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“There is a theory which states that if ever anyone discovers exactly what the Universe is for
and why it is here, it will instantly disappear and be replaced by something even more bizarre
and inexplicable. There is another theory which states that this has already happened.”

— Douglas Adams, The Hitchhiker’s Guide To The Galaxy






ABSTRACT:

A search for heavy, neutral Higgs bosons produced in association with b quarks and decaying
into a pair of b quarks is presented. It is based on LHC Run 2 data, produced at a center-of-mass
energy of 13 TeV in pp collisions and collected by the CMS experiment in 2017, corresponding
to an integrated luminosity of 36.02 fb".

Several theories beyond the Standard Model predict additional Higgs bosons and, depending
on the specific model, the coupling to b quarks can be significantly enlarged. This is for example
the case in the minimal supersymmetric extension of the Standard Model (MSSM) and in the
type-II and flipped scenarios of the general Two-Higgs-Doublet Model (2HDM).

A dedicated trigger is utilized to select the events for this analysis. At least three highly
energetic jets are required in the final state. Out of these, the two jets with the largest energy
contributions are selected as candidates for the Higgs boson decay and the third one is originat-
ing from an associated b quark. The invariant mass of the leading two jets is therefore the main
observable in this analysis and Higgs boson masses from 300 to 1600 GeV are investigated. To
avoid overlap with the complementary semi-leptonic analysis, no muon is required to be present
within any final-state jet, leading to an all-hadronic signature.

The dominant background contribution consists of heavy-flavor QCD-multi-jet events and is
estimated based on a fully data-driven approach.

No significant deviation from the background-only prediction of the Standard Model is ob-
served. Therefore, limits on the production cross-section times branching fraction of the signal
process are calculated. These limits are translated into the parameter space of several specific
models, namely the (ma, tan ) plane for MSSM benchmark scenarios and the (cos(5 — «),

ma, tan 3) parameter space of 2HDM models.



ZUSAMMENFASSUNG:

Eine Suche nach schweren, neutralen Higgs-Bosonen, die in Assoziation mit b-Quarks pro-
duziert werden und in ein b-Quark-Paar zerfallen, wird présentiert. Sie basiert auf LHC-Run-2
Daten, die bei einer Schwerpunktsenergie von 13 TeV in Proton-Proton-Kollisionen erzeugt und
im Jahr 2017 vom CMS Experiment aufgezeichnet wurden und die einer integrierten Lumino-
sitit von 36.02 fb~! entsprechen.

Mehrere Theorien, die iiber das Standardmodell hinaus gehen, sagen weitere Higgs-Bosonen
voraus und abhéngig vom spezifischen Modell kann die Kopplung an b-Quarks signifikant er-
hoht sein. Dies ist beispielsweise der Fall in der minimalen supersymmetrischen Erweiterung
des Standardmodells (MSSM) und in den type-II und flipped Szenarien des allgemeinen Zwei-
Higgs-Doublet Modells (2HDM).

Ein speziell entwickelter Trigger wird genutzt, um die Events fiir diese Analyse zu selek-
tieren. Mindestens drei hochenergetische Jets werden im Endzustand gefordert. Von diesen
werden die beiden Jets mit den hochsten Energiebeitrigen als Kandidaten fiir den Zerfall des
Higgs-Bosons ausgewihlt und der dritte stammt von einem assoziierten b-Quark. Die invariante
Masse der fithrenden beiden Jets ist daher die Hauptobservable in dieser Analyse und Higgs-
Boson-Massen von 300 bis 1600 GeV werden untersucht. Um Uberschneidungen mit der kom-
plementiren semileptonischen Analyse zu vermeiden, wird gefordert, dass kein Myon in einem
der Jets im Endzustand présent ist, was zu einer vollstandig hadronischen Signatur fiihrt.

Der dominante Untergrundbeitrag besteht aus heavy-flavor QCD-Multi-Jet-Events und wird
basierend auf einem vollstindig datenbasierten Ansatz geschitzt.

Keine signifikante Abweichung von der Untergrundvorhersage des Standardmodells wird be-
obachtet. Deshalb werden Limits auf das Produkt des Produktionswirkungsquerschnitts und der
Zerfallswahrscheinlichkeit des Signalprozesses berechnet. Diese Limits werden in den Parame-
terraum spezifischer Modelle iibersetzt, genauer die (ma, tan 5)-Ebene fiir MSSM Szenarien
und den (cos(5 — ), ma, tan 3)-Parameterraum fiir 2HDM Modelle.
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1. Introduction

Since ancient times, mankind aimed to understand its environment, on earth and beyond, in the
universe. With time, moving stars were identified as planets (from the Greek word mAavnTng,
“wanderer”) [1] and it was assumed that the smallest constituent of matter would be the atom
(from the Greek word atopos, “undividable”) [2]. Much more recently, in the 19 century,
sub-atomic particles were detected, starting with the electron, which was discovered in 1897
by J. J. Thomson [3]. Throughout the 19" and 20" centuries, further particles were established
like the up and down quarks which constitute the nucleons proton and neutron.

The current understanding of elementary particles is summarized by the Standard Model of
particle physics (SM) [4]. It describes all known fundamental particles as well as their non-
gravitational interactions, i.e. the electroweak and strong forces, in terms of a renormalizable
quantum field theory. The SM has been tested over several decades and it is found to describe
the observed data very well while reliably predicting the outcome of experiments. Examples
for the latter are the relatively recent discoveries of the W and Z bosons [5, 6] as well as the
top quark [7, 8]. The latest triumph of the SM was the discovery of the Higgs boson in 2012
at the LHC by the ATLAS and CMS collaborations [9-11]. Moreover, respective properties of
these particles such as production and decay modes are correctly predicted by the SM [12-15].
Extensive tests of the SM confirmed its validity up to an energy scale of O(1 TeV) with larger
scales still to be investigated.

Despite the tremendous success of the SM so far, it is widely accepted that this theory is
not the final explanation of all fundamental processes. Within the framework of the SM, there
is, for example, no explanation of the observed non-zero neutrino masses [16—18]. Similarly,
observation strongly implies the existence of Dark Matter (DM) [19-22]. However, no particle
of the SM would be a suitable DM candidate [23]. Furthermore, gravity, one of the fundamental
forces, could not yet be included in the SM as a quantum field theory. Hence, it is assumed that
the SM is only valid up to a certain energy, or cut-off, scale at which quantum gravitational
effects become non-negligible. This scale could be the Planck scale of 10" GeV. Additional
shortcomings arise from a naturalness argument. For instance, the SM provides no explanation

for the large energy difference between the electroweak scale and any assumed cut-off scale.
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Therefore, the Higgs boson mass would receive large radiative corrections [24], which have to
be fine-tuned to provide the observed mass. This is known as the hierarchy problem. Also the
mass hierarchy of fermions and the observed number of respective generations as well as the
matter-antimatter asymmetry in the universe can not be explained by the Standard Model.

Many theories beyond the SM (BSM) have been developed, targeting an explanation of phe-
nomena which the SM can not provide. Several of these theories predict additional Higgs
bosons, for example the general Two-Higgs-Doublet Model (2HDM) [25]. By adding a second
Higgs doublet, four additional degrees of freedom are introduced. After symmetry breaking, the
five resulting Higgs bosons comprise three neutral particles ¢ = {h, H, A}, where h and H are
CP-even scalars and A is a CP-odd pseudoscalar, as well as two charged Higgs bosons H*. The
thereby established larger scalar sector allows for explanations of the observed matter-antimatter
asymmetry by introducing additional sources of CP violation. By exploiting the coupling struc-
ture of the two doublets to the different fermions, also their mass structure could be explained.
One particular model with two Higgs doublets is the inert model [26], which was designed to
explain the observed massiveness of neutrinos and also provides a candidate for Dark Matter
as well as an explanation for the number of fermionic generations. Another, well-established
theoretical extension of the SM is the Minimal Supersymmetric Standard Model MSSM [27].
It introduces a symmetry between fermions and bosons, which solves the hierarchy problem by
the price of doubling the SM particle content. Since it is assumed that supersymmetric particles
do not decay into SM particles, the lightest SUSY particle (LSP) is a viable DM candidate.
Around 10'° GeV, the MSSM predicts a unification of the electromagnetic, weak, and strong
coupling strengths. Thus, it could serve as an effective theory of an even wider Grand Unified
Theory (GUT) [28]. At tree-level, only two parameters are necessary to describe the properties
of the MSSM Higgs sector. They are conventionally selected to be the mass of the A boson and
tan 5 = vy /vy, i.e. the ratio of the vacuum expectation values of the two Higgs doublets. All of
this motivates to investigate the possible existence of an extended Higgs sector. The additional
Higgs bosons are usually assumed to feature a phenomenological behavior relatively similar
to the already observed 125 GeV boson. Therefore, experimental setups are required that can
on the one hand provide the required large energies and integrated luminosities to produce the
Higgs bosons in a sufficient number to identify them correctly. On the other hand, these ex-
periments should have the precision to detect, identify, and reconstruct as many possible decay
products of a Higgs boson as possible.

This is achieved by particle colliders like the Large Hadron Collider (LHC) [29, 30] at CERN
and general-purpose detectors like ATLAS (A Toroidal LHC ApparatuS) [31] and CMS (Com-

pact Muon Solenoid) [32]. The search presented in this analysis is based on data collected in



2017 by the CMS detector, corresponding to an integrated luminosity of 36.02 fb™". In both the
SM and certain BSM theories, e.g. the MSSM and some 2HDM scenarios, the Higgs bosons
may feature a large Yukawa coupling to bottom quarks. This leads to branching fractions up to
above 99 %, depending on the specific parameters under investigation, making this decay chan-
nel a promising candidate in the search for additional Higgs bosons. Therefore, this decay mode
is chosen for the analysis presented here. Specifically in the 2HDM type-II and flipped models,
Higgs boson couplings to up-type quarks are suppressed and in case of the flipped scenario,
this also affects the coupling to leptons, making the decay into a pair of 7 leptons inaccessi-
ble. Moreover, the coupling to b quarks is further enhanced in certain models. Hence, instead
of the gluon-fusion production mode which is dominant for the h(125) [33], the b-associated
production is selected for this study. Furthermore, in the limit ma > my, it is assumed that
H and A are nearly mass degenerate and, thus, the Higgs boson production cross-section in
the b-associated production mode is enlarged by a factor of about 2tan? 3. Exploiting this
particular production mechanism also allows to reduce the overwhelming QCD multi-jet back-
ground significantly with respect to the gluon-fusion production mode. In the final state, at least
three highly energetic, b-tagged jets are required of which the leading two are candidates for
the Higgs boson decay and the third one is originating from an associated b quark. The main
analysis observable is therefore the mass of the leading two jets, mio. A dedicated trigger is
developed and utilized and Higgs boson masses from 300 to 1600 GeV are investigated. The
corresponding results are further interpreted in terms of specific models. To complement the
existing semi-leptonic analysis [34] and avoid double-counting, the events used in this search
are vetoed here.

This thesis is structured in the following way: In Chapter 2, the theoretical foundation of this
analysis is reviewed, discussing the SM as well as theories beyond, particularly those featuring
extensions of the Higgs sector. Chapter 3 is dedicated to the experimental setup, comprising
the LHC and the CMS detector. Afterwards, the identification and reconstruction of physics
objects used for this analysis are presented in Chapter 4. The analysis strategy is described in
Chapter 5. This comprises the most important signal and background processes, the used data
sets as well as the methods of selecting events. Furthermore, signal and background modeling,
the signal extraction procedure and respective statistical treatments are described in this chap-
ter. Corresponding results and interpretations in terms of specific models are then presented in

Chapter 6, before a summary and an outlook are given in Chapter 7.






2. Theoretical Background

2.1. Standard Model of Particle Physics

Various attempts of formulating a conclusive theory which would describe all fundamental par-
ticles and their non-gravitational interactions have been made. By now, the Standard Model
(SM) of particle physics is the theory which has come closest to a consistent model [35]. It has
been extensively tested and so far, the experimental data support this theory particularly well.

All particles described by the Standard Model can be divided into two major groups which
are distinguished by their spin. While fermions carry half-integer spin, bosons have integer
spin. Thus, fermions follow the Fermi-Dirac statistic [36, 37] and bosons are described by
Bose-Einstein statistics [38]. Depending on their interactions with other particles, fermions are
further divided into quarks and leptons. While both of these groups of particles interact via the
weak force and all charged particles interact electromagnetically, only quarks participate in the
strong interaction.

Six leptons are known, of which three are charged, namely the electron (e), muon (x), and
tau lepton (7). The other three leptons are electrically neutral neutrinos, which are named
according to their weak interaction partner, i.e. v, v, and v,. Electron, muon, and tau lepton
all carry an electrical charge of —1e, where e is the elementary charge. Also all of the six
known quarks are electrically charged. While the up (u), charm (c), and top (t) quarks carry
a charge of +2/3 e, the down (d), strange (s), and bottom (b) quarks have an electrical charge
of —1/3e. The former group is collectively referred to as up-type quarks and the latter is
known as down-type quarks. All fundamental fermions in the SM are further described by
a quantum number associated with the weak interaction, called the weak isospin. For left-
handed fermions, which form weak isodoublets, this quantum number is / = 1/2. Right-handed
fermions do not interact weakly and form weak isosinglets with a weak isospin of / = 0. The
third component of this weak isospin, /3, is 0 for right-handed fermions. I3 equals +1/2 for
left-handed neutrinos and up-type quarks and it takes the value —1/2 for left-handed down-type
quarks and charged leptons. Through the charged current of the weak interaction, /3 is changed

and thereby up- and down-type quarks as well as neutrinos and charged leptons interact with
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Type Generation  Charge [e] I3
I I I (left-handed particle)
Charged leptons e pu 7 -1 -1/2
Neutrinos Ve Vy Vs 0 +1/2
Up-type quarks u ¢ ¢t 2/3 +1/2
Down-type quarks d s b -1/3 —1/2

Table 2.1.: Fermion content of the Standard Model

each other. However, entirely left- or right-handed particles are only possible if these particles
are massless. Therefore, massive particles are usually described by their chirality which reflects
the representation of the Poincaré group of this particle. The chirality is identical to the helicity
for massless particles. Furthermore, all quarks carry color charge which is the charge of the
strong interaction and can take on three states which are named red (), blue (b), and green (g).
Quarks are usually bound in color-neutral hadrons, so no color-charged particles are observed.
Only inside a quark-gluon plasma, quarks are not confined [39]. The fermions are grouped into
generations, where each generation consists of a charged lepton, a neutrino, an up-type quark
and a down-type quark, as can be seen in Table 2.1. A full overview of all known particles is
given at the end of this section. A particle can decay into a lighter particle of the same family
via the weak interaction. While the mass of charged leptons and quarks is observed to increase
from one generation to the next, this has not yet been experimentally proven for neutrinos since
their masses could not be measured so far. The latest upper bounds for neutrino masses are
my, < 1.1eV,m,, <0.19MeV, and m,, < 18.2MeV [40].

All fermions in the Standard Model have an antiparticle which has reversed-sign quantum
numbers but the same mass and spin. For charged leptons, this is denoted by a + or — sign, e.g.
p~ and p stand for the muon and its antiparticle. For all other fermions, a bar is placed over
the letter to denote the antiparticle, e.g. bottom and anti-bottom quark are written as b and b.
Together, the family of fermions contains the constituents of matter, where particles of the first
generation form ordinary matter (atoms).

In the SM, forces are mediated by bosons. These force-carriers are the photon (y, mediating
the electromagnetic force), the Z° and W* bosons (carrying the weak force) and the gluons
(g, carrier of the strong force). Out of these, photons and gluons were found to be massless
[40, 41], while W and Z bosons are massive [5, 6], which is directly correlated to the short
range — O(107'® m) — of the weak interaction.

In the following, the basic concept of quantum field theories is discussed and a short explana-

tion of each individual interaction is given. Furthermore, the basics of spontaneous symmetry
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breaking and the Higgs theory are introduced and searches for the SM Higgs boson are pre-

sented. Finally, open questions in the Standard Model are discussed.

2.1.1. Quantum Field Theories

The SM is a quantum field theory (QFT), describing particles not by the use of single-particle
wave functions as it is done in quantum mechanics but as excitations of quantum fields which
can represent multiple particles. These fields satisfy the quantum mechanical field equations
which are determined by the form of the Lagrangian density £ [42]. The Lagrangian density
of the SM is a function of the present fields ¢; and the excitations of these fields, fermions and
bosons, are physical observables. Following the Fermi-Dirac and Bose-Einstein statistics, the
overall wave functions are antisymmetric for fermions and symmetric for bosons, leading to the
observed differences in behavior. While any two fermions with identical quantum numbers can
not occupy the same space, which leads e.g. to atomic orbitals, bosons can form Bose-Einstein
condensates.

In general, Lagrangian densities are functions of the quantum fields ¢;(x,y, z,t) and their
respective z, y, z, and ¢ derivatives:

09

L = L(¢p;,0,¢;), where 0,¢; = B 2.1

If £ is integrated over t, this yields the action S. An integral over all space coordinates gives
the kinetic energy minus the potential energy, L = 1" — U. Often, the space-time coordinates

x,, z, t are shortened to just z, which will also be used in the remaining part of this section.

If a Lagrangian density is invariant under a certain transformation, i.e. its observable quan-
tities do not change, it is called symmetric under this transformation. Noether’s theorem [43]
states that each such symmetry is related to a conservation law and each conserved variable is
thus a reflection of an underlying symmetry. As an example, the symmetry of physical laws
regarding translations in time reflects the conservation of energy, while a system which is in-
variant under translations in space conserves momentum. Most important for this chapter, a
symmetry under gauge transformation is related to a conservation of charge.

Several types of symmetries can be distinguished. While space-time symmetries act on the
coordinates x, internal symmetries affect ¢ itself. In special relativity [44], a system should
be symmetrical under time and space transformation. This is reflected by Lorentz invariance,

containing conservation rules for energy, momentum, and angular momentum.
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While the above mentioned symmetries are global, in a gauge theory, local invariance is
achieved by additional terms in the Lagrangian densities. Mathematically, it is the difference
between a continuous and a discrete symmetry. This gauge theory can then be used to describe
particles and their interactions. The added terms relate to additional fields, called gauge fields,
which give rise to the gauge bosons. These bosons are mediating the interaction through the

charge associated with the respective symmetry.

2.1.2. Electromagnetism

The Dirac Lagrangian, describing a free fermion with mass m, is given by
L = iy 9up — mip, (2.2)

where ~v* are the Dirac matrices and 1) = () is the fermionic field spinor (spin-1/2) with the

adjoint spinor 7. £ is invariant under the global phase transformation
Y — e, P — e % (2.3)

for any real number € and charge ¢q. However, this is not true for the local, i.e. space-dependent,
phase transformation
P — 1Ty, (2.4)

Here, 6(z) is the phase of the local transformation and due to its derivative, the Lagrangian
would take the form
L — L — q0,00y"1). (2.5)

Electromagnetic interactions in the SM are described by Quantum Electrodynamics (QED).
Thus, the QED Lagrangian should be invariant under the transformation in Equation 2.4. This

can be achieved by adding a new vector (spin-1) field A, with the transformation

A, — A+ 0,0, (2.6)
hence 1
Laddition = _ZFMVFMV +miAY A, + Ling, (2.7)

where the field strength tensor F'* = (0" A¥ — 0" A*) is invariant under Equation 2.6, while

AYA, is not. Thus, invariance overall can only be achieved if m,4 = 0. This massless field
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represents the photon.
Accordingly, the overall QED Lagrangian consists of three parts, describing the free fermion
(L¢), the vector field (Lgauge), and their interaction (L ):

. S
‘CQED = Ef + Egauge + »Cint = Z@/W“ uquj - mqu)w - ZFMVFM + q¢7“¢Au (28)

with the electromagnetic current density J* = qiy*1), which represents a three-particle vertex
with a fermion-anti-fermion pair coupled to a photon. As can be seen in Equation 2.8, the gauge
term has no dependency on ¢, implying that the photon is not only massless but also electrically
neutral.

In a more general way, ¢4’ in Equation 2.4 can be thought of as a unitary matrix of order
one, i.e. from the U(1) group. If the Lagrangian density is invariant under the transformation
1) — U1 for all matrices in the U (1) group, it is called U(1) gauge invariance. Thus, the U(1)
gauge symmetry reflects the conservation of electromagnetic charge.

The coupling strength of QED, g.., = e, is related to the fine-structure constant a., =
g%/ (4r). Although called constant, c.,, actually has a logarithmic energy dependence, ensuring
that the overall theory is renormalizable. For low energies approaching a squared momentum
transfer Q2 of zero, ae,, equals e?/(47) ~ 1/137. For higher energies, the photon propagator
receives virtual lepton and quark corrections, which change the effective coupling strength. This

was directly observed in large- and small-angle Bhabha scattering processes [45, 46].

2.1.3. Strong Interaction

Originally, it was assumed that nucleons (protons and neutrons), as well as additional hadrons
which were found later, are fundamental particles. In 1961, Gell-Mann described this theory
which was called the eightfold way [47]. Later, it became clear that these particles are in fact
bound states of even smaller constituents, called quarks [48]. Protons and neutrons can be de-
scribed as a combination of up (u) and down (d) quarks, bound to each other by a particular
force, named the strong force and mediated by massless gluons. Additional to these valence
quarks, nucleons also consist of other quarks, called sea-quarks. They are produced and annihi-
lated inside of protons and neutrons by gluon interactions. Furthermore, it was found that quarks
can not be observed outside of hadrons. This property was later found to be associated to the
charge of the strong interaction which is called color charge and comes in the variants red (r),

green (g), and blue (b) [49]. All naturally observable particles are what is called color-neutral,
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1.e. they either carry color and anti-color of the same flavor or they carry all (anti-)colors in the

same amount.

Inside of the Standard Model, the structure of the strong interaction is described by the SU (3)
gauge symmetry group of Quantum Chromodynamics (QCD). Note that a SU(n) matrix is not
only unitary but also has a determinant of 1. Since quarks of all colors should have the same
mass, the Dirac Lagrangian of a free quark (Equation 2.2) becomes the sum of the three color
states, using

Uy
v=|v | and ¢ =(d, By d). (2.9)
by

Each spinor of Equation 2.2 then has to be interpreted as a vector with three components 1 (z),

where x describes the space-time components x, y, 2, t as discussed in Section 2.1.1.

Analogous to QED, Lg¢p should be invariant under the local transformation
P — €1959¢195Aay), (2.10)

where @ is the phase of the transformation, gg is the strong coupling strength, and A\, belongs
to the SU(3) group, representing the eight corresponding generators, the Gell-Mann matrices
A1...\g. Fora SU(n) group, the number of degrees of freedom is given by n? — 1. The deduction
of one is caused by the absorption of a degree of freedom due to the requirement that the
determinant must be 1. Also analogous to QED, this local gauge invariance requires an addition
of gauge fields G = GY...G%. Each of them represents one possible configuration of the gluon
and is associated with a color current J* = g,1)7*\,¢. Overall, including the strong coupling

constant g, (similar to the electric charge ¢ in Equation 2.8), Lo p then reads

Lo, 6m + gy AabGe 2.11)

Lacp = ipy* 0,10 — mapp — 1 G

with the field-strength tensor
Gy = 0"GL = 0"Gl — 9. /3Gy G, (2.12)
where f{. are the structure constants of SU(3), allowing for gluon self-interaction vertices.

Finally, as a,,, for QED, also ag = ¢3/(47), the fine-structure constant of QCD, is dependent

10
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on the momentum transfer ():

127

as(Q7) = (11n — 2f) hl(QQ/A%gCD)'

(2.13)

For the SM, n = 3 and f = 6 are the numbers of colors and quark flavors, respectively, while
Aqcp ~ 200MeV is the so-called QCD scale. It can only be determined experimentally and
describes the ()2 at which QCD processes become non-perturbative. As can be seen from Equa-
tion 2.13, unlike avp,, g decreases with energy. Implying that for very large 9%, quarks are not
affected anymore by the strong force, this is called asymptotic freedom of quarks. Also, Equa-
tion 2.13 shows that for small ()2, the strong force increases, which explains the confinement of

quarks within color-neutral states.

2.1.4. Weak Interaction

In 1934, Fermi [50] was the first one to formulate a theory of weak interactions, based on
observations of the S decay. For low energies as in nuclear decays, this interaction can be well
modeled as a four particle point-interaction with no Q% dependence. Later, in 1957, studying
Co® decays, Wu [51] found that parity is violated in weak interactions. This kind of behavior
can not be described analogous to QED and QCD based on a vector current. It is instead

incorporated using charged vector-minus-axial (V' — A) currents

JO = B = (2.14)
with the weak coupling strength gvw. Equation 2.14, together with the parity operators Pr ;, =
(1 £ ~°), shows that, in the case of massless particles, only left-handed fermions and right-
handed anti-fermions participate in the weak interaction. Also, the scalar product of two vector
currents (JV - JV) or two axial-vector currents (.J*-.J4) is invariant under parity transformation,
while this is not the case for J# - JV which flips its sign. Thus, the parity violation of weak
interactions can be explained. Furthermore, the presence of 3% decays implies that there should
be two oppositely charged currents.

All fermions of the Standard Model participate in the weak interaction, while neutrinos are
electrically neutral, thus not participating in electromagnetic interactions, and all leptons are
colorless, i.e. they are not interacting via the strong force. It has to be noted, however, that
right-handed neutrinos are not included here, since they could not be observed yet. As these

particles carry no electromagnetic or color charge and their quantum numbers associated with

11
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Force Strength Mediator Spin  Mediator Mass
Strong 1 g 1 0
Electromagnetism 107 0 1 0
8 W= 1 80.379 GeV
Weak 10 z I 91.188GeV
Gravity 104 G? 2 <6-10%eV

Table 2.2.: Forces and mediators in the Standard Model. All strength values are estimates for
two particles at a distance of about 1 fm. Gravity is assumed to be so weak that
its role in particle interactions can not be measured with current methods. Table
adapted from [42], particle properties from [40].

the weak force, i.e. weak isospin and hypercharge, are zero, they do not participate in an in-
teraction which is covered by the SM. The weak force is mediated by Z° (neutral current) and
W= (charged current) bosons. As photons and gluons, they have spin 1. A relatively short
range of the weak interaction (hence the naming) was observed, indicating that the mediator
bosons should be rather heavy, which was found to be true. Table 2.2 summarizes the current

knowledge on fundamental forces and their mediators.

Although this formulation of the weak theory worked very well for many processes, others
could not be explained, like the A — p+7~ or 2= — A+ K, or their predicted and measured
rates did not match, like for K° — p*p~. This was resolved in several steps, starting with
Cabibbo’s theory (1963) [52], which was then refined and extended by Glashow, Iliopoulos,
and Maiani (GIM, 1970) [53] as well as Kobayashi and Maskawa (KW, 1973) [54]. Their basic

premise was that instead of the mass eigenstates

o)) )

the weak interaction would couple to different eigenstates

¢)()-6)

in the same way leptons interact via the weak force. The relation between mass eigenstates and

12
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weak eigenstates is given by the CKM matrix:

d/ Vud Vus Vub d
=1V Ve Vall|s]: (2.17)
v Via Vis Va

where V;; describes the relative coupling strengths of quark 7 to quark j. Since these values are

not predicted by the SM, they have to be determined experimentally [40].

2.1.5. Electroweak Unification

When the theory of weak interaction was first formulated, only charged currents were included,
as described in Section 2.1.4. However, there were already thoughts that a neutral weak current
might exist as well [55]. This idea also allowed for a combination of electromagnetic and weak
forces, which was accomplished in the Glashow-Weinberg-Salam (GWS) scheme [56—60]. In
1973, evidence for the interaction v, + ¢ — v, + e, observed in a bubble-chamber experiment

at CERN, suggested that the neutral current indeed existed [61].

The electroweak force is described as a gauge theory by the invariance of its Lagrangian under
SU(2)r, x U(1)y transformation. Invariance under the SU(2), group leads to the conservation
of the weak isospin quantum number /. [ is O for right-handed fermions (and left-handed anti-
fermions) which do not participate in the weak interaction. Furthermore, the weak hypercharge
Y is conserved because of the invariance under U(1)y transformation. Y is related to electrical

charge ¢ and the third component of the weak isospin /5 by

1
a=I+3Y. (2.18)

To achieve invariance under the transformation
W — IOV Tay), (2.19)

where 11, 75 and 73 are the Pauli matrices, the covariant derivative

/
D, =0, + i%vfaw,m + z’%WYBH (2.20)

13
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is used instead of the ordinary derivative, leading to the Lagrangian

n n 'g/ 1 a v 1 v
L = Py Dby, + hpy* (au + z;’VYBM> Vr = JWL Wi = BuB". (2.21)

Here, gw and gy are the couplings to the fields W and B, respectively. It has to be re-

1
membered that right-handed fermions have an isospin of 0, hence they do not interact with the
charged currents of the weak interaction, which are represented by the fields Wj. As can also be
seen from Equation 2.21, additional to the three vector fields W related to the SU (2),, group,
there is one vector field B, related to the U(1)y group.

These four fields describe the mediator bosons of the electroweak unification theory. First,
the W bosons can be described as physical eigenstates of a superposition of the Wl} and Wj
fields:

1
W=
NG

Second, the two neutral fields Wi’ and B, mix to form two additional linear combinations,

(Wisiw?). (222)

which are identified with the photon ~ and the Z° boson:

v _ [ cos Oy  sin Oy B, | (2.23)
Z0 —sinfy  cosby | \W}
where fy, is the Weinberg angle, describing this mixture of vector fields.

To ensure gauge invariance under electroweak transformation, all vector fields in Equation
2.21 must be massless. Furthermore, the Dirac mass term ma/7) is not allowed because it is not
invariant under SU(2),, transformation as left- and right-handed fermions represent different
symmetries.

All of these findings are in contrast to the experimental observations that fermions as well as

W and Z bosons are massive.

2.1.6. Spontaneous Symmetry Breaking and Higgs Mechanism

To incorporate the masses of the W* and Z° bosons into the SM, the Brout-Englert-Higgs
mechanism is used. It is based on the concept of spontaneous symmetry breaking and was de-
veloped independently by Higgs [62] as well as Brout and Englert [63]. Breaking the symmetry
means that while the collection of all ground states still follows the symmetry, an individual

minimum of the potential does not. Thus, the actual symmetry of the system is hidden by

14
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choosing a particular minimum. The term spontaneous indicates that this is a property of the

model and not initiated by external forces.

The Lagrangian density of the Higgs mechanism is given by
Litiges = (Du9)'(D"¢) — V(9). (2.24)

with the two complex, positively charged and neutral, scalar fields

o L [é1+ig2
= =— , 2.25
’ (¢°) V2 <¢3+i¢4) 222
the Higgs potential
V(9) = 1*¢'o + A(@'0)%, (2.26)

and the covariant derivative of Equation 2.20. The parameters ;1 and A of Equation 2.26 are
newly introduced with this mechanism. For values p? > 0, the symmetry is not broken and
there are no mass terms for W= and Z° bosons. However, if u? <0, V' (¢) has an infinite set of

degenerate minimum-energy states, satisfying

¢T¢:Uj: MQ

> = 5% (2.27)

with the vacuum expectation value (vev) v. The photon must still be massless to ensure invari-

ance of QED, indicating a non-zero vev of ¢":

(0]p|0) = \}5 (2) : (2.28)

This leads to a symmetry which is no longer invariant under SU(2), x U(1)y transformations,

i.e. spontaneously broken.

By expanding the fields around the chosen minimum, they can be written as

1 0
—— 2.2
¢ \/5(71+h)7 2.29)

where h represents a massive scalar boson, now known as the Higgs boson. Furthermore, the
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masses of the IV and Z bosons can immediately be read from the (D,,¢)"(D*¢) terms of Ligiggs:

1 1
my = ing and myz = §U g\Q)V + g{)\/Q Tw

) (2.30)
cos Oy

Using mw = 1/2gwv and the measured values of my and gy, the electroweak scale v =

246 GeV is obtained. Additionally, the coupling of the Higgs boson to the vector bosons can be

extracted from the O(v) terms as

. 2mv

gv = ) (2.31)
v

and because of the hVV and hhVV terms, vertices with one or two Higgs bosons and two
vector bosons are predicted. Since the gluons and photons are massless, the Higgs boson only

couples to them via fermion loops. Finally, the mass of the Higgs boson is given by m% = 2\v?.

As mentioned in Section 2.1.5, also the Dirac term ma/e) is not allowed in the Lagrangian of
the Standard Model as it would violate SU(2), x U(1)y gauge symmetry. However, the Higgs
mechanism can also be used to include fermion masses to the SM by adding a gauge invariant
interaction between the Higgs field and the fermions. This term is called Yukawa coupling and

it is defined as

Ly = —gyvou, (2.32)

where gy is the Yukawa coupling strength. Thus, after spontaneous symmetry breaking, a mass

term for fermions remains present, which is given by

(2.33)

B

2.1.7. The Higgs Boson

Since the Higgs boson was postulated, it was searched extensively over several decades. It was
finally discovered in 2012 at a mass of about 125 GeV by ATLAS and CMS at CERN [9-11].
After the discovery, characteristics like spin, decay and production rates, mass, CP properties,
and the decay width of the boson have been investigated [12-14, 64, 65]. So far, all of these
properties agree well with the Standard Model predictions.

At the LHC, the main production mechanisms of the Higgs boson are gluon-gluon fusion
(ggF), vector-boson fusion (VBF), Higgsstrahlung or vector-boson associated production (VH),
and production in association with heavy quarks (ttH or bbH). For convenience, the latter are

often referred to as ttH and bbH. All respective Feynman diagrams are shown in Figure 2.1.
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Figure 2.1.: Main Higgs boson production processes at the LHC: ggF (top left), VBF (top right),
VH (bottom left), and ttH (bottom right). Diagrams drawn with [66].

Out of these production mechanisms, the ggF process gg — H has by far the largest cross-
section at LHC conditions with about 49 pb at /s = 13TeV and My = 125 GeV, as can be
seen from Figure 2.2. Since the Higgs boson does not couple to gluons directly, this process is
mediated by a quark loop.

Featuring the second largest production cross-section for Higgs bosons at the LHC, the VBF
(qq — qqH) production rate is about an order of magnitude less than for the ggF process. The
Higgs boson is produced in the fusion of two vector bosons (WW* or Z°) which are emitted by
initial-state quarks. Therefore, quarks also remain present in the final state, forming two hard
jets in forward and backward direction, making it relatively easy to distinguish a VBF event
from QCD background.

The VH process q¢' — V H describes interactions including both 1/ and Z° bosons and fea-
tures the third largest Higgs-production cross-section at the LHC. In this process, two quarks
fuse into an off-shell vector boson which then radiates a Higgs boson and also yields the re-
spective on-shell vector boson. This associated boson makes the process distinguishable from
background events.

As the last mechanism discussed here, the quark associated production mode qqH (g9 —
qqH) features the next largest cross-section. Here, ttH and bbH both have a cross-section of
about 0.5-0.6 pb. In these processes, two initial gluons form a quark-antiquark pair by the
exchange of a virtual quark which radiates a Higgs boson. This channel is particularly inter-
esting since it allows a direct measurement of the top- and bottom-quark Yukawa couplings,
respectively. Note that on-shell top quarks can not be produced in Higgs boson decays due to

their large mass. While the ttH channel could be observed [67, 68] due to the top-quark decay
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Figure 2.2.: Production cross-sections (left) and branching ratios (right) for the Higgs boson as
a function of the Higgs mass My [15]

properties, the bbH channel suffers from an irreducible QCD background and could, thus, not

be observed yet.

As predicted by the SM at this mass, the observed Higgs boson has a large variety of de-
cay modes. It couples to all massive particles and, via intermediate quark or lepton loops,
also to photons and gluons. The feasibility of detecting a specific decay channel does not only
correspond to its branching ratio. For example, the first observation of the Higgs boson was
performed based on — among others — the H — ZZ — 4l and H — -y channels. These
channels can be particularly well identified, making it easier to investigate them, despite their
low branching ratios of about 1% and 0.1 %, respectively. By now, Higgs boson decays into
ZZ,WHW~=,~vv, 7t and bb have been observed as well as the above-mentioned production
modes ggF, VBF, VH, and ttH [64, 69-74]. While featuring the largest branching ratio, the de-
cay H — bb is particularly difficult to identify as respective events are covered in a huge QCD
multi-jet background. To observe this decay, the VH channel was used, providing a good Higgs
boson identification due to the associated vector boson. It is even more difficult to identify
H — c¢ decays, which suffer from the same background as the H — bb process. Further-
more, the branching ratio for this decay is about an order of magnitude lower than for H — bb.
Also, an additional background arises from Higgs boson decays into b quarks. Searches for
the H — cc channel, as well as for H — 1, which has an extremely low branching ratio,
are currently in progress [75, 76]. With a reasonably large branching ratio of about 0.9 % and

a rather clean signature, H — 777~ decays can be well identified and examined, which is
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Figure 2.3.: Known Standard Model particle content: fermions on the left (quarks on the top,
leptons below) and mediators (gluon, photon, and W= and Z° bosons) on the right.
The boxes represent the interactions the particles participate in and also include
the respective mediator. Additionally shown are the Higgs boson in gray (the only
spin-0 particle in the SM), which couples to massive particles only and arises from
electroweak symmetry breaking (hence, it is shown in both corresponding boxes),
and the not yet discovered graviton outside of the SM [78].

exploited in respective analyses [72, 73]. Decays into other fermions are currently outside the
reach of experimental precision. Additionally, the SM predicts Higgs boson self coupling, i.e.
vertices with three or four Higgs bosons. Searches for such H — HH or HH — HH events

are also currently ongoing [77].

