to overestimate the actual events for high values of log (H Tpmb ) Hence, in a more complete
treatment of the background processes in which they are compared to data in specific control regions,
they might scale down slightly which would result in a higher significance.’

6.4.3 2h2¢ Channel

Even though the 2A42¢ channel is not expected to benefit as much as the previous two channels from the
novel tau identification method of chapter 5, a superficial investigation of a possible significance gain
due to this channel is investigated. For the sake of simplicity, a very analogous procedure to the previous
channels is chosen.
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Figure 6.14: The significance scans of the most interesting observables in the 2A2¢ channel are shown. In the upper
half of each plot, a usual stack plot of all background processes and the artificially enhanced signal process are
shown. The lower half visualised the significance alteration depending on changing cuts. They are explained in
detail in the caption of figure 6.10.

Analogously to the cited figure of the 4h0¢ channel as well as in the 3A41¢ channel (cf. figure 6.12), a lower
threshold on log (]_[ Tf’ mb) (a) and on }; pr(lep,_4) (c) rises the significance. By rejecting all events which contain
b-jets, the significance is increased further as visualised in figure (b).

First, again a lower threshold on log (H T?:;tiz) is strongly advisable (cf. figure 6.14(a)). Moreover, the
significance gain due to the b-jet veto exceeds most other quantities (cf. figure 6.14(b)). The dominance
of tf production in the 242¢ background explains the positive properties of such a b-jet veto as it especially
rejects t quark events. Therefore, before further investigations Nj_jes = 0 is demanded. Analogously
to the previous channels, the sum of all lepton transverse momenta singles out to be the observables
with highest additional separation power (cf. figure 6.14(c)). Again, two-dimensional significance scans
are produced, first to investigate a possible ideal combination of requirements on log (H Tpmb ) and
>, pr(lep,_4) (visualised in figure 6.15(a)) and second of m,; vs. AR, after several dlfferent cuts of
the former two variables. The best significance is achieved for the following requirements (cf. figure
6.15(b)):

log ([ [#2,) > =072, " pr(lep;s) > 200GeV, Ny jeis =0, ARer <1575 & mer > 58.5GeV

3 Such a simplified conclusion can only be drawn if all background processes scale down globally and if their qualitative
behaviour is not altered.
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Figure 6.15: Two-dimensional significance scans of either log (H Tf:;tlz) against ) pr(lep; 4) (a) or the lower
invariant mass of both ditau systems m!%" against the higher of both tau distances ARleiTgh (b) are shown for the
2h2¢ channel. Different selection cuts are applied in both figures and are listed in their captions. In (a), each bin
represents a cut from below on the corresponding value of the x or y axis (as indicated by the arrows in the axis
titles). Thus, only events in the upper right corner of each bin are used to calculate the significance S/ VS + B.
In (b), each bin corresponds to a cut from below on m'%" of the corresponding value and a cut from above on AR}T“Tgh.
Thus, events of the lower right corner are used to calculate the significance.

Plots similar to the one in (b) were studied for several different selection cuts. Interestingly, the one displayed here
leads to the highest significance of roughly 0.16 by additionally demanding AR,; < 1.575 and m, > 58.5 GeV
although figure (a) indicates that a stricter cut combination of roughly log (H Tf’:;'iz) > —0.7 and }; pr(lep;4) >

250 GeV would be advisable. This motivates the multidimensional significance analysis.

‘ hh — 4t ‘ Single Higgs ‘ Multiboson ‘ V + Jets ‘ Other ‘ Combined ‘ S/VS +B ‘
| 062 [ 252 [ 750 | 379 [ o0 | 1381 [ 0.6 |

Table 6.4: The predicted events of different processes in the signal region of the 2h2¢ channel are displayed. The
processes Z — 7T, single top #f production and fakes are included in “other” and are estimated to be rejected by the

selection. The events displayed here fulfil log (H T?:itiz) > —0.72, 3 pr(ti4) > 200 GeV, Np_jers = 0, AR < 1.575
and m., > 58.5 GeV.

As summarised in table 6.4, the main background in the signal region is formed by single Higgs and
multiboson events. Not even one signal event is predicted in this region. As real events can only be whole
numbers, the 2A2¢ channel might be only suitable in combination with other channels. Furthermore,
in comparison to the other two channels, the significance is considerably lower. This can partly be
explained by lower probabilities for leptonically decaying taus to reach required momentum thresholds
for the reconstruction of light leptons. The identification requirements for light leptons in general are not
loosened in this thesis as it is done for tau candidates. The very successful new tau identification method
hardly develops its full potential in the 2h2¢ channel but it is conceivable that such a ID-score product
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could be extended to light leptons.

By comparing the event predictions to data, it is revealed that the actual amount of events is strongly
overestimated by the MC simulations in the considered phase space region (cf. figure 6.16). Such a
mismodelling must have its origin in a massive overestimation of one or several of the background
processes and even technical problems suggest itself.® Thus, a sophisticated handling of background
processes and their rescaling in control regions is essential in this channel. In an ideal case, the
mismodelling can be solved by a significant downscaling of the background without further sensible
modifications of the overall background shape. If so, the qualitative conclusions drawn in this section still
remain true. Moreover, the expectable downscaling of background processes might enable much higher
significances in the 242¢ channel and the achieved significance of 0.16 only serves as a lower limit.

Nevertheless, it cannot be ruled out in the scope of this thesis that such a mismodelling is caused by
some more physical processes in this channel which are not yet understood. In this case, statements
about this channel are difficult.

In any case, results of the 242¢ channel have to be used carefully and more investigations are needed.

PYK{‘YKI{NYK{NIN‘YK{‘IYK‘N{Y4
~ ATLAS Simulation, Work in Progress ~ -e- data *
80— pata 17: s = 13 TeV,[ Ldt=46.9 fb* — hh — 41 x1k—]|

[ 2h2l, log(] 717 ) > -0.72 [] Fakes ]

C o E ttbar i

[ Single Top __|
60 |_JVANE
WV + Jets i
[ Multiboson
I Higgs

Events/1

40=

L\‘\\l‘\\\ \\\‘\\\‘\\\

0 2 4 6 8 10 12 14
N

jets

Figure 6.16: The amount of predicted events by MC simulations are compared to data in the 242¢ channel. A
massive discrepancy is observed. The predictions overestimate the actual amount of measured data nearly by a
factor of four. The overall shape of the number of jets, however, seems to be comparable.

