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Abstract

Die Analyse, auf der diese Bachelorarbeit basiert, untersucht mogliche resonante Higgs
Boson Paarproduktion mit dem ATLAS Detektor im HH — bbWW* Zerfallskanal mit
einem Lepton im Endzustand in pp-Kollisionen bei /s = 13TeV und einer integrierten
Luminositit von 139fb~!. In dieser Bachelorarbeit wird eine Untersuchung der experi-
mentellen systematischen Unsicherheiten der Analyse prasentiert.

Im ersten Teil der Bachelorarbeit wird die Auswirkung von experimentellen systema-
tischen Unsicherheiten auf eine Auswahl von kinematischen Verteilungen visualisiert und
eine Rangliste der systematischen Unsicherheiten mit den grofiten Auswirkungen erstellt.

Im zweiten Teil der Bachelorarbeit wird eine “non-closure Unsicherheit” fiir die Schét-
zung des QCD Untergrundes auf zwei verschiedene Weisen bestimmt. Das erste Vorgehen
bestimmt die Unsicherheit der Methode, die zur Schatzung des Hintergrundes verwendet
wird. Die zweite Variante beschreibt die Unsicherheit der schlussendlichen Diskriminan-
tenverteilung mi die die Masse des HH Systems ist, berechnet aus den sichtbaren

vis+met >

Zerfallsprodukten und der fehlenden transversalen Energie.

Abstract

The analysis this thesis is based on examines possible resonant production of Higgs boson
pairs at the ATLAS experiment in the HH — bbWW* decay channel with a single lepton in
the final state in pp-collisions at /s = 13 TeV and an integrated luminosity of 139 fb~1. In
this thesis an investigation into the experimental systematic uncertainties of the analysis
is presented.

In the first part of the thesis the impact of the experimental systematic uncertainties
on a selected set of kinematic distributions is visualised and a ranking of the systematic
uncertainties with the largest impact is obtained.

In the second part of the thesis, a non-closure uncertainty for the QCD background
estimation of the analysis is derived using two different approaches. The first approach
determines the uncertainty of the estimation method itself. The second approach deter-
mines the uncertainty on the final discriminating distribution m# = which is the mass
of the HH system calculated from the visible decay products and the missing transverse
energy.
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1. Introduction

The Standard Model of particle physics seeks to describe the fundamental particles of
the universe and their interactions. Many of the predictions of the Standard Model have
been verified by experiments. One example is the discovery of the Higgs boson in 2012
[T, 2], which had already been predicted in the 1960’s [3], [4] as a means to give mass to
the W and Z boson. There are, however, phenomena that the Standard Model is not able
to explain. Consequently, new theories are investigated which consider additional Higgs
bosons. The Standard Model as well as these extended theories predict the production of
Higgs boson pairs.

The analysis on which this thesis is based, searches for resonant Higgs pair production
with the ATLAS detector in the HH — bbWW* decay channel, where an unknown heavy
particle decays into two Higgs bosons. The result of every ATLAS analysis is subject to
statistical and systematic uncertainties. While statistical uncertainties are related to the
number of events detected, systematic uncertainties arise from imperfect modelling or
calibration of the measurement instruments as well as incomplete theoretical knowledge.
The estimation of the systematic uncertainties is therefore a relevant part of every analysis.

In this thesis, an investigation into the experimental systematic uncertainties of the
analysis is presented. The thesis is divided into two parts. The first part is concerned
with the impact of the systematic uncertainties on certain kinematic distributions and the
quantification of this impact. In the second part of the thesis a non-closure uncertainty
for the QCD background estimate is obtained using two different approaches.

In Chapter 2, an overview of the Standard Model and the Higgs mechanism is given.
Furthermore, theories extending the Standard Model and the processes for Higgs boson
pair production are presented. In Chapter 3, the LHC as well as the most important
components of the ATLAS detector are described. The decay channel, object definitions,
event selection and the background estimation of the analysis are outlined in Chapter
4. The impact of the systematic uncertainties on certain kinematic distributions of the
analysis is discussed in Chapter 5. Chapter 6 presents the derivation of the non-closure
uncertainty for the QCD background estimate using two different approaches. Finally, a

brief summary of the results is given in Chapter 7.



2. The Standard Model of Particle
Physics

The Standard Model (SM) combines elementary particles and their interactions in a single
model. It describes the electromagnetic, weak nuclear and strong nuclear interactions;
the fourth fundamental force gravity is not a part of the SM. Although the SM is not a
complete theory, many of its predictions have been verified by experiments.

In Section of this chapter, a brief overview of the elementary particles of the SM
and their fundamental interactions is given. Sections and contain a description
of the Higgs mechanism and Higgs boson. Finally, limitations of the SM and possible

extensions are discussed as well as the possibility of Higgs boson pair production.

2.1. Elementary particles and their fundamental

interactions

According to the SM, there are twelve spin-'2 fermions as well as bosons with integer spin.
The fermions can be divided into two groups: leptons and quarks. For each fermion there
is a corresponding antifermion with the same mass but opposite electric charge. Charged
leptons such as electrons, muons, and tauons carry an electric charge of —1. They each
have an associated electrically neutral neutrino. Besides carrying an electric charge of %
or —% quarks also carry a colour charge. Unlike leptons, quarks are never found alone
but combine together to form hadrons. Furthermore, the fermions can be assigned to
three generations. The first generation is made up of the up and down quark, the electron
neutrino and the electron. The charm and strange quark, the muon neutrino and the
muon belong to the second generation. The third generation consists of the heavy top
and bottom quark, the tau neutrino and the tauon. The particles in a higher generation
each have a larger mass than the corresponding particle in a lower generation.

The bosons of the SM are made up of one spin-0 scalar boson and multiple spin-1
gauge bosons. The gauge bosons are the mediators of the fundamental forces. The

photon mediates the electromagnetic interaction between charged particles. Gluons couple
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Figure 2.1.: Depiction of the elementary particles of the SM. For every particle the

mass, charge and spin are given. Fermions in one column belong to the
same generation [5].

together particles with a colour charge giving rise to the strong force, while the W* and
Z bosons mediate the weak interaction [6]. The spin-0 scalar boson is the Higgs boson
which plays an important role in the SM and will be discussed later on in this chapter.

An overview of the elementary particles, their masses, charge, and spin is given in Figure

21

In the SM, the electromagnetic, weak and strong nuclear interaction each corresponds
to a local gauge symmetry of the underlying quantum field theory. The requirement that
the Lagrangian of the theory is invariant under a local phase transformation gives rise
to gauge fields. The excitations of these fields are the gauge bosons that mediate the
interaction.

The field theory describing the electromagnetic interaction is quantum electrodynamics
(QED), which is required to be invariant under local U(1) transformations. To ensure
this invariance, a gauge field is introduced that corresponds to the covariant four-potential
A, of the electromagnetic field. The excitations of this gauge field are the neutral and
massless photons that mediate the electromagnetic interaction between charged fermions.

The strong interaction is described by quantum chromodynamics (QCD). It is the

strongest interaction in the SM and only couples to particles carrying a colour charge.
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There are three different colour charges red (r), blue (b) and green (g), and antiparticles
carry a corresponding anti-colour charge. In QCD, the Lagrangian is invariant under local
SU(3) phase transformations. For each of the eight generators of the SU(3) symmetry
group arises a corresponding gauge field - the gluon fields. The quantisation of these
fields leads to eight massless gluons carrying colour charge [7]. Particles carrying colour
charge cannot be observed on their own, but clump together instead to form colour neutral
hadrons which become visible as jets in particle detectors. This phenomenon is known
as colour confinement. It can be explained by the fact that the energy stored in the
gluon field between colour charged particles increases with the distance between them.
At large energies quark-antiquark pairs are created and the gluon field breaks into smaller
“strings” [§].

The weak interaction is mediated by the charged W= and neutral Z bosons. The weak
force couples together fermions differing in weak isospin, making it the only interaction
capable of changing the flavour of quarks. In contrast to the photon and gluons, which
are massless as required by the local gauge invariance, the W+ and Z boson have a mass
of 80.4GeV and 91.2GeV [9], respectively. They obtain their mass through interaction
with the Higgs boson (see Section [2.2)). The W= bosons only couple to left-handed chiral
particles or right-handed chiral antiparticles. The symmetry group of the charged-current
weak interaction theory is referred to as SU(2), which is generated by the weak isospin.
The invariance under this symmetry leads to three gauge fields W), W2 and W} from
which the charged W# fields can be constructed

1
Wt =—
V2

The remaining neutral field Wg’ cannot be identified with the field corresponding to the

(W, FW2).

Z boson, as experiments have shown that the Z boson couples to both left- and right-
handed particles. However, by combining the theory for electromagnetism and the weak
interaction the Z-boson field can be constructed.

In a unified description of the electromagnetic and weak interaction [I0HI2] called the
electroweak interaction, the U(1) gauge symmetry of the electromagnetic interaction is
replaced by U(1)y. Instead of coupling to the electric charge ), the gauge field B,
couples to the weak hypercharge Y = 2(Q) — T3), where Tj is the third component of the
weak isospin. The underlying symmetries of the electromagnetic and weak interaction are
combined into a SU(2),xU(1)y group. The photon field A, and Z-boson field Z, can
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then be written as linear combinations

A, = Bycos(fw)+ W, sin (fy)
Z, = —B, cos (Bw) + Wi’ cos (Ow)

of the neutral fields B, and Wg, and the weak mixing angle fyy.
The SM describes both the electroweak and strong interactions, and is therefore a

quantum field gauge theory with the symmetry group U(1),, x SU(2), x SU(3).

2.2. Higgs mechanism

The explanations in this section are based on the derivation used in Ref. [8]. As discussed
in the previous section, the invariance under SU(2),xU(1)y symmetry transformations
in the electroweak theory gives rise to four massless gauge fields. However, the observed
let and Z bosons are amongst the heaviest particles in the SM. To generate the masses
of these gauge bosons the Higgs mechanism is embedded in the theory. For this, a doublet
of complex scalar fields
S — <¢1<m> + @2(.,,3))
V2 \ ¢3(x) + i ()

is added to the Lagrangian. The four degrees of freedom are required to ultimately obtain

a massive scalar field and three massless Goldstone bosons, which give the V[/ujE and Z

bosons their longitudinal degree of freedom. Furthermore a potential
V(¢) = 1?¢'o + A(6¢)

of the field is added with p? < 0 and A > 0. It can be shown that the minimum for this
potential does not occur at ¢(x) = 0 but at a distance v = ﬁ from the origin. The
field ¢() is said to have a non-zero vacuum expectation value.

If the quantum fields of the theory are expressed as an expansion around a vacuum
state, the SU(2),xU(1)y symmetry of the Lagrangian is not apparent anymore, but
rather hidden. This process is called spontaneous symmetry breaking. The resulting La-
grangian contains three massive gauge boson fields, as well as the aforementioned massive
scalar field and three Goldstone bosons. The Lagrangian can be simplified by writing the

expansion around the vacuum state in unitary gauge
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Figure 2.2.: Lowest-order Feynman diagrams for Higgs boson interaction with fermions
(a), W= bosons (b) and Z bosons (c).

where h(x) is the Higgs field. The resulting Lagrangian only consists of terms correspond-

ing to physical particles. From the terms of the electroweak gauge fields, the masses

1
mW:§9WU
m :l gw v

Z 2 cos Oy

of the Wf and Z bosons can be determined at leading order, with gy being the weak
coupling constant. The photon remains massless as required. The mass of the Higgs

boson at leading order

myg = V2\v

can also be inferred. Furthermore, the Lagrangian contains self-interaction terms for
the Higgs boson and interaction terms between the Higgs and gauge bosons from which
the coupling strengths can be determined. The interaction vertices and corresponding
coupling strengths are shown in Figure [2.2]

Similarly, the Higgs mechanism can be used to generate the masses of the SM fermions.

The coupling of the fermion to the Higgs field generates the fermion mass

1
mr=——=gsv ,
f \/igf

where g7 is the Yukawa coupling constant.

2.3. Higgs boson production and decay

In 2012, the ATLAS and CMS experiments at the LHC both reported the discovery of a
new particle that exhibited the Higgs boson properties predicted by the SM [T}, 2]. Using
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Figure 2.3.: Lowest-order Feynman diagrams for the Higgs production modes ggF (a),
VBF (b), VH (c) and ttH (d) at the LHC at /s = 13TeV [9].

the combined data samples gathered by the experiments during Run 1, the mass of the
Higgs boson was estimated to be my = 125.09 4 0.21 (stat.) £ 0.11 (syst.) GeV [13].

The SM predicts different mechanisms by which a Higgs boson can be produced. The
lowest-order Feynman diagrams for the dominant production processes are shown in Fig-
ure 2.3l The production mode with the largest cross section and therefore the most
common process at the LHC is gluon-gluon fusion (ggF'). Two gluons can give rise to a
virtual top quark loop which then yields a Higgs boson in the final state. The process with
the second highest cross section at the LHC is vector-boson fusion (VBF). Two quarks
from the collision each radiate a vector boson either a W= boson or a Z boson, which
then couple to the Higgs boson. Additionally, vector-boson associated production (V H)
which is the radiation of a Higgs boson from a W# or Z boson and associated top pair
production (ttH) are observed at the LHC.

