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Abstract

On the 4" of July 2012 the observation of a new neutral particle was announced
by the ATLAS [1] and CMS [2] Collaborations. This particle is by now generally
considered as the Higgs boson H predicted [3,4] in the Standard Model of particle
physics. Its mass of my = 125.09 £ 0.24 GeV [5] implies a rich set of final states
which allow for experimental studies in regards to this particle and searches for
deviations from the properties predicted by the Standard Model.

In this thesis a measurement of the gluon-fusion and vector-boson fusion
production cross sections times H — WW* branching ratio is presented using final
states with one electron and one muon. The measurement is based on proton-
proton collisions with an integrated luminosity of 36.1 b~ recorded with the ATLAS
detector at the CERN Large Hadron Collider (LHC) at /s = 13 TeV in 2015 and
2016. Signal-like events are selected in categories with different jet multiplicities.
The results are extracted by means of a binned maximum-likelihood fit. To this
end, either distributions in multiple discriminant variables or the response of a
multivariate classifier are used depending on the category. The results are found to
be well compatible with the Standard Model predictions.

This analysis is extrapolated to estimate the future precision of such a
measurement at the end of the High-Luminosity LHC programme [6]. This
extrapolated analysis is combined with analogously extrapolated analyses targeting
other production and decay modes of the Higgs boson. Based on this combination
the expected precision is determined for future measurements of couplings between
the Higgs boson and other particles. Thereby an estimation is given for the
anticipated sensitivity of these analyses to signs of physics beyond the Standard
Model.

In addition studies are presented to identify sources of electron charge
misidentification in the reconstruction algorithms employed in the ATLAS
Collaboration.



Zusammenfassung

Am 4. Juli 2012 wurde die Beobachtung eines neuen, neutralen Teilchens von den
ATLAS [1] und CMS [2| Kollaborationen bekannt gegeben. Dieses Teilchen wird
heute als das Higgs-Boson H angesehen, dessen Existenz im Standardmodel der
Teilchenphysik vorhergesagt wird [3,4]. Seine Masse von my = 125.09+£0.24 GeV [5]
impliziert eine grofse Anzahl von Endzustdnden in welchen dieses Teilchen
experimentell untersucht werden kann.

In der vorliegenden Dissertation wird eine Messung des Produkts
der Produktionwirkungsquerschnitte des Higgs-Bosons in Gluonfusion und
Vektorbosonfusion, und des H — WW* Verzweigungsverhéltnisses dargestellt.
Die hierfiir betrachteten Endzustédnde beinhalten ein Elektron und ein Myon.
Die Messung basiert auf Proton-Proton-Kollisionen bei y/s = 13 TeV mit einer
integrierten Luminositit von 36.1fb™!, welche durch den ATLAS Detektor am CERN
Large Hadron Collider (LHC) in den Jahren 2015 und 2016 aufgezeichnet wurden.
Signalartige Ereignise werden in Kategorien mit verschiedenen Jetmultiplizitdten
selektiert. Die Extraktion der Ergebnise erfolgt mittels einer gebinnten Maximum-
Likelihood-Anpassung. Hierbei werden je nach Jetmultiplizitdt Verteilungen
in entweder mehreren diskriminierenden Variablen oder eines multivariaten
Klassifizierungsalgorithmus verwendet. Die Ergebnisse zeigen gute Kompatibilitat
mit den Vorhersagen des Standardmodels.

Mittels einer Extrapolation dieser Analyse wird die zukiinftige Préazision
abgeschétzt, die am Ende des High-Luminosity LHC-Projekts [6] mit einem
erwarteten Datensatz von 3000fb™" erreicht werden kann. Diese extrapolierte
Analyse wird mit weiteren extrapolierten Analysen anderer Produktions- und
Zerfallskanéle kombiniert. Basierend auf dieser Kombination wird die erwartete
Prézision der Messung der Kopplung des Higgs-Bosons mit anderen Teilchen
bestimmt. Hierdurch wird auch die erwartete Sensitivitat auf Physik jenseits des
Standardmodels abgeschétzt.

Des Weiteren werden Studien vorgestellt, in welchen Ursachen fii
Ladungsfehlidentifikation von Elektronen in den Rekonstruktionsalgorithmen der
ATLAS Kollaboration untersucht werden. Aufbauend auf diesen Studien werden
potentielle Verbesserungen kurz erlautert.
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Preface

The latest addition to the set of experimentally discovered elementary particles
of the Standard Model (SM) of particle physics was announced on July 4", 2012
by the ATLAS [1] and CMS [2] Collaborations: a neutral resonance with a mass of
about 125 GeV consistent with the SM Higgs Boson. In the few years since this
discovery many improved and extended measurements related to this resonance
have been performed without a clear sign of a deviation from the SM prediction.
Yet it remains one of the most promising candidates for finding hints of potential
physics beyond the SM. With the Large Hadron Collider (LHC) program (and its
high luminosity extension HL-LHC) having delivered only a fraction of the total
expected dataset, the ultimate precision for measurements in this sector is yet to
be reached - a journey requiring efforts of many.

In this thesis steps in this journey are presented which I had the great opportunity
to contribute to as part of the ATLAS Collaboration.
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1 Introduction

Fundamental research is frequently questioned for its necessity and answers from
first principles are often inherently challenging: the unknown would not deserve
its name if the outcome of its exploration was trivially predictable. A more
pragmatic approach to these questions is of empirical nature. Einstein’s theory of
general relativity [7] is inevitable for the accuracy of satellite based localization
and navigation. Quantum mechanics is of ever increasing importance in modern
technology: structure sizes in integrated circuits are approaching sizes of a few
atoms. The discovery of the Giant Magnetoresistance effect was awarded the 2007
Nobel Price in physics [8] and is vital for the capacity of magnetic data storage
devices. At the time the underlying theories were developed their eventual area of
application, let alone their particular use could hardly be dreamt of.

Other benefits from fundamental research may be loosely summarized as spin-
offs. Extensive experience with particle accelerators allowed for advances in cancer
therapy such as Ref. [9]. The famous proposal [10] of Timothy Berners-Lee at the
European Organization for Nuclear Research (CERN) emerged from the need to
efficiently provide and exchange information amongst scientists. Today the web
may be considered as one of the most important economic factors world wide.
While advancing the frontier of human knowledge, large scale fundamental research
and research centers such as CERN also inherently provide benefits outside the
scientific and technological realms. The research of the most fundamental aspects
of the universe joins people from all across the world in a common endeavor. The
thereby emerging international collaborations greatly benefit cultural exchange and
mutual understanding.

The first concept of fundamental constituents of matter is often attributed to
the Greek philosopher Democritus coining the term “atopoc” (atomos), meaning
uncut, indivisible. Objects denoted by the modern term atom derived from this
are by now well known not to be indivisible. The concept of indivisible instances,
however, is still valid although names other than atom are employed for what are
today considered to be elementary particles.

Crucial aspects of our current understanding of the universe at its smallest
scales have already been developed in the early 20" century. Max Planck’s work
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regarding black body radiation [11] and Einstein’s description of the photoelectric
effect [12] started the development of quantum mechanics. The 1918, and 1921
Nobel Prizes were therefore awarded to Max Planck [13], and Albert Einstein [14]
respectively. An insight from these works is that probing small length scales implies
large quantities of energy. A description of the smallest length scales therefore also
needs to incorporate Einstein’s theory of special relativity [15]. The mathematical
framework combining the principles from both, quantum mechanics and special
relativity, is referred to as quantum field theory (QFT).

The interplay of theoretical descriptions and predictions on one side and
experimental observations at often increasingly high energies on the other side has
since lead to the development of a QFT that is today called the Standard Model
of particle physics (SM). It describes a vast set of phenomena often expressed in
terms of the strong, electromagnetic, and weak forces. On for elementary particle
physics almost macroscopic scales these are responsible, for example, for the bound
structure of protons, neutrons, and nuclei (strong), as well as atoms and molecules
(electromagnetic). The weak force is responsible for the nuclear 5-decay.

The first description of the 5-decay by Enrico Fermi [16] in 1934 is today known to
be a low energy approximation of a more general description of the interaction. With
the unification into an electroweak theory pioneered by Glashow [17], Salam [18]
and Weinberg [19] in the 1960s, the S-decay can be described as the emission
of a charged vector boson W*. The newly predicted weak neutral current [20]
was first observed in 1973. The corresponding Z boson [21,22] and the charged
W= bosons [23] were finally discovered in 1983 at CERN. The development of the
electroweak theory and the discovery of the W and Z bosons were honored by the
Nobel Prices in 1979 [24] and 1984 [25] respectively.

Unifying the electroweak interactions in a consistent theory required another
crucial ingredient: a mechanism breaking the original symmetry associated with the
electroweak interaction and thereby allowing for the W and Z bosons to be massive.
This Brout-Englert-Higgs (BEH) mechanism was developed by Frangois Englert,
Robert Brout [26], and Peter Higgs [3,4] as well as Gerald Guralnik, Carl Hagen,
and Tom Kibble [27] and Philip Anderson [28]. Peter Higgs explicitly pointed out
that this mechanism implies the existence of another, massive boson: the Higgs
boson. The experimental confirmation of this prediction required the construction
of the largest and most powerful particle accelerator to date, the Large Hadron
Collider (LHC) situated at CERN in a circular tunnel of about 27 km circumference.
Almost five decades after the prediction of the Higgs boson the ATLAS [1]| and
CMS 2| Collaborations announced on July 4*" 2012 the observation of a new particle
with mass m ~ 125 GeV. After further investigations its properties were found to
be in agreement with those expected for the predicted Higgs boson. Following the
discovery, Higgs and Englert received the 2013 Nobel Price in physics [29].



In the few years since its discovery the Higgs boson has already been studied
in great detail by the ATLAS and CMS experiments. Today all major production
and decay mechanisms of the Higgs boson H at the LHC have been observed. The
latest additions to this set of observed processes are the production together with a
pair of top quarks, ttH [30,31], an additional vector boson, V H [32], and the decay
to a pair of bottom quarks H — bb [32,33]. Still large efforts are ongoing to put
the Higgs boson to even more stringent tests. Deviations from the predictions are
implicative of new physics for which experimental guidance is highly sought after.

While the discovery of the Higgs boson is said to complete the Standard Model,
the model is known to have imperfections. Neutrinos are treated as massless
particles in contradiction to experimental evidence [34|. The rotation of galaxies
suggests the presence of dark matter [35] which hardly interacts with known force
carriers and constituents of matter. While the Standard Model describes all known
forces relevant at microscopic scales it does not account for gravity: while it is
consistent with the theory of special relativity it does not incorporate effects of
general relativity [7]. The quest to address these open questions and advance our
understanding of the universe involves thousands of physicists around the world.
The pursuit of ever more precise measurements in the context of the Higgs boson
represents one of the many aspects which may shed additional light on some of
these matters.

In this thesis contributions to this endeavor are documented with focus on
measurements in the H — WW?* decay channel. Amongst the different decay
modes of the Higgs boson the most precise ATLAS measurement based on the first
data taking campaign at the LHC was obtained in the H — WW* channel [36]. Also
with the second data taking campaign this channel provides excellent opportunities
despite various challenges connected with it. In this thesis a measurement of
the Higgs-boson production cross sections times H — WW™* branching ratios in
the gluon fusion and vector-boson fusion production modes is documented. The
results are the most precise measurements of these quantities at the time of their
first publication. The measured production modes are the two most common
Higgs-boson production modes and the results are extracted from a large number
of candidate events. To this end a complex maximum-likelihood fit is discussed by
means of which the results are extracted.

The scattering of two same-charge W= bosons is closely related to the H — WWW*
process. Measurements of this process involve an experimental challenge in terms of
accurate charge reconstruction of leptons emerging from the decays of the W bosons.
Cases of charge misreconstruction represent sources of significant uncertainties for
these measurements. In this thesis reasons for charge misidentification of electrons
and potential improvements are investigated. Such improvements will benefit the
precision of future analyses sensitive to charge misreconstruction.
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Following this introduction, a brief introduction to quantum field theory and the
Standard Model is given in Chap. 2, including also a summary of statistical methods
employed in other parts of this thesis. The experimental setup is described in
Chap. 3, including the LHC, the ATLAS detector, and algorithms used to reconstruct
the proton-proton collisions studied from the detector signals. Studies identifying
sources of the charge misidentification of electrons in the ATLAS detector are also
presented in this chapter. The measurement of the gluon-fusion and vector-boson
fusion production cross sections times branching ratio of the Higgs boson in the
H — WW?* decay mode is presented in Chap. 4. While this measurement is
only based on data recorded in 2015 and 2016, in Chap. 5 an extrapolation is
performed estimating the future precision of such an analysis and identifying limiting
factors at the end of the High-Luminosity LHC programme [6]. In addition to the
extrapolation of the H — WW™ analysis, it is combined with extrapolations of
other recent ATLAS analyses regarding the Higgs boson. Based on this combination
the expected precisions of measurements of Higgs boson production cross sections,
branching ratios, and coupling strengths are presented. The main results are finally
summarized in Chap. 6.

In regards to the H — WW™ analysis the author’s contributions include the
construction and optimization of the maximume-likelihood fit for the ggF categories
including the development of sanitization strategies for systematic uncertainties
estimated from finite samples. A leading role was assumed in the development of
the analysis software jointly used by the ATLAS H — WW™ analysis group. Even
if one is not directly involved in an particular study this task requires foreseeing
technical and functional needs of the analysis team to ensure steady progress. The
author is the main analyzer for the projections of the H — WW™* analysis for
the HL-LHC and has performed various validation and auxiliary studies for the
combination of the projections of the different Higgs boson analyses. The author’s
studies regarding the electron charge misidentification presented in this thesis were
initially proposed by the ATLAS e/~ group and kindly supported by the groups
feedback.



2 Theoretical Overview

The description of fundamental particles and their interactions at high energies
requires the combination of two sets of principles developed in the early 20*® century:
those of quantum mechanics and special relativity. Theories written based on these
principles are generally referred to as quantum field theories (QFTs). One particular
QFT is the Standard Model (SM) of particle physics, a theory consistent with a
comprehensive set of experimental measurements (see, e.g., Ref. [37]). In Section 2.1
a brief introduction to quantum field theories is given followed by a summary of
the particles, fields, and their interactions in the SM in Section 2.2. Additional,
phenomenological considerations with focus on proton-proton collisions are briefly
addressed in Section 2.3. These summaries are largely based on Refs. [38-40].
Throughout this thesis natural units are used, such that ¢ = h = 1. Additionally
Einstein’s sum convention is used in the following, ¢.e., summation over doubly
appearing indices is implied.

2.1. Quantum Field Theory

2.1.1. Equations of Motion and Lagrangian Densities

Both, relativistic and non-relativistic quantum theories incorporate the energy-
momentum relation of their non-quantum counterpart through a procedure
commonly referred to as quantization. In this ansatz observable quantities are
replaced by suitable operators eventually acting on a wave function ¢. In the
non-relativistic case of a free particle of mass m (E = p?/(2m)) the so obtained
operator relation is the Schrodinger equation

-

2

2m

¢ = iaﬂ?,

with ﬁ: —iV, and E = i9,.
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In the relativistic case more than one quantized version of p*p, —m? = 0 is of
relevance. The Klein-Gordon equation®

(0"0, +m?) p =0 (2.1)

can be solved by scalar fields ¢ and is therefore found to describe spin-0 particles.
The Dirac equation
(Y'pp—m)¥ =0 (2.2)

can be obtained from the linearized ansatz p*p, — m? = (vp, + m)(“p, — m).

This ansatz, however, requires the 4 to be matrices and therefore also ¥ to be a
higher dimensional object. One suitable set of 4” is given by the 4 x 4 matrices

T=%o 1) T T\ \=¢ o0

where the entries 0, 1, and ¢! represent the 2 x 2 matrices with only zero entries,
the 2 x 2 identity matrix, and the Pauli matrices. The four-component object ¥
is called a Dirac spinor. Its components can be associated with the spin states
of spin-1/2 particles and corresponding anti-particles thus describing fermions and
anti-fermions. The latter ones correspond to solutions of (seemingly) negative
energy which would imply a spectrum unbounded from below. This is overcome by
re-interpretation of these solutions as positive energy solutions going backward in
time.

Instead of using explicitly the equations of motion (EOM) such as the Klein-
Gordon or Dirac equations, quantum field theories are often expressed in the
form of a Lagrange density £ (commonly shortened to Lagrangian) from which
the equations of motion can be derived similarly to the classical Euler-Lagrange

formalism: ar ac

A Lagrangian corresponding to the Klein-Gordon equation (2.1) reads

1 1
L= 1 (0:0)(00) — gm3e® [38]
The Lagrangian corresponding to the Dirac equation (2.2) commonly reads

L =iy, — myUV, with U = Uly0 O = (v7)* [33]. (2.4)

Lobtained through replacements p, — 0, = iz2
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Another important type of Lagrangian is the (free) Proca Lagrangian describing a
vector (spin-1) field A*:

L = —g= (" —0"AY) (,A, —0,A) +  EmAArA,
) S e (2.5)
- _ﬁ e F/,Ll/ + —mAA“Au [38]

2.1.2. Gauge Symmetries and Interactions

The Lagrangian of a free Dirac field (2.4) is invariant under the global transformation
U — 9 for a real valued constant § and the generator g of a symmetry group.
Such a transformation which leaves the resulting physical observables invariant is
called a gauge transformation. In case of the symmetry group U(1), ¢ is just a real
valued constant as well. In order for the Lagrangian to be invariant under a local
U(1) gauge transformation ¥ — €7@ i e., § being dependent on the coordinate
x, the derivative 0, is replaced by the so called covariant derivative

D, =0,+1iqA,,

with the thereby introduced vector field transforming as A, — A, + %Qﬂ(x). Due
to the introduction of the vector field A* the Lagrangian also needs to be extended
with free terms from Eq. (2.5) and becomes

1 - _
m
(. S
= —EF“ Fu —mgVWV + 39~y D, W,

The mass term im? A*A, from Eq. (2.5) would violate the demanded symmetry
such that the mass of the gauge field A* must be zero. The injection of the covariant
derivative also introduces the interaction term

,Cim = —q‘I/’}/‘u\IIA#

coupling the fields U and A, with a coupling strength (or coupling constant)
proportional to the charge q.

Besides potentially introducing interactions, symmetries are connected to
conservation laws via Noether’s theorem [41]. It states that every unbroken,
continuous symmetry implies a conserved current j* with J,7* = 0 and a
corresponding conserved charge. For example, in the just discussed U(1) example,
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this conserved current is

g oc - &C):_—M
7 =5 (a0 o)~

and the conserved charge Q@ = [ d®z j°. Other examples include the invariance of
a system with respect to translations in space-time leading to conservation of the
systems four-momentum, and a rotational invariance leading to conservation of
angular momentum.

2.1.3. Perturbative Expansion via Feynman Calculus

The transition of an initial state |i(t = —o0)) to a final state |f(t = 00)) given the
interaction Hamiltonian density Hi,; = —Li,: is described by the & matrix

e (e |1 [ ate (o] )10 = (st

with the time ordering operator 7'(...). When expanding the exponential term the
ever increasing powers of the coupling parameters from the Hamiltonian/Lagrangian
are suggestive of a perturbative expansion. In fact, as for example discussed in great
detail in Ref. [40], a perturbative treatment can be applied for sufficiently small
coupling constants. The terms of such a perturbative series can be derived from
Feynman graphs in which the couplings appear at vertices connecting multiple lines
which represent the fields/particles involved. The number of vertices in a graph
correspond to the perturbative order of the term, i.e., the power of the coupling
constant. External lines with one end not connected to some vertex represent initial
or final state particles. In this thesis the time axis in Feynman graphs is running
from left to right, 7.e., initial state particles enter from the left and final state
particles leave to the right. Internal lines with both ends connected are referred to
as propagators. To obtain the matrix element at nth order all connected graphs
with the same external lines and up to n vertices need to be summed. Examples
for a vertex and a leading-order (LO) diagram are shown in Fig. 2.1 based on the
U(1) gauge theory from Sec. 2.1.2. The leading order (LO) refers to the non-trivial
order with minimal number of vertices n. Diagrams with next-to-minimal number
of vertices are referred to as next-to-leading order (NLO), even higher orders being
denoted by, e.g., NNLO (or N2LO), and N3LO. Rotating a valid graph by multiples of
90° produces again a valid graph. If such a rotation inverts the direction of a line
with respect to the time axis its interpretation in terms of particle/anti-particle is
inverted as well.
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o

Figure 2.1.: A single vertex (left) with indication of the fields associated with different
line styles, and a basic example for a leading-order Feynman graph (right)
representing a simple fermion-fermion scattering process based on the example
U(1) theory in Sec. 2.1.2.

O X

Figure 2.2.: Examples for divergent Feynman graphs based on the example U(1) theory
in Sec. 2.1.2 requiring the introduction of renormalized coupling parameters.
Based on Ref. [40].

Divergent integrals are encountered in diagrams like the ones shown in Fig. 2.2.
These can be solved by introducing a regularisation factor as presented, e.g., in
Ref. [38]. However, this still leads to finite and infinite contributions modifying the
original masses and couplings when taking a limit in the regularisation parameter
such that the regularisation term disappears again. The infinite contributions can be
absorbed through a redefinition (renormalization) of the masses and couplings while
the finite contributions introduce four-momentum dependencies. As a consequence
the masses and coupling “constants” are said to be running. A theory for which
such a treatment can be applied is called a renormalizable theory.

2.1.4. Cross Sections and Decay Widths

A typical way of studying fundamental interactions is using accelerators such as
the Large Hadron Collider LHC described in Sec. 3.1. In these machines series
of bunches of particles, in sum referred to as beams, collide with other particles
at high energies. The collision partners are either other bunches or so called
fized targets. In order to compare results between different experiments and to
theoretical calculations the number of transitions n(i — f) in these collisions are
converted to cross sections o. These are constructed to be independent from beam
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parameters such as the overlap of the colliding beams and number density p of
particles contained in the beams. For colliding bunches A, B with bunch lengths
L4, U one finds the relation [40]

n(i — f) = JKAKB/depA(:E)pB(m),

where the integration is performed over the plane transverse to the beam direction
and number densities in the bunches are assumed constant along the longitudinal
direction. Analogously, differential cross sections j—; for some observable X are
used to describe transitions to final states with particular kinematic properties
such as emission angles or momenta of final state particles.

Using the 7 matrix given by S = 1447 the invariant matriz element M(i — f)
can be defined through

GITV) = (216 (zp@ zpf> MG 1), ©6)

where the sums run over the initial (i) and final (f) state particles respectively.
The cross section of a process with initial state particles 1,2 is then obtained from
(see, e.g., Ref. [38])

0 = 5 . 2. —dgﬁf . 7T4(4) _
a 4\/(p1p2)2 — )2 M| (1;[ (27r)32Ef) (2m)76" (p1 + p2 zf:pf).

(mlmz

The decay rate I' is used to describe the decay of a particle. For a given number N
of particles of the same type the decay rate and average life time 7 are given by

1 dN 1

= —=— T==.

N dt’ r

For a particle at rest with mass m it can be expressed in terms of the invariant
matrix element M through

dF:i-|M|2- Hﬂ )4 (p pr
2m 7 (27T)32Ef

In both cases S is a statistical factor: each group of j identical particles in the final
state contributing a factor (1/;!). Cross section and decay rate are additive. For
example the total decay rate of a particle which can decay to final states 1,2, 3, ...
ISF:F1+F2—|—F3—|— .
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2.2. The Standard Model of Particle Physics

The Standard Model comprises all known elementary particles and their interactions
with the exception of gravity. Its gauge symmetry group is SU(3).x SU(2), xU(1)y
giving rise to two main sectors of interactions that are briefly summarized in
the following sections: the strong interaction corresponding to SU(3). and the
electroweak (EW) interaction corresponding to SU(2)r x U(1)y. The elementary
particle content of the Standard Model is summarized in Fig. 2.3. Fermions are
arranged in three generations: every particle in one generation has a correspondent
in each other generation which only differs by mass. The individual types of
particles are often referred to as (quark or lepton) flavors. The sets of quarks
with same electric charge are often referred to by their first generation element as
up-type or down-type quarks.

2.2.1. Quantum Chromo Dynamics

The strong force described by quantum chromo dynamics is mediated by gluons.
The index ¢ of the SU(3). group refers to the color charge which is responsible
for a particle to couple to a gluon gauge field. While quarks? carry color, denoted
as 7, g, or b for red, green, or blue, anti-quarks carry anti-colors 7, g, or b. The
quark sector therefore consists of color triplets. Gluons form a color octet carrying
a combination of color and anti-color. The gluon color-singlet 1/v/3|r7 + gg + bb)
is not realized.

The terms of the SM Lagrangian relevant for QCD are

1
_Ga Ggl/,

Lsyv D Laoep = q (V"0 —m) q — g5 (77" Taq) G, — 1 G

G, = 9,G — 0,G% — gy furGU.GE,

where the T, are the eight generators of the SU(3)s group with structure constants
fave defined via the commutators [T,, Ty] = i fupT.. The gluon field operators are
denoted as G* and g; = \/4may is the coupling strength. The resulting vertices are
shown in Fig. 2.4.

The running of the strong coupling a is influenced by two types of loop diagrams
similar to those shown in Fig. 2.2. Quark loops lead to an increase of a, with
increasing momentum transfer ¢ while contributions from gluon loops have the
opposite sign. The contributions from these two types of diagrams depend on
the number of quark flavors and colors, respectively. In the Standard Model with
six quark flavors and three colors the gluon loops dominate. That is, the strong

2The concept of quarks with fractal electric charge was suggested in Ref. [43] and Ref. [44] .
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; quarks gauge
e s s
: up quark charm quark top quark gluon
: charge 0
charge + % e charge + % e charge + % e c(:lorrg r/g/bx
: color r/g/b color r/g/b color r/q/b 7/3/b
: spi 1 b 1 . e r/g9/
: spin 2 spin 2 spin 3 spin 1
: mass 2.2 MeV mass 1.28 GeV mass 173 GeV mass 0
AN - N
e e e
down quark strange quark bottom quark W boson Higgs boson
: 1
: charge —le charge —3€ charge —le charge +le charge 0
: color r/g/b co?or 'ri/g/b color r/g/b color - color -
spin % spin 2 spin % spin 1 spin 0
: mass 4.7 MeV mass 95 MeV mass 4.18 MeV mass 80.4 GeV mass 125 GeV
AN S .
e ( (
: Ve Yy Vr Z
electron neutrino muon neutrino tau neutrino 7 boson
: charge 0 charge 0 charge 0 charge 0
: color - color - color - color N
: spin L spin 3 spin N spin 1
: mass 0 mass 0 mass 0 mass 91.2 GeV
N - -
e e r
electron muon tauon photon

charge —1le charge —1le charge —le charge 0

color - color - color - color -

spin % spin % spin % spin 1

mass 511 keV mass 105 MeV mass 1.78 GeV mass 0
N . .

leptons bosons

Figure 2.3.: Simplified overview of the particle content of the Standard Model. For fermions
only particles but no anti-particles are shown. The latter posses charges
conjugate to those of particles. Based on Ref. [42].

Figure 2.4.: Vertices in quantum chromo dynamics.

g
9
9 9
g g
g

The three-legged vertices are
proportional to the coupling strength g, = /4mas, the four-gluon vertex
is proportional to g2. The quark-gluon vertex is flavor diagonal, i.e., always
involves two (anti) quarks of the same flavor.
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interaction becomes weaker at high momentum transfer (or equivalently short
distances) leading to asymptotic freedom. At low momentum transfer (or large
distances), however, «, becomes large preventing the use of Feynman calculus in
this regime. An important consequence of this running is confinement, i.e., particles
charged under SU(3). rapidly form bound, color-neutral (white) states denoted as
hadrons. The most prominent subsets of hadrons are mesons (quark + anti-quark)
and baryons (three quarks).

2.2.2. Electroweak Interaction

Fermi [16] described the nuclear beta decay by means of a direct coupling of a
proton, a neutron, an electron, and a neutrino of strength Gg. In regards to, e.g.,
total decay rates this description turns out to be a low energy approximation of
what today is called the electroweak Standard Model. This gauge theory unifying
the description of electromagnetic and weak interactions was largely developed
by Glashow [17], Salam [18]|, and Weinberg [19]. It is summarized in this section
although incomplete without the Brout-Englert-Higgs (BEH) mechanism which is
described in a subsequent section.

The electroweak interaction is based on the symmetry group SU(2), x U(1)y
with gauge fields Wj, i =1,2,3 and B,. The subscript Y refers to the hypercharge
responsible for a coupling to B,,. The subscript L refers to the left-handed coupling
structure of the SU(2)r, subgroup and the corresponding W,

The weak currents corresponding to SU(2)y, read

1 1 1

o= Xgming (L= = Xegmvxe, 7" ="',
where x is a (weak) isospin doublet of Dirac spinors and 7; are the Pauli matrices and
generators of SU(2)z. In the lepton sector the doublets are x = (v, £)T, £ = e, i, 7.
The iso spin doublets in the quark sector connect up and down type quarks. The
operator 3(1 —~°) projects the Dirac spinors of fermions (anti-fermions) onto their
left (right) chiral components. The weak SU(2),, currents therefore only couple to
left chiral fermions and right chiral anti-fermions.

While v transforms under the parity operator (spatial inversion) P like a vector,
P(+*) = —4#, the product y#~+° transforms like an axial vector P(y#7°) = ~y#~°.
An inherent property of weak currents is therefore the so called V-A structure
implying parity violation.

(11 £i73) the charged currents [39]

With the step operators 7 = %

JMi = )‘(Ti%(l —¥")x = (Ji + szL)
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Table 2.1.: Charges relevant in electroweak interactions for left (L) and right (R) chiral
fermions: isospin T, its third component T3, hypercharge Y, and electric charge
. The values for second and third generation particles are identical to their
first generation correspondents. Right chiral neutrinos are not contained in
the Standard Model. Reproduced from [39].

T T Y Q T T Y Q
oo |5 3 =1 0 wlg 5 5 g
A A A N

urg | 0 0 3 2
er |0 0 —2 -1 dp | 0 0 -2 —1

describe transitions between the two components of the isospin doublets. These are
the currents the physical, eventually massive gauge bosons W/jt = \/LQ(W,} F ZWE)
couple to.

The electroweak section of the SM Lagrangian can be expressed as® [39]

. 1.5 Y,
LD Legw =X17" (lﬁp - 957'Wu - QITLB,M) XL
i
2

(2.7)

7 I | ,
+ fR’YM (Zau - g Bu) fR - ZVV;AVWN - ZBMVBH ’
where B, = 0,B, — 0,B,,, and WW = 8MW,, — 8,,T/I7u - gWM X Wy. The coupling
constants are g and ¢’. The left (right) chiral fermion doublets (singlets) are
denoted as x, (fr) and their corresponding hypercharge as Y7, (Yg). Besides the
fields Wﬁ, W/f mixing to the physical fields Wj the electroweak section of the SM

Lagrangian contains two more fields I/Vg’ and B, mixing to the physical fields

A,= B,cosO, + WE sin 6,,,

Z,= —DB,sinf, + Wj’ cos 0,,.