6.5 Multivariate Analysis with Boosted Decision Trees

As already introduced in section 3.4.2, boosted decision trees are a powerful tool to further separate two
classes (like signal and background) from each other. As a first step, observables with possible separation
power are defined and serve as the input of the BDT. Next, hundreds of decision trees are created which
differ in their splitting of subsets. Ideally, herewith all interesting cut combinations with respect to the
input variables are covered. In the boosting process, weights are assigned to each decision tree depending

% For example, a cut which is only applied on the data samples would explain such a discrepancy. As data and MC were
processed with exactly the same program, such a straight-forward explanation is ruled out.
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on its separation power. In summary, especially when multiple input variables are involved, BDTs are
expected to enable a significant separation improvement and are widely used in data analysis.”

The capability of this tool is studied in this section. For this purpose, multiple BDTs are trained to
separate the hh — 41 signal from background processes. The TMVA package [106] is used for the training
and several BDT architectures are tested. For instance, apart from other configurations, the number of
decision trees N is altered from 400 to 1200. Moreover, the maximal tree-depth D is varied and the
number of grid points P in the input variable range is altered to find optimal cuts in the node splitting.
These unique features of the different BDTs architectures used in this thesis are referred to as BDT]L\)]’ pr

In principle, the minimal amount of degrees of freedom which suits the problem is desirable. More
degrees of freedom (like a very high amount of trees or very deep trees) might cause overfitting and
suffer from worse separation power. This becomes noticeable when the performance of the BDT is much
better on the training sample than on the test sample.

Usually, hundreds or thousands of different architectures are systematically trained and compared. With
this trial-and-error procedure, another few percent of efficiency can be gained. This chapter, however,
is more meant to be a proof of principle and a very detailed study of different BDT architectures is
relinquished.

6.5.1 One-dimensional BDT Approach

Analogously to section 6.4, the signal region is split into the 4h0¢, 3h1¢ and 2A2¢ channel. To utilise
the full available statistics, each sample is divided into ten subsamples depending on the event number.
Nine out of ten samples are then trained and the resulting BDT is used to assign BDT scores to the tenth
sample. Hereby, the full amount of events can be used for training and the latter analysis while full
orthogonality is ensured between training and testing samples.

Moreover, the tau reconstruction properties are reduced to the very low settings as introduced in
section 6.4 as a trial. In the one-dimensional BDT training of this subsection, the “normal” tau candidate
selection with pt > 20 GeV remains beneficial. Nevertheless, the additional statistics of the very loose
taus is found to be beneficial such that the BDTs are trained with very loose taus and after the training
the tightened tau momentum cut is applied. In a two-dimensional approach as introduced in section 6.5.2,
the loosened requirement of pt > 15 GeV gives the best results. In both cases, however, the differences
are small such that they are not distinguished in broad detail.

Additionally to the observables used in the previous section, several other quantities are tested as
input variables. All observables which indicate a possible significance gain are utilised. In figure 6.17 a
selection of additional input variables to the BDTs is shown. The complete list of used input variables in
each channel is specified in table 6.5.

A small selection of results is displayed in figure 6.18. On average, small BDT scores are assigned to
the dominant fake-tau-enriched background processes like ## production, Z — 77 or data-driven fakes.
Events with a higher probability of four truth leptons like single Higgs or multiboson processes as well
as signal processes peak at high BDT scores, which enables a very pure signal region defined by a lower
threshold of this score. With such a threshold, for the 420¢ channel the significance compared to the
previous signal-region selection is improved considerably and values of more than 0.7 are achieved (cf.
figure 6.18(a) to 6.18(c) ).

The order of magnitude of the previously achieved significances (cf. section 6.4) in the 420¢ channel
is validated. While in the previous event selection, many highly weighted positive or negative Z — 77
events pollute the signal region of the 440¢ channel, the region with very high BDT scores is dominated

7 E.g. in the hh — bbtt channel, BDTs are used as the final discriminant of signal and background [51].
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Figure 6.17: Several observables and their possible significance gain are displayed. All of them either recommend
a cut from below or from above as indicated by the rising blue or red significance lines in the lower plots. In
combination with other cuts, they were outperformed by other observables and thus, they were not used in section
6.4. A BDT, however, enables a multivariate analysis in which their possible additional separation power is utilised.
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Table 6.5: BDT input variables depending on the different channels

by single Higgs or multiboson events with much more statistics. Moreover, the BDT training cannot
distinguish between positive and negative event weights for technical reasons. Therefore, negatively
weighted events cannot simulate a cleaner signal region by equalising positive event weights of the same
process but are rejected by the BDT equally. In summary, the reliability of the achieved significance is
supported by the BDT results.

Cut hh — 4t | Single Higgs | Multiboson ‘ Other ‘ Combined ‘ S/VS +B ‘
BDTH,) > 0.14 | 117 1.12 0 0 1.12 0.77
BDTED > 0.145 | 0.78 0.04 0 0 0.04 0.70
BDT}2Y > 0.095 | 1.32 1.63 1.84 0 3.47 0.60
BDT) 50 > 0.115 | 1.05 0.83 0 0 0.83 0.77

Table 6.6: The predicted events of different processes in the signal region formed by different trained BDTs for the
4h0¢ channel are displayed. The processes V + Jets, Z — 77, Single Top 7 production and Fakes are summarised
in “others” and are estimated to be completely discarded by the selections. In comparison to the previous signal
selection summarised in table 6.2, considerably higher significances are gained by several different BDTs.

In table 6.6, the amount of events fulfilling specific BDT thresholds is displayed for the 420¢ channel.
Again, single Higgs and partly multiboson events serve as the only remaining background processes.
In comparison to the previous selection “by hand” in table 6.2, the significance gain is mainly due to a
higher amount of expected signal events in the final selection.

The BDTs with best separation properties for the 341¢ and 242¢ channel are shown in figure 6.18(d) to

6.18(f). Corresponding signal region cuts are summarised in table 6.7. In both channels, comparable
significances as in section 6.4 are achieved, which again strengthens the assumption that their order of
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Chapter 6 Approaching the Di-Higgs Signal

magnitude is assumed realistically. In contrast to the 4420¢ channel, however, the previous results are
hardly improved or even slightly worse.
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Figure 6.18: Selected BDT scores are shown which feature the best signal-to-background separation for the 420¢
(a), (b) and (c), the 3h1¢ (d) and (e) and the 2h2¢ (f) channel. All plots illustrate that fake-tau-dominated events
like #7 production, Z — 77 or data-driven fakes peak at low BDT scores while signal events or events with a higher
probability of four truth leptons like single Higgs or multiboson processes peak at high BDT scores. Moreover, the
achivable significance by cutting on each BDT score is visualised in the blue line of the lower plots.
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6.5 Multivariate Analysis with Boosted Decision Trees

Cut hh — 4t | Single Higgs | Multiboson | Z > 77 [ # [ Comb. | S/VS +B |
3h1¢ channel
BDT >0.072 | 3.76 39.76 32.03 6.92 | 486612738 | 033
BDT9 >0.13 | 0.83 1.30 2.81 0 0 | 411 0.37
2h2¢ channel
|BDT2>0.105| 077 | 333 [ 952 | 142 [1593] 30.20 0.14

Table 6.7: The predicted events of different processes in the signal region formed by different trained BDTs for
the 3h1¢ (upper two rows) and 2h2¢ channel (third row) are displayed. The processes V + Jets, Single Top and
data-driven fakes are not included as they are estimated to be completely discarded by the selections. In comparison
to the previous signal selections summarised in table 6.3 and 6.4, comparable significances are gained.