The predicted cross sections for the different Higgs boson production modes in pp
collisions for a centre-of-mass energy of /s = 13TeV and my = 125 GeV are given in
Table 2.1 The total Higgs boson production cross section is 50.6 pb [14].

Once produced, the Higgs boson decays quickly due to its relatively large mass. As can
be seen in Figure 2.2 the Higgs boson can decay into a fermion-antifermion pair as well
as into two oppositely charged W bosons or two Z bosons. It can also be seen that the
coupling strength depends on the fermion’s, W or Z boson’s mass. The decay into a W
boson pair is suppressed because one of the decay products will be a virtual (off-shell)
particle W* since my < 2myy. The same holds for the decay into ZZ*. The decay with

the highest branching ratio is therefore the fermionic decay into a bb pair.
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Table 2.1.: Cross sections for the different Higgs boson production processes in pp colli-
sions for /s = 13 TeV and my = 125 GeV. The total Higgs boson production

cross section is 50.6 pb [14].

Production mode Cross section [pb]

ggF 44.1
VBF 3.78
WH 1.37
ZH 0.88
ttH 0.51

The Higgs boson can also decay into massless particles such as gluons and photons via
virtual top quark and W boson loops. The branching ratios for the main decay modes of

a Higgs boson with mass my = 125 GeV are given in Table 2.2]

Table 2.2.: Decay modes of the Higgs boson and their corresponding branching ratios
for mpy = 125 GeV [14].

Decay mode Branching ratio

H — bb 58.4 %
H— WW* 21.4%
H — gg 8.6 %
H— 7t~ 6.2 %
H — cc 29%
H—>Z7Z* 2.6%
H — vy 0.2%

2.4. Beyond the Standard Model

Many predictions of the SM have been confirmed by experiments, however, the SM is
not a complete theory. Of the four fundamental forces, only three are described by the
SM. Gravity is not part of the SM, because so far accommodating the theory of general
relativity into the SM has proven to be difficult. The SM is also not a fully unified theory
since it is based on the U(1),, x SU(2), x SU(3) symmetry group. For a fully unified
theory, however, one would expect a single underlying gauge symmetry to describe all
three interactions [15].

Furthermore, there is experimental evidence that a significant fraction of the mass in

the universe is non-baryonic and non-luminous. This is known as dark matter and is
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assumed to consist of weakly interacting massive particles (WIMPs) [16], with properties
inconsistent with any of the SM particles.

To solve these problems, theories extending the SM are considered. Supersymmetry
(SUSY) is such a possible extension. In supersymmetric models every particle of the SM
has a super-partner whose spin differs by % Models including supersymmetry, such as the
Minimal Supersymmetric Standard Model (MSSM), can solve the hierarchy problem [17].
Furthermore, if R-parity is conserved, the MSSM provides a candidate particle for dark
matter. In supersymmetric models a second Higgs doublet has to be added to give mass
to both up- and down-type quarks and cancel anomalies [I8]. In addition, the second
doublet is able to generate the baryon asymmetry which cannot be explained by the SM
[19].

Two-Higgs-doublet models (2HDM) are simple extensions of the SM, which can also
include supersymmetry. In 2HDMs, a second doublet of complex scalar fields is added to
the SM. As described in Section [2.2] the doublet fields can be expanded around the two
vacuum expectation values leading to spontaneous symmetry breaking. The eight degrees
of freedom of the two doublets result in three Goldstone bosons giving mass to the W=
and Z bosons like before. The remaining five degrees of freedom result in physical scalar
fields corresponding to five Higgs bosons: two neutral CP-even scalars h and H°, two
charged scalars H*, and a neutral CP-odd pseudoscalar A° [I8§].

2.5. Higgs boson pair production

Until now, only single Higgs boson production has been observed. However, the SM
predicts Higgs boson self-interactions (see Section and therefore the possibility of
non-resonant Higgs boson pair production. The dominant production mode for Higgs
pair production in proton-proton collisions at the LHC is gluon-gluon fusion. The two

lowest-order Feynman diagrams for Higgs boson pair production are shown in Figure [2.4]

I,
*

g H 9 e H

Figure 2.4.: Lowest-order Feynman diagrams for non-resonant Higgs boson pair pro-
duction via gluon-gluon fusion [20].

One possible process is the coupling of two gluons to an off-shell Higgs boson via
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a heavy quark loop. Due to the self-interaction, the virtual Higgs boson decays into
two massive Higgs bosons. The study of this decay makes it possible to measure the
self-coupling parameter A\, which determines the shape of the Higgs potential. Another
possible process is Higgs boson pair production via a top quark loop with two ttH vertices.
As the two Higgs bosons do not couple, this process does not allow for the study of the
self-coupling parameter. The amplitudes for both Higgs boson pair production processes
interfere destructively resulting in a small predicted cross section for ggF of 31.05fb in pp
collisions at 13 TeV [21].

Figure 2.5.: Lowest-order Feynman diagrams for resonant Higgs boson pair production
via gluon-gluon fusion.

In theories beyond the SM, Higgs boson pair production is also possible through res-
onant production where a heavy particle produced during the collision decays into two
Higgs bosons. For example in the MSSM a H° boson could decay into two lighter h bosons
[22]. Figure shows the lowest order Feynman diagram for resonant Higgs boson pair
production via gluon-gluon fusion, where an unknown particle X decays into two Higgs

bosons.
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3. Experimental Setup

The ATLAS experiment is one of the four major experiments at the Large Hadron Collider
(Luc) at CERN. In the following, a short overview of the LHC and the most important

components of the ATLAS detector is given.
3.1. The Large Hadron Collider

The CERN accelerator complex
Complexe des accélérateurs du CERN
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Figure 3.1.: Sketch of the accelerator chain at CERN and the experiments at the LHC

[23].

The Large Hadron Collider (LHC) [24] is the world’s largest particle accelerator. The

2571 and a centre-of-mass energy of 14 TeV

LHC was designed with a luminosity of 1034 cm™
to produce heavy particles such as the Higgs boson and reveal physics beyond the SM

among other things.
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It was built by the European Organisation for Nuclear Research (CERN) between 1998
and 2008. The LHC is a circular proton-proton collider with a circumference of 27 km. It
is situated in a tunnel approximately 100 m below the ground to shield it from radiation.
The LHC consists of two beam pipes being kept at an ultra high vacuum in which two
proton beams travel in opposite directions. Acceleration structures along the ring increase
the energy of the protons, while magnetic fields of 8.33 T produced by superconducting
magnets keep the particles on their circular path. Liquid helium is used to cool the
magnets down to their operating temperature of 1.9 K.

Before being injected into the LHC, the proton beams pass through a chain of acceler-
ators (see Figure . Each accelerator increases the energy of the beam before injecting
it into the next one. The first accelerator in the chain is LINAC 2 [[ which accelerates
the beams to an energy of 50 MeV. After this, the proton beams are injected into the
Proton Synchroton Booster which increases their energy to 1.4 GeV. The beam is then fed
to the Proton Synchrotron which accelerates it to 25 GeV. Subsequently, the beam passes
through the Super Proton Synchrotron which increases the energy to 450 GeV. Lastly, the
proton beams are injected into the LHC and accelerated to their final energy of 6.5 TeV.

Along the ring, there are four points at which the two beam pipes intersect and the
two proton beams are made to collide. During Run 2 of the LHC, the two proton beams
collided at a centre-of-mass energy of /s = 13 TeV. Around the collision points detectors
are installed belonging to one of the four major experiments. ATLAS and CMS are multi-
purpose experiments while the ALICE experiment studies quark-gluon plasma and LHCb

investigates b-physics.

3.2. The ATLAS detector

The ATLAS detector [25] is a general-purpose particle detector at the LHC designed to
record the trajectory, momentum, and energy of the particles produced in the collisions.
The most important components of the detector are: the inner detector (ID), which is
made up of the pixel detector, the semiconductor tracker and the transition radiation
tracker, the electromagnetic and hadronic calorimeters, and the muon spectrometer. A
depiction of the ATLAS detector and the main components can be seen in Figure In
the centre region, also called the barrel region, the detectors are arranged in concentric
cylinders around the beam pipe. At each side are the end caps, with sensors that are

located on discs perpendicular to the beam axis.

ILINAC 2 is replaced by LINAC 4 for the next run starting in 2022. LINAC4 will accelerate the beams
to an energy of 160 MeV.

12
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Figure 3.2.: General layout of the ATLAS detector and its components [25].

Coordinate system and physical quantities

The ATLAS detector uses a special coordinate system. The collision point is defined as
the origin of the coordinate system. The transverse plane is defined by the x-axis which
points from the origin towards the centre of the LHC and the y-axis which points upwards.
Using a right-handed coordinate system the +z-axis is therefore well-defined and parallel
to the particle beams. Other parameters used are 6, the polar angle with respect to the

z-axis and ¢, the azimuthal angle in the transverse plane.

E+p-
E_pz

E and momentum p, in the beam direction. The difference in rapidity Ay is Lorentz

Relevant physical quantities are the rapidity y = %ln ( ) of a particle with energy
invariant under boosts in the longitudinal direction. The pseudorapidity is defined as
n=—In [tan (g)] In the relativistic limit 1 ~ y holds and therefore the difference An
is approximately invariant under Lorentz boosts in the longitudinal direction. For this
reason the pseudorapidity is preferred over the polar angle 6. Given An, the distance
AR = \/ (An)2 + (A¢)? between two particles in the n — ¢ plane can be defined. The

transverse momentum pz is the component of the momentum transverse to the beam

direction and the transverse energy is defined as Ep = E'sin (0).

13
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Inner detector

The inner detector system is located closest to the beam pipe. It extends from an inner
radius of 5cm to an outer radius of 1.2m and has a length of 6.2m. The ID is immersed
in a 2T magnetic field produced by a superconducting solenoid magnet system. Due to
the magnetic field, the trajectories of charged particles are curved. The charge of the
particle can be inferred from the direction of the curvature. By measuring the tracks of
the particles with the inner detector, the transverse momentum ps can be inferred from
the curvature. Furthermore, the inner detector provides vertex measurements, which are
used to determine the point of collision (primary vertex) and vertices originating from
the decay of e.g. b hadrons (secondary vertices). The inner detector consists of three
individual sub-detectors: the pixel detector, the semiconductor tracker (SCT), and the
transition radiation tracker (TRT). The detector located closest to the collision point is
the silicon pixel detector. It consists of four layers in the barrel region and three discs
in each of the two end cap regions. The silicon pixels in the innermost layer have a size
of 50 x 250 um? while the pixels in the three external layers have a size of 50 x 400 um?.
There are 2024 pixel modules in the pixel detector each containing approximately 46000
pixels. With 92 million readout channels for these pixels, the pixel detector provides
precise tracking. The pixel detector is surrounded by the SCT which uses narrow silicon
strips with a pitch of 80 um instead of pixels. Each module in the SCT consists of two
layers of strips. One layer of strips is parallel to the beam axis whereas the other layer is
rotated at an angle of 40 mrad. The pixel detector and the SCT cover a pseudorapidity
range of |n| < 2.5. The outermost part of the inner detector is the TRT. It is composed of
layers of drift tubes filled with ionising gas. The tubes are interleaved with materials with
different refraction indices. The produced transition radiation can be used for electron
identification. The TRT detects particles with || < 2.0. The relative resolution of the

transverse momentum of the inner detector is % = 0.05%pr & 1% [GeV].

Calorimeters

The calorimeters in the ATLAS detector are positioned outside of the solenoid magnet and
measure the energy deposition of the incident particles. The calorimetry system consists
of an electromagnetic calorimeter and a hadronic calorimeter each made up of a barrel
and end cap region. In addition, there is a forward calorimeter to cover the region closest
to the beam. The calorimeters used at ATLAS are sampling calorimeters, which consist of
alternating layers of an absorber material responsible for developing the particle showers

and an active material measuring the deposited energy.
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3. Experimental Setup

In the electromagnetic calorimeter, the energy of electrons and photons are measured.
Liquid argon is used as active detector material and lead plates are used as absorbers.
The absorbers are arranged in an accordion shape to ensure a uniform response of the
calorimeters. The barrel region of the electromagnetic calorimeter covers a pseudorapidity
range of |n| < 1.475 while the two end caps cover 1.375 < |n| < 3.2. It provides a relative
energy resolution of % = % @ 0.7% [GeV].

The hadronic calorimeters detect particles that shower hadronically. In the barrel
region scintillating plastic tiles and steel absorbers are used and provide a pseudorapidity
coverage for |n| < 1.7. The hadronic end cap calorimeter consists of liquid argon and

copper absorbers and is used for the region 1.5 < || < 3.2. In total the hadronic

calorimeter provides a relative energy resolution of % = 5\%% ® 3% [GeV].
The pseudorapidity range 3.1 < |n| < 4.9 close to the beam is covered by the forward
calorimeter which provides both electromagnetic and hadronic energy measurements. It

uses liquid argon as active material as well as copper and tungsten as absorbers.