This choice of mixing is arbitrary up until the introduction of the BEH mechanism.
Identifying A, as the (eventually massless) photon field, the weak mixing angle 6,
allows to relate the coupling strengths ¢, and ¢’ to the electric unit charge:

gsinf, = ¢ cosf, = e,

3Mass terms are omitted up until the introduction of the BEH mechanism.
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f f

w+ W+ W~ Z W~
Wi,:F Wi,:F W+ A W+

Figure 2.5.: Vertices of the electroweak interaction based on the SU(2)r x U(1)y group.

where values of the hypercharge Y are constructed such that the dimensionless

charges obey the relation
Y
Q=T+ —.
2
Thus, the photon field couples to particles irrespective of their chirality and in turn

conserves parity. The weak neutral current couples to Z,, in a vertex described by

g
cos 0,

1
—1 7“5 (CV — cA75) , with ¢, = T°® — 2sin%0,,Q, and ¢4 = T°.
The charges of fermions under these here discussed symmetry groups are summarized
in Tab. 2.1. The vertices of the electroweak sector discussed thus far are shown
in Fig. 2.5. Triple and quartic gauge vertices occur as the gauge fields Wﬁ carry
isospin T' = 1 themselves.

2.2.3. The Brout-Englert-Higgs Mechanism

In the U(1) example in Sec. 2.1 adding a mass term for the gauge field breaks the
demanded U(1) symmetry. Similarly, introducing mass into Eq.(2.7) for fermions or
gauge bosons violates the SU(2), symmetry. Massless gauge bosons and fermions,
however, are in clear contradiction to experimental results my, = 80.379£0.012 GeV
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and myz = 91.1876 + 0.0021 GeV [42]. Furthermore the scattering of vector
bosons WW — WW is bound to violate unitarity at sufficiently high energies
when only considering Feynman diagrams constructed from the vertices shown in
Fig. 2.5 (see, e.g., Ref. [45]). These shortcomings are addressed by a mechanism
leading to spontaneous symmetry breaking, namely the Brout-Englert-Higgs (BEH)
mechanism |3,4,26].

This mechanism introduces a complex isospin doublet

¢ = (¢+) _ b (9251 + Z¢2)
¢") 2 \¢s+igy

with hypercharge Y = 1. The relevant part of the Lagrangian is

L5 Ly = (Do) (D"6) — V() with V(9) = 12676 + A (¢7¢)°,  (2.8)

and the covariant derivative (as already implicitly used in Eq. 2.7)

N
D,=0,+ ngWM + ZQIEBM-
The potential V(¢) exhibits the Mexican hat shape shown in Fig. 2.6 for
p? <0, A > 0. In this case its minima? fulfill the condition

2

¢T¢: _,u_ =

1
= v,
2\ 2
where v is referred to as vacuum expectation value. The field ¢ can then be expanded
around a chosen minimum ¢; = ¢o = ¢4 =0, ¢p3 = v

0= o+ b)) 2

Any other value of ¢ can be obtained by means of SU(2) rotations while the
Lagrangian is invariant under these. The only physical field emerging is therefore the
Higgs field H(x) giving rise to the Higgs boson H. Inserting the expansion (2.9) into

4As V(¢) only depends on |¢|? = ¢!¢ the minima form a hyper sphere in the space spanned by
the ¢y, i = 1,...,4.
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V(o)

9]

Figure 2.6.: Shape of the potential V(¢) in the BEH mechanism.

the Lagrangian (2.8) mass terms can be identified for the electroweak bosons [39]:
VANH? = mpy = V202,
1\ B
(évg) Wwiw=" = my = jug,

1 2 _ / M — 2 /2

Ly (2 ) () = me = e

g # —99 g B my =
The basis transformation diagonalizing the W3, B mass matrix defines the
composition of the physical fields Z* and A*. It is also the reason for the mass

difference between the W= and Z bosons which are related to the weak mixing
angle through

Ol

mwy
cosf, = —.

mz
The propagator term corresponding to internal, massive vector boson lines
— (g — Pupv/m¥)/(p* — mi) in the low energy limit p* < mi, allows to relate
Gr, g, and my and thereby determine the vacuum expectation value v ~~ 246 GeV
using results from low energy experiments such as muon decays:

G F 92 1

V2 8mi, 20

The value of A and thereby the mass of the Higgs boson my, however, are not
predicted.
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o 1% S H
v T H H\\){/’/H
vV T H H . H

Figure 2.7.: Vertices involving the SM Higgs boson. W refers to massive fermions (quarks,
charged leptons), V' to massive vector bosons (W, Z) and H to the Higgs
boson.

Fermionic mass terms can be included in the Lagrangian via Yukawa couplings®
of the Higgs field to the fermion fields. With ¢ = imy¢ the additional terms read
(see, e.g., [47])

Lr=—NLroer — \Qrodr — \Qour + h.c.

for each fermion generation. Inserting ¢ after spontaneous symmetry breaking
fermion mass terms can be identified:

1
——ANUVELER = M= Al

V2 V2
The parameters A\, are not predicted and, hence, fermion masses need experimental
determination.

Together with the mass terms for both, fermions and massive gauge bosons,
interaction terms of the respective fields with the Higgs field are introduced leading
to the vertices shown in Fig. 2.7. While couplings of Higgs bosons to fermions are
proportional to the respective fermion mass my the couplings to W and Z bosons
are proportional to m%/.

The isospin doublets of the quark sector already mentioned in Sec. 2.2.2 exhibit

the particularity that the elements of the doublets are no mass eigenstates but
instead related to these via a unitary transformation Ucg . By convention states

5The coupling of fermion fields to a scalar field was first introduced by Hideki Yukawa to describe
the attraction between neutrons and protons in nuclei in Ref. [46].
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modified by this transformation are taken to be the down-type ones:

U c t d/ Uud Uus Uub d
X = (d’) , (s’) , (b’) , where | ' | = | Ug Uss Uy s
v U U Uy b

Uckm

The matrix Ucgy is known as the Cabibbo-Kobayashi-Maskawa matriz [48,49).
Its values are not predicted and therefore require experimental determination, a
summary of which can be found in [42]. The absolute values of the diagonal elements
are close to one. Still all off-diagonal elements are found to be non vanishing. The
presence of a complex phase in Ucg s leads to violation of C'P-symmetry where C'
is the charge-conjugation operator interchanging particles and anti-particles.

2.3. Phenomenology of Proton-Proton Collisions

In the preceding sections only interactions between free, elementary particles
were considered. In case of proton-proton collisions, however, the initial states
are complex compound states. The fundamental constituents of the protons are
collectively referred to as partons. In the deep inelastic scatter (DIS) regime it is
those partons which are considered as the initial state particles for the hard scatter
described by Eq. (2.6).

While the quantum numbers of protons can be constructed from those of the
three wvalence quarks (uud) the set of partons which can enter the hard scatter
exceeds these three quarks. In addition to the valence quarks, the omnipresent
emission and absorption of gluons, together with the creation and annihilation
of quark-anti-quarks pairs (sea quarks) need to be considered. To account for
this composite structure so called parton distribution functions (PDF) f,(z, u?)
are determined from fits of theoretical models to previous experiments, e.g., from
electron-proton collisions or even proton-proton collisions other than the datasets
to make predictions for. The PDFs describe the density of partons a carrying
the fraction x of the total proton momentum when probed at a scale given by
1%, The evolution to different scales p? can be performed by means of a DGLAPS

equation [42]
Ofa o, (1?) } :
o2 2r (Fav ® Jo)

where the sum runs over convolutional integrals where P,;, describes the production
of parton a from parton b, e.g., the production of a quark and an anti quark

6Named after Dokshitzer [50], Gribov and Lipatov [51], and Altarelli and Parisi [52].
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Figure 2.8.: Examples for parton distributions (PDFs) z f(z, u?) at different scales p? for
protons. Uncertainties are indicated by the width of the lines. The gluon
PDFs are scaled by 1/10. The valence quarks u and d carry larger momentum
fractions on average compared to sea quarks and anti-quarks. For the same
reason a distinction between u/% and d/d is made. From Ref. [42].

from a gluon ¢ — ¢¢. Examples for PDFs are shown in Fig. 2.8. The soft,
phenomenologically treated proton substructure factorizes from the perturbatively
treated hard scatter process. The scale u = pup that separates these two domains
is therefore called factorization scale. The hadronic cross section o for a process
emerging from a proton-proton collision is then given based on the considered hard
scatter cross sections &;; by (see, e.g., [53])

o(p1,p2) = Z/dﬂildﬂﬁz fi(z'bﬂ%‘)fj(x%N%)&ij(wlplaxﬂ?%Q2/M%‘>'
Y]

Here, p; o denote the proton momenta, @? the scale of the hard scatter process,
and the sum runs over possible initial state partons with momentum fractions z; 5.
As a consequence the initial state momenta with respect to the hard scatter are
experimentally not accessible for individual collisions”. The initial state parton
momenta transverse to the axis defined by the direction of the incident protons
(in the center-of-mass frame) is typically negligible compared to their longitudinal
momenta. Hence, at hadron colliders, quantities in the transverse plane such as
the transverse momenta pr of final state particles are frequently used.

7 Activity from proton remnants is strongly focused in the direction of the original protons and
therefore outside of the main geometric acceptance of the experiments.
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Figure 2.9.: Visual representation of the structure of proton-proton collisions. Initial state
partons are drawn in blue. The main hard scatter is indicated by the large
red circle, a second hard scatter is drawn in purple. Both are surrounded by
parton showers eventually transitioning to hadronization (formation of color
neutral bound states, light green) and eventually decays of these hadrons
(dark green). Emissions of (soft) photons and leptons are drawn in yellow.
From Ref. [54].

The confining property of QCD leads to additional effects in proton-proton
collisions visualized in Fig. 2.9. The main hard scatter is accompanied by the
so called underlying event (UE). It originates from additional parton interactions
besides the main hard scatter as well as partons created in the color reconnection
process in between the various color charged particles emerging from the collision.
Additionally (soft) initial /final state radiation like emissions are accounted under
the term of parton shower. More in-depth studies and discussions regarding the
underlying event and parton showers can, for example, be found in Refs. [54, 55].
The process of forming bound hadronic states (color singlets) is finally referred to
as hadronization. One exception to the formation of hadrons is given by the top
quark. Given its extremely short life time of ~ 0.5 - 1072*s [42] it generally decays
before the formation of hadrons.

At the macroscopic level hadrons formed as a result of the scatter fly out from the
point of collision as collimated sprays of particles called jets. The exact definition
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of a jet depends on the algorithm chosen to perform the clustering of individual jet
constituents. In order to allow comparisons between theory and experiment the
chosen algorithm must be infrared/collinear safe, i.e., the resulting jets’ properties
must be robust against emission of additional soft particles such as gluons (and
hence additional /different hadrons) within the jet. A popular example for such an
algorithm is the anti-k; algorithm [56]. A brief description of this algorithm and
its use in the ATLAS detector is given in Sec. 3.3.2.

In order to join results from perturbation theory, phenomenological treatment,
and eventually even interactions with complex detectors a Monte Carlo (MC)
approach is used. Individual collisions are simulated in chains of software tools,
each responsible for a subset of aspects to be accounted for. Such steps include
simulation of the hard scatter, parton showers and underlying event, hadronization,
further decays and interaction with detector material. Uncertainties, in particular on
phenomenological treatments, can be estimated from comparison of results obtained
from different tools for a particular aspect or by varying tuning parameters of a
tool itself. At the LHC multiple collisions are produced essentially simultaneously.
These additional collisions are referred to as pile up. Additional collisions in the
same bunch crossing as the collision of interest are referred to as in-time pile
up, collisions in preceding or subsequent bunch crossings as out-of-time pile up if
produced within the detector’s temporal resolution. In simulations this is accounted
for by means of overlaying multiple, individual scatters randomly distributed over
the collision region. The number of simultaneous collisions for unchanged beam
properties follows a Poisson distribution. Within the ATLAS Collaboration the
effect of pile-up interactions in simulated events is taken into account by overlaying
mostly soft QCD interactions generated with PYTHIAS [57,58|.

2.3.1. Signatures of Electroweak Processes

The cross sections for various SM processes at different proton-proton center-of-mass
energies 1/s° are shown in Fig. 2.10. The vast majority of collisions, often called
events, are produced due to the strong interaction. Electroweak processes in which
W,Z%, ~, or H bosons are produced, however, can produce (charged) leptons in the
final state. Due to the probabilistic nature of the collisions and processes involved
therein, experimental studies regarding a particular signal process typically require
handles to enrich the signal with respect to other background processes. Hence,
leptonic decays of weak bosons are of great importance. The relative decay widths

85 denotes one of the three Mandelstam variables s,¢,u. For a process with four-momenta
P1,p2 — p3,pa these are given by s = (p1 +p2)?, t = (p1 — ps3)?, and u = (p1 — ps)*.

9Including processes with off-shell electroweak currents with ¢* # 0,m3%,,m%, the neutral
currents often being denoted as Z/~*.



PHENOMENOLOGY OF PROTON-PROTON COLLISIONS 23

Standard Model Production Cross Section Measurements Status: March 2019
o) AQ total (2x)
O 10" Foag e ATLAS Preliminary
e Theory
5 L0 o Run1,2 /s =5,7,8,13 TeV
o
Dduets Y
10° o
pr>25 Gev LHC pp Vs =7 TeV
10* O o0 BB  Data 45-49fb!
A0
v
LHC =8 TeV
103 pr >125 GeV gz‘ D &ZD D pp Jg :
oo o 09 N Data 20.2 - 20.3b"!
pr>100GeV n;>2 OD ww
102 A ®o o BR o
23 g%o o0, LHC pp Vs =13 TeV
2 Ao o, 5 zkz °h
10! A e o o 22" o BEl  Data 32-79810!
-3 n a o - n,204 A o i wy
=5 o nj 65 s-chan ”ﬁbbA
n]
1 An nz4 =6 = @ 29D O
ot o O le) n Zj I PN n o
njz njz7 Wij
1 a8 i ’ 5n Q HKBVE/VVA 5 £ A Ag
10 o n28 o o X
A nz6 Q n o
o o Hyy Zi
10,2 nz7 A
n=7 n Nazzw/ A ot & W
n (=]
10_3 A N A
UWZ
A
PP Jets 7 w z tt ot VW Y7 H WVVytWtiZtiH tty 77 Vii WW  Wyy  Zyjj

EWK  Excl. Z)/)/ WWy Vij
tot.

tot. tot. tot. tot. tot. EWK

Figure 2.10.: Summary of predicted and measured cross sections in proton-proton collisions
for various processes in the SM. From Ref. [59].

called branching ratios B; = I';/Tiora1 of W, and Z bosons are shown in Fig. 2.11.
Branching ratios specify the probability of a decay to a particular final state. While
electrons are stable and muons can be considered as stable on typical experimental
distances (proper life time ¢ - 7, =~ 660 m) tau leptons (c - 7, ~ 87 ym) decay well
within the instrumented area O(1cm — 10m).

Although Higgs bosons only couple to massive particles the main production
mode at the LHC is from a pair of gluons. In this process referred to as gluon
fusion (ggF) the gluons produce a Higgs boson via a loop of heavy quarks,
predominantly top quarks, as shown in Fig. 2.12 together with some of the
subdominant production modes. The production cross sections of the SM Higgs
boson with mass my = 125 GeV are shown in Fig. 2.13. Branching ratios of the SM
Higgs boson with a mass of 125 GeV are shown in Fig. 2.14, a subset of its decay
modes (decay channels) is illustrated in Fig. 2.15.

At the LHC Higgs bosons produced via gluon fusion are most commonly
accompanied by only little additional activity from the hard scatter besides the



24 THEORETICAL OVERVIEW

T,
1y,
+
€ Ve hadrons (¢q) A
: ete
69.91%
67.4%
invisible (v7)
hadrons (¢q')

Figure 2.11.: Branching ratios T'; /T'yosa of W (left) and Z bosons (right) based on Ref. [42]

for the main decay modes. The W~ decay modes are charge conjugate to
those of WT.

ggF VBF

Figure 2.12.: Feynman diagrams for the most prominent production modes of Higgs bosons:
gluon fusion (ggF), vector-boson fusion (VBF), Higgs strahlung (VH), and
top associated production (ttH). Processes not shown include gluon induced
Higgs strahlung (g9 — ZH) and production in association with a single top
quark or a pair of bottom quarks.
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Figure 2.13.: Cross sections of different production modes of a 125 GeV Higgs boson in the
SM depending on the center-of-mass energy of the proton-proton collision.
Theoretical uncertainties are indicated by the line widths. The label of the
process with the largest cross section pp — H is often referred to as ggF, the
second largest (pp — qqH ) as VBF. From Ref. [60].

decay products from the Higgs boson itself. Hence, this production process is
experimentally most accessible in well distinguished decay modes of the Higgs
boson such as H - WW* — wl'v', H — ZZ* — 'l ({ = e, ), and H — 7.
Examples for ggF production of Higgs bosons together with additional partons are
shown in Fig. 2.16 including an example for production from a gg initial state. The
production cross section quickly decreases with the number of additionally created
jets [60].

The VBF production mode is characterized by the presence of two highly energetic
jets from the quarks emitting the fusing vector bosons. As typically the quark
momenta are only moderately changed in this process the emerging jets are
emitted in the so called forward direction, i.e., close to the beam direction. These
characteristic jets feature large values of the dijet invariant mass m;; and a large
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Figure 2.14.: Branching ratios of different decay modes of the SM Higgs boson depending
on the mass my of the Higgs boson. From Ref. [60].
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Figure 2.15.: Leading order Feynman diagrams for decay modes of Higgs bosons to pairs
of fermions, W bosons, Z bosons, photons, Z+v, and gluons.
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Figure 2.16.: Example diagrams of the ggF Higgs production with higher order corrections
or emission of additional partons leading to additional jets. In place of the
top quark any quark can occur in the loop. The largest contribution, however,
is from the heaviest, i.e., top quark.

rapidity gap Ay = |y; — yo| with

11 E+p,
=—-lo

where the z axis parallel to the direction of the momenta of the initial protons. While
the rapidity y itself is not invariant under Lorentz boosts the rapidity difference
between two objects Ay is invariant under boosts along the z axis. Exploiting
these additional features can enhance the experimental sensitivity to decays such as
H — 77 [61,62] even beyond the sensitivity to the same decay with ggF production
despite the reduced event rate.

The Higgs strahlung production modes where the vector boson produces charged
leptons are particularly interesting for studies of decays of Higgs bosons to pairs of
b quarks. The low cross section of these production modes (with the additional
restriction to V' — 0, lv,vv, € = e, p) is paired with the most frequent decay of
Higgs bosons to b quarks to achieve observations of the latter [63,64].

The H — vy and H — ZZ* — (00'l' decay modes allow for full reconstruction
of the mass of the Higgs boson candidates with high resolution. Recent
measurements by the ATLAS [65] and CMS [66] collaborations report the mass
as my = 124.97 £ 0.24 GeV (ATLAS) and mpy = 125.26 £ 0.21 GeV (CMS, using
H — ZZ* — 44 only) respectively. While the mass has already been measured with
great precision, resolutions considered experimentally achievable prohibit direct
measurements of the total width. For a Higgs boson with mpy ~ 125 GeV it is
predicted to be I'y &~ 4 MeV [60] in the SM while the aforementioned measurement
by the CMS collaboration reports only an upper limit of I'y < 1.1 GeV at 95%
confidence level (CL).
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Figure 2.17.: Tllustration of the spin correlation in the H — WW* — (vl'v' channel.
Large, black arrows indicate the particles direction (in the rest frame of the
Higgs boson), small gray arrows their spin projected onto the decay axis of
the Higgs boson for one possible spin configuration.

The H — WW* — (uvl'V' decay mode comprises (1.007 + 0.022)% [60] of all
decays of Higgs bosons!’. An important feature of this mode is illustrated in
Fig. 2.17. Due to the Higgs boson carrying spin-0 the spins of the W bosons
along the decay axis are anti-parallel: mgs(W™*) = +1/0/ — 1 = —m4(W ™). For
non-vanishing mg the spins of neutrino and anti-neutrino are therefore anti-aligned
as well. The helicity defined through the operator h = %5% is the projection of

a particle’s spin onto its direction of motion. Its eigenstates with eigenvalues :i:%
coincide for massless fermions 1 with those of of chiral projection operators. As the
SM only contains massless, left (right) chiral (anti-)neutrinos this implies that the
neutrino and anti-neutrino produced in the H — WW* — (Tv¢~'7’ must posses
opposite helicities. As their spins are already anti-aligned their momenta must be
aligned and they are, hence, emitted in the same hemisphere in the rest frame of
the Higgs boson. Momentum conservation then requires also the charged leptons
¢+,07" to be emitted in the opposite hemisphere with small angular separation
with respect to each other. As a consequence this dilepton system also features a

smaller values of its invariant mass my, compared to, e.g., the case of non-resonant
WW production.

2.4. Maximum Likelihood Method

Comparisons of predicted and measured distributions at complex experiments such
as the ATLAS experiment often involve many parameters and measurements thereof.
A commonly used method to extract parameters of interest (POI) such as cross
sections and to compare different hypotheses is the maximum likelihood method
(see, e.g., Refs. [67-69]). An exhaustive discussion of all aspects of likelihoods is
well beyond the scope of this document. Hence, only the most relevant aspects

OFor my = 125GeV and £ = e, . Decays via W — 7v — vvly are neglected here. In addition
to the reduced event yield due to the 7 — vfv branching ratio, the additional neutrinos dilute
the experimental signature compared to the H — WW* — (vl'v' process.
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for analyses such as those presented in Chap. 4 are discussed here. The software
packages RooFit [70] and HistFactory [71] are frequently used in LHC experiments
in this context. Terminology and notation used here are loosely adapted from
these packages. For simplicity a binned counting experiment is assumed, i.e.,
measurements are event yields d; in multiple orthogonal regions i of phase space,
i.€., bins in one or more histograms.

—

Let n;(0) denote the expected event yield in each bin as a function of a set of
parameters 0. The parameters § include one or more POIs as well as so called
nuisance parameters. The likelihood is eventually to be maximized with respect
to 6. Nuisance parameters are of no immediate interest for an analysis at hand
but required to construct an adequate statistical model including uncertainties
associated with said parameters. A typical likelihood L has the form

L= ][ P(din:(9)) - [] Cr(6r). (2.10)
O

bins %
where P is the Poisson probability

d
n- _,
P(d|n) = i
For d ¢ N it is generalized through the replacement of the factorial d! with the
gamma function I'(d + 1). The C} are constraint terms representing external
measurements for the #,'* which are assumed to be initially uncorrelated!?.

e For systematic uncertainties such as ones related to the theoretical modeling or
calibrations common choices for the C} are normal or log-normal distributions.
Calibrations are generally obtained from other measurements involving several
uncertain, i.e., random quantities. The use of (log-)normal constraints is
therefore motivated by the central limit theorem [67].

e For parameters purely determined in-situ C} is a constant. Parameters
frequently found in this category include the POIs and normalization
parameters for background processes.

e The case of nominal yields n; nom being obtained from finite samples such
as MC simulation is discussed in Ref. [72|. The corresponding constraint
term is then usually taken as a Poisson distribution. In case events in the

HTn Ref. [68] the likelihood is formulated such that nuisance parameters are constrained by
expanding the set of bins to include data suitable for determination of the ;. Such a treatment,
however, is often not feasible, e.g., in case of parameters describing uncertainties on theoretical
predictions or experimental parameters determined in dedicated external measurements.

12In case of complex external measurements their potentially correlated uncertainties can be
transformed to uncorrelated ones by means of eigenvalue decompositions.
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samples are weighted the mean of the Poisson distribution is rescaled to
match the estimated variance of the MC sample in the respective bin. In the
default implementation in HistFactory [71] the approximation is made to only
use a single parameter per bin for the sum of multiple processes instead of
individual parameters for each process and bin.

Estimates for the POIs are obtained by maximizing the likelihood with respect to 0.
Equivalently the negative log-likelihood (NLL), — log L, can be minimized which is
often computationally preferable. The maximization or minimization respectively
are summarized as fitting a dataset. The resulting shifts of parameters with respect
to their nominal values ék — O nom are referred to as pulls. For parameters with
Gaussian constraint terms the parametrization is usually chosen such that the
constraint term is a unit Gaussian with central value 0 o = 0 and standard
deviation 1.

2.4.1. Hypothesis Testing

The absolute value of L has no meaning. In order to test two hypotheses, Hy and
H, with parameters 6, and 6;, against each other the log-likelihood ratio

YR

L(
(

0)
1)

2ANLL = -2 -log A, with A\ =

l)

h
>

can serve as a test statistic'®. Here L(Q_;) denote the value fo the likelihood
maximized with respect to the parameters 9_; Two hypotheses are nested if the
set of parameters of one is a subset of the parameters of the other. The hyothesis
with fewer parameters can be seen as a conditional version of the other. The

—

conditional maximum likelihood denoted as L(fconq) is the value of the likelihood

maximized with respect to all but m elements of guncond for which fixed values of the
conditional hypothesis H are to be tested. The unconditional maximum likelihood

denoted as L(guncond) is maximized with respect to all elements of 0. Then, in
the so called asymptotic limit of large samples d;, n; — 0o, the log-likelihood ratio
2ANLL is distributed according to a x? distribution with m degrees of freedom if H
is true [68,69]. In the following the applicability of this asymptotic approximation
is assumed.

13Tn Ref. [68] additionally multiple variants of such test statistics are discussed where the POI
and/or the test statistic are truncated at some point motivated by the test to be performed.
While the distributions of the test statistics differ slightly the overall procedure laid out here
remains the same.
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For establishing the presence of a signal one oiten uses a signal strength parameter

i as POL. Writing out p explicitly n;(u, 0) = b(0) + ps(6) where s and b denote the
expected event yields from the signal and background processes. The conditional or

null-hypothesis Hy then corresponds to =0 and L(pu = 0, 5()), the unconditional

or alternative hypothesis H; to 4 = i and L(p = f1,6,) where quantities with
hats are best fit values maximizing L under the given hypothesis. Using the
asymptotic approximation or by creating pseudo experiments'* the probability p
can be determined to find a value of 2ANLL larger than the one found for the
present dataset if Hy is true. If p is below a certain threshold the hypothesis Hy is
considered rejected in favor of H;. For m = 1 degree of freedom as in the example
just considered it is customary to convert p to a number Z of standard deviations
o of a standard normal distribution such that

A
1 )
1—p= — e 2 (g 2.11
b /_oo\/27r ( )

By convention for an observation of a new signal in particle physics the significance
is required to exceed Z = 5 corresponding to a probability of p = 2.87-10~7 for the
null-hypothesis being true. For the exclusion of a potential new signal the threshold
for the signal hypothesis being true is usually taken to be p = 5% corresponding
to a 95% confidence level (CL) for the rejection of the signal hypothesis (see, e.g.,
Ref. [68]).

2.4.2. Uncertainty Estimates

Uncertainty estimates of parameters in a likelihood fit can be obtained from the
diagonal elements of the covariance matrix V;, = cov(ék, ég) which is related to the
Hessian of the NLL A

82 log L(A)

00,00,

The so obtained covariance only describes the shape of the NLL near the minimum.
An alternative approach to estimating an individual parameter’s post-fit uncertainty
is connected to the profile log-likelihood ratio

(V ke =

L (5(ek - 9;))
2ANLL(6) = —2log —= ,

L (5(ek - ék))
14pgeudo-datasets d; are created by randomly sampling the expected yields according to the

distributions given by the constraint terms of nuisance parameters and the Poisson distributions
of the n; themselves.
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where the fit is performed under the condition that 6, = 6; in the numerator
and unconditionally in the denominator. As before, if §; was the true value then
2ANLL is distributed according to a x? distribution. Here it is convenient to
express confidence levels in terms of symmetric, two-sided confidence intervals
of a normal distribution with standard deviation o. As detailed in App. A the
confidence interval corresponding to n - o of a normal distribution is given by the

crossing points where
V2ANLL = n.

A common definition of a parameter’s possibly asymmetric post-fit uncertainty is
therefore given by the differences between the best-fit value and the upper and lower

N +
limit of the surrounding 1o confidence interval'® often written in the form 6 J_rg’i

In the implementation provided in Ref. [70] the Minos algorithm determines tlrfe
crossing points by iterative means. Nuisance parameters with dedicated constraint
terms are called overconstrained if their so obtained post-fit uncertainty is much
smaller than the pre-fit uncertainty implied by the constraint term.

2.4.3. Ranking of Uncertainties

When performing a complex measurement with several sources of uncertainties it
is desirable to quantify the effect of individual or groups of sources of uncertainties
on the total uncertainty of a POI u. To this end two prescriptions are commonly
used, referred to as impacts and breakdowns in the following.

The impact method quantifies the effect of an uncertainty based on the best fit
values of p. To determine the impact of a nuisance parameter 6, an unconditional
fit giving ék as well as conditional fits with fixed 6, = ék + 0y, are performed. The
positive and negative impacts [ ,;t are then given by the shifts of i with respect to
the unconditional fit

Ilj:(ek’) = M(ék,nom + O-Gk) - ﬂ(@k = ék)

In the conditional fit other parameters may adjust to partially compensate the shift
of 0. Depending on whether pre- or post-fit values of oy, are used the impacts are
called pre- or post-fit impacts.

The breakdown prescription uses the post-fit uncertainties of the POI. For a
group of one or more nuisance parameters {0} the uncertainties of the POI are

15The profile log-likelihood ratio 2ANLL can, in general, exhibit multiple minima. In such a
case the “confidence interval” is not necessarily a single, continuous interval but the union of
multiple such intervals for which v2ANLL < n where 2ANLL is taken with respect to the
global minimum.
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determined from an unconditional likelihood where the {f;} are variable and a
conditional likelihood where the {0, } are treated as constant at their best fit values
from the unconditional fit. The latter leads to a more narrow minimum in the
profiled log-likelihood of the POI, that is, the uncertainty of the POI is reduced.
The breakdown Bf:ek} is then given by

B?;k} - \/(O-I:Z’tOI,uncond)2 - (Ulz:’tOl,cond>2' (212>

Statistical uncertainties due to the finite size of the dataset are not represented
by a parameter in the likelihood. Their effect is therefore usually taken to be the
residual uncertainty of the POI when fixing all nuisance parameters with dedicated,
external constraint terms Cj # const. to their best fit values.

The breakdown method requires the definition of a confidence interval for the POI,
usually chosen to be the 1o interval. In case of low sensitivity of a measurement
to the POI this may not be well defined. In contrast the impact method only
requires such intervals only for nuisance parameters for which this is in practice
guaranteed by the Cy. An asset of the breakdown method, however, is that it can
be applied in the same way to single or multiple parameters at once. This allows
for the comparison of their effects based on a consistent prescription. In general
there is no prescription how the signs of different parameters relate to each other.
Assessing a combined impact for a set of parameters by constructing an envelope
would require to consider all combinations of shifting each parameter in the set
by +1o0y and —1o,. Hence, such an impact-like prescription leads to exponential
complexity. Further more such a treatment in general does not take correlations of
these parameters correctly into account.

In cases such as statistical uncertainties of simulated MC samples the resulting
uncertainties are represented by one or more parameters per bin. Simulating larger
MC samples reduces the statistical uncertainties in not just one bin but in many
or all. In comparisons to other sources of uncertainties it is therefore adequate to
consider the combined effect of all nuisance parameters representing the bin-wise MC
statistical uncertainties. Similarly comparisons of systematic uncertainties to the
effect of the statistical uncertainty of the dataset fitted are more methodologically
consistent when comparing to breakdown-based values for the effects of systematic
uncertainties. Ranking of sources of uncertainties based on either prescription
generally differ for different POIs.



34 THEORETICAL OVERVIEW

2.4.4. Asimov Dataset

The use of an artificial dataset, the so called Asimov dataset, is suggested in
Ref. [68]. This dataset is defined as the set of d; = n;(f) where the parameters
g are taken at their nominal value. Vanishing pulls are obtained from fitting a
likelihood constructed from this dataset. The Asimov dataset allows to study, e.g.,
the expected sensitivity of a measurement or expected post-fit correlations. To this
end It is also crucial for thorough optimizations of analyses as optimizations based

on the observed dataset would introduce potential biases to the final result.

