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Abstract

In this thesis, an estimation of the expected sensitivity of the ATLAS experiment to the
HH — WWrr channel in 150fb~! of data is given. This approximately corresponds
to the data set collected by the ATLAS experiment in the years from 2015 to 2018 at a
centre-of-mass energy of /s = 13 TeV. The HH process is assumed to be produced via a
heavy CP-even scalar resonance X with a mass of my = 2TeV, and the production cross
section is assumed to be 0y, x,gpg = 10fb. As the resulting topology is boosted, large-R
jets and Di-Tau jets are used in order to properly reconstruct the event. An optimization
of the event selection is performed, and an assumption on the systematic uncertainties
relevant to the analysis is given to assess their impact on the sensitivity.

As no significant deviation of the number of signal events over the background-only
hypothesis is expected, the predicted upper limits are given at the 95% confidence level
to the cross section times branching ratio of the channel. The expected upper limit is
found to be 0pp x s HH = 155’:23 fh.
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1. Introduction

By the end of the 20*" century, the Standard Model (SM) of particle physics was estab-
lished. Having its earliest roots in the discovery of the electron by J. J. Thompson in 1897
[1, 2], it combines the electroweak (EW) theory of electromagnetic and weak interactions
between leptons and quarks proposed by Glashow, Salam and Weinberg in the 1960s [3l-
5] with quantum chromodynamics (QCD) [6H9], which describes the strong interaction
between quarks and gluons. United, the SM provides a concise theory of three of the four
fundamental interactions. It is able to describe interactions between fundamental parti-
cles on quantum level in a precise manner due to its perturbative nature at sufficiently
high energies and its renormalisability [T0HI3].

The SM has been tested in various measurements in the past and present, at the Large
Electron Positron Collider (LEP) [14], TEVATRON (e.g. [15],[16]) or, more recently and still
ongoing, the Large Hadron Collider (LHC). These tests have provided clear evidence that
the SM is a successful effective description of EW and strong interactions up to present
energies.

A key part of the SM is the Higgs mechanism which causes electroweak symmetry
breaking (EWSB). This mechanism, proposed by Brout, Englert, Higgs, Guralnik, Hagen
and Kibble [I7H19] in the 1960s is an approach for generating masses of the weak vector
bosons while preserving the local gauge invariance, renormalisability, and unitarity of the
EW theory. Also, the mechanism gives rise to an additional scalar boson known as the
Higgs boson, H. The last piece of the SM was set with the discovery of such a scalar
boson in 2012 by the ATLAS and CMs collaborations at the Luc [20, 21].

Despite its success in describing EW and strong interactions, the SM is not a complete
description of all phenomena which are observed in nature. As a consequence, there are
various extensions to the SM being discussed and searched for, including e.g. supersym-
metric models (SUSY) or models containing two Higgs doublets (2HDM). However, for
the time being it is unknown which model could be a successful addition to the SM.

The topic of this thesis is the investigation of a possible extended Higgs sector. The
ATLAS sensitivity to the boosted HH — W W7t channel will be estimated for the single

lepton decay channel with the Higgs boson pair originating from a heavy CP-even scalar



1. Introduction

resonance, X, modeled with a 2HDM. Monte Carlo simulated events with a resonant mass
of my = 2TeV are used for this purpose. An integrated luminosity of [£dt = 150 fb~1
is assumed, which is approximately the amount of data taken by the ATLAS experiment
at the end of 2018. This analysis might add sensitivity to HH events in addition to the
ongoing analyses (e.g. [22H25]).

A more profound discussion of the SM and its interactions is given in Section fol-
lowed by an overview over EWSB and the Higgs boson in Section[2.2] Theories beyond the
SM and 2HDM models are described in Section[2.3] Chapter [3]describes the experimental
setting of the analysis: The LHC and the ATLAS experiment are described in Section [3.1
and [3.2] and an overview on Monte Carlo generators for event simulation is presented in
Section Also, an introduction to jet reconstruction in the boosted topology is given in
Section and [3.5] The analysis strategy is presented in Chapter [ including a discus-
sion of the event topology, the event selection and the optimization of the event selection
based on maximizing the significance. Chapter [5| discusses the statistical interpretation
of the analysis, where upper limits on the cross section times branching ratio are set.

Chapter [6] concludes the analysis and discusses possible improvements on the analysis.



2. Theoretical Concepts

2.1. The SM particle content and its fundamental

interactions

The SM is a well-tested and highly successful effective theory to describe interactions
between (fundamental) particles on quantum level. It is based on the SU(3)¢ x SU(2) 1, X
U(1)y gauge symmetry group of QCD [6H9], SU(3)¢, describing the strong force, and the
EW sector [3H0], SU(2)., x U(1)y. The conserved quantum number of QCD is the colour
C, while the conserved quantum number for the EW sector is the hypercharge Y, with

Y =2(Q- 1), (2.1)

where () is the electric charge and I3 is the third component of weak isospin. Gravity
is not included in the SM. The SM consists of two types of fields: matter fields, which
are spin—% fermions, and gauge fields, which are spin-1 bosons mediating the interactions
between the fermions. An illustration of this particle content can be found in Figure [2.1]

The matter fields 1 are split in three generations of left-handed and right-handed chiral
quarks and leptons — fermions — f, where f; p = %(1 F v5)f. The left-handed fermions
are sorted into weak isospin doublets, where the upper partner has a third weak isospin
component of I3 = —i—% while the lower has one of I3 = —%. The right-handed fermions
are however sorted in weak isospin singlets, as the weak force couples to the chirality of
the particles. With respect to QCD, quarks are sorted in colour triplets while leptons are
sorted in colour singlets, as only the quarks are affected by QCD.

The gauge fields are associated to their respective gauge group. In the EW sector,
there are the four fields B, and W;*?. B, corresponds to the generator Y of the U(1)y
group, while the W}* fields correspond to the generators 7%, a € {1,2,3}, of the SU(2),,
group. The generators T are proportional to the Pauli matrices with a proportionality
constant of % After EWSB, linear combinations of these fields will form the experimen-
tally observed bosons: the photon v, the charged W= and the neutral Z boson. In the

strong sector, associated to the SU(3)¢ group, there is an octet of gluon fields G}l """ cor-
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Figure 2.1.: Particle content of the SM. The fermions, split into quarks (purple) and
leptons (green), are separated in three generations and sorted by their weak isospin
value. To the right are the vector bosons (dark blue) mediating the forces of the
SM and the scalar Higgs boson (light blue) originating from EWSB.

responding to the generators of SU(3)c. The latter can be represented by the Gell-Mann
matrices, again with a proportionality constant of % The gluons are each associated with
a different colored state, however, they cannot be distinguished in experiment, as the
colour of a particle is not directly observable. From this, the field strength tensors of the

fields can be written as

B, = 0,B, — 0,B,,
W = 9, — 9, + goe™WWe, (2.2)
Go = 0,G% — 0,G% + g, f*GUGE,

where € is the fully antisymmetric tensor, f*¢ denotes the structure constants of QCD,
and ¢go and g, are the coupling constants of the weak and strong force, respectively. The
second coupling constant of the EW sector, g1, does not affect the field strength tensors.
As can be seen in Equation there are additional terms in the field strength tensors of
W and G, which include quadratic terms in the fields. These account for the non-abelian
nature of the group generators, yielding self-interaction terms for the gauge bosons, i.e.

triple and quartic gauge boson couplings.

In the SM, a minimal coupling of the gauge bosons to the matter fields is implemented.

Explicitly, this is realized by adding terms including the gauge fields to the covariant
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derivative D 1. In this way, also the gauge invariance of the theory under each group
transformations is ensured. The complete covariant derivative of the SM with respect to

quarks is

. a . a . Y
D;ﬂ/J = <8M - ngTaGM - ZgQTaWu — g1 QqBM> ¢’ (23)

where T, are the respective generators of the groups. For the leptons, the covariant
derivate is essentially the same as for quarks, only with g, = 0 as they do not interact via

the strong force. The SM Lagrangian reads

1 a 14 a v v
£=-3 (Ga, G — Wa, Wi — B, B™) (2.4)
+ @{iDlﬁ“@Z)é + i){%iDu’Y“l/J{B )

where the first row describes the kinematic terms of the gauge bosons and the second row
describes the kinematic terms of the fermions as well as their interactions with the gauge
bosons. ~* are the Dirac matrices, and wf, r are the left-handed fermion doublets and
right-handed fermion singlets of the EW interaction, and D, is the covariant derivative
as defined in Equation [2.3]

While the strong and EW forces can be described very well using the SM Lagrangian
in the Lagrangian formalism, the described fields to this point remain massless. However,
only the photon and gluon are observed to have no mass, while the W and Z bosons as
well as the fermions are observed to have non-zero masses [26H28]. A naive estimate to

include the mass terms in the SM Lagrangian is to simply add terms of the type

1 - 1 - -
S VAVt o omgbpy = Smy (pin + Untn) (25)

for the gauge bosons V' and fermions f, respectively, where m denotes the mass of the
respective particle. Such terms will however break the gauge invariance of the Lagrangian
under SU(2)r, x U(1)y transformations. Thus, the EW symmetry of the Lagrangian must
be broken in order to provide mass terms for the particles. The Brout-Englert-Higgs-
Guralnik-Hagen-Kibble (BEH) mechanism provides such a way to introduce mass terms
for all SM particles without violating the SU(2), x U(1)y gauge invariance. It is described

in the following section.



2. Theoretical Concepts

2.2. EWSB and the Higgs Boson

2.2.1. EWSB in the SM[

The SM is a non-abelian gauge theory which uses gauge bosons to mediate the funda-
mental forces. These gauge bosons are experimentally found to be massive [26-28], but
the simple insertion of mass terms into the SM Lagrangian would break the SU(3)s X
SU(2)r x U(1)y symmetry. Thus, there needs to be a mechanism which provides masses
to the weak gauge bosons while preserving the local gauge symmetry. To accomplish this
goal, at least three degrees of freedom (DOF) are needed in order to allow the gauge
bosons to be vector particles. With the BEH mechanism [I7H19], such a mechanism was
proposed in the 1960s.

The model contains a complex SU(2) weak isospin doublet of scalar fields ¢

+ 1 ;
o — ¢0 _ o} +Z.¢52 ’ (2.6)
¢ V2 \ 3+ idy
which has a hypercharge of Y = 1. The upper field is charged, such that ¢ and
(¢7)* = ¢~ provide the longitudinal degrees of freedom to the W= bosons, while the

other is neutral such that it provides these for the Z° boson. The locally gauge invariant

Lagrangian for this so-called Higgs doublet is
Ly = (D,®) (DD) - 2ol — A (2')” (2.7)

where the first term describes the locally gauge invariant kinematics of the doublet and

the second and third terms describe the Higgs potential. D, is the covariant derivative

. Y
D, =0,+ Z%TQWS + 191§Bu7 (2.8)
which is introduced to ensure local gauge invariance of the SU(3)¢ x SU(2), x U(1)y
symmetry. For A > 0 and p? < 0, a sketch of the Higgs potential is shown in Figure [2.2]
Using these conditions, the Higgs potential has an infinite set of degenerate minima for

which

2

1 & v? U
Ty — = E 2 _ - _

!This section follows the descriptions given in [29, [30].
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Re(¢)

Figure 2.2.: sketch of the Higgs potential for A > 0 and p? < 0.

holds. In order to not break the symmetry of quantum electrodynamics (QED) described
by the U(l)qep group, i.e. to keep the photon massless, the minimum of the Higgs
potential must be chosen to be in the direction of the neutral scalar field ¢°, yielding a

non-zero vacuum expectation value (VEV) for the latter

(@), = (0]®[0) = ( " ) (2.10)
NG

where the definition of the VEV can be extracted from Equation[2.9] Expanding the field

® around the minimum in terms of four fields 6, o 5(x) and H(x) at first order yields

b2 + b1 = exp (10,(x)7%(x) /v 0
B(z) = (;§<U+H>—wg) = exp (82 <>/>(¢1§(U+H(x))) .11

with the Pauli matrices 7*, which are by a factor of two the generators of the weak

interaction group. Making the gauge transformation

O(x) — exp (—il,(z)m%(x)/v) ®(x) = \}5 ( . —i—(;-l(x) ) (2.12)

yields the Higgs doublet in the unitary gauge. Expanding the kinematic term of the Higgs
Lagrangian from Equation [2.7] yields

1 1 , 1
D@ = 5 (uH)* + 265 (v + H) Wi+ iWiP + o (v + H) |goWi = i Buf*, (213)

where ¢g; and g; are the coupling constants of the SU(2), and U(1)y symmetry groups,
respectively, and Wli and B, are the gauge fields before EWSB. The fields of the observed
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vector bosons W*, Z% and A can then be defined as

_ L

_ W3 — g.B,, A 9W3 + 9B,
V2

Jzrg " JiEra

where A describes the photon. Applying this definition to Equation [2.13] and searching
for quadratic terms in the fields W*, Z° and A yields the mass of each of the fields

W= (Wisiw?), 2, (2.14)

1 1
My = 51}92, M, = §U G3+gi, My=0. (2.15)

Thus, the photon remains massless while the W= and Z° bosons receive additional degrees
of freedom from the 6; fields of the Higgs doublet through the gauge transformation to
the unitary gauge, so they can have a mass and a longitudinal polarisationﬂ

The masses for the fermions can be generated in a similar way. For this purpose, the
same field ¢ as before can be used, as well as the isospin doublet d* = irp,®*. ® has a

hypercharge of Y = —1. For each generation of fermions, the term
Lr = —A\LPep — \QPdr — \yQPup + h.c. (2.16)

is added to the SM Lagrangian, where A, 4, are the Yukawa couplings and () is the electric

charge. Repeating the above mechanism for e.g. the electron yields

1
ACF’e = _ﬁ)\e (U+H)éL€R. (217)

The mass terms of the fermions are those that are quadratic in the fermion field and do

not contain any other fields. This gives

(2.18)

S S

mf:

where f is any fermion.

In the above manner, all mass terms needed for the particles in the SM — i.e. the W,
Z° and the fermions — can be generated. The mechanism preserves the EW SU(2), x
U(1)y local gauge symmetry, although it is spontaneously broken or hidden. At the same
time, both the strong colour symmetry from the SU(3)¢c group and the electromagnetic

U(1)grp symmetry remain unbroken.

2Looking at the EWSB mechanism in more detail, these DOF absorbed by the vector bosons first
appear as massless so-called Goldstone bosons but are attributed to the vector bosons when applying
the unitary gauge.
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2.2.2. The Higgs Boson in the SM

The Higgs boson is a CP-even scalar particle [26]. Its mass is defined by the parameters
of the Higgs potential in Equation 2.7, Expanding the kinetic part of this Lagrangian and
looking at the resulting terms quadratic in the Higgs field, H, yields [29] 30]

my = 2\° = —2u°. (2.19)

The mass has been measured to be myg = (125.09 + 0.21 (stat) £ 0.11 (syst)) GeV by
the ATLAS and CMs collaborations [31]. The Higgs boson couples to all massive SM
particles either via gauge or Yukawa couplings. Thus, it couples to all particles except
neutrinos, the photon and the gluon. The Higgs boson also couples to itself, as it is a
massive particle. Expanding the Lagrangian from Equation[2.7]yields trilinear and quartic

coupling terms

1
Ly = ..— \WH>— Z)\HA‘ (2.20)

with couplings both proportional to the parameter A of the Higgs potential. The corre-
sponding Feynman diagrams are shown in Figure [2.3] where the coupling strengths are

marked in red.