With the observation of the Higgs boson, all fundamental particles predicted by the SM have

been found. They are summarized together with some of their main properties in Figure 2.3.
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2.1.8. Open Questions of the Standard Model

Despite being tested to high accuracy, the SM is not considered complete. For example, neu-
trinos should be massless in the Standard Model, while the observation of neutrino oscillations
[79] indicates that they must have a mass difference, which implies that not all neutrinos can
be massless. Also gravitational interactions between particles are not integrated in the current
theory. However, it is expected that they should play a significant role around the Planck scale,
Mp; ~ 10 GeV. Theoretically, the SM could be valid up to this scale, as it is renormalizable
and UV-save and could, thus, in principle be valid up to arbitrary energies. However, at a cer-
tain energy — or cutoff — scale, phenomena should be observable which are not yet included in
the SM and the current theory is expected to become insufficient at this scale. Introducing any
kind of cutoff scale at which gravitational effects become non-negligible, has implications on
the scalar Higgs boson, called naturalness problem [24, 80]. Quadratic corrections to the mass

term of the Higgs boson are given by

3Gr
4272

where A is the cutoff scale, sensitive to the largest mass present in the model, G is Fermi’s

omi = <4mf —2my, — my — mQH) A% (2.34)

constant and my, mw, myz, and my are the masses of the top quark and the W=, Z°, and Higgs
bosons, respectively. A is sensitive to the largest mass in the equation. If this is associated with
the Planck mass, a fine tuning of at least 15 orders of magnitude is required to keep the Higgs
boson mass roughly around the electroweak scale, which is of the order O(100 GeV). This
amount of fine tuning is considered unnatural.

Moreover, no SM particle is considered to be a viable Dark Matter (DM) candidate. And
since observation indicates that there is a significant amount of DM present in the universe,
such a candidate should exist in a (more) complete theory.

In addition to the questions mentioned above, there are also several observations in the SM
which are considered to require additional explanation. For example, the sizable number of pa-
rameters in the Standard Model as well as the number of fermionic generations and the particle

quantum numbers are not explained.

2.2. Extensions of the Standard Model

In order to address open questions in the Standard Model, various theories have been proposed.
Collectively, they are called Beyond-the-Standard-Model (BSM) theories. One feature that
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is shared by several such theories is supersymmetry (SUSY) [27, 81]. It connects fermions
and bosons by introducing super-partners for each particle. In the minimal supersymmetric
extension of the Standard Model (MSSM), each fermion in the SM is assigned a bosonic super-
partner and vice versa. Furthermore, a second Higgs doublet is introduced, featuring four extra
degrees of freedom which manifest in four additional Higgs bosons. This structure of the Higgs
sector is also featured in the more general group of Two-Higgs-Doublet (2HDM) models. Both
SUSY, particularly the MSSM, and the 2HDM are discussed in this section.

2.2.1. Supersymmetry

In a supersymmetric theory, fundamental particles and their super-partners only differ in their
spin quantum number by one half. Thus, in an unbroken symmetry, they would have identical
masses. This would solve the hierarchy problem as radiative corrections to the Higgs boson
mass cancel. Also, the strong and electroweak coupling constants could be unified by a super-
symmetric theory. Note that, since no exact super-partners of fundamental particles have been
found, unbroken (or “exact””) SUSY can not be realized [82].

Fundamental particles in a SUSY theory can be organized in super-multiplets containing a
fermion and a boson. The particle spinors 1) are decomposed into the left- and right-handed
Weyl spinors, with the indices a and 3. The SUSY generators (), and ()g are responsible
for the transformation of each particle into its super-partner by a parity operation. In case the
generators are hermitian operators, this parity operation equals a hermitian conjugation. The
hermitian conjugate of the generator (), is written as (5. Symmetries in an interacting QFT
are highly constrained by the Coleman-Mandula theorem [83], which implies that the SUSY
generators should follow an anti-commutation rule connecting them to the momentum operator.

Thus, the algebra defining SUSY is given by

{Qa, Qp} = 20", Py, (2.35)

where o* represents the Pauli matrices and P, = —i0,, is the momentum operator.

In the Standard Model, lepton and baryon numbers L and B are conserved. They are defined
as .
L=n;—n; and B = 3 (ng —ng) , (2.36)

where n; and n, are the numbers of leptons and quarks, respectively, while n; and ng; denote

the numbers of the corresponding anti-particles. SUSY, however, can in general contain lepton-
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and/or baryon-number violating terms but their simultaneous presence is strongly constrained
by the observed lifetime of the proton, which is 7, > 2 x 10*y [40]. A conserved, discrete
quantum number is introduced in SUSY, discriminating SM and SUSY particles:

R — (_1)2S+L+3B’ (237)

where L and B are lepton and baryon number, as defined above, and s is the spin of the particle.
All SM particles have i = +1, while for all SUSY particles 12 equals —1. Thus, SUSY particles
can exclusively be produced in pairs from initial SM particles. Moreover, an exact conservation
of R-parity forbids any mixing of SM and SUSY particles. This implies that at the end of a
SUSY decay chain, there would be a lightest supersymmetric particle (LSP), which could not
decay into any SM particle. Hence, it could be a candidate for Dark Matter [84, 85].

The Minimal Supersymmetric Extension Of The Standard Model (MSSM)

In the MSSM, the SU(3) x SU(2) x U(1)y symmetry of the SM is conserved and embedded
in a more general symmetry like SU(5) or SO(10). In this theory, each SM field is promoted
to a superfield, which connects the SM particles with their respective super-partners. To de-
scribe SUSY particles, the bosonic super-partners of fermions are denoted by the prefix “s”
(e.g. slepton, bottom-squark), while the fermionic partners of the gauge bosons are marked
with the suffix “ino” (e.g. wino, higgsino). In a renormalizable theory, there are two classes of
such supermultiplets, chiral and vector multiplets. The former connects the SM fermions to the
SUSY sfermions, while the latter consists of the SM gauge bosons and the respective gauginos.

In Table 2.3, the particle content of the MSSM is summarized. Among the gauginos, zinos
and photinos have the same quantum numbers as the higgsinos, indicating that all of these
should mix and form four neutralinos )2(1)’2737 4+ Additionally, winos and charged higgsinos mix
as well and create the mass eigenstates )ZfQ, the charginos. A viable candidate for DM must be
colorless and electrically neutral, i.e. only neutralinos or sneutrinos can be considered. From
observations of the Z° decay to invisible particles, however, the second option can be excluded
[85].

There are two Higgs doublets in the MSSM, ¢, and ¢, which carry opposite hypercharge and
are required in order to enable Yukawa interactions with up-type and down-type fermions. Two
doublets are necessary since multiplets of different chirality, as is the case for a chiral multiplet
and its complex conjugate, can not couple together in the Lagrangian. Analogous to Equation
2.26, the respective CP-conserving potential can be written without loop-corrections or SUSY
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SM Particle ~ Spin (SM) Super-Partner Mass-Eigenstates ~ Spin (SUSY)
Quark ¢ 1/2 Squark ¢y, Gr 0
Lepton [+ 1/2 Slepton £, 1% 0
Neutrino v 1/2 Sneutrino 7y, g (?7) 0
Gluon g 1 Gluino g 1/2
Photon ~ 1 Photino ¥ 1/2
Z boson Z° 1 Zino ~Z ) } Neutralino 1, ; , 1/2
: .. H{ HY o 1/2
Higgs boson H 0 Higgsino i+
W boson W= 1 Wino W+ } Chargino X7, 1/2

Table 2.3.: Particle content of the MSSM with predicted mixing and spin values [42]. Note
that since there are no right-handed neutrinos in the SM, there might not be a right-
handed sneutrino as well.

breaking terms as

Virssa (01, 2) = |1 * + |ul?|pal>+

1 1 1
+ 1 (g +0w®) (101 +102P) + 7 (g3 = 9i”) [61P 102 — Saivelonolr, (238)

where 1 is the higgsino mass parameter. Minimizing this potential while preserving elec-
troweak symmetry breaking, only the electrically neutral parts of the Higgs doublets obtain a

non-vanishing vacuum expectation value which can, in analogy to Equation 2.28, be expressed

<or¢1|o>=;§<f;> and <0|¢2\o>=j§(52). (2.39)

To preserve the I/ and Z boson masses as introduced in Section 2.1.6, v; and v, must fulfill
v = y/v? + v3 ~ 246 GeV. Furthermore, their ratio is conventionally written as tan 5 = vy /v,.

as

The two complex SU(2), doublets creating the Higgs sector in the MSSM yield a total of
eight degrees of freedom. After electroweak symmetry breaking, three of these are absorbed
by the massive gauge bosons W= and Z°. The five remaining mass eigenstates manifest in five
Higgs bosons: two CP-even scalars hY and H°, a CP-odd pseudo-scalar A° and two charged
scalars H*. By convention, the lighter CP-even scalar is usually denoted by A and the three

neutral Higgs bosons are often collectively denoted by ¢ = {h, H, A}.

Overall, the mass eigenstates are related to the gauge-eigenstate fields via the angles o and

23



2. Theoretical Background

B. Here, « is the mixing angle of the CP-even states and (5 is defined as stated above:
A = V2 (sinﬁ I(@Y — vy) — cos BS(dS — v2)> (2.40)
() = ) ()
The lighter CP-even boson has similar properties to the SM Higgs boson and is given as a

mixture of h and H as well:
R’ = hsin(a — ) — H cos(a — B). (2.42)
At tree-level, « is obtained by

sin 2a m3 +m3 tan 2a m?% + m%
sin 23 mi — mi tan 23 m5 —msy,

such that it diagonalizes the matrix of quadratic masses [86]

M m? sin? B +m%cos’ 3 —(m? + m%) sin B cos 3 . (2.44)
free —(m% +m%)sinBcos B m? cos? B+ m%sin? 3
Subsequently, the mass eigenvalues of the five Higgs bosons are given by
m% = 2|u* +m3, +m},, (2.45)
1
mi g = 3 < 2 +mLF \/(m% —m2) + 4mZm? sin2(26)) , and (2.46)
mye =m; +miy, (2.47)

with p being the supersymmetric equivalent to the Higgs boson mass in the SM. While there is
a priori no limit on the masses of the heavy Higgs bosons, m 4, my, and m g+, an upper bound

for my, can be extracted from Equation 2.46 in the so-called decoupling limit m 4 > my:
mp, < mgz| cos(25)]. (2.48)

Moreover, in the decoupling limit, the four bosons A, H, and H + form a heavy multiplet which

can be seen from Equation 2.47 together with Equation 2.46, which simplifies to

my; ~ m% + my cos® 23. (2.49)
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%' - my(tanB=10) ---- m,(tanB= 3
G, 500 m, (tanf =10) —="m, (tanp = 3)
)] ,1
% 400 M #
E "”
% 300
2 &
T vl
200
100 i zun
80 P
70 % SEE i
/ -
501/ 2 MSSM LO
50 60 100 200 300 400
m, [GeV]

Figure 2.4.: Tree-level masses of the Higgs bosons in the MSSM against m 4 for tan /3 values of
3 (blue lines) and 10 (red lines). my is shown as dotted lines, while m, is marked
by dashed lines. my+ is not affected by tan S and for large m 4, the masses my
and my+ become degenerate, while my, is bounded from above. Taken from [86].

This behavior is illustrated in Figure 2.4. In the decoupling limit, the expression for « in Equa-
tion 2.43 can also be simplified to
arf—m7/2. (2.50)

In this region, which is also described by cos(5 — «) & 0, the couplings of the lighter CP-even
boson h become SM-like. At cos(8 — a) = 0, which is called alignment limit, the lighter
CP-even boson of the MSSM has the same coupling structure as the SM Higgs boson.

At tree-level, it is possible to reduce the number of free parameters in the MSSM to two by
expressing other parameters in terms of these free ones. Conventionally, the free parameters are
chosen to be tan 5 and m 4. While m 4 is not constrained, there are theoretical considerations
for tan 5 which have to be taken into account. On the lower side, tan 5 should not be smaller
than 1 to avoid the Yukawa coupling of the top quark, ¥, to become nonperturbatively large, i.e.
exceed the electroweak scale. On the upper end, similar requirements on the 7 and b Yukawa

couplings require a limit tan 8 < 65 for the computations to remain stable.

The discovery of a SM-like Higgs boson at about 125 GeV [14, 87-89] led to additional
constraints on the MSSM parameter space. For example, the upper bound on m;, from Equation

2.48 is not considering radiative corrections. Thus, in order to match the observation, these
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Boson Ky Ky Kd,l
h sin(f —«) cosa/sinfB  —sina/cosf3
H  cos(f—a) sina/sinff  cosa/cosf
A 0 cot 8 tan 3

Table 2.4.: Coupling modifiers of neutral Higgs bosons in the MSSM with respect to the SM
couplings. Decays A — V'V are forbidden due to CP conservation and, in the
alignment limit, decays H — V'V are suppressed [86].

corrections have to be taken into account. The major contribution originates from the top quark

t and its super-partner, the top squark ¢ and m;, takes the form

3my . m?
srag g @2.51)

m; < m%cos?(28) +

The main production and decay modes of the Higgs bosons in the MSSM are dictated by the
respective coupling constants. These are usually given with respect to the pure SM-like cou-
plings and they are differentiated between the coupling to vector bosons V', up-type quarks w,
down-type quarks d, and leptons /. In the MSSM, the coupling modifiers to down-type quarks
and leptons, k4 and k; are identical. An overview of all coupling modifiers for the neutral Higgs
bosons in the MSSM is given in Table 2.4. It can be seen that with larger tan 3, the coupling to
down-type quarks increases. Thus, for smaller tan S up to a value of around 30, [90] the main
production mode of heavy, neutral Higgs bosons in the MSSM is the ggF channel, while for
larger tan (3, bbH/A becomes dominant.

In supersymmetric models, also the Yukawa couplings of fermions receive non-negligible ra-
diative corrections. For example, for the bottom-quark Yukawa-coupling, one-loop corrections
due to the coupling of ¢, to down-type quarks are dominant. These corrections induce a cou-
pling of the up-type Higgs-doublet to down-type quarks, which would not happen on tree-level.
Additional terms of the form [91]

Yph1bb + Ayppabb (2.52)

with the loop-suppressed coupling Ay, have thus to be added to the Lagrangian. For neutral
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g

Figure 2.5.: Typical Feynman diagram of a neutral Higgs boson produced in the bb¢ channel
and decaying into a bb pair. Diagram drawn with [66].

Higgs bosons, it takes the form [92]

_ gw o
Qmw 1+ Ab
X |tan BAibysb + e Abcésa hbrbr — cosa + Abs%noz Hbrbr|, (2.53)
cos 8 sin 3 cos 8 sin 3

with the coupling modifier A, and the running b-quark mass m; [93] of the SM including QCD
corrections. The factor (1 + A;)~! reflects the resummation of leading corrections to all orders,
while the terms ~ A, arise from the mixing of the CP-even h and H eigenstates. The coupling
modifier itself consists of two major contributions, originating from sbottom-gluino (O(ag))

and stop-higgsino (O(«;)) loops:

Qi

47rAt X max(mgl,mgw,u)> , (2.54)

Ay ~ ptan 8 (iirsmg x max(mg, , mg,, mg) +
where «g is the strong coupling constant and my; is the gluino mass. Furthermore, Mg, , are
the bottom- and top-squark masses obtained via coupling to ¢, o, respectively, oy = y?/(4)
is the coupling based on the top-quark Yukawa-coupling, and A; is the Higgs-stop coupling.
It can be extracted from Equation 2.54 that with larger tan (3, the coupling of neutral Higgs
bosons to bottom quarks is increasingly enhanced. Additionally, due to the A, ' dependence of
L, negative A, also lead to enhanced bottom-quark Yukawa-coupling. This can happen if the

higgsino mass-parameter ;. becomes negative.

In this analysis, neutral Higgs bosons are analyzed in the decay into a bb pair and produced
in association with b quarks. A corresponding Feynman diagram of this process is shown in
Figure 2.5. While ¢ generally denotes {h, H, A}, the work presented here is focused on the

higher mass ranges, thus targeting the H and A bosons.
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The full process shown in Figure 2.5 is described by the sum of production cross-sections
and decay branching ratios of the H and the A bosons. From Equation 2.53, it can be taken that
the bbA production cross-section is enhanced with respect to the SM cross-section proportional
to tan? 3/(1 — Ay)2. Assuming that the masses of SUSY particles are far larger than the Higgs
boson mass, the branching fraction of the A boson into a pair of b quarks in the decoupling limit

and for large tan 3 is given by [92]

9

(2.55)
where the numerical factor of 9 equals the number of colors squared. Based on the mass de-
generacy for large tan 3, the combined cross-section times branching ratio for A and H can be

fully given based on the considerations for the CP-odd boson:

o(bbA/H)B(A/H — bb) ~ 2 x o(bbA)B(A — bb) ~
tan? 3 y 9
(1+Ap)2 (144249

~ 2 x o(bbA) gy X (2.56)

where O'(bl_)A)s v denotes the SM Higgs-production cross-section at the given mass of A.

Benchmark Scenarios

For large values of tan 3, the process investigated in this analysis is significantly enhanced
for a wide array of SUSY parameters. However, in praxis it is not economic to perform a
full scan of the parameter space. To obtain a representative insight, benchmark scenarios have
been developed, investigating a particular combination of parameters. They are provided by
the LHC Higgs Cross-Section Working Group (LHCHXSWG) [94]. The scenarios discussed
in this section restrict the set of free parameters to m4 and tan 3 as discussed in Section 2.2.1.
Furthermore, all of the scenarios are designed such that they agree with the observation of a
SM-like Higgs boson at 125 GeV [95]. While the mass of this boson is measured with high pre-
cision, all scenarios discussed here assign an uncertainty of +3 GeV to account for theoretical
uncertainties in predicting the Higgs boson masses in the MSSM.

Many benchmark scenarios have been developed prior to the discovery of the 125 GeV boson
and they have since been updated [96, 97] to include the additional constraints from the LHC
Runs 1 and 2 [86, 98, 99]. One of the most important considerations in the context of scenario
development was the question whether the observed boson is the lighter or the heavier CP-even

state. By now, observation favors the former choice [100], i.e. h(125) = h. In this section, the

28



2.2. Extensions of the Standard Model

benchmark scenarios are discussed which are used for the presented analysis. They comprise

two traditionally used scenarios, the hMSSM and the m’,:“’“” scenarios, as well as a set of more

recent scenarios based on the m}?® scenario.

The hMSSM Scenario As a somewhat unique scenario, the hMSSM (“habemus MSSM”)
model can be considered relatively model independent. To construct this scenario, several sim-
plifying assumptions are made. First, the observed boson at 125 GeV is assumed to be the
lighter scalar h. Second, only radiative corrections from top/stop-quark loops are taken into ac-
count. Third, since they have not been observed yet, all SUSY particles are expected to be very
heavy, therefore not having significant effects on the Higgs sector. Using these assumptions,
the mass of the heavy CP-even Higgs boson can be calculated from Equation 2.44 as

md, = (m? +m% —m?)(m?% cos? 8+ m? sin? 3) — m%3m?% cos? 257 2.57)

m?% cos? 3 + m? sin? f — m?

while the masses of the charged H* bosons remain at their tree-level values (Equation 2.47).
In this approach, only tan 3 and m 4, as well as the experimentally determined value of m, are
used as free parameters, while all others are expressed in terms of these three. Thus, there is
no direct dependency on SUSY parameters. However, as radiative corrections to the bottom
Yukawa-coupling are neglected, this scenario is only an approximate description of the MSSM
for tan 5 = 10. Furthermore, analyses of the Higgs boson couplings by ATLAS and CMS
[87, 88] were able to exclude a relatively large area of the hMSSM phase space, more precisely
my > 480 GeV for tan 5 < 25.

The m}"**" Scenario The second scenario used here is the m]"*** scenario [96], which is an
update of the m}'** scenario. The latter was originally designed to yield conservative exclusion
limits in LEP searches [101]. The m’,?o‘i* scenario explicitly takes into account the discovery
of the 125 GeV boson, while the m}'** scenario would only allow this mass value for a narrow
corridor in the (m 4, tan ) plane at rather low values of tan 5. This modification is achieved
by reducing the mixing in the stop sector. Thus, the value of | X; /Mgy sy | is reduced to a value
below 2.0, where Mgy sy denotes the mass of third-generation sfermions and X; is the stop-
quark mixing parameter X; = A; pcot 8. As X;/Msysy is required to be positive, the scenario
name is extended with a +.

Unlike the hMSSM scenario, the mzwd* scenario predicts relatively light SUSY particles,
especially neutralinos and charginos. This reduces the fermionic Higgs boson decays into bb

and 777~ for low to moderate tan 5 < 20, where the Higgs bosons dominantly decay into
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neutralinos or charginos with branching fractions of up to about 80 %. Due to the relatively low
value of i, however, the decay into bottom quarks remains dominant for larger tan 5 because
of the enhanced couplings.

The parameter settings for this scenario are:

my = 173.2 GeV Mgy = 1000 GeV [ = Mgaugino = 200 GeV
mg = mg, , = 1500 GeV Mj, = 1000 GeV Ay =A = A,

XtOS = 1.0mgysy XtMS = 1.6msysy Afibﬁtﬁ = 0.

The m}*® Scenarios In addition to the traditional A(MSSM and m["*** scenarios, the more
recent family of m}* scenarios is investigated [97, 98]. In the basic m;*° scenario, all SUSY
particles are chosen to be so heavy that they do not impact Higgs boson decays significantly in
the scrutinized range of m 4, . Specifically, loop-induced SUSY corrections to the coupling of
the lighter CP-even boson & are negligible and also the H and A only decay into SM particles
for mu g S 2TeV. Thus, this model is similar to a 2HDM type II scenario (see Section 2.2.2)
with MSSM-inspired couplings.

The mass parameters of third-generation squarks as well as the gluino mass are set so high
that they are far outside current boundaries. Moreover, the higgsino-mass parameter p is set
to 1'TeV, which is also the value chosen for electroweak gaugino masses. Hence, the largest
SUSY loop-corrections arise due to Higgs-bottom-quark coupling which is enhanced relative
to tan J as mentioned before. At a value of tan § = 20, A, is about 0.2, while A, ~ 0.6 at
tan 5 = 60. As for the hMSSM and mhm““r scenarios, free parameters at tree-level are m 4
and tan #. Certain regions of this phase space are already excluded since there, the lighter
CP-even Higgs boson is not compatible with the observed h(125). Specifically, for low tan [
values smaller than ~ 6 — 8, the MSSM prediction of m;, does not match 125.09 4 3 GeV. For
ma < 500 — 600 GeV, the predicted modifications of the production and decay rates of the h
boson, in particular of the dominant h — bb decay mode, are inconsistent with observations at
the LHC.

The parameter settings for this scenario are:

mg, = my, = mp, = 1.5TeV mr, = mg, = 2TeV
uw=1TeV my; = mg = 1TeV mg = 2.5 TeV
Xt = 2.8TeV Ab = AT = At Af;gb’tﬂ— = 0.

Here, m o 3 are the bino and wino masses, while m v, p, represents the mass of third generation
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squarks and my, g, reflects third-generation slepton masses. As before, u is the higgsino-mass
parameter and Ay is the coupling term to a fermion X.

If the y1 parameter of the m}% scenario is set to negative values, the Yukawa coupling of the
bottom quark is enhanced. This mostly affects the heavier neutral bosons H and A, while the
behavior of the lighter £ is not significantly changed in the decoupling limit. While all other
parameters remain the same as for the m}* scenario, p is set to —{1,2, 3} TeV, respectively.
Via A, this enhances the relative strength of decays into bb. While this is true as well for the
decay into 777, the sensitivity in this channel it not enhanced nearly as much as in the bb
decay. This can be explained by the fact that while the decays in both channels are enhanced
by the choice of p, the bb channel also profits from the increased production cross-section of
the bbH channel. However, effects based on Ay in production and decay for the 7" 7~ channel
largely cancel.

As for the original m}?® scenario, phase-space regions of low tan 3 and low m 4 are excluded
by the behavior of the 125 GeV boson as observed using up to 80 fb™! of LHC Run 2 data from
ATLAS [87] and CMS [88]. These regions, depending on the choice of u, together with the
impact of this choice on exclusion limits in the bb [102] and 777~ [103] decay channels are

shown in Figure 2.6.

2.2.2. Two-Higgs-Doublet Models

In Section 2.2.1, the two-Higgs-doublet (2HDM) structure of supersymmetric models is intro-
duced. The general 2HDM model [25] is based on the addition of just one doublet to the SM.
This means that the fermionic sector of the SM is not changed, while the Higgs-sector is struc-
tured in the same way as in the MSSM. The additional Higgs-doublet alone would open up
several possibilities for explanations of open questions in the SM, e.g. the matter-antimatter
asymmetry could be generated based on additional CP violation.

For the 2HDM potential, it is assumed that CP is not violated in the Higgs sector and quartic

terms are not included. The potential then takes the form

Varpi (61, 62) = mi 611 + miuohdn — miy (612 + dlen ) +
+ 21 (810n)" + 22 (6462)" + Aavlrdbon + Mol baslont
A
+ 5 [(cﬂcﬁz)Z + (¢£¢1)2} , (2.58)
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Figure 2.6.: Impact of 1 on excluded areas of phase space in m} 2 scenarios. The areas shaded in
gray are excluded by observed properties of the h boson, including up to 80 fb™' of
LHC Run 2 data from ATLAS [87] and CMS [88]. Dashed and solid lines represent
the effect of 1 on a search in the bb [102] and 777~ [103] decay channel, respec-
tively. While in the bb channel, a larger negative value of . has additional impact,
this is not observed for the 77~ channel. Taken from [97].

where my;, may, and myo are the mass-matrix elements and A\ 2 3 4 5 represent the Higgs self-
couplings. Despite the significantly increased number of free parameters with respect to the
MSSM, this potential also yields five physical Higgs bosons: two neutral CP-even states h and
H, a CP-odd state A and two charged bosons H =

An additional constraint on the structure of the 2HDM Higgs sector is the assumption that no
flavor-changing neutral currents (FCNC) exist at tree-level. In a general 2HDM, these currents
would occur since the mass matrices are not generally diagonalizable simultaneously. How-
ever, if all fermions carrying the same electroweak quantum numbers couple to only one Higgs
doublet, this problem does not occur. Therefore, based on the Paschos-Glashow-Weinberg the-
orem [104, 105], it is required that all fermions with the same charge and helicity transform
according to the same irreducible representation of SU(2). As in the Standard Model, there are
left-handed doublets and right-handed singlets, this implies that all right-handed quarks carry-
ing the same charge have to couple to the same Higgs doublet. This can be realized by imposing
various discrete or continuous symmetries and in the case of the 2HDM, a discrete Z; symme-
try is applied [25]. Thus, four distinct types of 2HDM can be identified which guarantee CP

conservation and the absence of FCNCs at tree-level.

Focusing on the quark couplings, a ¢; — —¢; symmetry enforces interaction of all quarks
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Model Symmetry uly dny ol
Type 1 Pr—= =P P2 P2 P
Type 1T o1 — —¢1,dp — —dz P2 1 ¢
Lepton-specific 1 — —1 P2 P2 O

Flipped o1 = —¢1,dy = —dy P2 D1 o

Table 2.5.: Coupling of right-handed fermions f% (up-type quarks u, down-type quarks d and
leptons /) to Higgs doublets ¢; and ¢, in the four 2HDM types [25]

with just the ¢ doublet. If an additional symmetry of the form d}, — —di, is applied, the
right-handed up-type quarks are coupling to the ¢, doublet, while the right-handed down-type
quarks interact with the ¢; doublet. These two models are called 2HDM “type I’ and “type
II”, respectively. For these two models, leptons are assumed to couple to the same doublet as
down-type quarks, which is, however, not explicitly required by the Paschos-Glashow-Weinberg
theorem. Therefore, in the “lepton-specific” model, sometimes referred to as “type IV” or “type
X, all right-handed quarks couple to ¢,, while the right-handed leptons interact with ¢;. In
the “flipped” model, which is alternatively called “type III”’ or “type Y”, the up-type quarks
couple to ¢, and the down-type quarks as well as the leptons couple to ¢;. An overview of this

structure is given in Table 2.5.

Due to the interaction with additional Higgs bosons, also the Yukawa couplings of fermions
are changed in 2HDMs. This change is described by factors x, as reflected by the Yukawa
Lagrangian

m - - L=
bt == 3 =L (LI b+ whJFH = inhfrsfA) = LR pes (259)
f=u,d,l

where m/v is the SM Yukawa coupling gf- and £2PM . represents the Yukawa Lan-

grangian for charged Higgs bosons. All parameters r are given as the ratio of g2#P™ and
9™ and they are shown in Table 2.6. The modified coupling strength for vector bosons with

respect to the Standard Model is, independent of the 2HDM type, given by
k) =sin(B — a) and Ky = cos(f — a). (2.60)

Note that for a SM-like A boson with corresponding coupling properties, i.e. in the alignment
limit cos(8 — a) = 0, this transforms to ) = 1 and k}; = 0. Due to CP conservation, the

CP-odd A does not couple to vector bosons in this model.

While the Higgs sector in the 2HDM type II model resembles the structure in the MSSM,

33



2. Theoretical Background

Type I Type 11 Lepton-specific Flipped
Kt cosa/sinfl  cosa/sin 3 cos a/ sin 3 cos v/ sin 3
k$ cosa/sinfl —sina/cosfB  cosa/sinfS  —sina/cosp3
kL cosa/sinf8 —sina/cosf —sina/cosB  cosa/sinf3
KY sina/sinfS  sina/sinf sin av/ sin 3 sin av/ sin 3
k% sina/sinfB  cosa/cos 3 sin av/ sin 3 cos v/ cos
kly sina/sinfB  cosa/cos 3 cos v/ cos 3 sin o/ sin 3
K4 cot 8 cot 8 cot 5 cot 8
k4 —cot 8 tan 3 —cot 8 tan 3
Kl —cot 3 tan 3 tan —cot 3

Table 2.6.: Yukawa coupling modifiers for up-type quarks u, down-type quarks d and leptons [
to the neutral Higgs bosons h, H, and A in the four types of 2HDMs [25]

there are some important differences. For example, in the MSSM, a constraint for my, is inher-
ent, which is not true for any 2HDM. Also, the mass mixing parameter m;» and the CP-even
mixing angle o as well as the scalar Higgs self-couplings are free parameters in the 2HDM.
Moreover, requiring perturbativity of the top- and bottom-quark Yukawa couplings leads to dif-
ferent allowed tan /3 ranges in the two models based on slightly different constraints. While in
the MSSM, a range of 1 < tan 5 < 60 is allowed, in the 2HDM values of 0.1 < tan 5 < 100

are possible without introducing instabilities into the calculations.

Benchmark Scenarios

Similar to the approach for the MSSM, benchmark scenarios are developed for 2HDMs as well
[106]. Out of those, one scenario, called “scenario G”, closely resembles the MSSM in some
respects. Its parameter settings are

A5 =0, m?, = ;mi sin 203, my = 125GeV, and my =myg = mg+. (2.61)
With these choices, the number of free parameters from the physical basis proposed in [107] is
reduced to three. These are m 4, tan 3, and cos( — «), which can be used instead of « without
loss of generality.

For this analysis, the couplings to down-type quarks are particularly interesting. In the type
IT and flipped models, the coupling modifiers of the A and H bosons to down-type quarks are
given by k%4 = tan 8 and k%, = cosa/cos3 = cos(3 — a) + tan Bsin(8 — «). The latter
approaches tan ( for small values of cos(5 — «). Therefore, in both scenarios, the coupling

to down-type quarks is enhanced for larger values of tan 3, making it reasonable to investigate
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these two models further.

To interpret the analysis result in terms of these scenarios, a fine scan of the parameter space
in the three dimensions tan /3, m 4, and cos(f — «) is performed. Production cross-sections for
the processes bbH /A and decay branching fractions /A — bb are calculated for all types of
the 2HDM at next-to-next-to-leading-order (NNLO) precision, using the SusHi (v. 1.6.1) [108],
2HDMC (v. 1.7.0) [107], and LHAPDF (v. 6.1.6) [109] program packages.

The calculated branching ratios of the A and H bosons in the type II and flipped scenarios are
shown a functions of cos(f — «) in Figures 2.7 and 2.8, respectively, for an intermediate value
of tan 3 = 30 and for a smaller mass m 4,5 of 400 GeV, an intermediate mass of 800 GeV as
well as a larger mass of 1200 GeV. Due to the enhanced Yukawa coupling as shown in Table
2.6, the decay into bb is the dominant fermionic contribution for the full range of cos(3 — a) in
all cases for tan 3 >> 1. Also, as expected, the A/H — bb branching ratios for the type II and
flipped scenarios are very similar due to the same Yukawa couplings in these models. In the
flipped scenario around the alignment limit, the A/H — bb decay mode is uniquely sensitive.

For the decays of the A boson, it can be seen that the A — Zh decay also contributes
significantly for larger values of | cos(5 — a)|. However, around the alignment limit, this decay
is forbidden as it does not exist in the SM and, thus, the most important decay mode is by far
the bb decay. Note that larger | cos(/3 — )| are also implicitly excluded based on the observed
behavior of the 4 boson [110]. The A — 717~ decay has a branching fraction of about 10 %
relative to the bb decay mode in the type II model. However, due to the suppressed coupling in
the flipped scenario, the 777~ channel does not play a major role there. The suppression factor
can be extracted from the Yukawa coupling modifications in Table 2.6 to be tan* 3 with respect
to the bb decay mode.

Similarly, for the H boson decays, the bb channel is the most important fermionic decay. The
decay H — Zh is forbidden due to the CP conservation requirement and the H — hh decay
becomes dominant instead. Altogether, bosonic decay modes dominate for larger | cos(8 — )|
values, while they are forbidden around the alignment limit. This is, however not directly true
for the v+ decay mode, which is realized, as in the SM, via a fermionic loop. The slight asym-
metry which can be observed for the 717~ branching fractions in the flipped scenario originates
from a “7-phobic” point at sin &« = 0, as can be extracted from Table 2.6. It can be seen in the

plots in Appendix B that this point approaches the alignment limit for larger tan (.

The overall rate for the full process, o(bbA)B(A — bb) + o(bbH)B(H — bb), is shown in
Figure 2.9 for all four types of the 2HDM at the alignment limit. It can be seen immediately that,
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Figure 2.7.: Branching ratios of the A boson depending on cos(/5 — «) in the 2HDM type 11
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(left) and flipped (right) scenario for lower (400 GeV, top), intermediate (800 GeV,
center) and higher (1200 GeV, bottom) masses for an intermediate tan § = 30. In
all cases, the A — bb decay is marked by the green line, dominating around the
alignment limit of cos(5 — ) ~ 0.
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Figure 2.8.: Branching ratios of the H boson depending on cos(f — «) in the 2HDM type 11

(left) and flipped (right) scenario for lower (400 GeV, top), intermediate (800 GeV,
center) and higher (1200 GeV, bottom) masses for an intermediate tan § = 30. In
all cases, the H — bb decay is marked by the green line, dominating around the
alignment limit cos(5 — ) ~ 0.
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Figure 2.9.: Cross-section times branching ratio for the full process o(bbA/H)B(A/H — bb)
for the type I (top left), type II (top right), flipped (bottom left), and lepton-specific
(bottom right) scenario. The different colors represent tan 3 values ranging from
10 to 60 and for all plots, cos(f — «) = 0, i.e. the alignment limit, is chosen.

in this combination of production and decay mode, the type II and flipped scenarios are more
sensitive than the other two by several orders of magnitude. Since some other decay channels
are suppressed around the alignment limit, the A/H — bb mode achieves dominant sensitivity

in this area. In the flipped scenario, the sensitivity around the alignment limit is unique.
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3.1. Large Hadron Collider

Since first cathode ray experiments around the end of the 19" century [111], more and more
powerful particle accelerators have been built. In modern high-energy physics, some examples
at various research facilities around the world are PETRA (“Positron-Electron Tandem Ring
Accelerator”) [112], TeVatron [113], and LEP (“Large Electron-Positron Collider”) [114]. At
each of those machines, major scientific breakthroughs were achieved: the gluon was discovered
in 1979 at PETRA [41, 115], the top quark was found at the TeVatron in 1995 [7, 8] and, besides
measuring the masses of W and Z bosons to unprecedented precision, LEP showed that there
are only three kinds of neutrinos [116].

Featuring a design center-of-mass energy of 14 TeV as well as an instantaneous luminosity
about 50 times as large as the TeVatron’s [30, 117], the Large Hadron Collider (LHC) [29]
is the most powerful particle accelerator ever built. It is located in the former LEP tunnel at
CERN (European Organization for Nuclear Research, derived from “Conseil européen pour la

recherche nucléaire”) and dedicated to the search for unknown, heavy particles.

With a circumference of about 27 km, the LHC crosses the Swiss-French border close to
Geneva and stretches below both countries. It is the final part of the CERN accelerator chain
which is shown in Figure 3.1. This chain starts with a linear accelerator (LINAC 2) which
accelerates the protons to an energy of 50 MeV. Afterwards, the protons are directed through
the Proton Synchrotron Booster (PSB, 157 m circumference, acceleration to 1.4 GeV) into the
Proton Synchrotron (PS, 628 m, 25 GeV). The final step of acceleration happening before the
protons enter the LHC is the Super Proton Synchrotron (SPS, 7 km, 450 GeV).

During this process of acceleration in various machines, many beam parameters of the LHC
are already defined: the grouping of protons into bunches and the spacing of 25ns between
bunches take place in the PS. There, both properties are defined by the radio frequencies (RF)
and their respective harmonics which are applied to the accelerating cavities.