6.5.2 Two-dimensional Approach with Kinematic BDTs

In all three channels, log (H Tf’mb) is the observable with strongest separation power. This is natural,
as this quantity directly corresponds to tau identification properties and is designed to reject fake-tau
events. As already tested in section 5.3, this product is only slightly correlated to other properties of the
tau candidates such as their momenta or direction.

Therefore, it might be beneficial to train a BDT only on kinematic quantities such that the algorithm
is “enforced” to separate signal from background with respect to their ditau masses, tau momenta or
tau distances. The log (H T?mb) information can then be exploited independently and together, higher
significances might be achieved. Correspondingly, BDTs are trained in all three channels with the same
input variables as summarised in table 6.5 except for the log (H T?mb). Their separation power combined

with the independent capability of log (H Tf’mb) is visualised in two-dimensional significance plots in
figure 6.19 and the event predictions in possible signal regions are summarised in table 6.8.

| Cut |hh — 47| Higgs |Multiboson|V + Jets|Z — 77| 17 | Fakes | Comb.[S/VS + B]

4h0¢ channel
1 1.74 3.70 8.10 0 0 0 2.00 | 13.80 0.44
0.89 1.84 0.14 0 0 0 0 1.978 0.53
3h1¢ channel
3 3.12 37.01 32.50 1.82 4.88 | 5.31 0 81.52 0.34
4 1.40 4.03 7.82 0 0 0 0 11.85 0.38
2h2¢ channel
| 5] 074 [ 103 ] 755 182 [ 0 | 0 [ 0o [1040] 022

Table 6.8: The predicted events of different processes in the signal region formed by a two-dimensional scan of
kinematic BDTs and [] ‘rfmb for all channels are displayed. Not explicitly included are the event predictions of
single Top events as they are estimated to be discarded by the selections.

The cuts applied for each selection are [BDT??S% > 0.0 & log (Tf:;li 4) > —1.95] for cut 1,

[BDTEY, > 0.1& log (78",) > ~2.15] for cut 2, [BDTSY, > 0.024 & log (77"} ;) > ~1.05] for cut 3,

[BDTEY, > 0.1 & log (7",) > —1.275] for cut 4 and [BDTSY, > 0.077 & log (r¥'°,) > =0.6] for cut 5.
The corresponding figures for the BDT§:52% score are presented in figure A.13. In comparison to the BDTs which
were trained on the full set of input variables (cf. tables 6.6, 6.7), the two-dimensional method leads to diverse

results. This is analysed in the text.

The gain of this two-dimensional approach is varying. In the 2A2¢ channel, a considerable rise of
the maximal significance from previously 0.16 to 0.22 is observed. Unfortunately, this is not replicated
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Figure 6.19: The two-dimensional distribution (a) and significance scans of the trained BDTs against the
log (H Tfmb) for the 4h0¢ ((a) & (b)), 3k1¢ (c) and 2h2¢ channel (d). In (a), the normalised signal in red accumulates
at the upper right corner while background events in blue show the opposite behaviour. The corresponding plots
for the leptonic channels are presented in figure A.12.

Each bin of the significance plots represents a cut from below on the corresponding value of the x or y axis.
Thus, only events in the upper right corner of each bin are used to calculate the significance S/ VS + B. Detailed
interpretations of the significance scans are given in the text.
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6.6 Statistical Interpretation

in the other channels. While the maximal significances for the 2D approach in the 341¢ channel are
comparable to the 1D case (cf. table 6.7), they cannot compete with previous results in the 440¢ channel
(cf. table 6.6). In the latter channel, only significances of roughly 0.44 to 0.53 are achieved, while
in the first approach, significances up to 0.77 are observed. This indicates a higher correlation of the
log (H T?:ili 4) value to other kinematic variables in the 440 channel. As the dominant background in
this channel consists of fakes (before cuts), it is imaginable that they feature significantly other averaged
kinematic observables. Thus, a cut on the tau identification property log (H T?:iti 4) might be correlated
to the demand of a high scalar sum of transverse tau momenta. As a result, these observables should not
be treated completely independently as it is done in the 2D approach. Instead, their separation power and
their correlations are ideally taken into account by training one BDT with all information.

This correlation decreases for less taus in each event, which explains the comparably better results in

the 341¢ channel and especially the 242¢ channel.

6.6 Statistical Interpretation

In section 6.4 and 6.5, an amount of possible final signal selections is presented. In each channel,
different significances are observed. They depend on the decision of how many signal events should be
kept. Especially by selecting a very strict signal region, the question arises, how robust the observed
significances are. In this analysis, it is tried to not select a signal region with an artificially high
significance due to limited statistics of background events. Discontinuous significance distributions are
an indicator for this and event selections based on such significances are avoided.

As an example, the maximal significance for the BDT score of the 3%21¢ channel in figure 6.18(d) seems
to be much more reliable than in figure 6.18(e) in which a steep rise of nearly A(S/ VS + B) = 0.1 is
observed. One the one hand, such a behaviour strongly indicates that some highly weighted background
events pollute this phase space region and limited statistics causes such a discontinuity. On the other hand,
the BDT is exactly trained not to assign high scores to the background and thus it might be expectable
for a majority of background events not to exceed a certain threshold.

Under the assumption that all three channels are completely orthogonal and all highest possible
significances are valid, an overall significance of the 4k — 41 channel of 0.89 is achieved. In a more
conservative approach, at least a combined significance of 0.66 seems to be realistic.® In any case,
these values are deduced without taking any systematic uncertainties into account. In the prospect study
for the HL-LHC [49], the expected significance of the hh — bbrt channel (which is assumed to be
most comparable to the signal channel of this work) drops by 16 % when systematic uncertainties are
included. Thus, a similar reduction might be expected for the hh — 41 channel, as well. In this case, the
corresponding reduced significance values of 0.55 to 0.75 for this channel and a dataset of 3000 fb~!
are comparable to the expected significance of the hh — bbbb channel in the named study. Here, a
significance of 0.61 is estimated when systematic uncertainties are taken into account. The significances
are further discussed in the next chapter.