2.2.3. Production of Higgs Boson Pairs at the LHC

At the LHc, Higgs bosons can be produced individually (via gluon-gluon fusion (ggF),
vector boson fusion (VBF), Higgsstrahlung, associated Higgs top production) or in pairs.
Only the latter case is described here.

The most important Feynman diagrams for HH production at the LHC are shown in
Figure and [2.4b] Looking at SM processes only, Higgs boson pairs can be produced
via a fermion loop — dominated by the top quark — (Figure or via Higgs boson self

- ~~ -
& ¢‘~
el L. ~
~"~ 4" ~~~
- . ~
~ Pid S
~ . ~
N . e
~§ 4' ~§

Figure 2.3.: Feynman diagram for the (a) trilinear and (b) quartic Higgs boson self
couplings. The vertex and the coupling strength are sketched in red.
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Figure 2.4.: HH production processes at the LHC: (a) production via a quark loop, (b)
production via a SM Higgs boson decay, (c¢) production via a BSM Higgs boson
decay.

coupling (Figure . The trilinear Higgs vertex of the latter process is of particular
interest, as it provides access to a direct measurement of A and thus the Higgs potential
(compare Section . Since the parameter \ can also be accessed via measurements
of the Higgs boson mass my = 2\ (compare Equation , these two different
measurements of A can be compared and the SM predictions can be tested.

However, the production of Higgs boson pairs has a low cross section due to the destructive
interference of the production via self coupling and via a fermion loop. The most precise
theoretical prediction of the H H production cross section via ggF for my = 125.09 GeV
at a centre-of-mass energy of /s = 13TeV at NNLL matched to NNLO including top
quark mass effects at NLO is 0,95 = (33.49f§:3g2 (scale) £ 2.1% (PDF) + 2.3% (as)) fb
[32]. The scale uncertainty comes from the choice of the renormalization scale, the PDF
uncertainty is due to the uncertainty of the proton parton density function and the as

uncertainty is from the uncertainty of the strong coupling constant a, at the assumed

renormalization scale.

In addition to the production via SM processes, Higgs boson pairs can also be produced
via beyond SM (BSM) processes. An example process — which is also the process relevant
to my master thesis — is shown in Figure[2.4d There, the Higgs boson pair is produced via
a heavy CP-even scalar from a 2HDM. This type of model is discussed in Section [2.3.1]
BSM processes such as Higgs pair production via such heavy resonances would change both
the measured production cross section and the invariant mass distribution, via a resonant
excess in the expected myy spectrum, found from measurements of H H processes. Thus,
in investigating H H final states, both the SM can be probed and a search for new physics

can be conducted.

10



2.2. EWSB and the Higgs Boson

2.2.4. Higgs Boson Decays

As stated previously, the Higgs boson couples to all massive particles in the SM and
decays into all SM particles but the top quark, which is heavier than the Higgs boson.
The branching ratios (BR) of the dominant Higgs boson decay channels are shown in

Table 2.1al

Because the b quark is the heaviest particle with a mass below half the Higgs boson
mass, the Higgs boson most probably decays into a pair of b quarks. The second highest
BR is the decay into an on-shell and an off-shell W boson, followed by the decay into two
gluons. The latter is a next to leading order (NLO) process, where the Higgs boson couples
to the gluons via a fermion loopE] Its detection at hadron colliders is extremely difficult
due to the tremendous amount of background processes. The fourth most probable decay
is the decay into two 7 leptons, followed by the decay into an on-shell and an of-shell Z

boson and the NLO decay into two photons.

Decay Mode BR Decay Mode BR
bb 0.581(8) bbbb 0.338(10)
Ww= 0.215(3) bOW W= 0.250(5)
g9 0.082(5) bbrT 0.0727(16)
TT 0.0626(11) WW*WWw=  0.0630(13)
cc 0.0288(10) bbbz Z* 0.0307(8)
VA 0.0264(5) WW*rt 0.0269(6)
0%} 0.00227(5) WW*ZZ* 0.0114(3)
(a) (b)

Table 2.1.: Branching ratios of (a) the leading Higgs boson decay modes at a Higgs
boson mass of my = 125.09GeV (b) the leading decay modes of a pair of Higgs
bosons at a mass of my = 125.09 GeV each [32].

In this thesis, the decay of two Higgs bosons into a pair of 7 leptons and W bosons is
investigated. With a BR of 0.0269 [32], it is the sixth highest H H decay channel and has
never been investigated before. The BR of the dominant Higgs boson pair decay modes
are summarized in Table

Both the 7 leptons and the W bosons will decay before reaching the detector, each in
two possible ways: leptonically or hadronically. First of all, the W boson could either
decay into a 7 lepton, muon, or electron and the corresponding neutrino, or into a pair of

quarks, ¢'q. The 7 lepton would first decay into an off-shell W boson and a 7 neutrino.

3Most probably, the fermion loop will be a top quark loop, as the top quark is the heaviest particle.

11
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The W boson would then decay further, either into a muon or electron and the corre-

sponding neutrino, or into ¢’¢q. This gives rise to multiple possible decay signatures:

In the fully hadronic channel, all 7 leptons and W bosons decay hadronically. This
signature has a BR of 0.2385 with respect to all possible WW 77 decays[]

In the single lepton channel, one 7 lepton or W boson decays leptonically, while
the others all decay hadronically. This signature has a BR of 0.4134 which is the
highest of the possible channels.

In the 2-lepton channel, two of the Higgs boson decay products decay leptonically
and the other two decay hadronically. Thus, either the W boson or 7 lepton side
decays fully hadronically while the other side decays fully leptonically, or both sides
decay semi-leptonically. This signature has a BR of 0.2654.

In the 3-lepton channel, only one Higgs boson decay product decays hadronically,
while the others all decay leptonically. This signature has a BR of 0.0748.

In the fully leptonic channel, all Higgs boson products decay leptonically. With a
BR of 0.0078, this signature is the least probable one.

Due to time constraints, not all of these signatures can be investigated. This analysis is

focused on the single lepton channel, where the lepton comes from the decay of one of the
W bosons. The total BR for this channel is

BR (HH - WEW*rr — 2q€1/32VT4q>
= BR(HH — W*W*r7) x BR(W*W*rr — 2qv2v,4q)
= 6.6-1077. (2.21)

The properties of the channel and the used topology will be further discussed in Chapter [4]

2.2.5. The Discovery of the Higgs Boson

The Higgs boson was discovered at the ATLAS and CMS experiments at the LHC at CERN

in 2012 [20, 21]. The corresponding plot for the ATLAS experiment is shown in Fig-

4All BR in this list are calculated w.r.t. all possible WW 7T decays. Also, the fact that W bosons might

12

decay into 7 leptons which subsequently decay hadronically or leptonically, which can not be observed
in the detector as it happens before the particles reach the innermost layer, is accounted for: a W
boson decaying hadronically via an intermediate 7 lepton is counted as a hadronically decaying W
boson, while a W boson decaying leptonically via an intermediate 7 lepton is counted as a leptonically
decaying W boson.



2.3. Physics Beyond the SM

ure 2.5 The ATLAS collaboration observed a local excess of 5.9¢ at an invariant mass
of mg = 126.5GeV, while the CMs collaboration observed a local excess of 50 at an
invariant mass of my = 125.5GeV. The main discovery channels were H — vy
and H — ZZ* — 40 (¢ = e,u), as they provide very clear signatures in the de-
tectors. The latest combined ATLAS and CMS Higgs boson mass measurement yields
my = (125.09 £+ 0.21 (stat) + 0.11 (syst)) GeV [31].
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Figure 2.5.: Significances of the observation of a SM Higgs boson like particle by the
ATLAS collaboration [20, 2I]. The particle with a mass of my = 126.5 GeV was
observed with a local significance of 5.90.

2.3. Physics Beyond the SM

Present day precision measurements e.g. at the LHC experiments have shown the validity
of the SM up to the EW scale [29]. Still, many questions remain unsolved and various
theories exist trying to explain these observations.

To begin with, the SM has many free parameters (19) [29] ] While this is not problem-
atic in itself, it would be preferable to have a theory which predicts most of its parameters
rather than one which mostly needs to be fixed by measurements. Also, gravity is not
included in the SM because it is not quantisable with current standard procedures due to
dimensional reasons.

Trying to explain the formation of the universe, it is still unclear why there is such

an imbalance between matter and antimatter during baryogenesis yielding the observed

This ignores (a) six parameters from the neutrino sector, ignoring the existence of neutrino masses and
oscillation (which is strictly not a part of the SM) and (b) a possible CP violating phase in QCD,
which experimentally is known to be approximately zero.
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matter-dominated universe [33]. The issue is known to be caused by CP violation, how-
ever, the CP violation originating from the CKM matrix in the EW sector is not sufficient

to account for this imbalance and there must be further sources of CP violation.

Observations of the rotational properties of galaxies tell us, that the amount of baryonic
matter we observe in these very galaxies is not sufficient to describe their rotational
velocity distributions [34], which hints at the existence of so-called dark matter (DM),
and observations of distant supernovae hint at an accelerated expansion of our universe

[35], being explained by dark energy of which the nature is unknown.

In the Higgs sector, the hierarchy problem occurs [36]: If the SM is correct up to
the mass scale of a grand unified theory (GUT) or the Planck scale at Agur = 10'® or
Ap =~ 10 GeV, respectively, the quantum loop corrections to the Higgs boson propagator
at Apw ~ 10 GeV must cancel with a precision of O(107%°). While this intrinsically causes
no problem, it does not seem to be a realistic scenario that all these large corrections of

the order of Adyp sp are fine-tuned to yield a Higgs mass at the EW scale.

Most of the proposed theories that would solve the above problems include additional
particles. Most prominently, this includes supersymmetric (SUSY) models. The basic
idea of SUSY expansions to the SM, supersymmetric standard models (SSM), is to link
each SM particle to a SUSY partner. Except for the spin, where they differ by % unit,
these partners coincide in all quantum numbers. This means, that all SM fermions have
a spin-0 and all SM bosons, be it vector or scalar, have a spin—% supersymmetric partner.
These partners are referred to as sfermions and bosinos, respectively [37]. The existence
of such partners would cancel all loop corrections to the Higgs propagator, solving the
hierarchy problem. Also, if the weakest SUSY particle (sparticle) were to be stable, it
would make a perfect DM candidate [

As multiplets of different chiralities are not allowed to couple together in the Lagrangian,
and as all gauge anomalies must cancel, a second Higgs doublet is needed in these models
[39-43]. In consequence, a SUSY model always is a 2HDM model.

Other, not so prominent motivations for the existence of 2HDM arise from axions
models [44] or from the fact that 2HDM models are capable of providing a sufficiently
high amount of CP violation to explain the baryon asymmetry observed in the universe
[45].

6This implies the conservation of R-parity, a quantum number which is +1 for all SM particles and -1
for all SSM sparticles [38].
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2.3. Physics Beyond the SM

2.3.1. Two Higgs Doublet Models
EWSB in the minimal SSM

The minimal supersymmetric standard model (MSSM) is the minimal possible SUSY
expansion of the SM. As discussed in the previous section, it needs two Higgs doublets
in order to provide the mass terms for all fundamental particles in the model. Thus, two

Higgs doublets with opposite hypercharge are defined

R R N - S
1= o withY = —1 and &5 = I with Y = +1. (2.22)
1

2

This results in one VEV for each field, v; and vs, respectively, with the definition

v = \/v}+0v3. (2.23)

Also,

tan f = kel (2.24)
U1

is defined, which is an important parameter to the MSSM. As in the EWSB for the SM,

the two Higgs doublets are now expanded around their vacuum state

h 0 5
q)l _ i U1 + 1_+ (A%} and @2 _ L ¢2 ‘ ’ (225)
\/§ ¢1 \/§ Vg + hg + 2(92

where the imaginary terms generate the CP-odd Higgs bosons and the Goldstone bosons
and the real terms generate the CP-even Higgs bosons. Conducting a change of basis, the

physical particles are obtained via
GO cos 3 sinf 0, G* cos3 sinf o d
_ 7 = an
A —sinf cosf 0y H* —sinf3 cosf3 o
H _ co'sa sin « hy 7 (2.26)
h —sina cosa ho

where o is the mixing angle of the CP-even Higgs bosons and G° and G* are the Goldstone
bosons. As visible, the mechanism does not only yield one but five Higgs bosons: two
CP-even scalar bosons h and H, of which one is light and one is heavy, one CP-odd scalar

boson A and two charged Higgs bosons H*. Often, the light CP-even scalar is referred to

15



2. Theoretical Concepts

as the SM-like Higgs boson, however, in reality it is a mixture of the two CP-even scalars
hsy = hsin(a— ) — H cos (o — ) . (2.27)

From the remaining six parameters — four masses and two mixing angles — only two
parameters are free at tree level because of the many constraints of the MSSM. The
normal convention is to choose these free parameters to be my4 and tan (3.

This extension of the Higgs sector gives rise to new signatures or potentially modifies
SM detector signatures, giving rise to searches for the additional MSSM Higgs bosons
or modified signatures. In particular, the heavy CP-even scalar can decay into two light

Higgs bosons h.

Two Higgs Doublet Models

In general, 2HDMs can extend the SM not only in the context of SUSY, but also inde-
pendently. Normally, such extensions contain scalar mediated flavour changing neutral
currents (FCNC), which are strongly constrained by experiment. They also can be CP
preserving or violating. The most general scalar version of 2HDMs contains 14 param-
eters. However, most experimental studies make simplifying assumptions, such as CP
conservation in the Higgs sector and the existence of discrete symmetries forcing the
elimination of all quartic terms containing one or three Higgs doublets from the potential.

The two Higgs doublets, both carrying a hypercharge of Y = 41, can be parametrized
as

_l’_
Py, = (i‘g) with Y =+1 and k=1,2. (2.28)
k

Consequently, there exist two VEVs, v; and vy, respectively, one for each of the doublets.
They have the same properties as defined in Equation and [2.24 As for EWSB in
the SM, the fields can be expanded about their minima

(I)-I—
Py, = o : (2.29)
Vg, + hk + Zek

This again yields five Higgs bosons and three Goldstone bosons, which provide the lon-
gitudinal degrees of freedom for the weak gauge bosons. However, their properties will
differ from the ones in the previous sections, as in this example two doublets with Y =1
are used, in contrast to two doublets with Y = 41 and —1, respectively. The difference

in Y is needed in order to cancel chiral anomalies. The most general potential containing
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2.3. Physics Beyond the SM

Model | uly diy 0
Type 1 Oy Dy, Dy
Type II (1)2 CI)l q)l

Lepton-specific | &5 Py &,
thped CI)Q q)l (I)Q

Table 2.2.: 2HDMs with natural flavour conservation and the couplings of the Higgs
doublets to the different types of fermions. The superscript ¢ is a generational index
and u}, always couples to @, by convention [48].

the two doublets ®; and ®, with a hypercharge of Y = +1 is [46]

Vo= A (1802 = 03)" 4 00 (192 —3) 4 A (1842 — 03 + 82 — 03)’
+ A (|17 @s]” — [@]0o]*) + A5 (Re (@] ®5) — v1v2)2 + g (Im (@I%))Q (2.30)

with only real parameters \;. The parameters )\; as well as their dependence on the

masses and angles can be shown to be [47]

B 1 ) ) .y o\ sin(2a)my —mi X sin? (3)
A= 4 cos? () v? (COS () miy + sin” (@) mh> sin (28) 402 * 4 cos? (B)
1 .y ) ) o\ sin (20) m¥3 —mi s cos? ()
= _— —_— — 1 —
Ao 4sin? () v? <Sm (@) miz + cos™ (@) mh) sin (25) 402 3 sin? (8) )’
sin (2a) m¥%, —mi s m2. m3
Ag = sin (2/6) 102 — Z, )\4 = 02 and )\6 = ? . (231)

As no experimental or theoretical constraints need to be met, no masses or angles depend
on each other. Thus, the model has six free parameters (eleven parameters less five
equations). If additionally the 2HDM is symmetric under the transformation ®; — —&;,
A5 vanishes and the model only has five free parameters left. Otherwise, the existence of
A5 as an additional free parameter is a relict of the fact that tan S is not constrained in
2HDMs.

