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Abstract

This thesis presents the first search for standard model (SM) Higgs boson decays
to muons produced in association with a top quark-antiquark pair, ttH (H — u*u™).
The analysis is based on proton-proton collision data recorded by the CMS experi-
ment at a center-of-mass energy of 13 TeV corresponding to an integrated lumino-
sity of 137fb~".

Signal events contain two oppositely charged muons and the decay products
of the top quark-antiquark pair. Therefore, events are selected based on the pre-
sence of one or more b quark jets. To fully exploit the topology of the top quark
decay, two event categories are defined which aim to identify either leptonic or
hadronic top quark decays. The leptonic category targets events with one or two
charged leptons in addition to the muon pair from the Higgs boson decay. In the
hadronic category, the top quark decay to three resolved jets is reconstructed using
a constrained kinematic fit combined with a multivariate discriminant based on
a boosted decision tree (BDT). Both event categories are individually optimized
using BDT-based multivariate discriminants which include several sensitive kine-
matic observables to distinguish the ttH (H — p*u™) signal from SM backgrounds.
The analyzed events are classified into subcategories according to the BDT out-
put score. A simultaneous maximum-likelihood fit is performed to the observed
dimuon mass distributions in all subcategories to quantify the presence of a po-
tential signal. The observed (expected) significance over the SM background pre-
diction for ttH (H — u*u™) is 1.20 (0.50). The corresponding best-fit value of the
signal strength, defined as the ratio of the observed signal rate to that predicted by
the SM, is flpg— ity = 2.327 752

This result contributes to a combination of four complementary Higgs boson
analyses. When combined with the analyses targeting the Higgs boson producti-
on via gluon fusion, via vector boson fusion, and in association with a vector bo-
son, an excess of events over the background prediction is observed in data with
a significance of 3.0 0, where the expectation for the SM Higgs boson is 2.50. The
combined signal strength, relative to the SM expectation, is fy_.,+,~ = 1.19¥033.
This result constitutes the first evidence for the Higgs boson decay to second ge-
neration fermions and provides the most precise measurement of the Higgs boson
coupling to muons to date. The results are compared to those of a recently publis-
hed analysis by the ATLAS Collaboration.






Kurzfassung

Die vorliegende Dissertation préasentiert die erste Suche nach dem Higgs-Boson
des Standardmodells (SMs) welches in Assoziation mit einem Top-Quark-Anti-
quark-Paar produziert wird, und in Myonen zerfillt, ttH (H — pu*u™). Die Analyse
basiert auf Daten, die mit dem CMS Experiment in Proton-Proton-Kollisionen bei
einer Schwerpunktsenergie von 13 TeV aufgezeichnet wurden und einer integrier-
ten Luminositit von 137 fb™'entsprechen.

Signalereignisse enthalten zwei entgegengesetzt geladene Myonen und die
Zerfallsprodukte des Top-Quark-Antiquark-Paares. Deshalb werden Ereignisse se-
lektiert, die mindestens einen b-Quark-Jet aufweisen. Um die Topologie des Top-
Quark-Zerfalls bestméglich zu nutzen, werden zwei Ereigniskategorien definiert,
die darauf optimiert sind, entweder leptonische oder hadronische Top-Quark-
Zerfdlle zu identifizieren. Die leptonische Kategorie zielt auf Ereignisse ab, die zu-
sdtzlich zu dem Myonen-Paar aus dem Zerfall des Higgs-Bosons ein oder zwei ge-
ladene Leptonen aufweisen. In der hadronischen Kategorie wird der Top-Quark-
Zerfall in drei Jets mit Hilfe eines kinematischen Fits und einer multivariaten Ana-
lyse basierend auf einem Boosted Decision Tree (BDT) rekonstruiert. Beide Ereig-
niskategorien werden individuell mit BDT-basierten multivariaten Analysen op-
timiert, die mehrere sensitive kinematische Observablen enthalten, um Signal-
von Untergrundereignissen zu unterscheiden. Die analysierten Ereignisse werden
entsprechend der Ausgabewerte der BDTs in Unterkategorien eingeordnet. Ein
Maximum-Likelihood-Fit an die beobachteten Verteilungen der invarianten Masse
des Myon-Paares wird in allen Unterkategorien durchgefiihrt, um die Stirke eines
potenziellen Signals zu quantifizieren.

Die beobachtete (erwartete) Signifikanz fiir ttH (H — u*u~) tiber der SM-Unter-
grundvorhersage betrdgt 1,20 (0,50). Die entsprechende, gemessene Signalstér-
ke, definiert als das Verhdltnis der beobachteten Signalrate zur im SM erwarte-
ten Rate, ist flpp—yy—) = 2,32“:%3;. Dieses Ergebnis trigt zu einer Kombination
von vier komplementdren Higgs-Boson Analysen bei. Kombiniert mit den Analy-
sen, die auf die Produktion eines Higgs-Bosons in Gluon-Fusion, in Vektor-Boson-
Fusion und in assoziierter Produktion mit einem Vektor-Boson optimiert wurden,
wird ein Uberschuss an Ereignissen in Daten mit einer Signifikanz von 3,00 beob-
achtet, wobei die Erwartung fiir das SM Higgs-Boson 2,5 o betrigt. Die kombinier-
te Signalstdrke, relativ zur SM Erwartung, ist fiy_, ,+,- = 1, 19f8ﬁ‘21. Dieses Ergebnis
ist der erste Nachweis fiir den Zerfall des Higgs-Bosons in Fermionen der zweiten
Generation und zugleich die bisher priziseste Messung der Kopplung des Higgs-
Bosons an Myonen. Diese Ergebnisse werden mit denen einer kiirzlich vertffent-
lichten Analyse der ATLAS-Kollaboration verglichen.
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Infroduction

The field of elementary particle physics is continuously evolving to elucidate the laws of na-
ture. Experimental progress in the past decades has allowed deep insights into the structure
of the fundamental constituents of matter and their interactions. This has been accomplished
based on the predictions made within the Standard Model (SM) of particle physics [1-4]. De-
veloped in the second half of the last century, the SM describes all known elementary particles
and three out of four fundamental forces combining the theories of electroweak and strong
interactions. So far it has predicted a variety of new elementary particles and successfully ex-
plained experimental results over a large energy range spanning from a few eV up to the TeV
scale.