Additionally, the production of fake-taus in conjunction with one or two light leptons seems to be
overestimated by MC predictions. It should be abstained from speculating but it does not seem to be too
far-fetched to assume that a proper handling of the background in control regions lead to an appreciable
downscaling of major background distributions, especially in the 242¢ channel. Higher significances
might be possible.

8 For the optimistic scenario, a significance of 0.77 for the 4h0¢ channel is assumed. In the 341¢ and 2h2¢ channel, 0.38 and
0.22 are taken respectively. In the conservative scenario, the highest observed values without any spikes in the significance
curve are taken. These read roughly 0.55 (up to 0.60) in the 440¢ channel, 0.34 (3k1¢) and 0.16 (2h2¢).
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Chapter 6 Approaching the Di-Higgs Signal

All results presented so far are simple counting experiments in each signal region. In contrast to
that, the contained information of the observed signal and background distribution in each observable
can be utilised and a shape fit of each distribution is performed. This is done by the HistFitter
framework [111]. In here, the most promising signal regions with a relatively continuous significance
curve are taken as signal regions. For the 440¢ channel, the 1D BDT score distribution as visualised in
figure 6.18(c) is used. For the 341¢ and 2A2¢ channel, the two-dimensional distributions as displayed in
figure 6.19(c) and 6.19(d) are considered. In the latter two channels, the most promising log (H Tf mb)

cut reads
log ([ [#¥5) > -1.05 or log(] [,) > -0.60 (6.4)

respectively.

In all cases, the very low BDT score values are thought to serve as a control region for the background
processes. In here, they dominate significantly and hardly any signal events are expected. As the full
range of the BDT is utilised, the fitting program receives enough background information to exploit their
expected shapes. The bins with high BDT scores contain a comparably high signal to background ratio
and serve as signal-region bins. The resulting distributions are presented in figure 6.20.
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Figure 6.20: Input regions for the HistFitter shape fit for all channels. As the significance in each bin is essential
for the upper limit calculation, in the lower plot, the significances achieved by each single bin are presented. In all
three channels, bins with comparably high significances exist.

Eventually, an upper limit scan is performed. The signal cross section is increased systematically
which leads to higher signal event predictions. By assuming that the MC samples describe the measured
data perfectly (“Asimov data”), the signal strength is singled out which predicts an amount of signal
events that can be excluded at 95 % confidence level.

The 2017 data considered in this thesis can be extrapolated to estimate the exclusion capability of
arbitrary amounts of data. For example, for the full Run II dataset with an integrated luminosity of
147 tb~!, an upper limit on the signal cross section in comparison to the expected SM cross section of
a'ggF/a'zglF = 17.172¢€ is calculated. This result as well as similar upper limit expectations for other
integrated luminosities are summarised in table 6.9.

The expected shapes of signal and background can further be utilised by considering more than the
three one-dimensional signal regions. As the considered phase space regions of the 321¢ and 2h2¢
channel are already extracted from a two-dimensional phase-space scan (cf. figure 6.19(c) and 6.19(d)),
it is straight-forward to exploit the whole phase space information. For this purpose, instead of selecting
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f.L dr aggF/agg]‘é,i}Z ,32, 1 bin UggF/O'ggAg:ig ’J—rgg’ 8 bins
36.1fb"! 4527270 +65.4 36.91133 519
49.1b~! 37.5+222+538 30.75 185 7135
147 fb~! 17.1426 4231 13.953557%
3000b~"! 2.89%576 105 2402560 1057

Table 6.9: Upper limits at 95 % confidence-level on the relative di-Higgs cross section g/ a’é g{ﬁ are displayed
for different integrated luminosities. They are either calculated while using a defined cut on log (H Tf’mb) for the
leptonic channels (“1 bin”), or while utilising the full phase space in these channels (“8 bin”). In the latter case,
eight BDT distributions are used which differ in the log (H T?rOb) interval. For the 4h0¢ channel, the 1 bin method

is used both times. A significant improvement of the limits can be observed when utilising the full phase space.

one single log (H T?mb) threshold, the 341¢ and 2h2¢ channel are divided into eight distributions each

with different log (H T? mb) intervals. In figure A.14 in the appendix, it is visualised that several bins
with considerable significance contribute to the overall fit with this method. The shape of each region is
displayed in figure A.15 and A.16.

A considerable improvement of the upper limit with this “8 bin” method is visible (cf. table 6.9).
The limit extracted from an assumed amount of data with an integrated luminosity of 147 fb~! improves
further to oggr/ O'g g = 13.9:71:2. For this limit, the corresponding p value of the null-hypothesis in
dependence of the signal enhancement is visualised in figure 6.21.

The observed limit for 147 fb~! is significantly better than several other ongoing ATLAS analyses
like hh — bbWW*, hh — WW*yy or hh — WW*WW*. To get a comparable result to published
studies [51-56], the limit is also estimated for an integrated luminosity of 36.1 fb~!, which corresponds
to the equivalent amount of data which was used in these publications. In the signal channel of this work
an upper limit at 95 % confidence-level of o g/ oS A}’ﬁ = 36.9f%§ is estimated. While the most interesting
channels slightly exceed this value (cf. figure 6.22), the channels which contain W bosons deduce upper
limits of 120 to 300.

Thus, the hh — 47 channel analysed in this work outperforms the W decay channels by far and might
have the capability to contribute considerably in the combined di-Higgs analyses at the ATLAS detector.
This contribution is quantified in the outlook in chapter 7.
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Figure 6.21: The p value of the null-hypothesis as a function of the relative signal strength for an integrated
luminosity of 147 fb~'. The full phase space is utilised by dividing the log (H Tpmb) into eight intervals for the

i
leptonic channels. As the data was assumed to coincide with the expectation (Asimov data), the observed limit
coincides with the expected limit. An upper limit of the signal cross section in comparison to the expected SM

cross section of usig = 0ger/05yy = 139417 is observed for this fit configuration. The corresponding plots for

36.1fb~! and 3000 fb~! are shown in figures A.17 and A.18 in the appendix.
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Figure 6.22: The upper limits at 95 % confidence-level on the relative di-Higgs cross section for an integrated
luminosity of up to 36.1 fb™! for several channels are summarised. For the combined limit, only the three latter
channels divided by the dashed line are considered. The limit extracted by the hh — 41 channel is by far better
than comparable limits of channels which contain W bosons.

