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1 INTRODUCTION

Particle physics studies the fundamental constituents of nature and describes their properties
and interactions. The Standard Model (SM) developed in the 1960s is the precisest description
of the microcosm. It is able to describe nearly all observations in previous and current
experiments. Matter is build up in the SM by half-integer spin particles, so called fermions
interacting with each other by exchanging integer spin particles, so called bosons. Three
out of the four fundamental interactions are included in the SM. The electromagnetic, weak
and strong interaction are described with relativistic quantum field theories, while gravity is
excluded. Gravity is at energy scales considered in particle physics today negligible compared
to the remaining interactions.

The SM was able to describe precisely all known particles at the time of its formulation and
predicted several new experimentally undiscovered particles. All of these particles have been
discovered in measurement until today, such as the electroweak bosons, the top quark, the
vz-neutrino and a Higgs boson discovered between 1983 and 2012 [1-9]. Out of them the
Higgs boson was the last discovered particle observed at CERN near Geneva in 2012. CERN
was founded in 1949 as the European council for nuclear research (Conseil Européen pour la
Recherche Nucléaire) and has evolved to the largest laboratory for particle physics on earth.
The Large Hadron Collider (LHC) [10] based at CERN is designed to collide protons with an
center-of-mass energy up to 14 TeV. Two independent analyses were performed on the two
data sets of the multipurpose detectors ATLAS [11] and CMS [12] recorded in the years 2011
and 2012 at a center-of-mass energy of 7 and 8 TeV. Both analyses observed an Higgs boson
with an significance of 5.90 and 5.00 for the ATLAS and CMS experiments [8, 9]. With these
measurements the Higgs boson introduced in the SM by the Englert-Brout-Higgs-Guralnik-
Hagen-Kibble mechanism, which describes the mass terms for fermions and electroweak
bosons [13-18], was discovered nearly fifty years after its prediction. A combined analysis
measured the Higgs boson mass my, which is a unknown parameter in the SM, to my =
(125.09 £ 0.21(stat.) £ 0.11(sys.)) GeV [19]. Several subsequent analyses as measuring the
coupling strength in different production and decay modes [20] or the spin of the Higgs boson
[21, 22] have confirmed that the Higgs boson behaves SM-like within current uncertainties.
Peter Higgs and Francois Englert were honored with the Nobel Prize for the formulation of
the underlying mechanism of Higgs boson, after it was observed at CERN.

Observations such as dark matter [23—25] have shown the limitations of the SM, while at
the same time no deviations from the SM predictions are observed in the measurements at
the LHC. To improve the search for new particles and to close in on beyond the SM models
(BSM), it is important to measure the SM processes and parameters as precisely as possible.
In the years 2015 to 2018 new data sets were recorded by the experiments at the LHC
with a higher center-of-mass energy of 13 TeV and a combined integrated luminosity of
139 fb~!. The increased data statistics and the higher center-of-mass energy leads to a higher
amount of observed Higgs bosons in the data set. This increases in particular the precision
of measurements limited by statistical uncertainties, as the analysis of the H — 77 decay
channel, which was able to measure an evidence of the process with 4.50 at the ATLAS
experiment with the previous data set [26], but missed the observations requiring >50.



New analysis techniques as the Simplified Template Cross Sections (STXS) [27], which
measures cross sections of exclusive regions of phase space of the Higgs boson production,
can be used to explore the Higgs boson sector with finer granularity. This reduces the
dependence on theoretical predictions of the signal compared to more inclusive measurements.
The STXS framework allows to combine analyses of different decay channels and between
the two experiments ATLAS and CMS. In this way, the full information of the recorded data
can be used for combined measurements of Higgs boson production cross sections with fine
granularity. The measured cross sections can be used to probe BSM models or to find hints for
new physics using methods as the effective field theory of the SM (SMEFT), which extends
the SM by including operator of higher mass dimensions.

The highest sensitivity to measure the Yukawa coupling of the Higgs boson at the LHC is
given in the H — 77 decay mode. The properties of the decay mode provide a high sensitivity
to the Higgs boson production via vector boson fusion (VBF') and to Higgs boson production
with high transverse momentum. These properties make the H — 77 decay channel an
important decay mode for analyses based on the data set recorded between 2015 and 2018.
In Chapter 2 an introduction to the SM focusing on the Englert-Brout-Higgs-Guralnik-
Hagen-Kibble mechanism, the Higgs boson and SMEFT is given. An overview of current
and previous measurements of the Higgs boson is given in Chapter 3, while Chapter 4
describes the ATLAS experiment, the used data sets and simulated events. In Chapter 5
the reconstruction and identification methods of physics objects used in the measurements
are discussed, followed by the description of all relevant physics processes for this thesis in
Chapter 6. Chapter 7 describes the experimental methods used in the analyses as the STXS
framework and likelihood models.

The thesis focuses on cross section measurements in the H — 77 decay channel performed
with data recorded between 2015 and 2018 by the ATLAS experiment , especially based
on the STXS framework. Two different analyses are performed on this data set. The first
analysis uses the data from 2015 to 2016 and is described in Chapter 9. It focuses on
the discovery of the H — 77 decay mode with the ATLAS experiment, while the second
analysis described in Chapter 10 uses the full data set and is optimized for the measurement
within the STXS framework. The H — 77 analyses rely on the 7,-trigger of the ATLAS
detector to collected events of interest. The application of trigger requirements in data and
simulated events can lead to difference between data and simulated events. These deviations
are corrected in simulation by applying so called scale factors, which are measured in an
auxiliary measurement based on a tag-and-probe analysis with 7 — 7, T, events summarized
in Chapter 8. The H — 77 measurements are combined with analyses of other decay modes.
These combinations are discussed in Chapter 11 focusing on STXS measurements and their
interpretations within the SMEFT framework. Finally, the H — 77 analysis based on the 2015
to 2018 data set is extrapolated in Chapter 12 to the expected data set of the high luminosity
LHC (HL-LHC) corresponding to a integrated luminosity of 3000 fb~!. This extrapolation
provides an estimation of the possible sensitivity with the full data set recorded by the ATLAS
detector, but also allows to study future limitations of the analysis. These studies help to
develop new strategies to improve the analysis based on the upcoming data sets.



Personal contributions All analyses presented in this theses are performed within the
ATLAS collaboration and based on a joint effort of about 3000 members. The two H — 7T
analyses described in Chapters 9 and 10 are published in Reference [26] and [28], while the
T-trigger analysis presented in Chapter 8 has not been published until now. The combined
Higgs boson cross section measurements described in Chapter 11 are published in References
[29-31]. The extrapolation of the H — 77 measurement described in Chapter 12 will be
published by ATLAS in 2022. The following list summarizes the personal contributions to
the individual analyses by the author of the thesis:

* 7-trigger tag-and-probe analysis based on the t7 — 7, 7, events (Chapter 8)

Development and validation of complete analysis strategy and infrastructure

Preparation of simulated events and data

Development of event selection, signal region optimization, background estima-
tion, derivation and treatment of systematic uncertainties

Estimation of efficiencies and scale factors

Preparation of the analysis and support for the combination with the tag-and-probe
analysis based on Z — 7, 7, events

* H — 77 analysis based on the 2015-2016 data set (Chapter 9)
— Development of a data-driven method to estimate the misidentified 7 background

in the 77, final state and the related systematic uncertainties

— Implementation of the STXS framework, adjustment of theoretical uncertainties
on the signal prediction for the STXS measurement and development of the fitting
strategy and model

— Evaluation of fit results and fit stability studies

* H — 77 analysis based on the 2015-2018 data set (Chapter 10)

Optimization studies for the event selection compared to the 2015-2016 analysis
toward better STXS measurements

Fit studies to estimate the BDT score cuts in the event selection

Implementation, development and validation of fitting strategies, including Pols,
NFs and NPs

Development and validation of correction methods for systematic uncertainties as
pruning, symmetrization and smoothing

— Determination and validation of all cross section measurements and post-fit values
for NFs and NPs

* Combined Higgs boson measurements (Section 11)

— Implementation of modification in the likelihood function of the H — 77 decay
channel to prepare and harmonize it for the combination



— Integration of the H — 77 decay channel in the combined model

— Validation studies of modified likelihood models and consistency checks

* H — 77 extrapolation analysis (Section 12)

Development of complete analysis strategy and technical infrastructure

Implementation of extrapolation for nominal prediction

Implementation of extrapolation for systematic uncertainties and their optimiza-
tion for the H — 77 decay channel

Estimation and validation of results including Pols, NFs and NPs



2 THE STANDARD MODEL

This chapter describes the underlying theoretical background of this thesis. First the general
concepts of the Standard Model (SM) [32—-34], the elementary particles and their interactions
are introduced. In addition, the description of masses of the elementary particles by the
Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism (BEGGHK mechanism) [13-18] is
explained.

The SM of particle physics was developed in the 1960s and 1970s and consists of renor-
malizable quantum field theory (QFT). Internal symmetries of a unitary group ensure that
the QFT of the SM is invariant under local gauge transformations. The model describes all
known particles and their fundamental interactions at its formulation, but also has successfully
predicted several new particles discovered in following experiments. For example the weak
and strong gauge bosons as well as the top quark were discovered after their prediction
in different experimental measurements between 1983 and 1995 [1-6]. The SM gives a
theoretical description of three out of the four known fundamental interactions. Gravity is
the only interaction not included in the SM, though it is most probably negligible at the
energy of current collider experiments. As a consequence of the preservation of the local
gauge invariance, interactions take place via the exchange of gauge bosons in the SM. These
gauge fields result in the existence of spin-1 gauge bosons. The matter surrounding us is
formed by quantization of half-integer spin fermion fields. Spontaneous symmetry breaking
is introduced to allow massive fermions and electroweak gauge bosons in the model. This
principle predicts the additional existence of a spin-0 boson, the so-called Higgs boson, which
was discovered experimentally at the LHC in 2012 [8, 9]. The following sections give a more
detailed introduction into the elementary particles, their interactions and the mass generation
of the SM based on [32-34] and other explicitly specified references.

2.1 Elementary particles

The elementary particles and their properties are visualized in Figure 2.1. They are grouped
into fermions and bosons. Fermions have half-integer spin, while bosons carry integer spin.
Fermions are split into color charged quarks (u,d), (c,s) and (t,b) and into colorless leptons
(Ve,€), (Vi) and (v¢,7), which are organized in three families or generations. The matter
surrounding us consists of the up quark, down quark and the electron, which together with the
electron-neutrino build the first generation. The second and third generations are copies of
the first with an increased mass and a different flavor quantum number. All other quantum
numbers of the higher generations are equal to the ones of the corresponding particle of the
first generation. Particles of higher families only appear in collider experiments, in cosmic
rays or in the early universes with temperatures far above the particle masses. Every family
consists of one lepton with electric charge g=-1, one uncharged neutrino with the same flavor,
one up-type quark with an electric charge of ¢ = 2/3 and one down-type quark with an electric
charge of ¢ = —1/3. Every elementary particle has a corresponding anti-particle, which has an
opposite charge while the spin, mass, lifetime and strength of interaction are equal.

The strong, the weak and the electromagnetic interaction are described by renormalizable
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Figure 2.1: Elementary particles and their properties in the Standard Model [35].

gauge field theories in the SM resulting in gauge bosons with spin s = 1. The massless
photon is the exchange particle of the electromagnetic interaction, which was the first well
understood interaction. It couples to the electromagnetic charge of a particle, so that all
fermions except for the neutrinos participate in it. Quantum chromodynamics (QCD) [36-38]
describes the strong interaction and is transmitted by gluons. The weak interaction has three
exchange particles the charged W* bosons and the neutral Z° boson and acts on all fermions.
The exchange particles of the weak interaction are massive in contrast to the other exchange
particle resulting in a short distance of the weak interaction. The W* bosons couples only
to left-handed particles and right-handed anti-particles, while the Z° boson couples to all
fermions.

The masses of fermions and weak gauge bosons are explained by spontaneous symmetry
breaking the only spin-0 field, the so called Higgs field, with the associated Higgs boson.

2.2 Interactions in the Standard Model and gauge invariance

Interaction are described by local gauge symmetries in the SM. The Lagrangian density is
required to be invariant under a group of global and local transformations. These symmetries
constrain the underlying Lagrangian and contribute to the construction of the theories.



2.2 Interactions in the Standard Model and gauge invariance

2.2.1 Quantum Electrodynamics

The theory of quantum electrodynamics (QED) [39—41] based on an underlying U(1)o
symmetry with the electric charge Q, describes the electromagnetic interaction within the SM.
The photon is the exchange particle of this relativistic quantum field theory and couples to Q.
The Lagrangian density .# of a free fermion with the mass m is given by:

L =Py o*Y —Pm,Y, 2.1

where W is the Dirac spinor, y* the Dirac matrices and d,, = % the partial derivative [34].
Applying the Euler-Lagrange equation leads to an equation of motion, which is called Dirac
equation:

(iY" Oy —mys) ¥ =0. (2.2)
The fermion fields transform under the U(1)p symmetry according to
W s o Q0 (2.3)

with the local phase o(x). Considering the space-time dependence of the local phase in
equation 2.1 a new term enters the Lagrangian and breaks the gauge invariance:

O >y (70HIW) = 70U — 1060, (). 2.4)

An additional interaction between the fermion field and a new vector field Ay, with Ay, —
Ay +1/e dya(x), has to be introduced to restore the local phase invariance and corresponds to
the replacement of the derivatives by a covariant derivative:

with the coupling strength g. g is expressed in units of the elementary electric charge and can
be identified with the physical photon 7. This leads to the QED Lagrangian density:

i 1
Zoep =Y (iy* (Ou —igAy) —my) ¥ — 2 Fuy, (2.6)

with the field strength tensor Fy;,. Since the introduction of any mass term for the photon of
the form ( —%mzA“A u) to the equation would violate the gauge invariance, the QED requires
a massless gauge boson. This is in agreement with the measured upper limit of the photon
mass of f, <3- 10727 eV [42].

2.2.2 Quantum Chromodynamics

The strong interaction of quarks and gluons, which couples to the color charge, is described
by QCD and based on a SU(3)¢ symmetry group. Measurements have shown that quarks
appear in three different color states (red, blue, green), or the corresponding anti-color for
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anti-quarks [43]. The four component Dirac spinor of the quark field ¥(x) is replaced by a
vector of three spinors:

Y= (lPred(x)alelue (x)angreen(x))- 2.7

The local SU(3)¢ transformation of a free quark field W(x) is given by:
8 o
W(x) = exp | 5 ), Aafalx) | P(), (2.8)
a=1

with the eight-component gauge function B(x) the eight Gell-Man matrices A, and the
coupling strength g; [44]. Gluons interact with themselves in contrast to photons and the
SU(3)c structure is non-abelian. To preserve local gauge invariance eight gauge fields G are
defined. These fields transform under the SU(3)¢ as:

G s GH 4 glaﬂﬁa () + fube o () G, (2.9)

where f,;. refers to the structure constants of the SU(3),. Similar to the QED a covariant
derivative

8
DM =0 +ig, } );“Gﬁj (2.10)
a=1

is introduced with the gluon field-strength tensor
GHY = dHG) — 9V GH — g furcGL G . (2.11)

The Lagrangian density of the QCD for a specific quark flavor with the mass m, is then given
by:

. 13
£ =9 (iy D" —my) ¥ — 1 Y GuuvGhY. (2.12)
a=1

A finite interaction range for the QCD is introduced by the self-interaction of the gluons,
described in the last term the equation 2.11. Equation 2.12 shows that quarks with the same
flavor but different color have the same masses. In agreement with experimental observation
the gluon has to be massless to ensure gauge invariance. The running of the strong coupling
strength results in an increase of the strong force at lower energy scales. Therefore, the force
becomes weak at very short distances and the gluons act as free particles. This behavior is
called asymptotic freedom [37, 38]. On the other hand, a higher spatial separation between
the color-charged particles increases the interaction potential and is called confinement. Due
to the confinement, quarks do not occur as free particles, instead they are bound into hadrons.
Hadrons consisting of a quark and anti-quark pair are called mesons, while hadrons consisting
of three (anti-)quarks are called baryons. The LHCb experiment has recently announced
the observation of additional bound states with four and five quarks, which correspond to
tetraquarks and pentaquarks [45, 46].
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2.2.3 Electroweak Unification

Weak interaction with and without a flavor transition for quarks are observed, caused by
the weak neutral exchange particle Z° and the charged exchange particles W* bosons. All
three carriers have a mass, with my+ = 80.4 GeV and m,0 = 91.2 GeV [47]. Measurements
have observed that the weak carriers W* boson couple only to left-handed particles and
right-handed anti-particles and thus violate parity transformation (P) and charge conjugation
(C) maximally [48, 49]. This behavior inspired Glashow, Salam and Weinberg to formulate
a theory of the electroweak interaction [S0-52], which is able to describe the weak and
the electromagnetic force by using a SU(2);, xU(I)y group, with the hypercharge ¥ and
the isospin Iyy. The relation between the electric charge Q, the hypercharge and the third
component of the weak isospin Iv3v is given by the Gell-Mann-Nishihima relation [53, 54]:

Q=1 +7). (2.13)

Fermions in right-handed states correspond to SU(2)y,, singlets with Iy = 0 and left-handed
fermions are assigned to SU(2), doublets with Iy =1/2 and I = +1/2. Figure 2.2 shows an
overview of fermions which are included in the SM together with their quantum numbers.
Even though current measurements of neutrino oscillations have indicated that at least two
neutrinos have a non-zero mass [55-57], this thesis will assume massless neutrinos. Therefore,
only left-handed neutrinos are included in Figure 2.2 since a right-handed massless neutrino
will not interact within the SM. The Cabbibo-Kobayashi-Maskawa (CKM) matrix describes

Fermion generations Quantum numbers
I Il 1 lw Iw® Y Qlel

Figure 2.2: Fermions that interact within the SM and their quantum numbers [34].
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the flavor eigenstates (d’,s’,b”) with I3 = —1/2 [58, 59]:

d ! Vud vus Vub d
s = Ve Vo Vu s . (2.14)
4 Via Vis Vw b

These flavor eigenstates are a mixture of their mass eigenstates (d,s,b). |V; j|2 gives the
probability for a quark flavor transition from i to j by the exchange of a W* boson. Next to C
and P is the invariance under the combination of charge conjugation and parity transformation
(CP) broken by the complex phase of the CKM matrix [60]. A left-handed isospin doublet
transform under the SU(2);, with:

3

W, (x) 5 exp (z‘i y Taota(x)> ¥, (x), (2.15)

a=1

where o, (x) are the local phases, 7, the (2x2) Pauli matrices as the generators of the SU(2)y,
group and g the coupling strength. Under the U(1)y symmetry the transformation of a
left-handed isospin doublet (L) and a right-handed singlet (R) is given by:

/

8
2

!/

W, (x) s exp <i YB(x)) ¥, (x) and Wx(x) — exp <i‘g;YB(x)> Ye(x),  (2.16)
with the local phase f3(x), the hypercharge ¥ and the coupling strength g’. To restore the local
gauge invariance three vector fields WH with a= (1,2,3) for SU(2)y, and one gauge field B for

U(1)y are introduced. The covariant derivatives are defined as:

3 ! /
Dl =" 4 i% Y L Wh+ i%YB# and DI =oM 4 i%YBu 2.17)
a=1
and the electroweak Lagrangian density is given by:
- S 1 1
& =Y, (iyuDy) YL +Pr (iyuDy) Yr— 1 Y Wa Wi — 2 BanvBi". (2.18)
a=1
The field strength tensors are defined as:

WHY = twy — 9V WH —geachb”WCV and B*Y =9"BY—0"B*, (2.19)

with the structure constant &g, of the non-abelian SU(2), group. By introducing the weak
mixing angle:

8

/g2 + g/2
the physical photon field A* and the physical boson field Z* can be constructed as linear
combinations of the neutral SU(2);, xU(1)y gauge fields:

() =(nion artom ) (5)

cos (Oy) = (2.20)

10



2.3 Mass generation and Higgs mechanism

and the charge eigenstates for the W* are given by:
Wi =12(W, FiW;). (2.22)

Since a mass terms for electroweak gauge bosons in equation 2.18 would violate the gauge
invariance, the electroweak theory requires massless fermions and massless electroweak gauge
bosons. This is in contrast to experimental observation, which confirms massive electroweak
gauge bosons and fermions [47]. To include this observation into the theory, the BEGGHK
mechanism is used, which introduces an additional scalar field in the context of spontaneous
symmetry breaking described in the next Section 2.3.

2.3 Mass generation and Higgs mechanism

The BEGGHK mechanism developed in the 1960s in References [13—18] explains how
massive fermions and massive weak gauge bosons can be described in the SM. The method
introduces mass terms by spontaneous symmetry breaking. This ensures the invariance of field
theories under local gauge transformations. Hence, the SM does not break the electroweak
symmetry explicitly, instead it breaks the symmetry spontaneously via the vacuum state of
a doublet of complex scalar fields with four degrees of freedom in the Lagrangian. This
so-called Higgs field is defined with the hypercharge Y = 1 and the isospin Iyy = 1/2 by [44]:

DT [ P +id,
<D_<q) >_<q)3+iq>4 . (2.23)
Using the covariant derivative in equation 2.17 a Lagrangian density for the Higgs field can
be constructed, which is invariant under the SU(2);, x U(1)y group:

Lhtggs = (Du®)’ (DH®) ~ V(@) with (2.24)

V(®) = 12 ®+ A (®'d)*, 2 > 0and (2.25)
1]

Dyd = (8u — 3igoW - 2ig’VB,L> @, (2.26)

where the Higgs potential V(®) is the most general potential, that is invariant under the
local SU(2);, x U(1)y transformation and provides renormalizability. The minimum of V (P)
corresponds to a ground state of @y = 0 for u? > 0, while u? < 0 results in a degenerated set
of non-zero ground states:

—u? B V2

PPy = - = 2.27)

with v = \/—#°/2 defined as the vacuum expectation value of the Higgs field. A simplified
model with two instead of four degrees of freedom of the Higgs potential is shown in Figure
2.3. The figure illustrates that at any fixed point in the potential minimum, no rotation

11
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symmetry is given and the choice of one of these infinite points refers to a spontaneous
symmetry breaking. Choosing the non-vanishing ground state

Dy (x) = \/172( 8 > Y=1,L=-1) (2.28)

breaks spontaneously the symmetry of SU(2);, x U(1)y to a U(1)y symmetry, while the choice
of ®; = &, = P4 = 0 preserves the U(1)p symmetry resulting in massless photons. The

V(D)

Figure 2.3: Simplified scalar potential in the SM with two degrees of freedom.

measurement of the electroweak fermi constant G [47] determines the vacuum expectation
value to

“1/
V= (ﬁGF) ~ 246 GeV. (2.29)

The Higgs field ® can be parameterized around Vv by:

3 X
®o(x) = /1/2exp <iz T“G‘j’( )> ( v+?q(x) ) (2.30)

a=1

This introduces three fields G,(x)(a=1,2,3) which refer to Nambu-Goldstone bosons [61—
63] and a fourth field H(x). The Nambu-Goldstone bosons are massless, scalar and can
be eliminated by the unitary gauge transformation of ®¢(x) — exp (—izzzl wGa®)/v) Py (x).
H(x) is a massive excitation from the ground state and corresponds to the Higgs boson.
Therefore, the Lagrangian density after the electroweak symmetry breaking is given by [33]:

! 1
jHiggs = 3 (a#H) (8“H) —AVIH? - AVvH? _21141-[4
L(Lyo)  whw— + L
+§ (QVg) WH +WI~1 + 3 <ﬁ(g®w)) Z.UZ”
A4 - v
+g(7g)HW“7+WH +ngG)W)HZ“Z#

2 2
+%H2W“’+Wu_ + ﬁ(@w)HZZ”Z# + const.

(2.31)
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This equation leads to a relation between the different weak gauge boson masses:

g2 g My
2 ~ cos(Oy)’

My» = vg and My =v (2.32)
The weak mixing angle ®y describes the relation of the masses between the charged weak
gauge bosons and the neutral weak gauge boson. In addition, a new scalar particle with
mass My = vv/2A is introduced. Equation 2.31 contains self-interaction terms of the Higgs
boson H(x) as well as interaction terms between H(x) and the electroweak bosons. The
self-coupling of the Higgs field is described by the cubic (H?) and quartic (H*) terms. The
interaction strength of the Higgs field to the vector field HVV is proportional to M7 /v and the
one to H>VV proportional to M5 /v2, with Ve {Wi,ZO}. The defined relation between the
coupling strength and the gauge boson masses can be experimentally verified.

To describe the fermion masses an additional term is introduced in .#, which is invariant
under the SU(2).j, x U(1)y transformation. This so-called Yukawa term corresponds to
the interaction between the Higgs-doublet, left-handed fermion SU(2)y, -doublets and right-
handed fermion singlets resulting in a mass for electrons, while neutrinos remain massless.
The Yukawa term is given by:

LD = g, (Ve,8), e+ hoc., 2.33)

with h.c. referring to the hermitian conjugate term. An additional charge conjugated Higgs
doublet is defined to also enable interaction with I3}, = 1/2 quarks:

Dc(x) = /12 < V+é{ ) > , (2.34)
and the Lagrangian density for the first generation is given by:
LW — gy (it,d) , Pag+ gu (i,d) , Pug + h.c.. (2.35)

The interaction of higher generations can be described in the same way and the Lagrangian
density of the fermion Higgs interaction is given by:

Lk = —Msff (1 + Ij) , (2.36)

with the mass of the participating fermion My = v#s/v2, which is proportional to the coupling
constant g¢. This leads to the final Lagrangian of the SM:

L = Liggs + Lrw + ZLocp + Lyuk- (2.37)
Therefore, the mass of the Higgs boson remains unknown, while the coupling strength for

fermions and bosons to the Higgs boson is predicted. In Chapter 3 recent measurements of
the Higgs boson mass and other properties are discussed.

13



2.4 Limitations of the Standard Model

2.4 Limitations of the Standard Model

The SM has predicted several new particles at its formulation. All of these particles has been
experimentally discovered after their prediction as the weak gauge bosons [1, 2, 4, 5, 51],
the gluon [36, 64—68], the top and bottom quark [3, 6, 58, 69] and the Higgs boson [8, 9,
13-18]. In addition, the cross sections of the several interactions have been experimentally
measured in agreement with the SM predictions. Figure 2.4 summarizes the cross section
measurements of the ATLAS collaboration until July, 2021. The experiment was able to
measure cross sections over several magnitudes without observing significant deviations from
the SM predictions.

However, several observed phenomena cannot be described within the SM, such as the

Standard Model Total Production Cross Section Measurements Status: July 2021
— 11 | 500ub
9 107 g ATLAS Preliminary
— Theory
ST Vs =7,8,13 TeV
LHC pp V5 =13 TeV
o IEl a2 32-1391b!
105 Ao
DAO LHC pp Vs =8 TeV

104 A Data 20.2 -20.3fb™

LHC pp Vs=7 TeV

3
10 o Bl  Data 45460
A 0
O
102 o o8
o ik A oo
N
1 A o total o] A O
10 21fp! Ao &
Ih_ VBF
WH &
1 — o o
ZH VH -
Ll A
107 R =
(x0.3) wwz
x02)Q
1072

PP w z tt t Wt H WW WZ ZZ t W ttZ  titt
t-chan s-chan wWwv

Figure 2.4: Cross sections measured with the ATLAS detector at the LHC compared to
predictions of the SM [70].

fundamental force gravity [71], the baryon asymmetry of the universe [25], the presence of
dark matter [23, 24] and dark energy [72, 73] or massive neutrinos [74—76]. To include these
observations in the theoretical description of particle physics, the SM has to be extended.
Different models have been developed to include some of these observations in an extended
model beyond the SM (BSM), but until now none of these models have been experimentally
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confirmed.

2.5 Extension of the Standard Model

Many different BSM models predict modifications of the Higgs boson properties and at the
same time introduce new particles. As of today, none of the measurements preformed at the
LHC have found such new particles. These new particles can be integrated out if their mass
(the scale of the new physics) is large compared to the momentum transfer in the observed
physics processes. In this way, the effects on properties of the SM, as e.g. on the Higgs boson
sector, can be described model independently in effective field theories. The SM effective
field theory (SMEFT) uses this to encode these modifications. Kinematic effects of BSM
models that act at energies A well above the electroweak scale (A > v = 246 GeV) can
be parametrized at low energies E < A within SMEFT by adding operators of higher mass
dimensions to the SM Lagrangian:

2 s £ () £ o
Lsmerr = Lsm+ Y =0 +Zﬁﬁj +Y A0+ (2.38)
i Jj u

where Zsy is the SM Lagrangian, ¢4) are gauge and Lorentz invariant operators of dimen-
sion d built from SM fields and fi(d) are real-valued dimensionless parameters, called Wilson
coefficients. Each added term is suppressed by the energy scale 1 /A(d*“). Complete sets
of non-redundant operators exist up to dimensions eight, e.g. for d = 6 the Warsaw basis
[77] or the SILH basis [78, 79]. The construction of the full set of operators with higher
dimensions leads to a large number of independent operators. While only one operator, the
so called Weinberg operator [80], is possible for d = 5, 2772, 1542 and 44807 operators
can be build for d = 6, d = 7 and d = 8 assuming three lepton generations [81]. Several
assumptions can be made to reduce the number of operators, such as lepton and/or baryon
number conservation, which excludes operators of dimension 5 and 7 [82, 83]. Operators with
d >8 can be neglected due to their large suppression of 1/A*. The assumptions of baryon
number conservation and one generation of fermions reduce the number of operators to 59
for d = 6 [81]. At the one-loop level, the effective Lagrangian of d = 6 is renormalizable
[84-86], so that the scale dependence of the Willson coefficients is calculable.
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3 MEASUREMENTS OF THE HIGGS BOSON PROPERTIES

The Higgs boson is a consequence of the BEGGHK mechanism, which is used in the SM
to introduce massive fermions and massive weak gauge bosons. It is a neutral scalar boson
with spin 0 and has a short lifetime of approximately 1072 s. Therefore, the Higgs boson
is not directly detected at the LHC, instead it is reconstructed using its decay products. The
following sections give an overview of selected properties of Higgs boson and the experimental
methods used to measure them. None of these measurements or measurements not discussed
in this thesis have shown a significant deviation from SM predictions. The production and
decay modes of the Higgs boson are described in Section 6.1 and Chapter 7 gives a detailed
description of the experimental methods used in this thesis.

3.1 Observation

L B S UL B B B UL

- ATLAS 2011 - 2012 o cMs \s=7TeV,L=5.11b" \s=8TeV,L=531"
F (s=7Tev: fLdt=4.6-481" fé’fs' L E] 1§\/ 2\ ~©
E s 8 Tev: fLat 5859 b (] 1p‘ E g oz’W\\ Ve 20
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Figure 3.1: Observed (full black lines) and expected (dashed lines) pg-values (left y-axis) and
their corresponding ¢ intervals (right y-axis) as a function of the hypothetical Higgs boson
mass myg for the ATLAS (a) and CMS (b) measurements with the data set recorded in 2011
and 2012 [8, 9].

The ATLAS and CMS experiments at CERN announced the observation of a Higgs boson
with a mass of approximately 125 GeV in July 2012. They reached a significance of 5.90 and
5.00 [8, 9]. The significance is based on py-values, which is a criterion for the probability
that the resonance is introduced by fluctuating backgrounds. A value of 50 corresponding to
a po-value of 2.85-1077 is necessary to claim an observation. Figure 3.1 shows the observed
po-values of the two experiments as a function of the particle mass my.

3.2 Mass

As described in Section 2.3 the mass of the Higgs boson remains as an unknown parameter
in the SM. Therefore, the precise measurement of the Higgs boson mass is one of the



3.3 Cross sections

important goals of the ATLAS and CMS experiments at the LHC. The mass of Higgs boson
is reconstructed using its decay products. For a precise reconstruction the resolution and
the misidentification rate of the final state particles has to be small, so that only the H — 7y
and the H — ZZ* — 4l decay mode are used for this measurement due to their clear signal
signature and the missing of neutrinos in the final state. The measurements of the Higgs boson
mass are summarized in Figure 3.2. Both experiments study the Run 1 data set as well as the
first part of the Run 2 data set recorded in 2015 and 2016 and a combination of both data
sets [87, 88]. In addition, a combination of the two Run 1 measurements of both experiment
was performed [19]. The results of the individual data sets, experiments and decay modes
show no significant deviation to each other. The most precise result is given by the combined
CMS measurement with my = (125.3840.14) GeV corresponding to a relative uncertainty
of 0.1%. Therefore, the mass of the Higgs boson is already more precisely measured as the
world average of the mass of the top quark with (172.76+0.30) GeV and a relative uncertainty
of 0.2% provided by the particle data group [89].
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Figure 3.2: Observed mass of the Higgs boson for the ATLAS (a) and CMS (b) measurements
with the Run 1 data set form 2011 and 2012 and the with the first part of the Run 2 data set
from 2015 and 2016. Both figures show the combined results of the two data sets and in (a)
the Run 1 combination of the two experiments is shown. The best-fit value are illustrated by
black point together with their full uncertainty (black line) and their statistical uncertainty
(yellow box) [87, 88].

3.3 Cross sections
3.3.1 Inclusive cross sections

The ATLAS experiment has used the H — yy and the H — ZZx — 4l decay modes to
determine the inclusive Higgs production cross section 0,,_,y as a function of the center-
of-mass energy +/s [90]. The measurement is based on the data sets from 2011, 2012 and
2015-2018 and the results are shown in Figure 3.3 (a). No significant deviation from the SM
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prediction is observed.

In addition, the cross sections of the dominant Higgs boson production modes at the LHC
are measured by the ATLAS experiment. To reduce the extrapolation from the phase space
covered by the detector to the measured production modes cross section, a fiducial volume
is defined by requiring a rapidity of the Higgs boson yy of less than 2.5. The analyses of
several different Higgs boson decay modes are combined for this measurement and the data
sets recorded between 2015 and 2017 are used [29]. Chapter 11 discusses this analysis in
detail as a part of this thesis. All observed cross sections agree within one standard deviation
with the SM prediction. The most precise measured production mode is gluon-gluon-fusion
with a relative uncertainty of 8.6%.
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Figure 3.3: Observed values of the Higgs boson for the inclusive cross section as a function
of the center of mass energy (a) and split per production mode (b). In (a) the single decay
channel results are shown in red (H — y7) and in green (H — ZZx — 41[), while the combined
results are shown in black. The blue band shows the SM prediction with its uncertainty.
In (b) the black points with corresponding black bars show the best-fit values and total
uncertainties for the cross sections of the individual production modes normalized to SM
prediction. The yellow boxes illustrate the statistical uncertainty and the blue boxes the
systematic uncertainties on the measurement, while the gray boxes correspond to the theory
uncertainty on the SM prediction [29, 90].

3.3.2 Simplified template cross sections

The Simplified Template Cross Section (STXS) [27] is an analysis strategy to measure the
Higgs boson production cross section in different regions of phase space. The full phase space
of the Higgs boson production is spit into exclusive regions of phase space using kinematic
properties. These regions of phase space are defined at particle level, while the event selection
is defined at reconstruction level. Therefore, the measured cross sections are extrapolated
from reconstruction level to particle level within the likelihood model. The inclusive phase
space is split into the different production modes, which are further split into smaller regions
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of phase using kinematic observables as the jet multiplicity or the transverse momentum
of the Higgs boson. The STXS method uses different kinematic observables in different
regions of phase space, which results in a rather complex splitting of the global phase space.
A detailed description of the method is given in Section 7.1. The common definition of the
measured production cross sections allows the combination across different Higgs boson
decay modes. Such a combined measurement benefits from the sensitivity of different decay
modes to different regions of phase space and can constrain in this way the cross sections of a
large number of individual regions of phase space.

The ATLAS experiment has published several combinations using this method. The results
using the data set recorded from 2015 to 2017 are visualized in Figure 3.4. No significant
deviation from the SM predictions is observed. This analysis is part of this thesis and further
discussed in Chapter 11.
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Figure 3.4: Measured cross sections for different regions of phase space for the Higgs boson
production using the STXS framework [29].
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3.3.3 Differential cross sections

The detector is limited by finite energy and space resolution but also by misidentification
and inefficiency of the measured objects. For differential measurements the cross section of
region of phase space defined on reconstruction level are measured first and than transferred
to the particle level using the unfolding method [91-93]. This method corrects all effects of
the detector limitations in contrast to the method used in STXS measurements. Disadvantages
of differential measurements compared to the STXS method are the individual definitions
used in each analysis focusing on a different Higgs boson decay mode. The definition of
the fiducial phase space, the kinematic observables used for the differential measurements
and the binning of them varies across the individual analyses. This inconsistent definition
leads to complex combination procedure, so that differential measurements are limited to
a sub-set of decay modes. This limits the statistics of differential measurements compared
to the STXS measurements. Therefore, differential cross sections are usual only measured
as a function of one or two kinematic observables, while STXS framework includes several
different observables. Figure 3.5 shows an ATLAS measurement using the H — Yy and the
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Figure 3.5: Observed cross section of the Higgs boson production as a function of the
transverse momentum of the Higgs boson. The measurements of the single decay channel are
shown in red (H — YY) and in green (H — ZZ* — 41), while the combined result is shown in
black. The SM prediction is illustrated in blue [90].

H — ZZ* — 41 decay modes to perform a combined differential measurement of the Higgs
boson production cross section ¢ as a function the transverse momentum of the Higgs boson
pr.u [90]. No significant deviation from SM predictions are observed in this measurement.
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4 EXPERIMENT SETUP

4.1 The Large Hadron Collider

The LHC (Large Hardon Collider) [10] running since 2008 is a particle accelerator and
collider at CERN near Geneva. It consists of two ring accelerators with a circumference
of 27 km and can be filled with protons or heavy ions. It is placed between 100 and 150
meters below ground-level and has four collision points. The accelerator is filled with up
to 2808 bunches with 10'! particles per bunch and a spacing of 25 ns for protons. 1232
superconducting dipole magnets bend the proton beams with a magnetic field up to 8.3 Tesla
and additional 392 quadrupole magnets focus them.

Two main properties can describe the performance of the LHC. The instantaneous luminosity
Z for two colliding particle beams with an equal Gaussian shape distribution and is defined
by [94]:

N frev

= -F 4.1

with the number of particle per bunch N, the relativistic gamma-factor 7,, the revolution
frequency frev, the beta-function at the collision point f*, the normalized transverse beam
emittance &,, the number of bunches per beam #n; and the geometric luminosity reduction
factor F considering the beam crossing angle and other effects at the interaction point. The
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Figure 4.1: Schematic overview of the LHC with the four major experiments ALICE, ATLAS,
CMS and LHCD [95].

LHC is designed for an instantaneous luminosity up to 10** cm™! s~!. The second main

property is the center-of-mass energy +/s, which can reach up to 14 TeV for the LHC (7 TeV
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per beam).

For each of the four collision points of the LHC a unique detector is designed to answer
different physical questions. These detectors are ALICE [96] and LHCb [97] as well as two
multi-purpose detectors ATLAS [11] and CMS [12]. The LHC and the four main experiments
are shown in Figure 4.1.

4.2 The ATLAS experiment

The ATLAS experiment [11, 98, 99], one of four major experiments at the LHC, has a detector
with a diameter of 25 meters and a length of 44 meters and is the largest particle detector
at the LHC. It consists of different parts built in a cylindrical way and has a weight of 7000
metric tons. From the inside to the outside the main components of the detector are: inner
detector surrounded by a superconducting magnet solenoid, electromagnetic and hadronic
calorimeters and muon 3x8 toroids instrumented with muon chambers. A schematic overview
of the detector is given in Figure 4.2. The x-y-plane for the coordinate system of the ATLAS

Muon detectors hadronic calorimeters

electromagnetic calorimeters

Magentic solenoids
Tracking detectors

Figure 4.2: Visualization of the ATLAS detector and its main components [100].

experiment is defined transversal to the beam axis and the x-axis points towards the center of
the LHC. The y-axis is orthogonal to the x-axis and points upward towards the surface. The
z-axis is defined parallel to the beam axis, in such a way that a right-handed coordinate system
results. The nominal interaction point is used as the origin of the system. The azimuthal angle
¢ is defined in the (x-y)-plane, while the polar angle 0 is defined with respect to the z-axis. In
measurements the pseudorapidity 1 is used instead of 6 defined as

1N = —In(tan(6/2)). (4.2)
A nearly flat distribution of the particle density in 7} is introduced by the variety of soft QCD

processes in a proton-proton collision. The pseudorapidity is an approximation for the rapidity
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of a particle at high energy or negligible mass: y = 1/21n (E+r:/E—p.), where E is the energy
and p, the projection of the particle momenta in z-direction. The Lorenz invariance of Ay then
results in an invariance of A7 under a boost along the z-axis. This is an important property
of the system, since the boost along the z-axis is unknown for two colliding partons. The
separation of two objects in the 1-®-plane is defined by:

AR = \/(An)* + (A®)?, (4.3)

which is as well invariant under a boost in the z-direction. This property is used in the
identification and the reconstruction of the physics objects.

4.2.1 Inner detector

The most central part of the ATLAS detector is the inner detector [101], which has a length
of 6.2 m and a radius of 1.1 m. It consists of different tracking detectors and is visualized
in Figure 4.3. The inner detector is designed to provide precise momentum measurements
for charged particles, to reconstruct the particle charge, tracks and momenta as well as the
primary and secondary vertex.

It consists of a pixel detector, a silicon micro-strip tracker (SCT), a transition radiation tracker

R =1082 mm

TRT

' Pixels

Figure 4.3: Schematic overview of the inner detector of the ATLAS experiment and its main
components [100].

(TRT) and a central magnetic solenoid generating a two Tesla magnetic field, that penetrates
the inner detector. The expected resolution of the inner detector regarding momentum
measurements are given in Table 4.1. While the TRT covers a range up to |1|=2.0, the Pixel
detector and SCT are especially important for small radii and cover a range up to |n|=2.5.
Both trackers consist of a barrel region and two end-caps, which are mounted radially. The
pixel detector and the SCT are placed concentrically around the beam axis in the barrel region,
while the straw tubes of the TRT run parallel to the beam axis. As the most inner part of the
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experiment, the inner detector copes with high radiation doses and is cooled down to reduce
potential damages. It consists of the insertable b-Layer (IBL) installed during the first long
shutdown of the LHC in 2013 [102]. The IBL is build cylindrical around the beam axis in a
distance of 33mm and provides a precise measurement of the secondary vertex, which is in
particular used for the identification of b-hadrons.

Both the barrel and the end-cap part of the pixel detector consist of three layers corresponding
to 250 um thick silicon semi-conductors with 46080 readout channels for each of the 1744
modules. Every pixel has a size between (R — @) x z = 50 x 400 um? and (R — ®) x z =
50 x 600 um?, such that the detector reaches an intrinsic hit resolution of (R —®) x z =
10 x 115 um?.

Four layers of silicon strip detectors build the barrel part of the SCT, while the end-caps
consist of nine layers, such that for each charged particle at least four measured points are
ensured. The SCT has 758 active strips per module of 12 cm length and 285 pum thickness per
strip and contains over 6 million readout channels. The nominal hit resolution of the detector
is (R —®) x z =17 x 580 um?.

The TRT consists of straw tubes of 4 mm diameter and a length of 144 cm in the barrel region,
while in the end-cap region the tubes are installed radially in wheels of 37 mm length. They
are filled with gas and are stabilized by carbon fibers. Therefore, only a position measurement
of (R-®)= 130 pm and none in the z-axis is performed in the barrel region. The TRT is
able to provide important information for the particle identification. The transition radiation
emitted by particles penetrating the interface of materials with different di-electric constants
is inversely proportional to the mass of the particles. Gas-filled tubes stabilized by corban
fibers are used as the transition material, so that especially charged pions and electrons can be
distinguished.

4.2.2 Calorimeter system

The calorimeter [103—105] is build up by an electromagnetic calorimeter (ECal), which is
optimized to measure the energy of photons, electrons as well as positrons and a hadronic
calorimeter (HCal), which is used together with the ECal to measure the energy of hadrons,
jets and the missing transverse energy ErTni“. The n-coverage and the energy resolution of the
sub-calorimeters are given in Table 4.1.

Electromagnetic calorimeter The ECal consists of lead with a liquid argon sampling
technology and has a fine granularity. It is build with accordion-shaped electrodes and lead
absorber plates with a complete symmetry in the azimuthal angle & and is split into a barrel
and two end-cap parts (see Figure 4.4). The barrel is split into two identical half-barrels, which
cover a pseudorapidity range up to |1| = 1.475. The barrels consist of 3 layers with granularity
of (AN x A®)= 0.025/8x0.025, (An x A®P)= 0.025x0.025 and (An x AP)= 0.05x0.025.
The range between 1.375 < |n| < 3.2 is covered by an inner and outer end-cap wheel (EMEC).
A pre-sampler detector is added in the central region (|n| < 1.8) to compensate energy loss of
photons or electrons upstream of the calorimeter. This pre-sampler is made of an active liquid
argon layer.
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Figure 4.4: Schematic overview of the calorimeter system of the ATLAS experiment [100].

Hadronic calorimeter The HCal (see Figure 4.4) has a coarser granularity compared to the
ECal and measures the energy of jets and EIT’[liSS together with other sub-detectors. The tile
calorimeter consists of a barrel part with |1| <1.0 around the ECal and two extended parts
covering higher values of 0.8< |n| <1.7. Steel plates as an absorber and scintillating tiles
as active material covering a |1| range up to 3.2 are the components of the hadronic barrel
calorimeter. For the hadronic end-cap (HEC) and the forward calorimeter (FCal) liquid argon
is used as a sensitive material. For the HEC only copper is used as absorber material, while
for the FCal tungsten is used as well.

4.2.3 Muon system

To measure charged particles, which penetrate the inner detector and the calorimeters, a muon
system [106] is used, which is visualized in Figure 4.5. It consists of a barrel region covering
a |n| range up to 1.4, the transition region with 1.4 < |n| < 1.6 and the end-cap region with
1.6 < |n| < 2.7. To measure the momentum of the charged particle toroidal magnets are
installed, generating a field strength of 1.5-5.5 Tm in the barrel and 1-7.5 Tm in the end-cap
region.

The muon system is build up by two types of precision tracking chambers, monitored drift
tubes (MDT) and cathode strip chambers (CSC), and two types of trigger chambers, resistive-
plate chambers (RPC) and thin-gap chambers (TGC). The muon are bent parallel to the beam
axis by barrel toroid magnets in the region || < 1.4, by end-cap toroids in the region 1.6
< |n| < 2.7 and by a combined field of barrel and end-cap toroids in the intermediate range
with 1.4 <|n| < 1.6.

To reconstruct the muon trajectory 1088 MDT chambers are used in the central region with
|n| < 2.7, while in the innermost wheel in the end-cap region the MDTs are replaced by CSCs
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Figure 4.5: Schematic overview of the muon system of the ATLAS experiment [100].

in the region 2.0 < |n| < 2.7. The MDT consists of three cylindrical layers of tubes around
the beam axis in the barrel region and of three wheels perpendicular to the beam axis in the
end-cap region. Each layer is build up with three layers of MDTs, except of the innermost
which consists of four layers. The MDTs are aluminum tubes filled with a gas mixtures
consisting 93% Ar and 7% CO0, and a diameter of 30 mm. CSCs are multiwire proportional
cambers consisting of radially oriented wirs and cathodes segmented into strips. The CSCs
are filled with a gas mixture of 80% Ar and 20% CO,. The CSC is able to provide a better
spatial resolution to cope with the higher signal rates in the large 77-range.

The RPC is used to trigger particles in the barrel region, while the TGC is used in the end-cap
region, so that the muon system can trigger particles up to || = 2.4. Both systems are able to
deliver a signal within 15-25 ns. An overview of the required resolution for the muon system
is given in Table 4.1.

4.24 Trigger

Due to the high bunching crossing rate of the LHC (40 MHz) a two level trigger is used
at the ATLAS experiment to reduce the output-recording rate [107]. The first level of the
trigger system is a hardware-based trigger (L.1) and the second level a software-based high
level trigger (HLT), which are visualized together with the data acquisition in Figure 4.6.
Region-of-Interests (Rols) are determined by custom electronics at the L1 using a coarse
granularity calorimeter and muon system information. L1 reduce the rate from 40 MHz to
100 kHz, with a decision time of 2.5 ps. The Rols are then used as an input for the HLT,
which uses sophisticated selection algorithms on the full granularity detector information of
the Rol. The HLT further reduces the output-rate of the L1 from 100 kHz to approximately
1 kHZ on average, with a processing time of about 300 ms.
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Figure 4.6: Schematic overview of the trigger system and the data acquisition of the ATLAS
experiment in Run 2 [107].

Sub-detector Required resolution 1-coverage
Measurement Trigger

Inner detector Spr/pr =0.05% pr & 1% +25

Electromagnetic calorimeter Ocfe=10% / VE ®0.7% +3.2 +25

Hadronic calorimeter

barrel and end-cap 0kfe =50% / VE © 3% +32 +3.2

forward Ok /e = 100% / VE & 10% 3.1 < In| <49 3.1<|n|<49

Muon system %r/pr = 10% at pr = 1 TeV +2.7 +24

Table 4.1: The resolution and the pseudorapidity (1) coverage of the different sub-detectors
of the ATLAS experiment. Energy and momentum values are given in units of GeV. a® b
refers to adding a and b in quadrature: a ® b = va%+ b2 [11].
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4.3 Simulation process of pp collisions

To compare the recorded data of the ATLAS experiment to the theory predictions simulations
of the physics processes are needed. This is a quite challenging process for proton-proton
collisions, since several physics phenomena with different scales of momentum transfer have
to be taken into account.

The factorization theorem [108] is used to treat the different phenomena separately. The
collisions can be split into a hard and soft process. The hard process describes the interaction
between the partons by using perturbation theory and has a large scale of momentum transfer.
For the soft process with a small scale of momentum transfer non-perturbative models with
parameters derived from data are used. Soft processes are described by parton distribution
functions of the protons and the hadronization (fragmentation) of the colored partons produced
during the collision into colorless hadrons.

Underlying event, pile-up, initial- and final-state radiations have to be considered as well. The
underlying event is caused by interactions of beam remnant, while pile-up describes particles
produced in additional pp collisions during the same or neighboring bunch crossing and is
described in Section 4.3.3.

To simulate these effects, which are summarized in Figure 4.7, Monte Carlo event generators
with random sampling techniques are used.

This simulation process generates particle level events, which include the theoretical prediction
but no detector effects. To be able to compare the simulations with the recorded data several
resolution and efficiency effects of the detector have to be considered. Simulated events
including these effect are called reconstruction level events. Therefore, the particle level
events are passed through a simulation of the ATLAS detector based on GEANT4 [109].

Underlying Jet
event

— Fragmentation

Jet

Figure 4.7: Schematic overview for the simulation of proton proton collision at particle level.
ISR and FSR are examples for initial- and final-state radiation [110].
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4.3.1 Partonic cross section and parton shower

The cross section o}, , »x for two colliding protons p; and p; producing a particular final
state X quantifies the probability that this process takes place. It can be related to the expected
number of events N using the total integrated luminosity (see Equation 4.1):

N = Gpypysx - / & dt. (4.4)

The parton distribution functions describe the probability to find a parton with the momentum
fraction x of the initial proton momentum in a collision at a momentum transfer Q°.

The factorization theorem, the partonic cross section 6,, .x and the parton distribution
functions f, and f} of the interacting partons a and b can be used to calculate the cross section
Op,p,—x by integrating over the momenta for all possible parton flavor combinations:

Gp1p2—>X - Z/dxadxbfll ('xa7 ;u‘}%)fb(xb7 u%)éabﬁx(-xa7xbu |LI’F7 NR)u (45)
a,b

with factorization scale yr and renormalization scale g.
This partonic cross section can be parametrized in a power series in the strong coupling
strength o

c=) ajo,. (4.6)

Higher orders in o take into account virtual corrections, so called loops, or real emissions of
additional particles in the final state. The real emissions can be grouped into so called initial
state radiation (ISR), in which the additional parton is emitted by an initial state parton, while
for so called final state radiations (FSR) a final state parton emits the additional parton.
Including particle momenta in loops results in ultraviolat divergences. These can be regular-
ized via dimensional regularization by introducing the unphysical renormalization scale U,
such that the divergences are absorbed inside the coupling strength o;. With this, o gains a
dependency on g and is called a running coupling strength.

Collinear real emissions results in infrared divergences. Again dimensional regularization can
be used to regularize the divergence introducing the unphysical factorization scale parameter
ur. The probability for a parton i to radiate a parton j can be described using splitting
functions. Here g — qg, § — gg, g — qg and g — gg have to be considered, which results in a
set of coupled differential equations named Dokshitzer-Gribov-Lipatov-Altarelli-Parisi [111—
113]. This set of equations describes the evolution of the parton distribution function between
different scales of momentum transfers using tr and the momentum fraction of the partons
as input parameters. In the calculation the separation of the perturbative and non-perturbative
energy scale regime is introduced by ur.

The dependence of the cross section on both unphysical parameters is a result of a finite order
calculation of Equation 4.6 and would vanish for n — . The choice of these parameters is
arbitrary so that both scales are varied to estimate an approximation of the missing higher
order contributions. Most of the simulation are performed with the hard scattering energy
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scale for both parameters.

The quasi continuous final state radiation of partons results in parton showers, which can
be described by the splitting functions. For each emission the energy scale and momentum
fraction decreases. The showering is simulated from the hard scattering energy scale until a
lower cutoff scale. This evolution to a lower energy scale is described by the Sudakov form
factors [114]. The radiation of an additional parton from an initial state parton is called initial
state radiation. It is described by PDFs and is simulated by going from the hard scattering
scale to a cutoff scale, but increasing the momentum fraction.

The parton shower approach is limited to collinear and soft partons, while processes with
higher energy or widely separated partons are described based on matrix element calculations.
To combine these two approaches a matching or merging scheme is applied. For both schemes
an energy scale threshold have to be defined, which resolves any overlap in the phase space
of the resulting jets. Jets below this threshold are described using parton shower simulation,
while the remaining jets are simulated with the matrix element. The two schemes use different
approaches for the matrix-element calculations. While a full next-to-leading-order calculation,
including loop correction, is applied for the matching scheme, a leading-order calculation
with an increasing number of emitted partons is used in the merging scheme.

The beam remnants, the parts of the interacting proton, which are not involved in the hard
process, can produce additional (soft) interactions. These additional interactions lead to the
underlying event, which includes also multiple parton interactions between the remaining
partons. While jets from underlying event are usually soft and therefore not reconstructed by
the ATLAS detector, the total energy is affected by these jets. The modelling of underlying
events is based on phenomenological models as for other soft interactions.

4.3.2 Hadronization and hadron decays

Quantum Chromodynamics predicts that quarks and gluons cannot exist as free particle (see
Section 2.2.2). Therefore, the partons produced during the colored parton shower simulation
have to be combined to colorless hadrons. This step is called hadronization or fragmentation
and is affected by color connection between the partons of the hard process and the beam
residuals as well. The two approaches cluster fragmentation and string fragmentation can be
used to describe the hadronization.

The cluster fragmentation model described in [115, 116] use a split of gluons into quark
pairs until they reach a lower cutoff scale. From these colorless clusters are formed, which
subsequently decay into hadrons. This approach is used in the SHERPA Monte Carlo event
generator [117].

An example for a string fragmentation model is the Lund string model [118]. The model use
the increase of the potential energy between color charged partons with an increase of spatial
separation. A upper threshold is set on the potential energy, so that a new quark pair is created
when the threshold is crossed. This is done iteratively until the energy of all parton is low
enough and only colorless hadrons remain. These hadron can be unstable, so that they decay
into lighter hadrons until all hadrons are stable. This approach is used in the PYTHIA event
generator [119].
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4.3.3 Pile-up

Pile-up describes the interaction of additional protons. Pile-up can be grouped into in-time
pile-up and out-of-time pile-up. In-time pile-up describes the interaction of two protons,
which are in the same proton bunches as the hard scattered protons, while out-of-time pile-up
is produced by proton of neighboring bunches. Pile-up is simulated as an inclusive sample of
collision events and it is combined with the simulation of the hard process. The explicit beam
condition affects the number of interactions per bunch crossing tt, which is one of the key
parameter for the pile-up simulation. To achieve a good modeling of the pile-up activity, the
simulated distribution are re-weighted to the distribution of u observed in data.