Understanding the mechanism that spontaneously breaks electroweak symmetry and gener-
ates the masses of the SM particles remains one of the main objectives in particle physics. The
Brout-Englert-Higgs (BEH) mechanism [5-8] introduces a complex doublet scalar field whose
neutral component acquires a non-zero vacuum expectation value after electroweak symmetry
breaking (EWSB). This results in massive W* and Z gauge bosons, while the photon remains
massless. The fourth component of the complex doublet becomes a new, fundamental scalar
particle, the Higgs boson. The mechanism of EWSB, therefore, provides an explanation for
the observed masses of the W* and Z bosons [9-12], whereas the masses of all fermions are
free parameters of the theory. Fermions acquire a mass through Yukawa interactions with the
Higgs field where the coupling strength is proportional to the fermion mass. Apart from gen-
erating all particle masses, the BEH mechanism preserves the perturbative unitarity of the SM.
Without the Higgs boson, the amplitude of longitudinal vector boson scattering would diverge
at high energies [13-15]. Thus, the importance of the BEH mechanism for the consistency of
the SM cannot be emphasized enough.

The search for the postulated Higgs boson has been a leading motivation to build the Large
Hadron Collider (LHC), located at the European Organization for Nuclear Research (CERN).
After the experimental observation of the Higgs boson by the ATLAS [16] and CMS [17, 18]
Collaborations in 2012, several measurements of its properties and interactions with other
SM particles have been performed [19-28]. The first observation of a Yukawa coupling has
been accomplished by a combined result of the ATLAS and CMS Collaborations searching for
Higgs boson decays to 7 leptons in 2016 [29]. Two years later, the observation of the associ-
ated production of a Higgs boson with a top quark-antiquark pair has directly confirmed the
Yukawa coupling to top quarks [30]. With the observed Higgs boson decay to a bottom quark-
antiquark pair, the last remaining Yukawa coupling of the third generation fermions has been
validated [31]. The observed decays of the Higgs boson to the electroweak gauge bosons and



the charged fermions of the third generation have been found to be consistent with the SM ex-
pectation [32]. These results constitute that the major source of EWSB is indeed the postulated
Higgs boson.

Despite the agreement between experiments and theoretical predictions, the SM is known to
be an incomplete theory. For instance, the SM fails to explain the observed pattern of fermion
masses, or a mechanism which protects the Higgs boson mass from large quantum corrections
at the Planck scale, known as the hierarchy problem [33, 34]. These and other shortcomings
of the SM have led to the development of new theories such as supersymmetry [35, 36], or
composite Higgs models [37-40], which can alter the properties of the Higgs boson. Thus, dif-
ferences in the Higgs boson coupling structure, with respect to the SM, might offer insights
into new physics beyond the SM. Furthermore, the question of whether the Higgs mechanism
is responsible at all for the masses of the first and second generation fermions is still to be
answered. While the Yukawa coupling to first generation fermions is experimentally not ac-
cessible at the LHC, the analysis of Higgs boson decays to muons provides an opportunity to
probe the coupling of the Higgs boson to second generation fermions.

This thesis reports the first search for Higgs boson decays to muons produced in association
with a top quark-antiquark pair, ttH (H — u*u™). For this search, proton-proton collision data
recorded by the CMS experiment between 2016 and 2018 at a center-of-mass energy of 13 TeV
corresponding to an integrated luminosity of 137fb™" are analyzed. The analysis is designed to
complement three further Higgs boson analyses targeting the production of a Higgs boson via
gluon fusion (ggH), via vector boson fusion (VBF), and in association with a vector boson (VH).
Furthermore, a method to recover final state radiation photons is optimized to improve the
resolution of the reconstructed Higgs boson candidate.

The considered final state of the search for ttH (H — u*~) contains two oppositely charged
muons from the decay of the Higgs boson, and the decay products of the top quark-antiquark
pair. Top quarks decay almost exclusively into a b quark and a W boson, where the W bo-
son decays subsequently into a lepton and a neutrino, or into two quarks. Thus, events are
selected based on the presence of one or more b quark jets. Two event categories are defined
targeting either leptonic or hadronic top quark decays. Events with one or two charged leptons
in the final state in addition to the muon pair from the Higgs boson decay are assigned to the
leptonic category, while events with at least three additional jets are grouped in the hadronic
category. To identify the hadronic decay of a top quark, a dedicated algorithm is developed
combining a constrained kinematic fit with a multivariate discriminant based on a boosted
decision tree (BDT). Both, the leptonic and the hadronic event categories are individually op-
timized using BDT-based multivariate discriminants. The analyzed events are classified into
subcategories according to the BDT output score. A simultaneous maximum-likelihood fit is
performed to the observed dimuon mass distributions in all subcategories to quantify the pres-
ence of a potential signal. The results of the ttH (H — u*u™) analysis as well as the combined
results including the ggH, VBF, and VH analyses are discussed and compared to previous re-
sults by the CMS Collaboration [41] and to recent results by the ATLAS Collaboration [42].



The previous search for H — u*u~ decays performed by the CMS Collaboration analyzed proton-
proton collision data collected at a center-of-mass energy of 13TeV, corresponding to an inte-
grated luminosity of 35.9fb™" [41]. In combination with data recorded during LHC Run 1 at
center-of-mass energies of 7 and 8 TeV, the observed (expected) upper limit at 95% confidence
level on the production cross section times branching fraction for a Higgs boson with my =
125.09GeV [43] was set to 2.9 (2.2) times the SM prediction. The measured signal strength, rel-
ative to the SM expectation, was fiyy_ ;+,~- = 1.0+ 1.0.

In parallel to the analysis presented in this thesis, the ATLAS Collaboration has published a
search for H— u*u~ decays [42] based on proton-proton collision data recorded at a center-
of-mass energy of 13 TeV corresponding to an integrated luminosity similar to the one collected
with the CMS experiment.

This thesis is organized as follows: In Chapter 1, relevant aspects of the SM are discussed with
an emphasis on electroweak symmetry breaking and its consequences. This is complemented
by a phenomenological description of the Higgs boson production at the LHC and its decay
channels followed by a brief overview of recent experimental results. Chapter 2 describes the
LHC accelerator and the CMS detector. A brief review of the event simulation is given in Chap-
ter 3. The reconstruction and selection of physics objects is detailed in Chapter 4. The search
for Higgs boson decays to muons produced in association with a top quark-antiquark pair is
presented in Chapter 5. In Chapter 6, the combined results are discussed and compared to the
previous CMS result and the latest result by the ATLAS Collaboration. Chapter 7 concludes this
thesis.






Chapter

Physics of the Higgs boson

The Standard Model (SM) of particle physics provides the theoretical framework for the Higgs
boson analysis presented in this thesis. The elementary particles and the fundamental forces
described within the SM are introduced along with the underlying theoretical concepts in Sec-
tion 1.1. The mechanism of electroweak symmetry breaking (EWSB), responsible for the gen-
eration of particle masses and the origin of the Higgs boson is described in Section 1.2. Short-
comings of the SM are briefly discussed in Section 1.3. Resulting phenomenological aspects for
the experiment as well as previous experimental results on the Higgs boson decays to muons
are reported in Section 1.4. The first sections of this chapter which introduce the SM and EWSB
are based on Refs. [44-49].