In order to keep the protons inside the LHC as well as maintaining the beam focus, super-
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Figure 3.1.: CERN accelerator complex, starting with LINAC 2 [118]

conducting NbTi magnets are used, cooled to a temperature below 2 K using liquid helium,
and providing a field up to 8 T. The LHC ring accommodates 1232 dipole magnets to bend the

particle beam and almost 5000 multipole correctors which mainly focus it.

With increasing particle energy, the radio frequency applied to the accelerating cavities must
be increased accordingly. For the LHC, accelerating protons from 450 GeV up to 7 TeV, this is
realized with a 400 MHz superconducting niobium cavity system which — during a 20 minute
energy ramp up — yields a proton energy gain of 485keV per turn. The voltage applied to
accelerate the protons is gradually increased from 8 MV at injection up to 16 MV at 7 TeV.

During proton operation, each beam consists of 2808 bunches, each containing about 10"
protons, with an interaction rate of about 40 MHz. There is also the possibility to use the LHC
as a heavy-ion collider which is usually done for several weeks per year, mostly using lead ions
with up to 2.76 TeV/nucleon.

There are eight currently active experiments located around the LHC, of which four are
shown in Figure 3.1: ATLAS (“A Toroidal LHC ApparatuS”) [31] and CMS (“Compact Muon
Solenoid”) [32] are general-purpose detectors, ALICE (“A Large Ion Collider Experiment”)
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[119] is focused on heavy-ion physics and LHCb (“Large Hadron Collider beauty”) [120] is
dedicated to b physics. Furthermore, there are two smaller experiments focusing on physics
in the very forward regions around CMS and ATLAS, namely TOTEM (“Total, elastic and
diffractive cross-section measurement”) [121] and LHCf (“Large Hadron Collider forward”)
[122]. The two respective detectors of these two experiments are located on either side of both
ATLAS and CMS for LHCf and TOTEM, respectively. As the two most recent experiments,
MoEDAL (“Monopole and Exotics Detector at the LHC”) [123] is located close to LHCb, de-
signed to search for magnetic monopoles, and FASER (“Forward Search Experiment”) [124] is

situated 480 m from ATLAS, dedicated to investigate neutrinos and new, light particles.

One main quantity to describe the performance of a particle accelerator is the luminosity. It

describes how many interactions take place per time and area of cross-section:
Nevent = Lo-eventa (31)

with L being the luminosity and N, the number of generated events per second in a process

with the cross-section 0. The luminosity is defined as [32]

N2
I — Y bkbfrevF

4me, P (3.2)

with the number of protons per bunch Ny, number of bunches per beam ki, the revolution
frequency fey, the Lorentz factor 7, the normalized transverse emittance €, the betatron func-
tion at the interaction point 5 and a reduction factor accounting for the crossing angle of the
interacting bunches, F. At the LHC design luminosity of L = 103*cm~2s7!, around 25 proton-
proton interactions take place in each bunch crossing, leading to an interaction rate of about

1 GHz. This effect is called pileup (PU).

Since the instantaneous luminosity is not constant over time due to effects like beam degra-
dation and to measure the amount of data which is actually collected for analyses, the integrated

luminosity is used:

Lo = [ L. (3.3)

In 2017, the CMS detector recorded 44.98 fb™! out of the 49.79 fb™! the LHC had delivered [125],
which is shown in Figure 3.2. During the Run-II-period from 2015 to 2018, CMS recorded an
integrated luminosity of about 150 fb™! in addition to the roughly 30 fb™ collected during Run I
which lasted from 2010 to 2012.
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Figure 3.2.: Integrated luminosity as recorded by CMS (yellow) and delivered by the LHC
(blue) [125]

3.2. The Compact Muon Solenoid Detector

As mentioned in Section 3.1, one of the two general purpose experiments at the LHC is CMS,
the Compact Muon Solenoid detector [32]. It is located close to the French village of Cessy,
roughly 100 m underground. The name contains three of the most important features of CMS.
It is compact compared to ATLAS with a diameter of 15m, a length of 21.6 m and a weight
of about 12500t. The large magnetic field of 3.8 T is created by a superconducting solenoid
magnet. It is used to bend the trajectory of charged particles and, thus, measuring their charge
and momentum accurately. Furthermore, the CMS detector has an excellent muon resolution
due to its fine granularity and wide geometrical coverage. An onion-like shape of the detector
ensures that particles are detected equally well in all directions. In this design, each sub-detector
is layered around all previous structures and targeted on a specific kind of particle interaction.

A schematic of the CMS structure in form of a slice through the detector is shown in Figure 3.3.

In order to describe the location inside the CMS detector, a right-handed cartesian coordinate
system is used with the z-axis pointing towards the center of the LHC ring, a vertically upwards
pointing y-axis and, thus, the z-axis being oriented along the beam pipe, following the counter-

clockwise beam. This system can be used to define a set of widely used physical quantities.

Since the center-of-mass frame of the proton-proton system and the one of the parton-parton
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Figure 3.3.: Slice through the CMS detector. Properties of different particles are measured in
specific parts of the detector and the respective trajectories are shown. Neutral
particles, represented by dashed lines, do not leave a track and can only be measured
in the calorimeters. [126]

system are not the same, the rapidity y is used. It is defined as [42]

y=;1n<E+pz>. (3.4)

E—p,

Differences in rapidity are invariant under a Lorentz boost along the beam axis. For a particle
traveling close to and along the beam axis, the rapidity approaches oo, while it is 0 for a
particle on a trajectory perpendicular to the beam.

Two angles are usually used within the CMS coordinate system. 6, the polar angle, is mea-
sured from the z-axis, while ¢, the azimuthal angle, is measured from the x-axis in the zy plane
with ¢ = 0 being the positive x direction and ¢ = /2 pointing along the positive y direction.
For high energies of particles, their masses become negligible and p, ~ FE cosf. Thus, the

quantity mainly used in particle physics is the pseudorapidity

1
n=—In <tan9> = ——lnp+pz. (3.5)
2 2 P—Dz

Additionally, an angular distance between two particles ¢ and j can be measured with
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In general the angle of an object with respect to the beam axis can be measured well and
particle interactions are assumed to be symmetric in ¢. Thus, the z- and y-components of the

momentum, i.e. the transverse momentum, are sufficient to describe an object:

P2+ p: =pr =psind. (3.7)

This quantity is also conserved in an interaction.

The CMS detector is intended for precision measurements of physics within the standard
model as well as searches beyond it. To do so, its ability to reconstruct jets and leptons as
well as missing energy equally precisely is used. In this context, due to the conservation of
transverse momentum, the missing transverse energy is defined as the imbalance in transverse
momentum or the negative sum of all pr measurements, Fr = — |>" pr|. It represents the

energy of particles escaping from the detector without being measured.

3.2.1. Silicon Tracking System

For the CMS tracking system, a design based on silicon modules was chosen. It covers an area
of around 200 m* and a pseudorapidity range of |n| < 2.5. In the semiconductor silicon, tra-
jectories of charged particles can be measured since they ionize the material and the respective
charges of created electron-hole pairs can be collected by the application of an external electric
field. Due to the high mobility of charge in silicon, the collection time is low with about 20 ns.
In comparison, gas detectors with a similar size have a collection time in the order of one ys.
Also, silicon has a high density and a minimally ionizing particle, i.e. most particles passing
the tracking system, produces around 110 electron-hole pairs per um. In combination with a
low ionization energy of 3.6 eV, this leads to a large sensitivity throughout the whole volume
of the tracking system. Since silicon detectors can be built out of individual modules, a high
granularity yields excellent spatial resolution and a low noise level since the channels are less
occupied. To take most advantage from these properties, the part of the tracking system closest
to the beam, i.e. with highest occupancy, is realized in form of a high-granularity pixel detector.
The coarser strip tracking system is built around it.

The tracking system provides an input to the pr measurements. Due to the magnetic field
from the solenoid which covers the full tracking system and the calorimeters, trajectories of
charged particles are bent such that their transverse momentum can be measured. This happens

following the relation
Pr B p
=03 — —,
[GeV] 17 [m]

(3.8)

44



3.2. The Compact Muon Solenoid Detector

where p is the curvature radius. For a particle with pr = 1TeV, a resolution of o, ~ 100 GeV
is the design target. While tracks with larger py are still measured and analyzed, the resolution
in these cases becomes worse since the tracks are less bent. Precise reconstruction of tracks is
crucial not only in order to measure properties of individual particles correctly but also in order
to reconstruct vertices which will be explained in more detail in Section 4.1.

Individual hits reflect the modules and positions a particle passed while traveling through
the tracking system. Originally, these hits are an electric signal from the respective readout
system which is then digitalized. If a certain signal-to-noise ratio is reached, the signal from
this module and hits in adjacent channels are clustered. This cluster-charge profile together with
positional information and pitch constitutes the final hit reconstruction. To account for different
requirements depending on the distance to the beam, the CMS tracking system consists of two
subparts, the pixel and strip tracking detectors. Both operate at low temperatures below 0° C in

order to prevent radiation damage.

Pixel Detector

Closest to the beam pipe, at the core of CMS, is the pixel detector. In the year-end technical
shutdown 2016/2017, it was upgraded to its phase-1 design [127] to cope with the increased
instantaneous luminosity of around 2 x 10** cm™s™'. This larger luminosity also increases the
average pileup, the number of proton-proton interactions per bunch crossing, to around 50. The
new design (phase-1) features four layers of barrel pixel (BPIX) modules instead of three and
three end-caps on each side of the detector instead of two. Both the new and old design are
shown in comparison in Figure 3.4. In the phase-1 design, barrel layers are arranged around the
beam pipe at radii of 2.9, 6.8, 10.9, and 16.0 cm while the double-sided end-caps in the forward
pixel (FPIX) are placed at 29.1, 39.6, and 51.6 cm from the nominal interaction point (IP). The
innermost parts are closer to the IP than in the phase-0 design while the outermost layers cover
a larger overall area. This improves the power of b tagging algorithms and accounts for possible
degradation of individual modules. Furthermore, the area in which each track creates at least
four hits somewhere inside the pixel detector is increased to 7| < 2.5.

In total, the pixel detector features 124 million sensors, 79 million of them for the barrel
and 45 million in the end-caps. They are grouped into 1856 modules, each reading out the
information from 66560 pixels. The individual pixels in both BPIX and FPIX have an active
area of 16.2 x 64.8 mm? with a thickness of 285 ym.

The pixel detector has a spatial resolution of 10 um in the r¢ plane and of 20 yum in z direc-

tion.
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Figure 3.4.: Comparison of the pixel phase-1 design, used from the beginning of 2017 (top) and
the previously installed phase-0 design (bottom) [127]. Tilting the end-cap disks
enables additional charge sharing between adjacent modules due to the Lorentz
drift of curved trajectories which improves the overall resolution.

Strip Detector

The silicon strip detector is the second part of the CMS tracking system. It consists of an inner
(TIB) and outer barrel (TOB) in the central region as well as inner disks (TID) and end-caps
(TEC) in the forward direction. Due to the reduced flux in outer parts of the tracking system,
strips can be used instead of pixels.

In the four layers of the inner barrel (r < 65cm), the strips have a maximum cell size of
10cm x 80 um. For the six TOB layers (65cm < r < 110cm) with even lower flux, larger
strips of 25 cm x 180 pum are used. Also, the thickness is larger in the outer layers with 500 pm
compared to 320 ym in the TIB.

Each TID — on either side of the detector — consists of three disks, filling the gap between
TIB and TEC and being located up to 120 cm from the nominal interaction point, while the TEC
comprises 9 disks, extending up to |z| < 280 cm. Again, sensors are 320 ym and 500 pm thick
for inner and outer disks, respectively.

Overall, the strip detector achieves single-point resolutions ranging from 23 ym to 52 ym in
both the ¢ and z directions.

3.2.2. Electromagnetic Calorimeter

After transverse momentum and direction of motion of a charged particle have been determined

by the tracking system, its energy is measured in calorimeters if it is stopped inside them. Prop-
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erties of neutral particles are investigated only in the calorimeters. Since the calorimeters are
segmented, additional directional information can be extracted. The calorimeters at CMS target
a full absorption of all known particles but muons (and neutrinos), so a high density material
is used. In order to avoid losing precision in the measurement due to premature absorption
or energy loss of particles, both calorimeters are located inside the solenoid magnet. There-
fore, particles do not have to cross the coil of the magnet before they can be analyzed in the

calorimeters.

The electromagnetic calorimeter (ECAL) is specifically designed to examine electrons and
photons. As they enter the calorimeter material, they induce a shower of particles which by
themselves again start a new, smaller shower. Thus, the full energy of all the subsequent par-
ticles can be measured. In the ECAL, all of the material is active, meaning that it acts as ab-
sorber and measures the properties of particles at the same time. Overall, 75848 lead tungstate
(PbWO,) scintillating crystals are used in a barrel and two end-caps. This material provides the
advantage of a fast signal: 80 % of the light are emitted in 25 ns. To improve the relatively low
gain of only 30 photons per MeV of incident electron energy, avalanche photodiodes (APDs, in

the barrel) and vacuum phototriodes (VPTs, in the end-caps) are used.

To classify the stopping power of an electromagnetic calorimeter, the radiation length, X,
and the Moliere radius, ry;, of an electron are used. The former is the average distance after
which an electron reduces its energy to 1/e or a photon is converted to an electron-positron pair.
The latter reflects the typical radius of the shower cone. For the ECAL, these quantities are

Xp = 8.9mm and ry = 22 mm.

Overall, the ECAL provides a depth of 25.8 X, and covers a pseudorapidity range of |n| < 3.0,
where the barrel reaches from 7 = —1.479 to n = 1.479 and the end-caps cover the remaining
range. The barrel has an inner radius of 129 cm and stretches 3.14 m along the z axis around
the IP. In 2 direction, it is immediately adjacent to the end-caps. Each crystal in the barrel is
23 cm long with an active front area of around 22 x 22 mm? or 0.0174° in An x A¢. In ¢, this
equals one degree. The end-caps consist of slightly differently shaped crystals with an active
cross-section of 28.6 x 28.6 mm? and a length of 22 cm (24.7 X, in total).

A preshower detector, consisting of two layers of lead absorber and active silicon strip de-
tectors, totaling 5 Xy, is placed in front of the end-caps to increase the identification efficiency
of photons and neutral pions. Using tracker information, electrons and photons can be distin-

guished up to a pseudorapidity of |1| < 2.5 which is the tracker coverage.
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An energy resolution op, of

2 2 2
(22" (W) +<124MV> L (026%)? (3.9)

L \ E/GeV L

is achieved for an electron energy E. Here, the first term is stochastic, the second represents the
noise and the last term is a constant, accounting for calibration inaccuracies, energy leakage or

non-uniform response of the detector. All values were determined in beam tests.

3.2.3. Hadronic Calorimeter

Leptons and hadrons behave differently inside calorimeters, making it necessary to distinguish
the electromagnetic (ECAL) and hadronic (HCAL) calorimeters. Unlike the ECAL, the HCAL
is a sampling calorimeter which consists of passive, absorbing parts and active, detecting parts.
Since hadron showers are longer than electromagnetic ones, this does not cause a loss of sensi-
tivity. For hadrons, the important quantity regarding stopping power is the interaction length ;.
It measures how far a particle travels on average before initiating a shower. In order to improve
the F1 measurement by containing as many particles as possible in the HCAL and measuring
their energy, material is maximized in terms of \; inside the magnet coil. Furthermore, an ad-
ditional layer of scintillators is placed outside of the magnet, using the coil as an absorber and
increasing the number of interactions lengths to over 10.

As absorbing material, brass was chosen. It features a short interaction length, can be ma-
chined easily and is not magnetic. Plastic scintillators are used as active medium and their signal
is read out with hybrid photodiodes (HPDs).

The HCAL covers a pseudorapidity range of |17| < 5.0, where the barrel accounts for || < 1.4,
the end-caps cover 1.3 < |n| < 3.0 and a forward calorimeter detects particles in the range of
3.0 < |n| < 5.0. In the barrel, scintillator towers with a segmentation of An x A¢ = 0.087>
are installed. The end-caps are segmented differently depending on their location. At smaller
n, a 5° segmentation is used in ¢, while otherwise each tower covers 10°. The 1 segmentation
reaches from 0.087 to 0.35. Overall, the HCAL consists of 2304 towers.

Separated from the other parts of calorimetry, the forward part of HCAL is located 11.2m
from the IP with a thickness of 1.65 m. It consists of steel, which is used as passive material,
and quartz fibers as active material. In the fibers, Cherenkov light is produced which is then
enhanced by photomultipliers. Each tower covers An ~ 0.175, except for the lowest- and

highest-n towers which cover An ~ 0.1 and An ~ 0.3, respectively. The towers are segmented
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Figure 3.5.: Et resolution as a function of Er for the central (red), end-cap (blue) and forward
(pink) calorimeter regions, based on simulation [32]

to 10° in ¢, again except for the highest-7 tower which features a larger A¢ coverage with 20°.

In combination with ECAL measurements, a resolution o of

(5)

(\/%) (45 %)?

(3.10)

can be achieved for particles with energies between 30 GeV and 1 TeV [128]. For HCAL alone,

the resolution of transverse energy is shown in Figure 3.5.

3.2.4. Muon System

After being detected in the tracking system, muons are investigated thoroughly inside the muon

system [129]. It surrounds the tracking system, the calorimeters, and the magnet. As the muon

system is embedded in the return yoke of the solenoid, the muons’ tracks are also bent. Fur-

thermore, the return yoke acts as an additional hadron absorber which increases the purity of

measurements in the muon system. This second muon measurement contributes substantially to

the overall precision for transverse momenta of the muons above 200 GeV due to good spatial

resolution of the muon system.

Muons are a key target of CMS, as they are present in many SM and BSM signatures. One

major example is the  — ZZ — 4 channel which contributed to the discovery of the Higgs

boson in 2012 [130]. Due to their relatively large mass, muons do in general not lose a sig-
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nificant amount of their energy in interactions with the detector material or to electromagnetic
radiation. Thus, they pass the calorimeters and the magnet more or less unaffected. This means
that they can be reconstructed well and with high purity in the muon system.

The muon system at CMS consists of three different types of gas-filled detectors which will
be described in this section. Inside a gas detector, charged particles ionize the gas atoms. The
resulting ions and electrons are separated from each other by an external electric field. While
moving, these particles ionize further gas atoms, which amplifies the original, often relatively
small signal by generating additional charge which can be detected. The drift of ions and elec-
trons then induces a charge in the readout electrodes which is measured. Main requirements
for all kinds of gaseous detectors are a low amount of multiple scattering, a high number of
measurement points, and a good single-point resolution. All of these target the improvement of

muon identification as well as energy measurements.

In total, the CMS muon system covers an area in the order of 25000 m2. With such a large
volume, used materials were required to be inexpensive and the gas must not be flammable.
This was taken into account for all three types of chambers.

For the barrel region, up to |n| < 1.2, drift tubes (DT) with coarse granularity are installed. In
this region, the muon flux is assumed to be least intense, while also the neutron induced back-
ground should be smallest. The drift tubes consist of cells with an active area of 42 x 13 mm?
which are filled by a mixture of 85 % argon (Ar) and 15 % carbon dioxide (CO,). In the drift
tubes, the position of a muon is calculated from the time it takes the created free electrons to
drift to the anode of the cell. The maximum drift time is about 400 ns and a single-point spatial
resolution of around 200 pm is achieved.

In the end-caps, cathode strip chambers (CSC) are used. Inside, a gas mixture of 50 % CO,,
40 % Ar and 10 % CF, is used. The CSC also cover a part of the barrel, more precisely the
region 0.9 < |n| < 2.4. They provide a faster response and a finer granularity than the DT in
aregion with a larger magnetic field, higher muon rate and larger neutron-induced background.
The lower response time compared to the DT originates in how the signal emerges. While
the drifting of particles takes some time to induce a charge, the electron avalanche in the CSC
creates a charge directly at the anode and an image charge at the cathode. The layout is such
that all anode layers are sandwiched in between cathode panels. This signal is directly available
and, thus, allows for usage of CSC information in the L1 trigger, which is described in detail
in Section 3.3. The fine segmentation in 7¢ allows for precision measurements and a resolution
of about 40— 150 um in this plane. In the end-cap geometry, the r¢ coordinate system is better

suited than z to measure the muon momentum precisely.
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Figure 3.6.: Schematic setup of sub-detectors in CMS [32]. At the innermost part (orange),
the tracking system is shown, surrounded by ECAL (green) and HCAL (purple),
followed by the solenoid magnet (white). The outermost part is covered by the
three types of muon detectors which are marked individually.

Finally, resistive plate chambers (RPC) are present in the overlap region up to a pseudorapid-
ity of || < 1.6 as an additional layer. Due to their fast response, they provide an optimal timing
resolution which is used to identify the correct bunch crossing for an event. The RPC provide a
robust, independent, standalone muon identification which is essential for triggering.

Overall, the muon system covers a range up to || < 2.4 without gaps, has a time resolution
of less than 3 ns and a muon identification rate above 90 %. This rate has been tested together
with misidentification rates in Z — pu events using a tag-and-probe approach. Misidentifi-
cation rates due to pions and protons were found to be on the per mille level. The position of
individual detector parts is shown in Figure 3.6, including the tracking system, the calorimeters,

the solenoid, and the three types of muon detectors.

3.3. Trigger and Data Acquisition

With a bunch crossing rate of about 40 MHz and an average of more than 30 proton-proton
interactions per bunch crossing, there are more than a billion interactions per second. As the
computing system can only record with a rate of roughly 1kHz, the trigger must provide a
rejection factor of up to 10° [131]. This is achieved by pre-selecting events of potential interest,

based on quantities like pp or Er. Thresholds are designed to keep as many potential signal
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events as possible while at the same time rejecting as much background as possible.

The CMS trigger system consists of two parts, the Level-1 (L.1) and the High-Level-Trigger
(HLT). Based on hardware, the L1 reduces the event rate to about 100 kHz. Then, the software-
based HLT, which runs on a processor farm consisting of several thousand CPUs, further shrinks

the event rate to roughly 1 kHz.

In order to cope with changes in the instantaneous luminosity, the sets of thresholds which
decide whether or not an event is recorded are adjusted to stay inside the computing limit. At
the same time, they should still record as many events as possible. These sets of instructions are
called trigger menus. They are associated with a varying number of pre-scale columns. This
ensures that the rate of an existing menu can be adjusted easily without actually changing the
trigger requirements defined in this menu. Then, with a pre-scale factor of n, only every n-th
event is selected randomly. Depending on the available bandwidth, a different pre-scale col-

umn, i.e. a different factor, can be chosen.

As the first layer, the L1 filters events quickly within around 4 pis. During this period, the full

event data is kept in a buffer.

Several types of logic systems are used inside of the L1 trigger. Where possible and cost
effective, Field Programmable Gate Arrays (FPGAs) are used. They are based on MicroTCA
technology and enable a larger number of trigger paths as well as more detailed calculations like
the invariant mass of an object. Additionally, Application Specific Integrated Circuits (ASICs)
are installed. While being more resistant to high-PU conditions, they are more difficult to
customize than FPGAs.

The decision process in the L1 is based on calorimeter and muon system information in rel-
atively coarse granularity. It looks for the primitives, meaning photons, electrons, muons, and

jets above certain pr and Et thresholds.

For the HLT [? ], more pieces of information are collected from the sub-detectors than at the
faster L1 trigger, allowing for a more thorough examination of the events. Furthermore, multiple
simplified analysis algorithms run simultaneously, staged by the HLT path which is designed
to evaluate the most exclusive selection steps first in order to discard an event as quickly as
possible. Similar to the L1 trigger, the HLT thresholds reflect the computing limitations and
pre-scaling can be used to reduce the trigger rate. All decisions are completed within less than
200 ms. After checking each event based on all given paths, an event is stored if it meets all

requirements of at least one HLT path.
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3.4. Event and Detector Simulation

Simulation is crucial to predict physical interactions between particles as well as those with
the detector material. Simulated events are used for sensitivity studies and to develop analysis
strategies. Since events with multiple-parton final states can not be assessed analytically, Monte-
Carlo (MC) generators are used for these simulations. The Monte-Carlo method [132] is based
on repeated, random sampling of data in order to achieve a numerical solution for a problem
which is not solvable analytically.

To simulate how a physical process happens and how it is measured by a detector, several
steps are required. First, the hard-scattering process itself is generated, including incoming
and outgoing particles as well as respective decay products. In this step, the matrix element
of the hard process is calculated using the Monte-Carlo method to obtain the properties of
the incoming parton. Then, QCD effects of higher orders are taken into account before the
hadronization is modeled. Afterwards, a simulated model of the detector is used in order to
mimic the reconstruction of the generated particles. In all respective steps, the simulation is
tuned to match the observations in data.

Various programs are used to simulate events at the LHC. Out of those, PYTHIA8 [133] is
used for leading order (LO) event generation. It provides calculations for certain two-body
hard-scattering events as well as the hadronization of final-state particles. Processes of higher
orders can be estimated based on the parton shower content.

MadGraph 5 [134], on the other hand, is providing next-to-leading-order (NLO) events. This
includes initial-state radiation (ISR) and final-state radiation (FSR). MadGraph calculates the
matrix element on tree-level to arbitrary order. There, it has to be taken into account that inter-
ference terms in the NLO cross-section computations lead to negative weights being assigned to
some generated events [135]. To simulate the parton shower and the hadronization, PYTHIA8
is interfaced by MadGraph.

After the particle interactions have been simulated, detector effects have to be taken into
account. Thus, the complete CMS detector is modeled using GEANT4 [136, 137], including
all support structures and detector material. In this step, the interaction of particles with the
entirety of material in the detector is simulated, taking into account the magnetic field and

creating tracks as well as vertex objects.
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4.1. Objects Reconstruction

4.1.1. Particle Flow Algorithm

Originally invented at the ALEPH experiment [138] at LEP, the particle flow (PF) algorithm
[139] was adopted by CMS. It connects measurements from different parts of the detector in
order to reconstruct an object correctly. Inputs from the tracking system, both calorimeters as
well as the muon system are used. To provide the required identification efficiency to analyses,
characteristic signatures of various types of objects in the respective part of the detector are
used. This combination of measurements from the complete detector also provides an improved

resolution compared to isolated measurements in an individual sub-detector.

At CMS, the PF algorithm profits from the large magnetic field which separates charged
and neutral particles in the calorimeters. This is aided by the fine segmentation of the ECAL
and the hermiticity, i.e. covering of 27 in ¢ and almost 2 7 in 6, of the HCAL. Furthermore,
the finely grained and efficient tracking system provides accurate track reconstruction and the
muon system guarantees excellent muon identification. Altogether, this allows clear distinction

of different particles as well as the precise reconstruction of their energy and momentum.

Measurements from different sub-detectors are connected by a linking algorithm. The prob-
ability of correct connection for one particle is only limited by the detector granularity and the
occupancy. First of all, the linking algorithm extrapolates tracks from the silicon tracking sys-
tem to calorimeter energy deposits. If the extrapolated track matches a calorimeter cluster, the
two objects are linked. In case of multiple candidate clusters, only the one with the smallest
distance to the track is selected. To save computing time, the clearest identification steps are
done first, i.e. muons followed by electrons and photons. Measurements which were already
assigned to one particle are then excluded from the following reconstruction steps in order to

avoid double counting.
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4.1.2. Tracks and Vertices

Tracks are reconstructed based on individual hits in the silicon tracking system. This is done
with a combinatorial track finder (CTF) which is based on a Kalman filter [140]. Out of the
recorded hits, a vast amount of possible trajectories can be formed based on combinatoric pos-
sibilities. Hence, it is challenging to identify the actual path of an individual particle [141].
Nevertheless, when combining the hit information with clusters from other parts of the detec-
tor, the correct trajectory can be identified. In order to achieve a high reconstruction rate while
keeping the purity of correctly identified tracks as high as possible, a method called iterative
tracking is used. Hits already assigned to a track are masked in the next iteration of the CTFE.
For each iteration, quality criteria are relaxed in order to reconstruct more tracks, while the
main steps remain unchanged. First, a seed is generated from multiple hits before the pattern
recognition is run. To classify the quality of a track candidate, several quantities are evaluated
such as the number of hits in certain tracking layers or the x? value of the fit. Subsequently, the

final fit determines the tracks which will be kept.

From the tracks, vertices can be reconstructed. Correctly identifying primary and secondary
vertices (PV and SV) is a key ingredient to many analyses. In general, the primary vertex is
the origin of the scattering event, while secondary vertices usually originate from decays of
particles created in the original scattering. Therefore, several SV can be assigned to the same
PV, e.g. in case of cascading decay structures. Thus, secondary vertices usually have a lower
track multiplicity as well as a smaller sum of track pr associated with them. At CMS, the
deterministic annealing (DA) algorithm [142] together with an adaptive vertex fitter (AVF) is
used [143]. Further iterations based on the AVF lead to improved reconstruction of both primary
and secondary vertices [144]. Figures 4.1 and 4.2 show the resulting resolution of primary
vertices for the 2016 and updated 2017 pixel-detector design and the pileup distribution for
2017, 1.e. the mean number of proton-proton interactions per bunch crossing. In Figure 4.1, the
benefit of the upgraded pixel detector is clearly visible as a higher PV resolution based on the

same number of tracks assigned to the respective vertex.

In order to identify a vertex candidate, the DA algorithm is used. It clusters tracks to form
vertices based on the z coordinates of the point where each track approaches the center of
the beam pipe most closely. Then, within the AVF, first, a weight is assigned to each track,
depending on its distance to the vertex candidate. Afterwards, the candidate is reevaluated
based on all the tracks’ weights. During this procedure, outlier tracks are not neglected but

downweighted in order to prevent fake vertices. Vertex candidates with at least two assigned
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Figure 4.2.:

(red) geometry of the tracking system, based on simulated tt events with an average
pileup of 35 [145]
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tracks enter the actual fitting procedure. Since vertex candidates with a large number of tracks
with rather large respective weights are most likely to originate from a proton-proton interaction,

the candidates are selected based on the number of degrees of freedom [146]

#tracks
Ndof = —3+2 Z w;. (41)
i=1

The weight of the track, w;, reflects the compatibility between track and vertex candidate. The
larger it is, the higher the probability that this track in fact originates from that vertex. These

two steps are repeated until all tracks are assigned to a vertex candidate.

4.1.3. Jets

If a particle carrying color charge is produced in a collision, it will bind with other colored
particles and form a color-neutral hadron. These other particles can be free previously or they
are produced through radiation processes from the original parton. In general, each parton
produced in the collision, i.e. quark or gluon, will not only yield one hadron but, through
fragmentation and hadronization, a shower of color-neutral particles, the jet [147]. In order to
use the jet as a link to the original parton, it is crucial to assign correctly as many hadrons as
possible to this jet.

The algorithms which can be used for this procedure can be divided into two major classes,
the cone and the recombination algorithms. A cone algorithm [148] starts from a particle
track, which is linked to respective measurements in the calorimeters, and simply defines a
cone around it, counting all particles detected inside of this cone towards the jet.

Alternatively, more complex recombination algorithms are used which combine detected par-
ticles iteratively, based on the distances between two objects ¢ and 7,

2

Az
dy = min ki, ki) -y (4.2)

as well as between an object ¢ and the beam B,
dig = k2. (4.3)

In these equations, kt represents the transverse momentum, i.e. the momentum in the xy plane,
R reflects the cone size, and p is the exponential parameter. The quantity A;; is a distance

parameter similar to R and based on the rapidity y as well as the azimuth ¢. It is defined as
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Figure 4.3.: Shape of jets based on various reconstruction algorithms [147], namely % (top left)
and anti-kp (bottom right), Cambridge-Aachen (top right) and a cone algorithm
(bottom left). The cone radius R is set to 1 for all algorithms and the data on which
they have been run is also the same in all four images. For the anti-k; algorithm, it
can be seen that the jet shape is usually conical if there are no overlapping jets.

Aij = (yi — y;)* + (¢ — ¢;)?. The distances are calculated between the object obtained in
previous iterations of the algorithm and further present particles. If the nearest object to the jet
is found to be the beam, the process is stopped and the object is kept as the final jet. Depending
on the choice of p, different algorithms are distinguished. The kp-algorithm [149] is based on
p = 1, while the Cambridge-Aachen algorithm [150] features p = 0. With a value of p = —1,
the algorithm is called anti-£1 [151]. Here, particles with large transverse momentum affect the
shape and location of the jet most, since soft objects cluster to hard ones much faster than to
other soft objects. This results in a conical shape. The anti-kr algorithm with a cone size of
R = 0.4 is used for the jets in this analysis. A comparison of these recombination algorithms

and a cone algorithm is shown in Figure 4.3.

An extraordinarily important property of the anti-kr jet clustering algorithm is the ability to
avoid divergences. These could for example be caused by the presence of very soft final state
particles or the splitting of an initial state particle into two collinear objects. The respective
mechanisms to account for these two particular issues are called infrared and collinear safety
[152].

Depending on which objects are used as input to the jet clustering algorithm, the resulting set
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Figure 4.4.: Steps of Jet Energy Corrections in the order they are applied to data (top) and
simulation (bottom) [155]

of jets is called “CaloJet” or “PFJet”. The former are based exclusively on calorimeter input,
which allows a fast reconstruction and is thus used in trigger decisions. The latter uses particle
flow input as well which requires more computing time but is also more accurate. Therefore,
the energy resolution of PFJets is significantly improved with respect to CaloJets.

The reconstruction efficiency for jets at CMS is around 90 %. For central jets with a pp above
30GeV, it is higher than 95 % [153]. Depending on the quality of the jet identification by
the PF algorithm, three working points are defined [154]. This definition also uses additional
information from the calorimeters, for example hadronic activity or lepton multiplicity. The
tight jet identification working point, for example, is defined such that it yields a selection
efficiency above 99 % and a fake-jet rejection efficiency exceeding 98 % for all jets with |n| <
2.7. All jets must therefore feature less than 90 % neutral hadrons as well as electromagnetic
components. Furthermore, they must consist of more than one particle and contain at least one

charged hadron.

4.1.4. Jet Energy Corrections

In general, the reconstructed energy of a jet does not equal the original energy of the parton.
Such a mismatch can originate, e.g., from non-uniform and non-linear calorimeter response as
well as particles which belong to the jet but are not measured correctly or at all. Furthermore,
pileup effects as well as noise in the detector and damaged modules affect the energy recon-
struction of jets. To correct for these effects, both the detector measurement and MC simulation
have to be adjusted. As analyses which are based on multi-jet final states depend on correctly
reconstructed jets, two main sets of corrections are applied, namely the Jet Energy Scale (JES)
and Jet Energy Resolution (JER) corrections [155]. Figure 4.4 illustrates the corrections which
are applied to data and simulation. They also constitute main sources of systematic uncertainties

as they directly impact the signal modeling.
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Jet Energy Scale

Provided by the CMS JetMet group [156], the JES correction is a multiplicative term to the
reconstructed energy of a jet in order to match the generated parton energy. It is the ratio of the
reconstructed transverse momentum of the jet to the pr of a jet clustered from the generator-
level particles. By itself, the JES correction consists of four individual contributions.

First, the pileup offset correction subtracts energy contributions due to objects from other
events being present in the detector at the same time. They may originate from the same bunch
crossing as the analyzed event (in-time pileup) or from earlier as well as following bunch cross-
ings (out-of-time pileup).

Second, the simulated-response correction targets non-linearities (in pr ) and non-uniformities
(in n) of the detector response. Thus, this correction is calculated as a function of these kine-
matic quantities.

Third, the residual correction is designed to improve the agreement between data and simu-
lation further. It is calculated based on Drell-Yan events to obtain the absolute scale as well as
multi-jet events for large py > 800 GeV and residual 7 corrections.

Finally, an additional jet-flavor correction is applied, addressing differences in the recon-
structed energy of light and heavy flavor jets. For b jets, this correction is extracted using Z+b

events.

Jet Energy Resolution

As in general the py resolution is better in MC than in data, a JER correction is applied [157].
It introduces a smearing effect to the simulated pr distribution of jets in order to match the
actual detector resolution. This is important to avoid introducing a bias due to the jet resolution
which can significantly impact steeply falling jet-energy spectra, i.e. the main observable for
resonance searches.

The correction can be calculated using a similar approach as for the simulated-response part
of the JES correction, based on 7/Z + jet samples. It is designed to alter the width of the
pr spectrum without introducing and overall shift. While the relative pr resolution o, /pr can
be considered Gaussian, the response is also impacted by e.g. detector effects, neutrinos passing

the detector without interaction, or inactive areas. Thus, the p response distribution

Teco gen
bt — Dt
A =

Teco ’

D

4.4)

where p£° and p%" are the transverse momentum of a reconstructed and generated object, re-
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spectively, is described by a double-sided Crystal-Ball function, featuring a Gaussian core and

non-Gaussian tails.

Depending on whether or not the reconstructed jet can be matched to the generator-level jet,
there are two methods to calculate the JER correction which is applied to the reconstructed jet.
If the reconstructed jet can not be matched, the stochastic smearing is applied. In this case,

the four-momentum of the jet is multiplied with a factor

CJER — 1 =+ N(O, O'JER)\/maX(SﬁER — 1, 0), (45)

where o;gg is the relative pr resolution as measured in simulation, sjpr = Agata/AMc 1S @
data-to-MC scale factor and N is a random number sampled from a normal distribution which
is centered at 0 and has a variance of the relative pr resolution squared, o3p.

If a generator-level jet can be matched to the reconstructed object, i.e. it fulfills the require-

ments

AR < Reone/2 (4.6)

and |pr —pT"| < 3omr pre 4.7)

with R ... being the radius of the reconstructed jet, the scaling method can be used. There, the

JER correction is calculated as

reco gen

by — P
CJER = 1+ (SJER — 1)% (48)

Pt

using the same definitions as for the stochastic smearing method.

