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Kurzfassung

In dieser Dissertation werden zwei Messungen von Higgs-Boson-Zerfillen zu Tau-
Leptonen présentiert. Hierfiir werden Daten von Proton-Proton-Kollisionen am
CERN Large Hadron Collider analysiert, welche vom Compact Muon Solenoid
(CMS)-Experiment in den Jahren 2016 und 2017 bei einer Schwerpunktsenergie
von 13 TeV aufgezeichnet wurden. Die Daten entsprechen einer integrierten Lu-
minositit von 35.9fb™ und 41.5fb ™" fiir das Jahr 2016 bzw. 2017.

Im ersten Teil der Arbeit wird der inklusive Wirkungsquerschnitt, o;,., des Zerfalls
von einem Higgs-Boson in ein Tau-Lepton-Paar gemessen. Weiters wird der Wir-
kungsquerschnitt abhéngig von den individuellen Produktions-Mechanismen sowie
in diversen kinematischen Regionen des Higgs-Bosons betrachtet. Fiir die Tren-
nung von Untergrund- und Signal-Prozessen wird ein Klassifikationsalgorithmus,
welcher auf einem kiinstlichen neuronalen Netz basiert, eingesetzt. Das Ergebnis
+

)

der Messung des inklusiven Wirkungsquerschnittes lautet oy, B(H — 777
2.56 pb £ 0.48 (stat) pb £ 0.34 (syst) pb.

Im zweiten Teil wird die Suche nach zusétzlichen neutralen Higgs-Bosonen, wel-
che in Tau-Leptonen zerfallen, im Rahmen des minimalen supersymmetrischen
Standardmodells (MSSM) vorgestellt. Es wurde keine signifikante Abweichung
von der Untergrund-Hypothese beobachtet. Die durchgefiihrten Messungen wer-
den verwendet, um modellunabhéngige Ausschlussgrenzen fiir die Produktion ei-
nes Higgs-Bosons durch Gluon-Fusion, sowie in Kombination mit Bottom-Quarks,
zu bestimmen. Weiters wird das Ergebnis innerhalb von Theorien jenseits des

Standardmodells interpretiert.
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Abstract

Two measurements on Higgs boson decays to tau leptons are presented in this
thesis. They are based on proton-proton collisions at the CERN Large Hadron
Collider recorded by the Compact Muon Solenoid (CMS) experiment in 2016 and
2017, corresponding to an integrated luminosity of 35.9fb™* and 41.5fb™" at a
centre-of-mass energy of 13 TeV, respectively.

A measurement of the inclusive cross section, o;,, of a Higgs boson decay to a

_l’_

pair of tau leptons, H — 7777, is presented. The results are also presented in

terms of cross sections for individual Higgs boson production modes and kine-
matic regimes. To differentiate between signal and background processes a neu-
")

ral network classification algorithm is used. A value of o, B(H — 7 7
2.56 pb £ 0.48 (stat) pb £ 0.34 (syst) pb is obtained for the inclusive measurement.

A search for additional neutral Higgs bosons decaying to a pair of tau leptons is
presented in the context of the minimal supersymmetric extension of the standard
model (MSSM). No significant deviation with respect to the background-only hy-
pothesis is observed. Model-independent upper limits are set on the product of
the Higgs boson production cross section via gluon fusion or in association with
bottom quarks and the branching fraction for the decay to a pair of tau leptons.
Furthermore, exclusion contours in the context of selected MSSM benchmark sce-

narios are provided.
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CHAPTER 1

INTRODUCTION

The standard model (SM) of particle physics is currently the most accurate de-
scription of elementary particles and their interaction via the strong, weak and
electromagnetic force. With the discovery of a scalar particle that is compatible
with the SM Higgs boson at the Large Hadron Collider (LHC) in July 2012 [1-3]
the last missing piece and cornerstone of the SM was found. The Higgs boson is
predicted by the Brout-Englert-Higgs (BEH) mechanism [4-7], which is the mech-
anism for spontaneous symmetry breaking in the SM. In the SM the couplings of
the Higgs boson to vector bosons enter via the BEH mechanism and the couplings
to fermions are introduced as Yukawa couplings. The vector boson and fermion
couplings to the Higgs boson therefore need to be characterized independently.
Theories beyond the standard model (BSM), of which supersymmetry (SUSY) [§]
is one of the most popular, predict deviations of the Higgs boson couplings to

down type fermions, such as the tau (7) lepton.

The Higgs boson decay to 7 leptons has the second largest branching fraction
of the fermionic Higgs boson decays. Both, the ATLAS [9] and CMS [10] col-
laboration, have reported the observation of the Higgs boson in this final state.
Compared to the decay to bottom quarks, which is the dominant Higgs boson de-
cay mode, the 7 lepton decay benefits from the distinct signature in the detector,
which yields better experimental accessibility. This final state is therefore an ideal
candidate for precision measurements of Yukawa couplings of the SM Higgs boson
and furthermore to search for signatures of physics beyond the SM. This thesis
exploits data recorded by the Compact Muon Solenoid (CMS) experiment in 2016
and 2017, corresponding to an integrated luminosity of 35.9fb™! and 41.5fb™", at
a centre-of-mass energy of 13 TeV to study the 7~ 77 final state.

The first analysis is a cross section measurement of pp — H — 7 71 at different
levels of differentiation. This includes an inclusive measurement, a measurement
split by production mode and a measurement in different kinematic regimes as
well as jet multiplicities in form of simplified template cross sections [11]. Fur-
thermore, a new method (with respect to previous publications in the 777 final
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Introduction

state) to differentiate between signal and background processes in form of a neural
network (NN) classification algorithm is introduced [12].

In the second analysis, a search for additional neutral Higgs bosons decaying to a
pair of 7 leptons is presented in context of the minimal supersymmetric extension
of the standard model (MSSM). The results are presented as model-independent
upper limits on the product of the Higgs boson production cross section via gluon
fusion or in association with bottom quarks and the branching fraction for the
decay to a pair of 7 leptons. Furthermore, the measurements are interpreted in
selected MSSM benchmark scenarios in form of exclusion contours [13].

The thesis is structured as follows. In Chapter 2 a short introduction to the stan-
dard model of particle physics with focus on the Higgs boson is given. Further-
more, the Higgs sector of the minimal supersymmetric extension of the standard
model is briefly discussed. An overview of the CMS detector at the LHC is given
in Chapter 3. Chapter 4 outlines the Monte Carlo (MC) event generation and the
physics object reconstruction. The measurement of Higgs boson production and
decay to the 7777 final state is presented in Chapter 5, followed by the search for
additional neutral Higgs bosons in the 7~ 77 final state in Chapter 6. The thesis
concludes in Chapter 7 with a summary and an outlook for future improvements

of the discussed analyses.

14
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CHAPTER 2

THEORY AND MOTIVATION

“The story so far: In the beginning the Universe
was created. This has made a lot of people very

angry and been widely regarded as a bad move.”

— THE RESTAURANT AT THE END OoF THE UNIVERSE

The goal of this chapter is to briefly introduce the theory behind the standard
model of particle physics, with emphasis on electroweak symmetry breaking and
the Higgs boson, to motivate the analysis presented in Chapter 5. Furthermore,
the minimal supersymmetric extension of the standard model is introduced which
is the theory motivating the search presented in Chapter 6.

2.1 Standard Model of Particle Physics

The SM [14-18| is the result of a long period of persistent experimental work
and theoretical developments in elementary particle physics, which changed the
understanding of how nature interacts on the most fundamental level. It describes
the strong, weak and electromagnetic interactions, which arise due the exchange
of various spin-1 bosons amongst the spin-1/2 particles (fermions) that make up
matter. Gravitation, the fourth of the currently known fundamental interactions,
can be described in the framework of general relativity but is not incorporated
in the SM. A central piece of the SM is the spin-0 particle, which arises due to
electroweak symmetry breaking, the Higgs boson. The Higgs field is responsible
for the masses of the W* and Z bosons, and of the fermions. Figure 2.1 shows a
summary of all particles in the SM.

2.1.1 Particles of the Standard Model

In the following a short description of the properties of the fundamental fermions,
which can be grouped into quarks and leptons, and the gauge bosons is given.
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Figure 2.1 — Overview of the particles in the standard model. Numbers are taken from Refs. [19,
20]

Additionally, the tau lepton, which plays an essential role in this thesis, is discussed
in more detail.

Gauge Bosons

The standard model is a gauge theory based on the

SU,(3) x SUL(2) x Uy(1)
1 \ 1
G, Wy B,
a=1,...,8 a=1,2,3

(2.1)

symmetry group. The eight massless spin-1 gauge bosons G, associated to the
group SU,(3), where the subscript “c” denotes colour, are called gluons. They
are the mediator particles of the strong interaction. Any particle that carries
colour charge couples to gluons and is said to be “strongly interacting”. The
corresponding quantum field theory is called Quantum Chromodynamics (QCD),
which is described in more detail in Ref. [14]. The SUL(2) x Uy(1) symmetry
group describes the electroweak interaction, which is the unification of the weak

16
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2.1 Standard Model of Particle Physics

and electromagnetic interaction, as introduced by Glashow [16], Weinberg [17]
and Salam [18]. The subscript in SU(2) indicates that only left-handed fermions
carry this quantum number. In Uy (1) the subscript indicates that the group
is associated to the weak hypercharge Y, which is related to the electric charge
and the third component of the weak isospin, to distinguish between the U(1)qp,
of Quantum Electrodynamics (QED) [21]. The four spin-1 bosons associated to

this symmetry group, W,' and B,, are related to the physical massive mediator

wr
particles of the weak interactions, W* and Z, and the massless photon (A) from

QED via

1

+ 1 2

W ::;7§<LLuZFLLu)’

Z, = Wﬁ’ cos Oy — B, sinfyy,, (2.2)

A, = Wj’ sin Oy, + B, cos Oy,

respectively. The Weinberg or weak mixing angle 6y, is related to the weak (g;)
and electromagnetic (g,) coupling constants according to

g1

Vi +

and cosfy = SR (2.3)

Vi +a

sin GW =

Quarks

Quarks are subject to the strong, weak, and electromagnetic interaction. There
are six different quark flavours, which may be subdivided into three generations

as shown in Table 2.1. Quarks carry an electric charge of either 2/3 or —1/3 and

Generation | Quark flavour Mass Charge (¢.) Symbol
Up 2.16705 MeV 2/3 u
First 0.48
Down 4.671017 MeV —1/3 d
Charm 1.27 £ 0.02 GeV 2/3 c
Second .

Strange 9372 MeV —1/3 s
To 4187005 GeV 2/3 t

Third p 0.02 /
Bottom 173.1 £ 0.9 GeV —1/3 b

Table 2.1 — The three quark generations and their properties. The charge is given in units of the
Coulomb charge ¢.. The masses of the u-, d- and s-quarks correspond to current
quark masses at a scale y =~ 2 GeV. The other quark masses correspond to running
masses in the MS scheme [19, 22, 23].

furthermore a colour charge, which may be one out of three values. The term

17
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Theory and Motivation

colour is not to be understood in the sense of actual colours but used to describe
the corresponding quantum number. Antiquarks have the corresponding negative
electric charge as well as anti-colour and are indicated with a bar over the symbol,
such as ¢ for a top antiquark. Due to colour confinement, which implies that a
particle with colour charge cannot be isolated, quarks can only be observed in
combination with other quarks. These composite particles which do not carry
any net colour charge are called hadrons. Hadrons are quark systems composed
of three quarks, called baryons, and systems of a quark-antiquark pair, called
mesons, bound by the strong interaction via the exchange of gluons. The baryon
number B of a quark system is strictly conserved. It is 1 for baryons and 0 for

mesons and is defined as

B=2(N,~ N, (2.4)

where N, is the number of quarks and N; is the number of antiquarks. How-
ever, the flavour of the individual quarks may change due to the weak interaction.
Prominent baryon representatives are the proton (uud), which is stable within the
current experimental resolution, and the neutron (udd), which decays if not in a
bound state within about 15min to a proton through the weak interaction [19].
Mesons are unstable and the lightest representatives are the pions or m-mesons.
The 7~ and 7" have a mass of 139.57 MeV and are made up of (ud) and (@d)
pairs respectively. The 7° is a coherent superposition of (ui) and (dd) and has a
mass of 134.98 MeV.

In particle detectors the signature of a quark emerges in form of a jet. A jet is a
spray of collimated hadrons and other particles, which is produced by hadroniza-
tion of quarks or gluons during particle collisions. As described above, particles
with colour charge cannot be isolated due to colour confinement. This leads to
the creation of other coloured particles, which move in a narrow cone around the
initial particle and in the the same direction, to form hadrons. The ensemble of
these particles is called jet. Out of the six quark flavours the t quark is the only
flavour that decays before a jet can form.

A useful model for the interpretation of high-energy hadron collisions is the so-
called parton model. In this model, hadrons are described as composite particles
of point-like constituents, such as quarks and gluons, called partons. During a
collision, each parton is considered to carry a certain fraction of the hadron mo-
mentum. The probability density for finding a parton with such a momentum is
described by a parton density function (PDF).
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2.1 Standard Model of Particle Physics

Leptons

Leptons are subject to the weak interaction and may be subdivided into three
generations as shown in Table 2.2. Each generation consists of a negatively charged

Generation Name Mass Charge (g,) Symbol
Electron 511 keV -1 e
First

e neutrino <1l.leV 0 Vg
Muon 105.7 MeV -1 W

Second
4 neutrino <190keV 0 v,
Tau lepton 1.78 GeV -1 T

Third
T neutrino < 18.2MeV 0 v,

Table 2.2 — The three lepton generations and their properties. The charge is given in units of
the Coulomb charge g,. The neutrino masses are known to be tiny compared to
other SM particles but non-zero [19, 20|

lepton and a corresponding neutrino. The charged leptons are, in addition to the
weak interaction, also subject to the electromagnetic interaction. Each lepton has
a corresponding anti-particle indicated by either a positive electric charge, e.g.
et for the positron, or a bar over the symbol, e.g. 7, for the e anti-neutrino.
Throughout this thesis, ¢ refers to the light leptons, electron and muon, and 7
refers to the tau lepton. Note that the indication of the charge is omitted for the
sake of simplicity. Therefore, a process such as the decay of a Higgs boson to a
pair of oppositely charged 7 leptons, H — 7~ 77, is written in the simplified form
H— 71

Tau Lepton

The 7 lepton is the heaviest member of the lepton family with a mass of 1.78 GeV
and has a mean lifetime of about 2.9- 107" s [19]. First evidence for its existence
was found in 1974 by Martin Perl [24]| and the Stanford Linear Accelerator Center-
Lawrence Berkeley Laboratories (SLAC-LBL) collaboration at the SPEAR e'e”
collider. Perl and his colleagues were searching for new charged leptons, in addition

*e™ collisions, with the basic idea that they

to the already discovered muon, in e
will be pair produced (e*e™ — 7777) if the e"e” energy is larger than twice the

mass of the new lepton. The signature they were looking for was of the form

et e Lt ut + at least two undetected particles, (2.5)
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Theory and Motivation

showing apparent lepton flavour violation accompanied by missing energy and
momentum. This violation may be resolved if an undiscovered lepton is pair
produced in an intermediate step, subsequently decaying to one electron and one

muon via the weak interaction:
et e =7t 477 s etun + 7 (2.6)

In a series of experiments between 1974 and 1977 the discovery of the 7 lepton
was finally confirmed [25-28| and Perl was awarded the Nobel Prize in 1995.

Due to the short lifetime of the 7 lepton it cannot be detected directly and is
therefore reconstructed according to the decay products in the final state. The
most frequent decay modes are listed in Table 2.3. The leptonic decay to an

Decay mode Meson resonance B %]
Leptonic decay modes 35.2
T —e L, 17.8
S TR 7 78 17.4
Hadronic decay modes 64.8
T S h 11.5
T = h 7y p(770) 25.9
= b n’x%y, a1(1260) 9.5
T~ = hhTh T a1 (1260) 9.8
T = h kT h 4.8
Other 3.3

Table 2.3 — Branching fractions (B) of different 7 decay modes. The symbol h~ denotes a
charged pion or charged kaon. Hadronic 7 decays that proceed via an intermediate
meson resonance have the corresponding resonance assigned [19].

electron as well as the decay to a muon, accompanied by the respective neutrinos,
have approximately the same rate due to lepton universality. Due to the large 7
mass, which exceeds the mass of the lightest hadrons, about 2/3 of all 7 decays are
to hadrons. The hadronic 7 decays are indicated as 7, throughout this thesis.

2.1.2 Brout-Englert-Higgs Mechanism

The SU(2) x U(1) gauge group as introduced in Section 2.1.1 describes the elec-
troweak interactions. A major shortcoming is that the local gauge symmetry does
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2.1 Standard Model of Particle Physics

not allow mass terms for the gauge boson fields. However, measurements [19]
found the W and Z bosons to be massive. To circumvent this shortcoming the
mechanism of spontaneous symmetry breaking, achieved via the Brout-Englert-
Higgs mechanism, is introduced. Symmetry is broken by a field that is symmetric
under gauge transformations, but has a non-vanishing vacuum expectation value.
In the following the mechanism is applied to an Abelian, U(1) gauge theory, to
demonstrate how the corresponding gauge boson acquires mass. A more detailed

description can be found in Refs. [14, 29].

Global Symmetry Breaking and Goldstone Bosons

For a complex field ® a possible Lagrangian density is

L= (9,0M)(9,®) — (VO' - VO + m?*®'®) with & = (61 +idy) (2.7)

V2

The term (8t(I>T)(6tq)) can be regarded as the kinetic energy density and Vo' -
Vo + m*®'d as the potential energy density. The derivatives vanish if & is
constant in space and time, which leaves m>®'® as the only contribution to the
energy. Therefore, for positive m?, the energy has a minimum at ¢; = ¢, = 0,
which means that ® = 0 corresponds to the vacuum state. For negative m? the
potential is unbounded from below which leads to an unstable Lagrangian density.
By introducing a potential term of the form

2 2
v(o'e) = 5 lole - g3, (2.8)
2¢5
where ¢ is a real parameter, stability can be restored. The modified Lagrangian,
given by

L=0,00"d -V (d'®) with 0,=0,-V, (2.9)

has a minimum at constant ® that is independent of space and time at &' =
|®|* = ¢g. However, this minimum is not unique since there exists an infinite
number of solutions, each defined by a point on the circle |®| = ¢q = /¢ + ¢3,
indicated by the solid red contour line in Fig. 2.2. The Lagrangian density has a
global U(1) symmetry:

P = d with acR

) (2.10)
L—L =L

The transformation is a rotation in the state space (¢, ¢o) around a circle |®|* =
constant. For a particular direction in the (¢, ¢,) space for which & is real and the
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Theory and Motivation

Figure 2.2 — The Higgs potential V(<I>T<I>) with the symmetric “mexican hat” shape. There is an
infinite number of vacuum states, each defined by a point on the red solid contour
line.

vacuum state is chosen to be (¢, 0), the U(1) symmetry is broken. The expansion
of this ground state has the form

= o+ = (x +it), (2.11)

V2
with two scalar real fields y and 1, for which the Lagrangian density becomes
Nl

S 2.12
5 T3 (2.12)

1 1 ?
£= 2000 x + 900 = 5 |Vadox +
0

The Lagrangian density can now be divided into L., which contains all quadratic
terms in £ and represents free particle fields, and L;,, which corresponds to
interactions between the free particles and higher order corrections to their motion.
This gives

L = Liee + Ling (2.13)

with

Liee = = [0,x0"x — 2m*X*] + %auwa“w. (2.14)

1

5
The quadratic term —2m?x? in Ly, corresponds to a scalar spin-0 particle y with
mass v2m and 1 corresponds to a massless spin-0 particle. The massless particle

is called Goldstone boson [30] and arises as a result of global symmetry breaking.
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2.1 Standard Model of Particle Physics

Local Symmetry Breaking and the Higgs Boson

The previously described symmetry breaking can be generalised further by con-
structing a Lagrangian density that is invariant under a local U(1) gauge trans-

formation A
®(z) = &' (z) = e "D (1),

A, (z) — A;(a:) =A,(z) +0,0(x),

by introducing a massless gauge field A, corresponding to the four-potential from

(2.15)

QED. The resulting Lagrangian density is
. . 1 v
=, - quM)cpq [(aﬂ - qu")cb] — JFu = V(@) (2.16)

where F},, = 0,A, —0"A” is the electromagnetic field strength tensor, ¢ is the elec-
tromagnetic coupling constant and V(@TQD) is the potential introduced in Eq. (2.8).
The Lagrangian density has a minimum when the field A, vanishes and @ is
constant and any gauge transformation on this field configuration is also a min-
imum. This yields an infinite number of vacuum states, each defined by a point
on the circle |®| = ¢y. It is always possible to choose 6(x) such that the field
@' (2) = e ""@d(z) is real, which breaks the symmetry. Putting

1
&' (1) = ¢y + —=h(z), 2.17
(#) = ¢ + () (2.17)
where h(x) is real, into the Lagrangian defined in Eq. (2.16) and splitting it into

the free particle terms and into the interaction terms results in

Liee = % [0,h0"h — 2m>h?] — ;lFWF“” + g A, AR,
s (2.18)
Lo = 4, (VBooh 51 ) = " (Vasgh + 312,
2 204 4
To summarize, we constructed a Lorentz invariant Lagrangian density, which, by
introducing the gauge field A, is also invariant under a local U(1) transformation.
After local symmetry breaking, a single scalar field h(x) corresponding to a spin-0
particle of mass v/2m and a vector field A, corresponding to a vector boson of mass
V2q¢, emerge. The field h(z) is generally referred to as Higgs boson (H). This
mechanism to introduce mass into a theory was first proposed by Anderson [4]
and introduced by three independent groups in 1964: by Brout and Englert [5],
Higgs [6], and Guralnik, Hagen and Kibble |7]. In a further generalization to the
non-abelian case it is possible to construct a Lagrangian density that is invariant
under local SU(2) as well as a local U(1) transformation, which is the basis for
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Theory and Motivation

the SM. By breaking the SU(2) symmetry and replacing the fields W," and B,

with the expresions from Eq. (2.2) one arrives at the Lagrangian density

L=L+L, (2.19)
where
L, :% (0,hd"h — M h?)
— ;lZWZ’“’ + % 52,2"
L
=S LDV = (DW) T [(DW) = (D)) + MW W,
(2.20)
with q
DW= (aﬂ + imzélu)w,f (2.21)

The individual terms can be interpreted as a free massive neutral scalar boson
field h(x), a massive neutral scalar field Z,(z), and a pair of massive charged
vector boson fields W, (z) and W, (z), interacting with the electromagnetic field
A, (). Ly describes the remaining interactions and the terms that are needed to
make the theory renormalizable. We can now identify the three massive scalar
fields Z,(x), W, (z) and W, (z) as the Z, W' and W~ gauge bosons of the weak

interactions, with the experimentally determined masses [19]

My, = 80.379 £ 0.012 GeV,

(2.22)
My = 91.1876 + 0.0021 GeV.

The scalar field h corresponds to the Higgs boson. It is possible to add mass terms
for fermions via Yukawa couplings between the fermions and the Higgs field. These

couplings are of the form
Ay (QEL(I)wR + "453‘1)“/@) ; (2.23)

where 1, is the left-handed spin-doublet, ¢, the right-handed singlet, and &
corresponds to the Higgs boson field. The parameter A, is a coupling constant
that is proportional to the mass of each fermion, Ay oc m, implicating that heavier
fermions couple more strongly to the Higgs field. Note that the coupling to bosons
is proportional to the squared mass of each boson Ay m%/.
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2.1 Standard Model of Particle Physics

2.1.3 Standard Model Higgs Boson Discovery and
Measurements

With the advent of powerful particle colliders, starting with the Large Electron-
Positron Collider (LEP) at CERN and followed by the Tevatron at Fermilab,
extensive searches for the Higgs boson were conducted. The searches performed
at both collider experiments did not lead to the observation of the Higgs boson,
however, certain mass ranges were excluded for a Higgs boson as predicted by
the SM. The combined results from LEP excluded a Higgs boson with a mass
My < 114.4 GeV at the 95 % confidence level (CL) [31]. Searches at the Tevatron
resulted in the exclusion of an additional mass range of 147-180 GeV at the 95 %
CL [32]. Until 2012, results from data collected at the LHC with the ATLAS and
CMS experiments |33, 34] in combination with results from the LEP and Tevatron
experiments excluded a wide mass range, as shown in Fig. 2.3. However, there
was evidence for an excess between 115-130 GeV.

Tevatron Run Il Preliminary, L <10.0 fb?

—_— T
% —— Observed | ATLAS+CMS
= ‘ Expected wio Higgs Tevatron . Exclusion
‘€10 : s:d. Expe
— X [ }—=2-s.d:-Expected .
J |
-l LT
o E
(=]
L =
o s
o g

s TN

-

012

i i clu :
I R -1 AT T O O A

100 110 120 130 140 150 160 170 180 190 200
m,, (GeVIcz)

Jun

Figure 2.3 — Observed and expected 95 % CL upper cross section limits on the ratio to the SM
cross section, as functions of the Higgs boson mass for the Tevatron. The mass
regions that have been excluded by analyses performed at LEP, Tevatron and at
the LHC are indicated by the vertical coloured bands [32].

Finally, on July 4", 2012 the discovery of a new boson was announced by the
ATLAS and CMS experiments at a mass of approximately 125 GeV [1-3]. The
discovery was driven by the H — ~vvy and H — ZZ — 4/ decay channels and
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Theory and Motivation

was based on data collected at centre-of-mass energies of 7TeV and 8 TeV, corre-
sponding to 5fb™" and 6fb™", respectively. More data was collected and analysed
before the LHC entered its first extensive upgrade phase. This allowed to measure
several properties [35-40] of the newly found boson and increase the confidence of
its compatibility with the SM Higgs boson hypothesis.

Production of the Standard Model Higgs Boson

The dominant Higgs boson production mode at the LHC is via gluon fusion (ggF).
Since gluons are massless and do not couple directly to the Higgs field, the coupling
proceeds via a quark loop as shown in Fig. 2.4a. This loop is dominated by the

—-H

(a)

Figure 2.4 — Leading order Feynman diagrams for the dominant Higgs boson production modes
at the LHC. Shown are gluon fusion (a), vector boson fusion (b), Higgs strahlung
(c) and associated production with t quarks (d) .

contribution of top quarks, since they have the largest mass and therefore the
largest coupling to the Higgs boson. The next important production mode with
a cross-section that is almost a magnitude smaller than the ggF' cross-section is
vector boson fusion (VBF). In this process, which is shown in Fig. 2.4b, two quarks
each radiate a W or Z boson which subsequently fuse to produce the Higgs boson.
This production mode exhibits a distinct event signature due to the scattered
quarks, which is rarely observed for other SM processes and may be exploited to
specifically tag VBF events. Additional production modes are Higgs strahlung
(VH), shown in Fig. 2.4c, where a Higgs boson is produced in association with a
W or Z boson, and Higgs production in association with t quarks (ttH), which
is shown in Fig. 2.4d. The corresponding production cross-section at a centre-of-
mass energy of 13 TeV for each production mode is shown in Fig. 2.5.

Decay of the Standard Model Higgs Boson

The mass of the Higgs boson is a free parameter in the SM. The respective
branching ratios are strongly dependent on the Higgs boson mass as shown in
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2.1 Standard Model of Particle Physics
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Figure 2.5 — The SM Higgs boson production cross section at a centre-of-mass energy of
13 TeV [11].

Fig. 2.6a. For the discovered Higgs boson at 125 GeV the dominant decay, with
approximately 58 %, is into b quarks as shown in Fig. 2.6b. However, it is very
challenging to separate the H — bb decay from the quark and gluon jets that are
produced abundantly at the LHC. A similar problem arises for the decays into
¢ quarks and gluons, which are even harder to separate from the jet background

and have in addition a much lower branching fraction.

The decay of the Higgs boson into a pair of vector bosons (W or Z) is only possible
if one vector boson is produced off-shell, since the Higgs boson mass is smaller
than the combined mass of the decay products. Even though H — WW has the
second largest branching fraction it suffers from suboptimal mass resolution due
to the undetectable neutrinos from the W decay. The H — ZZ decay, however,
provides excellent mass resolution and the signal arises over a mostly flat back-
ground. It is therefore a well suited decay mode for many Higgs boson property
measurements and is often referred to as the “golden channel”.