1.1 The Standard Model of particle physics

The SM of particle physics [1-4] describes all currently known elementary particles and the
fundamental forces which govern them. It is formulated as a quantum field theory (QFT) based
on the SU(3)¢ x SU(2)1, x U(1)y gauge group. In QFT all elementary particles are interpreted as
excitations of their underlying quantum fields. One key element of the SM is the local gauge
invariance of the Lagrangian density £ under particular symmetry group transformations. For
each force, a symmetry group as well as conserved charges can be identified, as described in
the following.

1.1.1 Particles & forces

The particle content of the SM is illustrated in Fig. 1.1. Particles contained in the SM are clas-
sified as fermions carrying half-integer spin, and bosons carrying integer spin.

Fermions are the fundamental constituents of matter. Thus, they are indivisible, and not com-
posed of other particles. They can be further categorized into leptons and quarks, which are
arranged in three generations. Each generation contains two quarks with electric charge of
+2/3 and —1/3, and two leptons with electric charge of —1 and 0. Neutral leptons are re-
ferred to as neutrinos. The first generation is composed of the electron e and the electron
neutrino v, as well as the up u and down quark d. These particles constitute ordinary mat-
ter. The electron is known for orbiting the atomic nuclei, which is composed of three valence
quarks, two up quarks and one down quark. The second and third generation contain heavier
copies of the leptons and quarks of the first generation. The leptons of the second and third
generation are the muon p and the 7 lepton as well as their corresponding neutrinos v, and v;.



Chapter 1. Physics of the Higgs boson

1st

2nd

3rd generation

s N N ~ N\
2.3 MeV  2/3 1.28 GeV  2/3 173.2 GeV 2/3 | €— charge 125.4 GeV
R/G/B R/G/B K R/G/B| é— colors &
— u C mass g H
+ @
o 5
» @ up P charm top <— spin g
= q 2 V2 12 P &
-+ C I
=24 H,
Q2 = e N\ N\ N Y =
£ 5 48Mev —1/3) [ o5Mev  -1/3) [47Gev -1/3 2 o
o R/G/B R/G/B R/G/B color — g
— S g g
= =
1 - %
down strange bottom gluon =)
1/2) g 1/2) 1/2) 1 ) g
> 1
s N\ N\ N S 3
511 keV -1 105.7 MeV —1 1.777 GeV —1 5 g
+ c g
> % g
» electron 1/2 muon 1/2 tau 1/2 photon 1 - X
s 5 N § 7 y, ~
2.3 < . J g
—_ -
o O e N\ e =
< 2 <2eV < 190 keV < 18.2 MeV 80.4 GeV %1 91.2 GeV g
o =
B 73
7 ‘ 1 V= :Z 8
e neutrino b 4 neutrino T neutrino =
L % vz /2 ! ! P
— %
~

12 fermions
(412 anti-fermions)
increasing mass —

Figure 1.1: Illustration of the standard model of particle physics. The particles are presented
along with their charge, color, mass and spin. Particle interactions mediated by the force car-
riers Z, W, v, g are indicated by the different boxes. Modified from Ref. [50].

The quarks of the subsequent generations are the charm ¢ and strange quark s in the second
generation and the top ¢ and bottom quark b in the third generation. For each fermion in the
SM, there is a corresponding antiparticle with same quantum numbers except for an opposite-
sign charge.

A consequence of local gauge invariance is the existence of gauge bosons, which are also re-
ferred to as force carriers as they mediate the interactions between particles. Three fundamen-
tal forces are described by the SM, namely the electromagnetic force, the weak force, and the
strong force. The fourth fundamental force, Gravity, has not been formulated according to the
principles of quantum field theory and is therefore not included in the SM. The interaction of
particles which carry electric charge is mediated by the massless photon y. The massive W*
and Z bosons are the mediators of the weak force, which is responsible for certain particle de-
cays, for example, the f-decay of a neutron inside the atomic nucleus. The strong force binds
neutrons and protons to create atomic nuclei and is mediated by eight massless gluons.



1.1 The Standard Model of particle physics

The only fundamental scalar particle in the SM is the Higgs boson. In contrast to the gauge
bosons, it does not result from local gauge invariance. Instead, the Higgs boson naturally arises
from the mechanism of EWSB, which explains how the massive gauge bosons acquire their
mass. EWSB is also the origin of the fermion masses, generated via Yukawa interactions with
the Higgs field.

1.1.2 Quantum electrodynamics

The electromagnetic interaction is described by quantum electrodynamics (QED), which ex-
plains interactions between electrically charged particles by means of the exchange of a pho-
ton. The Lagrange density in QED is invariant under local gauge transformations of the abelian
U(1)em group. The fermion field ¥ transforms as

w— 1/// _ 1/jeiqoc(x), 7 — 1/-// — 1/—/e—iqa(x) (1.1)

with a charge g and a real phase a(x) = a(t, x1, X2, x3). Since the Lagrange density for the Dirac
equation contains the derivative d,y, which is not invariant under such local gauge transfor-
mations, the derivative is redefined. The covariant derivative

Dy =0, +iqAux) (1.2)

introduces a new vector field A, (x), which can be interpreted as the field of the massless pho-
ton. The covariant derivative and the vector field A, transform as

Dy — Dy’ =" 1Dy, Au(x) — AL (x) = Ay(x) -0, a(x). (1.3)

Thus, the overall QED Lagrangian can be written as

.- - _ 1
Laqep = 19y 0uy = myy = gy y Ay = 2 F Fuy. (1.4)
—_— Y~V —m —
kinetic mass interaction v

free photon

The first and the second term correspond to the Lagrangian of a massive fermion field. The
third term follows from the covariant derivative and describes the interaction between a fermion
and the photon. The coupling strength of this interaction is proportional to the electric charge g.
The kinetic term for the free vector field A, is expressed by means of the field strength tensor

FIJV = aIJAV - avAIJ (1.5)

and corresponds to the fourth term in Eq. (1.4). The unification of the electromagnetic and
weak interaction is explained in Section 1.1.5.
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1.1.3 Quantum chromodynamics

The interaction between particles which carry color charge is described by quantum chro-
modynamics (QCD). The underlying gauge group of this theory is the non-abelian SU(3)c,
where the subscript C refers to color. Quarks (gluons) are represented in terms of color triplets
(octets). Quarks carry red, blue, or green color charge, while gluons carry a combination of
two color charges in a superposition of states. The eight generators of this group can be rep-
resented by hermitian 3 x 3 matrices denoted as Gell-Mann matrices 1,. Following the same
arguments as in QED, the assumption of local gauge invariance under SU(3) ¢ transformations
requires a covariant derivative, which introduces eight gauge vector fields G, according to the
eight generators of the SU(3)¢ group. These are identified by eight color charged gluons. The
coupling strength of the strong interaction is parameterized by g, usually specified in terms
of ag = g2/4m. The full Lagrangian of QCD encodes the structure of strong interactions:

Aa 1
. - - Hv
Lqcp = igy oy —myy - g9y —yGapu—  ~Ga Gapv- (1.6)
—_—— Y~ 2 ) 4
kinetic mass o ; - .
interaction gluon kin. & self interaction

The first three terms are analogue to those described for QED. However, the last term with the
tensor

G, =0,GY - 0,GE — g farc GG (1.7)

is a direct consequence of the non-abelian nature of SU(3)¢. The structure constants f,j. of
SU3)¢ are defined by the commutation relation [A4, Ap] = i fzpcAc. The cubic ~ gs(Gﬁ)3 and
quartic terms ~ gs(Gﬁ)4 introduce self interactions between the gauge fields, which explains
why gluons carry color charge.