2.4.5. Post-fit Distributions and Uncertainties

So called post-fit distributions and event yields refer to those including modifications
to the initially (pre-fit) predicted distributions implied by maximizing the likelihood.
In the following prescriptions to obtain such distributions are outlined as used in
this thesis, in particular in Chap. 4.

For distributions used directly in the construction of the likelihood the post-fit

distribution is given by n; post—fit = ni(guncond). For distributions in different
variables or with different bin boundaries than the distributions used in the
construction of L an exact treatment is often not feasible!®. The effects of pulls
to an arbitrary distribution of events after the same event selection as used for a
region in the likelihood fit are therefore approximated. To this end effective scale
factors for individual processes can be calculated as the ratio npost—st/Mpre—sit Of
the modeled yields integrated over the region in question. These scale factors are
then applied to the nominal distribution of the respective process.

Post-fit yield uncertainties Aos—st are calculated taking into account linear
correlation coefficients corr(i, j) obtained from the covariance matrix described in
Sec. 2.4.2:

A?)ost—ﬁt = 5”(91) COI‘I‘(Z', .7)5”(9.7)

Here, 0n(6;) represents the symmetrized yield change of one or the sum of multiple
processes

n(b;) = [n (él + 10'post_ﬁt(ei)> -n <éz — 10'post_ﬁt(9i)>i| /2.

16¢.g., due to the lack of templates needed in the modeling of changes of modeled yields due to
pulls



3 The Large Hadron Collider and
the ATLAS Detector

3.1. The Large Hadron Collider

The Large Hadron Collider LHC [73] is the largest and most powerful particle
accelerator built to date. It is situated in a tunnel of about 27 km circumference
in the Geneva area spanning across the border of Switzerland and France. The
tunnel was previously housing the Large Electron Positron Collider LEP [74]. The
collider complex the LHC is part of, and which is illustrated in Fig. 3.1, is built,
maintained, and operated by the European Organisation for Nuclear Research
CERN (named after the Conseil Européen pour la Recherche Nucléaire). At its
design specifications it is capable of accelerating and colliding two counter rotating
beams of protons at an energy of up to 7TeV and lead ions at up to 2.8 TeV
per nucleon. In proton-proton collision mode it has thus far been operated! at
beam energies of 3.5 TeV in 2011, 4 TeV in 2012 (collectively called Run 1) and
6.5 TeV from 2015 through 2018 (Run 2) corresponding to center-of-mass energies
of /s =7, 8, and 13TeV. The protons are created through ionization of hydrogen
before being injected to LINAC2 and gradually accelerated further in the Booster,
Proton Synchrotron (PS) and Super Proton Synchrotron (SPS) up to the LHC
injection energy of 450 GeV. Despite the common parlance of beams the accelerated
particles typically do not form a continuous stream but are accelerated in bunches.

The proportionality factor between the cross section o of a process and the
event rate unit per time n introduced in a simplified form in Sec. 2.1.4 is
called instantaneous luminosity L(t), its time integrated value simply luminosity
L = [ L(t)dt. For accelerators such as the LHC it can be expressed as [42,73]

_ NlNanfrev .

k %
droyoy

L(t) (3.1)

1Only operational periods with major data recording by the main LHC experiments are considered
here.

35



36 THE LARGE HADRON COLLIDER AND THE ATLAS DETECTOR

CMS
LHC North Ars‘:fa'_,,.v
o GIF+4,
~CeNF EIEL
ALICE Y

\ A LHCb

SPS

TI2

HiRadMat
AD FLEN
[ oon e m JETRN ISOLDE
1999 (182 m) 2016 (31 m)
e Q
P \/ - REX/HIE East Al
n-ToF ; IIRRAD/CHARM}
B y PS H m i
— / -
LINAC 2
|\
LINAC 3
\ons
) ions ) RIBs (Radioactive lon Beams) P n (neutrons) > ﬁwmpmlnm! ) e (electrons)

LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS  Proton Synchrotron  AD Antiproton Decelerator

AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator Online REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

LEIR Low Energy lon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight ~HiRadMat High-Radiation to Materials
CHARM Cern High energy AcceleRator Mixed field facility ~IRRAD proton IRRADiation facility ~ GIF++ Gamma Irradiation Facility
CENF CErn Neutrino platForm

Figure 3.1.: Overview of the CERN accelerator complex including the LHC and the locations
of its four main experiments: ALICE, ATLAS, CMS, and LHCb. From |[75].

The individual variables in this equation are summarized in Tab. 3.1 together
with their typical values at the LHC. The factor F' accounts for reduced geometric
overlap due to the beams not colliding head on but instead under a small angle.
In Eq. (3.1) this crossing is assumed to be in the x — z plane. While the design
luminosity of the LHC inside the ATLAS and CMS experiments is 10** cm=2s~1 [73],
measurements, e.g., with the ATLAS detector, report up to 2.1- 103 cm=2s™! [76]
during Run 2. While high instantaneous luminosity is required for studies of rare
processes it does impose challenges to the experiments in the form of pile up. The
mean numbers of interactions per bunch crossing during the Run 2 data taking
with the ATLAS detector are shown in Fig. 3.2.
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Table 3.1.: Parameters in the luminosity equation (3.1) and their typical values at the LHC
in 2016. Values may vary between operational periods. Based on [42,73,77|.

description symbol typical value
protons per bunch (at start) | Ny, Ny 1.1-10"
bunches per beam ny 2200
revolution frequency frew 11kHz
transverse beam size (rms) | ,
.. . 04y O 11 pm
at collision point 4
bunch length (rms) o 6 cm
full beam crossing angle 0. 280 — 370 purad
geometric reduction factor F 0.65
instantaneous luminosity L(t) |[1.4-10%cm?s7?
':! 600_—.- T 1T I L I L I L I L I L I L I T 1T i—_
£ - ATLAS Online, 13 TeV  [Ldi=146.9fb" ]
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Figure 3.2.: Mean number of inelastic interactions per bunch crossing in the ATLAS detector
during the LHC Run 2. The double-peak structure for the year 2017 is due to
changed bunch train sequences circumventing technical difficulties during the
operation |78]. From [76].
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While during Run 2 the ATLAS experiment (and similarly the CMS experiment)
were required to handle about 50 — 60 simultaneous inelastic interactions this
number is anticipated to increase to 140 — 200 at the planned upgrade of the LHC,
the High Luminosity LHC or HL-LHC for short [6]. During its operation planned
for 2026-2040 it is foreseen to deliver 3000 — 4000fb™! to the ATLAS and CMS
experiments each.

3.2. The ATLAS Detector

The ATLAS detector [79] (A Toroidal LHC ApparatuS) is located in the point 1
cavern of the LHC near Meyrin, Switzerland. In contrast to the more specialized
LHC detectors LHCb? [80] and ALICE? [81] the ATLAS as well as the CMS* [82]
detectors are designed to cover a broad range of physics processes to be studied. In
this section a summary of the most important subdetectors of the ATLAS detector
is given. A comprehensive description of the initial design can be found in Ref. [79],
the most significant modifications between the Run 1 and Run 2 detector being
the addition of the insertable b-layer [83] (IBL) and an upgrade of the trigger
system [84]. An overview of the entire detector is shown in Fig. 3.3.

3.2.1. The ATLAS Coordinate System

The origin of the ATLAS coordinate system is chosen to be at the nominal interaction
point. The positive x, and y axes point towards the center of the LHC ring, and
upward, respectively. The z axis is given by the beam axis forming a right-handed
coordinate system. The angle ¢ is measured in the transverse plane spanned by
the x and y axes. The angle with respect to the z axis is denoted by 6. More
commonly, however, the rapidity y or the pseudorapidity n = —logtan (6/2) are
used instead of #. For massless particles one finds n = y. An angle of § = 90°
to the beam axis corresponds to 17 = 0 while the beam axis itself corresponds to
n = +oo. Angular distances in the n — ¢ space are often expressed in terms of

AR = /A2 + Ag2.

2 Large Hadron Collider beauty, targeting C'P violation and rare decays of hadrons containing b
quarks

3A Large Ion Collider Experiment, targeting studies of the quark-gluon plasma in heavy ion
collisions

4 Compact Muon Solenoid
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Figure 3.3.: Cutaway illustration of the original ATLAS detector design. From [79].

3.2.2. The Inner Detector

The ATLAS inner detector is shown in Fig. 3.4 and is targeted at recording the
trajectories of charged particles® emerging from the collisions at its center. In order
to measure the particles” momenta and charges it is immersed in a 2T magnetic
field created by the surrounding superconducting solenoid magnet. The different
subsystems of the inner detector are arranged in a cylindrical shape in the barrel
region (low |n|) and in a disk shape (normal to the beam axis) or radial direction
in the forward directions (higher |n|).

Multiple layers of silicon pixel detectors are installed at the center of the detector
starting at a radius of r = 33.5 mm from the interaction point [83]. The pixel size
is 50 x 400 pm? (50 x 250 um? for the IBL) with the longer edge oriented parallel to
the beam axis (barrel) and in radial direction (disks) providing high resolution in
r — ¢ (barrel) and z — ¢ (disks). A particle originating from the interaction point
typically passes through four layers of silicon pixel sensors in the barrel.

Following outwards from the pixel detector silicon strip detectors are installed. In
the barrel region four double layers provide space points with accuracies of 17 um
and 580 pum in r — ¢ and z directions respectively. In each double layer one set of

5In the context of detectors and interactions therewith “charged” refers to electrical charge unless
indicated differently.
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strips is oriented parallel to the 2z direction while the other is rotated by 40 mrad
to allow for the accuracy of the z coordinate measurement despite the much longer
strip length of several centimeters. Larger stereo angles would allow for even more
accurate determination of the z coordinate this leads to ambiguities when multiple
particles pass the same module. In the forward region nine layers of similar strip
detectors can be found with strips facing in radial direction®. The two types of
silicon based detectors cover the pseudorapidity range |n| < 2.5.

The last part of the inner detector is the Transition Radiation Tracker (TRT)
which consists of straws of 4 mm diameter and a length of 144 cm (barrel, parallel to
the beam axis) and 37 cm (forward, radial orientation). The straws are filled with
a gas mixture originally based on xenon which allows for detection of transition
radiation benefiting the identification of electrons. The barrel part of the TRT
is split in two halves near n = 0. The TRT provides typically 36 measurement
points with an accuracy per straw of 130 ym in r — ¢ direction and no significant
information in z direction. It covers the range |n| < 2.0.

The inner detector without the IBL was designed [79] to achieve a (transverse)
momentum resolution in the central region that can roughly be parametrized as

et _ 0.05% - pr- GV @ 1% (3.2)
pr

where @& means addition in quadrature. In the limit of large values of pr, i.e.,
where the constant term due to multiple scattering becomes negligible, an intrinsic
resolution of 22 = (0.0483 £ 0.0016) % - pr - GeV ™! was measured [85] using cosmic
rays prior to the start of collision data taking. The addition of the IBL left the
momentum resolution essentially unchanged while improving the resolution of the
impact parameters dy and z [86].

3.2.3. The Calorimeter System

The calorimeter system of the ATLAS detector surrounds the inner detector and the
solenoid magnet. Over most of the covered pseudorapidity range it is subdivided
radially into an electromagnetic calorimeter followed by a hadronic calorimeter.
Both, electromagnetic and hadronic calorimeters are sampling calorimeters. They
are subdivided in different ranges of pseudorapidity using different types of
calorimeter technology. The calorimeter system is illustrated in Fig. 3.5. The total
coverage of the calorimeter system extends up to |n| = 4.9.

The electromagnetic calorimeter is based on liquid argon (LAr) as a scintillator
with lead plates as absorbers. The barrel part of the electromagnetic calorimeter

Sor rotated by 40 mrad with respect to this direction
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\ \ Barrel semiconductor tracker
Pixel detectors

Barrel transition radiation fracker

End-cap transition radiation tracker

End-cap semiconductor tracker

Figure 3.4.: Cutaway illustration of the original ATLAS inner detector design. The
insertable b-layer (IBL) installed between Run 1 and Run 2 of the LHC
is missing in this depiction. From [79].

Cells in Layer 3
ApxAn = 0.0245X0.05

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

LAr electromagnetic
barrel

Figure 3.5.: Cutaway illustration of the ATLAS calorimeter system (left) and schematic of
layers one to three of the electromagnetic calorimeter (right). From [79].
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Table 3.2.: Cell granularities An x A¢ of the ATLAS electromagnetic calorimeter.

Reproduced from [79].

layer barrel end-cap
An x Ag¢ 7 range An x Ag¢ 7 range
presampler | 0.025 x 0.100 |n| < 1.52 0.025 x 0.1 1.5<n <18
first layer 0.003 x 0.100 |n| < 1.40 0.050 x 0.100 1.375 < |n| < 1.425
0.025 x 0.025 1.40 < || < 1.475 | 0.025 x 0.100 1.425 < || < 1.5
0.003 x 0.100 1.5 < |5 < 1.8
0.004 x 0.100 1.8 < |5] < 2.0
0.006 x 0.100 2.0 < || < 2.4
0.025 x 0.100 2.4 < || < 2.5
0.100 x 0.100 2.5 < || < 3.2
second layer | 0.025 x 0.025 |n| < 1.40 0.050 x 0.025 1.375 < |n| < 1.425
0.075 x 0.025 1.40 < |n| < 1.475 | 0.025 x 0.025 1.425 < |n| < 2.5
0.100 x 0.100 2.5 < |n| < 3.2
third layer 0.100 x 0.100 |n| < 1.35 0.050 x 0.025 1.5 < |n| <25

consists of two parts split at 7 = 0 and covers |n| < 1.475 providing > 22 radiation
lengths X", The two end caps cover 1.375 < || < 3.2 with an additional split
at |n| = 2.5 and provide > 24X,. In radial direction it is split in a presampler
without absorbers and three sampling layers with different granularities in An and
A¢ depending on the layer and |n|. The first layer, while providing rather coarse
granularity of A¢ = 0.1, features the highest granularity in n with up to 8 cells
per An = 0.025 interval. These intervals are matched to the n span of cells in the
second layer which provides higher granularity in ¢ direction with sizes down to
An x A¢p = 0.025 x 0.025. The arrangement of the different layers is schematically
shown in Fig. 3.5. A more comprehensive overview of the different granularities is
given in Tab. 3.2.

Hadronic calorimetry is realized in the barrel up to |n| = 1.7 using scintillating
tiles interleaved with steel plates as absorbers. This part of the hadronic calorimeter
is subdivided into a central part |n| < 1.0 and two extended barrels covering
0.8 < |n| < 1.7. At the outer edge of the tile calorimeter the entire detector
corresponds to 9.7 interaction lengths A\8. Including material of the outer support
structure the muon system, described in Sec. 3.2.4, is shielded against hadronic
leakage, so called punch through, by a total of eleven interaction lengths at n = 0 [79].
In the end-cap region LAr with copper absorbers is used to cover 1.5 < || < 3.2.

"The radiation length specifies the mean path traversed by electrons between inelastic interactions
with the surrounding material.

8The interaction length for hadrons is analogous to the radiation length for electrons the mean
distance between inelastic interactions.
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The forward calorimeters use again LAr with a copper plate for the electromagnetic
part followed by two tungsten plates for hadronic measurements. It covers the
range 3.1 < |n| < 4.9 with about ten interaction lengths A.

The design energy resolution of the electromagnetic calorimeter within |n| < 3.2

is parametrized as %% = % @ 0.7%. In the same range of pseudorapidity the

resolution of the hadronic calorimeter is targeted at %% = % ® 3% while in
€
the forward calorimeter it is 22 = —29%_ @ 10% [79]. The first term in these

E \/ E/GeV
parametrizations accounts for the statistical evolution of the particle showers in
the calorimeter. The constant second term is attributed to local inhomogeneities.

3.2.4. The Muon Spectrometer

The only particles with non-negligible interaction with the detector which regularly
escape even the hadronic calorimeter are muons. Making use of this property the
outermost layers of the ATLAS detector are dedicated to the measurement of these
particles. The muon trajectories are bent in the magnetic field created by the
toroid magnets. The toroid magnet system consists of one barrel toroid covering
In| < 1.4 and two end-cap toroids covering primarily 1.6 < |n| < 2.7 with eight
coils each. The bending of muons in the region between |n| = 1.4 and |n| = 1.6 is
subject to relevant contributions from barrel and end-cap toroid fields. The toroid
magnets provide bending power [ Bd/ in the instrumented range® between 1 and
7.5 Tm. The muon system is designed to allow muon momenta of pr = 1TeV to be
measured with a resolution of 10%.

Similarly to the tracking in the inner detector the muon trajectories are
determined from multiple layers of sensors providing position information. As
in case of the preceding subdetectors the individual modules of the muon system
form three cylindrical layers centered around the beam axis in the barrel region.
In the forward regions the modules form wheels perpendicular to the beam axis.
Monitored drift tubes (MDT) are installed in the range |n| < 2.7, cathode strip
chambers (CSC) in the range 2.0 < |n| < 2.7. Additionally resistive plate chambers
(RPC) and thing gap chambers (TGC) provide measurements with high temporal
resolution in the ranges || < 1.05 and 1.05 < |n| < 2.7 respectively. The jitter of
the RPCs is specified to be < 10ns and the TGCs measure 99% of all signals within
25ns |79].

9from innermost to outermost measurement point of the muon spectrometer
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3.2.5. Trigger

The time between two subsequent bunch crossings of 25ns and the corresponding
event rate!® not only exceed the read-out capabilities of many detector subsystems
but recording every event would also vastly exceed the bandwidth to and the
storage capabilities at the CERN computing center. Therefore a multi-stage trigger
system is used to select interesting events which exhibit features of relatively rare
processes with cross sections several orders lower than the total inelastic pp cross
section. An overview over the ATLAS trigger system used during Run 2 of the LHC
can be found in Ref. [84] and some high-level aspects of it are summarized in the
following.

The trigger system is split into two levels, the Level-1 trigger L1 being
implemented in custom electronic circuits. The second, high level trigger HLT, is
realized in software running on a dedicated farm with several thousand CPU cores.
The L1 trigger reduces the maximum rate of events to be further processed to about
100 kHz within a delay of 2.5 us, the HLT reduces this further to an averaged rate
of 1kHz within 200 ms [84].

The L1 trigger uses information from resistive plate chambers and thin gap
chambers in the muon system as well as calorimeter information at a reduced
granularity. While the former are used to select events with muons the latter can
be used for a variety of signatures. These include the presence of electron, photon,
or tau lepton candidates, highly energetic jets, and large transverse momentum
imbalance. Detector regions causing the L1 to accept an event are called regions of
interest (Rols) and forwarded to the HLT. The HLT uses reconstruction algorithms
close to the ones used for offline reconstruction in the Rols identified by the L1 using
full detector information. It therefore bases its decision on improved estimates of
the kinematics of the objects required by a particular trigger chain.

3.2.6. Luminosity Measurement

A simple expression such as given in Eq. (3.1) for the instantaneous luminosity
makes some idealizing assumptions. In practice the luminosity is measured,
which also provides important feedback for optimization and adjustments of the
beams. One subdetector in ATLAS dedicated to the determination of luminosity
is LUCID2 [87| (Luminosity Cherenkov Integrating Detector). It is integrated with
the beam pipe at roughly 17m from the interaction point and consists of photo
multiplier tubes with quartz windows in which Cherenkov radiation is produced.
The luminosity is determined from the inelastic proton-proton cross section and

19Due to the technical necessity of empty bunches the average event rate is about 30 MHz instead
of 1/(25ns) = 40 MHz.
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number of simultaneous interactions visible to the detector. The latter is derived
from the number of signals in the detector, the exact relation depends on the
algorithm used to count the number of signals, i.e., what requirements are placed
on coincident signals from different photo multiplier tubes. The cross section of
inelastic collisions within the subdetectors acceptance is determined in dedicated
van der Meer runs in which the beams’ relative displacements in the x and y
direction are scanned. From these runs the absolute luminosity values can be
determined.

3.3. Object Reconstruction in ATLAS

Making a connection from signals from individual detector components to the
physics processes in the collisions imposes a significant challenge which is approached
in several steps. One important step is the reconstruction of particles produced in
the collision, and their identification. The algorithms and procedures for every type
of object, e.g., electrons, photons, muons, and jets, are each the result of the work of
many and are subject to constant revision and improvements. Therefore, in most of
this section only a high-level summary is given. One exception is Sec. 3.3.6 in which
also original research is presented in regards to origins of charge misidentification
of electrons.

The procedures used for reconstruction and calibration of objects are, with a
few exceptions, applied in the same way to events from measured data and MC
simulation. In the latter case the interaction of particles with the detector and the
detector response is simulated based on GEANT4 [88,89).

The different reconstruction methods are subject to continuous improvements.
The following sections summarize the methods and their performance as used for
the analysis of data recorded in 2015 and 2016 corresponding to an integrated
luminosity of approximately 36 fb™'.

3.3.1. Track and Vertex Reconstruction

Signals'! created through interactions of charged particles with the sensitive material
of the tracking detectors are referred to as hits, each corresponding to a point in
space. Individual hits are then combined to reconstruct the particles’ trajectories,
or tracks for short, using an algorithm as described, e.g., in Ref. [90]. In multiple
steps track candidates are build from seeds of three silicon hits. A Kalman filter is
then used to expand the sets of seed hits with hits compatible with the trajectory

Hpossibly spread over multiple pixels or strips
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expected from the seed hits. Hits are removed from tracks if they are already
included in two other tracks which are deemed to be of higher quality. The track
parameters are then estimated based on a fit to the selected hits. Besides direction
and momentum these include the transverse and longitudinal tmpact parameters
dy and zy. The dy parameter is the minimal distance in the transverse plane
between the beam axis and the particle’s trajectory. The parameter zy refers to
the longitudinal position of the trajectories closest approach to the beam axis.

In order to discriminate tracks from different collisions a vertex finding algorithm
in employed [91]. An initial seed vertex position is iteratively updated by weighting
tracks based on their geometric compatibility with the vertex position in each
iteration. Eventually tracks considefed compatible with the vertex position are
assigned to that vertex and removed from the set of tracks considered by the
algorithm. The algorithm is then repeated to form the next vertex. The hard
scatter primary vertex is then chosen to be the vertex with the largest sum of
squared tracks’ transverse momenta associated with it [86]. Following the choice of
this primary vertex the values of the zy and dy parameters are adjusted such that
they represent the longitudinal and transverse distances with respect to the chosen
primary vertex.

3.3.2. Jet Reconstruction

Jets are reconstructed by combining individual topological clusters [92] of energy
deposited in the calorimeter using the anti-k; algorithm [56]. This algorithm
performs an iterative combination of constituents by defining distances d;; between
two objects as well as a distance d; of each object to the beam:

g e A
dij = mln(kt,i27 kt,j2> . R;a A?j = Ay?j + A(b?j;

Here the transverse momentum of the constituents is denoted by k; and R is a
radius parameter. In each iteration, if the minimal distance is a d;;, the two
constituents ¢, 7 are replaced by their combination. If the minimal distance is a d;
it is considered a jet and removed from the set of constituents. Besides being safe
with respect to collinear emissions it produces the most cone-like jet shapes when
compared to other algorithms such as the k; or Cambridge/Aachen algorithms [56].

Unless indicated otherwise in this thesis jets are assumed to be constructed by the
anti-k; algorithm with a radius parameter R = 0.4 and based on the aforementioned
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topological clusters'?. The jet energy scale JES describes the translation from
measured energy depositions in the calorimeter to the energy of the jet responsible
for these deposits. A determination of the JES, using data recorded with the ATLAS
detector in 2015 is documented in Ref. [94]. The calibration steps performed
therein are as follows: after changing the direction of the jet’s four-momentum
to originate from the primary vertex, corrections for pile-up are applied. The
jet’s four-momentum is then modified by scale factors derived from simulated
samples. Finally, for detector data only, a residual calibration is applied in situ
using jets recoiling against well-identified additional objects such as photons or Z
bosons decaying to pairs of electrons or muons. An n-intercalibration is applied
correcting the JES in the range 0.8 < |n| < 4.5 to the JES determined for |n| < 0.8.
Measurements of the jet energy resolution (JER) are presented in Ref. [95].

Flavor Tagging

Jets of hadrons can be produced from different sources at the hard scatter level. Of
frequent interest is the identification of b-jets, that is, jets produced from b-quarks
and thus containing b-hadrons. Such jets are indicative of processes producing heavy
quarks such as top or bottom quarks. As the decay b — W*c is strongly suppressed
by the corresponding CKM matrix element (V,;) b-hadrons are rather long lived
compared to other hadrons with ¢7_pagron ~ 0.5 mm. Their identification, also
referred to as b-tagging, is therefore largely based on the presence and properties of
a secondary vertex displaced from the primary one as well as the significance of
transverse and longitudinal impact parameters of tracks associated to the jet. These
discriminating features are combined in the MV2c10 algorithm [96] by means of a
boosted decision tree (BDT). As it crucially depends on precise tracking information
it is limited to jets within the acceptance of the inner tracking detectors |n| < 2.5.
To correct for different b-tagging efficiencies and inefficiencies between data and
simulated samples scale factors €q/eyc are derived in bins of jet pr and |n| where €
is the efficiency in data and simulation, respectively, for a chosen threshold (working
point) above which a jet is considered to be b-tagged. These scale factors are then
used to correct simulated samples through weighting of their individual jets and
thereby the events the jets are part of. For a working point selecting b-jets with
an efficiency of 85% the MV2c10 algorithm is found to provide a rejection factor of
about three for c-jets and 30 for light flavor (u,d, s, g) jets [96].

12An alternative jet definition becoming increasingly popular is given by particle flow jets
which additionally exploit the momentum measurement of charged constituents in the inner
tracker [93].
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3.3.3. Muon Reconstruction

Muons are close to minimally ionizing particles over a large range of energies relevant
at the LHC. They are therefore the only charged particles regularly reaching the
muon spectrometer. Their trajectories can be reconstructed in both the inner
detector as well as in the muon system. The so obtained trajectories are then
extrapolated to the respective other subdetector where they are matched with
their counterparts of the subdetector extrapolated to [97|. Besides so reconstructed
combined muons additional reconstruction strategies are employed to mitigate
inefficiencies due to, e.g., reduced instrumentation in some detector regions. Muons
are reconstructed up to |n| = 2.5 with about 99% efficiency in the pr range between
5 and 100 GeV [97]. Muons reconstructed only in the muon spectrometer are mainly
used to increase acceptance outside the coverage of the inner detector in the range
2.5 <|n| < 2.7.

Multiple working points'® for muon identification are centrally provided [97] in
the ATLAS Collaboration. The identification is largely based on requirements on the
track quality in terms of missing hits! and the track fit’s x? as well as compatibility
of track parameters estimated from muon spectrometer and inner detector. For the
most restrictive tight working point only combined muons are considered yielding
efficiencies between 90 and 98% for most of the range |n| < 2.5'°.

Muons originating from the decay of promptly produced weak bosons typically
feature much lower activity in their vicinity compared to muons produced in
secondary decays of hadrons. Therefore Ref. |97] reports on a set of working
points for muon isolation criteria. The isolation variables are based on either the
scalar sum of pr of tracks consistent with originating from the primary vertex or
calorimeter clusters’ Er = E'sinf in AR cones of different sizes around the muon.
In both cases contributions from the muon itself are removed and for the calorimeter
based quantity corrections for pile-up contributions to the measured energy are
applied. For the H — W W™ analysis presented in Chap. 4 a custom working point
has been created requiring pyreo"e3 /p# < 0.06 and EP°"* /pp# < 0.09. The
cone sizes are AR = min(10 GeV/pr#, Ryax = 0.3) for the track based isolation
(pyereone30) and AR = 0.2 for the calorimeter based isolation (ESPo°"*).

Again, small differences between measured data and simulation in terms of
reconstruction, identification, and isolation efficiencies are corrected for by means
of scale factors applied to simulated events.

Blabeled loose, medium, tight, and high-pr where tight muons are also medium muons which in
turn are a subset of loose muons

14 A hit is considered missing if a tracking detector module was supposedly passed without leaving
a hit consistent with the track in question is found in that module.

5the main exception being the very central region || < 0.1 where an efficiency around 55-60%
is found due to reduced instrumentation in the muon spectrometer
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1-prong

Figure 3.6.: Branching ratios I'; /T'tstq; of 7 leptons based on Ref. [42] for the main decay
modes. The n-prong modes refer to 7 decays in which n charged hadrons are
produced. Decay modes with five or more charged hadrons are omitted.

3.3.4. Tau Lepton Reconstruction

While 7 leptons decaying to electrons or muons are just reconstructed as such, a
dedicated reconstruction and identification of hadronically decaying 7 leptons
is employed. The branching ratios of 7 leptons to electrons, muons, and
different multiplicities of charged hadrons (prongness) are shown in Fig. 3.6. The
reconstruction of hadronically decaying 7 leptons is seeded from anti-k; 0.4 jets
with pr > 10GeV, and || < 1.37 or 1.52 < |n| < 2.5. Tracks within AR < 0.2
from the jet’s barycenter, pr > 1GeV, and passing additional requirements on
impact parameters and hits in the inner detector are used to form a 7 vertex.
Tracks with 0.2 < AR < 0.4 are used to define isolation criteria which in turn
are used in a multivariate identification algorithm. A dedicated energy calibration
is performed using calorimeter clusters within AR < 0.2 using simulations to
account for neutral hadronic components and unmeasured energy carried by the
v,. Alternatively the contribution from charged decay products is measured from
tracking information. Identification is provided depending on the prongness, i.e.,
the number of tracks, with working point efficiencies from 30 — 60%. Details on 7
reconstruction, triggering, calibration, and identification can be found in Ref. [98].

3.3.5. Overview of Electron and Photon Reconstruction

In this section the reconstruction and identification of electrons and photons is
briefly summarized. A more detailed description with regards to the reconstruction
of electrons is given in Sec. 3.3.6.

The reconstruction and, to some extent, also the identification of electrons and
photons are closely related. Their reconstruction starts from clusters of energy
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deposits in the second layer of the electromagnetic calorimeter within || < 2.47.
The clusters are constructed using a sliding-window algorithm searching for local
energy maxima within a window size of 3 x 5 cells in n X ¢ [99,100]. The so
found clusters are eventually expanded to 3 x 7 cells in the barrel part and 5 x 5
cells in the end caps. Such a cluster is considered as an unconverted photon if
no tracks are associated with it. If a track is associated with it it is considered
as a converted photon if the track is compatible with originating from a photon
conversion inside the detector material. An electron is assumed if the track’s
parameters are in agreement with the hypothesis of the particle being produced in
the collision region. In simulation the reconstruction efficiencies of electron clusters
are close to 100% above a true electron pr > 10 GeV. The total reconstruction
efficiency, including tracking and track-to-cluster matching efficiencies, with respect
to the cluster efficiency is in excess of 98% at Er = 20 GeV with a further increase
towards higher values of Er [99].

The energy calibration of electrons and photons uses multivariate regression
techniques and is performed in multiple steps taking into account different energy
scales in different layers of the calorimeter and local detector effects [100]. These
local effects as well as the overall energy scale are determined using primarily
Z — ee events. The total energy scale uncertainty for electrons and photons is
below 1% over a large range of transverse energy Et and |n|. The energy resolution
of electrons improves from 7—15% at low Et to 1—3% at Bt = 100 GeV. At low Er
the resolutions of converted and unconverted photons are superior to the resolution
of electrons by around 2 — 3% depending on |n|. Towards high Er their resolutions
become more similar. Worst resolutions are found in the region 1.37 < || < 1.52
corresponding to the transition from the barrel to the end-cap electromagnetic
calorimeter. This regions also contains large amounts of uninstrumented material
in front of the electromagnetic calorimeter.