Up to this day, no FCNC have been observed at tree level. This only leaves the possibil-
ity of four general types of 2HDMs: so-called Type I, Type II, lepton-specific and flipped
models, compared in Table 2.2 The difference between these models manifests itself in
the couplings of the models to the up- and down-type quarks and the leptons, as shown
in Table 2.3] In Type I 2HDMs [49, 50], all fermions couple to the same Higgs doublet,
which is conventionally chosen to be <D2[| At a = 7, the Type I models are fermiopho-

bic, meaning that the light Higgs boson decouples from the fermions. In Type IT 2HDMs

"By convention, up-type quarks are always chosen to couple to ®s.
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Fermion Boson Coupling in 2HDM

Type 1 Type 11 Lepton-specific Flipped
; h cosa/sinff  cosa/sin cos o/ sin cosa/ sin 8
uzafllzse H  sina/sinf  sina/sinf sin o/ sin 3 sin o/ sin 3
q A cot 3 cot 3 cot 3 cot B8
downtvoe h cosa/sinf  —sina/cosfS  cosa/sinff  —sina/cosf
uarlz]sp H  sina/sinf  cosa/cosf3 sin a/ sin 3 cos v/ cos f3
4 A —cot 3 tan —cot 3 tan [
h cosa/sinff —sina/cosfS —sina/cosf  cosa/sinf
14 H  sina/sinf  cosa/cosf cos a/ cos 3 sin v/ sin 3
A —cot 3 tan 3 tan —cot f3

Table 2.3.: Proportionality factors to the Yukawa couplings of the fermions to the neu-
tral Higgs bosons for the different 2HDMs. The coupling of the charged Higgs bosons
are the same as the couplings of A [48].

[50, 51, the up-type quarks couple to one Higgs doublet, while down-type quarks and
leptons couple to the other. In general, it is assumed in Type I and 1T models that leptons
couple to the same Higgs doublet as the down-type quarks, however, this must not be the
case: In the lepton-specific 2HDMs [52, 53], the quarks couple to one Higgs doublet while
the leptons couple to the other. In the last possible 2HDM [52] 53], the flipped model,
up-type quarks and leptons couple to the same Higgs doublet, while down-type quarks
couple to the other.

Type II 2HDMs are the most studied 2HDMs, as the MSSM is a highly constrained
Type II 2HDM, whereas the flipped model is the least studied. A more detailed description
which also contains FCNC 2HDMs can be found in [4§].
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3. The Experimental Setting: the
LHC and the ATLAS Experiment

3.1. The Large Hadron Collider

The idea of building a hadron collider instead of a lepton collider already came up in
the late 1970s. A more detailed plan for the design of such a hadron collider at CERN
was specified in 1984 [54]. The Luc [55] was approved in 1996 [54] and started operating
in 2008. It is an underground synchrotron particle accelerator with a circumference of
27km, designed to accelerate proton or heavy ion beams. In this thesis, only processes
using proton beams will be discussed. The design beam energy of the LHC is 7TeV,
resulting in a design collision energy +/s of 14 TeV. In contrast to a lepton collider, the
limiting factor to the beam energy is not the synchrotron radiation but the strength of
the magnetic dipoles used for bending the protons on the circular path. In the LHC
tunnel, there are 1232 superconducting dipole magnets, each providing a magnetic field
of 8.33 T strength. The magnets are made from NbTi and have an operating temperature
below 2 K. In addition to the dipole magnets, quadrupole magnets and magnets of higher
order are used to focus the beam and apply higher order scale corrections to the beam
path. The protons are accelerated using 16 high frequency radio cavities with a gradient
of 2MV/m. Due to the circular structure, each accelerating unit is used multiple times
in the acceleration process. As the LHC is designed to accelerate protons or ions of the
same charge, two beam pipes are needed as two magnetic fields of opposite polarity are
required in order to keep all particles on their paths. The design instantaneous luminosity
of the LHC i$ Lpesign = 10** cm_2s_1.[] During Run 2 of the LHC between 2015 and 2018,
the LHC operated at /s = 13TeV, while a peak luminosity of 2.14-10* cm 25! was
reached by the ATLAS experiment [56].

A sketch of the CERN accelerator complex including the LHC and its accelerator chain

is shown in Figure 3.1} Protons are accelerated using this chain of accelerators as follows:

'In the previous chapter, £ was used for Lagrangians. In the following, it will always represent lumi-
nosities, unless explicitly stated otherwise.
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Figure 3.1.: Schematic view of the CERN accelerator complex. (©) 2008-2018 CERN.

First, hydrogen is inserted in a strong magnetic field, where it is ionised. The protons
are injected into the LINAC2, which accelerates them up to an energy of 50 MeV. They
are then injected into the proton-synchrotron (PS) booster and subsequently into the PS,
where they are accelerated to 1.4 GeV and 25 GeV, respectively. After the PS, the protons
are injected into the super-proton-synchrotron (SPS), which accelerates them to an energy
of 450 GeV. Finally, the protons are injected into the LHC, where they are accelerated to
their final energy.

The LHC is filled with 2808 proton bunches, each containing about 1.1 - 10! protons at
the beginning of the fill. The bunches have a temporal spacing of 25ns and move with
velocities extremely close to the speed of light ¢. The acceleration process takes about 20

minutesEl

There are four major experiments ongoing at the LHC: ATLAS [57] and CMS [58], which
are multipurpose experiments, LHCb [59], which specializes in b quark physics and studies

CP violation, and ALICE [60], which studies heavy ion collisions and quark-gluon plasma.

2These are the design values from Refs. [55] and [57].
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3.2. The ATLAS Experiment

ATLAS is one of the two multi-purpose detectors at the LHC at CERN, searching for new
physics and performing precision measurements in proton-proton (pp) collisions. Up to
now, one of its most important achievements is the discovery of the Higgs boson together
with the CMmS experiment |20} 21]. This section gives a brief overview over the detector

and its components. A more detailed description can be found in Ref. [57].

3.2.1. The Coordinate System

ATLAS uses a right handed coordinate system with the origin at the centre of the detector,
which is centered at the interaction point 1 of the LHC. Using Cartesian coordinates,
the positive z-axis is directed at the centre of the LHC ring, while the positive y-axis
points upwards and the z-axis tangentially in the beam direction. Introducing spherical
coordinates (r, ¢, 0), the azimuthal angle ¢ is the angle of a particle in the transverse = —y
plane, while the polar angle  is the angle from the beam axis. The r-coordinate stays as
is.

The transverse momentum of a particle is defined as

pr = \/P:+ D2, (3.1)

while the pseudorapidity 7 is defined as

n=—In <tang> = ;ln<;§|]tgi> : (3.2)

where [p] is the absolute momentum of the particle and p, is its z component. The benefit

of the pseudorapidity is that it is defined via the polar angle and that the particle flux
in pp collisions per unit of pseudorapidity is approximately constant. In the high energy
approximation, m < |p| = E = |p], the pseudorapidity becomes an approximation of
the rapidity y

1 E+p,
= -] _ .
y 2n<E—pz> (3.3)

Differences in the rapidity are invariant under Lorentz boosts along the z-axis. This is
beneficial, as the LHC is a hadron collider and the centre-of-mass frames of its parton-

parton collisions are boosted in the z direction.
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Another important quantity is the distance in the n — ¢ plane

AR = \J(An)? + (Ag)?. (3.4)

This distance also is approximately invariant under longitudinal Lorentz transformations
in the z direction, as the polar angle and differences in 7 are invariant under Lorentz

transformations in the z direction.

3.2.2. Detector Components

With a length of 44 m, a height of 25m and a weight of 7000t, the ATLAS detector [57]
is the largest detector at the LHC. It is cylindrical in shape and separated into a central
barrel regions and two disc-shaped end-caps. The different detection systems are arranged
in many concentric layers around the interaction point, so that the detector provides a
nearly 4 7 solid angle coverage around it. The inner layers are designed to measure the
direction and momentum of charged particles, while the intermediate layers are composed
of calorimeters to measure particle energies. The outermost layer measures the direction
and momentum of muons. Between the inner layers and the calorimeters are magnetic
solenoids in order to bend particle tracks for transverse momentum measurements. Also,
there are three toroid magnets surrounding the calorimeters, one at the barrel and one at
each end-cap. A cut-out image of the detector is shown in Figure [3.2]

The innermost part of the ATLAS detector, the inner detector, starts 3.1 cm away from
the beam pipe. It consists of four components. The first component is the Insertable
B-Layer [61]. It consists of silicon pixels with a size of 50 x 250 um and was added in
2014 to improve the tracking performance and to cope with the expected higher radiation
and hit occupancy in Run 2 of the LHC. The second component is a layer of silicon

2. The resolution in this detector is very high,

pixels with dimensions of 50 x 400 pm
as the environment near the beam pipe has a very high particle occupancy and many
tracks need to be distinguished. The silicon pixels are surrounded with semiconducting
silicon microstrip detectors with dimensions of 80 um x 12cm. The resolution is lower
than for the silicon pixels, as the track density is significantly lower. The outermost part
of the inner detector consists of a transition radiation tracker (TRT). It is made of gas-
filled straw tubes with a diameter of 4 mm and a single gold-plated tungsten wire in each
straw’s centre, effectively combining a transition radiation detector with a proportional
counter. In particular, pions can be distinguished from electrons using the TRT [62].
This is possible as the amount of transition radiation is dependent on the Lorentz factor

v = E/m. As electrons have a significantly lower mass m than pions, the Lorentz factor
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Figure 3.2.: Cut view of the ATLAS detector with labeled detector parts [57].

for electrons is higher than the one for pions at the same energy level. In consequence,
electrons are much more likely to produce transition radiation, which can be used for

particle identification.

The inner detector is embedded in a 2T magnetic field, generated by the solenoid
magnet. This field bends the trajectory of charged particles in the inner detector via the
Lorentz force. The momentum resolution of the inner detector and the 1 coverage of the
different components is listed in Table

The next layers consist of the electromagnetic and hadronic calorimeters (ECAL and
HCAL, respectively). Both calorimeters measure the energy of the particles by stopping
them and absorbing all or most of their energy. In the ECAL, mostly electron and photon
energies are measured, while the HCAL mostly measures hadron energies. If an electron or
photon enters the ECAL, it will undergo Bremsstrahlung or pair production of electrons,
respectively. This process will repeats until the energy of the particles is not sufficient
to create Bremsstrahlung or electron pairs anymore and are absorbed, resulting in an
electromagnetic (EM) shower. Typically, EM showers do not reach the HCAL. Hadrons
will start interacting with the material and producing showers in the ECAL, so that they
will both be contained in the ECAL and the HCAL. The ratio of energy between the
two calorimeters together with the shower shape can be used to identify the type of the
particle shower. In the HCAL, the hadrons will interact with the atomic nuclei of the

calorimeter material. This mostly includes scattering of the hadrons at the nuclei or
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Detector Resolution Coverage
Inner detector opr /P = 0.05% - pr & 1% In| < 2.5
ECAL op/E = 10%/VE ®0.7% n| < 3.2
HCAL
central region, end-caps og/E = 50%/VE & 3% In| < 3.2
forward region op/E = 100%/vVE ® 10% 3.1 < |n] <4.9
Muon spectrometer Opp/pr = 0.05% at pr = 1TeV  |n| < 2.7

Table 3.1.: Transverse momentum and energy resolution and 7 coverage of the different

components of the ATLAS detector [57]. The energy and transverse momentum are
in GeV.

nuclear reactions. The interactions yield in hadronic showers, which can also have an EM

component. Compared to EM showers, hadronic showers are broader and longer.

The ECAL is a sampling calorimeter that uses lead as passive and liquid argon (LAr)
as the active material. The passive material usually is a material with a high proton
number which will trigger a shower, while the active material produces the signal which
is measured. The ATLAS ECAL has an accordion-like structure and a high granularity
in order to provide a uniform response to the incoming particles. The HCAL is divided
in three regions: the barrel part, composed of iron as absorber and plastic scintillator
as active material, the end-cap part, composed of copper as absorber and LAr as active
material and the forward region with tungsten as absorber and LAr as active material.
The ECAL has a thickness of > 22 radiation lengths (Xj) at the barrel and of > 24 X; at
the end-caps. Including the HCAL, the detector has a thickness of about 9.7 interaction
lengths (A) at the barrel and of about 10 A at the end-caps. Adding the support structure,
the detector has a total thickness of about 11 A at n = 0. The energy resolution of both
calorimeters increases with the energy of the particle (see Table , as the more energy

is carried by the particle, the larger the shower it creates.

The outermost layer of the ATLAS detector consists of an additional drift chamber
tracking detector with a toroidal magnetic field produced by the toroidal magnets and
three wheels at the end caps. The field has a strength of 0.5T in the barrel and of 1T
in the end cap region, respectively. This layer provides an additional measurement for
muons, which are minimally ionising particles in the energy regimes at ATLAS. Thus, they
merely interact with the ECAL and HCAL and only leave tracks in the inner detector
and these so-called muon chambers. As the muon chambers are quite large, they provide
an additional precise measurement of the muon transverse momentum.

The resolution and coverage for all detector components is summarised in Table [3.1]
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3.2.3. The Trigger System

As stated in Section there is a bunch crossing and thus an interaction in the ATLAS
detector every 25ns. This is equivalent to an event rate of 40 MHz or a data rate of
600 Th/s. Current technology is unable to handle and store such high rates of data. For
this reason, ATLAS has a trigger system only allowing events of interest to be recorded.
The trigger system is composed of the level-1 trigger (L.1) which is hardware based and
the high level trigger (HLT) which is software based [63]. The L1 trigger uses calorimeter
and muon chamber information to search for events with a high energy deposit in the
detector or with high-pr muons. This step reduces the event rate to about 100kHz
[63]. The HLT takes these events and reconstructs the regions selected by the L1 using
online reconstruction. Thus, different particles can be detected and it is possible to apply
particle-specific cuts — triggers — on the event. In this way, the HLT reduces the event

rate to about 1kHz. All events passing the HLT are stored for offline analysis.

3.3. MC Generators

Predictions from theory are essential to any experiment, as its actual outcome must be
compared to the expected one in order to be able to make scientific statements. This is of
course also true for the precision measurements and searches for new particles which are
conducted at ATLAS: To be able to compare the collected data to the SM or to BSM theo-
ries, a precise knowledge of the respective signal and background signatures is needed. On
the other hand, the usage of hadron instead of lepton colliders complicates the calculations
necessary to make these predictions, as the event structure is significantly more complex
with O (1000) of particles per event. The resulting multi-particle multi-dimensional pro-
cesses can only be calculated using Monte Carlo (MC) integration, implemented in MC
event generators. The basic principles of MC generators [64] [65] are discussed in this sec-
tion. The ATLAS-specific usage of MC generators and the corresponding infrastructure is
presented in Ref. [66].