4.3.4 Detector simulation

The produced simulate events are at particle level, which follow the SM prediction. The
recorded data includes additionally detector effects like the infinite resolutions, particle
misidentification and inefficiencies. To be able to compare the simulated events with data
these detector effects have to be included in the simulation. The simulated events are corrected
for this using GEANT4 [109], which simulates the interaction between the simulated final
state particles with the detector materials of the ATLAS experiment. In GEANT4 a detailed
description of the detector is implemented including for example passive materials, magnetic
field configurations and known detector defects of particular detector parts. The software
produces an output, which is identical to the format of the recorded data, so that the same
trigger, identification and reconstruction software can be used on them. These events, which
include detector effects and the approximations of reconstruction algorithms, are called
reconstruction level events. These events are directly comparable to data, while a direct
comparison to the theory prediction or other experiments is not possible anymore.

4.4 Data set

The LHC has well defined periods of time in which the accelerator is running with stable
beams, so that the experiments can collect data. These time periods are called Runs. This time
between the Runs is used for maintenance and upgrades of the accelerator and the detectors.
Additional short shutdown as for example at the end of each data taking year are used for
small upgrades or repairs. The first data taking period was Run 1 from 2011-2012 and the
second one Run 2 from 2015-2018. At the beginning of the year 2022 the Run 3 data taking
period is planed. In addition to the long shutdown between the two Runs end-of-year technical
stops are performed after each year of data taking. Figure 4.8 show an overview of the data
taking periods. While the center of mass energy was changed in Run 1 from 7 TeV (2011) to
8 TeV (2012) a constant energy of 13 TeV was used during Run 2.

This thesis will focus on the data from Run 2. This Run is additional split by an end-of-year
extend technical stop (EYETS) at the end of 2016. This stop was used to start a first round
of analyses on the partial Run 2 data set taken from 2015-2016. This thesis includes two
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Figure 4.8: Schematic overview of the data taking periods of the LHC. EYETS corresponds
to an end-of-year extend technical stop.

analyses, which are based on this data set. The remaining analysis in this thesis are based on
the full Run 2 data set including the data from 2015 to 2018. Figure 4.9 shows the integrated
luminosity of Run 2 as a function of time. The figure shows the luminosity for the data
delivered by the LHC and for the data taken by the ATLAS experiment. Furthermore, during
a small fraction of the data taking not all detector subsystems and magnetic system were fully
operational. Data taken during this time periods is not used for analyses. The data which
fulfill all quality criteria are stored in Good Run Lists and the luminosity of this data is also
shown in Figure 4.9. The partial Run 2 data set recorded until the EYETS has an integrated
luminosity of 36.1 fb~! and the full Run 2 data set a integrated luminosity of 139 fb~!.

For the pile-up simulation the number of interaction per bunch crossing has to be measured.
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Figure 4.9: Total integrated luminosity for the ATLAS detector during Run 2 as a function
of time. Green shows the luminosity that was provided by the LHC and yellow the part of
the luminosity, which was collected by the ATLAS detector. Blue shows the luminosity of

the part of data set, which can be used for analyses. EYETS corresponds to an end-of-year
extend technical stop [120].

Figure 4.10 shows the integrated luminosity as a function of the mean number of interactions
per bunch crossing (tt). The change of the beam conditions, as the bunch spacing or the bunch
density, between the different data taking years of Run 2 results in an increase of the average
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< p > from 2015 to 2017. In 2017 the beam conditions got additional change during the
data taking period. This results in a two peak structure of the distribution. For the year 2018
a intermediate setting of the two condition used in 2017 was used, so that < y > is slightly
decreased from 2017 to 2018 and the double peak structure is removed.

600 T
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Figure 4.10: Recorded luminosity as a function of the mean number of interactions per
crossing () for Run 2. Blue corresponds to distribution for the full Run 2 data set, while the
remaining colors corresponds to the different individual years of data taking [120].

4.5 Simulated events

This section summarizes the generators and their configurations used to simulate events for the
analyses described in Chapters 8, 9 and 10. Section 11 combines analyses of different Higgs
boson decay modes, which can use different generators and configuration. The generators
and configuration of these analyses are described in the references summarized in Table 11.1.
The includes two H — 77 analyses described in Chapter 9 based on the data recorded from
2015 to 2106 and in Chapter 10 based on the data recorded from 2015 to 2018. The second
analysis is based on the previous but is optimized. Next to the optimization of the analysis
strategy, several generator configuration are modified. The increased sensitivity increases the
contribution in the 2015 to 2018 analysis of small physics processes compared to the 2015 to
2016 analysis, in which they have a negligible impact. Therefore, additional simulation events
samples of physics processes with small cross section are considered for the 2015 to 2018
analysis. Table 4.2 summarize the used generators and their configurations for both data sets.
The Higgs boson production processes are split in different production modes. For the partial
Run 2 analysis with the 2015 and 2016 data set the four main production modes for the
H — 77 decay channel are simulated. The dominant processes are the gluon gluon fusion ggF
with an expected cross section of 48.52 pb, vector boson fusion VBF with 3.78 pb, associated
vector boson production V H with 2.25 pb and associated top quark pair production (t#H) with
0.51 pb.

The ggF production is simulated at next-to-next-to-leading order (NNLO) accuracy in QCD
using the POWHEG NNLOPS framework [121-125]. The NNLO accuracy is achieved for
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Process Generator PDF set o X BX [pb]

ME PS+UE | ME PS+UE
Higgs boson (my = 125.09 GeV)
ggF H— 1T Powheg PYTHIA8 | PDFALHC15 NNLO CTEQ6LLI | 3.04 N3LO QCD + NLO EW
VBF H— 1T Powheg PYTHIAS | PDFALHC15 NLO CTEQ6L1 | 0.24 NNLO QCD +NLO EW
VHH =17 Powheg PYTHIAS | PDF4LHC15 NLO CTEQ6LL1 | 0.14 NNLO QCD +NLO EW
ttHH — 1T MG5_aMc@NLO2.2.2 PYTHIAS8 | NNPDF30LO NNPDF23LO | 0.05 NLO QCD+NLO EW
ttH H — t7 (full Run 2) Powheg PYTHIAS NNPDF2.3 0.05 NLO QCD +NLO EW
tH H — t7 (full Run 2) MG5_aMc@NLO2.2.2 PYTHIAS CT10 0.005 NLO QCD+NLO EW
bbH H — 77 (full Run 2) Powheg PYTHIAS NNPDF2.3 0.05 NLO QCD+NLO EW
ggF H— WW — (vlv Powheg PYTHIA8 | PDFALHC15 NNLO CTEQ6LI | 1.12 N3LO QCD +NLO EW
ggF H — WW (full Run 2) Powheg PYTHIAS8 | PDFALHC15 NNLO CTEQ6LI1 | 10.44 N’LO QCD 4+ NLO EW
VBF H— WW — (vlv Powheg PYTHIAS | PDF4LHC15 NLO CTEQ6L1 | 0.09 NNLO QCD +NLO EW
VBF H — WW (full Run 2) Powheg PYTHIAS | PDFALHC15 NLO CTEQG6LL1 | 0.81 NNLO QCD +NLO EW
Other
Z—U SHERPA2.2.1 NNPDF30NLO 40400 NNLO
W — Ly SHERPA2.2.1 NNPDF30NLO 184500 NNLO
EWZ— WU SHERPA2.2.1 NNPDF30NLO 1.91 LO
EWW —tv SHERPA2.2.1 NNPDF30NLO 20.25 LO
Di-boson SHERPA2.2.1 NNPDF30NLO 130 NLO
1t Powheg PYTHIAG6 | CT10 CTEQ6LL1 | 2100 NNLO+NNLL
1t (full Run 2) Powheg PYTHIAS NNPDF2.3 2100 NNLO+NNLL
single top Powheg PYTHIAG6 | CT10 CTEQ6L1 | 140 NLO
single top (full Run 2) Powheg PYTHIA8 NNPDF2.3 140 NLO

Table 4.2: Overview of MC generators used for the different signal and background processes
and their predicted cross sections at /s = 13 TeV. Samples marked with (full Run 2) are used
only for analysis with the full Run 2 data set and replace the samples listed one row above
which are only used for analysis with the partial Run 2 data set from 2015 and 2016.

arbitrary inclusive ggF observable by reweighting the Higgs boson rapidity spectrum in
Hj-MiNLO [126-128] to that of HNNLO [129]. The VBF and associated VH production
processes are generated using POWHEG-Box v2 [123-125, 130] with the MiNLO [122]
approach at next-to-leading order (NLO), interfaced to the PYTHIA 8.186 [131] parton
shower model. The PDF4LHC15 [132] parametrization of the parton distribution function
(PDF) and the AZNLO [133] tune is used, with the CTEQ6L1 PDF set [134], to model
non-perturbative effects for the ggF', VBF and V H production modes. The QED emissions
from electroweak (EW) vertices and charged leptons is modeled with PHOTOS++ version
3.52 [135]. The t7H process is generated with MG5_aMc@NLO2.2.2 [136] at NLO accuracy
in QCD, interfaced to PYTHIAS for parton showering. The NNPDF23LO [137] PDF set is
used in the parton shower with the A14 [138] tune for non-perturbative effects, while the
NNPDF30LO [139] PDF set is used in the matrix element.

The ggF process is normalized to a next-to-next-to-next-to-leading order (N*LO) QCD
calculation with NLO EW corrections applied [140-143]. The overall normalization of
the VBF process is taken from an approximate-NNLO QCD cross section with NLO EW
corrections applied [144—146]. The VH process is normalized to cross sections calculated at
NNLO in QCD, with NLO EW radiative corrections applied [147-149]. The ttH production
mode cross section is calculated at NLO in QCD with NLO EW corrections applied [150—
155].

For the ggF and VBF production the H —- WW — [viv decay channel is generated in
addition to the H — 77 final state. The samples are generated separately but with the same
configuration as the H — 77 samples.

The production of V + jets is simulated with Sherpa 2.2.1 [156] generator using NLO matrix
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elements for up to two partons and leading order (LO) matrix element for up to four patrons
using Comix [157] and Open-Loops [158—161] libraries. They are matched with Sherpa
parton shower [162] using MEPS @NLO prescription [163—166]. The NNPDF30NNLO set
of PDFs [164] is used and the samples are normalized to NNLO prediction [167]. The
electroweak production of W /Z bosons from VBF, W /Z bosons associated with jets and
di-boson processes are simulated with the Sherpa 2.2.1 generator [117]. The Comix [157] and
the OpenLoops [168] matrix element generators at leading-order are used and merged with
the SHERPA parton shower simulation [162] using the ME+PS@NLO prescription [169].
As a PDF set NNPDF30NNLO [137] is used in conjunction with a dedicated parton shower
tuning developed by the SHERPA authors.

The ¢t process is generated with POWHEG-BOX v2 [123-125, 170], with the CT10 PDF set
in the matrix element calculation. The POWHEG-BOX v1 [171, 172] generator is used for
the electroweak top quark production, which uses the 4-flavour scheme for the NLO matrix
elements calculation together with the fixed four-flavour PDF set CT10F4 [173]. The top
quark spin correlation is preserved for all top processes and for top quarks in the t-channel
MadSpin [174] is used for the decay. PYTHIA 6.428 [175] with the CTEQ6L1 PDF set and
the corresponding Perugia 2012 tune [176] is used for the parton shower, fragmentation and
the underlying event.

A full simulation of the ATLAS detector response [177] using the GEANT4 program [109] is
performed for all samples. Pile-up is included by overlaying minimum-bias events simulated
with PYTHIAS using MSTW2008LOPDF [178] and the A2 [179] set of tuned parameters on
each generated event.

For the analysis using the full Run 2 data set the following updates and additional samples are
used.

The decays and spin correlations for T-leptons are simulated by PYTHIAS [180] for samples
generated with POWHEG while for samples generated with Sherpa the implementation of
the generator itself is used. Both implementations have been validated within the ATLAS
collaboration. For PYTHIAS a comparison to TAUOLA [181] is performed, while for Sherpa
is validated in Reference [182].

For the H — t7 samples the setup of the t7H production mode is updated and an additional
sample for the tH production mode is included. The t#H production mode is modeled using
the POWHEG-BOX v2 generator [123-125, 183, 184], with the NNPDF3.0NLO [139]
PDF set at NLO. The sample is interfaced to PYTHIAS8.230 [119] using the A14 [138]
tune and the NNPDF2.3LO [139] PDF set. The decays of bottom and charm hadrons are
performed by EVTGEN v1.6.0 [185]. The production of the tH process is generated with
MG5_aMc@NLO2.2.2 [136] interfaced with PYTHIAS [119] using the A14 [138] tune and
the CT10 [173] PDF set for the matrix element.

For the H — WW process the ggF and V BF production modes are included now for all final
states for the full Run 2 analysis, produced with the same settings as H - WW — [vlv decay
channel.

The ¢t events are generated using the POWHEG-BOX v2 [123-125, 170] generator at NLO
in QCD with the NNPDF3.0NLO [139] PDF set. The samples are interfaced to Pythia8.230
[119] to model the parton shower, fragmentation and underlying event using the A14 tune
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[138] and the NNPDF2.3L.O PDF set [137]. The decays of bottom and charm hadrons are
performed by EvtGen v1.6.0 [185].

Single top s-channel events are produced with the POWHEG-BOX v2 [123-125, 171]
generator at NLO in QCD in the five-flavour scheme with the NNPDF3.0NLO [139] PDF set.
The events are interfaced to Pythia8.230 [119] using the A14 [138] tune and the NNPDF2.3L.O
[139] PDF set.
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5 RECONSTRUCTION AND IDENTIFICATION OF
PHYSICS OBJECTS

In this section the reconstruction and identification techniques used to combine signal of
hits and energy depositions measured in the ATLAS detector to physics objects. For the
H — 77 analyses electrons, muons, jets and the missing transverse energy is reconstructed and
identified. Identification and isolation criteria are used differentiate electron and muons from
jets described in Sections 5.2 and 5.3. Jets are grouped into three different types by defining
Tp-candidates, b-jet and all remaining jets. T,-candidates correspond to jets from 7j-lepton
decaying into pions and are identified with specific identification algorithms described in
Section 5.5. B-jet are jet initiated by b-quarks and are identified by so called b-tagging
techniques described in Section 5.4.1. The missing transverse energy corresponds to the
energy of object which are not detected, as for example neutrinos which penetrates detector
without an energy deposit. The reconstruction of the missing transverse energy is described
in Section 5.6.

5.1 Tracks and Vertices

The inner detector of ATLAS is used to reconstruct tracks. With these tracks the primary and
secondary vertices are reconstructed. The information of the pixel detector, the SCT and the
TRT are used in different iterative algorithms to reconstruct the tracks [186, 187].

First clusters are formed out of pixels and strips hits that are on the same senor of the silicon
detectors. These three-dimensional clusters are seeded into the inside-out algorithm. A
combinatorial Kalman filter is used to extrapolate the clusters to the outer layers of the inner
detector and to build track candidates [186, 188]. Drift-circles around the wires of the TRT
are matched to track candidates. One set of seeds can result in multiple track candidates. An
ambiguity solver [189] is used to reject candidates that fail certain quality requirements, as
for the Run 2 data tracking are at least seven hits in the pixel plus SCT layer, a transverse
momentum of pr > 400 MeV and a pseudorapidity of || < 2.5. The remaining tracks are
the final output of this inside-out chain. This method is used to find the track of particles
originating directly from the hard-scattering process or from short-lived particles. Tracks
of particles coming from secondary vertices, which have no hits in the silicon layers are
reconstructed using an outside-in algorithm, which starts from the TRT track segments and
extrapolates them back to the silicon layer. For this compatible unused clusters in the pixel
and SCT are used.

The primary and secondary vertices are determined by looking for intersections of sub-set
of these reconstructed tracks, which fulfill tighter selection criteria to suppress misidentified
tracks. Misidentified tracks are wrongly identified tracks, which do not correspond to a real
particle track in the event. The best position of the vertex is estimated by a vertex-finding
algorithm [191], for which the global maximum in the distribution of z-coordinates for
reconstructed tracks is used as a seed. Only tracks which are compatible with the expected
bunch-crossing region are considered for this. Starting from the vertex candidate an iterative
x2-fit is used to estimate the best position of the vertex. Therefore, the input tracks are
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Figure 5.1: Vertex reconstruction efficiency for primary vertex candidates as a function of the
number of tracks, for data in green and simulation in red [190].

weighted after each minimization step by their compatibility with the current vertex position.
Outliers, which have a P()?)-value of less than 8% between the vertex candidate and the
trajectory are removed. All tracks that are not used for this vertex reconstruction are used to
reconstruct an additional vertex. The procedure is repeated until all tracks are used for the
reconstruction of one of the vertices or no further vertices can be reconstructed. A minimum
of at least two tracks is required for a vertex reconstruction and as Figure 5.1 shows, an
efficiency of 80% to 95% depending on the final number of associated tracks is reached [190].
The primary vertex, which is defined as the vertex of the hard scattering process, is assigned
to the vertex with the highest momenta, while the remaining vertices are considered as pile-up
vertices. The momenta of the vertices are reconstructed as the sum of squared transverse
momenta of the assigned tracks is taken to estimate the vertices.

5.2 Electrons

For the reconstruction of electrons energy deposits in the electromagnetic calorimeter are
clustered to electron candidates. The sliding-window algorithm [192, 193] is used to build
electromagnetic towers of the size of An x A® = 0.025x0.025. A window with the size
of 3 x 5 elements is moved across the electromagnetic tower grid to find local maxima of
energy deposits. A minimum transverse energy of 2.5 GeV is required for the clusters. For
overlapping clusters only the one with the highest transverse energy is kept. These clusters
are matched to tracks in the inner detector using the global y>-track filter [194] and requiring
a minimum transverse momentum of 400 MeV on the track. The energy loss of the electrons
due to bremsstrahlung in the different detector materials is considered by using a Gussian-sum
filter [195] on the matched tracks. The final cluster is build by extending the window around
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simulation (open circles) estimated in Z — ee events [193].

the seed cluster to 3 x 7 in the barrel region and to 5 X 5 in the end-cap region. The energy of
the final cluster is calibrated to the original electron using multivariate analysis techniques
[196, 197]. Above a transverse energy of 15 GeV an efficiency above 97% can be achieved
for the final electron reconstruction as illustrated in Figure 5.2.

A likelihood method [193] is used to identify the reconstructed candidate as an electron. This
method reject jet misidentified as electron and non-prompt electron from photon conversion or
from the subsequent decay of heavy-flavor hadrons. The likelihood score gives the probability
that a candidate is an electron and uses several information of the inner detector and the
calorimeters as input. Different working points are defined using individual thresholds for
the likelihood score. The working points are defined as: loose, medium and tight, where
loose has the highest signal efficiency and lowest background rejection and tight has the
lowest signal efficiency but the highest background rejection. The efficiencies are estimated
using a tag-and-probe measurement in Z — ee and J/¢ — ee events. Figure 5.3 (a) shows
the efficiencies as a function of the transverse momentum for different working points with a
lower threshold on the transverse momentum at 20 GeV. The signal efficiency varies between
85% and 95%, 75% and 94% and 55% and 90% for the loose, medium and tight working
point.

Additionally, an requirement on the isolation of electrons is used to further suppress back-
ground from misidentified jets and non-prompt electrons. The isolation is a quantification
of the additional amount of energy in a cone of radius AR around the electron candidate.
The isolation requirements can be grouped into track-based and calorimeter-based criteria.
For the track-based method a cone around the electron trajectory is defined. A limitation of
the sum of transverse momenta in this cone, excluding the contribution of the electron track
and further contribution of bremsstrahlung gives an isolation requirement. The cone size
is varied depending on the transverse momenta of the electron, such that the size decrease
with larger transverse momentum. This cone size variation takes into account that for high
transverse momentum additional particles can be close to the electron. A tag-and-probe
measurement in Z — ee events defines several working points. Figure 5.3 (b) shows the
measured efficiencies of these working points as a function of the transverse energy of the
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Figure 5.3: (a) The electron identification efficiency for the loose (blue), medium (red) and
tight (black) working points as a function of the transverse energy (ET). (b) The electron
isolation efficiency for different work points as a function of Et [193].

candidates. Topological cluster [198] are used for the calorimeter-based requirements. For
this clusters cells are selected, which have four times the energy deposit of the expected noise
level, adding iteratively neighbor cells with a energy of at least two times the expected noise
level. To remove the included energy of the electron candidate a rectangle with An X A® =
0.125x0.175 around the electron is defined and subtracted. Simulation are used to estimate
and subtract the energy contribution of the electron outside this area as well as contribution of
pile-up and underlying events [193, 199].

5.3 Muons

The low energy deposit of muons with the detector material results in a clear experimental
signature. They leave only a small amount of energy in the calorimeters and penetrate the
outermost muon system, in contrast to other physic objects as photons, electron and hadrons.
The muon are reconstructed and identified using the combined information of the inner
detector, the calorimeters and the muon system.

The tracks of muon candidates are reconstructed following the description in Section 5.1.
For the muon system segments of the middle detector layers are used to seed the tracking
algorithm and are extrapolated to the inner and outer layers. For the CSC hit combinations in
the 1- and ®-plane are used as segments, while a straight line fit on hits is used for the MDT.
A global y2-fit is performed to combine the segments from the different layers to muon track
candidates. Selection criteria based on the quality of the fit and the number of hits are used
to identify a good muon track. The reconstruction of the muon candidates uses one out of
four different algorithms depending on the available information from the different detector
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components [200]. The different algorithms result in four different muon types: Calorimeter-
tagged (CT), segment-tagged (ST), combined (CB) and extrapolated (ME) muons. CT muons
are used in the low 1-region with 1| < 0.1. In this region services are located and the muon
system is not fully instrumented. For these muons a track has to be matched with an energy
deposit in the calorimeter compatible with the energy loss of a minimum-ionizing particle.
ST muons candidates have only hits in one layer of the muon system chambers, caused by a
low transverse momentum of the muon or a low acceptance of the region. One inner detector
track candidate has to be matched with at leas one segment in the MDT or CSC for this type.
The reconstruction of CB muons uses hit information of the inner detector and the muon
system. To combine those the muon system track is extrapolated and matched to the track
of the inner detector. The final muon is estimated by a global refit of the hits, which takes
into account the energy loss in the calorimeter. Similarly, a second reconstruction approach
can be used, which extrapolates the inner detector tracks to the muon system. ME muons
are reconstructed for candidates without information from the inner detector. For this type
hits in at least two to three layers of the muon system chambers depending on the region
are required. Additionally, the reconstructed track has to be compatible with an interaction
point, to reduce cosmic muons. To avoid the double use of inner detector tracks, the muon
types are prioritized in the following order CB, ST and CT. In case of an overlap with an
additional ME muon, the fit quality of the track reconstruction and the number of his are used
to select the final muon. The calibration of the transverse momentum of the muon takes into
account several momentum scale and resolution effects. It is preformed separately for tracks
of the inner detector and of the muon system. A limited knowledge of the magnetic field
and the energy loss in the detector affects the muon scale. Inhomogeneities of the magnetic
field, misalignment in the muon system, the spatial resolution of the hit measurement and
multiple scattering spread the momentum resolution. Special runs without the magnetic field
are used to determine the misalignment, while all remaining effects are estimated data-driven
by performing likelihood fits in the invariant mass of J/W¥ — pup and Z — pp events.

To suppress the fraction of backgrounds from other object misidentified as muon additional
identification criteria are applied. Three different working points are defined: loose, medium
and tight.

For the loose criteria all muon types are considered. CB muons are required to have at least
three hits in at least two MDT or CSC layers except for the |n| < 0.1 region in which the
requirement is relaxed to one hit. CT and ST muons are only considered for the |n| < 0.1
region. Since the momentum measurement is expected to differ between the inner detector
and the muon system for non-prompt muons, the ¢/ p significance is required to be less than
seven for CB muons. The g/ p significance corresponds to the absolute difference between
the ratio of the charge and momentum measured in the inner detector and the muon system
divided by the sum in quadrature of their uncertainties. The requirement to have hits in at
least three MDT or CSC layers and the restriction of 2.5 < || < 2.7 is applied on ME muons.
Only CB and ME muons that fulfill the loose requirement are considered for the medium
working point, while only CB muons pass the tight working point. In addition, muons of
the tight working point need to have hits in at least two layers of the muon system and
the y2-value of the combined track fit has to be smaller than eight. To further increase the
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Figure 5.4: The combined reconstruction and identification efficiency for medium muons (a)
and the muon gradient isolation efficiency (b) as a function of the transverse momentum (pr)
[200].

backgrounds rejection, especially for lower transverse momentum, transverse momentum
cuts depending on the ¢/p significance and p’ are applied, where p’ is the absolute value
of the difference between the transverse momentum measured by inner detector and the
muon system divided by the transverse momentum of the combined track. The combined
reconstruction and identification efficiency for the medium working point as a function of the
transverse momentum of the muon is given in Figure 5.4 (a). The obtained efficiencies for
J/¥ — pp and Z — pu events are above 98% for the full transverse momentum range.
Similar to the definition for electrons calorimeter- and track-based isolation variables are
defined for muons. For the calorimeter-based isolation the sum of the energies of all topo-
logical clusters in a cone of size AR around the muon position is used. The energy in the
cone is corrected for the energy of the muon itself and for contributions from pile-up. The
track-based isolation uses the sum of transverse momenta of the tracks inside a cone of size
AR around the muon position, excluding the muon tracks. To take into account that for
large transverse momenta other object can be close to the muon a variable cone size is used,
which decrease with increasing momenta: AR = min(10 GeV /pr, Rmax ), with maximum cone
size Rmax. Figure 5.4 (b) shows the gradient isolation working point used for the analysis
described in Chapter 9. For the gradient isolation working point the relative isolation variable,
defined as the ratio between the calorimeter (track-based) isolation variables and the trans-
verse momentum of the muon are used to reach a certain efficiency. AR = 0.2 is used for the
calorimeter-based isolation and R,x = 0.3 for the track-based isolation. The efficiency of
the working point is around 93% below a transverse momentum of the muon of 40 GeV and
increases for higher values up to 99% above 80 GeV (see Figure 5.4 (b)).
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As described in Section 4.3, quarks and gluons produced in proton-proton collision hadronize
to a collimated spray of color-neutral hadrons called jets. Pile-up, underlying events and the
large cross section of QCD interactions result in a large amount of jets. Therefore, a solid and
sophisticated reconstruction of jets is crucial for many analyses.

The reconstruction of jets is based on topological clusters [201] built in the electromagnetic
and hadronic calorimeters. Energy cells with a significant energy contribution of at least four
times the total energy noise are used to seed the cluster finding algorithm [190, 202]. For
the total energy, noise contributions from the readout electronic as well as pile-up noise is
estimated via simulation [203]. The topological clusters are built iteratively around these
cells by adding neighboring cells which fulfill the requirement of at least two times the noise
energy. Overlapping topological clusters are merged together, to avoid the double use of a
cell in two clusters. In a final step, all neighboring cells of the cluster with a positive energy
deposit are added, so that the final cluster has a highly significant cells surrounded by cells
with lower significance. The energy of the constructed cluster is defined as the sum of all
included cells and is measured at the electromagnetic scale. A weighted average of the n-
and ®-coordinates of the individual cells is used to reconstruct the direction of the cluster.
The resulting four momentum vectors are used as an input for the jet finding algorithms.
For the analysis using the full Run 2 data-set recorded from 2015-2018 the optimized par-
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Figure 5.5: Schematic overview of the particle flow algorithm [204].

ticle flow algorithms is used [204]. A cell-based subtraction to remove overlaps between
momentum and energy measurements of the inner detector and the calorimeters is performed.
Figure 5.5 shows a schematic overview of the particle flow algorithm. First, the tracks of the
inner detector are matched to a single topological cluster in the calorimeter. Based on the
cluster position and the track momentum the expected energy deposit of the particle, which
creates the track, is calculated. Most of the particles deposit energy in multiple clusters. The
algorithm evaluates the probability that the particle deposit energy in multiple clusters for
each of the track-cluster systems. These probabilities are used to decide if additional clusters
has to be added to the system to recover the full shower energy. The expected energy is then
subtracted cell by cell from the clusters. The cluster remains are removed if the remaining
energy of the system is consistent with the expected shower fluctuations of a single particle.
The algorithm is applied iteratively to all tracks, sorted in descending transverse momentum
order. In this way, the tracking and calorimeter information is combined to reconstruct jets
and soft activity in the event. The soft activity is an important input to calculate the missing
transverse momentum described in the Section 5.6. The particle flow algorithms provides
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a list of tracks as well as a list of topological-clusters containing unmodified clusters and
modified clusters after the energy subtraction.

The list of topological jet candidates as well as the particle flow jet candidates is used
separately as an input for the anti-k; algorithms [205] implemented in FASTJET [206] to
reconstruct the final jets for each method. The distances measures between two jet candidates
d;; and one candidate and the beamline d;p are defined as:

11\ AR 1
dij=min| —,—— | - I and dip=—-, (5.1)
<PZT7,' P2T7j> R? p%,i

with the transverse momentum of the particle pr; and pr ; and the geometrical distance AR;;
between them. The radius R defines the size of the jets and is set to 0.4. The reconstruction is
performed iteratively. For all particles d;; and d;p are calculated. If d;p is the smallest value,
particle i is defined as a jet and removed from the input list, while if one of the d;; is the
smallest value, the corresponding two particles are replaced by a new merged particle with
pr,ij = Pr,i + pr,j- The reconstruction stops when no input particle is left.

The reconstructed jets are corrected to restore the jet energy scale to the energy of a particle-
level jet built from truth particles after the hadronization [207]. The jet four-momenta is
recalculated first to point to the vertex of the hard-scatter process while keeping the energy
fixed. Then the energy is corrected by subtracting contributions from pile-up. The energy
is corrected from the reconstructed energy to the energy of the particle-level jet and for
biases in 1] due to transitions between different calorimeters or between layers with different
granularity. The energy correction between the reconstructed and particle-level jet include
corrections for the flavor of the parton to minimize differences introduced by the differences
in the fragmention process of quarks and gluons. To account for differences between data
and simulation, correction factors derived in in-situ measurements are used. Figure 5.6 shows
the ® and n-resolution for reconstructed jets using the topological cluster and for jets using
the particle flow algorithms as a function of the transverse momentum of the jet pt and the
transverse momentum resolution as a function of pr and as a function of |n|. The particle
flow algorithms improves the resolution in the low transverse momentum and low |7 | range,
while at high transverse momentum and |1| both algorithms reach a similar resolution.

5.4.1 B-jet tagging

Jets initiated by b-quarks are identified by so called b-tagging techniques. The long lifetime of
hadrons containing b-quarks results in a secondary vertex, which is displaced from the primary
vertex by a few mm. This property is used by the b-tagging algorithm. For the analyses
using the partial Run 2 data-set the MV2c20 algorithm [208, 209] is applied, while analyses
based on the full Run 2 data-set use the DL1r algorithm [210, 211]. The MV2c20 algorithm
identifies b-jet with a multivariate discriminant, which combines complimentary information
from different algorithms: IP2D [209], IP3D [209], vertex-based SV1 [212] and JetFitter
[213]. IP2D and IP3D are based on the transversal and longitudinal impact-parameters dy and
20. dp is defined as the closest distance between a given track and the primary vertex in the
r — ® plane, while zg is the difference between the z-coordinate of this point and the primary
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vertex. Those parameters are generally larger for tracks originating from a secondary vertex
compared to tracks from the primary vertex. The DL1 is a deep feed-forward neural network
trained on the same three input algorithms. For both methods, different working point are
defined, which use different cuts on the final discriminant. Tighter working points have a
better background suppression but a lower efficiency. Therefore, the different analysis of this
thesis use individual working points depending on the studied phase space. Figure 5.7 shows
for the 70% single-cut working point a comparison between the efficiency to tag b-jets and
the rejection for other jet types for the different methods. The DL1r method has a slightly
lower efficiency as the MV2c20 method, but the rejection of other jets is higher especially for
jets with a transverse momentum below 500 GeV. Therefore, the DL1r results in a better b-jet
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5.5 Hadronically decaying 7-leptons

to background ratio for analyses with a significant contribution of jets below 500 GeV as the
H— 77 analysis.
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Figure 5.7: The b-jet tagging efficiency (a), light-flavour jet rejection (b) and c-jet rejection
(c) as a function of the transverse momentum of the jet based on simulated #7 events for the
IP3D, SV1, JetFitter, MV2 and DL1 b-tagging algorithms at the 70% single-cut working
point [210].

5.5 Hadronically decaying 7-leptons

Due to their relative short lifetime T-leptons are not detected as final state objects (see Section
6.1.3). Instead, they are reconstructed based on their visible decay products, excluding for
example neutrinos produced in the decay. 65% of the 7-leptons decay hadronically. Similar
to other processes including hardons this decay will be reconstructed as a jet. In all analyses
discussed in this thesis, the signal includes hadronically decaying 7-leptons and therefore
it is necessary to identify these 7-jets. The decay can be classified into processes with one
charged track (1-prong) with a branching ratio of 72% and three charged tracks (3-prong)
with a branching ratio of 22%. Most of the remaining decays have a kaon in the final state.
Up to three neutral particle are produced in 68% of the decays. The decay products of the
T-lepton are boosted, so that the 7-jets tend to be highly collimated and consists of a smaller
amount of particles compared to quark/gluon initiated jets.

To reconstruct the 7-lepton an algorithm is seeded with all reconstructed and with the LCW
scheme [215] calibrated jets with a transverse momentum of at least 10 GeV and || < 2.5
[202]. Candidates in the transition region with 1.37 < || < 1.52 are excluded. The number
of charged tracks found within a cone of AR < 0.2 around the jet direction is counted to
classify the decay into 1-prong and 3-prong decays. The reconstructed 7-candidate must not
originate from the selected primary vertex for events with multiple interaction points. The
production vertex of the T-candidate (TV) is identified among the event vertices to increase
the reconstruction efficiency. The transverse momenta of all tracks within a cone of AR < 0.2
around the seed jet direction with pt > 1 GeV and satisfying requirements on the number of
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Figure 5.8: Efficiency to assign the correct vertex in 1-prong t-lepton decays for the 7-
reconstruction algorithm (red) and the default selected primary vertex (black) as a function of
Pt (a) and the number of reconstructed vertices in the event Ny (b) [214].

hits in the inner detector are summed and the TV is defined as the vertex to which the largest
fraction of this sum is matched. Using the TV instead of the primary vertex improves the
efficiency to assign the correct vertex. In particular, for events with a low pt of the t-lepton
and for events with a higher number of reconstructed vertices the efficiency is improved, as
shown in Figure 5.8.

The same cone of AR < 0.2 is used to calculate the direction to the T-candidate. Here the
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Figure 5.9: Efficiency for reconstruction of a t-candidate with 1-prong (red point, black
dashed line) and 3-prong (red triangle, blue solid line) as a function of the transverse momen-
tum of the 7-candidate [214].

TV is used as an origin and the vectorial sum of the topological cluster in the cone is used
assuming that the 7-candidate is massless. The efficiencies for reconstructing a t-candidate
with 1-prong and 3-prong are shown in Figure 5.9. The efficiencies of 1-prong candidates are
higher as for 3-prong candidates, especially for small values (<70 GeV) and for large values
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5.5 Hadronically decaying 7-leptons

(>220 GeV) of the transverse momentum of the candidate. For 1-prong events, the efficiency
is relatively flat with respect to the transverse momentum with approximately 70%, while for
3-prong the efficiency varies between approximately 55 and 70%.

The reconstructed energy of the 7-candidate is calibrated back to the energy of the visible
T-lepton at particle level. The energy contribution from pile-up is subtracted and the detector
response calibration (DRC) function is applied. DRC corrects for decay products that do not
reach the calorimeter, so that the energy of them is not high enough to create a topological
cluster or are outside the AR < 0.2 cone. This correction is calculated based on simulated
events using the particle level visible energy.

A boosted decision tree (BDT) is trained to identify 7-leptons and to suppress the contributions
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Figure 5.10: Inverse of misidentifying a QCD multi-jet as a function of the efficiency for
the 7-lepton identification (a) and the electron likelihood score for t-candidates (red) and
prompt electrons (black) estimated in Z — ee events (b). The efficiency for events with
1-prong candidates are shown as a blue solid line, while for events with 3-prong candidates
the efficiency is displayed with a dashed black line. The three working point loose, medium
and tight are visualized with red points for 1-prong and with red rectangles for 3-prong events.
[214].

of quark and gluons initiated jets, which mimic a 7-lepton signature [216]. Separated BDTs
are trained for 1-prong and 3-prong decays against di-jet background events using the shower
shape and tracking information. As an input, variables of the tracks and topological clusters
inside the AR < 0.2 cone are used. The output scores of the BDTs are then used as an
identification criteria by defining three different working points: loose, medium and tight.
Each working point corresponds to a different identification efficiency and is defined to
not depend on the transverse momentum of the 7-candidate. The continuous identification
efficiency and the three working points are shown in Figure 5.10 (a) for 1-prong and 3-prong
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t-candidates. The working points of 1-prong 7-leptons are defined closer to each other as
for 3-prong events. The loose working point for 1-prong events has a similar efficiency as
the medium working point for 3-prong events, while the two tight working points are defined
with a similar efficiency. Especially for 1-prong 7-candidates, electrons with similar detector
signatures as charged pions are an important background. The contribution of these events is
suppressed using a likelihood-based rejection algorithm based on a discriminator developed
for electron identification [217, 218], which is shown in Figure 5.10 (b).

5.6 Missing transverse energy

The missing transverse energy E%‘iss can be grouped into real and fake contributions. Real
E%‘i“ is created by particles, which do not interact with the detector, as the neutrinos of the SM
but also potential beyond the SM particles interacting only via the weak interaction. The fake
contribution can be associated with energy mismeasurements, particles which penetrate the
detector in regions with low acceptance, pile-up or particles which are not detected because
of the limited reconstruction efficiency of the detector.

The missing transverse energy can be reconstructed by using the measurement of all detected
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Figure 5.11: Resolution of EMS measured by RMSxm(iys

for W — ev (red), W — v (green) and ¢ (blue) events taken

)S as a function of the particle level

iss, t
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from simulation [219].

particles and momentum conservation transverse to the beam line [219, 220]. All tracks
from reconstructed particles but also non-matched tracks originating from the primary vertex
are considered. The vector of the missing transverse momentum is defined as the negative
vectorial sum of the transverse momenta pr of all these objects, where the contribution of
reconstructed objects is called hard term, while the remaining objects are summarized as
the soft term. The soft terms covers underlying event activity, soft radiations from the hard
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5.7 Invariant mass of di-7 system

interaction and contribution from pile-up events. Finally, the vectorial missing transverse
energy is the sum of the hard and soft term:

EP™=—Y Pri— Y, Pri (5.2)
icobj J€Etrack
—— N —
hard term soft term

with i running over all reconstructed objects and j over all tracks which are not associated
with an object. Ermiss is then defined as the magnitude of this vector:

E’?iss _ |E~_rrniSS| — \/(E)r(niss)2 4 (E}rlniss)z‘ (5.3)

A priority order for overlapping objects is used, to avoid double counting of energy deposits
in the hard term. The order is electrons, photons, hadronically decaying 7-leptons and jets.
Therefore, all electrons are used to reconstruct the missing transverse energy, while other
objects are only used if they do not overlay with any already included object. Some muons,
which are typically reconstructed with the MS- and ID-tracks only (see Section 5.3), can have
large deposits in the calorimeters and therefore be reconstructed as jets. For these cases, but
also for jets which overlap only marginal with other objects, a corrected energy estimation is
used, which is described in Reference [219]. Figure 5.11 shows the resolution of the missing
transverse energy estimated in simulated W — ev, W — uv and tf events. The best resolution
is achieved in W — eV events, followed by a slightly higher resolution of W — uv events,
while the resolution for 77 events is approximately 150% of the resolution estimated for the
other processes.

5.7 Invariant mass of di-T system

The invariant mass of the di-7 system is an important discriminant in H — 77 analyses. The
mass is able to distinguish between the irreducible background from Z — 77 events and the
signal. The mass of the instable di-7 system (see Section 5.5) is reconstructed from the decay
products. The decay of 7-lepton includes at least one undetected neutrino. These invisible
decay product has to be considered in the mass reconstruction of the Higgs boson candidate.
The two approaches used in this thesis to reconstruct the invariant mass of the di-7 system are
described in this section.

Visible mass The visible mass approach uses only the visible decay products of the 7-
leptons to calculate the invariant mass of the di-7-system, so that the contributions of the
missing energy are neglected. This results in a shift of the invariant mass towards lower values.

vis

The visible mass of the di-7-system mY; is defined as:

m\{_l‘; = \/(Erl‘vis +ET2, vis)z - (ﬁﬂ,vis +ﬁfz.vis)27 (5-4)

with the reconstructed energy of the two visible 7-leptons Ez,, . and their reconstructed
visible momentum pr, @

,vis®
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5.7 Invariant mass of di-T system

Collinear approximation The collinear approximation described in Reference [221] uses
the assumption that the invisible decay products are emitted in the same direction as the
visible system and that these decay products are the only source of missing transverse
momentum in the event. Using the measurement of the missing transverse energy E}niss =
(E;T‘iss,E)‘,niSS) and the transverse momentum of the visible decay products of the t-leptons
ﬁﬁ = pl‘i 2 p;li (2)) the fraction of 7-momenta carried by the visible decay products can
be expressed as:

vis ,vis vis ,vis

_ Px2Py1 — Py2Px,1
PR T (BT o)~ el — (DE™p)

*1,(2) 5.5

The collinear mass of the di-7 system can be constructed using the assumption of massless
leptons with the invariant mass of the visible system myis and the momentum fractions x; (3):

Myis

Jxixy

coll __
Mer =

(5.6)

The method provides a good resolution for boosted topologies, while for topologies in which
the collinear approximation is not valid the invariant mass is overestimated. For back-to-back
topologies of the decay products ( ﬁ%“l ~— p’YFi;) Equation 5.5 becomes degenerate, resulting
in unphysical values for x () and t00 high values of the invariant mass. Figure 5.12 shows
the normalized distribution of the reconstructed di-t-mass in the collinear approximation
for H — 717y and Z — 77 events in the boosted and VBF inclusive signal categories of the
H — 77 analysis based on the 2015 and 2016 data set described in Chapter 9. The collinear
approximation is able to reconstructed the Z boson mass to 100.2 GeV in the boosted and
to 99.7 GeV in the VBF category, while the reconstructed masses for the Higgs boson are
126.3 GeV and 124.7 GeV, respectively. The values in the boosted category are slightly
higher than in the VBF category for both processes showing a systematic impact of the event
selection on the collinear assumption. The resolution for the Higgs boson mass is slightly
smaller in the VBF category with 18.9 GeV than in the boosted category with 21.1 GeV, while
the resolution for the Z boson mass are very similar with 20.5 GeV in the VBF category and
19.6 GeV in the boosted category.

Missing mass calculator The missing mass calculator (MMC) [223] can be used in any
di-7-decay topology, since it does not use the collinear assumption. The method estimates the
most probable kinematic configuration of the invisible system by using probability density
functions for the 7-decay properties. By assuming a perfect detector resolution and no
additional neutrinos in the event, the full reconstruction of the event topology requires the
determination between six and eight unknown variables depending on the decay mode of the
di-7 system. These observables are the components of the invisible momenta prln(lzs)s of the
two T-neutrinos and the invariant mass of the neutrino system for each leptonically decaying
T-lepton (m‘l“(izs)s). To estimate the variables, mass-shell requirements can be used, which result
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Figure 5.12: Normalized distribution of the reconstructed di-7-mass in the collinear approxi-
mation for H — 7171 and Z — 77 events in the boosted inclusive (a) and VBF inclusive (b)
signal categories of the H — 77 analysis based on the 2015 and 2016 data set (see Chapter 9)
[222].

into four equations:

E)r(niss — prlniss sin (Glmiss) cos (¢1miss) +pr2niss sin (ezmiss) cos ((piniss)

E}r/niss — prlniss sin (Glmiss) sin (¢1miss) +p5niss sin (9511iss) sin ((Péniss)

w2 = () () 20 (1) ()P (1) () )
_2p\1/isp11niss cos (elvis o Q{niss)

my = () () 4 20/ () () () + ()
_2p\2/isp12niss cos (ezvis _ giniss) .
For hadronically decaying t-leptons only one massless neutrino is produced in the final
state, so that in Equation 5.7 mrln(lg)b is set to zero. Since these requirements are not sufficient
to estimate all unknown variables, probability density functions (PDFs) depending on the
t-decay kinematics are used by the MMC algorithm to find the best solution. Simulations
are used to estimate these PDFs and a scan over the unknown variables of the neutrino
system is performed. The resolution of the missing transverse momentum has an impact on
the performance of the MMC. To take this dependency into account, additional scans over
(E,‘(niss,E?iss) are performed and each scan point is weighted with a Gaussian probability
depending on the scalar sum of all transverse energy deposits in the calorimeter. For each scan
point of the MMC algorithm Equation 5.7 is solved and the solution is weighted according to
the event likelihood calculated for these 7-decay kinematics. The solution corresponding to

54



5.7 Invariant mass of di-T system

the maximum of the weighted solutions for each scan is used as the final estimate for the di-7
mass m¥MC_ In rare cases between 1 and 3% of events with large fluctuations in the missing
energy measurement the MMC algorithms can fail to find a solution.

vis

Table 5.1 compares the reconstructed di-7-mass of the MMC method with m¥s and mS!" for

mu—cr [GeV]  Ouorr [GeV]  mz_1r [GeV]  Oz-1c [GeV] HHzmlizos

/52 2
GH*) T + GZﬁﬂ:

mis 74.9 15.8 59.3 14.6 0.73
m<M 125.6 20.2 98.3 21.7 0.92
myMC 123.5 16.2 96.7 17.5 1.04

Table 5.1: Mean and RMS values for the mass of the di-7-system for the H— 77 and Z — 77
process using the visible mass, collinear approximation and the MMC method in the H — 7T,
final state preselection of the analysis based on the 2015 and 2016 data set (see Chapter 9).
The right column shows the separation power of the two processes [224].

the H— 77 and Z — 77 processes in the H — 77, final state preselection of the analysis based
on the 2015 and 2016 data set (see Chapter 9). The table shows the clear bias of the visible

mass towards lower values due to the neglected contribution of the missing transverse energy,

while the values of mS%! and mMMC are relatively close to each other. For both processes, the

best resolution is achieved for mY$, since the resolution does not consider the systematic shift

of the mean value. The resolution of mMMC is smaller for both processes compared to mS9!.,

The highest separation power of the two processes with 1.04 is achieved for mMMC, followed

by m with 0.92 and m}!® with 0.73. Figure 5.13 shows the corresponding normalized
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Figure 5.13: Normalized distribution of the reconstructed di-7-mass using the visible mass
(black), the collinear approximation (red) and the MMC method (blue) for H — 77 (a) and
Z — 77 (b) events in the H — 77, preselection of the analysis based on the 2015 and 2016
data set (see Chapter 9) [224].

contributions of different mass approximations summarized in Table 5.1.
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6 PHYSICS PROCESSES

This section summarizes the physics processes relevant for this thesis. All processes are either
included as signal or background processes in the different analyses. The analyses discussed
in this thesis compare the SM predictions simulated with Monte Carlo event generators with
data recorded by the ATLAS experiment. Therefore, the targeted signal processes but also
background processes with similar signature as the signal process have to be considered.
The used Monte Carlo event generators and their precision are described in Section 4.5.
Background processes can be grouped into reducible and irreducible processes. Reducible
backgrounds have a different final state than the signal process, but misidentification of
physics objects and limitations in the resolution of the detector e.g. the estimation of the
missing transverse energy, can lead to a misidentification of the event as a signal process.
This type of background can be suppressed by tightening the event selection to a topology, in
which the probability for the misidentification is smaller. Irreducible backgrounds have the
same final state signature as the signal process and are therefore difficult to suppress. Here,
kinematic properties can be used to differentiate signal and background processes. In the
H — 77 analysis the Z — 77 process is an irreducible background, which can be distinguished
from the signal using the reconstructed mass of the di-7-system.
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Figure 6.1: Cross sections for the main production modes of the Higgs boson at a center-of-
mass energy /s of 13 TeV (a) and branching fraction of the main decay channels of the Higgs
boson (b), as a function of the Higgs boson mass My [27].



6.1 Higgs boson production and decay

6.1 Higgs boson production and decay
6.1.1 Higgs boson production modes

Several physics processes contribute to the Higgs boson production, which can be classified
by the phenomenology and their cross section. The dominant production modes at the LHC
are visualized in Figure 6.2 as Feynman diagrams and their cross section as a function of
the Higgs boson mass My is shown in Figure 6.1 (a). The gluon fusion ggF production
has the largest cross section of 48.5 pb at a center-of-mass energy +/s of 13 TeV and My =
125.09 GeV [27]. The Higgs boson is produced via a quark g loop, in which the heavy top ¢
and bottom b quarks are the preferred ones, since the coupling strength is proportional to the
mass of the fermions.

The second leading production mode is vector boson fusion VBF with a cross section of

g
————— H
g
(a) gluon fusion (b) vector boson fusion
q W,Z '
W.,Z
L > H
q H g
t
(d) associated
(c) Higgs Strahlung production with top

quarks

Figure 6.2: Dominant Higgs boson production processes at the LHC visualized by leading-
order Feynman diagrams. The diagrams are ordered by decreasing cross sections: Gluon
fusion ggF (a), vector boson fusion VBF' (b), Higgs Strahlung V H (c) and associated produc-
tion with top quarks t7H (d).

3.8 pbat /s =13 TeV and My = 125.09 GeV [27]. Two quarks interact via the exchange of
weak gauge bosons, which fuse into a Higgs boson. Therefore, two jets with a high invariant
mass m; and a large difference in pseudorapidity An;; are present in the final state.

The Higgs Strahlung is the production of a Higgs boson in association with a weak gauge
boson VH and has a cross section of 2.2 pb at /s = 13 TeV and My = 125.09 GeV [27]. A
quark annihilates with an anti-quark into a weak gauge boson, which radiates a Higgs boson.
The associated production of a Higgs boson with a top quark pair rfH with a cross section
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6.1 Higgs boson production and decay

of 0.5 pb at /s = 13 TeV and My = 125.09 GeV [27] is an order of magnitude smaller
compared to the other production modes, due to the high invariant mass which is required to
produce the heavy top quarks.

6.1.2 Higgs boson decay modes

The Higgs boson H decays into the massive weak bosons V and massive fermions f. The
coupling strength to V is proportional to the squared mass of the bosons, while it is propor-
tional to the fermion mass for f (see Section 2.3).

The dominant fermion decay modes are H — bb, H — 1+t~ ,H — ccand H — u*pu~ (see
Figure 6.3 (a)) and the possible bosonic decays are H - WW* H —+ZZ*, H — gg, H — Z}*
and H — 7y. For bosonic decay modes the Higgs boson decays directly into massive vector
bosons, while the decay into massless particles is realized via a fermion or massive gauge
boson loop (see Figure 6.3 (b-d)).

The branching ratio as a function of the Higgs boson mass My is shown in Figure 6.1 (b).
The dominant decay modes for a Higgs boson with a mass of 125.09 GeV are H — bb with a
branching ratio of 57.7% and H — WW* with a branching ratio of 21.5%. The main focus of
this thesis is the H — t7 7~ decay mode with a branching ratio of 6.3%.

f g
H------ H-— -
f g
(@ H— ff (b) H — gg
v Y
H------ ij\: H----- <\§
AV ¥(Z)
(c)H — VV* (d) H — vy(Z)

Figure 6.3: Dominant Higgs boson decay modes visualized by leading-order Feynman
diagrams: H — ff (a), H — gg (b), H — VV* (c) and H — yy(Z) (d) via a W boson loop.

6.1.3 The 77-decay mode

The t-lepton has a relative short life-time (2.9-10713 s [47]) and decays before it interacts
with the detector. Therefore, only the decay products of the 7-leptons are measured in the
ATLAS experiment. The decay of the t-lepton is shown in Figure 6.4, while Figure 6.5 (a)
summarizes the branching fractions of the 7-decay modes. The decay modes can be grouped
into a leptonic decay mode with a light lepton flavor (e, 1) and two neutrinos (V¢, Ve, ) in

59



6.2 W/Z boson production in association with jets
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Figure 6.4: Feynman diagram of a 7~ -lepton decaying via a W~ boson into light leptons
([e™,Vel, [u™, vu]) or into quarks ([d, i]), which hadronize to pions () or kaons (k).

leptonic
(35 %)

(a) Branching ratios of the 7-lepton (b) Branching ratios of the di-7-system

Figure 6.5: Branching ratios of the decay modes of the 7-lepton (a) and the di-7-system (b)
[47].

the final state and into a hadronic decay mode with pions () or kaons (x) and a T-neutrino
(vz) in the final state. The hadronic decay mode has a branching fraction of 65% [47]. A
di-7-system has three different decay modes: 7,7, where both 7-leptons decay hadronically,
717y where both 7-leptons decay leptonically and 77, where one 7-lepton decays leptonically
and one hadronically. The 7;7; decay mode can be additionally grouped into the same-flavor
channel (7.7, + 7, 7,), in which both 7-leptons decay into the same light lepton, and the
different-flavor channel (7,7, ), in which the 7-leptons decay into light leptons with different
flavors. The branching ratio of the di-7-lepton decay modes are summarized in Figure 6.5 (b).

6.2 W /Z boson production in association with jets

Exemplary Feynman diagrams for the W /Z boson production with up to two associated jets
are shown in Figure 6.6. The vector boson can either decay hadroncically resulting in jets in
the final state or leptonically into electrons, muons or T-leptons.
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6.3 Di-boson production
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(a) Z boson no jet (b) Z boson one jet (c) Z boson two jets
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Figure 6.6: Vector boson production of a Z boson (top) and of a W= boson (bottom) in
association with jets visualized by Feynman diagrams. From left to right the number of jets is
increasing from zero jets to two jets.

6.3 Di-boson production

Di-boson events can be produced by WW -, ZZ- or WZ-production. The vector boson decays
either leptonically or hadronically resulting in leptons and jets in the final state. Figure 6.7
shows exemplary Feynman diagrams for different di-boson production modes.

q—>— Z
q W q W+
W W \
q W q Z ~
q-—<— V4
(a) WW-di-boson (b) WZ-di-boson (c) ZZ-di-boson

Figure 6.7: Vector boson pair production visualized by Feynman diagrams.

6.4 QCD multi-jet production

The cross sections for various QCD processes with outgoing quarks and gluons are large
at the LHC. Color-charged particles hadronize and produce events with several jets in the
final state. These jets can be misidentified as 7-leptons or lighter leptons, so that these events
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6.5 Single top quark and top quark pair production

are an important background for analyses with a 7-lepton in the signal process. Figure 6.8
summarizes exemplary Feynman diagrams for QCD multi-jet production.

q—>— g
q g 8 8
> v
q g
i q = g 8 8
(@) (b) ©

Figure 6.8: QCD multi-jet production in QCD processes with two jets visualized by Feynman
diagrams.

6.5 Single top quark and top quark pair production

The single top quark production is shown in Figure 6.9 (a-c) and can be produced in the
s-channel, t-channel, or in association with a W boson. The top quark preferably decays into
a bottom quark and a W boson.

In the top quark pair production both top quarks decay into a bottom quark or a W boson.
Exemplary Feynman diagrams are shown in Figure 6.9 (d-e).

b t g —t
q b
>WV$EM< w* A
q’ t
q q’ b —p—— NN Wji
(a) (b) (c)
g —>—t
q t g t
Pl < “
q t g t B
g et
(d) (e) (H

Figure 6.9: Single top quark production (top) and top quark pair production (bottom) visual-
ized by Feynman diagrams.
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7 EXPERIMENTAL METHODS

7.1 Simplified Template Cross Section

The measurement of Simplified Template Cross Sections (STXS) is a common strategy of the
ATLAS and CMS experiments to study the Higgs boson properties and is described in detail in
Reference [27]. The measurements of the signal strength (1) and coupling strength (k) make
use of kinematics predicted by the SM and extrapolate from the measured phase space to the
global phase space. Both increase the impact of theoretical uncertainties on the determination
of cross sections and dependencies on the underlying physics model. Furthermore, the
coupling strength and the signal strength are normalized to the SM prediction (K = gps/8gsm>
W = Opps/ Osm).