The final identification of photons is largely based on shower shapes in the
electromagnetic calorimeter. The identification of electrons additionally makes use
of tracking information including information from the TRT. The calorimeter based
criteria include energy leakage to the hadronic calorimeter, and the fractions of
energies in the different layers of the electromagnetic calorimeter. Tracking-based
information comprises numbers of hits in different parts of silicon detectors as well
as the transverse impact parameter, its significance and the loss of momentum while
traversing the inner detector. Additionally the geometric agreement between the
cluster’s barycenter and the position of the track extrapolated to the calorimeter is
used. Here An is taken at the first layer of the electromagnetic calorimeter, A,
is taken at the middle of the second layer. For the latter the track’s momentum
is rescaled to the cluster energy and the rescaled track is then extrapolated using
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otherwise unchanged track parameters at the perigee'®. The extrapolation of the
trajectory is performed based on a map of the magnetic field in the detector. The
response of the TRT provides additional discrimination against charged hadrons
such as charged pions. The full set of quantities used can be found in Ref. [99].
Depending on the final working point selection requirements are placed on, e.g.,
information regarding the number of hits in particular subdetectors and individual
detector layers. Most quantities are combined via a likelihood method using the
probability density functions (pdfs) of signal and background candidates. While
the signal is given by promptly produced electrons the background is composed of
a mixture of light and heavy quark induced jets and converted photons. The signal
and background likelihoods Lg,p are then taken as the product of the corresponding
pdfs and the discriminant is'” Lg/(Ls + Lg). The provided working points are
referred to as VeryLoose, Loose, Medium and Tight. The average efficiencies with
respect to the number of reconstructed electrons of the Loose, Medium and Tight
working points are 93%), 88%, and 80% for electrons with Fr = 40 GeV and improve
with larger Er [99].

Isolation criteria for electrons are similar to those for muons: the calorimeter
based isolation considers clusters other than the one created by the electron inside
a fixed AR = 0.2 cone, the track based isolation uses a pr dependent cone size
with Rpa = 0.2. Several working points with different intentions'
Ref. [99].

Scale factors and corresponding uncertainties correcting for different efficiencies
in simulation and measured data are derived in Ref. [99] for identification, isolation,
as well as the different steps in the reconstruction: cluster efficiency, tracking
efficiency, and track-to-cluster matching efficiency.

are given in

3.3.6. Electron Reconstruction and Origin of Charge
Misidentification

While being an important signature of rare physics processes electrons also introduce
significant experimental challenges. Being the lightest charged particles they are
particularly prone to the emission of hard bremsstrahlung in the presence of detector
material. While the ATLAS Global x? Track Fitter [101] does account for some
energy loss in material it is not well suited for sudden, significant momentum
changes in both magnitude and direction. Therefore, tracks passing the loose
criteria in Tab. 3.3 with respect to an electron-like calorimeter cluster are refit

6point of closest approach to the beam line
7up to monotonous transformations
186 g., constant efficiencies in 1 and pr, constant in 7 but dependent on pr, or fixed thresholds
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using a so called Gaussian Sum Filter (GSF) [102], which uses a more sophisticated
way to account for radiative losses. It thereby allows to account for up to one
hard emission of a bremsstrahlung photon. More than one hard emission is not
considered due to the increased computational complexity of an even more flexible
fit model. The set of space points the track parameters are estimated from stays
unchanged. A clear improvement in the estimation of various track parameters
is found as shown for two examples in Fig. 3.7. As the Global x? Track Fitter is
optimized for the majority of tracks found in the ATLAS detector its parameter
estimate is often referred to as a pion-hypothesis fit. As radiative energy losses of
electrons are typically emitted to the away side of the electron trajectories curvature
the pion-hypothesis fit tends to underestimate the trajectory’s radius and thereby
the corresponding pr. As the curvature is dependent on the charge of the electron
the transverse impact parameter is also biased in a direction depending on the
electron’s charge.

After the GSF refit the tight criteria in Tab. 3.3 are applied for tracks to be
considered matching to the calorimeter cluster. The asymmetric window in the
q X A¢ requirements accounts for bremsstrahlung and the resulting increased
curvature and deflection due to the detector’s magnetic field. An illustration of the
effect is included in Fig. 3.8. If multiple tracks pass the selection for one cluster
an ambiguity resolution algorithm is employed. Tracks with hits in the innermost
detector layer, i.e., the IBL are preferred to those without. If more than one track
remains after this criterion the AR distances at the second calorimeter layer and a
score based on the number of hits in different silicon detector layers are considered.
This ambiguity resolution algorithm is referred to as the conventional algorithm in
the following. The direction of curvature of a track defines the charge associated
with it. In turn the charge of the track selected as the best match according to the
employed ambiguity resolution algorithm defines the electron’s charge.

Several distributions shown in the following including those in Fig. 3.7 are
based on simulated samples of single-electron events with overlaid pile-up as
described in Sec. 2.3. The simulated electrons are produced in the center of the
detector, i.e., representing prompt electrons. The spectrum of electrons'? in this
sample is flat in 7 in the range |n| < 2.5. In terms of transverse momentum
it raises sharply around pp'™™" = 1GeV to a flat top and declines smoothly in
the range 150 GeV < pptrutt < 250 GeV with a small tail up to 300 GeV. The
shape of this pr'™*" distribution is approximately equal to that of the “chosen
(electron)” distribution in Fig. 3.10. The sample comprises positively and negatively
charged electrons in equal parts. Reconstructed electrons and their matched
tracks are considered only if they are within AR = 0.1 of a true electron and

19 As throughout most of this document electrons refer to particles of positive and negative electric
charge equally.
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Table 3.3.: Criteria for matching tracks to calorimeter clusters during electron
reconstruction. Loose criteria are applied before the GSF refit, tight criteria
after. All coordinates in these criteria are taken at the second layer of the
electromagnetic calorimeter. @grack rescaled 1S determined by re-extrapolating
the track from the perigee after rescaling its momentum to the energy of the

cluster.
distance measure ‘ loose range  tight range
|ntrack - T]Clusterl [0, 005] [0, 005] and either
q X A(¢Cluster7 ¢track) [_020, 005] [_010, 005] or

q X A(gbclustera gbtrack,rescaled) [_010, 005] [—010, 005]

their reconstructed pr is in excess of 3.5 GeV. Lower thresholds would introduce
significant amounts of fake electron candidates as for these studies no identification
or isolation requirements are applied. During initial studies the pr threshold was
set to 5 GeV, no significant differences in this regard were found between the two
thresholds. For charge-sensitive analyses like the one in Ref. [103], the threshold is
even much higher. Furthermore, only tracks with more than three hits in silicon
detectors are considered.

Truth Classification of Tracks and Particles

For detailed studies of various processes, in particular of potential inefficiencies of
reconstruction algorithms, a connection between aspects of the true process and
the reconstructed process is highly desirable. Knowing the true process implies
that such connections are restricted to simulated samples of events. An association
between truth particles produced by the MC generator or the detector simulation
and reconstructed objects is provided in the main ATLAS software framework
ATHENA [104]. Of particular relevance in regards of electrons is the link between
truth particles and reconstructed tracks. The truth particle assigned to a track is
determined based on the hits the track is composed of and that are attributed to
a particular truth particle. The so called truth-match probability is given as the
weighted fraction®® of hits of a track that are attributed to the truth particle [105]:

TMP = max <Zhit i from particle x wl)

particles x Zall hits § i

20For the inner detector the weights per hit are 10 for pixel hits, 5 for silicon strip hits and 1 for
TRT hits.
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Figure 3.7.: Comparisons of track parameters of electrons estimated by the pion-hypothesis
and the GSF fits in the simulated single-electron sample. The graphic at the top
shows the transverse impact parameter significance times reconstructed charge
q X do/o(dp). In the graphic at the bottom the track’s charge times inverse
momentum difference between true and reconstructed values is shown. In
both cases the parameters estimated by the GSF fit show improved resolution
and reduced bias. Published in [99].
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Figure 3.8.: Schematic illustration of detector parts and concepts involved in the
reconstruction of electrons in the ATLAS detector. The solid red line indicates
the path of an electron, the dashed red line a bremsstrahlung photon. The
track’s curvature and the deflection due to the emission of the bremsstrahlung
photon are supposed to be in ¢ direction. From [99].

1

Additionally a classification in terms of truth type?' and truth origin®? is provided.

Implications of Charge Misidentification

The presence of two leptons in an event represents a clear signature of rare
electroweak process such as the production of a Z boson. However, Fig. 2.10 includes
even more rare electroweak processes to be studied such as vector-boson scattering
(VBS) denoted as VVjj. Amongst the processes in this category the production
of two same-charge W bosons [103] (W*W*) allows to exploit a particularly rare
signature of two same-charge leptons to greatly reduce the contribution of events
from other processes. Similar signatures are used, e.g., by searches for effects of
new physics beyond the Standard Model (BSM) such as Ref. [106]. Contamination
from opposite-charge dilepton final states to a same-charge selection can occur
due to inefficiencies in charge reconstruction. In a recent ATLAS publication
regarding electron reconstruction and identification [99] a boosted decision tree
(BDT) is presented to identify electrons which are likely to have undergone charge
misidentification. Vetoing events based on such a multivariate discriminant is
shown to largely suppress events with charge misidentification. Besides reducing
the signal acceptance, however, it requires the introduction of additional corrections

Zlsuch as isolated e, non-isolated e, background e (including photon conversion), hadrons, ...
225uch as single e, e from W, Z, or H bosons, or various types of hadrons, ...
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and corresponding systematic uncertainties to account for discrepancies between
simulation and data.

Origins of Charge Misidentification

The sign of the charge of a reconstructed particle is determined from the direction of
curvature of its track in a known magnetic field. With increasing pr tracks become
more straight and the efficiency of reconstructing the correct charge degrades. From
Eq. (3.2) the ¢/pr resolution in the inner detector can be estimated to be around
50% at pr = 1TeV. Reconstructing the wrong charge due to a straight track
corresponds to a sign change of ¢/pr. Assuming the resolution can be interpreted
as the standard deviation of a Gaussian distribution, the charge misidentification
at pr = 1 TeV can be estimated to be about 2 —3%. Hence, up to multiple hundred
GeV the charge misidentification due to straight tracks can be expected to be
well below 1%. In the WEW= analysis [103], for example, the pr of the charged
leptons is roughly at the electroweak scale O(100 GeV). In this region the charge
misidentification of electrons is dominated by misreconstruction as a consequence of
hard bremsstrahlung where the prompt electron looses a significant fraction of its
momentum due to interaction with the detector material. In case of a conversion
of the bremsstrahlung photon an additional electron-positron pair and potentially
additional tracks near the prompt electron are created. Charge misidentification
can therefore arise from the resulting ambiguities during reconstruction. Studies
regarding these ambiguities are presented in the following using the simulated
sample of single electron events described earlier.

In the following the track considered as the best match to a calorimeter cluster
is referred to as the primary or chosen track. All non-primary candidate tracks
also satisfying the matching criteria in Tab. 3.3 for the same calorimeter cluster
are summarized as subordinate tracks. All tracks matched to a calorimeter cluster
are further labeled based on their best truth match as:

electron (track) if the track is matched to a prompt truth electron. If multiple
tracks assigned to the same reconstructed electron are truth matched to a
prompt electron only the truth matched track ranked highest by the track
selection algorithm under study is labeled as an electron track while the lower
ranked ones are labeled as additional electron tracks.

conversion (track) if the track is truth matched to an electron produced from
photon conversion.

other (track) if the track falls in neither of the previous categories. These tracks
largely originate from pile-up collisions for the sample used.
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Table 3.4.: Meta parameters used for the track selection BDT.

meta parameter | setting

boost type gradient boost
number of trees | 500

max. tree depth | 5

min. node site 2.5%
bagged boost yes
shrinkage 0.05

bagging fraction | 0.1
separation type | misclassification error

In the following the terms (additional) electron, conversion, and other track refer to
these categories. With exception of “additional electron tracks” these can be chosen
or subordinate tracks. The truth electron nyuin and priruen distributions for these
different types of tracks are shown in Figs. 3.9 and 3.10. In addition the amount
of material in the inner detector is shown, as well as the fractions of correctly or
incorrectly reconstructed electron charge when selecting different types of tracks.
The largest charge identification inefficiencies are found at high |n| due to the larger
amounts of material traversed®®. A slight increase in the fraction of erroneously
chosen conversion tracks is found with increasing prryen of the generated electron
while the overall number of conversion tracks increasing more strongly with pr trueh-
In case a conversion track is chosen the reconstructed charge is found random with
a slight bias towards the wrong charge g uth X ¢GSF track = —1-

A reduction of charge misidentification of electrons can therefore be expected
if the selection of the primary track is improved. In the ambiguity resolution
algorithm described earlier only a subset of the information available is used.
Hence, the possibility was studied to include additional information and better
exploit correlations amongst discriminants. To this end a boosted decision tree
(BDT) was trained trying to identify electron tracks. The training was performed
using TMVA [107]| with meta parameters given in Tab. 3.4. The training targets
are +1 for electron tracks and —1 for tracks of different categories. Due to the
prospective nature of these studies the training sample used comprises only ~ 1-10°
tracks randomly selected from the sample. These correspond to about 2% of the
available dataset.

Distributions of quantities provided as inputs to the BDT are shown in Figs. B.1-
B.4 in the Appendix and are briefly described in the following.

23The exact shapes are not expected to be identical as the location of the hard emission of
bremsstrahlung is random and the track selection inefficiency may depend on the number of
tracking detector layers traversed before the bremsstrahlung emission.
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Figure 3.9.: The material in terms of radiation lengths between the interaction point and
the calorimeter is shown in the top (from [86]). It can be loosely correlated
with track selection inefficiencies represented by the solid red and purple
distributions in the bottom. There, the normalized distributions of different
types of tracks are shown depending on n of the truth electron. The integral of
each type of track before normalization is given in the legends. Values shown
are unweighted number of tracks.
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Hits, holes and dead modules The numbers of measured hits, expected but

missing hits (holes) as well as number of disabled or dead modules traversed
by the hypothesized track are provided. As shown, e.g., in Ref. [108], prompt
charged particles produce a hit in the innermost and next-to-innermost layers
of the pixel detector with probability of = 98% per layer. Unless emission
of the hard bremsstrahlung photon and its conversion to an electron pair
already occur in the beam pipe, tracks from these conversion electrons should
not have an innermost hit. In addition to the numbers in these two individual
layers the total numbers for the pixel detector and the silicon strip detector
are provided as inputs.

Distances The distances A¢ and An between the track position and the barycenter

of the n x ¢ = 3 x 5 cells sized calorimeter cluster are included in the set
of features. As in the existing selection algorithm they are evaluated at the
second layer of the electromagnetic calorimeter and the track parameters
of the GSF fit are used. Two variants of extrapolation of the track to the
calorimeter are used: extrapolation from perigee with and without rescaling
the tracks momentum to the calorimeter based energy measurement. All four
resulting distances to the calorimeter cluster are provided to the BDT.

Track-fit quality, impact parameters For tracks purely constructed from

conversion hits the conversion represents a largely displaced vertex such
that a larger significance of the transverse impact parameter dy/o(dy) is
expected compared to tracks from prompt electrons. The parametrization
used in the GSF fit is such that it can include up to one kink in the trajectory
corresponding to the emission of a hard bremsstrahlung photon. While this
leads to more accurate parameter estimates for electron tracks, the changes
of several track parameters between the pion-hypothesis fit and the GSF
fit are found to be even larger for erroneously chosen conversion tracks.
Due to the high relevance of hits in the innermost and next-to-innermost
detector layers, chosen conversion tracks typically have such hits even if these
hits were originally created from, e.g., the prompt electron. Such a track
predominantly constructed from conversion hits but also including hits from
a prompt electron is therefore unphysical. As a consequence the reduced
X%, x?/NDoF for short, of the pion-hypothesis fit is larger for these tracks
compared to others and provided as an input to the BDT. The GSF fit appears
to compensate for this leading also to larger changes of x? from pion to GSF fit
denoted as A(x?/NDoF)gsr_r track providing additional discrimination power
in the BDT. The track parameter estimates from the pion-hypothesis fit for
the unphysical conversion tracks are often very poor. Therefore Ess5/pr track
and Aplep - ae/ Eas are used as additional input quantities. FEss is the
energy of the 3 x 5 calorimeter cluster, El, = F35-sin6, and Aplep_, rack the
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difference between the track’s pr estimated from the GSF and pion-hypothesis
fits. As an example for this group of quantities, distributions of the track’s
charge times transverse impact parameter significance are shown in Fig. 3.15.

The response of the so created BDT is shown in Fig. 3.11 for tracks yielding the
correct charge and tracks yielding the wrong charge. A strong separation power is
expected as already with the conventional algorithm an electron track is selected for
95.935% =+ 0.003%(stat.) of the reconstructed electrons in the sample under study.
The tracks associated with a reconstructed electron are resorted according to the
BDT response. Based on this sorting the labeling scheme of BDT chosen and BDT
subordinate tracks is applied where the chosen track is the one with the highest BDT
response amongst the set of candidate tracks. The resulting migration between
primary and subordinate tracks is shown in Fig. 3.12 for electron and conversions
tracks. The number of electron tracks being promoted from a subordinate to
a primary track exceeds the number of such conversion tracks across the entire
DPrauth SPectrum and almost the entire 7 range. As the number of electron tracks
being demoted is much lower than the number of demoted conversion tracks a net
improvement is found across the entire 7 range.

The recoverable inefficiency is given by electron tracks which are not selected
as primary tracks?*. It is compared for the two track selection algorithms in
Fig. 3.13. The BDT based selection yields improvements of up to ~ 25% in
the central detector region. Changes in the distributions of features used in the
BDT due to the BDT based track selection are small for quantities which are
already used in the conventional selection algorithm. More prominent differences
in distributions when using either of the two selection algorithms can be found in
the variables related to the track quality. While other features used in the BDT are
already used in the conventional algorithm, these track quality variables represent
additional information. As an example the transverse impact parameter significance
is compared in Fig. 3.15. After the BDT based sorting the remaining subordinate
electron tracks are distributed more similarly to conversion tracks than with the
conventional sorting. This implies that when switching from conventional to BDT
based sorting tracks with low absolute transverse impact parameter significance are
preferentially promoted to a primary track. The total selection efficiency of electron
tracks is increased from 95.935% =+ 0.003% to 96.292% =+ 0.003%. The charge
misidentification rate in the sample under study is reduced from 3.760% =+ 0.003%
to 3.584% =4 0.003%. The given uncertainties are statistical uncertainties only. It
should also be noted that the selection of an electron track and a correct charge
identification are strongly, yet not fully correlated. A comparison of the charge

24and no other electron track matched to the same reconstructed electron is selected as a primary
track either
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Figure 3.11.: Response of the track selection BDT split into tracks with charge identical
to the original truth electron in the top graphic and those with differing
charge shown in the bottom graphic. The integral of each type of track
before normalization is given in the legends. Values shown are unweighted
number of tracks.
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Figure 3.13.: Comparison of number of tracks constituting the recoverable inefficiencies
with the conventional and the BDT based selection. Ratios shown in the
bottom panels below unity correspond to a reduced inefficiency and therefore
an improved selection. The yellow band in the bottom panel indicates the
statistical uncertainty of the denominator, the error bars the statistical
uncertainties of the numerator.

misidentification between the conventional and the BDT based algorithm depending
truth truth

onn and pr is shown in Fig. 3.14.

Given the only moderate increase in selection efficiency and charge identification
the question arises if further optimization of the track selection is possible. Potential
improvements include

e thorough optimization of BDT meta parameters and input features, and
e direct comparison of selection candidates against each other instead of
individual scores and ranking by these scores. In the BDT used here a score

is assigned to each track without regard to the other, competing candidates
matched to the same calorimeter cluster.

e In this regard a different choice of machine learning algorithm, e.g., usage of
(deep) neural networks instead of a BDT, may be beneficial.
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Another highly relevant aspect is given by the definition of the set of correct track
choices and thereby the training target. As described earlier an electron track
is defined by the weighted majority of its hits originating from a true electron.
That is electron tracks, just like all other categories of tracks, can be composed of
hits from two or more particles. The truth match probability can be qualitatively
interpreted as the purity of a track and is shown in Fig. 3.16. From the truth match
probability distributions shown in Fig. 3.16 several observations can be made:

e sclected electron tracks with correct charge feature high purity,

e selected electron tracks with incorrect charge are often highly impure,

e selected non-electron tracks are rarely pure, irrespective of their charge, and
e non-selected electron tracks feature high purity.

In particular with respect to the last bullet it should be noted that the truth match
probability is not symmetric: it only accounts for the fraction of hits of a track
originating from a particular truth particle. It does not, however, account for the
fraction of a truth particles hits being included in a particular track. The presence
of an innermost hit and the number of pixel hits shown in Fig. 3.17 after BDT sorting
are already highly important features in the conventional track selection algorithm.
Electron tracks which are not selected by the BDT often lack an innermost hit
and have less pixel hits while chosen conversion tracks do exhibit these features.
This is indicative of what has also been shown explicitly for individual events in
Ref. [109]: hits created by the prompt electron in the first few detector layers
are combined with hits created by conversion electrons in the subsequent layers.
The truth classification of these hybrid tracks is then effectively dependent on the
detector layer in which the bremsstrahlung photon is emitted, eventually creating
a pair of conversion electrons. In case of an early emission and conversion the
conversion electrons traverse a larger number of tracking detector layers resulting
in a larger fraction of hits of the hybrid track stemming from conversion electrons.
Hence, the track is classified as a conversion track. As the emission and conversion
of bremsstrahlung happens only rarely before the prompt electron even reaches the
first pixel layer? the resulting track is bound to be impure.

Modest improvements seem possible through thorough optimization of the track
selection. Significant improvements to charge reconstruction of electrons, however,
must already start at the track building. Modifications to the existing track
building are subject to strong constraints due to finite computing resources. A
second pattern recognition algorithm starting from individual hits is therefore
practically excluded. Additionally, tracks represent a crucial input to various other
areas of reconstruction. In these areas performance could be easily degraded by
a generally modified track building. For improvements it is therefore required

%5 ¢.f. material distribution of different components shown in Fig. 3.9
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Figure 3.16.: Truth match probability distributions of different types of tracks. The graphic
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truth match probability being defined for best truth match - values below
0.5 require the track to include multiple hits from at least three different
sources. The integral of each type of track before normalization is given in
the legends. Values shown are unweighted number of tracks.
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Figure 3.17.: Number of hits in the innermost detector layer and number of pixel hits after
BDT sorting. More than one innermost hit can be found due to small overlaps
of the individual detector modules. The integral of each type of track before
normalization is given in the legends. Values shown are unweighted number
of tracks.
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Figure 3.18.: Schematic illustration of hybrid track (red solid line) with additional electron
stub track (green solid line). Green 'X’ markers represent hits from the
prompt electron, red '+’ markers those from conversion electrons. The blue
circle indicates an approximate intersection around which the longer tracks
could be split in an attempt to find tracks which are in better agreement
with physical hypothesis by recombination of the so created track segments.
Angular distances are vastly enlarged for illustration purposes. For the same
reason a potentially reconstructed track on the second conversion branch is
not shown.

that they are lightweight and highly restrictive to cases where hybrid tracks are
suspected. A conceptual idea is sketched in Fig. 3.18. The challenging cases are
found to often include one long hybrid track with hits in inner and outer detector
layers as well as a short track with only hits in outer layers. By searching amongst
tracks matched to an electromagnetic calorimeter cluster for potential intersections
between a long and a short track a recombination of track segments before and after
the intersection could be performed followed by fitting the new tracks’ parameters.
If the recombination turns a hybrid track plus electron stub into a physically sensible
prompt electron track plus conversion stub, e.g., the total x? can be expected to
improve with respect to the track fits before the recombination. Such an approach
- if feasible - does not depend on the initial track building algorithm used. The
approach could therefore even be combined with other developments in terms of
tracking algorithms such as the use of modern machine learning techniques for
pattern recognition. Such techniques have recently been developed in the TrackML
Challenge [110] also in view of the upcoming challenges at the HL-LHC.
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3.3.7. Missing Transverse Energy

Neutrinos escape the detector without measurable interactions. Their kinematics
are therefore not directly accessible. However, the momentum carried by undetected
particles creates a transverse momentum imbalance in the transverse plane. The
sum of transverse momenta carried by undetected particles can be reconstructed
under the assumption that the vectorial sum of momenta in the transverse plane,
i.e., the transverse momenta of the initial state partons, is vanishing. The so
called missing transverse energy E miss (with magnitude EX%) is therefore defined
as the negative vectorial sum of transverse momenta of reconstructed objects
associated with the primary vertex. These objects include electrons, photons,
muons, jets, as well as the visible component of hadronically decaying 7 leptons.
The so called soft contribution is given by the transverse momenta of tracks
associated with the primary vertex without being used in the reconstruction of the
aforementioned objects. An ambiguity resolution algorithm is applied to prevent
double counting contributions reconstructed as multiple, different objects. In the

—miss

H — WW?* analysis presented in Chap. 4 additionally a quantity denoted p7}

(with magnitude p* ) is used where the momenta of tracks associated with jets are
used in place of the calorimeter based jet energy measurement. A comprehensive
comparison of different EX5 variants and their performance using early Run 2

data can be found in Ref. [111].



4 Measurement of the H - WW*
Cross Section in Production via
Gluon Fusion and Vector-Boson

Fusion

In this chapter the measurement of the inclusive cross sections times branching
ratio for the gluon-fusion and vector boson fusion production of Higgs bosons with
subsequent decay to a pair of W bosons is presented. The measurement is based on
proton-proton collisions amounting to an integrated luminosity [ L dt = 36 bt of
data recorded with the ATLAS detector in 2015 and 2016 at the LHC at /s = 13 TeV.
The signal final state used is e*vuFr. This chapter is structured as follows: in
Sec. 4.1 definitions and selection criteria for objects considered in the analysis are
given. In Sec. 4.2 and 4.3 signal and background processes relevant to the analysis
are described, the latter of these sections addressing background contributions
due to misidentified leptons specifically. The main event selection is presented
in Sec. 4.4, followed by the statistical interpretation of the so selected events
described in Sec. 4.5. The results of the analysis are shown in Sec. 4.6 including
a discussion of the most important sources of uncertainties. The analysis has
been performed in collaboration with the ATLAS HWW subgroup and published in
Ref. [112]. Throughout this chapter the term leptons refers to electrons and muons
including those produced in decays of 7 leptons.

4.1. Object Definitions

Objects considered in this analysis are reconstructed as described in Sec. 3.3.
The reconstruction of jets, electrons, and muons can lead to ambiguities in the
sense that activity in a detector region is reconstructed as more than one object
candidate. Therefore an overlap removal procedure is applied using objects passing
preselection criteria. For leptons these are given in Tab. 4.1. The photon ambiguity
refers to the electron’s calorimeter cluster also being reconstructed as a photon.
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Jets are preselected by requiring pr > 20GeV and |n| < 4.5. Jets from pile-up
collisions are suppressed by means of multivariate criteria described in Ref. [113]
for jets with |n| < 2.4, and pr < 60 GeV and in Ref. [114] for jets with |p| > 2.5,
and pp < 50 GeV, also referred to as (forward) jet vertex taggers (f)JVT. Overlaps
between objects passing these criteria are then removed as follows: in case an
electron and a muon have a shared inner detector track, the electron is removed. As
an exception this preference is inverted if the muon is calorimeter tagged [97]. Such
muons are only included in the loose identification category in the range |n| < 0.1.
Jets are removed if they are within AR < 0.2 of an electron. Jets are also removed if
they are within the same AR cone around a muon if the jet in question has less than
three tracks with pr > 500 MeV, or pr ,/prjet > 0.5 and pr ,,/Prjet tracks > 0.7. The
denominator in the latter ratio is the pr sum of the jet’s tracks with pr > 500 MeV.
Finally, leptons within AR < min(0.4,0.04 + 10 GeV/p%) of a remaining jet are
removed where p is the pr of the lepton. For the construction of pms and E miss
objects passing the preselection criteria are used.

Leptons finally considered in the analysis are those matching any of the remaining
categories in Tab. 4.1. The ID and anti-ID leptons with the highest and second
highest pr are referred to as the leading and subleading lepton with transverse
momenta py and p% respectively. An analogous pr sorting and index labeling is
used for jets.

For the jet multiplicity Njes of an event only jets with pr > 30GeV are
considered!. For the identification of b-jets the 85% efficiency working point [96]
is used. The numbers of so tagged jets are denoted as Np_jets 20, No—jets,30, and
Np—_jets,20-30 When counting tagged jets with pp > 20GeV, ppr > 30GeV, and
20 GeV < pr < 30 GeV, respectively.

4.2. Signal and Background Processes and
Samples

The processes estimated via simulation are summarized in Tab. 4.2 together with
corresponding generators, PDF sets, showering tools, and perturbative order of the
calculation of their predicted total cross section. Alternatives given for generators
and showering tools are used to derive systematic uncertainties.

The ggF and VBF signal samples used comprise all leptonic decays of W bosons
including those to 7 leptons with potential subsequent decays to electrons or muons.
The ggF samples are simulated in POWHEG-Boxv2 NNLOPS [116,117] reweighting

In the corresponding ATLAS analysis [115] based on the Run 1 dataset the pp threshold is
25 GeV for |n| < 2.5 and 30 GeV for |n| > 2.5.
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Table 4.1.: Lepton selection criteria for the H — WW™ analysis. The combination of the
listed criteria is a logical and of each criterion. The shorthand LH indicates
a likelihood based discriminant. Identification and isolation requirements are
abbreviated as “id” and “iso”. Names of working points in quotation marks
refer to those in Ref. [99] for electrons and Ref. [97] for muons. The custom
muon isolation working point is described in Sec. 3.3.3. For anti-ID muons the
preselection requirements on muons’ transverse impact parameter are loosened
to the thresholds given in parentheses.

electrons muons
Preselection pr > 10 GeV pr > 10 GeV
In| < 2.47 In| < 2.7
id: “Loose” LH id: “Loose”
|20 - sinf| < 0.5 mm |20 - sinf| < 0.5 mm
|do|/oay <5 |do|/o4, <5 (< 15)
ID Preselection Preselection
veto 1.37 < |n| < 1.52
id: “Tight” LH (pr < 25 GeV), id: “Tight”
“Medium” LH (pr > 25 GeV)
iso: “Fixed (Tight)” (pr < 25GeV), | iso: custom (see Sec. 3.3.3)
“Gradient” (pr > 25GeV)
veto photon ambiguity
anti-ID Preselection Preselection
id: “Loose” LH id: “Medium”
veto 1.37 < |n| < 1.52
veto photon ambiguity
veto ID veto ID
3'4 lepton veto | Preselection Preselection
pr > 15 GeV pr > 15GeV

id: “Tight” LH (pr < 25GeV),
“Medium” LH (pr > 25 GeV)

iso: “Gradient (Loose)”

iso: “Gradient (Loose)”
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Figure 4.1.: Jet multiplicity distribution in the H — WW* analysis after the event-level
preselection criteria described in Sec. 4.4 are applied. The hatched band
represents statistical and experimental systematic uncertainties. Published in
Ref. [112].

the rapidity spectrum of the Higgs bosons to the spectrum in Ref. [118] resulting in
NNLO accuracy in QCD. The PDF set used is PDFALHC15 NNLO [119]. Similarly
the VBF process is simulated in POWHEG-Boxv2 [116,117,120,121] at NLO accuracy
in QCD. The PDF set used is PDF4ALHC15 NLO [119]. In both cases the mass of the
Higgs boson is set to 125 GeV and parton showers, hadronization, and underlying
event are simulated by PYTHIAS [57]? with the AZNLO parameter set [122]. The
branching ratio of H — WW* is taken as 0.214 [60] as computed for the Standard
Model in HDecay v6.50 [123,124]. The inclusive cross section of the ggF process
is calculated at N3LO in QCD including EW corrections up to NLO [125-129]. For
VBF the cross section includes NLO EW corrections and approximates NNLO in
QCD [125,130-132].