Muon spectrometer

Muons are charged leptons like electrons but approximately 200 times heavier. Therefore,
they only lose small amounts of energy due to bremsstrahlung and scattering and pass
through the inner detector and calorimeters. For that reason, the chambers to detect
muons are the farthest away from the collision point. The muon spectrometer at the
ATLAS detector surrounds the calorimeters making it the largest part of the detector with
an inner radius of 4.25m and an outer radius of 11 m. Three air-core toroidal magnets in
the muon spectrometer provide a magnetic field of 0.5'T and 1T for the barrel and end
cap region, respectively. The muon spectrometer is made from chambers filled with gas,
which is ionised by the traversing muons and thus provides information on the position of
the particle. The measurements of the track coordinates are provided by monitored drift
tubes in the barrel region for |n| < 1.0 and partly in the end caps for |n| < 2.0. At large
pseudorapidities of 2.0 < |n| < 2.7, cathode strip chambers with a higher granularity are
used.

Besides the chambers for precise measurements, the muon spectrometer also includes a
system of trigger chambers for |n| < 2.4. The resistive plate chambers in the barrel region
and the thin gap chambers in the end cap region provide information about the tracks of
the muons traversing the detector within 1.5 to 4 ns.

The relative transverse momentum resolution achieved by the muon spectrometer is

approximately 10 % for muons with pr = 1 TeV.
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3. Experimental Setup

Trigger system

2571 is approximately

The proton-proton collision rate at a design luminosity of 10** cm™
40 MHz. Besides the limitation of the data readout bandwidth, recording all the infor-
mation provided by the detectors would lead to a data volume of almost 60 TByte/s.
However, only some of the events are interesting enough to be recorded. Therefore,
ATLAS uses a two-level trigger system that decides which events to save and which events
to discard.

The Level-1 hardware-based trigger (L1) uses a subset of the information provided
by the detector components. Using custom electronics, the events are scanned for the
presence of high pr leptons, photons and missing transverse energy, which could indicate
the decay of a heavy particle. Furthermore, so called regions-of-interest are defined in
which interesting features have been identified. The L1 trigger reduces the event rate
to around 100kHz. The events from the first level trigger are then processed by the
software-based high-level trigger (HLT). Using reconstructed detector data within the
regions-of-interest, the HL'T reduces the event rate to around 1kHz which is then recorded

for permanent storage.
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4. The Search for Higgs Boson Pair
Production in the bbWW* Channel

in the 1 Lepton Final State

In this chapter, the search strategy of the HH — bbWW* analysis [26] is presented. At
first the decay channel targeted in the analysis is discussed. In the next section, the
definitions of the objects used in the analysis and their reconstruction from the detector
signals are given. Furthermore, a procedure for overlap removal, the event selection and

the background estimation is presented.

4.1. Decay channel

The analysis searches for heavy resonances X that decay into two Higgs bosons H. For
this the HH — bbWW* decay channel, where the two Higgs bosons decay into a pair
of b quarks and a pair of W bosons, respectively, is targeted. Considering the branching
ratios of the Higgs boson from Table , the overall branching ratio of the HH — bbIWTV*
decay channel is 25%, which makes it the channel with the second largest branching ratio
after the HH — bbbb channel. In the analysis only final states with a single lepton
are considered, thus, one of the W bosons decays leptonically, while the other W boson
decays into two light flavour quarks. The branching ratios for these decays are 10.86 %
and 67.41 %, respectively [9].

The unknown mass of the particle X that decays into the two Higgs bosons, determines
the topology of the event. For large resonance masses, the resulting Higgs bosons will
have a high py. Therefore, their decay products will be boosted and close to each other
in the lab frame. This boosted topology makes it difficult to reconstruct the individual
jets originating from the b or light flavour quarks. Larger jets, so called Track-Assisted
Reclustered (TAR) jets, that contain the hadronic decay products of the Higgs and W
boson, are therefore used in the analysis, and will be discussed in the next section. The

lepton from the leptonically decaying W boson is also highly boosted and usually is part
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- .

Figure 4.1.: Depiction of the X — HH — bbWW* decay channel with a single lepton
in the final state in the boosted topology. The heavy resonance X decays
into two Higgs boson which decay in turn into a bb pair and two oppositely
charged W bosons. One of the W bosons decays leptonically while the
other one decays into two light flavour quarks.

of the large jet containing the light flavour quarks. A special overlap removal procedure
is used to disentangle the lepton from the jet. A depiction of the decay channel in the

boosted topology as well as the large jets containing the decay products is given in Figure

41l

4.2. Object definitions

In the following section an overview of the definitions of the objects used in the analysis

and their reconstruction from the detector signals is given.

Jets

The energy deposits of particles traversing the detector form topological clusters in the
calorimeter. Using the anti-k; algorithm [27], jets are reconstructed from these clusters for
a specific radius parameter R. Standard jets are reconstructed using a radius parameter
of R = 0.4. They are required to have py > 20GeV and |n| < 4.5. The small-R jets,
which make up the subjets within the TAR jets, have a radius parameter of R = 0.2 and
must fulfil pr > 15GeV and || < 2.5.

Due to the boosted topology of the event, the analysis makes use of Track-Assisted
Reclustered (TAR) jets [28], which perform well in dense environments. To construct
the TAR jets, small-R jets are clustered into large-R jets with a radius parameter of
R = 1.0. Subsequently, a trimming procedure is applied, where the small-R subjets with

PRI /it < 0.05 are removed. After the trimming, tracks are matched to the remaining
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4. The Search for Higgs Boson Pair Production in the bbWW* Channel in the 1 Lepton Final State

small-R jets using ghost-association [29]. To account for missing energy due to neutral

track

hadrons, the p7*“® of the tracks is scaled, using the p?lbjet of the subjet it is matched to,

according to

subjet
track,new __track,old pT,j
Pr =Pr X track,old
> Pri
1€

where the variable ¢ denotes the track matched to subjet j. Further requirements on the
TAR jets in this analysis are pr > 100GeV and |n| < 2.0. To determine the flavour
of the quarks from which the jets originated, flavour tagging is performed on variable-R
(VR) track jets which are then ghost-associated to the TAR jets. For b-tagging the DLr
algorithm [30] with a 77% working point is used. If there is one b-tagged VR track that
is ghost-associated to the TAR jet, the TAR jet is called single b-tagged. The TAR jet is
double b-tagged if there are two ghost-associated b-tagged VR jets.

Leptons

Electrons are reconstructed by matching energy clusters in the electromagnetic calorimeter
to tracks measured in the inner detector. The electron candidates are required to have
pr > 10GeV and |n| < 2.47. The transition region 1.37 < |n| < 1.52 between the barrel
and end-cap of the calorimeter is excluded. Furthermore the electron candidates need to
satisfy loose likelihood identification and tight isolation criteria.

Muons are reconstructed by matching a track from the inner detector to a track in the
muon spectrometer. Muon candidates are required to have pr > 10GeV and |n| < 2.5.
Moreover, medium identification and tight isolation criteria need to be satisfied.

In the analysis, tau leptons are only considered if they decay leptonically into an electron

or a muon; the hadronically decaying tau leptons are excluded.

Missing transverse energy

miss

The missing transverse energy EX' (MET) is defined as the negative vector sum of the
pr of the reconstructed jets and particles. The MET also includes a soft term consisting
of tracks not belonging to any of the aforementioned objects.

4.3. Overlap removal

The object reconstruction algorithms of ATLAS run independently of each other. There-

fore, some clusters or tracks may be used for the reconstruction of more than one object
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and will lead to a double counting of energies. To prevent this, an overlap removal pro-

cedure is applied:

(i) An electron is discarded if it shares an inner detector track with a muon. A muon
is discarded if it is a calorimeter muon and shares an inner detector track with an

electron.

(ii) A jet is discarded and an electron is kept if AR < 0.2, where AR is the distance
between the jet and the electron.
An electron is discarded and the jet is kept if AR < min <0.4, 0.04 + 10GeV)

by

(iii) A jet is discarded and a muon is kept if there are less than three tracks in the jet,
the muon is ghost-associated to the jet or AR < 0.2, where AR is the distance
between the jet and the muon.

A muon is discarded and the jet is kept if AR < min (0.4, 0.04 4 w(l%&/)

P

(iv) A small-R jet is discarded and an electron is kept if AR < 0.2, where AR is the

distance between the small-R jet and the electron.

Due to the boosted topology of the analysis, particles are close to each other when
passing through the detector. Therefore, the lepton can end up inside the large-R jet
originating from the hadronically decaying W boson. Using standard jets, the overlap
removal procedure described above would either reject the lepton and keep the jet or vice
versa. Using TAR jets, however, the overlap removal procedure is applied to the small-R
subjets that make up the TAR jets. This way subjets, and not the entire jet, overlapping

with the lepton are removed, preventing the double counting of energies.

4.4. Event selection

For the HH — bbWWW* single lepton mode to be analysed, only events satisfying the
following preselection criteria are considered. Additional cuts on the events passing the
preselection are applied to define the signal, validation and control regions used by the

analysis. The definitions of the control regions are given in Section [4.5

Preselection

Only events that pass a single large-R jet trigger and contain one signal lepton, either
an electron or a muon, are considered. Furthermore, events are selected that contain at
least two TAR jets. The TAR jet closest to the lepton is classified as the hadronically
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decaying W boson Wi,q. The H — bb candidate is set to be the TAR jet with the largest
pr that is not the Wy,q candidate. Moreover, the distance between the lepton and the
Whaa candidate is required to satisfy AR(¢, Wiaq) < 1.0, while for the H — bb candidate

pl —b < 500 GeV is also required.

Signal regions

For the signal region (SR), events passing the preselection are selected for which the TAR
jet of the H — bb candidate is either single or double b-tagged. Events with additional
b-tagged jets are rejected. Different signal regions are defined for the lepton channels
depending on the number of b-tags of the H — bb candidate and whether its mass falls
within a certain percentage of a defined mass window. The definitions of the signal regions
are given in Table [4.1]

Table 4.1.: Definitions of the signal regions for the electron and muon channel.

Lepton channel Signal region

electron H — bb candidate passes 70% mass window and has > 2b-tags

muon H — b§ candidate passes 70% mass window and has 1b-tag
H — bb candidate passes 70% mass window and has > 2b-tags
H — bb candidate fails 70% mass window and has > 2b-tags

Validation regions

Events in the validation regions (VR) are events passing the preselection for which the
TAR jet of the H — bb candidate is either single or double b-tagged. Events with
additional b-tagged jets are rejected. Validation regions are defined in a way such that
they are close to the signal regions to allow validating the modelling of the backgrounds
by comparing to data without introducing a bias and losing too much signal sensitivity.

The definitions of the validation regions are given in Table [£.2]

4.5. Background estimation

In the HH — bbWW* decay channel, the main background contributions originate from
tt, Wjets, diboson, single top and QCD multijet processes. For tt processes, two top
quarks produced during the collision each decay into a W boson and a b quark, while the

single top background contribution arises from the decay of one top quark. The diboson
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Table 4.2.: Definitions of the validation regions for the electron and muon channel.

Lepton channel Validation region

electron H — bb candidate fails 80% mass window and has 1b-tag

H— bé candidate fails 80% mass window and has > 2b-tags
H — bb candidate passes 70% mass window and has 1b-tag
muon H — bb candidate fails 80% mass window and has 1b-tag

background originates from the decay of two bosons produced during the collision. Most
of these backgrounds are estimated using MC simulation, while a data driven approach is
used for the estimation of the QCD background. However, corrections have to be applied
to account for the mismodelling of trigger responses, reconstruction, isolation and identi-
fication efficiencies. To estimate the correct normalisation for the predicted event yield of
the MC modelled background processes, data from dedicated control regions (CR) is used.
Control regions are defined in such a way that they are orthogonal to the signal region and
that a certain background process is dominant in the event composition. By fitting the
simulated distributions to the data, the normalisation factors for the backgrounds can be
obtained. The definitions of the control regions for the t¢, Wjets and QCD background
processes are given in Table [4.3]

Table 4.3.: Definitions of control regions for the background processes.

Background process Control region

tt 2 b-tagged TAR jets, morat < 20 GeV

W+jets 0 b-tagged TAR jets, H — bb candidate fails 70% mass window,
60 GeV < m ' < 120 GeV

QCD 0 b-tagged TAR jets, H — bb candidate fails 70% mass window,
not W+jets

QCD background estimate

The QCD background is the background caused by fake or non-prompt leptons, which are
either jets that were incorrectly reconstructed as leptons or leptons that are not originating
from the primary vertex. This background is difficult to describe with MC simulation and
a data driven approach is used for its estimation.

The QCD background is estimated using the so called matrix method for which two

lepton criteria “loose” and “tight” are used. The criteria are combinations of likelihood
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identification (LH ID) and isolation requirements given in Table [4.4 The tight leptons
are the signal leptons that are used in the analysis.

Table 4.4.: Definitions of the loose and tight criteria used for the QCD background
estimation.

Lepton Loose Tight

electron loose LH ID and no isolation medium LH ID and tight track only isolation
muon loose ID and no isolation medium ID and tight track only isolation

Furthermore, the real rate € at which prompt leptons pass the tight criteria, and the
fake rate f at which non-prompt leptons pass the tight criteria are used. They are defined

as follows N N
prompt, T and f _ QCD,T

N prompt N QCD

€ = 5

where Nprompt i the number of prompt leptons, Nqcp is the number of non-prompt leptons
and the index T refers to the number of tight leptons. The real rate € is estimated using
MC simulation, while the fake rate f is measured in the QCD CR defined in Table [£.3
The rates can be binned in different quantities, e.g. in the py of the lepton or in the AR
between the lepton and the closest jet to obtain predictions of kinematic distributions for
the QCD background.