This figure is based on the combination plot of the latter three channels from [116]. The values of the W channels
are taken from [54-56].
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CHAPTER [

Conclusion and Outlook

In this work, the hh — 47 process and its detection potential is studied in detail. Its main background
processes are estimated and several methods are introduced to separate them from the di-Higgs process.
Moreover, its capability to contribute to the ongoing Higgs pair production studies at the ATLAS detector
is investigated and an upper limit on the respective cross section is deduced with this channel.

The main limitation of the named channel is the very small amount of produced events due to the
low cross section of di-Higgs events and the low branching ratio for the four-tau decay. In chapter 5,
the restrictions of a successful reconstruction and identification of 7 leptons in general are investigated.
Together with chapter 4, it is motivated that an alternative tau identification approach is necessary to
retain a sufficient amount of hh — 41 events for further studies. For this purpose, in section 5.3, a novel
tau identification method is introduced which enables a drastic loosening of the usual tau identification
requirements.

In this method, it is abstained from identifying every tau on its own. Instead, the tau-identification
properties of multiple tau candidates of each event are combined and their information is used to separate
multi-tau events from fake-enriched ones. A division of tau candidates into 1-prong and 3-prong ones
further improves this method and very promising results are obtained. Compared to the classical tau
identification approach at the ATLAS detector, a considerably higher amount of background processes is
rejected for the same signal acceptance.

Further improvements of this method are imaginable. For example, BDTs could utilise the correlation
of the used 7*BPT scores to other tau properties in a more comprehensive way. Alternatively, neural nets
might serve as ideal methods to be trained on the specific topology of four truth tau events. Comparable
methods might be applied for analyses like 4k — bbbb to improve the multi-b-jet tagging.

In chapter 6, possible heavy-particle processes which mimic the di-Higgs topology are summarised.
To predict the influence of pure QCD events, a data-driven fake estimation for four objects is developed.
This estimation is based on the object’s charges and together with the heavy-particle processes, their
prediction show a satisfactory agreement with recorded data. The challenge to align this charge-based
fake-estimation with the used tau pair assignment is solved such that a reliable prediction of background
processes is assumed.

Based on the new tau identification method of chapter 5, signal regions with highly enriched hh — 4t
events compared to background are designed. For this purpose, three decay channels are differentiated
by the expected tau decays. Namely, in the 440¢, 321¢ and 2h2¢ channel events with either four, three
or two hadronically decaying taus are considered, which corresponds to 87 % of all hh — 4t decays.
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The leptonically decaying taus are reconstructed as light leptons in the ATLAS detector and serve
as separation criteria of the named channels. In a first approach, the event selection is designed by
investigations of significance scans. Possible correlations between observables are taken into account
as several two-dimensional significance scans are performed for different preselections. In a second
approach, the achieved separation of signal and background is improved by BDTs which are trained on
several quantities with expected separation power.

A combined significance of 0.89 in an optimistic scenario or 0.66 in a very conservative scenario is
deduced. The highest contribution comes from the 4420¢ channel in which a significance nearly two times
as high as for the 321¢ channel is expected. In the 242¢ channel, the achieved significance is roughly
divided by another factor of two. In all cases, only statistical uncertainties were considered. However,
especially in the 420¢ channel, the amount of expected background events in the signal region is very
low. Possible higher uncertainties on these values should not lead to much lower significances.

The significance values have to be compared to an overall expected significance of the di-Higgs
detection at the ATLAS detector of 3.5 without systematic uncertainties or 3.0 with systematic uncer-
tainties [49]. These values are combined predictions of the hh — bbtt, hh — bbyy and hh — bbbb
channels which are estimated to achieve single significances of 2.5, 2.1 and 1.4 respectively. If systematic
uncertainties are included, the values drop to 2.1, 2.0 and 0.6.

Due to the low event expectations, the hh — 47 channel is expected to be dominated by statistical
uncertainties at the end of the HL-LHC program and in an optimistic scenario, significance values
comparable to the 0.6 of hh — bbbb after the consideration of systematic uncertainties might be realistic.
The more optimistic value of 0.89 for the signal channel of this work pushes the overall significance
up to either 3.61 or 3.13 which corresponds to an improvement of roughly 3 % to 4 %. As the Higgs
self-coupling might be altered considerably by physics beyond the SM, this contribution should not be
underestimated. However, the four-tau channel is not expected to contribute as much as the most sensible
channels.

In section 6.6, an upper limit at 95 % confidence level for the di-Higgs cross section is deduced. For an
integrated luminosity of up to 36.1 fb~!, several studies for different channels are published [51-56] such
that the respective upper limits can be compared. For the h# — 41 channel, an upper limit of 36.9f%§:§
is calculated. Again, this value cannot compete with the limits of the previously named three channels
in which expected limits of 12 to 25 are predicted for statistical errors only. In decay channels which
include W bosons, however, upper limits of only 77 to 240 are expected. Hence, they are outperformed
by far by the #h — 47 process.

The promising results are built on several assumptions which have to be tested in future. First of all, a
suitable trigger has to be selected which does not discard too many signal events. While for the leptonic
channels, a light lepton trigger might enable high efficiencies, a trigger for the 420¢ channel remains
challenging. This problem intensifies if only tau candidates with low transverse momenta populate
an event. In section 6.4, the sum of all transverse lepton momenta is singled out as a very promising
quantity to separate signal from background and in all three channels, at least ), pr(lep;_4) > 200 GeV is
demanded for the signal region. Hence, at least one or two taus in this region might exceed a hypothetical
pr threshold of future tau or ditau triggers, anyway.

Moreover, in this work the data recorded in 2017 was extrapolated to 3000 fb~! without any further
assumptions. At the HL-LHC, however, much more pile-up is expected [76]. Hence, on the one hand,
the pr thresholds for tau candidates have to be reconsidered with rigorous effects on the tau acceptance
as outlined in section 5.1. Especially the studied use of very loose taus as defined in this thesis (i.a.
pr > 15GeV) is questionable in this context and needs to be verified once first data with comparable
pile-up is available. Also the effect of such a pile-up increase on pure QCD fake-taus can only reliably be
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studied with appropriate data. Nevertheless, the data-driven fake estimation designed in this thesis is
expected to be robust, especially when alternative approaches and improvements as outlined in section
6.2 are applied.