As for JES, also the JER calibrations are provided centrally by the CMS JetMet group.

4.2. B-Tagging

As bottom quarks are dominant decay products of e.g. Higgs bosons and top quarks, jets origi-
nating from b quarks — in the following called b jets — are of extraordinary importance for many
analyses targeting physics within and beyond the Standard Model.

B hadrons have a relatively large mass of more than 5 GeV. Thus, their decay products usually
also obtain a respectively high transverse momentum. Due to the rather long life time of the b

hadrons, they also travel a distance from several hundred micrometers up to a few millimeters
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Figure 4.5.: Production of jets originating from a primary vertex (PV, blue) and a heavy-flavor
jet as well as a charged lepton (purple) linked to a secondary vertex (SV, orange)
with an impact parameter (IP, green) [159]

before decaying [40]. This leads to a secondary vertex being formed within the jet which results
from the fragmentation and hadronization of the original b quark.

There are several decay processes which can lead to semi-leptonic modes. Muons, for exam-
ple, can be produced directly from a b hadron decay or via a ¢ hadron. The branching ratios
for these processes are B(B — uvX) ~ 11% and B(B — C — uwX) ~ 10% [158]. A
schematic of how heavy-flavor jets are produced and how leptons and secondary vertices arise
from them is shown in Figure 4.5.

Using these kinematic and topological properties to discriminate between jets which originate
from b quarks on the one hand and light-quark and gluon jets on the other, various algorithms
have been developed at CMS, the b (or flavor) taggers [159, 160].

4.2.1. Comparison of Different b-Tagging Algorithms

During the LHC Run 1, the combined secondary vertex (CSV) tagger was used [161]. While
it was still partially used during Run 2, significant updates have been applied. The first b-
tagging algorithm discussed in this thesis is the CSVv2 b-tagger, which is an update of the
CSV algorithm and used for the main HLT path of this analysis. As the CSV algorithm, also
the CSVv2 b-tagger is based on a multivariate analysis of the input observables. Second, the

DeepCSV algorithm, which combines the CSV approach with machine learning is described.
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Third, the DeepJet algorithm [162, 163] is the most recent of all mentioned b-taggers and it is
based on a deep neural network. Unlike the previous b-taggers, which are based on a binary
classification process, the DeepJet algorithm is a multi-class classifier, targeting different jet
flavors simultaneously. This algorithm is used for the offline selection of events in the analysis
presented here.

Commonly used among all algorithms used at CMS are the working points which are defined
according to the mis-tag rate, i.e. how many light-flavor jets are wrongly classified as b jets.
Three of these working points are set for jets with transverse momenta above 30 GeV and || <
2.4, namely loose, medium and tight with mis-tag rates of 10 %, 1 % and 0.1 %, respectively
[164]. Each working point is given in terms of the b-tagging discriminant of the respective
algorithm which is a dimensionless number describing the probability that the investigated jet

originated from a b quark.

CSVv2 and DeepCSV

Both the CSVv2 and the DeepCSV b-tagging algorithms are based on the Inclusive Vertex
Finder (IVF [165]). This algorithm identifies primary and secondary vertices based on the set
of all reconstructed tracks in the event. These tracks are required to leave at least 8 hits in the
silicon tracking system and to have a py larger than 0.8 GeV as well as an impact parameter
(IP) smaller than 0.3 cm. Candidates for secondary vertices are considered if they have an IP
above 50 um. Tracks are assigned to these vertex seeds and the adaptive vertex fitter is run. In
this iterative procedure, the most likely secondary vertex is found by removing the seeds with
lowest compatibility of tracks with the vertex candidates, which is described by a x? fit. If good
agreement of a track to a vertex seed is found, the track is removed from the remaining part of
the vertex fitting to avoid assigning one track to multiple vertex candidates. To improve the ex-
clusion of secondary vertices from other sources than b-hadron decays, candidates are rejected
as well, if the invariant mass of tracks assigned to them matches the mass of the K¢ within a
window of 30 MeV.

As b-tagging features a large exclusion power for events which are not of interest for analy-
ses targeting b quark final states, a simplified version of the CSVv2 algorithm is also included
in the HLT. In this context, also a simpler and faster vertex finding algorithm, the fast primary
vertex finding (FPVF) algorithm, is used to project tracks which are compatible with a jet onto
the z axis in order to obtain a PV candidate. Using simulated ¢t events, these candidates are

found to have a resolution in the order of millimeters for an average PU of 35. With additional
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Figure 4.6.: Residuals on the position of primary vertices using either information from the
pixel detector alone or the full tracking system (left, blue and red curve, respec-
tively) and performance of the CSVv2 algorithm in the slimmed online version and
the complete offline version (right, red and blue curve, respectively) [159]. Both
comparisons are based on the phase-0 pixel detector which was used in 2016.

information from the strip tracking detector as well as the calorimeters, tracks and vertex can-
didates are refitted with the more accurate IVE. Including information from the strip tracking
detector in addition to the measurements in the pixel detector already leads to a significantly
better reconstruction of primary vertices. This can be seen in the distribution of residuals which
is shown in Figure 4.6. Furthermore, Figure 4.6 illustrates the improved performance of the

complete offline CSVv2 algorithm over the slimmed HLT version.

Including a machine learning technique, the CSVv2 algorithm was further improved. The
DeepCSV algorithm is based on the same inputs as the CSVv2 but it uses more track-based
variables from up to six tracks. These variables contain information on how much displaced
tracks and one SV candidate are from the PV, the transverse momentum of the jets as well
as the number of charged particles in each jet. For the DeepCSV training process, jets from
the respective training data set are randomly selected, while ensuring that similar py and 7
distributions are obtained for all jet flavors. To speed up the training, all input variables are
preprocessed in such a way that they are centered around zero and have a RMS value of one
[159]. The improvement of this machine-learning based algorithm over the CSVv2 can be seen
in Figure 4.7. Using the same working points of 0.1 %, 1%, and 10 % mis-tag rate for jets
with transverse momenta above 30 GeV and |n| < 2.4, the DeepCSV provides a larger b-jet

efficiency, making it the advantageous choice for analyses.
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Figure 4.7.: Comparison of CSVv2 and DeepCSV b tagging algorithms (dark blue and purple
lines) for jets with py > 20 GeV [159]. The Jet Probability (JP, light green lines)
and CSV (olive lines) algorithms are not used anymore, the cMVAv2 (red lines)
algorithm is not discussed here.

DeepdJet

As a further improvement over the DeepCSV algorithm, the DeepJet tagger is fully based on
machine learning. While the formerly used algorithms were based on fewer, yet well identified
high-level features of jet constituents, the DeepJet algorithm is based on including as many in-
dividual low-level objects as possible. This includes, among others, the track multiplicity of the
jet, the number of secondary vertices as well as the mass of hadrons and the number of neu-
tral particles in the jet. The DeepJet algorithm is also designed to find additional objects like,
for example, highly energetic tracks which might not have been assigned to the jet originally.
Hence, the overall reconstruction of the jet is improved, allowing for a more precise classi-
fication. Furthermore, the Deeplet tagger is not only dedicated to discriminating b jets from
lighter flavors but it is designed to identify the flavor of the jet directly. Its training is based on
simulated QCD and #¢ events and it is much more time consuming than for the previously used
DeepCSV algorithm with about 24 hours instead of around 30 minutes [162]. This effort leads
to a significantly better light-jet rejection rate while keeping the same b-jet efficiency. For jets
with a larger pr, this effect is even more pronounced. A comparison of the misidentification
rate vs. the b-jet efficiency for DeepJet and DeepCSV is shown in Figure 4.7 for simulated
events with two different ranges of jet pr. Table 4.1 shows an overall comparison for the three
flavor-identification algorithms discussed here, including the efficiencies for b, c, and light jet

selection for a simulated data set of ¢# events with jets exceeding a transverse momentum of
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Figure 4.8.: Comparison of misidentification rates of the DeepCSV and Deeplet algorithms
[163]. In general (left, jet pr above 30 GeV) but even more significantly for larger

jet pr (right, jet pr between 150 and 300 GeV), the DeepJet algorithm outperforms
the DeepCSV tagger.

30GeV.
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Algorithm  €,(%) €.(%)  €gnt(%)
CSVv2 (T) 49 2.2 0.1

CSVv2 (M) 69 12 0.9
CSVv2 (L) 83 37 8.9
DeepCSV (T) 51 2.1 0.1
DeepCSV (M) 68 11 0.9
DeepCSV (L) 86 32 10
Deeplet (T) 57 2.0 0.1
Deeplet (M) 76 12 1.1
DeeplJet (L) 92 48 12

Table 4.1.: Efficiencies of the CSVv2, DeepCSV, and Deeplet algorithms for b, c, and light
jets for the tight (T), medium (M), and loose (L) working points for jets with p; >
30GeV [166, 167]
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5. Search for Heavy, Neutral Higgs
Bosons Decaying into a Pair of b
Quarks

5.1. Previous Results

5.1.1. LEP and TeVatron

First powerful attempts of searching for BSM Higgs bosons were made at the final configuration
of the Large Electron-Positron Collider LEP, LEP-II, at CERN [168]. Overall, the LEP operated
from 1989 until 2000 and LEP-II featured a center-of-mass energy of /s = 209 GeV in 1999
and 2000, making it the most powerful lepton accelerator built to that time. LEP collisions
were investigated by the four experiments L3, ALEPH, OPAL, and DELPHI and their results
concerning BSM Higgs bosons were combined in the end [169].

The most important production mechanisms for heavy, neutral Higgs bosons at LEP are Hig-
gsstrahlung (VH production mode, ete™ — Z° — Z H/h) and pair production (e~ — Z° —
AH/h). Their respective Feynman diagrams are shown in Figure 5.1. The searches where fo-
cused on MSSM scenarios, among others the m;'** scenario. As discussed in Section 2.2.1,
these models can be described by two parameters at tree-level, the mass of the CP-odd neutral
Higgs boson, m 4, and the ratio of the vacuum expectation values of the two Higgs doublets,
tan 3. In these scenarios, at LEP energies, the Higgsstrahlung production mechanism domi-
nates at low values of tan 3, while the pair production is most important at larger tan j3.

Several benchmark scenarios were tested, some of which were designed to conserve CP,
while others included CP violation. In neither case, a significant deviation from the SM was ob-
served. Therefore, limits were calculated in terms of the mass of a neutral Higgs boson as well
as tan (5. Values of my, < 92.8 GeV, ma < 93.4GeV, and 0.7 < tan $ < 2.0 were excluded at
95 % confidence level.
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Figure 5.1.: Main BSM Higgs boson production modes at LEP: Higgsstrahlung (left) and pair
production (right). Diagrams drawn with [66].
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Figure 5.2.: Production processes for a heavy, neutral Higgs boson in association with b quarks
at TeVatron and LHC with one (left) or two (right) additional bottom quarks in
the final state [173]. While the two diagrams on the left are only possible in the
5-flavor-scheme, i.e. including b quarks as sea-quarks in the proton, the others are
also accessible in the 4-flavor-scheme [174]. Due to the increased center-of-mass
energy and because instead of protons and anti-protons only protons collide at the
LHC, different production modes dominate at the two colliders. Diagrams drawn
with [66].

Also at the TeVatron collider [170], located at Fermilab, heavy, neutral Higgs bosons were
searched for in the bb decay channel. The TeVatron collided protons and anti-protons at a center-
of-mass energy of /s = 1.96 TeV and the data was collected and the analyses were performed
by the CDF and DO collaborations [171-173]. A total integrated luminosity of 5.2fb"' and
2.6 b had been collected at DO and CDF, respectively. Because of the significant background
due to QCD multi-jet production, as it is expected to be present in hadron collisions, any search
with a fully hadronic final state is extremely challenging. Thus, the b-associated production
mode was chosen for the analyses. The respective Feynman diagrams are shown in Figure 5.2
for Higgs boson production in association with one or two associated b quarks. Not only does
this production channel provide the possibility of additional background rejection based on the
required number of b jets, but it also exploits enhanced production cross-sections in certain

BSM models, as explained in Section 2.2.

Limits on the cross-section times branching ratio o(gb — bp) x B(¢ — bb) (cf. Figure
5.2 left) were calculated from the combined data of the CDF and DO experiments. These were

further interpreted in terms of a specific model, described by the m{*** benchmark scenario.
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Figure 5.3.: Limits on cross-section times branching ratio (left) of the BSM Higgs boson search
in the bb decay channel at TeVatron as well as interpretation in terms of the m}"**
scenario (right, with a comparison to LEP results in light brown). The excesses
at 120 and 140 GeV, corresponding to deviations from the expectation of 2.50 and
2.60, respectively, are not statistically significant. Taken from [173].

Both results are shown in Figure 5.3. Mild excesses were observed with deviations of 2.50 and
2.60, respectively, from the background-only hypothesis in the cross-section times branching
ratio limits at masses of mg = 120 GeV and my = 140 GeV. The model dependent limits were

found to complement the LEP results well.

5.1.2. LHC Run 1

After the discovery of a Higgs boson at 125 GeV, the focus of searches for additional Higgs
bosons changed slightly. Mainly, the benchmark scenarios had to be adapted in order to agree
with the observation and analyses started investigating possible extensions of the Higgs sector
instead of searching any kind of Higgs boson.

Searches for Higgs bosons of an extended Higgs sector were performed during LHC Run 1
similar to previous approaches at TeVatron, exploiting the properties of b-associated production.
In contrast to the proton anti-proton collider TeVatron, however, the LHC beams only consist
of protons which affects the cross-sections of different Higgs boson production modes. For
example, the main production mechanism at the LHC for the 125 GeV Higgs boson is ggF.
Using data from 2011 and 2012, with center-of-mass energies of \/5 = T7TeV and \/5 = 8TeV,
respectively, corresponding to a combined integrated luminosity of 24.6fb”', a new analysis

approach was included at CMS [175, 176] by introducing a semi-leptonic channel in the analysis
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of the data collected in 2011. In this final state, a non-isolated muon is required to be identified
in association with one of the b jets. The complementary final state is called all-hadronic, as
there are no additional leptons required. Both approaches are designed to look for an excess in
the invariant mass spectrum of the two b jets leading in transverse momentum. The results of
both individual channels are combined at the end to obtain the overall limits.

The increased integrated luminosity and center-of-mass energy allowed for a significantly
enlarged area of the (ma, tan [3) plane to be assessed with the LHC Run 1 results. Additionally,
a dedicated trigger was used in the CMS analyses, identifying b jets already during the data-
taking process, i.e. online. As in previous studies, limits were calculated on the production
cross-section times branching ratio, depending on the Higgs boson mass. They are shown for
the 8 TeV analysis in Figure 5.4 (top left). These limits were interpreted in terms of specific
benchmark scenarios. As can be seen in Figure 5.4 (top right) for the 7 TeV analysis in the
my'** scenario, the range in both m, and tan [ is significantly increased with respect to LEP
and TeVatron analyses. The mj'** scenario is explained in Section 2.2.1 and was used in the
searches at LEP and TeVatron. It was almost completely excluded by the observation of the 125
GeV boson as it was designed to yield a maximized Higgs boson mass. Thus, it was replaced by
the modified m{™°? scenario. The difference in their respective behavior can be seen in Figure

5.4 (bottom). While only a narrow band, mainly at low tan 3, is still allowed in the mj'**

scenario, the mhm““r scenario allows for a much wider combination of m, and tan 3. This

is due to the removal of somewhat artificial constraints on internal parameters in the m;"***

scenario with respect to the m;'** scenario which do not agree with the observation.

5.1.3. LHC Run 2

Based on data collected during the LHC Run 2, efforts in searching for heavy, neutral Higgs
bosons decaying into b quarks [34, 177, 178] are continued at CMS, and ATLAS also introduced
a similar analysis [174]. All of these studies are based on the main production processes shown
in Figure 5.2, which are the same as for the TeVatron analyses. However, as discussed above,
their respective cross-sections are different at the two colliders.

Similar to the CMS analyses during Run 1, b-associated production is exploited in all three of
these searches. In the final state, at least three b quarks are required. In addition, a semi-leptonic
channel is included again [34] in the CMS analysis of data collected in 2017, requiring a non-
1solated muon to be found in association with one of the two b jets leading in pr. This additional
requirement is already imposed at trigger-level. Based on the thusly reduced rate, a lower cut

on the jet pr can be placed, leading to increased sensitivity at masses as low as 125 GeV. The
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Figure 5.4.: Model independent limits of the LHC Run 1 analysis at 8 TeV (top left [176]) to-

gether with model interpretations in the m}*** and m/"*** scenarios. In the top right
plot, the LHC 7 TeV analysis [175] is compared to the LEP and TeVatron results.
The used m'** scenario was later, 1.e. after the Higgs boson discovery at 125 GeV,
mostly excluded, as can be seen in the bottom left plot [176]. This scenario was then
modified and results in terms of the newly developed m"*** scenario are shown in

the bottom right plot [176].
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CMS analysis performed based on data collected in 2016 did not have this requirement but also
did not reject these events. Therefore, relatively high pr cuts were placed in order to keep the
trigger rate under control.

Note that in general, also a four-b-jet final state could be identified. However, practical
considerations lead to the choice of requiring only three well-identified b jets. First, it was
observed that despite a more powerful background rejection, the signal efficiency was even more
significantly reduced. Second, it can happen that not all jets are found within the experimental
acceptance of the detector or a jet is misidentified as a light-flavor jet or any other object.

The two CMS analyses are based on a parametric description of a control region (CR) which
is then applied as well to the signal region (SR). However, the ATLAS approach is slightly
different. It is based on a simultaneous fit of control regions and signal regions with a cer-
tain jet multiplicity and it is required that the respective shapes only differ by a second-order
polynomial. In all three analyses, limits on the production cross-section times branching ra-
tio are extracted and then interpreted in terms of specific benchmark scenarios. In addition

to the m} 4+

scenario, all three analyses also interpret their respective results in terms of the
hMSSM scenario. Moreover, some of the 2HDM benchmark scenarios discussed in Section
2.2.2, specifically the type-II and flipped scenarios, are also included. A summary of results is

shown in Figure 5.5.

5.2. Signal and Background Processes

This analysis is focused on the search for neutral Higgs bosons, A and H, produced in associa-
tion with additional b quarks and decaying into a pair of b quarks. As discussed in Section 2.2,
these particular production and decay modes are favored by several models.

Depending on considerations regarding the bottom-quark mass, various processes can con-
tribute to the signal cross-section as well as to the background. Two main methods are used
in this context [179, 180]. The four-flavor scheme (4FS) is based on the assumption that the
mass of the b quark largely exceeds the proton mass. Therefore, the b-quark contributions to
the proton structure are neglected. This implies that mainly gluons and light-flavor quarks form
the initial state, as shown in the two diagrams on the right of Figure 5.2. However, if the energy
scale of the collision, (), is much larger than the b-quark mass, the b quark can be treated as
if it was massless in the leading-order calculations. Thus, it contributes to the proton struc-
ture and initial states with bottom quarks are possible. Hence, this method is called five-flavor

scheme (5FS). Two examples of Higgs boson production based on the SFS are shown in the two
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Figure 5.5.: Limits on the production cross-section times branching fraction (left) and interpre-
tations in terms of specific benchmark scenarios (right) for LHC Run 2 searches.
The ATLAS results (top [174]) are based on the 2015 data set and a part of the 2016
data set, while the 2016 CMS analysis (center [178]) is based on the 2016 data set.
The semi-leptonic selection was re-introduced at CMS with the analysis of the 2017
data set (bottom [34]). The MSSM scenarios m**¢ and hMSSM (top) are used as
well as 2HDM benchmark scenarios (center and bottom; in the (mx, tan 3) and
(cos(f — ), tan 3) planes and for flipped and type-II models, respectively). Cor-
responding plots for this analysis are presented in Chapter 6. 75
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diagrams on the left of Figure 5.2.

To obtain a result which is not biased by either the 4FS or the 5FS assumptions, inclusive
production cross-sections are calculated using empirical approaches, combining the predictions
of both schemes. For the mﬂwd* and hMSSM benchmark scenarios, production cross-sections
are calculated based on the Santander matching scheme [179], while the cross-sections for the
m;2> benchmark scenarios are obtained by use of the FONLL matching scheme [181, 182].
This method was tested against the NLO+NNLLpart+ybyt scheme [183, 184] and found to
yield precisely the same results. Both methods can be used for calculation at LO and NLO

alike.

In the Santander matching scheme, the overall cross-section is defined based on a weighted

mean, in which the weight is taking into account the mass of the 125 GeV Higgs boson:

O4Fs + WOsFS . My
OSantander — 1—1-—?1)’ with  w =1In mi -2, (5.1)
b

where o4rg and ospg are the results based on 4FS and 5FS alone.

The FONLL scheme matches the 4FS and SFS predictions to each other. In this method, the

inclusive cross-section is defined as

OFONLL = O4FS t O5FS — Ooverlap; (5.2)

where ogyerlap accounts for the overlap region, avoiding double-counting. Extending the SFS
calculations, logarithms of the form log(Q?/m?), which were summed in orders of ag, are
replaced by their counterparts from the calculations based on massive b quarks. This is done
up to the order of ag to which the results are known assuming massive b quarks. The overlap
region is assessed from both sides: either the SFS calculations are extended up to a certain order

of ag or the massless limit of the massive calculations is considered.

Independent of the initial state, the characteristic final state of the bbg(¢p — bb) process
consists of two b jets with large pr, originating from the Higgs boson decay, as well as one or
two additional jets from the b quarks which are produced in association with the Higgs boson.
Due to the reasons discussed in Section 5.1.3 for previous analyses, at least three b-tagged jets
are required for an event to be selected as a signal candidate.

Dominant background contributions originate from SM processes which feature the same
signature of three b-tagged jets and QCD multi-jet events in which at least one of the light-
flavor jets is misidentified as a b jet. Respective example diagrams are shown in Figure 5.6 on
the left side.
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Figure 5.6.: Feynman diagrams of main background processes: SM production of four b jets
(left), QCD multi-jet events (center), and ¢t (right). Diagrams drawn with [66].

Another source of background are ¢t + jets events. Based on the almost exclusive decay of
top quarks into a bottom quark and a W boson, such a process usually features at least two
b quarks. If one of the jets originating from a hadronic W¥ boson decay either is a b jet or is
misidentified as one, the event also contributes to the set of signal candidates. A corresponding
example diagram is shown in Figure 5.6 on the right.

In the work presented here, a data-driven background estimation is used, considering all
background contributions combined. Thus, individual background contributions will not be

further distinguished or treated separately.

5.3. Analysis Strategy

The analysis presented here is starting from the inclusive analysis based on CMS data taken in
2016 [178], where no distinction between fully hadronic and semi-leptonic channels was made,
and the semi-leptonic 2017 analysis [34]. It is based on data taken in 2017 by the CMS exper-
iment with a center-of-mass energy of 13 TeV, equaling an integrated luminosity of 36.02 fb™.
Events which are already included in the semi-leptonic analysis are explicitly excluded. Thus,
the two analyses complement each other with the fully hadronic channel having better reach in
the high-mass range, while the semi-leptonic channel can reach lower masses.

As discussed in Section 5.2, signal events in this analysis feature a final state consisting
entirely of jets. The two jets originating from the Higgs boson decay are expected to be leading
in pr. Therefore, the signal is expected to manifest in the form of an excess in the invariant-
mass distribution of these two jets, m12, which is selected as the main analysis observable. The
signal region (SR) consists of events in which the leading three jets are b-tagged (bbb) using the
medium b-tagging working point (cf. Section 4.2.1), while in the control region (CR), the third
leading jet is explicitly required not to be b-tagged (bbnb), i.e. the b-tagging discriminant must

be below the loose working point. All other steps of the selection are identical for CR and SR.
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Since one of the jets from the associated b quarks is explicitly required not to be b-tagged in
the CR, this region is signal-depleted. However, based on the identical kinematic selection and
results from previous analyses, it is assumed that the shape of the m;» distribution is extremely
similar in both CR and SR, which is also investigated in this analysis by the use of simulated
data sets. Thus, the control region is particularly important for the background estimation as
it provides an unbiased insight to the main observable. By deploying an entirely data-driven
background estimation, all processes contributing to the background are treated in a combined
way. Furthermore, a blinding policy is enforced. This means that the analysis methods are
fully developed and the approach is validated based on signal-depleted data regions and Monte-
Carlo (MC) data sets, without considering the m, distribution in the SR. In addition to the
CR, a second signal-depleted region is defined, the validation region (VR). This region features
events in which the b-tagging discriminant of the third leading jet lies in between the CR and

SR requirements. Therefore, it is also called bbsb, where sb refers to “semi-b-tagged”.

Although the approach is similar to the complementary, semi-leptonic analysis of the 2017
data and the previous, inclusive analysis of the 2016 data in certain aspects, several substantial
changes are implemented. A key ingredient to the analysis strategy is the background estima-
tion in the signal region based on the control region mentioned above. The respective b-jet
selection relies on a deep-neural-network-based b-tagging algorithm (“Deeplet”), significantly
improving the signal-to-background selection ratio with respect to previous analyses. In this
analysis, the CR is parametrized and the SR background estimation is based directly on this CR
description, multiplied with a relatively simple transfer factor (TF). The transfer-factor func-
tion is slowly varying depending on the observable m15 and its functional form is motivated
by Monte Carlo studies. This technique is validated using the VR which is well-suited as it
is signal-depleted and independent of both CR and SR. Finally, CR and SR are fitted simulta-
neously and in this final signal-plus-background likelihood fit, the production cross-section is
evaluated. Since the CR features significantly larger statistics, the respective parameters of the
background description in the SR are expected to be well constrained in the simultaneous fit.
The TF parameters are exclusively determined based on the SR data, effectively decreasing the
number of required background description parameters in the SR significantly with respect to
previous analyses. Furthermore, the simultaneous fit ensures that the uncertainties of all CR
parameters are rigorously taken into account. Note that the ATLAS analysis [174] exploited a
similar approach with a strictly linear TF. Both signal and background MC data sets (see Section
5.4) are based on next-to-leading-order calculations. The m 5 distributions which are extracted
from the simulated signal data sets are included as histograms, also referred to as templates, in

order to avoid systematic uncertainties due to a parametrization.
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Era Run range L;n: (main trigger) [pb‘l] Lint (control trigger) [pb‘l]
2017C 299368 — 302029 9581 0.233
2017D 302031 — 302663 4224 0.357
2017E 303824 — 304797 8753 0.278
2017F 305040 — 306460 13462 0.260
Sum 299368 — 306460 36020 1.128

Table 5.1.: Recorded integrated luminosity for the analysis main and control triggers in the 2017
data-taking period, which is divided into four blocks of runs (eras) with relatively
stable data-taking conditions

5.4. Data and Monte-Carlo Samples

For the work presented here, data from the CMS experiment is used, collected during the 2017
data-taking period at a center-of-mass energy of /s = 13 TeV. This period is divided into sev-
eral blocks of runs, called eras, in which the conditions of data-taking are relatively constant.
The eras used for this analysis are listed in Table 5.1 together with the runs they contain and
the respective integrated luminosity. For the calculation of the latter, only runs which are offi-
cially certified by CMS to be used in analyses are taken into account. Moreover, the integrated
luminosity is calculated with respect to a specific trigger path. Due to, e.g., modifications, pre-
scaling because of excessive rates, or periods in which a trigger path was inactive, this reference
is crucial. Thus, in Table 5.1, the integrated luminosity is given based not only on the certifica-
tion but also with respect to the trigger which was developed specifically for this analysis and
which is described in detail in Section 5.5.

In the process of calculating the kinematic trigger turn-on (see Section 5.5.2), different data
sets are used than for the rest of the analysis. While for the main part of the analysis, b-tags
are already required at the online-level, the kinematic trigger turn-on can be assessed with a
much wider set of jets. Thus, events are included in this calculation, if they feature at least
one jet above a certain pr threshold. The respective integrated luminosity recorded by this
reference trigger is also shown in Table 5.1. Because of the loose selection criterion of the
reference trigger, this path is largely pre-scaled (cf. Section 3.3) in order to keep its rate within
the bandwidth limits. Therefore, the recorded integrated luminosity is much lower than for the
analysis main trigger.

The signal samples used in this analysis are based on next-to-leading-order calculations and
are summarized in Table 5.2. The computations are performed by the MadGraph5 generator
[134] which is able to calculate hard-scattering events at matrix-element level with up to four

additional partons produced in initial- and final-state radiation processes. To simulate the parton
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Event type Generator nlzrga.wg;)ingﬁltcs Mass point  Neyents

300GeV 5147086
350GeV 9177000
400GeV 9936000
450GeV 9857000
500GeV 8385000
600 GeV 10000000

NLO: bbA/H — bb MadGraph5 36 % 700GeV 9144903
800GeV 9481420
900GeV 9800693
1000 GeV 9686272
1200GeV 9370000
1400GeV 9640027
1600GeV 9853720

Table 5.2.: Signal samples for indicated hypothetical Higgs boson mass and number of events.
Since the negative weights have to be considered in all steps of the analysis pro-
cess, selection efficiencies and integrated luminosities are given with respect to the
effective number of events which includes the fraction of negative events as listed
here.

showers, MadGraphS is interfaced with PYTHIAS [133]. Using the central MC production grid
provided by the CMS collaboration, samples for 13 mass points have been generated, each
containing about 10 million events. It has to be noted, however, that about 40 % of these events
come with a negative event weight, accounting for interference terms of the NLO computations.

In the context of this analysis, the sign of the event weight is therefore considered.

To investigate the expected shape of the transfer factor and for the trigger scale factor calcu-
lations, QCD MC data sets are used, which are listed in Table 5.3. They describe the dominant
overall background contributions and, thus, they are a well-suited tool to assess the shape of
mass spectra in both CR and SR. However, due to the relatively exclusive requirement of two or
three b-tags for CR and SR, respectively, the inclusive QCD samples provide too little statistics.
Therefore, data sets with enhanced b-quark content are used, which are based on NLO QCD
calculations. They are binned in Hr, i.e. the transverse hadronic activity of an event. In the
context of these data sets, it reflects the sum of the transverse momenta of all jets in the event
exceeding 20 GeV. For each Hr bin, two samples have to be generated. One is designed to
enrich the content of b quarks at matrix-element level, while the other creates this enrichment

at parton-shower level. This distinction is necessary since at matrix-element level, a lower AR
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Generator Type Hr [GeV] N;V]Znts o [pbl Ly [1/pb]
200-300 58689666 1547000 38
300-500 60316577 322600 187
500-700 56207744 29980 1875
MadGraph5 QCD 700 — 1000 47724800 6334 7535
1000 - 1500 16595628 1088 15523
1500 — 2000 11634434  99.11 117389
2000 — Inf 5941306 20.23 293688
200 - 300 80430 9952918 123.75
300 - 500 16620 3547725  213.46
QCD, b-enriched 500 — 700 1487 2010208 1351.9
MadGraphS at matrix-element 700 — 1000 296.5 891925 3008.2
level 1000 — 1500 46.61 267989 5749.6
1500 — 2000 3.72 61250 16465
2000 — Inf 0.6462 302499 468120
200 - 300 111800 8611681 77.03
300 - 500 28070 5529691 197.00
QCD, b-enriched 500 — 700 3082 7621842  2473.0
MadGraphS at parton-shower 700 — 1000 724.2 1816716 2508.6
level 1000 — 1500 138.2 1261997  9131.7
1500 — 2000 13.61 224332 16482
2000 — Inf 2.909 214088 73595

Table 5.3.: Background samples with respective effective number of events, which includes neg-
ative weights, cross-section, and integrated luminosity. For the b-enriched data sets,
the type on enrichment given, i.e. whether it is done at matrix-element or parton-
shower level.

between the b quarks is implicitly applied to avoid divergence of the process. The three sets
of QCD MC samples listed in Table 5.3 are mutually exclusive since for the general, i.e. not
enriched, QCD data sets, a filter for b hadrons is applied at parton-shower level. An effective lu-
minosity is calculated based on Equation 3.1 and the effective number of events for each sample

as explained above.

5.5. Triggers

As described in Section 3.3, the trigger system at CMS consists of two steps, the L1 and the
HLT. The L1 trigger is designed to decide quickly and reduce the event rate as much as possible
without rejecting events of interest. Then, at the HLT, more complex algorithms are deployed,
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Trigger name Niets  Prjet [GeV]  [Mliet  Anj  Nitags  dosvee
Main analysis trigger

HLT_DoublePFJetsl100
MaxDetalp6_ 2 100 2.3 1.6 2 0.92
DoubleCaloBTagCSV_p33

Control triggers

HLT_DoublePFJetsl100__

CaloBTagCSV_p33 2 100 23 - 1 0.92
HLT_DoublePFJets200_
CaloBTagCSV_p33 2 200 23 - 1 0.92
HLT_DoublePFJets350_ ) 450 53 ~ | 0.9
CaloBTagCSV_p33
HLT_PFJet60 1 60 5 _ 0 _

Table 5.4.: Triggers used in the analysis. Based on the main trigger, events are selected for the
search for a BSM Higgs boson. The control triggers are used to assess efficiencies
of the main trigger.

i.e. simplified versions of the offline selection.

Dedicated triggers are essential to collect as many signal-like events as possible, while si-
multaneously rejecting the majority of background-like events as well as keeping the required
amount of bandwidth under control. Therefore, significant effort is put into their development.
For the BSM Higgs boson searches at CMS, various such trigger paths have been implemented
and their efficiency was studied.

5.5.1. Analysis Triggers

For this analysis, a main trigger was developed, together with several control triggers to test
its efficiency in various regards. All of these paths are listed in Table 5.4 together with the
properties an event must provide in order to be selected.

All triggers listed in Table 5.4 represent the HLT paths, which are based on looser L1 require-
ments, called seeds. The respective L1 seed L1_DoubleJet100er2p3_dEta_Max1lp6 for
the main analysis trigger quickly reduces the overall event rate based on the requirement of two
jets with a pr of at least 100 GeV. Furthermore, these jets must lie within a pseudorapidity
range of || < 2.3 and they must not be separated by more than An;5 = 1.6. The cut on |7|
can be implemented without constraining signal-like events significantly as they are expected
to contain rather central jets due to the large mass of the targeted Higgs bosons. Placing the An

requirement reduces the overall rate at L1 by about 15 %. It is found (see Section 5.6.2) that
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signal events show a much more centralized distribution in this observable than QCD events.
Thus, the rate reduction affects background events significantly more than signal candidates,
improving the purity of the remaining events.

The main HLT path for this analysis requires some additional cuts, mainly based on a b-
tagging requirement. In order to optimize computing efficiency, the most time-consuming steps
are run last. Hence, the first part of the selection sequence requires two jets with a cone-radius
parameter of 0.4, which are detected in the calorimeter and identified with the anti-k algorithm.
These jets are corrected for pileup effects by subtracting respective energy contributions and
they are all required to have a transverse momentum above 100 GeV as well as |n| < 2.3. There
must be at least one pair of jets with An;s < 1.6. A minimum of two and a maximum of six
jets passing the previous requirements is passed on to the b-tagging sequence. This sequence
is based on a slimmed version of the CSVv2 b-tagging algorithm, which is applying several
quality criteria on primary and secondary vertices. A b-tagging discriminant value of 0.92 or
larger is required for an event to be selected, corresponding to a rate of 0.33 % with which light-
flavor jets are misidentified as b jets. Thus, this requirement is between the medium and tight
working points. As the final step in the trigger sequence, since it is the most computationally
expensive, the trigger version of the particle flow algorithm is run, based on input from all
CMS sub-detectors. Afterwards, the event must fulfill all requirements described above to be
selected.

The main analysis trigger is designed such that it ensures an event rate of not more than
10 Hz. Thus, all events passing the trigger requirements can be stored. For the control triggers,
a maximum of one b-tag is required. Also, there is no cut on An;;. The control triggers are
mainly used to provide a data-driven opportunity to evaluate the online efficiency of the main
trigger. To ensure a better statistical coverage of all pp ranges, there are three control triggers

with increasing pr thresholds and respectively decreasing pre-scale factors.

Based on the simpler algorithms used at trigger-level compared to the offline selection, it is
expected that additional efficiency factors are introduced relative to the selection based on of-
fline quantities. These effects as well as the detector response are time-dependent and are taken
into account by using scale factors. They have to be evaluated in data and MC, respectively,
in order to correct the simulated trigger efficiency ¢, accordingly. This is done in a factorized
approach based on the control triggers listed in Table 5.4 for two main parts which are most
affected by the usage of simpler algorithms.

First, a kinematic part of the trigger efficiency, €y,, is defined. The L1 decision is based

on the pr of calorimeter jets instead of the fully reconstructed PF jets. Thus, the jet energy
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might not be determined entirely accurately and jets with a pp close to the trigger threshold
are mistakenly rejected or accepted due to this uncertainty. The study is performed based on a

general jet trigger which does not require any b-tag.

Second, the behavior of the b-tag selection, which is reflected by the corresponding efficiency
€btag, 15 investigated. This part of the trigger efficiency is evaluated based on the single-b-tag
control triggers.