An interesting physical ramification of QCD is that at short distances the coupling strength of
the strong interaction is small, and thus quarks or gluons can propagate freely. This property is
referred to as asymptotic freedom. However, the coupling strength increases at large distances.
Consequently, also the field energy between two colored particles increases with distance. If
the distance becomes sufficiently large, a new quark-antiquark pair appears. Therefore, quarks
will always form color-neutral bound states of either a quark-antiquark pair (mesons) or a three
quark system (baryons). Together, mesons and baryons are referred to as hadrons. As aresult of
color confinement, quarks and gluons can not be observed as isolated particles in experiments.
Instead they form a collimated spray of hadrons, referred to as jet.



1.1 The Standard Model of particle physics

1.1.4 Weak interactions

All fermions described within the SM take part in weak interactions. The corresponding gauge
theory is based on the SU(2), group. The subscript L denotes the chirality of a fermion field.
In the famous experiment by C. S. Wu et al. [51] it had been observed that weak interactions
violate parity. Consequently, the theory of the weak force has to differentiate between the
left-handed and right-handed fermion components. Formally, the parity violation is therefore
explained by weak interactions only coupling to left-handed particles and right-handed an-
tiparticles. The charge conserved by the weak interaction is the third component of the weak
isospin I3. Fermion fields are represented by left-handed SU(2); doublets y with I3 = +£1/2,
and right-handed singlets ¥ g with I3 = 0. They are grouped in three generations:

v v v

CELGLE), e
u\ (c\ (t

qL:( ) ’() ( ) qr = dR, SR, bR, UR, CR, IR-
aj,"\s);"\bJ,

Local gauge invariance of the Lagrangian under SU(2); symmetry transformations requires
the existence of new vector fields, which mediate the weak interaction. The generators of the
non-abelian SU(2); gauge group can be represented as hermitian 2 x 2 matrices denoted as
pauli matrices o ,. As explained before, the number of generators is related to the number of
gauge bosons, which in case of SU(2); leads to three gauge boson fields Wﬁ':l’z’?’. The weak
Lagrangian can be expressed as

. - - Oq 1
Lyeak = zww“ém—gm(y“7w;)w— waaw;v, (1.8)
—,_J N .,
kinetic interaction gauge kin. & self interaction

where g corresponds to the weak coupling constant. Similar to the self interaction described
for gluons, the weak gauge bosons also interact among themselves induced by cubic ~ g(WLf)3

and quartic terms ~ g(Wj)“ of the Lagrangian. The gauge fields Wﬁ’z'g, however, do not cor-
respond to the physical fields of the observed W* and Z bosons. The physical W* bosons are
identified with linear combinations of Wﬁ’z, while the Z boson corresponds to a mixed state
explained in the following Section 1.1.5.

Explicit mass terms are forbidden as they violate local gauge invariance of the Lagrangian.
To keep the structure of gauge interactions and still generate the observed masses of the W=
and Z bosons [9-12], the mechanism of electroweak symmetry breaking was introduced as
explained in Section 1.2.
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1.1.5 Electroweak unification

Before the electromagnetic and the weak force can be unified, the gauge group of QED as in-
troduced in Section 1.1.2 is replaced by the U(1)y group with hypercharge Y, an associated
gauge field By, which again follows from local gauge invariance, and the coupling constant g’.
The new field By, is not the photon field described earlier. Instead the electromagnetic field A,
and the field Z, correspond to a mixed state of the fields Wﬁ and B, obtained via a rotation by

the weak mixing angle Oy :
Ay [ cosOw  sinBy ) ( By (1.9)
Zy) ~ \-sinfBy cosOw Wﬁ ' :

The photon field A, couples to the electric charge g, which is related to the hypercharge Y
using the Gell-Mann-Nishijima formula

Q—I—X (1.10)
=13 2 .

The Lagrangian of the unified electroweak theory based on the direct product of the gauge
groups SU((2); x U(1)y reads:

. - L 1 1
Lew =Y iWry*Duyr+) iwgy*Dyyr - ZWé”Waw - L—LB*”B,W (1.11)

where the first (second) sum runs over all left-handed doublets v (right-handed singlets yr)
of quarks and leptons. The covariant derivatives are given by

Y

Diwp ="+ z‘g% Wy + igIEBu)U/L; (1.12)
Y

Dhyg = (0" + ig’EB“)u/R. (1.13)

With Eq. (1.11) all electroweak interactions between fermions, the electroweak gauge bosons,
and the photon are quantitatively predicted. Electroweak interactions are grouped in those
involving the W* bosons corresponding to charged currents and those involving the Z bo-
son and the photon corresponding to the neutral currents. The charged currents exclusively
couple to left-handed particles, while the neutral currents act on both left-handed and right-
handed particles. The photon, which mediates the electromagnetic force, is not sensitive to
the chirality of the particles. The W* bosons mediate transitions from a charged lepton to the
corresponding neutrino and vice-versa, as well as from up-type quarks to down-type quarks
and vice-versa. In the quark sector, the possible transitions are described by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [52, 53]

Vud Vus Vub
Vekm = Vea Ves Vep |- (1.14)
Via Vis Vw

The transition probability from flavor i to a different flavor j is proportional to |V; jlz. The
diagonal elements of the CKM matrix are close to unity [54]. Thus, transitions within the same
generation are favored. In the lepton sector, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [55] is used to explain neutrino oscillations.

10



1.2 The Brout-Englert-Higgs mechanism

1.2 The Brout-Englert-Higgs mechanism

E Englert and R. Brout [5], as well as P. Higgs [6, 7] proposed a solution to generate the ob-
served masses of the W* and Z bosons without violating local gauge invariance of the elec-
troweak theory. Their concept is based on spontaneous symmetry breaking and referred to as
the Brout-Englert-Higgs (BEH) mechanism. For this purpose, a new complex SU(2); doublet
with hypercharge Y =1 is introduced

() 5(s)

where ¢;(i = 1,2,3,4) are real scalar fields. The interaction with the scalar Higgs field is gov-
erned by the Klein-Gordon equation

Litiggs = (D*¢) " (Dup) — V(@), (1.16)
where D* are the covariant derivatives in Section 1.1.5, and V (®) is a potential of the form
V(@) = 2o+ AT )2, (1.17)

with the coefficients y? and A. Vacuum stability demands A > 0. For u? > 0 the ground state
remains at zero, while the potential develops a non-zero vacuum expectation value v for u? < 0.
An infinite number of degenerate ground states of the vacuum is given for

2 2
fp=L K 1.18
o= =7 (1.18)
Experimentally the vacuum is electrically neutral. Therefore, only the neutral component of ¢

can take non-zero values. The ground state is chosen such that

o _ L (0) (1.19)
vacuum — \/E v . .