In general, the simulation of a hadron-hadron collision follows several separate steps.
The calculations for each step can be processed separately. A sketch showing these dif-
ferent steps is shown in Figure [3.3] The first step is the computation of the cross section
of the respective hard scattering event. For this, the matrix element (ME) of the process
must be calculated. This calculation is performed at a certain order in perturbative QFT,
usually at leading order (LO), and currently for some processes up to next-to-next-to-
leading order (NNLO). The ME squared is interpreted as a probability amplitude for the

process and with it, the cross section of the process can be calculated. Additionally, the
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fact that hadrons are collided must be taken into account in this step. As hadrons are
not elementary particles and their partons will actually drive the hard scattering event,
the parton distribution functions (PDFs) must be included in the calculation. The PDFs
describe how likely it is to find an elementary particle inside the hadron at a certain
momentum fraction of the hadron. They can simply be multiplied with the original term
from which the ME is calculated from, including an integration over the parton momentum

share.

The second step is the inclusion of QCD and EW corrections to the hard scattering
event. While QCD corrections can be quite large, due to the strong coupling of the strong
force, while the EW corrections usually are much smaller. More precisely, the QCD
corrections include final state and initial state radiation (FSR / ISR). This radiation
consists of quarks or gluons, which are radiated from other quarks or gluons in a collinear
or infrared manner with a large probability while conserving flavour, four momentum and
unitarity. In addition to the ISR and FSR, radiation from secondary scattering of hadrons
must be added to the event. These scattering processes either can occur by other partons
from the same hadrons of the primary event, or from the collision of other hadron-hadron
pairs from the same bunch. Together, all these particles form the parton shower, shown

as the red, purple and yellow parts in Figure |3.3]
The third step is the hadronization of the partons. As QCD is confined, there can be no

free states with colour charge, and all quarks and gluons from the parton shower will form
colour-neutral states, i.e. mesons and bosons, which are then observed by the detector.
There are two models to model the parton shower which are frequently used today: the
string model and the cluster model. The string model is based on the assumption that the
potential energy between a g pair rises linearly with the distance between these quarks.
As the partons from a hadron-hadron collision usually will have a high momentum, they
move apart at nearly the speed of light, and at some point, the potential energy of the
spanned field will be large enough to produce a light quark pair. This process goes on
with including the newly produced quarks, up to a point where the quarks do not possess
enough energy anymore to tear themselves apart from their partner, effectively forming
mesons and baryons. Gluons are included as kinks on the flux tube between the two
initial quarks. The cluster model is based on the preconfinement property of QCD. This
means that color singlet states of partons, called clusters, are formed by the partons at
each point of the parton shower. If such a cluster has a mass below 3 — 4GeV, it is
transformed into hadrons through a two-body decay. Otherwise, the cluster undergoes a

non-perturbative splitting process.

The fourth step is the simulation of the detector response to the simulated event. This
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Figure 3.3.: Sketch of hadron-hadron simulation as simulated by a MC event generator
[64]. The incoming hadrons are shown in black and the interacting partons in
blue. The red blob in the center represents the hard scattering event, surrounded
by the parton shower. A secondary hard UE is drawn in purple. The light green
blobs indicate parton to hadron transitions, while the dark green represent hadron
decays. Electromagnetic interactions are shown in yellow.

is necessary so that the simulated events can be compared to the collected data, which are
collected with a physical detector. It is either possible to simulate the detector response
using a full simulation modeled with GEANT 4 or using a fast simulation, AFII [68].
While the full simulation is computing intensive and rather slow, as it simulates every
component of the detector in detail, the fast simulation is about ten to twenty times
faster [69]. It uses only a full simulation of the inner detector and the muon calorimeters,
and relies on FastCaloSim [7(] for the calorimeter simulation. FastCaloSim parametrizes
the energy profiles of the parton shower in both longitudinal and lateral direction, and is

much faster than a full calorimeter simulation.

27



3. The Experimental Setting: the LHC and the ATLAS Experiment

3.4. Jets

When the partons hadronize, they each form a stream of mesons and baryons that reach
the detector. Inside the detector, they will interact with the detector material, leaving
tracks in the tracking detector and forming showers in the calorimeter systems. A jet
ideally is the collection of all the tracks and calorimeter deposits originating from one
parton. However, in experiment, it is not trivial to distinguish which track or calorimeter
cluster should be associated with which parton. Therefore, different jet reclustering algo-
rithms have been developed [TTH75]. For the most part, these are bottom-up sequential
algorithms starting at single particle level, clustering the single particles into a jet. The
most common algorithms are the Cambridge/Aachen, ky, and Anti-kr algorithm. They
use a similar formula to calculate the distance of particles to each other in order to decide
which particles to combine in the same jet. The only difference between these algorithms
is how the transverse momentum of the two particles influences their distance. Explicitly,

the quantity

9 -2 Antl—k’T
diy = min (ph.., ARG ere k= i
ij = min (pg, pTVj) 72 0 Where k= 0 Cambridge/Aachen (3.5)
2 kr

is defined. Here, k defines the type of the algorithm, while the parameter R controls the
jet area. The indices i and j enumerate all constituents of the event. The distance AR
uses the definition from Equation [3.4] only that instead of the pseudorapidity, the rapidity
is used. For each pair of constituents in the event, the distance d;; is calculated, as well

as the distance of each constituent to the beam
diB = plic“,i ) (36)

where k is defined as in Equation . If the minimal d;; is smaller than d;z, the two
constituents will be merged in a temporary jet, which will be added to a modified list of
constituents, while the original constituents ¢ and j are removed from this list. Otherwise,
1 is labeled to be a jet, and is removed from the list of constituents. This procedure is
repeated until all constituents have been clustered.

The different powers of the algorithms have a significant impact on how the clustering
procedures works. If £ = 2, the clustering will start with the softest constituents of the
event, i.e. the constituents with the lowest transverse momentum, being clustered to the
closest particles. If £k = 0, the momentum of the particle will have no influence on the

clustering at all, and the nearest particles will be clustered together. If £ = —2, the
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clustering will start with the hardest constituents of the event, i.e. the constituents with
the highest transverse momentum. In ATLAS, the default jet collection is clustered using
Anti-k7 jets with a distance parameter of R = 0.4. These jets will be referred to as
small-R jets (SRJ) in the following.

In this thesis, a boosted topology from the decay of a CP-even Higgs boson with a mass
of my = 2TeV into a pair of SM Higgs bosons with a mass of approximately 125 GeV is
investigated. The Higgs bosons then either decay into two W bosons or two 7 leptons.
This yields a final state where the constituents of interest from different partons are rather
close in the detector. Assuming a two body decay with massless products, the distance

of the products can be approximated via

2
AR~ (3.7)

pr

where m and pr are the mass and the transverse momentum of the mother particle,
respectively. Given the mass scales that have been mentioned, the approximate distance

between two quarks originating from a W boson can be given by

2mw 2mw
AR~ — ~ 7
Pr sMmx — Mwy

~0.2. (3.8)

The jets originating from these partons cannot be resolved using the standard SRJ algo-
rithm. Instead, larger jets with a size parameter of R = 1.0 can be used to include all
decay products from the hadronic W decay in their reconstruction. These are referred to
as large-R jets (LRJ) in the following. The reconstruction of the boosted 7 lepton pair
does not explicitly rely on LRJs and is explained in Section [3.5

With the greater area of the jet, much unrelated radiation is picked up together with
the desired particles from the hard scattering partons. To reduce this radiation content,
the LRJ is reclustered using the kp algorithm with a distance parameter of R = 0.2.
This clusters the soft jet constituents from pile-up together first. Then, all subjets which
possess less than 5% of the total transverse momentum of the LRJ are removed from the

jet collection, and a LRJ with reduced pile-up content remains.

Given that LRJs can be seeded by particles originating from one parton, or multiple
partons, substructure information is often used to distinguish signal over background
events. Many variables have been developed for this purpose, for example N-subjettiness

[76] or energy correlation functions [77] and ratios thereof [7T7H79].
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3.5. Di-Tau Jets

The two 7 Leptons from the decay of the second SM Higgs boson will also be close in
the aforementioned signal topology, just as the quarks from the hadronic W boson decay.
This cannot be handled by the single 7 lepton reconstruction algorithm, as it uses the
standard ATLAS SRJ as an input seed. The solution again is to reconstruct the two 7
leptons with a LRJ. Such a LRJ containing two 7 leptons will be referred to as a Di-Tau
jet. The single 7 leptons can be accessed via accessing the subjets of the Di-Tau jet.
However, a method for identification and background discrimination must be applied on
the Di-Tau jet, as electrons or QCD jets can be misidentified as hadronically decaying 7
leptons [80].

To reconstruct the Di-Tau jets, a list of LRJ with transverse momentum larger than
15GeV is considered. These candidates are then scanned for subjets using the Cam-
bridge/Aachen algorithm with a distance parameter of R = 0.2. The leading and sub-
leading subjet, i.e. the two subjets with the largest momentum, are assumed to contain
the two 7 leptons. Tracks are associated to the Di-Tau jet and its subjets if they are
within their respective jet area, i.e. within a distance closer to the (sub)jet than the re-
spective R. Subjets with more than four associated tracks are rejected to suppress QCD
jet background. The Di-Tau jet candidates are required to contain at least two subjets
which each have at least one associated track. The four momentum of the Di-Tau jet
candidate is then set to be the sum of the four momenta of the two leading subjets. Fi-
nally, a boosted decision tree is trained in order to provide an identification variable for
Di-Tau jets and discriminate the Di-Tau jet against QCD jet background [80]. There are
four possible working points (WP) of the Di-Tau jet ID: very loose, loose, medium, and
tight. As shown in Figure [3.4] the method is shown to reconstruct and identify boosted 7
lepton pairs with a momentum of up to 1200 GeV with a high efficiency. However, if the
7 lepton pair has a combined transverse momentum of less than 500 GeV, the nominal

single 7 lepton reconstruction method should be preferred.
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Figure 3.4.: Di-Tau and single-Tau reconstruction efficiencies as a function of Di-Tau
pr [80]. The Di-Tau reconstruction algorithm extends the sensitivity for 7 pair
reconstruction to up to 1200 GeV.

31






4. Analysis

In this chapter, the investigation of the boosted pp — X — HH — WWrT topology
is discussed. As the presented channel and topology have never been analysed before,
the methods for the generation of new Monte Carlo (MC) samples are presented and
validation plots for these samples are shown. A shape comparison of leading order (LO)
and next to leading order (NLO) distributions is conducted. Also, the technical setup for
the analysis is presented. Finally, the selection of an optimized set of cuts for signal and

background separation is conducted.

4.1. Event Topology

As discussed in Section [2.2.4] the boosted HH — WWr7 channel is investigated, such
that the Higgs boson pair originates from a heavy CP even scalar resonance, X, as pre-
dicted by a 2HDM. Specifically, the analysis is focused on the 1/ + jets final state, such
that the lepton comes from the decay of a W boson. In this context, lepton only refers
to electrons and muons. A lab-frame diagram of this process is shown in Figure [£.1] The
topology offers a distinct signature with two approximately back to back LRJs where one

has a lepton in close proximity. This is expected to provide a good suppression of mul-

Figure 4.1.: Sketch of the process pp - X — HH — WWrrt — {lvqqu,rqqr.qq in
the centre of mass frame of the heavy resonance X. The red cones denote SRJs
while the blue and green cones represent LRJs. Adapted from Ref. [81].

33



4. Analysis
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Figure 4.2.: Effect of the boost on the distance between the Higgs boson decay products
on the W boson side due to the decay of a heavy resonance. The same effect applies
for the products on the 7 lepton side. Adapted from Ref. [81].

tijet backgrounds. Also, the use of hadronic Di-Tau taggers offers excellent background
suppression for this topology [80]. However, due to the fact that neutrinos are present in
both the decay of the W bosons and the 7 leptons, a complete reconstruction of the event
is not feasible.

This thesis investigates the W W T final state in a boosted topology. The boost of the
products is due to the mass difference between the heavy resonance and the products,
which is transformed into kinetic energy. The higher the mass of the heavy resonance,
the higher is the boost of the products, and the smaller is the angular distance between

them, i.e.

2m
T

This effect is depicted in Figure[4.2] sketching the application of a boost toa H — WV —
qqfv decay. With a sufficient boost, the decay products can all be reconstructed by one
LRJ.

While such a signature is beneficial to suppress backgrounds if cuts on the LRJ are
applied, it also comes with challenges. Techniques for tagging and analysing Di-Tau
objects and LRJs [7T6H78], 80, 82] are well-established in ATLAS, but the possible overlap
of objects in the detector is an issue: in many cases, the event topology results in a lepton
overlapping with a LRJ. In order to keep both the hadronic component of the LRJ and
the lepton without double counting the detector signature, a novel overlap removal (OLR)
technique must be applied to the analysis. Such an adapted OLR for leptons near LRJs
has been developed in Ref. [81]. This OLR will be used in this analysis, together with an
OLR dealing with LRJs and Di-Tau objects, and is discussed in Section [£.6]

The most important backgrounds for this topology are expected to be WW + jets and
Z — 1T + jets. Possible other backgrounds to be considered are W + jets, WZ + jets,
Z7 + jets, tt, ttH, H — 77 via ggF and VBF, WH, ZH, and multijet events. These
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backgrounds are grouped in six general categories: single boson (V'), diboson (VV'), QCD
(77), vector boson with associated Higgs boson (V H), tt, and ¢ with associated Higgs
boson (ttH). The contributions of these backgrounds to the analysis are estimated using

MC generated samples.

4.2. Sample Generation

New MC samples need to be generated in order to simulate the signal signature in the
detector. For this purpose, both LO and NLO job options (JO) are created. The JO
are used to tune the MC generators, so that they simulate the wanted processes and
final states. The generation uses a heavy resonance mass list from 0.5 up to 3 TeV with
seven mass points: my/TeV € {0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0}. To allow for a possible
future use of the produced samples or JOs in other analyses such as the investigation of
multilepton topologies, the topology of the samples is chosen to contain events with at
least one prompt lepton without a requirement on the origin of the lepton. As the current
standard for ATLAS HH MC samples uses LO, the official request for MC samples used
the prepared LO JOs for a heavy resonant mass of 2TeV.|1_-] For the validation, samples
containing 5000 events per mass point are generated at truth leve]ﬂ for LO and NLO. The
TRUTHI derivation is used for the derivation of the corresponding derived analysis object
data (DAOD) files. The TRUTHI derivation contains the entire record of truth particles,
i.e. the PDGID [26], information on which particles are the parents and children and the
exact four vector of each particle in the event. All plots shown in Section are truth

level plots.

4.2.1. Generator Settings

The LO samples are produced using MadGraph5_aMC@QNLO 2.3.3 [83]. For the parton
shower, hadronization and underlying event (UE), MadGraph was interfaced with Pythia
8.212 [84]. For both MadGraph and Pythia, the NNPDF2.3 LO parton distribution
function (PDF) set [85] is used. Also, the Al4 set of tuned UE parameters [86] is used.
For the 2HDM theoretical model, the HeavyHiggsTHDM [87] is used.

The NLO samples are produced using MadGraph aMCQNLO 2.2.3. The parton shower,

! As the number of events for samples for new channels in the ATLAS HH group is limited, it would not
make sense to request more than one sample for the first feasibility study — requesting more samples
would potentially lower the absolute yields of each sample down to a level where no proper analysis
is possible anymore.

2Truth level means that all properties of all particles in the event are precisely known, i.e. the full decay
chain and all kinematic properties. Also, it does not include a detector simulation.
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hadronization and UE are simulated using Herwig++ 2.7.1 [88]. MadGraph uses the
PDF set CT10 [89] for the ME calculation, while Herwig uses the CTEQG6L1 PDF set
[90]. Additionally, the UE-EE-5 set of tuned UE event parameters [91] is used. The
2HDMCP__EFT model is used as 2HDM theoretical model [87].