Contributions from other production or decay modes of the Higgs boson (other H)
are small after the selection presented in Sec. 4.4. They are treated as backgrounds
and fixed to their SM predictions (VH, H — WW?* and ggF, VBF, and VH, H — 77)
or neglected. While contributions from H — 77 and VH, H — WW* /771 are
considered in the statistical analysis described in Sec. 4.5 they are too small
to be visible in graphics presented here and therefore omitted in these. An
overview of the main background processes relevant for this analysis is shown in
Fig. 4.1 after a loose preselection. At low jet multiplicities the WW (— evuv)
and Z/v* — 77(— vevvur) backgrounds are dominant. The latter is eventually
strongly suppressed by the selection criteria. Contributions from Z/v* — ee/uu

2version 8.210 for ggF, version 8.186 for VBF
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are even more suppressed due to the restriction to the evuv signature. At higher
jet multiplicities the production of top quark pairs (¢t) and single top quarks (Wt),
summarized as the top background, are dominant. As only decay modes producing
two prompt leptons are considered for the top background other single top processes
are not included. Other processes estimated from MC simulation are WZ, ZZ, V~*
(V =W, Z), and V+ jointly denoted as V'V.

4.3. Estimation of Contributions from
Misidentified Leptons

Only processes yielding at least two prompt leptons are considered in Sec. 4.2.
Remaining background contributions relevant to this analysis are events with
misidentified leptons denoted as mis-ID in Fig. 4.1. These misidentified leptons,
or fakes for short, comprise lepton candidates reconstructed from jets and non-
prompt decays of ¢- and b-hadrons. For the selection detailed in Sec. 4.4 the main
contribution to this category is from the production of a W boson in association with
jets (Wjets), the former decaying via W — (v and the latter being misidentified as
a second lepton. A smaller contribution can be associated with multijet production
resulting in two misidentified leptons. A precise and accurate estimation of these
backgrounds from simulation is facing several challenges. The acceptance for
such events is very low after the criteria discussed in Sec. 4.1 are applied. Yet,
the contribution is non-negligible due to the large cross sections of the processes
involved (see Fig. 2.10). Achieving sufficient statistical precision using simulated
events would therefore require huge computing resources. The probability of a jet
being misidentified as a lepton depends on the flavor of the jet. The accuracy of a
MC based prediction is therefore limited to that of the theoretical prediction of the
jets’ composition. Hence, a data-driven method, often referred to as fake-factor
method, is employed to estimate the mis-ID background and is presented in this
section.

4.3.1. The Fake-Factor Method

For the fake-factor method two categories of reconstructed leptons are defined. In
the analysis at hand these are given by the ID and anti-ID categories in Tab. 4.1. The
anti-ID category employs looser selection criteria compared to ID while explicitly
vetoing leptons passing criteria for the latter. It is, hence, enriched in mis-ID
leptons compared to the ID category. The fake factor F'F is the ratio of the
number of misidentified leptons of a particular type ¢ = e, u in these categories in



Table 4.2.: Summary of tools used to simulate signal and background processes in the
H — WW* analysis and perturbative order of total cross section computation.

Alternative implementations and configurations are given in parentheses.

Process Total cross section Hard scatter matrix element PDF set Underlying event,
order of prediction parton shower
ggF N3LO(QCD), POWHEG-BOX v2 PDF4LHC15 PYTHIAS [57]
NLO(EW) [125-129] NNLOPS [116-118] NNLO [119] (HERWIG 7 [135])
(MG5_AMC@NLO [133,134])
VBF NNLO(QCD), PowHEG-BoxX v2 PDF4LHC15 NLO PYTHIAS
NLO(EW) [125,130-132] (HERWIG 7)
VH NNLO(QCD), PowHEG-Box v2 [139] PDF4LHC15 NLO PYTHIAS
NLO(EW) [136-138]
qq — WW NLO [140] SHERPA 2.2.2 [141,142] NNPDF3.0NNLO [143] SHERPA 2.2.2 [144,145]
(POWHEG-BOX v2, (HERWIGH+ [135],
MG5 AMC@NLO) PYTHIAS)
g9 = WW NLO [146] SHERPA 2.1.1 [140] CT10 [147] SHERPA 2.1.1
WZ,ZZ,V~* | NLO [140] SHERPA 2.1 CT10 SHERPA 2.1
Ve NLO [140] SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2
(MG5_AMCQ@NLO) (CSS variation [144,148|)
tt NNLO-+NNLL [149] POWHEG-BoOX v2 [150] NNPDF3.0NLO PyTHIA8 (HERWIG 7)
(SHERPA 2.2.1)
Wt NLO [151] PowHEG-Box v1 [15]1] CT10 PYTHIA 6.428 [152]
(MG5_AMC@NLO) (HERWIGH+)
Z/~* NNLO [153,154] SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1

(MG5 AMC@NLO)

(PYTHIAS)
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bins of pr and n .
Nm1SID

FF(pr,n) = NTHT

anti—ID

The number of mis-ID events contributing in a data sample requiring two ID leptons
can then be conceptually expressed as

NIIIHDISIII])D =FF- NIIBIS;rll:i);l ID FFO - FFy - N:rllflU:)ID ,anti—ID* (41>
Here, the F'F' denotes the fake factor corresponding to the anti-ID lepton in events
with one ID and one anti-ID lepton. In events with two anti-ID leptons F'Fjy, and

FFy are the fake factors corresponding to each one of the anti-ID leptons. The
N™ID are the number of events with misidentified leptons obtained from

lesID Ndata N)l(\/IyC ’

where N, d";,ta is the number of measured events with lepton candidates belonging
to the ID/anti-ID categories indicated by the = and y subscripts. The number
of events in such a category with more real leptons than ID leptons is denoted
by N)l(\j[yc and subtracted using MC samples. That is, for Nip antip only processes
resulting in two real leptons are subtracted while also simulated W+jets events are
subtracted for Nangi—1p anti—ip. The term is referred to as electroweak correction in
the remainder of this document.

The double anti-ID term in Eq. (4.1) corrects for double accounting in the
first term: the ID lepton can itself be a misidentified lepton. As either of the
misidentified leptons can pass the ID criteria for the event to enter the “ID,anti-ID”
category the contribution of events with two misidentified leptons in the “ID,ID”
category is doubly accounted for by the first term and corrected by the second. In
the analysis discussed in this chapter the correction is only applied for kinematic
regions targeting the VBF production mode as it is found to be negligible in other
regions.

As the fake factors only apply to events where the corresponding anti-ID lepton
matches the fake factor’s pr and 7 bin the full expression of Eq. (4.1) includes a
summation over all such bins for each occurrence of a fake factor in the term to be
summed:

mlsID mlsID
Nip ID = E FF pT, Nip ,anti— ID(pTan)
(PTJ?

Z Z FFO pT077]0>'FF1(pT177]1) N;,Irllltsl ID,anti— ID(pT07770:pT177]1>

(pTosm0) (PT1,m)
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Generalizing this to arbitrary distributions the F'F are applied as weights to
each event based on its anti-ID leptons and including a factor —1 for MC events
constituting the EW correction. In the so obtained extrapolation the anti-ID leptons
are then treated as if they were ID leptons for all other aspects of the analysis.

4.3.2. Estimation of Fake Factors

In order to estimate the mis-ID background in a region enriched in events from
the signal processes an orthogonal set of events is required to determine the fake
factors from data. To this end a data sample enriched in Z+jets events is selected
requiring three lepton candidates. The Z candidate is taken as the opposite-charge
ee or p pair with invariant mass my, closest to the Z boson mass. Both of these
are required to belong to the ID category. If the third lepton candidate is an
electron candidate the requirement 80 GeV < my, < 110 GeV is imposed. If it is a
muon candidate the requirement is 70 GeV < my, < 110 GeV. Additionally, at least
one of the Z candidate leptons must be associated to the online object selected
by one of the single-lepton triggers used in the analysis and described in Sec. 4.4.
The remaining lepton is then considered as the fake candidate. In order to further
reduce the contamination with real leptons from W Z production the transverse
mass of the fake candidate

mf}, = \/prfrEfrmss(l — COS Aqbﬁg}’E_’)%qiss) (42)

is required to be m% < 50 GeV. The pr distributions of the fake candidate in the
so constructed regions are shown in Fig. 4.2. For the estimation of the fake factors
contributions from real leptons are subtracted using MC simulation. The dominant
W Z contribution is normalized to data in a control region. The control region
requires the third lepton to be in the ID category and inverts the m¥ requirement.
Uncertainties from the normalization of the W Z process in the control region and
its extrapolation to regions the fake factors are estimated from are summarized as
the EW subtraction uncertainty.

The fake factors Ndata _ Tt
ata rue
ID — ‘'ID

= Ndata . Ntrue

anti—ID anti—ID
are finally derived in bins with pp/GeV boundaries [15,20,25,35,00|. For
misidentified electrons the fake factors are additionally split in two |n| bins separated
at 1.5 3. The highest pr bin of the muon fake factor already starts at 25 GeV and
only a single inclusive bin in 7 is used. The granularity of the respective binning is

FF

3The region 1.37 < |n| < 1.52 is implicitly excluded by the ID and anti-ID criteria.
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Figure 4.2.: Fake candidate py distribution in the Z(— ¢¢)-+fake region. Contributions
due to misidentified leptons are given by the difference between the observed

yields and the MC based background estimate. Published as auxiliary material
with Ref. [112].

limited by the size of the available data and MC samples. The resulting fake factors
as functions of the misidentified lepton’s pr are shown in Fig. 4.3.

The flavor composition of jets produced in association with a Z boson differs
from the composition of jets produced in association with a W boson. Therefore
correction factors C'F' are derived for the electron and muon fake factors in two
bins of the misidentified lepton’s pr. The correction factors are given by the ratio
of fake factors derived from MC of the W-jets and Z-jets samples

o FFW+jets

CF = ,
FFZ+jets

where for the W-jets fake factor events are required to be reconstructed with two
leptons of opposite charge. The central value of the correction factors are obtained
from samples simulated with POWHEG and PYTHIAS [57,155]. A systematic
uncertainty regarding the predicted flavor composition is estimated via comparison
to correction factors obtained from samples simulated using ALPGEN together with
PYTHIAG [152,156]. For all of these samples the CTEQ6L1 PDF set [157] is used.
The resulting correction factors and uncertainties are given in Tab. 4.3.

The isolation and identification requirements of trigger chains (triggers) used
in this analysis are tighter than the anti-ID requirements. Hence, a bias can be
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Figure 4.3.: Electron (left) and muon (right) fake factors (extrapolation factors) derived
from the Z-+jets enriched sample as a function of the pr of the misidentified
lepton and the full |n| range. The shown uncertainties represent the finite size
of the used data and MC samples (stat.), uncertainties on the subtraction of
contributions of real leptons (EW subtraction) and uncertainties due to the
different flavor composition of jets produced in association with Z (— ¢¢+fake)
and W(— fv+fake) bosons. Summation in quadrature is denoted by .
Published as auxiliary material with Ref. [112].

Table 4.3.: Correction factors used in the estimation of background contributions due
to misidentified leptons in the H — WW™* analysis. Statistical uncertainties
originate from finite sizes of simulated samples used.

‘ pr < 25GeV pr > 25 GeV
e | 0.96 £ 0.13(stat.) £ 0.28(syst.) 1.15 4 0.15(stat.) + 0.02(syst.)
po| 1.34 £ 0.17(stat.) & 0.25(syst.) 1.83 £ 0.38(stat.) £ 0.20(syst.)

expected in events where exclusively the misidentified lepton causes the event to be
selected by the trigger system. The available sample sizes for estimating a dedicated
fake factor from Z-+jets events are very small. Instead a sample enriched in dijet
events is used to estimate triggered fake factors to be applied in the aforementioned
cases in place of the regular fake factors. The sample is selected by requiring exactly
one potentially misidentified lepton being also the one selected by one of the single
lepton triggers used in the main analysis. Additionally, the requirements of at
least one jet with pr > 22 GeV and mp + EX < 50 GeV are imposed. The fake
factors are estimated analogously to the ones based on the Z-jets enriched sample
including simulation based subtraction of processes with at least one real lepton.
The resulting fake factors are approximately between 0.4 and 1.7 depending on pr,
|n| and the flavor of the misidentified lepton.
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4.4. Event Selection

For the analysis presented in this chapter single and dilepton triggers are used. The
individual single electron and single muon triggers use different Er or pr thresholds
where triggers with higher thresholds for the same type of object require looser
online* identification and isolation criteria to be passed. The lowest single electron
trigger used requires E1 > 24 GeV for data recorded in 2015 and early 2016 and
Et > 26 GeV for the remainder of the data taken in 2016. The lowest pt thresholds
of the single muon triggers are 20 GeV (2015), 24 GeV (early 2016), and 26 GeV
(late 2016). For the dilepton trigger to accept an event both an electron and muon
are required. As the thresholds Er > 17 GeV (electron) and pr > 14 GeV (muon)
are lower than those of the single lepton triggers, the acceptance for signal-like
events is increased. The largest increase of signal acceptance is found to be about
22% in the ggF enriched Njes = 0 category for events where the electron is the
leading lepton. All thresholds listed here refer to HLT requirements which exceed
the corresponding L1 thresholds by multiple GeV.

In the offline event selection an electron and a muon of opposite charge are
required which must be matched to the objects selected by a trigger responsible
for the event to be recorded. The offline object’s Er, or pr, respectively, must
additionally exceed the matched triggers threshold by at least 1 GeV for electrons
and 5% of the threshold for muons. The two signal leptons are required to be ID
leptons as defined in Tab. 4.1 with exception of events used in the estimation of the
mis-ID background. Events are rejected if a third lepton according to the 3¢ lepton
veto category in Tab. 4.1 is present in the event. The two signal leptons must satisfy
pP > 22GeV and pf > 15GeV. The latter requirement is raised from 10 GeV to
15 GeV compared to the corresponding analysis of the Run 1 dataset [115]. The
change is mainly due to the more challenging estimation of the mis-ID contribution
at low transverse momenta. Potential contaminations from hadronic resonances
such as J/WU not explicitly modeled in this analysis are suppressed by a lower
requirement on the invariant mass of the dilepton system my, > 10 GeV.

Following this event-level preselection the analysis is split into three jet categories
with Njets = 0, Nijets = 1, and N, > 2 where additionally pRiss > 20 GeV s
required in the Njes = 0,1 categories. The first two Nijes categories target primarily
the ggF production mode while the highest jet multiplicity bin is focused on the VBF
production mode. In the following the terms ggF analysis, and VBF analysis refer
to these categories. This split is not only motivated by the different signatures of
the Higgs-boson production modes under study, but also the significantly different

4Online criteria applied during data taking are generally preliminary working points and
calibrations. Offline criteria applied to recorded data can therefore slightly differ from their
online pendants.
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Table 4.4.: Event selection criteria used in the H — WW™* analysis. The first block is
referred to as the preselection.

]Vjets =0 (ggF) ‘ ]Vjets =1 (ggF> ‘ ]Vjets > 2 (VBF)
One electron, one opposite charge muon
pP > 22GeV
P > 15GeV

mep > 10 GeV
P > 20 GeV \
Nbfjets,QO =0
AG*MET > 7 /2 | max(mb) > 50 GeV |
P > 30GeV Mer < my — 25GeV
myee < 55 GeV central jet veto
Apy < 1.8 outside lepton veto

background composition in each category as shown in Fig. 4.1. The event-selection
criteria in the three Njes categories are summarized in Tab. 4.4.

4.4.1. Categories Targeting Production via Gluon Fusion

Despite the jet veto in the 0-jet category a sizeable number of top background
events are found in this category. The inevitable b-jets from the decays of the top
quarks are either outside of the detector acceptance or have sufficiently low pr to
not be counted towards the jet multiplicity. In the latter case the top background
can still be reduced by vetoing b-tagged jets with pr > 20 GeV. Distributions of the
number of such b-tagged jets per event are shown in Fig. 4.4 after the preselection
criteria. Distributions of remaining quantities used to define the 0-jet signal region
are shown in Fig. 4.5 where each distribution is shown at a selection level just
before a selection based on the quantity shown is applied. The angle between the
Pr of the dilepton system (5%) and E 2 is denoted as A¢**MET and is distributed
slightly more narrowly near 7 for the signal process compared to the distribution for
background processes. Stronger separation with respect to background processes is
given by the transverse momentum of the dilepton system p4. This difference is
due to the spin correlation in the H — WW™* decay described in Sec. 2.3.1 leading
to a collimated emission of the leptons and thereby closely aligned momenta. For
the same reason H — WW™ events are enriched at small angles A¢y between the
leptons’ transverse momenta and low my. Yet, the non-resonant WW production
remains as the largest background.

In order to constrain the total rates from the WW, top and Z/v* backgrounds
dedicated control regions (CR) are defined which are enriched in events from the
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Figure 4.4.: Distributions of the number of b-tagged jets after preselection in the 0-jet and
1-jet categories. The distributions are shown at a selection level just before the
selection based on the number of b-tagged jets is applied. The order of these
selections follows that of Tab. 4.4. Stacked estimates are normalized to their
prediction with exception of WW, top, and Z/~* which are scaled to measured
data in control regions, resulting in scaling factors listed in Tab. 4.5. Selection
thresholds for the signal regions are indicated by the vertical gray dashed line.
Uncertainties shown include statistical uncertainties only. The overlaid ggF
signal distribution is scaled to the integral of the stacked contributions. Red
arrows in the bottom panels indicate the direction of ratio points outside the
range shown.

respective background. They are ideally close to the just discussed signal region
(SR) in order to reduce extrapolation uncertainties. For the 0-jet category the
differences with respect to the selection criteria for the signal region are summarized
in the following, where criteria ensuring orthogonality between signal and control
regions are enquoted.

0-jet WW CR No requirements on p¥, and A¢*MET loosened requirement Agy, <
2.6, and “55 GeV < my, < 110 GeV”.

0-jet top CR No requirement on my,, loosened requirement Ag¢, < 2.8, and
“Np_jets,20-30 > 07.

0-jet Z/v* CR No requirement on phiss, AgtMET

My < 80 Ge\/, and “Aqbgg > 2.8".

, and p, loosened requirement
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Figure 4.5.: Distributions of quantities used to enrich ggF H — WW™ events in the 0-jet
category. Each distribution is shown at a selection level just before the selection
based on that variable. The order of these selections follows that of Tab. 4.4.
Stacked estimates are normalized to their prediction with exception of the
WW, top, and Z/+* which are scaled to measured data in control regions,
resulting in scaling factors listed in Tab. 4.5. Selection thresholds for the signal
regions are indicated by the vertical gray dashed line. Uncertainties shown
include statistical uncertainties only. The overlaid ggF signal distribution is
scaled to the integral of the stacked contributions. Red arrows in the bottom
panels indicate the direction of ratio points outside the range shown.
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Table 4.5.: Background scaling factors used for distributions and yields shown in Sec. 4.4.
No uncertainties are given as the factors are used only for visualization prior
to a full likelihood-based treatment.

| O-jet | 1-jet | > 2-jet
WW [ 1.07 | 1.00 -
top 0.99 | 1.02 1.00
Z/y*| 0.86 | 0.86 | 0.90

The top control region represents a simplification compared to the Run 1
analysis [115] where multiple regions are used to estimate a jet-veto survival
probability. No reduction in analysis sensitivity due to this change is found.

Distributions and event yields given in this section include scaling factors for
backgrounds for which a control region of the same jet multiplicity is defined. Their
values are listed in Tab. 4.5 and are only used to provide a refined comparison
between observed and modeled distributions and yields. These scaling factors
are not used in the likelihood fit in Sec. 4.5, but instead normalization factors
are determined in-situ. The scaling factors used for visualization are determined
by subtracting the predicted yields notner,i Of processes not to be scaled from the
observed yields d; in the control regions denoted by i. Let S; denote the scale
factor for process j and n;; the predicted yield of that process in control region 4.
Then the S; are obtained by solving a set of linear equations

di — Nother,i = di = i Sj.

In the 1-jet category again events containing b-tagged jets with pr > 20 GeV
are vetoed. The larger of the individual leptons’ transverse masses (max(mf)) is
used to select events where at least one lepton originates from a W boson. The
Z/y* — 771 background is further reduced via a requirement on the invariant mass
of a hypothesized pair of tau leptons m,, which is calculated in the collinear
approximation [158]°. If for a given kinematic configuration m,, cannot be
computed it is treated equivalently to m,, = 0. As in the O-jet category the
azimuthal angle between the two leptons A¢y and their invariant mass my, exploit
the H — WW* spin correlation. Distributions of these quantities used to enrich the
signal are presented in Figs. 4.4 and 4.6. The expected event yields at each selection
step after preselection as well as in the control regions are shown in Tab. 4.6. In
the signal regions the WW and top processes make the largest contributions to
the background rate.

5As this approximation fails if the suspected 7 leptons are emitted in a back-to-back topology
mz, is not employed in the 0-jet category due to the lack of a recoil object.



Events / 10 GeV

Data / SM

Events / 5 GeV

Data / SM

MEASUREMENT OF THE H — WW* CROSS SECTIONS IN

86 PRODUCTION VIA GLUON-FUSION AND VECTOR-BOSON FUSION
6000—————F———— T s 1600~———TF————FT T
t -4 Data N Uncertainty (stat) 4 [ t -4 Data A\ Uncertainty (stat)
[HoWWE eV N =1 B, B e | 9 1400 HoWWoevavN =1 g, EH. :
S000F ys=13Tev, 361 Lt EwW 1 o F Vs=13Tev,361ft Ot Ew ]
r . | ww W zy ] o 1200f-, B ww | ziy ]
3 | vl [ Mis-id [l v 1 c [ | [ Mis-id [l W ]
4000; [ E T 7 Hy,e (scaled) 1 :>: 10005 E | L 01 Hyye (scaled) A
: | : ] Eo I ]
000F i ey 1 oo . | 1
. oo
s 12T ‘ Ll
o 1t t4 .
R ! Pete e | .
© - [l
§ oot TR KA
| 1 0.8 | P P P P L
50 100 150 200 250 50 100 150 200 250
max(m'T) [GeV] m,, [GeV]
2000——— 11— - 600
r -4 Data N Uncertainty (stat) 1 © t -+~ Data N\ Uncertainty (stat)
H_‘WW*_’EV”V’Nje(:]' .HEQF .Hver ‘o_r)' [ H—»WW*—»eV[.lV,NiE[:l ."Egp .H\/BF ]
Vs=13TeV, 36.1 fb O Owt ] o 900F [5=13Tev,36.11he Ot o we ]
1500f T Eww W2y . = [ mww  Ezy ]
== [ [ ™isld [l W 1 ] a00F O Misid [l W 1
' T 7 Hyye (scaled) o F oo T 7 Hyye (scaled) ]
3 Y R !
1000} : L .
0 777777777777777777777777
B B BRI} AR B
9 1.1 + | -
Py ERASR
©
. &  o9f t | + 7
0'8\ P P S O I P - 0'8\\\\\\\\\\‘\\\\\\\\\}\\\\\I\
0 20 40 60 80 100 0 0.5 1 1.5 2 2.5 3
m, [GeV] A ¢ [rad]

Figure 4.6.: Distributions of quantities used to enrich ggF H — WW™* events in the 1-
jet category. Each distribution is shown at a selection level just before the
selection based on that variable. The order of these selections follows that of
Tab. 4.4. Stacked estimates are normalized to their prediction with exception
of WW, top, and Z/~* which are scaled to measured data in control regions,
resulting in scaling factors listed in Tab. 4.5. Selection thresholds for the signal
regions are indicated by the vertical gray dashed line. Uncertainties shown
include statistical uncertainties only. The overlaid ggF signal distribution is
scaled to the integral of the stacked contributions. Red arrows in the bottom
panels indicate the direction of ratio points outside the range shown.
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Analogously to the 0-jet category 1-jet control regions are defined to constrain
background event rates using data with the same jet multiplicity as the
corresponding signal region. The following changes with respect to the selection
for the signal region are applied. Criteria ensuring orthogonality with respect to
the signal region are again enquoted.

1-jet WIW CR No requirements on Agyy, loosened |m,, —mz| > 25GeV, and
“ma > 80 GeV”.

1-jet top CR No requirements on Agy, and my, and modified b-tagging
requirements Np_jets 20-30 = 0, Np_jets,30 = 1. The split b-tag requirement
ensures no extrapolation is being performed with respect to low pr jets where
uncertainties of the b-tagging efficiency are much larger than starting from
30 GeV [96].

1-jet Z/v* CR No ps, Ag¢y requirements, loosened my < 80, and
“Mrr > myz — 25 GeV”,

4.4.2. Categories Targeting Production via Vector-Boson
Fusion

For the signal region targeted at VBF production the same requirement as for the
1-jet signal region is imposed on the number of b-jets Ny_jes 20 = 0. The two jets
with the highest pr in this category are considered as the tagging jets characteristic
for the VBF process. A central jet veto is applied, i.e., events are rejected if a jet
with pr of at least 20 GeV is found within the pseudorapidity gap spanned by the
two tagging jets. The leptons are required to be within the pseudorapidity range
delimited by the pseudorapidity of these jets (outside lepton veto). The Z/~v* — 77
background is reduced by demanding m,, < myz — 25 GeV. Distributions of these
quantities and criteria are shown in Fig. 4.7. After this selection a boosted decision
tree (BDT) is used as the final discriminant. Variables used in this BDT are

mj; the invariant mass of the two tagging jets and

Avyj;; their rapidity separation to exploit the topology of the highly energetic tagging
jets.

myee, Ay The invariant mass and azimuthal angular spacing of the dilepton system
are used for the same reasons as in the O-jet and 1-jet categories.
>, C¢ The lepton n-centrality where Cy = W and
77
> my; the sum of invariant masses of all four lepton + tagging jet combinations:
while the tagging jets are usually found at high || the W bosons from the
Higgs decay and the resulting leptons are produced mostly central, i.e. at low

|n| resulting in larger mass sums and smaller 7-centrality values compared to



Table 4.6.: Expected and observed event yields at different stages of the event selection for
the H — WW™* analysis. Uncertainties shown are statistical uncertainties due
to finite MC and data sample sizes. The total background (bkg) represents the
sum of all processes not producing a Higgs boson. Yields of the WW (only in
0-jet and 1-jet categories), top, and Z/v* processes are scaled to measured data
in control regions. The 0-jet and 1-jet signal regions are additionally shown
split into cases where the subleading lepton ¢; is either an electron or a muon.

ggF VBF other H WwW other VV tt Wt Z/v* Mis-Id (e) Mis-Id (u) Vy Total Bkg Data/Bkg Data

Preselection || 1617+4 166.440.5 504.842.0 | 35210£70 2902428  286280+240 2693070 85260+£250 8280+£110  91704+90  2630+70 456700400 | 0.9776+0.0017 | 446444

piss > 20 GeV || 15064 157.14£0.5 296.9+1.5 | 29970+70 2331+25  2664404+230 25150460 21660+140 6260490 601070  1340+£40 3591504310 | 0.9967+0.0019 | 357965

0-jet || 782.243.2 9.334+0.12 82.940.8 | 17380+60 867+14 5495433 2259419 8290+80 1890440 1848432 533427 38560+120 | 1.02440.006 39474

b-jet veto || 760.14+3.1 8.844+0.12 79.24+0.8 | 17020+£50  836+14 2512422 1403+15 8020+80  1790+40 1749+31 516+26 33840+120 | 1.025+0.007 34679

APOMET 5 /9 || 756.243.1 8.724+0.12 76.1£0.7 | 16910+£50 787413 2470422 1389+15 7610480  1740+£35 1668430 494426 33070+110 | 1.02640.007 33943

pf’lf > 30GeV || 673.1+3.0 7.93+0.11 36.6+0.4 13710450 613£12 2236421 1254414 1090+£40 1220+£28 1032420 265+£19 21410+£80 1.02540.008 21949

mye < 55 GeV || 575.242.7 6.774+0.10 10.444+0.18 | 3313+23 19446 340+8 226+6 152411 296+13 301+10 115+12 4936+35 1.136+0.017 5607

Agy < 1.8 || 534.8+£2.6 6.4240.10 9.434+0.17 3064422 18146 3268 21946 23+5 254412 237+9 106+11 4409+32 1.15440.018 5089

Ady < 1.8, only 1 = p || 316.2+2.1 3.764+0.08 5.33+0.12 | 1748+17  108%5 185+6 128+4 11.6+2.8 127+£10 191+7 4447 2542424 1.130+0.024 2874
Ady < 1.8, only {1 = e || 218.6+1.6 2.66+0.06 4.10+0.11 | 1316+14 72.6+34 14245 91+4 10.9+3.5 12747 46+6 62+9 1867421 1.186+£0.028 2215
WW CR 0-jet 86.8+1.1 1.03+0.04 10.3440.23 | 4973+29  209+7 67611 40248 334+19 380+£16 304+11 83+11 736040 1.0134+0.013 7461

Ztt CR 0-jet 44.0£0.7  0.4914+0.026 102.80+1.00 921+12 16346 41.3+3.1 25.7£1.9 40710+140  827+33 1880440 750+40 45320150 | 1.003+0.006 45463

top CR 0-jet 18.740.6  0.389+0.025 1.714+0.09 245+8 19.94+2.6 2278422 671+11 49+6 5549 49+6 104 3378129 1.006=£0.019 3399

1-jet || 465.0+2.3  53.33+0.29 106.9+0.9 8080+40  784+15 45320+£100 10450440 6070+£70 1590450 1526435 458425 74280+150 | 0.99140.004 73635

b-jet veto || 421.842.1  48.754+0.27 93.440.8 7449435  700+14 6597+35 2225+19 5400+£70  1095+32 1043+27 402424 249204100 | 1.009+0.008 25135

max(m%) > 50GeV || 347.741.9  37.924+0.24 63.1+0.7 6864+33  561+12 6184+34 2089+18 2250440 779426 627420 214417 19570480 1.008-+0.008 19733
mrr < my—25GeV || 326.3£1.9  34.994+0.23 28.84+0.4 4909+28 37549 4336428 1475415 820425 502421 389+15 133+14 12940460 | 1.0170+0.0100 | 13166
my < 55 GeV || 282.2+1.8  30.69+0.22 14.734+0.32 | 1246+14  135+6 996+13 369+7 300+14 163+11  168.0+10 85410 3461431 1.087+0.020 3762

Ay < 1.8 || 263.9£1.7  29.14+0.21 12.744+0.30 | 1133+13 12045 942+13 350+7 63+7 140+10 129+8 73.0+10 2949+27 1.10740.022 3264

Ady < 1.8, only 1 = p || 150.8+1.3  16.22+0.16 7.38+0.22 631410 67+4 533.0+10 20616 3345 6948 9546 2946 1663420 1.101+0.029 1831
Ady < 1.8, only {1 =e || 113.1+1.1  12.924+0.14 5.36+0.20 502+9  52.8+3.0 409+8 145+5 29+6 7146 3445 44+8 1286+18 1.114+0.033 1433
WW CR 1-jet 1.56+0.14 0.189+0.018  11.754+0.24 | 3829+25  260+8 368927 1193+14 194416 371£18 195£10 5449 9780450 1.000+£0.011 9784

Z — 11 CR 1-jet 25.8+0.5 3.50+0.07 39.3+0.6 32247 52+4 21246 67.243.2  2570+40 97+12 162413 91411 357050 1.00040.021 3571

top CR 1-jet 20.6+0.5 2.03+0.06 3.54+0.17 243+£7  26.443.3  14450+50 4252427 69+7 206+£21 173+14 7.242.5  19430+70 1.00040.008 19428

geF VBF other H ww other VV' tt Wt Z/~* Mis-Id (e) Mis-Id (1) Mis-Id correction Vo Total Bkg Data/Bkg Data

2-jet || 276.4£1.7 99.7+0.4 130.20+1.00 | 6210£17  751+15 2323304220 13400+£50 6870+60 3090480 2950+50 —513+14 429423  265520+£250 | 0.9962+0.0022 | 264515

b-jet veto || 228.5+1.5 86.1+0.4 103.4+0.8 | 5178+£16 586+14 12330150 1630+16  5510£60  776+£29 718424 —259+8 354+21 2683090 0.978+0.007 26229

central jet veto || 168.5+£1.3  66.13+0.32 78.1+£0.7 | 3700+£14 39449 8110440 1215+14  4040£50 554424 537421 —188+8 239+18 18610+£80 0.983£0.008 18301
outside lepton veto 44.3+0.7  51.25+0.28 24.01+£0.34 | 64246 81+4 1749418 25446 860+24 117412 120£10 —39.94+2.5 55.04+10 3840+40 0.994+0.019 3813
Mmer < myz — 25GeV 39.3+£0.6  44.2240.26 6.31+0.20 400+£5 48.5+£3.2 1139414 164+5 295116 67£8 69£7 —27.24£2.0 29+£8 2185+26 0.990£0.024 2164
Z — 11 CR 2.8940.16 4.10+0.08 5.79+0.16 | 22.0£1.0 6.5£1.0 50.1£2.9 6.7+0.9 367+14 19+5 9+5 —5.2+0.8 12.7£2.8 488+17 1.03£0.06 501

top CR 5.4240.26  5.090+0.100 1.46+0.12 | 52.54+1.7 7.8+£1.2 6720+£40 640410 4945 94+13 96.0+10 —10+4 3.8£1.5 7660+40 1.0024+0.013 7668
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backgrounds where leptons and jets are produced in closer relation to each
other, e.g., from the decay of a top quark.

pi* The magnitude of the vectorial sum of transverse momenta of all selected
leptons, jets and £ %S,

mr In Eq. (4.2) the transverse mass is given for a single lepton. For a system of
visible decay products with mass m"®, vectorial sum of transverse momenta

pis, and EYS = /|p™]2 + m¥s this can be generalized to®

N 2
= vis miss
pre+ Ex

m%is — \/(E\Tf}s + E¥1iss)2 _

The transverse mass of the dilepton system is denoted by mr and included
in the BDT.