The STXS technique allows the reduction of theoretical dependencies, which are directly

Event categories
(reconstruction level)

[ H— 1t »[ VBF

STXS Bins
(particle level)

Interpretation

o

M=l

: o 5

> [ > i
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[ H—vyy

- -]

B
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Figure 7.1: Schematic overview of the STXS framework, including the input from event
selection (left), the measured cross-sections as the main result of the STXS (mid) and a list of
possible interpretations based on the STXS results (right).

folded into the measurements. The parameters of interest are cross sections of exclusive
regions of phase space for specific production modes defined on particle-level and will be
referred to as STXS bins throughout the rest of the thesis. The definitions of these STXS bins
are motivated by minimizing the dependence on theoretical uncertainties, maximizing the
experimental sensitivity and isolating possible effects from BSM-physics.

The STXS bins are defined in different stages. Stage O is targeting inclusive production
mode cross sections, while Stage 1 defines regions of phase space with a finer granularity
to decrease the model dependence and increase the sensitivity to deviations from the SM
predictions in specific phase space regions. In addition to Stage 1, a Stage 1.2 is defined,
which is an optimized version of Stage 1 to further increase the granularity and reduce the
impact of theoretical uncertainties. It was defined after the first round of publications of STXS
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Stage 1 measurements with the partial Run 2 data set recorded from 2015 to 2016 and is used
for the measurements with the full Run 2 data set recorded from 2015 to 2018.

A simplified schematic overview of the STXS definition is given in Figure 7.1. On the
left-hand side the analysis event categories are shown, which are enriched with specific Higgs
boson production processes and defined on reconstruction level. The event selection should
be optimized to increase the sensitivity to STXS bins. The center of Figure 7.1 illustrates the
part of the STXS method, which is determined by a global fit using the analysis categories
and is the main result of the STXS measurement: Cross sections per production mode, split
into exclusive kinematic STXS bins are defined on particle-level.

These STXS measurements are used as an input for subsequent interpretations, which are
shown in Figure 7.1 on the right-hand side, such as the test of specific models for BSM physics
and the estimation of Wilson coefficients in SMEFT (see Section 2.5), of signal strength
modifiers or of coupling scale factors k. The last two of these examples provide compatibility
with earlier measurements. The experimental results should quote the full covariance matrix
among the different STXS bins. In this way, the theoretical uncertainties of individual models
can be included in the interpretation step to ensure a long-term usability of the measurements.
The STXS measurement has some similarity to differential cross section measurements, but
it combines the advantages of signal strength, fiducial and differential measurements, by
allowing the combination of different analyses, increasing the granularity of the measurement
and the reducing the dependency of the measurement on theoretical uncertainties.

7.1.1 Object definition

The global fit unfolds the measured number of events in the event selections on reconstruction
level to the cross section in STXS bins defined on particle level. Thus, the final state objects
on particle level need to be defined unambiguously for the measured bins and theoretical
predictions from either analytic calculations or simulations. Within the STXS framework
simple definitions of the final state objects are used. The Higgs boson is treated as a final state
object to allow the combination of analyses exploiting different decay modes.

Higgs boson The STXS approach requires an on-shell Higgs boson. A requirement on the
rapidity of Higgs boson yy with |yy| < 2.5 is applied, since current measurements are not
sensitive beyond this rapidity range.

Leptons Electrons and muons originating from decays of vector bosons are required to be
“dressed”, meaning that the momenta of final state radiated photons are added back to the
momenta of them. 7-leptons are defined by the sum of their decay products. There are no
restrictions on the transverse momentum or on the pseudorapidity of the leptons, such that for
a leptonically decaying weak vector boson the full phase space is included.

Jets The STXS particle level jets are defined as anti-k; jets with a jet radius of R = 0.4 and
are built from all stable particles, including neutrinos, photons and leptons from hadronic
decays or produced in the shower. Stable particles are defined by requiring a lifetime larger
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7.1 Simplified Template Cross Section

than 10 ps, corresponding to the required value for a particle to pass GEANT 4 [109] in
the experimental simulation. Decay products of Higgs bosons are not considered, due to its
definition as a final state particle. Leptons and neutrinos originating from weak vector boson
are removed and treated separately, while decay products from hadronically decaying weak
vector bosons are included in the jet finding algorithm. The particle level jets are defined
without a requirement on their pseudorapidity, but requiring a minimum transverse momentum
pr of 30 GeV, to reduce the extrapolation in the measurements.

7.1.2 STXS Stage 0

The Stage 0 definition of the STXS framework is targeting the inclusive production mode cross
sections of the Higgs boson (H) and is summarized in Figure 7.2. The definitions of production
modes differ slightly from the definitions used in previous measurements at the LHC. The
V H production mode is explicitly defined as Higgs boson production in association with a
leptonically decaying vector boson (V), while electroweak EW ggH production comprises the
VBF Higgs boson production and the V (— gg¢)H production with hadronically decaying V.
Similarly, the ggZ(— gq)H production mode, in which the Z boson decays hadronically, is
included in the ggF' production mode. This definition takes into account that the VH and VBF
processes and similarly the ggZH and ggF production become ambiguous when including
higher order QCD corrections if the vector boson V decays hadronically. For the EW gqH
and VH production modes the information of sub-production modes is stored to allow a
comparison to the previous measurements. Therefore, the EW qqH is split into V(— gq)H
and VBF, while the VH production mode is split into quark and gluon initiated events and
into production associated with a Z and W boson.

(e ] [ ver | (S o [ m ]
E VBF )
V(= qq)H ]

Figure 7.2: Schematic overview of the STXS bins defined at Stage 0.

7.1.3 STXS Stage 1

At Stage 1 the inclusive production mode STXS bins of the Stage 0 are split further, based
on different kinematic properties of the event such as the jet multiplicity N; or the transverse
momentum of the Higgs boson p. This Section will give an overview of STXS bins at
Stage 1.

EW gqH STXS bins at Stage 1 The EW ggH STXS bins at STXS Stage 1 are shown in
Figure 7.3. The phase space is split into two different transverse momentum regions of the
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7.1 Simplified Template Cross Section

leading jet at p]T'I = 200 GeV. The lower phase space is expected to be dominated by SM-like
events, while the high STXS bin should be sensitive to potential BSM contributions. The
lower phase space is split into a VBF-like, VH-like and rest phase space.

The VBF like STXS bin requires N; > 2, an invariant mass of the di-jet system of the two

3 transverse momentum jl - Y jl 3
of the leading jet [ PR<200Gev | [ a0Gev<p |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _ e
L AR T Y
N; >2 and VBF cuts ] [ N; >2 and VH cuts J [ Rest ] topology cuts

PRI < 25 GeV ] 1

25 GeV< pii ] !

absolute value of the
vectorial sum of the
transverse momentum

Figure 7.3: Stage 1 STXS bins for the EW ggH production mode. The melon filled boxes
refer to STXS bins, while the orange ones are only given to group the STXS bins.

jets with the largest transverse momentum of m;; > 400 GeV and an absolute difference
between the 1-values of the jets of An;; = |n;, —nj,| > 2.8, where j, corresponds to the sub-
leading jet. It is defined as a compromise between the various VBF event categories used by
different ATLAS and CMS analyses. This phase space is split into two STXS bins at p?’ I =
25 GeV, where pIT” 7 is the absolute value of the vectorial sum of the transverse momentum:
p?j I = P2+ ﬁjfl + ﬁJTé |. This split mimics a separation into an exclusive 2-jet-like and an
inclusive 3-jet-like phase space. Several analyses of ATLAS and CMS use similar kinematic
variables to enrich the V BF production mode, so that this split reduces the extrapolation from
the event categories to the measure phase space.

The VH like STXS bin is defined as a typical topology of associated vector boson production
with a hadronically decaying vector boson by requiring N; > 2 and 60 < m;; < 120 GeV.
The rest bin contains all events of the remaining phase space, including the N; = 0 phase
space and could be sensitive to certain BSM contributions, which do not follow the typical
SM V BF signature of two forward jets.

ggF STXS bins at Stage 1 An overview of the current STXS Stage 1 definition for the
ggF production mode is given in Figure 7.4. The phase space is split into N; = 0, 1 and >2.
These splits are motivated by their use in the experimental analyses and by the reduction of
the uncertainty for extrapolating such measurements to a more inclusive phase space.

Additionally, the N; > 2 phase space is split into a VBF like and a non-VBF like phase space.
The VBF-like phase space is defined in the same way as for the EW ggqH production mode
at Stage 1, using the requirements m;; > 400 GeV and An;; > 2.8. The requirement of
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Figure 7.4: Stage 1 STXS bins for the ggF production mode. The turquoise filled boxes refer
to STXS bins, while the blue ones are only given to group the STXS bins.

pH < 200 GeV is applied on the VBF-like phase space to give priority to the STXS bin with
pi > 200 GeV and without a VBF-like topology. The VBF-like phase space is split into two
STXS bins, where one is an exclusive 2-jet-like STXS bin ( pIT{J /< 25 GeV) and the other an
inclusive 3-jet-like bin (pIT{j /> 25 GeV). These two STXS bins are defined to measure the
ggF contamination in VBF event categories. This contamination can introduce correlations
between EW gqH and ggF STXS bins. By the separated definition of these STXS bins the
correlation is absorbed into these STXS bins and reduced for the remaining ggF STXS bins.
The N; = 1 and > 2 phase space regions are split according to pH. The STXS bin with 0
< pH < 60 GeV has the highest expected number of events of all ggF STXS bins. The upper
threshold is chosen to give a more even split of events between the 0 < p/ < 60 GeV and
60 < p! < 120 GeV STXS bins, while it is high enough such that no resummation effects
are expected. Furthermore, the threshold is sufficient to introduce a negligible bias from the
pH requirement. The STXS bin with 60 < p# < 120 GeV remains from the split into a low
and a high region of pf. Here, the lower threshold is high enough for the STXS bin to be
treated as a hard Higgs boson production with an associated jet system in the theoretical
description. The STXS bin with 120 < pf < 200 GeV avoids large extrapolations and it
provides in the case of N; = 2 a substantial part of the ggF production contribution in the
event category designed for V(— gq)H production. The STXS bins beyond the top quark
mass m; = 171 GeV (p¥ > 200 GeV) allow the top quark loop to be on-shell such that top
quark mass effects become relevant. These high pi STXS bins ensure the usability of the
heavy-top expansion for the lower p// STXS bins and offer the possibility to distinguish a
point-like gluon fusion vertex induced by heavier BSM particles in the loop from the resolved
top quark loop.

VH STXS bins at Stage 1 The VH STXS Stage 1 definition for events with a leptonically
decaying vector boson i shown in Figure 7.5. The three inclusive production mode STXS bins
of Stage 0 are split according to N; and the transverse momentum of the vector boson p¥.

Both gg — VH STXS bins are split at py. = 150 and 250 GeV. The resulting intermediate
bin with 150 < p¥ < 250 GeV is additionally split into events with N 7 = 0 and events with
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N; > 1. The values of p‘; used in the split are oriented at quantities used in the H — bb
analysis, which is the most sensitive analyses for the VH STXS bins. The STXS bins with
pY. < 150 GeV include events of the bosonic decay modes and events from H — bb with
W —Iv or Z — [l 4+ vV, which do not rely on the missing transverse energy triggers. The
intermediate py. STXS bins are dominated by events from H — bb with Z — vV due to the
high threshold of the missing transverse energy trigger. The N; split is introduced to reflect
the different experimental sensitivities and to avoid the corresponding theory dependencies.
The high p¥. bins have the highest sensitivity to BSM effects. The gg — ZH production phase
space is split in the same way except for the split into a high and intermediate p}. bin.

(VH — (lep)H)

| <V <V transverse momentum !
»[ 250 GeV < pr ] ﬁ‘[ 250GeV < pr ] of the vector boson !

Figure 7.5: Stage 1 STXS bins for the VH production mode. The light green filled boxes
refer to STXS bins, while the dark green ones are only given to group the STXS bins.

Further production modes at Stage 1 The STXS Stage 0 bins for the remaining production
modes t7H, bbH and tH are not further split at Stage 1.

7.1.4 STXS Stage 1.2

The STXS Stage 1 definition was optimized after the first round of publication using the
data sets recorded in 2015 and 2016. The definition was modified to harmonize the STXS
bins across the EW gqH and ggF production modes and to match the event categories of the
analyses better. The increased statistics of the data recorded from 2015 to 2018 allows to
measure STXS bins with a finer granularity compared to the previous measurements, so that
the several STXS bins at Stage 1 are further split into finer regions of phase space at Stage
1.2.
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EW gqH STXS bins at Stage 1.2  An overview of the current STXS Stage 1.2 definition for
the EW gqH production mode is given in Figure 7.6. The definitions of the STXS bins are
changed to harmonize them with the kinematic variables used for the ggF production mode
and to optimize the definition further to reduce extrapolation uncertainties in different regions
of phase space.

Compared to Stage 1 the split in a low and high region of P]fl is replaced by a split in p4,
which is only applied to the VBF like phase space. The definition of the VBF like phase
space is simplified compared to the previous definition by removing the An;; requirement
and lowering the m; threshold to 350 GeV. In addition to the split at p[Tij 7 =25GeVa split
at m;; = 700 GeV is introduced to define high m;; bins for analyses using the H — bb decay,
which have no sensitivity to the regions of phase space with lower m ;. This results into eight
different VBF like STXS bins instead of the two defined at Stage 1.

In addition to the VBF-like phase space, the rest bin of Stage 1 was redefined. The rest bin
is split into N; and m;; bins for events with N; > 2. This allows to account for the different
experimental sensitivities in these regions and to reduce model dependencies and extrapolation
uncertainties. The requirements on VH-like STXS bin is a simplified compared to Stage 1 by
simply requiring with 60 > m;; < 120 GeV.

EW qqH |(VBF +VH(— qq)H)

*******************************************************************

transverse mass of
di-7-system

transvers momentum !
of the Higgs boson !

‘
‘
O T T —
: P <25 Gev } P <25Gev } P <25Gev ] Pl < 25Gev } absolute value of the |
! vectorial sum of the
; 25 GeV< pili J 25 GeV< pili J 25 GeV< pllii J 25 GeV< pllii J transverse momentum,

Figure 7.6: Stage 1.2 STXS bins for the EW ggH production mode. The melon filled boxes
refer to STXS bins, while the orange ones are only given to group the STXS bins.

ggF STXS bins at Stage 1.2 An overview of the current STXS Stage 1.2 definition for the
ggF production mode is given in Figure 7.7. The STXS bin definitions in the N; = 0, high
pif and ggF VBF-like phase space regions are changed compared to Stage 1.

The N; = 0 STXS bin is split into two p4 slices at 10 GeV. This threshold is defined to collect

N; = 1 events with a low transverse momentum of the jet p]f. In these events, the probability
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to not reconstruct a jet is high compared to phase spaces with higher P]f- The split ensures
that the lower p¥/ N; = 0 STXS bin is rather pure, while the contamination of N; = 1 events
are absorbed in the higher p¥ N; = 0 STXS bin.

The VBF like STXS bin requirements are redefined for the STXS bins with p < 200 GeV to
account for the new EW gqH STXS bins at Stage 1.2. The VBF like phase space is defined
with m;; > 350 GeV and is split into four STXS bins at m;; = 700 GeV and p}*/ = 25 GeV
to mirror the EW ggH STXS bins.

In the phase space region with p > 200 GeV the jet multiplicity split is removed compared to
Stage 1. The jet multiplicity is not well-defined in such a high boosted phase space region. Jets
in this boosted topology will overlap in the detector and cannot be experimentally resolved
from each other. Instead, a finer granularity in p4 is introduced by splitting at p%= 300, 450
and 650 GeV.

*******************************************************************************

jet multiplicity

*****************************************************************

| transverse mass of
| di-T-system

absolute value of the
transverse momentum o vectorial sum of the
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Figure 7.7: Stage 1.2 STXS bins for the ggF production mode. The turquoise filled boxes
refer to STXS bins, while the blue ones are only given to group the STXS bins.

VH STXS bins at Stage 1.2 The VH STXS bins definition at Stage 1.2 is shown in Figure
7.8. In comparison to Stage 1 the granularity is increased to account for the higher sensitivity
that is reached by the analyses with the full Run 2 data set. Furthermore, the phase space
splitting is harmonized across the three different inclusive VH production modes.

Each production mode is split according to N; and p¥. Compared to Stage 1 the granularity
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in py. was increased by adding splits at py. = 75 and 400 GeV. The N; split is applied to all
p¥. STXS bins and not only in the 150 < p¥ < 250 GeV phase space region as for Stage 1.

production mode

transverse momentum of the vector boson

Figure 7.8: Stage 1.2 STXS bins for the VH production mode. The light green filled boxes
refer to STXS bins, while the dark green ones are only given to group the STXS bins.

ttH STXS bins at Stage 1.2 In contrast to the STXS Stage 1, dedicated STXS bins for the
ttH production are defined at Stage 1.2 (see Figure 7.9). The phase space is split into regions
according to p#. The splits are defined using the same values as for the ggF production mode
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with p’}l = 60, 120, 200, 300 and 450 GeV, except fo the highest split at 650 GeV, which
is removed compared to the ggF production mode to account for the lower experimental
sensitivity to tfH production.

transverse momentum
of the Higgs boson

Figure 7.9: Stage 1.2 STXS bins for the /#H production mode. The light violet filled boxes
refer to STXS bins, while the dark violet ones are only given to group the STXS bins.

Further production modes at Stage 1.2 The remaining production modes bbH and tH are
not modified compared to Stage 1.

7.2 Likelihood function

For most of the analyses in thesis, maximum-likelihood fits are performed to data in order
to extract the free model parameters. This section will give a brief overview of the utilized
likelihood function. The section is written based on the descriptions in References [225] and
[226].

The measurement of the signal strength can be used to introduce the likelihood function. In
such an analysis the parameter of interest (Pol) is a scaling parameter r, which is free floating
and acts on the expected signal s;. The expected number of events n°*P in one bin i in a given
event category can be expressed as the sum of s; and background events b; in this bin:

i =resi(

!

n

) +bi(6), (7.1)
where r is the Pol acting on the signal sample and 6 a set of nuisance parameters on which s;
and b; depend. The probability to observe n? events given the expected number of events

i
anp can be expressed by the Poisson probability:

ng)bs

[)Pois(n?bs|r, é) — (r.si(e) +bl(e)) ' .e—(rxs‘,'(é)-i-b,'(é)). (7.2)
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Ifn Ob“ corresponds to a fixed number of observed data events this probability function is called
hkehhood function for the parameters r and 6: .% (r, 6 [n9%s). If the data-set is grouped into
smaller sets, for example by using more than one event category or by using the distribution
of an observable in the fit model, the likelihood function is build for each selection and
bin separately. The final likelihood function is then defined by the product of all individual
likelihood functions:

obs

g(r,éynObS):H(r'si(e) Obs'(G)) e~ (rai(8)+b:(6)) (7.3)
n;=

i

where i runs over all categories and bins, while 7°® is the total number of observed events.
The best-fit value for the Pol is estimated by varying all free parameters of the likelihood and
is defined as the one which maximizes the likelihood function.

This approach can be generalized for more complex measurements, in which cross sections of
several independent signals are measured simultaneously. In this case the likelihood model
has more than one Pol. The expected signal is split into different sub-samples for such a
measurement, e.g. for the STXS measurement one sub-sample per STXS bin is defined (see
Section 7.1) or for inclusive production mode cross section measurements one sample per
production mode. One Pol per sub-sample is defined for these measurements:

. : é’ +b é’ obs . .
g(r,e|n°b5)zn(zf<” i ’(01),2 e, ~(rs(B)+5:(6)) (7.4)

i n;

where the j loops over all signal sub-samples.

The nuisance parameters NPs 6 are used to include systematic uncertainties into the likelihood
function. The NPs can be varied during the maximization of the likelihood. However, most of
the systematic uncertainties are estimated a priory in auxiliary measurements. To include this
information into the likelihood model a constraint term in the form of a Gaussian probability
density function is defined for each systematic uncertainty:

PGauss(9’907 0-0) - e 2% 5 (75)
with the value for the nuisance parameter 6y and the variance oy, both estimated in the
auxiliary measurement. This term is maximized for 8 = 6, while the term gets smaller for
larger values of (6 — 6)%. By adding this term to 7.4, the likelihood function gets punished
for moving 6 away from 6y. Therefore, the fit tends to keep the NPs as close as possible
to auxiliary measurements and only changes them if the observed data shows a significant
deviation, which can only be corrected by shifting 8 with respect to 6y. The fit is able to
change oy to value o if the included data allow so. A deviation between 0 and 6 is called a
pull. This simple implementation has two disadvantages. First the result for every NP has to
be crosschecked with the value from the auxiliary measurement and second including NPs
with different scales of input uncertainties can be lead to an instability when maximizing
the likelihood function. This can be avoided by a parametrization of the NPs. The impact
of systematic uncertainties can be split into an overall normalization part 77 and into shape
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part o;, were 1 affects only the total number of expected events, while o; effects the relative
distribution of expected events in the different bins i. The nominal values n"°™ = 1 and 6™
as well as the variations % and crl-jE for a NP are estimated in the auxiliary measurements
and provided to the fit model. An interpolation and extrapolation scheme has to be used to
obtain a continuous parametrization of 11 and o; based on a parameter o¢. An exponential
extrapolation is used for the normalization, while a linear extrapolation is used for the shape
uncertainty:

+)o 0
n(a) :{ ((nn_))_O;’ gio and (7.6)

nom + _ shom >
G,-(OC):{G’ +oa(ot —oMm), a>0 77

o™+ oo™ —-0;), a<O0
The extrapolations return the nominal values for =0 (n(0) = 1 = n"°™ and 0;(0) = 6/°™)
and for a® = +1 the variations n* and Gl.i. Using this parametrization scheme Equation 7.5
is simplified to:
I &
PGauss(a|Oa 1) = \/ﬁe z. (7.8)
The NPs of all systematic uncertainties are depending on a individual parameter ¢, using a
standard Gaussian distribution as the underlying probability density function. This solves the
instability of the fit due to parameters of different scales and makes it easy to identify NPs,
which get constraint or pulled in the fit.
This method is used for all systematic uncertainties except for incorporating systematic
uncertainties from limited statistics in simulated events n'l?kg per bin i. The sum of background

events is given by the sum of weights w; for all generated events in each bin: n}’kg =Ywj,
where j runs over all generated events. The statistical uncertainty is given as: G; = 4 /Zw?.

The relative uncertainty of the background estimation is larger than the relative uncertainty
on the unweighted events given by !/~ (see [227]). The number of events that would be
measured in an auxiliary measurement with the same relative uncertainty can be described by
Poisson statistics using the number of unweighted event n)® "™ defined as:

ke
pPke ( = > : (7.9)

with the uncertainty 4/ n?kg’ "™ and the Poisson distribution with the mean y,-n?kg’ "™ is given
by:

. bkg, unw)ni_’k‘é unw

Poois (nbkg, unwwv) _ (%nl

i ]

(7.10)

bk,
n! g, unw
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7.2 Likelihood function

Y; is called the gamma factor and is the parameter, which has to be estimated to obtain the

observed mean in the corresponding bin i. The number of unweighted events nt*® "™ can
be non-integer, so that the Poisson distribution has be generalized to the gamma probability

distribution Pr:

bkg, unw 5,0k unw

bkg, unw (’Yini ) ! 7y-nk.’kg>“"w
Pr(n; %) = e M

i ! F(n?kg unw) ’

(7.11)

with the gamma function I'(x).
The final likelihood function is than build by combining the likelihood function in Equation
7.3 with the additional terms:

2 (7,8, 71n™) = [T Prois (n™[7,6) [ T Poauss (@l0, 1) [T A (2] ™ |). (7.12)
i u Jj

7.2.1 Best-fit values and uncertainties

The best-fit values can be computed by maximizing the likelihood function with respect to
7, @, 7. This maximization can be rather complex and computationally expensive. This can
be improved by minimizing instead the double negative logarithm of the likelihood function
—21n .Z. The products get replaced by sums, which are easier to calculate, while the same
result will be achieved. The factor 2 is added, since in the asymptotic regime, in which .Z
has approximately Gaussian shape, the values of —21n .# follow a x> distribution, where
the number of degrees of freedom n corresponds to the number of Pol r; in the likelihood
model. The uncertainty on the Pols can than be extracted using confidence intervals for a
confidence level (CL) 1-p, where the p-value is the probability of obtaining a result that is as
or less compatible with the null hypothesis as the actual observation. The confidence intervals
correspond to regions with values of —21n .# below a threshold F;;,%l (1 —p). Here, Fx}l is

the quintile function of the x? distribution. The CL prescription described in Reference [228]
is used for all measurements in this thesis.

7.2.2 Impact of individual uncertainties

To study the impact of the individual NPs on the central value and on the uncertainty of the Pol
two different strategies can be performed. The first approach is called breakdown calculation
and is used to estimate the combined impact of NPs associated to the same category of
systematic uncertainties. The second approach is called NP ranking and used to order the
single NPs by their impact on the central value of the Pol. Therefore, the impact of each NP
on the Pol is evaluated and ordered by the size of the impact.

For the breakdown calculation the uncertainty associated to a specific sub-set of NPs is
estimated by comparing the uncertainties on the Pols estimated by two different fits. First the
nominal fit with all NPs included is performed. In a second step all NPs corresponding to
the studied sub-set are fixed to their post-fit values estimated in the first fit. With this setup a
second fit is performed, in which effectively the sub-group of NPs is removed. The uncertainty
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of these NPs is then estimated by taking the quadratic subtraction of the uncertainties on the
Pol in these fits:

sg%ls = \/ Sgggn IP\)I%IS re:m)27 (7.13)
where skoL is the uncertainty on the Pol associated to the sub-set of NPs, stol the uncertainty
on the Pol estimated in the nominal fit and s}zﬁ}s rem the uncertainty on the Pol estimated in the
fit with the sub-group of NPs removed.

In the NP ranking approach the impact of the a@® = 41 variation is estimated. Here, the up
(+1) and down (-1) uncertainties are studied separately, so that in addition to the nominal fit
two additional minimization per NP are necessary. The best-fit value of the Pol in the nominal
fit is compared to the ones of the two alternative fits, in which the studied NP is set constant
to ot = 41. The impact is than calculated by taking the difference of the observed best-fit
values for the Pol:

it = = g, (7.14)
where ! is the impact of the up(down) variation of the NP on the Pol, 5! the best-fit value
of the Pol setting the NP to o £ 1 and 79! the best-fit value of the Pol for the nominal fit.
This approach evaluates by how much the Pol best-fit value is changed if the NP value « is
shifted to 1. The NP introducing the largest shift, has the largest impact on the Pol and is
therefore the most important NP in the measurement. The evaluation can be done with and
without including the constraint on the NP, so that the impact of the NP before (pre-fit) and
after (post-fit) the fit minimization can be estimated. Therefore, the method can provide an
estimate of the importance of the single NPs on the Pol, but also yields a comparison of the
prior value of the NP and its modification in the likelihood optimization.
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8 7-LEPTON TRIGGER MEASUREMENT

Analyses exploiting the fully hadronic decay channel, as described in Chapters 9 and 10,
rely on triggering on hadronically decaying t-leptons, called t-trigger in the following. For
every trigger it is necessary to correct for efficiency differences between simulation and data
by applying scale factors (SFs) to the simulated events (see Section 8.3.1). The SFs for the
T-trigger are estimated using two tag-and-probe analyses, where one is based on Z — 7,7, and
one on 1f — T, Ty events. In both analyses the trigger efficiencies in data €4y, and simulation
emc are estimated and used to calculate the final SFs (see Equation 8.1 and 8.2). The analyses
use orthogonal event selections to calculate the SF. Finally, they are combined to estimate the
final recommendations. This section discusses the 7 — 7, 7, analysis and summarizes the
combination with the Z — 7, 7, analysis for the full Run 2 data set. The Z — 7,7, analysis
has a dominant contribution to the final SF for events with lower values of p7, while for
larger values of p7 the f — Tu Th analysis gets more important. The analyses are based on
previous measurements described in Reference [229], which use the data set recorded in 2015
and 2016.

8.1 Signal and background processes

The signal process of the analysis are 1 — 7, T, events, where the 7, is used as a tag and
the 7y, as the probe of the tag-and-probe analysis. The main background contribution are top
quark production events where a jet is misidentified as a 7,-lepton. QCD multi-jet events have
a sizable contribution in the low p7 phase space of the analysis event selection. Here, one jet
is misidentified as 7,-lepton and one as a 7y -lepton. The W — [v and Z — [l processes can
mimic the signal signature if additional objects from pile-up, underlying events or additionally
radiated jets are misidentified. In addition, the Z — [/ process can mimic the signal signature
if one of the leptons is misidentified as 7,-lepton. Contributions from Higgs boson production
modes and other processes are neglected.

8.2 Event selection

The event selection of the analysis has two different stages. First a trigger selection is applied,
followed by an event selection based on object criteria and event topology. The muon is
used as the tag of the analysis and therefore two single-muon triggers are used to select the
events. The two triggers are the HLT_mu26_ivarmedium and the HLT_mu50. An offline
selection requirement with p# > 28 GeV is applied. This requirement is slightly above the
lower trigger threshold to avoid the use of trigger efficiency correction factors, which are
biased by migration effects at the trigger threshold.

The event selection of the analysis consists of three different topologies: One signal region
(SR), which is defined to enhance the signal contribution and to extract the final SFs and two
control regions (CRs), which are used to estimate the contribution of specific background
events in a data-driven way. Table 8.1 lists the event selection for the analysis. The selection
can be grouped into three types. Two sets of requirements are based on the object properties of
the leading muon and leading 7,,-lepton and one set on the event topology. Here, the leading
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object is defined as the one with the highest prt of all objects of the same type in the event.
Further on, the leading muon is required to be the muon that fired the single-muon triggers. The
leading muon has to fulfill the medium identification and the FCThightTrackOnly_FixedRad
isolation criteria. Finally, an upper threshold on the absolute pseudorapidity of the muon with
In| < 2.5 s set.

The analysis is performed with 7,-leptons that pass different identification criteria. For each
working point individual efficiencies are extracted and SFs are calculated. This is necessary
to provide the correct SFs for each possible 7,-lepton analysis. Furthermore, the 7,-lepton
has to fulfill p& > 25 GeV and |n| < 1.37 or 1.52 < |n| < 2.47 requirements. Only events in
which the 7,-lepton candidate has one or three charged tracks (Nyacks = 1 or 3) are selected.
This requirement is applied to significantly reduce the background contribution of events in
which a jet is misidentified as a 7,-lepton.

To suppress background contributions and to ensure the orthogonality to the Z — 7,7,
analysis, several requirements on the event topology are applied. The event must contain at
least one b-jet (Np.jer > 0), while for the Z — 7, 7, analysis a b-jet veto is applied. Exactly one
muon (N, = 1) and at least one additional jet (Nj,; > 1) are required. To especially suppress
background with a misidentified 7,-lepton, the electric charge of the muon and 7,-lepton are
required to be opposite.

Based on this SR two CRs are defined by inverting one requirement of the SR. The first CR is
called same-sign CR and is defined by requiring the electric charge of the muon and 1,-lepton
to have the same sign. The second CR is called multi-jet CR and is defined by inverting the
isolation criteria of the muon.

Muons Tp,-lepton Event topology
Signal region Medium ID Varying ID Npjet >0
(SR) Trigger matched In| <2.47 Njet > 1
In| <25 In| ¢ [1.37,1.52) Ny=1
FCTightTrackOnly_FixedRad  pr > 25 GeV Opposite electric charge
pr > 28 GeV Niracks = 1 or 3 of muon and T,
Same-Sign CR Same electric charge of
(relative to SR) muon and T,
Multi-jet CR Invert isolation

(relative to SR)

Table 8.1: Event selection of the 17 — 7, 7, tag-and-probe analysis.

8.3 Analysis strategy

In contrast to the other analyses described in this thesis, this analysis is not based on a profiled
likelihood fit. Instead the SFs are estimated using ratios of efficiencies calculated in data and
simulated events. The following sections describe the SF calculation and the background
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8.3 Analysis strategy

estimation.

8.3.1 Scale factor calculation

Two efficiencies are calculated to estimate the SF, which is used to correct the 7-trigger
efficiency in simulations for analyses based on the -trigger. These are the T-trigger efficiency
for Monte-Carlo simulations &yc and the T-trigger efficiency for data events £4,¢,. To calculate
the efficiency for Monte-Carlo simulations only simulated #f — 7, 7, signal events are used.
For the data efficiency the t7 — 7, 7, contribution is estimated by subtracting contributions
of other processes, which are predicted with Monte-Carlo simulations, from the recorded
data. Both efficiencies are defined as the fraction of the 7y-leptons that pass the 7-trigger

requirement. Therefore, the collected data in the t7 — 7, T, signal region before N, SR and

data
N3SP8S and the predicted simulated signal events

before N, SR.10t and after N SR, pass applying the trigger requirement are used:

after applying the 7-trigger requirement

sig sig
SR, pass SR,pass SR, pass
Ndata - kag Nsig
Edata = EMC = ——SRior 8.1)
ata SR,tot _ NSR.,tot ) SR, tot ’ :
data bkg sig

where Nleg’tm and Nsli’pass are selected background events in the signal region before and after

applying the 7-trigger requirement. The final SF is then calculated by using:
_ &data

SF = . (8.2)
émc

The SFs are calculated individually for a set of T-trigger configurations. All configurations
use a medium (medium1) online identification working point for the 7-lepton candidates and
they can be grouped into three types: tracktwo, tracktwoEF and tracktwoMVA. Tracktwo
indicates that T-candidates with two tracks pass the high-level-trigger (HLT) as well. The
tracktwoEF uses a tighter track requirement compared to the tracktwo trigger, to recover the
efficiency for events, which include t-lepton candidates with three tracks and have a large
number of pile-up events. The contributions of such events is increased for the 2017 and
2018 data sets compared to the previous data sets. The tracktwoM VA additionally uses a
boosted decision tree (BDT) using the TMVA implementation to reconstruct the energy scale
of the 7-candidates (see Section 5.5). For all configuration a set of different thresholds on the
online transverse momentum of the 7-lepton candidate p}. at the HLT are used, e.g. tau25
indicates a requirement of p7. > 25 GeV. For a sub-set of trigger configurations an additional
requirement on p7. at the Level-1 (L1) trigger is used, e.g. LITAU12 indicates a pT. > 12 GeV
requirement at L1.

e tracktwo

— HLT tau25 mediuml tracktwo
— HLT tau35 mediuml1 tracktwo
— HLT tauSOL1TAU12 medium]1 tracktwo
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HLT tau80L1TAU60 medium]1 tracktwo
HLT taul25 medium]1 tracktwo

HLT taul160 medium]1 tracktwo

HLT tau60 medium1 tracktwo

HLT taul60L1TAU100 medium]1 tracktwo

e tracktwoEF
— HLT tau25 mediuml tracktwoEF (EF)
e tracktwoEF OR tracktwoM VA (EFORMVA)

HLT tau25 medium1 tracktwoEF OR mediumRNN tracktwoM VA

HLT tau35 medium1 tracktwoEF OR mediumRNN tracktwoM VA

HLT tau35L1TAU12IM medium] tracktwoEF OR mediumRNN tracktwoM VA
HLT tau60 medium]1 tracktwoEF OR mediumRNN tracktwoM VA

HLT tau80L1TAU60 medium1 tracktwoEF OR mediumRNN tracktwoM VA
HLT taul60L1TAU100 medium]1 tracktwoEF OR mediumRNN tracktwoM VA

For each t-trigger a separate set of SFs is estimated for different 7-lepton candidates with
different offline requirements. All SFs are binned into the transverse momentum of the
Tp-lepton and are calculated separately for:

* Th-lepton identification criteria

— BDT: loose, medium, tight
— RNN: loose, medium, tight

* Number of charged tracks of the 1,,-lepton

— 1-prong
— 3-prong

The trigger menu has changed during the different data taking periods. Therefore, not all
triggers are available for every data set. Table 8.2 summarizes the triggers applied in each
data set. During the first technical stop (TS1) of the LHC in 2018 a new MVA based trigger
was added to the trigger menu. Therefore, the 2018 data set is split into a pre-TS1 with
% =22 tb~! and post-TS1 with .Z = 38 fb~! data set. Studies show that no SFs for any
trigger show a significant difference between the individual data taking periods, such that
the SFs are calculated on a combined data set for all available periods. Therefore, this
analysis provides SFs for the data sets recorded in 2017 and 2018, which are not covered by
the previous measurement [229], but also recalculates the SFs for the data sets from 2015
and 2016 covered by the previous measurement. The new calculated SFs replace the old
recommendation and are used for the 2015 and 2016 data set in all analyses, which are based
on the full Run 2 data set.
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2015 | 2016 | 2017 2018
Trigger pre-TS1 | post-TS1
tracktwo tau60 v’ v’ v’
tracktwo taul60L1TAU60 v’ v’ v’
tracktwo other v v’ v’ v’ v’
EF v’ v’
EFORMVA v’

Table 8.2: Available 7,-trigger for each data set. A check-mark illustrates the availability of
the trigger, while an empty cell is shown if the trigger is not applied. The 2018 data set is
split into two periods. The pre-TS1 data set was recorded before the first technical stop 2018
(TS1), while post-TS1 includes the data set after the stop.

8.3.2 Background estimation

To estimate the t-trigger efficiency in data, the background contribution in the signal region
has to be estimated and subtracted. The main background of the analysis are top quark
production events with a jet misidentified as a 7,-lepton. A sizable contribution of QCD
multi-jet events appear in the low p7' phase space of the analysis. This part of the phase
space is dominated in the combination by the Z — 7, 7, analysis. A small fraction of the
background are events in which an electron or muon is misidentified as a 7,-lepton. The full
background Ng‘ﬁg of the analysis can be described by:

Nl%](lgl _ N[%(CgD +N§lt(}éers,j—>f _{_Nglt(léers,l%‘c’ (8.3)

here the Ng(CgD term includes all QCD multi-jet background events, N{;ﬁzers’j ~" background
events from other processes in which a jet is misidentified as a 7,-lepton in particular from
top quark processes and N&t(hers’l_” background events from other processes with an electron
or muon misidentified as a 7,-lepton.
The QCD multi-jet background is estimated in a data-driven way, while the remaining
background contributions are estimated via Monte-Carlo simulations. Figure 8.1 shows a
schematic overview of the QCD multi-jet estimation. The same-sign CR is used to estimate
the QCD multi-jet contribution and a transfer Rog/ss is used to transfer the contribution from
the CR to the SR:

QCD __ (A/SS,SR _ 2;SS,SR
kag - <Ndata —Nothers > ’ ROS/SSa (8.4)
with the collected data in the same-sign CR NiStfR and the background in the same-sign CR

NSSSR

thers - The transfer factor is

of background events not assigned to QCD multi-jet events
calculated in QCD multi-jet enriched CRs:

OS.CR _ ,;08,CR
Ny —Nog.

__ “'data others
Ros/ss = NSSCR _ \SSCR™ (8.5)
data others
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pass

fail

Muon isolation criteria

true false

Muon and t-lepton have opposite sign charge

Figure 8.1: Schematic overview of the QCD multi-jet background estimation. Green boxes
correspond to regions in which the leading muon pass the isolation criteria, while red boxes
are assigned to QCD multi-jet control regions in which the muon fails the criteria. The Rog/ss
factor transfer the background events in the same sign control region (green, right) to the
signal region (green, left) and is estimated in the two QCD multi-jet regions (red).

A dependency of the Rpg/ss on the transverse momentum of the 7,-lepton is observed and
considered. Figure 8.2 shows the Rpg/ss values for the tau25 EFORMVA trigger with the 2018
data set for all BDT 1,-ID working points and for Ny,cks = 1 and 3, while Figure 8.3 shows
the values for the same configurations but for the RNN 7,-ID method. The Rog/ss values are
similar for the different working points and for the BDT and RNN methods. For Nyacks = 1
a decreasing trend for higher values of p%“ is visible, while the opposite trend is shown for
Niracks = 3. For the RNN working points, especially Tight, this trend is covered by statistical
fluctuations. The average value for Rog/ss across the p%‘ bins is similar between Nyacks = 1
and Nyacks = 3. The values tend to be smaller after applying the 7,-trigger compared to the
values before applying the trigger requirement. The shown uncertainties correspond to the
statistical uncertainties on the simulated events in the used QCD multi-jet CRs and they are
propagated as systematic uncertainties to the final SFs.

A systematic uncertainty is defined using the same-sign CR after subtracting the background
contributions as a function of p;” . The uncertainty is based on a variation of the ratio of data
events in the opposite-sign and same-sign QCD multi-jet CRs. Figure 8.4 shows the shape
variations on Rpg/ss BDT for the same configuration as shown in Figure 8.2. The systematic
uncertainties tend to be larger before applying Tj-trigger. For Ny.cxs = 1 events the variations
flip from positive to negative variations for larger values of p;" , while for Nyacrs = 3 the
opposite trend is visible. Overall the relative variations are up to 50%, except for one bin
with Nyacks = 3 and 1,-ID=Tight, where the variation is higher due to statistical fluctuations.
These one-sided uncertainties are mirrored around zero to finally get up and down variations
for ROS /SS-

Table 8.3 shows the data, signal and background yields for all working points of the two T,
identification methods (7,-ID) and for Ny,cks = 1, 3 in the SR. In general the observed data
yields are smaller for regions with Ny,cks = 3 than with Ny,s = 1 and decrease for tighter
working points of 7,-ID. More data events are observed in regions with the BDT 1;,-ID method
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7-ID Niracks Data Nt%((ng N];)lt(téers, Jj—T Nt())lg;ers,lﬁr Nsignal
Loose 1 88933 | 8991 £201 | 34426 178 | 3792 +38 | 39158 +93
Loose 3 27795 | 3678 120 | 8863 £ 90 | 1026 12 | 13433 £55
E Medium 1 64252 | 5243 £156 | 19843 +138 | 2643 £36 | 34392 87
M  Medium 3 16940 | 1720 £ 82 | 3604 £ 57 | 520 &+ 9 | 10724 +49
Tight 1 43118 | 2998 +£122 | 9694 £ 93 | 1597 +£21 | 27608 +£79
Tight 3 10707 | 689 £ 50| 1486 £ 38| 281 £ 6| 8218 43
Loose 1 62466 | 4295 154 | 17642 +£130 | 2223 +£26 | 38529 92
Loose 3 21356 | 1898 + 93 | 5414 +£ 71| 634 =+ 9| 13088 453
% Medium 1 48169 | 2864 +£125 | 10294 £ 97 | 1626 £22 | 33764 +£86
~ Medium 3 13711 | 998 £+ 69 | 2019 £+ 44| 317 £ 7| 10495 =£48
Tight 1 34675 | 1621 112 | 5044 +£ 65 | 1074 +£15 | 26551 =76
Tight 3 9025 | 391 =+ 38 747 £ 23| 144 £ 5| 7948 +£41

Table 8.3: Event yields in the signal region of the ## — 7, 7, tag-and-probe analysis for all
identification criteria (7,-ID) of the BDT and RNN methods and for 7,-leptons with one
charged track and three charged tracks.

as for the corresponding working point of the RNN method. The signal contribution increases
for regions with tighter working points from Loose BDT (RNN) with <48% (<61%) to Tight
BDT (RNN) with >64% (>76%). Therefore, the expected data yields for the RNN method
are smaller but the background rejection is higher.

83



8.3 Analysis

strategy

g [ T T T T T T |
S % 5=13Tev, 381" — Before Trig. ]
[ t-ID: LooseBDT, 1-prong - After Trig. |
151 5
i+ I B
L 1 =
E
o}‘umumumH\Hmumumumumui

0O 20 40 60 80 100 120 140 160 180 200
p:[GeV]

(@)

P R R o o o R
S 2 /s=13Tev, 3810 — Before Trig. |
[ 1-ID: MediumBDT, 1-prong ----After Trig. |
]
F—t— ]
1 | 7
L I 1
0sF B
o 1
RPN AP SR IR I AP IS T IO B

0O 20 40 60 80 100 120 140 160 180 200
Pk [GeV]

©

P AR s S E RAARERsaRaR SRR
S [ (s=13TeV,38fb* — Before Trig. |
25 1p: TightBDT, 1-prong - After Trig.
15 -
1 =
05 B
Ol e ]

0O 20 40 60 80 100 120 140 160 180 200

Figure 8.2: Rog/ss factors to calculate the SFs for the tau25 EFORMVA trigger with the 2018
data set and the BDT 7-identification method. From top to bottom for the Loose, Medium
and Tight working point. On the left-side for 7,-leptons with one charged track and on the
right-side with three charged tracks. The Rog/ss values for the signal region before (red) and
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after applying the 7,-trigger requirement (dashed blue) are shown.
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Figure 8.3: Rog/ss factors to calculate the SFs for the tau25 EFORMVA trigger with the 2018
data set and the RNN 7;-identification method. From top to bottom for the Loose, Medium
and Tight working point. On the left-side for 7,-leptons with one charged track and on the
right-side with three charged tracks. The Rog/ss values for the signal region before (red) and
after applying the 7,-trigger requirement (dashed blue) are shown.
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Figure 8.4: Shape variation on Rog/ss factors for the tau25 EFORMVA trigger with the 2018
data set and the BDT 7-identification method. From top to bottom for the Loose, Medium
and Tight working point. On the left-side for 7,-leptons with one charged track and on the
right-side with three charged tracks. The Rog/ss values for the signal region before (red) and
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after applying the 7,-trigger requirement (dashed blue) are shown.
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8.3 Analysis strategy

Treatment of systematic uncertainties No systematic uncertainties assigned to theoretical
uncertainties are considered in the analysis, while all uncertainties assigned to experimental
sources are applied. The uncertainties related to the luminosity, pile-up re-weighting, muons,
Th-leptons, jets, b-jets and the QCD multi-jet background estimation are included in the
analysis. Table 8.4 summarizes the number of individual uncertainties considered in the
analysis. The table splits these numbers into different sources of uncertainties for each
object. More detailed discussions of the individual uncertainties are given in Section 9.4
and 10.4. All uncertainties are applied on all simulated events used to estimate €qa, and

Leptons and jets

Uncertainty source Muon T-lepton Jet
All 13 13 33
Resolution 3 8
Energy scale 1 23
Reconstruction/Identification 3 11
Isolation 2
Trigger 4
Jet vertex tagger 2

QCD multi-jet estimation (RQCD)
All 2

Others

Uncertainty source b-jet | Luminosity | Pile-Up (PRW)
All 13 1 1

Table 8.4: Number of NPs related to experimental uncertainty in the fit model grouped into
different sources.

emc (see Equation 8.1). The used simulated events in the nominator and denominator of
these efficiencies have a large overlap, since the calculated efficiencies are close to one.
Therefore, all systematic uncertainties are treated as fully correlated before and after applying
the t-trigger requirement, by varying the nominator and denominator for each uncertainties
simultaneously.

Modeling of the observables The most important variables of the analysis are p%‘ and p!}l .
p is used as the final observable in which the SFs are calculated, while p is used to calculate
the shape variation of the QCD multi-jet background estimation. Figure 8.5 (a) shows the
modeling for the p? observable in the SR of the 2018 data set for the Loose working point of
the BDT 7, identification requirement and 1-prong 7;,-leptons and Figure 8.5 (b) shows the
p# distribution for the same configuration. For both variables the simulated events agree with
the recorded data within their uncertainties. For p{' a slight trend is visible in the ratio panel
within the uncertainty band. The QCD multi-jet background only has a sizable contribution
of both variables for lower values. The measurement of the efficiencies and the SFs are rather
robust against mismodeling of the variables, since mismodeling would affect the nominators
and denominators similarly and can therefore be canceled.
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Figure 8.5: Observed events in the signal region of the 2018 data set as a function of p%“
(a) and p# (b) for the Loose working point of the BDT 7, identification requirement and
1-prong 7,-leptons. The data is shown with black dots, the signal in white, QCD multi-jet
background in green, other backgrounds with jets misidentified as 7;-leptons in blue and other
backgrounds with electrons or muons misidentified as 7,-leptons in gray.

8.4 Results

The estimated efficiencies €q,t, and €y, as well as the final SFs for the tau25 EFORMVA
trigger setup are shown for the BDT 7 identification working points in Figure 8.6 and for
RNN in Figure 8.7. The €4,r, and &y agree for most of the displayed configurations and p%h
bins within their uncertainties. Therefore, most of the SFs agree within their uncertainties.
The efficiencies are increasing with higher values of p%“ and are above 95% for most of the
bins. The efficiencies raise faster with p? for 1-prong t,-leptons compared to 3-prong and for
tighter identification working points. No systematic trend between the efficiencies of the BDT
and RNN method is visible, but the uncertainties are smaller for the RNN method. This is an
effect of the higher efficiencies of the RNN working point compared to the corresponding
BDT working point. Due to higher efficiency more data events are selected at the working
point and the statistical uncertainty is reduced. The impact of systematic uncertainties on €gu¢,
and SF is only sizable for low p%‘ values and especially for 3-prong 7,-leptons.

Figure 8.8 shows the relative impact of the systematic uncertainties assigned to the different
sources discussed in Section 8.3.2 for the SFs displayed in Figure 8.6. For 1-prong 7j-leptons
none of the SFs have a relative uncertainty larger than 1% sourced by one of the uncertainty
groups, while for the 3-prong 7,-leptons the uncertainties are up to 3.1%. In most of the cases
a clear trend of smaller uncertainties for higher values of p%h is visible. The largest values are
in general assigned to the systematic uncertainties sourced by the QCD multi-jet estimation
(RQCD). The small impact of systematic uncertainties is expected, due to a large overlap of
events in the nominator and denominator of the efficiencies, which result in a cancellation of
the systematic uncertainties.
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Figure 8.6: Trigger efficiencies (upper panel) in data (blue) and simulation (red) and SF (lower
panel) for the tau25 EFORMVA trigger, estimated with the 2018 data set. From top to bottom
for Loose, Medium and Tight BDT 7 identification working point and left for 1-prong and
right for 3-prong 7-leptons. For the data efficiencies and the SFs the systematic uncertainty is
shown in dark blue and the total uncertainties in azure.
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Figure 8.7: Trigger efficiencies (upper panel) in data (blue) and simulation (red) and SF (lower
panel) for the tau25 EFORM VA trigger, estimated with the 2018 data set. From top to bottom
for Loose, Medium and Tight RNN 7 identification working point and left for 1-prong and
right for 3-prong 7-leptons. For the data efficiencies and the SFs the systematic uncertainty is
shown in dark blue and the total uncertainties in azure.
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Figure 8.8: Relative uncertainty on the SF assigned to a sub-set of systematic uncertainties
for the tau25 EFORMVA trigger and BDT identification criteria. The groups follow Table 8.4,
except for the jet related systematic uncertainties which are split additionally into jet energy
resolution (JER) and other jet related (JES) uncertainties.
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8.5 Combination

8.5 Combination

The results of the 17 — 7, 7y, tag-and-probe analysis are combined with a second tag-and-probe
analysis based on Z — 17,7, events using the combination framework BLUE [230, 231]. The
uncertainties are treated as uncorrelated between the two analyses.

Figure 8.9 shows the combination for the tau25 EFORMVA trigger using the 2018 data
set for the Medium RNN 7,-ID and 1-prong 7-leptons. The comparison of the SFs of the
single analyses and the combined values agree within their uncertainties for all bins (see
Figure 8.9 (a)). The weight distribution shown in Figure 8.9 (b), corresponds to importance
of the analyses for the combined value in each bin. A value of one means that combined
value is derived using only this analysis, while a value of zero means that this analysis has
no impact on the combined value. This distribution clearly shows the importance of both
analyses. For lower values of p% (<40 GeV) the combination is clearly dominated by the
Z — T, T analysis, while for higher values the t7 — 7,7, analysis is dominating. The pulls
shown in Figure 8.9 (¢), indicate if the combined value is pushed to larger or smaller values by
the analysis. A value above zero shows that the single analysis has a SF above the combined
value and therefore pulls the combined value to larger values, while a value below zero
indicates the opposite. In general the t7 — 7,7, and Z — 7, T, analyses are alternating, such
that no systematic trend of an over or under estimation of the SFs in one analysis is visible.
The distribution of the combined SFs with the statistical and systematic uncertainties (Fig-
ure 8.9 (d)) illustrates that the combined measurement is dominated by statistical uncertainties.
The systematic uncertainties are sizable for lower values of p%‘, while for large values the
statistical uncertainty is more and more dominating. Overall the SFs are between 0.95 and
1.05 for this configuration and therefore correspond to a correction of the simulations of up to
5%.
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Figure 8.9: Results for the combination of the SF calculated by the 7 — 7,7, (red) and
Z — T, T, (blue) tag-and-probe analysis for the tau25 EFORMVA trigger using the 2018 data
set for the Medium RNN 7,-ID and 1-prong t-leptons. The SFs of the two analyses and
combination (a), the weights of the two analyses for each combined SF (b), the pull of the two
analyses on each combined SF (c) and the combined SFs with their statistical and systematic
uncertainties (d) are shown [232].
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9 H-— 77 ANALYSIS WITH THE 2015 AND 2016 DATA SET

The analysis based on the Run 1 data set record in 2011 and 2012 by the ATLAS experiment
achieved evidence for the H — 77 coupling [233]. The main goal of this analysis is the
observation of the decay channel. The analysis focuses on the two main production modes of
the Higgs boson at the LHC: ggF and VBF and uses the data set recorded in 2015 and 2016
with an integrated luminosity of 36 fb~! at a center-of-mass energy of 13 TeV. In addition,
the measurement of the inclusive cross sections of these production modes and the first STXS
measurement in this decay mode are performed. The results are published in Reference [26].

9.1 Signal and background processes

All main production modes of the Higgs boson decaying into the di-7 final state are considered
as signal for the H — 77 measurement (see Table 4.2). All three decay modes of the di-7-
system introduced in Section 6.1.3 are covered by the analysis.

The main irreducible background for the H — 77 signal are Z/y* — 77 events. Single top
quark and top quark pair production are a significant background contribution in several
regions of phase space included in the analysis. Additionally, Z — /I and di-boson production
contribute as a significant background to the H — 717 final state. Here, Z — [/ includes
only the events decaying into electrons and muons, while the Z/y* — 17 events are treated
separately. In all final states W/Z boson, top quark and QCD multi-jet production contribute
as the so-called misidentified T background, in which light leptons (electrons and muons) or
jets are misidentified as 7-leptons and therefore mimic the signal.

9.2 Event selection

This section summarizes the signal event selection of the analysis. The selection is split into
three different stages: Trigger selection, preselection and the selection of signal categories.
The first two stages are defined to increase the H — 77 signal over background ratio, while
the signal categories are designed to further increase this ratio, but also to increase the signal
contribution of a specific Higgs boson production mode compared to remaining production
modes.

9.2.1 Trigger requirement

Only events which pass a specific set of triggers are used in the analysis. The trigger menu
has changed between 2015 and 2016, so that different triggers are used for each year. The
lowest unprescaled triggers are summarized in Table 9.1. For each trigger an offline analysis
selection requirement on the transverse momentum of the trigger object is applied, which are
summarized in Table 9.2. These thresholds are slightly higher as the corresponding trigger
thresholds, to avoid the use of trigger efficiency correction factors in the analysis, which are
affected by migration effects at the trigger threshold.