Using these rates, the number of tight leptons Np and the number of leptons that pass

the loose but not the tight criteria Ny, can be expressed by the following matrix equation

NT _ € f Nprompt (4 1)
Nint l—e 1-Ff Nqep | '

Since Np and Np,t are known, the number of non-prompt leptons can be determined by
inverting the matrix in eq. . To consider signal leptons only, the expression for Ngcp
is multiplied by the fake rate f. Therefore, the number of non-prompt leptons that pass
the tight criteria is given by

fle—1) fe
N Nrat - 4.2
- T+ - LnT (4.2)
To estimate the QCD background in the signal region, each data event is weighted by the
expression given in eq. (4.2)).

Nqocepr =
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5. Systematic Uncertainties and
their Impact on Kinematic

Distributions

In this chapter an investigation into the systematic uncertainties of the analysis is pre-
sented. The systematic uncertainties are relevant for the search sensitivity of the analysis
and it is therefore important to quantify their effects.

A systematic uncertainty is a variation in a measurement, that unlike a statistical
uncertainty does not vary randomly with each data point. In contrast to statistical un-
certainties which scale with 1/ V'N, with N being the number of measurements, systematic
uncertainties do not have the same behaviour as they arise from imperfect modelling or
calibration of the measurement instruments. Therefore, the systematic uncertainties in
the analysis can be divided into MC modelling uncertainties and experimental uncertain-
ties related to the detector. The latter are the ones considered in this thesis. These
include uncertainties on the electron and muon identification and reconstruction efficien-
cies, as well as uncertainties on their momentum and energy resolutions. Furthermore,
systematic uncertainties on the jet energy scale and jet energy resolution in addition to
b-tagging uncertainties are considered.

A selection of systematic uncertainties that have a visible impact on the kinematic
distributions considered, is given in Table In the table, the names for the systematic
uncertainties as used by the analysis and a description is provided. A complete overview
of the systematic uncertainties considered in the analysis is given in Table [A.T]

In the analysis the systematic uncertainties are applied to the reconstructed objects
by the frameworkﬂ being used. This is done once with a shift by +1c which is called
the “lup” variation and once with a shift by —1o called the “ldown” variation. These
uncertainties on the reconstructed objects will be propagated through the full analysis

chain to the final quantities relevant to the analysis.

LA brief overview of the framework being used by the analysis is given in Appendix
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Table 5.1.: Examples of systematic uncertainties with a large impact on the kinematic
distributions. The full list of systematic uncertainties and their description

is given in Table [A.1]

Systematic uncertainty Description

JET CR_JET_JER_ EffectiveNP jet energy resolution uncertainty (split into components 1 to 7)
JET_ CR_JET EffectiveNP_Mixed jet energy scale uncertainty (split into components 1 to 3)
JET _CR_JET_Flavor_Composition jet energy scale uncertainty on samples’ flavour composition

JET CR_JET_ Flavor_Response jet energy scale uncertainty on samples’ flavour response

PRW__DATASF pileup reweighting uncertainty

MET _SoftTrk ResoPara missing transverse energy track-based soft term related to
longitudinal resolution uncertainty

MUON_ID muon momentum resolution uncertainty from the inner detector

MUON__MS muon momentum resolution uncertainty from the muon system

In this thesis, the impact of the systematic uncertainties on the shape of six different
kinematic distributions is evaluated. The distributions considered are given in Table [5.2]
Furthermore, only kinematic distributions for the signal process with a resonance mass of
2 TeV, the W+jets background and the ¢t background are considered. The W+jets and ¢t
backgrounds were chosen because they are the most dominant background processes and
the only background samples available so far that have systematic uncertainties included.
While the results for the W+jets background process are presented in this thesis, the
results for the tt background can be found in Appendix Furthermore, for now jet
uncertainties on standard jets are used, also as a proxy for the uncertainties on small-R

jets, since these small-R jet uncertainties are not available yet.

Table 5.2.: Overview of the kinematic distributions considered.

Distribution Description

miH final discriminant, calculated from the mass of the H — bb and Wiaq
candidate, the lepton mass and the missing transverse energy

Py B transverse momentum of the signal lepton

m%ﬁ> bb mass of the pr leading TAR jet, that is not the W,q candidate

mipad mass of the TAR jet closest to the lepton

Eimiss missing transverse energy

m:,VY e transverse mass calculated from the lepton mass and the missing trans-

verse energy
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5.1. Example: Muon momentum resolution

uncertainty

In this section, the impact of the systematic uncertainties on the kinematic distributions
is presented by considering the muon momentum resolution uncertainty originating from
the inner detector (MUON__ID) as an example. Figure[5.1]and Figure [5.2]show the nom-
inal, lup and ldown distributions for the 2 TeV signal and W +jets background sample,
respectively.

The distributions are shown in the signal region defined in Table where the H — bb
candidate passes the 70% mass window and the corresponding TAR jet is double b-tagged.
Furthermore, the inclusive lepton channel is considered, which means that the lepton can
be either an electron or a muon, since this signal region is defined for both lepton flavours.

For the signal process, it can be observed that the uncertainty on the muon momentum
resolution has very little impact on the m%ﬁbb distribution, which is the distribution
of the mass of the H — bb candidate and therefore peaks around the physical Higgs
boson mass at 125 GeV. The effect on the m%VAh‘ff distribution is negligible as well. The
distribution shows two peaks, one at the physical W boson mass at 80 GeV and one at
35 GeV, which corresponds to the case where the hadronically decaying W boson is off-
shell. The largest variations due to the systematic uncertainty can be seen in the pf.
and EX distributions. Therefore, the derived distribution of the transverse mass of the

* is affected as well. Finally, the uncertainty of the

HH
vis+met>

leptonically decaying W boson mQVE/'
muon momentum resolution also impacts the final discriminating distribution m
which is calculated from the mass of the H — bb and Wi,q candidate, the lepton mass and
the missing transverse energy. Although it does not describe the total mass m# of the
system due to the missing momentum of the neutrino in the z-direction, the distribution
is expected to peak around the resonance mass of 2 TeV, which can be seen in Figure [5.1]

For the W+jets background process, the shape of the distributions seen in Figure
appears different from the shape of the distributions for the signal process. It can be
seen, that the uncertainty on the muon momentum resolution has a large impact on the
Emiss and m.Y " distribution, whereas the shape of the mf bb and maesd distribution is
almost not affected by the uncertainty. The relatively large fluctuations can be explained
by the fact that for the W-jets background only Monte Carlo samples representing 2017

data were used and therefore low statistics are expected.

26



5. Systematic Uncertainties and their Impact on Kinematic Distributions

20,25 FE T T T T T T T T T T o e I I S AR B =
4 N Vs=13TeV _ = g r Vs=13Tev _ !
i r X~ HH - bBWW*, 1-lep ] [ C X~ HH - bbww*, 1-lep
r SR_pmH_2btag, m=2.0 TeV _| 0.14— SR_pmH_2btag, m =2.0 TeV—|
02— —Nominal —| = —Nominal
C —1up 7 0.12(— —1lup —
L ~1down E ~ldown
0.15— — C -
C ] 0.08/— i
01— — E e
L ] 0.06[— —
L N 004~ —
0.05— — L ]
L ] 0.02— .
Lot Ll | Lol ol bl A AN RN B AN U MR
L2 L I L L B L LR LD L DL B B A L TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
g L3y T} T TTTTT T T RN g T T T T T T RN
5 1+ FT - 5 11— E
2 F 3 2 Rk 3
(2 . + - 2 (i -
s 09 ! — s 09— =
£ o8 IREAREAES - £ o8 -
§ ok FRPRTE N S EPRSPRPRNPRPRISIL s L 1 1L Y L )L S 1 B Eoobt vttt b b b L
£ 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 z ° 20 40 60 80 100 120 140 160 180 200
M. et [GEV] miR" [Gev]
HH 7
(a) m; H—bb
vis+met ()m
b TAR
@ e L B e e e LA B e e e e N B e e @ L e e LA e
s Vs=13Tev _ b g L Vs=13Tev _ 3
i X ~ HH - bBWW*, 14ep | o 0.16— X — HH - bBWW*, 1-lep ]
SR_pmH_2btag, mK:Z.O TeV . SR_pmH_2btag, mx:Z 0TevVo
—Nominal | 0.14— — Nominal —]|
004 —twe E —iup ]
~1down 012(— ~1ldown —
- 01— |
0.03 — C i
b 0.08f— —
- 0.06 — -
7 0.04]— -
0.01 — n 3
] 0.02[— —
PR T U RS EARRER A RS M T S A IS A s =
L L . B s B ey BT o I L A I L A
] Ia| g E -|— |
nE, H E 12 | | E
i - IR e N
[ 7 g Ir 1 == o S S
T Ea g 09— | L = | 1
£ o7t | | il | | | | el S | | | . ]
§ o7b vl v v ey L b Lo e b & o7biiin il vy e
£ 20 20 60 80 100 20 140 z %o 50 100 150 200 250 300 30, 400
Mg [GeV] m; " [GeV]
Whad d Wiep
C mTAR mT
2 T T e e L B e B S RS RS RANRS RARAS RARE=!
9 o5l Vs=13TeV _ ] g C Vs=13Tev _ !
o O X ~ HH — bBWW*, 1-lep | [ E X~ HH - bBWW*, 1-lep
[ SR_pmH_2btag, m =2.0 TeV 0.06— SR_pmH_2btag, m=2.0 Tev ]
C —Nominal _| C —Nominal
—1up — C —1up i
L ~ldown | 005 ~ldown
0.03| - 004 —
L ] 0,03~ —
0.02 — E 3
L ] 0.02f- 3
0.01— C J
r ] 0.01— —
[o) W I I N N T N N S R o) YT IV AN IV W S S W E N
L L I I ]
g v T T T T T T T IRRRNE! =
5 1af = 5
g 11y o vl 1A g
@ = o k -+ = >
g n T 1 ST [ E
s 09 ! ' LR B = R A
£ o8 - £ o8 -
| S I U I B | S I I . B
B 50 100 150 200 250 300 350 400 450 500 z ° 50 100 150 200 250 300 350 400 450 500
P [Gev] ET™ [GeV]

(e) p7 (f) EF™

Figure 5.1.: Kinematic distributions for the muon momentum resolution systematic un-
certainty for the 2 TeV signal sample.
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5. Systematic Uncertainties and their Impact on Kinematic Distributions

5.2. Example: Jet energy scale flavour composition

uncertainty

In this section, the impact of a jet energy scale systematic uncertainty on the kinematic
distributions is presented. The uncertainty considered is the uncertainty on the energy
scale of standard jets that is caused by the uncertainty on the fraction of gluon and light
quark initiated jets of the sample. This uncertainty is henceforth referred to as the jet
energy scale flavour composition uncertainty (JET CR_JET Flavor Composition).

Figure|5.3|and Figure [5.4] show the nominal, 1up and 1down distributions for the 2 TeV
signal and W+jets background sample respectively. The signal region and lepton channel
considered, are the same as in Section 5.1}

For the signal process, the shapes of the distributions resemble the ones described in the
previous section. It can be seen that the jet energy scale flavour composition uncertainty
causes the largest deviation from the nominal shape in the m?llep and EX distributions.
The differences in the E distribution in turn impact the final discriminating distribu-
tion m"H . The uncertainty appears to have no effect on the p4, miysy and mil b0

distributions. The same behaviour can be observed for the distributions of the W +jets

background process.
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Figure 5.4.: Kinematic distributions for the jet energy scale flavour composition sys-
tematic uncertainty for the W+jets background sample.

31



5. Systematic Uncertainties and their Impact on Kinematic Distributions

5.3. Quantification of impact

For every distribution, the difference between the nominal and lup or 1down distribution

is quantified by calculating a reduced x2 value, which is defined as follows

where O; and F; are the number of observed and expected events and o; is the expected
statistical uncertainty in the ith bin of the histograms. In this case the nominal distri-
bution and the distributions with the systematic uncertainties applied are seen as the
expected and observed distributions respectively. The number of degrees of freedom, de-
noted by v, is given by the number of bins of the histograms. The expectation value of the
reduced x? that only considers statistical uncertainties will be equal to one and therefore
the 2 values for the systematic uncertainties can be compared to this expectation value.

As an example, the x? values for the muon momentum resolution uncertainty from the
inner detector for the lup and ldown variation can be seen in Table [5.3] From this it
becomes evident that this specific systematic uncertainty has the largest impact on the
mZVY P and p% distribution, which can also be seen in Figure and Figure .

Table 5.3.: Reduced x? values for the muon momentum resolution systematic uncer-
tainty from the inner detector.