On the other hand, the ATLAS detector will cover a solid angle up to || = 4.0 for the HL-LHC
upgrade. Moreover, more sophisticated methods might improve the use of tau candidates in the |7]
crack region. These two effects might equalise possible acceptance loss due to different pt thresholds.
Additionally, improvements on b tagging or other identification methods were not considered at all. The
signal acceptance as well as possible more exclusive background rejection might benefit from such future
developments.

In any case, the presented work provides several possibilities to be further improved and completed.
First of all, the dominant background processes should be divided into particular control regions in which
they are probed against data. Especially the indicated overestimation of the MC simulations in the 341¢
channel might result in a slight downscaling of major background processes and higher significances in
this channel could be entailed. The enormous discrepancy between data and MC predictions in the 242¢
channel has to be understood and almost certainly the prediction of this channel will be altered hereby.
As the contribution of this channel to the estimated significance of the di-Higgs process is very small at
the moment, the potential improvement is very high compared to the setback.

Last but not least, systematic uncertainties have to be included which will decrease the estimated
significance and upper limit. Especially due to the novel tau identification approach, the systematic
uncertainties due to 7 leptons will be more complex.

In summary, it is shown that the hh — 41 process indeed provides the capability to considerably
participate in the ongoing Higgs pair production measurement. As the process is strongly limited
statistically, its contribution to the combined upper limit is expected to rise with more recorded data.
Thus, further investigations of this channel are recommendable.
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APPENDIX A

Additional Tables and Figures

A.1 Details of the Used MC Samples

’ Sample ID ‘ Generator ‘ Name
342284 Pythia8EvtGen WH125 inc
342285 Pythia8EvtGen ZH125 inc
344235 PowhegPythia8EvtGen VBFH125 ZZAlep notau
345060 PowhegPythia8EvtGen ggH125 7741
345066 PowhegPythia8EvtGen ggZH125 Z7ZAlepZinc
345123 PowhegPythia8EvtGen ggH125 tautau
345211 PowhegPythia8EvtGen WmH125J Winc tautau
345212 PowhegPythia8EvtGen WpH125J Winc tautau
345217 PowhegPythia8EvtGen ZH125] Zinc tautau
345875 PowhegPythia8EvtGen ttH125 dilep
345948 PowhegPythia8EvtGen VBFH125 WWlvlv
346193 PowhegPythia8EvtGen VBFHI125 tautauh
345911 aMcAtNloHerwig7EvtGen hh 4tau

Table A.1: The used samples which are summarised as single Higgs processes (upper block) and the hhh — 4t

sample (lower block).

Sample ID | Generator Name ‘
410470 PhPy8EG | ttbar nonallhad
410471 PhPy8EG ttbar allhad
410472 | PhPy8EG ttbar dil

Table A.2: The used samples which are summarised as #f production.




Appendix A Additional Tables and Figures

Sample ID Generator Name

410644 PowhegPythia8EvtGen singletop schan lept top
410645 PowhegPythia8EvtGen | singletop schan lept antitop
410646 PowhegPythia8EvtGen Wt DR inclusive top
410647 PowhegPythia8EvtGen | Wt DR inclusive antitop
410654 PowhegPythia8EvtGen Wt DS inclusive top
410655 PowhegPythia8EvtGen Wt DS inclusive antitop

Table A.3: The used samples which are summarised as single top processes.

Sample ID | Generator Name

364128 Sherpa 221 Ztautau pt range: 0 70 CVetoB Veto
364129 Sherpa 221 Ztautau pt range: 0 70 CFilterB Veto
364130 Sherpa 221 Ztautau prt range: 0 70 BFilter
364131 Sherpa 221 | Ztautau pr range: 70 140 CVetoBVeto
364132 Sherpa 221 | Ztautau pt range: 70 140 CFilterB Veto
364133 Sherpa 221 Ztautau pt range: 70 140 BFilter
364134 Sherpa 221 | Ztautau pr range: 140 280 CVetoB Veto
364135 Sherpa 221 | Ztautau pr range: 140 280 CFilterB Veto
364136 Sherpa 221 Ztautau pt range: 140 280 BFilter
364137 Sherpa 221 | Ztautau pt range: 280 500 CVetoB Veto
364138 Sherpa 221 | Ztautau pr range: 280 500 CFilterB Veto
364139 Sherpa 221 Ztautau pt range: 280 500 BFilter
364140 Sherpa 221 Ztautau pt range: 500 1000
364141 Sherpa 221 Ztautau pt range: 1000 E CMS

Table A.4: The used samples which are summarised in Z — 77 processes. They are sliced with respect to the
transversal momentum py. Moreover, several flavour filters are applied.
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A.1 Details of the Used MC Samples

Sample ID | Generator Name

308092 Sherpa 221 Zee2jets TChannel
308093 Sherpa 221 Zmm?2jets TChannel
308094 | Sherpa 221 Ztautau2jets TChannel
308095 Sherpa 221 Znunu2jets TChannel
308096 Sherpa 221 Wenu2jets TChannel
308097 Sherpa 221 Wmunu2jets TChannel
308098 Sherpa 221 Wtaunu2jets TChannel

364100 Sherpa 221 Zmumu p range: 0 70 CVetoB Veto
364101 Sherpa 221 Zmumu pr range: 0 70 CFilterB Veto
364102 Sherpa 221 Zmumu p range: 0 70 BFilter
364103 Sherpa 221 | Zmumu pt range: 70 140 CVetoB Veto
364104 Sherpa 221 | Zmumu pt range: 70 140 CFilterB Veto
364105 Sherpa 221 Zmumu p range: 70 140 BFilter
364106 Sherpa 221 | Zmumu pr range: 140 280 CVetoB Veto
364107 Sherpa 221 | Zmumu pt range: 140 280 CFilterB Veto
364108 Sherpa 221 Zmumu pt range: 140 280 BFilter
364109 Sherpa 221 | Zmumu pr range: 280 500 CVetoB Veto
364110 Sherpa 221 | Zmumu pt range: 280 500 CFilterB Veto
364111 Sherpa 221 Zmumu pt range: 280 500 BFilter

364112 Sherpa 221 Zmumu pt range: 500 1000
364113 Sherpa 221 Zmumu p range: 1000 E CMS
364114 Sherpa 221 Zee pt range: 0 70 CVetoB Veto
364115 Sherpa 221 Zee pr range: 0 70 CFilterB Veto
364116 Sherpa 221 Zee pt range: 0 70 BFilter