The decay into a pair of 7 leptons is the second most common decay to fermions.
The lower branching fraction compared to H — bb is compensated by the higher
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Theory and Motivation

experimental sensitivity of the leptonic and hadronic 7 decays, which makes it the

most promising candidate to measure Higgs fermion couplings.

Similar to the ggF production the Higgs boson decay to a pair of photons pro-
ceeds via an intermediate loop. This decay mode offers exceptional experimental
precision due to the clean signature and the good photon energy resolution of the
ATLAS and CMS detectors.

The decay modes with even smaller branching ratios, such as H — Z~v, H — upu,
H — ee or decays involving light quark flavours, have a clean signature but require

a significant amount of data in order to become sensitive.
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Figure 2.6 — Higgs boson branching ratios and their uncertainties for a Higgs boson mass be-
tween 80-1000 GeV (a) and around 125 GeV (b) [11].

The Kappa Framework

During LHC Run-1, which refers to the data-taking periods at a centre-of-mass
energy of 7TeV and 8 TeV from 2010-2012, the so-called kappa framework [41]
was introduced by the ATLAS and CMS experiments. This framework was de-
signed to explore specific aspects of the Higgs boson coupling structure that could
be realistically studied with the LHC Run-1 datasets via a series of benchmark
parametrizations. It should on the one hand provide a recommendation to exper-
iments on how to perform couplings fits that are useful for theorists and on the

other hand prepare the theory community for the experimental results.
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2.1 Standard Model of Particle Physics

In this framework all deviations from the SM are computed under the assumption
that there is only one Higgs boson with a mass of 125 GeV and that the zero-
width approximation is applicable for this state. With these assumptions, the
signal cross section for all channels can be decomposed to
o Uyy

(c-B)(ii > H— ff) = I

(2.24)

where 0;; is the production cross section via the initial state iz, I'y; the partial
decay width into the final state ff and 'y the total width of the Higgs boson.

The Higgs boson couplings are pseudo-observables, which means that they can
not be measured directly. It is therefore necessary to extract the information on
the couplings from quantities such as cross section times branching fraction via a

certain unfolding procedure.

To take into account the best available SM predictions for Higgs boson cross
sections while at the same time allowing possible deviations from the SM couplings,
the predicted SM Higgs boson cross sections are dressed with scale factors x;. They
are designed such that the corresponding cross sections o;; and decay widths IT';;
of an SM particle i scale width 7 with respect to the SM prediction. To give an
example, the gg — H — v+ cross section would be defined as

2 2
KS K
(0-B)(gg = H — vy) =osu(gg — H) - Bou(H — v7) . D) <, (2.25)

RH

Several benchmark parametrizations can be defined based on this framework. The
simplest way is to define one common coupling scale factor to search for deviations
from the SM Higgs couplings structure, which effectively reduces to an overall sig-
nal strength measurement p = ’i—{“ — k%, However, this parametrization does
not take into account the different roles of the Higgs boson in the mass genera-
tion of the vector bosons and fermions. By defining two parameters, one scaling
the couplings to vector bosons, kv (= kyw = kyz) and one scaling the couplings to
fermions, kp(= Kk, = K, = K,), the role of the Higgs boson in electroweak sym-
metry breaking and therefore the compatibility with the SM Higgs boson can be
probed. Several other parametrizations as well as a more detailed description of

the kappa framework can be found in Ref. [41].

Properties of the Standard Model Higgs Boson

The discovery of the SM Higgs boson by the ATLAS and CMS collaborations in
2012 was reported with significances of 5.90 and 5.8 0, respectively [1-3]. This
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Theory and Motivation

milestone shifted the experimental effort in the Higgs sector from a search to the

measurement of the Higgs boson properties and couplings.

One important property, the mass of the Higgs boson, has been determined by a
combination of results from ATLAS and CMS in the H — v+ and H — ZZ decay

channels [42], resulting in
My = 125.09 £ 0.21 (stat) £ 0.11 (syst) GeV.

The ratio of the combined signal yield with respect to the SM prediction is mea-
sured to be ;= 1.09 £+ 0.11, indicating compatibility with the SM prediction [40].
The total decay width of the 125 GeV Higgs boson is predicted to be I'y = 4 MeV,
which is out of reach for a direct measurement at the LHC due to the detector
resolution. However, by combining the on- and off-shell contributions in H — ZZ
decays the width is constrained to be T'y < 3.2755 MeV [43].

The observation in the H — ~ decay channel rules out the possibility of a Higgs
boson with spin 1, since this would violate the Landau-Yang theorem [44, 45]. The
data is consistent with the pure scalar hypothesis, under the assumption of spin
0, while disfavouring the pure pseudoscalar hypothesis and the spin 2 hypothe-
sis. The measurement of the spin-parity of the Higgs boson, J* = 0" , therefore
strongly favours the SM expectation |39, 46].

The Higgs boson couplings to the W and Z boson as well as the photon have
been observed [35, 38, 47, 48] and also the couplings to 3" generation fermions,
b quarks, t quarks and 7 leptons, have been established [9, 10, 49-52| by both
collaborations. All of these measurements are consistent with the SM expecta-
tion. Direct searches for the H — pup and H — ¢€ decay modes have been per-
formed [53-56], however, more data is required to establish these final states. No
measurements for the couplings to the remaining 1% and 2™ generation fermions

have been conducted so far.

2.2 Beyond the Standard Model

The standard model is the crown jewel of 20th—century particle physics and has
so far been able to describe a huge amount of experimental data with exceptional
accuracy. Nevertheless, it has several shortcomings. Some are aesthetic consider-
ations and others are deficits to describe the experimental results. For instance, it
does not incorporate gravity, provides no candidate for dark matter [57] and does
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2.2 Beyond the Standard Model

not explain neutrino oscillations |58, 59].

An aesthetic shortcoming is the so-called hierarchy problem. The physics of ele-
mentary particles and their interaction is well described by the SM at an energy
scale of O(100) GeV. However, the SM must break down at an energy scale A,
which is at most of the order of the Planck scale Mp, ~ 10" GeV, at which quan-
tum gravitational effects become important. For the Higgs sector of the SM the
hierarchy problem refers to the large quantum corrections to the Higgs boson mass
due to virtual fermion and gauge boson loops [60]:

2 2 2
O(A?)
The observation of My, = 125GeV, under the assumption that there is no new

physics up to the Planck scale, would only be compatible with A ~ (’)(1019 GeV)
if the bare Higgs boson mass (My), is extremely fine tuned.

The hierarchy problem is addressed by many beyond the standard model (BSM)
theories and one of the most popular is supersymmetry (SUSY) [8]. This theory
introduces a new symmetry, which is invariant under transformations between
bosonic and fermionic states, and postulates that every SM fermion field has a
bosonic superpartner and each SM boson field has a fermionic superpartner. The
introduction of a symmetry between fermions and bosons leads to the cancellation
of the AM7; term, since the fermion and boson loops contribute to the correction
of the Higgs boson mass with opposite sign. For an unbroken symmetry, where
all SUSY particles have the same mass as their SM counterparts, the cancellation
would be exact. However, since we have not observed any of the SUSY particles,
which would have been inevitable for an unbroken symmetry, this implies that
the symmetry must be broken and the cancellation is not complete. Apart from
solving the hierarchy problem SUSY also provides a dark matter candidate if the
lightest SUSY particle is stable.

2.2.1 The Higgs Sector of the MSSM

One example for a supersymmetric extension of the SM is the minimal supersym-
metric extension of the standard model (MSSM) [8], which is the main motivation
for the results presented in Chapter 6. For this purpose, a brief introduction to
the Higgs sector of the MSSM is given, which is based on the detailed description
given in Ref. [60].
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Theory and Motivation

The simplest extension of the Higgs sector in the MSSM requires two Higgs dou-
blets to generate mass for both up- and down-type fermions. The two doublets

can be written as

: da
P, = g with Y = +1, o= " | withy =-1. (227
¢u ¢d

Similar to the electroweak symmetry breaking described in Section 2.1.2 the phases
of the Higgs field can be chosen such that the vacuum expectation values are real
and positive
1 O 1 Vg
(Pu) = —= ;o (Pa)=—2 : (2.28)
\/§ Uy, \/§ 0
Spontaneous symmetry breaking leads to five physical Higgs bosons: a charged
Higgs boson pair HE, the light and heavy neutral scalars h and H (my, < my),
and the pseudoscalar A. All parameters of the MSSM Higgs sector at tree-level
can be determined by two free parameters, which are chosen to be the ratio of the
vacuum expectation values from Eq. (2.28)

tan 3 = &, (2.29)
Uq

and the mass of the pseudoscalar m,. By diagonalizing the squared-mass matrix

ma sin® B4+ mycos’ f — (m2A + m%) sin 3 cos
Moo = , (2:30)
— (mi + m%) sinfBcos 8 m3 cos® B+ masin® 8

one obtains the mixing angle o. The five physical Higgs bosons arise from the
mixing of the fields and are defined as:

H* = ¢ sin 5 + ¢ cos B,

A = V2 (Tm(¢]) sin B + Im(¢) cos B)

h=—2 KRe(qsg) - %) sin o — (Re(¢2) - %) cos a] ,

H =12 [(Re(gbg) - %) cos o + (Re<¢2) - %) sin a} ,

By choosing tan § and m, as the free parameters the mass of the charged Higgs

(2.31)

bosons can conveniently be written as

m?{i = mi + miy, (2.32)

32


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2.2 Beyond the Standard Model

and the masses of the scalar Higgs bosons at tree level, which are the eigenvalues
of the matrix given in Eq. (2.30) are given by

)

1
m¥, = 5 (mi +m3 £ \/(mi + m%)2 — 4mAm3 cos’ 25) . (2.33)

An important consequence of Eq. (2.33) is that there is an upper bound to the
mass of the light scalar h:

my, < my - | cos(26)] < my, (2.34)
where my is the mass of the Z boson. Furthermore, (5 — «) is constrained by

) mi, (mz —mi)
cos? (8 — ) = —a ),
ma (mH — mh)

(2.35)

The upper bound on m,, seems to be in contradiction with the Higgs state found
in 2012, which has a mass of 125 GeV. However, the loop corrections to the tree
level masses and couplings of the Higgs bosons in the MSSM can be significant
and can increase my, up to a maximum of 135 GeV [60]. The dominant one-loop
contribution to the light-scalar mass arises from loops of t quarks and their scalar
superpartners. Such higher order corrections depend on additional parameters.
For this purpose, searches targeting the Higgs sector use a set of predefined val-
ues, referred to as benchmark scenario, for these parameters and keep tan  and
my as free parameters. A selection of different benchmark scenarios can be found
in Refs. [61-63]. The model-dependent interpretation of the results presented in
Chapter 6 is carried out in the m"**" and hMSSM benchmark scenarios. In both
scenarios the observed Higgs boson at 125 GeV is interpreted as the light scalar h.
In the mf0d+ scenario a large fraction of the phase space is compatible with the
observed Higgs boson at 125 GeV within a variation of +3 GeV. This variation
corresponds to the theoretical uncertainty on the MSSM prediction of the h boson
mass. In the hMSSM scenario the Higgs boson found at 125 GeV is interpreted
as the light scalar h and the mass measurement is used to estimate the main cor-
rections and therefore the masses of the remaining MSSM Higgs bosons.

The couplings of the neutral scalars h and H are modified with respect to the SM
couplings by the factors given in Table 2.4. In the decoupling limit, ma > my,
cos(f8 — «) tends to zero, which simplifies the mixing angle in the scalar sector
to a &  — 7/2. In this limit, which is approached at values m, = 300 GeV, the
couplings of the light scalar h to gauge bosons and fermions become SM-like. Fur-
thermore, the couplings of the heavy scalar H to down-type fermions are enhanced
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Theory and Motivation

h H A
Gauge bosons sin(8 —a) cos(f— ) 0
up-type fermion Eﬁfg ziﬁg ta111 7
down-type fermion — (S:g;% f:g:g tan 3

Table 2.4 — Coupling modifiers of the three neutral MSSM Higgs bosons to vector bosons, up-
type and down-type fermions at tree level. The factors are given with respect to
the SM couplings [11].

1
tan 3

and the couplings to gauge bosons vanish. The enhanced coupling to down-type

by a factor tan 3, the couplings to up-type fermions are suppressed by a factor

fermions motivates the choice of the Higgs boson decay to a pair of 7 leptons in
the search presented in Chapter 6. This enhancement also has consequences for
the Higgs boson production. At large values of tan 8 the kinematic properties of
the Higgs boson produced via ggF are modified due to the enhanced contribution
of b quarks in the fermion loop. Furthermore, the Higgs production in association
with b quarks gains importance and dominates over the production via ggF. The
tree-level Feynman diagrams for both processes are shown in Fig. 2.7.

Figure 2.7 — Tree-level Feynman diagrams for the MSSM Higgs production via ggF (a) and in
association with b quarks (b).

2.3 The Precision Quest on Higgs Couplings

One important question regarding the measurement of Higgs boson couplings is
how well they need to be measured [64]. Assuming that the 125 GeV Higgs boson is
a “pure” SM Higgs boson a rigorous answer is that the measurements should be at
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2.3 The Precision Quest on Higgs Couplings

least at the level of the theory uncertainties. However, since the SM is known to be
incomplete as discussed in Section 2.1.1 the 125 GeV Higgs boson also needs to be
embedded in a more comprehensive theory, potentially with deviating predictions
for the Higgs sector. A more alluring motivation to measure the Higgs boson
couplings is therefore to find such deviations. Consequently, the Higgs boson
couplings need to be measured with high enough precision to be sensitive to these
deviations. Table 2.5 shows the largest deviation from the SM expectation of three
BSM physics scenarios: mixed-in hidden sector Higgs bosons [65, 66|, composite
Higgs bosons [67-69] and MSSM Higgs bosons [8]. The presented numbers are
based on the assumption that the 125 GeV Higgs boson is the “SM-like” state and
that there are no additional Higgs states observable at the LHC. The current

Aky Ak,
Mixed-in Singlet 6 % 6 %
Composite Higgs 8% tens of %

Minimal Supersymmetry < 1% 5%20%
Current precision (2019) ~10% =~15%

Table 2.5 — Summary of the possible maximum deviations of the couplings to vector bosons
and 7 leptons for three different BSM physics scenarios. The last row represents
the current precision achieved by experiments at the LHC. The values given for
MSSM refer to the preferred tan 8 region but deviations can be of O(100 %) for ..
Adapted from Refs. [64, 70]

precision on the Higgs bosons couplings to 7 leptons and vector bosons is in the
same ballpark as most of the expected deviations from the SM couplings. However,
to be sensitive to the deviations in the percent level the precision on the Higgs

couplings needs to be improved further.
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CHAPTER 3

LHC AND THE CMS EXPERIMENT

“ Fverything not saved will be lost.”

— NINTENDO “QUIT SCREEN” MESSAGE

In this chapter, an overview of the experimental setup utilized in this thesis will
be given. Section 3.1 outlines the accelerator complex operated by the European
Organisation for Nuclear Research (CERN) and the largest particle collider ever
built, the LHC. In Section 3.2, the CMS experiment is introduced by outlining

the major detector parts and their functionality.

3.1 The Large Hadron Collider

The LHC [71] is a superconducting hadron accelerator and collider installed in a
26.7 km tunnel between 45 m and 170 m below the surface close to Geneva (Switzer-

East Area

{IRRAD/CHARM
s

LHR

LINAC 3
lons

) ions ) RIBs (Radioactive lon Beams) ) n (neutrons) ) P (antiprotons) ) e (electrons)

Figure 3.1 — Overview of the CERN accelerator complex [72].
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LHC and the CMS Experiment

land). Being a particle-particle collider, two rings with counter-rotating beams are
needed, unlike particle-antiparticle beams that can share the same phase-space in
a single ring. Due to the limited size of the tunnel that was initially designed for
LEP the LHC adopted the twin-bore magnet design [73], shown in Fig. 3.2, instead
of two separate rings. The LHC was designed to collide protons at a centre-of-mass

—— ALIGNMENT TARGET
____—— MAIN QUADRIPOLE BUS-BARS
___——— HEAT EXCHANGER PIPE
____—— SUPERINSULATION

SUPERCONDUCTING COILS
BEAM PIPE
| vacuum vessEL
~ 1~ BEAM SCREEN
[~ AUXILIARY BUS-BARS
N \f"‘ ~~— SHRINKING CYLINDER / HE I-VESSEL
| \ S THERMAL SHIELD (55 to 75K)

. NON-MAGNETIC COLLARS

X

IRON YOKE (COLD MASS, 1.9K)

~— DIPOLE BUS-BARS

~— SUPPORT POST

Figure 3.2 — Cross-section of a cryodipole [71].

energy of up to 14 TeV and is also used for proton-lead and lead-lead collisions.
The following sections only describe proton-proton collisions as they correspond
to the data used in the physics results in Chapters 5 and 6.

The LHC is the last element of a chain of particle accelerators shown in Fig. 3.1.
Protons are produced using a Duoplasmatron, by ionizing hydrogen gas, and ac-
celerated to about 50 MeV in the linear accelerator LINAC 2. In the next step,
they are injected in the Proton Synchrotron Booster (PSB) before entering the
Proton Synchrotron (PS) where they reach an energy of 25 GeV. The Super Pro-
ton Synchrotron (SPS) increases the proton energy to 450 GeV before injecting
them in the LHC where they reach their final energy. The four initial acceleration
processes take about 20 min and it takes another 20 min in the LHC to reach the
final energy. In total, 2808 bunches circulate in the LHC when it is completely
filled. These bunches cross at four different interaction points, shown in Fig. 3.3,
where the four main experiments are located:
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3.1 The Large Hadron Collider

/

o
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=
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o

Figure 3.3 — Schematic layout of the LHC. Insertions at Octant 3 and 7 each contain two collima-

tion systems. The insertion at Octant 4 contains one independent radio frequency
(RF) cavity for each LHC beam. The insertion at Octant 6 houses the beam abort
systems for Beam 1 and Beam 2. Adapted from Ref. [71].

ALICE - A Large lon Collider Experiment |74].
Designed to address the physics of strongly interacting matter and the
quark-gluon plasma at extreme values of energy density and temperature

in nucleus-nucleus collisions.

ATLAS — A Toroidal LHC Apparatus |75].
A multi-purpose detector covering a wide physics program.

CMS — Compact Muon Solenoid |76].
A multi-purpose detector like ATLAS but with a different design philosophy
outlined in more detail in Section 3.2.

LHC-B - Large Hadron Collider beauty [77].
Performs precision measurements of charge-parity (CP) violation and rare
B hadron decays.
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LHC and the CMS Experiment

3.2 The Compact Muon Solenoid Experiment

The CMS detector is a multi-purpose apparatus located close to the French vil-
lage of Cessy at Point 5 along the LHC. It is designed to elucidate the nature
of electroweak symmetry breaking, probe physics at the TeV scale and search for
evidence of physics beyond the SM. The central feature of CMS is a superconduct-
ing solenoid, surrounding the tracker and both the Electromagnetic Calorimeter
(ECAL) and the Hadron Calorimeter (HCAL). The solenoid, which produces a
magnetic field of 3.8 T, is encapsulated by the iron return yoke interspersed with
muon chambers. Figure 3.4 shows an exploded view of the key elements of the
CMS detector. In the following, a brief overview of the different detector systems
is given. A detailed description can be found in Ref. [76]. The requirements for
CMS to meet the goals of the physics program can be summarized as follows:

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Electromagnetic
Calorimeter

Compact Muon Solenoid

Figure 3.4 — Exploded view of the CMS detector showing the typical onion-like structure of the
particle detectors. Located closest to the interaction point is the tracking system,
which is surrounded by the electromagnetic and hadron calorimeters. All three
systems are installed inside the superconducting solenoid. The muon detectors are
the final layer of CMS [76].
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3.2 The Compact Muon Solenoid Experiment

e Over a wide range of momenta and angles a good muon identification and
momentum resolution is required. The dimuon mass resolution should be
about 1% at 100 GeV, and the charge of muons needs to be determined
unambiguously for momenta p < 1TeV.

e The inner tracker is required to have good charged particle momentum res-
olution and reconstruction efficiency. For efficient triggering and offline tag-
ging of 7 leptons and b-jets, pixel detectors close to the interaction point are

needed.

e The ECAL needs good electromagnetic energy resolution as well as good
diphoton and dielectron mass resolution of about 1% at 100GeV. Fur-
thermore, a wide geometric coverage, 7 rejection, and efficient photon and
lepton isolation is required.

e The HCAL is required to have large hermetic geometric coverage with fine
lateral segmentation to ensure good missing transverse energy and dijet-mass

resolution.

The origin of the coordinate system adopted by CMS is centered at the nominal
collision point with the y-axis pointing vertically upward, and the x-axis radially
inward. The z-axis points in the direction of the beam running counterclockwise.
The polar angle 6 is measured from the z-axis, while the azimuthal angle ¢ is
measured starting from the z-axis in the -y plane. Commonly the pseudorapidity
defined as

n=—In (tan g) (3.1)

is used instead of the polar angle since for £ > m the difference of the pseudora-
pidities of two particles is invariant under a Lorentz boost in the z-direction.

The distance AR between two objects in the 1 X ¢ plane is defined as

AR = +/An + A¢. (3.2)

3.2.1 Inner Tracking System

The tracker [76] is the subdetector closest to the interaction point with the purpose
of measuring the trajectories of charged particles as well as secondary vertices of
long-lived particle decays. At design luminosity, O(1000) charged particles travel
through the tracker every 25 ns and it is therefore required to have high granularity
and fast response time. Furthermore, the components need to withstand the high
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LHC and the CMS Experiment

q‘)
1.5 1.3 1.1 0.9 0.7 0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
~ ~ N AN \ \ \ | | / / / / e ~ -

7 ~~ 1200 - 1.7
Moo | || N ———gg—— | L L LT
il RN i =5
25 600 11 "0 D e e I __ 25

w | VU g i
(| II II [l
’(""")T 20 I I
0 TEC- - == |PIXEL TEC+

4 ;a” ;1‘ T1D| TiD ‘); ”ﬂ; ‘); x
[ — LT
N =,

-1000 ‘ ‘ ‘

-1200
-2600 -2200 -1800 -1400 -1000  -600 -200 200 600 1000 1400 1800 2200 2600

z(mm) ——>

Figure 3.5 — Cross section of the CMS tracker showing the position of the pixel detector, the
barrel detection layers (TIB and TOB), and the endcap layers (TID and TEC).
Each line represents a detector module. Double lines indicate back-to-back mod-
ules [76].

radition due to the intense particle flux. The tracker is therefore solely based on
silicon detector technology to satisfy the requirements on granularity, speed and

radiation hardness.

The tracker is composed of a pixel and a strip tracker with cylindrical barrel
layers, completed by endcaps which extend the acceptance up to a pseudorapidity
of |n| < 2.5. Figure 3.5 shows a cross section of the CMS tracking systems. The
innermost part is a pixel detector with three barrel layers at radii between 4.4 cm
and 10.2 cm and two disks in the endcap. It was upgraded during the 2016 - 2017
extended year-end technical stop with a fourth barrel layer and a third disk in
the endcap. The pixel detector is surrounded by the silicon strip tracker with 10
barrel detection layers (TIB and TOB) extending outwards to a radius of 110 cm
and 3 plus 9 disks (TID and TEC) in the endcap.

3.2.2 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [76] is a homogeneous calorimeter made
of 75 848 scintillating lead tungstate (PbWO,) crystals of which 61 200 are mounted
in the central barrel part and the remaining crystals in the two endcaps. The ra-
diation hardness and short radiation length of 0.89cm of lead tungstate makes
it an ideal choice to built a compact and fine granular calorimeter. The crystals
emit about 80% of the light in 25ns which is of the same order of magnitude as
the LHC bunch crossing time.
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3.2 The Compact Muon Solenoid Experiment

ECAL (EE)

Figure 3.6 — Transverse section through the ECAL showing the location of the ECAL barrel
(EB), the Preshower detector and the ECAL endcap (EE) [78].

The ECAL Barrel (EB) covers the range |n| < 1.479 and the ECAL Endcap (EE)
extends the range to 1.479 < |n| < 3.0, as can be seen in Fig. 3.6. The cross-section
of a barrel crystal is 22 x 22mm? at the front face, with 22mm also being the
Moliére radius of PbWQ,, and a length of 230 mm corresponding to 25.8 radiation
lengths X,. Similar lead tungstate crystals, grouped in mechanical units of 5 x 5
crystals, are used in the EE with a cross section of 28.62 x 28.62mm? at the front
face and a length of 220 mm (24.7 X;). This results in a compact calorimeter with
fine granularity allowing for precise energy measurement of electrons, photons
and neutral pions. A preshower detector is mounted in front of the endcaps in
the region 1.653 < |n| < 2.6 to measure the position of electromagnetic showers
precisely, which allows an improved differentiation between electrons and photons

from neutral pion decays.

3.2.3 Hadron Calorimeter

The Hadron Calorimeter (HCAL) [76] is a sampling calorimeter, providing energy
measurements for the reconstruction of neutral hadrons and for apparent missing
transverse energy due to neutrinos or possible exotic particles. It consists of brass
absorber layers, chosen due to its short interaction length and since it is non-
magnetic, interspersed with plastic scintillator tiles. Figure 3.7 shows the four
different parts of the HCAL which are explained in the following.

43


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

LHC and the CMS Experiment

0.0 'O.W 0.2 /0.3 0.4 0.5 0.6 ,0.7 0.8 0.9 1.0 1.1 1.2 1.3
I 1 ’ 4 ’ ’ // // i e e e

Figure 3.7 — Transverse section through the CMS detector showing the locations of the hadron
barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters [76].

The Hadron Barrel (HB) is radially restricted by the outer extent of the ECAL and
the inner extent of the magnetic coil. It covers a pseudorapidity range of |n| < 1.3
and has a spatial resolution of (An, A¢) = (0.087,0.087). The total absorber
thickness at n = 0 is 5.82 interaction lengths ();) and increases up to 10.6 \; at
In| < 1.3, with the ECAL adding about 1.1 \; of material in front of the HB. Since
not all hadrons can be stopped in the limited range of the HB, a small part, called
Hadron Outer (HO) calorimeter, is located outside the solenoid. It covers a range
of |n| < 1.26 and serves as tail catcher of showers penetrating the magnetic coil.
The HO uses the solenoid as absorber material and increases the total calorimeter
depth to a minimum of 11.8 \;. The Hadron Endcap (HE) covers a substantial
portion of the rapidity range, 1.3 < |n| < 3, a region containing about 34 % of
the particles produced, and has a spatial resolution of (An, A¢) = (0.17,0.17).
At |n| ~ 3 the HE is required to have high radiation tolerance due to the high
luminosity and counting rates of the LHC. The Hadron Forward (HF') calorimeter,
at 2.8 < |n| < 5.2, covers even higher rapidities, and therefore particle fluxes, and

is located at 11.2m from the interaction point.

3.2.4 Muon System

The detection of muons is of central importance to the CMS experiment as im-
plied by its middle name. They are a powerful tool for recognizing signatures of
interesting SM and BSM processes. The muon system [76] uses three types of
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Figure 3.8 — Longitudinal layout of one quadrant of the CMS detector showing the position of
the DT, CSC and RPC layers in the muon chambers [79].

gaseous particle detectors chosen due to the large surface to be covered and the
different radiation regions. It is located outside of the solenoid interspersed in the
iron return yoke. Drift Tubes (DT) are installed in the barrel region covering a
rapidity range of || < 1.2. In the endcap region in the n range 0.9 < |n| < 2.4,
where muon rates and background levels are high, Cathode Strip Chambers (CSC)
are used. These have a fine segmentation, a fast response and are radiation hard.
In both the barrel and the endcap region Resistive Plate Chambers (RPC) are
installed for || < 1.6 to complement the excellent spacial resolution of the DTs
and CSCs with a high precision timing measurement.

Figure 3.8 illustrates the cross-section of one quadrant of the muon system, show-
ing the three muon detection systems. The fourth muon endcap station on the
top providing additional layers of CSC and RPC was added during long shutdown
1 (LS1).