(a) 2 TeV signal (b) Wjets background
Distribution 2 lup X2 ldown Distribution 2 lup X2 ldown
mia 0.0791  0.0269 mia 0.0117  0.0037
Frmiss 0.2060 0.1136 Frmiss 0.0196  0.0383
s 0.177  0.1402 o 0.1224 0.1472
mayer 0.3753  0.5355 mayer 0.0461  0.9823
mi50b 0.0004  0.0004 mi 5 0b 0.0001 0
M 0.0009  0.0007 M 0.0001 0

The x?2 values for the jet energy scale flavour composition systematic uncertainty for
the lup and ldown variation are given in Table As can be seen from Figure [5.3] and
Figure the jet energy scale flavour composition uncertainty has the largest impact on

the EX and m ' distributions.
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5. Systematic Uncertainties and their Impact on Kinematic Distributions

Table 5.4.: Reduced y? values for the jet energy scale flavour composition systematic

uncertainty.

(a) 2TeV signal (b) W+jets background
Distribution x2 lup x2 ldown Distribution x2 lup x2 ldown
miH 0.0176  0.0126 miH 0.0038  0.0091
s 0.1761  0.1084 s 0.11  0.3002
P 0 0 Py 0 0
mayer 0.288  0.2636 mayer 0.2274  0.2552
m 7 0b 0 0 mA 7 0b 0 0
megy 0 0 mey 0 0

Using the calculated x? values for the lup and ldown variation the systematic un-
certainties can be ranked according to their impact on a certain distribution. The ten
systematic uncertainties with the largest x? values for the lup and ldown variation of
the final discriminating distribution mff . for the 2 TeV signal and W +jets background
sample are shown in Table [5.5] It becomes clear, that the systematic uncertainty having
the largest impact on the final discriminant for the signal process is the uncertainty on
the jet energy resolution, while the uncertainty of the pileup reweighting has the largest
impact on the discriminant distribution for the W+jets background process. The m&2
distributions for these two systematic uncertainties are given in Figure[5.5] The complete
rankings of all the systematic uncertainties for the 2 TeV signal sample and the W+jets
background sample for the mH _  discriminant distribution are given in Tables to

vis+met
A5
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5. Systematic Uncertainties and their Impact on Kinematic Distributions

Table 5.5.: Systematic uncertainties with the largest x? values for the lup and ldown
variation of the final discriminating distribution m22 . for the 2 TeV signal
and W +jets background sample.

(a) 2 TeV signal lup (b) 2TeV signal 1down
Systematic uncertainty x2 lup Systematic uncertainty x% 1down
jet energy resolution uncertainty (2) 0.2508 jet energy resolution uncertainty (2) 0.2508
jet energy resolution uncertainty (3) 0.1688 jet energy resolution uncertainty (3) 0.1688
jet energy resolution uncertainty (1) 0.1264 jet energy resolution uncertainty (1) 0.1264
jet energy resolution uncertainty (7) 0.1162 jet energy resolution uncertainty (7) 0.1162
jet energy resolution uncertainty (5) 0.0885 jet energy scale uncertainty (mixed 1) 0.0946
pileup reweighting uncertainty 0.0863 jet energy resolution uncertainty (5) 0.0885
muon momentum resolution uncertainty (ID)  0.0791 jet energy resolution uncertainty (4) 0.0693
jet energy resolution uncertainty (4) 0.0693 jet energy scale uncertainty (flavour response) 0.0584
jet energy scale uncertainty (flavour response) 0.0614 jet energy resolution uncertainty (6) 0.0533
jet energy scale uncertainty (mixed 1) 0.0615 pileup reweighting uncertainty 0.0315
(¢) W+jets background lup (d) W+jets background ldown
Systematic uncertainty x2 lup Systematic uncertainty ¥2 1down
pileup reweighting uncertainty 0.3253 pileup reweighting uncertainty 0.1348
jet energy resolution uncertainty (3) 0.0504 jet energy resolution uncertainty (3) 0.0504
jet energy resolution uncertainty (4) 0.0498 jet energy resolution uncertainty (4) 0.0498
jet energy resolution uncertainty (2) 0.0453 jet energy resolution uncertainty (2) 0.0453
jet energy resolution uncertainty (7) 0.0444 jet energy resolution uncertainty (7) 0.0444
jet energy resolution uncertainty (5) 0.0434 jet energy resolution uncertainty (5) 0.0434
jet energy resolution uncertainty (1) 0.0415 jet energy resolution uncertainty (1) 0.0415
jet energy resolution uncertainty (6) 0.0313 jet energy resolution uncertainty (6) 0.0313
MET (soft term longitudinal resolution) 0.0238 jet energy scale uncertainty (flavour response) 0.0151
jet energy scale uncertainty (flavour response) 0.02 jet energy scale uncertainty (flavour composition) 0.0091
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Figure 5.5.: Final discriminant distribution mf% . for the systematic uncertainties

with the largest impact for the 2 TeV signal process (a) and the W+jets
background process (b).
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6. Non-closure Uncertainty of the
QCD Background Estimate

The aim of the second part of this bachelor thesis is to derive a non-closure uncertainty
for the QCD background estimated by the matrix method. As described in Section [4.5]
the real and fake rates, € and f used to estimate the QCD background can be binned in

different variables. An overview of the considered binning variables, and their description

is given in Table [6.1]

Table 6.1.: Overview of the quantities in which the real and fake rate are binned.

Binning quantity Description

mipad mass of the TAR jet closest to the lepton

pYVE/ had transverse momentum of the TAR jet closest to the lepton

AR(€, Whaq) distance between the lepton and the W4 candidate

n' B n of the signal lepton

pi —bb transverse momentum of the pr leading TAR jet, that is not the

Whaa candidate
Eimiss missing transverse energy
A et final discriminant, calculated from the mass of the H — bb and
Whaq candidate, the lepton mass and the missing transverse energy
e transverse momentum of the signal lepton

m

The modelling of the QCD background varies depending on the binning used for the

rates. This can be seen in Figure |6.1] which shows the discriminating distribution m{f% .,
for the rates binned in mZ2 . and the rates binned in p# —bb The distributions are

shown for the electron channel in the validation region defined in Table where the

H — bb candidate fails the 80% mass window and has a single b-tag. It can be seen that

if the rates are binned in m#X = the modelling of the QCD background for the mf2
H—>bb

distribution performs better than if the rates are being binned in p7
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Figure 6.1.: Distribution of the final discriminant m22  for the different backgrounds
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and data. Shown is the validation region for the electron channel where the
H — bb candidate fails the 80% mass window and has a single b-tag. The
QCD background is estimated by (a) binning the rates ¢ and f in m#
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Figure 6.2.: Difference between data and background distributions for the final discrim-
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and (b) by binning the rates p# _>bb. Moreover, a smoothing procedure
has been applied to the histograms.
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6. Non-closure Uncertainty of the QCD Background Estimate

This non-closure is assumed to be due to imperfections in the QCD estimate and an

uncertainty to cover this is derived. To determine the uncertainty, the difference his-

% between the data and background relative

to the QCD estimate are considered. To remove large fluctuations in some of the bins re-

tograms describing the difference

sulting from small event yields in the QCD estimates, the histograms for the distributions
are rebinned to ensure that each bin contains a minimum of five predicted QCD events.

Moreover, a smoothing procedure is applied to the bin contents of the histograms. The

HH
vis+met

miH and for the rates binned in p % can be seen in Figure .

vis+me

difference histograms for the m discriminating distribution for the rates binned in

The non-closure uncertainty of the QCD background estimation is derived in two differ-

ent ways. The uncertainty of the estimation method as well as the uncertainty of the final

HH

vistmet are obtained. Eventually, as final uncertainty for the

HH
vis+met

discriminant distribution m
QCD background estimate the uncertainty of the m distribution is planned to be

used by the analysis. The uncertainty of the estimation method is used as a cross-check.

6.1. Non-closure uncertainty of the estimation
method

The assumption of the estimation method for the QCD background is that the distribution
of the quantity in which the rates are being binned, is well modelled. Therefore, to
determine the uncertainty on the estimation method, the different binning variables as
given in Table are chosen and for each the distribution in the corresponding variable
is investigated. For example for the binning in m?&‘f{‘ the m%{“ﬁd distribution is analysed.
For each of the distributions, the difference histogram is obtained and the maximum
difference value is taken. The difference histograms of the distributions for the electron
and muon channel are given in Figure [6.3] and [6.4] and Figure [6.5 and [6.6] respectively.

It can be seen from the plots that taking the maximum max (%) of the differ-
ence values leads to very high uncertainties especially in the muon channel, with the high
values mostly being driven by bins in the tails of the distributions. There may be ways
to prevent the values from being driven by these bins, however, this is beyond the scope
of this thesis. In addition, the uncertainties derived by this method are not planned to

be used as final uncertainties by the analysis, but instead will be used as a cross-check.
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Figure 6.3.: Difference histograms of the electron channel for the quantities that corre-
spond to the rate binning being used.
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Figure 6.4.: Difference histograms of the electron channel for the quantities that corre-
spond to the rate binning being used.
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spond to the rate binning being used.
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6. Non-closure Uncertainty of the QCD Background Estimate

6.2. Non-closure uncertainty of the discriminating

distribution

To determine the non-closure shape uncertainty for the final discriminating distribu-

HH ets the QCD background is estimated by binning the rates in mipbad - pilhad

AR(0, Whaq), n* and pf.
For each of these QCD estimates the mil

ference histogram obtained. An overlay of these difference histograms for the mZ

tion m

A et distribution is considered and the dif-

Vls+met

discriminating distributions for the different QCD estimates is shown in Figure [6.7] For
each bin the absolute of the difference values that is larger than 80% of the remaining
values is stored in a final difference histogram, which is outlined by the red dotted line in
Figure The percentage cut was chosen to ensure that the uncertainty is not driven
solely by a single binning variable. The method described here, will not be the final

approach used by the analysis, but rather serves as a proof of concept.
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Figure 6.7.: Overlay of the difference histograms for the discriminating mZ2 - distri-

bution for the different QCD estimates. The red dotted line outlines the
absolute maximum difference with 80% of the values included.

Similar to the approach described in the previous section, the obtained uncertainties
are quite large. A possible way to reduce the uncertainties is to consider binning the rates
in more basic quantities such as p4 and AR(¢, Wi,q) or to consider a 2D binning of the

rates in both of these quantities. This is beyond the scope of this thesis, but it is planned

HH

to be implemented by the analysis to obtain the final shape uncertainty for the mgii o

discriminating distribution.
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7. Conclusion

In this Bachelor’s thesis, an investigation into the experimental systematic uncertainties of
the HH — bbWW* boosted analysis with a single lepton in the final state was conducted.
The analysis searches for resonant Higgs boson pair production, the detection of which
might be possible at the current LHC. The cross section for the non-resonant production on
the other hand, is expected to be very small, making detection unlikely at the moment.
The final goal of the analysis is to determine upper limits on the cross section of the
resonant Higgs boson pair production. These upper limits will be affected by statistical as
well as systematic uncertainties, such as the uncertainty of the QCD background estimate.

A good estimation of which is therefore necessary for the search sensitivity.

Table 7.1.: Systematic uncertainties with the largest impact for each of the considered
kinematic distributions and samples.

(a) 2TeV signal

Distribution lup variation ldown variation

miH jet energy resolution uncertainty (2) jet energy resolution uncertainty (2)

ERiss jet energy resolution uncertainty (7) jet energy scale uncertainty (mixed 1)

mTVY tep B jet energy resolution uncertainty (5) jet energy resolution uncertainty (5)

m%ﬁR bb pileup reweighting uncertainty pileup reweighting uncertainty

mq‘/}g‘f{d pileup reweighting uncertainty pileup reweighting uncertainty

plf muon momentum resolution uncertainty (ID) muon momentum resolution uncertainty (ID)

(b) W+jets background

Distribution lup variation ldown variation
m{,{iﬁ_met pileup reweighting uncertainty pileup reweighting uncertainty
Exmiss pileup reweighting uncertainty jet energy resolution uncertainty (1)
mqu fep ~ pileup reweighting uncertainty jet energy scale uncertainty (pileup)
m%;;bb pileup reweighting uncertainty pileup reweighting uncertainty
m}g&‘ﬁi pileup reweighting uncertainty pileup reweighting uncertainty
D pileup reweighting uncertainty pileup reweighting uncertainty

In the first part of the thesis, the impact of the systematic uncertainties on a selected
set of kinematic distributions was visualised in plots and quantified by obtaining x? val-

ues for the 1up and 1down variations. With these y? values, the systematic uncertainties
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7. Conclusion

were ranked according to their impact on various distributions. The systematic uncer-
tainties with the largest impact are given in Table for the 2TeV signal and W+jets

background sample respectively. It can be seen that for the 2TeV signal sample, the

HH

final discriminating distribution mg: .

. 1s impacted mostly by the uncertainty on the jet
energy resolution, whereas for the W+jets sample, the pileup reweighting uncertainty has
the largest effect. Overall, for the W +jets background the pileup reweighting uncertainty
has the largest impact on almost all distributions considered. For the tt background both

the pileup reweighting uncertainty and the uncertainty of the jet energy resolution have

HH

the largest effect on the discriminating distribution mgiii ;-

In the second part of the thesis a non-closure uncertainty for the QCD background
estimate was derived, by considering two different approaches.

The first approach determined the uncertainty of the estimation method itself, by con-
sidering the differences in the distributions that correspond to the binning of the rates
being used for the QCD estimate. For each distribution the maximum difference value
was taken which led to very high uncertainties especially in the muon channel. However,
the uncertainty of the estimation method will not be used as final uncertainty for the
QCD background by the analysis.
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Figure 7.1.: Final difference histograms for the mff  discriminating distribution

with 80% of the difference values for the different binning quantities in-
cluded.