364117 Sherpa 221 Zee pt range: 70 140 CVetoB Veto
364118 Sherpa 221 Zee pr range: 70 140 CFilterB Veto
364119 Sherpa 221 Zee prt range: 70 140 BFilter
364120 Sherpa 221 Zee pr range: 140 280 CVetoB Veto
364121 Sherpa 221 Zee pr range: 140 280 CFilterB Veto
364122 Sherpa 221 Zee pr range: 140 280 BFilter
364123 Sherpa 221 Zee pr range: 280 500 CVetoB Veto
364124 Sherpa 221 Zee pr range: 280 500 CFilterB Veto

364125 Sherpa 221 Zee pt range: 280 500 BFilter
364126 Sherpa 221 Zee pt range: 500 1000
364127 Sherpa 221 Zee pr range: 1000 E CMS

Table A.5: The used samples which are summarised as V + jets processes. In the upper block, #-channel processes
are summarised. The latter two blocks include all Z — pu and Z — ee processes. They are sliced with respect to
the transversal momentum py. Moreover, several flavour filters are applied.
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Table A.6: The used samples which are summarised in multiboson processes. They consist of diboson (upper two
block) and triboson (lower block) processes. The 1111 sample contains all SM processes which have exactly four
leptons as a final state. As an example, also the process ZZ — 4t is covered by this process. Due to its limited
statistic, no hh — 47 processes are contained. Analogously, 1llv contains all SM processes which result in exactly

Sample ID | Generator Name
363355 Sherpa 221 ZqqZvv
363356 | Sherpa 221 ZqqZll
363357 Sherpa 221 WqqZvv
363358 | Sherpa 221 WqqZll
363359 Sherpa 221 WpqqWmlv
363360 | Sherpa 221 WplvWmqq
363489 Sherpa 221 WlvZqq
364250 | Sherpa 222 1111
364253 Sherpa 222 1llv
364254 | Sherpa 222 llvv
364255 Sherpa 222 lvvv
364283 Sherpa 222 11115;
364284 | Sherpa 222 111vjj
364285 Sherpa 222 1lvvjj
364288 Sherpa 222 | 1l lowMIIPtComplement
364289 Sherpa 222 | lllv lowMIIPtComplement
364290 | Sherpa 222 | llvv lowMIIPtComplement
407311 Sherpa 221 610v
407312 | Sherpa 221 Sllv
407313 Sherpa 221 412v
407314 | Sherpa 221 313v
407315 Sherpa 221 2l4v

three leptons and one neutrino etc.
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A.2 Tau Acceptance Plots of the DAOD Files

A.2 Tau Acceptance Plots of the DAOD Files
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Figure A.1: Fraction of reconstructable truth taus in the #h — 471 channel with respect to their pseudorapidity
(a) or their transversal momenta. The latter one is divided into hadronically (b) and leptonically (c) decaying
taus. Taus in the red region are not reconstructable or impossible to identify. Taus in the orange region are very
hard to successfully identify. However, they might be accessible in general. Further explanations are given in
the text. In contrast to figure 5.1, the DAOD sample of the process was taken. This sample already suffers from
some preselection cuts on the tau and lepton candidates and thus does not depict the full reality. Due to that, the
“forbidden” || and pr regions are slightly downscaled.
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Figure A.2: Fraction of reconstructable truth taus in the ZZ — 41 channel with respect to their pseudorapidity
(a) or their transversal momenta. The latter one is divided into hadronically (b) and leptonically (c) decaying
taus. Taus in the red region are not reconstructable or impossible to identify. Taus in the orange region are very
hard to successfully identify. However, they might be accessible in general. Further explanations are given in
the text. Analogously to figure A.1, the DAOD sample of the process was taken. This sample already suffers from
some preselection cuts on the tau and lepton candidates and thus does not depict the full reality. Due to that, the
“forbidden” |57| and pr regions are slightly downscaled.
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A.3 Additional Plots Concerning the Introduction of Tau Likelihood
and Probability
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Figure A.3: The distribution of truth and fake taus for the background production modes which are not presented in
figure 5.5.
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Figure A.4: The mapped likelihood value "1 (a) and the mapped probability value 72 (b) with respect to the
transformed tau jet BDT value are shown. As the overall amount of fake taus is much higher than the one of truth
taus (cf. figure 5.5(c)), the probability value is squeezed to lower values.
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Figure A.5: The ma qed likelihood value 71 (a) and the mapped probability value 7P™" (b) with respect to
the transformed ﬂfﬁs score are shown for different processes. Similar to figure 5.7, the likelihood is roughly
independent of the process (within statistical fluctuations due to the limited statistic in some processes), while the

probability significantly differs.
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A.4 Additional Plots to Evaluate the Performance of the Multiplied
Likelihood/Probability Method
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Figure A.6: The separation power of the logarithm of the - product is shown for the Sherpa £ sample.
Clearly, events with a high amount of truth taus (light and dark green) peak at higher values while events which are
mainly fake dominated peak at the left. Compared to the corresponding distributions with 7P (figure 5.10), the
distributions are squeezed to low values.
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Figure A.7: The background rejection of two separation methods with respect to the signal efficiency is shown for
several processes (ROC curves). In the classical method, events are rejected if all three/four tau candidates with
highest 7°BPT value do not fulfil a certain 77*BPT threshold which runs from —1 to +1. In the new method, the
7L product of the first three/four tau candidates is demanded to exceed a running threshold between 0 and 1.
Signal events are all events of the specific process in which indeed the considered tau candidates are truth matched
taus. Correspondingly, all events are labelled as background if one or more of them are fake. In several processes
(e.g. the V + Jets process (b) or single top production (c)) the amount of three truth matched taus is very limited.
Hence, the ROC curve suffers from many spikes. When considering four taus, the limited amount of such a high
number of truth matched taus is even observable in the ¢f process (f). More meaningful is the consideration of the
combination of all processes in the four-tau case as presented in figure 5.11(f).
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Figure A.8: ROC curves of the multiplied-likelihood method with 7P compared to single BDT based cuts for
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different processes. Analogous figures for 75! with more explanations are visualised in figure 5.11 and A.7.
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Figure A.9: The significances for the ZZ — 4t signal while cutting either on the 7' product of the first three tau
candidates (a) and (b), or on four of them (c), (d) with respect to the signal loss are presented. Here, every product
is first evaluated when the 7! values were gained with the normal 7#*BPT score and second when the transformed

score 7°®PT was used. Different sorting methods were further used to map the BDT scores to the likelihood (cf.

trans :
section 5.3.2). Compared to cutting on ﬂfﬁfﬂ?} (like in the classical tau identification approach, visualised by the

black dashed line) a clear significance gain in most sorting methods is observed. However, no sorting method really
singles out to be the best one.