5.5.2. Jet Kinematic Trigger Efficiency

The main analysis trigger is configured such that it selects two jets based on some of their
kinematic properties. Therefore, the kinematic trigger efficiency e, is evaluated in terms of

the pr and n values of the leading two jets,

€kin = E(p”}"ap%vnlarf)v (53)

where the indexes 1 and 2 reflect the two jets under investigation. In order to obtain a reliable,
unbiased result, this must be done based on an independent data set, recorded by a much simpler,
more inclusive trigger. This trigger has to be fully efficient at p]Tét = 100 GeV and |nJ’® < 2.3,
which are the requirements of the main trigger. Therefore, the jet trigger HLT_PFJet 60 is
chosen. It has been found to reach full efficiency around % = 85 GeV and it accepts jets with
a pseudorapidity well above the analysis selection. Furthermore, it only requires one single
jet to be present in the event. Since this trigger is very inclusive, its rate would be very high
without pre-scaling. Therefore, the trigger is significantly pre-scaled in order to keep its rate
at a level suitable for the available bandwidth and storage capacity. Thus, this trigger is not
an appropriate choice for the main analysis despite containing a similar, more inclusive set of
events. In addition to the independent trigger, also the primary data set (PD), defined at the CMS
experiment as an inclusive subset of events with a certain main property, is chosen differently
than in the main analysis. While the PD used for the Higgs boson search already requires a b-
tag, the sample used for this particular study contains any events which feature at least one jet.
Similarly, not the b-enhanced QCD MC samples are used but the general QCD configuration is
exploited.

In general, Equation 5.3 depends on four quantities simultaneously. Note that no Az de-
pendence is expected since this requirement is only implemented at the HLT, where it can be

determined almost as precisely as in the offline selection. Since in previous studies [178], cor-
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relations were found to be negligible, a factorized approach is used:
exin = €' (pr, 0" )€ (1, %), (54)

where €! and €? reflect the individual efficiencies of the leading two jets.

To determine the individual jet kinematic efficiencies, a simplified version of the analy-
sis cuts is deployed, requiring that the event is triggered by the reference trigger PFJet 60,
P > 100 GeV, || < 2.3, and AR > 1.0. Also, the sub-leading jet must match the
trigger objects of the PFJet 60 trigger, i.e. agree with these objects within an angular distance
of AR < 0.5. This two-jet selection ensures that the resulting data set is unbiased and the refer-
ence trigger is 100 % efficient at pp = 100 GeV. Additionally demanding the trigger objects, not
only the reconstructed jets, to have a transverse momentum exceeding 100 GeV effectively em-
ulates the kinematic trigger requirements of the main analysis trigger (DoublePFJets100,
cf. Table 5.4). The final efficiency for the event is then calculated as the ratio of all events

passing the offline selection based on the emulated analysis trigger and the reference trigger:

_ NSeoﬂSwo_ (5.5)

This procedure is done for data and MC in the same way and the resulting scale factor is

. Lopt 2 2 2
(S €.
kain — Sfliin % Sfl?in — liln,data(pT7 n ) x km,data(pT7 n )

(5.6)
6kin,MC (p’l'[‘a 771) El%in,MC (p’QI‘J 772>

In order to avoid significant impact due to statistical fluctuations, the efficiency is then fitted

with an analytical function. It is found that the Gaussian error function,

2 T
erf(z) = ﬁ/o exp(—t?)dt, (5.7)
describes the data very well, if it is slightly extended to
e(x) = Aerf(Clpr — B]). (5.8)

This function is continuous in pr and it is evaluated in three distinct regions of 7. The data is
divided depending on whether the jet is detected in the central (|| < 1.0), overlap (1.0 < |n| <
1.4), or end-cap region (1.4 < |n| < 2.2). In Figure 5.7, the respective data is shown together
with the fit result based on Equation 5.8 for the 2017 data-taking period and the QCD MC.
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Era n| A B C
0.0—-1.0 1.000 £ 0.71 97.71 £0.76 0.039 £0.71
C 1.0—-1.4 1.000 £ 0.71 97.84 +0.89 0.037 £0.71
14—22 1.000+1x10"% 99.03+0.84 0.038 £0.71
0.0—1.0 1.000+£2x 1077 96.82+0.35 0.037+6 x 1074
D 1.0—-1.4 1.000 £+ 0.71 97.48 + 0.90 0.035+0.71
14—22 0998+5x10"* 100.59+0.25 0.040+6 x 10~*
0.0—1.0 1.000 £ 0.71 92.56 + 2.11 0.031 +0.71
E 1.0—-1.4 1.000 + 0.71 99.09 + 0.81 0.036 £ 0.71
14—22 0999+4x10"* 101.33+£0.16 0.038+4 x 10~*
0.0—1.0 1.000 £ 0.71 97.78 £ 0.75 0.033 £0.71
F 1.0—14 099846 x10"* 10028 £0.33 0.032+5 x 10~*
14—-22 0999+4x10* 101.890+0.11 0.031 £3 x 1074
0.0—1.0 0.9994+2x10"%* 98.60+0.13 0.039+3 x 1074
2017 1.0—14 0998+3x107* 99.034+0.22 0.036+4 x 10~*
14—22 0999+2x10"* 101.00£0.10 0.037+£2 x 10~*
0.0—1.0 0.998+2x10"%* 9359+0.25 0.040+4 x 1074
MC 1.0—14 0998+3x107* 9335+044 0.037+7x 107*
14—22 0998+2x10"* 96.22+0.27 0.041+5 x 10~*
0.0—1.0 0.999+0.005 89.84 +1.11 0.036 £ 0.002
sf=2017/MC 1.0—1.4 0.998+0.008  90.96+1.66  0.035 =+ 0.003
14—22 1.002+0.006  93.74 4+ 0.91 0.038 £ 0.002

Table 5.5.: Fit results of the jet kinematic trigger efficiency for data and MC. Since the results
for eras C, D, E, and F are very similar in the respective 1 region, a combined result
for the full 2017 data-taking period is also given. The ratio of data over MC reflects
the resulting scale factor.

Figure 5.8 shows a direct comparison of the fit results for data and MC as well as the extracted
scale factor. The fitting results for the parameters A, B, and C' for the individual data-taking
periods in 2017 as well as the QCD MC are shown in Table 5.5. It can be seen that, while
there is a dependency on the 7 region, eras C, D, E, and F resemble each other rather closely.
Therefore, a combined fit for the full 2017 data-taking period is performed and used for the
scale factor calculation. The resulting scale-factor parameters are also listed in Table 5.5.

5.5.3. B-Tag Trigger Efficiency

Depending on the flavor of a jet, the probability that it is correctly identified as originating
from a b quark or a lighter flavor parton varies. There are also differences in this identification
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Figure 5.7.: Kinematic trigger efficiency e for 2017 data (left) and MC (right). The study is
performed in the central (top), overlap (center), and end-cap (bottom) regions. The
turn-on behavior is parametrized using a Gaussian error function (red curves).
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Figure 5.8.: Comparison of fit results for kinematic trigger efficiency in data and MC (left) as
well as the resulting scale factor (right). The study is performed in the central (top),
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process between data and simulation. Depending on, e.g., detector effects, the identification
procedure during data-taking can also vary slightly with time. Therefore, the simulated data
does not describe the measurement exactly. In the context of this analysis, it is important to
correct for the b-jet identification differences. Therefore, scale factors are calculated for the
b-tagging processes at trigger level (online) as well as during the offline selection. Thus, the
overall scale factor which is assigned to each simulated event consists of two main parts and

can be calculated as
TNonl Toffl

sfeve = [ st(pr, n)i™ x [T st(pr, )5, (5.9)

i=1 j=1
where the indices ¢ and 7 run over all jets tagged at trigger level () and in the offline selection
(7). These jets are ordered in pp and the scale factors for each individual jet depend on its
pr and 7).

The offline b-tag scale factors are provided centrally by the CMS BTV group [166]. For
the medium working point of the DeepJet algorithm, this is shown in Figure 5.9. As can be
seen, two different methods have been used to calculate the correction factors before they were
averaged for the final result. The LTSV (lifetime tagging secondary vertex) method adapts the
jet probability (JP) tagger to evaluate the probability that a secondary vertex is found [161]. The
JP algorithm can be calibrated directly with data using tracks with negative impact parameters
to calculate their compatibility with the primary vertex. The discriminant of the JP algorithm is
shaped differently depending on the flavor of the investigated jets. Therefore, it can be used to
extract the true number of b jets in a data set. On the other hand, the Kin (kinematic selection)
method is exclusively based on kinematic properties of the jet which are analyzed by a BDT.
These properties are used to express the probability that an investigated jet originates from a b
quark in order to provide a reference for the analyzed b-tag efficiency. The kinematic properties
included in this method contain the distance and direction between PV and SV as well as track

multiplicity and the energy of particles within the jet.

Online scale factors are calculated using a tag-and-probe approach. On trigger level, events
with at least two jets and one b-tag are required. The sub-leading jet in pt must pass the offline
selection of the Deeplet b-tagging algorithm using the tight working point. It serves as the
tag object and must, thus, also match the object which triggered the online b-tag requirement.
The leading jet is the probe object and must fulfill the requirements of the medium b-tagging
working point, which matches the offline selection. Together, these two b-tagging requirements
are designed to increase the sample purity as much as possible. Furthermore, leading and sub-
leading jet are required to be back-to-back in ¢, exploiting the topological properties of QCD

pair-production. This ensures that the probe jet has an enhanced probability of also being a b
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SF,

SF,

Figure 5.9.: Offline b-tag scale factor depending on the pr of a jet for the DeepJet b-tagging
algorithm based on different methods (top) and combined (bottom). Taken from

[167].
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Figure 5.10.: Online b-tag efficiencies for data and Monte Carlo (top) as well as resulting scale
factors (bottom) for data-taking periods 2017 C - E and F separately (left and cen-
ter) and combined (right). Taken from [185].

jet while not being affected by a bias due to the trigger. By calculating the selection efficiency
of the probe jet for data and simulation, the scale factor can be extracted as the ratio of these
distributions as shown in Figure 5.10. As can be seen, the results differ slightly for the data
taking periods C to E and F. This originates from issues with the new pixel detector which ex-
perienced unforeseen degrading of efficiency throughout the year. These effects could be fixed

in the offline processing of the data and the eras are recombined, weighted by their luminosities.

5.6. Event Selection

For the search presented here, events are considered for further analysis, if they pass the trigger
requirements described in Section 5.5. This means all events must have at least two highly
energetic jet candidates which are also found likely to originate from b quarks. To enhance the
signal-to-background ratio, further selection criteria are applied, which will be discussed in this

section.

5.6.1. Primary Vertex Selection

All selected events are required to contain a well-reconstructed primary vertex (PV) from the

hard-scattering process. Respective quality criteria are discussed in Section 4.1.2 and are ap-
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plied centrally by the data-quality management system. For each event, the PV candidate with

the largest p3 sum is assumed to be the origin of the hard interaction.

5.6.2. Jet Selection

Since the signal processes in this analysis feature final states consisting entirely of jets, the
selection of jets is particularly important. First, the jets must be reconstructed well. Second, jets
with kinematic properties are selected such that the relative amount of signal candidate events

is improved. Third, the jets are required to be originating from b quarks with high probability.

Identification and Kinematic Selection

The tight jet-identification working point, described in Section 4.1.3, is selected, which follows
the recommendation for all analyses. Thereby, a jet selection efficiency of above 99 % and a

fake-jet rejection above 98 % are ensured.

Additionally, contributions from pileup interactions have to be excluded from the reconstruc-
tion. This is done based on the loose pileup identification working point, which also follows
central recommendations, suppressing pileup contributions while not significantly reducing the
statistical power of the selection. Constituents from superimposed interactions are identified

based on several parameters like the cone shape and the (3 function of the beam.

At least three jets are required in the final reconstruction of the event. Out of these, the
leading two jets, which are assumed to originate from the Higgs boson in a signal event, must
have transverse momenta above 110 and 100 GeV, respectively. In addition, the third leading
jet must feature pr > 40 GeV. A cut of |n| < 2.2, slightly tighter than the trigger requirement
to guarantee full trigger efficiency, is enforced on all selected jets. To reduce the background
contribution from gluon-splitting events (see Figure 5.6) and prevent impacts on the b-tagging
by other jets, an additional requirement of a phase-space separation AR;; > 1.0 is placed on
the leading three jets, where ¢; represents any combination of these three jets. Finally, it is
found that a cut of |Ans| < 1.5 significantly improves the signal-to-background ratio, which
is shown in Figure 5.11. This is also already implemented as a slightly looser requirement on

trigger-level as it rejects background-like events much more efficiently than signal candidates.
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Figure 5.11.: Comparison of A, distributions in QCD MC (blue) and the 300 GeV signal
sample (red). Even though also signal events are cut in the region An;o > 1.5,
significantly more background events are rejected.

B-Tagging

Since all jets in the final states of the signal processes considered in this analysis (see Figure
5.2) originate from b quarks, this part of the selection is crucial. While a large fraction of signal
candidates in the set of selected events is desirable, it is also critical to keep a sufficient amount
of data after the selection. Furthermore, it has to be taken into account that the trigger already

places some requirements on selected jets.

In order to select the most promising events, the most recent CMS b-tagging algorithm, the
Deeplet tagger (cf. Section 4.2.1), is used. The choice of the b-tag working point is based on a
sensitivity test which is performed on MC data sets. A simplified sensitivity estimate of S/v/B
is assumed, where S and B are the number of signal and background events, respectively. This
is studied for the three recommended working points and results in the selection of the medium
working point. Note that, as discussed in Section 5.5.1, at trigger level, the CSVv2 algorithm is
used to select two highly energetic b jets using the respective tight working point. As discussed
in Section 5.3, three b-tagged jets are only required in the signal region. To pass the medium
working point, they most have a b-tag discriminant value d > 0.3033. In the control and

validation regions, the b-tagging discriminant is required to be below the loose working point
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(d < 0.0521) or in between the two working points (0.0521 < d < 0.3033), respectively.

B-Jet Energy Regression

To account for missing energy, mostly because of neutrinos emitted in semi-leptonic decays of
B hadrons, the deep-neural-network (DNN) based technique of b-jet energy regression [186] is
included in the selection process. To calculate the amount of missing energy successfully, var-
ious observables are included, such as primary and secondary vertices, jet kinematics, tracking
information and reconstructed soft leptons close to the investigated jet.

The training of the DNN is performed based on a simulated ¢¢ data set with jets featuring
transverse momenta above 20 GeV and the resulting corrections are provided centrally by CMS
[187]. They are given in form of a factor which has to be multiplied to the pr value of the
jet. Because of the DNN training process, mainly pr values below 400 GeV are expected to be

significantly corrected.

Recovery of Final-State-Radiation

It can happen that one of the final-state b quarks in the event radiates a gluon before hadronizing.
This additional particle carries a finite amount of energy which is missing in the reconstruction
of the original b jet if the resulting shower of particles is not located within the cone of the
original jet. To account for the corresponding underestimation of energy of the b jet, a technique
to recover final-state radiation (FSR) is deployed. For the two leading b-tagged jets, the four-
momenta of all soft jets in close proximity (AR (soft bjety < 0.8) with pp > 20 GeV are added
to the reconstructed b jet. The soft jets must also fulfill the same basic quality criteria as all

selected jets, i.e. tight jet ID and loose pileup ID.

Muon Veto

In order to avoid overlap with the semi-leptonic analysis [34], events selected there are vetoed
in the analysis presented here. This applies to all events with muons reconstructed in the imme-
diate vicinity (AR, jet, ,) < 0.4) to either of the leading two jets. If such a muon is found with
P > 13GeV and |n|* < 2.2 which also fulfills the requirements of a tight muon-selection ID,
the event is rejected. Note that this explicitly does not veto semi-leptonic decays with electrons
in the final state instead of muons. The effect of this veto on the signal shape is relatively small

with a slight upwards shift and narrowing of the signal shapes being observed.
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Step CR VR SR
Trigger 11320136 11320136 11320136
Jet ID 11229045 11229045 11229045
Jet kinematics 5415879 5415879 5415879
AR; 3776645 3776645 3776645
Ao 3178004 3178004 3178004
b-tag (bbnb/bbsb/bbb) 1118794 209 057 228 644
Matching 1090782 199998 160 161
L veto 982204 180210 143981

Table 5.6.: Cutflow in data for CR, VR, and SR. The only difference between these regions is
the b-tag of the third leading jet. Before this cut is applied, all regions contain the
same set of events.

Cutflow

Applying all the cuts mentioned above significantly reduces the initial amount of triggered
events. The impact of each individual step in this cutflow is shown in Table 5.6 for the three
analysis regions CR, VR, and SR. As these regions only differ in the b-tag of the third leading
jet, it is expected that before this point in the cutflow no differences are observed. It can be
seen that the CR contains about seven times as many events as the SR. This corresponds to
the expectation due to the b-tagging requirements. The VR provides roughly the same amount
of statistical power as the SR, which is mainly based on how the b-tagging discriminant is
distrbuted and the respective selection window. It is also visible that the application of the

muon veto excludes about 10 % of the remaining events.

5.6.3. Corrections to Monte Carlo Events

Various corrections need to be applied to simulated data sets. This can be related to theoretical
or computational uncertainties as well as imperfections of the detector simulation. In order to
overcome the latter kind of issue, corrections are applied to MC data sets so that they agree with
the data as well as possible. In the context of this analysis, three major corrections are applied.
First, a pileup reweighting procedure is included to model the distribution of proton-proton
interactions per bunch crossing observed in data. Second, the trigger efficiencies are adjusted
and, third, the b-tagging performance in the offline selection is scrutinized.

All of the corrections discussed here also introduce a systematic uncertainty which affects
the signal efficiency and is considered in the signal-extraction procedure. These effects are
described in Section 5.7.3.
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Pileup Reweighting

The recorded pileup structure of the 2017 data-taking period is shown in Figure 4.2. Since this
distribution depends on the interaction rate, beam parameters and other variables, it is usually
not assumed to be precisely modeled in MC. Therefore, an event-by-event correction is applied,

reweighting the simulated events such that the pileup distribution agrees with the measurement.

Trigger Efficiency

As discussed in Section 5.5, this correction consists of two parts, accounting for the trigger
efficiency based on jet kinematics as well as the online b-tagging procedure. Corresponding
scale factors are included accordingly. While the kinematic turn-on mainly affects jets with
pr values close to the trigger threshold, effects due to the b-tagging corrections are observed in

the full energy range.

Offline b-Tagging

Similar to the pileup reweighting, jet identification efficiencies are not always modeled precisely
in MC simulation. Therefore, a scale factor is applied to match the b-tagging performance in
simulated data sets to the observed data. This particular correction is found to be affecting the
event rate rather significantly with an O(10 %) effect over the full mass spectrum, as shown in

Figure 5.9.

Comparison of Data and MC in the Control Region

Although the QCD MC data sets are not used for actual background predictions, their agreement
with the data is studied in the control region. This is shown in Figure 5.12 for the main analysis
observable mq5 with and without the corrections discussed in this section. Since mainly the
low-mass region disagrees without further corrections, it is assumed that predominant effects
there are related to the jet kinematic trigger turn-on behavior. This is confirmed in a dedicated
study, in which no other corrections are applied. It can be seen in Figure 5.12 that including all
corrections (right plot), a reasonable agreement is achieved when an overall offset, or k-factor,
of about 1.8 is considered. This is remarkable since the involved parton processes are clearly
beyond leading order and, due to limitations in the physical modeling of these processes, a
perfect agreement is not expected.

The process dominantly contributing to the overall background is QCD multi-jet production

and the chosen MC data sets combined with the applied corrections provide an insight into this
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Figure 5.12.: Data (red) vs. MC (blue) in the bbnb control region with (right) and without
(left) MC scale factors. While the applied corrections are able to improve the
description in the low-mass region, the overall agreement is not perfect. A k-
factor of about 1.8 is observed.

process. Due to the expected residual disagreement, no precise background prediction can be
made based on simulation and a data-driven background estimation is indispensable in order to

obtain an accurate prediction.

5.7. Signal Modeling

The signal model for this analysis is based on a simulation of the b-associated production of a
heavy, neutral Higgs boson and its subsequent decay into a pair of b quarks. These calculations
are performed to NLO precision with the MadGraph5 generator and the invariant mass spec-
trum is simulated for 13 different Higgs boson masses, ranging from 300 GeV to 1600 GeV. A
trigger simulation is used to model the respective selection in data and the same offline selec-
tion is applied to the signal samples as is done for QCD MC as well as the actual data. Jet
energy corrections, as described in Section 5.6.3, are included as well as trigger scale factors,
as described in Sections 5.5.2 and 5.5.3 for the jet kinematic trigger efficiency and online b-tag
efficiency, respectively.

For the final signal extraction, the invariant mass spectra after application of all cuts and
calibrations are used as templates, i.e. the resulting histograms are utilized directly in binned
form. The effect of each cut, depending on the investigated signal sample, is shown in Table
5.7.

97



5. Search for Heavy, Neutral Higgs Bosons Decaying into a Pair of b Quarks

Step 300GeV  350GeV  400GeV  450GeV  500GeV
Initial 5147086 2495689 2710279 2717837 2323664
JetID 5096153 2474614 2690738 2700567 2310274

Jet kinematics 688363 517861 753225 913962 895860

AR;; 561581 399850 559477 662479 638406

Anyy 490364 345693 474712 548508 516763

b tagging (SR, bbb) 205936 133961 173169 189588 172787
Trigger & Matching 64427 49730 68314 77012 71636

Muon veto 57471 43130 57454 63874 58015
Step 600GeV  700GeV  800GeV 900 GeV
Initial 2804081 2536631 2601060 2725232
Jet ID 2790193 2526430 2592365 2717397
Jet kinematics 1283950 1294704 1428429 1571172
AR;; 898701 897725 980777 1071693
Anpg 702978 684926 734985 792946

b tagging (SR, bbb) 223828 210939 220918 231392
Trigger & Matching 91055 84152 82904 81117

Muon veto 72162 65595 64483 61530
Step 1000GeV 1200GeV 1400GeV 1600 GeV
Initial 2675084 2584330 2646571 2726662
Jet ID 2668978 2579575 2642781 2723250
Jet kinematics 1617326 1669544 1784926 1902565
AR;; 1098106 1126771 1197865 1271776
Anpg 803 808 812114 853463 899 353

b tagging (SR, bbb) 227840 217038 211 666 205353
Trigger & Matching 74 651 63232 55603 49351
Muon veto 56338 47451 42122 37112

Table 5.7.: Cutflow for MC signal samples depending on the generated Higgs boson mass. Each
number represents the amount of events left after application of the respective cut.
Events generated with a negative event weight are already accounted for in the first
line.
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In this section, the general shape of the mass distributions in the signal samples is described

as well as the effect of applied corrections and systematic uncertainties.

5.7.1. Signal Mass Distributions

Three representative mass distributions are shown in Figure 5.13 with one histogram for a mass
point from the low (350 GeV), medium (600 GeV), and high mass (1200 GeV) range. It can be
seen that the appearance of the templates significantly depends on the nominal mass. Further-
more, the peak position is generally found to be slightly below the nominal mass and this effect
is more pronounced for higher nominal masses. Several effects have to be taken into account
here since they affect the signal shapes.

First, the tails towards lower reconstructed masses mainly originate from incomplete recon-
struction of the final-state products. This can happen because of undetectable particles like
neutrinos or because not all constituents of a jet are reconstructed and assigned correctly. Fur-
thermore, not recovered final-state radiation (FSR) also leads to an overall shift of the distribu-
tion towards lower masses. Together, these effects also account for the peak of the distribution
being shifted to masses below the nominal mass.

Second, for the lower mass points, there are kinematic thresholds imposed by the trigger.
Thus, tails in the mass distribution towards lower values are suppressed. This effect can be seen
in Figure 5.13 for the 350 GeV mass distribution, while it does not play much of a role for the
higher mass points.

Third, a combinatorical background is present, reflecting an incorrect assignment of recon-
structed b jets to Higgs-daughter particles. This happens if at least one of the leading b jets is
not originating from the Higgs boson decay. This effect accounts for tails on both sides of the
peak.

Overall, these effects shape the di-jet mass distributions. The intrinsic width of any investi-
gated Higgs boson is dependent on the respective model. For all models used here, this width
is much smaller than the di-jet mass resolution for the accessible parameter space. Therefore,

its impact on the templates is negligible.

5.7.2. Impact of Jet Energy Corrections

In addition to optimizing the event selection, which includes b-jet energy regression (cf. Section
5.6.2), and therefore increasing the signal efficiency, improvements on the signal resolution also

enhance the overall sensitivity significantly. Hence, it is not only crucial to obtain a correct
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Figure 5.13.: Invariant mass spectrum of three representative signal mass points from the low
(350 GeV, blue), intermediate (600 GeV, green), and high mass (1200 GeV, red)
range of the available samples

estimate for this resolution but also to improve it where possible.

As a first step, the jet energy corrections discussed in Section 4.1.4, JES and JER are imple-
mented for the MC data sets. While the JES information is already included in the data sets,
JER corrections are applied during the event selection process.

All of the aforementioned corrections to the b-jet reconstruction have a direct impact on
the invariant mass distribution. This is shown in Figure 5.14 for the same three mass points
which are shown in Figure 5.13. In order to provide a more complete insight to all parts of
the mass range, an additional histogram, representing the 900 GeV mass point, is included
in all subsequent plots. The JER correction slightly widens the invariant-mass distributions,
accounting for differences between MC and the actual reconstruction of jets. Applying b-jet
energy regression mainly affects the lower mass points, shifting the distribution slightly towards
higher masses and narrowing it at the same time. A similar effect is observed due to the muon
veto which is applied to avoid overlap with the semi-leptonic channel. This resemblance is,
however, expected since the b-jet energy regression accounts for lost energy due to neutrinos
which are present in semi-leptonic decays.

Furthermore, it is described in Section 5.7.1 that there are significant effects due to FSR and

neutrino emission. Thus, respective FSR-recovery efforts as well as b-jet energy regression are
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included (see Section 5.6.2). Applying b-jet energy regression before the actual event selection
allows jets with erroneously low reconstructed energy to pass the selection where they usually
would have been discarded. Depending on the mass point, this can recover up to 10 % of
the jets and at the same time improve the mass resolution accordingly. Similarly, the process
of FSR recovery allows a more realistic assessment of the actual signal shape by re-adding
objects to a jet which likely originate from radiation processes. Therefore, a slight shift of
the whole distribution towards larger masses is expected. It can be seen in Figure 5.14 that
the FSR recovery indeed shifts all distributions towards higher masses, while the shape is not

significantly affected.

5.7.3. Systematic Uncertainties

Several systematic uncertainties, affecting the shape of the signal mass distribution on the one
hand and the yield on the other hand, are considered in this analysis. It is also studied what
kind of effect is expected due to any individual uncertainty, based on up- and down-variations
of one standard deviation for each of the investigated uncertainties. This is incorporated in the
final signal extraction fit as a nuisance parameter, in order to treat each uncertainty correctly.
While shape uncertainties are modeled by means of additional templates, reflecting the upward
and downward 1o variations, for rate uncertainties, their effect on the signal efficiency is taken

into account. The investigated uncertainties affecting this analysis are related to the

* Jet energy scale (JES),

Jet energy resolution (JER),

Online b-tag efficiency scale factors,

Offline b-tag efficiency scale factors,

Jet kinematic turn-on scale factor, and

Pileup reweighting.

Figures 5.15 to 5.17 show the results of these studies for the 350, 600, and 1200 GeV mass
points. It is visible that only the JES and JER uncertainties significantly impact the shape of the
distributions, while all other uncertainties result in a mere change of the event yield. Also the

luminosity measurement is correlated with a systematic uncertainty, leading to rate variations
of 2.3 % [125].
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Figure 5.14.: Invariant-mass distributions of representative signal mass points with and without
including FSR recovery (top left), JER correction (top right), b-jet energy regres-
sion (bottom left), and all of the three combined (bottom right). In each plot, all
corrections but the investigated one are included. For the bottom right plot, this
equals a comparison of the signal shape with and without all of the corrections.
The selected mass points are the same in all four plots, representing the low mass
range (350 GeV, blue), upper and lower edge of the intermediate mass range (600
and 900 GeV, purple and green), as well as the high mass range (1200 GeV, red).
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Figure 5.15.: Effect of systematic uncertainties on the shape (top) or the normalization (center
and bottom) of the signal template of the 350 GeV mass point. In all plots, the
light-red shaded histogram represents the nominal signal template. Red and blue
points reflect the corresponding downward and upward 1o variations of the inves-
tigated uncertainty and a ratio with respect to the central result is shown in the
bottom panel.

103



5. Search for Heavy, Neutral Higgs Bosons Decaying into a Pair of b Quarks

3500

3000

Entries / 15 GeV

2500

2000

1500

1000

a
o
=]

Down(Up)
Central

cCoRRE

mcmohh ©

w
@
=3
S

Entries / 15 GeV
w
o
o
o

2500

2000

1500

1000

I3
=}
s}

Down(Up)
Central

coRrRE

o>mohhA~ O

w
a
=}
S

Entries / 15 GeV
w
o
o
o

2500

2000

1500

1000

a
o
=]

Down(Up)
Central
mmohh o

QorRE

CMS Simulation work in progress. (13 TeV) CMS Simulation work in progress. (13 Te
T e e > T e e
F i > F i
= m,,, =600Gev - O 3500 [~ m - e00cev -
[ JetEnergy Scale ] 2 [ Jet Energy Resolution ]
r ] Z r ]
= [Joentral — 3 3000 [~ [ Jcental —
[ —JESup ] E [ e JERup ]
o ] 5 o ]
[~ -+ JESdown ] 2500 [~ —-JER down -]
- - 2000 [~ -
- - 1500 [ -
- - 1000 [~ -
= E 500 |- E
ol b b e ) 0 S T N T A S i
7‘“”“HH‘HH‘H;“HH sl 14T — T T
. 2[8 1.2
- ###” E ottt %. Tz # 44

+#++i i**i* A S50 *# Slg 10 %+#+ ###wagﬁ *
! 5|0 0.8 |
il I I | | — Ol o6l I I | | —

300 400 500 600 700 300 400 500 600 700

m, [GeV] m, [GeV]
CMS Simulation work in progress (13 TeV) CMS Simulation work in progress (13 TeV)
P T e R e > T T e R e
[}

m,,, = 600 GeV + © 3500 m,,, = 600 GeV * +

onl. btagsf = offl. btag sf

[Jeental g 3000 |- [ Jeental

—e—onlSFbtag up = —e— SFbtag up

w

—e— onISFbtag down 2500 —e— SFbtag down
2000
1500

1000

0 T L L
a4 T T A B T =
=) BN VOV =
B Rl S aseatanstastoateascassasssaseasss
2|0 $4-4-4-4-4-4-4-0 ++
3|0 0.8 T TTTTTAT T

= O oeb

300 400 500 600 700 300 400 500 600 700
my, [GeV] m,, [GeV]

CMS Simulation work in progress. (13 TeV) S CMS Simulation work in progress. (13 Te

T ——— R L e L e e

F i > F i

[ m,, =600Gev ] Q@ 3500 [~ ', -eo0Gev ]

[ kin.trigger turn-on 3 5’. [ Pileup reweighting 3

F [eenval - é 3000 [~ [Jeentai -

[ —ejet _trigeffup ] = [ —PUw ]

[~ —e—jet_trigeff down -] % 2500 [~ —PUdown ]

- - 2000 [~ -

- - 1500 | -

- - 1000 [~ -

= E 500 |- E

A I NS S NSO M 0 N N A NSRRI B
T ™ T T T ] a1 T T T T T ]
| Sls |

Ll esiisses AAALLLlllllT E’Ei'élllllu&;g‘*“w”w ALALllllllT
7TTTTT777YYYYYY' YYYTTTTTTLI ggo:BLTTTTTTTYYYYYYY va‘rTTTTTTl

= 1l X e I AT A

300 400 500 600 700 300 400 500 600 700
m, [GeV] my, [GeV]

Figure 5.16.: Effect of systematic uncertainties on the shape (top) or the normalization (center
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and bottom) of the signal template of the 600 GeV mass point. In all plots, the
light-red shaded histogram represents the nominal signal template. Red and blue
points reflect the corresponding downward and upward 1o variations of the inves-
tigated uncertainty and a ratio with respect to the central result is shown in the
bottom panel.
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Figure 5.17.: Effect of systematic uncertainties on the shape (top) or the normalization (center

and bottom) of the signal template of the 1200 GeV mass point. In all plots, the
light-red shaded histogram represents the nominal signal template. Red and blue
points reflect the corresponding downward and upward 1o variations of the inves-
tigated uncertainty and a ratio with respect to the central result is shown in the
bottom panel.
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Mass Offl. b-tag Onl. b-tag kin. trig. t.-o. PU Ren. scale pdf & ag Theory
300 GeV 9.6 3.7 1.6 0.1 10.3 3.0 6.6
350 GeV 9.3 3.9 1.4 0.2 10.4 33 6.7
400 GeV 9.1 4.1 1.3 0.3 9.7 3.6 6.6
400 GeV 11.2 4.2 1.3 0.2 9.7 3.6 6.6
450 GeV 10.9 4.4 1.2 0.1 9.6 3.9 6.8
500 GeV 10.4 4.6 1.2 0.1 9.7 4.2 7.0
600 GeV 10.1 5.1 1.1 0.2 9.9 4.9 7.5
700 GeV 9.7 5.6 1.1 0.2 9.1 5.5 8.1
700 GeV 11.5 5.7 1.1 0.2 9.1 55 8.1
800 GeV 11.5 6.2 1.1 0.2 9.2 6.1 8.8
900 GeV 11.3 6.7 1.1 0.1 9.2 6.7 9.9
1000 GeV 11.2 7.2 1.1 0.1 9.2 7.4 10.6
1000 GeV 12.9 7.3 1.1 0.1 9.2 7.4 10.6
1200 GeV 12.4 8.3 1.1 0.0 9.0 8.6 12.6
1400 GeV 11.9 9.4 1.1 0.1 9.1 9.8 14.8
1600 GeV 11.6 10.5 1.1 0.0 9.2 11.1 17.6

Table 5.8.: Effect in percent on the normalization of the signal template due to systematic un-

certainties, namely offline and online b-tag, jet kinematic trigger turn-on and pileup
reweighting. Theory-related production cross-section uncertainties because of the
renormalization scale as well as the choice of ag and uncertainties related to the
parton-density functions (pdfs) of the proton are included for the two “traditional”
hMSSM and m/™*" scenarios. For the more recent m;>> scenarios, a combined
systematic uncertainty for the theory predictions is provided. Since the signal effi-
ciency is also dependent on the fit range (see Section 5.8), effects on mass points at

the respective edges are evaluated for both fit ranges.

An additional uncertainty has to be included as soon as the results are to be interpreted in

terms of specific theoretical models. This accounts for uncertainties in the theoretical prediction

of production cross-sections, based on the choice of the PDFs and aig as well as the uncertainty
of the QCD scale.

The effect on the signal normalization for all uncertainties discussed here is shown in percent

in Table 5.8. The most important normalization uncertainties are found to be related to the on-

line and offline b-tagging scale factors as well as the theoretical predictions. It is also observed

that these effects become larger for the higher signal masses. Rather independent of the mass

point, the kinematic trigger turn-on as well as the pileup reweighting do not add significant

normalization uncertainties. They are included to the final fit nevertheless.
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5.7.4. Signal Efficiency

Including all steps of selection and all corrections as described in the previous sections, the
signal efficiency for each mass point is calculated. It is defined as the ratio of finally selected
events over the effective number of events in the beginning. This results in the efficiencies
which are shown in Figure 5.18 for the three analysis regions CR, VR, and SR.

For the SR, an efficiency in the order of 1 — 2 % is observed for the entire mass range under
consideration. The VR is found to have a signal selection rate around an order of magnitude
lower than in the SR, while containing a similar number of events. Therefore, this region is well
depleted of signal. Containing an even lower fraction of signal events, the signal-selection rate
in the CR is found to be about a factor of two below the SR signal efficiency, while in the actual
data, the CR features around seven times as many events as the SR.

The highest selection efficiency is observed with slightly more than 2 % for the 500 GeV
mass point. The decrease for higher masses is expected based on the additional challenges
in b-tagging at larger jet energies. Therefore, maintaining the same light-flavor rejection effi-
ciency directly implies a lower b-jet selection rate. However, including the DeepJet b-tagging
algorithm instead of the previously used DeepCSV or CSVv2 algorithms significantly decreases
this effect as the DeeplJet algorithm provides a particularly strong light-jet rejection efficiency at
large transverse momenta. The b-tagging performance is also improved based on the new pixel
detector which was installed in between the 2016 and 2017 data-taking periods, as discussed in
Section 3.2.1. This is, to some smaller extend, also the case for the general jet reconstruction.

Overall, a signal efficiency roughly twice as large as in the 2016 analysis is observed.

5.8. Background Modeling

In previous analyses [34, 177, 178], CR and SR were fitted independently with the functional
form of the parametrization being determined in the CR and then fitted again in the SR together
with a signal hypothesis (see Section 5.3). The results of this process for the 2016 inclusive
analysis, i.e. with no semi-leptonic channel defined, are shown in Figure 5.19. It is apparent that
the di-jet mass-spectra in the CR and SR look extremely similar. This is partially expected based
on the selection which only differs by the b-tag of the third leading jet. However, this difference
in the b-tag selection leads to the inclusion of different QCD processes in the two regions.
Based on the similarity of the m,, shape in the two regions, a new approach is developed in the
analysis presented here.

Since QCD MC simulation is limited in precision, as shown in Section 5.6.3, it can not be
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Figure 5.18.: Signal selection efficiency in the CR (green), VR (blue), and SR (red) depending
on the analyzed signal sample. The highest signal efficiency is observed around
500 GeV for all regions. Both the CR and VR are found to be signal-depleted.

utilized to estimate the background in the signal region. On the other hand, as discussed in
Section 5.2, the QCD multi-jet production is by far the dominant background contribution.
Hence, a data-driven approach is chosen. Determining the major part of the parametrization in
the CR and enabling this shape to adapt to the SR by adding a slowly varying transfer factor
(TF) significantly reduces the number of shape parameters which are determined in the SR.
Subsequently, the respective background estimation for the SR is not impacted by the choice of
the background function as much. The respective systematic uncertainty, the bias, was dominant
in previous analyses. The actual signal extraction is performed in a simultaneous fit of CR
and SR. In this fit, the SR background is calculated based on the CR parametrization which
is multiplied by the transfer factor. A signal is added based on the respective template and a

signal-strength modification parameter /.