In the 7y7; final state, single-lepton and di-lepton triggers are used [234, 235]. Overlaps
between the triggers are excluded based on the transverse momentum of the lepton pq to



9.2 Event selection

Trigger menu | Data period | Chain name
Single electron 2015 HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium or HLT_e120_lhloose
2016 HLT_e26_lhtight_nod0_ivarloose, HLT_e60_lhmedium_nod0 or HLT_e140_lhloose_nod0
Single muon 2015 HLT_mu20_iloose_L1MU15 or HLT_mu50
2016 HLT_mu20_iloose_L1MU15 or HLT_mu50
Di-electron 2015 HLT_2e12_lhloose_L12EM10VH
2016 HLT_2e17_lhvloose_nod0
Di-muon 2015 HLT_mul8_mu8noL1
2016 HLT_mu22_mu8noL1
Electron-muon 2015 HLT _el7_loose_mul4
2016 HLT_el7_lhloose_nod0_mul4
Di-hadronic 7 2015 HLT_tau35_mediuml_tracktwo_tau25_mediuml _tracktwo_L1TAU20IM_2TAU12IM
2016 HLT_tau35_mediuml _tracktwo_tau25_medium]_tracktwo

Table 9.1: Overview of the low unprescaled trigger of this analysis, grouped by the trigger
menu and the data period for which they are used.

avoid a complex trigger efficiency calculation. Individual trigger sets are applied depending
on the flavor of the light lepton and the used data period. In general the di-electron, di-muon
and electron-muon triggers are used for lower values of pq, while for higher values the
single-electron and single-muon triggers are used.

Only the single-lepton triggers are used in the 77, final state, using the same settings as in the
7,7; final state.

Di-hadronic t-triggers are used in the 7,1, final state. The two 7,-lepton candidates are
matched to the respective legs of the di-7 trigger using the individual single-7 trigger objects.
The two legs of the di-7 trigger are assumed to be uncorrelated, so that the simulated events
are scaled by the product of the correction factors of both single triggers. The correction
factor estimation is published in Reference [236] and uses a similar analysis strategy as the
analysis described in Chapter 8.

Trigger menu Data period Trigger pr threshold Analysis pr threshold
Single electron 2015 pr(e) > 24 GeV pr(e) > 25 GeV
2016 pr(e) > 26 GeV pr(e) > 27 GeV
Single muon 2015 pr(u) > 20 GeV pr(n) >21GeV
2016 pr(u) > 26 GeV pr(i) >27.3 GeV
Di-electron 2015 r M(e) > 12 GeV. pT (e) > 12 GeV (e) > 15 GeV,p{?) () > 15 GeV
2016 i Wie)>17GeV,piP(e) >17Gev | p(e) > 18 GeV,p{? (e) > 18 GeV
Di-muon 2015 PV (1) > 18 GeV,pl (1) > 8 GeV (u) >19 GeV,p{? (1) > 10 GeV
2016 p(T)(u) > 22 GeV,pi? (u) >8GeV | pi(u) > 24 Gev,pl? (1) > 10 GeV
Electron-muon 2016 pr(e) > 17 GeV,pr(u) > 14 GeV pr(u) > 18 GeV,pr(u) > 15 GeV
2016 pr(e) > 17 GeV,pr(u) > 14 GeV pT(u) > 18 GeV,pr(u) > 15 GeV
Di-hadronic 7 2015 | pV(m) > 35 GeV,pl? (1) > 25 GeV pT () > 40 GeV,p?) (1) > 30 GeV
2016 | p\(m) > 35 GeV.plP (1) > 25 GeV | pi) () > 40 GeV,plP) (7,) > 30 GeV

Table 9.2: Summary of the thresholds applied in this analysis on the transverse momentum
pr of the trigger objects and the corresponding pr requirements of the triggers.
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9.2 Event selection

9.2.2 Preselection

For each of the three final states an individual preselection is applied to suppress background
events and to ensure orthogonality to analysis of other Higgs boson decay modes. The
orthogonality is necessary to avoid that data events are used twice in combined analyses as
described in Chapter 11. The preselection requirements are summarized in Table 9.3.
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0.1<x; <14
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Table 9.3: Preselection requirements for the three different decay channels 7,7, 7T, and T, T,.
In the 7173 decay channel the same flavour 7.7,/ T, Ty and different flavour 7.7, final states
are separated.

(1) Two 7-leptons:
In all three final states no additional 7-leptons are allowed. Therefore, the number of
leptonically and hadronically decaying 7-leptons is required to be exactly the number of
expected 7-leptons for the corresponding final state. For this requirement all 7-leptons,
which pass the loose identification criteria, are taken into account (see Chapter 5).

2)+3)

T-lepton identification:

The 7 has to fulfill the medium identification and the gradient isolation requirement
described in Section 5.2 and Section 5.3. For 77, the 7, must pass the medium
identification criteria and for 7,7, the tight identification criteria (see Section 5.5).

“4)

Opposite charge:

In all decay channels the two 7-leptons must have a opposite charge.

The requirements (2)-(4) on the t-leptons are used to suppress background events in which
electrons, muons or jets are misidentified as a 7-lepton.

(5)+(6) Mass requirements:
In 717, a requirement on the collinear mass (see Section 5.7) with respect to the mass
of the Z boson is applied, which ensures orthogonality to the analysis focusing on the
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9.2 Event selection

H — WW decay mode. Additionally, the invariant mass of the di-lepton system ()
is used in the selection. The requirement depends on the flavor composition of the
di-leptonic final state and is tighter for the same-flavor state to suppress background
events from Z — [l. Figure 9.1 shows the my distribution for the same-flavor and
different-flavor final state before applying this requirement. In the 7,7, channel the
transverse mass:

where A(p]ep Emiss is the azimuthal angle between the 7j-lepton and the missing energy,
has to be greater than 70 GeV.
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Figure 9.1: Invariant mass of the di-lepton system (i) for different physics processes after
requirement (5) for the same-flavor (a) and the different-flavor final state of the 7,7 final state.
The yield of each process is normalized to one [222].
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©))

98

Missing transverse energy:

In all final states a lower threshold on the E%li“ is applied to suppress background
events without neutrinos, again a tighter requirement for the same flavor 7;7; final state
is applied to reduce background events from Z — I/.

Angular difference:

To reduce non-resonant background contributions, requirements on the angular distance
between the visible decay products of the t-leptons (AR;;) and on their pseudorapidity
difference (|An;¢|) are applied in all final states.

Momentum fractions:

To suppress background events, in which the direction of E‘TniSS is not in agreement with
the expected kinematics of the di-7 system, requirements on the momentum fractions
x1(2)» described in Equation 5.5, are applied.
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(10) Jet requirement
As least one jet is required in each final state to increase the fraction of Higgs boson
events produced by ggF and VBF productions by applying a lower threshold on the
transverse momentum of the leading jet ( p'T‘ ). While the V BF production mode produce
at least two additional jets in the final state (see Section 6.1), most of the ggF' events
are produced without an additional jet, but requiring this boosted topology enhances
the gg — H — 17 to background ratio significantly.

(11) B-jet veto
Background events from top quark production are suppressed by a b-jet veto in the
717 and 717, final states using the MV2c20 algorithms described in Section 5.4.1. A
working point corresponding to a 85% average identification efficiency of b-jets in #¢
production events is used for this requirement.

9.2.3 Signal categories

"J‘Tz: 3‘0 G‘;V ! Inclusive categories |
Tjj| > 3 | |
mj; > 400 GeV
), % 1M, <0

Central 7-leptons

Passed |

un T

Final categories

Failed

PY > 140 GeV Passed |
ARz < 1.5

Failed
mij > (1550— Passed | - 3
250+ [Any) Gev ‘ g ‘

Failed |

mjj > 500 GeV

| mj>800GeV
| P > 100 GeV

i

!

Loose

Passed |

PEF > 100 GeV

Passed

,,,,,,,,,,,,,,,,,,, P > 140 GeV

Failed

Figure 9.2: Overview of the signal category definitions. Orange boxes correspond to categories
designed for the VBF production mode and blue boxes to categories designed for the ggF
production mode. White boxes illustrate requirements, which have to be passed or failed by
an event to end up in a specific category. For the VBF production the three different final
states 717, 71Ty and T, T, have individual definitions for the final signal categories.

The analysis focuses on the two main production modes ggF and VBF. Based on the
preselection, an inclusive signal category per final state for each of the production modes is
defined. The requirements of both inclusive signal categories are harmonized across the final
states. To increase the significance, both inclusive categories are split into two sub-categories.
The definitions of the sub-categories are optimized for each final state separately. Additionally,
a third signal category for the VBF production mode is defined in the 7,7, final state, so
that the analysis is based on 13 signal categories. The requirements for the individual signal
categories are illustrated in Figure 9.2.
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9.2 Event selection

(b)

Figure 9.3: Display of an event in the inclusive VBF category of the 77, final state (a)
and of the inclusive boosted category of the different flavor 77 final state (b). In (a) the
transverse momenta of the 7-leptons are p? =45.9 GeV and p?‘ =32.5 GeV. The 7-lepton
is highlighted in green, the 7,-lepton in blue and the two additional jets in yellow. In (b) the
Te-lepton is highlighted in green, the 7,-lepton in red and the additional jets with a yellow
cone [26].

VBF categories The VBF production mode has a specific final state signature (see Sec-
tion 6.1). In addition to the particles produces in the Higgs boson decay, two jets are expected
in the final state. Therefore, a second jet is required with a transverse momentum p'T2 of at
least 30 GeV and the invariant mass of the di-jet system m;; has to be larger than 400 GeV.
Requirements on the direction of the two jets are applied by requiring a large difference in
1 between them (|An;;| > 3) and that they are in opposite hemispheres (1;, x nj, < 0). The
n-values of the two selected T-leptons have to be between the values of the two jets (central
T-lepton). A comparison between data and simulated events in this inclusive category is
shown in Figure 9.4 as a function of mj; for all three final states.

This inclusive category is split into two sub-categories for 77 and 7;7,, while three sub-
categories are defined for 7, T.

For 717 and 77, the inclusive VBF categories are split into a Tight and Loose category. In 7,7
the Tight category requires m;; > 800 GeV, while in 77, the threshold is reduced to 500 GeV
but supplemented with an additional requirement on the transverse momentum of the di-7
system with pf > 100 GeV. The Loose categories include all events which pass the inclusive
but fail the Tight selection.

For 7,7, a High-p{*® sub-category is defined with pf* > 400 GeV and AR;; < 1.5. The
remaining events of the inclusive VBF category are assigned to the Tight category if m;;
exceeds a threshold depending on |Anj;|: m;; > (1550 GeV—250 GeV-|Anj;|), while all other
events are associated with the Loose category.

Figure 9.3 (a) shows an exemplary event display for a 77, candidate in the VBF Tight se-
lection. The display visualizes the two central 7-leptons and the two additional jets in the
forward and backward region of the detector.
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Figure 9.4: Comparisons between data and SM predictions as computed by the fit of the
invariant mass of the di-jet system my;; in the boosted inclusive categories for the 77y (a) and
717, (b) and 7,7, (c) final state [26].

Boosted categories To suppress background from QCD multi-jet events especially the
analysis focuses on ggF production events with at least one additional jet in the final state.
The Higgs boson recoils with this jet resulting in a large transverse momentum of the di-7-
lepton system. Figure 9.3 (a) shows an exemplary event display for a boosted event.

The same requirements for all three final state are used to define the boosted signal categories.
The events have to fail the inclusive VBF category to avoid any overlap between the selection,
but pass the pf* > 100 GeV requirement. A comparison between data and simulated events
in this inclusive category is shown in Figure 9.5 as a function of pf* for all three final states.
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Figure 9.5: Comparisons between data and SM predictions as computed by the fit of the
transverse momentum of the Higgs boson candidate p* in the boosted inclusive categories
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for the 717 (a) and 717, (b) and 7,7y, (c) final state [26].

Similarly to the VBF category, the inclusive boosted category is split into two sub-categories
by increasing the p}* threshold to 140 GeV for the High-p}® category, while the remaining

events of the inclusive boosted category are assigned to the Low-pI* category.

Process composition in signal categories

102

The relative contribution of different physics pro-
cesses in the signal categories is shown in Figure 9.6. The largest relative signal contributions
are reached in the VBF categories, where the Tight (High-p}® in 7,7,) have higher signal
contributions compared to the Loose categories. Z — 77 events are the dominant background
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Figure 9.6: Relative contribution of processes in the signal categories. The Higgs boson
signal is illustrated in white with a red frame. The background processes are grouped into
Z— 77 (dark blue), Z— 1l (light blue), Top quark production (orange), misidentified 7 (yellow)
and other backgrounds (purple). Misidentified T corresponds to event in which at least one
T-lepton is a misidentified electron, muon or jet. Other backgrounds include all remaining
non-listed processes described in Chapter 6. The contributions are shown for each of the final
states separately, where the left regions correspond to the 7;7;, the middle to the 7j7, and the
right to the 7,7, final state [26].

contribution in all categories. The misidentified T background contribution increases with an
increasing number of 7,-leptons. The top quark production background has a non-negligible
contribution for 717 and 717,. Z — [/ events are a sizable background in 7;7y. Data-driven cor-
rections are used for each important background in the individual final states. Table 9.4 shows
the absolute event yields for the ggF', VBF and other H— 77 production modes compared to
the background yields for every signal category and the preselection. The numbers illustrate
the improvement of the signal to background ratio from the preselection to the final signal
categories and show that the VBF and boosted categories enhance the corresponding VBF
and ggF contributions.
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7
Category Background ggF VBF Other H — 77 | Signal/Background
Preselection 10700£100 | 72.9£0.5 30.3£0.02 10.6+0.3 0.011
64% 27% 9%
Boosted incl. 7700£100 | 60.24+0.5 14.04+0.2 9.6+0.3 0.011
2% 16% 12%
Boosted Low-p{* 4230+90 30.5+0.3 6.8+0.1 4.5+£0.2 0.010
73% 16% 11%
Boosted High-pi* | 3480440 29.7+0.3 7.24+0.1 5.0+0.2 0.012
1% 17% 12%
VBF incl. 410+£10 4.440.1 14.84+0.2 0.22+0.05 0.047
23% 76% 1%
VBF loose 240£10 2.5+0.1 4.540.1 0.10£0.02 0.030
35% 63% 2%
VBF tight 177+8 1.94+0.1 10.3£0.1 0.12+0.02 0.070
15% 84% 1%
T Th
Preselection 22480+£170 | 213.4£1.9 69.74+0.4 18.94+0.4 0.013
1% 23% 6%
Boosted incl. 12711+140 | 125.6£1.4 25.9+0.2 13.9£0.3 0.013
76% 16% 8%
Boosted Low-p* 6461£70 61.2+1.0 12.1+0.2 7.9+0.2 0.013
75% 15% 10%
Boosted High-p}* |  6250+60 64.3+1.0 13.840.2 7.9£0.2 0.014
75% 16% 9%
VBF incl. 809+£25 10.9+0.4 32.5+£0.3 0.3£0.1 0.054
25% 74% 1%
VBF loose 484+17 3.94+0.3 7.1+0.1 0.13£0.04 0.023
35% 64% 1%
VBF tight 325+18 7.0£0.3 25.4+0.2 0.2+0.1 0.100
21% 78% 1%
ThTh
Preselection 14020+£110 13742 48.4+0.4 17.44+0.4 0.014
67% 24% 9%
Boosted incl. 9640+80 | 105.4+1.4 22.0+£0.3 14.9+0.4 0.015
74% 15% 11%
Boosted Low-p1* 5590+70 49.5£1.0 10.3+0.2 6.4+0.2 0.012
74% 16% 10%
Boosted High-pi* | 4050450 55.9£1.0 11.840.2 8.4£0.3 0.019
73% 16% 11%
VBF incl. 520+18 8.24+0.2 21.54+0.3 0.3040.01 0.058
27% 2% 1%
VBF loose 119+9 1.3+0.1 1.7+0.1 0.04+0.01 0.026
43% 56% 1%
VBF tight 218+13 2.8+£0.3 7.5+£0.2 0.1040.01 0.048
27% 2% 1%
VBF High-p* 183+9 4.2+0.2 12.34+0.2 0.2040.01 0.091
25% 74% 1%

Table 9.4: Predicted event yields for background events, ggF production, VBF production
and other H— 77 production events and the relative contributions of different Higgs boson
production modes to the signal for the preselection and all signal categories. The Signal over
Background ratio is shown in the most right column, where all H — 77 production modes are
counted as signal.
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9.3 Background estimation

All main background process are corrected in a data-driven way to minimize the impact
of the limited background sample size. As shown in the previous section, the background
composition differs between the final states, so that separate background estimations are used
for each of them.

Z — 77 background The Drell-Yan process pp — Z/y* — ©7 is the dominant irreducible
background for all signal categories. The contribution varies between 50% and 90% of the
total background. To validate this important background a Z — 77 validation region is defined,
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Figure 9.7: Comparison of observed Z — [l events with data in the Z — 77 validation region
for the 77, final state as a function of the invariant mass of the di-jet system (a) and the
transverse momentum of the di-lepton system (b). In (a) for the validation region of the
inclusive VBF category and in (b) for the inclusive boosted category [26].

which consists of Z — [l events. This validation region is designed to test the kinematics of
additional jets produced in the Z+jets production, while the modeling of the 7-decay itself
has been extensively studied by a Z — 77 tag-and-probe analysis [214]. Figure 9.7 shows the
observed distributions of Z — [/ events compared to the data as a function of two variables.
The simulated events describe the data for both distributions within their uncertainties. A
slight trend within the uncertainties is visible for m;;. To evaluate the impact of this trend, a
study is performed in which the measurement is repeated with reweighted simulated events to
correct this trend. This test shows that the reweighting and therefore the visible trend has no
impact on the final result. The normalization of the Z — 77 background is estimated in the
fit using normalization factors (NFs). These factors are correlated across the final state but
separated for the VBF and boosted signal categories.
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Misidentified T background In each final state, events with misidentified t-leptons are
a significant background contribution. The contributions from light leptons misidentified
as Ty, is very small and can be neglected in the misidentified T background estimation. A
specific data-driven method is used in each final state, to estimate the misidentified -lepton
background.

In the 717 final state, the main sources of misidentified T background are QCD multi-jet events,
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Figure 9.8: Closure test for misidentified T background in the 77 final state for the boosted
inclusive (a) and VBF inclusive (b) signal categories as a function of the mass of the di-z-
system.

W boson production in association with jets and semi-leptonically decaying tt production
events. The contributions of these sources are treated as one background. To estimate this
background a control region is defined in a phase space orthogonal to the signal category. For
this region the 7; with the second-highest pr has to fail the gradient isolation criteria. The 7;
identification criteria is additionally relaxed to the loose working point to increase the statistics
in this control region. The misidentified 7; background in this region is finally estimated
by taking the data and subtracting contributions from top quark and Z — [/ background,
which produce real electrons or muons. The resulting template is then transferred from the
control region to the signal category by applying scale factors. These scale factors correct
the difference in the acceptance of the misidentified T background in the two regions due
to inversion of the isolation criteria. They are estimated for each combination of lepton
flavor from events that pass the 7,7 signal category selection but have same-sign charged
leptons. Systematic uncertainties for the estimated shape and normalization of this method are
calculated as a function of the pr of the sub-leading 7-lepton. Events with leptons passing a
same-sign charge requirement are used for a closure test (see Figure 9.8). This test results in an
uncertainty ranging from 20% to 65%. For the heavy-flavor content an additional systematic
uncertainty with 50% is estimated by using the isolation correction factors that are computed
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from samples selected with an inverted b-jet requirement. Finally, minor contributions of
uncertainties coming from the fractional composition of the misidentified T background in
top quark decays, QCD multi-jet events and W boson production are taken into account.

In the 77, final state events with misidentified 7j-leptons can be neglected. Events with a jet
misidentified as a 7, are mainly sourced by QCD multi-jet events and W boson production in
association with jets. The background is estimated in a control region defined by inverting the
Ty-lepton identification criteria. Contribution of background events in this region without a jet
misidentified as a T, are subtracted using simulations. To transfer the background contribution
from the control region to the signal region, transfer factors F'F are used to correct for
differences in the fake contribution due to the inversion of the identification criteria. The FF
is calculated separately for QCD multi-jet events and W boson production in association with
jets in control regions via:

Npass 7—ID

CR;
Fli=—t b 9.2)

CR;
with the number of events with a misidentified 7-lepton of the process i in the control region
with applying the 7 identification criteria Ng;sis 1P and with inverting the 7 identification
criteria Né‘gif’ID. For W boson production in association with jets, a control region is defined
by inverting the requirement on the transverse mass mr, while for the QCD multi-jet events
the 7; isolation criteria is inverted. The number of events with a misidentified 7-lepton in the
control region of the specific process is estimated by using the data in the control region and
subtracting the contribution of events without a jet that is misidentified as a 7-lepton and of

other processes:

Npass t—ID Npass t—ID pass T—ID
FF — CR;,data ~ “'CRj,notj—7 ~ *'CR;,other 9.3)
L fail 7—ID _ psfailt—ID _ pjfail7—ID :
CR;,data CRj,not j—71 CR;,other

with the number of events in the control region with applying (inverting) the 7 identifi-
pass (fail) 7—ID

cation criteria for data Nog 4aa , for events without jets misidentified as a 7-lepton
13
pass (fail) T—ID pass (fail) —ID .
NeR; notjst and for other processes Ncg - oer . FF; shows a dependence on the number

of charged tracks in the 7,-lepton decay n/, and on the transverse momentum of the 7-lepton
P so that they are estimated as a function of these observables.

To estimate the correct relative contributions of the two sources of the misidentified T back-
ground in the signal categories a data-driven method is used. For this, a transfer factor /F
from the QCD multi-jet control region to signal category is estimated using control regions
defined by requiring same-sign charged t-leptons and correcting for events with a real lepton
or muon:

Nfail 71D fail 7—ID

. SRgs,data SRgs,treal lepton
Ik = fail 7-1D — nfail t—ID ) 9.4)
CRpnulti—jet,ss ,data CRuulti—jet,ss r€al lepton

with the number of events in the control region with inverting the 7 identification criteria and

requiring the same-sign criteria for data (events with real electron or muon) N;i;ls s’g;g (real Tepton)
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and the number of these events in the control region with additionally inverting the 7; isolation

coe o agfail T—ID : . . .
criteria NCRmuILi—jet,SSy data (real lepton)” This factor is estimated separately for events with an

electron and a muon due to the different isolation criteria. /F is estimated as a function of
the transverse momentum and of the absolute 1-angle of the electron or muon plT and |1/,
to account for observed dependencies. With these factors, the relative contribution of QCD
multi-jet events can be estimated, while the remaining misidentified T background events are
assumed to be sourced by W boson production in association with jets. Figure 9.9 summarizes
the different control regions of this method with their requirements relative to the signal
region. The transfer factors F'F; and IF can be used to estimate the contribution of events

light lepton and t-lepton have opposite sign charge

>70GeV

pass

transverse mass
lepton isolation

<70GeV

fail

pass fail
T-lepton medium ID criteria

Figure 9.9: Overview of control regions used to estimate the misidentified T background
contribution in 717,. The axis shows the different selection criteria that are changed relative to
the signal region to define each control region.

with misidentified T-lepton Ny ¢ as:

fail T—ID fail 7—ID
Nnis. 7 = (NSzﬁ,cfata _stﬁ,rfotjar> -FF, 9.5)
here Néali{(fa;:a otj—>7) is the data (background events without a jet misidentified as a T-lepton)

in the signal region with inverted 7 identification criteria and F'F is the final combined transfer
factor defined as:

FF = Fqulti—jet : Rmulti—jet +FW (1 - Rmulti—jet) ) (96)

with the individual transfer factors for the QCD multi-jet (W) background R,y —jec (w) and
the relative contribution of QCD multi-jet events Rpyulti—jet- Rmulii—jet 1 defined with the
transfer factor /F as:

fail T—ID fail T—ID
IF ) NCRmulti—'etydata o NCRmulti—'etvreal lepton
Ruoultijet = - d 9.7)
multi—jet = Nl T=ID _ pfail 7—ID ) :
SR,data SR,not j—1

with the number of events in the QCD multi-jet control regions with inverted 7 identifi-

cation criteria for data Néallzlmz;]zt data @nd simulated events with real electrons or muons
—jets
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fail 7—ID : L. T T
CRuuti_eoreal lepton® Observed dependencies of Riulii—jet On 1y, p. the lepton flavor (electron

or muon) and on the difference between the 7,-lepton and the missing transverse energy
ET"™ in the angle phi (A¢Th7E%1iss) are considered by estimating Ryui—jer @s a function of the
observables. All factors are estimated separately for the preselection, the inclusive boosted
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Figure 9.10: Overview of the method used to calculate the misidentified T background
contribution in the 77, final state. First the /F is calculated to transfer the QCD multi-jet
background from the corresponding control region to the signal region with inverted 7-ID
requirement. This contribution is used to estimate the relative composition of QCD multi-jet
and W+jets events in this region. This is used together with the individual F'F; estimated in
control regions defined for the two background processes to calculate the final transfer factor
FF. FF transfers then the T misidentified background contribution from the signal region
with inverted 7-ID requirement to the signal region.

category and VBF category, except for /F, which is calculated at preselection level for all
categories, to increase the data statistics in the estimation. Figure 9.10 summarizes the full
fake factor method of the 77, final state by showing all used control regions and the transfer
factors that are used between the different regions. Figure 9.11 shows the estimated /F and a
sub-set of Ryuii—jer as well as F'F; values. The full set of Ryyiii—jer and FF; values are shown
in Figures A.1-A.5 in the appendix. The values of /F increase for electrons with increasing
|m| and pf, while the opposite trend is visible for muons. The Rinulti—jer values for events
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Figure 9.11: IF values for electrons (a) and muons (b) as a function of pf. and || are shown
in the top row. The middle row shows the Ry —jet for the boosted inclusive category with
ng, = 1, for electrons and 40 < pt < 90 GeV (c) and for muons and pf > 90 GeV (d) as
function of A¢)Th7E1Fiss. In the bottom row the F'F; values for QCD multi-jet and W events in
the VBF inclusive category with nf, = 1 (e) and n/, = 3 (f) are displayed as a function of pf
[224].
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with a muon and for events with an electron of the boosted category with nf, = 1 decrease
with increasing Aq)rh’E?iSS. In general, the QCD multi-jet contribution is smaller for events
including a muon and decreases with increasing p}. The FF values are larger for nf, =
events as for nf, = 3 events and for QCD multi-jet events as for W boson background events.
For events with n/, = 1 the FF values increase with increasing pf., while a decrease is visible
for events with nf, = 3.

Four different groups of systematic uncertainties are considered for this method. The first
group is the statistical uncertainties of the events in all control regions with values between
3% and 33%. In addition, a systematic uncertainty on Rpyyi—jet 1S estimated by varying the
subtracted background in the calculation of the relative contribution by 35%, where 35%
corresponds to the largest difference in the background contributions observed between the
same-sign and opposite-sign control regions. This results in a relative systematic uncer-
tainty between 1% and 3% on the final misidentified T background. Finally, a closure test
is performed in a control region with two same-sign charged 7-leptons. Any non-closure
that exceeds the statistical uncertainties is taken into account as an additional systematic
uncertainty (see Figure 9.12).

In 7,7, QCD multi-jet contributions are modeled using a template extracted from data in a

40 e
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Figure 9.12: Closure test for misidentified 7, background in the 77} final state for the boosted
inclusive (a) and VBF inclusive (b) signal categories as a function of the mass of the di-7-
system.

dedicated control region, for which same-sign charged t-leptons are required. To increase
the statistics of this control region, events with T,-candidates with two tracks are added.
Contributions of other background processes are subtracted. Scale factors depending on the
difference in ¢ of the 7-leptons (A¢@;;) are used to transfer this background to the signal
categories. The scale factors are derived by comparing the template in the control region with
a second control region in which the t-leptons have opposite charge and the -lepton with the
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9.3 Background estimation

second-highest pr fails the tight identification criteria but passes the medium requirement.
To gain statistical power, the requirements on AR and |A1;| are loosened compared to the
preselection. The normalization of the misidentified T background in the 7,7, final state is
constrained in the fit by data within the signal categories. For this an NF is defined, which is
correlated across all 1,7, signal categories.

Top quark production background As Figure 9.6 shows background events from top
quark production are a negligible contribution in the 7,7, final state, so that the top quark
production background is taken from simulation. For the remaining final states, a significant
contribution of this background is expected. In these final states the normalization of the top
quark production background is estimated in the fit via NFs, while the templates are taken
from simulation. For the estimation of these NFs, additional control regions are included into
the fit model. One control region per final state and per inclusive signal category is defined by
inverting the b-jet veto requirement of the signal categories. Figure 9.13 shows the relative
contribution of the physics processes in these control regions. The purity of the top quark
production background varies between 55 and 75%. The NFs of these control regions are
correlated between the sub-categories of one inclusive signal category in each final state.

VBF boosted
Z- lICR Z~ lICR ATLAS 4
Ys=13TeV, 36.1fb
COH-> rz 3 Top
@ Z- v M Other backgrounds
[ JZ~> 1 [] Misidentified ¢
VBF boosted VBF boosted
top CR top CR top CR top CR
L it

Figure 9.13: Relative contributions of processes in the control regions. The Higgs boson signal
is illustrated in white with a red frame. The background processes are grouped to Z — 77
(dark blue), Z — Il (light blue), Top quark production (orange) misidentified 7 (yellow) and
other backgrounds (purple). The contributions are shown for each final states separately,
where the left regions correspond to the 7,7 and the right to the 7,7}, final state [26].

Z — 1l background Z — [/ events are an important background in 77;. The normalization
of this background is estimated in the fit via NFs. Control regions are used to constrain
these NFs. The control regions are defined by requiring the same-flavor 7;7; inclusive signal
selection but changing the my requirement from 30 < my < 75 GeV to 80 < my < 100 GeV.
The relative contribution of the physics processes in these regions are shown in Figure 9.13.
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Both regions show a purity of Z — /I background events of over 90%. The normalization of
the Z — II background is correlated across the control region and the corresponding signal
sub-categories. In the remaining final states, this background is taken from simulation and
normalized to the theoretical prediction of the SM.

9.4 Systematic uncertainties

In addition to the systematic uncertainties on the estimation of the misidentified T background
described in Section 9.3, systematic uncertainties from underlying physics models and detector
effects are considered in the analysis. These uncertainties can be grouped into three different
categories: theoretical uncertainties on the signal prediction, theoretical uncertainties on
the background prediction and experimental uncertainties. The impact of these systematic
uncertainties on the measurements is discussed in Sections 9.6-9.8.

Theoretical uncertainties on the signal prediction The estimation and implementation
of theoretical uncertainties on the signal prediction follows the recommendation of the LHC
Higgs Cross Section Working Group described in [27]. The impact of these uncertainties on
the total cross section, the acceptance in different signal categories and on the shape of the
mMMC distribution used as the observable in the statistical model are evaluated individually.
Three main sources of uncertainties are considered (see Section 4.3):

* Uncertainties due to missing higher orders in perturbation theory estimation, evaluated
by variations of the QCD scales (ug and tg)

* Non-perturbative parts of the calculation, such as underlying event and hadronization
modeling

» Uncertainties on experimental input parameters, such as parton density functions (PDFs)
or the value of the strong coupling parameter (Q.)

The uncertainties on the total cross section are directly provided by [27] and are summarized
in Table 9.5. The QCD scale uncertainties have an important impact on the ggF and ZH
production, while PDF uncertainties have a similar impact on all production modes. The
strong coupling strength has a relative uncertainty over 1% for the ggF production mode only.
The QCD scale uncertainties are evaluated by varying the renormalization and factorization
scales (ug and pr) described in Section 4.3 by the factor 0.5 and 2 with a constraint of
0.5 > ug/ur > 2. The impact of these variations on the shape of the m¥MC distribution
is generally small. The QCD scale uncertainties are correlated for the Higgs strahlung
productions VH, namely WH and ZH.

For the ggF production these simple variations of the scale parameters are not sufficient.
Experimental requirements of the analysis selection which impose a binning in the jets
multiplicity introduce large contributions on the order of log pcu/my resulting in large
uncertainties. The simple variation of the scale factors underestimates these uncertainties due
to accidental cancellations. Therefore, a specific treatment of nine independent systematic
uncertainties is used for the ggF production mode, which follows the description in [27].
The nine uncertainties are covering the following sources:
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9.4 Systematic uncertainties

Process | QCD scale [%] | PDF [%] | o, [%]
ggF +3.9 (-3.9) +18 | +25
VBF +0.4 (-0.3) +21] +05
WH +0.5 (-0.7) +1.7| +£09
ZH +3.8 (-3.1) +13| £09

Table 9.5: Relative theoretical uncertainties on total cross section for the four main production
modes of the Higgs boson for QCD scale uncertainties due to missing higher orders in
perturbation theory (QCD scale), parton density function input parameters (PDF) and the
strong coupling constant (o) . [27]

¢ Four scale variations

— Au: Factorization and renormalization scale variations
— A¢: Resummation scale variation

— AYV(AY2): 0451 (1432) jet bin migration

L]

Two V BF topology uncertainties

— Variation of the VBF phase space
— Veto of a third jet

Two p¥—shape of the Higgs boson uncertainties

- P 0-60 GeV «» 60-00 GeV
- P 0-120 GeV <> 120-00 GeV

* One top mass dependency uncertainty (1)

These uncertainties on the ggF production are expected to have a large impact on the ggF
production mode cross section in the H — 77 analysis.

Uncertainties of the used parton shower (PS) method (see Section 4.3) and the underlying
event are estimated comparing two different models, namely Pythia8 [131] and Herwig7
[237]. The parton shower uncertainty are taken into account for the dominant production
modes ggF, VBF and VH and are decorrelated between the boosted and VBF categories for
ggF and VBF. In addition a parametrization uncertainty for the V BF parton shower model is
considered

PDF uncertainties are evaluated following the recommendation described in [132], which
includes 30 eigenvector variations and two variations of o,. These uncertainties are treated as
independent NPs in the likelihood model. The acceptance uncertainties of these theoretical
uncertainties on the signal in the different event selections are summarized in Table A.1 in the
appendix. Table 9.6 summarizes the final number of NPs included in the fit model to cover
the theoretical uncertainties on the signal prediction, while Table A.2 in the appendix lists all
NPs with their descriptions.
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9.4 Systematic uncertainties

Uncertainty source | Number of NPs

Signal theory 49
PDF 30
Ol 1
QCD scale 12
Parton-shower 6

Table 9.6: Number of NPs related to signal theory uncertainties in the fit model grouped into
different sources.

Theoretical uncertainties on the background prediction For Z — 77 background events
each considered source of systematic uncertainties is parametrized with the following strategy:

* A set of independent NPs per each inclusive signal category and per final state to account
for the impact of the variation on the mMMC distribution as well as for migration effects
between different sub-categories of the same inclusive category. These are evaluated in
each channel after the variation has been normalized to the nominal prediction in the

inclusive signal categories.

* One NP per inclusive signal category to account for the different selection requirements
of the inclusive categories across the final states. These are evaluated as the impact of
the variation on the relative normalization of each final state with respect to the total
event prediction.

Five different sources of theoretical uncertainties are considered for the Z — 77 background:

PDF: Based on internal weight variations of SHERPA [117]

Apu: Factorization and renormalization scale variations

CKKW: Jet-to-parton matching uncertainties, evaluated using particle-level parametriza-
tion as a function of the jet multiplicity and the transverse momentum of the Z-boson

QSF: Resummation scale used for the soft gluon emission.

PS and underlying-event: Comparison of MG5_aMc [136] and SHERPA [117] for
Z — 1l events

The PS uncertainties are evaluated on Z — /I events instead of Z — 77 to increase the statistics.
A comparison of these uncertainties on the Z — 77 and Z — [/ events shows a good agreement.
For the slight trend observed in mj; for Z — t7 and Z — [/ (see Section 9.3), one systematic
uncertainty per process is considered by taking the difference when comparing the nominal
prediction with a prediction reweighted to correct this trend.

For the Z — [l and top quark production backgrounds theoretical systematic uncertainties
are studied and found to be significantly smaller than the statistical uncertainty of simulated
events, so that they are neglected in the analysis.
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Table 9.7 summarizes the final 42 NPs included in the fit model to cover the theoretical
uncertainties on the background prediction, while Table A.2 in the appendix lists all NP with
their descriptions.

Uncertainty source | Number of NPs

Background theory | 42
Z PDF

Z AlR, MF

Z CKKW

Z QSF

ZPS

m;j modeling

D 0 OO0 OO0 OO0 OO

Table 9.7: Number of NPs related to background theory uncertainties in the fit model grouped
into different sources.

Experimental uncertainties Uncertainties on the reconstructed objects, the pile-up models,
the luminosity and the misidentified T background are considered as experimental uncer-
tainties. For each object, the recommendation of the reconstruction method described in
Chapter 5 is used.

For muons, electrons and jets resolutions, scale, trigger and efficiency uncertainties are con-
sidered. In addition, scale and efficiency uncertainties are evaluated for 7,-leptons. Therefore,
13 independent NPs for electrons, 15 for muons and 7,-leptons each are considered. The
impact of the electron and muon uncertainties on the analysis is expected to be small, while
the impact of the 7,-leptons is sizable.

The systematic uncertainties on jets have an significant impact on this analysis due the re-
quirement of jets in the signal categories and the correlation between the jet objects and the
mMMC distribution. Therefore, eleven NPs covering the jet energy resolution, 21 parameters
covering the jet energy scale and one covering the efficiency of the jet vertex tagger (JVT)
are evaluated. Similar to the jet uncertainties, a large impact of uncertainties related to the
estimation of the missing transverse energy is expected. Resolution and scale uncertainties
are considered, which impact the analysis via the missing transverse energy requirement in
the event selections and through shape effects on the m»MC distribution.

To cover uncertainties on the b-jet veto requirement in 77 and 77, 14 NPs on the flavor tag-
ging efficiency are considered, which are expected to have a minor impact on the measurement.
Two NPs are considered for the pile-up reweighting and one for the luminosity measurement
(see Section 4.3). Finally, NPs related to the misidentified T background estimation described
in Section 9.4 are implemented. Table 9.8 summarizes the number of NPs included in the fit
model that are related to experimental uncertainties, while Table A.3 in the appendix lists all
NPs with their descriptions.
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Leptons and jets

Uncertainty source Electrons | Muons T-leptons Jets
All 13 15 15 33
Resolution 1 2 11
Energy scale 6 1 3 21
Reconstruction/Identification 3 6 4
Isolation 1 2
Trigger 2 4 6
Charge identification 2
Electron veto 2
Jet vertex tagger 1
Misidentified-7 background

Uncertainty source Tn T Th ThTh
All 2 7 3

Others
Uncertainty source b-jet | EMS | Luminosity | Pile-Up
All 13 3 1 1

Table 9.8: Number of NPs related to experimental uncertainty in the fit model grouped into
different sources .

9.5 Statistical model

To extract the signal parameters a profiled likelihood fit is used as described in Section 7.2.
All systematic uncertainties described in the previous Section 9.4 are included as NPs.

For the background estimation, as described in Section 9.3, several NFs are included. Fig-
ure 9.14 summarizes the fit model. The figure shows the VBF categories and their control
regions on the left side, while the right side illustrates the boosted categories and their control
regions. The likelihood model consists of thirteen signal categories, four top quark production
control regions and two Z — [/ control regions. For every control region one NF is defined,
which acts on the control region and on every corresponding signal category, so that four top
quark production and two Z — [l NFs are included in the likelihood model. Two Z — 77
NFs are included, where one is applied on the Z — 77 background in all VBF categories and
one in all boosted signal categories. Finally, one free NF is applied on the misidentified T
background in all 7,7, signal categories, so that nine free NFs on background contributions
are included in the likelihood model.

On each signal sample per STXS Stage 1 bin, an individual normalization factor is defined as a
Pol (see Section 7.1.3). However, due to the definition of signal categories and the limited data
statistics, the full set of Pols cannot be measured. Instead, three different measurements are
performed using individual assumptions on the Pols to reduce the number of free parameters
in the fit model. For each measurement, a different set of Pols on the signal sample are
correlated. In addition Pols of minor signal contribution are set to the SM prediction, so that
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Figure 9.14: Schematic overview of the fit model. The red boxes correspond to signal
categories, the orange boxes to top quark production control regions and the cyan boxes to
Z — 1l control regions. Each arrow corresponds to one NF, where blue acts only on Z — 77,
cyan on Z — [l, orange on fop production and yellow on misidentified 7 background events.
Arrows pointing to more than one signal category or control region illustrate that the NFs are
correlated across these regions [26].

for each measurement a different set of final Pols is defined.

To further increase the significance of the fit model an additional observable is used in the
likelihood model. In each signal category the mass distribution of the di-7-system calculated
with the missing mass calculator mYMC (see Section 5.7) is used as an input for the fit model,
while for all control regions only the number of expected events are used. The binning in
mMMC varies across the signal categories depending on the given data statistics. Figure 9.15
and Figure 9.16 show the observed mMMC distribution with the binning used in the fit model
for all VBF and Boosted signal categories. The figures show that the Z — 77 background
peaks around the Z boson mass (= 90 GeV), while the H — 77 signal peaks around Higgs
boson mass (=~ 125 GeV). For all other background processes the distribution is rather flat.
Therefore, the use of m¥MC as an observable in the likelihood model increases the signal to
background separation. The observed event yields compared to the recorded data are shown
in Table 9.9. In all signal categories the observed events agree within their uncertainties with

the recorded data.
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Figure 9.15: Observed m¥MC distribution of the H — 77 analysis based on the 2015-2016
data set binned as in the fit model for all VBF signal categories, from top to bottom for the

71T, TiTh and T, T, final states [26].
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Figure 9.16: Observed m¥MC distribution of the H — 77 analysis based on the 2015-2016
data set binned as in the fit model for all boosted signal categories, from top to bottom for the

7T, 71T, and T, T, final states [26].
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Tlep Tlep VBF Tep Tlep boosted

Loose Tight Low-py High-p”
Z =TT 151 +£13 107 +£12 2977 +£90 2687 +64
7z = 15.1+ 4.9 20.3+ 6.6 360 +54 236 +31
Top 33.0+ 6.4 25.1+ 4.5 321 +50 189 +29
Vv 11.8+ 2.2 10.7+ 1.5 194.1+ 8.5 195.3+ 8.8
Misidentified 7 18.3+ 9.6 9.6+ 4.8 209 +92 80 =£35
ggF, H - WW* 1.2+ 0.2 1.4+ 0.3 11.8+ 2.6 164+ 1.7
VBF, H - WW* 1.7+ 0.2 4.1+ 0.5 29+ 0.3 29+ 0.3
g9F, H —» 71 2.6+ 0.9 1.8+ 0.9 3444+ 9.2 33.8+ 9.5
VBF, H — 717 53+ 1.5 11.3+ 3.0 77T+ 21 8.2+ 2.3
WH, H— 11 < 0.1 <0.1 25+ 0.7 3.1+ 0.9
ZH, H— 71T < 0.1 <0.1 1.3+ 04 1.6+ 0.4
ttH, H— 711 <0.1 0.1+ 0.1 1.5+ 0.5 1.2+ 04
Total background 232 +13 178 £12 4075 +£61 3408 +£54
Total signal 8.0+ 2.2 13.2+ 3.5 47 +12 48 +12
Data 237 188 4124 3444

TiepThad VBF TiepThad DoOsted

Loose Tight Low-py” High-p7”
Z =TT 178 +18 323 +£21 4187 +92 5347 +82
7z — 10.0+ 3.0 12.7+ 3.1 130 +37 115 +16
Top 5.8+ 1.6 179+ 4.6 121 +20 57 +10
Misidentified 7 103 +16 101 +15 1895 +80 605 429
Other backgrounds 4.0+ 1.6 9.3+ 1.9 115.0+ 7.8 129.0+ 8.8
gg9F, H — 771 3.8+ 1.1 71+ 1.9 62 +16 66 +22
VBF, H — 77 76+ 2.2 247+ 6.8 119+ 34 14.0+ 4.0
WH, H— 11 <0.1 0.1+ 0.0 39+ 1.1 54+ 1.4
ZH, H— 11 <0.1 <0.1 1.8+ 0.5 2.8+ 0.7
ttH, H — 17 <0.1 <0.1 0.1+ 0.0 0.2+ 0.1
Total background 301 £17 463 +21 6448 +381 6253 +80
Total signal 11.54+ 3.2 32.0+ 8.2 80 +£20 89 +£26
Data 318 496 6556 6347

ThadThad VBF Thad Thad DOOSted
Loose Tight High-p7” Low-pf” High-p7”

Z =TT 67.3+9.2 100 +12 141 +12 3250 +£130 3582 £82
Misidentified 7 45.0+£5.4 96.4+ 9.2 20.0+ 2.9 1870 +140 364 +£53
Other backgrounds 44+14 116+ 1.7 44+ 0.7 281 + 21 109.9+ 9.2
gg¥, H —» 771 1.1+0.4 2.0+ 0.7 3.5+ 1.0 41 + 11 48 +14
VBF, H = 77 1.44+0.5 64+ 1.8 11.2+ 3.0 9.0+ 34 10.7+ 2.9
WH,H— 71T <0.1 <0.1 <0.1 3.3+ 09 444+ 1.2
ZH,H— 11 < 0.1 <0.1 <0.1 24+ 0.7 29+ 0.8
ttH, H — 17 <0.1 <0.1 <0.1 1.6+ 0.5 1.9+ 0.5
Total background 116.74+£9.4 208 +12 165 +12 5401 £ 78 4057 +64
Total signal 2.6+0.8 8.6+ 24 149+ 3.8 57 + 15 68 +18
Data 121 220 179 5455 4103

Table 9.9: Observed event yields of the H — 77 analysis based on the 2015-2016 data set
binned as in the fit model for all signal categories, from top to bottom for the 7,7, 7,7, and

T T, final states [26].
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9.6 Signal strength measurement

9.6 Signal strength measurement

The signal strength measurement is designed to discover the H — 77 coupling with the
ATLAS detector. The signal strength t is defined as the observed cross section of the H — 7T
decay mode G]‘_’Itﬁﬂ divided by the corresponding SM prediction Gﬁl‘_{”: U= Oi%e/oSM
and is used to estimate the significance of the signal excess relative to the background-only
hypothesis as described in Section 3.1. For this measurement, one common Pol forall H — 77
signal samples is considered in the likelihood model. This setup uses the assumption that
the relative contribution of the different signal samples to the combined signal is SM-like.
The observed significance corresponds to 4.40, while the expected significance is 4.10.
This corresponds to an evidence (>30 but <50) of the H — 77 decay mode, while for an
observation >50 is required. To reach this threshold with the data recorded by the ATLAS
detector a combined fit using this analysis and the previous analysis based on the Run 1 data
set [233] is performed. All NPs and NFs on background processes are treated as uncorrelated
between the two analyses, while the NFs on the signal processes are fully correlated to one
Pol. The observed (expected) significance for the combined measurement amounts to 6.4
(5.40) and corresponds to the first observation of the H — 77 decay mode with the ATLAS
experiment.

9.7 Inclusive cross section measurements

The focus of the measurements discussed in this section is the determination of cross sections
of different Higgs boson production modes in the H — 77 decay channel. Two different mea-
surements with individual sets of Pols are performed. The first setup targets the measurement
of the inclusive cross section of the Higgs boson production and assumes that the relative
contributions of all signal processes to the inclusive Higgs boson production are SM-like.
Therefore, one common Pol for all H — 77 production modes is defined by correlating the
individual Pols of all signal samples in the likelihood model. The final Pol is defined as the
inclusive Higgs boson production cross section oy multiplied by the H — 77 branching ratio
PBy_s11r: OHrr = OH X By 11, Where the ggF, VBF, VH and trH production modes are
considered for oy (see Section 6.1). In the second setup the measurement of individual cross
sections for the main production modes of the Higgs boson are targeted. Therefore, one Pol
per production mode is defined, which are uncorrelated across different production modes. As
described in Section 9.2.3 the signal categories are focusing on the ggF and VBF production
modes. For a stable likelihood model all Pols of the remaining Higgs boson production modes

are set constant to the SM prediction in this setup, so that two final Pols are defined in this

. 588F VBF
setup: oy, ., and oy .

9.7.1 Higgs boson production cross section

The observed value of the inclusive Higgs boson production cross section of the H — 17
decay mode is:

O ec = 3.77 1S (stat.) Z0] (syst.) pb, (9.8)

122



9.7 Inclusive cross section measurements

which is consistent with SM prediction of
oM .. =3.4640.13 pb. 9.9)

The measurement is dominated by the systematic uncertainties. Table 9.10 shows the relative

Uncertainty source Impact Ac /0y —s1r [%]
Observed Expected

Theoretical unc. on signal +13.4 | -8.7 | +12.0 | -7.8
Background sample size +10.8 | -9.9 | +10.1 | -9.7
Jets and EXMiss +11.2 | -9.1 | +10.4 | -8.4
Background normalization +63 | 44| +63 | 44
Misidentified 7 leptons +45 | 42| 434 -32
Theoretical uncert. on background | +4.6 | -3.6 | +5.0 | -4.0
Tp-leptons +4.4 | 29| 455 | -40
B-jets +34 | -34 | +3.0]|-23
Luminosity +33 | 24| +3.1]-22
Electrons and muons +1.21-09| +1.1]-0.8

Table 9.10: Relative impact of systematic uncertainties on the inclusive cross section grouped
into different categories. The groups are listed in decreasing order of their impact [26].

uncertainties of systematic uncertainties grouped into different sources estimated with the
breakdown approach (see Section 7.2). The dominant systematic uncertainties are theoret-
ical uncertainties on the signal prediction with +13.4 (-8.7)%, followed by the statistical
uncertainties of the background simulation and systematic uncertainties related to jets and
missing transverse energy. The main contribution to the theoretical uncertainties on the signal
are uncertainties on the QCD calculation of ggF and on the parton shower modeling for
VBF'. The high impact of jets and missing transverse energy uncertainties is a result of the
limited detector energy resolution, which are used in this analysis for the signal to background
separation and impact the shape of mMMC. Figure 9.17 shows the ten NPs with the largest
impact on the measurement estimated with the NP ranking approach (see Section 7.2). Four
uncertainties correspond to QCD calculation uncertainties on ggF, where the QCD calc. of
ggF, pi! > 120 GeV has the largest impact. Two uncertainties related to the jet energy resolu-
tion of the detector are ranked on the second and seventh position. Furthermore, uncertainties
on the background normalization of Z — 77 and Z — [/ events, on the b-jet identification
and on the luminosity calculation are ranked under the top ten systematic uncertainties. The
pulls and constraints of these uncertainties are shown as well in Figure 9.17. Most of the
leading uncertainties have minor pulls and small constraints except for the jet and b-jet related
uncertainties. The pulls on constraints on these systematic uncertainties show that this analysis
gives the likelihood model the possibility to reduce and correct the input of these uncertainties,
which are estimated in auxiliary measurements. The sensitivity of the H — 77 analysis on
these NPs can be explained by relatively high data statistics of the analysis in events with
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Impact= Ao, .. /0, ..
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Figure 9.17: Relative impact of the ten systematic uncertainties with the highest impact on
the inclusive measurement. The uncertainties are listed in decreasing order of their impact.
The upper x-axis corresponds to the impact of the systematic uncertainty on the the inclusive
cross section if the systematic is varied by one standard deviation and is visualized with blue
boxes. The lower x-axis corresponds to the pull and constraint of the systematic uncertainty,
which is illustrated with black points and black lines [26].

at least one jet and the dependency of the mMMC distribution on these. Due to the mMMC

dependency, the systematic uncertainties have a large shape contribution in the fit model, so
that the fit can pull and constrain these in event categories with large data statistics compared
to the auxiliary measurement, such as the boosted categories. This is given especially for the
jet related uncertainties, since the calculation of these uncertainties is still based the Run 1
data set, with an integrated luminosity of 26 fb~!. An evaluation of these uncertainties based
on the Run 2 data set was not available at this time.

9.7.2 ggF and VBF Higgs boson production cross section

In a second configuration of the analysis the inclusive production mode cross section for the
two leading production modes ggF and VBF are determined. Therefore, one Pol for the ggF
production mode and one for the V BF production mode are defined in the likelihood model.
The normalization of the remaining production modes are set constant to the SM prediction.
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9.7 Inclusive cross section measurements

The observed values for the ggF production mode Gﬁgjm = GflgF X Bu_rr and the VBF

production mode o{%. = o}{BF' x By_y. are:

Gﬁ’f’rﬁbsz 3.10 +1.0 (stat) *1§ (syst) pb, 9.10)
on Pl o = 028 +0.09 (stat) *OU1 (syst) pb. '

H—11t
The SM prediction are:

cfFSM_ 305 40.13  pb,
o BESM — 0237 +0.006 pb.

H—17

9.11)

The observed cross section values agree within their uncertainties with their SM predictions.
The measurement of Gﬁ‘i” is dominated by systematic uncertainties, while the impact of
the systematic uncertainties and data statistics are of the same size for 6,2%_. The impact of
individual sources of systematic uncertainties is similar to the one for the measurement of the
inclusive production modes cross section described in the previous paragraph. The leading
experimental systematic uncertainties are related to jets and missing transverse momentum.
The leading theoretical uncertainties are QCD calculation uncertainties for the ggF production
mode and parton shower uncertainties for the V BF production mode.

Figure 9.18 shows the best-fit value as well as the 68% and the 95% confidence limit (CL)

g o8 el ]
= - --- 68% CL -
& ! B >K Best fit N
= 06 + SM i
0.4/ -
0.2 -
o ]
- ATLAS -
02, | | | L L L P

-2 0 2 4 6 8 10

ggF

UH -TT [pb]

Figure 9.18: Best-fit values and the 68% as well as the 95% confidence limits (CL) for
the simultaneous measurement of the inclusive ggF and VBF Higgs production mode in
the H — 77 decay channel. The x-axis corresponds to the ggF and the y-axis to the VBF
cross section. The black cross shows the best-fit value, while the blue cross marks the SM
prediction. The dashed red line shows the 68% CL and the solid red line the 95% CL area of
the measurement [26].
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9.8 STXS measurement

; ; ggF VBF fation |
contours of this measurement in the (65, .,,0p";,.)-plane. The SM prediction is covered

by the 68% CL around the best-fit value. The 68% and 95% CL ellipse are both rotated
anti-clock wise, which illustrates the high anti-correlation of the two measured cross sections
with a value of -52%.

9.8 STXS measurement

The analysis strategy described in the previous sections is used to preform the first STXS
measurement in the H — 77 decay mode. For this, the Stage 1 definition of the STXS
framework (see Section 7.1.3) is considered. The analysis event selection is optimized to
measure the inclusive ggF and VBF production modes and not to measure cross sections
within the STXS framework. This measurement is designed to define and measure the
best configuration of STXS bins for the given event selections. Figure 9.19 shows the

STXS bins
7 >
% Process ggF EW qqH Others
w0 Topology cuts VBF-like VBF-like V(had)H-like|
2 Number of jets N, =1 o] >0 >1 o1
a Trans. momentum p;" [GeV] <200 | =0<60 | =60<120 |=120<200] =200 <200 <200
S Teplep 0 0 10 19 0
Low p;" lephad 0 0 26 33 0
Boosted hadhad 0 0 20 28 0
leplep 0 0 0 13 16
High p* lephad 0 0 0 26 36
hadhad 0 0 0 26 29
leplep 0 0 0 0
Loose lephad 0 0 0
hadhad 0 0 0
VBF leplep 0 0 0
Tight lephad 0 0 0
hadhad 0 0 0
High p;" | hadhad 0 0 0

[ Number of events: ||__<0.5 _ =10 | =15 | =20 |

Figure 9.19: Signal event yields of STXS bins (columns) in the analysis signal categories
(rows). The colored background indicates the size of event yield, where the color changes
from green (0.5-10 events) over yellow (10-15 events) and orange (15-20 events) to red (over
20 events) for higher yields.

expected event yields of the different Stage 1 STXS bins in the signal categories. The
boosted signal categories are dominated by the ggF production mode. The event category
split at p = 140 GeV is not in agreement with the STXS p bin borders. The boosted
low categories are mainly populated with events of the ggF 60 < p¥ < 120 GeV and ggF
120 < pH < 200 GeV STXS bins and the boosted high categories with events of the ggF
120 < pi < 200 GeV and ggF 200 GeV < pH STXS bins. All boosted categories have
additional signal contributions from the VBF and V (— gq)H production modes. For a stable
fit result, each considered STXS bin should have a signal category in which the STXS bin is
dominating. To achieve this, the ggF 60 < pH < 120 GeV and ggF 120 < p} < 200 GeV
bins are merged together to one STXS bin, while the ggF 200 GeV < p¥ STXS bin is kept
separated. The VBF categories are all dominated by the VBF like STXS bin. Figure 9.20
shows the relative contributions of the STXS bins in the different categories. The categories are
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Figure 9.20: Relative contribution of STXS bins (colors) to the full expected H — 77 signal
in each signal category (rows). The categories are summed up across the final state and all
VBF categories are summed up.

summed up across the final states and for all VBF categories, since they show no significant
differences across each other. The boosted low categories and the VBF categories are
dominated by their corresponding STXS bins ggF 60 < p¥ < 200 GeV and EW gqqH VBF -
like, while the boosted high category has a similar contribution of the ggF 60 < pi! < 200 GeV
and ggF 200 GeV < pY! STXS bins. The normalization of these three STXS bins: ggF
60 < p¥ < 200 GeV and ggF 200 GeV < p¥ and the EW gqH V BF -like are kept as Pols in
the likelihood model. The contribution of other STXS bins is relatively small, so that the NFs
of them are set constant to the SM prediction in the likelihood model.