105



Appendix A Additional Tables and Figures

m { T T T { T T T { T T T { T T T { T T T { m { T T T { T T T { T T T { T T T { T T T {
+ | ATLAS Work in Progress i + | ATLAS Work in Progress i
n | Simulation, Multitau ID study | n | Simulation, Multitau ID study |
| 3taus, all samples, 7T score B | 3taus, all samples, 7T score B
-~ 0.8 : - 0.8 N trans
Ml ZZ - 4t signal i "Ml ZZ - 4t signal i
n jetBDT n jetBDT
| ---cutonevery T i | ---cutonevery Ty, i
— 1™ prod., etasort — 1™ prod., etasort
r tg“’h prod., ptsort2 b r szn prod., ptsort2 b
I — ™ prod., ptsort — I — ™ prod., ptsort —
0'6V ™ prod., bdtsort i 0'6V ™ prod., bdtsort i
— 1" prod., prongsort — 1" prod., prongsort
r P brod., allinone b r P brod., allinone b
0.4 — 0.4 —
0.2+ — 0.2+ —
Ok 1 ‘ 1 1 ] ok ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
signal loss signal loss
(a) [T 77" ted with the 7#BDT (b) [T 77 ted with the 7/BPT
a T,_,_5 Created wi e score T,_,_5 Created wi € Tyans  SCOTE
m { T T T { T T T { T T T { T T T { T T T { m { T T T { T T T { T T T { T T T { {
+ | ATLAS Work in Progress i + | ATLAS Work in Progress i
(%) | Simulation, Multitau ID study i 0 | Simulation, Multitau ID study i

0.8- 4 taus, all samples, T°®°T score
"2l ZZ - 4t signal

| --- cut on every T*®°T

— 1™ prod., etasort

F ™ prod., ptsort2

0.6~ — ™ prod., ptsort
™ prod., bdtsort

— 1™ prod., prongsort

— 1 prod., allinone

| | 4 taus, all samples, BT score
0.8 N trans
| ZZ - 4t signal

i | - cuton every T
i — 1™ prod., etasort
prob

S/
S/

HEE r " prod., ptsort2
. 0.6~ — ™ prod., ptsort

: ™ prod., bdtsort
— 1™ prod., prongsort
— ™ prod., allinone

- 0.4

0.4 - .
0.2- i 0.2 ]
Gk ‘-“\"“"\""‘- I P P P I ] Ok ‘-“\" P P P P I ]
0 02 04 06 038 1 0 02 04 06 08 1
signal loss signal loss
(©) [T, created with the 7#*®PT score (d) [T 77", created with the T score

Figure A.10: The significances for the ZZ — 4t signal while cutting either on the 7P product of the first three
tau candidates (a) and (b), or on four of them (c), (d) with respect to the signal loss are presented. Hereby, every
product is first evaluated when the 7P values were gained with the normal 7*BPT score and second when the
transformed score T{fﬁ? T was used. Different sorting methods were further used to map the BDT scores to the
probabilities (cf. section 5.3.2). Compared to cutting on T'(f:fn?)T (like in the classical tau identification approach,
visualised by the black dashed line) a massive significance gain in nearly all sorting methods is observed. In all

cases, the prongsort sorting method in green either clearly or slightly outperforms the other sorting methods.
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Figure A.11: The separation power of 7" and 7P™" is compared. Both values are either produced with the normal

TjetBDT T]elBDT

score or the transformed 1y, score. Moreover, either all processes considered in this work are used to

build the truth and fake distributions or only signal-like processes are considered. In the hh — 41 sample as well as
in the ZZ — 47 process, the 77 value by far outperforms the 7' value. Moreover, in most cases the significance
is reduced if the values are created only with the information of signal-like samples. Thus, they are discarded in

figure 5.14 and are not used further.
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A.5 Additional Plots of the Significance Scans to Define a Signal

Region
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Figure A.12: The two-dimensional distribution of the trained BDTs against the logarithm of [] ‘rfmb is presented
for leptonic channels. The normalised signal in red accumulates at the upper right corner while background events
in blue show the opposite behaviour.
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Figure A.13: Alternative two-dimensional significance scans of the trained BDTs against the probability-product
for the 4h0¢ and 3h1¢ channel are shown. Each bin of the significance plots represents a cut from below on the
corresponding value of the x or y axis. Thus, only events in the upper right corner of each bin are used to calculate
the significance S/ VS + B. Compared to figure 6.19, higher significances are achieved. However, the distribution
is very discontinuous and abruptly rises after a certain BDT threshold. As this might be caused by statistical
limitation of the MC simulations close to the signal region, these plots are not used for the shape fit analysis in

section 6.6.
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A.6 Additional Plots of the Shape Fit Analysis
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Figure A.14: Two-dimensional significance scans of the trained BDTs against the probability-product for the
leptonic channel are shown. In each bin, only the amount of signal and background of this bin is considered. For
the 341¢ channel (a), several log (H Tfmb) intervals show a continuous shape of significances and several bins
with high S/ VS + B are observed. For the 2h2¢ channel (b), however, this is only true for two or maybe three
log (H Tfmb) intervals. A broader binning might be advisable.
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Figure A.15: Signal and background distributions for each log (H Tfmb) intervals for the 321¢ channel. Each plot

corresponds to a row in figure A.14(a).
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Figure A.16: Signal and background distributions for each log (H Tfmb) intervals for the 2h2¢ channel. Each plot
corresponds to a row in figure A.14(b).
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A.6 Additional Plots of the Shape Fit Analysis
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Figure A.17: The p value of the null-hypothesis as a function of the relative signal strength for an integrated
luminosity of 36.1 fb~!. The full phase space is utilised by dividing the log (H ‘rfmb) into eight intervals for the
leptonic channels. As the data was assumed to coincide with the expectation (Asimov data), the observed limit
coincides with the expected limit. An upper limit of the signal cross section in comparison to the expected SM

: _ SM _ +225 : :
cross section of psig = T geF /0'g oF = 36.9_13'5 is observed for this fit configuration.
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Figure A.18: The p value of the null-hypothesis as a function of the relative signal strength for an integrated
luminosity of 3000 fb~!. The full phase space is utilised by dividing the log (H Tf’wb) into eight intervals for the
leptonic channels. As the data was assumed to coincide with the expectation (Asimov data), the observed limit
coincides with the expected limit. An upper limit of the signal cross section in comparison to the expected SM

: _ SM _ +0.95 : .
cross section of psig = T ger/0 ooF = 2407 is observed for this fit configuration.
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