In this section, an overview on the background estimation is provided, consisting of the CR
parametrization and the MC-based determination of the TF shape. For the latter, a new method
is implemented in order to reduce the impact of statistical fluctuations due to the limited MC

statistics. Finally, an estimate of the resulting bias due to the function choices is calculated.
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Figure 5.19.: Background parametrization in CR (left, [178]) and SR (right, [177]) for the
2016 inclusive analysis. The fits were performed in three mass-ranges in order
to achieve a better description of the data based on analytical functions. In the
bottom panel of each plot, the pulls are shown, reflecting the quality of the de-
scription of the data based on the analytical model.
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5.8.1. Control Region Parametrization

As the first step in the background-modeling process, a parametrization of the control region
distribution is determined to minimize the impact of statistical fluctuations in the background
model. Since the chosen approach heavily relies on the statistical power of this region, the entire
data set is utilized. However, this approach leads to some challenges in the parametrization
process. Based on the large statistical precision, any selected analytical function must provide
an excellent description of the full mass range under investigation. At the same time, it is
not desirable to have too many free parameters since such a function might simply adapt to
any structure in the data, including a potential signal. Furthermore, adding more parameters
increases the correlations between fit variables which might affect the stability of the fitting

procedure.

In order to keep the required number of parameters as low as possible while obtaining a good
description of the CR data, four fit ranges (FR) have been defined. A parametrization of the
invariant mass distribution is determined in each of these ranges. The lower edge of the first
fit range, 200 GeV, is roughly defined by the trigger thresholds, excluding only a few events
featuring a lower di-jet mass. Similarly, the upper end of the fourth fit range, 2000 GeV, is
chosen such that there is still a significant amount of entries in each data bin. While the CR fit
might work fine with a lower number of events in this region, it should be ensured that also in

the SR, there are still sufficient events for a stable fitting procedure.

Each fit range overlaps with its adjacent fit ranges. This is done to make sure that the mass
spectrum of each signal sample is well contained within at least one fit range. To avoid biasing
final results at the edges of a FR, mass points at these borders are analyzed in either range. The
nominal result is taken in the FR with the better, i.e. lower, expected limit which indicates a
larger sensitivity to be provided by the respective FR. An overview of all mass points assigned
to the respective fit ranges is given in Figure 5.20. For display purposes, in order to make them
more comparable to each other, all of the distributions are normalized such that they have the

same integral value.

After investigating various families of functions in terms of their power to describe the CR
data, a good description could be found for each FR. First of all, it is observed that the low-
mass region is dominated by a turn-on effect resulting from kinematic thresholds as well as the
b-tagging efficiency. This rise smoothly changes into a power-law-like descent behavior with a

peak slightly above 300 GeV. In order to model the turn-on behavior, a modified Gaussian error
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Figure 5.20.: Overview of mass shapes from signal samples in each fit range. Templates at the
edge of fit ranges are evaluated in both adjacent ranges. Since all distributions are
normalized in the same fashion, the decreasing maximum height of the templates
reflects their widening.
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function is chosen,

TO(z) = ; cerf A+ (2 — 20) + 1]. (5.10)

where the error function is defined in Equation 5.7, A modifies the steepness of the function,
and x reflects an offset in = direction. The additional terms ensure that the function is positive
for all x. This turn-on function is multiplied with a Bernstein polynomial [188] such that the
product describes both parts of the data distribution well. The Bernstein polynomials are defined

as

B (z) = En:c : (") Lzt (1— ) (5.11)

with constants ¢;. It is found that the sixth polynomial (n = 6) of this family of functions is
well-suited to describe the data in the first fit range FR 1.

In the other three fit ranges, FR 2 to FR 4, the CR distribution can be described based on
the Novosibirsk function, which is a convolution of a theoretical Compton spectrum with a

logarithmic Gaussian function [189]. For FR 2, an extended version of this function is used,

EN(z) = Nexp <_21102 -In? (1 - (:U_an - (pl (z—p)?- 77>> - u;%) , (5.12)

14

2
where wy = g -sinh ™! (77 . g) and £ = 2v/In4 = 2.3548. In this definition, N is a normal-

ization parameter, 7, p, and v modify the tail, peak, and width of the distribution, respectively,
and p; defines the extension with respect to the nominal Novosibirsk function in which p; = 0
and which is used to describe fit ranges 3 and 4. For n approaching 0, a Gaussian function is
obtained, while for positive values, a tail towards larger x arises. For FR 2, the turn-on function
as defined in Equation 5.10 is still required as the background peak is partially contained in this

range as well. For FR 3 and FR 4, this is not necessary anymore.

All of the resulting fits are shown in Figure 5.21 for the four fit ranges. As can be seen, a very
good description is obtained for each fit range. A summary of the function choices with the
corresponding number of fit parameters, the mass range of each FR as well as the respectively
assigned mass points are shown in Table 5.9. As described above, the mass points at the edges
of fit ranges are evaluated in terms of both adjacent ranges covering the corresponding mass

distribution.
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Figure 5.21.: Background parametrization results in CR fit ranges. FR 1 (top left) is modeled
based on a Bernstein polynomial multiplied with a turn-on function, while the
same functional form of the turn-on multiplied to an extended Novosibirsk func-
tion is well-suited to describe the mass distribution in FR 2 (top right). FR 3
and 4 (bottom left and right, respectively) are described based on a Novosibirsk
function.
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Fitrange  Function (CR) ny, (CR) Range [GeV] Fit prob. X2 /ndf Mass Points

1 Bernstein x erf 9 200-500 23%  26/21=1.2 300, 350, 400
2 ext. Novo. x erf 6 260-785 44%  29/29=1.0 40263’536(5)00
3 Novosibirsk 3 390-1270 9%  26/41=0.6 9700(2 ’1800000
4 Novosibirsk 3 500-2000 23%  64/57T=1.1 }288’ 1288

Table 5.9.: Fit ranges with parametrization function, mass range and assigned mass points as
well as fit probability and corresponding x?/ndf value. The signal samples which
are covered within two fit ranges, are evaluated in both of them. At each FR border,
there is one overlapping mass point: 400 GeV (FR 1/2), 700 GeV (FR 2/3), and
1000 GeV (FR 3/4).

5.8.2. Transfer Factor Studies and B-Tag Weighting

Together with the CR parametrization, the transfer factor (TF) is the second integral part of the
background estimation in the SR. Therefore, its shape determination is crucial for the analysis.
The SR can not be used to determine the TF shape as it is blinded and also could contain a
signal contribution which should not be modeled by the TF. Also the existing, unblinded 2016
signal region is not suitable since the selection as well as the detector were slightly different
and due to the lack of a semi-leptonic channel, different processes are still present in the data
set. Furthermore, any use of a signal region might introduce some kind of bias in the shape
determination. Hence, a fully MC-based approach is chosen. After extracting a shape for the

TF, the actual parameters will be determined based on the SR data in the simultaneous fit.

To obtain a general insight on how the TF might be shaped, b-enhanced QCD MC samples
are utilized. As a first approach, the full mass range from 200 to 2000 GeV is investigated and
the ratio of the mass distributions in the SR and CR is calculated. This ratio is shown in Figure
5.22. It is characterized by a relatively steep increase at the very beginning, a plateau from about
250 to 1000 GeV and, subsequently, a mild decrease. An initial fit is shown in Figure 5.22 as
well, based on a Gaussian error function multiplied by a linear factor to model the decrease at

higher masses,
f(maz) = Aerf (Clmiz — B]) - (1 — s - ), (5.13)

where s is the slope parameter of the linear term and the error function as well as the respective
modification parameters are defined in Equations 5.7 and 5.8. It can be seen that, while the

overall description seems reasonable, both the lowest and highest parts of the mass spectrum

114



5.8. Background Modeling

o
w

" CMS Simulation

I Work in progress

bbb/bbnb

o
N
—T
|

M B
500

M R
1000

1500 2000
m,, [GeV]

Figure 5.22.: First attempt of determining a TF shape for the full mass spectrum, based on the
mq distributions in SR and CR, which are extracted from b-enhanced QCD MC
samples, and a fit with a Gaussian error function multiplied by a linear term. While
the bulk of the data is described well, this is not true for the rather sharp increase at
the beginning and the highest mass range, where also significant statistical errors
prevail.

are not fitted well. This issue can be solved partially by fitting the TF in the same FR as the
CR. Otherwise, despite the slowly varying nature of the function, introducing a large number
of additional parameters to the fitting function would become necessary in order to describe
the full range. In addition, however, especially for the higher mass range, significant statistical
errors are observed. Although the shape determination might still be possible, it is not expected
to be reliable based on such large errors. Thus, an increased statistical precision is required as

well as the parametrization in fit ranges.

As a solution to decrease the dominant statistical errors in the high-mass range, it is more
economic not to cut a majority of the events based on the b-tagging discriminant. Therefore,
these events are kept and a weight is assigned to each of them, based on the b-tag efficiency with
respect to the actual jet flavor which is known in MC data sets by construction. This method
is hence called b-tag weighting and it allows to use significantly more events to determine the
TF shape, correspondingly reducing the statistical error. The calculated efficiencies are shown
in Figure 5.23, depending on five specifically defined jet flavors as well as the 1 and pr of the

investigated jet.
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Figure 5.23.: B-tagging efficiencies for the medium working point of the DeepJet algorithm,
here denoted by its old name “deepflavour”, depending on the corresponding jet
pr and 71 as well as the jet flavor. Note that for this method, five flavors have
been defined specifically, differentiating between single (b) and double (bb) b-
tags, single (c) and double (cc) c-tags and light flavors (udsg). The efficiency for
the latter is multiplied by a factor of 10 in this depiction for visibility reasons
only. The efficiencies are calculated based on MadGraph QCD samples. Taken
from [190].

Before applying the b-tag weights to the events and proceeding with the TF shape deter-
mination, it has to be ensured that this new method does not alter the shape of the analyzed
distributions. Therefore, a wide variety of closure tests is performed, comparing the distribu-
tions of various kinematic quantities as extracted from the utilized b-enhanced QCD samples
based on the cut- and weight-based approaches, respectively. Some examples for such tests are
shown in Figure 5.24. As can be seen, neither the normalization nor the shape of the distribu-
tions are significantly distorted, while the statistical errors for the weight-based distributions,
predominantly in the SR, are drastically decreased. Thus, the method is considered to be save

to use and promises significant improvements.

Utilizing the weight-based selection, the TF is calculated. The result is shown in Figure 5.25
together with a rescaled version of the cut-based TF which is shown in Figure 5.22. Again,
while the shape is not altered, the statistical errors are significantly decreased in the weight-
based selection. This effect is most pronounced in the high-mass range where significant errors
are present in the cut-based distribution. Additionally, the slight downward trend towards higher

masses is visible more clearly.
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Figure 5.24.: Selected closure tests for the b-tag weighting method, showing comparisons of
cut- and weight-based distributions in the CR (left) and SR (right) for the pr of
the leading jet (top), n of the third leading jet (center), and m;5 (bottom). For
each pair of distributions, their ratio is shown in the respective bottom panel. No
significant changes in shape or normalization are present.
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Figure 5.25.: B-tag-cut- (left) and b-tag-weight-based (right) ratios of m, in SR and CR, as
extracted from b-enhanced QCD MC samples. A drastic reduction of statistical
errors, mainly for larger masses, is visible for the weight-based approach. The
downward trend towards higher masses becomes clearer.

5.8.3. Transfer Factor

By incorporating the b-tag weighting method and dividing the assessment of the TF into four
fit ranges in the same way as the CR, a good qualitative description of the TF shape can be
obtained. The corresponding four m4 ratios of SR and CR are shown in Figure 5.26. While the
same features are observed as for the full mass range, the breakdown into fit ranges enables a
more precise assessment of these structures. In FR 1, the main characteristic is the turn-on like
behavior in the low-mass range, originating from the presence of gluon-radiation events in the
CR, i.e. a bbg parton-level final state, due to the b-tag veto on the third leading jet. FR 2 features
an almost flat ratio of SR and CR distributions, slightly impacted by both the rise at low masses
and the decrease towards higher m,, values. The third and fourth fit range are dominated by the
decrease at high masses, although in FR 3, also a slight downward trend at the low-mass end is
observed.

For all FR, a simple TF shape is desired, as described at the beginning of this section. How-
ever, restricting the function too much at this point might lead to issues later on if the SR
behavior in the data differs from the MC expectation. In the analysis using the 2016 data set,
a brief comparison of CR and SR was done, showing sigmoid-like behavior similar to the MC-
based observations discussed here. Therefore, such functions are considered as most promising

candidates to describe the TF shape.
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Figure 5.26.: Ratios of m5 in SR and CR, based on the b-tag weighting method, evaluated in

the same fit ranges as the CR. Fits with respective error bands reflecting one stan-
dard deviation are also shown. They are based on an extended modified logistic
function for FR 1, FR 2, and FR 3, while FR 4 is modeled using an extended error
function. All fits describe the data very well, including all dominant features in
the respective fit range.
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Fit range Function (TF) n,, (TF) Range [GeV] Fit prob. X2 /ndf

1 ext. mod. logistic 4 200-500 89 % 17/25 =0.7
2 ext. mod. logistic 4 260-785 78%  24/30=0.8
3 ext. mod. logistic 4 390-1270 33%  45/42=1.1
4 ext. erf 3 500-2000 73%  49/56=0.9

Table 5.10.: TF fit results in the four fit ranges, together with the number of free shape param-
eters as well as the resulting x?/ndf and probability values, showing a very good
description of the data in all fit ranges

After fitting the ratio of the SR and CR m;, distributions in each fit range with various
adaptations of Gaussian error functions as well as logistic functions, for the fit ranges 1, 2, and

3, an extended modified logistic function is chosen,

1+ aexp[—k (my2 — xp)]
1+ exp[—Fk (mi1a — x0)]

f(m12> = . (1 — S m12), (514)

where « is the modification parameter and the linear term is defined in the same way as in
Equation 5.13. For a value of o = 0 (and without the linear term), the original logistic function
is obtained, while a = 1 leads to a flat function and o > 1 models a downward step instead
of a rise in the low-mass region. The extended modified logistic function is found to provide a
very good description of the data while not featuring an excessive amount of parameters which
may become redundant. This function is very flexible on both sides of the fit range due to the
modification parameter, which allows for variations in the steepness and direction of the initial
rise, as well as the linear term modeling any decrease, or even increase, towards higher masses.
This allows for the use of the extended modified logistic function not only for the modeling of
the SR/CR TF, but also for the VR/CR TF, which is important for the validation of the overall
strategy as detailed in Section 5.9.

For FR 4, where an almost entirely linear behavior is observed, the extended modified logistic
function is found to be too complex, leading to parameters being redundant. Therefore, an
extended version of the Gaussian error function, as defined in Equation 5.13, is selected. An
overview of all function choices, the respective number of parameters, and the fit quality is

given in Table 5.10.

5.8.4. Bias Study

By selecting a particular analytical description of the background, a potential systematic uncer-

tainty may be introduced. The target of a bias study is to evaluate this uncertainty by comparing
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Fitrange Nominal function (TF) np, (TF) Range [GeV] Alternative Functions

1 ext. mod. logistic 4 200-500 ext. erf; ext./mod. logistic
2 ext. mod. logistic 4 260-785 ext. erf; linear

3 ext. mod. logistic 4 390-1270 ext. erf

4 ext. erf 3 500-2000 ext. mod. logistic

Table 5.11.: Nominal and alternative TF descriptions in each fit range with the corresponding
number of free shape parameters

the amount of signal which is identified in the analyzed data set based on different models for
the TF description. The signal strength parameter /i is chosen as a measure. It is defined as
the ratio of the number of observed and expected signal events. Here, the expectation value is
the sum of the background-only prediction and the signal template. For example, in any BSM
search based on a specific signal assumption, like presented here, /i = 0 equals the background-
only, i.e. SM, hypothesis, while /i = 1 indicates that a signal exactly identical to the respective
signal hypothesis is observed. In the context of this analysis, all signal templates are normalized

such that the production cross-section of the Higgs boson equals 1 pb.

Previous studies were based on rather complex background functions. Contrasting, the SR
background in this analysis is described as the product of a description of the CR, which is well-
defined due to the large statistical power of this region, and a relatively simple TF describing the
differences of CR and SR shapes. As the CR absorbs most of the complexity, no significant bias
is expected due to the choice of the transfer-factor function. Furthermore, the slowly varying
nature of this function also limits the choice of different functional families. Nevertheless, a
quantitative assessment of the systematic error due to the functional form of the TF is performed
for each individual FR. As mentioned in Section 5.8.3, adaptations of both the logistic function
and the Gaussian error function are found to describe the TF distributions well. In FR 2, as the
TF appears almost flat, also a linear description seems reasonable. Table 5.11 summarizes the
considered functions in each FR.

In order to calculate the bias, Asimov data sets are used, which are generated based on the
CR parametrization and the nominal TF parameters as extracted from the MC study described
in Section 5.8.3. Together with various amounts of injected signal events, these data sets serve
as the test statistic [191]. A large number (O(5000)) of Asimov data sets is generated in this
way for each of the injected signal strengths fi;,; = {0, 1,2, 3}, based on the most complex TF
parametrization considered for the respective FR. These data sets are then fitted based on all
of the alternative TF options, using a signal-plus-background fit, which minimizes the negative

log-likelihood function (see Section 5.10.1).
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By performing the signal-plus-background fit in the CR and Asimov-SR simultaneously, the
signal strength is extracted in the same way as it is done for the main analysis. For each gener-
ated Asimov data set, a corresponding fitted signal strength /ig; is obtained as well as a respec-
tive fit uncertainty on this signal strength, 4. As a consistency check, the same TF shape can
be used to generate the Asimov data sets and to perform the signal-extraction fit. In this case,
the expectation value ((fimj — fit)/0st) should be consistent with zero. For different shape

descriptions, the bias is quantified as,

B — ILLIHJ - /’Lﬁt ’ (5.15)
0.5 (67, + 670

* correspond to the fit error in positive and negative direction, respectively. This distinc-

where &
tion allows to take into account that the error might be asymmetric. Each bias value calculated
in this way in then filled into a histogram, which is subsequently fitted by a Gaussian function.
The mean of this Gaussian is the expectation value defining the actual bias for this particular
combination of injected signal strength, generator TF function and fit function. The width of the
Gaussian is expected to be unity which confirms the correct estimation of the signal strength
uncertainty. An example for the 400 GeV mass point in FR 1 is shown in Figure 5.27. The
resulting distribution of bias values is well described by a Gaussian with a width of o = 1.00
and a mean of ug = —0.07. Hence, the resulting bias equals —7 %. Calculating bias values for
each [i;,; and each alternative TF function leads to the bias values shown in Figure 5.28. These
results are observed to be almost independent of /i;,;, implying a good reliability of the fitting
procedure. A conservative estimate of the bias for the entire fit range is targeted, represented by
the dotted red lines in each plot. These assigned bias values equal 30 % for FR 1 and 2 and 10 %
for FR 3 and 4. This is, as expected and discussed above, significantly smaller than in previous

analyses which were based on the more complex analytical models in the SR.

5.9. Signal Extraction and Validation

5.9.1. Simultaneous Fit

As mentioned earlier, the signal extraction is performed based on a simultaneous binned maximum-

likelihood signal-plus-background fit of the CR and SR. Generally, this involves a function
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Figure 5.27.: Distribution of individual bias values of about 5000 Asimov data sets for the
400 GeV mass point in FR 1 with an injected signal strength of fi;,; = 1. An
extended modified logistic function is used to model the TF in the data set gen-
eration and a modified logistic function serves as the respective fit function. The
obtained mean and width of the Gaussian fit are ug = —0.07 and o = 1.00,
indicating a bias of —7 %.

describing the expected number of events in the CR and SR, respectively:

fer(mig) = c- fc(ml%e_;:) (5.16)
fsr(miz) = s- fi(mio, (9_:5) - fe(maa, é;) + 1+ feig(mag, é;ig); (5.17)

where f. and f; represent the models of CR and TF, respectively, and c as well as s represent
normalization parameters, while /i reflects the signal strength. § describes the corresponding set
of systematic uncertainties for each function, i.e. the shape parameters of the CR parametriza-
tion and the TF shape or the nuisance parameters for the signal template, respectively. All shape
and nuisance parameters are determined in the combined signal-plus-background fit of CR and
SR. The result of such a fit is shown in Figure 5.29 for an Asimov data set of both the CR and
the SR. It can be seen that the combined fit describes both regions very well, as is expected
for an Asimov data set without injected signal. Note that this plot is rebinned for presentation
purposes only. The actual binning is chosen as fine as possible in order to allow the fitting pro-
cedure to rely on as many observables as possible. Hence, a 1 GeV binning is chosen for the fits

in FR 1 and 2, while a 5 and 10 GeV binning are found to work well in FR 3 and 4, respectively.

In addition to the fit curve, it is also instructive to analyze the pulls and impacts of the cor-
responding fit parameters. This is done using Figure 5.30, showing these values for one repre-
sentative mass point per FR. Note that a signal corresponding to fi;,; = 1 is injected in order to

perform a test where fg, 7# 0 and, thus, obtain actual information on the respective behavior of
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Figure 5.28.: Bias results in percent for the four fit ranges. While in FR 1 three alternative
functions are considered, there are only two in FR 2 and one in FR 3 and 4. The
dotted red lines represent the assigned bias for the respective FR, which is defined
by a conservative estimate based on the individual results.
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Figure 5.29.: Combined fit of Asimov data sets for the CR (left) and SR (right) for the 400 GeV
mass point, evaluated in FR 1. The background fit is represented by the blue curve,
which describes the data well and is mostly covered by the data points. The fitted
signal is shown in green and found to be compatible with zero.

the nuisance parameters. The background shape parameters from the CR are heavily constrained
by construction due to their large priors and their overall impact to the total fit uncertainty is
relatively small. It can also be seen that no nuisance parameter associated with a systematic
uncertainty is significantly constrained or pulled in this fit, which reflects the expected behav-
ior. Major impacts are observed due to the TF parameters and the SR normalization, the latter

representing the relatively small number of events in this region.

5.9.2. Validation of Signal-Extraction Approach

After establishing the approach based on Asimov data sets, an additional test with real data
is performed exploiting the validation region. Due to a relatively similar number of events
compared to the signal region, the VR is very well-suited for such a verification. However,
the signal templates are not adjusted, i.e. they reflect the selection in the SR and not the VR.
Thus, while the fitting and signal-extraction procedure can be validated, the calculated cross-
sections and limits are not meaningful. Similar validations are performed as for the Asimov
data sets, only that actual data is used in both the CR and VR. Results of the simultaneous fits
as well as pulls and impacts of the nuisance parameters are shown for the data CR and VR in
Figures 5.31 to 5.33. As with the Asimov data, all plots are rebinned for better visibility of
the fit result. Both CR and VR are very well described by the fit results and all fitted signal
strengths are compatible with zero. It can be seen in Figure 5.33 that no systematics-related
nuisance parameter is significantly constrained. Some parameters are, however, found to be

skewed in one direction. This can mostly be related to constraints, e.g. that the o parameter
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Figure 5.30.: Pulls and impacts for the 400 (FR 1, top left), 600 (FR 2, top right), 900 (FR 3,
bottom left), and 1200 (FR 4, bottom right) GeV mass points, based on Asimov
data sets for both CR and SR with an injected signal strength of 1, which is also
returned by each fit result, as can be seen on the top right of each plot. No nui-
sance parameter related to a systematic uncertainty is found to be significantly
constrained and major impacts are observed due to the TF parameters and the SR
normalization.
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of the extended modified logistic function is forbidden to become negative in order to avoid
the possibility of negative expected bin contents. Also some of the parameters are significantly
correlated and their impacts may therefore cancel partially.

Based on the validated fitting procedure, the signal extraction is performed as it is done for the
SR and expected as well as observed limits are calculated accordingly. The results are shown in
Figure 5.34. As can be seen, all observed limits agree with the expectation within two standard
deviations, indicating no signal-like structure or any kind of significant excess or deficit in the
VR.

The tests performed using the VR demonstrate the reliability of the background description

and the signal-extraction procedure.

5.10. Statistical Procedures

Searches like presented in this analysis target a certain signal hypothesis which would for ex-
ample be visible in a distribution of data as an excess in a specific region. In case no such excess
is observed, exclusion limits are set on the investigated region of the phase space of the model.
In the context of this analysis, the signal hypothesis corresponds to the simulated signal data
sets. The background-only hypothesis, on the other hand, is represented by the control-region
parametrization and the transfer factor. Exclusion limits are calculated for the production cross-
section times branching ratio for a heavy, neutral Higgs boson which is produced in association
with two b quarks and decaying into a pair of b quarks.

The statistical calculations presented here are based on a modified frequentist approach, the
“Asymptotic CLs method” [191, 192]. They are performed using the COMBINE TOOL software
package [193]. It allows to treat systematic uncertainties as nuisance parameters and extract
their individual impact on the final result as well as calculating the upper limit on the signal

Cross-section.

5.10.1. Likelihood Function and Fit

The likelihood function which is used for the analysis describes the agreement of observed data
and the tested model, where the background-only hypothesis is based on known physics. For
the CLs method, the probability density functions (pdfs) for the background, f,(Z, 5), and the
signal, f5(Z, 5) are investigated. They are dependent on physical observables # and nuisance
parameters 0. The latter are used to describe systematic uncertainties affecting the measure-

ment, e.g. the detector performance or theoretical uncertainties. For n observables, m nuisance
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Figure 5.31.: Combined fit result of CR (left) and VR (right) for the 400 (FR 1, top) and 600 (FR
2, bottom) GeV mass points. The distributions of CR and VR are rebinned for the
sake of visibility, while the fine binning in the signal template reflects the original
settings. Blue and red curve are the signal-plus-background and background-only
fit results, respectively, while the dark and light green curve represent the signal
template and fit result. These two curves are multiplied by a factor of 10 for
presentational purposes. At the bottom of each plot, the agreement of the signal-
plus-background fit result and the data in the respective region is shown, defined
as the difference between these two divided by the statistical uncertainty. No
significant signal is observed. While the observed upward fluctuation in FR 1
exceeds the signal template, which is normalized to a Higgs boson production
cross-section of 1 pb, the background fit describes the data closely in FR 2.
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Figure 5.32.: Combined fit result of CR (left) and VR (right) for the 900 (FR 3, top) and 1200
(FR 4, bottom) GeV mass points. The distributions of CR and VR are rebinned for
the sake of visibility, while the fine binning in the signal template reflects the orig-
inal settings. Blue and red curve are the signal-plus-background and background-
only fit results, respectively, while the dark and light green curve represent the
signal template and fit result. At the bottom of each plot, the agreement of the
signal-plus-background fit result and the data in the respective region is shown,
defined as the difference between these two divided by the statistical uncertainty.
No significant signal is observed. While the observed upward fluctuation in FR 3
is smaller than the signal template, which is normalized to a Higgs boson produc-
tion cross-section of 1 pb, a negative signal strength parameter is fitted in FR 4 as
reflected by the absence of a dark green curve.
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Figure 5.33.: Pulls and impacts for the 400 (FR 1, top left), 600 (FR 2, top right), 900 (FR
3, bottom left), and 1200 (FR 4, bottom right) GeV mass points, based on the
simultaneous fit of CR and VR. No nuisance parameter related to a systematic un-
certainty is found to be significantly constrained and major impacts are observed
due to the TF parameters and the SR normalization.
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Figure 5.34.: Expected and observed model-independent limits based on the data in the valida-
tion region and signal templates covering the range from 300 to 1600 GeV. One
and two standard-deviation bands are shown in green and yellow, respectively and
the fit-range edges are indicated by the vertical dashed lines. Since the signal tem-
plates are not optimized for utilization in the VR, the calculated numbers for the
cross-section limits do not have a meaningful physical implication.
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parameters and /N measurements, the overall likelihood can then be expressed as

eey ns

N
L(z,0) = HL(x’i,xé,. xh 00 0% 00 ). (5.18)
i=1
For one measurement, it can be written in the form
L(data|u,0) = P(datalu - s(0) +b(6)) - p(0]6). (5.19)

Here, the likelihood is dependent on the signal strength parameter ;2 and the nuisance parameter
6 for an actual measurement (data). A value of u = 0 corresponds to the background-only
hypothesis, while 1 = 1 is the nominal signal hypothesis. In case of this analysis, the latter cor-
responds to a Higgs boson production cross-section of 1 pb. The total event yield is represented
by the term

y=p-s(0)+b(0), (5.20)

with the expected signal and background yields, s() and b(6). P(data|p - s(f) + b(f)) in
Equation 5.19 reflects the probability to observe a specific number of events n; in a bin .

Evaluating P for all bins in the data set, it is given by

(psi + by)™

P(datalp - s(0) +b(0)) =[] elmHsi=bi) (5.21)

with the expected signal and background yields per bin, s; and b;. Finally, the measurement
pdf p reflects the difference between a default value 0 of a nuisance parameter and the actual
measurement 6. It follows from the overall systematic-error pdf p(#|@) which is a prior and
reflects the difference between measurement and the true value 6. Using Bayes’ theorem, p(9|§)

can be re-interpreted as a posterior:
p(6010) ~ p(016) - mo(0), (5.22)

where 74 (6) are priors to the measurement. In general, it is convenient to formulate the pdf p
of each nuisance parameter in a way that keeps 7y (6) flat. This means that my(6) does not bias
the likelihood function and the measurement pdf p(6|6) can be used instead of the prior p(6|0)

without loss of information.
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Subsequently, the likelihood function is given by

L(data, s,b,0) = L,(data, s,b,0) - [[p;(00), (5.23)

J

where j covers all systematic uncertainties affecting the expected signal and background dis-
tribution. The two terms of Equation 5.23 are independent from each other with the first term
describing the likelihood of measuring the data with the observed yield, while the second term

represents the probability to find the nuisance parameters at the observed values.

During the fitting procedure, it is computationally more efficient to use a logarithmic for-
mulation of Equation 5.23. Instead of maximizing the likelihood itself, —2In L (negative log-
likelihood or NLL) is minimized, making the overall equation a sum instead of a product. This
minimization process is performed by MINUIT [194], which is designed to find the minimum of
the log-likelihood function and examine its shape around this minimum. The impact of nuisance
parameters is then studied by profiling the likelihood function. This means that the respective
best-fit values and uncertainties of nuisances are calculated based on the way the nuisance pa-

rameters shape the likelihood function.

In the next step, the compatibility of observed data with the background-only and signal-
plus-background hypotheses is studied. This is done using the test statistic

ln L(dat(l“,b, 8#)

~, with 0 < 1 < p. 5.24
L(datalfs, §) = 629

qu = —

It is based on the profile likelihood ratio with éu representing an estimation of 6 for a given
data and a specific value of p. ji and 4 refer to the overall maximum likelihood. The constraints
on /i ensure that, on the one hand, no unphysical negative signal is possible and, on the other
hand, an upwards fluctuation which would lead to /i > p will not be interpreted as evidence
against the signal hypothesis. Mathematically, this means that a one-sided confidence interval
is ensured by i < p.

The test statistic g, is evaluated for the tested value of y for the background-only and signal-

obs
o

both hypotheses (égbs and ézbs), referring to the respective signal strength and targeting the best

plus-background hypotheses. From this ¢°’, nuisance parameter values can be calculated for

possible description of the observed data. For the signal-plus-background hypothesis, a signal

strength of 4 is assumed, while for the background-only hypothesis 1 is set to 0.
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According to the Frequentist method, the pdfs f(g,|x, ézbs) and f(g,,]0, A2"*) can be obtained
from generated Monte-Carlo data sets. To fulfill the requirements of the asymptotic approxima-
tion and following Wilk’s theorem [195], a significantly large number of test data sets has to be
created.

With these pdfs, two p-values can be computed, reflecting the probability of the signal-plus-
background (s+b, p,) and the background-only hypothesis (b, py), respectively. They are de-

fined as

pa= Plg,> Obs‘szgnaljtbackground) :/b f(qu‘ﬂaézbs)dqu(i%)
'

andpy=1—p,= P(g, > qObslbackg'r’ound —only) = / \ f(q,l0, éng)qu,(S.%)
9"

where p,, and py quantify the level of disagreement between the observed data and the signal-

plus-background or background-only hypotheses, respectively.

5.10.2. Nuisance Parameters

Two major categories of systematic uncertainties affect this analysis. Both of them are ex-
pressed as nuisance parameters [196]. The first category affects the normalization of the event
yield while not altering the shape of the signal.

In the most general way, normalization uncertainties could be expressed by a Gaussian distri-
bution. This approach is well-suited for uncertainties which can be both positive and negative.
For nuisances which can only be positive, however, the log-normal distribution is chosen. It

avoids the necessity of truncating the Gaussian at or slightly above zero. The log-normal pdf is

defined as (In(6/6))
1 1 ’
p(0) = mexp ( 2(Inr)? > R (5.27)

where 6 is the best estimate of the nuisance parameter # and « describes the width of p(0).
This width parameter directly reflects the uncertainty of an observable. For example, a value of
k = 1.1 means that the parameter can be larger or smaller by a factor of 1.1, i.e. a 10 % un-
certainty, both with an equal probability of 16 %, since uncertainties are given at one standard
deviation from the central value. For small uncertainties, the log-normal and Gaussian pdfs are

asymptotically identical.

The second major category of systematic uncertainties affects the shape of the data. As
mentioned in Section 5.7.3, for the analysis presented here, this effect is exclusively observed
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for the uncertainties associated with jet energy scale (JES) and jet energy resolution (JER).

To assess the impact of shape uncertainties on the final result, the investigated data set is
evaluated not only at the central value of each uncertainty but also for its plus and minus 1o
values. From the central result, the parameter values are interpolated to the variation results.
The efficiency for bin 7 associated with shape uncertainty j is then given by

ef — €
€ij = €5 + f%, (5.28)
where e?j and ez?? represent the efficiency for the central value and the up/down variations of
the uncertainty, respectively, and f is the so-called morphing parameter which is centered at 0
and has a Gaussian width of oy = 1. Outside of the 10 variations, the result can be linearly
interpolated.

To evaluate the final result of the fitting procedure, a goodness-of-fit test is performed. In
the analysis presented here, the saturated model is utilized [197, 198]. The goodness-of-fit
parameter in this model resembles a x? test but it is generalized such that it can be calculated
for an arbitrarily binned distribution. Also arbitrary constraints can be included, e.g. truncations
of Gaussian errors due to physical constraints like the requirement of a parameter to be non-

negative.

5.10.3. Limit Extraction

Using the p-values discussed in Section 5.10.1 and the nuisance parameters as described in
Section 5.10.2, exclusion limits can be calculated in case there is no significant signal. These
limits refer to the analyzed hypothesis or physical model and are used to exclude a region of its

phase space to a certain probability. This is done based on the modified confidence level

CLy(p) =2 = 1ps+b . (5.29)
Do — Db

A given hypothesis is excluded with a confidence level of 1 —C'L(x). This means that to obtain
an exclusion limit of 95 %, as targeted in this analysis, C'L, has to be set to 1 — 0.95 = 0.05.
In the same way as described above for the observation, expected exclusion limits can be
calculated. Mostly, the median expected limit is given together with +10 and +20 uncertainty
bands. This is usually done based on Asimov data sets which are generated from the background

pdf with the central values for the nuisance parameters. The point at which the cumulative
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probability distribution crosses the 50 % quantile, the median expected limit is located. In the
same way, the =10 band (68 %) corresponds to the crossings with 16 % and 84 %, while the
420 band (95 %) is defined by the crossings at 2.5 % and 97.5 %.
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6.1. Before Unblinding

Before the data in the signal region can be unblinded, the overall analysis approach has to be
developed and validated. This is done using Asimov data sets and the signal-depleted validation
region, as described in Section 5.9 and shown in Figures 5.29 to 5.34, after optimizing the
event selection and calculating MC corrections based on simulation and the CR. The systematic
uncertainties, including a bias study, which are included in this analysis are presented in Section

5.7.3 and the statistical procedures used to extract the final results are shown in Section 5.10.

Following all the preceding steps, expected upper limits can be calculated based on Asimov
data sets. These are generated utilizing the CR parametrization result and the nominal values for
the TF parameters as found in the MC studies. Signal samples are evaluated in their respective
fit range and those mass points which are situated at a fit-range border, are analyzed in both of

the ranges.

Figure 6.1 shows the resulting expected upper limits on the Higgs boson production cross-
section times the branching fraction into a pair of b quarks. They reach from slightly below
10pb at 300 GeV down to just above 0.1 pb at 1600 GeV. Results of previous analyses [34,
174, 178] are shown for comparison and it can be seen that the search presented here provides
a significantly improved sensitivity for the entire investigated mass range. It has to be noted
that the semi-leptonic analysis of the 2017 CMS data is most sensitive in lower mass ranges
down to 125 GeV for which it was optimized. In comparison to the 2016 CMS analysis, an
improvement in sensitivity of roughly a factor of two can be observed. The steps visible in the
expected upper limits reflect the borders of fit ranges and the correspondingly different signal
efficiency. Overall, the limits mirror the monotonously falling di-jet mass spectrum in data. In
the right plot of Figure 6.1, each mass hypothesis is only evaluated in the fit range yielding the

lower expected limit, i.e. the higher sensitivity, which eliminates the discontinuities.
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Figure 6.1.: Expected limits on the b-associated Higgs boson production cross-section times
branching ratio into a pair of bottom quarks at 95 % confidence level in the range
from 300 to 1600 GeV with (left) and without (right) evaluating mass points in mul-
tiple fit ranges. Dashed vertical lines in the left plot indicate the FR borders and the
respective mass points are evaluated in either range. In the right plot, each mass
point is only evaluated in the FR with the higher expected sensitivity. For com-
parison, also the results of the 2016 (cyan [178]) and the upper mass-range of the
2017 semi-leptonic (pink [34]) CMS analyses as well as the ATLAS analysis (dark
blue [174]) are shown. The mass range of this analysis exceeds all of the previous
studies towards high masses while providing significantly better sensitivity over a
large part of the investigated mass range.