Figure 9.21 compares the observed cross section for the three STXS bins with their SM

\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
+—total — syst SM exp.

ggF, Nj=1, ) ) R ) ,

60=<p;"<200 GeV ' ' v ' '

ggF, Nj=1, b (stat., syst.)

p'=200 GeVv ggF, N;=1, 60=p;'<200 GeV 1.79 ¢0.53,%0.74)

ggF, Ni=1, p;=200 GeV 0.12 ¢0.05,+0.05)

. H<20(§Vég\7H\;BNFjZIi|2<é H——H [EW qqH, N;=2, p;#<200 GeV, VBF-like 0.25 (0.08,%0.08)
N ) _

\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
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ox BR[pb]

Figure 9.21: Observed cross sections for STXS bins in the H — 77 decay channel, compared
to the SM prediction illustrated with yellow boxes. The full uncertainties on the measured

Pols are shown with black bars, while the systematic uncertainties on them is shown with
blue bars.

predictions and Table 9.11 summarizes the observed cross section values as well as the SM
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9.8 STXS measurement

Process STXS bin ot .. [pb] oM . [pb]
(1) | EW qqH | Nj > 2 P <200 Gev VBF-like | 0.25 =£0.08 (stat.) =£ 0.08 (syst.) | 0.22 £ 0.01
@) | goF N>1  200Gev> pH 0.12 +005 (stat) +0.05 (syst.) | 0.14 =+ 0.03
3) | gaF N>1 60> plt <200GeV 179 +0.53 (stat) +0.74 (syst) | 040 -+ 0.05

Table 9.11: Observed (067 ,) and SM expected (o5, ) cross sections for measured STXS

bins in the H — 77 decay channel [26].

predictions. For the EW ggH V BF-like and ggF 200 GeV < pi! STXS bins, the observed
values agree within one standard deviation with the SM prediction, while the ggF 60 <
P < 200 GeV STXS bin agrees within 1.5 standard deviations. The measurement of the
ggF 60 < p¥ < 200 GeV STXS bin is dominated by systematic uncertainties due to the large
extrapolation from the event selection to the measured phase space defined by the STXS bin.
For the remaining measured STXS bins the statistical uncertainty is of the same size as the
systematic uncertainty. However, also for these STXS bins the event selection does not agree
well with the STXS bin definitions, so that the sensitivity is reduced by large extrapolation
uncertainties. To improve the measurement, the event selection has to be defined closer to
the STXS bin definitions to reduce the impact of systematic uncertainties. For this, a new
analysis is performed using the full Run 2 data set and an event selection optimized for the
STXS measurement, which is described in Chapter 10.
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10 H — 77 ANALYSIS WITH THE 2015-2018 DATA SET

After the observation of the H — 77 coupling with the ATLAS experiment analysis described
in Chapter 9, a new analysis focusing on the measurement of cross sections, especially within
the STXS framework (see Section 7.1), is performed. This analysis is based on the full Run
2 data set taken from 2015 to 2018. The previous analysis [233] is used as a baseline but
the event selection, background estimation and the fit model are optimized. This section
will describe the changes compared to the previous analysis and discuss the results of the
optimized analysis. The results are published in Reference [28].

10.1 Signal and background processes

Additional production processes of the Higgs boson are included compared to the previous
analysis (see Section 4.5). The tH and bbH production modes are added, which have a small
contribution compared to the other production modes, but become more relevant compared to
the previous analysis due to the increased precision of the measurement. The same background
processes as for the 2015 to 2016 analysis are considered.

10.2 Event selection

This section summarizes the signal event selection of the analysis. The selection is split into
three different stages: Trigger selection, preselection and event categories. The first two
selections are defined to increase the H — 77 signal over background ratio, while the event
categories are designed to further increase this ratio but also to increase the signal contribution
of a specific STXS bin (see Section 7.1) compared to other STXS bins.

10.2.1 Trigger selection

The trigger selection for the 2015 and 2016 data set, described in Table 9.1, is used again for
this analysis. For the 2017 and 2018 data sets the same single-lepton and di-lepton triggers are
used as for the 2016 data set. Only for the 7,7, final state, two new triggers are used for the
2017 and 2018 data set (see Table 10.1). The same trigger and offline analysis requirements
on pt, as summarized in Table 9.2, are used for this analysis. For the two additional di-T,
triggers, the same thresholds as for the 2016 di-1, trigger are applied.

Trigger menu | Data period | Chain name
Di-hadronic 7 2017 HLT_tau35_medium]_tracktwo_tau25_mediuml_tracktwo_03dR30_L1DR_TAU20ITAU12U_J25
2018 HLT_tau35_medium1_tracktwoEF_tau25_medium1_tracktwoEF_03dR30_L1DR_TAU20ITAU12U_J25

Table 10.1: Overview of additional unprescaled di-1, triggers of this analysis compared to the
2015 to 2016 analysis, grouped by the corresponding data period.



10.2 Event selection

10.2.2 Preselection

Table 10.2 summarizes the preselection of the analysis. Compared to the previous analysis
the 77 selection has changed as well as the criteria used for the 7; and 7}, identification and
isolation. In 771 the same flavor final state is excluded from the analysis. In this final state the
Z — 1l background has a significant contribution and a large impact on the signal extraction,
while it has only a small contribution in other final states. In the previous measurement, a
dedicated control regions combined with NFs were used to model this background. The 77
final state has a small branching ratio of 6.2% and a minor contribution to the cross section
measurements in the H — 77 decay mode. By removing this final state, the control regions for
the Z — 1/ background can be removed. This gives the possibility to use these Z — /I control
regions to constrain the Z — 77 background (see Section 10.3). The new working points
for 7; and 7}, based on new methods described in Section 5.2, 5.3 and 5.5, are considered.
The remaining requirements of the preselection follow the selection of the previous analysis
described in Section 9.2.2.

TeTu
1) Nloose =2, N,lrﬁose=0

T Th

loose _ loose__
NPe=1, Npoe=1

ThTh
Nloose _(y  ploose_p
s

Te/Ty Th

Te/Tu

2) Te/ Ty : Medium ID

Te/ 71 FCLoose/FCTightTrackOnly
3
4)
(5)
(6)
(7
(3)
)
(10)
(11)
(12)
(13)

Opposite charge
m< > mz —25 GeV
30 < my < 100 GeV

EMiss > 20 GeV

AR.; < 2.0
[A)ee| < 1.5
0.1<x <10
0.1 <x<1.0
Pl > 40 GeV
Np—jer =0

Te /Ty Medium ID
e/ T: FCLoose/FCTightTrackOnly
Th: RNN Medium ID
Opposite charge
mr <70 GeV

EMiss > 20 GeV
AR; <2.5
|ATee] < 15

0.l<x <14

0.1<x <12

P> 40 Gev
Np—jer =0

Tp: RNN Medium ID
Opposite charge

EMiss > 20 GeV
0.6 <AR;; <2.5
|Affee| < 1.5
0.l<x <14
01<x<l14
P> 70 GeV, | > 3.2
Nb—jel =0
except for ttH category

Table 10.2: Preselection requirements for the three different final states 7.7y, 77, and 7, T.

10.2.3 Inclusive signal categories

The signal categories are optimized to measure cross sections within the STXS framework.
Therefore, new event selections covering additional or finer regions of phase space are defined
compared to the previous analysis described in Section 9.2.3. The analysis aims to measure
the four dominant production modes: ggF, VBF,V(— qq)H and t7H. One inclusive signal
category is defined for each of these production modes.

A schematic overview of the inclusive signal categories is shown in Figure 10.1. For the
ggF, VBF and V(— gq)H production modes, the inclusive categories are defined in every
final state of the di-t-system, while the t7H production category is only defined in the 7,1,
decay channel to avoid any overlap with the multi-lepton zH analysis [238], which is used in
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Chapter 11.

' Inclusive categories !
|

. Passed Np_jee >0and Nj > 5 | Passed i |
No_jet > 0 and ) ]
PR or  Nojet > 1 and N; > 4 |
Failed } ‘
| P2 >30Gevand Passed VH
| 60 <mj> 120 GeV :

i Failed

P2 > 30 GeV and Passed
mjj > 350 GeV i VBE ‘

Failed

Figure 10.1: Schematic overview of the inclusive signal category requirements. The color
illustrates for which production mode the category is designed: Purple for the t7H, yellow
for the V(— qq)H, orange for the VBF and blue for the ggF production mode. White boxes
illustrate requirements, which have to be passed or failed by an event to end up in a specific
category.

ttH signal category A dedicated analysis of the ATLAS experiment measures the tfH
production cross section in the di-7 decay channel with at least one leptonically decaying
T-lepton. However, the full hadronic decay mode of the di-7 system is not covered by this
analysis. Therefore, the new event selection is introduced for the full hadronic final state
only. As described in Section 6.1, the 1fH production modes have two associated top quarks
in addition to the Higgs boson, which decay most likely into jets. Especially, the decay into
b-jets has a large branching ratio. Therefore, an inclusive ttH signal category can be designed
by requiring a large number of jets Nj and b-jets My _jer. Two different selections are combined
to the inclusive ttH category by requiring either Nj > 5, where at least on jet is b-jet tagged
(Np—jet > 0) or Nj > 4 with Ny _je¢ > 1.

VH signal category The VH category is designed to measure the EW qgH 60 < mj; <
120 GeV STXS bin and should enhance the contribution of V (— gq)H events, in which the V
boson decays hadronically into two jets. To select this production mode two additional jets
assigned to the V boson decay are expected in the final state. For the signal category a second
jet with a transverse momentum of at least 30 GeV ( p'T2 > 30 GeV) and an invariant mass of
the di-jet system m;; around the W and Z boson mass, with 60 < m;; < 120 GeV, is required.

VBF signal category The inclusive VBF category is optimized for this analysis with
respect to the previous analysis by harmonizing the selection towards the VBF-like STXS bin
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10.2 Event selection

definition of the EW ggH production mode. A second jet is required with pJT2 > 30 GeV and
mj; > 350 GeV has to be fulfilled. The absolute difference in 1 of the two jets |7;;| must be
larger than 3 and the two jets are required to be in opposite hemispheres (1, 1j, > 0). These
requirements reduce further background contributions and in particular the contribution from
ggF production in the VBF category.

Boosted signal category The boosted inclusive signal category is defined to measure ggF'
production. It focuses on the boosted ggF production with at least one additional jet and
high values of p¥. To avoid any overlap with other signal categories, an explicit veto against
them is applied, so that any event that passing one of the other selection requirements will be
excluded for the boosted category. A threshold of p¥ > 100 GeV is set to reduce background
contributions, especially from QCD multi-jet events.

Process contributions The expected event yields in each inclusive signal category for all
three final states are shown in Table 10.3. 1,7, and 717, have a similar size of total expected

Process ‘ Background ‘ ggF ‘ VBF ‘ VH ‘ ttH ‘ Other H — 17T ‘ S/B
ThTh

ttH incl. 749+ 33 2.38+ 0.41 0.23+ 0.03 1.10£0.16 | 12.30+2.02 1.69+0.14 0.024

VH incl. 72974138 | 78.69+13.71 8.69+ 1.32 | 42.90+3.91 | 0.74£0.08 0.48+0.05 0.018

VBF incl. 3449+ 85 41.75+ 9.67 | 112.80+11.26 | 1.78£0.18 | 0.1940.03 0.51£0.06 0.046

Boosted incl. | 49568+401 | 425.60+36.12 | 100.40+ 7.72 | 37.21£2.49 | 2.41+£0.19 1.94+0.12 0.011
T Th

VH incl. 9516145 | 92.384+20.45 9.73+ 1.61 | 43.78+3.92 | 0.4840.05 0.36+0.03 0.015

VBF incl. 3636+ 77 | 74.44+27095 | 136.43+£12.97 | 1.70+£0.17 | 0.104+0.01 0.374£0.04 0.059

Boosted incl. | 47297+262 | 438.04+47.91 | 100.08+ 6.93 | 35.98+2.90 | 1.254+0.10 1.4140.08 0.012
T

VH incl. 3567+ 65 27.88+ 5.05 2.54+ 0.43 | 11.78+1.20 | 0.1040.01 0.11£0.02 0.012

VBF incl. 1295+ 36 13.72+ 3.25 36.534+ 3.50 | 0.35+£0.04 | 0.014+0.01 0.184+0.02 0.039

Boosted incl. | 171764+139 | 133.56£11.54 | 30.48+ 2.27 | 10.93£0.95 | 0.38£0.03 0.70+£0.04 0.010

Table 10.3: Predicted event yields for background events and the ggF, VBF, VH, ttH and
other production modes of the Higgs boson in the inclusive signal categories. In addition, the
ratio between the inclusive H — 77 signal and the total background (S/B) is given for each
category.

events, while the expected events in 7;7; are only one-third. The ttH inclusive category,
which is only defined in 7,1, has the smallest event yields with 18 H — 77 events and
749 background events. The remaining categories are defined in every final state. In all of
them, the largest expected yields are given in the boosted categories with 49568, 47297 and
17176 background events and 568, 577 and 176 H — ©7 events in the 7,7, 7T, and 717 final
states. The VH categories have around four times less expected events with between 3567 and
9516 background events. The event yields in the VBF categories are 3449, 3636 and 1295
background events in the 7,7y, 71T, and 7,7 final states.

The inclusive H — 77 signal to background ratio differs between 0.010 and 0.059. The
highest ratios are given for the inclusive VBF categories with at least 0.039, followed by the
ttH category with 0.024. The VH categories have a signal to background ratio between 0.012
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and 0.020. The boosted categories have the lowest ratio around 0.01.
The relative contributions of different Higgs boson production modes to the inclusive H — 7T
signal are summarized in Table 10.4. In the ttH category the highest contribution is assigned

Process | ggF | VBF | VH [ tiH | OtherH — 11
TaTh [%]

ttH incl. 1345 130] 621 [69.49 9.55

VH incl. 59.84 | 6.61 | 32.62 | 0.56 0.37

VBFincl. | 2659 | 71.83 | 113 | 0.12 0.32

Boosted incl. | 74.99 | 17.69 | 6.56 | 0.42 0.34
T Th [%]

VH incl. 62.96 | 6.63[29.84 | 033 0.25

VBFincl. | 34.94 | 6404 | 080 | 0.05 0.17

Boosted incl. | 75.95 | 17.35 | 6.24 | 0.22 0.24
ua [%]

VH incl. 6574 599 [27.78 | 0.24 0.26

VBFincl. | 27.01 | 71.92 | 0.69 | 0.02 035

Boosted incl. | 75.86 | 17.31 | 6.21 | 0.22 0.40

Table 10.4: Contribution of individual Higgs boson production modes to the inclusive H — 7T
signal in each inclusive signal category. All contributions are shown in percent.

to 1tH events with 69%, followed by ggF with 13%. The remaining signal categories have
similar relative contribution of Higgs boson production modes across the different final states.
The highest purity is given in the boosted categories with 75% to 76% ggF events, followed
by VBF events with 17% to 18%. The VBF categories are dominated by the V BF production
mode with up to 72% followed by the ggF production mode with between 27% and 35%.
Therefore, all of these production modes are dominated by their corresponding production
mode. The VH categories have a VH production mode contribution between 28% and 33%.
Therefore, these categories are not dominated by the VH production mode, instead the ggF
production mode has the highest contribution with between 60% and 66%. This illustrates the
high ggF contamination in this VH category.

Figure 10.2 shows the relative contribution of background processes and the inclusive H — 77
signal in each inclusive signal category. All categories are dominated by Z — 77 background
events with a contribution between 62% and 83%, except for the ttH category with 38%
Z — t7 and 33% top quark production events. The misidentified T background contribution
is reduced compared to the previous analysis, due to the new jet object reconstruction method
based on particle flow objects (see Section 5.4). The relative contribution of this background
increases for an increasing number of 7,-leptons in the final state and differs between 8%
in the 7.7, boosted category and 27% in the 7,7, VBF category. Similarly, the relative
contribution of top quark production background events is reduced for the 7.7, (<13%) and
T1Th (<3%) categories compared to the previous analysis. This reduction shows the improved
top quark production background rejection of the new b-jet identification algorithm, which is
used in this analysis for the b-jet veto (see Section 5.4). The 7.7, categories have a relative
contribution of Z — [/ events below 2%, while this contribution in the previous analysis for
the T Ty+7Te(y) Te(n) final state was up to 15%. The relative contribution of other background
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Figure 10.2: Relative contribution of processes in the inclusive signal categories. The
Higgs boson signal is illustrated in red. The background processes are grouped to Z — 77
(dark blue), Z —11 (light blue), top quark production (orange), misidentified 7 (yellow) and
other backgrounds (purple). Other backgrounds include all remaining non-listed processes
described in Chapter 6. The contributions are shown separately for each final state.

processes varies between 2% and 6%.

10.2.4 Final signal categories

Each inclusive signal category is split into sub-categories, which will be used in the final
likelihood model. The ttH, VH and VBF categories are split into two sub-categories, while the
boosted category is split into six sub-categories. The goal for the ttH, VH and VBF categories
is to increase the significance for the cross section measurement of the corresponding inclusive
production mode by introducing a better signal to background separation. For this purpose,
the inclusive categories are split into one sub-category with an increased signal to background
ratio, while the second sub-category includes the remaining events of the inclusive categories
and has a lower signal to background ratio. Boosted decision trees BDTs are trained using the
TMVA implementation [239] and the output scores are used to divide the inclusive categories.
In contrast to this, the boosted categories are not split to increase the significance for the
inclusive cross section measurement. Instead, they are split into sub-categories depending on
transverse momentum of the Higgs boson p¥ and the jet multiplicity Nj. These regions of
phase space follow the STXS bin definitions at Stage 1.2 (see Section 7.1.4). The final signal
event categories are summarized in Figure 10.3 and detailed descriptions of the individual
categories are given in the following paragraphs.
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Final categories

BDT(top) score > 0.5 and W Passed
BDT(Z — t7) score > 0.3
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Figure 10.3: Schematic overview of the inclusive signal category split into the final signal
categories used in the fit model. The colored boxes correspond to inclusive (darker color) and
to final signal categories (lighter colors). The color type shows for which production mode
the category is designed: Purple boxes for the 17H, yellow for the V (— gq)H, orange for the
VBF and blue for the ggF production mode. White boxes illustrate requirements, which have
to be passed or failed by an event to end up in a specific final category.

ttH signal categories The inclusive signal category has a similar relative background
contribution from Z — 77 and top quark production events (see Figure 10.2). Therefore,
both background processes have to be reduced to increase the signal to background ratio in
this category. To achieve a reduction of both backgrounds, two separated BDTs are trained.
In both, the inclusive 1fH — 77 production is used as signal and trained against Z — ©7
events in one BDT, while it is trained against top quark production events in the second
BDT. Table 10.5 summarizes the variables used in the training of the two BDTs. A simple
rectangular requirement in the plane of the two BDT scores is used to split the inclusive ttH
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Variable VBF V(—qq)H ttHvstt ttHvSZ— 1T

Invariant mass of 2 leading jets ° °

p’l,il [ ] L]

Product of 1 of 2 leading jets °

Sub-leading jet pr °

Leading jet n

Sub-leading jet n

Scalar sum of all jets pr °
Scalar sum of all b-tagged jets pr

Best W-candidate di-jet invariant mass

Best #-quark-candidate three-jet invariant mass

Agj; *
|An| ¢
AR;;

ARz jj

AR’L'T

Smallest ARypy 2 jets

|AN | * *

P .
Sub-leading T pr
Sub-leading T

Jet properties

Angular distances
e o o o

T prop.

Hjj
Pt L4
Pi/ph
Missing transverse momentum E%niss ° °
Smallest AQ; gmiss

Pt
cand.

7 miss
ET

Table 10.5: Variables used in the four BDTs implemented in the analysis. For each BDT,
the presence of a e indicates that the variable is used for it. The symbol 7 stands for any
reconstructed 7 lepton candidate (7,, T, or 7y) as appropriate in each final state. The symbols
t7 and jj indicate the vectorial sums of the momenta of two 7-lepton candidates and of the
two leading jets, respectively [28].

category into two sub-categories. A variety of more complex two-dimensional combinations
of requirements on the two BDT scores are studied, but none of these show any significant
improvement of the final significance. Figure 10.4 shows the post-fit distributions for both
BDT scores in the inclusive ttH category. The ttH_1 category is defined by applying the two
requirements: BDT(top) score > 0.5 and BDT(Z — 77) score > 0.3, while the ttH_0 category
includes the remaining events of the inclusive ttH category that fail these requirements
(see Figure 10.3). The expected event yields for the inclusive H — 77 signal process and
background processes in ttH_0 and ttH_1 are shown in Figure 10.5 (a), while Figure 10.5 (b)
shows the relative contribution of them to the total yields. The expected yield in ttH_O are
744 events and in ttH_1 60 events. The largest contribution corresponds to the Z — 77 events
and top quark production with 38% and 34% in ttH_0 and 44% and 23% in ttH_1. The signal
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Figure 10.4: Post-fit event yield for the ttH inclusive category estimated with the inclusive
H — 77 Pol setup as a function of the BDT(top) score (a) and BDT(Z — 77) score (b) [28].
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Figure 10.5: Absolute (a) and relative (b) event yields for the ttH_0 and ttH_1 categories for
the inclusive H — 77 signal and background processes.

contribution increases for ttH_1 compared to ttH_0 from 2% to 12%, while the misidentified
T background contribution is reduced from 24% to 11%. The two BDTs used to separate the
two signal categories therefore increase the signal to background ratio for ttH_1 and reduce
especially the top quark production and misidentified T background contributions.

VH signal categories

In contrast to the inclusive ttH category, in which the signal is

dominated by the corresponding fH production mode, the signal in the inclusive VH category
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is not dominated by the targeted signal process. Table 10.3 shows that the expected number
of ggF production events is twice as large as the expected VH production events. In the
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2 Vs =13TeV, 1391~ Uncertainty E

% 10" E Al VH SRs — 7 (093 SM) 4

o 10 EEE Other backgrounds_J
1 Misidentified

Data / Bk

VH Tagger Score

Figure 10.6: Post-fit event yield for the VH inclusive categories summed up over all final
states estimated with the inclusive H — 77 Pol setup as a function of the BDT(VH) score
[28].

likelihood model the reconstructed mass of the di-7T-system is used as an observable (see
Section 10.5), which increases the signal to background separation, but not the separation
of different Higgs boson production modes. Therefore, the inclusive VH category is split
into two sub-categories to increase the VH contribution compared to other Higgs boson
production modes. A BDT is trained using the VH production as signal and other Higgs
boson production modes as background. Table 10.5 summarizes the input variables used
for this BDT. Most of the input variables correspond to properties of the two leading jets in
the events. These jets most likely originate from the V boson for the V(— gq)H production,
while they correspond to either pile-up jets or jets initiated by quarks or gluons radiated in the
Higgs boson production for other production modes. A requirement on the BDT score, which
is shown in Figure 10.6, is used to define a signal category VH_1, which has an increased VH
ratio, while all events of the VH inclusive category that fail this requirement are assigned to
the VH_O category. The significance of measuring the VH signal using these two categories
was estimated for several different BDT score requirements. A split at BDT(VH) score =
0.1 has shown the best significance and is used for the final definition of the VH_O and
VH_1 categories in all three final states (see Figure 10.3). Figure 10.7 shows the expected
event yields of the inclusive Higgs boson signal and background processes in the VH_0 and
VH_1 categories. The total yields for the VH_0 categories are 7035, 9134 and 3441 events
and for the VH_O categories 743, 730 and 313 events in the 7,7,, 717, and 7,7 final states.
Therefore, the total yields are around ten times larger in the VH_O categories compared to the
VH_1 categories. The used BDT optimized to separated VH production from other Higgs
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Figure 10.7: Absolute (a) and relative (b) event yields for the VH_0 and VH_1 categories for
the inclusive H — 77 signal and background processes.

boson production modes also improves the relative inclusive signal contribution for the VH_1
categories compared to the VH_0 from 2% to 4%, 2% to 3% and 1% to 2% in the T, Ty, T|Th
and 77 final states. The main background contribution in all signal categories are Z — 77
events with 73% to 76% in the final states with at least one hadronically decaying 7-lepton and
with 51% to 68% in the 7,7 final state. In the 77 final state the misidentified T background
contribution is smaller for the VH_1 category compared to the VH_O category from 13% to
27%, while in the remaining final states the contribution is reduced.

VBF signal categories The inclusive VBF category has a signal purity of the targeted signal
between the purities in the ttH and VH inclusive categories. The signal to Z — 77 ratio is
higher than in the VH category, while other background events are not as important as for the
ttH category. The contamination of other Higgs boson production modes in the VBF inclusive
category is higher than for the ttH category but not at the same size as for the VH category.
Therefore, a BDT using the VBF production mode as signal and Z — 77 and ggF production
events as background is trained in the VBF inclusive category. In this way both the VBF
to Z — 77, but also the VBF to ggF separation can be increased. Observables based on the
kinematics of the two leading jets are used as input variables for the BDT (see Table 10.5).
Figure 10.8 shows the post-fit event yields as a function of the BDT(VBF) score in the VBF
inclusive category summed up over all final states. The inclusive VBF category is split into a
category VBF_1, with a higher relative contribution of V BF production events, by requiring
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Figure 10.8: Post-fit event yield for the VBF inclusive categories summed up over all final
states estimated with the inclusive H — 77 Pol setup as a function of the BDT(VBF) score
[28].
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Figure 10.9: Absolute (a) and relative (b) event yields for the VBF_0 and VBF_1 categories
for the inclusive H — 77 signal and background processes.
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BDT(VBF) score > 0.15, while all events of the inclusive VBF category, which fail this
requirement are assigned to the VBF_0 category (see Figure 10.3). Figure 10.9 shows the
expected yields for the inclusive Higgs boson signal and background processes in the VBF_0
and VBF_1 categories for all final states. The total event yields in the VBF_0 categories are
3504, 3585 and 1363 events and in the VBF_1 categories 224, 261 and 97 events in the 7,7,
71T, and 77; final states. While the H — 77 signal contribution for the VBF_1 categories
differs between 18% and 26%, the signal contribution in the VBF_0 categories is around
4% for all final state. Therefore, the additional requirement on the BDT score increases the
signal contribution of the inclusive VBF signal categories (4%-6%), while the contribution in
the VBF_0 categories are below these values. For all final states the relative contribution of
Z — 77 events is smaller for the VBF_1 than for the VBF_0 categories. The misidentified ©
background is slightly higher in the VBF _1 than in the VBF_0 category for the 717 final state,
while in the remaining final state the contribution is smaller.

Boosted signal categories Due to the large expected statistics in the inclusive boosted
categories, the categories can be split in more than two sub-categories. In contrast to the
other categories no BDT is used in the boosted category to increase the signal to background
ratio. Instead, the inclusive categories are split into smaller regions of phase space by
using requirements on the jet multiplicity and transverse momentum of the Higgs boson pt!.
Figure 10.10 shows the post-fit event yield for the boosted inclusive categories summed up
over all final states as a function of p¥. Four different regions as a function of p¥ are defined:
100 < pH < 120 GeV, 120 < pi! < 200 GeV, 200 < pi! < 300 GeV and 300 GeV < pH.
In addition, the regions with pif < 200 GeV are split into 1-jet and >2-jet categories, by
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Figure 10.10: Post-fit event yield for the boosted inclusive categories summed up over all
final states estimated with the inclusive H — 77 Pol setup as a function of the transverse
momentum of the Higgs boson p¥ [28].
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requiring p]T2 > 30 GeV for >2-jet categories, while events which fail this requirement are
assigned to the 1-jet categories. Figure 10.3 summarizes the six boosted signal categories. The
categories are named boosted_0-boosted_3, where the number increases for categories with a
higher requirement on p¥. The categories boosted_0 and boosted_1 have either _1J or _gelJ
as a suffix corresponding to 1-jet and > 2-jet categories. These signal categories are targeting
individual STXS bins of Stage 1.2 (see Figure 10.12 (b)). Figure 10.11 shows the expected
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Figure 10.11: Absolute (a) and relative (b) event yields for the boosted categories for the
inclusive H — 77 signal and background processes.

yields of physics processes in the boosted signal categories for all final states. The boosted_1
categories have the largest expected total yields with 12001 to 148146 events in final states
with at least one hadronically decaying 7 lepton and between 4529 and 4811 events in the
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717 final state. The total yields decrease for boosted categories with larger p? requirements
and are overall similar or smaller for > 2-jet categories compared to the corresponding 1-jet
category. The relative signal contribution increases for higher p¥ categories from 1% up
to 4%, while the contribution of misidentified T background decreases from 35% up to 3%.
The top quark production background contribution is relatively flat across the pX! categories
with 3% to 13% in the 717 final state and with 1% to 3% in the 77, final state. The top
quark production modes contribution is smaller in inclusive 1-jet categories compared to their
corresponding > 2-jet categories. In the 7.7, final state an increase of other backgrounds is
visible for categories with larger pi! from 3% to 19%, corresponding to an increase of the
relative contribution of di-boson background events.

Comparison of signal categories and STXS bins at Stage 1.2 The VH and VBF categories
are designed to measure specific STXS bins of the EW ggH production process at Stage
1.2. Figure 10.12 (a) shows a comparison of the VH and VBF signal categories and the EW
qqH STXS bins at Stage 1.2. The figure illustrates that VH inclusive category matches the
EW qqH STXS bin with N; > 2, 60 < mj; < 120 GeV, so that both final VH categories are
designed to target this STXS bin. The inclusive VBF category targets the EW gqH STXS
bins with Nj > 2, 350 GeV < mj;. The splitin VBF_0 and VBF_1 is only designed to reduce
background contribution but not to target a sub-set of these STXS bins. Therefore, it is not
expected that the likelihood model based on these categories can disentangle the different
P and p?ﬂ STXS bins in this region of phase space. Therefore, these bins will be merged
together for the rest of this analysis and quoted as one EW gqH N; > 2, 350 GeV < m;; STXS
bin. Several STXS bins have no or only a small overlap with the signal categories so that the
contribution of these STXS bins is expected to be negligible for the analysis.

Figure 10.12 (b) compares the boosted signal categories with the STXS 1.2 bins for the ggF
production mode. The event selection mimics the STXS bin definition for the STXS bins with
60 GeV < pil, with the exception that the boosted signal categories require at least 100 GeV
< p? and that one common signal category is defined for all STXS bins with 300 GeV < p¥.
The difference in the lower threshold is needed to reduce large background contributions in
the event selection, especially from QCD multi-jet events, while the common signal category
for 300 GeV < p¥ is needed to achieve a reasonable data statistics in this signal category.
The four STXS bins on the right side of Figure 10.12 (b) surrounded by a red box, correspond
to ggF production STXS bins with a VBF-like topology. These bins are defined by requiring
Nj > 2, 350 GeV < mj;, which corresponds to the definition of the EW ggH STXS bin,
which is targeted with the VBF categories, except for an additional requirement of p¥ <
200 GeV. These STXS bins have no specific signal category, however they are expected
to have non-negligible contributions in the VBF categories and boosted categories with at
least two jets. Similar to the EW ggH STXS bins none of these categories are sensitive to
disentangle these four ggF' VBF-like bins, so that they are combined to one common STXS
bin in this analysis with: N; > 2, 350 GeV < myj, p¥ < 200 GeV. The remaining ggF STXS
bins at Stage 1.2 are not explicitly covered by the signal categories and their contributions are
negligible.

The ttH categories, similar to the VH and VBF categories, are not designed to measure specific
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Figure 10.12: Comparison of the signal categories defined on reconstruction level on the left
side and the Stage 1.2 STXS bins defined on truth level on the right side for the EW qqH (a)
and ggF (b) production mode. For the left side, light blue and melon filled boxes refer to
final signal categories, while dark blue and orange boxes refer to requirements in the inclusive
signal categories. On the right side light blue and melon filled boxes refer to STXS bins,
while the dark blue and orange ones are only given to group the STXS bins. White STXS
bins have none or only small overlaps with the signal categories. The signal categories are
connected to their corresponding STXS bins by red arrows. STXS bins surrounded by a red
box have common signal categories.

STXS bins of the 7H production at Stage 1.2. Therefore, all 17#H STXS bins are combined to
one common fH STXS bin for this analysis.

Figure 10.13 shows the expected yields of each of the STXS bins in this reduced Stage 1.2
definition. The yields are summed up for each signal category across the final states, since the
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Figure 10.13: Absolute (a) and relative (b) contribution of STXS bins at the reduced Stage
1.2 in the final signal categories. The contributions are estimated summed up across all final

states for each signal category and are normalized to the total yield of all listed STXS bins
[28].

relative contribution of the STXS bins are very similar between them. The ttH_0 and ttH_1
categories have a high purity of 17H signal events with 74% and 92%, as well as the VBF_0
and VBF_1 categories have a high purity of the EW gqH N; > 2, 350 GeV < mj; STXS bin
with 63% and 94%. The split of the inclusive VH categories, which are dominated by the

145



10.3 Background estimation

ggF production (see Table 10.3) results in VH_1 categories, which are dominated by the EW
qqH N; > 2, 60 < mj; < 120 GeV with 66%, while the VH_O categories are still dominated
by STXS bins corresponding to the ggF production mode combined relative contribution
of 75%. In all boosted categories the targeted ggF STXS bin is dominating with a relative
contribution between 56% and 76%. The purity increases for boosted categories with higher
values of pl{l. The ggF VBF-like STXS bin with N; > 2, 350 GeV < myj, p¥ < 200 GeV, has
a relative contribution between 8% and 11% for the boosted categories with pt < 200 GeV
and at least two jets, and 20% in the VBF_0 categories. The contribution of this STXS bin in
the remaining categories is below 5%.

10.3 Background estimation

The background processes are estimated via simulations and data-driven techniques. The
dominant background for this analysis is the Z — 7T process with a contribution of 79% of
the total background and up to 90% in single signal categories. This background is estimated
using Monte Carlo simulations, which are validated with Z — ee and Z — i events that can
be selected with high purity. In the remaining analysis these two processes will be abbreviated
as Z — [1. To mimic as well as possible the kinematics of the Z — 77 process in the signal
categories, the selected Z — ee and Z — p events are modified using a rescaling algorithm
called object-based embedding.

The second largest background are misidentified T background events, in which a jet is
misidentified as an electron, muon or 7,-lepton. This background is estimated with data-
driven techniques developed separately for each final state.

Processes including a decaying top quark are a sizable contribution in the 7.7, and 77, final
states as well as in the ttH signal categories. This background is estimated using Monte Carlo
simulation to predict the background shape, while the absolute normalization is estimated via
NFs using additional control regions.

The remaining background events are fully derived by Monte Carlo simulation and have a
relative contribution between 1% and 20% in the signal categories.

Z — 17 background A new technique was developed to estimate the Z — 77T background
in this analysis. The idea of the method is based on the embedding procedure [240] used in
the H — 77 analysis based on the Run 1 data set [233]. In this procedure Z — pu data events
are used. The muons in these events are removed on detector cell level and simulated 7-lepton
are inserted instead. This way, only the 7-lepton decay itself is estimated via simulation,
while the rest of the event is taken from data. To use this technique the information about
the energy deposit in each detector cell has to be used, which makes this technique rather
complicated and time consuming. Therefore, a new technique was developed using the same
concept but implemented on object level.

Fully reconstructed Z — [/ simulated events are used and parametrized to mimic the Z — 77
kinematics. The method can be staged in three steps. First, the effects of the reconstruction
and trigger efficiency of the electrons and muons are unfolded from the events. In this way
the reconstructed Z — /[ are unfolded to Z — [/ events with truth-level leptons (neglecting
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resolution effects). On these events, a re-weighting based on kinematic distributions is
performed, which corrects for the kinematic difference between electrons/muons and 7-
leptons. Finally, the reconstruction and trigger efficiencies for t-lepton are applied to the
events. This parametrization is derived separately for 7., 7, and T,-leptons. Therefore, three
different sets of re-weighted events are calculated, one for each of the three di-7 final states.
In this way the same set of events could be used in each final state, so that each of these events
would be used three times in the analysis. To avoid this the Z — [ events are randomly split
into three equal sized sub-samples before applying the object-based embedding. For each of
the three final states only one of these sub-samples is used.
This method can be validated by comparing the object-based embedded Z — [/ Monte Carlo
simulation with the Z — 77 simulation. It can be used to validate the prediction of simulations
by comparing the events with data in various observables of interest, but also to construct
control regions that allow the estimation of the Z — 77 normalization for each signal category.
Figure 10.14 shows the validation of the technique for two example distributions. For both
distributions the deviation are covered by the statistical uncertainties and no trend is visible.
Dedicated uncertainties are assigned to the final re-weighted Z — [/ events to account for
small difference in modeling. These uncertainties are found to be below 1% for all regions.
In the likelihood model of this analysis the technique is used to estimated the Z — 77
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Figure 10.14: Comparison between Z — /[ simulated events before and after the object-based
parametrization and Z — 77 simulated events as a function of p;f‘ (a) and E‘TPiSS (b). The
distributions include all events of the inclusive boosted, VBF and VH signal categories. The
lower panels show the ratio between the reweighted Z — I/ events and Z — 77 events, while
the uncertainty band includes only statistical uncertainties [28].

background normalization for each signal category. Therefore, Z — [ control regions with
a high purity of Z — [l events and kinematic properties as close as possible to each signal
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category need to be constructed and re-weighted with the object-based embedding procedure.
Finally, a common free normalization factor on the object-based embedded Z — /[ events in
the control region and on the Z — 77 events in the corresponding signal region is defined
to allow the likelihood fit to correct the Z — 77 normalization based on the object-based
embedded Z — /I control region.

The construction of these control regions is based on a modified version of the preselecetion
for the 7.7, final state. Table 10.6 compares the preselecetion for the 7.7, final state with the

Preselection SR Preselction Z — [l CR
TeTu ee(1Lpt)

(1) Nloose— Nllioosezl’ Ng‘)osezo Nloose=2(0), Nllloose:()(z)’ N‘{-:ose:o
2) e/p: Medium ID e/p: Medium ID

e/u: FCLoose/FCTightTrackOnly | e/u: FCLoose/FCTightTrackOnly
“) Opposite charge Opposite charge
3) ms > mz —25= GeV
6) 30 < my < 100 GeV my; > 80 GeV
7 EMss > 20 GeV
®) AR,y < 2.0 AR, < 2.5
O] |ANe| < 1.5 |ANe| < 1.5
(10) 0.1<x;<1.0
an 0.1<x<1.0
(12) P > 40 GeV Pl > 40 GeV
(13) No—jet =0

Table 10.6: Comparison of preselection requirements for the signal categories of 7.7, and the
Z — 1l control regions.

preselecetion for the Z — [/ control regions. By requiring exactly two electrons or exactly
two muons the orthogonality to the preselection of the signal categories is ensured. The
remaining requirements follow the signal region preselection with some exceptions. Several
requirements have been optimized to increase the data statistics or to account for kinematic
differences of the Z — [l events. No neutrinos are expected in Z — [/ events, so that no
requirements on mfl‘)“, x1(0) and EIss are applied. For my, the thresholds are changed to
increase the relative contribution of of Z — [/ events and the remove contribution from Z — 77
in the control regions. These modifications introduce a bias between the signal categories
and their corresponding control regions. This bias is approximately 2% and covered by
the uncertainties, so that this effect can be ignored for this procedure. The AR requirement
between the leptons is relaxed from 2 to 2.5, where 2.5 corresponds to the threshold used for
the 717, and 7, 7, final states. The b-jet veto requirements are removed for the Z — [/ selection
to increase the statistics.

On these events, the object-based embedding procedure is applied to re-weight the Z — 11
events to the kinematics of Z — 77 events. This process is applied on the predicted simulated
Z — 1l events, but the same re-weighting is also applied on the recorded data in this Z — [/
control region. To construct control regions out of these preselected events for every signal
category, all requirements of the corresponding signal category are applied, so that for each
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of the signal categories one object-based Z — [/ control region with the same kinematic
properties is defined.

The only exceptions are the ttH categories, which require a large number of jets and b-jets in
the signal categories. For these categories the selected Z — /[ events at preselection are not
sufficient to provide a reasonable data statistics to constrain the Z — 77 normalization in the
likelihood model. Instead, the normalization of the Z — 77 background in ttH categories is
estimated only in the ttH signal categories themselves. Therefore, a common normalization
factor is applied on the Z — 77 background in the ttH_0 and ttH_1 categories.

Figure 10.15 shows the relative contribution of the physics processes in Z — 77T control
regions for the remaining signal categories. The relative contribution of the object-based
embedded Z — I/ process is over 90% for all of these control regions. The remaining 10% of
the control region are mainly sourced by top quark and W +jets productions.

7 misidentified background Compared to the previous analysis the methods used to es-
timate the misidentified 7 background have changed for the 7.7, and 7,7, final state, while
the same method is used for the 77, final state. For the 7;7;, final state the method is only
optimized to account for the increased data statistics and the new regions of phase space,
which are included in this analysis. In all three final states the misidentified T background is
estimated in a similar procedure by selecting data events in a misidentified T control region
with the same requirements as for the signal categories, but loosening or inverting the criteria
on the identification or isolation of the leptons. To correct for kinematic and normalization
differences between the signal categories and their misidentified 7 control region transfer
factors are estimated.

In the 7.7, final state this background is estimated using the matrix-method technique [241].
The misidentified T control region is defined by using the signal category requirements but
inverting the isolation criteria on the electron and muon. For the electron additionally the iden-
tification criteria is loosened to increase the statistics. The expected number of misidentified
T background in the signal category is derived by a set of equations, in which the efficiencies
for real €., and fake &gy, leptons is related to the observed data yields. The efficiencies
are estimated separately for muons and electrons as a function of pt and 7 of the leptons.
Erake 1S estimated using data events with inverted opposite charge requirement on the leptons,
while &, is computed with simulated events. Several sources of uncertainties are taken into
account for this estimation: statistical uncertainties on the derived &, and &g, dependencies
of €., on the used physics processes, dependencies of &y, on the number of jets and b-jets
in the event and uncertainties on the normalization of the real lepton contribution in the
measurement.

In the 717}, final state the same fake factor method as described in Section 9.3 is used. How-
ever, the increased data statistics compared to the previous analysis allows to optimize the
estimation further. Therefore, the parametrization of the fake factors as a function of pt and
n of the t,-lepton is estimated with finer granularity.

The misidentified T background of the 7,7, final state is estimated with a fake-factor ap-
proach, similar to the 77, final state. However, in this final state the method is changed to
simultaneously account for events with one and two jets misidentified as 7j,-leptons. The fake
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factors are estimated in the W + jets enriched control regions defined for the 77, final state,
but with the additional requirement of the trigger-matching of the 7,-lepton. To account for
systematic uncertainties on the misidentified T background two alternative sets of fake factors
are estimated. These are estimated using control regions with two 7,-leptons, where for the
first set the |An¢;| requirement is inverted and for the second the opposite charge requirement
of the two 7,-leptons is inverted. The differences between fake factors based on these event
selections and the nominal estimation are used to derive uncertainties on the composition of
the misidentified T background. Furthermore, the statistical uncertainties on the fake factors
and uncertainties related to the choice of the parametrization are taken into account.

For each final state, the modeling of the misidentified T background is studied in dedicated
validation regions. For the 7.7, and the 77, final state the opposite charge requirement on
the two leptons is inverted, while for the 7,1, final state the |An;| requirement is inverted.
Figure 10.16 shows the validation of the modeling for the inclusive VBF categories in all three
final states. The predicted events agree with the observed data within the given uncertainties
and no significant mismodeling is observed in all three final states. Similarly, no significant
deviations are observed in the remaining signal categories.

Top quark production background The top quark production background contribution
for the 7.7, and the 77, final states are estimated in the same way as in the previous analysis
described in Section 9.3. Therefore, one dedicated control region for each inclusive signal
category is defined. The top quark production background has a small contribution in the
ThTn final state, except for the ttH categories. In these categories the shape for top quark
production background is taken from simulations, but the normalization is estimated from
data. Therefore, a common NF is applied on both ttH signal categories. Figure 10.15
shows the relative contribution of the different physics processes in the six top quark control
regions defined for the 7.7, and the 717, final states. The purity of the top quark production
background in these control regions differs between 70% and 80%.
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Figure 10.15: Relative composition from different processes in all control regions (listed on
the y-axis) used in the likelihood model. The Higgs boson signal is illustrated in red. The
background processes are grouped to Z — 77 (dark blue), top quark production (orange),
misidentified 7 (yellow) and other backgrounds (purple). The Z — Il (light blue) corresponds
to simulated Z — /I events in all top control regions, while in the Z — 77 control regions
Z — 1l corresponds to object-based embedded Z — [/ events. Other backgrounds include all
remaining non-listed processes described in Chapter 6. The contributions are shown for each
of the final states separately.
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Figure 10.16: Validation of the T misidentified background modeling in the inclusive VBF
category for the 7.7, (a), 77, (b) and 7,7, (c) final states. The uncertainty band includes both,

the statistical uncertainty due to the limited size of the simulated events and the systematic
uncertainties of the data-driven methods [28].
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10.4 Systematic uncertainties

The sets of systematic uncertainties, which are included in the measurement are based
on the implementation of the previous analysis. The uncertainties on the misidentified 7
background has been updated to the new methods described in the previous Section 10.3.
Additionally, systematic uncertainties due to the new object-based embedding method have
been included. The following section introduces all uncertainties grouped into three categories:
theoretical uncertainties on signal, theoretical uncertainties on background and experimental
uncertainties.

10.4.1 Theoretical uncertainties on signal

The LHC Higgs Cross Section Working Group provides common recommendations for the
estimation and implementation of theoretical uncertainties on the Higgs boson production.
This analysis follows these recommendations and uses an optimized scheme compared to
the previous analysis. In general, the uncertainties cover the same three sets of sources as
described in Section 9.4.

The PDF and o uncertainties are implemented and estimated as in the previous analysis, so
that 30 eigenvectors variations are included for the PDF uncertainties and two variations of .
The corresponding NPs are correlated across the different Higgs production modes. As for the
previous analysis, the QCD scale uncertainties are evaluated by varying the renormalization
and factorization scales (ur and pr). Therefore, the values of the uncertainties have not
changed with respect to Table 9.5, except for the #H production. These uncertainties are
neglected in the previous measurement, but in the new measurement the impact of the
uncertainties is sizable, especially for the ttH categories. The size of these uncertainties are:
QCD scale +5.8% (-9.2%), PDF £3% and o, 2%. As in the previous analysis the simple
variation of the QCD scale is not sufficient for this measurement. The set of individual
uncertainties, which are used to avoid an underestimation of the QCD scale uncertainties have
been updated for ggF production compared to Section 9.4 and a similar procedure for the
remaining production modes has been introduced [27, 242, 243].

For the ggF production mode the same QCD scale uncertainties as for the previous analysis
are implemented but extended by five additional uncertainties, where one systematic covers
the migration at the new p¥ splitting for O-jet events and four the new migration between the
new m;; STXS bins:

* One p?—dependent uncertainty for the 0-jet bin

* Four mj; migration uncertainties based on the STXS 1.2 bin definitions

mjj 0-350 GeV < mjj 350-00 GeV
mjj 0-700 GeV  mjj 700-00 GeV

mjj 0-1000 GeV > mjj 1000-c0 GeV
mjj 0-1500 GeV <> mj; 1500-c0 GeV
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In addition to these uncertainties a shape uncertainty has been assigned to the ggF production
with more than one jet in the VBF and VH categories. These uncertainties take into account
differences of the matrix-element calculations in these regions of phase space. For this,
the nominal prediction of the ggF production is compared to an alternative Monte Carlo
prediction generated by using the FxFx prescription to merge the jet multiplicities [244].
Furthermore, the use of jet related variables, which can mimic a veto on a third jet, in the VH
and VBF BDT can lead to an underestimation of the QCD scale uncertainties. Two additional
systematic uncertainties following the Stewart-Tackmann approach are introduced to cover
these [245].

For the EW qqH production ten independent uncertainties for the QCD scale calculation are
included in the measurement:

* One uncertainty related to the inclusive cross section
* One uncertainty related to the two jet requirement

* One uncertainty related to the p¥ cut at 200 GeV

* One uncertainty related to the p?jj cut at 25 GeV

¢ Six m;; migration uncertainties based on the STXS 1.2 bin definitions
= myj 0-60 GeV mj; 60-0 GeV
- mj 0-120 GeV + my; 120-00 GeV
= nyj 0-350 GeV mjj 350-00 GeV
— mj; 0-700 GeV <> mj; 700-00 GeV
— mj; 0-1000 GeV < m;j 1000-c0 GeV
— mj; 0-1500 GeV <« mjj 1500-00 GeV

For the ttH production mode six independent QCD scale uncertainties are defined:

* One uncertainty related to the inclusive cross section

* Five pY! migration uncertainties based on the STXS 1.2

P 0-60 GeV « pt 60-0 GeV

P 0-120 GeV + pll 120-00 GeV
P 0-200 GeV <+ pt 200-00 GeV
P 0-300 GeV < pH 300-00 GeV
P 0-450 GeV < pl 450-00 GeV

Parton shower and matrix element uncertainties are estimated and included for the ggF’, VBF,
WH, ZH and ttH production modes independently. Alternative Monte Carlo samples are
produced for the parton shower uncertainties using the matrix-element generator as for the
nominal prediction, but varying the parton-shower model from PYTHIA8 to HERWIG7 [119,
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237]. For the matrix-element uncertainties alternative predictions with the same parton-shower
model, but different matrix-element generator are compared. Table 10.7 summarizes the
final number of NPs that are included in the likelihood model to account for the theoretical
uncertainties on the signal prediction, while Table A.4 in the appendix lists all NPs with their
descriptions.

Uncertainty source | Number of NPs

Signal theory 77
PDF 30
Ol 1
QCD scale 36
Parton-shower 5
Matrix-element 5

Table 10.7: Number of NPs related to theoretical signal prediction in the fit model grouped
into different sources.

10.4.2 Theoretical uncertainties on background

The strategy of the parametrization of the theoretical uncertainties on the Z — 77 background
has changed compared to the previous analysis due to the implementation of the new object-
based embedding method. The same six sources of uncertainties are taken into account: PDF,
Aug,Aur, CKKW, QSF, underlying-event and parton-shower (see Section 9.4) [136, 246,
247].

The PDF uncertainty is based on 100 weight variations of SHERPA [117], which are com-
bined to one final uncertainty. To account for kinematic differences across the categories in
the analysis, a fully decorrelated NP scheme is used for the PDF uncertainty. Therefore, the
normalization and shape component of the uncertainty are decorrelated and furthermore both
components are decorrelated across the final states and each signal category. The correlation
of the NPs between signal categories and their Z — 77 control region are kept.

The factorization and renormalization scale variations (Aug, Alr) are estimated in the same
way as for the previous analysis, but they are implemented with the same decorrelation scheme
that is applied on the PDF uncertainties.

The remaining theoretical uncertainties on the Z — 77 background are estimated and im-
plemented in the same way as described in Section 9.4, except for a decorrelation of the
NPs between the ttH categories and the remaining categories. This decorrelation takes into
account, that no Z — 77 control regions are defined for the ttH categories.

In contrast to the previous analysis the same set of NPs as for the Z — 77 background is also
applied to Z — [l events. To account for theoretical uncertainties on the top quark production
and di-boson background in the object-based embedded control regions, two uncertainties
on the total cross section of these processes are included. Finally, the uncertainties on the
modeling of the minor Z — 77 electroweak (EWK) contribution is know to be underestimated
for some variables used in the VBF BDT. Therefore, an additional uncertainty on the QCD to
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EWK ratio between the VBF_0 and VBF_1 categories is applied on the Z — 77 background.
The new signal categories designed for the t7H production mode have a significant impact
from top quark production background, so that theoretical uncertainties on this background
are included additionally in the fit model. The following sources of uncertainties are covered
in the analysis:

* PDF: based on 30 eigenvector variations [248, 249]

* Matrix-element: Comparison of alternative predictions using the same parton-shower
model but a different matrix-element generator [136]

* Parton-shower: Comparison of alternative predictions using the different parton-shower
models but the same matrix-element generator [237, 249, 250]

* Final state radiation: Based on event-weights calculated from the reweighting of the
nominal prediction [251]

* Initial state radiation: Based on event-weights calculated from the reweighting of the
nominal prediction [251]

Table 10.8 summarize th number of final independent NPs assigned to theoretical uncertainties
on the background prediction in the likelihood model, while Table A.4 in the appendix lists
all NPs with their descriptions.

Uncertainty source | Number of NPs

Background theory | 172
Z PDF 64
Z A‘LLR, A[JF 64
Z Others 9
Top PDF 30
Top Others

Others 1

Table 10.8: Number of NPs related to theoretical background prediction in the fit model
grouped into different sources.

10.4.3 Experimental uncertainties

The same sources of experimental uncertainties as for the previous analysis are taken into
account (see Section 9.4). However, due to the use of optimized reconstruction, identification
and trigger requirements the individual uncertainty schemes have changed. The increased data
statistics and the the new region of phase space included in the event selection increased the
sensitivity to specific sources of experimental uncertainties, so that for these a more complex
uncertainty scheme is used.

For reconstructed muons the uncertainties recommended in [200] are used. These cover
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Leptons and jets

Uncertainty source Electrons | Muons T-leptons Jets
All 32 12 27 45
Resolution 1 3 13
Energy scale 1 1 30
Reconstruction/Identification 26 4 11

Isolation 1 2

Trigger 1 2 8

Charge identification 2

Electron veto 3

Jet vertex tagger 2

Misidentified-7 background

Uncertainty source | T Th ThTh
All 15 42 7
Others
. . s . Object-based
_ miss
Uncertainty source b-jet ET Luminosity embedding
All 25 3 1 30

Table 10.9: Number of NPs related to experimental uncertainty in the fit model grouped into
different sources.

energy momentum selection and scale, reconstruction, identification, isolation and trigger
efficiency uncertainties. Uncertainties assigned for the same sources are also included for
electrons [252]. In addition, two systematic uncertainties covering the charge identification
of electrons are included. First studies of the likelihood model has shown small pulls of
the electron identification NP so that a more complex scheme compared to the muons was
included to account for kinematic dependencies of this uncertainty source. The uncertainties
related to -lepton reconstruction and identification are estimated using the approach in [202].
They cover uncertainties related to energy scale, reconstruction, identification, trigger and
electron veto efficiency. For uncertainties related to jets, the R4 CategoryReduction FullJER
described in [204] is used. This scheme includes 30 NPs covering energy scale uncertainties
and 13 NPs assigned to energy resolution uncertainties [253]. Uncertainties related to the jet
vertex tagger and the b-tagging are covered by dedicated NPs. Since the used working point
for the b-jet identification is different the 7,7, compared to the other final states, the NPs
are decorrelated across those. Uncertainties on the missing transverse energy [220] and the
luminosity [254] calculated with LUCID-2 [255] are included as well. Finally, NPs related
to the object-based embedding method and the data-driven estimation of the misidentified ©
background are included. For the object-based embedding one independent parameter per
signal categories is implemented, while for the misidentified T background specific parameters
per final state are defined. For the 7.7, final state 15 uncertainties are included and seven
for the 7,7,. In the 717, final state 14 uncertainties are included, which are decorrelated
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across the inclusive signal categories. Table 10.9 summarize the number of NPs assigned to
experimental uncertainties in the likelihood model, while Table A.5 in the appendix lists all
NPs with their descriptions.