The choice of a ground state spontaneously breaks electroweak symmetry. Expanding the
Higgs field around the ground state yields excitations interpreted as the real physical Higgs
boson:

— oL 0 (1.20)
¢ (p_\/i v+h(x)) '

Inserting Eq. (1.20) into the Higgs Lagrangian in Eq. (1.16) results in a mass term for the Higgs
boson my = vV2Av, as well as different terms describing the interactions between the Higgs
boson and the electroweak gauge bosons, and Higgs self-interactions. Comparing the terms of
the Lagrangian which describe the interaction between the gauge bosons and the Higgs boson
to the terms for the gauge boson masses, one finds, that the couplings of the gauge bosons to
the Higgs boson are proportional to the masses of the gauge bosons:

_gv v > 1
mwy = B mz = E\/ (g=+8). (1.21)

Three out of four generators of the SU(2); x U(1)y gauge group are broken. According to the
Goldstone theorem, this induces the existence of three massless Goldstone bosons, which be-
come the longitudinal polarizations of the W* and Z bosons. The fourth generator, which is
associated to the U(1)ey gauge symmetry, is unbroken and thus the photon remains massless.

11



Chapter 1. Physics of the Higgs boson

Yukawa couplings

From the initial four degrees of freedom of the Higgs doublet, three are absorbed by the elec-
troweak gauge bosons. The remaining fourth degree results in a real, massive Higgs boson.
However, fermions remain massless unless a new gauge invariant term is included in the SM
Lagrangian. A Dirac mass term —my1y would violate local gauge invariance, since the right-
handed and the left-handed components transform differently. Instead, fermions acquire
mass through Yukawa interactions, where the left-handed doublets and the right-handed sin-
glets couple to the Higgs field. These new terms Lyykawa ~ W 1.¢Wr are SU(2) singlets. The
Lagrangian of the Yukawa interaction is given by

Lyukawa = —Ad GLpdl,— Al aidul,— 1] 71 pel + h.c., (1.22)

where ¢ corresponds to the charge conjugate Higgs doublet and A corresponds to 3 x 3 ma-
trices which describe the Yukawa couplings for the up-type, and down-type quarks as well as
the charged leptons. It is possible to choose a basis such that the matrices are diagonalized

/Aljcj - 1}6 ij | After EWSB, the Lagrangian for the first generation becomes

YaV - Yul _ YeV Yu - Ye _
L =—-"—dd- uu— 2L ddyh - 2L (auh - 25 (@e)h, (1.23)
v = dd = e va vz
where y; (i = u,d, e) are the Yukawa couplings of the first generatlon The three terms at the
beginning of this Lagrangian are identified as mass terms with m ¢ = \/_ , while the three terms
at the end describe interactions between the Higgs boson and the first generation fermions.
The Lagrangian for fermions of the second and third generation is defined accordingly.

1.3 Shortcomings of the Standard Model

Although the SM has been remarkably successful in describing experimental data, there are a
few indications that the SM is incomplete. A few selected shortcomings of the SM are listed
below:

B Gravity and dark datter Since no renormalizable quantum theory of gravity has been for-
mulated so far, the gravitational force cannot be included in the SM. Additionally, astro-
physical measurements indicate that most of the mass in the universe consists of dark
matter [56, 57], which also cannot be explained by the SM.

B Free parameters The SM includes 26 free parameters, the Higgs boson mass, the vacuum
expectation value, three gauge couplings, six lepton masses, six quark masses, one QCD
vacuum angle, as well as three mixing angles plus one CP-violating phase for each the
quark sector and the lepton sector. All these parameters can be measured experimentally
but cannot be derived from fundamental principles. It is worth noting that most of these
free parameters are related to the Higgs sector. Although the BEH mechanism clarifies
the origin of the particle masses, it does not give insights into the underlying structure
explaining the mass hierarchy of the fermions within the SM.

12
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B Hierachy problem The Higgs boson mass is highly sensitive to quantum loop corrections.
In a theory which is valid up to the Planck scale, Apjanck ~ 10! GeV, the corresponding
corrections would either lead to a Higgs boson mass in the order of the Planck scale itself
or require an extremely fine-tuned cancellation of corrections. The SM is therefore to be
considered as an effective theory valid up to a certain energy scale at which additional
particles and/or forces are manifested.

Thus, the Higgs boson might be a portal to new physics beyond the SM. There are many pos-
sible extensions of the SM which modify the Higgs boson sector, and a variety of these models
also directly affect the Higgs boson coupling to muons [58-60]. Probing the Higgs Yukawa cou-
pling to muons is therefore an important test of the SM description of the Higgs sector.

1.4 Experimental profile of the Higgs boson

In 2012, the ATLAS and CMS Collaborations announced the observation of a new boson with
a mass around 125GeV compatible with the SM predictions. One year later E Englert and P.
Higgs were jointly awarded the Nobel prize in physics "for the theoretical discovery of a mech-
anism that contributes to our understanding of the origin of mass of subatomic particles, and
which recently was confirmed through the discovery of the predicted fundamental particle, by
the ATLAS and CMS experiments at CERN’s Large Hadron Collider" [61]. Since its discovery
various studies have been performed to examine the properties of the Higgs boson. So far, the
Higgs boson has been confirmed to be an electrically neutral, scalar particle which couples to
the electroweak gauge bosons and all charged fermions of the third generation.

In the following, the phenomenology of Higgs boson production at the Large Hadron Col-
lider (LHC) is discussed followed by a brief summary on existing searches for Higgs boson
decays to muons by the ATLAS and CMS Collaborations.

1.4.1 The Higgs boson at the LHC

At the LHC, a high-energy proton-proton collider, the dominant Higgs boson production modes
are gluon fusion (ggH), vector boson fusion (VBF), associated production with a vector bo-

son (VH), and associated production with a heavy quark-antiquark pair (ttH/bbH) or with a

single top quark (tH). Figure 1.2 shows the corresponding cross sections as well as the branch-

ing fraction for the decays of the SM Higgs boson as a function of the Higgs boson mass myj.

The branching fraction of the Higgs boson decay to a pair of muonsis B(H — p'u~) =2.18-107*

(for my = 125GeV). Representative LO Feynman diagrams of the described Higgs boson pro-

duction modes are shown in Fig. 1.3.