The second approach determines the uncertainty of the discriminating m” - distri-
HH

bution. For a selected set of QCD estimates, the difference histograms of the mgii .
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7. Conclusion

HH

distribution are obtained. For each bin of the mgl

distribution, the value from the
difference histograms is chosen that is larger than 80% of the other values to obtain the
shape uncertainty shown in Figure [7.1| for the final discriminating mZ2 . distribution.
As discussed in Section the resulting uncertainties are large, however, they could be
improved upon by considering different binnings of the rates.

With the commissioning of the High-Luminosity Large Hadron Collider (HL-LHC) [31]
around 2027, the luminosity is expected to increase to 3000 fb~! after many years. Con-
sequently, there will be a considerably higher amount of data available, making future
analyses more sensitive to non-resonant as well as resonant Higgs boson pair production

and other studies regarding physics beyond the Standard Model.
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A. Appendix

A.1. CxAOD Framework

The simulated MC samples and the data signals coming from the ATLAS detector are pro-
cessed by reconstruction algorithms. The algorithms produce so called xAOD files that
contain the event data. The xAODs are too large to analyse directly and are therefore
reduced further to DxAODs according to the needs of the physics group. The CxAOD-
Framework used by the analysis consists of two main parts. The CxAODMaker takes the
DxAODs as inputs, reconstructs the TAR jets and applies the systematic variations to
the objects. The resulting CxAQOD files are then further processed by the CxAODReader
which applies additional selections and creates the histograms and trees containing the

kinematic distributions of interest.
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A. Appendix

A.2. Tables

Table A.1.: Overview of the experimental systematic uncertainties.

Systematic Uncertainty Description

Electrons
EG_RESOLUTION__ALL energy resolution uncertainty
EG_SCALE_ALL energy scale uncertainty
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR identification efficiency uncertainty
EL_EFF_Iso_ TOTAL_1NPCOR_PLUS_UNCOR isolation efficiency uncertainty
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR reconstruction efficiency uncertainty
EL_EFF_ Trigger TOTAL_INPCOR_PLUS_UNCOR trigger efficiency uncertainty

Muons

MUON_SCALE momentum scale uncertainty
MUON_ID momentum resolution uncertainty from the inner detector
MUON__MS momentum resolution uncertainty from the muon system

MUON_SAGITTA_RHO
MUON_SAGITTA_RESBIAS
MUON_EFF_ISO_STAT
MUON_EFF_ISO_SYS
MUON_EFF_RECO_STAT
MUON_EFF_RECO_SYS
MUON_EFF_RECO_STAT LOWPT
MUON_EFF_RECO_SYS_LOWPT
MUON_EFF_TTVA_ STAT
MUON_EFF_TTVA_SYS

charge dependent momentum scale uncertainty

isolation efficiency uncertainty

reconstruction and identification efficiency uncertainty for pp > 15 GeV
reconstruction and identification efficiency uncertainty for pp < 15 GeV

track-to-vertex association efficiency uncertainty

Small-R jets

JET_CR_JET_BJES_Response energy scale uncertainty on b-jets
JET_CR_JET_EffectiveNP_ Detector (1 to 2)

JET_CR_JET_EffectiveNP_ Mixed (1 to 3)

JET_CR__JET_ EffectiveNP__Modelling (1 to 4)

JET_CR_JET_ EffectiveNP__Statistical (1 to 6)

JET_CR__JET_Etalntercalibration_ Modelling

JET_CR__JET_ Etalntercalibration_ NonClosure__highE

JET_CR__JET_ Etalntercalibration_ NonClosure negEta energy scale uncertainty on eta-intercalibration
JET_CR__JET_ Etalntercalibration_ NonClosure_posEta

JET_CR_JET_ Etalntercalibration_ TotalStat

energy scale uncertainty

JET_CR_JET_Flavor_ Composition energy scale uncertainty on samples’ flavour composition
JET_CR_JET_Flavor_Response energy scale uncertainty on samples’ flavour response
JET_CR_JET_JER_ DataVsMC energy resolution uncertainty

JET_CR_JET_JER_ EffectiveNP__1
JET_CR_JET_JER_ EffectiveNP_ 2
JET_CR_JET_JER_ EffectiveNP_3
JET_CR_JET_JER_ EffectiveNP_4 energy resolution uncertainty
JET_ CR_JET_JER_EffectiveNP_5
JET_CR_JET_JER_ EffectiveNP__6
JET_CR_JET_JER_ EffectiveNP__7restTerm
JET_CR_JET_ Pileup_ OffsetMu
JET_CR_JET_ Pileup_ OffsetNPV
JET_CR_JET_ Pileup_ PtTerm
JET_CR_JET_Pileup_ RhoTopology

energy scale uncertainty on pile-up

JET_CR__JET_ SingleParticle_HighPt energy scale uncertainty from the behaviour of high-pp jets
JET__JvtEfficiency jet vertex tagger efficiency
MET

MET__JetTrk_ ScaleDown
MET__JetTrk_ ScaleUp
MET_SoftTrk_ResoPara track-based soft term related to longitudinal resolution uncertainty

track-based MET scale uncertainty due to tracks in the jets

MET__SoftTrk_ ResoPerp track-based soft term related to transverse resolution uncertainty
MET__SoftTrk_ScaleDown

track-based soft term related to longitudinal scale uncertainty
MET__SoftTrk_ ScaleUp

Tracks (not included in this thesis)

TRK_BIAS_DO_WM dp residual alignment tracking uncertainty
TRK_BIAS Z0 WM zo residual alignment uncertainty

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

Systematic Uncertainty Description

TRK_BIAS QOVERP_SAGITTA_WM pr residual alignment tracking uncertainty

TRK_EFF_LOOSE_GLOBAL tracking efficiency uncertainty

TRK_EFF_LOOSE_TIDE tracking efficiency uncertainty in dense environments

TRK_FAKE_RATE_LOOSE tracking uncertainty on fake rate

TRK_FAKE_RATE_LOOSE_TIDE tracking uncertainty on fake rate in dense environments
b-Tagging

FT_EFF_Eigen_ Light
FT_EFF__Eigen_C
FT_EFF_Eigen B
FT__EFF__extrapolation b-tagging efficiency uncertainty on the extrapolation on high pp jets

b-tagging efficiency uncertainty
5 components for light jets, 4 for ¢ jets and 3 for b jets

FT_EFF_ _extrapolation_ from_ charm b-tagging efficiency uncertainty on tau jets
all for AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903

Additional experimental uncertainties

PRW__DATASF pileup reweighting uncertainty
Luminosity uncertainty on the total integrated luminosity
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Table A.2.: Ranking of the systematic uncertainties for the 1up variation of the m

discriminating distribution for the 2TeV signal sample.

Systematic x2 lup
JET_CR_JET_JER_ EffectiveNP_ 2 0.250758
JET_CR_JET_JER_ EffectiveNP_3 0.168757
JET_CR_JET_JER_ EffectiveNP__1 0.1264
JET_CR_JET_JER_ EffectiveNP_ 7restTerm 0.116226
JET_CR_JET_JER_ EffectiveNP_5 0.0885367
PRW__DATASF 0.0862511
MUON_ID 0.0790914
JET_CR_JET_JER_ EffectiveNP_4 0.0693206
JET_CR_JET_Flavor_ Response 0.0615697
JET_CR_JET_ EffectiveNP__ Mixed1 0.0614936
JET_CR_JET_JER_ EffectiveNP__6 0.0533144
MUON_MS 0.0424074
MET_SoftTrk__ResoPara 0.0233498
JET_CR_JET_ Flavor__Composition 0.0176095
MUON__SAGITTA_RESBIAS 0.00686623
JET_CR_JET_ Etalntercalibration_ Modelling 0.00666156
JET_CR_JET__BJES_ Response 0.00660339
JET_CR_JET_EffectiveNP__ Modelling2 0.00659895
MUON__EFF_RECO_SYS 0.00502226
MET_SoftTrk_ ResoPerp 0.00500272
JET_CR_JET_ Pileup_ RhoTopology 0.0048404
JET_CR_JET_ EffectiveNP__Statisticall 0.00313513
JET_CR_JET_ Pileup_ OffsetMu 0.00298816
FT_EFF_Eigen_C_1_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.00263794
JET_CR_JET_ Pileup_ OffsetNPV 0.00235843
JET_CR_JET_ EffectiveNP__Modelling1l 0.00167615
JET_CR_JET_ EffectiveNP__Statistical3 0.00148708
JET_CR_JET_ EffectiveNP__Mixed2 0.0013847
JET_CR__JET_EffectiveNP_ Mixed3 0.00134235
JET__CR__JET__EffectiveNP__Modelling3 0.00129618

JET_CR_JET_ Pileup_ PtTerm

JET_CR_JET_ EffectiveNP__Modelling4

FT_ EFF_extrapolation  AntiKtVR30Rmax4Rmin02TrackJets BTagging201903
JET_CR_JET_ Etalntercalibration__TotalStat

JET_CR_JET_ EffectiveNP__Detectorl

MUON_SCALE

JET_CR_JET_ EffectiveNP__Statistical2

JET_CR_JET_ EffectiveNP__Statistical4

FT_EFF_Eigen_Light_0_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_C_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_ C_2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_Light_1_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903
FT_EFF_Eigen_ B_1_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON_EFF_TTVA_SYS
FT_EFF_Eigen_B_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF__extrapolation_from_charm_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903
JET_CR_JET_ EffectiveNP__Statistical6
JET_CR__JET__Etalntercalibration_NonClosure_negEta
MUON__EFF_TTVA_STAT

MUON__EFF_RECO_STAT

JET_CR_JET__EffectiveNP__Detector2

JET_CR_JET_ EffectiveNP__Statistical5

FT_EFF_Eigen B_2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen C_3_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903
MUON_EFF_RECO_SYS_LOWPT

FT_EFF_Eigen_ Light_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON_EFF_RECO_STAT_LOWPT

FT_EFF_Eigen_ Light 3 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_Light_4 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
EG_RESOLUTION_ALL

EG_SCALE_ALL

EL_EFF_ID_ TOTAL_1INPCOR_PLUS_UNCOR

EL_EFF_Iso_ TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR

EL_EFF_Trigger TOTAL_1NPCOR_PLUS_UNCOR
JET_CR_JET__Etalntercalibration_ NonClosure__highE
JET_CR_JET__Etalntercalibration_ NonClosure__posEta

0.000965642
0.000895054
0.00084331
0.000569579
0.000494869
0.000427381
0.000292227
0.000259656
0.000256668
0.00025183
0.000145096
0.000137404
0.000122628
0.000116294
8.85223e-05
8.63365e-05
7.87187e-05
7.39852e-05
5.94475e-05
5.08114e-05
5.07814e-05
3.98678e-05
2.52605e-05
5.44189e-06
4.65226e-06
7.39583e-07
5.66686e-07
1.63434e-07
1.36249e-08
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

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

Systematic X2 lup
JET_CR_JET_PunchThrough MC16 0.0
JET__CR__JET_ SingleParticle_HighPt 0.0
JET_GR_JET_ EffectiveNP_ 1 0.0
JET_GR_JET_ EffectiveNP_ 2 0.0
JET_GR_JET_EffectiveNP_3 0.0
JET_GR_JET_EffectiveNP_ 4 0.0
JET_GR_JET_EffectiveNP_5 0.0
JET_GR_JET_EffectiveNP_6 0.0
JET_GR_JET_ EffectiveNP__7restTerm 0.0
JET_GR_JET_Rscan_ Dijet__DeltaR 0.0
JET_GR_JET_ Rscan_ Dijet__Isolation 0.0
JET_GR_JET_ Rscan_ Dijet__Jvt 0.0
JET_GR_JET_Rscan_ Dijet_ MC 0.0
JET_GR_JET_Rscan_ Dijet_ Stat 0.0
JET_GR_JET_Rscan_ Zjet_ DeltaR 0.0
JET_GR_JET_Rscan_ Zjet_Isolation 0.0
JET_GR_JET_Rscan_ Zjet_ MC 0.0
JET_GR_JET_Rscan_ Zjet_stat 0.0
JET_GR_JET_Zjet_ Jvt 0.0
JET__JvtEfficiency 0.0
MUON_EFF_ISO_STAT 0.0
MUON_EFF_ISO_SYS 0.0
MUON_SAGITTA_RHO 0.0

Table A.3.: Ranking of the systematic uncertainties for the ldown variation of the

miH .. discriminating distribution for the 2 TeV signal sample.