138



6.2. After Unblinding

6.2. After Unblinding

The signal extraction process is performed in the way it is described in Sections 5.9 and 6.1 for
each mass point in its respective fit range or fit ranges for those mass points at FR borders.

In Figures 6.2 to 6.4, the resulting fits are shown for the 400, 600, 900, 1200, and 1600 GeV
mass points, i.e. one representative mass point per FR plus the 1600 GeV sample which repre-
sents the largest tested mass hypothesis. It can be seen that in all fit ranges both CR and SR are
described very well. The largest overall excess with respect to the expectation is observed for
the 1600 GeV mass point with slightly less than 2o, which is not significant. This excess is also
visible in the m;» distribution of the SR, where several adjacent bins appear to fluctuate into
the upward direction. However, it has to be noted that this structure is significantly narrower
than any signal resolution, as can be seen from the comparison with, e.g., Figure 5.13. It can be
concluded that all fits are compatible with the background-only hypothesis within the respective
uncertainties.

In order to give an additional impression of the overall fit performance, the ratio of m45 in
the SR and CR is plotted for all four FR. As a comparison, the TF fit result is overlaid, modeled
by the shape parameters as determined in the respective fit for each mass point. While there are
small differences depending on the investigated signal sample, all fits describe the data remark-
ably well. Furthermore, the actual ratio of SR and CR in data is found to be predicted relatively
well by the MC shapes which are shown in Figure 5.26, despite the discussed limitations in
QCD simulation.

For each mass point, the goodness-of-fit result is investigated as well. This is shown in Figure
6.6 for the 400, 600, 900, 1200, and 1600 GeV mass points, based on 1000 toy data sets per mass
point and using the saturated goodness-of-fit model (cf. Section 5.10.2). None of the respective
shapes shows unexpected behavior and the corresponding p-values show a good agreement with
the data.

As done for the Asimov data sets and the VR, pulls and impacts are also determined for each
nuisance parameter in the SR fits. The respective results for the 400, 600, 900, and 1200 GeV
mass points are shown in Figure 6.7. As before, it has to be noted that the shape parameters
are significantly constrained by construction due to their large priors from the CR. No nuisance
parameter which is related to a systematic uncertainty is found to be significantly constrained.
Similar to the previously observed behavior using the VR, main impacts originate from the SR
normalization and the TF shape parameters and it has to be kept in mind that some parameters
are correlated and their respective impacts may cancel partially.

To illustrate the background description in the SR further, a background-only fit is shown in
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Figure 6.2.: Combined fit of CR (left) and SR (right) in fit ranges 1 (top) and 2 (bottom) with
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the 400 and 600 GeV mass points investigated, respectively. The red and blue
curves show the background-only and signal-plus-background fit results, respec-
tively, while the light and dark green curves represent the signal template and the
fitted signal. Note that the signal curves have been multiplied by a factor of 10
for presentational purposes. For each plot, the pulls are shown in the bottom panel,
defined as the difference between the signal-plus-background fit result and the data,
divided by the statistical uncertainty. With a very good overall description of the
data in both CR and SR in either FR, no significant signal is observed.
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Figure 6.3.: Combined fit of CR (left) and SR (right) in fit ranges 3 (top) and 4 (bottom) with
the 900 and 1200 GeV mass points investigated, respectively. The red and blue
curves show the background-only and signal-plus-background fit results, respec-
tively, while the light and dark green curves represent the signal template and the
fitted signal. For each plot, the pulls are shown in the bottom panel, defined as the
difference between the signal-plus-background fit result and the data, divided by
the statistical uncertainty. With a very good overall description of the data in both
CR and SR in either FR, no significant signal is observed. The fitted signal strength
for the 1200 GeV mass point is negative, as reflected by the absence of a dark green
curve and the downward deviation of the blue curve from the background-only fit
result.
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Figure 6.4.: Combined fit of CR (left) and SR (right) in FR 4 with the 1600 GeV mass point
investigated. The red and blue curves show the background-only and signal-plus-
background fit results, respectively, while the light and dark green curves represent
the signal template and the fitted signal. For each plot, the pulls are shown in
the bottom panel, defined as the difference between the signal-plus-background fit
result and the data, divided by the statistical uncertainty. With a very good overall
description of the data in both CR and SR in either FR, no significant signal, but an
insignificant excess, slightly below two standard deviations from the expectation,
is observed.
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Figure 6.5.: Comparison of the ratio of m;» distributions in SR and CR for all four fit ranges
and the fit results obtained based on the signal-plus-background fit for each mass
point. The blue points represent the ratio of SR and CR in data, while the colored
lines show the TF shape based on the respective fit result with this mass hypothesis.
Note that the signal contribution is not shown here. All curves are found to describe
the data relatively well and the MC prediction of the ratio of m;, distributions in
SR and CR resembles the data remarkably closely.
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Figure 6.6.: Goodness-of-fit (gof) results based on the saturated model for the 400 (top left),
600 (top right), 900 (center left), 1200 (center right), and 1600 (bottom) GeV mass
points evaluating the fit result of the unblinded SR data. 1000 toy data sets are
generated and fitted for each mass point and the respective gof results are shown in
the histograms. A p-value of 0.5 corresponds to obtaining the expected gof value.
No significant deviations from the expectation are observed for either the structure
of the distributions or the gof results observed in data.
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Figure 6.7.: Pulls and impacts for the 400 (FR 1, top left), 600 (FR 2, top right), 900 (FR 3,
bottom left), and 1200 (FR 4, bottom right) GeV mass points, based on unblinded
SR data without injected signal. No nuisance parameter related to a systematic
uncertainty is found to be significantly constrained and the most significant impacts
are observed due to the TF parameters and the SR normalization.
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Figure 6.8 for the four fit ranges. A very good modeling of the signal region is observed in this
fit as well. Unlike Figures 6.2 to 6.4, no signal hypothesis is included in these fits. Moreover,
the fit uncertainty is shown in both the upper panels for the background curve and the bottom
panel for the pulls. As expected, the largest uncertainties are observed around the background
peak and, for FR 3 and 4, at the lower edge of the respective FR. Node-like structures can be
observed in the fit uncertainties of each FR. They are attributed to the functional form of the TF,
which contains a linear term in all fit ranges. This structure implies that the background model
is rather independent of the slope parameter at certain m5 values, leading to small uncertainties

at these points.

Since no significant excess is observed, upper limits are calculated on the production cross-
section of a heavy, neutral Higgs boson in the b-associated production mode times branching
ratio into a pair of bottom quarks. The observed limits do not deviate from the expectation sig-
nificantly, as shown in Figure 6.9. They reach from slightly below 16 pb (about 9 pb expected)
at 300 GeV down to just above 0.1 pb at 1000 GeV (about 0.3 pb expected). For the highest
mass studied in this analysis, 1600 GeV, an upper limit of 0.23 pb is observed (just above 0.1 pb
expected). This constitutes a significant improvement over previous analyses for the entire in-
vestigated mass range. Results from the analyses using the 2016 inclusive [177, 178] and 2017
semi-leptonic [34] selection based on CMS data, respectively, are shown as well as the ATLAS
result [174]. Furthermore, larger Higgs boson masses can be included than before. Fit range
borders are shown as vertical dashed lines, at which the limits for both adjacent fit ranges are
shown. Whenever a mass point is assigned to two fit ranges, the observed measurement is only
indicated by a black dot for the range providing the lower expected limit, i.e. better sensitivity.
The largest tensions between observed and expected limits are found at 1000 and 1600 GeV in
FR 4 with a deficit of slightly more than two standard deviations and an excess just below 20,
respectively. These statistically insignificant disagreements correspond to fluctuations which
are also visible in the m5 distribution in the SR. Exact values for observed and expected limits

as well as =10 and +20 uncertainties are shown in Table 6.1.

6.3. Model Interpretation

The limits on corss-section times branching fraction presented in Section 6.2 are interpreted in
terms of specific benchmark scenarios. First, interpretations based on MSSM scenarios will be

discussed in this section, before 2HDM scenarios are analyzed.
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Figure 6.8.: Background-only fit results from the combined fit of CR and SR, showing the agree-
ment of the fit with the SR data in FR 1 (top left), 2 (top right), 3 (bottom left) and
4 (bottom right). Pulls are shown in the bottom panel of each plot together with
the one- and two-standard-deviation error bands of the fit. In all plots, SR data is
shown as black dots and the Background-only fit result is represented by the blue
curve, with the corresponding fit uncertainties indicated by the green and yellow
bands. The node-like structures in the error bands are attributed to the linear part of
the TF which exists in all FR. They imply that the background model is relatively
independent of the slope parameter at certain mq5 values, which results in small

uncertainties.
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Figure 6.9.: Expected and observed limits on the production cross-section times branching ratio
of the process bbA/H(A/H — bb) at 95% C.L. in the range of 300 to 1600 GeV.
Previous results are shown for the inclusive 2016 (cyan [178]) and semi-leptonic
2017 (pink [34]) CMS analyses as well as the ATLAS result (dark blue [174]).
Note that only the upper part of the mass range of the semi-leptonic analysis is
shown here. The vertical dashed lines represent the edges of the four fit ranges. No
significant excess or deficit is observed with the largest deviations being slightly
larger (smaller) than 20 for the 1000 (1600) GeV mass points in FR 4, respectively.
All observed limits are found to be below the previous results for the respective
mass hypotheses and the reach of this analysis towards higher masses exceeds the
previous results.
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Mass [GeV] —20 —1lo exp. +lo +20  obs.
300 463 6.15 859 12.16 16.63 15.96
350 259 340 4.67 6.52 883 4.19

400 190 251 345 484 654 273
400 1.50 199 278 396 545 2.16
450 1.07 143 199 283 389 236
500 0.88 1.17 1.62 231 3.16 243
600 0.57 0.75 1.04 148 203 1.34
700 054 072 1.00 141 190 0.61

700 032 044 062 089 124 057
800 025 034 048 0.69 095 0.76
900 022 029 040 058 080 047
1000 0.18 0.23 033 048 090 0.19
1000 0.15 020 029 042 058 0.13
1200 0.11 0.14 020 0.28 039 0.14
1400 0.08 0.11 0.15 021 029 0.15
1600 0.06 0.08 0.11 0.16 023 0.23

Table 6.1.: Observed and expected upper limits at 95 % C.L. and £10 and +20 uncertainties
depending on the Higgs boson mass. The observed limit at 1600 GeV is slightly
smaller than the +20 expected value which is hidden by the rounding.

In order to compare the analysis presented here with the previous results, some of the same
benchmark scenarios that were used then are also investigated here. For MSSM scenarios,
this means analyzing the h(MSSM and m]"*** scenarios. As discussed in Section 5.2, the cor-
responding production cross-sections are calculated based on the Santander matching scheme
[179], which incorporates both 4FS and SFS predictions. While the 4FS calculations are done
up to NLO [199, 200], SFS computations are available up to NNLO [201]. Branching ratios
are determined using FeynHiggs [202, 203] and HDECAY [204, 205]. The cross-sections and
branching fractions are provided centrally by the LHC Higgs Cross Section Working Group

[94].

For the MSSM benchmark scenarios, limits are expressed in terms of the parameters tan
and mp. The respective results, based on the limits on cross-section times branching ratio
shown in Figure 6.9, are presented in Figure 6.10 for the hMSSM and m]"*** scenarios. For
both of these scenarios, a higgsino mass parameter ;1 = 200 GeV is selected. A comparison with
the 2016 [178] and 2017 semi-leptonic [34] CMS analyses is included as well. Similar to the
results for the cross-section times branching ratio, significant improvements can be observed.

For the hMSSM scenario, exclusion limits down to tan 5 /~ 14 can be observed between 350
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Figure 6.10.: Expected and observed limits of the parameter tan /5 vs. mp in the context
of the hMSSM (left) and m/"*" (right, using a higgsino mass parameter of
1 = 200 GeV) scenarios. Expected limits from the inclusive 2016 [178] and
semi-leptonic 2017 [34] CMS analyses are shown as dashed black and gray lines,
respectively. The hatched area indicates the parameter space which does not agree
with the light scalar Higgs boson i having a mass of 125 GeV.

and 400 GeV. The upper end of the sensitivity range is marked by tan 5 ~ 60 (cf. Section 2.2.2),
which is reached at slightly above 1200 GeV. This model takes experimental SUSY constraints
into account, for example all SUSY particles are assumed to be relatively heavy. Therefore,
the Higgs boson can not decay into these particles, leading to a larger sensitivity in the bb
decay channel compared to the m}"** scenario. In terms of the m{"*** scenario, limits from
tan  ~ 16 at 350 GeV up to tan 8 = 60 around 1100 GeV are observed. In this scenario, the
Higgs boson decay into light SUSY particles is possible for moderate tan 5 and larger ma. At
large tan § and large values of p, also the Yukawa-coupling correction A, becomes important,
increasing the Higgs boson coupling to b quarks proportional to p tan j3.

A more recent, widely utilized MSSM scenario is the m{?® benchmark scenario. It features
rather heavy SUSY particles and, hence, Higgs bosons exclusively decay into SM particles up
to a mass of m, ~ 2 TeV. Four distinct variants of the m}?® benchmark scenario are evaluated
here. All of them feature the same parameter settings, apart from the higgsino mass parameter
1, which is set to 1 (standard), —1, -2, and —3 Te'V, respectively. A new matching scheme is used
compared to the hMSSM and m}ﬁ”o‘” scenarios, namely the FONLL scheme [181, 182]. As dis-
cussed in Section 5.2, it was tested against the alternative NLO+NNLLpart+ybyt [183, 184]

scheme and both models were found to yield exactly the same results. Overall, the limits in

150



6.3. Model Interpretation

terms of the standard m?® scenario with u = 1TeV are relatively similar to the results from

the m"*" scenario. However, the bb decay channel is particularly sensitive to the value of f,
i.e. lower limits are observed for larger y, due to changes in the Yukawa couplings at larger
tan 5. Also the sensitivity towards negative y values is unique in the bb decay channel. For
1 = —3TeV, upper limits below tan 5 = 10 are observed for the 350 and 400 GeV mass points.
At the upper end of the mass range, upper limits of tan 5 ~ 55 (50), 55 (45), and 50 (35) are
observed (expected) for n = —1, —2, and — 3 TeV, respectively. Note that also the regions of the
parameter space, which do not agree with either of the CP-even Higgs bosons having a mass of
125 GeV, increase with larger negative values of . These regions only reflect theoretical con-
siderations and do not include experimental observation of other properties as used in Figure
2.6. The individual results for the four utilized scenarios are shown in Figure 6.11 and they are
compared to each other directly in Figure 6.12. The visible direct impact of the higgsino mass

parameter is much larger than for the 77 decay channel.

The second group of studied scenarios included here belongs to the 2HDM. Since these
general models feature a large number of free parameters, several assumptions are put into the
calculations of production cross-sections and branching fractions. These assumptions follow
the scenario G defined in [106], fixing the mass of the lighter CP-even Higgs boson to my =
125 GeV, assuming mass degeneracy between A and H, and, thereby, providing an MSSM-like
Higgs sector. Hence, only three parameters are left free at tree-level, namely tan 3, ma = my,
and cos(5 — «). Respective parameter scans for both the production cross-sections and the
branching fractions are performed as described in Section 2.2.2 and more detailed results are
shown in Appendix B. The computations are done using the software packages 2HDMC [107],
SusHi [108], LHAPDEF6 [109], and FeynHiggs [202, 203].

Out of the four 2HDM scenarios, the type-II model features properties similar to the MSSM.
However, for | cos( — «)| significantly different from zero, additional processes become possi-
ble, namely A — Zh and H — hh. This is mainly visible at larger masses of the heavy Higgs
bosons, since the coupling strength is proportional to the Higgs boson mass. Note that SM-like
Higgs boson couplings are only realized at cos(5—«) =~ 0. Therefore, the A — Zh analysis can
not be sensitive in this area. Limits in the (cos( — «), tan ) plane of the parameter space are
shown for mass values of 300, 600, 900, and 1200 GeV for the type-II and flipped scenarios in
Figures 6.13 and 6.14, respectively. It can be seen that the observed exclusion power at 300 GeV
reaches down to tan [ slightly above 20, while roughly a value of 20 is expected. Comparisons
with the A — Zh analysis [206] are shown in both cases for the 300 GeV mass point. The

lobe features for positive values of cos(f — «) and small tan S values in the A — Zh limits
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Figure 6.11.: Expected and observed limits of the parameter tan 3 vs. my in the context of
the m;?° scenarios, featuring a higgsino mass parameter of 1 = 1 TeV (top left),
i = —1TeV (top right), p = —2TeV (bottom left), and 4 = —3 TeV (bottom
right). The hatched area indicates the parameter space which does not agree with
the light scalar Higgs boson A having a mass of 125 GeV.
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Figure 6.12.: Direct comparison of expected and observed limits of the parameter tan 5 vs.
ma in the context of the m;2° scenarios, featuring a higgsino mass parameter of
p = 1TeV (top left), u = —1TeV (top right), u = —2TeV (bottom left), and
u = —3TeV (bottom right). The shaded areas indicate the parameter space which
does not agree with the light scalar Higgs boson h having a mass of 125 GeV.
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are due to negative coupling modifiers which can not be excluded with the current sensitivity
[207]. In the flipped scenario for tan 5 > 1, the Higgs boson coupling to leptons and up-type
quarks is suppressed, i.e. only down-type quarks provide significant sensitivity in these models
and, consequently, the coupling to b quarks is enhanced. As in the type-II models, the A — Zh
channel is not sensitive around the alignment limit cos(8 — ) = 0. Overall, exclusion limits
in terms of the type-II and flipped scenarios are found to be very similar. The slight asymmetry
with respect to cos(5 — a) = 0 which can be observed in all of these limits originates in the
fermiophobic point (cf. Section 2.2.2) of the CP-even mixing angle a.

In Figure 6.15, exclusion limits in terms of tan 8 and m u are shown for a fixed value of
cos(f — a) = 0.1. Because of the suppression of Higgs boson couplings to leptons, these limits
are slightly more stringent in the flipped scenario. Exclusion power down to tan /3 slightly above
10 is observed for Higgs boson masses of 350 GeV, and at roughly 1350 GeV, the limits exceed
tan 8 = 100. Note that in these more general models, tan 5 = 100 is conventionally taken as

the upper edge of theoretical predictions, while tan 8 = 60 is selected in MSSM scenarios.
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Figure 6.13.: Expected and observed limits of the parameter tan 3 vs. cos(f — «) in the 2HDM
type-1I scenario for the 300, 600, 900, and 1200 GeV mass points (top left to
bottom right). For the 300 GeV mass point, a comparison to the CMS A — Zh
[206] analysis is shown, represented by the shaded blue areas.
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7. Summary and Outlook

A search for heavy, neutral Higgs bosons which are produced in association with b quarks
and decay into a pair of b quarks, is presented, targeting the all-hadronic final state of this
process. Data collected by the CMS experiment at the LHC during proton-proton collisions in
2017 at a center-of-mass energy of 13 TeV is used, corresponding to an integrated luminosity
of 36.02fb™" .

An extended Higgs sector is predicted by various theories beyond the Standard Model, like
the MSSM or the general 2HDM. These theories are discussed and investigated thoroughly in
this thesis. In many scenarios of theories featuring an extended Higgs sector, the Yukawa cou-
pling to b quarks is significantly enhanced. Therefore, this specific combination of production
and decay mode is particularly promising for those scenarios. Furthermore, the requirement of
additional b quarks in the final state significantly helps to reduce the background contribution
from QCD-multi-jet events which are present in hadron collisions and form the dominant back-
ground contribution in searches of Higgs boson decays into a pair of quarks. High-mass Higgs
bosons can potentially be produced at the LHC and the general-purpose detectors ATLAS and
CMS are well-suited to detect respective decay products.

In order to select the events for this analysis, a dedicated trigger was developed, which re-
quires two b-tags and two high-energy jets. In the final state of this search, at least three well-
separated b-tagged jets with large transverse momentum are required in the signal region (SR),
of which two are the candidates for the Higgs boson decay and the third is assigned to a b quark
originating from the associated production mode. Signal samples are generated for thirteen
Higgs boson masses ranging from 300 to 1600 GeV with next-to-leading order (NLO) preci-
sion. Simulated background data sets with and without enhanced b-quark content are used for
additional studies. The background in the signal region is estimated based entirely on data as the
complex QCD processes are not modeled accurately enough in simulation. Two signal-depleted
regions of data are defined based on the b-tag discriminant of the third-leading jet in transverse
momentum. The control region (CR) is based on the jet being explicitly not b-tagged, while the
validation region (VR) is situated between CR and SR. Since the two leading jets are selected

based on identical requirements in all regions, the analysis observable m, is distributed simi-
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larly in each region. A signal would manifest as an excess of events in the distribution of this
observable. The signal extraction is performed in a combined fit of CR and SR, modeling small
shape differences in the di-jet mass spectrum by using a transfer factor (TF). This function is
slowly varying and depends on m15. A mass range from 200 to 2000 GeV is investigated with
the lower bound roughly defined by the kinematic requirements of the trigger and the upper end
of the range being set by the availability of a sufficient number of events.

As no significant deviation from the Standard-Model background-only prediction is observed,
upper limits are calculated for the production cross-section of a heavy, neutral Higgs boson
in the b-quark-associated production mode times the branching fraction into a pair of bottom
quarks. The observed upper limits at 95 % confidence level reach from about 16 pb at 300 GeV
down to 0.13 pb at 1000 GeV with the expected limits covering a range from slightly below 9 pb
at 300 GeV to 0.11 pb at 1600 GeV. The overall reach of this analysis extends previous searches
and the sensitivity is found to be better than for earlier studies over the entire investigated mass
range. These limits are further interpreted in terms of MSSM and 2HDM benchmark scenarios.

A set of MSSM scenarios is considered and limits are computed in terms of the corresponding
free phase-space parameters at tree-level, tan 5 and ma. The first group which is investigated
consists of recent models, based on the m{?® benchmark scenario. In addition to other updates
with respect to more traditional models, the higgsino mass parameter of 1 = 200 GeV in the
mi*** scenario is increased to g = 1000 GeV in this updated scenario. Three variants with
p = {—1,—2,—3} TeV are analyzed as well, where all other parameters remain unchanged
with respect to the m;>> scenario. The bb decay mode is particularly sensitive to the value of
p. Limits of tan 8 < 10 are observed for 350 and 400 GeV in the m}?*(u = —3TeV) scenario
and for the full mass range, i.e. up to 1600 GeV, and for all considered values of j, limits
are found to be below tan 8 = 60. Also two more traditional models are analyzed, mainly to
allow for comparisons with previous analyses. First, the relatively model independent hMSSM
scenario is investigated. It incorporates rather recent SUSY search results and, thus, assumes
relatively heavy SUSY particles which restricts the Higgs boson decays into these particles,
enhancing the sensitivity of the bb decay channel. Limits down to tan 3 &~ 14 are observed at
ma = 350 GeV, while limits of tan 5 ~ 60 are observed slightly above 1200 GeV. Second,
the limits are interpreted in terms of the m/™**"
15 at a Higgs boson mass of 350GeV to tan 3 ~ 60 at about 1200 GeV. In both scenarios,

significant improvements with respect to the 2016 inclusive and the upper mass-range of the

model. Limits range from tan (3 slightly above

2017 semi-leptonic analyses are achieved.
The second family of investigated models is based on the 2HDM. Specifically the type-II

and flipped scenarios are particularly interesting for this analysis since they feature enhanced
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Higgs boson couplings to b quarks. Exclusion limits are given in terms of the free parameters at
tree-level, tan 3, m and cos(5 — «). In both scenarios, a large part of the allowed phase space
can be accessed and excluded. Around the alignment limit cos(8 — a) = 0, a region which
can not be assessed by SM Higgs boson coupling analyses, the bb decay channel is particularly
sensitive and in the case of the flipped scenario, this sensitivity is unique. All results presented
in this thesis have been reviewed and endorsed by the CMS collaboration.

In conclusion, the large center-of-mass energy of 13 TeV enables searches for heavy Higgs
bosons up to a mass of 1600 GeV as presented in this analysis. The inclusion of a transfer factor
to the background model allowed to improve the sensitivity of this search significantly, making
it an extremely promising technique for the combination of the full LHC Run 2 data. This
inclusion of the semi-leptonic channel in 2017 as well as the entire 2016 and 2018 data sets is
expected to increase the statistical power of this analysis. Currently, the limits presented here
are the most powerful constraints so far in the bb decay channel, which is uniquely sensitive
in case of the 2HDM flipped scenario around the alignment limit. A further improvement of
sensitivity is assumed to arise from the LHC Run 3, which is scheduled to start in 2022, and the
increase of the center-of-mass energy to 14 TeV as well as the high-luminosity upgrade of the
LHC.
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A. Tracker Alignment

For the b-tagging procedure used in this analysis, which requires an excellent hit resolution
(cf. Section 4.2), a precise knowledge of the positions and orientations of the sensors of the
CMS tracking system as well as their surface shape is particularly important. This is also
true for various other applications of the tracking system, since variations in these parameters
might impact the measurements of a sensor. Furthermore, the design resolution of about 10 %
pr uncertainty for a charged particle with a transverse momentum of 1TeV as well as the
targeted hit resolution of about 10 to 30 #m [208] can only be achieved with a correctly aligned
detector. Impacts on the individual sensors as well as larger mechanical structures like an entire
half barrel of the strip tracking detector can, for example, originate from magnet cycles and
temperature changes in the detector cavern. In this chapter, a brief overview is provided on the
efforts to align the tracking detector, using the MILLEPEDEII algorithm [209], as well as major
challenges of this process.

A.1. Global Position of High-Level Structures

As described in Section 3.2.1, the CMS tracking system consists of several parts which each
comprise a number of smaller structures containing the modules on which the actual sensors
are located. In Figure A.1, the hierarchical structure of the tracking system is shown. The
modules are the smallest part which can be aligned and they are arranged in various high-level
structures (HLS). The largest sub-detector, the Tracker Outer Barrel (TOB), is used as a global
reference frame for the other parts of the tracking system [208]. Shift and rotation of the TOB
are determined with respect to the beam axis. Together with other large mechanical structures
like the Tracker End-Caps (TEC) or the entire tracking system, the position of the TOB is
surveyed by use of an infrared laser system. This array of lasers provides positional information
for substructures like the TOB on the order of 100 m, which can be used as additional input
to the alignment process. It is critical to know not only any possible shift of the detector but
also its position with respect to the magnetic field, which is represented by rotations around the

x and y axes of the CMS coordinate system. Since a wrong assumption would lead to a worse
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Figure A.1.: Hierarchical structure of the strip (left) and pixel (right) tracking detectors as used
for the alignment and determined by the mechanical location of modules [210,
211].

track fitting result, this global tilt has to be determined before the alignment of the other detector

parts can be performed.

A.2. Track-Based Alighment

For the alignment procedure, it is necessary to parametrize the tracks particles leave in the
detector as well as the detector modules themselves. This is done using three parameters for
the shift, rotation, and surface deformation of a sensor, i.e. nine parameters overall. In case of
larger structures, only shift and rotation are considered. A track in a homogeneous magnetic
field can be described by five parameters n,,, for negligible material effects. If the interactions
with the detector are non-negligible, however, as it is the case in the CMS tracking system,
Npar = O + 2Ngcar. Here, ngcay describes the number of scattering events and the factor of two
reflects the two angles of the trajectory this scattering can affect.

Track-based alignment algorithms use the distribution of residuals of individual hits in a
track. If the assumed positions of detector modules are different from their actual locations,
these residuals will increase, as can be seen in Figure A.2. A least-square method is used to
evaluate this behavior and the target of the alignment process is to minimize the sum of squares

of normalized residuals from a large number of tracks [208],
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A.2. Track-Based Alignment
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Figure A.2.: Correction of reconstructed hits based on alignment: If the actual state of the
tracking detector (left) is not reflected by the assumed geometry (right), hits are
reconstructed wrongly and, hence, the same real track (dashed green line) is recon-
structed badly in an unaligned detector (solid green line in the right frame). In this
simplified case, only one of four depicted modules is not modeled correctly by the
assumed geometry. Taken from [212].
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Here, my; are the reconstructed positions of hits with the corresponding uncertainty o33, and
fij is the predicted trajectory from the track fit. The parameters which are taken into account
describe the geometry of the detector (p), i.e. the alignment parameters, and the track (),
respectively. This x? function can depend on millions of parameters in case of the CMS tracking
system. For small alignment corrections, f;; can be linearized around the initial values pj and
Qo After the linearization, determining the alignment corrections corresponds to solving a
linear equation system which is treated like a matrix inversion problem. For larger corrections,
the procedure is repeated iteratively. For the CMS tracking system, a global fit approach is
used, executed by the MILLEPEDEII algorithm. It exploits the properties of the linear equation
system to reduce the number of parameters significantly. For 107 tracks with approximately
20 track parameters and 10° alignment parameters, this reduction can be as large as 4 x 10°

parameters without loss of precision [208].

The MILLEPEDEII algorithm significantly reduces the required computing time to solve the
linear equation system. Usually, this effort scales with the number of parameters cubed but
exploiting the general broken lines algorithm [213] breaks that dependence by defining a custom
track parametrization. Thus, increases in computing efficiency of up to a factor of 8.4 for cosmic

tracks, which traverse the full detector leading to up to 50 track parameters, are observed [208].
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A. Tracker Alignment

A.3. Weak Modes

Certain combinations of the alignment parameters which do not significantly change the overall
x? are called weak modes. They occur if a change in the alignment parameters Ap can be coun-
teracted by a respective alteration of the track parameters Ag. In this specific case, one valid set
of tracks is transformed into another one and therefore, the track fit result is not affected. How-
ever, this can cause issues if, e.g., the track topology or angular correlations between tracks are
measured. Weak modes can not be solved by the approach described in Section A.2 but require
additional information to be taken into account. At CMS, because of its cylindrical structure
around the beam pipe and due to the use of tracks traversing the beam line, some weak modes
occur predominantly. By using additional sets of tracks for the alignment, this symmetry can
be broken and the weak modes can be assessed. For example, one of the most important weak
modes at CMS is the twist, i.e. an azimuthal distortion A¢ ~ z. It can be resolved by using
Z — ptpu~ events as muons are reconstructed accurately and the Z mass is precisely known.
The effects because of other weak modes can also be addressed using different approaches like
cosmic tracks passing the entire detector on trajectories which break the symmetry, therefore
providing a good handle on the Sagitta weak mode, a radial distortion A¢ ~ ¢. Further details

on specific validation methods of the extracted alignment parameters are given in Section A.S.

A.4. Alignment Strategies

In order to separate parameters which do and do not depend on the time, a differential approach
is exploited [208], dividing the data into smaller periods called intervals of validity (IOV). In
these periods, all alignment parameters are considered time-independent. Combining the differ-
ential approach and the hierarchical structure of the CMS tracking system, high-level structures
are evaluated in each IOV and the modules are aligned with respect to the corresponding HLS.
This relative position is assumed to be constant over time. Therefore, time-dependent and time-
independent parameters can be determined simultaneously. Moreover, in case the number of
tracks in a data set is insufficient for a full module-level alignment procedure, exploiting the
hierarchical properties of the detector allows to obtain an alignment of the much smaller set of

high-level structures.
As mentioned in Section A.3, tracks with different properties are used in order to obtain

information required for the alignment procedure. Specifically, four types of tracks are utilized

which are reconstructed as described in Section 4.1.2. Basic quality criteria are applied to all of
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these tracks.

The first type of samples contains tracks originating from isolated muons, which mainly
come from leptonic decays of W bosons. The muons are required to provide certain kinematic
properties and to be detected in both the tracking detector and the muon system.

Di-muon topologies are used as well and, similar to the single-muon selection, the muons
have to be detected in the tracking system and the muon chambers. Furthermore, their invariant
mass is restricted in order to provide relatively pure samples of Z boson or T meson decays.

Tracks from cosmic rays are recorded in two different modes [208]. The peak mode makes
use of the full signal and it is used in periods without a beam in the LHC. Since this full
readout of the signal is relatively slow, the deconvolution mode is utilized during collisions,
based on a dedicated cosmic-ray trigger. This mode measures the signal only at some points
and extrapolates in between them.

The largest set of tracks which is used for the alignment originates from minimum-bias sam-
ples. They are recorded based on different basic triggers which require, e.g., a minimal number

of tracks or energy in the calorimeters for an event to be triggered.

Overall more than 200000 alignment parameters [214] are determined at the same time, ex-
ploiting the differential and hierarchical alignment, and more than 100 constraints are taken into

account in this procedure.

A.5. Validation Techniques

Several validation techniques are used in order to obtain information on the detector alignment.
These methods exploit the different properties provided by the track samples discussed in Sec-
tion A.4. By using different validation approaches, also several weak modes can be addressed.

One of the most important validations is the distance of median residuals (DMR) in a track.
In this method, the hit under investigation is removed from the track fit and the distance between
the reconstructed hit and the track fitted without this hit is calculated. Results of such a vali-
dation are shown in Figure A.3 for the six sub-detectors of the tracking system. It can be seen
that the original assumption of the tracker parameters, which was used during data taking in
2016, can be improved significantly in the alignment process. For comparison, also a simulated
detector without misalignment is shown.

In the primary vertex (PV) validation, the track under investigation is removed from the vertex

fit and the distance between the track and the vertex is measured. This unbiased track-vertex
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Figure A.3.: Distance of median residuals (DMR) in x and y (top right, FPIX) direction for
the six sub-detectors of the CMS tracking system [215]. The results based on the
parameters used during the 2016 data-taking period are shown in red, while the
improved results for the aligned detector are shown in blue and, for comparison,
results based on a simulation of the detector without misalignment are shown in

170 green.
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7 (right) of a track to the vertex it is assigned to which is refitted without that track
[215].

residual is investigated in the transverse plane (xy) and longitudinal direction (2) in terms of the
azimuthal angle ¢ and the pseudorapidity 7 of the analyzed track. Results are shown in Figure
A .4 for the alignment at the end of the 2016 data-taking period. Again, the assumed parameters

during data-taking are compared to the aligned detector and simulation.

The geometry comparison (GC) validation is used to compare two detector geometries to
each other. This can, for example, be the aligned vs. the not aligned detector. In the ideal
case, the differences between these two geometries would be close to zero, indicating that the
detector parameters do not have to be corrected. Such a comparison for the detector geometry
used during the 2016 data-taking period and the alignment result at the end of that year is shown
in Figure A.5.

In the Z — p* ™~ validation, the mass of the Z boson is reconstructed from two muons. The
corresponding events are selected by a di-muon trigger. The invariant mass distribution is fitted
with a Voigtian function [216] in which the Breit-Wigner decay width is fixed. The mean of this
fitis used to describe the reconstructed Z boson mass. Deviations from the known value indicate
imperfect alignment parameters. In Figure A.6, reconstructed Z boson masses are shown for
the alignment used during the 2016 data-taking period and the result of the alignment at the end
of the year, depending on the azimuthal angle of the muons, their pseudorapidity difference,
and the angle f¢g in the Collins-Soper frame of the reconstructed Z boson. Similarly, the decay

T — ptp~ can be exploited to connect different modules to each other than in the Z — ™
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Figure A.5.: Comparison of the detector geometry used during the data-taking period of 2016
and the result of the alignment at the end of that year [215]. Small residuals indicate
that the respective parameter was not significantly changed during the alignment
process.

validation due to the different opening angles between the two muons. Note that in case of the

T, the invariant mass distribution is fitted with a Gaussian function.