Distributions of these quantities are presented in Fig. 4.8 and in the Appendix in
Fig. D.1.

For the > 2-jet category only the rates of the Z/v* and top backgrounds are
constrained by dedicated control regions. The selection of events for the top
control region is identical to that of the signal region except for the requirement
Np_jets20 = 1. For the Z/v* control region the m,, criterion is changed to
|m,r —myz| < 25GeV and my, < 80 GeV is required in addition to the remaining
selection criteria also applied for the signal region. The predicted and observed
event yields after the different selection steps towards the VBF signal region as
well as in the corresponding control regions are given in Tab. 4.6. The dominant
background in the VBF signal region originates from top processes. However, as
can be seen from Tab. 4.8, in the highest BDT bin the contributions from WW and
top processes are similar. Contributions due to misidentified leptons in this bin
are smaller compared to WW and top yields, yet these are highly relevant due to
large systematic uncertainties associated with this background.

Contributions from other Higgs boson production or decay modes are
predominantly VH, H — WW* and H — 77. While their yields exceed those of
the signal processes in some control regions they are still negligible compared to
the total yields in these regions.

4.5. Statistical Analysis

The cross sections times branching ratio oger - By_ww+ and ovpr - Bu_ww- are
extracted by means of a maximum likelihood fit as introduced in Sec. 2.4. In this

6Up to masses of the individual visible particles
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Figure 4.7.: Distributions of selection variables used to enrich VBF H — WW* events in
the > 2-jet category. Each distribution is shown at a selection level just before
the selection based on that variable. The order of these selections and graphics
shown here follows that in the text. Stacked estimates are normalized to their
prediction with exception of top, and Z/+* which are scaled to measured data
in control regions, resulting in scaling factors listed in Tab. 4.5. Selection
thresholds for the signal regions are indicated by the vertical gray dashed line.
The leading pr of central jets shows a gap as only jets with pp > 20 GeV are
considered. Events to the right of this gap are rejected by the central jet veto.
Uncertainties shown include statistical uncertainties only. The overlaid VBF
signal distribution is scaled to the integral of the stacked contributions. Red
arrows in the bottom panels indicate the direction of ratio points outside the

range shown.
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Figure 4.8.: Pre-fit distributions of variables used in the VBF BDT in the H — WW*

analysis. Stacked estimates are normalized to their prediction with exception
of top, and Z/~v* which are scaled to measured data in control regions with
scaling factors shown in Tab. 4.5. Uncertainties shown include statistical
uncertainties only.

section the construction of the individual likelihoods for the ggF and VBF enriched
regions are described.

4.5.1. Splitting of Signal Regions and Binning

The 0-jet and 1-jet signal regions are each subdivided into a total of 16 subregions
to enhance the discrimination of the ggF signal process with respect to the various
background processes. The splits are performed using criteria discussed in the
following.

e my < 30GeV, my > 30GeV The non-resonant WIW production increases
towards larger values of my,. Hence, this split allows for better discrimination
between the WW background and the H — WW™ signal which is enriched
at low values of myy, yet produced at relevant rates in the range 30 GeV <
My < 5D GeV.

e /1 = e, {1 = p The signal regions are split based on the flavor of the subleading
lepton ¢;. As can be seen from Tab. 4.6 for the mis-ID background the
subleading lepton is more likely to be the one misidentified. Uncertainties
regarding misidentified electrons are largely uncorrelated to those regarding

]
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Table 4.7.: Optimization of the sensitivity of the ggF H — WW™* analysis with respect
to the pffl split in the 0-jet and 1-jet signal regions. The quoted significances
and uncertainties of the ggF signal strength are obtained from a preliminary
implementation of this analysis and fits to Asimov datasets. Only statistical,
systematic uncertainties from experimental sources as well as ggF signal
modeling uncertainties defined in the WG1 scheme are considered.

P split [GeV] 0,41 [%] expected significance Z,

18 18.9 6.24
19 18.9 6.23
20 18.9 6.21
21 18.9 6.20
22 18.9 6.21
23 19.0 6.19
24 19.0 6.18
25 19.1 6.15

misidentified muons. Separating the signal region based on the flavor of the
subleading lepton therefore provides separate handles in regards to these
sizeable uncertainties.

o pfF < 20GeV, p > 20GeV The split based on the transverse momentum of the
subleading lepton is performed for a similar reason as the split based on the
subleading lepton flavor. While both the ggF signal process and the mis-ID
background are enriched at low values of pf the latter drops off more rapidly
as pi increases as can be seen in Fig. 4.9. The particular choice of the split
at pf = 20GeV is identical to the Run 1 analysis [115]. A validation of
this choice based on a preliminary version of this Run 2 analysis is shown
in Tab. 4.7. The threshold is kept consistent with the Run 1 analysis as no
significant improvement is found for other thresholds.

In each of the so defined signal subregions the transverse mass mr is used
as a final discriminant. In each of the O-jet (1-jet) subregions 8 (6) bins are
used with boundaries constructed such that roughly the same number of signal
events are expected in each bin of the same subregion. These remapped mr
distributions are created starting from histograms with bins of width 1 GeV in the
range 80 GeV < mp < 130GeV. Starting from the underflow bin mt < 80 GeV
bins of increasing my are combined until a fraction 1/Ny;,s of the total ggF signal
is accumulated. This fraction is typically not exactly met due to the finite initial
bin sizes. Hence, two options are considered to either include or exclude the bin
leading to exceeding 1/Npins. For both variants the procedure is applied iteratively
until the desired number of bins is reached. Out of the emerging variants the
one with the smallest squared differences with respect to a uniform distribution is
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Figure 4.9.: Remapped mr post-fit distributions in the 0-jet signal region of the H — WW*
analysis. The distributions shown are those in the subregions where the
subleading lepton is an electron. The graphics on the left show the pé1
20 GeV subregions, the ones on the right the subregions with p 1 >20GeV.
At the top and bottom the regions with my, < 30GeV and my, > 30 GeV,
respectively, are shown.

eventually used. The resulting remapped m+ distributions in the 0O-jet subregions
where /1 = e are shown in Fig. 4.9. The full set of remapped m distributions in
all signal regions can be found in App. C together with the mr bin boundaries of
the remapped mr distributions.

In the > 2-jet signal region the BDT response is used as the final discriminant
in four bins with boundaries [—1.0,0.26,0.61,0.86,1.0]. Background-like events
are enriched towards low values while VBF-like events are primarily found at high
values. The so binned distribution is shown in Fig. 4.10.

For the > 2-jet top control region the same binning using the BDT response is
used as for the VBF signal region in order to further constrain the shape of the
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Figure 4.10.: Post-fit distribution of the BDT score in the > 2-jet signal region of the
H — WW* analysis. The shaded uncertainty band includes statistical and
systematic uncertainties. Published in Ref. [112].

top background. All other control regions are included in the fit as single bins.
Distributions showing the post-fit modeling in these control regions are shown in
Fig. 4.11 (0-jet, 1-jet) and Fig. 4.12(> 2-jet).

4.5.2. Parametrization of Likelihood and Uncertainties

The structure of the binned likelihood used in this analysis follows the general
structure in Eq. (2.10) with bins described in Sec. 4.5.1. Eight normalization factors
(NFs) in total are included for the WW (only in 0O-jet and 1-jet categories), top,
and Z/~* backgrounds. Analogously to the scaling factors in Tab. 4.5, these scale
all contributions of the respective processes within a particular N category. In
contrast to the scaling factors in Tab. 4.5, however, these are determined in-situ
during the maximization of the likelihood. These parameters are freely floating and
mainly constrained from the respective control regions, i.e., no dedicated external
constraint terms (' are included. These NFs not only mitigate uncertainties
regarding the inclusive cross sections of the normalized processes” but also correct
for potentially mismodeled acceptances common to signal and control regions where
the same NF is applied.

In general sources of uncertainties affect both signal and control regions. With
respect to the stability of the numerical minimization of the NLL, however, it

"up to the relative contributions for different processes being normalized together, i.e.,
g9 = WW /qq — WW and tt/Wt.
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Figure 4.11.: Post-fit my distributions in the 0-jet (left) and 1-jet (right) control regions

of the H — WW™ analysis. The WW control regions are shown in the top
row, the top control regions in the middle, and the Z/4* control regions in
the bottom. The shaded uncertainty band includes statistical and systematic
uncertainties. Published in Ref. [112].
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Figure 4.12.: Post-fit Ay;; distributions > 2-jet control regions of the H — WW* analysis.

The top control region is shown on the left, the Z/~4* control region is shown
on the right. The shaded uncertainty band includes statistical and systematic
uncertainties. Published in Ref. [112].

can be favorable to transform the uncertainty such that its effect is vanishing in
one control region in order to reduce the (anti-)correlation with a NF. Usually
such uncertainties are theoretical modeling uncertainties concerning only a single
background process. Such a transformation to some extent voids the interpretability
of the NF, e.g., in terms of a relative cross section measurement of the normalized
process. Without the transformation any pull of the nuisance parameter associated
with the uncertainty in question is compensated by a change of the NF value to
the extent of the uncertainty’s effect common to signal and control regions. The
best-fit value of the NF therefore depends on the exact implementation of individual
uncertainties and should be considered an abstract parameter. As long as the
transformation only concerns background processes and leaves their post-fit yields
unchanged the interpretability of extracted signal parameters remains unaffected.

The parameters of interest are the signal strengths

. B *
(0'5 H—-WW )observed’ s = ggF, VBF (43)

fle (Us : BH%WW*)SM
for the ggF and VBF production modes respectively. Similarly to background
normalization factors these parameters scale the modeled yields of the respective
signal process. The p, parameters, however, are shared across all Njes categories
in order to extract the total signal strengths and cross sections. The measured
cross sections are then in turn obtained via Eq. (4.3) and removing theoretical
uncertainties concerning the predicted value of (¢ - Bg_sww+)sm-
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Uncertainties arising from finite sample sizes used to model individual
contributions are accounted for by one parameter 7; per bin as implemented
in Ref. [71]. As events in these samples are generally weighted with weights w; the
variance in each bin 7 is given by

2 _ § : 2
Ui,stat. - wj .

event j€ bin 4

With n; = ) w; the constraint terms are Poisson distributions P’(x|k) where the
parameters are given by

2 n2

n: ‘

i,stat. i,stat.

As x can assume non-integer values the factorial x! in the Poisson distribution is
replaced by the Gamma function I'(x + 1).

Experimental sources of systematic uncertainties are considered for objects
described in Sec. 3.3 and used in this analysis. The effect of these uncertainties
on the final distributions used in the statistical analysis are obtained through
reprocessing of the simulated samples with modified efficiency scale factors or
modified kinematic properties for the objects concerned by a particular uncertainty:.
The former variation only affects the weights of the simulated events. The latter
affects, e.g., energy scales and can therefore introduce migrations of individual
simulated events into, out of, or between categories and bins. The resulting
differences between the nominal and varied distributions are then taken as the
410 variations of the nuisance parameter associated with the uncertainty. Between
these values the effect is interpolated as a function of the nuisance parameter
following the default implementation in Ref. [71]. Sets of such +1o¢ variations are
provided by the respective ATLAS Combined Performance groups. In several cases
individual variations represent a combination of multiple sources of uncertainties for
a particular object type. These variations correspond to eigenvalue decompositions
of covariance matrices of the uncertain quantities®. Such decompositions can
significantly reduce the complexity of the likelihood constructed from the variations.
A short summary of uncertainties regarding the different objects is given in the
following.
electrons For electrons kinematic uncertainties are considered regarding the energy

scale and resolution with six nuisance parameters. Additionally uncertainties
are included concerning the efficiency of the used electron and dilepton

8efficiencies, energy and momentum scales, ...
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triggers, the reconstruction, isolation, and identification efficiencies. In total
32 nuisance parameters in regards to electron efficiencies are considered.

muons Besides a kinematic uncertainty regarding the overall momentum scale
of muons additional parameters account for uncertainties related to the
momentum measurement in the inner detector and the muon spectrometer.
Other uncertainties in the context of muons are related to their trigger,
reconstruction and identification, and isolation efficiencies as well as the
efficiency of the association of muon tracks to the primary vertex.

jets An uncertainty regarding the jet energy resolution (JER) as well as 21 nuisance
parameters describing uncertainties regarding the jet energy scale (JES) are
considered. In particular these include uncertainties regarding dependencies
on pile-up and the jets’ flavors are included. In the 0O-jet and 1-jet categories
JES uncertainties affect mainly the top and VBF processes and correspond to
yield variations of 5 — 8%. One additional nuisance parameter is included for
the efficiencies of each the JVT and fJVT.

flavor tagging Uncertainties are assigned to the efficiencies of b, ¢, or light jets
being tagged by the MV2c10 algorithm. The largest effect is associated with
the b-jet tagging efficiency. In regions with b-vetos the +1¢ variations of the
most relevant nuisance parameter correspond to a change in the yield from
top processes by up to 15%.

missing transverse momentum Resolution and momentum scale uncertainties
of unassigned soft tracks entering the calculation of EX and pmiss are
explicitly included. In addition these quantities are recalculated for kinematic
variations of electrons, muons, and jets.

luminosity A flat uncertainty of 2.1% [159] is assigned to all processes estimated
from MC and not normalized to data in a control region.

pile-up A dedicated uncertainty is included to account for the modeling of pile-up
interactions. It is obtained by reweighting simulated samples to pile-up
profiles with average numbers of interactions increased or decreased by about
10%.

Further details on individual sources of uncertainties can be found in Sec. 3.3 and
the references given therein.

A set of experimental uncertainties specific to this analysis is related to the
data-driven estimation of mis-ID leptons as introduced in Sec. 4.3. Variations of
the fake factors are employed to describe

e statistical uncertainties in the estimation of the fake factors,
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e uncertainties regarding the subtraction of real leptons in the estimation of
fake factors, i.e., the number of W Z events in the Z-jets enriched sample,
and

e uncertainties regarding the correction factors due to the different flavor
composition of the misidentified objects in Z-+jets and W+jets enriched
samples.

An additional uncertainty is applied on the correction for events where both leptons
are misidentified (double fakes) in the > 2-jet signal region. It is conservatively
chosen as the full size of the correction and amounts to about 25% of the final
mis-ID estimate. In the O-jet and 1-jet regions the number of such events is found
to be negligible.

The effects of these experimental uncertainties on the modeled yields and
distributions are evaluated per processes or sums of similar processes representing
minor backgrounds. These individual processes in this sense are the signal processes
ggF, and VBF, the WW backgrounds gg — WW, and gq¢ — WW, top backgrounds
tt, and Wt, the Z/~4* background, the mis-ID background, the sum of diboson
backgrounds excluding WW, as well as summed contaminations from other Higgs
boson production and decay modes.

No significant effects of experimental uncertainties on the shape of the remapped
mr distributions in O-jet and 1-jet signal subregions are found for any of the
aforementioned groups of processes. To this end a 2 fit of a constant is performed
to the ratio of the nominal and varied distributions, considering only statistical
uncertainties of the nominal histogram. A potential shape effect is removed if the
probability of finding a y? value lower than the one found in the respective y? fit is
less than 5%. Hence, nuisance parameters representing experimental uncertainties
in these regions are implemented to only act on the total yields of each process
group and subregion. Relative differences between the signal subregions as well
as control regions, however, are fully taken into account unless pruned. In order
to make the convergence of the minimization of the NLL more robust, effects of
uncertainties are pruned if that effect on the yield of a process group within a
region is below 0.5%. Such small effects may lead to unphysical (anti-)correlations
between different regions due to relative sign changes. Artifacts in the modeling
of systematic uncertainties may also lead to unphysically strong constraints on
nuisance parameters in particular if their effect is overestimated in regions with
high event yields. Variations of kinematic quantities can often lead to the migration
of individual events in or out of a region. In particular for simulated samples with
large event weights this can introduce unphysical effects. If such an unphysical
variation is in a region or bin with large event yields the corresponding nuisance
parameter can be constrained from this region leading to an underestimation of
the uncertainty in other regions. Therefore, effects of uncertainties obtained from
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variations of kinematic quantities are removed if

6variation < 0.2 .

Ostat

Here 0yariation denotes the variation in the event yield of a sample in some region
and o, the statistical uncertainty of the corresponding sample. An uncertainty
is only dropped completely if it is pruned in all regions for all processes. The
effects of the applied pruning have been examined at various steps and found to
be either negligible or to resolve unphysically strong constraints on some nuisance
parameters.

Theoretical uncertainties concerning the modeling of the ggF signal are
parametrized following the “WG1” scheme in Ref. [60, 160] for the 0-jet and 1-jet
categories. It accounts for perturbative uncertainties regarding resummation |60,
161,162], migration between jet bins, the shape of the pif distribution, the treatment
of the top quark mass, and an additional uncertainty for VBF like topologies. For
the > 2-jet categories perturbative uncertainties are derived via the Stewart-
Tackmann method [163|. In this method uncertainties of the inclusive cross
sections o>n_jet and o>nyi1-jer are assumed to be independent. Therefore the
uncertainty of the exclusive cross section on_jet = 0>N_jet — O>N41—jet IS given by
the uncertainties of the inclusive cross sections added in quadrature. The QCD
scale uncertainties (3.9% for ggF) as well as combined PDF+q uncertainties of 3.2%
(geF) |60] regarding the total cross section are assigned only for the measurement of
signal strengths. Independent parameters are included for corresponding acceptance
uncertainties and applied for both, measurements of signal strengths and cross
sections. In regards to the PDF set, eigenvector variations of PDFALHC [119] are
added in quadrature and additionally comparisons to other PDF sets (CT10 [147],
MMHT14 [164], and NNPDF3.0 [143] are used to derive uncertainties. Independent
variations of factorization and renormalization scales by factors 0.5 and 2 are used
to derive QCD scale acceptance uncertainties. Uncertainties due to the generator
choice and the modeling of underlying event and parton showers are derived from
the comparisons indicated in Tab. 4.2.

Acceptance uncertainties of the VBF signal arising from PDFs, choice of the
generator, and parton showers are derived analogously to those for the ggF signal.
Uncertainties of the total cross section of 2.1% for (PDF+a;) and QCD scales are
again taken from Ref. [60].

For the q¢ — WW background QCD scale uncertainties are derived from
variations of these scales by factors of 0.5 and 2 in samples produced with
MG5_ AMC@NLO [133,134] and PYTHIAS [57] with the constraint 0.5 < pup/pugr <
2. The resulting extrapolation uncertainties from the 0-jet and 1-jet control
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regions to the corresponding signal regions amounts to between 0.1% and 3.1%.
Uncertainties of the matrix element are derived via comparisons of the nominal
SHERPA [141,142,144,145| sample to samples produced with POWHEG and PYTHIA8
or HERWIG++ for the 0-jet and 1-jet categories. For the > 2-jet categories
comparisons to MGH  AMCQNLO are used. Parton shower uncertainties are
determined through variation of the ckkw parameter in SHERPA [141,165,166|. PDF
uncertainties are determined from variations provided in the NNPDF3.0 set and
comparison to the CT14 set [167].

The gg — WW background constitutes about 10% of the total WW background
in the signal regions of this analysis. It is normalized to the total cross section in
Ref. [146] and a conservative extrapolation uncertainty of 26% (39%) is assigned in
the O-jet (1-jet) signal regions based on Ref. [168].

For the top backgrounds uncertainties related to parton shower radiation are
assessed through variations of internal parameters of the respective nominal
generators including variations of the QCD scales pp and pg by factors of 0.5 and 2.
Uncertainties regarding matrix elements and parton showers are determined through
the comparisons indicated in Tab. 4.2. Uncertainties regarding the treatment of
Feynman diagrams shared between ¢t and Wt are applied based on a comparison
of samples produced with diagram subtraction and diagram removal prescriptions
described in Ref. [169]. PDF uncertainties for the t¢ process are again estimated
from variations provided in NNPDF3.0 and comparisons to MMHT14, CT14, and
PDF4LHC. For the Wt process internal variations of NNPDF3.0 and comparisons of
CT10 to NNPDF3.0, and MSTW2008 [170| are employed to derive an uncertainty. As
the resulting PDF uncertainties are found to be negligible they are dropped.

For the WZ/~* background uncertainties are obtained through variations of
SHERPA parameters regarding renormalization, factorization, and resummation
scales as well as parton shower matching and tunes. The scales are independently
varied by the usual factory of 0.5 and 2. For the W~ background a comparison of
the SHERPA sample to one generated with MG5  AMCQNLO accounts for both,
matrix element and parton shower uncertainties. As for other processes QCD scale
uncertainties are assessed through variations of these scales by factors of 0.5 and
2, however, excluding the combinations (0.5,2) and (2,0.5). PDF uncertainties are
obtained from internal variations and comparisons of NNPDF to CT14 and MMHT14.

From a comparison of samples produces with SHERPA
and MG5_AMCQNLO-+PYTHIAS for the Z/v* process in the 0-jet and 1-jet
an uncertainty between 5% and 25% in the signal and control regions is found. It
shows opposite signs between signal and control regions as well as between the
Njets bins. For the signal regions it is only evaluated for the sum of the subregions
of each jet multiplicity due to the very limited size of the samples.
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Contaminations from Higgs boson production or decay modes other than
the signal processes are tiny in this analysis. Hence, no dedicated theoretical
uncertainties are assigned.

Comparisons used to estimate the effect of these sources of theoretical
uncertainties are largely performed using generator level samples with selections
closely resembling those for the reconstructed samples unless sufficiently large
reconstructed samples are available.

After applying the b-jet veto in addition to the preselection criteria in the > 2-jet
category a mismodeling of the m;; shape is found and an uncertainty corresponding
the full relative size of this mismodeling is applied to all but the VBF processes in
this category.

Effects and rankings of uncertainties with respect to the parameters of interest
in this analysis are elaborated on in Sec. 4.6.

4.6. Results

The cross sections times branching ratios and signal strengths are determined
simultaneously for the ggF and VBF H — W W™ processes by minimization of NLL
described in Sec. 4.5 using the RooFit package [70]. The observed cross sections
times branching ratio

(0ger - Brsww=)obs = 11.4 713 (stat.) 713 (th. syst.) *]3(exp. syst.) pb
= 11.4"32pb, and

(ovBr - Br—ww+)obs = 0.50 7023 (stat.) = 0.10(th. syst.) 7012 (exp. syst.) pb
= 0.50 £33 pb

are in good agreement with the predicted values [60]

(OgeF - Broww+)sm = 10.4 £ 0.6 pb, and
(O'VBF : BH%WW*)SM = 0.81 £ 0.02 pb

The contours of the 68% and 95% confidence levels in the (0ger - Bu—ww~) X (ovpr -
By _ww+) plane are shown Fig. 4.13. The respective signal strengths are

pagr = 110 Xggg(stat.) X017 (th. syst.) Toq3(exp. syst.) = 1105535, and

pyver = 0.62 702 (stat.) *012(th. syst.) & 0.15(exp. syst.) = 0.62 7936,

The significances of the signal processes over the respective null hypotheses are
observed (expected) to be Zgr = 6.0 (5.3) and Zypr = 1.8 (2.6).
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Figure 4.13.: Two dimensional confidence levels of o4 - By_ww+ and ovpr - Bu_ww=.
The SM prediction with corresponding theoretical uncertainties [60] is given
by the red marker. The correlation between the two POIs is small due to the
purity and higher accuracy of the ggF signal. Published in Ref. [112].

The post-fit event yields in the three signal regions are shown in Tab. 4.8.
Numbers for the individual 0-jet and 1-jet subregions can be found in the Appendix
in Tab. C.2. Post-fit distributions in the control regions are shown in Fig. 4.11
and Fig. 4.12. The post-fit distributions in the VBF signal region are presented in
Fig.4.10, the post-fit modelling of the Ay;; and m;; distributions used in the BDT
is shown in Fig. D.2 in the Appendix. The sum of the O-jet and 1-jet ggF signal
regions is presented in Fig. 4.14. Distributions of my, p§, and my, in the 0-jet and
1-jet signal regions each are shown in Fig. C.5 in the Appendix.

The total uncertainty for the VBF production mode is dominated by statistical
uncertainties, yet systematic uncertainties are not negligible. For the gluon-fusion
measurement the relevance of both, experimental and theoretical, systematic
uncertainties is at the level or even larger than the statistical uncertainties. A
more detailed breakdown into different sources of uncertainties is given in Tab. 4.9,
impacts of leading individual uncertainties and their pulls are presented in Fig. 4.15.
The difference between impact and breakdown values? for individual parameters
are found to be generally small.

Uncertainties Affecting Measurement of the VBF Signal

The VBF measurement at this point is dominated by statistical uncertainties arising
from the finite size of the available data sample. To a smaller, yet relevant, extent

9The terms impact and breakdown refer to the corresponding prescriptions presented in Sec. 2.4.3.
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Table 4.8.: Post-fit event yields in the signal regions of the H — WW™ analysis. In
addition to the full signal regions the highest BDT bin in the > 2-jet signal
region is shown. Uncertainties include statistical and systematic uncertainties,
and correlations amongst corresponding nuisance parameters. The latter are
also the reason why the uncertainties of the total yields are smaller than those
of some individual contributions. Published in Ref. [112].

Process 0-jet SR 1-jet SR > 2-jet SR > 2-jet SR
BDT > 0.86
Hyor 639 +110 285451 42+16 613
Hypr 7T+1 31 +2 28 +16 16 +6
WWw 3016 +203 1053 +206 400 £60 11+£2
4% 333 £38 208 +32 70 +12 3+1
tt/Wt 588 £130 13974179 1270480 14+£2
Mis-Id 447 £77 234 +49 90 +30 642
Z /v 27+11 76 +24 280 +40 4+1
Total 5067 £80 3296 +61  2170+50 60 £10
Observed | 5089 3264 2164 60

a second source of statistical uncertainties is affecting this analysis. The size of the
available MC samples, foremost those of the Z/v* background, affect the analysis to
an extent that exceeds the combination of all sources of theoretical uncertainties.

The most important theoretical uncertainties are related to the non-resonant
WW background and the ggF H — WW™ contamination in the > 2-jet VBF signal
region. For both of these processes a dedicated control or signal region in the
> 2-jet category is highly desirable for future iterations of this analysis. For the
WW background the inclusion of such a control region has been considered but no
definition with sufficient purity and sample size was found. With the almost 140 fb™*
of data recorded in the full Run 2 campaign the latter is likely to be alleviated.
Additionally recent theoretical progress [171,172] may reduce uncertainties in this
regard. The inclusion of a > 2-jet ggF signal region not only supports the VBF
measurement by reducing extrapolation uncertainties. It is also desirable in regards
to measurements in the simplified template cross-sections (STXS) scheme [60] in
order to cover more of the Higgs boson production categories defined therein.

Experimental uncertainties are of even lower relevance. While uncertainties
related to the mis-ID background represent the largest contribution in this group
their effect in regards to the final result is small. The conservative choice of the
double fakes uncertainty is partially motivated by a negligible effect on the total
uncertainty.
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Figure 4.14.: Post-fit mr distribution in the combined 0-jet and 1-jet signal regions in the
H — WW* analysis. Uncertainties represented by the hatched bands include
statistical uncertainties, systematic uncertainties, and correlations amongst
these. The bottom panel shows a comparison of background subtracted data
and the H — WF¥W** — ¢~¢'*1/ signal. Contributions from other Higgs
production or decay modes are omitted in the graphic as they are too small
to be visible. Published in Ref. [112].

Uncertainties Affecting Measurement of the ggF Signal

The precision of the measurement of the ggF production mode is affected by
statistical, experimental, and theoretical systematic uncertainties in almost equal
parts. The most relevant theoretical uncertainties are related to the modeling of
the ggF signal itself as well as the dominant background processes WW (0-jet)
and top (1-jet). In regards to the W background the leading contribution is an
uncertainty on the extrapolation from the control regions to the respective signal
regions. For this analysis at /s = 13 TeV the applied uncertainty is taken as the
larger of the estimates for \/s = 8,14 TeV in Ref. [168] as no dedicated estimates for
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Table 4.9.: Breakdown of uncertainties in the H — WW™* analysis. Values are given in
percent of the respective cross section times H — WW™* branching ratio and
obtained as described in Sec. 2.4.3. The effect of statistical uncertainties in
control regions refers to the breakdown of the free background normalization
parameters. MC statistical uncertainties include statistical uncertainties arising
from the ID-t+anti-ID data sample used to estimate the contribution from
misidentified leptons. Published in Ref. [112].