10.5 Statistical model

10.5.1 Parameters of interest and normalization factors

As for the previous analysis a profiled likelihood fit is used to estimated the Pols, NFs and the
impact of systematic uncertainties implemented as NPs (see Section 7.2).
Several NFs are implemented to estimate the final background contribution in the likelihood

ttH topology

~¢-==» 7 Top NFs
<— 31 Z — 77 NFs

VBF topology

J

Boosted topology
boosted 0 1J
boosted_0_ge2J
boosted 1 1J
boosted 1 ge2J

boosted 2
boosted_ 3
VH-—qqH topology
VH 0 \
VH_1 ]

J

Figure 10.17: Schematic overview of NFs in the likelihood model. The red boxes correspond
to signal categories, the orange boxes to top quark production control regions and the blue
boxes to object-based embedded Z — /I control regions. Each arrow corresponds to one
NF, where blue ones act only on Z — 77 events in signal categories and on the object-based
embedded Z — [[ events in the control region, while orange ones act on events produced by
top quark production. Arrows pointing to more than one signal category or control region
illustrated that the NF is correlated across these regions [28].

model. Figure 10.17 illustrates the implementation of the NFs. Seven NFs for top quark
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production background and 31 NFs for Z — 77 events are implemented. Except for the ttH
topology each NF has a dedicated control region. For NFs scaling the top quark production
background one control region per inclusive signal category and per final state is defined,
while for the Z — 77 NFs, one object-based embedded control region per final signal category
is defined. For the ttH categories no control regions are defined, instead the NFs are correlated
across the two signal categories ttH_0 and ttH_1.

The analysis measures three different configurations of cross section measurements. Com-

Production

modes Cross-sections in STXS stage 1.2 framework E Event categories ATLAS

H—7r

€HA =5 jets and =2 b-tags _{:
- : ThadThad
ttH taggers  |°" 26 jets and =1 b-tags

ttH_0

: = — : Anl>3 22
B R = N3 s2jes |
: VBF tagger nj1xN<0 | =0 b-tags
| VBF_O m;>350
-V”W' : 60<m;<120 - :
H
H
pr(H)>200 pr(H)>300 _ :

200<pr(H)<300 '
prH) s boost_2

S e mpss0 praaoo].
.
ooF =2ie mi<9 12055 120

60<m;<120

VH_1
V(had)H tagger
VH_0
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' boost_1_1J pritd)

Figure 10.18: Schematic overview of Pols in the four and nine Pol fit model. The left side of
the sketch shows the Pol definition, while on the right side the dedicated signal categories
for each Pol are shown. The colors surrounding the signal categories illustrate the relative
contribution of the Pols defined in the 4-Pol setup [28].

pared to the previous analysis the region of phase space with a rapidity of the Higgs boson with
ly| > 2.5, called forward region, is excluded from the signal for all measurements. This region
of phase space is not covered by the detector and therefore the measurements in |y| < 2.5
would be extrapolated to this regions resulting in extrapolation uncertainties. This results in a
lower SM prediction for the inclusive measurement compared to the 2015-2016 analysis. The
first setup measures the inclusive H — 77 (oy X BRz¢) cross section (1-Pol) assuming that the
relative contributions of Higgs boson production modes behaves SM-like. For this setup, one
Pol scales the summed contribution of all H — 77 signal samples included in the likelihood
model. The second setup measures inclusive cross sections for the four dominant production
modes ggF, VBF, VH and ttH (4-Pol). One individual Pol for each of these production
modes is defined, while event yields of the remaining production modes are set constant to
the SM prediction, so that four Pols are measured simultaneously. The third setup targets a
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measurement of STXS bins with finer granularity (9-Pol). In this configuration one Pol for
each of the STXS bins of the reduced Stage 1.2 configuration, as illustrated in Figure 10.12
by the red boxes, is defined with one exception. For the two lowest p¥ STXS bins of ggF
one common Pol is defined across the two jet multiplicity STXS bins. Additionally, one Pol
scaling all t#H STXS bins is included. The event yields for the remaining STXS bins of the
EW qqH and ggF production as well as for the other production modes are set constant to
the SM prediction. Nine Pol are defined in this setup: one #H Pol, two EW gqH Pols and
six ggF Pols. Figure 10.18 summarize the Pols for the 4-Pol and 9-Pol setup. On the left
side, the definition of the Pols is visualized, while on the right side, the signal categories
dedicated to each Pol are shown. Each Pol in this setup has at least one dedicated signal
category, expect for the ggF', N; > 2, 350 GeV < my;;, P <200 GeV STXS bins.

10.5.2 Input observable and likelihood function for the fit

In each of the signal categories the mass of the di-7-system calculated with the missing mass
calculator m7y™ is used as an input observable to the fit, to further increase the signal to
background separation in the likelihood model. The binning is optimized to increase the signal
to background separation for each signal category independently, depending on the expected
data statistics and the background compositions. Figures 10.19-10.24 show the observed event
yields in the m7:"¢ distribution for all signal categories. The binning of the shown distributions
corresponds to the binning used in the likelihood model. The figures are produced using
the final fit result of the 1-Pol configuration, in which the inclusive H — 77 cross section is
measured. Overall a good agreement between data and prediction within the uncertainties
is observed. The figures show that the binning optimization chooses a finer binning for the
region with large data statistics such as the boosted categories shown in Figure 10.20, 10.22
and 10.24, while a coarser binning is used in the remaining signal categories. However,
Figures 10.19 (b,d,f), 10.21 (b,d) and 10.23 (b,d) show the high purity of signal contribution
in the vh_1, vbf_1 and tth_1 categories, so that a good signal to background separation is
already achieved with a coarser binning compared to the boosted regions.

Similar to the previous analysis described in Chapter 9 only the expected yields are used in
each control region.

In Tables 10.10-10.15 the observed event yields of the 1-Pol fit are compared to the recorded
data for each signal category. In all signal categories combined 2201 H — 77 and 141456
background events are observed. Therefore, a signal to background ratio of 1.6% is selected.
The highest signal to background ratio is achieved in the VBF_1 categories with 28.0%, 27.6%
and 33.7% for the 7,7, 7T, and 7.7, final state, while the lowest ratio is observed in the
low p¥ boosted categories of the 7,1, final state with 0.8% and 0.7% for boosted_0_1J and
boosted_0_gelJ categories. The categories with the largest data statistics are the intermediate
boosted signal categories of the 7,7, and 7j7, final state with between 11886 and 14389
recorded data events. In all signal categories a good agreement between data and the post-fit
prediction within their uncertainties is observed.
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VBF_0 VBF_1 VH_0 VH_1 ttH_0 ttH_1
Z—1T 2051 +50 1149  +£10.8 4636 + 84 539 +24 265 +24 20 +4
Fake 1027 +68 396 +£53 1627 +110 112 +10 182 +17 6.5 £1.7
Top 239 +26 152 +£34
Other backgrounds 571 £ 52 1.7 £ 06 209 + 12 43.13 £ 293 164 £ 1.5 505 +£049
geF.H — 11T 385 £95 32 £ 18 72 + 14 68 £ 17 1.96 + 041 042  £0.08
VBF,H — tT 72 +10 40 +5 81 £ 13 05 £ 0.1 023 £ 0.03 <0.03
WH,H — 1 1.00 £ 0.14 <0.03 152 £ 25 98 £ 15 024 £ 0.03 <0.03
ZH,H — 1T 08 £ 0.1 <0.03 124 £+ 23 54 £ 11 0.69 £ 0.15 0.15  £0.02
ttH,H — 1T 0.19 £ 0.03 <0.03 052 £ 007 022 £ 0.03 70 £ 16 54 £13
tH,H — 17 041 £ 0.06 <0.03 025 £ 003 0.07 £ 0.01 092 £ 0.13 0.41  £0.06
bbH, H — 1T 0.10 £ 0.02 <0.03 0.14 £ 0.02 <0.03 027 £ 0.04 0.09 £0.02
Total background | 3135 +84 156 +12 6472 +136 694 +26 703 +33 46.7 £53
Total signal 113 £15 436 £52 109 £ 16 230 £ 32 12 2 6.6 £1.4
Total 3248 +84 200 +12 6580 +135 717 +26 715 £33 533  £55
Data 3318 197 6532 720 727 49

Table 10.10: Observed events yields in the VBF, VH and ttH signal categories of the 7,7,
final state estimated in the 1-Pol setup. In the VBF and VH categories, the top production
processes are estimated together with the other backgrounds (Di-boson, Z — /I, H —others)
in the fit. Uncertainties include statistical and systematic components [28].

VBF_0 VBF_I VH_0 VH_I
Z—t 2362 +59 162 +12 6724 +112 535 +23
Fake 611 +49 30 +3 1315 +126 80 + 8
Top 107 +12 53 =15 243 + 25 27 +5
Other backgrounds 139 +17 58 + 24 396 + 39 50 + 4
ggF.H — 1T 71 +28 35 + 12 873 £ 203 51 +£22
VBF,H — 17T 844 112 52 + 6 9.3 + 1.6 0.5 + 0.2
WH,H — 17T 0.83 £ 0.11 < 0.03 17.4 + 26 8.1 + 1.2
ZH,H — 17 0.86 =+ 0.12 <0.03 133 + 25 5.0 + 09
ttH, H — 1t 0.10 £ 0.01 <0.03 035 £ 0.05 0.13 £ 0.02
tH,H — 1t 026 =+ 0.04 <0.03 017 £+ 0.03 <0.03
bbH, H — T1 0.09 =+ 0.01 <0.03 0.16 =+ 0.02 <0.03
Total background 3219 +75 203 +13 8677 +143 692 +24
Total signal 158 +30 56 +7 129 + 23 19 + 3
Total 3377 +76 259 +13 8806 +143 711 +24
Data 3402 267 8780 743

Table 10.11: Observed events yields in the VBF and VH signal categories of the 7;7, final
state estimated in the 1-Pol setup. Uncertainties include statistical and systematic components

[28].

VBE_0 VBEF_1 VH_0 VH_1
Z—1T 820 +29 493  +6.5 2424 +58 186 +13
Fake 90 +21 33 53 214 +42 33 +14
Top 165 +15 9 +2 346 +29 33 +5
Other backgrounds 96.1 =+ 85 11.9  =*1.6 259 +23 28 + 2
g¢F, H — 7 127 £ 32 1.04 £0.31 26 +5 1.8 £ 06
VBF,H — 1T 23 + 3 143  +1.8 241 + 043 0.13 £ 0.02
WH,H — 17 021 + 0.03 < 0.03 43  £07 245 £+ 042
ZH,H — 1T 0.14 £ 0.02 <0.03 36 +08 1.5 +03
ttH,H — 17 < 0.03 < 0.03 0.08 =+ 0.01 < 0.03
tH,H — 17 0.13  + 0.02 < 0.03 0.04 + 0.01 < 0.03
bbH,H — 17T < 0.03 < 0.03 0.05 =+ 0.01 < 0.03
Total background | 1154 +35 664  £8.5 3230 +63 280 +18
Total signal 519 £+ 54 224 +18 50 +7 7.1 £ 09
Total 1206 +35 888 £8.6 3280 +63 287 +18
Data 1215 98 3277 286

Table 10.12: Observed events yields in the VBF and VH signal categories of the 7.7, final
state estimated in the 1-Pol setup. Uncertainties include statistical and systematic components

[28].
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Boosted_0_1J Boosted_0_ge2J Boosted_1_1J Boosted_1_ge2]J Boosted_2_gelJ Boosted_3_gelJ
Z—1T 5635 +115 2640 +67 11863 +134 10076 +125 7252 +93 973 +30
Fake 3388 +224 1729 +118 2312 +155 2072 +140 293 +32 54 +20
Other backgrounds 61 + 9 742 £113 116 + 19 251 + 14 1573 +10.5 536 +£55
ggF,H— 1T 544 + 97 23.1 + 4.1 112.8 + 20.5 109.1 + 20.6 96.2 +17.2 30 + 7
VBF,H — 1T 11.3 + 2.0 5.8 + 09 27.6 + 4.7 24.6 + 42 23.7 + 3.6 7.3 + 1.1
WH,H — 11T 2.1 + 06 1.5 + 0.3 3.8 + 1.1 7.0 + 1.1 4.6 + 0.7 2.5 + 0.7
ZH,H — 1T 1.4 + 0.3 1.1 + 0.3 2.7 + 09 53 + 1.0 3.7 + 0.5 1.5 + 0.2
ttH,H — 1T <0.03 0.27 + 0.04 <0.03 1.01 + 0.14 0.8 + 0.1 0.35 + 0.05
tH,H — 1T <0.03 0.06 =+ 0.01 <0.03 030 + 0.04 0.39 + 0.05 0.09 =+ 0.01
bbH,H — 1T 0.19 + 0.03 0.07 &+ 0.01 021 + 0.03 030 + 0.04 021 + 0.03 0.05 =+ 0.01
Total background 9084 +244 4444 +132 14291 +199 12398 +188 7702 +96 1080 +32
Total signal 69.5 + 11.0 32 +5 147 +23 148 +22 130 +18 41.7 + 72
Total 9153.5 +243.5 4476 +132 14438 +198 12546 +187 7832 +95 1122 + 32
Data 9163 4503 14389 12585 7800 1124
Table 10.13: Observed events yields in the boosted signal categories of the 7,7, final state
estimated in the 1-Pol setup. Uncertainties include statistical and systematic components
[28].
Boosted_0_1J Boosted_0_ge2J Boosted_1_1J Boosted_1_ge2J Boosted_2_gelJ Boosted_3_gelJ
Z—1T 5583 +100 3228 +69 10927 +130 9546 +118 7195 +92 2413 +46
Fake 1119 + 58 832 +44 1324 + 76 1434 + 81 536 +35 139 +12
Top 65 + 7 123 +16 81 + 13 317 + 25 129 +12 52 + 8
Other backgrounds 214 + 40 177 +22 374 + 40 447 + 33 300 +17 164 + 6
ggF ., H— 17 454 + 11.6 44.8 +15.2 99.5 + 19.7 +123.5 + 294 91.2 +24.4 335 + 8.9
VBF,H — 17 12.1 + 2.0 7.2 + 1.1 26.9 + 4.1 23.6 + 3.7 21.6 + 3.2 8.6 + 1.4
WH,H — 1T 1.7 + 03 22 £+ 06 35 + 2.0 6.5 + 1.2 44  + 08 33 + 1.0
ZH,H — 1T 1.2 + 03 1.3 + 0.2 2.4 + 03 4.7 + 06 3.0 + 04 1.8 + 0.2
ttH,H — 1T <0.03 0.11 £+ 0.01 <0.03 0.55 + 0.08 0.35 + 0.05 022 + 0.03
tH,H — 17T <0.03 0.09 =+ 0.01 <0.03 028 + 0.04 0.17 + 0.02 <0.03
bbH,H— 1T 0.13 + 0.02 0.13 + 0.02 0.17 + 0.02 021 + 0.03 0.12 + 0.02 0.04 + 0.01
Total background 6981 +112 4360 +82 12706 +143 11743 +135 8160 +94 2768 +49
Total signal 61 + 13 56.1 +15.5 133 + 22 160 + 31 121.6 +25.1 47.8 + 9.2
Total 7042 +112 4416 +81 12839 +143 11903 +134 8281 +93 2816 +49
Data 7094 4374 12779 11886 8236 2848
Table 10.14: Observed events yields in the boosted signal categories of the 7,7, final state
estimated in the 1-Pol setup. Uncertainties include statistical and systematic components
[28].
Boosted_0_1J Boosted_0_ge2J Boosted_1_1J Boosted_1_ge2J Boosted_2_gelJ Boosted_3_gelJ
Z—1T 2642 +64 1523 +42 3913 +69 3453 +68 1734 +37 469 +20
Fake 101 +31 85 +23 117 +36 179 +42 88 +24 37 +13
Top 101 + 8 187 +20 157 +11 569 +44 258 +16 104 +11
Other backgrounds 118 +17 101 +16 273 +14 325 +30 294 + 8 173 + 5
ggF, H— 17T 16.6 + 3.2 11 + 2 35 + 7 36.8 + 7.1 25.5 + 4.6 8.7 + 2.2
VBF,H — 11T 34 + 0.6 22 + 0.3 8.7 + 1.6 7.8 + 1.1 6.2 + 0.9 2.1 + 03
WH,H — ¢ 044 + 0.06 057 + 0.13 135 =+ 056 222 + 057 129 + 0.8 087 =+ 035
ZH,H — 1T 0.29 =+ 0.04 033 + 0.05 0.73 £+ 0.10 1.57 £+ 0.22 085 =+ 0.12 041 =+ 0.06
ttH, H— 17 <0.03 <0.03 < 0.03 0.20 =+ 0.03 0.08 =+ 0.01 0.07 =+ 0.01
tH,H — 17 <0.03 0.08 =+ 0.01 < 0.03 0.13 £+ 0.02 0.11 =+ 0.02 < 0.03
bbH,H — 17T <0.03 <0.03 0.06 =+ 0.01 0.11 =+ 0.01 0.06 =+ 0.01 <0.03
Total background 2952 +65 1890 +47 4439 +70 4506 +75 2357 +43 777 +25
Total signal 30 + 4 20 + 3 65 + 9 69 +10 51 + 7 18 + 3
Total 2982 +65 1910 +47 4504 +70 4575 +75 2407 +42 795 +25
Data 2973 1877 4458 4594 2325 743

Table 10.15: Observed events yields in the boosted signal categories of the 7.7, final state
estimated in the 1-Pol setup. Uncertainties include statistical and systematic components

[28].

162



10.5 Statistical model

z o B EEEEE na e e 3 100
G 1000 - ATLAS ¢ Data (6] ATLAS ¢ Data
e [ Vs=13TeV,139fo"! 77 Uncertainty e Vs =13TeV,139fb" Uncertainty
z r . H- e (093 x SM) Z 80 . Ho o (0.93 x SM)
t H= ThadThad H— ThadThad
£ 800(-vBF 0 SR i = VBF_1 SR i
o) = = N Other backgrounds ) - I Other backgrounds
frr r ey 1 Misidentified ¢ 4 g 1 Misidentified =
600
400 - 40
200 - 20
[o 0
Py S (R O W
o 50 LIS L LIS L LI L BB L B V_V_V—rV_V_V_Vj .
g + ] 2 o5
o | [+
I Y| I
g ] g o5
© 3 g =
O 50 v b b b L e U RN RN ERN SRR SR A
50 75 100 125 150 175 200 80 100 120 140 160 180 200
mMMC [GeV] mMMC [GeV]
(a) T Th, vbf_0 (b) ThTh, vbf_1
> T T T T T B B i e
& 2500 - ATLAS Data 8 300 - ATLAS ¢ Daa
e F /s =13Tev,139" - Uncerte(xi)n;y3 - S [ 4/s=13TeV, 139" — Uncer!a(l(i)mgy3 o
NG C Ho H—17(0.93 x = CHo H—17(0.93 x
2 2000 —\",’H oen - 2 250 C’H e s
s £ - I Other backgrounds s - I Other backgrounds
i F T Misidentified ¢ @ 200 7 Misidentified ¢
1500 [~
[ 150
1000 -
[ 100
500 - 50
> >
EE EE 25
&éd
; I e
I A T T T T e T T T T B
50 75 100 125 150 175 200 75 100 125 150 175 200
miMC [GeV] miMC [GeV]
(C) ThTh, vh_0 (d) ThTh, vh_1
= 800 L i o S
8 ATLAS ¢ Daa & 16 - ATLAS ¢ Daa B
2 250 [ Vs = 13TeV, 139fb~! Uncertainty ° /s = 13TeV, 139" Uncertainty E|
z H> ThadThad B - e (0.93 x SM) T4 1 gt oo (0.93 x SM)
2 ttH_0 SR -z 2 Fuiier - E
8 200 == Top g 12" = Top 3
o N Other backgrounds| I I Other backgrounds o
[ Misidentified | 10 [ Misidentified
150 = ]
] 8 E
100 H 6 E
] 4 3
50 | 4 E E
& 2 3
0 B e e L S ey
E%,, 20 I I I I I H g 10 F s
Y= P2 % 4 *); i 0 :_*__i_*____.jr____:
- + i s F ‘ E|
© E 1 © | |
O 200 b b b T O A0, |y e
75 100 125 150 175 200 100 120 140 160 180 200
miMC [GeV] miMC [GeV]
(e) ThTp, tth_0 (f) T, tth_1

Figure 10.19: Post-fit event yield for the 7,7y, vbf (top row), vh (middle row) and ttH (bottom
row) signal categories estimated with the inclusive H — 77 Pol setup as a function of m7;"¢
with the same binning as used in the likelihood model [28].
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Figure 10.20: Post-fit event yield for the 7,7, boosted signal categories estimated with the
inclusive H — 77 Pol setup as a function of m7;"¢ with the same binning as used in the
likelihood model [28].
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Figure 10.21: Post-fit event yield for the 7;7,, vbf (top row) and vh (bottom row) signal
categories estimated with the inclusive H — 77 Pol setup as a function of mpy"¢ with the
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Figure 10.22: Post-fit event yield for the 7;7,, boosted signal categories estimated with the
inclusive H — 77 Pol setup as a function of m7;"¢ with the same binning as used in the
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Figure 10.23: Post-fit event yield for the 7.7, vbf (top row) and vh (bottom row) signal
categories estimated with the inclusive H — 77 Pol setup as a function of mpy"¢ with the
same binning as used in the likelihood model [28].
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Figure 10.24: Post-fit event yield for the 7.7, boosted signal categories estimated with the
inclusive H — 77 Pol setup as a function of m7;"¢ with the same binning as used in the

likelihood model [28].
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10.5.3 Modifications of the likelihood function

The complexity of the analysis caused by the large number of signal categories, control
regions, NFs and NPs introduces several challenges for the fit model. Furthermore, the
implementation of the STXS Stage 1.2 makes it necessary to treat the signal prediction for
each STXS bin at this stage as an individual sample. The shape effects of many NPs in
the likelihood model suffer from the relatively small sample sizes and the resulting large
statistical uncertainty. Such that in these cases small systematic variations may in fact
be dominated by statistical noise instead of real variations introduced by the systematic
uncertainty itself. Such noise in the likelihood model causes instabilities and increases the
impact of some uncertainties artificially. A lot of effort has been invested to develop methods
to systematically remove and correct the shape systematic uncertainties before building the
fit model. These methods suppress the noise introduced by statistical fluctuations, without
accidentally removing genuine and significant shape variations. The algorithms can be split
to three stages: 1) Pre-pruning, 2) Symmetrization and Smoothing and 3) Pruning.

Pre-pruning This step is implemented to remove nominal predictions and/or systematic
uncertainties of samples with negligible contributions. On one hand, this decreases the rather
long running time of the fit, but on the other hand, it also removes systematic uncertainties with
high statistical fluctuations which cause instabilities in the following steps. The pre-pruning
has three steps:

1. Remove systematic uncertainties and the nominal prediction for negligible samples
2. Remove systematic uncertainties for non-negligible but very small samples

3. Remove systematic uncertainties for samples dominated by the statistical uncertainty
of the simulated sample size

All three steps are applied to each sample in all signal categories and control regions separately.
In step 1) all samples are removed from a signal category or control region if the sample has
an expected event yield of less than 0.01 events. In step 2) different requirements for signal
categories and control regions are used. In signal categories the uncertainties on all samples
with an expected event yield of less than 1% relative to the expected signal yield are removed.
In control regions, the expected event yield has to be less than 1% relative to the sum of all
events in the region. In step 3) the relative statistical uncertainty caused by the limited sample
size is used. If this uncertainty exceeds 10% of the yield of a sample all other systematic
uncertainties on this sample are removed in this region. Figure 10.25 summarizes the removed
samples and systematic uncertainties in the pre-pruning step. For all samples, except for the
Z — 77 contribution, uncertainties are removed in a sub-set of categories and regions. Most
of signal samples are removed in step 1) or the systematic uncertainties on them are removed
in step 2). Many of STXS bins are not expected to contribute to a measured phase space or
are expected to contribute only to a sub-set of signal categories so that they do not fulfill the
requirements of these steps. The limited amount of Z — [/ events causes their systematic
uncertainties to be removed in step 3) in several categories and regions. For most of the other
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Figure 10.25: Summary of the pre-pruning method. Each row corresponds to one input sample, while
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samples no systematic uncertainties are removed in the last step, if they already passed step 1)
and 2) without failing the requirements of these steps. The sum of yields, which are removed
from the fit by failing step 1), is less than 1 event per signal category or control region and
therefore negligible.

Symmetrization and Smoothing After pre-pruning, each systematic uncertainty is sym-
metrized and smoothed per input sample. These steps are implemented to remove fluctuations
in the shape variation of the systematic uncertainties caused by small sample sizes. Especially,
bin entries of systematic variations with negative events, bins with an up and down variation
pointing into the same direction and large spikes in the entries of the observable used in the
fit have to be corrected to stabilize the likelihood fit. Negative bin entries are removed by
setting the bin value to 10~ events. To reduce the fluctuation in the shape of the observable
used in the fit model the smoothing algorithm "353QH twice" of ROOT is used, which is
described in [256-258]. Therefore, the algorithm starts by studying the first bin entry of the
observable used in the fit. If estimates if the systematic uncertainty in this bin is statistically
significant. If so, it keeps the original systematic uncertainty in this bin and the algorithm
starts again with the neighboring bin entry of the observable. If the systematic uncertainty is
not significant, the bin is combined with the neighboring bin by summing the bin entries of
the nominal prediction and separately summing the bin entries of the systematic variations.
The systematic uncertainty of this combined bin is tested against the nominal prediction. The
systematic uncertainties of both bins are set to the size of the combined systematic uncertainty
if it is significant and the algorithm moves on. If not, the next bin is added as well until the
requirement is fulfilled or all bins are combined and therefore the full shape variation of the
systematic uncertainty is removed by setting the systematic uncertainty of all bin entries to
the same relative variation. This algorithm is optimized for relatively flat distributions and
can therefore not be applied to the mjy"¢ distribution. However, the relative variations of the
systematic uncertainties is expected to be rather flat and is used instead. Fluctuations due
to small sample sizes can introduce occasional large spikes in the relative variations which
cannot be handled by the algorithm. Furthermore, ROOT applies the smoothing from left to
right to the bin entries, which is optimized for observables with decreasing population for
higher values, but the m;" has the highest expected events around the mass of the Z boson.
To improve the algorithm for this analysis a local smoothing is applied first. In this, all bins
with an absolute relative variation of more than 50% and bins for which the relative variation
has a opposite sign compared to the variations of both neighboring bins are smoothed locally
with their neighboring bins to reduce the number of spikes and sign changes. In a next step,
two neighboring bins are smoothed if the relative variation between these bins differs by
more than 20%. To ensure that this smoothing is not introducing new large steps, it is applied
iteratively. After the local smoothing a symmetrization and correction procedure is applied on
the systematic variations to correct bins with a relative up and down variation pointing in the
same direction. In each of these bins, both variations are set to the absolute average of the two
variations. For the more significant variation the sign is kept, while the smaller variation is set
to the opposite sign. This correction by hand can introduce spikes in the relative variation so
that the smoothing algorithm of ROOT is applied again after this correction has been applied.
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The VH and ttH categories especially suffer from small sample sizes and are dominated by
data statistics and the limited sample size of the simulation. Therefore, these regions have
higher fluctuations and the systematic uncertainties are less important than in other categories.
All systematic uncertainties are fully symmetrized in these regions by centering the relative
up and down variation in every bin around zero. The same approach is applied to energy
scale uncertainties of the 7-lepton and to jet related uncertainties with relative variation on
the event yield below 1.2%. The impact of normalization uncertainties from these systematic
uncertainties on the Pols is expected to be small, however their shape uncertainty can still have
a larger impact on the fit. The full symmetrization of these systematic uncertainties ensures
that the impact is kept, while statistical fluctuations are reduced. All of these steps have an
impact on the shape but also on the normalization of the variations. However, the statistical
uncertainty on the normalization is much smaller than on the individual bin variations which
are used for the shape variations. To avoid that these manipulations of the shape variations
have a large impact on the normalization uncertainties they are reset to original values if
the shape variation is pruned away. Therefore, the manipulated variations are only kept for
uncertainties which have a non-negligible shape component.

Pruning After the symmetrization and smoothing procedure explained in the previous
paragraph, the shape and/or normalization component of each NP or the statistical uncertainty
on the background prediction in one bin of the m7;"¢ distribution is removed from the fit
model in a signal category or control region of the fit according to the following rules:

* Bin-by-bin statistical uncertainties of simulations

— The statistical uncertainty on the background prediction in one bin is removed, if
the relative statistical uncertainty on this bin is smaller than 1%

* Normalization component of NP

— The normalization component is removed, if relative systematic uncertainty of
one NP on the event yield is smaller than 1%

* Shape component of NP

— The shape component of one NP is removed, if the relative difference between
the systematic uncertainties across all bins is less than 1%

— The shape component of one NP is removed, if the difference between the
systematic uncertainties across all bins of the mfy" distribution binned into
[0,90,110,140, GeV] agree within the one-0 interval of their statistical uncer-

tainty

Examples of systematic uncertainties Figure 10.26 shows the original distribution and
the manipulated distribution after applying the smoothing and symmetrization method for six
examples of systematic uncertainties. The examples are chosen to show extreme cases of input
variations to validate that these cases are corrected in a reasonable way. Figure 10.26 (a) shows
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Figure 10.26: Examples of envelopes for the Z — 77 (a,b,d,f), the VBF_qq2Hqq_1J (c) and the
WH_qq2Hqq_ge2J_mJJ_60_120 (e) input samples in the 7,7, booosted_0_1J (a,b), the 77,
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is kept after the pruning. The dashed lines corresponds to the systematic uncertainty before
smoothing and symmetrization, while the solid line shows the systematics after these steps.
Black corresponds to the nominal prediction, red to the up variation and blue to the down

variation.
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an example in which a reasonable shape systematic is calculated even with sign flips in the
original histogram introduced by statistical fluctuations. Figures 10.26 (b) and (d) show cases
without large statistical fluctuations in which the algorithm keeps most of the original shape.
Figure 10.26 (c) gives an example for a systematic uncertainty, which has a shape introduced
by a statistical fluctuation, which is removed by the algorithm, while the asymmetry of
the normalization uncertainty is kept. Figure 10.26 (e) shows an example for a systematic
uncertainty in the low data statistics region VH_1. Several of the bins have an up and down
variation pointing in the same direction introduced by statistical fluctuations. Additionally, the
up and down variations have several sign flips between neighbor bins. The algorithm is able
to calculate a reasonable normalization uncertainty using the full symmetrization approach.
Figure 10.26 (f) gives an example of a systematic variation with large statistical fluctuation for
large values of m7;"°, while for lower values only small fluctuation are given. The algorithms
is able to produce a reasonable shape and normalization uncertainty.

10.6 Results

This section summarizes the results of the cross section measurements using the 1-Pol, 4-Pol
and the 9-Pol fit setup. In Section 10.6.1 the observed values for the NFs to correct the
background predictions are shown and their compatibility across the different fit setups is
studied. The behavior of all NPs in the likelihood model is shown and compared between the
different fit setups in Section 10.6.2. The extracted inclusive cross sections using the 1-Pol
and 4-Pol fit setups and the impact of systematic and statistical uncertainties on these results
are summarized in Section 10.6.3. Finally, the cross section measurements of the 9-Pol fit
based on the reduced STXS Stage 1.2 configuration (see Figure 10.12) and the impact of the
systematic and statistical uncertainties on them is discussed in Section 10.6.4.

10.6.1 Observed normalization factors

A large number of NFs are included in the likelihood model to estimate the normalization of
several background contributions. This section summarizes the results for the NFs from all
three fit setups (1-, 4- and 9-Pol) and compares them to study the stability of the background
estimation across the different likelihood models.

Figure 10.27 shows the best-fit values and uncertainties for all NFs applied to the top quark
production background. No significant deviation from the SM prediction is visible for them.
The largest correction is applied to the top quark production background in the ttH categories,
in which the contribution is increased by 23%. The uncertainties of all NFs are dominated by
systematic uncertainties. A good agreement between the estimated NFs between the different
fit setups is observed. This confirms the stability of the estimation of the top quark production
background normalization across the different Pol configurations.

Figure 10.29 and 10.28 compares the best-fit values of the NFs to normalize the Z — ©7
background from the three different Pol configurations. One NF per signal category and
their corresponding object-based embedded control region is defined, except for the ttH
categories, in which one common NFs is defined for both categories and no control region
is included. The NFs show no significant deviation from the SM prediction of one. The ttH
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Figure 10.27: Measured NFs to normalize the top quark production background for the 1-Pol
(blue), 4-Pol (green) and 9-Pol (orange) setup. The crosses mark the best-fit values, while
the colored boxes show their uncertainties. The lighter color illustrates the full uncertainty,
while the darker corresponds to the statistical uncertainty. On the right side the best-fit values,
the full, the statistical and the systematic uncertainties for each NF are listed. The red line
corresponds to the SM prediction of one.

NF agrees within a 1.20 interval with the SM prediction, while all other NFs agree within
an one-o interval. The NFs for the VH_0, VH_1 and VBF_1 categories are larger than
one and for VBF_0 smaller. The NFs for the boosted categories tend to have a trend from
values larger than one to values smaller than one for categories with increasing p values,
which is especially visible in the 7,7 final state. The highest correction of the background
normalization is estimated in the ttH catgories 19%. Most of the NFs are dominated by
systematic uncertainties, except for the ones estimated in low statistics categories as VBF_1
and ttH. The estimated best-fit values and uncertainties for the 1-, 4- and 9-Pol setup show a
good consistency, which confirms the robustness of the Z — 77 background normalization
estimation against a change of the Pol configuration.
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Figure 10.28: Measured NFs to normalize the Z — 77 background for the 1-Pol (blue), 4-Pol
(green) and 9-Pol (orange) setup in the VBF, VH and ttH categories. The crosses mark the
best-fit values, while the colored boxes show their uncertainties. The lighter color illustrates
the full uncertainty, while the darker corresponds to the statistical uncertainty. On the right
side the best-fit values, the full, the statistical and the systematic uncertainties for each NF are
listed. The red line corresponds to the SM prediction of one.
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Figure 10.29: Measured NFs to normalize the Z — 77 background for the 1-Pol (blue), 4-Pol
(green) and 9-Pol (orange) setup in the boosted categories. The crosses mark the best-fit
values, while the colored boxes show their uncertainties. The lighter color illustrates the full
uncertainty, while the darker corresponds to the statistical uncertainty. On the right side the
best-fit values, the full, the statistical and the systematic uncertainties for each NF are listed.
The red line corresponds to the SM prediction of one.
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10.6.2 Behavior of nuisance parameters in the fit

In this section the behavior of all NPs, which pass the pruning criteria, are studied for the 1-,
4- and 9-Pol setup. To do so, the pull and constraint of each NP is estimated. The pull of an
NP illustrates whether the post-fit value of the NP agrees pre-fit value or not (See Section 7.2).
A pull of zero corresponds to a perfect agreement, while non-zero values illustrates that the fit
prefers an NP value that differs from the auxiliary measurement. The constraint shows by
how much the fit can reduce the systematic uncertainty given by the auxiliary measurement.
If the uncertainty of the auxiliary measurement is unchanged no constraint is expected, while
for reduced uncertainties a value below one is expected. A constraint value above one would
corresponds to an increasing of the size of the systematic uncertainty. This behavior is not
expected and would hint to an instable likelihood model. In general, a strong constraint of a
systematic uncertainty illustrates that the fit is very sensitive to this NP and therefore larger
pulls are expected for this NP, while large pulls of NPs with a constraint close to one are not
expected. Tables A.4 and A.5 in the appendix give an description of all NPs discussed in the
this section.

Theoretical uncertainties on the signal First the NPs’ parameters of uncertainties related
to the theoretical prediction of the signal, described in Section 10.4, are studied. Figure 10.30
summarizes the pulls and constraints for all NPs related to parton-shower and matrix-element
uncertainties. Most of the NPs show small pulls and no strong constraints, except for the
parton shower uncertainty in the VBF production, which has a visible pull and constraint.
This uncertainty is estimated by the comparison of two generators (see Section 10.4) and has
a large impact in the VBF categories. Therefore, the fit is expected to have sensitivity to this
NP.

Figure 10.31 (a) shows the pulls and constraints for the NPs related to PDF and ¢ uncertain-
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Figure 10.30: Pulls and constraints for the NPs estimated in thel-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for the parton-shower, matrix-element (me, fxfx) related theoretical
uncertainties on the signal.
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ties, while Figure 10.31 (a) shows the results for the QCD scale uncertainties. Some minor
pulls and constraints are visible for QCD scale NPs, while none are visible for PDF and o
NPs.

Values for all NPs related to theoretical uncertainties on the signal prediction are a very
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Figure 10.31: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for the PDF and o (a) and QCD scale (b) related theoretical uncertainties
on the signal.

consistent between the 1-, 4- and 9-Pol fits. Therefore, the set of NPs for these uncertainties
is very robust against changing the Pol configuration scheme in the likelihood model.

Theoretical uncertainties on the background Figure 10.32 and Figure 10.33 (a) show
the pulls and constraints of all NPs related to theoretical uncertainties on the Z — Il/17
background prediction. For the PDF and QCD scale uncertainties a fully decorrelated set
of NPs across the different signal categories is used, which means that for each of them,
64 NPs are defined in the likelihood model. Figure 10.32 (a) shows 27 PDF related and
(b) 45 QCD scale related NPs, so that over 50% of the PDF and 30% of the QCD scale
NPs are pruned. Overall, several minor pulls and constraints are observed for these NPs,
which are caused by kinematic difference between the signal categories and their object-based
embedded Z — I control regions. This shows that the reweighting of the Z — [/ events does
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Figure 10.32: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for the PDF and a5 (a) and QCD scale (b) related theoretical uncertainties
on the Z — 11 /17 background prediction.

not match the kinematic properties of the Z — 77 events perfectly. However, the observed
pulls and constraints have shown no significant impact on the best-values of the Pols. The
remaining NPs related to the theoretical prediction of the Z — 1/ /77 background are shown
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in Figure 10.33 (a) and have minor pulls, except for the NP related to the QCD to EWK
production ratio of Z — 11 /717 background events in the VBF categories. The impact of this
NP on the Pols is negligible and therefore no additional investigations have been performed
to study this behavior.

The NPs related to theoretical uncertainties on other backgrounds are shown in Figure 10.33 (b).
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Figure 10.33: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for the remaining theoretical uncertainties on the Z — {1 /17 background
prediction (a), for PDF related uncertainties on top (b) and for other theoretical uncertainties
on the top and the di-boson (VV) production background (c).

Except for the NP assigned to the cross section prediction of di-boson events in the object-
based embedded control regions, all NPs are related to the top quark production background.
These uncertainties have a sizable impact in the ttH categories only. The prediction of these
uncertainties suffer from the low data statistics in the ttH regions and are artificially inflated
by statistical fluctuation arising from the limited statistics of the simulated events. Especially,
the NPs related to the matrix-element and the final state radiation uncertainties are pulled and
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constrained. These pulls are mainly introduce by shape effects of the NPs in the ttH categories
but also by the boosted signal categories, which have a large data statistics to constrain them.
These NPs interplay with the NF on the top quark production background in the ttH categories.
The value above one of this NF observed in Figure 10.27 compensates for the pulls of these
NPs.

Experimental uncertainties The pulls and constraints of NPs related to the jet systematic
uncertainties, except for those on b-jet and 7,-jets, are shown in Figure 10.35. Several of
them show rather large pulls and strong constraints. They are mainly driven by a large shape
variation of these uncertainties in the m'fy™ distribution. Especially, the boosted signal region
with the large data statistics is able to use this shape information to constrain and pull these
NPs. A pull of these NPs effectively moves the Z — 77 peak in the distribution of the m'fy™
observable. The dependencies of the m7;"¢ shape on the jet related uncertainties is caused
by the impact of the jet resolution and energy scale on E%‘iss, especially on the soft term.
Therefore, the E‘Tniss estimation, which is used in the MMC algorithm (see Section 5.7), is
highly affected by the jet uncertainties. Furthermore, the uncertainties in modeling of pile-up
and underlying event have a strong impact on the selected phase space with a large number of
jets and/or T,-jets. On the other hand, the large data statistics in the boosted regions allows to
have a high sensitivity to measure these effects. These behaviors of the jet related NPs is well
known from the previous analyses [26, 233]. The same effect is visible for NPs related to
uncertainties in E‘TniSS and is illustrated in Figure 10.34 (b) and impacts also some of the NPs
related to b-jet uncertainties shown in Figure 10.34 (a).

Figure 10.36 shows the NPs related to uncertainties in modeling of electrons and muons
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Figure 10.34: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for b-jet (a) and E%“iss and luminosity (b) related uncertainties.

(a) and to t-leptons (b). The scheme for the electron uncertainties related to the object
identification, which is able to corrected for kinematic dependencies, shows only small pulls
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Figure 10.35: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for jet energy resolution (a) and jet energy scale, flavor and vertex tagger
(b) related uncertainties.

and constraints, while some NPs of the simplified scheme related to the muons are pulled.
These uncertainties have only a sizable impact in the 7.7, final state, which has itself only a
minor impact on the combined result. Therefore, these pulls have a negligible impact on the
final results and are not studied in more detail. Some of the NPs related to the t-lepton energy
scale show pulls and constraints. The largest pull and constraint is visible for the NP related
to the 7-lepton reconstruction efficiency. The estimation of this systematic uncertainties relies
fully on simulated events as described in [202]. Therefore, the auxiliary measurement do
not correct for differences between the simulation and data. The main reason for the fully
simulation based estimation is the lack of an event selection with a high purity of 7,-leptons,
which could be used for a tag-and-probe measurement. This analysis provides such a selection
via the object-based embedded control regions. Therefore, this analysis is expected to be
more sensitive to the measurement of this uncertainty compared to the auxiliary measurement
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itself and is able to correct for differences between simulation and data. Therefore, the prior
of this NP is inflated in the likelihood model by a factor of four. In this way, the Gaussian
constraint on the best-fit value of the NP is removed and the NP basically acts as a free floating
parameter, which can be directly measured in the likelihood fit.

The NPs related to the data-driven method of the misidentified T background are shown in
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Figure 10.36: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) for electron and muon (a) and 7-lepton (b) related uncertainties.

Figure 10.37. For the 717, (see Figure 10.37 (a)) most of the NPs show rather small constraints
and pulls. The largest pull is visible for the NP related to the subtraction of other background
contributions in the used control regions for 7,-lepton decay into jets with one charged track in
the boosted categories. This NP is estimated ad-hoc in a conservative way by simply applying
a large variation on the yield of the subtracted background. Therefore, a pull and constraint of
this parameter is reasonable and also for most of the other NPs related to the misidentified 7
background estimation in the 77, final state and in the other final states (see Figure 10.37 (b)).
Figure 10.38 shows the NPs related to the migration uncertainties of the object-based embed-
ding method used to estimate the normalization of the Z — 77 background. The NPs show
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Figure 10.37: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) of the T misidentified background estimation in 7,7, (a) as well as 7. T,
and T, T, (b)

relatively small constraints and pulls for all control regions. However, the NPs tend to correct
for migration differences between the control regions with similar kinematic properties. For
example the uncertainties on the Z — 77 prediction in the 7,7, boosted_3_gelJ region is
pulled to a negative value, while the NP for the 717, boosted_2_gelJ region is pulled to
positive values.

None of the NPs related to experimental uncertainties show a significant difference between
the 1-, 4- and 9-Pol fit setup.
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Figure 10.38: Pulls and constraints for the NPs estimated in the 1-Pol (blue), 4-Pol (green)
and 9-Pol (orange) of the object-based embedding method used for the estimation of the
Z — 17 background.

10.6.3 Inclusive cross section measurements

In the 1-Pol fit the inclusive cross section of the H — 77 decay channel is targeted and uses
the assumption that the relative contribution of all Higgs boson production modes follow the
SM prediction. The 4-Pol measures the cross section of the four main Higgs boson production
modes ggF, VBF, V H and ttH simultaneously, while for all other production modes the cross
section is assumed to be SM-like.

The observed inclusive cross section of the H — 77 decay channel is:

07 e = 2.9440.21(stat) T03] (syst)pb, (10.1)

which agrees with the SM prediction of 3.17+0.09 pb with a p-value of 58%. The first row of
lines of Table 10.16 summarizes the results of the 1-Pol fit and shows the individual impact
of the four main sources of uncertainties (see Section 10.4) on the result. The measurement is

dominated by systematic uncertainties with fg:g p. The highest impact is estimated for the
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theoretical uncertainties on the signal prediction with £0.26 pb, followed by experimental
uncertainties with +0.19 pb. The impact of theoretical uncertainties on the background
prediction is small. Compared to the previous analysis based on the data set with 36 fb~!
(see Section 9.7.1) the statistical uncertainty is reduced from 16% to 7% and the systematic
uncertainties from 21% to 12%.

The consistency of the fit results across the different regions of phase space used in the fit

SM prediction Result Stat. unc. Syst. unc. [pb]
Production Mode [pb] [pb] [pb] Th. sig. Th. bkg.  Exp.
inclusive H — 77 | 3.17 +0.09 294 +041 | £0.21 +0.26  £0.05 +0.19
ttH 0.0313 +£0.0032 | 0.033 £0.037 | £0.031 +0.010 £0.010 +0.010
VH 0.1176  £0.0025 || 0.115 =£0.070 | £0.058 +0.016 £0.005 £0.021
ggF 2.77 +0.09 265 +0.85 | £041 +0.56  £0.07 +0.45
VBF 0.220  £0.005 0.197 +£0.041 | +0.028 +0.024 £0.005 +0.012

Table 10.16: Measured inclusive H — 77 cross section (first row) and cross sections for the
four dominant production modes ggF, VBF, VH and ttH (lower four rows) are shown in the
second column, while their SM predictions are shown in the first column. The four right
hand columns list separately the contributions to the total uncertainty in the measurements
from statistical uncertainties (Stat. unc.) as well as from systematic uncertainties (Syst. unc.)
on the signal prediction (Th. sig.), on the background prediction (Th. bkg.), and from the
experimental performance (Exp.) [28].

model is studied with reduced likelihood models. For each fit setup includes only a sub-set
of signal categories together with the corresponding control regions. For a stable fit result
all NFs and NPs, which are not applied in the used signal categories or control regions are
excluded. Seven sub-fits are preformed: Three fits in which only the signal categories of
one final state are included (7 Ty, T/ Th, TnTh) and four fits in which only the categories of one
inclusive signal category are included (tth, vbf, vh, boosted). The results for the final state
split are shown in Figure 10.39 (a) and the results for the inclusive signal category split are
shown in Figure 10.39 (b). In both figures, the results are divided by the SM prediction and
the combined result is shown for comparison. All sub-fits agree within a one-o interval with
the combined results, except of the 7.7, sub-fit, which agrees within 1.36. A compatibility
test between the sub-fits and the combined fit is performed. The measurements in the final
states show a compatibility of 30%, while the measurements in the inclusive categories show
a compatibility of 72%.

The results for the Pols of the 4-Pol setup, in which the cross sections of the four main
production modes are measured is summarized in Table 10.16 (lower four rows). All four
observed cross sections agree within a one-o uncertainty interval with the SM prediction.
The highest precision is reached for the VBF production mode with a relative uncertainty
of 21% (£0.041 pb), followed by the ggF production mode with 32% (+0.85 pb). The
relative uncertainty for the VH production is 61% (£0.070 pb) and for the tzH production
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Figure 10.39: Cross section measurement using different sub-sets of the full likelihood model.
(a) shows the fit results for using only one of the final states and (b) for using only categories
of one inclusive signal category. In both figures, the result for the full likelihood model is
shown. The cross sections are shown normalized to the SM prediction [28].

112% (40.037 pb). The measured ggF cross section is dominated by systematic uncertainties.
The highest contribution is assigned to theoretical uncertainties on the signal prediction with
40.56 pb, followed by experimental uncertainties with +0.45 pb. The V BF measurement has
a similar impact from the statistical and systematic uncertainties. The systematic uncertainties
are dominated by the theoretical uncertainties on the signal prediction. The VH and ttH
production modes are dominated by statistical uncertainties. Figure 10.40 (a) summarize
the measured cross sections. All results are divided by the SM prediction. The figure
illustrates the good agreement of the measurement with the SM prediction, for which an
overall compatibility of 98% is calculated. The correlations between the Pols is illustrated
in Figure 10.40 (b). The largest anti-correlation is observed between ggF and VH (-29%)
and between ggF and VBF (-24%). These large anti-correlations are mainly introduced by
the high contamination of ggF events in the VBF and VH categories (see Figure 10.13).
The correlations between the remaining Pols is below 10%. The high purity of the 1tH
signal in the ttH categories results in correlations with all other production modes below
2.1%. The observation of the H — 77 decay was achieved in the previous analysis (see
Section 9.6), but none of the individual production modes have been observed so far in the
H — 17 decay mode. Therefore, the 4-Pol setup is also used to estimate the significance of the
two production modes with the highest sensitivity: ggF and VBF. For the V BF production
mode an observed (expected) significance of 5.30 (6.20) is measured, so that this production
mode is observed for the first time in the H — 77 channel. For the ggF production modes
an observed (expected) significance of 3.90 (4.60) is estimated, so that an evidence but no
observation of the production mode in the H — 77 decay channel is achieved.

Compared to the previous analysis, the relative statistical uncertainties could be reduced for
the ggF production mode from 32% to 15% and for the VBF production from 32% to 13%.
The systematic uncertainties are reduced from 48% to 27% for ggF and from 36% to 14% for
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Figure 10.40: Results of the cross section measurement of the four inclusive main production
modes. (a) shows the measured cross section with the uncertainties, normalized to the SM
prediction, while (b) shows the correlation matrix of the Pols [28].

Impact of systematic uncertainties Table 10.17 summarizes the relative impact of differ-
ent sets of systematic uncertainties on the inclusive cross section measurements using the
breakdown approach described in Section 7.2. The left column of the table shows that for the
inclusive 6y_,7; cross section measurement the dominant set of experimental uncertainties
is related to jets and EMMSS with an impact of 4.53% and to statistical uncertainties of the
background prediction due to the limited sample size with 3.99%. Some sizable contributions
can be assigned to uncertainties related to T,-leptons (2.16%) and misidentified T background
(2.05%), while the remaining uncertainties have a minor impact on the measurement (<2%).
Compared to the previous analysis (see Table 9.10) the relative impact of all systematic
uncertainties could be reduced. However, the impact of the theoretical uncertainties on the
signal prediction is more dominant compared to the previous measurement.

The measurement of the ggF and the VBF cross sections is dominated by systematic un-
certainties (28.56% and 15.05%) and in particular by theoretical uncertainties on the signal
prediction (21.23% and 12.37%). Overall, the relative impact of the different sets of sys-
tematic uncertainties are very similar for the ggF', VBF and inclusive H — 7T cross section
measurements. The only difference between ggF and VBF measurements is that the data
statistics has a similar impact (14.16%) as the systematic uncertainties for VBF, while the
impact of the data statistics is relatively small for ggF'. The measurement of VH and ttH
cross sections is dominated by data statistics (35.64% and 94.64%). The set of systematic
uncertainties with the highest impact for both cross sections measurements is the size of the
background sample (24.41% and 38.05%). For the V H cross section measurement a sizable
impact of uncertainties related to the theoretical prediction of the signal (13.69%), to jets and
E%“i“ (13.28%) and to misidentified 7-leptons (10.93%) is observed. For the measurement of
the rtH cross section the theoretical uncertainties on the top quark production background
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prediction (28.23%), the theoretical uncertainties on the signal prediction (23.14%) and
uncertainties related to jets and EXS (19.45%) have the largest impact after the size of the
background sample.

Figure 10.41 shows the ten NPs with the highest impact on the inclusive 0y _, ;7 cross section

Set of uncertainty Impact on [%]

AO-/O-H—WT AG/GI%ng AO—/GI;/EF‘H: AG/G;I/E)TT AO—/G;}H)H
All uncertainties 13.92 32.32 20.40 60.78 111.14
Data statistics 7.23 15.59 14.16 50.26 94.62
All systematic uncertainties 11.97 28.56 15.05 35.64 70.25
Theoretical unc. on signal 8.74 21.23 12.37 13.69 23.14
Jet and E%“SS 4.53 12.87 4.68 13.28 19.45
Background sample size 3.99 9.52 5.69 24.41 38.05
Ty-leptons 2.16 5.23 1.45 4.09 5.19
Misidentified t-leptons 2.05 5.13 2.34 10.93 4.82
Luminosity 1.83 2.20 1.67 1.23 1.32
Theoretical unc. on Z background 1.19 241 2.12 1.02 3.02
Theoretical unc. on top background 1.08 1.05 1.11 4.19 28.23
B-jets 0.43 0.63 0.67 0.61 9.07
Electrons and muons 0.43 1.67 0.22 0.82 0.66

Table 10.17: Summary of the relative impact of different sets of systematic uncertainties on
the measurements of the cross sections in the 1- and 4-Pol setups [28].

measurement using the NP ranking approach (see Section 7.2). Eight of the ten NPs are
related to theoretical uncertainties on the signal prediction. Seven of them are QCD scale
uncertainties on the ggF production, while the leading one is related to the parton shower
uncertainty in the VBF production. In addition, one NP related to jet uncertainties and one
NP related to the luminosity are shown.

Figure 10.42 (a) shows the ten NPs with the largest impact on the measurement of G}g,gfm in
the 4-Pol setup. Eight of them are related to theoretical uncertainties on the signal prediction,
six to QCD scale uncertainties and two related to the parton shower uncertainties in the ggF
and V BF production modes. Due to the large size of the parton shower uncertainty in the VBF
production, its impact on the measurement of GI%gf)” is sizable due to contamination from
V BF production in the boosted categories. The remaining two NPs are related to uncertainties
on EIMSS and the misidentified 7 background.

Figure 10.42 (b) displays the top ten ranked NPs on the measurement of oy 5r, . Five of the
ten NPs are related to theoretical uncertainties on the signal prediction. The impact of the
leading the parton shower uncertainties in the V BF production is three times larger than the
second highest ranked NP. Therefore, the remaining NPs have a rather small impact on the
measurement. Four of the remaining NPs are related to uncertainties on jets.

The top ten ranked NPs for the measurements of oy . and ol _ are shown in Fig-
ures 10.42 (c) and (d). Due to the high impact of the data statistics and of the size of the
background sample on these cross section measurements, the importance of the ten highest
ranked NPs is relatively small. For both, NPs related to theoretical uncertainties on the

signal prediction and to uncertainties on jets are highly ranked. For the G}f,}imr measurement,
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Figure 10.41: Relative impact of the ten NPs with the largest impact on the inclusive 6g_.¢z
cross section measurement. The uncertainties are listed in decreasing order of their impact.
The upper x-axis corresponds to the impact of the variation of the NPs by one-c on the
inclusive cross section measurement and is visualized by blue boxes. The lower x-axis
corresponds to the pulls and constraints of the NPs, which are illustrated with black points
and lines [28].

two NFs scaling the top quark production and Z — 77 predictions and two NPs related to
theoretical uncertainties on the top production background prediction are ranked under the
top ten NPs.
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Figure 10.42: Relative impact of the ten NPs with the largest impact on the inclusive Gﬁgj”

(a), onBE_(b), oyt (c) and o (d) cross section measurements. The uncertainties are
listed in decreasing order of their impact. The upper x-axis corresponds to the impact of the
variation of the NPs by one-o on the inclusive cross section measurements and is visualized
by blue boxes. The lower x-axis corresponds to the pulls and constraints of the NPs, which
are illustrated with black points and lines [28].
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10.6.4 STXS measurement

In this section the measured cross sections in the 9 STXS bins and their uncertainties are
discussed and compared to the SM prediction. The fit measures the cross sections of five ggF
STXS bins:

e ggF, N; > 2,350 GeV< my, Pl <200 GeV (ggF VBF-like)

* ggF, N; > 2, mj < 350 GeV#, 60 < pH < 120 GeV (ggF pi!: [60,120))

e ggF,N; =1, m; <350 GeV, 120 < p¥ < 200 GeV (ggF 1-jet p¥ : [120,200))

o ggF, N; > 2, mj; <350 GeV, 120 < pfl < 200 GeV (ggF >2-jet p : [120,200])
* ggF, N; > 1,200 < p* < 300 GeV (ggF pY : [200,300])

* ggF, N; > 1,300 GeV< pl (ggF p : [300,0])

The ® indicates that the m;j < 350 GeV requirement is only applied on events with at least
two jets. In addition, cross sections of two EW ggH STXS bins and one ttH STXS bin are
measured:

* EW gqqH, N; > 2, 60 < m;; < 120 GeV (EW gqH VH-like)
* EW gqqH, N; > 2, 350 GeV< m;; (EW ggH VBF-like)
e ttH

The short term defined for each STXS bin in the round brackets will be used throughout the
rest of this section to improve readability.