The narrow width approximation is used for the heavy resonance in the LO as well as in
the NLO sample generation. Also, both the LO and NLO samples use filters to ensure
that the samples only contain events with the X — HH — WWrT — 1£+ jets topology.
This is cross-checked by producing various multiplicity plots of particles originating from

the heavy resonance, e.g. the multiplicity of Higgs and W bosons and 7 leptons.

4.3. Sample Validation

Selected kinematic distributions will now be shown from the validation of the LO samples,
while the plots shown from the NLO samples concentrate on validating the boosted nature
of the topology. Finally, a shape comparison of the LO and NLO samples again focuses
on kinematic distributions.

As shown in Figure [4.3a], the invariant mass of X is well simulated in the distribution
of its decay products. The generated mass points peak at the desired value. Figure
shows the pr of the H H system calculated from the addition of the H boson 4-momenta.

The AR separation between various pairs of objects is shown in Figure In Fig-
ures and the AR distributions are shown for 7 leptons, while in Figures [4.4b
and the AR distributions are shown for the W bosons. The upper figures show
the AR distributions between the two W bosons or the two 7 leptons, while the lower
figures show the AR distributions between the lepton and the closest SRJ if the lepton is
produced in a W boson or 7 lepton decay, respectively. The closest SRJ is nearly always
a jet from the hadronically decaying 7 lepton or W boson.

As clearly visible from all four plots, the angular separation between the direct Higgs
boson decay products as well as the distance between the subsequent products of the Higgs
boson decay products decreases with an increasing mass of the heavy resonance. This
behaviour is expected for the boosted topology. Transferring this to the reconstruction
which will be done in real data, where the two 7 leptons start to regularly overlap at
a resonant mass of about 0.75TeV, as the standard 7 lepton reconstruction algorithm
reconstructs 7 leptons in a cone with size parameter R = 0.4 [92]. The overlap becomes
critical at a heavy resonance mass close below 1.5TeV (see Figure , where the two
7 leptons are usually closer than AR = 0.4. This is also the case for the distance of the

lepton from 7 lepton decays to the closest jet: Starting at a resonance mass of about
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Figure 4.3.: (a) Invariant mass and (b) transverse momentum of the HH system for a
selection of the generated mass points at LO.
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Figure 4.4.: Distances in AR between (a) the two 7 leptons, (b) the two W bosons, (c)
the lepton if the lepton is on the 7 lepton side and the closest SRJ, and (d) the
lepton if the lepton is on the W boson side and the closest SRJ for a selection of the
generated mass points at NLO. The closest SRJ nearly always is the jet originating
from the hadronically decaying 7 lepton or W boson.
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Figure 4.5.: Shape comparisons of LO and NLO samples for my = 1TeV. Figure
(a) shows the transverse momentum of the 7 lepton, while Figure (b) shows the
transverse momentum for the W bosons. The distributions only deviate within
statistical fluctuations.

1.5 TeV, the lepton will usually be inside the hadronically decaying 7 lepton cone.

A similar effect can be observed for the two W bosons, although the effect already
becomes of importance at lower resonance masses of about 0.5 TeV and between 0.5 and
0.75TeV, respectively. Intuitively one would expect that the 7 leptons should always be
less separated for the same resonance mass, as they are much lighter than the W bosons
and thus can be more boosted. However, this also means that the 7 leptons carry much
more transverse momentum relative to the Higgs boson momentum. The hypothesis is
that this results in the W bosons being more collinear with the Higgs boson, yielding a

smaller angular separation of the W bosons than of the 7 leptons.

Finally, a shape comparison between LO and NLO samples was conducted at a heavy
resonant mass of 1 TeV. This is done in order to ensure that no unexpected effects occur
when transitioning from LO to NLO sample generation. Two example plots showing the
distribution of the true 7 lepton pr and the distribution of the W boson pr are shown in
Figure [4.5a] and [4.5b] respectively. While the shapes of the LO and NLO distributions

are similar and only differ in slight statistical fluctuations, a difference in the py of the

7 lepton in comparison to the pr of the W boson can be observed. The difference is
consistent with the observation discussed in the previous paragraph, that the angular
separation between the W bosons seems to be smaller than between the 7 leptons for the

same resonant mass.
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4.4. Analysis Setup

Technical Setup

In Run 2 of the LHC, ATLAS uses three main data formats to store events which will be
used for analysis: xAODs, DxAODs, and n-tuples.

xAODs xAODs are the most general data format used in ATLAS, both for simulated
and collected data. In these, all reconstructed objects and underlying information from

all events saved in the data stream are stored. Thus, xAODs are the largest data format.

DxAODs DxAODs (derivations), i.e. derived xAODs, are analysis-group-specific xAODs.
In contrast to the original xAODs, they do not contain the full event information, but are
optimized to contain the information that is needed for analyses conducted by the specific
groups. For this, variables, events and/or objects which are not needed are removed from
the samples, while new variables or objects derived from the original information con-

tained in the original xAOD can be added. The samples used in this analysis are derived
using the HIGG4D6 derivation, which is described below.

n-tuples n-tuples are usually used to store analysis-specific variables calculated from
the analysis-group-specific DxAODs. They store the data as tuples in branches of vari-
ables. In comparison to the DxAODs, they are even further reduced in size, as they only
contain variables needed for the specific analysis. The processing of n-tuples in compari-
son to the DxAODs is usually faster, as many time consuming calculations already have
been conducted in the production of the n-tuples. This is also the data format which is

commonly used for the production of histograms.

As the general framework for the analysis, ROOT [93] is used. It provides a rich amount
of tools and frameworks useful for analyses in high energy physics. The derivation used
for the production of DxAODs is HIGG4D6. This derivations requires an event to have
at least two LRJs with pr > 300 GeV and at least one Di-Tau jet with pr > 300 GeV.
Additionally, it requires the events to have triggered a LRJ or a single lepton trigger.
For the production of the n-tuples, a standalone self-made framework written in C++ is
developed on the basis of the EventLoop software class. To find the optimal selection cuts
and produce the histograms and cutflow, ROOT-based scripts are used. HistFactory [94]

is used for the limit setting.
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Process | # generated events  Cross section @ 13TeV / [pb]  Generator

W 403,478,000 6.02x10% Powheg + Pythia8

A 396,035,000 5.66x10° Powheg + Pythia8
Ww 38,495,000 55 Powheg + Pythia8
Wz 44,434,000 21 Powheg + Pythia8
77 18,298,000 5.0 Powheg + Pythia8
WH 200,000 1.1 Pythia8

ZH 200,000 0.6 Pythia8

Jj 348,470,000 2.46x10° Pythia8

tt 193,918,000 832 Pythia8

ttH 9,980,000 0.22 MadGraphb

Table 4.1.: List of all considered background processes with the respective number of

generated events, the cross section and the used generator. The full list of used
samples can be found in Tables to in the appendix.

Background Samples

The background contribution consists of various SM processes which are included in the
analysis via MC generated samples. The single and diboson samples are both generated
using PowhegBox [95] with the CT10 tune for the calculation of the ME and Pythia8 with
the AZNLO tune [96] and the CTEQ6L1 PDF set for the parton shower. The V H samples
as well as the dijet and t# samples are generated using Pythia8 both for the calculation
of the ME and for the parton shower, using the A14 tune and the NNPDF23LO PDF
set, respectively. The top pair and associated Higgs boson samples are produced using
MadGraphb aMC@NLO with the NNPDF30ME tune for the ME, while Pythia8 with
the A14 tune and the NNPDF23 PDF set is used for the parton shower. All samples were
produced using a full simulation of the ATLAS detector by GEANT 4. In Table [4.1], the
number of events used for each background process is shown. The full list of used samples
split by subprocesses can be found in Tables to in the appendix.

Weights

MC generators are not in perfect agreement with observed data, even for processes which
are known to a good extent. For this reason, corrections need to be applied in order to
match the generated distributions to measured data.

To begin with, the factor

Wpce
>, wume

Events
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takes the individual MC weights wjy;c and the total weighted number of MC events

> wye into account: First, it corrects the single event by its MC weight, which takes
Events

NLO loop corrections and interference into account, and second, it ensures that the total
number of weighted events on xAOD level is normalized to unity. Then, the number of
generated events must be normalized to the expected amount of data collected in the
investigated data taking period. This is done by weighting each event with a factor of
o X BR x [ Ldt, where the cross section ¢ and the branching ratio BR are predicted by
theory and the integrated luminosity [ L£dt corresponds to the data taken for the current

analysis.

The MC production filter efficiency € also needs to be taken into account. e is defined as
the fraction of generated events that pass the truth-level criteria, which, in this analysis,
are used to select the at least one lepton topology. Thus, it normalizes the HH — WW T
cross section to the cross section of the selected HH — WWrr —> 1/ final state.

Together, this yields the final event weight

o X BR x [ Ldt x € X wye

> wyme
Events

(4.3)

w =

In this analysis, a luminosity of [ £dt = 150 fb~! is assumed. This approximately matches
the anticipated full dataset of the ATLAS experiment collected in the years 2015 to 2018.
The cross sections and branching ratios for all SM processes used in this analysis are
calculated from SM predictions [32), @7]. For the signal process, pp — X — HH, a cross
section of oggna = 101b is assumed, based on the latest upper limits to this cross section
set by the search for two Higgs bosons in the bbbb final state [97]. The cross sections and

branching ratios for all processes are summarized in Table in the appendix.

In a full analysis, further weights should be included in addition to the above. On
the one hand, this regards the vertex weight and the pile-up weight, correcting for the
modeling of the z-position of the primary vertex and the generation of the pile-up profile,

respectively.

In addition, corrections for the MC modelling of particle ID need to be applied. These
are used in order to correct the expected ID efficiency from MC generation to the actual
efficiency found in data. However, these weights were not included due to technical reasons
and time constraints. As the weights are assumed to be approximately 1, this should only
have a small effect on the final result of the analysis, which is negligible in comparison to

the other uncertainties.

41



4. Analysis

4.5. Object Definitions

There are five different types of objects used in this analysis: Electrons, Muons, Di-Tau
jets, LRJs, and SRJs. While the four former appear directly in the final state and are
used for variable calculation and to enforce constraints, the latter is only used to apply
a b-jet veto in the preselection. All objects must fulfill individual conditions in order
to be accepted into the analysis, i.e. identified. These conditions are referred to as
identification (ID) requirements. A looser ID requirement results in a higher acceptance

of object candidates, however, at the same time the purity of the selection will drop.

Electrons Electrons [98] are reconstructed by matching tracks from the inner detector
to energy deposits in the ECAL. They are required to have medium ID quality, and must
have a transverse momentum of pr > 10GeV. Also, they are required to be in an n
range of |n| € ([0,1.37] U [1.52,2.47]), which excludes the transition region between the
central barrel and the end-caps of the calorimeter (crack region), where the reconstruction

information is much less reliable than in the rest of the detector.

Muons Muons [99] are reconstructed with information from the inner detector and the
muon spectrometer, as they leave little energy in the ECAL and HCAL. The reconstruc-
tion is conducted in both subdetectors, and the separate results are then merged to get
the final reconstructed muon. As for electrons, a transverse momentum of py > 10 GeV
is required. The 7 range is restricted to || < 2.7, as muons are not effected by the
calorimeter crack region. Overall, muons are required to pass the medium ID quality

criterion.

LRJ This analysis uses LRJ [I00] from the standard jet collection described in Sec-
tion 3.4, These LRJ are reconstructed using local hadronic calibrated topological clusters
from the ECAL and HCAL. These clusters are individually calibrated in order to reflect
or compensate the calorimeter response and signal losses due to dead material or malfunc-
tioning detector parts, respectively. They are required to have a transverse momentum of
pr > 200 GeV and must have |n| < 2, as the jet object as a whole can only be calibrated

in this detector region.

Di-Tau Jets The reconstruction of Di-Tau jets is described in Section They are
required to pass the very loose ID criterion and have a minimal transverse momentum of
pr > 300 GeV. Also, they are required to have |n| < 2 and must have at least two subjets.
The former is a relic of the Di-Tau jets being seeded by LRJs, while the latter is to favor
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Di-Tau jets with two hadronically decaying 7 leptons versus Di-Tau jets with only one

hadronically decaying 7 lepton.

SRJ SRJ [I01I] are not used as signal objects in this analysis, however, they play a
crucial role in identifying b-jets. This is important to apply a b-jet veto to the events in
order to suppress background processes containing t-quarks. SRJs are required to have
a transverse momentum of pr > 20GeV and must have || < 4.5. The standard jet
collection AntiKt4dEMTopolJets is used.

4.6. Overlap Removal

When reconstructing objects in ATLAS, the corresponding reconstruction algorithm for
each object is run separately on each event, and therefore the same particle can be recon-
structed as multiple objects. Therefore, there can be overlapping objects in a given event.
Before conducting any analysis, the used objects must thus be scanned for overlaps, and
if any overlap is found, the ambiguity must be removed. The overlap removal (OLR)
used in this analysis is presented in this chapter. It combines elements of the OLR used
in a search for boosted HH — ~yyWW events [81] with OLR constraints derived from
properties of Di-Tau jets [80, 102].

First, the overlap between electrons and SRJs is resolved. On the one hand, electrons
produce EM showers in the ECAL, which can be misidentified as SRJ. On the other
hand, a SRJ can contain non-prompt electrons from EM decays. The SRJ is removed
if AR(e,SRJ) < 0.2 is fulfilled. To account for the boosted nature of the topology,
electrons are allowed to be closer to SRJs if they have high transverse momentum. They

are removed if

(4.4)

1
AR(e,SRJ) < min (o.4,0.2+ 0Gev>

e

br

is satisfied. The OLR between muons and SRJs is similar to the one used for electrons
and SRJs. The difference here is that muons are very unlikely to fake a SRJ, as they
deposit only a minor part of their energy in the calorimeters. Thus, SRJs will not be
removed if they are found to be close to a muon. However, muons are removed from the
event if the distance to the SRJ satisfies

(4.5)

I

AR(p,SRJ) < min <0.4,0.04+ »
T

10 GeV)
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An OLR between electrons and muons is also conducted. If an electron is found near a
muon, AR (e, ) < 0.2, it is removed.

Di-Tau jets have a large overlap with LRJs due to the implementation of the Di-Tau
jet reconstruction method. Thus, only the Di-Tau jet which is assumed to be the signal
Di-Tau jet is used in the OLR with the LRJ and all other Di-Tau jets are discarded f}| Any
LRJ which has a distance to this Di-Tau jet of AR (Di-Tau jet, LRJ) < 0.5 is removed
from the event.

Furthermore, an OLR between electrons and both LRJs and Di-Tau jets is applied.
The OLR between electrons and LRJs is taken from Ref. [81]. The LRJ is removed when
the distance to an electron satisfies AR (e, LRJ) < 1 and either
Pr

LRJ

miry < 15 GeV  or -
pr + D1

> 0.8 (4.6)
are fulfilled, i.e. if the mass of the LRJ is very small or if the electron carries most of the
LRJ’s momentum. The OLR between electrons and Di-Tau jets is derived from the fact
that electrons are likely to fake 7 leptons in the detector. Thus, e.g. an actual 7 lepton
close to an actual electron which is misidentified as a 7 lepton could be misidentified as
a Di-Tau jet. Therefore, the Di-Tau jet is removed if the distance of any of its subjets to
an electron satisfies AR (e, Subjet;) < 0.1.