3.2.5 Trigger

With a bunch spacing of 25ns during proton-proton collisions at the LHC the
crossing frequency is 40 MHz. Due to the high crossing rate, and the fact that
typically tens of collisions occur at each bunch crossing simultaneously, it is impos-
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LHC and the CMS Experiment

sible to transfer, store and process every event. Therefore, a drastic rate reduction
has to be achieved which is accomplished with the trigger system. The trigger sys-
tem is used to selectively enhance events of physical interest, which reduces the
rate to O(1kHz). The rate reduction is performed in two stages: the Level-1 (L1)
Trigger and the High-Level Trigger (HLT).

The L1 Trigger uses coarse information from the calorimeters and the muon sys-
tem, and has a design output rate of 100kHz. It was replaced by an upgraded
system during long shutdown 1 and the year-end technical stop in 2015 [80], pro-
viding amongst other things improved jet finding, object isolation, muon trans-

verse momentum resolution and hadronic 7 lepton identification.

The L1 Trigger is split into two paths, the calorimeter trigger and the muon trig-
ger. The calorimeter trigger is based on a time-multiplexed design feeding energy
deposits from the ECAL and HCAL to the first layer of the trigger. This layer
maps data received from many bunch crossings onto slices of the detector. The
data is re-mapped from the first to the second trigger layer so that the second
layer receives data from the entire calorimeter for a single bunch crossing. In this
step a sorted list of the best candidates is passed to the global trigger, which is

based on a basic object identification from the energy deposits.

Hits in the muon chambers from all three muon detection systems, DT, CSC, and
RPC, are passed to the track-finder layer and processed regionally in sectors of
1n—¢. The information from different regions is combined in further layers of the
muon trigger which is further passed to the global muon trigger. The global muon
trigger returns a sorted list of the best muon candidates to the global trigger. The
global trigger combines in the last step the information from the calorimeter and
muon triggers and decides if the event is kept for further processing in the HLT.

The HLT is able to perform more complex calculations on events passing the L1
Trigger since it has access to the complete detector read-out data. The events
passing the HLT are kept for storage, which ultimately reduces the event rate
down to the target rate of O(1kHz).
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CHAPTER 4

EVENT SIMULATION AND
RECONSTRUCTION

“When you have eliminated all which is
impossible, then whatever remains, however
improbable, must be the truth.”

— SHERLOCK HOLMES

The analyses in the following chapters rely on predictions based on Monte Carlo
(MC) event generation which will be described in Section 4.1. This is followed
by an overview of the algorithms used to reconstruct collision events with the
CMS detector. First, the reconstruction of charged tracks is described in Sec-
tion 4.2.1. Sections 4.2.2 and 4.2.3 focus on the reconstruction of electrons and
muons from charged tracks and deposits in the ECAL and muon chambers. Fi-

nally, the reconstruction of jets, missing transverse momentum and 7 leptons,
based on Particle-Flow (PF) candidates, is described in Sections 4.2.4-4.2.6.

4.1 Monte Carlo Simulation

The main process of interest in proton-proton collisions at the LHC is a hard-
scattering of partons from two colliding protons. Factorization [81]| allows the
event simulation to be separated into several steps. The following is based on
Ref. [82].

Hard-scattering process The hard scattering of the incoming partons leads
to a relatively small number of primary outgoing particles. Incoming parton mo-
menta are sampled from parton density functions, which give the probability for a
given parton to carry a certain fraction of the proton momentum. The hard scat-
tering is computed with the matrix element formalism within the framework of
perturbative QCD usually performed at leading order (LO) or next-to-LO (NLO)
depending on the used event generator.
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Event Simulation and Reconstruction

Underlying event Interactions between partons of the colliding protons that
are not directly associated with the hard-scattering are called underlying event.
These typically give rise to soft QCD interactions of which the most common is
the interaction of two partons resulting in a single outgoing parton.

Parton showering The radiation of soft gluons from colour charged particles
in the initial and final states is described by parton shower models. Each of
the gluons can also radiate further partons. This evolution of the parton shower

continues until the partons reach a minimum energy threshold.

Hadronization If the energy of partons is below about 1 GeV perturbative QCD
is not applicable and they cannot be treated as free anymore. At this stage
partons undergo hadronization where colour-neutral hadrons are formed out of

colour-charged quarks and gluons.

Pile-up There are several proton-proton collisions per bunch crossing of which
one is the hard process of interest. Most of these collisions are however soft-
scattering events, called pile-up (PU). For this purpose, soft proton-proton col-
lisions need to be added to the simulation of the main hard-scattering process.
The simulated events are adjusted after simulation to match the PU distribution
in data.

Detector Simulation and Digitization The final step is to simulate how the
generated particles interact with the CMS detector. For the detector simulation a
description of the detector is needed, which is done with the GEANT4 toolkit [83].
The detector definition requires the representation of its elements and their spatial
position as well as their material and electronic properties. The detector response,
which is the physical signal in the respective detector parts, is transformed via

electronics into a digital signal and the simulation of this step is called digitization.

4.2 Object Reconstruction

Figure 4.1 shows the distribution of all reconstructed particles in a simulated tt
event. This makes clear that impressive use and understanding of the detector
is needed in order to precisely measure such complex events. For this purpose,
CMS makes use of the Particle-Flow (PF) algorithm [85] to reconstruct and iden-
tify all particles visible to the detector by combining the information from the
different subdetectors. The interaction of the particles with each subdetector is
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4.2 Object Reconstruction

CMS Simulation tt — (evb)(uwvb) (13 TeV)
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Figure 4.1 — Distribution of all PF candidates reconstructed in a simulated tt event [84].

schematically shown in Fig. 4.2. Each particle is classified as either photon, elec-
tron, muon, neutral hadron or charged hadron, which are further combined to
higher-level physics object such as jets, hadronic 7 leptons and missing energy.
The highly-segmented tracker, fine-grained ECAL, hermetic HCAL, strong mag-
netic field and excellent muon spectrometer of the CMS detector are well suited
for PF reconstruction. The algorithm starts with charged particle tracks, tracks
in the muon chamber and calorimeter energy clusters. At the core of the PF
reconstruction is the link algorithm which is used to connect the signals in the
individual subdetectors in blocks. Tracks are associated to calorimeter clusters if
they intersect one of the calorimetric cells. Similarly are clusters in the ECAL
and HCAL linked if the measurement of the subdetector with finer granularity
lies within the envelope of the coarser measurement.
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Event Simulation and Reconstruction
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Figure 4.2 — Sketch of the specific particle interactions in a transverse slice of the CMS detec-
tor. The muon and the charged pion are positively charged, and the electron is
negatively charged [85].

Blocks of linked objects are then interpreted as a particle of particular type. At
first electrons and muons are selected and reconstructed. Their expected energy
deposits in the calorimeters are subtracted from the relevant clusters. Each re-
maining track is interpreted as charged hadron that gets assigned the pion mass
and as momentum a weighted average between the track and cluster measure-
ments. In the case that an excess of calorimeter energy is found with respect to
the associated track momentum, the residual energy is identified as neutral hadron
or photon. This is also done with deposits in the calorimeters not associated to a
track.

4.2.1 Tracks and Vertices

The tracks, and therefore momentum and position parameters, of charged particles
are reconstructed from hits they leave in the inner tracker using the Combinatorial
Track Finder (CTF) algorithm [86]. The collection of reconstructed tracks is
produced in a process called iterative tracking in which the CTF algorithm is
executed multiple times, each iteration passing the following four steps:

1. An initial estimate of the trajectories is given by track seeds, originating
from hits found in two or three layers of the tracker.
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4.2 Object Reconstruction

2. The track finding, which is based on a Kalman Filter (KF) [87], extrapolates
the seed trajectories along the expected flight path of a charged particle.
Additional hits found along this trajectory are added to the track.

3. The KF is run again with the full set of hits that are found after the extrap-
olation has reached the final layer of the tracker. This provides the best set
of parameters of each trajectory.

4. Tracks not satisfying certain quality criteria are rejected.

To reconstruct as many tracks as possible these steps are repeated six times. In
each iteration the hits associated to already reconstructed tracks are removed and
the settings of the algorithm are updated. Each iteration is configured to recon-
struct tracks with a specific signature. At first prompt tracks, which are tracks
originating near the interaction point, are reconstructed. The next iteration is
used to recover prompt tracks with only two pixel hits. The third iteration is
configured to find prompt tracks with low transverse momentum. The remaining
iterations are used to reconstruct tracks outside the beam spot or to recover tracks

not found in the previous steps.

After the track reconstruction the location of all proton-proton interaction ver-
tices in each event are measured (primary-vertex (PV) reconstruction). For this
purpose, tracks that are compatible with originating from the same vertex are
clustered and fitted for the position of the vertex. Track clustering is performed
using the Deterministic Annealing (DA) algorithm [88] which identifies and as-
signs tracks to the most probable vertex candidate. A candidate with at least two
associated tracks is fitted with an adaptive vertex fitter [89] to compute the best
estimate of the vertex parameters. The primary vertex with the largest scalar sum
of transverse momenta of the associated tracks is chosen as the primary vertex of
the hard scatter in the analyses shown in Chapters 5 and 6.

4.2.2 Electrons

Electrons are reconstructed from a cluster of energy in the ECAL that is asso-
ciated to a track [90]. To maximize performance a stand-alone approach [91]

complemented by the PF approach is used.

The electron energy is usually spread over several crystals and depending on the
thickness of the traversed material up to 86 % is lost due to bremsstrahlung before
reaching the ECAL. To recover and fully reconstruct the electron energy it is
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Event Simulation and Reconstruction

necessary to capture the radiated photon energy which is mainly spread in the ¢
direction due to the electron trajectory in the magnetic field. For this purpose
supercluster algorithms are used. The clustering is performed by defining the
crystal containing the largest energy deposit above a certain threshold as the seed
crystal. Slightly different algorithms are used in the ECAL barrel and the endcap
due to different subdetector geometries. In the barrel arrays of 5 x 1 crystals in
1 X ¢ are added in steps around the seed crystal, in a range of ~ 0.3rad in both ¢
directions. A supercluster is then formed by adding all arrays in which a minimum
energy requirement is satisfied. This is done similarly in the endcaps by building
superclusters from arrays of 5 x 5 crystals within a range of +0.7rad in 1 and
+0.3rad in ¢.

A dedicated tracking algorithm is used to take into account the change in curva-
ture of the electron track due to the radiation of bremsstrahlung photons. Electron
track reconstruction is done in two steps in CMS: seeding and tracking. The re-
sults of two complementary algorithms are used and combined in the seeding step.
The tracker-based seeding uses tracks reconstructed with the general algorithm
for charged particles extrapolated and matched to a supercluster in the ECAL.
The ECAL-based seeding starts from a supercluster and extrapolates its energy
and position to the collision vertex. In the tracking step the tracker seeds found
with the algorithms above are extrapolated and smoothed using the Gaussian Sum
Filter (GSF) [92]. This gives a better approximation for the non-Gaussian energy
loss in each layer compared to the KF.

To separate genuine prompt electrons from photon conversion electrons, misiden-
tified jets or electrons from b and ¢ quark decays, a Multivariate Analysis (MVA)
approach based on a Boosted Decision Tree (BDT) is used. It combines informa-
tion on shower shape, track quality and kinematic quantities. To further reduce
electrons coming from heavy flavour decays and misidentified jets, the electrons
are required to be isolated from hadronic activity. For this purpose a relative

1solation 1s introduced

1 n I
= [ P + max <0, PR > " pt - pﬁU)] . (4
T
with pT being the transverse momentum of the electron. The sums run over the
transverse momenta of charged hadrons pi*®* neutral hadrons p5™ and pho-

tons pt. The estimate for the contribution from PU is given by pr . The isolation
combines the transverse momentum sum of charged hadrons with the PU cor-

rected sums of neutral hadrons and photons inside a cone AR = \/ (A7) + (A)?
around the direction of the electron. The cone size that is used in the analyses
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4.2 Object Reconstruction

presented in Chapters 5 and 6 is AR = 0.3.

4.2.3 Muons

Two approaches are used to reconstruct muons. They are based on the infor-
mation of the tracker and the muon system and are called global and tracker
reconstruction [93]. The global muon reconstruction is an outside-in approach
which starts from tracks in the muon system and searches for matching tracks in
the inner tracker. If a matching track is found the KF is reapplied to the combi-
nation of hits in the inner tracker and the muon system. It is especially efficient
for muons that penetrate more than one muon station but has the downside of
degraded resolution if the muon has lost energy while traversing the full detector.
The tracker reconstruction on the other hand is an inside-out approach which
starts from tracks in the inner tracker. These tracks are extrapolated to the muon
system looking for a matching track stub in the DTs or CSCs. The extrapolation
takes into account the magnetic field, average expected energy loss and scattering
in the detector. It is more efficient for muons with py < 5GeV since it only re-
quires a single muon segment in the muon system. The efficiency to reconstruct a
muon produced in proton-proton collisions within the geometrical acceptance of
the muon system as either a global or tracker muon is approximately 99 %. Muons
are called global muons if they are reconstructed by both the inside-out as well as
the outside-in approach.

Similar as described in Section 4.2.2 for electrons an isolation requirement is placed
on muons. The isolation variable I’ is similar to Eq. (4.1) but with the cone AR
around the muon chosen to be 0.4 for the analyses presented in Chapters 5 and 6.

4.2.4 Jets

Quarks and gluons are produced abundantly in the QCD-dominated collisions at
the LHC. However, due to colour confinement they cannot be observed directly
and form jets as described in Section 2.1.1. To reconstruct the properties of the
initial parton the constituents of these jets are combined and measured using a
clustering algorithm [94]. This requires a definition of how the four-momentum of
the jet should be assigned and how the single objects should be grouped involving
some measure of distance. In CMS a class of algorithms known as sequential
recombination is used, which are not affected by parton splitting or emission
of soft collinear gluons (collinear- and infrared-safe). The algorithm defines the
distances d;; between two objects (particles or proto-jets) and d;5 between an
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Event Simulation and Reconstruction

object and the beam as:

(772' - 77]‘)2 + (¢z - ¢j)2

. 2 2
dz] = min (kTIZ, kr]ﬁ) R2 ) (42)
diB - k%‘€7

with kr being the the transverse momentum of a given object. At CMS dominantly
the anti-k algorithm [95] is deployed in which the parameter p in Eq. (4.2) is set
to —1. During LHC Run 2 the radius parameter R is chosen to be 0.4 for most
analysis [96]. The clustering proceeds by defining the smallest of the d,; and d;p
parameters. If the smallest parameter is d;; the objects i and j are combined. If

it is d;, object i is defined as jet and removed from the list.

Jet Energy Calibration

The jet energy calibration [97] is used to relate the energy measured for a detector
jet to the energy of the corresponding true particle jet at hadron level and is
applied to both simulation and data. A chain of factorized corrections is applied

to the raw jet four-momentum p,;™ according to

P = [Comrees PT") - Crutc (0, m) - Crar(n) - Cans ()] - D (4.3)

where p7 is the transverse momentum after applying the offset correction and pip is
the transverse momentum after the offset correction, the Monte Carlo calibration
and the relative jet energy scale is applied. The definition of each individual

correction is:

Offset Correction — C' got
The purpose of the offset correction is to estimate and subtract the energy
not associated with the hard scatter which includes contributions from pile-

up and electronics noise.

Monte Carlo Calibration — C'y;¢
This calibration is based on simulation and corrects for the difference be-

tween the momentum of the reconstructed jet and the generated jet. For

this purpose the response variable R = ]; f:; is introduced. The inverse of
T
ﬁ is the correction factor to be applied.

the average response Cyc =

Relative Jet Energy Scale — C,,

For the measurement of the response of a jet at any 7 relative to the jet
energy response the dijet pp-balancing method, as described in Ref. [97], is
used. This is done by requiring one jet in the central region (|n| < 1.3) and
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4.2 Object Reconstruction

one jet at arbitrary n. The relative residual correction makes the response
flat as a function of |n| and furthermore ensures that jets are described

similarly in data and simulation.

Absolute Jet Energy Scale — C,,¢

The absolute jet energy scale is measured in the reference region |n| < 1.3
using 7/Z+jets events and is designed to make the response uniform in
pr. Events from v and Z are used because their energy can be accurately
measured in the tracker and muon systems (Z — pup) or in the ECAL
(7,Z — ee). For the measurement the missing transverse momentum pro-
jection fraction (MPF) [97] method is used, with the result being verified
with the pp-balancing method.

b-Jet Identification

The identification of jets originating from b-quark hadronization is an important
element of many SM measurements and searches for BSM physics. Several prop-
erties of b hadrons, such as their lifetime and high mass, can be exploited to
distinguish b-jets from the dominant light quark and gluon jet production. The
lifetime of b quarks is about ¢7 =~ 450 pm. This leads to measurable displaced
secondary vertices in the tracker. Due to their high mass the decay products tend
to have larger transverse momentum relative to the jet axis compared to decay
products from light partons. The b-tagging algorithms that have been developed
in CMS rely on the information from secondary vertices and the corresponding
decay products. For the analysis of data collected during 2016 the CSVv2 tagging
algorithm [98] is used and for 2017 the DeepCSV algorithm [99].

4.2.5 Missing Transverse Momentum

Since the initial transverse momentum from proton-proton collisions at the LHC

—miss

is negligible, the missing transverse momentum pg" parametrizes the momentum
imbalance in the transverse plane. A non-negligible " may have several rea-
sons including neutrinos since they are invisible for the detector. Other reasons
are detector resolution, detector misalignment or defects but also hypothetical
new particles that go undetected.

S miss

In general, the missing transverse momentum pr  is defined as the negative
vector sum of the transverse momenta from all reconstructed PF candidates.

== ), b (4.4)

PF cand.
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Event Simulation and Reconstruction

Recoil Corrections

To mitigate the mismodeling of ™ due to hadronic recoil in the simulation
of Drell-Yan, W+jets, and Higgs boson production corrections are applied. For
these recoil corrections the parallel (Uy) and perpendicular (U, ) components of
the hadronic recoil U are used. The difference of U and U, between simulation
and data is used to calibrate the simulation. The corrections are derived in Z —

* 1s expected. The parallel and perpendicular

pp events where no genuine g
components are assumed to be Gaussian distributed. For both simulation and
observed data the mean of the parallel component <U H> and the resolutions o (U ||)

—miss

and o (U, ) are determined. The correction factors that are propagated to prp
are therefore

o (U
U‘II - <UH>data + (UH - <U||>s1m) o-((+|))data7
sim 45
U, =U 7 (UL asen (4.9)
1 — YL o (Uj_)sim .

4.2.6 Tau Leptons

Leptonic 7 decays to electrons and muons are reconstructed and identified through
the techniques discussed in Sections 4.2.2 and 4.2.3, respectively. The hadronic
decays are reconstructed from PF particles using the Hadron Plus Strips (HPS)
algorithm [100, 101]|. This algorithm combines information from charged hadrons
and from 7° candidates obtained by clustering electron and photon candidates in
so called strips. The HPS algorithm is seeded by jets clustered from PF candidates
using the anti-kr algorithm as described in Section 4.2.4.

More than 60% of the hadronic 7 decay final states contain at least one 7°,
which promptly decay to pairs of photons. These photons convert with a large
probability to ete™ pairs when traversing the tracker material, which then get
spatially separated due to the magnetic field. These electrons and photons, in the
following referred to as e/, originating from a 7° decay are clustered in strips by
merging all e/ candidates with pr > 0.5 GeV in a certain Anx A¢ window around
the highest-pp candidate. In Run 1 a fized strip size of 0.05 x 0.2 in 1 X ¢ was
used which was replaced in Run 2 by the improved dynamic strip reconstruction
explained in more detail below. Charged particles are required to originate from
the primary vertex and have pr > 0.5 GeV which ensures that the tracks have
sufficient quality.
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4.2 Object Reconstruction

Dynamic Strip Reconstruction

A fixed window size is not always able to capture all electron and photon candi-
dates from the hadronic 7 decays due to the following reasons.

e Due to multiple scattering and bremsstrahlung of the e'e™ pairs in the

tracker material some of the particles may end up outside the fixed window.

e A charged pion undergoing nuclear interaction in the tracker material can
produce low-pr secondary particles. This may result in cascades of electrons
and photons that appear outside the fixed window despite originating from

7 decay remnants.

A countermeasure is to suitably increase the window size such that all these decay
products can be integrated into the strip. However, for hadronic 7 leptons with
large transverse momenta the decay products are more collimated. A smaller
strip size is therefore sufficient to take full account of the decay products while
also reducing background contributions e.g. from PU to that strip. Figure 4.3
shows a simplified sketch of the disadvantage of a fixed strip window compared
to a dynamic one. Based on these considerations the strip clustering has been
changed from a fixed to a dynamic window size in the following way:

¢

o e e o

— Fixed Strip 77
=== Dynamic Strip

pile-up o Neutral Pion
Charged Hadron
Photon
r'yd
—— Electron
Th

Figure 4.3 — Simplified schematic of the benefit of using the dynamic over the fixed strip re-
construction. In one case the fixed strip window size is too large and therefore
includes photons not originating from the 7, decay. In the second case not all 7
decay remnants are collected by the fixed strip window since it is too small.
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Event Simulation and Reconstruction

1. The e/v candidate with the highest pr that is not yet clustered in any strip

is used as seed for a new strip.

2. A new e/~ candidate is added to the strip if it falls within:

An=f (peT/ 7) +f (pfﬁﬁp> ,
(4.6)
A6 =g (n") +g (™).

The functions f and g are determined from simulated single 7 lepton events
such that 95 % of all electrons and photons are contained in the strip. Fig-
ure 4.4 shows the 95 % envelope of points in each bin which are fitted using
a- p}b, resulting in:

f(pr) = 0.20pz*%

g(pr) = 0.35p3" ™,

with upper limits on the strip size set to 0.15 (0.3) in An (A¢) and the lower
limits set to 0.05 in both cases. If the candidate is added the position and
momentum of the strip is recomputed.

(4.7)

3. The strip construction ends when all e/v candidates within An x A¢ are
clustered. If the pp-sum of all clustered particles is above 2.5 GeV it is
considered as a 7° candidate.
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Figure 4.4 — Distance in 7 (left) and in ¢ (right) between the 7, and the e/ candidates as-
sociated to the hadronic 7 decay. The 7 leptons are simulated with uniform pr
in the range 20400 GeV and |n| < 2.3. The points show the 95 % envelope for a
given bin, and the solid red lines represent the fitted functions f and g given in
Eq. (4.7) [101].
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4.2 Object Reconstruction

The strips are combined with charged particles within a signal cone with R, <
% into different signatures compatible with a decay mode of the 7, candidate.
The cone size is limited to the range 0.05 < Ry, < 0.1. If the 7, candidate is
compatible with more than one of the decay modes below the one that yields the

largest pr is chosen.
1-prong 4+ 0 7°: One charged particle, no strips.

1-prong + 1 7% One charged particle and one strip. The mass of the Th
candidate is required to be within 0.3 GeV < m.. < /p7-0.13 GeV with the
upper mass limit constrained to lie between 1.3 and 4.2 GeV.

1-prong + 2 7°: One charged particle and two strips. The mass of the 7,
candidate is required to be within 0.4 GeV < m.. < /p71-0.12 GeV with the
upper mass limit constrained to lie between 1.2 and 4.0 GeV.

3-prong + 0 7°: Three charged particles with mass 0.8 GeV < m, < 1.5GeV.

To reduce the misidentification of electrons (e +— 7,), muons (u +— 7)) and jets
(jet — 7},) as 7, candidates several discriminants have been developed.

The misidentification rate of electrons, which have a high probability to be re-
constructed as 1-prong or 1-prong+n" decays, is reduced with the anti-electron
discriminator [101]. This discriminant is based on a BDT and utilizes observables
that are sensitive to the amount of bremsstrahlung along the leading track, observ-
ables that quantify distribution and energy deposition in the ECAL, observables
to distinguish electromagnetic from hadronic showers, and observables quantifying
energy, spatial distribution and multiplicities of photons in the strips. The BDT is
trained on simulated events that contain genuine 7 leptons or electrons. Working
points ranging from VeryLoose to Tight are provided with the misidentification
rates and efficiencies shown in Figs. 4.5a and 4.5b.

The anti-muon discriminator [101] reduces the misidentification rate of muons,
which have a high probability to be reconstructed as 1-prong decays. The dis-
criminator is cut-based with a p +— 7, misidentification probability of O (10_3) in
Z — pp events. The 7, identification efficiency in Z — 77 events exceeds 99 %.
Hadronic 7 candidates are rejected when track segments in the muon detector are
found near the 7, direction or when the comparison between ECAL and HCAL
energy deposits with the leading 7, track momentum is below a certain threshold.
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Event Simulation and Reconstruction

A strong handle to reduce the jet — 7, misidentification rate is to require the 7,
candidate to be isolated. For this purpose the isolation sum I, and the py sum
of the e/ candidates outside the signal cone (p5™ ") can be used, which is
explained in detail in Ref. [101]. Furthermore, a MVA-based 7, identification dis-
criminant [101] is available, which is used in the analyses presented in Chapters 5
and 6. This discriminant is based on a BDT which combines several isolation
variables, differential variables sensitive to the 7 lifetime and variables related to
the 7, decay products. The complete list of input variables to the BDT is given
in Refs. [100, 101]. The training is performed using simulated 7, candidates with
pr > 20GeV and |n| < 23inZ — 77, H = 77, Z' — 77 and W' — 7v
events. To model quark and gluon jets simulated QCD multijet, W+jets and
tt events are used. Several working points are provided for the MVA-based 7,
identification discriminant, corresponding to different 7, identification efficiencies.
The working points have efficiencies between 40-90 %, in steps of 10 %, and are
called VeryLoose, Loose, Medium, Tight, VeryTight and VeryVeryTight. Fig-
ures 4.6a and 4.6b show the misidentification probability and efficiency of the
provided working points.
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Figure 4.5 — 7, identification efficiency (a) and misidentification probability of e — 7, events
(b) given for the predefined working points of the MVA-based electron discrimina-
tor. The efficiency is calculated for generated 7, candidates with pp > 20 GeV,
In| < 2.3, and matched to a reconstructed 7, candidate with pp > 18 GeV in
simulated Z — 77 events. The misidentification probability is calculated for gen-
erated electrons with pp > 20 GeV, |n| < 2.3, and matched to a reconstructed 7
candidate with pp > 18 GeV in simulated Z — ee events.
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4.2 Object Reconstruction
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Figure 4.6 — 7, identification efficiency (a) and misidentification probability of jet — 7, events
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(b) given for the predefined working points of the MVA-based 7, identification

discriminator. The efficiency is calculated for generated 7, candidates with pp >
20GeV, |n| < 2.3, and matched to a reconstructed 7, candidate with pp > 18 GeV
in simulated Z — 77 events. The misidentification probability is calculated for
jets with 20 GeV < pr < 300GeV, |n| < 2.3, and matched to a reconstructed 7,
candidate with pp > 18 GeV in simulated QCD multijet events.
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CHAPTER 5

MEASUREMENT OF HiIcGs BOSON
PRODUCTION AND DECAY TO THE 7T
FINAL STATE

“This summer I have discovered something totally useless.”

— PETER HIicas

In this chapter, a measurement of the inclusive pp — H — 77 cross section is
presented. Furthermore, cross sections split by production modes and different
kinematic regimes are measured and presented as simplified template cross sec-
tions, as defined in Ref. [11]| by the LHC Higgs Cross Section Working Group. The
measurement is based on proton-proton collisions recorded in 2016 and 2017 by
CMS at a centre-of-mass energy of 13 TeV, corresponding to an integrated lumi-
nosity of 77.4fb™". In this analysis four different 77 final states, ep, eTy, U7y, and
TwTh, are studied. To improve the discrimination between the individual signal
and background sources, with respect to previous CMS publications, a NN clas-
sification algorithm is introduced. Furthermore, the 7-embedding technique [102]
and the Fake Factor (Fy) method [103] are used, allowing to estimate about 90 %
of the background processes from data.

The author performed the analysis in the er,, p7,, and 7,7, final states and es-
timated the backgrounds arising from quark or gluon jets that are misinterpreted
as hadronic 7 lepton decays with the fake factor method. The presented work has
been published in Ref. [12].