Compared to the previous measurement based on the data set recorded in 2015 and 2016
(see Section 9.8), the granularity of this STXS measurement is increased. In the previous
measurement only two STXS bins for the ggF production mode with the requirements N; > 1,
60 < pH <200 GeV and N; > 1, p! > 200 GeV have been measured and for the remain-
ing production modes only one EW gqH VBF-like STXS bin was defined as described in
Section 7.1 with slightly different requirements compared to this analysis. Therefore, the
current measurement explores new regions of phase space by including the VH and ttH signal
categories to measure the EW ggH VH-like and 1#H STXS bins and increases the granularity
in the boosted ggF phase space.

Figure 10.43 and Table 10.18 summarize the measured values of the nine STXS bins and
the uncertainties on the measurement. In the ratio panel of Figure 10.43 the good agreement
of the measurement with the SM prediction is visible in particular. None of the STXS bins
differs with more than one-c from their SM prediction and the estimated p-value of the
compatibility between the measurement and the SM prediction is 96%.

The smallest relative uncertainties are estimated for the EW ggH VBF-like (25%), the ggF
P :[200,300] (36%) and the ggF pt : [300,00[ (40%) STXS bins. The remaining ggF STXS
bins are measured with a relative uncertainty between 75% and 206%. The measurement of
the rtH STXS bin has a relative uncertainty of 111% and the measurement of the EW gqH
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Figure 10.43: Results of the STXS measurement with nine independent Pols. The measured
cross sections are marked with black dots and their total (statistical) uncertainties are shown
with black (blue) error bars. The SM prediction for each STXS bin is indicated by a red
line and the theoretical uncertainty on the prediction by a red band. The spades symbol #
indicates, that the requirement on mj; is only applied for N; >2 [28].

VH-like STXS bin has 63% relative uncertainty.

Table 10.18 also shows the uncertainties from data statistics, theoretical uncertainties on the
signal and background prediction and from experimental sources. For most of the STXS bins,
the precision of the measurement is dominated by the data statistics in contrast to the inclusive
measurements. The measurement of the finer granularity of phase space increases the relative
statistical uncertainty by decreasing the amount of data used to estimated the independent
cross sections but also removes partially theoretical uncertainties on the signal prediction
by decreasing the model dependence and the extrapolation from the detected phase space to
the measured STXS bin. The STXS bins, which are not dominated by data statistics are the
ggF STXS bins with pH! <200 GeV. Particularly, the measurement of the ggF p : [60,120]
STXS bin is dominated by experimental uncertainties. Most of the events from this STXS bin
populate the boosted_0 signal categories. These large uncertainties can be assigned to the
necessary extrapolation from these two signal categories to the phase space of the measured
STXS bin. The signal categories have a requirement of 100< p? < 120 GeV, while the phase
space of the STXS bin is defined by 60< pH < 120 GeV. For the ggF' VBF-like STXS bin
no specific signal categories are defined and therefore the STXS bin is measured in regions
of phase space designed for other STXS bins. This increases the impact of experimental
uncertainties on this measured STXS bins. Furthermore, the main contribution of this signal
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STXS bins SM prediction Result Stat. unc. Syst. unc. [fb]
Process m;j [GeV] p¥ [GeV] N [fb] [fb] [fb] Th. sig. Th. bkg. Exp.
[0,350]*  [60,120] >1 | 394 +60 189  £360 +220 +59 +152 +240
[120,200] =1 | 47 +11 17 + 30 + 18 + 4 + 4 + 16
agF [0,350]  [120,200] >2| 59 +20 33 + 39 + 27 +10 + 10 + 23
[200,300] >1| 305 =+ 9 303 £ 11.0 |+ 86 +29 + 08 =+ 56
[300,00[ >1 77 £30193 £ 380 |+ 350 £ 100 £ 022 £ 1.20
[350,00[ [0,2000 >2| 55 +13 143 £110 + 54 +58 + 6 + 71
EW qqH [60,120] >2] 331 =+ 1.1 33 £ 20 + 17 + 4 + 2 +
[350,00[ >2 ] 90.1 £ 122 71 £ 17 + 13 +10 + 2 +
ttH 313 £ 32 34 + 37 + 32 + 7 + 10 +

Table 10.18: Observed cross sections and uncertainties in the 9-Pol fit setup. The SM
predictions for each parameter are computed using the inclusive cross section calculations
and the simulated event samples. On the right-side the contributions to the total uncertainty
in the measurements from statistical (Stat. unc.) or systematic uncertainties (Syst. unc.)
in the signal prediction (Th. sig.), background prediction (Th. bkg.), and in experimental
performance (Exp.) are given separately. The spades symbol ® indicates, that the requirement
on myjj is only applied for N; >2 [28].

populates the VBF categories, which suffer from a large impact from theoretical uncertainties
on the signal, particularly the parton shower uncertainty in the VBF production mode. The
STXS bins for the EW ggH and ttH production have a similar contribution of uncertainties
from data statistics, theoretical uncertainties on the signal and background prediction and
from experimental sources as the VBF, VH and tfH cross sections of the 4-Pol setup.

A comparison of the measured STXS bins and their an uncertainties to the STXS measurement
of the previous analysis is shown in Table 10.19. The table lists the STXS bins of this measure-
ment based on Stage 1.2 and the STXS bins at Stage 1 used in the previous measurement (see
Section 7.1). This comparison shows the improvements in the STXS measurement between
the two analyses. The three STXS bins of the current analysis could not be extracted in the
previous measurement due to missing signal categories or low sensitivity. The contribution
of these STXS bins has been fixed to their SM prediction in the likelihood fit. For the three
ggF STXS bins with an upper threshold on p¥ of 200 GeV or below and mj; < 350 GeV,
the comparison is rather difficult. Only one STXS bin of the previous measurement can
be assigned to them, which shows the increased granularity of the current measurement.
This STXS bin was measured with a precision of 51%, while the uncertainties on the three
measured STXS bins of the current analysis are between 116% and 206%. However, in the
previous measurement the measured cross section is 4.5 times large than its SM prediction,
while in the current measurement all three bins are measured to be 0.4 and 0.6 times their
SM prediction. The two STXS bins ggF pi : [200,300] and ggF pY : [300, o[ of the current
measurement are combined in the previous measurement to one STXS bin. The relative
uncertainty of the previous measurement on this STXS bin is with 59% larger than the relative
uncertainties of both STXS bins of the current analysis (36% and 40%). This shows the large
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STXS bins (Stage 1.2) Current analysis (Stage 1.2) Previous analysis (Stage 1)
Process  m;j [GeV] p¥ [GeV] N | Oups/0Osu  Uncertainty [%] || O,ps/0sp Uncertainty [%]
[0,350]1*  [60,120] >1 0.48 206.3
[120,200] =1 | 037 172.5 4.48 50.9
goF - -0:301 11202001 =2} 057 ue.r ) ___.
[200,300] >1 1.02 36.3 0.86 53.9
,,,,,,,,, (3000l =1 ] 121 404 | _____.
[350,00[ [0,200] >2 2.61 74.9 Set to SM prediction
EW gqu - 1001200 22| 098 631 ___| | __ Setto SMprediction
[350,00[ >2 0.78 24.6 1.14 45.3
ttH 1.07 111.2 Set to SM prediction

Table 10.19: Measured values for STXS bins divided by their SM predictions (0,,/0s) and
the relative uncertainty on each measured STXS bin for the current and previous analyses
(see Chapter 9). The requirements in the four left hand columns corresponds to the STXS
Stage 1.2 definition used in the current analysis. The STXS bins of previous analysis based
on Stage 1 are listed in the same row as STXS bins of Stage 1.2 with a similar but not the
same definition (see Section 7.1). The spades symbol * indicates, that the requirement on mij
is only applied for N; >2.

improvement of the current analysis by optimizing the signal category definition, in particular
the harmonization of the requirements on p¥ in the selection of the signal categories with the
definition in the STXS bins. The relative uncertainty on the measurement of the EW ggH
VBF-like bin is decreased from 45% to 25% for the new analysis.

Figure 10.44 shows the correlation matrix of the nine Pols. The correlation varies between
-40% and +10%. The largest anti-correlation is observed for the EW ggH VBF-like and ggF
VBEF-like STXS bins. This anti-correlation is introduced by the high contribution of this ggF
STXS bin in the VBF signal categories. For measured ggF STXS bins with a similar topology
an anti-correlation between -30% and -10% is observed.

Impact of systematic uncertainties The impact of different sets of systematic uncertainties
on the measured ggF and on the remaining measured STXS bins are shown in Tables 10.20
and 10.21. The impact is estimated using the breakdown approach described in Section 7.2.
Systematic uncertainties related to jets and E%‘iss but also the size of the background samples
are dominating contributions to the experimental uncertainties on the measurement of ggF
STXS bins. In particular for the STXS bins ggF pi : [60,120] and ggF 1-jet p¥ : [120,200],
the relative impact of this set of systematic uncertainties amounts to 70% to 108%. The
impact of the theoretical uncertainties on the signal prediction is smaller or of the same
size as uncertainties related to jets and E%liss and the size of the background samples on
the measurements of the ggF' STXS bins. In contrast to the measurement of the inclusive
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Figure 10.44: Observed correlation matrix of the nine Pols fit setup. The color code indicates
a correlation between two Pols in red (positive value) and anti-correlation in blue (negative
value). The spades symbol ® indicates, that the requirement on m;j is only applied for N; >2
[28].

ggF cross section, in which theoretical uncertainties dominate the total uncertaintyt’ (see
Table 10.17). This shows that the increased granularity of the STXS measurements reduces
the model dependency and therefore the impact of theoretical uncertainties on the signal
prediction of the measurement. In addition, a sizable impact of uncertainties related to Tj,-
leptons (5% to 35%) and misidentified t-leptons (4% to 57%) is observed for the ggF STXS
bins, while the impact of the remaining uncertainties on the measurement is rather small.
The experimental uncertainties on the measurement of the EW ggH VH-like and tfH STXS
bins are dominated by the size of the background sample (26% and 38%) (see Table 10.21),
followed by uncertainties related to misidentified z-leptons for the EW ggH VH-like STXS
bin (12%) and by theoretical uncertainties on the predictions of the top quark background for
the 1tH STXS bin (28%). The systematic uncertainties on the measurement of the EW gqH
VBF-like STXS bin is dominated by theoretical uncertainties on the signal prediction (14%),
while the size of the background sample is the dominating contribution to the experimental
uncertainties (7%).

The ten NPs and NFs with the largest impact on each measured STXS bin are shown in
Figures 10.45-10.46. The impact is estimated with the NP ranking approach (see Section 7.2).
In the measurement of the ggF" VBF-like STXS bin (see Figure 10.45 (a)) NP related to
theoretical uncertainties on the ggF signal prediction in the VBF topology and to uncertainties
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Impact on [%]
Process ggF

N; >2 >1 =1 >2 >1 >1

mjj [GeV] | [350,00[ | [0,350]4 [0,350]
P [GeV] | [0,200] | [60,120] | [120,200] | [120,200] | [200,300] | [350,e0]
All uncertainties 74.9 206.3 172.5 116.1 36.3 40.4
Data statistics 37.5 118.4 104.0 78.0 28.6 37.7
All systematic uncertainties 65.6 171.7 141.3 89.3 24.7 21.6
Theoretical unc. on signal 40.6 31.1 25.1 29.2 9.9 10.6
Jet and ERiss 423 101.3 81.8 54.9 153 8.3
Background sample size 26.0 107.8 71.8 46.1 11.5 11.2
Th-leptons 13.8 35.1 352 17.5 5.0 5.6
Misidentified 7-leptons 16.8 57.0 242 19.5 4.1 4.0
Luminosity 2.7 9.3 5.8 2.0 22 2.1
Theoretical unc. on Z background 2.7 9.3 5.8 2.0 2.2 2.1
Theoretical unc. on top background 2.9 224 3.6 11.3 1.8 2.5
B-jets 1.4 33 4.1 44 0.2 0.7
Electrons and muons 1.2 9.8 94 9.5 0.8 1.4

Table 10.20: Summary of the relative impact of different sets of systematic uncertainty on the
measurements of the ggF’ STXS bins in the 9-Pol setup.

Impact on [%]

Process EW gqqH ttH

Nj >2 >2

m;j [GeV] | [60,120] | [350,0[
All uncertainties 63.1 246 | 111.2
Data statistics 52.9 183 | 94.8
All systematic uncertainties 36.1 17.0 | 70.3
Theoretical unc. on signal 11.9 13.5 | 229
Jet and Emiss 11.2 54| 19.8
Background sample size 25.8 7.0 | 379
Th-leptons 3.6 1.8 5.2
Misidentified t-leptons 12.0 1.5 5.0
Luminosity 1.2 1.5 1.2
Theoretical unc. on Z background 1.1 29 33
Theoretical unc. on top background 54 09| 282
B-jets 1.0 0.6 9.1
Electrons and muons 1.6 0.2 0.9

Table 10.21: Summary of the relative impact of different sets of systematic uncertainty on the
measurements of the EW ggH and ttH STXS bins in the 9-Pol setup.

on jets are highly ranked. On the measurement of the ggF p¥ : [60,120], ggF 1-jet p¥ :
[120,200] and ggF > 2-jet pif : [120,200] NPs related to the theoretical prediction of the
Z — 1l/t7 background prediction, NFs on the Z — 77 background and NPs related to
uncertainties on jets and E‘TniSS are highly ranked (see Figures 10.45 (b)-(d)).
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Figure 10.45: Relative impact of the ten NPs with the largest impact on the measurement of
the ggF VBF-like (a), ggF pil : [60,120] (b), ggF 1-jet pt : [120,200] (c) and ggF >2-jet
pH:[120,200] (d) STXS bins. The uncertainties are listed in decreasing order of their impact.
The upper x-axis corresponds to the impact of the variation of the NPs by one-o on the
inclusive cross section measurements and is visualized by blue boxes. The lower x-axis
corresponds to the pulls and constraints of the NPs, which are illustrated with black points
and lines.
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Figures 10.45 (a) and (b) show the NPs with the largest impacts on the measurements of the
ggF pt:[200,300] and ggF pil : [300,0[ STXS bins. For both STXS bins, the NP related to
the parton shower uncertainty in the ggF production has the largest impact, followed mainly
by NPs related to uncertainties on jets and EMis,

The NPs with the largest impact on the measurement of the EW ggH VH-like STXS bins are
related to theoretical uncertainties in the matrix element calculation in the VH production, to
theoretical uncertainties on the ggF signal prediction and to uncertainties on misidentified
T-leptons (see Figure 10.47 (a)). The dominating NP on the measurement of the EW gqH
VBF-like STXS bins is similarly to the measurement of the inclusive cross section of the
VBF production mode (see Figure 10.42 (b)) related to the parton shower uncertainty in
the VBF production, while the impact of other NPs is rather small (see Figure 10.47 (b)).
Figure 10.47 (c) shows the ten NPs and NFs with the largest impact on the measurement
of the ttH STXS bin. Both NFs defined to scale the top quark production mode and the
Z — t7 background have a large impact on the 1#H STXS bin. In addition, NPs related to
the theoretical uncertainties on the top background prediction and to uncertainties on jets are
ranked under the top ten NPs.
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Figure 10.46: Relative impact of the ten NPs with the largest impact on the measurement
of the ggF pil:[200,300] (a) and ggF pi : [300,0[ (b) STXS bins. The uncertainties are
listed in decreasing order of their impact. The upper x-axis corresponds to the impact of
the variation of the NPs by one-o on the cross section measurements and is visualized by
blue boxes. The lower x-axis corresponds to the pulls and constraints of the NPs, which are
illustrated with black points and lines.
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Figure 10.47: Relative impact of the ten NPs with the largest impact on the measurement of
the EW gqH VH-like (a), EW gqH VBF-like (b) and trH (c) STXS bins. The uncertainties
are listed in decreasing order of their impact. The upper x-axis corresponds to the impact of
the variation of the NPs by one-o on the cross section measurements and is visualized by
blue boxes. The lower x-axis corresponds to the pulls and constraints of the NPs, which are
illustrated with black points and lines.
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11 COMBINED HIGGS BOSON MEASUREMENTS

The two analyses described in Chapters 9 and 10 are used as input for combined Higgs boson
measurements. Therefore, these analyses are combined with several other Higgs boson cross
section measurements performed in other decay channels. The analyses are used for two
different combined measurements (Comb1 [29, 30] and Comb2 [31]). Combl is based on
analyses using the data sets from 2015 up to 2017 with an integrated luminosity of up to
% =79.8 fb~!, while Comb2 uses analysis based on the data sets from 2015 up to 2018
with up to . = 139 fb~!'. The H — 7 analysis described in Chapter 9 is used as input from
Combl, while the second H — 77 analysis (see Chapter 10) is used from Comb2. In this
chapter both analyses will be discussed and compared to each other.

11.1 Strategy of the combination

To be able to combine the individual Higgs boson measurements, several requirements have
to be fulfilled. The individual event selections of the analyses are not allowed to have
any overlap, to avoid the double use of data events. Therefore, analyses with similar final
states topologies introduce inverted requirements to each other in the event selection (see
Section 9.2.2). Dedicated overlap studies are performed to ensure the orthogonality.

The combinations of the Higgs boson cross section measurements are performed on likelihood
level. Therefore, the likelihood model of each analysis is provided to the combination team.
The inputs are combined by multiplying the individual likelihood functions in the same way
as two likelihood functions of two different event selections in one analysis are combined (see
Section 7.2). The best-fit values and their uncertainties are estimated by the minimization
of the combined negative log-likelihood function. Therefore, the likelihood function of each
analysis must have the same definition of Pols, which should be measured in the combined
fit. This is ensured by STXS framework and its common STXS bin definition. For Combl,
two different sets of likelihood functions are provided, where one is using the STXS Stage 0
definition for the Pols only and one the STXS Stage 1 definition. For the Comb2 the STXS
Stage 1.2 is used for all measurements. The benefit of using the STXS Stage 1.2 (or Stage 1) is
the fine granularity of the Pols, which are defined in the likelihood functions. If the combined
model is not able to measure the full granularity, the Pols can be correlated in the combined
workspace to reduce the number of free parameters in the model. But a split of individual Pol
in the combination to measure a finer granularity is not possible. Therefore, the used STXS
Stage defines the finest granularity and all available borders of measured regions of phase
in the combination. For the NPs, similar requirements have to be fulfilled. Several NPs as
theoretical uncertainties on signal and background samples and experimental uncertainties
arising from the ATLAS detector are common for all analyses. These uncertainties should be
fully correlated across the different analyses in the combined likelihood function. For this,
the sign of the impact of the up and down variations for each NP should be defined in the
same way. Especially, for theoretical uncertainties as parton shower uncertainties, which are
calculated by taking the difference between two different generators, the sign of the variations
are chosen arbitrarily. For a correct combination of the NPs, a common strategy of defining



11.2 Input for the combination

these variations was developed. The combination of the NPs in the combined likelihood is
ensured by a common naming scheme for all NPs. The combined likelihood automatically
correlates all NPs with the same name. On the other hand, NPs related to analysis specific
uncertainties, as the uncertainties related to the misidentified T background (see Section 10.4),
should not have any correlation to NPs of other analyses. This is ensured by adding analysis
specific suffixes to these NPs. NFs, which are defined to normalize background contributions
in a specific region of phase space, are treated as uncorrelated in the same way.

11.2 Input for the combination

Table 11.1 summarizes all analyses used for the combined measurement discussed in this
chapter. Comb1 corresponds to the combined measurement that uses the H — 77 analysis
with .#’= 36 fb~! described in Chapter 9 and Comb2 the one described in Chapter 10 with .=
139 fb~!. Comb1 uses several analyses based on the data set recorded in 2015 and 2016 with
an integrated luminosity of %= 36 fb~! and analyses using the data set taken from 2015 to
2017 with #=79.8 fb~!. For Comb2 most of the analyses are based on the full Run 2 data set
with .#= 139 fb~!. Table 11.1 refers in addition to all publications of the individual analyses.
Both combinations use e.g. analyses of the H — yy, H — ZZ*, H — bb H — WW* and
H — 77 decay modes. But also analyses to measure e.g. the tfH production mode and to study
Higgs boson decays into particles which can not be measured by the ATLAS detector (H —
invisible). In the listed publications the used data samples and simulations, event selection
and background estimation are discussed. This thesis does not discuss these important steps
of the analyses, instead it will focus on the results of the combined measurement and their
interpretations. In both combinations not all analyses are used for all measurements and
interpretations. Some of the analyses provided a simplified likelihood model with a reduced
set of Pols and therefore could not be used for more differential measurements.

Combl Comb2

Analysis Dataset .2 [fb~'] Ref. Dataset .2 [fb~!] Ref.
(D) H—vyy 2015-17 79.8 [259] 2015-18 139 [260]
2) H—ZZ*—4l(ttH, H— ZZ* — 4]) 2015-17 79.8 [261] 2015-18 139 [262]
(B) VH,H—bb 2015-17 798  [263,264] | 2015-18 139 [265-267]
4) H—uu 2015-17 79.8 [268] 2015-18 139 [269]
5) H—->WW*—evuv 2015-16 36.1 [270] 2015-18 139 [271]
(6) H— 17t 2015-16 36.1 [26] 2015-18 139 [272]
7 VBF,H — bb 2015-16  24.5-30.6 [273] 2015-18 126 [274]
(8) t1H multilepton 2015-16 36.1 [275] 2015-16 36.1 [275]
) ttH, H — bb 2015-16 36.1 [276-278] | 2015-18 139 [279]
(10) H — invisible 2015-16 36.1 [280-283] | 2015-18 139 [284]
(11) Off-shell H — ZZx — 4l and H — ZZx — 212v | 2015-16 36.1 [285] - -

Table 11.1: Analyses used in the two combined measurements. For each input analysis the
corresponding publications, the used data sets and the its integrated luminosities . are shown
[29, 31].
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11.3  Signal strength

11.3 Signal strength

The global signal strength measurement for both measurements follows the strategy described
in Section 9.6. For a specific production mode i and decay mode j, the signal strength
corresponds to a specific modifier t;;. The cross section o; and the branching ratio %,
cannot be measured separately without further assumptions in the combination. Therefore,
the modifiers are defined as:

obs obs
o 2y

where 6% and 93;"’3 are the observed cross section of the production mode i and the ob-
served branching ratio of decay channel j, while Gl.SM and %’JSM are their corresponding SM
predictions. In both combinations, the analyses (1)-(9) in Table 11.1 are used to extract the
signal strength. The measurement is performed under the assumption that the measured signal
strength in each of the different input analyses is the same. The observed values for the signal
strength measurement of Comb1 and Comb?2 are:

Hcompt = 1.11 £0.09 = 40.05(stat.) +0.05(exp.) £0.05(sig.) +0.03(bkg.) ,

Licombs = 1.06 +0.06 = +0.03(stat.) +0.03(exp.) +0.04(sig.) +0.02(bkg.), 12

where (stat.) is the statistical uncertainty, (exp.) the uncertainty related to experimental
uncertainties and (sig.) and (bkg.) the theoretical uncertainties on the signal and background
prediction.

The individual impact of the different sets of uncertainties are estimated using the breakdown
approach (see Section 7.2). Figure 11.1 shows the -2 In.Z functions for these measurements.
By removing the NPs of the studied uncertainties, the -2 In.Z curve is tightened resulting
in smaller values for the confidence intervals. The uncertainties from this set of NPs can
be calculated with the quadratic difference between the nominal intervals including all
uncertainties and the reduced intervals. The uncertainties on the Comb1 measurement is
8%, while for Comb?2 it is reduced to 6%. The statistical and experimental uncertainties
are 5% and 3% for Combl and Comb2. The reduction for the theoretical uncertainties on
the signal and background is approximately 1%. The comparison of the individual sets of
uncertainties shows the limitations of future coupling strength measurements. A further
increase of data statistics and improved detector understanding can reduce the statistical
and experimental uncertainties further, while the impact of theoretical uncertainties on the
signal and background predictions can be reduced by updated predictions from theory groups
only. The signal strength measurement of Comb?2 is already limited by the uncertainties on
theoretical predictions and therefore, it will not significantly benefit from the increased data
statistics in upcoming measurements. However, a change of the analysis strategy from signal
strength measurements to measurements of cross sections with fine granularity based on the
STXS framework can reduce the impact of the theoretical uncertainties (see Section 7.1).
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Figure 11.1: The -2 In.Z curves for the signal strength measurements of Combl (a) and
Comb? (b) for the nominal fit including all uncertainties (black) and for fits excluding indi-
vidual sets of NPs to estimate the impact of them on the full uncertainty. For red (blue) the
theoretical uncertainties on the signal (background) prediction are removed, while for the
dashed line corresponds to a fit with statistical uncertainties only, in which all systematic un-
certainties are removed. The two horizontal dashed lines mark the one- and two-c confidence
intervals [29, 31].

11.4 Production cross sections

For the inclusive cross section measurements of the Higgs boson production modes of Comb1
and Comb?2 the analyses (1)-(9) in Table 11.1 are used. In both combinations the inclusive
cross sections of the six dominant production modes ggF, VBF, ZH, WH, ttH and tH are
measured, where the Pol on tH and tH are fully correlated in the likelihood model, so that
five Pols are measured. The branching ratio for the individual decay modes are set constant to
the SM prediction for this measurement.

Figure 11.2 shows the best-fit values and their uncertainties for the five measured cross sec-
tions of Comb1 and Comb2. Both analyses measure the cross section of the ggF production
mode with the highest precision with 9% and 7% for Comb1 and Comb?2, followed by the
cross section of the VBF production mode with 19% and 12%. The measurement of the ggF
cross section has the same impact of systematic and statistical uncertainties (7%) for Combl,
while for Comb?2 the impact of systematic uncertainties (6%) is larger than the impact of
statistical uncertainties (4%). The statistical uncertainties on the VBF measurements are
15% and 9% for the Comb1 and Comb2, while the systematic uncertainties are 12% and 9%.
Therefore, the precision of the V BF measurement is limited by data statistics for Comb1 and
by systematic uncertainties for Comb2. Relative uncertainties of 21% and 20% are estimated
on the measurements of the t#H +tH cross section for Combl and Comb2. For Combl
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Figure 11.2: The observed best-fit values and their uncertainties for measurements of inclusive
cross sections of Combl (a) and Comb2 (b). The measured cross sections are visualized
normalized to their SM predictions and the statistical (systematic) uncertainties on them
are shown in yellow (blue). The total uncertainties are given by the black bars and the

uncertainties on the SM predictions are visualized by gray boxes [29, 31].

the statistical uncertainties (14%) on the ¢tfH cross section are smaller than the systematic
uncertainties (16%), while they have the same size for Comb2 (14%). The measurements of
the WH and ZH cross sections have the largest uncertainties in Comb1 with 30% and 29%.



11.4 Production cross sections

In Comb?2 the uncertainties on the WH and ZH measurements are 17% and 25%. In contrast
to Combl, is the precision of the W H measurement in Comb?2 better than for the 1tH +tH
measurement. The statistical and systematic uncertainties for the W H measurements are both
22% for Comb1, while for Comb?2 they are 13% and 11%. So that in both measurements the
impacts of systematic and statistical uncertainties are similar to each other. The measurements
of the ZH cross section for Comb1 and Comb2 have statistical uncertainties of 23% and 19%
and systematic uncertainties of 17% and 16%. The precision of the measurement of the ZH
cross section is limited by data statistics for Comb1, while in Comb?2 statistical and systematic
uncertainties have similar impacts on the measurement.

The largest improvements between the two combinations are observed for the measurements
of the WH and the VBF cross section, while the #H + tH cross section is measured with a
similar precision in both combinations. The precision of the measurement of the t7H cross
section is driven by the f#H multi-lepton analysis, which is unchanged between the two
combinations (see Table 11.1). A large improvement is observed for the measurements of the
VBF and ZH cross sections between the two combinations. Both measurements are limited
by data statistics in Comb1, while the increased data set used for Comb2 reduces the impact of
the data statistics. The measurement of the ggF cross section, which has a large contribution
to the total uncertainty from theoretical uncertainties on the signal predictions, is only slightly
improved between the two combinations.

Compatibility tests between the five measured cross sections of Comb1 and Comb2 and their
SM predictions estimate p-values of 76% and 63%. Therefore, no significant deviation from
the SM predictions is observed in both measurements.

Figure 11.3 displays the correlation matrices of the Comb1 and Comb2 measurements. For
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Figure 11.3: The observed correlation matrices for the 5-Pol measurements of Comb1 (a) and
Comb2 (a) [29, 31].

Combl the largest correlation is observed between the cross sections of the VBF and ggF
productions modes (-15%), followed by the correlation between the cross sections of the WH
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11.5 Product of production cross sections and branching ratios

and ZH production modes (-8%) and between the cross sections of ggF and trtH +tH (+8%).
For Comb2, the largest correlation is observed between the cross sections of the WH and ZH
production modes with -7% and between the cross sections of the VBF and ggF production
modes with -6%. The correlations of the remaining measured cross sections are between -6%
and +3% for Combl and between -3% and +4% for Comb2.

Overall, the correlation across the different production modes is reduced for Comb2 compared
to Combl. Especially, the anti-correlation between the ggF and V BF production mode could
be reduced from -15% to -6%.

11.5 Product of production cross sections and branching ratios

The measurements of the inclusive production mode cross sections in Section 11.4 assume
that the branching ratios for individual decay channels behave SM-like. In the measurement
discussed in this section, the product of the production mode cross section and the branching
ratios of the decay modes 6°% x %’;?bs are defined as Pols. Therefore, one Pol per production
mode and per decay channel is included in the likelihood model. For each analysis, cross
sections with low sensitivity in the measurement are fixed to their SM prediction. Most of
the analyses used a new event selection for the Comb2 compared to Comb1 covering a larger
region of phase space, so that the number of Pols increases for Comb2. New event categories
have been included e.g. in the H — 77 analysis covering the VH and ¢tfH production modes
(see Section 10.2.3).

The best-fit values and their uncertainties for the measurements of 6 x ,@?bs are shown
in Figure 11.4 for Comb1 and in Figure 11.5 for Comb2. For Comb1 and Comb?2 the ggF
production mode is measured with the highest precision in the yy (15% and 11%), ZZ* (15%
and 12%) and WW* (18% and 12%) decay modes of the Higgs boson. The measurement of
the VBF cross section has the smallest uncertainties in the ¥y (27%) and ZZ* (34%) decay
modes for Combl1, while for Comb2 the 77 (19%) and WW* (17%) decay modes have a
similar precision as the yy (18%) decay mode for Comb]1. For the VH production mode the
highest precision is observed in the bb decay mode of the Higgs boson. For Comb1, the VH
production mode in bb is measured with an uncertainty of 22%, while for Comb2 the ZH and
W H production modes are measured separately in bb with uncertainties of 26% and 23%.
The t7H + tH production modes is measured in the Yy decay mode with an uncertainty of
35% for Comb1 and 28% for Comb?2.

The measurement of the ggF cross section in the yy and ZZ* decay modes is limited by
data statistics in both combinations, while the measurement in WW* and 77 is limited by
systematic uncertainties. For both combinations, the uncertainties on the measurements of
the VBF production are dominated by statistical uncertainties in all decay modes. For both
combinations, the precision of the measurements of the VH and t7H +tH production modes
is limited by systematic uncertainties in the bb decay mode, while in the remaining decay
channels the statistical uncertainties limit the precision, except for the ttH + tH production
mode in WW* for Comb?2.

The size of the uncertainty reduction on Gi"bs X %;’bs between Comb1 and Comb?2 differs
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Figure 11.4: Best-fit values and uncertainties for the measurement of inclusive production
modes cross sections multiplied by individual decay mode branching ratios (Gi"bs X ,%’;?bs) for

Combl. The results are visualized normalized to their SM predictions. The total uncertainties
are shown with a black bars, the statistical uncertainties with yellow boxes and the systematic
uncertainties with blue boxes. The uncertainties on the SM predictions are marked by a gray
boxes [29].
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Figure 11.5: Best-fit values and uncertainties for the measurement of inclusive production

modes cross sections multiplied by individual decay mode branching ratios (Glf)bs X @;?m) for

Comb?2. The results are visualized normalized to their SM predictions. The total uncertainties
are shown with a black bars, the statistical uncertainties with yellow boxes and the systematic

uncertainties with blue boxes. The uncertainties on the SM predictions are marked by a gray
boxes [31].
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11.5 Product of production cross sections and branching ratios

between the different production and decay modes. The largest reductions are visible for
measurement of 6% x %’;’bs with uncertainties dominated by statistical uncertainties and for

o x %’}’bs measurements which are estimated in the analyses with the largest increase of

data statistics between Comb1 and Comb2. In particular, the measurement of 63% x 9%

is dominated by statistical uncertainties and its uncertainty is strongly reduced from 146%
to 70% from Comb1 to Comb2. Similarly, the uncertainty of 6%, x 2%, which is mainly
extracted in the H — 77 analysis, is reduced from 50% to 19%. Here, the statistical uncer-
tainty on the measurement is not so dominating as for G‘(}t}; X %’%%i, but the H — 77 analysis
increased the data statistics from 36 fb~! to 139 fb~! between Comb1 and Comb2.

Both measurements show no significant deviation from the SM predictions and their compati-
bilities with the SM predictions are 71% (Comb1) and 79% (Comb?2).

The correlation matrices for both measurements are shown in Figure 11.6. The largest (anti-
)correlations for the Comb1 measurement are -45% for the t7H +tH production in VV* and
77, which are both mainly measured by the analysis (9) of Table 11.1 and -44% for the ggF
and VBF cross sections in the 77 decay channel, which are both mainly measured in analysis
(6). Similarly, sizable correlations are observed between the ggF' and VBF cross sections
in yy (-22%) and ZZ* (-28%) for Combl, while the correlations between the remaining
parameters are between -14 and +10%.

The largest (anti-)correlation in Comb?2 is observed for the ggF and V H production mode in
the 77 decay mode with -33%. No corresponding value is shown for Combl, since the VH
production mode in the 77 decay mode was set constant to the SM prediction in Comb1. For
Comb?2, the anti-correlation between the t7H + tH production cross sections in VV* and in
TT 1s -32% and between the ggF and VBF cross sections in the 77 decay channel -27%. For
Comb2, the new H — 77 analysis using the signal event selections described in Section 10.2.4
is used as an input. These selections reduce the contamination of ggF events in the signal cat-
egories designed for the VBF signal compared to the previous analysis used for Comb1. The
smaller contamination reduces the observed correlation between the two production modes
in the 77 decay mode for Comb2 compared to Comb1. Similar optimizations are performed
in other input analyses between Comb1 and Comb2, so that overall the (anti-)correlations,
observed in Figure 11.6, are reduced for Comb2 compared Comb].
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Figure 11.6: Correlation matrices for the measurement of inclusive production modes cross
sections multiplied by individual decay mode branching ratios ( 6% x %’;?bs for Combl (a)
and Comb?2 (b) [29, 31].
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11.6 STXS measurement

For Comb1 and Comb2, a measurement of cross sections with a finer granularity is performed
using the STXS framework. For Comb1 the measurement is based on the STXS Stage 1,
while Comb?2 uses the STXS Stage 1.2. For both combinations several STXS bins have
been combined to reduce the number of Pols in the measurement. For Comb2 the analyses
(1)-(3), (5)-(7) and (9) of Table 11.1 are used for the STXS measurement, while for Comb1
only the analyses (1)-(3) and (5)-(7) are used. The remaining input analyses were not able
to include the needed STXS information in their likelihood model until these combination
were performed. The branching ratios of the individual decay modes are free floating in
both measurements. To make use of the well known branching ratio of the ZZ* decay mode
a re-parametrization of the Pols and NFs is performed. Therefore, the Pols are defined as
the cross section of the STXS bins multiplied by the ZZ* branching ratio: Pol; = 6; X A2+,
where ©; is the cross section of the STXS bin i. By introducing these Pols the NFs on the
branching ratios for the remaining decay channel must be replaced by #;/ %7z, where %,
is the branching ratio of the decay channel ;.

Figure 11.7 summarizes the definition of the Pols for Combl. 15 Pols are defined in the
likelihood function, where six Pols corresponds to the ggF, three to the EW ggH, five to
the V(— I1)H and one to the tH +-tH production mode. For the ggF production mode, jet
multiplicity and p4 STXS bins are defined. The EW ggH production is split into a high pr.a
VH-like and a VBF + Rest-like STXS bin. The V(— Il)H production modes has individual
STXS bins defined for the W- and Z-boson production mode and for different p¥ values. The
cross sections of the remaining STXS bins (see Section 7.1) are set constant to their SM
predictions in the likelihood function.

Figure 11.8 shows the definition of the Pols for Comb?2. In this fit based on the STXS Stage
1.2 bins 37 independent Pols are defined. For ggF 13 Pols are defined, for EW ggH eight,
for V(— [1)H nine, for tH six and for tH one. Compared to Comb]1 the Pols for the ggF
production modes have been changed in the following way:

* The ggF, 0-jet STXS bin is split into two bins at a p? value of 10 GeV.

* The ggF, >2-jet, p < 200 GeV STXS bin is split into five STXS bins based on m i
and p¥ .

* The ggF, >1-jet, pif > 200 GeV STXS bin is split into three STXS bins based on pZ.
The definition of the EW ggH bins are changed as:

e The p% > 200 GeV STXS bin is redefined to a STXS bin with p¥ > 200 GeV and
m;j Z 350 GeV.

* The VBF+Rest-like STXS bin is split into four VBF-like STXS bins with p¥ < 200 GeV
and mj; > 350 GeV with splits based on m;; and two Rest bins with one including
events with <1-jet and one with >2-jet and m;; < 60 GeV or 120 <m;; < 350 GeV.

For the V(— [l)H production mode the granularity for the W- and Z-boson production in
p¥ has been increased from 5 to 9 STXS bins. The inclusive 1tH +tH STXS bin has been
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V(lep)H

—>| qq— Hlv, p,¥ <250 GeV |

_>| qq— HIv, p,7 >250 GeV |
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_>| gg/qq— HII, p,’ >250 GeV |

Figure 11.7: Final set of Pols for the Comb1 STXS measurement based on the STXS Stage 1.
The STXS bins are grouped by their production modes, where blue corresponds to ggF,
orange to EW gqH, green to V(— [l)H and purple to t7H +tH. Not listed STXS bins are set
constant to their SM prediction in the likelihood model [29].

separated into one tH and six t7H STXS bins depending on pi.

Figures 11.9 and 11.10 show the best-fit values and uncertainties of the Pols for the STXS
measurement of Comb1 and Comb?2 . No significant deviation from the SM predictions is
visible and the compatibility for the Comb1 measurement with the SM prediction is 89% and
for the Comb2 measurement 92%.

For Comb1 the best precision is estimated for the ggF', 0-jet STXS bin with a relative un-
certainty of 13%, while the largest relative uncertainty is estimated for the EW gqH, p1. >
200 GeV STXS bin with 158%. For most of the STXS bins the statistical uncertainty is
dominating in the Comb1 measurement. The highest relative impact of systematic uncertain-
ties is visible for the EW gqH,V BF + Rest-like and ttH +tH STXS bin. For both bins the
granularity has been increased for the Comb2 measurement to reduce the impact of theoretical
uncertainties on the signal in these STXS bins.

For the Comb2 measurement the smallest relative uncertainty is estimated for the ggF’, 0-jet,
P > 10 GeV STXS bin with 13% and therefore has the same relative uncertainty as the
inclusive ggF', O-jet STXS bin in the Comb1 measurement. The STXS bin with the largest
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my; < 350 GeV mj; > 350 GeV.

P < 200GeV

Figure 11.8: Final set of Pols for the Comb2 STXS measurement based on the STXS Stage 1.2.
The STXS bins are grouped by the production modes, where blue corresponds to ggF', orange
to EW gqH, green to V(— ll)H, pink to t7H and purple to the tH production. Not listed
STXS bins are set constant to the SM prediction in the likelihood model [31].

relative uncertainty is the t7H, p > 450 GeV STXS bins with over 1000%. This size of the
relative uncertainty is mainly driven by a large downwards fluctuation of data events in this
region of phase space, so that the observed best-fit is at 16% of the cross section predicted by
the SM. All of the measured STXS bins in Comb2 are dominated by statistical uncertainties.
The highest relative impacts of systematic uncertainties are estimated for the ggF, O-jet, p¥ >
10 GeV and ggF, 1-jet, pf < 60 GeV STXS bins (see Figure 11.10).

Figures 11.11 and 11.12 show the correlation matrices for the STXS Combl and STXS
Comb2 measurements. For Combl1 the correlations vary between -73% and +47%, while for
Comb?2 they vary between -67% and +57%. In both measurement, the largest correlations are
visible across the NFs on the branching ratios, while large anti-correlations are visible between
these NFs and most of the Pols. For both measurement, correlations between -27% and +44%
are visible across the different STXS bins of the ggF production mode. Furthermore, both
measurements show an anti-correlation between the EW ggH and the ggF', >1-jet STXS bins.
A mixture of stronger anti-correlations and correlations are visible between the STXS bins of
the V(— [I)H production mode.
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Figure 11.9: Best-fit values and uncertainties for the STXS measurement and the parametrized
branching ratio (top right) of Combl. The results are visualized normalized to the SM
prediction. The total uncertainty is shown with a black bar, the statistical uncertainty with a
yellow box and the systematic uncertainty with a blue box. On the right-hand side, the best-fit
values, the total, statistical and systematic uncertainties are given. The uncertainty on the SM
prediction is marked by a gray box [29].
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Figure 11.10: Best-fit values and uncertainties for the STXS measurement and the
parametrized branching ratio (top right) of Comb2. The results are visualized normalized to
the SM prediction. The total uncertainty is shown with a black bar, the statistical uncertainty
with a yellow box and the systematic uncertainty with a blue box. On the right-hand side, the
best-fit values, the total, statistical and systematic uncertainties are given. The uncertainty on
the SM prediction is marked by a gray box [31].
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Figure 11.11: Correlation matrices of the STXS Comb1 measurement for the Pols and the

NFs on the branching ratios [29].
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Figure 11.12: Correlation matrices of the STXS Comb1 measurement for the Pols and the
NFs on the branching ratios [31].
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11.7 SMEFT interpretation

The STXS measurements described in Section 11.6 can be used for an interpretation within
SMEFT (see Section 2.5). Both combinations, Comb1l and Comb2, are used for such an
interpretation and are described in detail in References [30, 31]. Both interpretations are
based on the Warsaw basis [77], which forms a complete set of dimension six operators,
while operators with higher dimensions are not considered in the interpretations. To reduce
the number of operators lepton and baryon conversation as well as SM gauge symmetries
are assumed. Furthermore, only operators are considered, which are CP even operators
and have a contribution of at least 0.1% on at least one measured STXS bin at their SM
prediction corresponding to a Wilson coefficient ¢;=1 and assuming A = 1 TeV. The goal of
the measurements is to constrain the corresponding Wilson coefficients of all operators which
either directly or indirectly impact the Higgs boson couplings within the SM [286, 287].
The most relevant SMEFT operators impacting the Higgs boson production and decay in the
considered region of phase space are defined in Table 11.2, together with their corresponding
Wilson coefficients and examples of Feynman diagrams in which they play a role. The
full set of the 32 Wilson coefficients c; considered in both interpretations is summarized in
the appendix in Table A.6. The impact on different SM processes of each operator varies.
Therefore, the operators can be grouped into different sets of operators based on the SM
processes with highest sensitivity to the operators. One group can be defined assigned to the
Higgs boson process. This group includes e.g. the corresponding operators of the Wilson
coefficients cyw, cey, cuc and cyy. These operator directly impact the vertex in which the
Higgs boson interacts (see Figure 11.2). A second group can be defined for Z,W boson
couplings. E.g. the operators of the Wilson coefficients CE-Ill) , CHe> CSC)[ and cyy are assigned
to this group. This group acts on processes in which a Z or W boson coupling is involved.
A third group can be defined to the top quark. This group includes e.g. the operators of the
Wilson coefficients cyq, ¢ and cﬁfi). These operators are mainly acting on vertices in which
top quarks are involved. Furthermore, other groups can be defined as e.g. assigned to the
Bhabha scattering, multi-boson couplings or to B anomalies.

In both analyses the impact of operators is estimated via the UFO model implemented in
Madgraph [136] using the lowest order calculations in QCD for all production and decay
modes. SMEFTsim [288, 289] is used to calculate the Higgs boson production modes with
tree-level diagrams, assuming a U(3)° flavor symmetry. This symmetry corresponds to the
unbroken flavor symmetry present in the SM outside the Yukawa sector. The Fermi constant
as well as the Z and W boson masses are used as an input for these simulations. The ggF,
gg — ZH and H — gg cross sections are calculated at next-to-leading order accuracy in QCD
with SMEFTatNLO [290]. The SMEFT-SM interference terms in H — Yy are calculated at
next-to-leading order accuracy in QED [291]. No modification of background processes due
to SMEFT effects are considered in the analyses.

The measured cross sections of the STXS bins ostxs are related to the EFT operators via the
squared matrix element, so that these cross sections can be parametrized as:

OSTXS = OSM + Oint + OBSM, (11.3)
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Table 11.2: The most relevant SMEFT operators of dimension six for the Higgs boson
coupling analysis described in Section 11.7. The table shows the Wilson coefficients, their
corresponding operators and examples of diagrams in which they are relevant [30].

where ogy is the cross section predicted by the SM, ogsm the additional contribution to
the cross section introduced by the operators with dimension six and 0j, the contribution
to the cross section resulting from interference terms of the SM and the dimension six
operators in the squared matrix element. Here, the linear interference terms have only one
contribution from dimension six. They are proportional to ¢; and are suppressed by a factor
1/A2. The dimension six squared terms are suppressed by a factor 1/A*, due to the fact that
two dimension six operators are involved in the term (proportional to ¢;c; or c?). This means
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11.7 SMEFT interpretation

that these quadratic terms have the same suppression as linear interference terms between
dimension eight and SM operators. For a consistent measurement of SMEFT effects up to a
suppression of 1/A2, only the interference terms of the dimension six operators linear in ¢; are
considered in the two analyses. In Comb1 a second measurement is performed additionally in
which the quadratic terms of the dimension six operators are added without considering the
interference terms of dimension eight operators with the same suppression. This setup is used
to study the impact of the higher dimension operators on the measurement.

The impact of the measured STXS bins and decay modes for Comb1 on the most relevant
SMEFT operators relative to their SM predictions are shown in Figure 11.13 and for Comb?2
in the appendix in Figure A.7. Several studies of the expected sensitivity are performed
for Comb1 and Comb2. Some important observations for Comb1 will be discussed in the
following, while a detailed discussion of similar observations for Comb?2 are described in
detail in Reference [30]. For Comb1 the parameter CS; can be measured individually. The
sensitivity to this parameter is mainly driven by the VH production mode and in particular by
the VH — bb measurement. The parameters Cqq, c,(;]), cgl), cl(,}), CSJ), c((]},), c((]i) and c¢ are only
constraint by the /7H measurement, while the parameters cyg, |cug| and |c,y| are constraint
by t7H and ggF measurements. The H — Yy measurement is sensitive to the parameters cpy,
cyp and cgwp. Through a correlation of the VH and V BF measurements, weaker constraints

on c,w and c,p arise. The parameters cgl), cui(3), cye and cgt)l are weakly constraint by

common measurements in the VH — bb measurement, resulting in a notable correlation
between these parameters in the measurements. The parameters cy, ¢y and |c | impact
the measurement of the cross section as a global scale factor. This effect can be absorbed by a
rescaling of all other ¢; resulting in a degeneration of the fit. Therefore, these parameters are
set constant to zero in the analysis, to avoid instabilities of the fit model.

These and further observations show that the data sets contain insufficient information to
constrain all coefficients considered in the analysis input, so that a reduced set of fit parameters
is build instead. The unconstrained degrees of freedom in data not always correspond
to individual coefficients, but instead to a linear combination of them. Therefore, a new
modified basis of Wilson coefficients is estimated using a methodology based on the expected
covariance matrix of the measurement and an eigenvector decomposition. This method is
described in detail for the Comb1 in Reference [30].

In Figure 11.14 the rotation matrices from the Warsaw to the final fit basis are shown for
Combl and Comb2. The increased data statistics and especially the new included regions
of phase space in Comb2 compared to Comb1 allow the measurement of more independent
coefficients. Ten free parameters are defined for Comb1, while thirteen are defined for Comb?2.
However, the new data set also modifies the optimal linear combinations of parameter for
the fit model, so that Comb2 does not only measure more independent parameters but also
parameters based on different individual or linearly combined Wilson coefficients. The 10
free parameters for Comb]1 are the linear combinations:

3
)
o o2 e

HW,HB.HWB,HDD uW,uB> CHW HB,HW B.HDD .uW,uB>  HW HB,HW B,HDD uW uB
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Figure 11.13: Impact of the most relevant SMEFT operators on the STXS bins and decay
modes, relative to the SM predictions for Combl1. Only the interaction terms with a sup-
pression of 1/A? are considered. A unit variation is considered for all coefficients c;, if not
otherwise specified in the legend. The statistical uncertainties on the STXS bins are shown in
the top panel to judge the experimental sensitivity to constrain the operators from the data.
The statistical uncertainty of low precision STXS bins are clipped in the plot for a better
presentation of the other uncertainties [30].
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Figure 11.14: Rotation matrices for Combl (a) and Comb?2 (b) from the Warsaw basis (x-axis)
to the final fit basis (y-axis) [30, 31].

bination. The definition of the linear combination for each of these parameter is summarized
in the appendix in Table A.7.

The final Pols for Comb?2 are:
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11.7 SMEFT interpretation

Figures 11.15 and 11.16 summarize the observed results for Comb1 and Comb2. For a
better visualization, the Pols in the figures are grouped into three different sub-plots with
different x-axis ranges. For Combl the results for a fit using only the interference terms
(linear) and additionally using the information of the quadratic terms of the dimension six
(linear+quadratic) are shown. The estimated 68% confidence-intervals (Cls) for the linear

model of Combl vary between [1.3,27] on C[;]zume and [-0.015,0.00007] 01 €l 5 0t op-
while the 95% ClIs on them are [-2.9,36] and [-0.022,0.008]. In the linear+quadratic model the
68% Cls on these parameters are reduce to [-7,7] and [-0.014,-0.0016] and for the 95% ClIs to
[-10,10] and [-0.019,0.005]. Generally, the CIs on the estimated parameters are reduced for
the linear+quadratic fit compared to the linear fit, suggesting a non-negligible impact of the
dimension six operator terms suppressed by 1/A* on the measurement. However, including
the quadratic terms into the likelihood model results in rather non-Gaussian dependencies
of the likelihood function on some of the measured parameters. These parameters can show
two local minima per parameter in the minimization of the negative log-likelihood function.
In particular, for the parameter CE]W HB.HWB.HDD uw xp tWO global minima with the same neg-
ative log-likelihood value are observed. In Comb2, the smallest CIs are estimated on the
parameters chy 1 sw s oDy A0d s~ with [-0.004,0.005] ([-0.009,0.01]) and
[-0.01,-0.0018] ([-0.013,0.0021]) for 68% (95%).

In all three measurements no significant deviation of a coefficient from zero and therefore from
the SM prediction is observed. A comparison of the two combinations is difficult, given the
increased numbers of freedom and the use of new linear combinations of Wilson coefficients
for Comb?2 compared to Combl. The CS (3 Wilson coefficient can be used for a sensitivity
comparison between Comb1 and Comb2, since it is included as a single fit parameter in both
combination. The 95% confidences interval has been reduced from [-0.18,0.09] to [-0.08,0.1]
and the 68% interval from [-0.08,0.05] to [-0.04,0.05], which shows the increased sensitivity
of the new analysis.
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Figure 11.15: Summary of observed measurements of coefficients with the SMEFT linearized
model (blue) for Combl. The solid lines corresponds to 68% and the dashed lines to 95%
confidences level intervals. The results of a second fit setup additionally including the
quadratic terms of dimension six operators are shown in orange [30].
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12 EXTRAPOLATION OF THE H — 77 ANALYSIS TO THE
DATA SET EXPECTED AT HL-LHC

The next data taking period Run 3 (see Section 4.4) of the LHC will start in 2022 and takes
place until 2025. Afterwards a long shutdown of the LHC is used to upgrade the LHC
and the detectors to the so called high luminosity LHC (HL-LHC). The upgrade will allow
the LHC to provide an instantaneous luminosity of up to 7.5 x 1073 cm=2 s~! and an
integrated luminosity of 3000 fb~! in ten years of data taking. Additionally, the center-of-
mass energy will be increased from 13 to 14 TeV. It is also expected that several experimental
and theoretical systematic uncertainties can be reduced. Prospect studies based on current
analyses are preformed to explore the sensitivity of them for the data set of the HL-LHC. This
chapter describes the prospect analysis of the H — 77 decay channel based on the analysis
described in Chapter 10.

12.1 Extrapolation strategy

The likelihood model of the H — t7 analysis based on the 2015-2018 data set is correct
for the higher integrated luminosity and developments which affect the size of systematic
uncertainties for this extrapolation. Therefore, no optimization of the analysis strategy is
performed.

To extrapolate the analysis to the nominal prediction of the signal but also of the background
contribution have to be adjusted for the larger integrated luminosity and center-of-mass
energy. This correction is discussed in Section 12.1.1. The procedure to scale the systematic
uncertainties to size expected for the HL-LHC data set is described in Section 12.1.2. The
extrapolation follows the recommendations of the ATLAS Upgrade Physics Working Group,
with slight modifications to account for particularities of the H — 77 decay channel.

12.1.1 Extrapolation of nominal prediction

The nominal prediction of the signal and background processes is corrected to the higher
expected integrated luminosity of 3000 fb—! of data set at the HL-LHC, but also the prediction
of the cross section is corrected for the higher center-of-mass energy of 14 TeV. To do so,
correction factors are insert in the likelihood model as constant NFs.

The expected event yields of signal and background processes are scaled up from the current
luminosity Zrun2 to the expected luminosity £y —ruc by applying one correction factor
Clumi to all samples with: cpymi = Z-Lac/LRun2 = 3000/139 = 21.58.

The production cross sections of signal and background processes are corrected for the in-
creased center-of-mass energy at the HL-LHC by adding one correction factor per production
mode cxs ; in the likelihood model. Table 12.1 summarizes all applied correction factors. The
main Higgs boson production modes ggF and VBF are scaled by 1.13, while the VH and
bbH production are scaled by 1.1 and 1.14. The largest correction is applied to the production
mode including at least one top quark with 1.21 for the f7H and the tH.



12.1 Extrapolation strategy

The background processes are scaled by 1.1 except of the top quark background, which is
scaled by 1.16.

Process Scaling factor cxs ;
ggF 1.13
VBF 1.13
VH 1.10
ttH 1.21
bbH 1.14
tH 1.21
Top quark bkg. 1.16
T misidentified bkg. 1.10
Other bkg. 1.10

Table 12.1: Correction factors cxs ; to correct the production cross section for the physics
processes for the increased center-of-mass energy from 13 TeV to 14 TeV for the HL-LHC.