Source ggF VBF
Data sample size 10 46
CR sample size 7 9
MC sample size 6 21
Theoretical uncertainties 10 19
ggF 5) 13
VBF <1l 4
WWwW 6 12
tt/Wt 5 5
Experimental uncertainties | 8 9
b-tagging 4 6
Modeling of pile-up 5) 2
Jet 2 2
Lepton 3 <1
Misidentified leptons 6 9
Luminosity 3 3
Total 18 57

Vs = 13TeV are given. Dedicated estimations in addition to theoretical advances
as already discussed for the VBF measurement are likely to reduce this uncertainty.
Leading uncertainties related to the ¢¢ production enter indirectly via the > 2-jet
category. While the ggF measurement mainly relies on the lower jet multiplicities
the > 2-jet category allows to constrain jet bin migrations to some extent.

The modelling of the ¢t process in the > 2-jet category affects the 0-jet and
1-jet categories by an additional intermediary: the b-tagging efficiency represents
one of the largest experimental uncertainties. The O-jet category provides the
largest sensitivity to the geF production mode. In this category only jets with
20 GeV < pr < 30GeV are available for the rejection of events from top backgrounds
by means of a b-veto. In just this kinematic region uncertainties of the tagging
efficiency are much larger than for higher pr as can be seen in Ref. [96]. The
leading experimental uncertainty is given by the modeling of pile-up. The current
definition of this uncertainty is generally considered conservative as pile-up effects
are already included in uncertainties regarding individual physics objects. Leading
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Figure 4.15.: Impacts and pulls of individual nuisance parameters in the H — WW*
analysis. Post-fit impacts on ggF cross section are shown on the left, impacts
on the VBF cross section on the right as blue boxes and are derived as
described in Sec. 2.4.3. The black markers represent the best-fit values of
the parameters, the attached error bars their post-fit uncertainties. The
Njets suffixes indicate parameters either only applicable in certain regions or
decorrelated between different Njes categories. Published in Ref. [112].

uncertainties entering the analysis via the estimate of mis-ID events are related
to the subtraction of prompt leptons in the estimation of the fake factors and the
jet flavor composition difference between the Z+jets and W +jets samples. The
former can be reduced through independent optimization of event selection criteria
for the estimation of misidentified electrons and muons. In order to reduce the
latter progress in the theoretical prediction of the flavor composition represents
one possible way of improvement. A different approach could be to make use of
dilepton events currently unused by the analysis in order to estimate fake factors
from samples with a mis-ID composition closer to that in the main analysis.
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Comparison to other Measurements

An analysis targeting the same production and decay modes of the Higgs
boson has been performed by the ATLAS Collaboration already based on the
Run 1 dataset corresponding to 25fb™" at /s = 7, 8 TeV [115]. The therein
reported signal strengths are figr = 1.02 4= 0.19(stat.) T072(syst.) and pypr =
1.27 T840 (stat.) T30 (syst.). The measurement presented here features significantly
reduced statistical and slightly reduced systematic uncertainties. At the same time
it is simplified in several aspects. Some of the main differences are listed in the

following.

e The Run 2 analysis benefits from a larger dataset due to the increased
integrated luminosity as well as due to increased cross sections due to the
increased center-of-mass energy. The increase, however, applied to the signal
cross sections to a similar extent as for backgrounds as can be seen in Fig. 2.10.

e In the Run 1 analysis not only final states with one electron and one muon but
also those with two electrons or two muons are considered. While this doubles
the signal acceptance the gain in sensitivity is much smaller as the same-flavor
categories come at the cost of much larger background contamination from
Z/v* — ee, pu.

e While the Run 2 analysis presented here requires p% > 15GeV this
requirement is looser in the Run 1 equivalent with p4 > 10 GeV increasing
the signal acceptance [115]. The harsher pile-up conditions in Run 2, however,
make an accurate estimate of the mis-ID background in this region very
challenging.

e The jet definition in the Run 2 analysis is simplified to use a threshold of
pr > 30 GeV instead of different thresholds depending on the pseudorapidity
n.

e The 0-jet and 1-jet top control regions in the Run 2 analysis are defined
using simple b-tag requirements instead of complex estimation procedures for
the different jet bins in the Run 1 analysis. During the development of the
present analysis no significant difference in sensitivity has been found.

The corresponding Run 2 analysis performed by the CMS Collaboration [173] also
includes final states with two same-flavor leptons and covers additionally the W H

and Z H production modes. The measured signal strengths are jigr oms = 1.38 7075}

and pver.oms = 0.29 7055 [173]. While analysis strategies differ in some aspects
similar absolute precision is found for the ggF production mode while for the VBF
production mode the uncertainty is larger by a factor of 1.8 in terms of the observed
absolute uncertainty. For the CMS result only the upper uncertainty is considered

in this factor as the lower uncertainty is truncated at p = 0.



5 Projections for Measurements
of Higgs Boson Couplings at the
HL-LHC

In this chapter projections for the expected sensitivities of measurements of Higgs
boson cross sections and couplings at the High Luminosity LHC (HL-LHC) [6] are
presented. These projections have been performed in view of the Furopean Strategy
for Particle Physics Update 2018-2020 [174]. They are intended to estimate the
achievable precision with the expected final datasets corresponding to integrated
luminosities of 3000 — 4000 fb~" [6] at /s = 14 TeV delivered to the ATLAS and
CMS experiments each.

The results presented in this section comprise a subset of projections of ATLAS
measurements of Higgs boson cross sections and couplings. The projections are
performed based on the corresponding Run 2 analyses as of early summer 2018. The
results of these projections are published in Ref. [175] which is part of Ref. [176]
together with expected detector performances [177| and projections for other
analyses performed in ATLAS and CMS. The Higgs boson related results are again
summarized in Ref. [178]. The selection of results shown here largely corresponds to
the author’s areas of contribution: the projection of the ggF and VBF H — WW*
analysis presented in Chap. 4 and its combination with projections of analyses
targeting other Higgs boson production and decay modes.

5.1. Prescriptions and Assumptions

The estimation of the future sensitivities of the various analyses is performed
largely through adjustments to the statistical models and maximum likelihood
fits to the resulting Asimov datasets. Performing these studies based on such
high-level models is owed to the time scale available for these studies. This restricts
adjustments from the Run 2 to the HL-LHC conditions and datasets to be mostly
accounted for by means of uniform or only coarsely binned scaling factors described
in the following.
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Table 5.1.: Cross-section scaling factors approximating o(14TeV)/o(13TeV) for
background processes used in projections estimating the sensitivity of Higgs
boson related analyses at the HL-LHC. The scale factors used for the projection
of the H — WW™* analysis are annotated with the processes they are applied
to. Based on Ref. [125].

Vi gluon initiated quark initiated
125 GeV 1.12 1.08
(99 = WW) (qq = WW, VV,

Vv, mis-ID, Z/~*)

300 GeV 1.16 1.10
(th) (W)

600 GeV 1.21 1.13

The central values of detector, reconstruction, and identification and isolation
efficiencies as well as misidentification rates are assumed to be unchanged at
the HL-LHC compared to their current values. While parts of the detectors will
be upgraded the resulting gain is expected to roughly compensate for the more
challenging pile-up conditions at the HL-LHC with up to 200 average interactions
per bunch crossing [6].

The yields of all processes considered are scaled to an integrated luminosity of
3000fb~". To account for the center-of-mass energy of /s = 14 TeV instead of
Vs = 13 TeV the total cross sections of background processes are scaled based on
the ratio of parton luminosities in Ref. [125]. As the projections are performed
largely on the level of the statistical models approximate scaling factors listed
in Tab. 5.1 are applied. These scale factors depend on the typical hard scatter
center-of-mass v/ § and whether a process is quark or gluon initiated. Changes in
kinematic distributions and resulting changes, e.g., in acceptances are neglected.
For the projection of the H — ~+ analysis [179] the background is estimated from
side bands in data and its composition is not accurately known. The effect of
different choices of cross-section scaling factors has therefore been studied for this
channel and found to be negligible.

For the signal processes, i.e., different Higgs boson production modes, the
expected yields are scaled by the ratio of their cross sections at y/s = 14 and 13 TeV
in Ref. [60]. The production cross sections and their ratios are shown in Tab. 5.2.
Again, kinematic changes due to the increased center-of-mass energy are neglected.

The limited size of MC samples available is a source of considerable uncertainties
already in current analyses such as the one presented in Chap. 4. Providing and
processing sufficiently large sets of simulated events for analyses using even larger
measured datasets represents a large challenge discussed, e.g., in Ref. [180]. The
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Table 5.2.: Higgs boson production cross sections at /s = 13 and 14 TeV and their ratios.
Based on Ref. [60].

gegF VBF WH q—ZH 99— ZH ttH
(14 TeV)/ pb 54.67 4278 1513 08418 0.1443  0.6137
(13 TeV)/ pb 48.58 3.782 1.373 0.762 0.1227 0.5071
o(14TeV) /o (13 TeV) | 1.125 1.131 1.102  1.105 1176 1.210

projections presented here, however, are focused towards the physics potential
disregarding such challenges. Therefore statistical uncertainties arising from finite
sizes of simulated samples are neglected for these studies. The same holds for
so called spurious signal uncertainties in the H — v~ analysis [179]. These
uncertainties account for potential biases in the extracted signal yields due to the
choice of function for the analytic background model. Their current magnitude is
driven by the size of simulated samples from which it is estimated. For this reason,
as well as anticipated improvements in terms of background parametrization, these
uncertainties are neglected here.

Statistical uncertainties of the assumed datasets inherently scale as
\/ LRun 2/ Lur—Luc where L denotes the integrated luminosity used in the current
Run 2 analysis (36 —80fb™') and at the end of the LH-LHC programme respectively.
In terms of systematic uncertainties two scenarios are considered. In the scenario
S1 systematic uncertainties are kept at their values used in the Run 2 analyses
extrapolated from. In scenario S2 systematic uncertainties are reduced by scaling
factors documented in Ref. [177]. Their assumed values are coordinated with those
used by analogous projections performed in the CMS Collaboration.

Reduction factors for uncertainties of parton distribution functions are given in
Ref. [177] for different ranges of hard scatter center-of-mass energies and different
initial states. They are provided in two sets assuming no (a factor 2.5) improvement
in uncertainties of experimental inputs to the determination of the PDFs. Over the
largest range of center-of-mass energies between 40 GeV and 1 TeV these factors
range between 0.38 (0.27) and 0.49 (0.42). Outside of this range the reduction
is more modest for most initial states. For the H — WW™ projection the most
relevant backgrounds are non-resonant but can be expected to be largely contained
in this central interval. For the VBF enriched region with large dijet invariant mass
the range > 1TeV can also be expected to be relevant. Hence, a rather conservative
reduction factor of 0.50 is used for the H — WW™ projection. The same reduction
factor of 0.5 is also applied to remaining theoretical uncertainties for all projected
analyses. This applies to acceptances, shapes of fitted distributions as well as
inclusive cross sections.



PROJECTIONS FOR MEASUREMENTS OF HIGGS BOSON
112 COUPLINGS AT THE HL-LHC

Experimental uncertainties of the jet energy scales (JES) are either unchanged,
halved, or expected to become negligible depending on the particular source of
uncertainty. The jet energy resolution (JER) is reduced by a factor 0.5. Uncertainties
regarding the flavor tagging of jets are reduced to a third of their value at Run 2.
The uncertainty regarding the modeling of pile-up interactions is halved. The
total integrated luminosity is assumed to be measured with an uncertainty of
1.0% corresponding to a reduction by about half of its uncertainty in Run 2.
Methodological uncertainties such as those related to the mis-ID estimate in the
H — WW?* analysis are unchanged with exception of the statistical uncertainties
of the fake factors which are scaled like statistical uncertainties of the dataset in the
main measurement. Uncertainties regarding the efficiencies of electrons, photons,
and muons are unchanged. Here improvements are expected to largely cancel with
more challenging conditions at the HL-LHC. Uncertainties of the energy scale and
resolution of electrons and photons are kept unchanged or are halved if they are
dominant. For the extrapolation of the H — pp analysis an improved resolution of
the dimuon invariant mass of 15 — 30% is assumed due to expected improvements
of the inner detector.

In order to allow for a simplified combination of the expected sensitivities
of the ATLAS and CMS Collaborations expected uncertainties of parameters of
interest (POIs) are split into statistical uncertainties, experimental uncertainties, and
theoretical uncertainties acting either on signal processes or background processes.
A full likelihood based combination or taking correlations of individual nuisance
parameters into account was again prohibited by the timeline for these projections
and the European Strategy Update. The combination documented in Ref. [178§|
is performed using the BLUE method [181-183] where the effect of theoretical
uncertainties is assumed to be fully correlated between the two experiments, the
experimental and statistical uncertainties are assumed to be uncorrelated for this
combination. The effects of the individual groups on a POI are determined following
largely the breakdown method described in Sec. 2.4. In order to apply the BLUE
method it is required that the square sum of a single experiment’s breakdown
values reproduces the experiment’s total uncertainty.

Hence, a modified breakdown prescription is used for uncertainties split into
these groups. In Sec. 2.4 the POI's uncertainties are compared between the fully
unconditional fit and fits where one group of nuisance parameters is set constant.
For the grouping also used for the combination a sequential approach is used where
in each step additional nuisance parameters are fixed and the POI’s uncertainties
are compared to those from the previous step. In this sequence theoretical
uncertainties affecting background processes are fixed in the first iteration, signal
theory uncertainties in the second, and experimental uncertainties in the last
iteration. The quoted breakdown of background theory uncertainties is then taken
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as the square difference of the POI’s uncertainties between the unconditional fit
and the first iteration. The breakdown of the signal theory group is the square
difference between the first and second iteration. Analogously the breakdown of
experimental uncertainties is defined. In case the uncertainty of the luminosity is
quoted individually it is excluded from the group of experimental uncertainties and
set constant in the very last iteration. The residual uncertainties after fixing all
nuisance parameters corresponding to systematic uncertainties are quoted as the
statistical component. While this prescription by construction yields closure when
adding the groups’ breakdowns in quadrature it also introduces a dependence on
the order of the chosen sequence. The size of this dependence is discussed for the
projected H — WW™* analysis in Sec. 5.2.

5.2. Projection of the H — WIW* Analysis

In this section the expected sensitivity at the HL-LHC is presented based on the
H — WW?* analysis described in Chap. 4. The evolution of the total uncertainties
as well as different groups of uncertainties for different values of the integrated
luminosity is shown in Fig. 5.1 for the measurement of the ggF and VBF Higgs
boson production cross section times branching ratio By_,ww+. Contributions
from systematic uncertainties can be found to be reduced with larger datasets for
multiple reasons.

e Some uncertainties considered as systematic uncertainties in the cross section
or signal strength measurement are in turn statistical uncertainties of an
orthogonal subset of the recorded dataset. Their magnitude therefore
inherently reduces as the inverse square root of the integrated luminosity. In
the H — WW* analysis this applies to the statistical components of the fake
factor uncertainties.

e As the relative statistical uncertainties resulting from the dataset decrease,
nuisance parameters can be significantly constrained in-situ beyond the level
given by their corresponding constraint term. In 5.2 and Figs. 5.3 this is
particularly prominent for the muon fake factor EW subtraction. As this
uncertainty is considered conservative in the Run 2 analysis and has not been
explicitly reduced, the increased constraint is considered appropriate here.
Sensitivity to this parameter is largely given by the choice of discriminant
variables in the ggF categories described in Sec. 4.5.1 which are chosen as
to provide separation between contributions from processes with prompt or
misidentified leptons. Similarly non-negligible constraints of other nuisance
parameters have been checked for plausibility as the used statistical model may
not be sufficiently detailed for the largely increased dataset. In the H — WW*
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projection presented here constraints are found to be at reasonable levels.
A contrasting example is found in the extrapolation of the ttH, H — bb
channel [175,176] where the effect of an uncertainty regarding the modeling of
the tt-+heavy flavor background is implicitly reduced beyond plausible levels
when assuming a 3000fb™~! dataset. In this case an additional uncertainty
acting directly on the ¢tH signal is injected to emulate a more modest
reduction and provide a more accurate comparison between the different
channels’ sensitivities.

e Often systematic uncertainties affect different regions considered in a fit
to different extents. The precision in regions with low yields of the signal
process but also small systematic uncertainties may outweigh that in high-
yield regions with large systematic uncertainties given a sufficiently larger
dataset. Hence, even without increased constraints of nuisance parameters
the relevance of systematic uncertainties can be reduced in the projections
compared to the Run 2 result.

In general improvements in expected uncertainties below the effect of systematic
uncertainties in the Run 2 analysis are related to a non-trivial combination of these
reasons. The rankings base on the breakdown method of individual sources of
uncertainties for the projected cross section and signal strength measurements are
shown in Fig. 5.2 (ggF) and Fig. 5.3) (VBF) when assuming an integrated luminosity
of 3000 fb~".

For the VBF production the finite size of the available dataset remains the leading
source of uncertainty amongst the groups shown throughout most of the anticipated
data taking campaign. It is becoming subdominant around 2500 fb~*. With the full
3000 tb™! all categories contribute to similar levels between 2.5% and 4%. The most
relevant individual sources of systematic uncertainties are related to the modeling
of the WW background, the VBF signal and contaminations from the ggF signal in
the VBF categories. The leading experimental uncertainty is the flavor composition
dependence of the jet energy scale (JES) in samples enriched in jets from heavy
quarks. The uncertainty regarding the m;; modeling is unchanged compared to
the analysis presented in Chap. 4 as the origin of the corresponding mismodeling is
not well known. As several leading sources of uncertainties contribute to a similar
or slightly larger extent the effect of this choice on the total expected uncertainties
is small.

In the current ggF H — WW™ analysis effects of experimental and theoretical
systematic uncertainties are already at the same level as statistical uncertainties due
to the finite size of the recorded dataset. As especially for theoretical uncertainties
a sizeable reduction is assumed in scenario S2, these initially appear as subdominant
in Fig. 5.1 for the ggF production mode. The breakdown values of many sources of
uncertainties are very similar for this production mode. Hence, even the inclusion
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Figure 5.1.: Expected relative uncertainties of measurements of the cross section of ggF
(left) and VBF (right) Higgs boson production times H — WW™ branching
ratio in scenario S2. The contributions of subsets of uncertainties are obtained
via a sequential breakdown as described in Sec. 5.1. The actually evaluated
points are represented by the markers and correspond to integrated luminosities
of 36.1, 100, 300, 1000, and 3000 fb~1.
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analysis at the HL-LHC with a dataset corresponding to 3000fb~!.

The

rankings are obtained via the breakdown method and refer to measurements
of the cross section times branching ratio oger X Buy_ww= (left) and signal
strength figer ww+ (right). Published in Refs. [175,176].
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Figure 5.3.: Ranking of leading sources of uncertainties in the projected VBF H — WW*
analysis at the HL-LHC with a dataset corresponding to 3000fb~!. The
rankings are obtained via the breakdown method and refer to measurements
of the cross section times branching ratio oypr X By_ww+ (left) and signal
strength piver H—ww+ (right). Published in Refs. [175,176].

of uncertainties of the total signal cross section can slightly change the order in
which uncertainties appear in the rankings shown in Fig. 5.2 due to finite numeric
precision in the minimization of the NLL. Similarly the contribution of groups
with initially small breakdown values may seem to slightly increase with higher
luminosity in Fig. 5.1 since at lower luminosity values the subtraction in quadrature
is performed from two values which are large compared to their difference.

The leading experimental uncertainty for measurements targeting the ggF
production mode is given by the uncertainty due to the subtraction of real leptons
(EW subtraction) when estimating the muon fake factor (c.f. Sec. 4.3). As a
methodological uncertainty it has not been modified for scenario S2. Improved
descriptions of the W Z production and improved rejection of this process during the
estimation of the fake factors are likely to reduce this uncertainty in the future. At
least to some extent such improvements are implicitly included in these projections
as the corresponding nuisance parameter is strongly constrained. The leading
theoretical uncertainty of a background process is related to the gluon induced,
non-resonant W W production. This uncertainty is conservatively estimated in
the Run 2 analysis. It is significantly constrained in this extrapolation even after
being reduced to half of its magnitude in the Run 2 analysis. Hence, even a less
conservative estimate may still lead to a sizeable effect in the future unless additional
measures are taken. Besides this background related modeling uncertainty, several
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uncertainties regarding the ggF signal process itself are found amongst the leading
uncertainties. In case of a signal strength measurement the two leading sources
of uncertainties relate to the total cross section of the ggF signal. Improvements
beyond the already assumed reduction by a scaling factor of 0.5 may be achievable
for uncertainties from PDFs and «g due to future experimental and theoretical
improvements in their determination. In regards to the uncertainty related to QCD
scales the here assumed reduction by 50% may be considered optimistic as already
the Run 2 analysis uses the prediction calculated at N3LO in QCD [60].

A comparison of the expected uncertainties in the scenarios S1 and S2 at HL-
LHC and S1 with a dataset equivalent to the Run 2 analysis is shown in Tab. 5.3.
As discussed in Sec. 5.1 these breakdowns into different groups of uncertainties
are performed in a sequential manner which introduces a dependence on the
chosen sequence. Several variants of possible sequences are compared in Tab. 5.4.
The contribution to the total uncertainty attributed to a group of systematic
uncertainties is found to be larger the earlier it appears in the chosen sequence.
The differences of the respective contribution are up to 15% between the sequences
resulting in the largest and smallest values. For the combination of projections
from ATLAS and CMS the order described in Sec. 5.1 can therefore be considered
to be conservative as the uncertainty groups fixed first are those considered fully
correlated between the experiments’ individual results.

The observed effect of order dependence can be understood in terms of correlations
emerging between different nuisance parameters when fitting a dataset. Fixing
a group of parameters to their best fit value therefore inherently strengthens
constraints on remaining parameters which, in the fully unconditional fit, are
correlated to the ones being fixed to their best-fit values. It should be noted that
these correlations do not necessarily need to appear as linear correlation coefficients,
1.e., non-vanishing off-diagonal elements in the inverse Hessian matrix. Instead
the effect of order dependence may also be (partially) introduced by terms of an
expansion of the NLL beyond quadratic order.

5.3. Other Projected Analyses

Analogously to the projection presented in Sec. 5.2 projections of the individual
H — vy [179), H — ZZ* [184], H — 77 [185], VH, H — bb [32], and ttH [186,187]
analyses as well as the H — puu [188] and H — Zv [189] searches have been
performed [175,176].

The rare decay modes H — up and H — Z~ have not been formally observed,
yet. The signal strength of the H — up decay is expected to be measured with
an uncertainty of 13% in scenario S2 with a dataset corresponding to 3000fb™! at
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Table 5.3.: Comparison of expected uncertainties of the cross sections times branching ratio
in the ggF and VBF H — WW™* channels for different scenarios. Values given
are relative uncertainties of the cross section times H — W W™ branching ratio.
If the signal strength is measured the column A, replaces Agig/(0 - B)sm.
Here, “Run 2" refers to 36.1fb~1 at /s = 13TeV and “HL-LHC” refers to
3000fb~! at /s = 14TeV. The groups of uncertainties are denoted by the
subscripts stat (statistical), exp (experimental), sig (signal theory), and bkg
(background theory). Published in Refs. [175,176].

Aot Astat AGXP Asig Abkg

Prod. mode Scenario (0-B)sm (0-B)sm (0-B)sm (0-B)sm (0-B)sm AMSig
geF Run 2,81 | Y159 | Toos  fomo  Tooss  Tooee | Tooms
HL-LHC,s1 | “8080 | #6618 108 vaos pms | oo
HL-LHC, s2 | *ouis | “oow0 oo oo “ooos | “o0ss
ver  |Rnzs | BR[E TR OBN T | Thi
HL-LHC,s1| *Hi%5 | “4883 v v wame | waom
HL-LHC,s2 | *60% | *688 #0030 083 | vae

Table 5.4.: Comparison of expected uncertainties of the cross sections times branching ratio
in the ggF H — WW™* channel for different choices of breakdown sequences.
Values given are relative uncertainties of the cross section times H — WW™*
branching ratio. The groups of uncertainties are denoted by the shorthands
exp (experimental), sig (signal theory), and bkg (background theory). The
uncertainty of the integrated luminosity is considered as a separate group and
fixed in an additional, last step in all sequences. In all cases its breakdown
value is 1%. The scenario is $2 with 3000 fb™! at /s = 14 TeV.

A Ag; A
Sequence (O"l;})(gl\/[ (mg)lgSM (U‘g;(ng
bkg—exp—rsig To0s  Tools  Tooss
bkg—ssig—rexp T00%  Toos  To0a
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exp—rsig—bkg Too  tools  Toos
sig—bkg—rexp T00e6  T00%0  Too0ss
sig—exp—bkg To0s  Toom  To0ss
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Table 5.5.: Summary of expected total uncertainties of Higgs boson production cross
section times branching ratio measurements at the HL-LHC. The quoted values
are total relative uncertainties in scenario S2 with an assumed dataset of
3000 fb~! at /s = 14 TeV. For the t¢H (4+tH) production mode the H — ZZ*,
H — WW?* and H — 77 decay modes are summarized as a multi-lepton
category which is then split based on the presence of a hadronically decaying T
lepton. The H — ZZ* contribution in these categories is given by events where
no four-lepton invariant mass can be calculated. The t#H, H — bb channel is
split into single (1¢) and dilepton (2¢) categories. Based on Refs. [175,176].

H—-vw|H—=2ZZ*|H-WW* | H—=71r| H—b
geF 10,03 0043 o004 *0.108 -
VBF L0.09 oi7 £0.066 L0076 -
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99 — ZH - - 0433
. coos | O B (10

Tonr (07), 1933 (> 17) 030 (20)

/s = 14 TeV. Even with the full HL-LHC dataset the measurement is expected to
be dominated by statistical uncertainties. The decay H — Z~ represents an even
larger challenge. For this decay mode the cross section times branching ratio is
expected to be measured with an uncertainty of 23% in scenario S1 using the full
expected single-experiment dataset. The projections indicate a signal significance
for the H — Z~ decay of 4.90. With additional advances in the analysis strategy
a formal observation of this process with significance > 5.00 can be expected
assuming Standard Model production and decay rates. The dominant source of
uncertainties are again statistical uncertainties of the dataset. As the systematic
uncertainties are expected to remain subdominant no extrapolation of this channel
has been performed for S2.

An overview of expected precisions of the remaining individual analyses is
shown in Tab. 5.5. The most precise individual channels overall are the H — ~~,
H — ZZ*(— 40), and H — WW™* channels with Higgs boson production via
gluon-fusion. Their expected total uncertainties of cross section times branching
ratio range between 3 and 5%. Each of these channels is expected to achieve a
precision similar to the precision of the current prediction of the ggF cross section
with an uncertainty of 5% [60].
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The H — WW?* analysis features the smallest expected uncertainties for the
VBF production mode. In the corresponding H — ZZ* category statistical
uncertainties are the largest contribution to the total uncertainty in this combination
of production and decay channels. In the H — ~7 channel the expected statistical,
experimental and signal modeling systematic uncertainties exceed those in the
projected VBF H — WW* analysis by 0.01 to 0.03 each. In the H — 77 analysis
the sensitivity to the VBF production mode exceeds that for the ggF production
mode and is close to the expected sensitivity in the H — WW™ channel.

The ggF H — 77 process is measured primarily in a boosted regime effectively
canceling benefit of the higher production cross section compared to VBF. It
is therefore also much more strongly affected by signal modeling uncertainties.
Furthermore the H — 77 analysis categories provide only modest separation
between events from either ggF or VBF production modes resulting in strong anti-
correlations between the measured ggF and VBF cross sections [185].

The measurement of the associated production with a vector boson is limited by
statistical uncertainties in the H — ZZ* channel. Statistical uncertainties are also
dominating in the H — vy measurement while the expected total uncertainty of
9% is much lower than the expected uncertainty of 18% in the H — ZZ* channel.
The expected sensitivities in the projected V.H, H — bb analysis are derived for the
different subprocesses WH,qq — ZH, and gg — Z H individually. The expected
total uncertainties of the WH and q§ — ZH cross sections in the H — bb decay
channel similar to that in the combined VH, H — vy case. Leading sources
of uncertainties are related to the modeling of background processes (W H) and
statistical uncertainties (¢q¢ — ZH). The sensitivity to the gluon induced ZH
production is very low as the analysis extrapolated from is not designed to separate
the two ZH production processes.

The H — ~7v decay channel is expected to allow for the highest accuracy in the
ttH production mode. The main benefits for this channel are the distinct signature
of the H — vy decay as well as the parametric background model extracted directly
from data. While the H — bb decay features better statistical precision it is limited
by uncertainties of the background modeling, in particular the ti+heavy flavor
backgrounds.

A feature that can be found across several decay channels is the relevance of the
modeling of contaminations from the ggF production mode in phase spaces targeted
at the other production modes VBF, V H, and ttH. Similar to the VBF H — WW*
case shown in Fig. 5.3 leading uncertainties for the subdominant production modes
include one or multiple nuisance parameters related to the modeling of the ggF
production mode in the H — vy and H — ZZ* analyses.
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5.4. Combination

In the previous sections 5.2 and 5.3 expected sensitivities of individual Higgs boson
analyses at the HL-LHC are presented. In this section results are presented from
a statistical combination of the individual extrapolated ATLAS analyses. A large
set of different parametrizations of the Higgs boson signals has been published in
Refs. [175,176].

5.4.1. Parametrizations

The combination procedure largely follows that of a recent ATLAS combination
of Run 2 results in Ref. [190]. The combined likelihood is essentially a product
of the individual analyses’ likelihoods except for constraint terms of nuisance
parameters which are considered correlated between multiple analyses. For such
parameters and corresponding uncertainties the constraint term is only included
once in the product likelihood. The ttH, H — bb channel introduces large,
unrealistic constraints on various experimental uncertainties and the corresponding
nuisance parameters are therefore decorrelated from those acting on the remaining
channels. As an additional simplification, nuisance parameters in the H — Z~y
analysis are decorrelated from other channels as the H — Z~ analysis has only been
extrapolated assuming scenario S1, i.e., for combined results including this analysis
no reduction of systematic uncertainties in the corresponding regions is included.
As the extrapolated H — Z~ analysis is still dominated by statistical uncertainties
this is expected to have negligible effects on the estimated sensitivities.

Uncertainties of the predicted production cross sections and decay branching
ratios of the Higgs boson are included depending on the parametrization.

e For the measurement of production cross sections the yield contributions from
different decay modes are combined according to their SM branching ratios
and corresponding uncertainties are assigned. For these measurements the
analyses targeting the rare decays H — pup and H — Z~ are not included as
their contribution to the sensitivity is negligible here.

e Analogously, for measurements of the different branching ratios, processes
are correlated in their production mode according to their SM predictions
and uncertainties regarding the total cross section of the different production
modes are assigned.

e When measuring the product of individual production cross sections times
branching ratios no theoretical uncertainties regarding either of these apply.
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e Both groups of uncertainties, regarding production and decay, are included
when quoting signal strengths i or a reparametrization thereof in terms of
the x framework [125,190,191].