5.1 Introduction

In 2012 the ATLAS and CMS collaborations at the LHC announced the discovery
of a particle which was compatible with the long sought Higgs boson. After the
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Measurement of Higgs Boson Production and Decay to the 77 Final State

discovery both experiments determined properties of the new particle such as spin,
CP, and the coupling strengths to other SM particles. In the SM the Higgs boson
couples to gauge bosons via the Brout-Englert-Higgs mechanism and to fermions
via Yukawa couplings. The Higgs boson was discovered in the H — Z7%, H — v~
and H — WW decay channels, which showed that it couples to gauge bosons. An
important step is to now establish the mass generation mechanism for fermions
by probeing their coupling to the Higgs boson.

35.9 fb™* (13 TeV)
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Figure 5.1 — Observed and predicted distribution of the invariant mass of the 7 pair m... The
events are weighted according to (STSB)’ where S and B are the expected signal or
background contribution in a given bin. The inset shows the corresponding differ-
ence between the observed data and the expected background distributions [10].

The most promising fermionic decay channel is H — 77, which combines a large
event rate with better experimental sensitivity compared to H — bb. At a centre-
of-mass energy of 7 and 8 TeV evidence was found for the decay to a 7 pair by both
ATLAS [104] and CMS [105]. The first observation by a single experiment was
announced by the CMS collaboration after analyzing data corresponding to an
integrated luminosity of 35.9fh™" collected at a centre-of-mass energy of 13 TeV
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5.2 Dataset and Simulated Samples

using a cut-based approach [10]. Figure 5.1 shows the observed and predicted mass

distribution with a visible excess of events at the Higgs boson mass of 125 GeV.

After the observation of the Higgs boson in the 77 final state the next step is to
provide cross section measurements at different level of differentiation, which is
the target of the presented analysis. This includes an inclusive measurement of
the product of the cross section for the production of the Higgs boson and the
branching fraction for its subsequent decay to 7 leptons, oi,q(pp — h)B(H — 77),
cross section measurements split by production modes and in different kinematic
regimes. The latter measurements are presented as simplified template cross sec-

tions.

In Section 5.3 the event selection in the respective H — 77 final states is intro-
duced. Section 5.4 gives a short introduction to artificial neural networks, which
are utilized in the event categorization in Section 5.5. In Section 5.6 the data-
driven background estimation methods, 7-embedding and the Fy method, are
discussed. The data-to-simulation corrections, uncertainty model and procedure
to extract the signal are introduced in Sections 5.7-5.9. Finally, in Section 5.10,

the results of the measurements are presented.

5.2 Dataset and Simulated Samples

Several MC event generators are used to generate signal and background events.
Signal samples for the production of an SM Higgs boson via gluon fusion (ggH),
vector boson fusion (VBF), or in association with a vector boson (VH, with V
either Z or W) or a top quark pair (ttH) are simulated using POWHEG [106—-
111]. Single t and tt background samples are generated at NLO precision us-
ing POWHEG 2.0. The diboson production processes are simulated using MAD-
GRAPHH _aMC@NLO [112, 113] or PYTHIA [114]. W+jets events and Drell-Yan
events in the ee, pup and 77 final state are generated at LO precision with MAD-
GRAPH5 aMCQNLO. To increase the number of simulated events in regions of
high signal purity additional samples with up to four outgoing jets are generated
for the W+jets and Drell-Yan processes.

The NNPDF 3.0 [115] parton density functions with the underlying event tune
parametrized according to the CUETP8M1 [116] tune are used for the generation
of all signal and background processes. Hadronic showering and hadronization, 7
lepton decays as well as additional interactions according to the expected pile-up
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Measurement of Higgs Boson Production and Decay to the 77 Final State

distribution are modelled using PYTHIA. All generated events are passed through
a simulation of the CMS detector based on GEANT4 [83]. Drell-Yan, W+jets,
tt and single t events in the tW-channel are normalized to their respective cross
section calculated at next-to-next-to-LO (NNLO) precision [117-119|. Diboson
events and single t events in the t-channel are normalized to their cross section at
NLO precision or higher [119-121].

5.3 Event Selection

In this section an overview of the event selection from data recorded during the
2016 and 2017 data-taking periods by CMS and utilized in this analysis is given.
The selection is aimed at identifying events in the leptonic (ep), semi-leptonic
(eTy, p7y) and fully-hadronic (7,7,) decay channels by using reconstructed ob-
jects as described in Section 4.2. Events are selected online during proton-proton
collisions by using a trigger, followed by an offline selection of electron, muon and
Ty, candidates. In a final step the two most isolated leptons are selected as the
candidate pair originating from a Higgs boson decay. Events with extra electrons
or muons, with a pp > 10 GeV and passing loose isolation and ID requirements,
are rejected to prevent overlap with other channels. In the er, (u7,,) channel
events are rejected if an opposite-sign electron (muon) pair with pr > 15 GeV and
very loose isolation and ID requirements can be formed. This veto is designed to
reduce the contribution from Z /4" — ee and Z/y" — pu events.

In the leptonic and semi-leptonic channels the transverse mass is used to largely
suppress W+jets events. It is defined as:

m = /20 P (1 - cos AGY),

7:: e7M77—h7(e+/~L)7

(5.1)

with ph being either the transverse momentum of the visible 7 decay products or
the sum of p5 and p¥ in the ey final state. The difference in ¢ between pr and

the missing transverse momentum pr - is denoted as Ag'.

5.3.1 Event Selection in the ey Final State

In the ep final state events are selected using two trigger items that require the
presence of an electron and a muon. The electron is required to have pp > 13 GeV
and |n| < 2.5 and the muon py > 10GeV and |n| < 2.4. To avoid events in the
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5.3 Event Selection

lower part of the trigger turn-on curve being selected when the event only passes
one trigger the higher-py trigger object is required to have py > 24 GeV. Both
leptons are required to be associated to the PV within d,, < 0.045cm in the
transverse plane and d, < 0.2 cm along the beam axis. Furthermore, the electron
and muon are required to be separated by AR > 0.3, have opposite charge and
need to be isolated according to Iféf) < 0.15(0.2). The working points of the
electron MVA identification discriminator used in this analysis have an identifi-
cation efficiency between 80 % and 90 %. For muons the medium identification

criterion [122] is used.

To supress background events from tt and W+jets a requirement on the D, vari-
able [123] is imposed which is defined as:

D( _ Crniss —1.85 PCViS; Pcmiss _ ﬁ%niss . 5, P(vis _ (]5»’; —{—ﬁ{f) . é (52)

The D, variable is a linear combination of projections onto the é’ axis as shown

I

Figure 5.2 — Definition of the parameters used in the calculation of the D, variable.

in Fig. 5.2. One component is the projection of ﬁ;(“ ), the transverse momentum
vectors of the electron and muon, and the other component is the projection of
the transverse missing momentum p"**. The é’ axis points in the direction of the
bisectional direction of the electron and the muon transverse plane. All events are
required to pass the requirement D, > 35GeV. To ensure orthogonality between
the 77 decay of the H boson from its decay to W bosons in the ey channel events

have to pass the requirement on the transverse mass ms ™" < 60 GeV.
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Measurement of Higgs Boson Production and Decay to the 77 Final State

5.3.2 Event Selection in the er,, and p7, Final State

In the semi-leptonic channels either a single-lepton or a lepton + tau trigger item
is required where in the latter case at least one e (x) and one 7, candidate is
required in the et (u7),) channel. To suppress events from the tt and W-+jets
backgrounds the events have to pass a requirement of mff(“ ) < 50GeV in both

channels.

The 7, candidate needs to have pp > 30GeV and |n| < 2.3. It is required to
be reconstructed by the HPS algorithm and pass the Tight working point of
the 7,, MVA identification discriminant. Furthermore, it is required to pass the
Tight (VeryLoose) working point of the anti-electron discriminator and the Loose
(Tight) working point of the anti-muon discriminator in the er, (u7,) final state.
Finally, the 7, candidate needs to be associated to the PV along the beam axis
within d, < 0.2 cm.

In the p7, channel the muon and the 7, need to be separated by AR > 0.5 and
have opposite charge. The muon is required to have |n| < 2.1 and, depending on
the data-taking period and trigger that selected the event, the pr has to be above
a threshold given in Table 5.1. Furthermore, it should pass the medium identifi-
cation requirements and needs to be associated to the PV within d,, < 0.045cm
in the transverse plane and d, < 0.2cm along the beam axis. It is also required
to be isolated according to I';; < 0.15 as defined in Section 4.2.3 using a cone size

of AR =0.4.

Similar to the p7, channel the electron in the er, channel is required to be sep-
arated from the 7, by AR > 0.5 and needs to have opposite charge. The pr
thresholds depending on the trigger are given in Table 5.1 and the electron is
required to have |n| < 2.1. For data recorded in 2016 the electron needs to pass
the 80 % working point of the electron MVA identification with an isolation of
I,y < 0.1 within a cone size of AR = 0.3. In 2017 the isolation is required
to be I; < 0.15 and the electron needs to pass the 90 % working point of the

electron MVA identification. Finally, it needs to be associated to the PV within
dyy < 0.045cm and d, < 0.2 cm.
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5.4 Artificial Neural Networks

Muon wry, trigger Single-pu trigger
2016 20GeV < pi, <23GeV  ph > 23GeV
2017 21GeV < ph, <25GeV  ph > 25GeV

Electron ety trigger Single-e trigger

2016 Not used pr > 26 GeV
2017 25GeV < pp <28GeV  pT > 28GeV

Table 5.1 — Transverse momentum requirement of the electron and muon candidates in the e7y,
and p7, channel for each data-taking period. The requirement depends on the
trigger that selected the respective event.

5.3.3 Event Selection in the =, 7, Final State

The triggers used to select the events in the full-hadronic final state require the
presence of two 7, candidates. Both candidates are required to have pp > 40 GeV,
In| < 2.1 and should pass the Tight working point of the 7, MVA identification
discriminant. The 7, candidates need to be separated by AR > 0.5, be of opposite
charge and need to be associated to the PV within d, < 0.2cm. To suppress the
misidentification of electrons and muons as hadronic 7 decays the anti-electron
and anti-muon discriminants are applied with the VeryLoose and Loose working
points, respectively. The most dominant background in the 7,7, channel is due
to QCD multijet production. To suppress this background a requirement on the
vector sum of the reconstructed 7 momenta and missing transverse momentum,

TT4miss

DT > 50 GeV, is required.

5.4 Ariificial Neural Networks

An artificial neural network (NN) [124-126] is a machine learning (ML) model
that is, to some extent, inspired by the human brain. It is able to perform a
classification task by adapting connections between several artificial neurons, in
order to learn some underlying model from data. The artificial neuron is an
information-processing unit and the basic building block of a neural network.
Figure 5.3 shows a mathematical model of a single neuron devised by McCulloch
and Pitts [127]. Roughly speaking, it is a vector-to-scalar function that uses the
input parameters z; to calculate its output or activation y(z). To be more specific,
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Measurement of Higgs Boson Production and Decay to the 77 Final State

Input
parameters Bias

y(x) Activation

\/

, Activation
Weights Function

Figure 5.3 — Sketch of an artificial neuron. The input parameters x; are connected via the
weights w; and the bias b to the neuron. The sum of these inputs is transformed
using an activation function. The result of the transformation is the resulting
activation of the artificial neuron.

the x; are connected to the neuron via directed links, with each link having a
numeric weight w,;. The value used to calculate the activation is the sum of all
input parameters multiplied by their respective weight and the bias b. This can
be expressed mathematically in the following way:

p(E) =b+ ) wi; (5.3)

The weighted sum p(Z) is the input to an activation function a(Z), which finally
defines the activation y(Z) of a neuron in terms of the input parameters z;:

y(@) = a(p(¥)) = a (b + Z wixi) . (5.4)

There different types of activation functions with the most common being dis-
cussed in Ref. [128]. Relevant for this analysis are the hyperbolic tangent and
softmax functions which will be introduced in the following.

Hyperbolic tangent

The hyperbolic tangent is a smooth, zero-centred, strictly monotonic func-
tion whose range lies between —1 and 1. The output of this function is given
by

y(r) = S (5.5)
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5.4 Artificial Neural Networks

It is chosen since it has a well defined second-order derivative, which is
exploited to analyse the sensitivity of the neural network to the input pa-

rameters [129].

Softmax function

The softmax function is used to compute probability distributions from a
vector of real numbers and is used in multi-class models. In such models,
the softmax function returns the probability of x; to belong to a specific
class. The range of the output lies between 0 and 1 with the sum of the
probabilities being equal to 1. The function is defined as

e i

(5.6)

.ed

The network architecture, which describes the interconnection between neurons,
utilised in Section 5.5 is a feed-forward neural network. In this architecture the
output of the neurons of one layer are connected with the input of the neurons
in the next layer. Furthermore, there are no cyclic connections or connections
within the same layer of a feed-forward network. A layer is a group of neurons,
or nodes, as shown in the example in Fig. 5.4. Multilayer networks have one or

Input parameters

| Input Layer

\: Hidden Layer

E Output Layer

NN output

Figure 5.4 — Sketch of a neural network. The basic building blocks are artificial neurons which
are grouped in layers. The input layer, hidden layer and output layer are connected
via weights.

more layers of hidden nodes, called hidden layers, that are not directly connected
to the input and output. These hidden layers enable the NN to act as a universal
approximator according to the eponymous theorem [130]. If all nodes in each layer

are connected to all nodes in the next layer the network is called fully connected.
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5.4.1 Supervised Learning

After defining the network architecture a neural network is trained on labelled
data (¥ (j), y(j )), called training sample. This type of training is called supervised
learning. In this process, the weights and biases of the neural network are itera-
tively adjusted such that the NN output, for a given input ¥ G ), approaches the
target value y(j). The goal of the training is that the neural network learns the
underlying model of the labelled data and how to distinguish between entries with
different labels. For this purpose, a cost function C' is introduced that measures
the accuracy of the NN output with respect to the target value via a loss function
L. The cost function maps the parameter vector § = (wy,by,...wy,by), which
represents the weights and biases of the neural network, to a scalar C'() and is

typically defined as the average over the loss function values of all (¥ U ), y(j )) pairs:
1 & N

cO)==-S"1L (*J’, m) . 5.7

(0) =~ le 5y (5.7)

Here, ggj ) is the NN output computed from the input vector ¥ @) using the config-

uration #, and y(j ) the target value. The optimal configuration of # is obtained by
minimizing the cost function with respect to the parameter . The minimization
of C(0) is usually performed using a gradient descent algorithm which requires
the cost function to be differentiable.

A widely used loss function when using the softmax function in the output layer,
and utilized for the classification task described in Section 5.5, is the cross entropy
loss. It is defined as

N
L(Jor, ym) = — Z Cr, Y 108 <Q§z) )

k=1
1 if event k£ belongs to event class m

0 else

where the index k refers to the events in a subset of (¥ )yl )) of size N called
batch, ¥, is the target value for event k from event class m and §j; is the NN
output computed with the configuration #, corresponding to the probability for
event k to be from category I. Note that both 5 and y” are functions of W),
The parameter ¢, is used as weight to alter the importance of a given event k
during the calculation of L. This can be utilized in the case of imbalanced train-
ing samples, where the number of events in the different event classes strongly
differ from each other. In this case, the parameter ¢, can be used to give all event
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5.4 Artificial Neural Networks

classes the same weight during training.

After the best possible set of weights and biases is found by the training the
question is if the network is able to perform well on previously unseen data. This
ability of the NN is called generalization [124] and is a central problem in machine
learning. For this purpose, a so-called test sample, which is independent from the
training sample but based on the same underlying model, is used to test the NN
on how well it can generalize. The ideal outcome is that the training error, which
is the value of C'(0) after the training, is similar to the generalization error, which
is the value of C'(f) obtained with the test sample. The performance of the NN is
therefore based on its ability to minimize the training error as well as the difference
between training and test error. Two phenomena, underfitting and overfitting, are
the main reasons for suboptimal performance of a neural network, which may be
controlled by altering the capacity of the NN. A generic definition of the capacity is

— - Training error
Underfitting zone | Overfitting zone

—— (Generalization error

Error

0 Optimal Capacity
Capacity
Figure 5.5 — Typical relationship between capacity and error. Training and generalization error
behave differently. In the underfitting regime both training and generalization error

are high. In the overfitting regime the generalization error increases, eventually
outweighing the decrease in the training error [125].

the number of functions a model can fit. Underfitting occurs when the complexity
of the network is not able to fit the underlying model in the training sample,
leading to a high training error. The reason may be that the network architecture
is chosen too simple or that the training was stopped too early (low capacity).
Overfitting leads to a large gap between training and test error and occurs if the
network memorizes features not related to the underlying model, e.g. statistical
fluctuations (high capacity). The optimal capacity is between the underfitting
and overfitting regime as shown in Fig. 5.5. Many strategies, collectively known
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Measurement of Higgs Boson Production and Decay to the 77 Final State

as regularization [124], are specifically designed to reduce the generalization error

at the possible cost of increased training error.

5.4.2 Input Parameter Selection

The parameters Z, that are used as input to the NN classification task described in
Section 5.5 are required to satisfy two quality criteria. One is the level of accuracy
with which the input parameter is described by the background model and the

second one characterizes its importance for the NN output y;.

Validation

The first criterion is to validate that the distributions of the input parameters
are described well by the statistical model used for the signal extraction. The
motivation is that a well-described input parameter space is needed for a simi-
lar agreement for the NN output. For this purpose the background estimation
model as described in Section 5.6 and the full uncertainty model as described in
Section 5.8 are used. A saturated goodness-of-fit test [131], which is a general-
ization of a x? test including all systematics and their correlation, is performed
on the marginal distribution of each parameter. The single parameter is consid-
ered sufficiently well described if this test results in a p-value larger than 5 %.
The test considers each bin of the input distribution as an independent measure-
ment and indicates if the model is statistically compatible with the observation.
In addition to the marginal distribution of each parameter also the correlations
among all input parameters are examined by applying the goodness-of-fit test on
the two-dimensional distributions of pairs of variables. Parameters are removed
if a systematic mismodeling in several correlations is found. Figure 5.6 shows an
example for two marginal distributions on the 2016 dataset in the 7,7 final state
and the two-dimensional distribution unrolled along a single axis to test their

correlation.

Sensitivity to the Input Parameter Space

To characterize the influence of each parameter z; in the input parameter space
on the NN output the procedure described in Ref. [129] is used. This is done
by performing a Taylor expansion of the NN output in the z; up to the second
order. In this approach, the Taylor coefficients are related to either single input
parameters (first order) or to self- and cross-correlations of pairs of input param-
eters (second order). The influence of each single input parameter as well as the
self- and cross-correlations with other input parameters on the NN output at a
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Figure 5.6 — The grey bands in the plots on the left visualize the prefit uncertainties on the
simulation implemented in the uncertainty model. Each distribution of a single
variable is evaluated in ten bins with bin borders at the 1%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, and 99% percentiles of the data distribution.
For testing the two-dimensional distributions of variable pairs, the binning of the
marginal distributions of both variables is taken and unrolled along a single axis
such as shown in the bottom plot on the left. The plots on the right show the
respective p-values extracted from the distribution of the test statistic determined
with 500 toy experiments.
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Measurement of Higgs Boson Production and Decay to the 77 Final State

given point in the input parameter space is indicated by the magnitude of the
coefficients. Based on the mean magnitude of each Taylor coefficient a ranking of
the 7 in the input parameter space can be determined. Parameters with negligible
influence on the NN output may be omitted, which therefore allows to effectively
reduce the dimensionality of the input parameter space without reducing the per-
formance. Furthermore, this procedure allows to quantify the impact of a possible

mismodeling indicated by the saturated goodness-of-fit test on the NN output.

5.4.3 Training of the Neural Network

For the categorization described in Section 5.5, fully connected feed-forward neu-
ral networks with two hidden layers and 200 nodes each are used. The hyperbolic
tangent is used as activation function since it has a well-defined second derivative,
which can be exploited for variable selection as described in Section 5.4.2. The
input parameters are preprocessed via a linear transformation by subtracting, for
each input parameter, the mean and scaling it to unit variance. Each output node
corresponds to an output function y; and is activated via a softmax function. This
way, the output functions y,; can be interpreted as conditional probability for an
event to be associated to event class i. The set of variables used as input param-
eter to the NN for each final state and data-taking period is listed in Table 5.2.
The definition of the individual input parameters is given in Appendix A.1. De-
pending on the final state the neural network has five or eight output nodes, each
corresponding to one of the event classes shown in Table 5.3. Each event class
is targeted at one specific process with the exception of the miscellaneous (misc)
event classes. They comprise all processes that are either to small to be treated

as single process for training or that are difficult to separate from each other.

The NN is trained on the simulated processes described in Section 5.2 except for
QCD multijet production, which is taken from a control region in data where the
individual candidates of the selected 7 pair have the same electric charge. During
training the parameter vector 8 = (wy,by,...wy,by), representing the weights
and biases of the neural network, is optimized as discussed in Section 5.4. At the
beginning of the training the weights are initialized with the Glorot initialization
scheme [132] and the biases are initialized to zero. The training is performed
on randomly sampled batches, each having 100 events, from the training sample.
The Adam algorithm [133], with a constant multiplicative learning rate of 1074,
is used to minimize the cross entropy loss function L given in Eq. (5.8). During
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Table 5.2 — Parameters selected for the NN classification task used for the event categorization in

each final state. The checkmarks (dashes) indicate that the variable was (not) used

for the corresponding final state. The first (second) entry per column corresponds to
the choice for the 2016 (2017) dataset. The individual input parameters are defined
in Appendix A.1. Adapted from Ref. [12].
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training, the performance of the NN is monitored by evaluating L on 25% of
randomly chosen events removed from the training sample. If the evaluation of
L shows no further improvement over a sequence of 50 epochs, where one epoch
is defined as one iteration over the full training sample, the training is stopped.
Overfitting is prevented by applying two regularization techniques. Firstly, a
Tikhonov regularization [134] term with a regularization factor of 107" is applied
on all weights. Secondly, a dropout [135] layer with 30 % dropout probability is
added after each hidden layer. Finally, two-fold cross-validation [136] is used for
training in each final state and data-taking period. After the neural networks are
trained, the classification proceeds as described below.

5.5 Event Categorization

After the events for each final state are selected according to Section 5.3 they
are further categorized to increase the sensitivity of the analysis. The categories
are designed to target one or multiple physical processes leading to two signal

and several background categories as shown in Table 5.3. The categorization is

Classes/Categories per final state
Process ep ety WUTY, ThTh
ggH ggt ggH ggh ggt
VBF | qqH qqH qqH qqH
7 — 17 | zZtt ztt ztt ztt
QCD qcd qcd qcd qcd
tt tt tt tt
7 — 00 . z11 z11
misc ,
W +jets W] wj misc
Diboson | db
misc misc
Single t | st

Table 5.3 — Processes and event classes/categories for each 77 final state. Adapted from
Ref. [12].

implemented for each final state and data-taking period in form of a classification
task via independent multi-class neural networks. One benefit of this approach
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5.5 Event Categorization

is that not only signal and background are separated but that the background
categories, which are highly enriched with the respective process, may be used to
constrain these backgrounds during the statistical inference of the signal. Another
benefit is that events from the respective process are cumulated at large NN output
values in the respective category.

5.5.1 Categorization

An event that is propagated through the trained neural network gives rise to an
output y. Depending on the final state, y is a vector of five or eight values. The
largest of the values is considered as indicator to what event class the propagated
event belongs, which in turn is then categorized accordingly. This single value,
further denoted as NN output, is used as final discriminator in each category.
Since only the largest value of the y is taken into account the categories are mu-
tually exclusive and the events are ordered within a given category by expected
purity for increasing NN output.

Each category is populated also by events other than the true process. To quantify
the power of the NN the Positive Predictive Value (PPV) for each class can be
defined. This value is defined as the the number of events from a given class
assigned to the correct category, divided by the total number of events of this
class. The confusion matrices evaluated on the 2016 and 2017 dataset for all final
states are shown in Figs. 5.7 and 5.8. The PPVs are the values in the diagonal
of these matrices. For a random association of the events to any class the PPVs
would be uniformly distributed values with an expectation value of % (% in the 7,7y
channel), while larger values indicate that the NN is able to separate a specific
class from all other classes. The off-diagonal entries provide information which
classes get confused and not predicted as belonging to the corresponding category
by the NN. In general, the confusion matrix of each final state is similar between
the 2016 and 2017 dataset. In the 7,7, final state the NN is able to categorize
the majority of events in their respective event class. However, there is a slight
tendency of events from the ggH class being confused with qqH and vice versa.
The networks trained in the eu, et and pr, final states are able to correctly
categorize the majority of events from the qqH, ztt and tt event classes. It is
also able to separate events from the db event class in ey and from the z11 and
wj event classes in ety and u7,. A notable feature in the ey, er, and p7, final
states is the confusion of events belonging to ggH event class. About the same
amount of events being predicted as ggH are predicted to belong to either the qqH

or ztt event class.
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Figure 5.7 — Confusion matrices for the NN classification task, for the ep (top left), ery (top
right), pu7,, (bottom left), and 7,7, (bottom right) final states evaluated on the
2016 dataset. Each matrix is normalized such that all entries in each column,
corresponding to a given event class, sum up to unity. All event classes enter the
matrix with the same statistical weight (i.e. with uniform prevalence) [12].
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0.03 | 0.02 : 0.03 0.21 0.03 | 0.10 : 0.05 0.15
0.01 0.04 | 0.02 0.07 . 0.26 : 0.01 0.02
0.01 0.03 | 0.04 | 0.05 | 0.12 0.21 | 0.03 0.08
0.22 : 0.02 | 0.07 | 0.14 : 0.00 : 0.04 0.12
0.07 : 0.02 : 0.04 ;| 0.26 : 0.02 : 0.15 : 0.10 ;| 0.43
T z 5 3 = 2 ] F
% g N S 'E
True event class
1,1, (2017) CMS Simulation Preliminary
028 | 0.15 0.18 0.12
0.23 0.05 0.03 0.05
0.11 0.10 0.16 0.13
0.07 0.01 : 0.10 0.48 0.26
0.06 0.04 : 0.09 0.15 0.45
i
jus) = B 3 2
B g N s E

True event class

Confusion matrices for the NN classification task, for the eu (top left), e, (top

right), p7,, (bottom left), and 7,7, (bottom right) final states evaluated on the

2017 dataset.

Each matrix is normalized such that all entries in each column,

corresponding to a given event class, sum up to unity. All event classes enter the

matrix with the same statistical weight (i.e. with uniform prevalence) [12].
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Measurement of Higgs Boson Production and Decay to the TT Final State

5.5.2 Simplified Template Cross-Sections

The majority of Higgs boson coupling measurements presented during Run-1 and
Run-2 are in the form of signal strength p and coupling modifier £ measurements.
A natural way to evolve the signal strength measurements are simplified template
cross sections, first discussed in Les Houches 2015 [137] and described in detail in
Ref. [11]. The main goal of the simplified template cross section framework is to
minimize the theory dependence that must be directly folded into the measure-
ment while at the same time maximizing the sensitivity. In addition, it allows
and benefits from global combination of the measurements in all decay channels
and provides more finely grained measurements. Instead of signal strengths, cross
sections are measured in mutually exclusive regions of fiducial phase space, called
bins, which are specific to the different production modes. A schematic overview
of the simplified template cross section framework can be found in Fig. 5.9. The

Experimental Simplified Template :
. , Interpretation
Categories Cross Sections P
ratios of FAW T'zz Tww Fbg | - (FZ"/ F;m)
7777777777777777777777777 > gy Ky
L 1
L 1
L1
L1
—~EEREERH ) > 9
—[IRes
~-[_
=S | EFT
—[high-g*BSm__| coeffs
e e
> high p¥. _ | specific
T e >
| very high p}. BSM

H— 77 o |o(tiH) | lo(bbH)| | o(tH) |

Figure 5.9 — Schematic overview of the simplified template cross section framework. Adapted
from Ref. [11].

simplified template cross sections, shown at the centre of Fig. 5.9, are determined
from the experimental categories by a global fit in which one or more decay chan-
nels can be combined. Together with the partial decay widths these measurements
serve as input for subsequent interpretations, such as signal strength modifiers p,
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5.5 Event Categorization

coupling scale factors k, coefficients from effective field theories (EFT) or BSM
interpretations. This approach makes the measurements more long-term useful,
since the theory dependence can be decoupled from the measurement and can be
dealt with at the interpretation step.

The definition of the simplified template cross sections (STXS), as described in
Ref. [11], is implemented in two stages with different levels of granularity:

Stage 0: Each main production mode has a single inclusive bin. The two
combined production modes measured in this analysis are gg — H, bbH and
VBF+V(gq)H. This stage corresponds most closely to the signal strength

measurements performed during Run-1.