Systematic X2 ldown
JET_CR_JET_JER_ EffectiveNP__2 0.250758
JET_CR_JET_JER_ EffectiveNP__3 0.168757
JET_CR_JET_JER_ EffectiveNP__1 0.1264
JET_ _CR_JET_JER_ EffectiveNP_ 7restTerm 0.116226
JET_CR_JET_ EffectiveNP__Mixed1 0.0946495
JET_CR_JET_JER_ EffectiveNP_5 0.0885367
JET_CR_JET_JER_EffectiveNP_ 4 0.0693206
JET_CR_JET_Flavor_Response 0.0583545
JET_CR_JET_JER_ EffectiveNP_6 0.0533144
PRW__DATASF 0.0315153
MUON_ID 0.0268517
MUON__SAGITTA_RESBIAS 0.0187033
MUON_MS 0.0156675
JET_CR_JET_ Flavor__ Composition 0.0125708
JET_CR_JET_EffectiveNP__Modelling2 0.0101183
JET_CR__JET_ Etalntercalibration_ Modelling 0.00683711
JET_CR_JET__BJES_ Response 0.00560926
MUON_EFF_RECO_SYS 0.00497527
JET_CR_JET_ Pileup_ OffsetMu 0.00478187
JET_CR_JET_ EffectiveNP__Statisticall 0.00478134
JET__CR_JET_ Pileup_ RhoTopology 0.00460629
JET_CR_JET_ Pileup_ PtTerm 0.00316359
FT_EFF_Eigen_C_1_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.0026349
JET__CR_JET_ Pileup_ OffsetNPV 0.00156975
JET__CR__JET_ EffectiveNP__Statistical3 0.00148299
JET_CR_JET_EffectiveNP__Modellingl 0.00143542
JET_CR__JET_ EffectiveNP_ Mixed2 0.00137008
JET_CR_JET_ EffectiveNP__Statistical4 0.0013231
JET_CR_JET_ EffectiveNP__Statistical5 0.000979685
JET_CR__JET_EffectiveNP__Modelling3 0.000865553
JET_CR_JET__Etalntercalibration__TotalStat 0.000752193
FT_EFF__extrapolation_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.000678071
JET_CR__JET_EffectiveNP__ Statistical6 0.000587181
MUON_SCALE 0.00041995

continued on next page

49



A. Appendix

Table A.3 — continued from previous page

Systematic

X2 ldown

FT_EFF_Eigen_Light_ 0_AntiKtVR30Rmax4Rmin0O2TrackJets_ BTagging201903
FT_EFF_Eigen_C_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
JET_CR__JET_EffectiveNP_ Modelling4

JET_CR_JET_ EffectiveNP_ Mixed3

JET_CR__JET_ Etalntercalibration_NonClosure_posEta
JET_CR__JET__EffectiveNP__ Detectorl

JET_CR__JET__EffectiveNP_ Detector2

FT_EFF_Eigen_C_2_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_ Light_1_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_ EFF_Eigen B_1_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON__EFF_TTVA_SYS

JET_CR_JET_ EffectiveNP__Statistical2

0.000256019
0.000251616
0.000240565
0.000237093
0.000195976
0.000165716
0.000148069
0.000145124
0.000137158
0.000114658
9.63824e-05

9.07791e-05

FT_EFF__extrapolation_from_charm_ AntiKtVR30Rmax4Rmin02TrackJets BTagging201903 8.63202e-05

FT_EFF_Eigen_ B_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
EG_SCALE_ALL

MUON_EFF_TTVA_STAT

JET__CR__JET__Etalntercalibration_ NonClosure_negEta
MUON_EFF_RECO_STAT

FT_EFF_Eigen_ B_2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen C_3_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON_EFF_RECO_SYS_LOWPT

MUON_EFF_RECO_STAT_ LOWPT

FT_EFF_Eigen_ Light_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_Light_3_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_ Light_4_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
EG_RESOLUTION_ALL

EL_EFF_ID_ TOTAL_1NPCOR_PLUS_UNCOR

EL_EFF_Iso_ TOTAL_1NPCOR_PLUS_ UNCOR
EL_EFF_Reco_TOTAL_INPCOR_PLUS_UNCOR

EL_EFF_ Trigger TOTAL_1NPCOR_PLUS_UNCOR

JET_CR__JET_ Etalntercalibration_ NonClosure_highE
JET_CR_JET__PunchThrough_ MC16

JET__CR__JET_ SingleParticle_HighPt

JET_GR_JET_ EffectiveNP__1

JET_GR_JET_ EffectiveNP_ 2

JET_GR_JET_ EffectiveNP_3

JET_GR_JET_ EffectiveNP_ 4

JET_GR_JET_ EffectiveNP_5

JET_GR_JET_EffectiveNP_6

JET_GR_JET_EffectiveNP__7restTerm

JET_GR_JET_Rscan_ Dijet_ DeltaR

JET_GR_JET_ Rscan_ Dijet__Isolation

JET_GR_JET_Rscan_ Dijet__Jvt

JET_GR_JET_ Rscan_ Dijet_ MC

JET_GR_JET_ Rscan_ Dijet__Stat

JET_GR_JET_Rscan_Zjet_DeltaR

JET_GR_JET_Rscan_ Zjet_Isolation

JET_GR_JET_Rscan_Zjet_ MC

JET_GR_JET_Rscan_ Zjet_stat

JET_GR_JET_Zjet_ Jvt

JET__JvtEfficiency

MUON_EFF_ISO_STAT

MUON_EFF_ISO_SYS

MUON_SAGITTA_RHO

8.39417e-05
7.3331e-05
5.98298e-05
5.84167e-05
5.07266e-05
2.54998e-05
5.43665e-06
4.65234e-06
8.55851e-07
7.24798e-07
1.60997e-07
1.27673e-08
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Table A.J.: Ranking of the systematic uncertainties for the 1up variation of the m
discriminating distribution for the W +jets background sample.

Systematic

Reduced X2 lup

PRW__DATASF

JET_CR_JET_JER_ EffectiveNP__3
JET_CR_JET_JER_ EffectiveNP__4
JET_CR_JET_JER_ EffectiveNP__2
JET_CR_JET_JER_ EffectiveNP__TrestTerm

0.325347

0.0503516
0.0497565
0.0452864
0.0443605

continued on next page
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Table A.4 — continued from previous page

Systematic

Reduced X2 lup

JET_CR_JET_JER_ EffectiveNP_5

JET_CR_JET_JER_ EffectiveNP__1

JET_CR_JET_JER_ EffectiveNP_6

MET__SoftTrk_ ResoPara

JET_CR_JET_Flavor_Response

JET_CR__JET_EffectiveNP_ Mixed1l

MUON_ID

JET_CR_JET__BJES_ Response

MUON__SAGITTA__RESBIAS

MUON_MS

JET_CR_JET_ Pileup_ PtTerm

JET_CR_JET_ Pileup_ OffsetNPV

JET_CR_JET_ Pileup_ RhoTopology

JET_CR_JET_ Pileup_ OffsetMu
JET_CR__JET__Etalntercalibration_ Modelling

JET_CR__JET_ EffectiveNP__Modellingl

MET__SoftTrk_ ResoPerp

JET_CR__JET_EffectiveNP_ Modelling2

JET_CR_JET_ EffectiveNP__Statisticall
JET_CR_JET_Flavor_Composition

JET_CR_JET_PunchThrough_ MC16

JET_CR__JET_EffectiveNP_ Mixed3

FT_EFF_ extrapolation_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON__EFF_RECO_SYS

JET_CR_JET__EffectiveNP__Modelling3
JET_CR_JET__Etalntercalibration__TotalStat

FT_EFF_Eigen_B_ 0__AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON__EFF_RECO_SYS_ LOWPT

FT_EFF_Eigen C_1 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_ B_1 AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903
FT_EFF__Eigen_Light_0_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_Light 1 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_C_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen B_2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903

FT__EFF__extrapolation_ from_ charm_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903

FT_EFF_Eigen_ Light 2 AntiKtVR30Rmax4Rmin0O2TrackJets BTagging201903
FT_EFF_Eigen_C_2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
MUON_EFF_TTVA_SYS

MUON_EFF_TTVA_STAT

MUON_EFF_RECO_STAT_LOWPT

MUON__EFF_RECO_STAT
FT_EFF__Eigen_C_3__AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
FT_EFF_Eigen_ Light_ 3 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903
JET_CR_JET_ EffectiveNP__Mixed2

JET_CR_JET_ EffectiveNP__Statisticald

JET_CR_JET_ Etalntercalibration_ NonClosure__posEta
FT_EFF_Eigen_Light 4 AntiKtVR30Rmax4Rmin0O2TrackJets_BTagging201903
EG_RESOLUTION_ALL

EG_SCALE_ALL

EL_EFF_ID_TOTAL_INPCOR_PLUS_UNCOR

EL_EFF_Iso_ TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR

EL_EFF_ Trigger  TOTAL_1NPCOR_PLUS_UNCOR

JET_CR_JET_ EffectiveNP__Detectorl
JET_CR__JET_EffectiveNP_ Detector2
JET__CR__JET__EffectiveNP__Modelling4

JET_CR_JET_ EffectiveNP__Statistical2

JET_CR_JET_ EffectiveNP__Statistical3

JET_CR_JET_ EffectiveNP__Statistical5

JET_CR_JET_ EffectiveNP__Statistical6
JET_CR_JET__Etalntercalibration_ NonClosure__highE
JET_CR__JET_Etalntercalibration_NonClosure_ negEta

JET_CR__JET_ SingleParticle HighPt

JET__JvtEfficiency

MUON_EFF_ISO_STAT

MUON_EFF_ISO_SYS

MUON_SAGITTA_RHO

MUON_SCALE

0.0434099
0.0414553
0.0313023
0.0238225
0.0200448
0.0176127
0.0117328
0.0100148
0.0100115
0.00640406
0.00619075
0.00613408
0.00609337
0.00528134
0.00516486
0.00500873
0.00476139
0.00456776
0.00456776
0.00382833
0.00135464
0.00113512
0.000633586
0.00018838
0.00016235
0.00016235
0.000160356
8.00944e-05
6.85446e-05
5.22808e-05
3.92313e-05
3.17023e-05
2.09248e-05
1.44218e-05
1.28243e-05
8.17543e-06
6.15218e-06
4.17332e-06
2.56082e-06
2.34979e-06
2.31904e-06
3.43481e-07
3.2028e-07
1.48913e-07
1.34085e-07
1.34085e-07
1.82423e-08
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Table A.5.: Ranking of the systematic uncertainties for the ldown variation of the

miH . discriminating distribution for the W+jets background sample.
Systematic Reduced X2 ldown
PRW__DATASF 0.134785
JET_CR_JET_JER_ EffectiveNP_3 0.0503516
JET_CR_JET_JER_ EffectiveNP_4 0.0497565
JET_CR_JET_JER_ EffectiveNP__2 0.0452864
JET_CR_JET_JER_ EffectiveNP_ 7restTerm 0.0443605
JET_CR_JET_JER_ EffectiveNP_5 0.0434099
JET_CR_JET_JER_ EffectiveNP__1 0.0414553
JET_CR_JET_JER_ EffectiveNP__6 0.0313023
JET_CR_JET_Flavor_ Response 0.0151455
JET_CR_JET_ Flavor_ Composition 0.00906095
JET__CR__JET_ Etalntercalibration_ Modelling 0.00830552
JET_CR__JET_ Pileup_ RhoTopology 0.00651742
JET__CR_JET_ Pileup_ OffsetNPV 0.00451453
MUON_ID 0.00367177
MUON__SAGITTA_RESBIAS 0.00360257
JET_CR_JET_ Pileup_ OffsetMu 0.00324152
JET_CR_JET_EffectiveNP_ Mixed1l 0.00314042
MUON_MS 0.00262543
JET_CR_JET__BJES_ Response 0.00170333
FT_EFF_extrapolation_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.000632955
JET_CR__JET_ EffectiveNP__Modelling2 0.000539939
JET_CR_JET_ EffectiveNP__Statisticall 0.000539939
JET_CR_JET_ EffectiveNP__Modelling1l 0.000316758
JET_CR_JET_ EffectiveNP__Mixed3 0.000277545
JET_CR_JET_ Pileup_ PtTerm 0.000277545
MUON_SCALE 0.000262394
MUON_EFF_RECO_SYS 0.000186997
FT_EFF_Eigen_B_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.000169464
JET_CR__JET_EffectiveNP__Statistical4 0.00016235
JET_CR__JET__EffectiveNP__Statisticalb 0.00016235
MUON_EFF_RECO_SYS_LOWPT 8.0094e-05
FT_EFF_Eigen_C_1_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 7.60751e-05
FT_EFF_Eigen_ B_1_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 5.32805e-05
JET_CR_JET_EffectiveNP_ Mixed2 5.03986e-05
FT_EFF_Eigen Light 0 _AntiKtVR30Rmax4Rmin02TrackJets BTagging201903 3.89369e-05
FT_EFF_Eigen_ Light 1 AntiKtVR30Rmax4Rmin02TrackJets  BTagging201903 3.17039e-05
FT_EFF_Eigen C_0_AntiKtVR30Rmax4Rmin02TrackJets BTagging201903 2.08618e-05
JET_CR_JET__PunchThrough_MC16 1.49093e-05
FT_EFF_Eigen_B_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.42556e-05
FT_EFF__extrapolation_ from_ charm_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 1.28246e-05
FT_EFF_Eigen_ Light_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 8.19684e-06
FT_EFF_Eigen_C_2_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 6.3531e-06
MUON_EFF_TTVA_SYS 3.40232e-06
MUON_EFF_TTVA_STAT 2.56044e-06
MUON_EFF_RECO_STAT_LOWPT 2.43732e-06
MUON__EFF_RECO_STAT 2.31905e-06
FT_EFF_Eigen_C_3__AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 3.41226e-07
FT_EFF_Eigen_Light_3__AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 3.20592e-07
FT_EFF__Eigen_ Light_4_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.82968e-08
EG_RESOLUTION_ALL 0.0
EG_SCALE_ALL 0.0
EL_EFF_ID_ TOTAL_1NPCOR_PLUS_UNCOR 0.0
EL_EFF_Iso_ TOTAL_1INPCOR_PLUS_ UNCOR 0.0
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR 0.0
EL_EFF_ Trigger_ TOTAL_1NPCOR_PLUS_UNCOR 0.0
JET_CR_JET_ EffectiveNP_ Detectorl 0.0
JET_CR_JET_ EffectiveNP_ Detector2 0.0
JET_CR__JET_EffectiveNP_ Modelling3 0.0
JET_CR__JET_ EffectiveNP__Modelling4 0.0
JET_ CR_JET_EffectiveNP__ Statistical2 0.0
JET_CR_JET_ EffectiveNP__Statistical3 0.0
JET_CR__JET_EffectiveNP__Statistical6 0.0
JET__CR__JET__Etalntercalibration_ NonClosure__highE 0.0
JET__CR__JET__Etalntercalibration_ NonClosure__negEta 0.0
JET__CR_JET_ Etalntercalibration_ NonClosure__posEta 0.0
JET_CR_JET__Etalntercalibration__TotalStat 0.0
JET__CR_JET_ SingleParticle_ HighPt 0.0

continued on next page
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Table A.5 — continued from previous page