4.7. Object and Event Selection

First, the Di-Tau jet, the LRJ, and the lepton which are used as the signal objects must
be selected. The Di-Tau jet is is simply defined as the Di-Tau jet with the highest Di-Tau
jet ID score. If there is no Di-Tau jet in the event, the event is discarded. Then, the
LRJ which has the highest transverse momentum is picked as the signal LRJ. If there
is no remaining LRJ in the event, the event also is discarded. Finally, the number of
electrons and muons in the event is checked. If the event contains exactly one electron or
exactly one muon, this electron or muon is defined as the signal lepton. Else, the event is
discarded.

In the event selection, cuts are used in order to differentiate signal and background
events based on the expected event topology of the signal. In a first step, the event is
required to have exactly one signal lepton, at least one Di-Tau jet, and at least one LRJ.
In the following, this selection state will be referred to as the loose preselection.

On top of the loose preselection, the WP for the selection of the Di-Tau jet must be

3The selection process for the Di-Tau jet is described in Section
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Cut ‘ Signal Total Background Significance X4
Loose Preselection | 1.203 44644.4 0.006
Tight Preselection | 0.764 5055.54 0.011

Table 4.2.: Expected yields after the preselection on 150 fb~! of data.

selected. In addition, the event is required to not have any b-jets in it (b-veto). In order to
do this, b-jets need to be identified. For this, a WP must be selected, too. The selection of
these two WPs is conducted using the same method as for the selection of the optimal set
of cuts and is described in Section The loose preselection together with the selected
WPs for the Di-Tau jet ID and the b-veto are referred to as tight preselection. The event
yields after loose and tight preselection are summarized in Table [4.2]

From the expected back-to-back nature of the signal topology, it seems that also a cut
on the distance between the different selected signal objects offers a good background
suppression. However, it was decided not to apply such a cut. The details of this decision

are discussed in Section (4.9

4.8. Optimization Variables

In this section, variables which yield a good separation power between signal and back-

ground events are described. The variables are:

e The transverse momentum pr of any of the signal objects, i.e. the Di-Tau jet, the
LRJ, or the lepton. As all of these objects result from a decay of a high mass particle,
they are likely to carry a higher amount of energy than similar objects found in the
background. The distribution of the transverse momentum of these objects after
the loose preselection for signal and background is shown in Figures to [4.8

e The sum of the transverse momentum of all signal objects,

HT = pg + p%RJ —|— p?i-Tau jet . (47)
In the same way as the individual signal objects are expected to carry more energy
than the single background objects, Hr is expected to be larger for signal than for
background events. The distribution of Hr after the loose preselection for signal
and background is shown in Figure [4.9]

e The missing transverse energy, EX receives contributions from both the decay of

the two W bosons and the decay of the two 7 leptons, as in both decays neutrinos are
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involved. Depending on how well the E¥* is balanced between these two decays,
the B can possibly be a good separation variable. The distribution of EX after

the loose preselection for signal and background is shown in Figure [£.10]

e The ratio of the transverse momentum of the two SM Higgs bosons,

LRJ+4

rati p
Pfato = DiT_Tau jet » (4'8>

T

gives a measure on the py imbalance between the two Higgs bosons in the event. If
there is any systematic py imbalance, this variable will reflect it. The distribution of

ratio

Pt after the loose preselection for signal and background is shown in Figure 4.11}

e The mass of the Di-Tau jet and the LRJ as well as the invariant mass of the LRJ
plus lepton system. The mass of the Di-Tau jet should peak around the Higgs
boson mass, while the mass of the LRJ and the LRJ plus lepton system should peak
at the W boson or Higgs boson mass, respectively, or at a value greater than the
Higgs boson mass, if the W bosons decay fully hadronically. The distribution of
the three masses after the loose preselection for signal and background is shown in
Figures to [4.14] The low signal mass peak in Figure at the Higgs mass
represents the topology where one of the W bosons decays leptonically, while the
flat signal distribution in this Figure represents the topology where the lepton from

the 7 lepton decay is added to the Higgs boson decaying into two W bosons.

e From the expected topology of the final state, different distances between the objects
can be used for signal and background separation. First, the two SM Higgs boson
should be produced back-to-back, which can be investigated using the distance
AR (LRJ, Di-Tau jet). Also, if the lepton originates from the W boson decay, the
distance between the lepton and the LRJ, AR (LRJ, ¢), should be small, while the
distance of the lepton to the Di-Tau jet, AR (Di-Tau jet, £), should be large. The
distributions of these distances are shown in Figures [£.15] to [4.17]

Before searching for the optimal set of cuts on the above variables, the optimization inves-
tigates the optimal WPs for the Di-Tau jet and the veto of b-jets, the latter suppressing
backgrounds including t-quarks. The distribution of the Di-Tau jet ID score is shown in
Figure [£.18]

The distribution of the signal and background events after tight preselection for all the
above variables can be found in Figures to in the appendix.
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4.9. Optimization of the Event Selection

Despite the fact that the signal topology already provides a good separation between
signal and background events, the preselection does not yield sufficient significance for
the observation of the channel, nor a sufficient signal over background ratio. A higher
degree of separation can be reached by applying cuts on kinematic variables or distances

between the selected objects. In this analysis, the Asimov significance [103]

zAz\/2>< ((s+b)ln<1+z>—s) (4.9)

is used to find the optimal set of cuts. Here, s is the number of signal events after

all applied cuts, while b is the number of background events after all applied cuts. The
Asimov significance is found to be robust in regions with low event yields. The uncertainty
on the Asimov significance can be calculated using standard Gaussian error propagation,

as the signal and background yield are uncorrelated. This yields

ro =5 (i (142) o)+ ((143) =) ) )

where

oy = \/U%Vt{ + 0%, 0%y TRy Ry Ok, (4.11)

To find the optimal cut, the Asimov significance is determined for different cut values for
each variable considered. The best cut values are compared between all variables, and
thus the global optimal cut value is found.

However, when conducting the analysis, it became apparent that the amount of MC
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events generated for the ¢t and the single boson backgrounds is not sufficient to provide
a statistically significant estimate of the expected number of events at an integrated
luminosity of 150 fb~!. The amount of generated single boson events is significantly scaled
up to match the expected number of events in data, while the amount of generated tt
events is about the same as the expected number of events in data. This means that one
generated event is reweighed to represent one or multiple weighted events, leading to large
statistical uncertainties on the weighted events. The problem especially becomes relevant
when only few events are left after applying a set of cuts, as the background prediction for
tt and single bosons will then be dominated by statistical uncertainties and no meaningful
statement can be made. For this reason, the shape of the ¢ and single boson background
is transferred to the signal region (SR) from a region which is defined by looser cuts than
the SR. This looser selection region (LSR) includes more background events, and is thus
more reliable. The yield of the ¢t and single boson background is then calculated from
the shape of the background in the LSR scaled to the number of events in the SR. The

exact use and application of this method is discussed in the next section.

Using a LSR for Background Estimates

As mentioned above, the number of generated background events for the tt and single
boson background is not sufficient in order to allow for a significant statement on how
these backgrounds behave given an optimal set of cuts. Therefore, a LSR region will be

used in order to evaluate the shape of these distributions in the SR.

Essentially, the LSR is a region which is defined with a looser set of cuts in order to
enhance the event yield. The looser set of cuts consists of the loose preselection and all
optimization cuts. Specifically, the tighter Di-Tau jet ID criterion and the b-veto are not
applied to the LSR. This is done as the application of the tighter Di-Tau jet ID and the
b-veto are assumed to be independent of the kinematic cuts, which preserves the shapes
of the distributions. However, because of time constraints, this assumption could not be

validated. This is further discussed in Section [Gl

The shape of the ¢t and single boson background is then transferred to the SR by taking
the distribution in the LSR and weighting it by a factor of

NSR

WLSR = ISR - (4.12)

where NSR is the number of unweighted MC events in the SR and N'S® is the number of

unweighted MC events in the LSR. In a similar way, the number of background events in
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the SR can be inferred from the LSR via

Nwelghted N elghted X WLSR 5 (413>

where Nj& peq 18 the weighted number of events in the SR, is the weighted

Welghted
number of events in the LSR, and wigg is the weight from Equation [£.12] The uncer-
tainty of the weighted number of events in the SR can be calculated using Gaussian error

propagation, i.e.

2
UNLSR o 2 o 2
weighted NSR LSR
O-Nfzgighted Nwelghted X \J (NLSR > + ( NSR ) + < NLSR : (414>

weighted

If the number of unweighted MC events in the SR, N5®, is zero, N°® is artificially set to
one, and the uncertainty on NS® is also set to one. This is done in order to take the lack
of unweighted MC events into account. If the number of unweighted events in the LSR,
NSR is zero, NG&p.q is artificially set to zero and the uncertainty on NS&,, .4 is set to
one. Thus, the backgrounds and their respective uncertainties are slightly overestimated
in these cases.

In the following, all distributions and calculations are using the above method for the

estimation of the #t and single boson background.

Optimized Cutflow

First, the optimal WPs for the Di-Tau jet ID and the b-veto need to be selected. For
this, the resulting significance for every possible combination of WPs is investigated. The
resulting Asimov significances are shown in Table [£.3] The combination of WPs yielding
the highest significance is given by choosing the medium WP for the Di-Tau jet ID and the
tight WP for the b-veto. This set of WPs has an Asimov significance of ¥4 = 0.01084(4).

The first approach to find the optimal set of cuts after the tight preselection applied two

cuts on the distance between signal objects after the preselection. Events are removed, if
AR(¢(,LRJ) > 1.5 and AR (Di-Tau jet,LRJ) < 1.5. (4.15)

A cut on AR (¢,Di-Tau jet) was not considered, as it is very similar to the applica-
tion of a cut on AR (¢,LRJ). These cuts are appropriate given the event topology:
The Di-Tau jet and the LRJ should be approximately back-to-back, and if the lep-
ton originates from the decay of a W boson, it should be close to the LRJ originat-

ing from the decay of the other W boson. Thus, if the investigated topology is the
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b-veto WP
Di-Tau tight medium loose very loose
jet ID WP
very loose 0.00862(2) 0.00909(2) 0.00863(2) 0.004344(10)
loose 0.01016(3) 0.01028(3) 0.00944(3) 0.004589(11)
medium 0.01084(4) 0.01040(4) 0.00922(3) 0.004333(12)
tight 0.00932(5) 0.00880(5) 0.00760(4) 0.003382(13)

Table 4.3.: Asimov significances for all possible combinations of Di-Tau jet ID and b-
veto WPs. The number in the brackets is the uncertainty of the last (two last) digits.
The combination of a medium Di-Tau ID WP with a tight b-veto yields the highest
significance.
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HH — WiepWhadThadThaa topology, these cuts should be applied. Comparing this with
the distributions of AR (Di-Tau jet,LRJ) and AR (¢,LRJ) after the tight preselection in
Figures and [4.20] it can be observed that at least the former cut yields a good back-
ground suppression. However, if this cut is applied, a large fraction of background events
is discarded, such that it renders a further optimization impossible as there are simply not
enough background events left to make a statement without being in a region of the dis-
tribution where the statistical uncertainty does not dominate the yields. Calculating the
Asimov significance of this cut yields ¥4 = 0.048(2), keeping 0.378(9) signal and 62(24)
background events. As this is not a very high significance, both cuts on the distance from
Equation are removed, in order to be able to conduct a proper optimization on the set
of cuts. This has a consequence on the investigated topology: Instead of only investigating
the optimal set of cuts for the topology where the lepton comes from a W boson decay,

now the topology where the lepton comes from a 7 lepton decay is also considered. All
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Algorithm Choice Final Choice
Variable Cut Significance | Cut Significance = Ngig Npked
AR (¢,LRJ) || <0.375 0.22(6) <15 0.080(10) 0.379(9)  23(19)
MLRI+e < 112.5GeV  0.050(5) <200GeV  0.0255(4) 0.353(9)  290(30)
Hr > 1300GeV  0.0255(4) > 1050 GeV  0.0214(2) 0.63(2) 700(100)
p?i'Ta“ et > 600 GeV 0.0201(3) > 510GeV  0.0193(2) 0.464(10)  580(70)
Expiss > 400 GeV 0.040(3) > 160GeV  0.0187(3) 0.503(11)  700(200)
prRI >780GeV  0.0273(9) >510GeV  0.0174(2) 0.442(10)  640(100)
pratio >1.8 0.0224(20) >1 0.0170(2) 0.466(10)  700(200)

Table 4.4.: Algorithm and final choice for the most significant cut on the optimization
variables for the first cut after the tight preselection. The corresponding Asimov
significance of the cuts is given, as well as the remaining number of signal and
background events after the final cut.

AR variables, i.e. AR (Di-Tau jet,LRJ), AR (¢,Di-Tau jet), and AR (¢,LRJ), are inves-
tigated and used for the cut optimization, and the Asimov significance of every possible

cut on these variables is calculated and compared to the cuts on the other variables.

In Table[4.4] the most significant cuts found by the optimization algorithm and the most
significant final cuts after tight preselection are shown. The optimal cut value found by the
algorithm always uses the tails of the signal or background distribution and is therefore
replaced by a looser but sensible cut which is chosen manually. This ensures that the
cut decision is not driven by statistical fluctuations in the variable distributions. The
cut on the signal topology using the distance AR (¢, LRJ) yields the highest significance.
However, as discussed previously, it is not possible to further optimize the selection of
cuts after applying this cut. The reason is that too few unweighted background events
remain in order to make a statement on the significance of the subsequent cut which
is not dominated by statistical uncertainties in the background distribution. Therefore,
to get a higher total significance after further optimization, the second and third most
significant cut are investigated. The distribution of mpgrjy,s is shown in Figure [4.21} and
the distribution of Hr is shown in Figure [4.22] Also, for both variables the optimal cut

is shown.

In a second iteration, the subsequent best cut after the application of one of the above
cuts is searched. For this, both the cuts on myrj s and Hp are investigated. The re-
spective cut is applied, and the Asimov significance is calculated for all subsequent cuts
which are still sensible to be applied. The Asimov significance for both the algorithm and
the final cuts and the signal and background yields for the final cut choice are shown in
Table [4.5] For both investigated first cuts, the respective other cut which was applied to

the tight preselection distributions is found to be the most significant cut. This optimal
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4. Analysis

# events

Figure 4.21.: Distribution of (a) myryys and (b) the Asimov significance of cuts on
this distribution after the tight preselection. The solid line indicates the best cut
value, where the arrow points towards the region which is kept by the cut.