Stage 1: Corresponds to the binning that should be used on an intermediate
time scale by all Higgs boson measurements. The bins are defined in terms
of quantities that are directly measured by the experiment, such as e.g. jet
multiplicity, and a corresponding truth bin to largely avoid the theoretical

uncertainties.

The presented analysis measures the inclusive cross section of the gg — H,bbH
and VBF+V(¢q)H productions modes combined, separately (stage 0), and the
stage 1 STXS. In the stage 1 classification scheme events are split into subcate-
gories by requiring 0, 1 or > 2 jets with pp > 30GeV. Events are further split
by the pr of the Higgs boson (p%), or the vector sum of P and ﬁ% of the sys-
tem of the leading jets (pgjj) if more than 2 jets are found. Further distinction
for the classification of events from the VBF+V(gq)H process is made by the
pr of the leading jet pjTl, the invariant mass of the dijet system (my), and the
separation in 7 of the two leading jets (An;). Events with at least one jet and
pr > 200GeV in the gg — H,bbH production mode are particularly sensitive
to BSM physics. For both production modes, the subclasses with > 2 jets and
VBEF topology distinguish between two and more than two jets. The inclusive,
stage 0 and stage 1 cross section measurements are performed using the events
classified by the NN to belong to the ggH and qqH categories, while the remaining
categories are used to control the background processes. Figures 5.10 and 5.11
show the binning of the STXS stage 1 splitting utilized in this analysis, which is
defined by quantities at generator level, for both production modes. The ggH and
qqH categories are split according to the stage 1 event classes described above by
using a cut-based approach. For this purpose, the requirements imposed on the
quantities defined on generator level are replaced by a corresponding selection on

TT-+miss

reconstructed observables. The pr of the Higgs boson, pe, is replaced by DT ,
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Measurement of Higgs Boson Production and Decay to the 77 Final State

gg—H, bbH
=0 Jet =1 Jet >2 Jet VBFt
— P 0, 60] | P 0, 60] H iV [ 0,25]
I:l Used as class — pf [ 60, 120] —" pi[ 60, 120] pHIi (25, o0
& category : ] o o
Together with
[ Notusedas | fsssssssesg : . VBF-+V(q)H
category in T [120, 200] _" PE [120, 200]
€U, €Th , UTh E t >2 Jets
[ ] Notusedas | : ; : mj; > 400 GeV
category —H pH[200, oo] [ pi[200, o] | Anjj > 2.8

P < 200 GeV

Figure 5.10 — Classification scheme as proposed by the LHC HXSWG [11] to further investigate
the kinematic properties of gg — H,bbH production. All proposed classes are
indicated by gray boxes. The darker colour indicates classes that are also used as
categories in the analysis. The lighter coloured classes are not used as categories
(in all final states). All bin boundaries are given in GeV. For the statistical
inference of the signal some event classes are combined as indicated by the dashed
lines [12].

jets are replaced by reconstructed jets as described in Section 4.2.4, and pgjj by the
vector sum of the 77 system, dijet system and the missing transverse momentum

—miss TTjj+miss
pr  denoted as pr

This way, each event class leads to a corresponding
category with some exceptions for the ggH category, indicated by the light gray
boxes in Fig. 5.10, since they would be too weakly populated. This includes the
pr > 200 GeV categories in the ey, eT), and pu7,, channels and the > 2 jet category
with VBF topology. This leads to 12-14 signal categories depending on the final
state for the categorization of the gg — H, bbH and VBF+V(¢¢q)H processes that
are used for the signal extraction in all signal models. For all three cross section

measurements the same NN training is used.

5.6 Background Estimation

There are several processes that contribute to the background in the event selection
in each final state with different compositions. In all four channels the Z — 77
process is a dominant background since it decays to two genuine 7 leptons and
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5.6 Background Estimation

VBF+V(qq)H
Pt 10,200] P [200, 0]

VBFT V(qq)H* Rest

pr” [ 0,25]

P 25, o] P> 2Jets T>2 Jets
_____ - 60 > mj; < 120GeV  my; > 400 GeV
Together with Anjj > 2.8
gg—H, bbH

Figure 5.11 — Classification scheme as proposed by the LHC HXSWG [11] to further investigate
the kinematic properties of VBF+V(gq)H production. All proposed classes are
indicated by gray boxes. They are also used as categories in the analysis. All bin
boundaries are given in GeV. For the statistical inference of the signal two event
classes are combined as indicated by the dashed lines [12].

is therefore difficult to distinguish from the signal. To estimate the contribution
from Z — 77 the 7-embedding technique [102] is used. In the channels with a 7,
candidate in the final state a dominant background source is from processes where
a jet is misinterpreted as hadronic 7 decay. These are in particular events from
Wjets and QCD multijet production but also events from tt and diboson (WW,
WZ and ZZ) production enter the event selection in this way. These processes
are labelled as jet — 7, and are estimated using the Fy method [103]. The shape
and normalization from QCD multijet production in the eu channel is estimated
from a control region (CR) in data. By using both the 7-embedding and the
Fr method it is possible to estimate about 90 % of the backgrounds directly from
collision data in the e, u7), and 7,7, channels. All processes that enter the event
selection due to a lepton ¢ (with ¢ = e, ) that is misidentified as a 7}, candidate
are modelled with events from MC simulation. These are foremost events from
Z — (¢ production but also from tt, single t and diboson production. In the eu
channel events from W+jets are also estimated from simulation. Table 5.4 shows
a list of all background processes contributing to the event selection, with the
corresponding estimation technique given for each final state.
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Measurement of Higgs Boson Production and Decay to the 77 Final State

Background process Misidentification  ep ety  UTy  ThTh
Z —TT EMB EMB EMB EMB

Wtjets MC Fy Fy Fr

QCD multijet production CR Fy Iy Fy

Jet — 7 B B B

7 — U " mc ¢ P F
C— Ty MC MC MC

Jet — 7 F F F

Diboson-+single t f h MC " " "
{1y MC MC MC

_ Jet = 7 B 2 F
=Ty MC MC MC

f Decays into genuine 7 leptons taken from embedded samples.

Table 5.4 — Background processes contributing to the event selection labelled with the corre-
sponding estimation method for each final state. “EMB” is estimated with the
7-embedding technique [102], “MC” is estimated from simulation, “CR” indicates
that shape and normalization are estimated from a control region in data and Fp
refers to the Fr method [103]. Adapted from Ref. [12]

5.6.1 Tau Embedding

The 7-embedding technique [102| is a data-driven approach to estimate SM back-
ground processes decaying to two 7 leptons with the most prominent being 7 —
77. This estimation method proceeds in four steps as sketched in Fig. 5.12. At
first, pup events are selected from data with a tight enough selection require-
ment to ensure high purity events while at the same time being loose enough to
minimize biases. From the selected muons a 7 boson candidate is formed by re-
quiring two muons of opposite charge with a requirement on the invariant mass
of m,,, > 20GeV. In case of several Z boson candidates the one most compatible
with the Z boson mass is chosen. After the selection, all hits in the inner tracker
and muon systems as well as clusters in the calorimeters from the selected muons
are removed from the reconstructed event (cleaning). In the next step, the energy
and momentum of the selected muons is used to seed the simulation of 7 lepton
decays in an otherwise empty detector. In the final step, all energy deposits of the
simulated 7 lepton decays are combined with the cleaned original event to form
a hybrid event. In this analysis, embedded samples are used to estimate, besides
Z — 77, the parts of tt and diboson events that decay to two genuine 7 leptons.
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5.6 Background Estimation

Z — pup Selection

Z — 11 Simulation Z — pp Cleaning

> ¢

3 Wisiie
¥ S
¢

& : Z — 77 Hybrid
Simulate 7 leptons -

with same kinematic
properties as muons.

Remove energy
deposits from muons.

Merge simulated and
cleaned event.

Figure 5.12 — Sketch of the four main steps of the 7-embedding technique [102].

5.6.2 Fake Factor Method

The Fake Factor (Fy) method [103] provides an estimate for backgrounds arising
from quark or gluon jets that are misinterpreted as hadronic 7 lepton decays. This
method relies on collision data with the exception of corrections that are partially
derived from simulation and are needed to remove a bias in the prediction. Each
of the different processes contributing to the jet — 7, background is composed
of a specific mixture of gluon, light and heavy flavour jets. These jet flavours
each have different 7, misidentification probabilities as shown for QCD multijet
production in Fig. 5.13a. As can be seen in Fig. 5.13b, the flavour dependence of
the misidentification rate can be reduced by requiring the jets to pass minimal 7,
identification criteria. To get an unbiased modeling of the jet — 7, background
by the Fy method it is therefore necessary to take into account the nature of the

different jet — 7, processes and the kinematic properties of the (fake) 7, decays.
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Figure 5.13 — Misidentification rate of gluon, light and heavy flavour jets in simulated QCD
multijet events, for jets with pr > 20GeV and || < 2.3 (a) and for jets with
pr > 20 GeV and |n| < 2.3 passing the VeryLoose working point of the 7, MVA
discriminant (b). All jets are matched to a reconstructed 7, candidate with
pr > 18 GeV [103].

General Idea of the Method

The general idea of the method, which is illustrated in Fig. 5.14, is to measure
the number of events in a region orthogonal but not complementary to the sig-
nal region (SR). This region, referred to as application region (AR), differs from
the SR only by having a modified 7, identification (ID) requirement. The im-
plementation used in this analysis requires the 7, candidates in the AR to pass
the VeryLoose but not the Tight working point of the 7,, MVA discriminant in
the ey, uty, and 7,7, channels. The resulting region is very pure in events from
jet — 7, processes. Impurities from hadronic decays of genuine 7 candidates are
at the level of a few percent with some exceptional phase space regions such as
around the Z boson mass peak where they can be up to 20 %. To estimate the
jet — 7, background in the SR from the number of events in the AR, transfer
factors .

Fp= Nouse (5.9)

N

are derived for i = QCD, W+jets and tt. The transfer factors Fj are called fake
factors. They are defined as the ratio of events that pass the Tight working
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5.6 Background Estimation

|
: Fp =3, fiFg
SR ! . i,j € {QCD, Wjets, t }
: f _ Nf\R
Njet—)rh | t ZJ Nj&R
|
|

W+jets
FF

Application Determination

Figure 5.14 — Schematic overview of the F method used to estimate the jet — 7, backgrounds
in the ery, pry, and 7,7, channels. The fake factors (Fj) are calculated for
the respective processes in determination regions (DR;). In the analysis the Fp
are applied in an application region (AR) to get the estimate for the jet — 7
background in the signal region (SR).

point (Ngass) and the events that pass the VeryLoose but fail the Tight working
point (Nfiaﬂ). The fake factors are derived independently for each process i in
a dedicated determination region (DR;), which are enriched with the respective
process and defined to be orthogonal to the AR and SR. The F}j: are determined in
each DR; as a smooth function of the 7 transverse momentum and as a function
of jet multiplicity (Nj, = 0 and Nj,, > 1). To finally estimate the jet — 7,
background in the SR the weighted average of the Fy is applied to all events in

the AR according to
Nin
> Vir

where the weight f; is derived from the expected number of events Nig of the

Fe=) fiF¢  with f,= i,j € {QCD, W-jets, tt},  (5.10)

process ¢ in the AR using simulation. It is possible that the jet — 7, background
estimated with these raw fake factors can be imperfectly modelled in the SR in
terms of shape and normalization due to:

e The underlying assumption that the fake factor is identical in the DR and SR
is mildly violated. A possible cause may be a different jet flavour composition
in the respective regions.
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Measurement of Higgs Boson Production and Decay to the 77 Final State

e Residual differences due to a dependency on variables that are not used to
model the fake factor.

For this purpose, corrections are derived to mitigate the discrepancies.

Fake Factor Measurement and Correction: QCD multijet production

The determination region to measure the fake factors for QCD multijet production
(DRqcp) for the ety and p7), channels differ from the selection in the SR, as
defined in Section 5.3.2, in the following way:

e The electric charges of the 7, candidate and the light lepton are required to
be the same.

e The relative lepton isolation has to be in the range 0.05 < [ril < 0.15 (except
for er) in 2017, where the range is 0.02 < I¢; < 0.15).

These selection cuts are chosen to enhance QCD multijet events with respect to
events from other processes. Poorly isolated leptons which have a relative isola-
tion larger than the upper boundary are rejected to avoid a bias in the fake factor

measurement.

For the 7,7, channel the requirement on the two 7, candidates in the DR is that
they need to have the same electric charge. In this final state the contribution
of jet — 7, processes other than QQCD multijet production is very small. As an
approximation, the fake factors derived in the DRgcp are applied to all events in
the AR for this channel.

Figure 5.15 shows the uncorrected QCD multijet fake factor as measured for the
2017 dataset. The corresponding corrections are shown in Fig. 5.16. The un-
corrected fake factors and the corresponding corrections for the 2016 dataset as
well as the corrections for the 2017 dataset in the e, channel can be found in
Appendices A.2 and A.5.

Corrections: The 7, ID is correlated with some of the light lepton properties
in the event. The resulting dependency is therefore corrected as a function of Iril
in order to extrapolate the fake factor to the SR. Additionally, a small difference
is observed depending on whether the 7 and the light lepton have the same- or
opposite-sign electric charge. Based on these observations three corrections are
derived:
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Figure 5.15 — The uncorrected fake factor for the 2017 dataset as measured in the DRgcp.

Shown are the measurements for u7, (top row), et (centre row) and 7,7, (bot-

tom row). The columns are for different jet multiplicities, as indicated in the

plots.
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Measurement of Higgs Boson Production and Decay to the 77 Final State

Non-closure correction

The non-closure correction is derived in the DRgcp as a function of m;,. The
jet — 7, background in this region is estimated using the raw fake factors
and compared to the observed jet — 7, background distribution. The ratio
of the two distributions is smoothed with a Gaussian kernel with variable

width to limit statistical fluctuations and the result is used as a correction.

Same-sign (SS) to the opposite-sign (OS) electric charge extrapolation
The extrapolation to the OS region is assumed to be independent of the
isolation of the light lepton or the second 7. The correction is derived in
a region with I, between the upper limit, as required in the DRgcp, and
this upper limit plus 0.1 for er, and p7, or where the second 7, fulfills the
VeryLoose but fails the nominal 7, ID requirement in 7,7,. In this region
with a same-sign requirement, raw fake factors are derived and corrected for
non-closure as a function of m;,. The obtained fake factors are then applied
in the same region but requiring the leptons to have opposite-sign charges.
The estimated background is compared with the observed background and
the ratio as a function of m.;, is the resulting correction function.

Correction depending on Iril(” ) or on the pr of the other 7, candidate

The third correction, which depends on I in the ety and p7, channel
and on the pr of the other 7, candidate in the 7,7, channel, is derived in
the SS region. Since this correction is later applied in the OS region the
underlying assumption is that there is no significant correlation between the

dependency of the fake factor on the relative electric charges and .5 (pr).

Fake Factor Measurement and Correction: W +jets

The determination region to measure the fake factors for Wjets (DRyy 4 jets) for
the er), and p7, channels differ from the selection in the SR, as defined in Sec-
tion 5.3.2, in the following way:

miss

e The transverse mass mf}, calculated from the pp of the light lepton and pr
as defined in Eq. (5.1), has to be above 70 GeV.

e There is no b-tagged jet allowed in the event. There is no requirement on
the number of b-tagged jets in the SR.

The contamination from other background processes is small since large m values
are mostly populated by W+jets and tt events, with the later being reduced by
the b-tag veto. Since the my requirement is kinematically correlated to the fake
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Figure 5.16 — Corrections applied on the QCD multijet fake factor measured for the p7, and

Shown are the non-closure correction

as function of my; (top row), the correction accounting for the same-sign to

opposite-sign extrapolation (centre row) and the corrections as function of the

muon isolation and the py of the second 7, candidate (bottom row).
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Measurement of Higgs Boson Production and Decay to the 77 Final State

factor a correction is needed.

Figure 5.17 shows the uncorrected W+jets fake factor and the corresponding cor-
rections as measured for the 2017 dataset. The fake factors are shown for the case
with no jets in the event selection. The uncorrected fake factors and the corre-
sponding corrections for the 2016 dataset as well as the uncorrected fake factors
for the 2017 dataset for the case with at least one jet in the event selection can
be found in Appendices A.2-A 4.

Corrections: By requiring a minimum py on the light lepton, events with a
hard recoil of the W boson are favoured for low my, which is only possible in
the presence of one or more hard jets. Since the 7, ID is strongly correlated
to the difference of jet pr and its associated 7, p, this leads to a bias towards
less isolated 7, candidates at low transverse momentum and therefore to an anti-
correlation of the transverse mass with the 7, ID for the selected W+jets events.

In total, two types of corrections are derived:

Non-closure correction

The non-closure correction is derived in the DRyy o5 as a function of my;q.
The jet — 7, background in this region is estimated using the raw fake
factors and compared to the observed jet — 7, background distribution.
The ratio of the two distributions is smoothed with a Gaussian kernel with
variable width and used as the resulting correction.

Correction depending on the transverse mass

The correction depending on my is derived from simulated W+jets events.
The raw fake factors and the non-closure correction, as described above,
are remeasured from simulation and applied to estimate the jet — 7, back-
ground arising from W—+jets. The estimate is compared to the actual simu-
lated jet — 7, background and the ratio of the two distributions as a func-
tion of my is used as correction. To check if this correction derived from
simulation can be applied on data, fake factors derived from Z — pu-+jets
events in data and simulation are compared and found to be compatible

within uncertainties.

Fake Factor Measurement and Correction: tt

There is no suitable pure tt determination region with a sufficient event count,
that populates a similar phase space as the SR in terms of jet flavour composition.
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5.6 Background Estimation
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Therefore, the tt fake factors are derived from simulation after the selection in
Section 5.3.2 is applied and are then corrected using a dedicated tt CR in data.

Figure 5.18 shows the uncorrected tt fake factor and the corresponding correc-
tions as measured for the 2017 dataset. The uncorrected fake factors and the
corresponding corrections for the 2016 dataset can be found in Appendices A.2
and A.3.

Corrections: The tt CR is characterized by the same event selection as de-
fined in Section 5.3.2 except for the following requirements:

e At least one b-tagged jet is required in the event.
e There is at least one isolated electron and one isolated muon in the event.

These requirements are needed to get a relatively pure sample. However, requiring
both an electron and a muon leads to a bias: the 7, candidate in the tt CR is
typically a jet originating from a B meson since in most events both W bosons
decay leptonically, whereas a significant fraction in the SR are light jets from
hadronic W boson decays. For these reasons, the tt CR is only used to correct
the fake factor estimate from simulation. The correction factor is the ratio of the
fake factors in the tt CR in data and simulation and does not depend on pp within

uncertainties. Therefore, a common factor is used, as shown in Table 5.5.

2016 2017
er, | 0.80 0.97
pry, | 0.88  0.98

Table 5.5 — Data-to-simulation ratio for the tt fake factors in er, and pr,,.

A non-closure correction is derived as a function of m,,,. For this purpose, the raw
fake factors derived from simulation are applied to estimate the tt background in
the SR. The result is compared to the simulated background in the SR and the

ratio is used as correction.

Composition of the jet — 7, Background in the AR

The fake factor applied to a given event in the AR is a weighted average of the
F measured in the respective DR, according to Eq. (5.10). The weight f; is
the expected fraction of events where a jet is misidentified as hadronic 7 decay
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Figure 5.18 — Shown are the uncorrected tt fake factors measured for p7, and er, (top row)

and the simulation based non-closure correction (bottom row) for the simulated
samples modelled after the 2017 dataset.
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from tt, W+jets and QCD multijet production in the AR. Only for the purpose of
estimating these fractions, the expected number of events from W+jets and tt are
taken from simulation. The estimate for QCD multijet production is obtained in
the AR after subtracting all other backgrounds. The subdominant contributions
from Z — (¢, single t and diboson production are subsumed in the estimate of
the W+jets fraction. The fractions are measured for each event category listed
in Table 5.3 as a function of the NN output and the jet multiplicity. To give an
example: Assuming that in a given bin of the NN output the expected composition
of events is 70 % W+jets and Z+jets, 20 % QCD multijet production, 5% tt and
5% from genuine hadronic 7 decays or misidentified light leptons (mostly Z — 77)
then the applied fake factor is

0T FH 0.2 FROP 4 0.05 B

F
F 0.7+ 0.2+ 0.05

This weighted fake factor is calculated and applied for all events in the AR. From
the resulting distribution, the expected contribution from events with genuine
hadronic 7 decays or misidentified light leptons is subtracted using 7-embedding
samples or simulation. This is done by considering such events in the AR, reweight-
ing them with the appropriate fake factors and subtracting the resulting distribu-

tion from the previous fake factor estimate.

The treatment is slightly different in the 7,7, channel. Here, the main challenge
is the ambiguity of potentially having two jets misidentified as 7, in the event.
Both 7, candidates in QCD multijet events are due to misidentification in all
but a negligible fraction of events. Therefore, each event is considered under
two mutually exclusive hypotheses. The event is selected for the AR if the first
7, candidate passes the nominal 7, ID requirement, and the second passes the
VeryLoose 7, ID but fails the nominal requirement, or vice versa. In both cases
a weight of 0.5 is applied to take the combinatorial factor into account. For the
other jet — 7, background processes typically one of the 7, candidates is identified
correctly and the other is a misidentified jet. The correctly identified 7, passes
the nominal 7, ID requirement and the misidentified jet passes the VeryLoose
but fails the nominal requirement in the vast majority of the selected events in
the AR. These events are taken into account with a weight of 1.0 since there is
no significant combinatorial effect.
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5.6 Background Estimation

5.6.3 Estimation of QCD Multijet Production in eu

The QCD multijet background in the ey final state is estimated from a control
region with the same selection as in the signal region (SR) but by requiring the
electron and muon to have the same electric charge. The yield in the SR is es-
timated by applying same-to-opposite charge transfer factors on the data in the
control region from which any non-QCD contribution is subtracted using simula-
tion.

Figure 5.19 shows a simplified sketch of the SR and the three side-band regions
used to measure the equal to opposite charge transfer factors and to validate the
method. The region DRgp is used to measure the transfer factors for the SR

e
Irel

equal charge

opposite charge
0-50 Validation

Region

DRvr

Signal Region

Determination
Region (VR)

Determination
Region (SR)

0.15

0.20 0.50 7
Irel

Figure 5.19 — Sketch of the different regions used to estimate and validate the QCD multijet
background in the ey channel as explained in the text.

and contains all events where the relative muon isolation is in the range 0.20 <
"

rel
The method is tested in a validation region (VR) which contains all events where

< 0.50 and the electron passes the nominal isolation requirement of I5.,, < 0.15.

the muon passes the nominal isolation requirement of I*; < 0.2 and the electron
passes the relaxed requirement of 0.15 < I, < 0.50. The yield of the QCD
multijet background in the VR is estimated using the same procedure as for the
SR except for the transfer factors, which are measured in a second determination
region, DRyg, where both the electron and the muon pass a relaxed isolation
requirement. The transfer factors are measured as a function of the number of
jets, the transverse momentum of the electron and the muon and the spatial

separation of the electron and the muon in the 1 x ¢ plane.
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5.7 Data-to-Simulation Corrections

Pileup reweighting

As described in Section 4.1 simulated samples are generated with pileup interac-
tions that are added to the hard-scattering process. These samples are usually
generated before or during data-taking and therefore with pileup conditions that
differ from the conditions in data. Furthermore, pileup conditions may change
throughout an extensive data-taking period due to changing machine conditions
as indicated e.g for 2017 by the double-peak structure corresponding to two subpe-
riods with different conditions, see Fig. 5.20. In order to align the pileup distribu-
tion in the simulated samples with the distribution observed in data a reweighting
technique is used.

CMS Average Pileup, pp, 2016, Vs = 13 TeV CMS Average Pileup, pp, 2017, Vs = 13 TeV

300. 300 200 200
E v g T
250 250 H

150 150

200

150 100} 100

ol =69.2 mb ol =69.2 mb

100
50 50

Recorded Luminosity (pb !/0.10)
Recorded Luminosity (pb!/0.10)

50

o o
20 20 ) ) K 20 20 © ) 4o®
Mean number of interactions per crossing Mean number of interactions per crossing

Figure 5.20 — Pileup conditions during the 2016 (left) and 2017 (right) data-taking period at
CMS [138].

EE noise

During the 2017 data-taking period it was observed that noise in the ECAL end-
caps at high |n| values leads to an increase in the number of reconstructed jets
and to a significant tail in the p™ distribution. To mitigate the effect, jets with
pr < 50 GeV in the region 2.65 < |n| < 3.139 are removed from the event and also

from the calculation of pt°. This removal leads to an efficiency loss in the VBF
signal of about 4 %.

Tracking efficiency

Scale factors are applied to muons for 2016 and electrons for 2017 in simulated
samples to take different track reconstruction efficiencies in data and simulation

100


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

5.7 Data-to-Simulation Corrections

into account. Furthermore, scale factors are applied for 7, candidates in the 2016
and 2017 embedded samples.

Electron, muon and 7 identification, isolation and trigger efficiency

Efficiencies for identification, isolation and the respective trigger items of electron,
muon and 7, candidates are measured in data, simulation and embedded samples.
In data and simulation, events from Z — ee (Z — ppu) are used to obtain the
efficiencies for electrons (muons). For embedding, events from e (u)-embedded
event samples are used, which is explained in detail in Ref. [102]. The electron
(muon) efficiencies are measured via a tag-and-probe method in bins of lepton
pr and |n|. For 7, candidates, the identification efficiencies are measured as an
inclusive factor in Z — 77 — u7,, events using a tag-and-probe method. The 7
trigger efficiencies are measured with the same type of events and method but in
bins of pr, |n| and 7, decay mode for 2016 and pr, |n| and ¢ for 2017. The ratio
of the efficiencies measured in data and the efficiencies measured in simulation are
applied as correction for simulated events.

e — 7, and p — 7, misidentification rate

The background from Z — ¢¢ (¢ = e, ;1) events where one lepton is misidentified
as 7, candidate is largely reduced by the application of the anti-electron and anti-
muon discriminators. The misidentification rates for e — 7, and pu +— 7, after
applying the anti-lepton discriminators are measured in Z — ee and Z — up
events in data and simulation using a tag-and-probe method. Scale factors derived
from these measurements are applied to events in simulation where a generated
electron or muon is reconstructed as hadronic tau decay.

Correction to the =, energy scale

Two types of energy scales are applied to simulated 7, events depending on
whether the 7, candidate is reconstructed from a genuine 7, or if an electron
or muon is misidentified as 7,. For genuine hadronic 7 decays, the correction to
the energy scale is defined as the difference between the generator level energy
of the visible 7 decay products and the average reconstructed 7, energy. The
correction to the energy scale of misidentified leptons is defined as the difference
in the position of the Z boson mass peak in Z — ¢/ events. The corrections are
measured as a function of the decay mode of the reconstructed 7, candidate. The
respective numbers are listed in Table 5.6. No correction is applied to muons that
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Measurement of Higgs Boson Production and Decay to the 77 Final State

are misidentified as 7, candidate for the 2017 dataset since the corrections are
found to be negligible.

Correction for 2016 in % 1-prong 1-prong + 1 7 3-prong
T = Ty —0.5+1.2 1.14+1.2 0.6 +1.2
e Ty 0.0+3.0 9.5+3.0 —
W Ty —0.2+1.5 1.5+ 1.5 —

Correction for 2017 in % 1-prong 1-prong + 1 7 3-prong
T = Ty 0.7+0.8 —-0.2£0.8 0.1+£0.9
e Ty 0.3+0.7 3.6 +0.7 —
H= Ty — — —

Table 5.6 — Correction to the 7 energy scale for the 2016 and 2017 dataset. The correction is
derived for genuine 7, decays, and events where an electron or muon is misidentified
as 7y, candidate.

Recoil corrections

—miss

As described in Section 4.2.5, recoil corrections are applied to pp' to account for
differences in resolution and response between data and simulation. The correc-
tions are applied to simulated Drell-Yan, W+jets and Higgs production events.
Note that no recoil corrections are applied to embedded samples.