12.1.2 Extrapolation of systematic uncertainties

Several uncertainties are expected to be reduced for the HL-LHC data set. In particular,
detector upgrades, new strategies for auxiliary measurements and updates of theoretical
predictions will reduce several systematic uncertainties that are considered in the H — 77
analysis. Therefore, correction factors cnp; are applied on the different uncertainties to reduce
the normalization component of them. Shape effects on the observable m7:"¢ are not changed.
Table 12.2 summarizes the correction factors applied to different sets of systematic uncertain-
ties. The systematic uncertainties are scaled in general by values between 1 and 0.5. The
theoretical uncertainties on the signal and background prediction are scaled by 0.5, while the
uncertainty on the luminosity is scaled by 0.59. Uncertainties assigned to the reconstruction
and identification of the physics object, such as muons, electrons, jets, b-jets and 7;,-leptons
are in general scaled by 1. Exceptions are a sub-set of systematic uncertainties assigned to the
T,-leptons and to the b-jet tagging. All NPs corresponding to uncertainties on the b-tagging
efficiencies against light quark jets are scaled by 0.5, while the remaining are scaled by 1.
Systematic uncertainties on the 7j,-lepton assigned to the limited size of simulated samples
in auxiliary measurements are set to zero. This follows the recommendation of the ATLAS
Upgrade Physics Working Group to scale statistical uncertainties of simulations to zero, while
the remaining systematic uncertainties on the 7,-lepton are scaled by 1.

The statistical uncertainties on the data-driven backgrounds, such as the misidentified T
background are scaled according to increased data statistics of the HL-LHC. Therefore,
the statistical uncertainty on the misidentified 7 background in each bin is scaled down by
1/y/Crami ~ 0.59, while systematic uncertainties related to the data-driven method, such as
closure uncertainties, are scaled by 1.

The statistical uncertainties on other background predictions arising from the limit size of
simulated samples are corrected as well. The recommendation of the ATLAS Upgrade Physics
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Uncertainty sources Scaling factor cnp ;
Theory 0.5
Luminosity 0.59
Muon, Electron 1
Jet 1
B-jet Light 1
B-jet other 0.5
T,-lepton method 1
Tj,-lepton stat. 0
E%“iss 0.5
Misidentified T method 1
Misidentified 7 stat. 0.59
Background sample size 0.59

Table 12.2: Correction factors cxp; to correct the impact of systematic uncertainties on the
Pol for improved auxiliary measurements. The 7-lepton and 7 misidentified uncertainties are
split into uncertainties sourced by statistical uncertainties (stat.) of simulated events or data
and uncertainties caused by the used method to calculate the object or background.

Working Group is to set these uncertainties to zero. This is based on the idea that the long
time scale until the data of the HL-LHC is taken enough simulation events are produced,
so that these uncertainties can be neglected. However, the specific topology of the region
of phase space measured with the H — 77 analysis leads to small acceptances of simulated
events into the event selection. Therefore, the analysis suffers from a large impact of these
uncertainties. To reflect this in the extrapolation the uncertainty of this source is not set to
zero, instead it is assumed that the analysis will have the same relative amount of simulated
events compared to data as for the current analysis. To achieve this the statistical uncertainties
on simulated events are scaled by 1/,/cumi ~ 0.59. This configuration is called scenario 1.
To study the impact of this alternative treatment a second scenario 2 is performed, which uses
the recommendation to set the statistical uncertainties on the simulated events to zero. This
second scenario will be studied and discussed for the STXS Stage 1.2 9-Pol setup, since this
setup has the largest number of freedom and the largest impact of these uncertainties in the
current setup. Therefore, the largest difference between the two scenarios is expected for this
fit configuration.

The reduction of the normalization component of several systematic uncertainties increases
the number of systematic uncertainties that fail the pruning criteria on the relative size of
the normalization component (see Section 10.5.3). This can lead to an underestimation of
the systematic uncertainty. Therefore, the pruning threshold is lowered from 1% to 0.4% to
ensure that the pruning does not remove relevant uncertainties.
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12.2 Results

12.2 Results

To extract the expected precision for this extrapolated analysis a pseudo-data set is created.
For this pseudo-data set it is assumed that the SM is realized by nature. The corrected nominal
prediction for all signal and background events are summed up to create the pseudo-data set
and finally the statistical uncertainties on each bin are set to the square root of the expected
events. Using this pseudo-data set in the likelihood model results in no deviations of Pols,
NFs and NPs from their corresponding prediction. Therefore, for all Pols and NFs a best-fit
value of 1 and for all NPs no pulls are expected.

Table 12.3 and Figure 12.1 compare the estimated inclusive cross section results for the
HL-LHC scenario 1 and the current H — 77 analysis (see Chapter 10). The total uncertainty

Production (01X Brr) e Syst. unc.
Mode Data set (o0 Fe)su Stat. unc.  Total  Th.sig. Th. bkg.  Exp.
H o ot Run 2 1.0 +0.127 || +0.063 +0.109 +0.083 +0.017 =+0.061
HL-LHC | 1.0 #£0.046 || £0.013 +0.044 4+0.038 +0.007 +0.023
FH Run 2 1.0 +1.062 || £0.884 4+0.638 +0.188 +£0.300 £0.257
HL-LHC | 1.0 #£0.239 || £0.169 4+0.182 4+0.095 +0.051  4+0.105
VH Run 2 1.0 +0.581 || 4+0.469 +0.325 40.126 +£0.041  +0.182
HL-LHC | 1.0 40.137 || £0.096 4+0.100 +0.056 +0.011  £0.057
2gF Run 2 1.0 40.328 || +0.138 +0.274 4+0.212 +0.033 4+0.173
HL-LHC | 1.0 =£0.114 || £0.028 +0.111 +0.101 +0.015 £0.057
VBF Run 2 1.0 +0.180 || +£0.116 4+0.133 +0.110 +0.022  £0.059
HL-LHC | 1.0 £0.065 || £0.023 4+0.061 4+0.056 +0.009 =+0.026

Table 12.3: Estimated cross sections and uncertainties for the inclusive H— 77 and for the four
dominant production modes (ggF, VBF, VH and tfH) divided by the SM prediction for the
2015-2018 analysis (Run 2) and the HL-LHC extrapolation (HL-LHC). On the right-side the
contributions to the total uncertainty from statistical (Stat. unc., systematic (Syst. unc.) and
experimental uncertainties (Exp.) as well as theoretical uncertainties on the signal prediction
(Th. sig.) and on background prediction (Th. bkg.) are quoted separately.

for the inclusive 1-Pol fit shown in the first row of the table is reduced from 13% to 5%.
The statistical uncertainty is reduced from 6% to 1%, while the systematic uncertainties are
reduced from 11% to 4%. The theoretical uncertainties on the signal prediction are halved
from 8% to 4%, while the theoretical uncertainties on the background and the experimental
uncertainties are reduced by more than 50%. Therefore, the extrapolated 1-Pol measurement
is dominated by systematic uncertainties and the impact of theoretical uncertainties on the
signal is further increased compared to the current analysis. Figure 12.1 shows that the
uncertainty on the measurement of the inclusive H — 77 cross section is expected to be
smaller than theoretical uncertainty on the SM cross section prediction, even after applying
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Figure 12.1: Relative uncertainties on the measured inclusive cross sections for the 2015-2018
analysis (Run 2) analysis (red) and the extrapolation to the HL-LHC (blue). The theoretical
uncertainties on the prediction of each cross section is shown in gray for their current size
and in dashed when applying the scaling correction on the theoretical uncertainties for the
HL-LHC extrapolation.

the same reduction on them as used for the theoretical uncertainties on the signal prediction
in the fit model.

For the 4-Pol setup the relative improvement of the cross section vary for the different
production modes. The statistical dominated production modes in the 2015-2018 analysis ttH
and V H show a larger reduction of the total uncertainty from 106% to 23% and from 58% to
14%, while the ggF and V BF production modes are reduced from 32% to 11% and from 18%
to 7%. For all production modes the systematic uncertainties are larger than the statistical
uncertainties, however the VH and ¢fH production modes have a similar impact of statistical
and systematic uncertainties. The HL-LHC extrapolation for the VBF and ggF production
modes are dominated by theoretical uncertainties on the signal prediction. The systematic
uncertainties on the t7H and VH production modes are mainly arising from theoretical
uncertainties on the signal prediction but also experimental uncertainties are important. For all
four production modes the relative impact of theoretical uncertainties on the signal prediction
is increased, while the relative impact of uncertainties on the background prediction are
reduced compared to the current analysis. The expected significance of the t#H production
mode is 4.39 ¢ and for the VH production mode 7.74 o, so that VH production is expected
to be observed with the HL-LHC data set also in the H — 77 decay mode, while for the trH
production mode only achieving an evidence is expected. To observe the t#H production
mode the measurement of ¢#H production mode decay into final state with electrons and
muons have to be included. The ggF production mode has an expect significance >>5 o and
the VBF production mode was already observed with the Run 2 data set. Figure 12.1 shows
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STXS bins (G X Brz)ape Syst. unc.
Process  mjj [GeV] pHl[GeV] N | Dataset (01 Fre)sm Stat. unc.  Total ~ Th.sig. Th.bkg.  Exp.
Run 2 1.0 £0.914 || £0.560 +0.738 +0.106 +0.325 +0.490

[0,350]*  [60,120] >1
HL-LHC | 1.0 +0.197 || £0.096 +0.173  £0.043 +0.056 £0.129

Run 2 1.0 £0.646 | £0.390 £0.527 +0.131 =+0.086 +0.334
HL-LHC | 1.0 £0.161 || +0.073 +0.146  £0.071 £0.029  +0.095
Run 2 1.0 +£0.745 | £0.507 +0.581 +£0.122 £0.136  £0.473
HL-LHC | 1.0 £0.189 || +0.092 +0.167 +£0.056 =£0.037 +0.134

[120,200] =1

[0,350]  [120,200] >2

ggF
(200300 >1 Run 2 1.0 +0.374 || £0.288  +0.260 +0.107 =£0.029  +0.200
HL-LHC | 1.0 +0.098 | £0.054  +0.083 =+0.050 =+£0.012 +0.056
300e[  >1 Run 2 1.0 +0.480 || £0.450  +0.252 +0.108 =+0.033  +0.159
| " | HL-LHC | 1.0 +0.113 || £0.082  +0.081 =40.049 +0.011  +0.049
3500  [0200] 32 Run 2 1.0 £1616 || £0.997  +£1308 =+0.601 =+0.147 +0.999
HL-LHC | 1.0 +0.541 || £0.218  +0.499 40.295 +0.049 +0.363
[350.00[ -, | Run2 1.0 £0.208 || £0.150  £0.147 +0.124 +£0.025 =+0.041
EW qqil ' ~ | HL-LHC | 1.0 +0.075 || £0.029  +0.070 40.065 +0.011  +0.023
[60,120] 52 Run 2 1.0 +0.635 || £0.528  +0.367 +0.118 =+0.056 +0.198
HL-LHC | 1.0 £0.144 || £0.102  £0.105 +0.052 +0.013 =+0.064
i Run 2 1.0 £1.160 || £1.002  +0.716 +0.204 =+0.302 +0.260

HL-LHC | 1.0 +0.239 | £0.169 +0.182 +0.095 +£0.051 +0.106

Table 12.4: Estimated cross sections and uncertainties of the 9-Pol STXS measurement for the
2015-2018 analysis (Run 2) and the HL-LHC extrapolation (HL-LHC). On the right-side the
contributions to the total uncertainty from statistical (Stat. unc., systematic (Syst. unc.) and
experimental uncertainties (Exp.) as well as theoretical uncertainties on the signal prediction
(Th. sig.) and on background prediction (Th. bkg.) are quoted separately. The spades symbol
# indicates, that the requirement on mjj is only applied for Nj >2.

that the size of the expected uncertainties on the measured ggF and V BF production mode is
similar to the theoretical uncertainties on the SM prediction of them, while the measured VH
and 17H are still larger than the theoretical uncertainties on their SM predictions.

The results of the STXS Stage 1.2 measurement with the 9-Pol setup for the extrapolation
scenario 1 as well as for the 2015-2018 analysis are shown in Table 12.4 and in Figure 12.2.
The relative uncertainties on the cross sections measured in the extrapolation vary between
54% and 8%. The EW gqH STXS bin with at least two jets and 350 GeV < m;; (8%)
followed by the two ggF STXS bins with 200 < pi! < 300 GeV (10%) and p¥ > 300 GeV
(11%) show the smallest relative uncertainties. The largest uncertainty (54%) is observed
for the ggF STXS bin with at least two jets and 350 GeV < mj;. Most of the STXS bins are
dominated by systematic uncertainties. For the lower p¥ STXS bins of ggF the experimental
uncertainties are dominating, while for the higher pt' STXS bins the theoretical uncertainty
on the signal predication has a similar size. The EW qqH and trH STXS bins behave as the
corresponding inclusive cross section in the 4-Pol setup. Similar to the 1-Pol and 4-Pol setup,
the relative impact of theoretical uncertainties on the signal is increased for all STXS bins
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Figure 12.2: Relative uncertainties on the measured STXS bins in the 9-Pol fit for the 2015-
2018 analysis (Run 2) analysis (red) and the extrapolation scenario 1 to the HL-LHC (blue).
The theoretical uncertainties on the prediction of each cross section is shown in gray for their
current size and in dashed when applying the scaling correction on the theoretical uncertainties
for the HL-LHC extrapolation. The spades symbol #® indicates, that the requirement on mjj is
only applied for N; >2.

compared to the current analysis. The largest relative reduction of the total uncertainty is
observed for the STXS bins which are currently dominated by statistical uncertainties as the
ttH STXS bin. The largest reduction of systematic uncertainties is visible for the theoretical
uncertainties on the background prediction. Figure 12.2 shows that the size of the expected
uncertainties on the measured ggF STXS bins with 120 < p¥ < 200 GeV are similar to
the theoretical uncertainties on the SM prediction of them, while they are smaller than the
theoretical uncertainties on the SM prediction for the ggF' STXS bins with 200 GeV < p¥. For
the remaining ggF' STXS the expected uncertainties are still larger than their uncertainties on
the prediction and the remaining STXS show a similar picture as the corresponding inclusive
production mode cross sections in the 4-Pol setup.

Table 12.5 shows the result for the 9-Pol fit setup extrapolated with scenario 1 and with
scenario 2. Setting the statistical uncertainties on the simulated events to zero instead to scale
them with the increased luminosity reduced the relative systematic uncertainties by 1% to
23%, resulting in a reduction of the total relative uncertainties by 1% to 21%. The lowest
reduction is visible for the EWqqH STXS bin with at least 2 jets and 350 GeV < m;j;, while
the largest reduction is observed for the ggF STXS bin with at least two jets and 350 GeV
< mj;. The reduction of the systematic uncertainties of the remaining bins vary between 6%
and 16%. The comparison shows that for nearly all STXS bin the impact of the statistical
uncertainty on the background contribution is still a sizable uncertainty if the number of
simulated event cannot significantly be increased relative to the increased data statistics.
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12.3 Limitations of the extrapolation

STXS bins (0i% Brt) g
Process  mjj [GeV] pY [GeV] Nj | Scenario (01 Fec)om Syst. unc.
[0,35()]‘ (60.120] >1 1 1.0 +£0.197 || £0.173
2 1.0 +£0.183 || £0.157
[120200] =1 1 1.0 +£0.161 || £0.146
2 1.0 =+0.151 || +0.134
[0.350] [120200] >2 1 1.0 +£0.189 || £0.167
2 1.0 +£0.181 || £0.157
eef 1 1.0 +0.098 || £0.083
[200,300] >1 ’ ' ’
2 1.0 +£0.095 || £0.079
(300.00[ >1 1 1.0 +0.113 || +0.081
2 1.0 +0.110 || +£0.075
[(350.00[ [0.200] >2 1 1.0 +£0.541 || £0.499
2 1.0 £0.520 || £0.476
[(350.00[ > 1 1.0 +£0.075 || £0.070
EW qqH 2 1.0 +£0.074 || £0.069
[60.120] > 1 1.0 +£0.144 || £0.105
2 1.0 +0.139 || +0.097
_ 1 1.0 +0.239 || +0.182
ttH
2 1.0 +0.232 || +£0.172

Table 12.5: Estimated cross sections and uncertainties of the 9-Pol STXS measurement for
both HL-LHC extrapolation (HL-LHC) scenarios. Scenario 1 includes statistical uncertainties
on the simulation scaled by the luminosity, while for scenario 2 these uncertainties are set to
zero. The spades symbol ® indicates, that the requirement on m;j is only applied for Nj >2.

12.3 Limitations of the extrapolation

The method used for this HL-LHC extrapolation can be used to estimate the expected
sensitivity for the current measurement with the increased luminosity. However, the method
has several limitations. The extrapolation includes the correction for the higher center-of-
mass energy, the reduction of statistical uncertainties and correction of the normalization
component for several systematic uncertainties, while no optimization of the analysis strategy
is considered. Therefore, optimizations as the chosen binning in the final discriminant
observable (here m%MC), the correlation scheme of the Pols or an optimized estimation of
data-driven background are not included. The simple scaling of the nominal predictions and
of systematic variations scales up statistical fluctuation, while a real increase of recorded data
and simulated events would reduce these fluctuation and therefore improve the modeling of
the observable used as input in the fit and of observables used in the event selection. The
increased data set would furthermore allow to explore new regions of phase space. All these
limitations have to be considered when the results of the extrapolation are interpreted.

236



13 CONCLUSION

In this thesis, the measurements of cross sections exploiting the H — 77 decay mode as well as
their combination with other Higgs boson decay modes using data of proton-proton collisions
with a center-of-mass energy of 13 TeV recorded by the ATLAS experiment are presented.
The results for the H — 77 decay channel (see Sections 9 and 10) and the combination of these
results with the remaining decay modes are discussed (see Chapter 11). Two consecutive sets
of analyses are presented, were one is based on the 2015 to 2016 data set with an integrated
luminosity of .2 = 36 fb~!, while the second one is based on an optimized analysis strategy
and on the full Run 2 data set recorded from 2015 to 2018 with .Z = 139 fb—!. Furthermore,
the full analysis is used to estimate the expected sensitivity of the H — 77 decay mode at the
HL-LHC with . = 3000 fb~! (see Chapter 12).

The H — 77 analyses rely on 7-triggers for the H — 7,7, decay channel. The trigger re-
quirements can have a different efficiency in data compared to simulated events, which have
to be corrected. Two the tag-and-probe analyses estimate the scale factors to correct the
efficiencies in simulated events to the efficiencies observed in data. This thesis studies the
analysis based on 7 — T, T, events and its combination with the analysis based on Z — 17, T,
events in Chapter 8. These combined scale factors vary between 0.95 and 1.05 resulting in an
efficiency correction of up to 5%.

The H — 77 analysis based on the 2015 and 2016 data sets focuses on the observation of
the decay mode and on the inclusive cross section measurement of the two main production
modes ggF and VBF. Additionally, a first STXS measurement in the H — 77 decay mode is
performed. The analysis based on the full Run 2 data set recorded from 2015 to 2018 focuses
on the cross section measurement of the inclusive production modes ggF, VBF,VH and ttH
as well as on the measurement of STXS bins. The likelihood model of this analysis is used in
the HL-LHC extrapolation analysis to estimated the expected sensitivity of the analysis for a
data set with . = 3000 fb~! at /s = 14 TeV.

The analysis strategy has been modified between the 2015 to 2016 and the 2015 to 2018 analy-
ses. The 2015 to 2016 analysis is based on 13 signal categories and six control regions, while
for the 2016 to 2018 analysis 32 signal categories and 36 control regions are defined. Each
control region is used to normalize a specific background contribution in the fit model via one
NF. For both analyses, the m¥™C is used as an input to the fit model for all signal categories,
while only the total number of events is used in the control regions. Careful investigations
and detailed studies are performed on systematic uncertainties, which are included as NPs in
the fit model.

The extrapolation strategy of the H — 77 decay mode measurements is changed between the
2015 to 2016 and the 2015 to 2018 analyses. In the analysis of the 2015 and 2016 data sets,
the measurements are extrapolated to the full phase space, while a fiducial volume is defined
for the analysis of the 2015 to 2018 data set by requiring a rapidity of the Higgs boson of
less than 2.5. The region of phase space above this threshold is not measured by the ATLAS
experiment and therefore the results in this phase space are based purely on extrapolations.
This results in different SM predictions for the measurements in the two analyses.

The observation of the H — 77 coupling is achieved by combining the 2015 to 2016 data set



analysis with the Run 1 measurement [233] resulting in an observed (expected) significance
of 6.4 (5.4) 0. The VBF production mode is observed with 5.3 (6.2) ¢ and an evidence for
the ggF production mode is achieved with 3.9 (4.6) ¢ with the analysis based on the 2015 to
2018 data set. The HL-LHC extrapolation shows that the VH is expected to be observed with
7.74 o, while an evidence of the t7H production mode with 4.39 o is estimated.

The results for the inclusive cross sections for the H — 77 decay channel based on the 2015

0; X P | Stat. Unc.  Syst. Unc.
Type Data set [pb] [pb] [pb]
observed 2015-2016 | 3.77 + 0.60 + 0.81
observed 2015-2018 | 2.94 +0.21 +0.35
expected HL-LHC 3.17 + 0.04 +0.14

Table 13.1: Cross sections and uncertainties of the inclusive H — 77 measurement for all
three analyses described in this thesis. The observed values for the analysis based on the 2015
to 2016 and the 2015 to 2018 data sets are shown, while the expected values for the HL-LHC
extrapolation based on the 2015-2018 analysis are listed.

to 2016 and the 2015 to 2018 data sets analyses as well as for the HL-LHC extrapolation
analysis are summarized in Table 13.1. The statistical uncertainties are reduced from 16% to
7% between the two analyses and is expected to decrease to 1.2% for the HL-LHC analysis,
while the systematic uncertainty is reduced from 21% to 12% and is expected to be 4.4% for
the HL-LHC analysis. The increased data statistics reduces the statistical uncertainties and the
reduction of systematic uncertainties is driven by optimized reconstruction and identification
methods, optimized auxiliary measurements and an improved analysis strategy. The precision
of all three measurements is limited by systematic uncertainties. Both observed cross sections
agree within the uncertainties with their SM expectation of (3.4610.13) pb for the 2015 to
2016 data set and (3.17£0.09) pb for the 2015 to 2018 data set.

Table 13.2 summarizes the inclusive measurements of the dominant production modes cross
sections in the H — 77 decay channel (4-Pol fit). The most sensitive production mode
is VBF followed by ggF for all analyses. The statistical (systematic) uncertainties on the
measurement of VBF production modes are 32% (36%) and 16% (15%) for the 2015 to 2016
and the 2015 to 2018 analyses and is expected to be 2% (6%) for the extrapolation. On the
measurements of the ggF production cross section a statistical (systematic) uncertainty of
32% (46%) and 16% (29%) is estimated for the 2015 to 2016 and the 2015 to 2018 analyses
and the expected uncertainty for the extrapolation is 3% (11%). The VH and tfH production
modes are only measured in the 2015 to 2018 data set analysis and in the extrapolation based
on this analysis. The statistical (systematic) uncertainties on the measurements of the VH and
ttH production modes are 50% (36%) and 95% (70%) for the 2015 to 2018 analysis and are
expected to be 10% (10%) and 17% (18%) for the extrapolation.

The ggF production mode is dominated by systematic uncertainties for all analyses, while
for VBF the relative size for systematic and statistical uncertainties is similar for the analysis

238



Production 0; X $Brr | Stat. Unc.  Syst. Unc.

Mode Type Data set [pb] [pb] [pb]
observed 2015-2016 | 3.10 + 1.00 + 145

88F observed 2015-2018 | 2.65 +0.41 +0.72
expected HL-LHC 2.77 4+ 0.08 + 0.31
observed 2015-2016 | 0.28 + 0.09 + 0.10

VBF observed 2015-2018 | 0.197 + 0.028 + 0.029

expected HL-LHC 0.220 + 0.005 + 0.013
observed 2015-2016
VH observed 2015-2018 | 0.120 + 0.058 +0.039
expected HL-LHC | 0.118 +0.011 +0.012
observed 2015-2016
1tH observed 2015-2018 | 0.033 + 0.031 +0.020
expected HL-LHC | 0.031 + 0.005 + 0.005

Table 13.2: Cross sections and uncertainties of the inclusive production modes of all three
analyses described in this thesis. The observed values for the analysis based on the 2015-
2016 and the 2015-2018 data sets are shown, while the expected values for the HL-LHC
extrapolation based on the 2015-2018 analysis are listed. The VH and ##H production modes
are not estimated with the 2015-2016 analysis.

based on the Run 2 data sets. Only for the extrapolation, VBF is dominated by systematic
uncertainties. The remaining production modes are dominated by statistical uncertainties
for the 2015 to 2018 data set analysis, while both have a similar impact of statistical and
systematic uncertainties for the HL-LHC extrapolation. No significant deviation from their
SM predictions is observed for the measurements of the inclusive production mode cross
sections for the 2015 to 2016 and the 2015 to 2018 analyses.

Table 13.3 summarizes the observed results for the STXS measurement of the H — 77 decay
channel with nine independent Pols based on the 2015 to 2018 data sets and the corresponding
expected results of the HL-LHC extrapolation. The highest precision in the H — 77 STXS
measurement based on the 2015 to 2018 data sets is achieved for the ggF production mode
with 200 < pH < 300 GeV and p¥ < 300 GeV with 36% and 40% as well as for the EW
gqH production mode with at least two jets and 350 GeV < my;; with 24%. The expected
relative uncertainties for these STXS bins in the HL-LHC extrapolation are 9.8%, 11.3% and
7.5%. The uncertainties on the measurement of other ggF" STXS bins varies between 75%
and 206%, while the expected uncertainties for these STXS bins are between 16% and 54%
for the extrapolation. The uncertainties on the measured EW ggH production mode STXS
bin with at least two jets and 60 < m;; < 120 GeV and on the tzH STXS bin are 63% and
111%. The expected uncertainties on the measurement of these two STXS bins are 14% and
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STXS bins
Process m;j [GeV] p¥ [GeV] N; | Type Data set 0; X By | Stat. unc.  Syst. unc.

observed 2015-2018 | 189 +220

H-
O8]
[\
W

[0,350]*  [60,120] >1

expected HL-LHC 394 + 38 + 68
[120200] =1 observed 2015-2018 17 + 18 + 24
expected HL-LHC 47 + 34 + 69
[0.350] [120200] >2 observed 2015-2018 | 33 + 27 + 28
ggF expected HL-LHC 59 + 5 + 10
(200300] >1 observed 2015-2018 | 30.3 + 8.6 + 6.8
expected HL-LHC 30.5 + 1.7 + 25
(30000 >1 observed 2015-2018 9.4 + 35 + 13
expected HL-LHC 7.7 + 0.6 + 0.6
[350,00] [0200] >2 observed 2015-2018 | 143 + 54 + 91
expected HL-LHC 55 + 12 + 27
(350,00 >2 observed 2015-2018 | 33 + 17 + 11
EW qqH expected HL-LHC 33.1 + 096 £ 232
[60.120] >2 observed 2015-2018 | 71 + 13 + 12
expected HL-LHC 90.1 + 9.2 + 95
TH observed 2015-2018 | 34 + 32 + 20
expected HL-LHC 31.3 + 53 + 57

Table 13.3: Estimated cross sections and uncertainties of the 9-Pol STXS measurement for
the H — 77 analysis based on the 2015-2018 data set and for the extrapolation of this analysis
to the HL-LHC. The spades symbol ® indicates, that the requirement on mj; is only applied
for N; >2.

24% for the HL-LHC.

For most of the measured STXS bins the uncertainties are dominated by statistical uncertain-
ties, while for the extrapolation all STXS bins are dominated by systematic uncertainties.
The reduction of the total uncertainties is large compared to the reduction in the inclusive
measurements shown in Table 13.1 and 13.2. The increased granularity increases the relative
statistical uncertainties on the individual cross sections. The impact of systematic uncertain-
ties is reduced as well, due to the reduced extrapolation and the reduced model dependence of
the measurement. The limitation of the HL-LHC measurement by systematic uncertainties
can therefore probably be reduced in future analyses by using a finer granularity of STXS
bins in the fit model.

No significant deviation from the SM prediction is observed for the STXS measurement in
the H — 77 decay mode based on the data set recorded from 2015 to 2018.

The H — 77 analyses are used for combined Higgs boson cross section measurements. This
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thesis discusses the results of these combined measurements based on ten different analyses
(see Chapter 11). The combined measured global signal strength u of the Higgs boson for the
most recent combination is:

1 =1.06 £0.06 = +0.03(stat.) +0.03(exp.) +0.04(sig.) £0.02(bkg.).  (13.1)

This is the most precise measurement of the Higgs boson coupling with the ATLAS detector.
The uncertainties of the measurements are dominated by theoretical uncertainties on the signal
prediction.

Table 13.4 summarizes the measurement of the six dominant Higgs boson production modes.

Production o; Stat. Unc. Syst. Unc.
Mode [pb] (pb] [pb]
ggF 457 | +£1.8 +24
VBF 40 | £03 +04
WH 1.56 | £0.20 +0.17
ZH 0.70 | £0.13 +0.11
ttH +tH 0.56 | +=0.08 + 0.08

Table 13.4: Cross sections and uncertainties of the inclusive production modes for the
combined measurement of the Higgs boson with the 2015-2108 data set.

The most precised measured production mode is the ggF production mode with an relative
uncertainty of 7%, followed by the VBF production mode with 12%. The uncertainties on
the remaining production modes vary between 17% and 25%.

No significant deviation from the SM predictions is observed for the measurement of the
combined inclusive production mode cross sections.

A combined measurement within the STXS framework is performed estimating 41 indepen-
dent Pols. This measurement corresponds to the measurement with the finest granularity of
the Higgs boson sector of the SM and can be used for several interpretations, as e.g. within
SMEFT. No significant deviation from the SM predictions is observed for the cross section
measurement of these 41 STXS bins.

An interpretation of these results within SMEFT is discussed in this thesis. The interpretation
considers SMEFT operators up to the mass dimension six and is based on the Warsaw basis.
Lepton and baryon conservation as well as SM gauge symmetries are assumed. To reduce
the number of free parameters in the fit model, only CP even operators with a contribution of
at least 0.1% to at least one measured STXS bin at their SM prediction corresponding to a
Wilson coefficient ¢; = 1 are considered. Finally, an eigenvector decomposition is performed
to find a reduced basis which can be constrained by the measurement. The basis is built by
linear combinations of the Wilson coefficients of the considered SMEFT operators. In the
measurement of this reduced set of 13 parameters, no significant deviations from the SM
predictions are observed.
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Figure A.1: Ryuii—jer Values for electrons (left) and muons (right) for events with nfrk =1lin
the boosted inclusive category of the H — 77 analysis based on the 2015-2016 data set as
function of A¢Th7E$iss. From top to bottom estimated for increasing values of pT. [224].
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Figure A.3: Rpuri—jet values for electrons (left) and muons (right) for events with nf, =
in the VBF inclusive category of the H — 77 analysis based on the 2015-2016 data set as
function of A¢; gmiss. From top to bottom estimated for increasing values of pT [224].
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Figure A.6: Shape variation on Rog/ss factors for the tau25 tracktwoEF OR tracktwoM VA
trigger with the 2018 data set and the RNN 7j-identification method. From top to bottom for
the Loose, Medium and Tight working point. On the left-side for 7,-leptons with one charged
track and on the right-side with three charged tracks. The Ros/ss value for the signal region
before applying the is shown in red and after applying the 7,-trigger requirement in dashed
blue.
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Nuisance Parameter

Description

Theoretical uncertainties on

signal prediction

Theo_ggH_shower
Theo_ggH_sig_qcd_0(1-8)
Theo_ggH_sig_jetveto
Theo_boost_ggH_PSUE
Theo_vbf_ggH PSUE
Theo_boost_VBFH_PSUE
Theo_vbf_VBFH_PSUE
Theo_boost_VH_PSUE
Theo_sig_alphaS
Theo_sig_pdf_0(1-29)
Theo_VBFH_MUR_MUF
Theo_VBFH_shower
Theo_VH_MUR_MUF

ggF, parton shower, parametrization

ggF, QCD scale uncertainties component 0 (1-8)

ggF, QCD scale uncertainties for third-jet veto

ggF, parton shower and underlying event in boosted categories
ggF, parton shower and underlying event in VBF categories
VBE, parton shower and underlying event in boosted categories
VBF, parton shower and underlying event in VBF categories
VH, parton shower and underlying event

signal, o uncertainty

signal, PDF uncertainty eigenvector 0 (1-29)

VBF, QCD scale uncertainties

VBF, parton shower, parametrization

VH, QCD scale uncertainties

ZttTheory_PDF_boost(vbf)_leplep
ZttTheory_PDF_boost(vbf)_lephad
ZttTheory_PDF_boost(vbf)_hadhad
ZttTheory_PDF_Relative_boost(vbf)
ZttTheory_CKK_boost(vbf)_leplep
ZttTheory_CKK_boost(vbf)_lephad
ZttTheory_CKK_boost(vbf)_hadhad
ZttTheory_CKK_Relative_boost(vbf)
ZttTheory_MGvsSH_boost(vbf)_leplep
ZttTheory_MGvsSH_boost(vbf)_lephad
ZttTheory_MGvsSH_boost(vbf)_hadhad
ZttTheory_MGvsSH_Relative_boost(vbf)

Z — 171, PDF, 717; boosted (VBF) categories

Z — 17, PDF, 17, boosted (VBF) categories

Z — 77, PDF, 1,7, boosted (VBF) categories

Z — 17, migration PDF, boosted (VBF) categories

Z — 17, merging scale, 7,7 boosted (VBF) categories

Z — 171, merging scale, 7,7, boosted (VBF) categories

Z — 17, merging scale, 7,7, boosted (VBF) categories

Z — 7T, migration merging scale, boosted (VBF) categories

Z — 77, parton shower, 7,7 boosted (VBF) categories

Z — 77, parton shower, 77, boosted (VBF) categories

Z — 77, parton shower, 7,7, boosted (VBF) categories

Z — TT, migration parton shower, boosted (VBF) categories
ZttTheory_ MUR_MUF_boost(vbf)_leplep Z — 17, QCD scale uncertainties, 717 boosted (VBF) categories
ZttTheory_ MUR_MUF_boost(vbf)_lephad Z — 17, QCD scale uncertainties, 7,7, boosted (VBF) categories
ZttTheory MUR_MUF_boost(vbf)_hadhad  Z — 77, QCD scale uncertainties, 7,1, boosted (VBF) categories
ZttTheory_ MUR_MUF_Relative_boost(vbf) Z — 77, migration QCD scale uncertainties, boosted (VBF) categories
ZttTheory_QSF_boost(vbf)_leplep Z — tT, resummation scale, 7,7 boosted (VBF) categories
ZttTheory_QSF_boost(vbf)_lephad Z — t71, resummation scale, 77, boosted (VBF) categories
ZttTheory_QSF_boost(vbf)_hadhad Z — T, resummation scale, 7,7, boosted (VBF) categories
ZttTheory_QSF_Relative_boost(vbf) Z — 7T, migration resummation scale, boosted (VBF) categories
Ztt_mjj_rew Z — TT, mjj reweighting

Z11_mjj_rew Z — ll, mj; reweighting

Theoretical uncertainties on
background prediction

Table A.2: NPs of the theoretical uncertainties in the different event selection for the H— 77
analysis based on the data set recorded in 2015 and 2016. NPs with similar naming and source
are condensed in one row using () for the alternative NPs.
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Nuisance Parameter

Description

Experimental

EG_RESOLUTION_ALL
EG_SCALE_ALLCORR
EG_SCALE_EA4SCINTILLATOR
EG_SCALE_LARCALIB_2015(2016)PRE
EG_SCALE_LARTEMP_2015(2016)PRE
EL_RECO(ISO)_TOTAL
EL_ID_TOTAL(NONPROMPT_D0)
EL_EFF_TRIG_2015(2016)_TOTAL

electron energy resolution

electron energy scale

electron energy scale, scintillator

electron energy scale, intercalibration 2015 (2016)
electron energy scale, LAr temperature 2015 (2016)
electron reconstruction (isolation) efficiency

electron identification efficiency (non-prompt electrons)
electron trigger for 2015 (2016)

MUON_EFF_STAT(SYST)
MUON_ISO_STAT(SYST)
MUON_EFF_TTVA_STAT(SYST)
MUONS_ID

MUONS_MS

MUONS_SAGITTA_RESBIAS
MUONS_SAGITTA_RHO

MUONS_SCALE
MUON_EFF_TRIG_STAT(SYST)2015(2016)

muon identification efficiency statistic (systematic)

muon isolation efficiency statistic (systematic)

muon track-to-vertex association efficiency statistic (systematic)
muon momentum resolution, inner detector (ID)

muon momentum resolution, muon spectrometer (MS)

muon momentum scale, sagitta, residual bias

muon momentum scale, sagitta, pr imbalance ID and MS

muon momentum scale

muon trigger statistic (systematic) for 2015(2016)

JER_CROSSCALIBFWD
JER_NOISEFWD
JER_NP_0-8

JES_BJES
JES_EffectiveNP_1 (2-8)
JES_Etalnter_Model(NonClosure,Stat)
JES_Flavor_Comp(_zIl)
JES_Flavor_Resp
JES_HighPt
JES_PU_OffsetMu
JES_PU_OffsetNPV
JES_PU_PtTerm(Rho)
JES_PunchThrough

VT

jet energy resolution, Run-1 calibration, forward region

jet energy resolution, noise forward region

jet energy resolution

jet energy scale, b-jets

jet energy scale, component 1 (2-8)

jet energy scale, n-intercalibration, model (non-closure,statistic)
jet energy scale, flavour-dependent jet composition (Z — [I)
jet energy scale, flavour-dependent jet response

jet energy scale, jets with pr > 1.8 TeV

jet energy scale, pile-up, interactions per crossing

jet energy scale, pile-up, number primary vertices

jet energy scale, pile-up, pt dependence (pr density)

jet energy scale, jets not fully contained in calorimeter
efficiency jet vertex tagger

FT_EFF_Eigen_b_0(1,2)
FT_EFF_Eigen_c_0(1-3)
FT_EFF_Eigen_light 0(1-4)
FT_EFF_extrapolation(_from_charm)

b-tagging efficiency, b-jets component 0 (1,2)
b-tagging efficiency, c-jets component 0 (1-3)
b-tagging efficiency, light quark jets component 0 (1-4)
extrapolation of scale factors from b(c)-jets to T-jets

TAU_EFF_ELEORL_TRUEELE(TRUEHADTAU)

TAU_EFF_ID_TOTAL(HIGHPT)
TAU_EFF_RECO_TOTAL(HIGHPT)
TAU_TES_INSITU
TAU_TES_DETECTOR(MODEL)
TAU_EFF_TRIG_STATDATA(MC)2015(2016)
TAU_EFF_TRIG_SYST2015(2016)

Ty electron overlap removal efficiency, real electron (7,)
7y identification efficiency total (for high pr)

Ty reconstruction efficiency total (for high p)

Ty energy scale, in-situ measurement

Ty energy scale, detector geometry (GEANT4 model)
Ty trigger data (simulation) statistic for 2015(2016)

Ty trigger systematic for 2015(2016)

MET_SoftTrk_ResoPara(Perp)
MET_SoftTrk_Scale

E™* soft term resolution, parallel (perpendicular)
E™* soft term scale

PRW_DATASF

pile-up reweighting, scale factor

11_fakes_stat
11_fakes_nonclosure
1h_fakes_stat_boost(vbf)(_top)
1h_fakes_rvar_boost(vbf)
1h_fakes_nonclosure
hh_fakes_contamination
hh_fakes_dPhiWeightStat
hh_fakes_nonclosure

717 misidentified 7 background statistic
717; misidentified T background closure test

77T, misidentified T background, boosted (vbf) category (top cr) statistic

7T, misidentified T background Rpyuii—jer Systematic
77T misidentified T background closure test

Th Th misidentified 7, CR contamination

Ty Th, misidentified 7 statistic

Th Th misidentified 7 background closure test

Table A.3: NPs of the experimental in the different event selection for the H— 77 analysis
based on the data set recorded in 2015 and 2016. NPs with similar naming and source are

condensed in one row using () for the alternative NPs.
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Nuisance Parameter

Description

Theory sig ggh shower
Theory sig vbfh shower
Theory sig wh shower
Theory sig zh shower
Theory sig tth shower
Theory sig ggh me
Theory sig vbth me
Theory sig wh me
Theory sig zh me
Theory sig tth me
Theory sig ggh fxfx

ggF, parton shower, parametrization
VBEF, parton shower, parametrization
‘WH, parton shower, parametrization
ZH, parton shower, parametrization
ttH, parton shower, parametrization
ggF, matrix element, parametrization
VBF, matrix element, parametrization
‘WH, matrix element, parametrization
ZH, matrix element, parametrization
ttH, matrix element, parametrization
ggF, matrix element in VBF and VH categories, parametrization

theory top ISR (FSR)
theory top PDF1(2-30)

g

§ .S theory sig alphaS signal, o uncertainty

B % PDF4LHC NLO 30 EV0(1-29) signal, PDF uncertainty eigenvector 0 (1-29)

§ % theory ggH sig st 4(5) ggF, QCD scale Stewart-Tackmann third jet-veto

= S QCDScale ggF res ggF, QCD scale resolution

S 2 QCDScale ggF mu ggF, QCD scale factorization and renormalization

§ QCDScale ggF qm t ggF, QCD scale top mass dependency

ﬁ QCDScale ggF mig01(12) ggF, QCD scale migration 0(1) to 1(2) jet selection
QCDScale ggF pTH60(120) ggF, QCD scale migration for pt! boarder at 60 (120) GeV
QCDScale ggF vbf2(3)j ggF, QCD scale migration 1(2) to 2(3) jet VBF selection
QCDScale ggF deltaMJJ350(700,1000,1500) ggF, QCD scale migration for m;; boarder at 350 (700,1000,1500) GeV
QCDScale qq2H mu EW qqH, QCD scale factorization and renormalization
QCDScale qq2H JETO1 EW qgH, QCD scale migration 0 to 1 jet selection
QCDScale qq2H M;j60(120,350,700,1000,1500) EW qqH, QCD scale migration for m;; boarder at 60 (120,...,1500) GeV
QCDScale qq2H pT200 EW qqH, QCD scale migration for p! boarder at 200 GeV
QCDScale qq2H pTjH25 EW qqH, QCD scale migration for p?” boarder at 25 GeV
QCDScale tth mu ttH, QCD scale factorization and renormalization
QCDScale tth pTH60(120,200,300,450) ttH, QCD scale migration for p¥ boarder at 60 (120,...,450) GeV
theory z mur muf envelope [region] Z production, QCD scale uncertainties for each [region] as 11 vbf 0

g - theory z ckk (tth) Z production, merging scale (for tth categories)

é .2 theory z gsf (tth) Z production, resummation scale (for tth categories)

g % theory z pdfset (tth) Z production, PDF set comparison (for tth categories)

§ E theory z alphaS Z production, ¢ uncertainty

£ T2 theory z pdf [region] Z production, PDF uncertainties for each [region] as 11 vbf 0

G § theory z EWK / QCD uncertainty Z production, EWK to QCD ratio

'5 %“ theory top parton shower top quark production, parton shower, parametrization

E & theory top me top quark production, matrix-element, parametrization

=

top quark production, initial (final) state radiation
top quark production, PDF uncertainty eigenvector 1 (2-30)

Table A.4: NPs of the theoretical uncertainties in the different event selection for the H— 77
analysis based on the data set recorded in 2015 and 2018. NPs with similar naming and source
are condensed in one row using () for the alternative NPs, while [region] illustrates that an
individual NP per signal category is defined.

251



Experimental Nuisance Parameter

Description

EG RESOLUTION ALL
EG SCALE ALL
EL EFF ID CorrUncertaintyNPO(1-15)

EL EFF ID SIMPLIFIED UncorrUncertaintyNPO(1-11)

electron energy resolution

electron energy scale

electron correlated identification efficiency component 0(1-15)
electron uncorrelated identification efficiency component 0(1-11)

MUONS ID

MUONS MS

MUONS SCALE

MUONS SAGITTA RESBIAS

MUONS SAGITTA RHO

MUON ISO STAT(SYS)

MUON EFF RECO STAT(SYST) (LOWPT)
MUON EFF TrigStat(Syst)Uncertainty

muon momentum resolution, inner detector (ID)

muon momentum resolution, muon spectrometer (MS)

muon momentum scale

muon momentum scale, sagitta, residual bias

muon momentum scale, sagitta, pr imbalance ID and MS

muon isolation efficiency statistic (systematic)

muon reconstruction efficiency statistic (systematic) (for low pt)
muon trigger statistic (systematic)

JET EffectiveNP Detector1(2)

JET EffectiveNP Mixed1(2,3)

JET EffectiveNP Modelling1(2-4)

JET EffectiveNP Statisticall(2-6)

JET Etalntercalibration Modelling(TotalStat)

JET Etalntercalibration NonClosure 2018data (highE)
JET Etalntercalibration NonClosure neg(pos)Eta

JET Flavor Composition(Response)
JET PileUp OffsetMu

JET PileUp OffsetNPV

JET PileUp PtTerm(Rho)

JET PunchThrough MC16

JET SingleParticle HighPt

JER DataVsMC_MC16

JER EffectiveNP 1(2-11)

JER EffectiveNP 12restTerm

JET (f)JvtEfficiency

jet energy scale, detector component 1(2)

jet energy scale, component 1(2,3)

jet energy scale, modelling component 1(2-4)

jet energy scale, statistic component 1(2-6)

jet energy scale, n-intercalibration, modelling (statistic)

jet energy scale, n-intercalibration, non-closure for 2018 (high energy)
jet energy scale, n-intercalibration, non-closure for negative (positive) n-values
jet energy scale, flavor-dependent jet composition (response)

jet energy scale, pile-up, interactions per crossing

jet energy scale, pile-up, number primary vertices

jet energy scale, pile-up, pr dependence (pr density)

jet energy scale, jets not fully contained in calorimeter for 2016

jet energy scale for large pr

jet energy resolution comparison for data and simulation

jet energy resolution component 1(2-11)

jet energy resolution rest term

efficiency jet (forward) vertex tagger

FT EFF Eigen b 0(1,2) (hh)

FT EFF Eigen ¢ 0(1,2) (hh)

FT EFF Eigen light 0(1-3) (hh)

FT EFF extrapolation(from charm) (hh)
FT EFF Eigen light 4 hh

b-tagging efficiency, b-jets component 0 (1,2) (for 7,7,)
b-tagging efficiency, c-jets component 0 (1,2) (for 7,7,)
b-tagging efficiency, light quark jets component 0 (1-3) (for 7,7,)
extrapolation of scale factors from b(c)-jets to T-jets (for 7,T,)
b-tagging efficiency, light quark jets component 4 for 7,7,

TAUS TRUEELECTRON EFF ELEBDT STAT(SYST)
TAUS TRUEHADTAU EFF ELEOLR STAT(SYST)

TAUS TRUEHADTAU EFF RECO TOTAL
TAU EFF ID SYST(HIGHPT)

TAUS TRUEHADTAU EFF RNNID 1(3)PRONGSTATSYSTPT2025
TAUS TRUEHADTAU EFF RNNID 1(3)PRONGSTATSYSTPT2530
TAUS TRUEHADTAU EFF RNNID 1(3)PRONGSTATSYSTPT3040
TAUS TRUEHADTAU EFF RNNID 1(3)PRONGSTATSYSTPTGE40

TAUS SME TES INSITUEXP(FIT)

TAUS SME TES PHYSICSLIST(MODELCLOSURE)

TAUS SME TES DETECTOR

TAUS TRUEHADTAU EFF TRIGGER STATDATA(MC)161718
TAUS TRUEHADTAU EFF TRIGGER STATDATA(MC)2018
TAUS TRUEHADTAU EFF TRIGGER SYST161718(2018)
TAUS TRUEHADTAU EFF TRIGGER SYSTMU161718(2018)

7 electron overlap removal efficiency statistic (systematic), real electron
Ty, electron overlap removal efficiency statistic (systematic), real 7,
Th reconstruction efficiency total

7, identification efficiency systematic (for high pr)

7, identification efficiency statistic for 1(3)-prong, 20< pr <25 GeV
Ty identification efficiency statistic for 1(3)-prong, 25< pr <30 GeV
7, identification efficiency statistic for 1(3)-prong, 30< pr <40 GeV
7 identification efficiency statistic for 1(3)-prong, 40 GeV < pt

Ty energy scale, in-situ expected (observed) measurement

Th energy scale, physics model (GEANT4 model)

Ty energy scale, detector model

Ty trigger data (simulation) statistic for 2016-2018

Ty trigger data (simulation) statistic for 2018

Ty, trigger systematic for 2016-2018 (2018)

T trigger pile-up for 2016-2018 (2018)

MET SoftTrk ResoPara(Perp)
MET SoftTrk Scale

E" soft term resolution, parallel (perpendicular)
EP" soft term scale

11 fake(real) STAT elec(muon)

11 fake SYST CF

11 fake SYST prompt elec(muon)

11 fake SYST source elec(muon)

11 fake SYST comp fake elec(muon)

11 fake SYST njets fake elec(muon)

1h fake FF QCD(W) 1(3)prong stat [category]
1h fake IsoFactor 1(3)prong stat [category]
1h fake RQCD 1(3)prong stat [category]
1h fake closure 1(3)prong stat [category]
1h fake mc subtr 1(3)prong stat [category]
hh fake ff composition higheta(ss)

hh fake ff param

hh fake ff stat 1(3)p (I)nm

717; misidentified 7, statistic for misidentified (real) electron (muon)

71y misidentified 7, for charge-flip events

77 misidentified 7, for prompt electron (muon)

717y misidentified 7, source for electron (muon)

77 misidentified T, composition for electron (muon)

717 misidentified 7, jet multiplicity for electron (muon)

77, misidentified 7, FF for QCD multi-jet (W) with 1(3)-prong per category
77, misidentified 7, /F with 1(3)-prong per category

77, misidentified T, Ruii—jer With 1(3)-prong per category

77, misidentified 7, closure test with 1(3)-prong per category

77, misidentified 7, background subtraction with 1(3)-prong per category
T Ty misidentified 7, F'F for high values of 1 and same-sign events

Ty Tp misidentified 7, FF parametrization

ThTp misidentified 7, FF statistic for 1(3)-prong (loose) not medium ID

Table A.5: NPs of the experimental in the different event selection for the H— 77 analysis
based on the data set recorded in 2015 and 2018. NPs with similar naming and source are
condensed in one row using () for the alternative NPs.
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Wilson coefficient Operator Wilson coefficient Operator
CHO (HTH)D(HTH) CuG Gpot T Ay, HGA
dp v
CHDD (HTDl‘H) (HTD/‘H) Cutv (ijaﬂuur)T[ﬁWiy
T A YApv -~
c H'H B,,B* - g
" . o (URANIURTN
cHW H'H W, Wk o _
$I I Cqq (@pyuae)(@v*qs)
CHWB H'r HWHVBHV (3) =~ I = I
ot (HTH)(ipeTH) zqq (qp(leﬂ' qT))(((_]e’YuT )Qt)
_ 7 ApYpqt )\ 4r Y™ ds
Cult (HH) gy ) an 7 77 T/I @) (@77 qs)
= t
can (H'H) gy H) (@), )
i <HHD H)(I,7,) e t
o (i DIH)( ") o (Upypue) (Uryus)
c i Tl _
" Pl &, i
CHe (HTZDILH)(6P7#67) Cmd (ﬁp% TAu )(d ’y“TAd,)
s ~ w 7 T s
CHg (H'i D\ H)(qp7"qr) ) (@uT A q0) (isy T Ay
, = . . _
g (H'i D[ H) (@' v"q,) &) (@1 T Aq) (A" TAdy)
e
CHu (H'i D, H)(u,y*u,) ew TR W lew n
— .
cHa (H'i' D, H)(dyy"dy) g JABCG R GBrGS”

Table A.6: Overview of the considered Wilson coefficients and their corresponding operator

of dimension six [30].

253



a7L4s Pty Gy Over Ou O BR

g 1
5 08
0.6
i
z 1F
= F c, =0.04
- e
@ 05F Cy = 0.04
EAN- c=04
< 0oF
-05F l
-1
3 1F
o 05F =
‘g E cE‘L:O.Q
S of | -
3 oF a i ||
-0.5 E Cyy=1
-1
3 1F
> E ¢y=1
L E
% 0.5 E
I 0 E ..... | I | 111111 | 1 I 1 I |
-05F
4
a2 'F
o F 6= 0.2
g 05F T
ﬁ cg=
30 —
-0.5 ;— c‘{u’ﬂ
» E_ cu=1

©
%, %, Sy 0, 8 8 B, R, W Ty

2 TR T T ST ST ST ST R R AR I R I T A A A 2
% %, % Y, e ey o ey oy ey ey oy B, %, s, 2%, %3
s I o e e I R R T N 99 T S A T
2, 02 5, 05,50 2% % 2 Ty U S g A N T T Ol SRR N I S N %
0250 %01 6% 95%5,5, 0 AR A NI N T R, 0% % %,
T, IXS 2 VLS % %
TR T ECRENCC T T
05 P %%, 05 Losto
7% %
% 2 Y,

Figure A.7: Impact of the most relevant SMEFT operators on the STXS bins and decay modes,
relative to the SM predictions for Comb2. Only the interaction term with an suppression of
1/A? are considered. A unit variation is considered for all coefficients c;, if not otherwise
specified in the legend. The statistical uncertainties on the STXS bins are shown in the top
panel to judge the experimental sensitivity to constrain the operators from the data of the
STXS bin. The statistical uncertainty of low precision STXS bins are clipped in the plot for a
better presentation of the other uncertainties [31].

254



Parameter Definition Eigenvalue Fit

Para-
meter
cg}q c(gq 1900 v
q 1 70~27CHVV - 0.84CHB -+ 0'47CHVVB — U‘OQCuW — 0.050“3 245000 v
= 2 —0.96cw + 0.19¢k5 — 0.20cHws + 0.02¢,5 33
B
3 3 —0.08¢w +0.50¢ 5 +0.86¢ W +0.07cpp +0.03¢,w + 4 v
8 0.06¢.5
3
g 4 0.03carwr — 0.85¢kpp + 0.32c,w + 043¢, 0.017
O 5 —0.01emw +0.07cap +0.05¢ ws — 0.44cpp — 0.86¢,1w — 0.0077
0~23CuB
6 —0.01emw +0.06¢k3 +0.04c s — 0.29¢knp +0.39¢,w — 0.0025
0.87¢u5
1 +0.999¢ 16 + 0.038¢, 176000 v
2 —0.03¢rG+0.73¢u6 —0.03¢, —0.23¢,,—0.05¢), —0.54c) — 20 v
0.02¢,,,, —0.24¢(), —0.04¢); —0.01¢L), — 0.15¢4), — 0.04c, —
0.18¢g + 0.06cy
o
g 3 ~0.03¢ G +0.67cuc+0.04¢) +0.25¢,,+0.05¢5) +0.55¢50 + 13 v
m:; 0.02¢,,,, +0.26¢3, +0.03¢;,, +0.01¢f, +0.16¢), +0.03¢,), +
g 0.29c¢ + 0.1cum
=8
© 4 +0.11eyg + 0.01c,, — 0.018¢%, + 0.029¢%) + 0.012¢4), — 0.14
0.993¢, 11
5 +0.02¢,, — 1.0, +0.06¢ +0.03¢), +0.02¢8, +0.02¢, 17 0.02
6 +0.07¢u6 —0.02¢0) +0.07¢,, +0.03¢) +0.32¢8) +0.06¢L), + 0.0092
0.04¢y; + 0.08¢), + 0.04¢)y — 0.94¢G + 0.02¢, i1
o e +0.78¢1), — 0.62¢1. 26 v
e e +0.62¢), + 0.78¢p, 0.056
o ~0.87cp, +0.26ckq + 0.42¢], 59 v
cgu’Hd’qu +0.41¢py — 0.09¢xq + 0.91¢y, 0.10
O g ~0.28¢cpr, — 0.96¢54 + 0.03¢y), 0.0018
o 0.87¢%), — 0.50¢), 27 v
i 0.50¢;, + 0.87¢), 0.33

Table A.7: Eigenvectors and eigenvalues for the rotated subspace. Eigenvectors with a
eigenvalue below 0.0001 are not shown, such as CZ}GMG uH top and 01[5117G] uG,uH top* The last

column marks the parameter which enter as Pols in the fit model [30].
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