B ggH The Higgs boson production mechanism with the largest production rate is the gluon
fusion process, which is mediated by a virtual, heavy top quark loop. Since the Higgs
boson couplings to fermions are proportional to the fermion mass, loop contributions

from lighter quarks are suppressed proportionally to mé.

13
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B VBF The vector boson fusion process is the production mode with the second largest pro-
duction rate at the LHC, which is, however, about 10 times smaller compared to ggH. The
two quarks from the protons radiate W or Z bosons, which interact to produce a Higgs
boson. The scattered quarks result in two hadronic jets in the forward and backward
regions of the detector, and in reduced gluon radiation from the central region.

B VH The third most prevalent Higgs boson production mode at the LHC is the associated
production with a W or Z boson. A vector boson, which is produced in quark-antiquark
annihilation, radiates a Higgs boson. The production rate for WH is about twice as large
as for ZH.

B ttH/bbH The associated production of a Higgs boson with a heavy quark-antiquark pair
has a production rate which is nearly two orders of magnitude smaller than the pro-
duction rate of ggH. The ttH/bbH production is initiated by gluons producing a heavy
quark-antiquark pair via t-channel exchange. The Higgs boson is radiated from the in-
ternal quark line.

B tH The Higgs boson production in association with a single top quarks has the small-
est production rate of all here described processes. A single top quark is produced via
t-channel exchange of a W boson. The Higgs boson is radiated from the top quark.

The dominant Higgs boson production modes at the LHC, ggH, VBF, VH, and ttH, as well as
the decays of the Higgs boson to the electroweak gauge bosons, and the charged fermions of
the third generation have been established by the ATLAS and CMS Collaborations. So far the
measured production and decay rates have been in agreement with the SM expectations.

‘ ‘ ‘ ‘ T T ‘ ‘ 52 o l TTTT ‘ TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT 9
2| B = 1 =k
—10°E _ 45 B ER
Q' _pp_ H(N3OOQCD+NLOEW) s=13 TeV:E &S F o5 ] %
2t FEtlw —— |
I c B
) 10? é c%‘ E i i
& [C__Pp ~ qgH (NNLO QCD + NLO EW) ] L cC m
5 T .
L | 107 i E
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Figure 1.2: The Higgs boson production cross section for different Higgs boson production
modes (left) and the branching fraction for the main decays of the Higgs boson (right) as a
function of the Higgs boson mass miy;. Taken from Ref. [62].
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Figure 1.3: Main LO Feynman diagrams contributing to the Higgs boson production at the
LHC. Shown are gluon fusion (top left), vector boson fusion (top middle), associated produc-
tion with a vector boson (top right), associated production with a top quark-antiquark pair
(bottom left) (similar diagram for bottom quarks), and production in association with a single
top quark (bottom right). Modified from Ref. [54].

To further explore the Higgs boson sector, and especially the Yukawa interactions of the second-
generation fermions, the Higgs boson decay to muons has been investigated by the ATLAS and
CMS Collaboration. Due to the small expected branching fraction for the decay of the Higgs
boson to muons, the signal rate is very small compared to the large SM backgrounds domi-
nated by the Drell-Yan process. Thus, the analysis of Higgs boson decays to muons is exper-
imentally challenging. The results of a previously published H — p*u~ analysis by the CMS
Collaboration [41], and the recent results by the ATLAS Collaboration [42] are briefly described
in the following. The ATLAS analysis has been performed in parallel to the analysis presented
in this thesis.

1.4.2 Previous search for H —u u~ with the CMS experiment

The search was based on proton-proton collision data recorded in 2016 at a center-of-mass
energy of 13TeV, corresponding to an integrated luminosity of 35.9fb™'. Events were accepted
by a single muon trigger. Events which contained two isolated and oppositely charged muons
with a transverse momentum pr > 20GeV and a pseudorapidity |n| < 2.4 were selected. The
Higgs boson mass was reconstructed from the two muons with the highest single muon pr.
The H— p'u~ signal is expected to appear as a narrow resonance in the dimuon mass m,,,
over a smoothly falling background spectrum, dominated by Drell-Yan and dileptonic tt back-
ground. To extract the signal, a maximum likelihood fit to the observed dimuon mass m,,,
distribution was performed. The signal and background components were modeled using an-
alytical functions. In this way, the background component in the signal region around the
Higgs boson mass was estimated from signal-depleted m,,,, sidebands in data.
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Chapter 1. Physics of the Higgs boson

The analysis was optimized using a multivariate discriminant based on a boosted decision
tree (BDT). The BDT classifier included several observables, which described the kinematic
properties of the dimuon system and additional hadronic jets to distinguish the H — p*u~ sig-
nal from the SM backgrounds. To avoid bias in the final signal extraction fit, the observables
were chosen to be largely uncorrelated with m,,,,. The output of the BDT classifier was trans-
formed such that the sum of all signal events has a uniform distribution, as shown in Fig. 1.4.
Events were categorized according to the BDT output score as well as the maximum || of the

35.9 fb™ (13 TeV)
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Figure 1.4: Transformed BDT output distribution of the previous CMS H — u*u~ analysis for
data (solid points) and simulation (histograms). The solid histograms represent the different
background contributions. The dashed histograms represent the signal contributions. The
vertical lines indicate category boundaries. Taken from Ref. [41].

muons in the event, accounting for differences in the muon momentum resolution between
the central part of the CMS detector and the forward region. The category boundaries were
determined using a two dimensional optimization algorithm. Finally, the signal extraction fit
of the my,, distribution was performed simultaneously in 15 subcategories. The m,,,, distribu-
tion for the weighted combination of all event categories is shown in Fig. 1.5.

Results were presented for a Higgs boson with mass of 125.09 GeV [43]. When combined with
the LHC Run 1 results for H— u*u~, an observed (expected) upper limit at 95% confidence
level was set on the production cross section times branching fraction of 2.9 (2.2) times the SM
prediction. The observed signal strength modifier was fi = 1.0 + 1.0 (stat) £ 0.1 (syst).

In comparison, the new CMS H — u*u~ analysis presented in this thesis is based on the full
LHC Run 2 dataset, corresponding to nearly four times the integrated luminosity of the 2016
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Figure 1.5: The m,,, distribution for the weighted combination of all event categories in the
previous CMS H — u*u™ analysis. Events are weighted according to the expected S/(S+B) in
the category to which they belong. The lower panel shows the difference between data and the
background component of the fit. Taken from Ref. [41].

dataset. The new analysis introduces dedicated Higgs boson production categories, which
individually target ggH, VBF, VH and ttH to increase the overall sensitivity. The development
of the ttH (H — p*u™) analysis strategy is described in Chapter 5. The combined results, as well
as an explicit comparison of the new CMS analysis with the analysis presented here, is given in
Chapter 6.