Drell-Yan shape reweighting

To model the Drell-Yan background events that are not estimated by the em-
bedded samples, simulated samples at LO precision are used. Correction factors
depending on the Z boson mass and transverse momentum are applied to account
for deficiencies in the modelling. The correction factors are derived in a Z — pupu
control region such that the transverse momentum and invariant mass distribution

of the Z boson agrees with the one found in data.

Top quark p reweighting

To improve the modelling of the tt background a reweighting based on the pr
spectrum of the top quarks is applied. The reweighting derived during Run-1 [139]
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5.8 Uncertainty Model

is used. For the reweighting each tt event is assigned the weight w,; defined as

.156—0.00137-prp (¢ .156—0.00137-pp (%
we = \/60 56—0.00137pp(t) | ,0.156-0.00137pr (1) (5.11)

Prefiring L1 Trigger

During the 2016 and 2017 data taking a timing drift in the forward ECAL led to
L1 trigger objects being associated with the previous event. The trigger logic only
allows one of three consecutive events to be triggered. Therefore, this prefiring
leads to a lower than expected data taking efficiency in event topologies involving
several forward jets. For this analysis the decrease in efficiency is most prominent
for VBF for which it is at the percent level. For this purpose, a correction based
on the prefire probabilities of all jets is derived for 2016 and 2017 and applied on
an event basis to the VBF signal.

Gluon fusion reweighting

The simulated ggH sample is reweighted to NNLO order precision using the
NNLOPS generator [140]. The reweighting improves the description of the Higgs
boson pr spectrum and of the jets, which is of particular importance for the mea-
surement in the context of STXS in which the signal samples are split in bins of
both quantities [11].

5.8 Uncertainty Model

The sources can be divided into normalization- and shape-altering uncertainties.
Normalization uncertainties only affect the yield of the NN output distributions
while shape-altering uncertainties allow correlated changes across bins to alter the
shape of the distributions. Furthermore, each bin of each background template
is allowed to vary within its statistical uncertainty, which is taken into account
by additional uncertainties that are uncorrelated across the bins of the input
distribution. Systematic uncertainties are implemented in the form of nuisance
paramters in the likelihood [141|, which is further constrained by the fit to the
observed data. A summary of the dominant systematic uncertainties is given in
Table 5.7.

5.8.1 Normalization Uncertainties

Gluon Fusion STXS uncertainty scheme A dedicated uncertainty scheme, as
discussed in Ref. [11], is used to account for migration of events from the
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ggH to qqH categories, as well as the modelling of the number of jets in the
event and the pt distributions.

Luminosity

The uncertainties in the integrated luminosity are treated as uncorrelated
across the two data-taking periods. They amount to 2.5 % in 2016 [142] and
2.3% in 2017 [143|.

Background cross section

Uncertainties in the background cross section are treated as fully correlated
across the two data-taking periods. The uncertainties amount to 4% for
Z — 00 [144], 6% for tt and 5% for single t and diboson production [145,
146]. To account for the extrapolation to signal and background categories

additional uncertainties are applied on all simulated processes.

Electron and Muon identification and isolation efficiency
Uncertainties in the identification and isolation efficiencies for electrons and
muons are treated as fully correlated across the 2016 and 2017 datasets.

They amount to 2% adding the individual contributions in quadrature.

T, identification efficiency

The uncertainties for the 7, identification efficiency is split into a correlated
and uncorrelated part across the final states to account for the different
MVA discriminant working points. The uncertainty amounts to 5% (3 %)
per 7, candidate on the 2016 (2017) dataset.

Trigger efficiencies

Uncertainties in the trigger efficiencies are uncorrelated for all trigger parts
related to electrons and muons, and partially correlated across 2016 and 2017
for the 7, parts of the trigger. The uncertainties amount to 2 % for electrons
and muons, and 5% for 7, candidates. They are summed for all combined
trigger parts linearly if the same object appears twice and quadratically

otherwise.

e — 7, and p — T, misidentification rate

Uncertainties in the e — 7, and p +— 7, misidentification rate are partially
correlated across the two data-taking periods. They are applied in the ery,
and p7,, channels on the corresponding simulated Z — ¢¢ (¢ = e, i) events.
The uncertainty amounts to 16 % in the e +— 7, misidentification rate on
both datasets, and to 27 % (26 %) on the 2016 (2017) dataset for the pu +— 7,
misidentification rate.
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5.8 Uncertainty Model

QCD sideband extrapolation

Uncertainties in the same-to-opposite charge transition factors for the esti-
mation of the QCD multijet background in the ey channel are treated as
fully correlated across the 2016 and 2017 dataset. These uncertainties on
the slope and intercept of the transfer factors are obtained from the fit that

is used to extract the numbers.

5.8.2 Shape Uncertainties

T, energy scale

The uncertainties in the energy scale for genuine 7, decays are partially
correlated across the two data-taking periods. Independent uncertainties
are applied for the 1-prong, l1-prong+n" and 3-prong decay modes of the
7, candidate. They amount to 1.2% on the 2016, and 0.8% to 0.9% on
the 2017 dataset. A similar uncertainty, which is uncorrelated between the
datasets, is applied to the py of electrons or muons that are misidentified as
7, candidate. In the er) channel an uncertainty of 3% (0.7 %), and in the
p7y, channel an uncertainty of 1.5% (2 %) is applied for 2016 (2017).

Electron energy scale

A fully uncorrelated uncertainty on the electron energy scale is applied in ey
and e7, final states. The uncertainty is 1% in the barrel region and 2.5 %
in the endcap.

Jet energy scale and b tagging efficiency

The uncertainty in the jet energy scale is treated as correlated across all
final states and partially correlated across the two datasets. It affects all
jet related quantities used for the event categorization as discussed in Sec-
tion 5.5, which also includes the NN output. Furthermore, fully uncorrelated
uncertainties on the different b tagging discriminator requirements used on
the 2016 and 2017 dataset are applied.

miss

Response and resolution of the pt
Uncertainties in the response and resolution of the pp™ are uncorrelated
across the 2016 and 2017 datasets. They are applied to Z — ¢¢ and W +jets
production as well as all signal processes and derived as part of the determi-
nation of the recoil corrections. For backgrounds from simulation which do
not have recoil corrections applied, jet energy scale and unclustered energy

scale variations are propagated to the P They are treated fully correlated
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across the 2016 and 2017 datasets and affect the diboson, tt, and single t

production.

Top quark pr and Drell-Yan shape reweighting

The uncertainties on both reweighting procedures, as described in Section 5.7,
are treated as correlated across the two datasets. The maximum shape vari-
ations are obtained by not applying the weighting or by applying it twice.

5.8.3 Embedding-specific Uncertainties

Most of the event content and the normalization are estimated from data when
using the 7-embedding technique. Nevertheless, the 7 decays are modelled using
simulation and are therefore subject to the uncertainties related to the selected 7
candidate, with the same magnitude and correlation between the 2016 and 2017
datasets as described above. Since the conditions of the simulation of the full event
are different compared to the simulation of the 7 decay used for embedding the
corresponding uncertainties are usually treated as uncorrelated. While this is true
for the identification and isolation efficiencies of electrons, muons and 7, decays,
the 7, energy scale, and the trigger efficiencies, there are several exceptions and

additional uncertainties:

Dimuon trigger efficiency

To account for the efficiency of the pp trigger used to select the muons that
are replaced by simulated 7 candidates an additional uncertainty of 4 % is
applied.

T,, identification efficiency and energy scale

The uncertainties in the 7, identification efficiency, and in the 7, energy
scale are partially correlated with the corresponding uncertainties applied
to the simulation. To account for differences in the tracking efficiency for
the 7 candidates, which are simulated in an otherwise empty detector, an
additional uncertainty of 2% is applied on the 7, energy scale.

Fraction of tt events

The 7-embedding technique also estimates tt events with genuine 7 decays.
Therefore, an uncertainty in the fraction of tt events is applied, which is
uncorrelated across the datasets. This is done by adding and subtracting
10% of the simulated tt yield with genuine 7 decays from the embedded

event sample.
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5.8 Uncertainty Model

5.8.4 Fake-Factor-specific Uncertainties

Additional uncertainties related to the Fy method are applied in the er,, pu7y
and 7,7, channels. These uncertainties comprise statistical uncertainties on the
Fr measurement as well as uncertainties on the applied corrections and on the
background composition in the AR. The statistical uncertainties are uncorrelated
and the systematic uncertainties are partially correlated across the two data-taking
periods.

Statistical uncertainties

Statistical uncertainties in the measurement of the F» in the DR, obtained
from the uncertainty of the fit. They are uncorrelated except for the un-
certainty on FPPE, which is correlated between the er), and p7, final state.
They range between 4-8 % in the et , between 3-5 % in the 7, and between
2-4% in the 7,7, channel.

Corrections of the QCD multijet fake factor
The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter per final state:
e Uncertainty of the non-closure correction, as a function of m.,.

e Uncertainty on the correction function for 1.5 in the ety and p7,, chan-

nel or on the pr of the other 7| candidate in the 7,7, channel.
e Uncertainty on the correction function for the extrapolation from the

same-to-opposite charge region.

Corrections of the W +jets fake factor
The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter in the er, and p7, channel:
e Uncertainty of the non-closure correction, as a function of m..
e Uncertainty on the correction depending on the transverse mass.
Corrections of the tt fake factor

The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter in the er, and p7, channel:
e Uncertainty of the non-closure correction, as a function of m..

e Uncertainty on the data-to-simulation correction factors.

107


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

Measurement of Higgs Boson Production and Decay to the 77 Final State

Background composition in the 7,7, AR

The systematic uncertainty on the fraction of W /Z+jets and tt events with
one misidentified 7, candidate in the AR, adding two nuisance parameters
for the 7,7, channel.

Subtraction of genuine 7 background in the AR
The systematic uncertainty due to the subtraction of genuine 7 backgrounds

in the AR, which is correlated across categories.

5.9 Statistical Inference of the Signal

The statistical inference of the signal is based on the NN output distributions ob-
tained from the categorization described in Section 5.5. This is done by performing
a simultaneous binned maximum likelihood fit to the distributions in all event cat-
egories and final states. The resulting fit is based on the signal categories defined
in Section 5.5.2 and on 21 background categories, as given in Table 5.3. These
high-purity background categories are used to constrain the background processes
in the signal categories. The NN output distributions on the 2017 dataset for each
background category and final state are shown in Figs. 5.21-5.23. The NN out-
put distributions on the 2016 dataset for each background category can be found
in Appendix A.6. The stack of filled histograms in the top panel of each subfig-
ure represents the expectation of the background estimation model as described in
Section 5.6. Each filled histogram corresponds to the estimated template distribu-
tion for a given process. The template estimated with the 7-embedding technique
is labelled as "u — 7-embedded". It subsumes genuine 7 decays from diboson,
single t and tt events. The template labelled as "Jet — 7," comprises events
from W+jets, tt and QCD multijet production with at least one jet misidentified
as Ty, which are estimated using the F method. In the ey final state the contri-
bution from QCD multijet production is estimated from a control region in data
and the respective template is labelled as "QCD multijet". All other templates
are estimated using simulation. The bottom panel shows the ratio of the observed
number of events to the expected background. The shaded band in the bottom
panel and associated to the stacked histograms in the top panel corresponds to
the combination of all shape altering and normalization uncertainties in all back-
ground processes. The vertical bars on the data points represent the statistical

uncertainties associated with the observed number of events.
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5.9 Statistical Inference of the Signal

Uncertainty ey ery puT, TpTn, Process Variation Impact on p
ggH uncertainties v Y v v signal 5-38% 4.9%
Background yields v v v v MC 4-6% 2.2%
Signal pdf/scale v v v signal  0.9-1.9% 1.4%
Luminosity (2016) v v v v MC 2.5% 0.7%
(2017) VAV 2.3% 1%
Dimuon trigger v Y v v EMB 4% 0.3%
7,-1D (2016) N Y N 5% 1.3%
(2017) N 3% 1.3%
e — 7}, mis-ID — v  — —  Z-—ee 16% 0.5%
p — 7, mis-ID — = v — Z = pup 26% 0.5%
T, -trigger - - — v MC 5% 1.1%
Sideband extrapolation v o - — — QCD 1-37% 0.7%
e/p-trigger, ID, isolation v Y v — MC 2% 1.4%
Z/y" reweighting v Y v v 7 — o 100% 0.4%
t quark pp reweighting v v v v tt 100% 0.4%
Jet energy scale v Y v v MC 1-6% 2.8%
b tagging efficiency v v v v MC 1-5% 0.7%
P response/resolution v v v v MC 1-5% 2.6%
tt in embedded events v v v v EMB 10% 0.9%
T}, energy scale (2016) — v v v MC 1.2% 3.4%
(2017) — v v v 0.8-0.9% 3.5%
e — T, energy scale (2016) — v @ — T 7 e 3% 0.4%
2017) — v 0.7% 0.4%
pu — Ty, energy scale (2016) — — — 1.5% 0.9%
2017) — — v o Lo gy 0.3%
FFi statistical uncertainty v — — 4-8% 2.2%
N Fp 3-5% 2.5%
— — v 2-4% 1.9%
v — — 4-6% 0.9%
Fr" corrections —  — v — Fr 4-7% 2%
= = v 8% 2.1%
e energy scale v v - - MC 1-2.5% 0.3%

Table 5.7 — Overview of the dominant systematic uncertainties used in the likelihood model for
the statistical inference of the signal. The expression “MC” refers to all processes
that are modelled using simulation, the expression “Fp” refers to all backgrounds
that are estimated with the Fy method and “EMB” refers to all backgrounds es-
timated with the embedding method. Detailed descriptions are given in the text.
The first block contains uncertainties which only affect the yield while uncertain-
ties in the second block may also affect the shape of the discriminant distributions.
Adapted from Ref. [12].
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Figure 5.21 — Distributions of the NN output in the ztt (top left), qcd (top right), tt (centre
left), db (centre right), st (bottom left), and misc (bottom right) event categories,

in the ey final state. All distributions and uncertainties are shown after the fit
that has been applied to the data [12].
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Figure 5.22 — Distributions of the NN output in the ztt (top left), qcd (top right), tt (centre
left), z11 (centre right), wj (bottom left), and misc (bottom right) event cate-
gories, in the p7,, final state. All distributions and uncertainties are shown after
the fit that has been applied to the data [12].
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Figure 5.23 — Distributions of the NN output in the ztt (top left), qcd (top right), tt (centre
left), z11 (centre right), wj (bottom left), and misc (bottom right) event cate-
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the fit that has been applied to the data [12].
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Figure 5.24 — Distributions of the NN output in the ztt (top left), gcd (top right), misc (bottom
left) event categories, in the 7,7, final state. All distributions and uncertainties
are shown after the fit that has been applied to the data [12].
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For the statistical inference of the signal three models, each with a different num-
ber of parameters of interest (POIs), are considered, as discussed in Section 5.5.2.
In the first model the Higgs boson cross section is measured inclusively (one sin-
gle POI). In the second model the gg — H,bbH and VBF+V(¢q)H production
modes are measured separately in a simultaneous fit (two POIs). For this model
the NN output distributions for the 2017 dataset for the ggH and qqH categories
for all final states are shown in Figs. 5.25 and 5.26. The NN output distributions
for the 2016 dataset for each signal category can be found in Appendix A.7. In the
third model the Higgs boson production is measured in the context of the STXS
classification scheme described in Section 5.5.2 (in total 9 POIs). This classifica-
tion scheme leads to 12-14 signal categories per final state. The distributions of
the NN output split into the stage-1 signal categories used as input to the fit are
shown in Appendix A.8. The same NN trainings are used as for the more inclusive
measurements and the NN output is fitted in all signal categories. Contributions
from ttH and V(— lep)H are small and therefore included as background with

the cross section set to the SM expectation.

The likelihood function used to extract the signal has the following form:

L({k}a5a(8) + b3(0) = T P (Kiliasas(6) + 0s:00)) TTC; (,16:) . (512

i7a75

where the function P corresponds to a Poisson distribution, C; to the probability
density function used to implement the uncertainty related to the nuisance param-
eter 0;, and éj to the estimate for 6; from the fit to data. The function C; is chosen
to be a lognormal distribution for all normalization uncertainties and a vertical
morphing algorithm [141] is used to implement shape altering uncertainties. The
1 labels all bins of the input distributions with event number k; in all final states
and categories and j all nuisance parameters 6. All signal classes are labelled as «
and all background classes as 3. The term bg; corresponds to the prediction for a
single background class in bin i, and p, to a scaling parameter for a given signal

544- The scaling parameters p, correspond to the POIs listed above.

5.10 Results

Assuming an overall scaling of all signal production modes with respect to the
SM, except for ttH and V(— lep)H, the fit with one single POI leads to a value of
Minag = 0.75 £ 0.18, which is 1.40 below 1. Within the statistical precision of the
measurement, it is consistent with the expectation of the SM, with a p-value of

114


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

w Sibliothek,
Your knowledge hub

5.10 Results
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Figure 5.25 — Distributions of the NN output in the ggH event category, in the ey (top left),
et (top right), pu7, (bottom left), and 7,7, (bottom right) final states, on the
2017 dataset. All distributions and uncertainties are shown after the fit that has
been applied to the data [12].
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Figure 5.26 — Distributions of the NN output in the qqH event category, in the ey (top left),
eT,, (top right), pu7r, (bottom left), and 7,7, (bottom right) final states. All
distributions and uncertainties are shown after the fit that has been applied to
the data [12].
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5.10 Results

11 %. The observed signal strength, when restricted to the 2016 dataset, has been
cross checked with the result of the previous H — 77 analysis given in Ref. [10].
The previous analysis was optimized for the inclusive significance and used cut-
based event categories and 1- or 2-dimensional discriminators. Only little overlap
has been observed between the sensitive regions of this and the previous analysis.
Both results are statistically compatible within about 1.50 and the differences can
be explained by statistical fluctuations.

5 774" (13 TeV)
nw 1071 7 T T T T
= E ErTTT e
c £ CMS = M S+B unc./bkg. .
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o C 02- i
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Figure 5.27 — Distribution of the signal purity (after the fit to the data), evaluated in the bins
of the signal categories used to extract the results. The signal contribution and
the background contributions from each decay channel are stacked on top of each
other. The inset shows the relative excess with respect to the estimated back-
ground [12].

Figure 5.27 shows the observed Higgs boson signal, with the bins of all signal cat-
egories reordered according to their signal purity. The background contributions
are split by final state and the expected signal contribution is scaled to the mea-
sured signal strength of p;, = 0.75. An excess of observed events with respect to
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Measurement of Higgs Boson Production and Decay to the 77 Final State

the background expectation is visible in the most sensitive bins and the ratio is
shown in the inset on the top right. The observed (expected) significance of the
signal is found to be 4.70 (6.60).

The observed signal in the eu, er,, pur, and 7,7, final states as well as the
inclusive measurement is shown in Fig. 5.28. The results obtained in the ex and
T, Ty, final states are compatible with the SM expectation within 1o. The er} and
w7y, final states are compatible with the SM expectation within about 2o.

774" (13 TeV)

CMS
Preliminary 047
[ ° | ThTh 1.487 40
: 0.26
—e—i! Ut 0.437 %
: 0.36
—— | er,  0.2870%
: 0.62
i » i ey 1.397 55
—e— Inclusive  0.75*37°
11 | 11 1 1 | I 1 : I 1 | 11 1 1 | 111 1 | 111 1 | 11 1 1 | 11
0 0.5 1 1.5 2 2.5 3

Best fit Mx = UX/USM

Figure 5.28 — Results of the maximum likelihood fit to the data, for a model with one signal
strength parameter, as discussed in Section 5.10, measured inclusively and split
by final state. The ttH and V(— lep)H processes have a negligible effect on the
shown results and are not included as signal [12].

For the statistical model with two POIs the signal strength by production mode
is measured and a two-dimensional scan of the likelihood is performed. This re-
sults in p(gg — H,bbH) = 0.36 £ 0.37 and u(VBF+V(¢q)H) = 1.03 £ 0.30 with
a linear correlation of —0.44 between these two POIs. In Table 5.8 the result
of the fit for one single POI as well as for two POIs in terms of expected and
observed cross sections are given. The result of the fit with two POIs shows that
the measurements are in good agreement with the SM expectation, however, for
gg — H,bbH a low signal yield is observed. The theoretical uncertainties on the
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5.10 Results

oB(H — 77) (pb) Expected Observed

Inclusive 3.40 £ 0.20 (theo) 2.56 %+ 0.48 (stat) =+ 0.34 (syst)
gg — H,bbH 3.07 £ 0.19 (theo) 1.11 4 0.81 (stat) 4= 0.78 (syst)
VBF+V(¢q)H 0.33 + 0.01 (theo) 0.34 + 0.08 (stat) = 0.09 (syst)

Signal strength ux

Inclusive 0.75 4+ 0.14 (stat) + 0.10 (syst)
gg — H,bbH 0.36 + 0.26 (stat) = 0.25 (syst)
VBF+V(qq)H 1.03 £ 0.26 (stat) 4 0.14 (syst)

Table 5.8 — Observed and expected cross sections for inclusive H boson production and for the
production via the gg — H,bbH and VBF+V(¢¢)H processes. The measured linear
correlation between the gg — H, bbH and the VBF+V(qq)H cross sections is —0.44.
The uncertainties on the expected cross sections are discussed in the text [12].

expected cross sections in Table 5.8 include uncertainties on the parton distribu-
tion functions and ag, and variations by the renormalization and factorization
scales by factors 0.5 and 2 for each process added in quadrature. For each indi-
vidual process the uncertainties have been weighted according to their combined
expected cross section contribution in this calculation. The resulting fractions are
71 % of VBF on the expected VBF+V(gq)H cross section and 99 % of ggH on the
expected gg — H,bbH cross section.

The two-dimensional scan of the likelihood function is shown in Fig. 5.29 (left).
Additionally, a two-dimensional scan of the likelihood function in terms of the
coupling modifiers ky and kp is shown in Fig. 5.29 (right) for which the contri-
bution of H - WW to the eu final state and the ttH and V(— lep)H processes
are treated as a signal processes. The 68 % and 95 % CL of the SM expectation
are shown by the dashed contour lines and the observed contours correspond to
the shaded areas. The scan of the likelihood function as well as the scan in terms
of coupling modifiers agree within 20 with the SM expectation. For the contour
in terms of coupling modifiers the contribution of events from the Higgs boson
decay into two W bosons (H — WW) to the ep final state, as well as the ttH
and V(— lep)H processes are also treated as signal.
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Measurement of Higgs Boson Production and Decay to the 77 Final State
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Figure 5.29 — Two-dimensional contours corresponding to the 68% and 95% confidence levels
(CL) for the signal strength of the gg — H,bbH and VBF+V(¢q)H production
modes (left) and for the coupling strength modifiers kv and kp (right). All nui-
sance parameters are fit at each point evaluated in the two-dimensional parameter
space. For the scan of ky and kg, the contribution of H - WW to the ey final
state and the ttH and V(— lep)H processes are treated as a signal processes [12].

Figure 5.30 summarizes the results for the statistical model with 9 POIs. The
signal strength parameters of VBF+V(qq)H are shown at the bottom of Fig-
ure 5.30. The "VBF topology" is the most sensitive POI and in general there is
good agreement with the SM expectation. At the top of Figure 5.30 the signal
strength parameters of gg — H,bbH are shown. The low observed signal yield

of the inclusive gg — H,bbH measurement can be associated to the kinematic

25

H(gg ~H,bbH)

18

02f
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16
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08l
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04l

[ 68% cL obs. [ 95% L obs.
+ Best fit

’ Expected for 125 GeV SM Higgs boson

regions with 0 or 1 jet and low Higgs boson pr.

The correlation matrix for the fit with 9 POlIs is shown in Fig. 5.31. The "> 2

Jet" shows clear anti-correlation with the "Rest", ”pjTl > 200 GeV" and "V(qq)H
Topology" subcategories, which for their part are correlated.
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Figure 5.30 — Results of the maximum likelihood fit to the data, for a model with 9 signal
strength parameters, as discussed in Section 5.10. Also shown are the results from
an inclusive fit with separate signal strength parameters for the gg — H, bbH and
VBF+V(¢qq)H production processes. The ttH and VH production modes with
leptonic V decays have a negligible effect on the shown results and are not included
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as signal [12].
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Figure 5.31 — Correlation matrix of the maximum likelihood fit with 9 signal strength param-

eters, as discussed in Section 5.10. The corresponding fit results are shown in
Figure 5.30 [12].
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CHAPTER 6

SEARCH FOR ADDITIONAL NEUTRAL
MSSM Hices BOSONS IN THE 77 FINAL
STATE

“When bad habits become a habit,

you have to turn over a new leaf.”

— THE 13% Lives orF CAPTAIN BLUEBEAR

In this chapter, a search for additional neutral Higgs bosons in the 77 final state
is presented. The measurement is based on proton-proton collisions recorded in
2016 by CMS at a centre-of-mass energy of 13 TeV, corresponding to an integrated
luminosity of 35.9fb™". In this search four different 77 final states, ep, ery, iy,
and 7,7y, are studied.

The author performed the analysis in the er,, pu7,, and 7,7, final states and es-
timated the backgrounds arising from quark or gluon jets that are misinterpreted
as hadronic 7 lepton decays with the fake factor method. The presented work has
been published in Ref. [13].

This analysis has been performed before the measurement presented in Chapter 5.
As a consequence, differences, especially concerning the fake factor method, do not
describe improvements but outline the differences of the implementation that was
used for the search of additional neutral MSSM Higgs bosons with respect to the
description in Chapter 5.

6.1 Introduction

As described in Section 2.2, the Higgs sector in the MSSM contains two Higgs
doublets, which leads to five physical Higgs bosons. At leading order, the cou-
plings of the heavy scalar H and the pseudoscalar A to down-type fermions are
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

enhanced by tan 8 with respect to the SM Higgs boson. The higher experimental
sensitivity of the Higgs boson decay to 7 leptons with respect to the decay to b
quarks and higher rate compared to the decay to muons renders this decay mode
the most suitable for the search for additional Higgs bosons at intermediate and
high values of tan .

Searches for additional heavy neutral Higgs bosons in the context of the MSSM
have been conducted in e"e” collisions at LEP [147] and proton-antiproton colli-
sions at the Tevatron [148-151]. The ATLAS and CMS collaborations performed
searches for the Higgs boson decay to b quarks [152, 153|, to muons [154, 155]
and to a pair of 7 leptons [154, 156-161| using data collected during LHC Run 1.
Figure 6.1 shows a summary of selected analyses carried out by CMS in the MSSM
m4" scenario and the hMSSM scenario. Searches where an MSSM Higgs boson
decays into a pair of 7 leptons cover the largest area in the tan /—m, phase space.
In the m{™*" scenario at low values of m, the HX — 7 search excludes all tan 3
values. For the hMSSM the low mass region is excluded by the 125 GeV Higgs

boson measurements.

CMS Preliminary <5.1 6" (7 TeV) +<19.7 fo" (8 TeV) CMS Preliminary <5.1 " (7 TeV) +<19.7 fo (8 TeV)

60

@ = j o
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Figure 6.1 — Summary of selected CMS analyses that have been performed on LHC data col-
lected until the end of 2012 in the MSSM m ™" scenario (a) and hMSSM (b) [162].

The analysis presented in this chapter is conducted at a centre-of-mass energy of
13 TeV, which enables the search to probe higher Higgs boson masses compared
to the searches performed at 7 and 8 TeV during Run 1.
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6.2 Dataset and Samples

In Section 6.3 the event selection in the respective H — 77 final states is intro-
duced. The categorization used to increase the sensitivity of the search and the
methods used for background estimation are described in Sections 6.4 and 6.5.
The data-to-simulation corrections, the uncertainty model and the procedure to
extract a signal are introduced in Sections 6.6-6.8. Finally, in Section 6.9, the

results of the measurements are presented.