The k parameters correspond to coupling modifiers inspired by couplings in the
leading order Feynman graphs [125]:

2 1SM
k5T
2 _SM - f
(7 Bliy =m0 1 pat

or equivalently

Hif = I{%{

Here, the superscript SM refers to the Standard Model values of the Higgs boson
production cross section via process i (09™), the partial width of decay into final
state f (I'$™) and the total width I'3M of the Higgs boson. Multiple variants of
this type of parametrization can be employed. For example, the modifiers x4, x.,
and rz, refer to the effective (loop induced) couplings to gluons, photons, and Z~y
respectively. In order to resolve these effective couplings in terms of fundamental
couplings the different relative contributions from SM particles in the loops need to
be considered. For example, the H — v~ decay involves significant contributions
from Feynman diagrams with either a top quark or a W boson in the loop. Numeric
values allowing to determine the different relative contributions when resolving
these effective couplings are given in Ref. [125] calculated at NLO. An overview
of the resulting parametrization of the different production and decay modes in
terms of effective and fundamental couplings can be found in Ref. [191]. Another
parametrization employs a single modifier for couplings to massive vector bosons
(ky = kw = Kkz) and massive fermions (kr) each.

The total width modifier k% can be written as [175,191]

2oy By

5.1
1 — Bgsm (5.1)

Ky =
where Bggy accounts for deviations in SM couplings not measured as well as BSM
decays which are invisible to the detector. An exception is the H — ZZ* — 4v
decay where relevant parameter xy is constrained via the H — ZZ* — 4/¢ channel.
The at hadron colliders experimentally inaccessible H — gg decay is constrained
from the ggF production mode. The Standard Model corresponds to all k parameters
being 1 and Bgsy = 0. When allowing Bgsy > 0 one needs to impose the condition
kw,z < 1 in order to be able to constrain kg, i.e., the Higgs boson total width,
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without introducing degeneracies in the parametrization. The assumption that
kw.z < 1 holds in a range of possible extensions to the SM [125].

The expected precision of parametrizations shown in the following refer to the
more optimistic scenario $2 and a dataset corresponding to 3000 fb™* at /s = 14 TeV.
The more conservative scenario S1 is included in Refs. [175,176].

5.4.2. Global Signal Strength

The global signal strength combining all Higgs boson production and decay modes
and scaling all o - B by the common factor py is expected to be measured as

pr = 179925 = 1 4£0.006(stat) 4+ 0.013(exp) =+ 0.017(sig) +0.010(bkg). (5.2)

Uncertainties regarding the signal processes are dominating as this parametrization
depends on the predicted individual cross sections and branching ratios. It therefore
includes sizeable uncertainties regarding production and decay ratios. As the
individual analyses use orthogonal subsets of the full dataset their statistical
uncertainties are inherently uncorrelated and therefore the statistical uncertainty of
such a combined measurement is greatly reduced. Similarly uncertainties from the
modeling of background processes and, to a lesser extent, experimental uncertainties
are only partially correlated between the individual channels due to different final
state signatures [175,176]. In a recent ATLAS combination using up to 80fb™* of
Run 2 data the global signal strength was determined to be

pr = 1117008 = 1.11 & 0.05(stat) Tooa(exp) 003 (sig) £ 0.03(bkg) [192].

5.4.3. Production Cross Sections and Branching Ratios

The expected precision of combined measurements of the production cross sections
and decay branching ratios is shown in Fig. 5.4. The relative total expected
uncertainty of the measured ggF cross section of 2.4% is almost identical to the
uncertainty of the inclusive signal strength in Eq. (5.2). However, the latter includes
a sizeable uncertainty of the predicted ggF cross section of around 2.5% (QCD scales
+ PDF + ag). The measurements of most production mode cross section are
expected to be dominated by systematic uncertainties with exception of the ZH
production mode where the size of statistical and systematic uncertainties are
almost identical.

When measuring the Higgs boson branching ratios only the rare decay modes
H — pp and H — Z~ are still limited by statistical uncertainties. The common
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Figure 5.4.: Expected uncertainties of combined measurements of Higgs boson production
cross sections (left) or branching ratios (right) at the HL-LHC. The expected
uncertainties are shown as total uncertainties (black) as well as statistical
(yellow boxes) and systematic components (pink). Published in Refs. [175,176].

decay modes H — bb, H — WW*, H — ZZ* and H — v are expected to be
measured with uncertainties between 4 and 5%.

Expected total uncertainties and their breakdowns into statistical, experimental,
signal, and background modeling uncertainties are shown in Tab. 5.6 for production
cross sections times branching ratios which can be measured in this combination.
For easier comparison of different channels the results are additionally visualized
in Fig. 5.5. Background uncertainties of the H — uu, Z~ decays are vanishing due
to their parametric background estimate, and either small vanishing correlations
with other channels. While in the H — 77 channel similar parametric background
models are used, this channel is less affected by statistical uncertainties and shares
several sources of systematic uncertainties with other channels. Fixing background
related nuisance parameters therefore leads also to a small indirect reduction of
uncertainties of the cross sections in the H — 7y channel.

Statistical uncertainties are only expected to be dominant for very rare decay
modes (H — pp, Z7v) or combinations of rare production and decay modes
(VH/ttH, H — ZZ* and VH, H — ~7). For most other combinations systematic
uncertainties dominate over statistical ones.

5.4.4. Interpretations in the x Framework

In this section interpretations of the projected results in the x framework described
in Sec. 5.4.1 are presented.
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Table 5.6.: Expected uncertainties of the cross sections times branching ratios in the
combination of analyses projected to the anticipated HL-LHC dataset. The
scenario is $2 with 3000 fb~! at /s = 14 TeV. Adapted from version published
in Refs. [175,176].

. . A Agio Apk
Production Deca Aot Astat e Sie £
Y (O"B)SM (U'B)SM (U'B)SM (U'B)SM (U'B)SM
+0.037 +0.017 +0.031 +0.009 +0.006
H — vy —0.035 —0.017 —0.029 —0.009 —0.005
% +0.039 +0.020 +0.030 +0.011 +0.010
H—ZZ —0.039 —0.020 —0.030 —0.010 —0.009
* +0.044 +0.012 +0.027 +0.021 +0.024
F H—WW —0.043 —0.012 —0.027 —0.020 —0.024
88 H - rr +0.085 +0.033 +0.045 +0.058 +0.028
—0.080 —0.033 —0.044 —0.051 —0.026
+0.187 +0.179 +0.031 +0.047 +0.000
H — pp —-0.183 | —0.179  —0.023  —0.029  —0.000
+0.346 +0.311 +0.059 +0.139 +0.000
H — Z~ —0.320 —0.311 —0.039 —0.062 —0.000
+0.093 +0.044 +0.058 +0.056 +0.009
H — vy —0.085 | —0.044  —0.051  —0.051  —0.008
* +0.122 +0.098 40.053 +0.047 +0.014
H—ZZ 0115 | -0094  —0.048  -0042  —0011
* +0.066 +0.033 +0.029 +0.040 +0.028
VBF H—WW —0.065 —0.033 —0.028 —0.040 —0.028
H - 7 +0.079 +0.037 +0.050 +0.033 +0.037
—0.076 —0.037 —0.046 —0.031 —0.035
+0.370 +0.325 +0.142 +0.104 +0.000
H — pp —0.353 —0.325 —0.092 —0.104 —0.000
+0.677 +0.625 +0.153 +0.208 +0.000
H — Z~ —0.688 —0.619 —0.065 —0.293 —0.000
+0.141 +0.132 +0.037 +0.030 +0.007
WH H — vy —0.136 —0.130 —0.030 —0.026 —0.006
H — bb +0.102 +0.044 +0.042 +0.044 +0.070
—0.099 —0.043 —0.040 —0.040 —0.068
+0.161 +0.151 +0.036 +0.041 +0.006
71 H — vy —0.153 —0.147 —0.028 —0.034 —0.005
H — bb +0.052 +0.035 +0.020 +0.022 +0.024
—0.051 —0.035 —0.019 —0.021 —0.024
¥ +0.187 +0.177 +0.037 +0.043 +0.018
VH H—ZZ —0.176 —0.168 —0.031 —0.039 —0.016
+0.076 +0.047 +0.043 +0.041 +0.005
H — vy —0.072 —0.046 —0.040 —0.038 —0.005
* +0.213 +0.063 +0.189 +0.052 +0.054
TH H— WW* rr | Ty —0.063 —0.170 —0.034 —0.048
H — 77 +0.203 +0.196 +0.035 +0.041 +0.010
—0.183 —0.177 —0.026 —0.035 —0.009
7 +0.151 +0.032 +0.034 +0.047 +0.135
H — b —0.133 —0.032 —0.033 —0.041 —0.118
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Figure 5.5.: Expected uncertainties of combined measurements of Higgs boson production
cross sections times branching ratios at the HL-LHC. The expected
uncertainties are shown as total uncertainties (black) as well as statistical
(yellow boxes) and systematic components (pink). Published in Refs. [175,176].
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The Higgs-fermion vertices in the Standard Model are proportional to x¢-\/ V2=
ky-mys/v. The couplings of the Higgs boson to the massive vector bosons are
proportional to xkymi /v. Hence the reduced couplings xym;/v (fermions) and
VEkvmy [v are expected to show a linear dependence on the particles’ masses as
illustrated in Fig. 5.6, comparing the already achieved precision to that projected for
the HL-LHC programme. The reduced coupling xsmy/v is expected to be measured
with an uncertainty of about 7% for muons. In the Run 2 combination [190]
performed at a similar time as the studies presented here, only an upper limit of
K, < 1.63 at 95% confidence level is achieved. Similarly the expected uncertainties
of couplings of other particles to the Higgs boson are expected to be greatly
reduced. In this case shown in Fig. 5.6 the loop structure as predicted by the SM
is assumed to resolve the effective couplings of gluons and photons to the Higgs
boson. The H — Z~ analysis and corresponding decay mode are not included as
their contribution to the sensitivity is expected to be negligible.

The expected uncertainties shown in Fig. 5.7 are obtained with parametrizations
leaving the gluon and photon couplings to the Higgs boson unresolved, i.e., kg4, K,
parameters scaling their effective couplings are included. The Bggy term is fixed to
0. Using such a parametrization the measurement becomes sensitive to contributions
to the loops from new particles which might even be too heavy for direct production.
The expected uncertainties of 2.4% (x,) and 3.1% (k) are about a fourth of those
reported in Ref. [190]. The expected two dimensional confidence levels in the
Kg, ky-plane are shown in Fig. 5.8.

When allowing Bggy # 0 in Eq. (5.1) this parameter is expected to be measured
with an uncertainty of 3.3%. No dedicated searches for invisible decays of the Higgs
boson are included here. In Ref. [190] a corresponding 95% confidence level limit
of Brgm < 0.26 is quoted based on up to 80fb~" of Run 2 data. Assuming that the
corresponding profiled NLL is approximately parabolic! this corresponds again to
an expected improvement by a factor of about 4. Uncertainties of x parameters are
reduced, both, in Ref. [190] and here, when including a Bggy term. This feature
can be related to the imposed conditions sy z < 1.

In Fig. 5.9 expected uncertainties are shown for measurements of ratios of x
parameters \;; = K;/k;, j = ¢, Z. The g9 — H — ZZ* process serves as
a reference process with k,z = Kykz/kp connecting the coupling ratios \;; to
absolute cross sections. Again, to avoid degeneracies all of these parameters are
assumed to be positive with exception of A\;; and Ay 7. In this parametrization the
total width of the Higgs boson drops out and therefore no assumptions regarding
this width need to be made. The loop induced processes are again treated via
effective coupling modifiers k4, K, Kz,. For comparison Fig. 5.9 also includes

IThat is, the 95% confidence level corresponds to approximately 2 standard deviations.
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Figure 5.6.: Test of relation between coupling strengths of particles to the Higgs boson

and their masses. The vertical axis shows the reduced couplings ¢ - m¢/v
for fermions and /Ky - my /v® for massive vector bosons with the vacuum
expectation value v = 246 GeV. The left hand side shows a recent ATLAS
measurement (from Ref. [190]) using up to 80 fb~! of Run 2 data, the right
hand side (published in Refs. [175,176]) the expected precision at the HL-LHC
in scenario S2. In both cases no BSM effects are considered and the SM
structure is assumed for loop induced effective couplings gg — H and H — vy
which are expressed in terms of the fundamental couplings to fermions and
weak vector bosons. The dashed lines indicate the SM prediction, the ratios
to which are shown in the bottom panels.

%Here, the power of the constant v is adjusted to create a dimensionless quantity and to make
the linear relations for fermion and vector boson masses coincide.

expected uncertainties for a largely analogous measurement of ratios of production
cross sections and branching ratios. In contrast to the A\ parametrization the
analyses of the rare decay channels H — uu, Z~ are not included in this case.
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Figure 5.7.: Expected uncertainties of scaling factors x of Higgs boson couplings at the
HL-LHC in scenario S2 with (bottom graphic) and without (top graphic)
inclusion of a generic BSM term accounting for undetected decay modes. In
the former case the conditions Bgsy > 0 and sy, z < 1 are imposed. Published

in Refs. [175,176].
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Figure 5.8.: Expected 68% and 95% confidence levels in the x4, ky-plane at the HL-LHC
in scenario S2. Published in Refs. [175,176].
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Figure 5.9.: Expected uncertainties of ratios \;; = ;/k; (left), and ratios of production
cross sections and branching ratios (right) measured at the HL-LHC in scenario
S2. In both cases the gg — H — ZZ* process is used as a reference fixing
absolute cross sections. In both graphics the scenario is S2. Published in

Refs. [175,176].






6 Summary and Conclusions

The set of experimentally confirmed particles in the Standard Model of particle
physics was completed in 2012 with the discovery of a neutral resonance of
mp ~ 125GeV by the ATLAS [1] and CMS [2| Collaborations. By now being
considered as the Higgs boson of the Standard Model, it is since a topic of a broad
set of experimental investigations. Its unique role in the Standard Model renders
it a prime subject for studies in regards to potential extensions of the Standard
Model. Amongst these studies measurements of production cross sections and
branching ratios and their interpretation in terms of couplings to other Standard
Model particles represent an important baseline for further studies. The Brout-
Englert-Higgs (BEH) mechanism predicting the existence of the Higgs boson is not
only studied in processes producing a Higgs boson. Feynman diagrams involving
the exchange of a Higgs boson are crucial for the self-consistency of the SM in
processes such as the scattering of vector bosons.

Studies are presented evaluating the potential for improvements of the charge
reconstruction of highly energetic electrons in the ATLAS detector. Charge
misreconstruction in this regard leads to significant background contributions
in analyses investigating some of the rarest processes by exploiting signatures with
two electrons or muons carrying identical electric charge. In particular in cases
where the electron emits a hard bremsstrahlung photon converting to an ete™
pair in the detector material, the choice of the charge-defining track is non-trivial.
Potential gains by means of an improved, MVA based, ambiguity resolution at the
level of already reconstructed tracks are found to be limited.

In detailed studies the dominant origin of charge misidentification is instead found
to be in the reconstruction of the used track candidates. Charge misidentification
is found to be strongly linked to the presence of hybrid tracks which are partially
composed of hits from a prompt electron and partially of hits from electrons
produced in the conversion of a bremsstrahlung photon.

A measurement of the gluon-fusion (ggF) and vector-boson fusion (VBF) Higgs
boson production cross sections times H — WW™ branching ratio is presented
based on data corresponding to an integrated luminosity of 36.1fb~ ! at \/s = 13 TeV
taken in the years 2015 and 2016. To this end final states with one electron and
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one muon are used in categories of different jet multiplicities targeting either the
gegF or VBF production mode. The estimation of background contributions from
events with misidentified leptons is performed using a fake factor method. In the
category targeting the VBF production mode a boosted decision tree is used to
enhance the separation of signal events from those from background processes. The
cross sections times branching ratio are determined simultaneously using a binned
profile likelihood fit which for which binning and parametrization are discussed in
detail. High sensitivity in regions targeting the ggF production mode is achieved in
this fit through the use of of distributions in multiple dimensions. The obtained
values read

Oger - Brww- = 11.4 713 (stat.) 1% (th. syst.) 13 (exp. syst.) pb
and
over - Broww+ = 0.50 1923 (stat.) & 0.10(th. syst.) *012(exp. syst.) pb
= 0.50 7533 pb.
The corresponding signal strengths, i.e., the ratio of the aforementioned result to
the prediction in the Standard Model are
g = 1.10 7500 (stat.) T513 (th. syst.) T013(exp. syst.) = 1.107035, and

pver = 0.62 102 (stat.) T013(th. syst.) 4 0.15(exp. syst.) = 0.62 )35,

The results are well compatible with the Standard Model predictions. Leading
uncertainties are discussed for both production modes. The accuracy of the
here obtained results is briefly compared to earlier measurements by the ATLAS
Collaboration and to a recent measurement pubished by the CMS Collaboration.

An extensive outlook for studying the Higgs boson is given in Chap. 5. Projections
of expected sensitivities at the HL-LHC are presented exemplary based on the
H — WW* analysis for interpretations in terms of cross sections times branching
ratio and signal strengths. Furthermore a statistical combination with such
projections for other Higgs boson analyses is presented. The expected precisions
are derived for parameters of various interpretation schemes including Higgs boson
production cross sections, Higgs boson branching ratios, and combinations thereof.

The results are also interpreted in various parametrizations of the k-framework
which introduces multiplicative modifiers for the coupling strengths of the Higgs
boson to other particles. Based on this framework the couplings of the Higgs boson
to the massive vector bosons and the third generation fermions are anticipated
to be measured with uncertainties between 1.8% and 4.3%. For the loop induced
effective couplings to photons and gluons expected uncertainties of 2.4% and 3.1%



135

are found, providing unprecedented sensitivity to effects of new physics possibly
contributing to these loops. Similarly decays of the Higgs boson to undetected final
states are expected to be measurable with an uncertainty of 3.3%.

Systematic uncertainties are expected to become a limiting factor for most of
these measurements even with some assumed significant improvements. Further
more, the sensitivity of inclusive measurements and interpretations, e.g., in the
r-framework to effects of new physics is limited. A rich set of more sophisticated
analyses and interpretations should therefore be envisioned. Fiducial measurements
in restricted phase spaces can reduce uncertainties due to the extrapolation from
the experimentally covered phase space to the inclusive processes. Additionally, in
differential measurements individual cross sections are extracted in multiple bins of
selected variables. Many systematic uncertainties affect primarily overall event rates
while their effect on shapes of distributions may be small. As a consequence, e.g.,
differential measurements allow for the extraction of additional shape information
whereas the shape of signal processes is largely fixed in measurement such as those
projected.

Similarly additional information can be extracted in the so called simplified
template cross section (STXS) scheme [60] determining individual cross sections
in multiple disjoint phase space regions. The STXS scheme, being agreed upon
between theorists and experimentalists from different experiments, is particularly
suitable for further interpretations including results from several analyses. Such
interpretations are usually performed in terms of Effective Field Theories (EFT)
such as SMEFT [193].
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Appendix

A. Relation between Y? Distribution for 1 Degree
of Freedom and Gaussian Confidence Intervals

In this section a connection between the cumulative density function (CDF) of a x?
distribution with one degree of freedom and the symmetric integrals of a standard
normal distribution is shown. For one degree of freedom the x? distribution reads
(see, e.g., Ref. [67])

1 e X°/2

Rz

Its CDF « with x := x? can be expressed as

F(x%,1)

/

L [v e/
= — dr —
V2 Jo V'
’ 2
2w 1 /y dy? e v /2
= duy == Ly = V!
o7 ), Y Y

dy vy

\/1 /yld 2¢~Y*/2
= — e .
2 0 Y

The so transformed integrand is symmetric with respect to 0 and the expression
can, hence, be written as a symmetric integral

(0%

which is nothing but the integral over a standard normal distribution between
+y = +1/x?". Hence, the probability p = 1 — a to find x> > x? is the same as
the probability for a normal distributed quantity to be found outside the interval

[V V).
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B. Input Distributions for Electron Track
Selection BDT

In this Section distributions of input quantities of the track selection BDT in
Sec. 3.3.6 are shown. For better comparison of their shapes the distributions of
different types of tracks are normalized, their integral before normalization is given
in the legends. All entries are unweighted counts. All distributions are obtained
from a sample of simulated single electron events with overlaid pileup collisions.
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Figure B.1.: Distributions of distances in ¢ and n between the barycenter of the electron’s
n X ¢ = 3 x 5 cells calorimeter cluster and the extrapolated track position.
The cluster’s barycenter and the tracks’ n and ¢ values are taken at the
second layer of the electromagnetic calorimeter. Tracks are either directly
extrapolated from the perigee or extrapolated from the perigee after rescaling
their momentum to the cluster’s energy. The distances in ¢ direction are
multiplied by the track’s reconstructed charge to account for the interplay
of different direction of curvature for different charges and radiative energy
losses. The tracks’ parameters are taken from the GSF fit.
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Figure B.2.: Distributions of number of hits, missing hits and known dead modules for
different tracks in the innermost and next-to-innermost tracking detector
layers. More than one hit in one detector layer can be found due to slight
overlap of the modules of each layer to ensure full ¢ coverage.
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Figure B.3.: Distributions of number of hits, missing hits and known dead modules for
different tracks in the pixel and silicon strip (SCT) tracking detectors.
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Figure B.4.: Distributions of remaining input quantities to the track selection BDT.
Distributions of differences indicated by a A refer to the difference of the
quantity in question between the pion-hypothesis track fit and the GSF fit. E3s5
refers to the energy measurement in the n x ¢ = 3 x 5 cells sized calorimeter
cluster. While the GSF fit is designed to improve the parameter estimates for
electron tracks it is found to provide much stronger differences for non-electron
tracks compared to the pion-hypothesis fit.
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C. Additional Distributions Regarding the ggF
H — WW* Analysis

In Tab. C.1 bin boundaries used to create the remapped mr distribution used in
the ggF H — WW™ statistical analysis are listed. The algorithm used to obtain
these boundaries is described in Sec. 4.5. The post-fit distributions of the remapped
mr are shown in Figs. C.1 and C.2 for the 0-jet signal subregions and in Figs. C.3
and C.4 for the 1-jet signal subregions. The corresponding yields including also
those from other Higgs boson production or decay modes! are given in Tab.C.2
based on a fit to the 0-jet and 1-jet regions only where the VBF process is fixed to
the SM prediction.

Additional post-fit distributions in the O-jet and 1-jet signal regions are shown
in Fig. C.5. Again the hatched uncertainty bands include statistical uncertainties,
systematic uncertainties and correlations thereof. Edges in the p4 distributions
are related to different thresholds of the triggers used.

!Contributions from other Higgs processes are omitted in the presented graphics as their
contribution would not be visible.

Table C.1.: Bin boundaries of the mr distributions in the ggF H — W W™ signal subregions.
Numeric values are given in GeV. The lowest mr bins start at 0, the highest
bins run until oco.

Niets | ™M pgrl ¢y | mt boundaries
<15 L€ 84,92,98,103,108,114, 121
<30 wo| 82,89,95,101,107,113, 122
> 15 L€ 93,101,107,113,118, 124, 130
0 po| 93,101,107, 112,117,123, 130
<15 L€ 87,95,101,106,111,117,124
> 30 | 86,94,100,106, 111,117,125
> 15 L€ 94,102,108,113,118,124,130
- wo| 93,101,107,112,117,123,130
<15 L€ 80,91,101,111,123
<30 1| 80,91,101, 110,121
> 15 € 85,96,107,116, 129
1 | 85,97,107,117,130
<15 L€ 86,97,106, 115,125
> 30 wo| 87,97,105,114,125
- > 15 L€ 89,99, 108,118,130
- 1| 89,100,109,119,130
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Figure C.1.: Remapped mr post-fit distributions in the 0-jet signal region of the H —
WW* analysis. The distributions shown are those in the subregions where the
subleadig lepton is an electron. The graphics on the left show the p 1 < 20GeV
subregions, the ones on the right the subregions with p 1'>20GeV. At the
top and bottom the regions with my, < 30 GeV and mygy > 30 GeV respectively

are show.
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Figure C.2.: Remapped mt post-fit distributions in the 0-jet signal region of the H —
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are show.



Events

Events

ADDITIONAL DISTRIBUTIONS REGARDING THE ccF H — WW* ANALYSIS 147

70
F H-WW*_evuv,N =1 + Data 2 Uncertainty E
60} Ly W 0 e E
F {s=13TeV,36.1fb O twe [l ww g
Eosi i zly* [ Mis-ld ]
5of Signal region =V\\// 0 Mis E
F m <30 GeV, pl'< 20 Gev, l1=e ]
40 1
30 E
20k 3

07 08 09 1
remapped m

0 01 02 03 04 05 06

AR R o e S B SN R RS RRARRRSARRREEES
120+ . * - + Data X\ Uncertainty —
N H-ww evav, leel ! .HggF I Her 7
[ Vs=13TeV, 36.1fb" O twt [l ww ]
1001~ signal region =\Z/0/ 0 Mis-id ]
E m, =30 GeV, p< 20 GeV, I1=e ]
80 1 p; 7
601 =
40 ]

20

0O 01 02 03 04 05 06 07 08 09 1

remapped m,

Events

Events

m, < 30 GeV, plt = 20 GeV, I1=e

300 T
L H-WW*_evuy, Nm:l :Ealait::cenalnty E
250F {s=13TeV, 36.1 fb* 03 e [ ww 4
signal region =€l\\/’ 0 Mis-id E
200 3

150

100

T[T T[T rrrrs

0 0102 03 04 05 06 07 08 09 1

remapped m

700+ e e T
H-WW* _evuv,N =1 -+ Data X\ Uncertainty

600 _Jf‘ I Hye B Hoee
Vs=13TeV, 36.1 fb O Wt [ Ww
. . W zy' [0 Mis-Id

500 signal region mw

m, 230 GeV, pl* 2 20 GeV, I1=e

e b b b

TTT T[T T[T T[T T[T ITT 1Tt

|

oO 01 02 03 04 05 06 07 08 09 1

remapped m

Figure C.3.: Remapped mr post-fit distributions in the 1-jet signal region of the H —
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Figure C.4.: Remapped m post-fit distributions in the 1-jet signal region of the H —
WW* analysis. The distributions shown are those in the subregions where the
subleadig lepton is a muon. The graphics on the left show the pgrl < 20GeV
subregions, the ones on the right the subregions with pfrl > 20 GeV. At the
top and bottom the regions with my, < 30 GeV and myp > 30 GeV respectively

are show.
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Figure C.5.: Post-fit distributions in the 0-jet and 1-jet signal regions of the H — WW*

analysis. The distributions shown are mr (top), p4 (middle), mg (bottom).
The 0-jet signal region is shown on the left, the 1-jet signal region on the
right. Uncertainties include statistical and systematic uncertainties as well as
correlations between these. Published in Ref. [112].



Table C.2.: Detailed post-fit event yields in the 0-jet and 1-jet categories in the H — WWW*
analysis. The values are obtained from a fit to only those categories with the
VBF process fixed to the SM prediction. Uncertainties include all statistical
and systematic uncertainties considered in the analysis.

Hgop Hypr other H tt /Wt WWw Z/v* Mis-Id VV  Data
CR, 0j, WW 104 £ 19 1.104+0.13 10.0£1.0 1180=£200 4900 4 270 35050 6004130 318+33 7461
CR, 0j, Ztt 53+9 0.55 £ 0.06 107+ 4 71£14 910 £ 60 411004600 2300=£600 97080 45463
CR, 0j, top 21+4 0.454+0.08 1.70+£0.32 2960 4+ 170 240 4+ 40 48 + 16 89 £ 22 33+£7 3399
CR, 1j, WW | 1.82 £0.35 0.196£0.018 10.7+0.5 51004600 3600 £ 700 200 £50 480+120 350£60 9784
CR, 1j, Ztt 28+5 3.644+020 39.3+1.5 302 4+ 33 300 £+ 60 2530 + 80 220+£60 147+22 3571
CR, 1j, top 22+5 2.18+0.30 3.4+0.5 18800 =+ 400 220 £ 50 75+ 14 320 £ 80 32+6 19428
0-jet signal regions
my < 30GeV, pit < 20GeV, {, = e 42+ 7 0.454+0.05 0.30£0.09 16+4 103+9 1.1+04 26+5 38+4 238
me < 30 GeV, pif <20GeV, ¢, = u 75+ 13 0.72£0.09 0.53£0.05 3447 1844+14 0.11+£0.04 81+ 12 55+ 6 451
me < 30GeV, pit >20GeV, {, = e 78 £ 13 0.944+0.11 0.88£0.08 57+ 11 303 £ 20 1.9+0.6 30+8 32+4 518
my < 30GeV, pf > 20GeV, £ = p 100 £ 18 1.10£0.16 1.07£0.09 66 + 12 3714+26 0.15+0.05 4149 4146 612
me > 30GeV, pf <20GeV, £, =e 41+ 7 0.37£0.04 0.37£0.06 3247 165+ 13 1.1£0.6 3T+7 188+27 329
me > 30GeV, pf <20GeV, ¢, = u 70+ 12 0.66 £ 0.06 0.67 £ 0.06 61+ 11 2724+ 19 71+£3.1 87+ 14 30+4 503
me > 30GeV, pit >20GeV, {; = ¢ 103 + 18 1.224+0.17 1.404+0.12 149 4+ 28 740 + 50 9.24+3.1 67+ 17 69+7 1130
me > 30GeV, pif >20GeV, {; = u 129 £ 22 1.524+0.16 1.594+0.12 172 4+ 32 880 + 60 6.1+2.7 78+ 19 49+7 1308
1-jet signal regions
me < 30GeV, pf <20GeV, (1 =e | 11.74+23 1.01 +£0.06 0.44 +0.06 365 25+5 3.1+15 11.5£23 197£29 102
me < 30GeV, pf <20GeV, 6, = p 22+4 2.04+0.14 0.81+£0.06 76 +9 50.0£10.0 3.6+1.7 31+4 18.1+33 196
me < 30GeV, pit >20GeV, {, = e 45+ 8 5.12+0.34 1.66 £0.19 146 £+ 16 110+ 20 1.2£0.6 20+ 6 37+5 384
me < 30GeV, pit >20GeV, {, = p1 5249 5.7+04 2.36+0.17 172 4+ 20 1344+24 1.06+£0.33 27+ 9 26+ 6 433
me > 30GeV, pf <20GeV, (1 =e | 11.64+2.3 1.08 £ 0.07 0.55+0.11 66 + 8 474+ 9 13+4 19+4 120427 159
me > 30GeV, pit <20GeV, 6, =p1 20+4 1.88+0.11 0.96 + 0.07 1224+ 14 85+ 16 10£5 36+6 17+4 289
me > 30GeV, pf >20GeV, (1 =e 55+ 10 6.4+04 238+0.15 360 £ 40 280 + 50 19+6 46 + 11 36+7 788
me > 30GeV, p >20GeV, {; = p 67 + 12 7.34+05 3.00+£0.26 420 £ 50 320 £ 60 25+ 7 44+ 14 2+7 913
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D. Additional Distributions Regarding the VBF
H — WW* Analysis

In Fig. D.1 distributions are shown for variables used in the BDT for the VBF
targeted signal regions in the H — WW™* analysis. The remaining BDT input
variables are shown in Fig. 4.8 in Sec. 4.4.2. The overlaid VBF signal distributions
are scaled to the same integral as the stacked entries. Distributions are shown
after all hard selections for the VBF signal region are applied. Stacked estimates
are normalized to their prediction with exception of top, and Z/4* which are
scaled to measured data in control regions. Uncertainties shown include statistical
uncertainties only. The yellow or hatched gray bands represent the statistical
uncertainties of the modeled contributions. Red arrows in the bottom panels
indicate the direction of ratio points outside the range shown.

Post-fit distributions for the dijet rapidity separation Ay;; and the dijet invariant
mass mj; are shown in Fig. D.2. Here, the uncertainty bands include statistical
and systematic uncertainties as well as correlations between these.
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Figure D.1.: Pre-fit distributions of variables used in the VBF BDT in the H — WW*
analysis. Uncertainties shown include statistical uncertainties only.
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