1.4.3 Recent results on H — "~ with the ATLAS detector

The ATLAS Collaboration performed a search for Higgs boson decays to muons using the full
proton-proton collision dataset recorded during the LHC Run 2 period at a center-of-mass en-
ergy of 13 TeV corresponding to an integrated luminosity of 139fb~'. Events were recorded by
single muon triggers with pr > 26GeV for isolated muons and pr > 50GeV for non-isolated
muons. The analysis selected events with two loosely isolated, oppositely charged muons,
which were categorized into different Higgs boson production categories according to the
presence of additional leptons, the number of jets, and the number of jets originating from
the hadronization of b quarks referred to as b-tagged jets. Muons were selected within the de-
tector acceptance of || < 2.7 using a pt threshold of 27 GeV for the highest pr muon, while the
subleading muon pr threshold was 15GeV. In a dedicated three lepton category, which tar-
geted the VH production, this threshold was lowered to 10GeV. Up to one final-state photon
is considered when the invariant mass of the Higgs boson candidate is reconstructed. The p¥
threshold increases linearly from 3 to 8 GeV as a function of the distance between the muon
and the photon.
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A ttH enriched phase space region was defined based on events with at least one lepton with
pr > 15GeVin addition to the muon pair from the Higgs boson decay and at least one b-tagged
jet. This category aimed at the dileptonic or semileptonic decays of the top quark-antiquark
pair. The two highest-pr muons with opposite charge were chosen as the Higgs boson can-
didate. Twelve kinematic observables were combined in a BDT classifier. These particularly
focused on the reconstruction of the top quark decay products. Only events in the high BDT
score region were included in the final ttH event category which contributes to the combined
results. Events where both top quarks decay hadronically are not considered in any of the anal-
ysis categories.

Events with at least one isolated lepton in addition to the muon pair associated with the Higgs
boson candidate and without b-tagged jets were assigned to the VH category. This category
was tailored to signal events where the Higgs boson is produced in association with a leptoni-
cally decaying W or Z boson leading to three and four leptons in the final state. The assignment
of muons to the Higgs boson and the Z (W) boson candidates was based on charge require-
ments and a dedicated y? criterion resulting in a correct pairing rate of 97% (93%) in the three
(four) lepton category. Two BDT classifiers were used to optimize the signal-to-background
ratio separately for the WH and ZH production category. Similar to the ttH event category,
only events with high to medium BDT score were used in the combined results. Two VH event
categories were defined with three leptons in the final state. One category accounted for the
four lepton final state.

Events, which were selected neither in the ttH nor the VH event categories, were further cat-
egorized according to the number of jets into three exclusive jet multiplicities with zero, one,
or two and more jets. Dedicated BDT classifiers were used to define four VBF and twelve ggH
enriched event categories according to the BDT classifier score. Several observables charac-
terizing the dimuon system, as well as observables describing the kinematics of dijet systems
identifying VBF signal events were included in the BDT classifiers. Figure 1.6 presents the out-
put of the BDT classifiers for 0-jet events, 1-jet events, and 2-jet events.

After event categorization, the signal was extracted by a simultaneous maximum-likelihood
fit in all 20 event categories to the m,,, distributions in the range 110-160 GeV. The Higgs bo-
son was assumed to have a mass of my = 125.09 £ 0.24GeV. The distributions of my,, for the
weighted combination of all analysis categories are shown in Fig. 1.7. Events are weighted by
In(1 + S/B), where S is the observed signal yield and B is the background yield derived from the
fit to data in 120 < m,, < 130GeV.

The best-fit value of the signal strength parameter was (1 = 1.2 + 0.6, corresponding to an ob-
served (expected) significance of 2.00 (1.7 o) with respect to the background-only hypothesis.
Figure 1.8 summarizes the best-fit values of the signal strength parameters for the five main
event categories and the combination.
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Figure 1.6: BDT classifier outputs of the ATLAS H — u*u~ analysis for 0-jet events (top left),
1-jet events (top right), and 2-jet events (bottom). In each panel the normalized distributions
are shown for the VBF (red) and ggH production (orange) as well as the simulated background
used in the BDT classifier training (blue) and the observed data (black). The vertical lines
indicate the category boundaries. Taken from Ref. [42].
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Figure 1.7: The m,, distribution for the weighted combination of all event categories in the AT-
LAS H — p*u™ analysis. Events are weighted by In(1 + S/B). The background and signal model
are derived from the fit to data, with S normalized to its best-fit value. The lower panel shows
the difference between the data and the background model. Taken from Ref. [42].
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Figure 1.8: The best-fit values of the signal strength parameters of the ATLAS H — u*u~ analy-
sis for the five major groups of categories are shown together with the combined value. Taken
from Ref. [42].
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Chapter

Experimental setup

Particle accelerators have become one of the key tools for producing new particles and prob-
ing the fundamental structure of matter and interactions as formulated in the SM. The world’s
most powerful particle accelerator, the Large Hadron Collider (LHC) [63, 64], is operated by
the European Organization for Nuclear Research (CERN) near Geneva at the border between
France and Switzerland. At the LHC, four particle physics experiments are employed to de-
tect and record particles created in collisions of highly energetic particle beams: ATLAS [65],
CMS [66], LHCb [67] and ALICE [68]. The two multipurpose experiments ATLAS and CMS aim
at a broad physics research program reaching from precision measurements to searches for
new physics beyond the SM. However, they differ in terms of the technologies used for particle
detection and identification. Furthermore, they follow independent and individual analysis
strategies. The cross validation of results by CMS and ATLAS is a key aspect of CERN’s particle
physics research program. The LHCb experiment is mainly designed to study CP violation and
possible indirect signs of new physics in b-quark decays. The ALICE detector is specialized for
the analysis of heavy-ion collisions recorded in specific runs of the LHC.

This chapter provides an overview of the experimental setup which is the basis of the physics
data analysis performed in this thesis. First, the CERN accelerator complex and, in particular
the LHC, are introduced in Section 2.1. In addition, a few general concepts of proton-proton
colliders are briefly described. Second, the design of the CMS experiment and the detector
technologies of each component are presented in Section 2.2.

2.1 The Large Hadron Collider

The LHC is a circular hadron collider designed to deliver proton beams for collisions at a
center-of-mass energy of up to 14 TeV. Accelerated protons counter-revolve in two evacuated
beam pipes until they are collided at certain interaction points. When the proton beams col-
lide, new particles are created, and the corresponding events are recorded by the experiments.
The accelerator and the experiments lie 45 m to 170 m below the surface in a tunnel with a cir-
cumference of 26.7 km between the lake Geneva and the Jura mountains. The underground
infrastructure served previously for the Large Electron-Positron Collider (LEP) [69, 70].