Systematic Reduced X2 ldown

JET__JvtEfficiency 0.0
MUON__EFF_ISO_STAT 0.0
MUON__EFF_ISO_SYS 0.0
MUON_SAGITTA_ RHO 0.0
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A.3. Results tt background process

A.3.1. Kinematic distributions
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Figure A.1.: Kinematic distributions for the muon momentum resolution systematic
uncertainty for the ¢t background sample.
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Figure A.2.: Kinematic distributions for the jet energy scale flavour composition sys-
tematic uncertainty for the ¢¢ background sample.
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A. Appendix

(e)

P

(f) E%liss

Kinematic distributions for the pileup reweighting uncertainty for the tt
background sample.

Figure A.3.:
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A.3.2. Systematic uncertainties rankings

HH

Table A.6.: Ranking of the systematic uncertainties for the lup variation of the m.i

discriminating distribution for the tt background sample.

Systematic Reduced X2 lup
PRW__DATASF 0.110163
JET_CR_JET_JER_ EffectiveNP__1 0.0353488
JET_CR_JET_JER_ EffectiveNP_ 2 0.0353488
JET_CR_JET_JER_ EffectiveNP__3 0.0309382
JET_CR_JET_JER_ EffectiveNP__7restTerm 0.00529238
MET_SoftTrk__ResoPara 0.00482364
JET_CR__JET_EffectiveNP__Modellingl 0.00473824
JET_CR_JET_ Flavor__Composition 0.00473824
JET__CR_JET_ Pileup_ OffsetNPV 0.00473824
MET_SoftTrk_ ResoPerp 0.00473824
FT_EFF__extrapolation_ AntiKt VR30Rmax4Rmin02TrackJets_ BTagging201903 0.00430302
FT_EFF_Eigen B_0_AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 0.000332338
FT_EFF_Eigen B_1 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.000316424
FT_EFF_Eigen B_2 AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 0.000113254
FT_EFF_Eigen_ C_1_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 3.17137e-05
MUON_EFF_RECO_SYS 1.21246e-05
FT_EFF__extrapolation_from_ charm_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 7.52066e-06
JET_CR_JET_JER_ EffectiveNP_4 4.14054e-06
JET_CR_JET_JER_ EffectiveNP_5 4.14054e-06
JET_CR_JET_JER_ EffectiveNP__6 4.14054e-06
FT_EFF_Eigen_C_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 4.00078e-06
MUON__EFF_RECO_STAT 1.79889e-06
FT_EFF_Eigen_C_2_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.17834e-06
MUON__EFF_RECO_SYS LOWPT 1.08944e-06
MUON_EFF_RECO_STAT_ LOWPT 9.37794e-07
MUON__EFF_TTVA_STAT 5.29861e-07
MUON__EFF_TTVA_SYS 3.55444e-07
FT_EFF_Eigen_ Light_ 0__AntiKtVR30Rmax4Rmin02TrackJets__BTagging201903 2.40272e-07
FT_EFF_Eigen_ Light 1 AntiKtVR30Rmax4Rmin02TrackJets BTagging201903 4.57908e-08
FT_EFF_Eigen C_3_ AntiKtVR30Rmax4Rmin02TrackJets BTagging201903 3.29103e-08
FT_EFF_Eigen_Light_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 2.2664e-08
FT_EFF_Eigen_ Light_ 3_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.20858e-09
FT_EFF_Eigen_Light_4_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.57356e-11
EG_RESOLUTION_ALL 0.0
EG_SCALE_ALL 0.0
EL_EFF_ID_TOTAL_INPCOR_PLUS_UNCOR 0.0
EL_EFF_Iso_ TOTAL_1NPCOR_PLUS_UNCOR 0.0
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR 0.0
EL_EFF_Trigger TOTAL_1NPCOR_PLUS_UNCOR 0.0
JET_CR_JET_BJES_ Response 0.0
JET_CR__JET_EffectiveNP_ Detectorl 0.0
JET_CR_JET_ EffectiveNP__Detector2 0.0
JET_CR_JET_EffectiveNP_ Mixed1l 0.0
JET_CR_JET_EffectiveNP_ Mixed2 0.0
JET_CR_JET_EffectiveNP_ Mixed3 0.0
JET_CR_JET_EffectiveNP_ Modelling2 0.0
JET_CR_JET_EffectiveNP__Modelling3 0.0
JET_CR__JET_EffectiveNP__Modelling4 0.0
JET_CR_JET_ EffectiveNP__Statisticall 0.0
JET_CR_JET_ EffectiveNP__Statistical2 0.0
JET_CR_JET_ EffectiveNP__ Statistical3 0.0
JET_CR_JET_ EffectiveNP__ Statistical4 0.0
JET CR_JET_EffectiveNP__ Statisticalb 0.0
JET_CR_JET_ EffectiveNP__Statistical6 0.0
JET_CR__JET_ Etalntercalibration_ Modelling 0.0
JET__CR__JET_ Etalntercalibration_ NonClosure__highE 0.0
JET_CR__JET__Etalntercalibration_ NonClosure__negEta 0.0
JET_CR_JET_ Etalntercalibration_ NonClosure__posEta 0.0
JET_CR_JET__Etalntercalibration__TotalStat 0.0
JET_CR_JET_ Flavor__Response 0.0
JET_CR_JET_ Pileup_ OffsetMu 0.0
JET_CR_JET_ Pileup_ PtTerm 0.0
JET_CR_JET_ Pileup_ RhoTopology 0.0
JET_CR_JET__PunchThrough_MC16 0.0
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Table A.6 — continued from previous page

Systematic Reduced X2 lup
JET_CR__JET_ SingleParticle HighPt 0.0
JET__JvtEfficiency 0.0
MUON__EFF_ISO_STAT 0.0
MUON_EFF_ISO_SYS 0.0
MUON_ID 0.0
MUON_MS 0.0
MUON_SAGITTA_RESBIAS 0.0
MUON__SAGITTA_RHO 0.0
MUON__SCALE 0.0

Table A.7.: Ranking of the systematic uncertainties for the ldown variation of the

miH . discriminating distribution for the ¢ background sample.
Systematic Reduced X2 ldown
JET_CR_JET_JER_ EffectiveNP__1 0.0353488
JET_CR_JET__JER_ EffectiveNP_ 2 0.0353488
JET_CR_JET__JER_ EffectiveNP_3 0.0309382
PRW__DATASF 0.0250569
JET_CR_JET_JER_ EffectiveNP__7restTerm 0.00529238
JET_CR_JET_BJES_ Response 0.00473824
JET_CR__JET_EffectiveNP_ Mixedl 0.00473824
JET_CR__JET_ EffectiveNP__Modelling2 0.00473824
JET_CR_JET_ EffectiveNP__Statisticall 0.00473824
JET_CR_JET_ Flavor__Response 0.00473824
FT_EFF__extrapolation_ AntiKt VR30Rmax4Rmin02TrackJets_ BTagging201903 0.00430302
FT_EFF_Eigen B_0_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 0.00033032
FT_EFF_Eigen B_1 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 0.000317642
FT_EFF_Eigen B_2 AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 0.000113024
FT_EFF_Eigen_ C_1_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 3.17281e-05
MUON__EFF_RECO_SYS 1.20321e-05
FT_EFF__extrapolation_from_ charm_ AntiKtVR30Rmax4Rmin02TrackJets_BTagging201903 7.52064e-06
JET_CR_JET_JER_ EffectiveNP_ 4 4.14054e-06
JET_CR_JET_JER_ EffectiveNP_5 4.14054e-06
JET_CR_JET_JER_ EffectiveNP_ 6 4.14054e-06
FT_EFF_Eigen_C_0_AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 4.01369e-06
MUON__EFF_RECO_STAT 1.79892e-06
FT_EFF_Eigen_C_2_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.18136e-06
MUON_EFF_RECO_SYS_LOWPT 1.0895e-06
MUON_EFF_RECO_STAT_ LOWPT 9.50607e-07
MUON__EFF_TTVA_STAT 5.29931e-07
MUON_EFF_TTVA_SYS 3.37237e-07
FT_EFF_Eigen_ Light 0_AntiKtVR30Rmax4Rmin0O2TrackJets_ BTagging201903 2.39947e-07
FT_EFF_Eigen_ Light 1 AntiKtVR30Rmax4Rmin0O2TrackJets_BTagging201903 4.58797e-08
FT_EFF_Eigen_ C_3_ AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 3.29595e-08
FT_EFF_Eigen_Light_ 2 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 2.2657e-08
FT_EFF_Eigen_Light_ 3 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.20826€-09
FT_EFF_Eigen_Light_4 AntiKtVR30Rmax4Rmin02TrackJets_ BTagging201903 1.57564e-11
EG_RESOLUTION__ALL 0.0
EG_SCALE__ALL 0.0
EL_EFF_ID_TOTAL_1INPCOR_PLUS_UNCOR 0.0
EL_EFF_Iso_TOTAL_INPCOR_PLUS_UNCOR 0.0
EL_EFF_Reco_ TOTAL_1NPCOR_PLUS_ UNCOR 0.0
EL_EFF_Trigger TOTAL_1NPCOR_PLUS_UNCOR 0.0
JET_CR__JET__EffectiveNP_ Detectorl 0.0
JET_CR__JET_EffectiveNP_ Detector2 0.0
JET_CR_JET__EffectiveNP__Mixed2 0.0
JET_CR__JET_EffectiveNP_ Mixed3 0.0
JET_CR_JET__EffectiveNP__Modellingl 0.0
JET_CR__JET_EffectiveNP__Modelling3 0.0
JET_CR__JET_EffectiveNP__Modelling4 0.0
JET_CR_JET_ EffectiveNP__Statistical2 0.0
JET_CR_JET_ EffectiveNP__Statistical3 0.0
JET_CR_JET_ EffectiveNP__Statistical4 0.0
JET_CR__JET_ EffectiveNP__Statisticalb 0.0
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Table A.7 — continued from previous page

Systematic Reduced X2 ldown
JET_CR_JET_ EffectiveNP__ Statistical6 0.0
JET__CR__JET_ Etalntercalibration_ Modelling 0.0
JET_CR__JET_ Etalntercalibration_NonClosure_ highE 0.0
JET__CR__JET_ Etalntercalibration_ NonClosure_negEta 0.0
JET_CR__JET_ Etalntercalibration_NonClosure_posEta 0.0
JET__CR__JET__Etalntercalibration_ TotalStat 0.0
JET_CR_JET_ Flavor__Composition 0.0
JET_CR_JET_ Pileup_ OffsetMu 0.0
JET_CR_JET_Pileup_ OffsetNPV 0.0
JET_CR_JET_ Pileup_ PtTerm 0.0
JET_CR_JET_ Pileup_ RhoTopology 0.0
JET_CR_JET_PunchThrough MC16 0.0
JET_CR__JET_ SingleParticle HighPt 0.0
JET__JvtEfficiency 0.0
MUON_EFF_ISO_STAT 0.0
MUON__EFF_ISO_SYS 0.0
MUON_ID 0.0
MUON__MS 0.0
MUON_SAGITTA_RESBIAS 0.0
MUON_SAGITTA_RHO 0.0
MUON_SCALE 0.0

Table A.8.: Systematic uncertainties with the largest impact for each of the considered
kinematic distributions for the ¢t background sample.

Distribution lup variation ldown variation

miH pileup reweighting uncertainty jet energy resolution uncertainty (1)
Exmiss jet energy scale uncertainty (flavour composition) jet energy resolution uncertainty (2)
m:,VY fep - pileup reweighting uncertainty jet energy resolution uncertainty (2)
mgA_l{bb pileup reweighting uncertainty pileup reweighting uncertainty
mYFVAhE’ pileup reweighting uncertainty pileup reweighting uncertainty

D pileup reweighting uncertainty pileup reweighting uncertainty
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