6.2 Dataset and Samples

Several MC event generators are used to generate signal and background events.
The simulation of the ggF signal process is done at LO precision using PYTHIA
8.212 [163]. The modelling of the Higgs boson py spectrum is improved by
reweighting it to NLO precision using POWHEG [106-111]|. This is done by sepa-
rately calculating the pp spectra for the contributions from the t quark, b quark
and the tb interference term to the initial loop, as discussed in [164-166], and
combining the individual contributions according to their contribution to the to-
tal cross section for a given set of model parameters in the interpretation step. The
production of a Higgs boson in association with b quarks is simulated using MAD-
GRAPH5 aMCQNLO [167] at NLO precision. The production of an Higgs boson
with 125 GeV via gluon fusion, vector boson fusion (VBF), or in association with a
vector boson (VH, with V either Z or W) is simulated using POWHEG. Single t and
tt background samples are generated at NLO precision using POWHEG 2.0. The
diboson production processes are simulated using MADGRAPH5 aMC@NLO [112,
113] at NLO precision. W+jets events and events from Drell-Yan in the ee, pu
and 77 final state are generated at LO precision with MADGRAPH5 aMCQNLO.
To increase the number of simulated events in regions of high signal purity ad-
ditional samples with up to four outgoing jets are generated for the W-jets and
Drell-Yan processes.

The NNPDF 3.0 [115] parton density functions with the underlaying event tune
CUETP8M1 [116] are used for the generation of all signal and background pro-
cesses. Hadronic showering and hadronization, 7 lepton decays as well as ad-
ditional interactions according to the expected pile-up distribution are modelled
using PYTHIA [114]. All generated events are passed through a simulation of the
CMS detector based on GEANT4 [83]. Drell-Yan, W+jets, tt and single t events
in the tW-channel are normalized to their respective cross-section calculated at
NNLO precision [117-119|. Diboson events and single t events in the t-channel
are normalized to their cross section at NLO precision or higher [119-121].
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

6.3 Event Selection

A similar strategy as described in Section 5.3 is used for the event selection from
data recorded during the 2016 data-taking period by CMS and utilized in this
analysis. The purpose of the selection is to identify events in the eu, ey, u7,, and
T, Ty, final states. This includes the vetoes introduced to reduce events with extra
electrons and muons, and events from Z/y" — ee and Z/y" — pp. The specific
selection criteria for the individual leptons in each final state are described in the
following.

6.3.1 Event Selection in the ey Final State

In the e final state events are selected using two trigger items that require the
presence of an electron and a muon. The electron is required to have pp > 13 GeV
and |n| < 2.5 and the muon pp > 10GeV and |n| < 2.4. To avoid events in the
lower part of the trigger turn-on curve being selected when the event only passes
one trigger the higher-p trigger object is required to have pp > 24 GeV. Both
leptons are required to be associated to the PV within d,, < 0.045cm in the trans-
verse plane and d, < 0.2cm along the beam axis. Furthermore, the electron and
muon are required to be separated by AR > 0.3, have opposite charge and need
to be isolated according to I°{" < 0.15(0.2). The working points of the electron
MVA identification discriminator used in this analysis have an identification effi-
ciency between 80 % and 90 %. For muons the medium identification criteria [122]
is used.

6.3.2 Event Selection in the er,, and p7, Final State

In the semi-leptonic channels events are selected by using a single-lepton trigger

which requires the presence of one electron (muon) in the er, (u7,) final state.

The 7, candidate is required to have pp > 30GeV and || < 2.3. It needs to
be reconstructed by the HPS algorithm and pass the Tight working point of
the 7,, MVA identification discriminant. Furthermore, it is required to pass the
Tight (VeryLoose) working point of the anti-electron discriminator and the Loose
(Tight) working point of the anti-muon discriminator in the er, (u7,) final state.
Finally, the 7, candidate needs to be associated to the PV along the beam axis
within d, < 0.2 cm.

In the p7,, channel the muon and the 7, need to be separated by AR > 0.5 and
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6.4 Categorization

have opposite charge. The muon is required to have pp > 23 GeV and |n| < 2.1.
Furthermore, it should pass the medium identification requirements and needs
to be associated to the PV within d,, < 0.045cm in the transverse plane and
d, < 0.2cm along the beam axis. It is also required to be isolated according to
I'', < 0.15 as defined in Section 4.2.3 using a cone size of AR = 0.4.

Like the muon in the p7, channel the electron in the er, channel is required
to be separated from the 7, by AR > 0.5 and needs to have opposite charge.
The py threshold is set to pp > 26 GeV and the electron is required to be within
In| < 2.1. The electron needs to pass the 80 % working point of the electron MVA
identification with an isolation of Iy} < 0.1 within a cone size of AR = 0.3. Finally,
it needs to be associated to the PV within d,, < 0.045cm and d, < 0.2cm.

6.3.3 Event Selection in the =, 7, Final State

The trigger items used to select the events in the 7,7, final state require the
presence of two 7, candidates. Both candidates are required to have pp > 40 GeV,
In| < 2.1 and should pass the Medium working point of the 7, MVA identification
discriminant. The 7, candidates need to be separated by AR > 0.5, be of opposite
charge and need to be associated to the PV within d, < 0.2cm. To suppress the
misidentification of electrons and muons as hadronic 7 decays the anti-electron
and anti-muon discriminants are applied with the VeryLoose and Loose working

points, respectively.

6.4 Categorization

All events that satisfy the selection described in Section 6.3 are categorized to
increase the sensitivity of the analysis. Events with at least one b-tagged jet with
pr > 20GeV and |n| < 2.4 are combined into a global b-tag category, targeting
the Higgs boson production in association with b quarks. All other events are
combined into a global no b-tag category, targeting the production via gluon fu-
sion. Events in the eu final state are split in three subcategories, as shown in
Table 6.1, based on the D, variable [123|. The D, distribution in the ey chan-

Low-D, ‘ Medium-D, ‘ High-D,
—50GeV < Dy < —10 GeV ‘ —10GeV < D, < 30 GeV ‘ D; > 30 GeV

Table 6.1 — Categories based on the D, variable used in the ey channel.
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nel with the definition of the subcategories is shown in Fig. 6.2a. The region in
which most signal events are located for all masses tested is the Medium-D, region.

The ety and p7, final states are split in two categories based on the transverse
mass mp, as shown in Table 6.2. The mf4 distribution in the w7, channel is

Tlght-mT ‘
mh < 40GeV | 40GeV < mf < T0GeV

Loose-m

Table 6.2 — Categories based on the transverse mass mgf, with £ = e, u, used in the e} and

(T4, channel.

shown in Fig. 6.2b. The bulk of the signal events, especially for the low-mass
hypothesis, falls in the Tight-my region, while the Loose-m region increases the
signal acceptance for the high-mass hypothesis. Events in the 7,7, channel are
only split according to the number of b-tagged jets.

e 35.9fb " (13 TeV) W, 35.9 fb™ (13 TeV)
> R R R R R RS R R R R > R R I R S SR R
@ 60000 B [0}
[0} CMS ¢ Data 0] CMS ¢ Data
= [Jz-w 10 25000 [Jzow n
50000} ] Iz ] P [ Jetr,
2 , LowD, _’f‘_’d'”m’D;: [ Electroweak S Tight-m.  Loose-m;  [[I]Z—uy
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Figure 6.2 — Observed and expected distribution of D in the e (a) and mf in the 7y chan-
nel (b). The regions indicated with the dashed vertical lines correspond to the
subcategorization as defined in Tables 6.1 and 6.2. The distributions are shown
without displaying the shape altering uncertainties and before the fit for the signal
extraction [13].

Fig. 6.3 shows the categorization scheme for all four final states as utilized for the
statistical inference of the signal. In addition to the signal categories, two control
regions, one enriched in tt events and one enriched with Z — up events, are used
to constrain the normalization of the tt and Z — 77 backgrounds.

128


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

6.5 Background Estimation

Z = pp |

oo
I:I Signal region (SR)

Control region

H—7r— mnm |

No b-tag | b-tag
H—7mr— e Low-D¢ | Medium-D; || High-D, | Low-D¢ | Medium-DCH High-D¢
H— 71 —en h | Loose-mp Tight-mt | Loose-mnr Tight-mp
H—7m7r— WTh | Loose-mrp || Tight-mr |

Loose-my | | Tight-m |

Figure 6.3 — Schematic overview of all subcategories that are used for the statistical inference
of the signal. In total there are 16 signal categories complemented by three back-
ground categories [13].

6.5 Background Estimation

Table 6.3 shows a list of all background processes contributing to the event se-
lection with the corresponding estimation technique given for each final state. In
all four channels the Z — 77 process is a dominant background since it decays
to two genuine 7 leptons and is, without sensitivity to CP-eigenvalues or spin in
the analysis, only distinguishable from the signal via the difference in mass of
the associated bosons. In the er,, u7, and 7,7, channels several backgrounds
have in common that either a electron or muon is misidentified as 7, candidate
which is labelled as "¢ +— 7" with ¢ = e, u. This includes events from Z — £/,
tt, single t and diboson (WW, WZ and ZZ) production. Additionally, a frac-
tion of events from tt, single t and diboson production contains genuine hadronic
7 decays and is labelled as "7 — 7.,". The backgrounds listed above are es-
timated using simulated events complemented with dedicated control regions to
constrain the normalization of Z — 77 and tt events. Another dominant source
of backgrounds in the final states including a 7, candidate is due to jets that
are misidentified as 7, candidates. The corresponding processes are labelled as
jet — 7, and are estimated using the Fy method. These are in particular events
from W+jets and QCD multijet production but also events from tt and diboson
production. The implementation of the Fy method that is used in this analy-
sis is described in Section 6.5.1. In the ep channel the shape and normalization
from QCD multijet production is estimated from a CR in data, as described in
Section 6.5.2.
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

Background process Misidentification ep ety  puTy,  ThTh
H — 77 (SM) MC MC MC MC
Z =TT Mct Mct Mch Mc!
Wjets MC  Fx  Fr  Fp
QCD multijet production CR Fr Fr Fr
Jet — 7 F F F

Z — U bomMe 0 T
0= Ty MC MC MC

Jet — 7 K K K

Diboson-+single t ! b MC F ! !
T/l — T} MC MC MC

_ Jet — 7 K K K
£t boooMct P TP TE
T/l — Ty, Mch Mch Mt

T Normalization from a control region in data.

Table 6.3 — Background processes contributing to the event selection labelled with the corre-
sponding estimation method for each final state.. Processes labelled with “MC” are
estimated from simulation. The label “Fp” implies that the process is determined
from data using the fake factor method. The label “CR” implies that both the
shape and normalization of QCD multijet events are estimated from control regions
in data. Adapted from Ref. [13].

6.5.1 Fake Factor Method

The idea and application of the Fy method used to estimate the backgrounds
arising from jets that are misidentified as hadronic 7 decay in the er,, u7, and
TnTn channels has been discussed thoroughly in Section 5.6.2. However, there
are small differences in this analysis compared to the implementation used in
Chapter 5. This concerns the binning of the fractions f; and the binning of the
raw Fy. Furthermore, there are minor differences in the definition of the DRgcep

as well as the corrections applied to the FF?{.

Difference of the Fake Factor Measurement

The first difference is related to the binning of the measured Fyt. As introduced in
Section 5.6.2, the raw F} are measured as a smooth function of the 7, transverse
momentum and as a function of jet multiplicity. In this analysis, the Fjt are also
measured as a function of the 7, decay mode (1-prong and 3-prong).
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6.5 Background Estimation

A second difference is the definition of the DRqcp in the er) and p7y, final states
for the Fyt measurement . In this region, an additional requirement on the trans-
verse mass m4 is applied. For the sake of completeness, all DRqcep requirements
that differ from the selection in the SR, as defined in Section 6.3.2, are listed:

e The electric charges of the 7}, candidate and the light lepton are required to
be the same.

e The relative lepton isolation has to be in the range 0.05 < Iril < 0.15.

e Events are required to have a transverse mass mf} < 40 GeV.

Difference of the Fake Factor Corrections

All corrections are derived using the same procedure as described in Section 5.6.2.
A minor difference is that the data-to-simulation scale factors for the FptE are not
measured inclusively but as a function of the 7, decay mode. The corresponding
numbers are given in Table 6.4.

2016 | 1-prong 3-prong
ety 0.68 0.82
Wy 0.81 0.74

Table 6.4 — Data-to-simulation ratio for the tt fake factors in er, and pt,,.

Difference of the Measurement of the Background Composition

Another change concerns the event selection applied in the AR in the 77, chan-
nel. Since the Medium working point of the 7, ID discriminant is applied in the
SR events are required to pass the VeryLoose but fail the Medium working point
to be selected in the AR.

The procedure to measure the background composition in the AR and the appli-
cation are identical to the instructions in Section 5.6.2. The difference is that the
obtained fractions are measured as a function of the 7, transverse momentum and

the 7, decay mode.
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

6.5.2 Estimation of QCD Multijet Production in epu

The QCD multijet background in the ey final state is estimated from a control
region (CR) with the same selection as in the signal region (SR) but requiring
the electron and muon to have the same electric charge. The yield in the SR is
estimated by applying same-to-opposite charge transfer factors on data in the CR,
from which any non-QCD contribution is subtracted using simulation.

The transfer factors are measured in a sideband region (SB) without event cate-
gorization, where both leptons satisfy a relaxed isolation requirement of [rf;l <04
and at least one lepton does not satisfy the isolation requirement in the SR but
015 < Ig <04 or 02 < I%

el < 0.4 instead. They are measured as a function

of the pr of the two leptons and their spatial separation AR(e, ). Corrections
are applied to account for differences between the transfer factors in the exclu-
sive event categories and the inclusively measured factors in the SB. Finally, a
correction is applied to account for differences in the SR and SB.

6.5.3 Estimation of Backgrounds from Simulation

All backgrounds that are not estimated with the methods described in Sections 6.5.1
and 6.5.2 are estimated via simulation. To improve the data-to-simulation agree-
ment several corrections are applied on the individual processes. Furthermore,
Z — pp and tt control regions are used to improve the modelling of Z — 77 and

tt, respectively.

The uncertainty on the Z — 77 normalization is constrained by including a
Z — pp control region (CR) in the maximum likelihood fit. To correctly account
for normalization effects of systematic uncertainties the Z — ppu yield is correlated
with the yield of Z — 77. For this purpose, a similar event selection as discussed
in Section 6.3.2 is used, however, the most isolated ppu pair is selected. The muon
with the highest transverse momentum is required to satisfy py > 24 GeV and the
other pff > 10GeV. Furthermore, the invariant mass of the di-muon system is
required to be within the range 70 GeV < m, < 110 GeV. To align the CR with
the categorization in the SR the selected events are further divided in a b-tag and
no b-tag category. This selection leads to a purity of Z — upu events of about
88 % in the b-tag and 99 % in the no b-tag categories.

The tt normalization in all categories of the ey channel as well as the normalization
of the tt decays to genuine 7 leptons in the remaining channels are correlated
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6.6 Data-to-Simulation Corrections

with the tt normalization in this CR. This may be exploited to constrain the
normalization of tt in all final states. This CR contains eu events that pass
the event selection outlined in Section 6.3.1 and two additional requirements of
D, < =50GeV and PP > 80 GeV. This selection leads to a high purity region
in which 85 % of the selected events originate from tt.

6.6 Data-to-Simulation Corrections

The corrections to improve the agreement between data and simulation are to
a large extent identical to the corrections applied on the 2016 dataset listed in
Section 5.7. Not applied in this analysis are the corrections due to prefiring and
the reweighting on the SM Higgs boson produced via gluon fusion.

The correction to the 7, energy scale for events in which an electron is misidentified
as 7, is derived specifically for this analysis and differs from the one listed in
Table 5.6. Furthermore, no correction has been derived for y1 — 7,. All corrections
to the 7, energy scale applied in this analysis are shown in Table 6.5.

Corrections for 2016 in % | 1-prong  l-prong-+1 7 3-prong
T — Ty —-05+£1.2 1.1£1.2 06+1.2
e Ty 24+0.5 76+£1.0 —
[ Ty — - -

Table 6.5 — Corrections to the 7, energy scale. The correction is derived for genuine 7, decays,
and events where an electron or muon is misidentified as 7, candidate.

6.7 Uncertainty Model

The uncertainty model used for the statistical inference of the signal comprises
theoretical, experimental and statistical uncertainties. Systematic uncertainties
are implemented in the form of nuisance parameters in the likelihood [141], which
can be further constrained by the fit to the data. A summary table of the dominant

systematic uncertainties is given in Table 6.6.

6.7.1 Normalization Uncertainties

Luminosity
The uncertainties in the integrated luminosity amounts to 2.5 % [142].
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

Background cross section

An uncertainty in the background cross section of the W+jets, single t and
diboson production contribution estimated from simulation is included. No
theoretical cross section uncertainty is included for Z — pp and tt due to
the inclusion of the respective control regions.

Electron and Muon identification, isolation and trigger efficiency
The uncertainties in the measurement of the identification, isolation and
trigger efficiencies for both electrons and muons amount to 2%, adding all

individual contributions in quadrature.

T, identification and trigger efficiency

The uncertainties for the 7, identification efficiency is factorized into a cor-
related and uncorrelated part across the final states. It amounts to 4(8) %
in the correlated and 3(6) % in the uncorrelated part for the er), and ury,
(7,7n) channel. A 7% uncertainty is added to the uncorrelated part in
the 7,7, final state to account for the uncertainty in the trigger efficiency

measurement.

e — 7, and p — T, misidentification rate

Uncertainties are included in the et u7, and 7,7, final states for the corre-
sponding simulated Z — ¢¢ events in which one light lepton is misidentified
as 7, candidate. The uncertainty amounts to 11(3) % in the ety (7,7},)
channel for the e — 7 misidentification rate and 12(5) % in the p7y, (7,7)
channel for the p +— 7, misidentification rate.

Response and resolution of the pp'ss

Uncertainties are included for Z — ¢¢ and W+jets production as well as
all signal processes, and they are derived as part of the determination of
the recoil corrections. They range from 1% to 5%. For backgrounds from
simulation for which no recoil corrections are included, jet energy scale and

miss

unclustered energy scale variations are propagated to the pr

Jet energy scale and b tagging efficiency

An uncertainty in the jet energy scale is included for all processes estimated
from simulation and affects the number of events entering each category.
It ranges from 1% to 6% depending on the final state and subcategory.
Similarly, uncertainties ranging from 1% to 5 % are included on the efficiency
of the b tagging discriminator.
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6.7 Uncertainty Model

QCD sideband extrapolation

An overall uncertainty of 30% due to the extrapolation from the control
region to the signal regions is included. Additionally, category-dependent
uncertainties in the measurement of the transfer factors are included, ranging
from 4 % to 29 %

Signal acceptance of b-associated production

Uncertainties due to the renormalization and factorization scales, and of
the internal generator matching scale (g, related to parton showering to
account, for the acceptance of signal events produced in association with b
quarks [11].

PDF uncertainty

Uncertainties due to different choices of the factorization and renormaliza-
tion scales in the signal predictions are included in the parameter scan of
the model interpretations. They are calculated based on the choice of the
parton distribution functions following the recommendation in Refs. [168,
169].

SM Higgs production cross section
Uncertainties on the calculation of the production cross section of the SM
Higgs boson due to different choices of the factorization and renormalization

scales for the calculation.

6.7.2 Shape Uncertainties

T, energy scale

Independent uncertainties, each amounting to 1.2 %, are included for the 1-
prong, 1-prong+7° and 3-prong decay modes of the 7y, candidate. A similar
uncertainty of 0.5% to 1%, depending on the 7, decay mode, is included
for the Z — ee process in the et channel where an electron is misidentified

as Ty.

Electron energy scale
An uncertainty on the electron energy scale is included in the ep final state.
The uncertainty is 1% in the barrel region and 2.5 % in the endcap.

Top quark p reweighting
The maximum shape variations on the reweighting procedure, as described
in Section 5.7, are obtained by not applying the weighting or by applying it

twice.
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

Drell-Yan shape reweighting

In total five uncertainties are included to address the uncertainty in the
Drell-Yan shape reweighting, which is discussed in Section 5.7. The uncer-
tainties are comprised of three non-negligible statistical uncertainties when
deriving the correction, one uncertainty due to the muon energy scale and

one uncertainty in the tt cross section.

Extrapolation of the 7, identification efficiency to the high-py regime
The 7, identification efficiency is derived close to the Z boson mass peak
in a low-pp 7, regime. To account for the extrapolation to the high-py
regime a pp dependent uncertainty with +1o variations of 5% x pp [TeV]
and —35 % x pr [TeV] is included.

jet — e and jet — p misidentification rate

In the ep channel uncertainties depending on the jet pr with a minimum of
13(10) % are included to account for the uncertainty on jet — e (jet — pu)
misidentification rates.

6.7.3 Fake-Factor-specific Uncertainties

Statistical uncertainties on the fake factor

Statistical uncertainties in the measurement of the Fj in the DR; obtained
from the uncertainty of the fit. They are uncorrelated except for the un-
certainty on FFtE, which is correlated between the er) and p7y, final state.
They amount to 4 % in the pu7, channel and range between 4 %—7 % in the
ey, and between 2 %-3 % in the 7,7, channel.

Corrections to the QCD multijet fake factor
The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter per final state:
e Uncertainty of the non-closure correction, as a function of m..

e Uncertainty on the correction function for 1.5 in the ety and p1, chan-
nel or on the py of the other 7, candidate in the 7,7, channel.

e Uncertainty on the correction function for the extrapolation from the
same-to-opposite charge region.

Corrections to the W +jets fake factor
The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter in the er, and p7, channel:
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6.8 Statistical inference of the Signal

e Uncertainty of the non-closure correction, as a function of m.,.

e Uncertainty on the correction depending on the transverse mass.

Corrections to the tt fake factor
The following uncertainties are added quadratically, leading to one addi-

tional nuisance parameter in the er, and p7, channel:
e Uncertainty of the non-closure correction, as a function of m..

e Uncertainty on the data-to-simulation correction factors

Background composition in the AR
Systematic uncertainty on the fraction of W/Z+jets and tt events with one
misidentified 7, candidate in the AR, adding two nuisance parameters for

the 7,7, channel.

Subtraction of genuine 7 background in the AR
Systematic uncertainty due to the subtraction of genuine 7 backgrounds in

the AR, which is correlated across categories.

6.8 Statistical inference of the Signal

The statistical inference of the signal is based on the total transverse mass dis-
tributions in the categories described in Section 6.4. The total transverse mass,
me* [158], is defined as

"n1’:15‘)t = m%‘ (7—17 7-2) + m’zI‘ (7-17 p$iSS) + mgf (7-27 p$iss>v (61)

where the pair (r;,7) can be (e, ), (e,7y,), (i, 7,) or (71, 71). The transverse

mass mp between two objects (i, j) is given by:

ma(i, j) = \/2pk po [1 — cos A6 (i, )] (6.2)

In Figs. 6.4 and 6.5 the distributions of m/ " in the most sensitive subcategories
for all four final states are shown. The distribution of m/" in the remaining sub-
categories can be found in Appendix B.1. The stack of filled histograms in the
top panel of each subfigure represents the expectation of the background esti-
mation model as described in Section 6.5. Each filled histogram corresponds to
the estimated template distribution for a given process. The template labelled
as "Jet — 7," comprises events from W+jets, tt and QCD multijet production,
which are estimated using the Fy method. The remaining contributions from
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

Uncertainty ey eTy UTy  TpTh Process Shape  Variation
Integrated luminosity v oV v v MC — 2.5%
signal acceptance v v v v Signal — 3.2-16.5%
v Vv v v Signal — 15-25%
PDF/scale v v v v SMHgs —  0532%
Jet energy scale v v v v MC — 1-6%
b tagging v v v MC — 1-5%
pro resp. /res. v Y v v MC — 1-5%
v v v v Diboson — 5%
Bkgr. in signal categories v/ v v v single t — 5%
v o —  — — Wjets — 4%
. — v v — — 3%
Bker. in DRoop Wijets v MC — 4%
v v v v Z — 71T — 1-7%
. . v Vv v v Z — 00 — 4%
Sideband extrapolation v v v v +T - 1%
v o —  — — QCD — 4-29 (30)%
. . . v v — — — 2%
e/u-trigger, ID, isolation ;s v o MC o 9%
. - v - — — 11%
e — 7y, mis-ID - v Z — ee - 3%
) — — v — — 12%
@ — 7y, mis-ID - o v 7 = up o 5%
T, -trigger - - = v MC — %
— Vv v — — 3(4)%
7,-ID T, MC B 6 ()%
7,-ID (high pr) — v v v MC v pr dep.
T,, energy scale — v v v MC v 1.2%
e — T, energy scale — v — — Z — ee v 0.5-1.0%
e energy scale v - — — MC v 1.0-2.5%
Jet — e mis-ID v - — — MC v 13%
Jet — p mis-ID v o - — — MC v 10%
Top quark pr reweighting v v v v tt v 100%
Z reweighting of LO MC v v v v Z — 171,00 v See text
' — v — — v 4-7%
Fy stat. uncert. —  — v — Fr v 4%
— = — v v 2-3%
‘ — v — — v 7-10%
Fy corrections - — v — Iy v 5-7%
—_ = — v v 10%

Table 6.6 — Overview of the systematic uncertainties used in the likelihood model for the statis-
tical inference of the signal. The label “MC” refers to all processes that are obtained
from simulation, the label “ Fy” refers to all backgrounds that are obtained from the
fake factor method. Values in parentheses correspond to additional uncertainties
correlated across final states or event categories. Detailed descriptions are given in
Section 6.7. Adapted from Ref. [13].
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6.8 Statistical inference of the Signal
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The distributions are shown after the fit to data. In all cases the most sensitive

tight-m1 event subcategory is shown. The gray horizontal line in the top panel of

each subfigure indicates the change from logarithmic to linear scale on the vertical

axis [13].
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distributions are shown after the fit to data.

For the ep final state the most

sensitive medium-D, event subcategory is shown. The gray horizontal line in the

top panel of each subfigure indicates the change from logarithmic to linear scale

on the vertical axis [13].
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6.9 Results

W +jets, single t and diboson production are subsumed in the template labelled
as "Electroweak". The bottom panel shows the ratio of the observed number of
events to the expectation from the background estimation. The shaded band in
the bottom panel and associated to the stacked histograms in the top panel cor-
responds to the combination of all shape-altering and normalization uncertainties
in all background processes. The vertical bars on the data points represent the

statistical uncertainties associated to the observed number of events.

For the statistical inference of the signal the analysis makes use of the likelihood
function that has been introduced in Eq. (5.12). A simultaneous maximum likeli-
hood fit to the m?" distributions in all final states and subcategories is performed
and the control regions designed to constrain the Drell-Yan and tt backgrounds
are included in the likelihood model. The signal extraction is performed under
the background-only and several signal-plus-background hypotheses to search for
excesses due to potential additional Higgs bosons, with the 125 GeV Higgs boson
included as background.

The data are interpreted in a model-independent way and also in terms of rep-
resentative MSSM benchmark scenarios. The model-independent interpretation
searches for a single resonance ¢ produced by gluon fusion (gg¢) or in association
with a b quark (bb¢). For each production mode 28 single resonances with mass
my between 90 GeV and 3.2 TeV are simulated. In the second interpretation, ex-
clusion contours in the ms—tan 8 plane for the m™*" and hMSSM benchmark
scenarios, as introduced in Section 2.2, are determined.

6.9 Resulits

The distributions in Figs. 6.4 and 6.5 are shown after an mhmOdJr signal-plus-

background hypothesis has been fitted to the data. The hypothesis corresponds to
my = 700 GeV and tan 8 = 20, with the expectation for a signal of three neutral
Higgs bosons shown in the my" distributions. No excess over the expected SM
background has been found in the investigated mass range between 90 GeV and
3.2TeV. Upper limits are set on the presence of a signal for the two discussed
production modes following the modified frequentist approach [170, 171]. In this

approach, a test statistic g,, which is based on the profile likelihood ratio defined
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Search for Additional Neutral MSSM Higgs Bosons in the 77 Final State

in Refs. [33, 172], is defined as:
£({k:H|ps(0,) +(0,))
£({k:|is(0;) +b(0,))

where the index of g, indicates that the fit to data has been performed for a fixed

g, = —2ln , with 0 < 4 < p, (6.3)

value of p. The hat in ji, éu and éﬂ indicates the respective maximum likelihood
best fit estimate. This test statistic is used to obtain 95 % CL upper limits [173]
on the product of the Higgs boson production cross section and the branching

fraction to 7 leptons.