Cosmic tracks provide a unique insight to the alignment of the detector since they pass the
entire detector volume and do not originate from an interaction point in the beam pipe. Two
different techniques of validation based on cosmic tracks are shown in Figure A.7. First, track-
hit residuals are shown. In order to calculate them, the respective track is fitted with the hit
under investigation being removed from the fitting procedure. Second, tracks originating from
cosmic radiation are split in half at the point closest to the origin of the CMS coordinate system.
The two halves are refitted and compared to each other. Differences in the track parameters may
indicate a misalignment in the respective modules. For the plots shown in Figure A.7, tracks are
considered if they produce at least two hits inside the tracking system. Results are shown for
different alignment parameters, showing the improvement due to additional data being taken

into account.
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Figure A.6.: Reconstructed mass of the Z boson from two muons, depending on their az-
imuthal angle (top), pseudorapidity difference (bottom left) and the angle 6cg in
the Collins-Soper frame of the reconstructed Z boson [215].
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x10>

Before alignment
-

2.2 4:-11.3 um RMS: 483.5 um
F FPix HL alignment
21 ™ ,: -35.3 um RMS: 388.1 um
Pixel ML alignment
1.8 .22 umRvs: 1863 ?
1.6}

-0.5 ' 9
X pred X hit

7 -0.010

b
Alignment: OT cosmic rays
—e— Before alignment

—a— FPix HL alignment
—%— BPix HL alignment
—=— Pixel ML alignment

-0.005

0.000

Ap_/ V2 [GeV]

OT cosmics data 2 o5 x1 O3 _3.8T cosmics data 2
‘ Before alignment
CMS " 4:-18.5 um RMS: 462.1 um CMS
Preliminary . Pixel ML alignment (0T data) Preliminary
w:-71.7 um RMS: 122.5 ym
2 [ Pixel HL alignment (3.8T data)
u:-0.4 um RMS: 119.2 ug\
¢
P ot
E 1.57 oy
“— [ " +
o i LI
. [ +
c 1 .
L ot ot
L +
L ot M
0.5 [ u l‘
[ LY .0
L : e
+*
0 _J’ x10°
0.5 1 -1 -05 0 : 5 1
- m
[um] Y ored Y it W
OT cosmic ray data CMS Preliminary 3.8T cosmic ray data 2
T -
E S 0.2 womert cosme s
u =-9.28e-04, RMS = 2.17e-03 E o 18 7—.— Before alignment u=
u =2.26e-04, AMS = 2 O N - —— Pixel ML alignment (OT data) w=
W =-1.65e-05, RMS = 1.34e-03 < Q.G Pt smmeneTom)  ue
o 1.23-05, AMS = 1.77¢-04 § ++
§ 0.14
= - +
5 0.12F + o
c s
o 0.1 *
5 | *
© 0.08( * *
= s L +
0.06[~ .
b . +
0.04-
I 3 o.
0.02|- o *::
0.005 0.010 92 -5 -1 -05 0 05 1 15 2
An/\2 A¢/ V2 [mrad]
CMS preliminary 3.8T cosmic ray dat
>
] Alignment: cosmic rays
(3 0.12} —@— Bofore alignment 1 =1.066400 GoV, RMS = 1.910+
o ' ~— Pixel ML alignment (OT data) u =3.780-03 GeV.
d s Pixol HL alignment (3 8T data) 1 =8.330-03 GoV, RMS = 1.740-02
~
g 01 i
§ ol +
= 0.08 *
5 L
S A ¥
= 0.06
3]
© H L
= 0.04]- ¥ ¥
T *
* .
0.02 * b/
- “‘2.“0”0’.0 o’.‘
L 2 >0 »f
9% 06 04 02 0 02 04 06 08

Figure A.7.: Track-hit residuals in x and y direction for the BPIX and FPIX sub-detectors (top,
left and right, respectively) and comparisons in 7, ¢, and pr of the two halves
of one track (center left and right and bottom, respectively). The plots on the
left were obtained from tracks left by cosmic rays traversing the detector while
the magnet was off. There, the module-level (ML) alignment of the full pixel
significantly improves the results. The plots on the right and bottom are based
on tracks recorded with a magnetic field being present. In these cases, a HLS
realignment was necessary after the magnet was ramped up, which is reflected by
the mean value of the green points being closer to zero than for the red points
reflecting the parameters before that realignment [217].
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A.6. Conclusion

A.6. Conclusion

The MILLEPEDEII algorithm provides a powerful, memory- and computing-efficient tool to
determine alignment parameters for the CMS tracking system. Various validation methods are
used to confirm that the thereby calculated parameters describe the real positions of the detector
modules well. The determined alignment is used in all analyses in order to provide the best
possible resolution of tracks in the detector and, thus, allow a good reconstruction of the objects

creating these tracks as well as their properties.
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B. Cross-Sections and Branching
Fractions in the 2HDM

Branching fractions and total production rates, i.e. cross-section times branching ratio, in the
2HDM of the heavy, neutral Higgs bosons A and H are presented, as calculated at next-to-
next-to-leading-order (NNLO) precision, using the SusHi (v. 1.6.1) [108], 2HDMC (v. 1.7.0)
[107], and LHAPDF (v. 6.1.6) [109] program packages. In Figures B.1 to B.4 and B.5 to B.8,
branching fractions of the A and H boson are given, respectively, vs. cos(—«) for tan 3 values
of 10, 30, and 60 and Higgs-boson masses of 300, 600, 900, and 1200 GeV, while Figures B.9
to B.12 show the cross-section times branching ratio for the process bbA — bb + bbH — bb vs.
ma u in the type I, type II, lepton specific, and flipped scenarios, respectively, for cos(3 — «)
values of 0, £+ 0.1, and & 0.3.
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Figure B.1.: Branching ratios of the CP-odd A boson with a mass of 300 (left) and 600 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 5 = 60 (bottom) in the 2HDM type II scenario as a function of cos(5 — «).
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Figure B.2.: Branching ratios of the CP-odd A boson with a mass of 900 (left) and 1200 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 8 = 60 (bottom) in the 2HDM type II scenario as a function of cos(5 — ).

179



B. Cross-Sections and Branching Fractions in the 2HDM

. CMS Simulation Work in progress (13 TeV) . CMS Simulation Work in progress (13 TeV)
o 2HDM flipped, tan(§) = 10,m =300 GeV o 2HDM flipped, tan(§) = 10,m =600 GeV
e A . s§S m A -cC 4 A - bb e A . s§S m A -cC A A - bb

v At oA - Tt 0 A -2Zh v At oA - T 0 A -2Zh

107 = ——
SF YT Y YYPTT_™.
10°° M e
o gy
107 = e
107
10°E
107, Ll Ll Ll \
-1 -0.5 0 0.5 1 . X
cos(B-a) cos(B-a)
o CMS Simulation Work in progress (13 TeV) o CMS Simulation Work in progress (13 TeV)
2] 2HDM flipped, tan(B) = 30, mo.= 300 GeV 2] 2HDM flipped, tan(B) = 30, mo= 600 GeV
e A _s§ m A .cC A A - bb e A _s§ m A -cC 4 A - bb
v A tt oA T 0 A -zh v At oA T 0 A -2zh

=

o
&

T

10° =
107%%, Ll Ll Ll L 107%%, Ll Ll Ll L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos(B-a) cos(B-a)
o CMS Simulation Work in progress (13 TeV) o CMS Simulation Work in progress (13 TeV)
] 2HDM flipped, tan(B) = 60, M= 300 GeV ] 2HDM flipped, tan(B) = 60, Mo 600 GeV
e A . s§S = A .cC A A - bb e A - s§ = A .cC A A - bb
v AL tt oA - TT o A - Zzh v At oA - TT o A - Zzh
1

1072 107
107 107
107k 10
10°E 107°
10°E 107
107 107
10°g 10°E
10°F 10°F"
10k, Ll Ll T \ 10k, Ll Ll T \
-1 -05 0 0.5 1 -1 -05 0 0.5 1
cos(B-a) cos(B-a)

Figure B.3.: Branching ratios of the CP-odd A boson with a mass of 300 (left) and 600 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 5 = 60 (bottom) in the 2HDM flipped scenario as a function of cos(f8 — «).

180



CMS Simulation Work in progress (13 TeV) CMS Simulation Work in progress (13 TeV)

14 14
o 2HDM flipped, tan(B) = 10, m =900 GeV o 2HDM flipped, tan(B) = 10,m = 1200 GeV
e A . s§S m A -cC 4 A - bb e A . s§S m A -cC A A - bb

v At oA - Tt 0 A -2Zh v At oA - T 0 A -2Zh

cos(B-a) cos(B-a)
o CMS Simulation Work in progress (13 TeV) o CMS Simulation Work in progress (13 TeV)
2] 2HDM flipped, tan(B) = 30, mo.= 900 GeV 2] 2HDM flipped, tan(B) = 30, mo= 1200 GeV
e A _s§ m A .cC A A - bb e A _s§ m A -cC 4 A - bb
v A tt oA T 0 A -zh v At oA T 0 A -2zh

! 10k, Ll Ll Ll L

-1 -05 0 0.5 1 -1 -0.5 0 0.5 1
cos(B-a) cos(B-a)
o CMS Simulation Work in progress (13 TeV) o CMS Simulation Work in progress (13 TeV)
] 2HDM flipped, tan(B) = 60, M= 900 GeV ] 2HDM flipped, tan(B) = 60, Mo 1200 GeV
e A . s§S = A .cC A A - bb e A - s§ = A .cC A A - bb
v AL tt oA - TT o A - Zzh v At oA - TT o A - Zzh

107 E

1074M

Ry
muoucucum@mﬁmw “O@@aoﬁoaoaooooaoaoaoaooooa
TR L)

107, Ll Ll Ll \ C b e
-1 -0.5 0 0.5 1 -0.5 0 0.5 1
cos(B-a) cos(B-a)

Figure B.4.: Branching ratios of the CP-odd A boson with a mass of 900 (left) and 1200 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 5 = 60 (bottom) in the 2HDM flipped scenario as a function of cos(f8 — «).
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Figure B.5.: Branching ratio of the CP-even H boson with a mass of 300 (left) and 600 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 8 = 60 (bottom) in the 2HDM type II scenario as a function of cos(5 — ).
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Figure B.6.: Branching ratio of the CP-even H boson with a mass of 900 (left) and 1200 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 8 = 60 (bottom) in the 2HDM type II scenario as a function of cos(5 — ).
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Figure B.7.: Branching ratio of the CP-even H boson with a mass of 300 (left) and 600 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 8 = 60 (bottom) in the 2HDM flipped scenario as a function of cos(f — «).
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Figure B.8.: Branching ratios of the CP-even H boson with a mass of 900 (left) and 1200 GeV
(right) for representative values of tan 5 = 10 (top), tan 5 = 30 (center), and
tan 8 = 60 (bottom) in the 2HDM flipped scenario as a function of cos(f — «).
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Figure B.9.: Cross-section times branching ratio for a b-associated production and subsequent
decay into a pair of b quarks for the A and H boson, o(bbA)B(A — bb) +
o(bbH)B(H — bb) in the 2HDM type I scenario vs. the Higgs-boson mass m /i
for cos(f — ) = 0 (top), cos(f — a) = 0.1 (center), and cos(5 — o) = £0.3
(bottom). The differently colored points represent various values of tan [.
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Figure B.10.:

Cross-section times branching ratio for a b-associated production and subse-
quent decay into a pair of b quarks for the A and H boson, o(bbA)B(A —
bb) + o(bbH)B(H — bb) in the 2HDM type II scenario vs. the Higgs-boson
mass ma g for cos(8 — a) = 0 (top), cos(f — «) = 0.1 (center), and
cos(f — a) = £0.3 (bottom). The differently colored points represent various

values of tan f3. 187
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Figure B.11.:
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Cross-section times branching ratio for a b-associated production and subse-
quent decay into a pair of b quarks for the A and H boson, o(bbA)B(A —
bb) + o(bbH)B(H — bb) in the 2HDM lepton specific scenario vs. the Higgs-
boson mass m y for cos(8 — a) = 0 (top), cos( — a) = £0.1 (center), and
cos(f — a) = £0.3 (bottom). The differently colored points represent various
values of tan .
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Figure B.12.:

Cross-section times branching ratio for a b-associated production and subse-
quent decay into a pair of b quarks for the A and H boson, o(bbA)B(A —
bb) + o(bbH)B(H — bb) in the 2HDM flipped scenario vs. the Higgs-boson
mass masy for cos(8 — a) = 0 (top), cos(f — «) = 0.1 (center), and
cos(f — a) = £0.3 (bottom). The differently colored points represent various

values of tan f3. 189






C. Model Dependent Limits

Model independent upper limits at 95 % C. L. on the cross-section times branching ratio of the
b-associated production of a heavy, neutral Higgs boson which subsequently decays into a pair
of b quarks, i.e. o(pp — bbA)B(A — bb + o(pp — bbH)B(H — bb), are given in Table
6.1. They are translated into the parameter space of various MSSM and 2HDM benchmark
scenarios, which is shown in detail in Section 6.3. Numerical results for each scenario are
given here, where Tables C.1 to C.6 show the limits on the parameter tan S of the MSSM
scenarios hMSSM, m™*", m}®(u = 1TeV), mp?®(u = —1TeV), m}*(u = —2TeV), and
mi>(u = —3TeV), respectively, and Tables C.7 and C.8 show contain the results for the
2HDM type II and flipped scenarios, respectively. In case of the MSSM scenarios, the limits
on tan /3 are given in terms of the mass of the CP-odd A boson, while for the 2HDM scenarios,
the mass of either boson, 14/, is regarded. For the MSSM scenarios, limits above tan § = 60
are indicated by —, since theoretical predictions are not considered reliable in this part of the
phase space (see Section 2.2). Similarly, limits in terms of the 2HDM scenarios exceeding

tan § = 100 are also indicated by —.
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C. Model Dependent Limits

Mass [GeV] —20 —1lo exp. +1lo +20 obs.

300 119 13.6 160 19.6 22.6 20.5
350 11.7 133 155 183 21.2 134
400 11.7 133 155 184 21.5 138
450 128 14.6 17.0 20.2 23.6 183
500 145 16.6 194 231 269 235
600 17.7 202 238 283 33.1 269
700 19.5 226 269 321 37.8 255
800 235 273 324 38.8 457 40.1
900 29.6 342 40.6 484 57.1 440
1000 332 38.7 46.2 556 — 31.1
1200 479 554 — — — 531
1400 — — — — — —

1600 — — — — — —

Table C.1.: Upper limits at 95 % C. L. for the MSSM parameters tan /3 and my in terms of the
hMSSM benchmark scenario.

Mass [GeV] —20 —1lo exp. +1lo +20 obs.

300 142 16.0 185 224 258 233
350 153 17.0 194 224 256 17.1
400 159 17.7 202 233 268 18.2
450 183 203 230 265 304 244
500 21.1 234 26.6 30.7 352 313
600 262 29.1 332 385 444 36.8
700 29.1 327 377 442 515 36.1
800 344 389 452 534 — 551
900 422 480 563 — — —
1000 470 542 — — — —
1200 — — — — — —
1400 - — — — — —
1600 — — — — — —

Table C.2.: Upper limits at 95 % C. L. for the MSSM parameters tan 5 and m, in terms of the
mi™* benchmark scenario.
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Mass [GeV] —20 —1lo exp. +1lo +20 obs.
300 13.0 152 183 235 285 249
350 12.7 147 177 21.6 262 149
400 127 146 176 21.7 26.6 152
450 14.0 162 19.7 244 30.1 21.5
500 16.1 19.0 232 29.0 36.2 29.8
600 20.5 243 30.2 38.8 50.1 36.0
700 23.1 280 358 475 — 332
800 29.6 36.5 481 — — —
900 413 529 — — — —
1000 498 — — — — —
1200 - — — — — —
1400 - — — — — —
1600 — — — — — —

Table C.3.: Upper limits at 95 % C. L. for the MSSM parameters tan /3 and my in terms of the
m{?®(u = 1TeV) benchmark scenario.

Mass [GeV] —20 —1lo exp. +1lo +20 obs.
300 100 11.3 129 153 172 159
350 99 11.1 126 145 164 11.2
400 10.0 11.1 12.7 146 165 114
450 10.9 120 13.7 157 17.8 14.5
500 120 134 152 174 197 17.7
600 14.1 157 17.8 204 229 19.6
700 152 17.1 19.5 224 252 18.8
800 17.6  19.7 225 256 28.7 26.2
900 21.0 234 264 298 332 279
1000 22.8 255 28.8 32,6 362 21.7
1200 294 324 360 400 43.8 31.5
1400 364 395 433 472 503 434
1600 425 458 493 522 54.0 54.1

Table C.4.: Upper limits at 95 % C. L. for the MSSM parameters tan 5 and m, in terms of the
m{?®(u = —1TeV) benchmark scenario.
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C. Model Dependent Limits

Mass [GeV] —20 —1lo exp. +1lo +20 obs.

300 9.1 105 115 134 149 138
350 9.1 104 113 128 142 105
400 92 105 114 129 144 106
450 99 109 122 138 153 128
500 109 12.0 134 151 16.8 153
600 125 13.8 154 17.2 19.1 16.7
700 134 148 16.7 18.7 20.6 16.1
800 152 16.8 18.7 209 229 213
900 17.7 193 214 23.6 257 224

1000 19.0 20.8 23.0 253 275 182
1200 234 252 274 29.6 315 246
1400 27.6 293 313 33.6 399 314
1600 309 325 375 457 548 55.6

Table C.5.: Upper limits at 95 % C. L. for the MSSM parameters tan /3 and my in terms of the
m{?®(u = —2TeV) benchmark scenario.

Mass [GeV] —20 —1lo exp. +1lo +20 obs.

300 85 94 107 12.0 132 124
350 85 93 106 115 127 93
400 86 94 106 11.7 129 9.6
450 92 104 11.1 124 13.6 11.6
500 10.0 11.0 12.1 134 148 13.6
600 114 124 137 152 165 147
700 12.1 133 147 162 177 143
800 13.6 148 163 179 194 182
900 155 168 183 199 213 19.0

1000 164 17.8 194 21.1 225 159
1200 197 21.0 224 259 308 20.6
1400 22.6 254 302 363 43.0 30.2
1600 2477 28.1 3377 41.0 492 498

Table C.6.: Upper limits at 95 % C. L. for the MSSM parameters tan 5 and m, in terms of the
m{?®(u = —3TeV) benchmark scenario.
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Mass [GeV] —20 —1lo exp. +1lo +20 obs.
300 11.9 135 158 193 222 20.1
350 119 134 155 182 21.1 135
400 12.1 13.6 157 185 21.6 14.0
450 13.3 150 174 20.5 239 18.6
500 152 172 20.0 237 27.7 242
600 18.8 214 25.1 30.0 353 285
700 21.3 247 294 354 420 279
800 266 309 369 445 527 46.0
900 348 403 48.0 57.5 68.0 52.1
1000 40.2 469 56.1 67.7 804 37.7
1200 60.7 70.1 83.0 996 — 67.1
1400 872 — — — — —
1600 — — — — — —

Table C.7.: Upper limits at 95 % C. L. for the parameter tan 3 in terms of 1m /u for the 2HDM

type II scenario.

Mass [GeV] —20 —1lo exp. +1lo +20 obs.
300 11.3 128 149 182 21.0 19.0
350 114 128 147 17.2 199 129
400 11.6 13.0 150 17.5 204 134
450 12.8 143 16.5 194 226 17.6
500 145 164 19.0 224 26.1 228
600 18.0 20.3 23.8 283 333 269
700 204 234 279 335 396 2064
800 253 293 35.0 42.0 49.7 435
900 33.0 382 453 543 64.1 49.2
1000 382 444 53.0 638 757 358
1200 573 660 78.0 935 — 633
1400 82.0 941 — — - -
1600 — — — — — —

Table C.8.: Upper limits at 95 % C. L. for the parameter tan 3 in terms of m /i for the 2HDM

flipped scenario.
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D. Higgs Physics Within and Beyond
the Standard Model at CMS

In this section, an overview is given on the current status of Higgs physics and respective
searches within and beyond the Standard Model, as published in [218]. The first part is ded-
icated to the discovery of the Higgs boson and precision measurements of its properties as
well as ongoing efforts to observe additional decay channels like H — cc and Higgs boson
self-coupling. In the second part, searches for BSM Higgs bosons are presented, for exam-
ple analyses targeting heavy, neutral Higgs bosons in the decay channels H/A — 717~ or
H/A — bb and charged Higgs bosons H* in the decay into 7%v,. Also searches for light
Higgs bosons a are presented which are predicted by, e.g., next-to-minimal supersymmetric
SM (NMSSM) and Two-Higgs-Doublet-Plus-Singlet (2HDM+S) scenarios. Specifically, the
process h — aa — putp~ ptp is discussed, where £ is the observed 125 GeV boson.
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Higgs Physics Within and Beyond the
Standard Model at CMS

Paul Asmuss! on behalf of the CMS Collaboration

I DESY Hamburg, Germany, paul.asmuss@desy.de

Abstract:
Ever since a new boson was found at a mass of 125 GeV in 2012, this particle
has been studied intensively. So far, all measurements agree with the Stan-
dard Model predictions and the particle is assumed to be the Higgs boson.
Nevertheless, many tests still have to be performed to either confirm or dis-
prove this assumption. Here, several discoveries and searches related to the
Higgs boson and conducted with the CMS experiment are presented.

1 Introduction

In 1964, Brout, Engler and Higgs postulated a new theory to explain the non-zero
masses of vector bosons [1, 2]. In that theory, they introduced spontaneous electroweak
symmetry breaking which would also yield a new boson. It was searched intensively
and finally discovered at a mass of about 125 GeV in 2012 [3-5] by the two general
purpose experiments at the LHC [6] at CERN, ATLAS [7] and CMS [8]. Up to now, all
measurements of e.g. cross sections and branching ratios show a good agreement with the
Standard Model predictions. While for the proton-proton collisions at the LHC, there
are four main production channels for the Higgs boson, the range of possible decays
is huge and still a subject of many different searches. In recent years, the four main
production channels and many of the predicted decays have been observed. For instance
in 2018, the production in association with a top quark pair [9, 10] and the decay to
bottom quarks [11, 12] were discovered and will also be described in more detail later.

While the ongoing precision measurements are a large field of studies by themselves,
there is also a vast variety of models beyond the Standard Model which can be accessed
via the Higgs boson. Several of these models include additional Higgs bosons or changes
in its properties. So far, the LHC delivered data corresponding an integrated luminos-
ity of over 150/fb at a center-of- mass energy of 13 TeV [13]. In the coming years it
is expected to produce up to 3/ab [14] of integrated luminosity, which would enable
physicists not only to study the Higgs boson’s properties precisely but also search for
extremely rare decays and look for tiny deviations from the prediction in order to find
new physics.

In Section 2, the CMS detector and the LHC are described in detail, while Sections
3 and 4 are dedicated to Higgs-related searches and studies within and without the
Standard Model, respectively. Finally, Section 5 consists of a short summary and an
outlook to the prospects of the HL-LHC.
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Figure 1: Areal view on the LHC together with the locations of CERN, Meyrin site,
and CMS (left, [15]) and slice through the CMS detector with some example
particle signatures (right, [16])

2 The CMS Detector at the LHC

Located in Geneva, Switzerland, CERN hosts the most powerful particle accelerator built
so far, the Large Hadron Collider (LHC) [6]. It has a circumference of around 27 km and
stretches below Switzerland and France. Its location is shown in Figure 1 (left). Until
now, the LHC was operating at a center-of-mass energy of up to /s = 13 TeV while
being designed for up to /s = 14 TeV. This design energy is planned to be reached in
the future (see Section 5).

The LHC hosts two general purpose experiments, ATLAS (A Toroidal LHC Appara-
tus) [7] and CMS (Compact Muon Solenoid) [8]. As such, CMS is designed to detect,
identify and measure all kinds of high-energy objects, e.g. it provides good tracking
quality used for b tagging as well as a high momentum resolution for muons in its outer
chambers. The detector is arranged in shells around the beam with one of its main
features being the superconducting solenoid magnet which provides a magnetic field of
3.8T. A slice through CMS is shown in Figure 1 (right) together with the signatures
various particles would leave in it if they passed the detector.

3 Higgs Physics Within the Standard Model

Since the 1970s, the Standard Model (SM) of particle physics has been established and
intensively tested. Its fundamental particle content is shown in Figure 2 (left). Out
of these particles, the fermions constitute matter, while the gauge bosons mediate the
interactions. Namely, these are the electromagnetic, weak and strong interactions. So
far, all measurements conducted are in good agreement with the SM. When the Higgs
boson was found in 2012, it was considered being the last missing piece. Since then, the
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Figure 2: Particle content of the Standard Model, including the Higgs boson in blue
(left), and main production modes for the Higgs boson (right)

production and decay modes of the Higgs boson and its interactions with other particles
in general have been investigated thoroughly.

3.1 Discovery and Precision Measurements

While there are various decay modes for the Higgs boson, only four main production
mechanisms exist, which are shown in Figure 2. Namely, these are gluon-gluon fusion
(ggH, production fraction of around 88 %, top left diagram), vector-boson fusion (VBF,
7%, bottom left), higgsstrahlung or vector-boson associated production (VH, 4%, top
right) and production in association with top quarks (ttH, 1%, bottom right).

For the first discovery, two decay channels, vy and ZZ(4l), were of great importance
due to their very clean signatures despite their rather low branching fractions (0.2 and
2%, respectively). To announce the discovery of a new boson with a mass of (125.06 +
0.29) GeV, data corresponding to an integrated luminosity of around 10/fb was used,
collected at /s = 7TeV and /s = 8 TeV. The corresponding mass distribution for two
photons with the well visible peak is shown in Figure 3 (left).

By now, including data from RunlIl (2016—2018), precision measurements can be
performed. Results of such studies are shown in Figure 3 for the two discovery channels.
In the center plot, the advantages of the 4] can be seen: the Z- and Higgs-peaks are
clearly distinguished and there is only little background around my. From these new
measurements in the two discovery channels, an updated mass value of my = (125.35 +
0.15) GeV is extracted [17].

The four-lepton channel also allows to draw additional conclusions on production and
decay modes [18]. As can be seen from Figure 3 (right), all main production modes
agree with the SM within their respective uncertainties. Furthermore, vector-boson and
fermion induced production modes also agree with each other. For the inclusive result of
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Figure 3: Left: first observation of a new boson at around 125 GeV in the di-photon ()
channel in 2012 [3]; center: mass distribution of second discovery channel (four
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p = 0.94%513, the various signal regions have been combined. Here, the signal strength
1, a key quantity for many searches, is the ratio of the measured cross section and the
SM prediction. Thus, for the SM, a value of 1 is expected.

3.2 Observations of ttH Production and H — bb Decay

After the Higgs boson was discovered, focus changed to its properties as well as produc-
tion and decay modes. Since they are predicted precisely by the theory, they can also
be used to test the SM. As particles are predicted to couple to the Higgs boson stronger
the heavier they are, couplings of top and bottom quarks were searched for in particular.
While the Higgs coupling to b quarks can be studied through the H — bb decay, which
is predicted to be the dominant decay mode with a branching fraction of about 58 %, the
coupling to the top quark can be investigated in the ttH production mode. Adding the
data from 2016 and 2017 to the Runl dataset, both channels could be observed [9, 11].

For the ttH search, background distributions were predicted based on data where
possible. To reduce the fraction of background events, multivariate analyses (MVAs)
had to be used as well as for most other searches involving multiple jets in the final
states. The distribution of events is shown in Figure 4 (left), grouped by their signal-to-
background ratio as obtained from the MVA. As can be seen, only in the right bins, with
the highest ratio, the excess of signal over background is significant. Signal strengths
could be extracted for various decay modes of the Higgs boson. They were then combined
for Runl and RunlI, respectively, before calculating the overall result. All of these results
are shown in Figure 4 (center).

While the ttH production mode was observed based on combining several decay modes
and using data from Runl and 2016, an even larger amount of data was needed to also
announce the observation of H — bb, which was done with the dataset of Runl +
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Figure 4: Observation of the ttH production mode and decay into a pair of bottom
quarks: Distribution of MVA discriminant, sorted by signal-to-background
ratio (left) and fitted signal strength for ttH, separated by decay channel of
the Higgs boson (center) [9]. Right, from the H — bb decay observation:
Mass distribution of two b jets, peaking at the Higgs-boson mass with all
backgrounds but VZ(bb) subtracted [11]

2016 + 2017. As for the ttH observation, MVAs were used to increase the signal-to-
background ratio. This observation is particularly important because it has been the
first direct observation of Yukawa couplings to down-type quarks. In this search, the VH
production channel was of great use. It features a very clean signature due to the vector
boson and, thus, using leptonic decays, additional leptons which are easy to identify.
A mass distribution for two b jets is shown in Figure 4 (right), where only the VH
production mode is used and all backgrounds but VZ(bb) have been subtracted.

3.3 Search for H — cc Decay and the Higgs Boson Self-Coupling

While many predictions of the SM could already be verified, several searches are still
ongoing. On the one hand, these are decays of the Higgs boson to lighter particles like
muons or charm quarks. On the other hand, one key prediction of the SM is that the
Higgs boson features a self-coupling which is also searched for.

Testing the Higgs boson for rare decays allows to further investigate how well the SM
predictions describe nature. In the case of the Higgs decay into a pair of charm quarks,
the charm Yukawa coupling can be measured. As in the search for the decay into
bottom quarks, the VH production mode is used to reduce the large QCD background.
Additionally, the optimization of selecting c¢ jets is three-dimensional since not only light
jets need to be rejected but also those originating from b quarks. Thus, c-jet efficiency
is reduced in favor of good b-jet rejection and excellent light-jet cuts. Nevertheless, the
signal-to-background ratio is low, as can be seen in Figure 5 (left). Although this is one
of the channels where the signal is most prominent, it still has to be enlarged significantly
to be visible. Note that the limits on u (around 70) are still far away from the value
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Figure 5: Mass distribution for the Higgs candidate for the H — cc search (left) and
best limits to date in terms of signal strength (right) [19]

of 1 which would be expected for the SM. Nevertheless, these are the most stringent
limits to date and they are shown in Figure 5 (right) for different signal regions. The
excess visible is well covered within the uncertainties and mainly driven by the large
contribution of background events.

Similar to the H — cc study, also the search for Higgs self-coupling suffers from a low
signal-to-background ratio. Here, the main issue is the low cross section of a (virtual)
Higgs boson decaying into two Higgs bosons (around 30fb). This di-Higgs production
is also covered in background originating from two Higgs bosons being produced via a
rather common box diagram which is shown in Figure 6 (left) together with the signal
process. Furthermore, these two processes are expected to have an almost destructive
interference, making it even harder to detect the signal. Overall, the search [20] is
dedicated to constrain the coupling modifier ky = Agpg/Asy. When the limits on the
production cross section are expressed in terms of this modifier, they follow the features
of the HH production cross section, allowing to distinguish the signal from background.
In Figure 6 (right), this limit is shown. It also shows how close the SM prediction is
to completely destructive interference. As for the H — cc search, the finally extracted
result ;1 < 20 is an upper limit on the signal strength which is not yet close to SM
sensitivity.

4 Searches for Beyond-the-SM Higgs Bosons

While all measurements so far agree with the SM, there are strong indications that
the SM is not complete. For instance, the SM does not feature neutrino masses or a
candidate for Dark Matter. While we definitely know from experiments that neutrinos
are extremely light but have a non-zero mass, there are only indirect measurements of



H -1
g 3500(_:MS 35.9 fo! (13 TeV)

/ H 95% C.L. upper limits
// [ —— Observed
H , 3000" - = = =+ Median expected
B A [ 68% expected y
_____ < /\HHH H Y [ 95% expected r\\ /
\ [+ : :
\ ., 2500 . B -
\ o) E N\ H#8E Theoretical Prediction
\ = H :
3~ 2000
g H T S
g_ 1500
g Ve - H %
-7 1000
soof Z
[N IR B I S N I
_ -20 -15 -10 -5 0 5 10 15 20
g Y H Ky sm
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Dark Matter, e.g. from gravitational lensing or rotational curves of galaxies.

Various theories beyond the SM (BSM) are proposed and out of these, many feature
an extended Higgs sector. By introducing a second doublet to the Higgs theory, five
physical Higgs bosons arise. Out of these, one would be the 125 GeV boson (h), another
(H) would also be neutral and CP-even but heavier. Furthermore, there would be a
CP-odd, neutral boson (A) with a similar or the same mass as the heavy CP-even one
as well as two charged Higgs bosons (Hi) If another singlet is added to the theory, also
light Higgs bosons (a; ) are present as well as a second CP-even state close to 125 GeV

(hljg).

4.1 Heavy Neutral Higgs Bosons

Searches for the H and A bosons can be conducted by looking for various final states, e.g.
77~ [21] or bb [22]. Here, the focus will be on the bb final state, while the H/A boson
is produced in association with one or two additional b quarks. This specific process is
strongly enhanced in some models like the general Two-Higgs-Doublet Model (2HDM
[23]) type II and flipped, where the coupling of neutral Higgs bosons to down-type quarks
is enhanced by tan? 3. Here, tan 3 is the ratio of the vacuum expectation values of the
two Higgs doublets. Because of this enhancement, the branching fraction for a decay into
a pair of b quarks is expected to be particularly large. Another important parameter for
this kind of search, cos( — «), is based on the angle o which affects the mixing between
the CP-even states H and h. Note that the minimal supersymmetric extension of the
Standard Model, MSSM, is very similar to 2HDM type II.

Depending on the precise process, there are one or two spectator b quarks in the
associated production. Together with the two decay products from the H/A boson, there
are at least three b jets in the final state. Due to the low selection efficiency of b jets in



CMS 35.7 o (13 TeV) CMS 35.7 b (13 TeV)

% + D 2HDM flipped scenario
(O] 104 —— Background b. _ GeV
" BN -1 std. deviation A/H- bb, mNH-SOO e'
— o +2 std. deviation —— Observed |l 68% expected [] A— Zh, ATLAS
~ 1 M, = 300GeV, 0 =500 pb - E d 959 P d
» 1 Myu= 600 GeV, 0 =120 pb a 0T T T 71— 71
% 10% m,,, =1300 GeV, 0 =90 pb é a0k |
54
L 10 30
L } } 20+ .
2 -
b -
o I } ‘ ‘ ‘ ‘ .
ol - } i gt b b = -
8= 2 PR TR gy _ E ]
L T 7k 4
ol e Pih b b M 6 ]
5—
20, ﬁ‘ L # o T L .
200 400 600 800 1000 1200 1400 1600 -0.4 -0.2 0 0.2 0.4
M,, [GeV] cos(B-)
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case of good light jet rejection, this leads to low overall signal efficiencies. Furthermore,
the QCD multijet background is large. In order to obtain a precise parametrization of
the background, a control region (CR) is used in which the b tag requirement on the
third leading jet in p is reversed, i.e. this jet is explicitly required not to be b tagged.
By dividing the mass range into three smaller subranges, the fit quality is improved
significantly. As shown in Figure 7 (left), this parametrization also fits the signal region
very well over a huge mass range reaching from 200 up to 1700 GeV.

After extracting model independent limits, also interpretations in terms of specific
models are done. One of these is shown in Figure 7 (right) in the tan 5 — cos(f — «)
plane. As can be seen there, this particular study is uniquely sensitive around the
so-called alignment limit cos(8 — o) = 0, where h would be completely SM-like. By
combining various searches and interpretations, increasing areas of the parameter space
can be excluded.

4.2 Charged Higgs Bosons

There are various decay modes that can be used to search for charged Higgs bosons.
How a H* boson decays is also impacted significantly by its mass. While a light H*
would rather decay into 7¥v;, a heavy H® is more likely to yield a tb final state. In this
context, light and heavy refer to masses smaller or lighter than my — m;,. There is also
an intermediate region around the top-quark mass. For the special case of 2HDM type
I1, the decay into 7%v;, is still important at large tan 3, even in the high-mass region.
Although also the production is affected by the assumed particle mass, it is generally
associated with t and b quarks.

Limits over a large range of masses can be calculated by fitting the main observable,
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mr, in all 36 signal regions. mr is the transverse mass for which one distribution is shown
in Figure 8 (left). There, the dashed lines indicate simulated signals at certain masses
of H*. In the same figure (right), a limit interpretation in terms of a specific MSSM
model is shown. It is based on model independent limits similar to the aforementioned
search for heavy neutral Higgs bosons. The region indicated by the red line is excluded
in this model since it would require my, # 125 GeV. Thus, HE boson masses up to around
170 GeV can actually be excluded in this model.

4.3 Light Higgs Bosons

The search presented here [25] is based on a general 2HDM + Singlet type IT model [26].
There, the dominant decay modes of light Higgs bosons (a) vary depending on their
mass. For masses below 4 GeV, the decay into a pair of muons dominates, while from 4
to 10 GeV, mainly tau leptons are produced. In the region of 10 to 63 GeV, the dominant
decay is into a pair of b quarks. Since it is assumed that the 125 GeV h boson can decay
into a pair of a bosons, their mass is restricted to be below around 63 GeV. The search
presented here [25] is focused on the lower side of the spectrum, thus targeting events
with four muons in the final state.

To define the signal region, it is demanded that the two di-muon candidate masses are
close to each other. The effect of that requirement can be seen in Figure 9 (left), indicated
by the dashed cone. Events passing the kinematic requirements for the signal but lying
outside this cone are shown as white circles while those inside the cone are marked as
yellow triangles. In the end, nine events remain in that signal region, being in good
agreement with the SM prediction of 8 2. This is based on the main backgrounds J/¥,
bb and electroweak production of four muons, all of which can be precisely estimated.
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Figure 9: Events in signal and control regions dependent on the two candidate masses
(left) and limits over a large mass range (right) [25]

By combining this search with those focusing on other final states of di-a production,
limits over a wide range of masses can be calculated as shown in Figure 9 (right). These
limits reach from masses as low as 1GeV up to the mentioned kinematic border of
63 GeV.

5 Conclusions and Qutlook

For most SM processes, significant improvements could be made by adding 13 TeV data
to existing measurements. While the full Runll dataset is already included in some
studies, this inclusion is still ongoing for others. So far, all measurements are in good
agreement with the SM predictions. Nevertheless, some rare processes are still searched
for, e.g. the decay of a Higgs boson into a pair of charm quarks or muons and the Higgs
self-coupling. Also, searches for new physics in the Higgs sector are ongoing, looking for
charged, light or heavy Higgs bosons.

With the ongoing work and plans, it is intended to increase the LHC center-of-mass
energy to 14 TeV and, later, to install the high-luminosity LHC. It is expected to collect
data corresponding to an integrated luminosity of up to 3/ab, compared to ca. 150/fb
collected until now. With this data, the uncertainties of many searches will decrease and
more processes will be in reach for new studies. For example, the search for H — cc is
assumed to profit from significantly decreased uncertainties and for the Higgs boson self-
coupling, a sensitivity of around 2.6 ¢ is expected. Projections for the signal strength
uncertainties as well as the Higgs boson self-coupling coupling modifier are shown in
Figure 10.
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