# events

Figure 4.22.: Distribution of (a) Hr and (b) the Asimov significance of cuts on this
distribution after the tight preselection.
value, where the arrow points towards the region which is kept by the cut.

o4

T T T
1600~ ATLAS Simulation Internal i -
1400F- \E:13TeV,fITdt=150fb'1 -y E
E Tight Preselection = ]
1200 ttH 3
E . VH 7
1000 <+ 7772 Statistical Error T
8oof- * -
600, | malk 3
400F -
200F . =
% 200 400 600 800 1000 1200 1400
my, gy [GeV]

O RN
1800 ATLAS Simulation Internal g $9™ *5%0
1600 @:13TeV,det=150fb'1 =1 3
E  Tight Preselection w E
1400 -{]tH —
1200 ;* ’ ‘s’ralistical Error i
1000F =
800 =
600 =
400F =
200F =

% ~"500 1000 1500 2000 2500 3000 3500 4000
H; [GeV]

(a)

W Q05 T T T T T T TT T TTTTITIIITTIITT
r  ATLAS ATLAS Work In Progress ]
A s =13 TeV, [Ldt = 150 fb™' ]
0045 X — HH = W o, W sy T Thag My = 2 TeV E
0.03- -
g e, 1
0.02F S % —
L & ° i
L ° . B
r o . ]
0_o1w—ll-/. .~ -
- R Y ]
Lo v b b v by w1y o+ 1]
00 500 1000 1500 2000 2500 3000 3500 4000

W O T
r ATLAS ATLAS Work In Progress b
008l 8=13TeV, dt =150 fb™ B
08 X — HH = W) W o TpagThaee My = 2 TeV ]
0.06|- -
0.04/4 + ]
[ = ]
0.02— _|
lo - i

L 0’.
P T B B HPE N B B
00 200 400 600 800 1000 1200 1400

Mypy [GeV] <

(b)

H; [GeV] >

(b)

The solid line indicates the best cut



4.9. Optimization of the Event Selection

First Cut Second Cut
Variable Algorithm Choice Final Choice
Cut Significance | Cut Significance  Niig Npked
P Hr > 1500GevV  0.4(8.0) > 1050 GevV 0.23(6) 0.263(8)  1.3(1.3)
< 200GV pp T > 810GV 0.3(8.0) >510GeV  0.104(12) 0.233(7)  5(4)
Emiss >320GeV  0.5(18.0) >140GeV  0.034(2) 0.222(7)  40(30)
Hr mirgre || < 1125GeV  0.9(10.0) < 200GV 0.23(6) 0.263(3)  1.3(1.3)
- 1050 Gev B > 760GeV  0.08(2.0) >160GeV  0.036(2) 0.436(10)  150(50)
piatio >2.9 0.09(3.0) >1 0.0303(6) 0.397(9)  170(40)

Table 4.5.: Algorithm and final choice for the most significant cut on the optimization
variables for the second cut after the tight preselection. The corresponding Asimov
significance of the cuts is given, as well as the remaining number of signal and
background events after the final cut.

Cut ‘ Signal ~ Total Background Significance X4
Loose Preselection | 1.203 44644.4 0.006
Tight Preselection | 0.764 5055.54 0.011
Hp > 1050 GeV 0.63(2) 700(100) 0.0214(2)
miryre < 200GeV | 0.263(8) 1.3(1.3) 0.23(6)

Table 4.6.: Expected yields and Asimov significance after application of the optimal set
of cuts on 150fb~" of data. A more detailed cutflow can be found in Table [A.4] in
the appendix.

set of cuts has an Asimov significance of
¥4 =0.23(6), (4.16)

while keeping 0.263(8) signal and 1.3(1.3) background events, respectively. The distri-
butions of myrys and Hy with the optimal cuts as well as the significance distributions
are shown in Figures and From these, it is visible that already for these cuts
there are only few background events left. However, both cuts are cutting on the edges of
distinct shapes of the signal and background distributions, and are therefore considered
to be sensible. In the significance plots, the dominance of the statistical uncertainty in
regions with low event yields can be seen. After the application of the above set of cuts,
no further sensible statement on the next cut can be made, as there are too few events
left.

In Table [£.6] a complete cutflow for the optimized selection of cuts can be found. A
more detailed cutflow can be found in Table[A.4]in the appendix.
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5. Statistical Interpretation

In this chapter, the expected exclusion limits on o,, . x spr X BRym—ww-- set by the
conducted analysis are discussed. The expected limits are calculated taking only statistical
uncertainties into account. Due to time constraints, it was not possible to calculate the
expected limits including systematic uncertainties on the analysis. However, in a second
step an overall systematic uncertainty is assumed and the expected limits are recalculated

including both the statistical and this assumed systematic uncertainty.

5.1. Limits with Statistical Uncertainties

The expected yields for the signal process pp - X — HH — WWrr —> 1{ with an
assumed cross section of o,, .x_.gg = 10fb and all background processes in 150 fb~1
of data after applying the optimized selection of cuts are shown in Table [5.1] For the
signal, 0.263 £ 0.008 events are expected, while for the background, 1.3 4 1.3 events are
expected. The dominant background are single boson events, which make up about 70%
of the background, followed by tt events with a share of about 23%. The other processes
make up 7% of the total background and are approximately negligible compared to the
two dominating ones. The Asimov significance of the yields is 0.23 £ 0.06. Thus, the
expected signal yield is still consistent with the background only hypothesis. For this
reason, expected upper C'Lg limits [104] on the cross section are estimated.

The C'Ls method for setting upper limits was developed at the LEP collider experiment.

It is designed to avoid the spurious exclusions for samples with a low event rate. The

Process | Signal VH VvV 1% ji tt ttH Y padground
Yield 0.263 0 0.051 0.9 0.012 0.3 0 1.3
Uncertainty | £0.008 £1 +0.013 +£0.8 +£0.008 =£0.5 =1 +1.3

Table 5.1.: Expected yields for the signal and all background categories after optimiza-
tion for an integrated luminosity of [ £dt = 150fb~!. For the signal, a cross section
of 10 fb is assumed, while the background cross sections are according to SM predic-
tions. > packground 18 the sum of all backgrounds. The complete cutflow can be found
in Table in the appendix.
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5. Statistical Interpretation

method first simultaneously performs two tests to then calculate the actual limits. If X (0)
is a sample containing random events created from a probability distribution with a real
non-negative parameter @, and if 1 — o/ is the associated confidence interval, the method
tests the hypothesis Hy : 8 = 6 versus the background-only hypothesis H; : § = 0 by

calculating

P (0 (X) < 0100) _
P (B (X) < 0]0) =

(5.1)

for all #. P is the likelihood function based on the event yields. While the numerator
describes the probability « of erroneously detecting a nonexistent effect (type-1 error),
the denominator describes the statistical power 1 — 3 of the test. [ is the probability of
the failure to detect an existing effect (type-II error). In conclusion, Hy is rejected, when
the ratio is indeed < /.

In the second step, the actual expected limits are calculated. A test statistic gp (X) is

created from the input yields, and the value of 6 for which

P (X) <ail6) _
P (a0 (X) < 510) 5:2)

holds is searched. Here, g; is the expected outcome of the experiment. ¢ is provided
from an Asimov data set providing the median experimental sensitivity corresponding to
the yields from Table [5.1] [T03].

In this analysis, the software framework HistFactory is used to set expected upper limits
at the 1 —a’ = 95% confidence level. HistFactory is able to take statistical and systematic
uncertainties into account and uses these to calculate one and two ¢ uncertainty bands,
where o is the standard deviation.

The limits and the according error bands are shown in Table The expected limit
for the signal cross section is 0y, xsgg = 155J_r2§ fb. This corresponds to 15.5 times the

assumed signal cross section of oggnat = 10fb, which was the limit on o, x_gm set by

the HH — bbbb analysis.

5.2. Limits with Statistical and Assumed Systematic

Uncertainties

Due to time constraints, it was not possible to include any evaluation on systematic uncer-
tainties in this thesis. However, this section discusses the main systematic uncertainties

which would be needed to be considered in an evaluation, and gives an estimate on how
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5.2. Limits with Statistical and Assumed Systematic Uncertainties

g / fb H = U/Usignal

+20 339 33.9
+1o 224 22.4
Median 155 15.5
—lo 112 11.2
—20 83 8.3

Table 5.2.: Expected upper limits on o,, ,xmzx in fb and in terms of the assumed
signal cross section oggna = 10 fb with statistical uncertainties only.

they would possibly influence the upper limits on the cross section.

The systematic uncertainties can be separated in three general groups: theoretical un-
certainties, which are uncertainties on any theoretical prediction used in the analysis,
modeling uncertainties, which are uncertainties related to the production of the MC sam-
ples and the simulation of the detector response, and analysis uncertainties, resulting from

methods and tools used in the analysis.

The theoretical uncertainties mostly include the uncertainties on the calculated SM
cross sections, the calculated SM branching ratios, and the PDFs used for the calcula-
tion of the ME for the hard scattering process. The modeling uncertainties on the one
hand include uncertainties from the simulation of the detector response to the incom-
ing parton shower, and on the other hand actual uncertainties which also occur in the
actual experiment. The latter includes uncertainties on trigger efficiencies, uncertain-
ties on the normalizations of the energy measurements in the calorimeters, uncertainties
from b-tagging and uncertainties on the measurement of the luminosity. An uncertainty
also needs to be applied since using a LSR for the estimation of the ¢t and single boson

background kinematic distributions might not yield accurate predictions .

To obtain an idea on how the inclusion of systematic uncertainties influences the up-
per limits on the cross section, an assumed systematic uncertainty on the signal and

background yields is introduced, such that

— 2 2 —
Osystematic — \/g X Ostatistic = \/Ustatistic + Usystematic =2 X Ostatistic - (53)

This is just a rough estimate of the actual systematic uncertainty of the analysis, and is

not a robust estimate of the systematic uncertainties that would need to be evaluated.

The expected upper limits on the cross section together with the one and two ¢ un-
certainty bands for this assumption are shown in Table The upper limit would be
Osignal = 161f2§ fb. Compared to the upper limit on the cross section found using only

the statistical uncertainties, the limit is raised by 6 fb or about 4%, which corresponds to
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5. Statistical Interpretation

g / fb H = U/Usignal

+20 345 34.5
+1o 229 22.9
Median 161 16.1
—lo 116 11.6
—20 87 8.7

Table 5.3.: Expected upper limits on o,, ,xmzx in fb and in terms of the assumed
signal cross section ogjgna1 = 10fb with combined statistical and assumed systematic
uncertainties.

a rise of less than 0.1 ¢ for the expected limit using only statistical uncertainties.
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6. Conclusion and Outlook

In this thesis, the ATLAS sensitivity to the new X — HH — WWrr — 14 + jets
channel in the boosted topology where X is a heavy CP even scalar resonance from a
2HDM was estimated.

To simulate signal events, a total of 14 samples in LO and NLO were produced, cor-
responding to seven different heavy resonant mass points. For the official production, a
LO sample with a heavy resonant mass of my = 2TeV was requested. The used JOs for
ATLAS MC production were thoroughly validated. It is shown that the wanted processes
and signatures are indeed present in the produced samples. Also, the kinematic distri-
butions of the signal process were shown to indeed exhibit a boosted topology, justifying
the use of a boosted analysis strategy.

The shape comparison between the distributions of the LO and NLO sample at a mass
point of mx = 1TeV shows no inconsistency. It would thus be justified to use NLO
samples generated in the presented way for any upcoming analysis, given the needed
computing resources are available.

The boosted topology allowed for a good background suppression, however, it also came
with challenges. This especially concerned the OLR and the handling of Di-Tau jets and
LRJs. An optimized set of cuts for the analysis was presented. It isolated the boosted
signature with one lepton originating from the decay of a W boson. The signature where
the lepton originates from a 7 lepton decay is suppressed by the optimal set of cuts. The

optimal set of cuts yielding the highest Asimov significance was
e Hp > 1050 GeV
& MIRI+r < 200 GeV

with a maximum Asimov significance of ¥4 = 0.23 + 0.06. The expected event yields
for the signal and background in 150fb~! of data and an assumed signal cross section of

Osignal = 101b were found to be

Niignal = 0.263 £0.008 and
Nbackground =13+13.
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6. Conclusion and Outlook

The luminosity approximately matches the amount of data collected by ATLAS at the end
of Run 2, and the assumed cross section is the upper limit on the cross section found by the
HH — bbbb analysis. An upper limit on the cross section using statistical uncertainties
only was found to be o, ,x g = 155f2§ fb, corresponding to 15.5 times the assumed
signal cross section. An upper limit on the cross section using statistical as well as assumed
systematic uncertainties yielded a slightly higher value of oy, ,x smr = 161788 fb. This
limit is about 16 times the limit found by the HH — bbbb analysis which is in contrast to
this analysis not limited by the amount of generated MC events. Thus, even if the limits
found in this analysis are not compatible with the limits found by the HH — bbbb analysis,
they are still quite promising. However, for the channel to significantly contribute to cross

section measurement, the amount of collected data needs to be larger.

The analysis was mostly constrained by two major issues: The amount of generated
MC events available for the background estimation, and time to include additional tools
and methods and to evaluate and improve the analysis choices. The number of generated
MC events for the background estimation could be improved by including the recently
produced MC16e samples, exhibiting the pile-up profile for the 2018 data taking. To
improve the number of generated MC events for the ¢¢ and single boson background, the
samples produced using the Sherpa MC event generator could be used for the analysis, as
they contain more events than the used PowhegPythia and Pythia samples, respectively.
This would render using the LSR for the estimation of these two background contributions
obsolete, removing a systematic uncertainty from the analysis. Also, with more generated

MC events available, a multivariate analysis could possibly be conducted.

On the analysis level, an improved analysis should include or improve several aspects
over the current version of the analysis. The selection of the Di-Tau jet used in the analysis
using the Di-Tau jet with the highest BDT ID score is very prone to modeling issues in
the high BDT ID score region. It would be better to choose the Di-Tau jet e.g. via a
criterion on the transverse momentum pr, or via first selecting the LRJ originating from
the W boson decay and imposing a AR condition to find the matching Di-Tau jet. In
addition, merging the different trigger conditions via a logical "OR" condition might yield
problems in estimating the systematic uncertainties on the trigger efficiencies. However,
this problem could be resolved quite easily by only using one trigger per event. Also,
the inclusion of track assisted variables for e.g. the calculation of jet masses would be

beneficial, as they provide a better jet mass resolution.

The OLR between leptons, especially electrons, and Di-Tau jets should be reevaluated,
as there was no time to check how efficient the used OLR actually is, and if there is a

better possible OLR between these objects. The object selection should be reoptimized
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for the use with the WWrr —> 1/ topology instead of the Wie,WhadThadThada topology.
The current selection favors WhaqaWhadTiepThaa €vents containing electrons, as at least two
subjets are required in the Di-Tau jet and electrons are more likely to fake jet originating
from a hadronic 7 lepton decay than muons.

Finally, further weights on the generated MC events should be included, in order to
better reflect the actually observed distributions in the MC estimate. This includes the
scale factors on the different objects as well as the pile-up and vertex weights, as mentioned
in Section (4.4

In the estimation of uncertainties, the systematic uncertainties should be included. This
would be useful in order to make a statement on whether the analysis is more limited by
statistical or by systematic constraints. Especially, this concerns the uncertainty on the
estimation of the ¢t and single boson backgrounds using the LSR, but of course also all
the other uncertainties mentioned in Section (.21

Despite all these possible improvements, the analysis gives a reasonable estimate on the
ATLAS sensitivity to the boosted pp - X — HH — WWrT — > 1/ final state. The
results can possibly be combined with other subchannels, such as the investigation of the

non-resonant H H — WW Tt final state.
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A. Additional Tables

This chapter contains additional tables including additional and more detailed information

on the analysis.