For the model-independent interpretation of the data, 95 % CL upper limits are set
on the product of Higgs boson production cross section times branching fraction
for the decay into a 7 lepton pair. Separate limits, which are shown in Fig. 6.6,
are set on the production of a single resonance ¢ via gluon fusion or in association
with a b quark. The SM Higgs boson at 125 GeV is treated as background. Fur-
thermore, as described in Section 6.2, the p spectrum of the ¢ is reweighted to
NLO precision, which affects the sensitivity of the analysis at low masses where
the Higgs boson pr contributes significantly to the p of its decay products. The
limit for each production mode is determined by treating the normalization of
the corresponding other process as freely varying parameter in the fit that is per-
formed before the limit calculation. The expected limits range between 18 pb at
mg = 90GeV and 3.5fb at m, = 3.2TeV for gluon fusion and between 15pb at
mg = 90GeV and 2.5fb at m, = 3.2 TeV for the Higgs boson production in asso-
ciation with b quarks. In addition to the presented 95 % CL upper limits for each
production mode, a 2D likelihood scan as a function of the Higgs boson produc-
tion via gluon fusion, o(gg¢)B(¢ — 77), and the production in association with
b quarks, o(bb¢)B(¢ — 77), for the tested mass points is performed. Figure 6.7
shows the likelihood scan at a subset of six mass points.

The second interpretation of the data is in terms of exclusion contours for two
representative benchmark scenarios of the MSSM, the mhmOd+ and hMSSM, intro-
duced in Section 2.2. For this purpose, the simulated neutral Higgs boson signals
are combined into a multiresonance signal structure, comprised of the three neu-
tral Higgs bosons (h,H,A), expected from each of the benchmark scenarios for the
given values of my and tan 8. The data are fit for each value of m, and tan S un-
der the signal-plus-background and the background-only hypotheses. The utilized
test statistic differs slightly from the one introduced in Eq. (6.3). A fixed value
of 4 =1 is used in the numerator and a fixed value of ¢ = 0 in the denominator.
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6.9 Results
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Figure 6.6 — Expected and observed 95 % CL upper limits for the production of a single narrow
resonance ¢ with a mass between 90 GeV and 3.2TeV in the 77 final state for
the production via gluon fusion (gg¢, left) and in association with b quarks (bbe,
right). In the left panel the expected exclusion limits for the cases where (blue
continuous line) only the b quark and (red continuous line) only the t quark are
taken into account in the fermion loop are shown [13].

For a given value of m, and tan 3, u = 1 corresponds to the signal prediction and
1 = 0 corresponds to the background-only prediction, including the SM Higgs
boson as background process. The observed and expected exclusion contours for
the meCH and hMSSM scenarios are shown in Fig. 6.8. The excluded mass region
is extended by almost a factor of two compared to the previous publication from
the CMS collaboration [157] and reaches up to 1.6 TeV. For both the mj™*%" and
hMSSM scenarios, the exclusion contours extend down to tan 5 ~ 6 for the mass
region m, < 250 GeV, which is similar to the sensitivity of the previous publi-
cation. The reason why this analysis does not improve the sensitivity in the low
mass region is due to three main factors:

e The previous analysis used the fully reconstructed mass of the ditau sys-
tem as discriminating variable instead of m*. While m/ " provides more

sensitivity in the high mass region it gives less sensitivity for lower masses.

e The reweighting to NLO precision gives generally a softer p spectrum for
the Higgs boson production via gluon fusion, which dominates for low values

of tan § and leads to a smaller signal acceptance.

e Higher pr thresholds are needed at the increased instantaneous luminosity
due to the choice of single lepton triggers in the semi-leptonic channels. This
leads to a reduced signal acceptance.
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Figure 6.7 — Scan of the likelihood function for the search in the 77 final state for a single

narrow resonance ¢ produced via gluon fusion (gg¢) or in association with b quarks
(bbg). A subset of the tested mass points is shown, with the corresponding mass

m,, indicated at the top right of each panel [13].
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Figure 6.8 — Expected and observed 95 % CL exclusion contour in the MSSM m

mod+

h

(top) and

in the hMSSM (bottom) scenarios. For the mhm°d+ scenario, those parts of the
parameter space where m;, deviates by more then +3 GeV from the mass of the
observed Higgs boson at 125 GeV are indicated by a red hatched area [13].
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CHAPTER 7

CONCLUSIONS AND OUTLOOK

After the discovery of a particle compatible with the SM Higgs boson predictions
during the LHC Run-1 the experimental effort in the Higgs sector during LHC
Run-2 has been shifted towards precision measurements and searches for signa-
tures hinting at physics beyond the standard model, as discussed in Section 2.3.
The two analyses presented in this thesis are at the front of these efforts by tar-
geting the ey, ery, pu7y, and 7,7 final states of the Higgs boson decay into a pair

of 7 leptons.

In Chapter 5 the measurement of the pp — H — 77 cross section has been pre-
sented in various levels of differentiation. The measurement is based on proton-
proton collisions recorded in 2016 and 2017 by CMS at a centre-of-mass energy
of 13 TeV, corresponding to an integrated luminosity of 77.4fb™. This analysis
utilizes the 7-embedding technique and the F method, which allows to estimate
about 90 % of the background processes from data. A new method to differentiate
between signal and background has been implemented. It is based on an NN classi-
fication algorithm that splits the recorded data into several signal and background
categories, which are finally used to extract the signal and to constrain the back-
ground contributions. The inclusive measurement of the Higgs production cross
section times the branching fraction into 7 leptons results in o;,qB(H — 77) =
2.56 pb + 0.48 (stat) pb £ 0.34 (syst) pb. The inclusive signal strength is measured
as fline = 0.75J_r8ji§, which is 1.40 below 1, the value predicted by the SM. The
measurements split by the gg — H,bbH and VBF+V(¢q)H production modes
give o(gg — H,bbH)B(H — 77) = 1.11pb £ 0.81 (stat) pb £ 0.78 (syst) pb and
o(VBF+V(qq)H)B(H — 77) = 0.34pb + 0.08 (stat) pb £ 0.09 (syst) pb. Finally,
measurements in terms of simplified template cross sections have been presented,
which probe the kinematic properties of the Higgs boson production.

This analysis provides an intermediate result towards a measurement on the full
LHC Run-2 dataset. An additional purpose is to evaluate the performance and
establish the newly introduced NN classification approach in combination with
the data-driven background estimation methods. The NN approach is a powerful
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Conclusions and Outlook

analysis tool, however, there is room for further improvement towards a full LHC
Run-2 analysis. One item to be addressed is a revision of the observables used as
input to the NN as given in Table 5.2. This includes the pruning of variables that
have negligible impact on the classification task by exploiting the approach de-
scribed in Section 5.4.2 and aligning the input parameters between the individual
data-taking periods. Furthermore, apparent mismodeling of important discrimi-
nating parameters, e.g. my;, in 2017, needs to be investigated and corrected for to
avoid suboptimal performance. Another item is to use events from 7-embedding
and the Fp method for training in order to decrease the generalization error of
the classification task. Furthermore, the baseline selection, which is based on a
cut-based approach described in Ref. [10], may be optimized with focus on the
performance of the NN approach.

In Chapter 6 a search for additional neutral Higgs bosons in the 77 final state has
been presented. The measurement is based on proton-proton collisions recorded
in 2016 by CMS at a centre-of-mass energy of 13TeV, corresponding to an in-
tegrated luminosity of 35.9fb™!. No significant excess hinting at the presence of
additional neutral Higgs bosons was found in the investigated mass range. Upper
limits have been set on the cross section for the Higgs boson production via ggF
and in association with b quarks times the branching fraction to a pair of 7 lep-
tons. Furthermore, the results have been interpreted in terms of the mhmOdJr and
the hMSSM benchmark scenarios. The model-dependent interpretations exclude
additional neutral Higgs bosons below m, = 250 GeV for all tan § values and the

exclusion contours reach 1.6 TeV for tan § = 60.

A future search based on the full LHC Run-2 dataset can benefit from the ex-
cellent performance of the CMS detector during this data-taking period, which
in total recorded about 4 times the amount of data compared to 2016. Further
improvements are possible by exploiting additional 7, triggers in the e, , u7, and
7,71, final states. In the semi-leptonic channels the use of a lepton + tau trigger
gives access to kinematic regions with lower transverse momentum extending the
sensitivity in the low mass region. The use of a single tau trigger targeting 7 lep-
tons with large transverse momentum increases the signal acceptance in the high
mass region. Further improvement is possible with advanced analysis techniques

such as the NN approach described in Chapter 5.
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Appendix: Higgs Boson Production and Decay to the 77 Final State

A.1 Definition of Input Parameters

Parameter Definition

pr Transverse momentum of the leading 7 candidate.

P Transverse momentum of the sub-leading 7 candidate.

s Vector sum of the transverse momenta of the visible 77 decay
products.

Meyis Visible mass of the 77 system.

pr(jety) Transverse momentum of the leading jet.

n (jety) Pseudorapidity of the leading jet.

pr(jety) Transverse momentum of the sub-leading jet.

n (jets) Pseudorapidity of the leading jet.

Nie Number of jets with pp > 30 GeV.

pr(b jety) Transverse momentum of the leading b-tagged jet within || <
2.4.

pr(b jety) Transverse momentum of the sub-leading b-tagged jet within
In| < 2.4.

Ny et Number of b-tagged jets with pr > 20 GeV and within |n| <

SV
Prrr

SV
mrrr

2.4.
Missing transverse momentum as defined in Eq. (4.4).

Vector sum of the transverse momenta of the two leading jets
with pp > 30 GeV.

Mass of the di-jet system of the leading and sub-leading jet.

Mass estimate of the 77 system using the SVFIT algo-
rithm [174]. This algorithm combines the missing transverse

miss

momentum pr~ with the four-vectors of the visible 7 decay

products for a likelihood based mass estimate.

Transverse momentum estimate of the 77 system using the
SVFIT algorithm [174].

Transverse mass estimate of the 77 system using the SVFIT
algorithm [174].
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A.1 Definition of Input Parameters

7T+ miss

TTjj+miss

Pr

An;

max(mlp, my)

Th

Vector sum of the reconstructed 7 momenta and the missing

transverse momentum.

Vector sum of the reconstructed 7 momenta, the di-jet system

and the missing transverse momentum.

Relative distance in 7 between the leading and sub-leading
jet.
Transverse mass calculated with Eq. (5.1) using the recon-

structed transverse momentum of the muon and the missing

transverse momentum.

Transverse mass calculated with Eq. (5.1) using the recon-
structed transverse momentum of the electron and the missing

transverse momentum.

Transverse mass calculated with Eq. (5.1) using the recon-
structed transverse momentum sum of the electron and muon
in the ey channel and the missing transverse momentum.

Maximum of the transverse masses mf and my in the ey

channel.

Transverse mass calculated with Eq. (5.1) using the recon-
structed transverse momentum of the 7, candidate and the

missing transverse momentum.

Distance between the electron and the muon in the ey channel
using Eq. (3.2).

D, variable defined as in Eq. (5.2).

Table A.1 — Definition of the 28 parameters used as input to the neural network.
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Appendix: Higgs Boson Production and Decay to the 77 Final State

A.2 Fake Factors Measured for the 2016 Dataset

j, Ojet 35.9fb" (13 TeV) i, = 1jet 35.9fb" (13 TeV)
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Figure A.1 — The uncorrected fake factors as measured for the 2016 dataset in the DRgcp for
different jet multiplicities as indicated in the plots. Shown are the measurements
for ury, (top) and er, (bottom). The fake faktor dependency versus p is fit with
the sum of a Landau function and a polynomial of order one and set constant at

high pr.
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A.2 Fake Factors Measured for the 2016 Dataset

7,7, Ojet 35.9 fb” (13 TeV) T, = 1jet 35.9 fb” (13 TeV)
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g CMS ¢ Measured g CMS ¢ Measured
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Figure A.2 — The uncorrected fake factors as measured for the 2016 dataset in the DRqcp for
different jet multiplicities as indicated in the plots. Shown are the measurements
for 7, 7y,. The fake faktor dependency versus p is fit with the sum of a Landau
function and a polynomial of order one and set constant at high pr.
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Figure A.3 — The uncorrected fake factors as measured for the 2016 dataset in the DRyy 4 s for
different jet multiplicities as indicated in the plots. Shown are the measurements
for pu7y,. The fake faktor dependency versus pr is fit with the sum of a Landau
function and a polynomial of order one and set constant at high pp.
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Appendix: Higgs Boson Production and Decay to the 77 Final State
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Figure A.4 — The uncorrected fake factors as measured for the 2016 dataset in the DRy eqs for
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Figure A.5 — The uncorrected fake factors as estimated from tt simulation for the 2016 dataset.
The fake faktor
dependency versus pr is fit with the sum of a Landau function and a polynomial
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different jet multiplicities as indicated in the plots. Shown are the measurements
for ery. The fake faktor dependency versus pt is fit with the sum of a Landau
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of order one and set constant at high p.
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A.3 Fake Factor Corrections Measured for the 2016 Dataset

A.3 Fake Factor Corrections Measured for the

2016 Dataset
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Figure A.6 — W+jets mr correction: Observed over estimated W+jets background ratio as a

Correction

0.8

0.6

function of the transverse mass, obtained from simulation for the 2016 dataset.

The smoothed ratio and its statistical uncertainty are shown for ur, (left) and

eTy, (right).
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Figure A.7 — W+jets non-closure correction: Observed over estimated W +jets background ra-
tio in the my > 70 GeV, with b jet veto, as a function of m.;, for the 2016 dataset.
The smoothed ratio and its statistical uncertainty are shown for pur, (left) and

ety (right).
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Appendix: Higgs Boson Production and Decay to the T Final State
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Figure A.8 — tt non-closure correction: Actual over estimated background ratio from simulation,
as a function of my;, for the 2016 dataset. The smoothed ratio and its statistical
uncertainty are shown for p7, (left) and er, (right).
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A.3 Fake Factor Corrections Measured for the 2016 Dataset
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Figure A.9 — QCD multijet lepton correction: Observed over estimated QCD multijet back-
ground ratio in the same-sign region, as a function of the muon isolation (ut,
top left) electron isolation (e7,, top right) and the pr of the second 7, (7,7, bot-
tom left) for the 2016 dataset. The smoothed ratio and its statisitical uncertainty

are shown.
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Appendix: Higgs Boson Production and Decay to the T Final State
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Figure A.10 — QCD multijet non-closure correction: Observed over estimated background ratio
in the same-sign region with anti-isolated lepton, as a function of the visible
mass for the 2016 dataset. The smoothed ratio and its statisitical uncertainty
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are shown for ur, (top left), er), (top right) and 7,7, (bottom left).
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A.3 Fake Factor Corrections Measured for the 2016 Dataset
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Figure A.11 — QCD FF multijet opposite/same-sign correction: Observed over estimated mul-

tijet contribution in the opposite-sign region with Irf;l > 0.15 (w74, top left and

eTy,, top right) or when requiring the second 7, to pass the VeryLoose but not

the Tight 7, ID discriminant working point (bottom left), as a function of m.;

after applying special fake fators derived in the same-sign region for the 2016

dataset. The smoothed ratio and its statisitical uncertainty are shown.
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Appendix: Higgs Boson Production and Decay to the 77 Final State

A.4 Fake Factors Measured for the 2017 Dataset
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Figure A.12 — The uncorrected fake factors as measured for the 2017 dataset in the DRy 4 jets
with at least on jet in the event selection. Shown are the measurements for er,.
The fake faktor dependency versus pr is fit with the sum of a Landau function
and a polynomial of order one and extrapolated with a constant at high p.
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A.5 Fake Factor Corrections Measured in er,, for

the 2017 Dataset
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Figure A.13 — Shown are the QCD multijet lepton isolation (top left) non-closure correction
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(top right) and opposite/same-sign correction (bottom left) for the 2017 dataset

in er},. The smoothed ratio and its statisitical uncertainty are shown.
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Appendix: Higgs Boson Production and Decay to the 77 Final State

A.6 Background Categories for the 2016 Dataset
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Figure A.14 — Distributions of the NN output in the ztt (top left), qcd (top right), misc (bot-
tom centre) event categories, in the 7,7, final state. All distributions and un-
certainties are shown after the fit that has been applied to the 2016 dataset [12].
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A.6 Background Categories for the 2016 Dataset
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Figure A.15 — Distributions of the NN output in the ztt (top left), gcd (top right), tt (centre
left), db (centre right), st (bottom left), and misc (bottom right) event categories,

in the ey final state. All distributions and uncertainties are shown after the fit
that has been applied to the 2016 dataset [12].
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Figure A.16 — Distributions of the NN output in the ztt (top left), gcd (top right), tt (centre
left), z11 (centre right), wj (bottom left), and misc (bottom right) event cate-
gories, in the p7, final state. All distributions and uncertainties are shown after

(]
blio
nowledge

(]
|
rk

the fit that has been applied to the 2016 dataset [12].
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Figure A.17 — Distributions of the NN output in the ztt (top left), gcd (top right), tt (centre
left), z11 (centre right), wj (bottom left), and misc (bottom right) event cate-

gories, in the e, final state. All distributions and uncertainties are shown after
the fit that has been applied to the 2016 dataset [12].
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Figure A.18 — Distributions of the NN output in the ggH event category, in the ep (top left),

ety (top right), ur, (bottom left), and 7,7, (bottom right) final states, on the
2016 dataset. All distributions and uncertainties are shown after the fit that has
been applied to the data [12].
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Figure A.19 — Distributions of the NN output in the qqH event category, in the ey (top left),
eTy, (top right),) pur, (bottom left, and 7,7, (bottom right) final states, on the
2016 dataset. All distributions and uncertainties are shown after the fit that has
been applied to the data [12].
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Figure A.20 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for VBF+V(¢q)H in the ey final
state. Shown are the categories with VBF topology in bins of p%TmeiSS (top row)
and the event category with V(¢g¢)H topology, the “Rest” category and the event

category with p}t > 200 GeV (bottom row), on the 2016 dataset [12].

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

168


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

A.8 Stage-1 Signal Categories

ety qqH 35.9 i (2016, 13 TeV)
%\ 106 E CMIS T T T T T h T T T T T T |
o . Preliminary Dliai embedded EIJ?‘“‘n Oz-n
5 10 -+ Ot @@ piboson M Bkg.unc.
o =gg-HbbH  ==VBF+V(@aH ==\V(ep)H+tH
= 10'F - ¢ Data 4
%’ 10° -+ e
L2
Z 102
©

TTHMI

VBF topology p! *[0,25]

TTHMISS

VBF topology P, [25,0]

T T T
@ Data == gg- H+bbH+bkg. == VBF+V(qq)H+bkg. I Bkg. unc.

SE | L —l— | + i

4 "
1 i T
' ikl | S ARREN
05k . . . . . . . . . . .
0.25 0.50 0.75 0.25 0.50 0.75
NN output
et,, qqH 35.9 fb! (2016, 13 TeV)
= 10°F x +x
g_ CMS -1 embedded [Jaet-t, D@z
*5 10° Preliminary =+ -+ [t @@ Diboson [ Bkg. unc.
° ==gg-H,bbH ==VBF+V(qq)H == V(lep)H+ttH
zZ 10 - =+ ¢ Daa
P4
N
E -
g

V(qa)H topology Rest IiTl > 200
2F I ¥
[[® Data_— gg_-H+bbHibkg.___— VBF+V(qq)H+bkg. I Bkg. unc._ |
15F -9- x T
_+_

1 ¥ ’ = T -

05k + .l. —l—“‘ E
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

NN output

Figure A.21 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for VBF+V(¢¢)H in the er, final
state. Shown are the categories with VBF topology in bins of pp/ ™™ (top row)
and the event category with V(¢g¢)H topology, the “Rest” category and the event

category with plt > 200 GeV (bottom row), on the 2016 dataset [12].
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Figure A.22 — Distributions of the NN output in the event categories used for the determination
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Figure A.23 — Distributions of the NN output in the event categories used for the determination

of the stage-1 simplified template cross sections for VBF+V(gq)H in the 7,7,

final state. Shown are the categories with VBF topology in bins of p,

TTjj+miss

(top

row) and the event category with V(gq)H topology, the “Rest” category and the
event category with plt > 200 GeV (bottom row), on the 2016 dataset [12].
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Appendix: Higgs Boson Production and Decay to the T Final State
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Figure A.24 — Distributions of the NN output in the event categories used for the determination

of the stage-1 simplified template cross sections for gg — H,bbH in the ey final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of pi” ™™ on the 2016 dataset [12].
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Figure A.25 — Distributions of the NN output in the event categories used for the determination

of the stage-1 simplified template cross sections for gg — H,bbH in the er, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of p7 7™, on the 2016 dataset [12].
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Figure A.26 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H, bbH in the p7, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of p77 7™ on the 2016 dataset [12].
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Figure A.27 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H, bbH in the 7, 7, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of pi’ 7™ on the 2016 dataset [12].
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Figure A.28 — Distributions of the NN output in the event categories used for the determination
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of the stage-1 simplified template cross sections for VBF+V(¢q)H in the ey final
state. Shown are the categories with VBF topology in bins of p,
and the event category with V(¢gg¢)H topology, the “Rest” category and the event

TTjj+miss

category with p}t > 200 GeV (bottom row), on the 2017 dataset [12].
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Figure A.29 — Distributions of the NN output in the event categories used for the determination

of the stage-1 simplified template cross sections for VBF+V(¢¢)H in the er, final

state. Shown are the categories with VBF topology in bins of p,

7Tjj+miss

(top row)

and the event category with V(¢g¢)H topology, the “Rest” category and the event
category with p}t > 200 GeV (bottom row), on the 2017 dataset [12].
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Figure A.30 — Distributions of the NN output in the event categories used for the determination

M1, qqH 415 fo (2017, 13 TeV)
106 = T 3 T T T T
CMS -1 embedded [Jaet-t, Dz-n
10° Preliminary - @ @@ piboson I Bkg. unc.
= gg—H,bbH == VBF+V(qq)H == V(lep)H+tH
10 f k3 ¢ Data
10° 3
10*
10
1
107 THjmiss, Trjj+miss,
VBF topology P, [0,25] VBF topology p_ [25,0]
2F T T T T T T - T T T T
@ Data == gg- H+bbH+bkg. == VBF+V(qq)H+bkg. B Bkg. unc. ]
+ }
| S =
05 E L L L L L L =+ L L L L
0.25 0.50 0.75 0.25 0.50 0.75
NN output
Ht,, aqH 41.5 fb? (2017, 13 TeV)
10° F E 3
CM,S, 3 Du«{ embedded DJel«rh DZ«II
10° Preliminary =+ @ @@ piboson I Bkg. unc.
¥ ==gg-HbbH ==VBF+V(qq)H == V(lep)H+ttH
10" | =_I_l_'_ & ¢ Daa

V(qa)H topology Rest

1
P!> 200

[[® Data”_== gg— H+bbH-+bkg.

¥+
= VBFV(q@H+bkg. 1 Bkg.unc. ]

[ 1 +

0.25 0.50 0.75 0.25 0.50 0.75

of the stage-1 simplified template cross sections for VBF+V(¢¢)H in the u7, final
state. Shown are the categories with VBF topology in bins of p,
and the event category with V(¢gq)H topology, the “Rest” category and the event

5“_._ 4y +7|%
i 0.50 I

0.75
NN output

0.25

TTjj+miss

category with p}t > 200 GeV (bottom row), on the 2017 dataset [12].
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Figure A.31 — Distributions of the NN output in the event categories used for the determination

of the stage-1 simplified template cross sections for VBF+V(gq)H in the 7,7,

TTjj+miss

final state. Shown are the categories with VBF topology in bins of p/, (top

row) and the event category with V(gq)H topology, the “Rest” category and the
event category with plt > 200 GeV (bottom row), on the 2017 dataset [12].
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Figure A.32 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H,bbH in the ey final
state. Shown are the 0 Jet (top left), 1 Jet (centre row) , and > 2 Jet (bottom
row) event categories in bins of p7 7™ on the 2017 dataset [12].

180


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

A.8 Stage-1 Signal Categories

et,, ggH 41.5fb™ (2017, 13 TeV)
= 10° T T T T T T
a . CMS ) [CJn-tembedded []Jet-1, Ez-n
45- 10 Preliminary (G [l Diboson [ Bkg. unc.
o 105 ==gg-H,bbH == VBF+V(qq)H == V(lep)H+ttH
= ¢ Data
2w
g 10*
T a0
10?
10
.
1
0 Jet
2 T T T T T T
¢ Data == gg- H+bbH+bkg. == VBF+V(qq)H+bkg. [l Bkg. unc.
15
1] - - ¥ +
05 I I I L
0.25 0.50 0.75
NN output
et,, ggH 41.5 fb™ (2017, 13 TeV)
= 10°F E3 E3 E
a CMS [Ju-tembedded [Jet-t, Dz-n
5 10° | Preliminary * + Ot @@ piboson M Bkg.unc.
o = gg- H.bbH == VBF+V(qq)H == V(lep)H+tH
zZ 10* f -+ + @ Data 4
zZ ]
< w S —— } :
= Feq
% 10?2 k + = f T 3
10 | L 1 .
? | T
1
107
1 Jet p‘T"'“'SS[O,G()] 1 Jet p‘T“""‘SS[eo,lzo] 1 Jet p'T"m‘SS[IZO,m]
2F = =
¢ Data == gg--H+bbH+bkg. == VBF+V(qq)H+bkg. I Bkg. unc.
15F T T E
1 —— + |
T —t— |
05k 1 + _l'— . ]
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
NN output
et,, ggH 415 b1 (2017, 13 TeV)
= 10°F ¥ ¥ 3
g_ gr?ﬁiinar DE-I embedded [[JJet-1, Oz-n
S 10° b y + + O¢ @@ Divoson I Bkg. unc.
o ==gg-H,bbH == VBF+V(qq)H == V(lep)H+ttH
=z 10* f * + ¢ Data -
=z
.‘é’ 10° f T T 1
~
———
% 10° | — r . 3
10 3 k3 5
L ; ]
107 l
>2 Jet p'T‘*’“‘“[o,so] >2 Jet p‘T‘*’“‘“[eo.lzo] >2 Jet p‘T"m'SS[lzo,w]
2F T T E
[[e Data == gg— H+bbH+bkg. = VBF+V(qq)H+bkg. W Bkg. unc. ]
15F T T 3
05k =+ T
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
NN output

M Sibliothek,
Your knowledge hub

Figure A.33 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H,bbH in the er, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of pi’ 7™ on the 2017 dataset [12].
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Figure A.34 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H, bbH in the p7, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of p77 7™ on the 2017 dataset [12].
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Figure A.35 — Distributions of the NN output in the event categories used for the determination
of the stage-1 simplified template cross sections for gg — H, bbH in the 7, 7, final
state. Shown are the 0 Jet (top left), 1 Jet (centre row), and > 2 Jet (bottom
row) event categories in bins of pi’ 7™ on the 2017 dataset [12].
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Appendix: Additional Neutral MSSM Higgs Bosons in the 77 Final State

B.1 Distribution of my" in the Less Sensitive
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Figure B.1 — Distribution of m/" in the ey final state. The distributions are shown after the

fit to data. Shown are the low-D, (top) and high-D, (bottom) event subcategory.
The gray horizontal line in the upper panel of each subfigure indicates the change
from logarithmic to linear scale on the vertical axis [13].
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B.1 Distribution of m's" in the Less Sensitive Subcategories.
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Figure B.2 — Distribution of m'" in the er,, (upper row) and ur, (lower row) final states.
The distributions are shown after the fit to data. In all cases the loose-m  event

subcategory is shown. The gray horizontal line in the upper panel of each subfigure

indicates the change from logarithmic to linear scale on the vertical axis [13].

187


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

AR
BDT
BEH
BSM
CERN
CL
CMS
CP
CR
CSsC
CTF
DA
DR,
DT

EB
ECAL

HLT
HO
HPS

KF

LiIST OF ABBREVIATIONS

application region

Boosted Decision Tree
Brout-Englert-Higgs
beyond the standard model
European Organisation for Nuclear Research
confidence level

Compact Muon Solenoid
charge-parity

control region

Cathode Strip Chambers
Combinatorial Track Finder
Deterministic Annealing
determination region

Drift Tubes

ECAL Barrel
Electromagnetic Calorimeter
ECAL Endcap

effective field theories

Fake Factor

gluon fusion

Gaussian Sum Filter
Hadron Barrel

Hadron Calorimeter
Hadron Endcap

Hadron Forward

High-Level Trigger

Hadron Outer

Hadron Plus Strips
identification

Kalman Filter


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

List of Abbreviations

L1 Level-1

LEP Large Electron-Positron Collider
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