A.1. MC Samples

In this section, the full list of used background samples is given. The used samples from the
MC16a and MC16d production campaign are shown in Table and [A.2] respectively.
The used cross sections, branching ratios and filter efficiencies as well as the number of
generated events is shown in Table [A.3]

Process Subprocess

Sample name

V W+ — ev

W+ — pv

W+ = 1v

W— — ev

W= = uv

W= —rv

7 — ee

Z = pp

J =TT

mcl6_13TeV.361100.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wplusenu.merge.A0OD.e3601_s3126_r9364_r9315
mcl6_13TeV.361101.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wplusmunu.merge.AOD.e3601_s3126_r9364_r9315
mcl6_13TeV.361102.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wplustaunu.merge.AOD.e3601_s3126_r9364_r9315
mcl6_13TeV.361103.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wminusenu.merge.A0D.e3601_s3126_r9364_r9315
mcl6_13TeV.361104.PowhegPythia8EvtGen AZNLOCTEQ6L1 _
Wminusmunu.merge.AOD.e3601_s3126_r9364_r9315
mcl6_13TeV.361105.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wminustaunu.merge.A0OD.e3601_s3126_r9364_r9315
mcl6_13TeV.361106.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Zee.merge.AO0D.e3601_s3126_r9364_r9315
mcl16_13TeV.361107.PowhegPythia8EvtGen_AZNLOCTEQ6L1_
Zmumu.merge.A0OD.e3601_s3126_r9364_r9315
mcl6_13TeV.361108.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Ztautau.merge.AOD.e3601_s3126_r9364_r9315

Continued on next page
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A. Additional Tables

Table A.1 — continued from previous page

Process Subprocess

Sample name

4%

WW — bvly

WW — lvqq

WZ — lvet

W72 — fvvv

WZ — qqll

WZ — lvqq

27 — e

77 — vl

77 — vvvv

27 — qqll

mcl6_13TeV.361600.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WWlvlv.merge.AOD.e4616_s3126_r9364_
r9315

mcl6_13TeV.361606.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WWlvqq.merge.AOD.e4711 s3126_r9364_
r9315

mcl6_13TeV.361601.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZ1lvll mll4.merge.AOD.e4475_s3126_
r9364_r9315
mcl6_13TeV.361602.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZlvvv_mll4.merge.AOD.e4054_s3126_
r9364_r9315
mcl6_13TeV.361607.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZqqll _ml1120.merge.AD0D.e4711 s3126_
r9364_r9315
mcl6_13TeV.361609.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZlvqq_mqq20.merge.AD0D.e4711_s3126_
r9364 r9315
mcl16_13TeV.361603.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZ1111 ml14.merge.A0D.e4475_s3126_
r9364_r9315
mcl16_13TeV.361604.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZvvll mll4.merge.AOD.ed4475_s3126_
r9364_r9315
mcl6_13TeV.361605.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZvvvv_mll4.merge.AOD.e4054_s3126_
s3136_r9364_r9315
mcl6_13TeV.361610.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZqqll_mqq20ml120.merge.AOD.e4711_
83126_r9364_r9315

VH

66

WH

mcl6_13TeV.342284.Pythia8EvtGen_A14NNPDF23L0O_WH125_

inc.merge.AO0D.e4246_s3126_r9364_r9315

Continued on next page



A.1. MC Samples

Table A.1 — continued from previous page

Process Subprocess

Sample name

ZH

mcl6_13TeV.342285.Pythia8EvtGen_A14NNPDF23L0_ZH125_
inc.merge.A0D.e4246_s3126_r9364_r9315

JJ 732

733

Jji4

775

736

337

778

739

7710

j711

7712

mcl6_13TeV.361022.
jetjet_JZ2W.merge.

mcl6_13TeV.361023
jetjet_JZ3W.merge
mcl6_13TeV.361024

jetjet_JZ4W.merge.
mcl6_13TeV.361025.
jetjet_JZbW.merge.
mcl6_13TeV.361026.
jetjet_JZ6W.merge.
mcl6_13TeV.361027.
jetjet_JZ7W.merge.

mcl6_13TeV.361028
jetjet_JZ8W.merge

r9315

Pythia8EvtGen_A14NNPDF23L0_
AOD.e3668_s3126_r9364_r9315

.Pythia8EvtGen_A14NNPDF23LO0_
.A0D.e3668_s3126_r9364 _r9315
.Pythia8EvtGen_A14NNPDF23LO_

AOD.e3668_s3126_r9364_r9315
Pythia8EvtGen_A14NNPDF23LO0_
AOD.e3668_s3126 19364 _r9315
Pythia8EvtGen_A14NNPDF23L0_
AOD.e3569 s3126_r9364_r9315
Pythia8EvtGen_A14NNPDF23L0_
AOD.e3668_s3126_r9364_r9315

.Pythia8EvtGen_A14NNPDF23L0_
.AOD.e3569_s3126_r9364_r9315
mc16_13TeV.361029.
jetjet_JZ9W.merge.
mcl6_13TeV.361030.
jetjet_JZ10W.merge.AOD.e3569_s3126_r9364_r9315
mcl6_13TeV.361031.
jetjet_JZ11W.merge.AOD.e3569_s3126_r9364_r9315
mcl6_13TeV.361032.
jetjet_JZ12W.merge.AOD.e3668_s3126_s3136_1r9364_

Pythia8EvtGen_A14NNPDF23LO_
AQ0D.e3569_s3126_r9364_r9315
Pythia8EvtGen_A14NNPDF23LO_

Pythia8EvtGen_A14NNPDF23LO_

Pythia8EvtGen_ A14NNPDF23LO0_

mcl6_13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_
nonallhad.merge.A0D.e6337_e5984_s3126_r9364_r9315

mcl6_13TeV.343366.
NNPDF23_NNPDF3OME_ttH125_semilep.merge.AQD.e4706_
eb984_s3126_r9364_

aMcAtNloPythia8EvtGen_A14_

r9315

Table A.1.: Generated MC samples using the MC16a pile-up profile used for the back-

ground estimation.

Continued on next page
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Table A.1 — continued from previous page

Process Subprocess Sample name
Process Subprocess Sample name
Vv W+ — ev mc16_13TeV.361100.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wplusenu.merge.A0D.e3601_s3126_r10201_r10210
W+ — v mcl6_13TeV.361101.PowhegPythia8EvtGen_AZNLOCTEQ6L1_
Wplusmunu.merge.A0OD.e3601_s3126_r10201_r10210
Wt — v mcl16_13TeV.361102.PowhegPythia8EvtGen_AZNLOCTEQ6L1_
Wplustaunu.merge.AOD.e3601_s3126_r10201_r10210
W= —ev mcl6_13TeV.361103.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Wminusenu.merge.A0OD.e3601_s3126_r10201_r10210
W= = uv mcl6_13TeV.361104.PowhegPythia8EvtGen AZNLOCTEQ6L1 _
Wminusmunu.merge.AOD.e3601_s3126_r10201_r10210
W= = 1v mcl16_13TeV.361105.PowhegPythia8EvtGen_AZNLOCTEQ6L1_
Wminustaunu.merge.A0D.e3601_s3126_r10201_r10210
Z — ee mcl6_13TeV.361106.PowhegPythia8EvtGen_ AZNLOCTEQ6L1 _
Zee.merge.A0D.e3601_s3126_r10201_r10210
Z = mcl6_13TeV.361107.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Zmumu.merge.A0D.e3601_s3126_r10201_r10210
Z =TT mcl6_13TeV.361108.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_
Ztautau.merge.AOD.e3601_s3126_r10201_r10210
Vv WW — fvly | mc16_13TeV.361600.PowhegPy8EG_CT10nloME _
AZNLOCTEQ6L1_WWlvlv.merge.AOD.e4616_s3126_r10201_
r10210
WW — lvqq | mc16_13TeV.361606.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WWlvqq.merge.AOD.e4711 s3126_r10201_
r10210
WZ — (vl | mc16_13TeV.361601.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZ1lvll mll4.merge.AOD.e4475_eb5984
3126 _r10201_r10210
WZ — lvvy | mc16_13TeV.361602.PowhegPy8EG_CT10nloME_
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AZNLOCTEQ6L1_WZlvvv_mll4.merge.AOD.e4054_s3126_
r10201_r10210

Continued on next page



Process

A.1. MC Samples

Table A.2 — continued from previous page

Subprocess

Sample name

WZ — qqll

WZ — lvqq

77 — e

77 — vl

27 — vvvv

27 — qqll

mcl6_13TeV.361607.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZqqll _ml1120.merge.A0D.e4711 s3126_
r10201_r10210
mcl6_13TeV.361609.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_WZlvqq_mqq20.merge.AD0D.e4711 s3126_
r10201_r10210
mcl6_13TeV.361603.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZ1111 ml14.merge.AOD.e4475_eb5984 _
83126_r10201_r10210
mcl6_13TeV.361604.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZvvll mll4.merge.AOD.e4475_e5984 _
83126_r10201_r10210
mcl6_13TeV.361605.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1 _ZZvvvv_mll4 .merge.AOD.e4054_e5984 _
83126_r10201_r10210
mcl16_13TeV.361610.PowhegPy8EG_CT10nloME_
AZNLOCTEQ6L1_ZZqqll_mqq20ml120.merge.AOD.ed4711_
s3126_r10201_r10210

VH

WH

ZH

mcl6_13TeV.342284.Pythia8EvtGen_A14NNPDF23L0O_WH125
inc.merge.AOD.e4246_e5984_s3126_r10201_r10210
mcl6_13TeV.342285.Pythia8EvtGen_A14NNPDF23L0_ZH125
inc.merge.AO0D.e4246_e5984_s3126_r10201_r10210

JJ

732

333

774

735

736

mcl6_13TeV.361022.Pythia8EvtGen_A14NNPDF23LO0_
jetjet_JZ2W.merge.AO0D.e3668_s3126_r10201_r10210
mcl6_13TeV.361023.Pythia8EvtGen_A14NNPDF23LO0_
jetjet_JZ3W.merge.AOD.e3668_s3126_r10201_r10210
mcl6_13TeV.361024.Pythia8EvtGen_A14NNPDF23L0_
jetjet_JZ4W.merge.AOD.e3668_s3126_r10201_r10210
mcl6_13TeV.361025.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ5W.merge.AO0D.e3668_s3126_r10201_r10210
mcl6_13TeV.361026.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ6W.merge.AOD.e3569_e5984 s3126_r10201_
r10210

Continued on next page
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Table A.2 — continued from previous page

Process Subprocess Sample name

Jq7 mcl6_13TeV.361027.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ7W.merge.AOD.e3668_s3126_r10201_r10210
738 mcl6_13TeV.361028.Pythia8EvtGen_A14NNPDF23LO0_
jetjet_JZ8W.merge.AOD.e3569_s3126_r10201_r10210
779 mcl6_13TeV.361029.Pythia8EvtGen_A14NNPDF23LO0_
jetjet_JZ9W.merge.AO0D.e3569_s3126_r10201_r10210
7710 mcl6_13TeV.361030.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ10W.merge.AOD.e3569_s3126_r10201_r10210
g1 mcl6_13TeV.361031.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ11W.merge.AO0D.e3569_s3126_r10201_r10210
7712 mcl6_13TeV.361032.Pythia8EvtGen_A14NNPDF23LO_
jetjet_JZ12W.merge.AO0D.e3668_s3126_r10201_r10210

tt - mc16_13TeV.410470.PhPy8EG _Al14 ttbar hdamp258p75_
nonallhad.merge.AOD.e6337_e5984 s3126_r10201 r10210

ttH - mcl6_13TeV.343366.aMcAtNloPythia8EvtGen_Al14_
NNPDF23_NNPDF3OME_ttH125_semilep.merge.AOD.e4706_
e5984_s3126_r10201_r10210

Table A.2.: Generated MC samples using the MC16d pile-up profile used for the back-
ground estimation.

# generated events

Process Subprocess o/ pb BR € MCl16a McC16d
Signal - 0.01 0.0269 0.2333 20,000 30,000
v W~ —=ev 8,529 1 1 49,904,000 49,961,000

W= — v 8,529 1 1 31,973,000 31,978,000
W— — T 8,529 1 1 19,955,000 19,970,000
W+ = ev 11,521 1 1 29,929,000 29,953,000
W+ — v 11,521 1 1 39,962,000 39,952,000
W+ — v 11,521 1 1 29,982,000 29,959,000
Z - ee 1,886 1 1 79,293,000 79,340,000
Z — up 1,886 1 1 79,874,000 80,919,000
Z—>7rr 1,886 1 1 39,495,000 37,114,000
8% WW — vty | 10.631 1 1 14,770,000 14,956,000
1 1

WW — lvqq | 44.176

Continued on next page

4,369,000 4,400,000
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Table A.3 — continued from previous page

A.2. Optimization

# generated events
Process Subprocess o/ pb BR € MC16a MC16d
WZ — tved | 4.5023 1 1 10,010,000 10,001,000
WZ — lvgq | 10.099 1 1 9,769,000 9,728,000
WZ — bvvv | 2.7778 1 1 985,000 975,000
WZ — qqtl | 3.2849 1 1 1,490,000 1,476,000
Z7 — e 1.2673 1 1 3,980,000 3,950,000
27 — qqlbl 2.2739 1 1 3,990,000 3,988,000
27 — vvil 0.91795 1 1 995,000 995,000
Z7Z — vvvr | 0.54901 1 1 200,000 200,000
VH WH 1.1 1 1 100,000 100,000
ZH 0.601 1 1 100,000 100,000
ij jj2 2,433,200,000 1 3.3264x10~% 15,989,500 15,981,000
jj3 26,454,000 1 3.1953x10~* 15,879,500 15,878,500
jj4 254,630 1 5.3009x<10~* 15,925,500 15,974,500
jjb 4,553.5 1 9.2325x10~* 15,993,500 15,991,500
jj6 257.53 1 9.4016x10~* 17,834,000 17,880,400
337 16.215 1 3.9282x 1074 15,983,000 15,116,500
7i8 0.62502 1 101.62x10~% 15,999,000 15,987,000
779 0.019639 1 120.54x107% 13,995,500 14,511,500
7510 0.0011962 1 58.935x10~* 13,985,000 15,988,000
jjl1 4.23x107° 1 27.015x10™* 15,948,000 15,993,000
jj12 1.04x1076 1 4.25x1074 15,995,600 15,640,000
ttH - 0.22276 1 1 4,980,000 5,000,000
tt - 831.76 1 0.543 119,432,000 74,486,000

Table A.3.: Summary of the cross sections, branching ratios, and filter efficiencies for
all considered processes.

A.2. Optimization

In Table[A.4] a complete cutflow is shown for the optimal set of cuts found by the analysis,

separated into all background contributions.
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A. Additional Tables

Process

Loose Preselection | 1.2+ 0.02 0.29+0.07 18 +2 7290+£360 242428 37094290 0.05740.002 112604470

Tight Preselection | 0.76 £0.02 0.0840.04 5=+1 4950+250 543 771+6 0.0016+£0.0002 57304250

Hp > 1050 GeV 0.63 £0.02 0.05+0.03 1.6+0.7 580+70 3.3+1.8 108416 0 690480
0.263+£0.008 0 0.051£0.013 0.9£0.8 0.012+£0.008 0.3£0.5 0 1.3£1.3

MIRI+e < 200 GeV

Detailed optimized cutflow.

Table A.4.
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B. Additional Figures

This chapter contains additional figures including additional and more detailed informa-
tion on the analysis.

B.1. Separation Power after Tight Preselection

Additional figures illustrating the separation power of the investigated optimization vari-

ables are shown in Figure to [B.12]

_g 30007— L L L L L L L — _g F L L
2 F  ATLAS Simulation Internal g 219" *50% ] O 1600~ ATLAS Simulation Internal g §9"' %%
w 2500 {s=13TeV, [Ldt=1507"  mmv - - 1a00F. f5=13TeV, [Ldt=150fp"  mmv ]
[ Tight Preselection _}i"’ B F Tight Preselection -i‘ilv E
2000~ :;: i 1200 -3: -
E 2200 Statistical Error E 1000i 7o Statistical Error j
15001 3 - E
1000~ = E
5001~ = E E
% ~T200 400 600 800 1000 1200 1400 %200 400 600 800 1000 1200 1400
p$iTau-Jet [GeV] p-||_-RJ [Gev]
Figure B.1.: Comparison of the signal Figure B.2.: Comparison of the signal
and background distribution of and background distribution of
Di-Tau jet . . . .
pr % after tight preselection. pERY after tight preselection.
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B. Additional Figures
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and background distribution of
MDi-Tau jet after tight preselection.
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