Before the proton beams can enter the LHC, their energy needs to be successively increased.
Therefore, they are run through a chain of preaccelerators. The proton source is a duoplasma-
tron [71] where protons are obtained by the ionization of hydrogen gas. In a first step, these
protons are accelerated in a linear accelerator (LINAC). Then, the beam energy is further in-
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Chapter 2. Experimental setup

creased in the proton synchrotron booster (PSB), the Proton Synchrotron (PS), and the Super
Proton Synchrotron (SPS) whereby the beam energy reaches 450 GeV. Finally, the beams are
injected into the LHC and accelerated to their maximum energy. These and other features of
the CERN accelerator complex are depicted in Fig. 2.1. The particle beams consist of up to 2808
bunches with 25 ns bunch spacing. A single bunch contains about 10! protons. The beams
are accelerated by superconducting cavities operated at 400 MHz. In the eight arcs of the LHC,
superconducting niobium titanium dipole magnets are used to guide the beams on a curved
track. The beams are focused by quadrupole magnets. Octopole and sextupole magnets cor-
rect the beam optics for energy-dependent tune shifts or the influence of irregularities in the
magnetic field.
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Figure 2.1: Depiction of the CERN accelerator complex. Taken from Ref. [72].
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2.1 The Large Hadron Collider

The integrated luminosity Lin is a measure to predict the number of events N that take place
in the beam collisions according to

N:U-Eim:a-det (2.1

where o denotes the cross section of a given process and L corresponds to the instantaneous

luminosity which is determined by beam properties. The instantaneous luminosity L is given
by

2

_ Y kN,

4me, f*

in terms of the Lorentz factor vy, the revolution frequency f, the number of bunches kg, the
number of protons per bunch N, the normalized transverse emittance €, the betatron func-
tion at the interaction point *, and the hourglass reduction factor F. The emittance and the
value of the betatron function at the interaction point are a measure of the transversal beam
size at the interaction point. The hourglass factor is applied to consider the crossing angle be-
tween the two beams.

L (2.2)

The designed instantaneous peak luminosity of 10 Hz/nb has already been surpassed. The
LHC delivered a maximum peak luminosity of 15.3 Hz/nb in 2016 and up to 21 Hz/nb in 2017
and 2018 as presented in Fig. 2.2.
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Figure 2.2: The instantaneous luminosity in proton-proton collisions delivered by the LHC for
each data-taking period of the LHC Run 2. Taken from Ref. [73].

Figure 2.3 presents an overview of the delivered luminosity per data-taking period. The certi-
fied dataset with fully operational detectors used for particle physics analysis is usually slightly
smaller compared to the values of the delivered luminosity. In 2010 and 2011 the LHC was
run with a center-of-mass energy of 7 TeV. In this period of time, CMS collected and certi-
fied 5.6 fb™! of proton-proton collision data. In the following year, the center-of-mass energy
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was increased to 8 TeV and the verified data accumulated to a total amount of 21.8 fb™!. The
data-taking period until 2012 refers to LHC Run 1. Since 2015 the LHC has been operated at a
center-of-mass energy of 13 TeV. The analysis presented in this thesis is based on LHC Run 2
data recorded in proton-proton collisions with the CMS experiment between 2016 and 2018
[74-76]. The certified dataset corresponds to an integrated luminosity of 137 b~
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Figure 2.3: The integrated luminosity in proton-proton collisions delivered by the LHC for
each data-taking period of the LHC Run 1 and Run 2. Taken from Ref. [73].

2.2 The Compact Muon Solenoid experiment

The CMS (Compact Muon Solenoid) experiment is one of the largest international scientific
collaborations in the world. It involves 5000 particle physicists, engineers, technicians, stu-
dents and support staff to operate the detector and analyze the recorded proton-proton col-
lision data. Data-taking at hadron colliders entails many challenging tasks that lead to spe-
cific detector requirements. To meet these requirements, multipurpose detectors are usually
composed of several sub-detector components. Each is specialized for the identification and
measurement of specific particles and their properties. The CMS detector is constructed in
a cylindrical shape around the interaction point. Due to its hermetical design, it provides a
comprehensive picture of the physics taking place in the particle collisions. The dimensions of
CMS are 21.6 m in length and 14.6 m in diameter with a weight of 14000 tons. The detector is
divided into a barrel and endcap part. The components of the barrel are aligned in layers par-
allel to the beam pipe, while the endcap detectors are arranged perpendicular to it. Figure 2.4
presents an illustration of the CMS detector with its sub-detector components. Key features of
the design and operation of the detector are described in the following.
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Figure 2.4: Depiction of the CMS experiment with details of the sub-detector components from the inside to the outside: the sil-
icon tracking system, the electromagnetic calorimeter, the hadron calorimeter, the superconducting solenoid, the muon cham-
bers, the steel return yoke, and the forward calorimeter. Taken from Ref. [77].
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Chapter 2. Experimental setup

2.2.1 Coordinate system & kinematic quantities

The CMS coordinate system is illustrated in Fig. 2.5. The origin of the right-handed CMS co-
ordinate system is located inside the detector at the nominal interaction point. The x-axis
points towards the center of the LHC. The y-axis is aligned perpendicular to the x-axis, and
points upwards. In the transverse plane defined by these axes, the azimuthal angle ¢ € [, 7]
is measured from the x-axis. Accordingly, the z-axis is oriented parallel to the proton-beam.
The polar angle 0 € [0, 7] is defined with respect to the z-axis.

LHCb

ATLAS

Figure 2.5: Coordinate system of the CMS detector at the LHC. Taken from Ref. [78].

The reconstruction of particle interactions at a proton-proton collider involves specific chal-
lenges due to the composite nature of the proton. The hard interaction, which is character-
ized by a large momentum transfer, takes place between one parton of each of the protons.
Each parton carries only an unknown fraction x;-; » of the proton’s momentum, and in general
X1 # X2. As aresult, the center-of-mass frame of the colliding partons is boosted with respect
to the laboratory frame along the z-axis. Particles created in beam collisions are highly rela-
tivistic, v = ¢, and therefore, Lorentz invariant quantities are preferred for their description.
Differences of the rapidity y are Lorentz invariant. The rapidity y is defined as

1 E+p;

=-1 ) 2.3
Y 2nE—pZ 2.3)

In the limit of large momentum in the transverse plane pr = \/p2 + p?,, the pseudorapidity n
becomes equal to the rapidity

y=. (2.4)

cosO [ m\? pr>m
y=n- —_—

2 pT

The pseudorapidity can be expressed in terms of the polar angle 6 with

0
n= —1ntan(5). (2.5)

Using this definition, a nearly Lorentz invariant measure of the distance between two high
momentum objects can be formulated for boosts along the z-axis by

AR =/ (AD)? + (Ag)2. (2.6)
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2.2 The CMS experiment

2.2.2 Tracking system

The tracking system [79-81] is designed to precisely reconstruct the trajectories of charged par-
ticles. The tracker is the innermost detector component of CMS. The immense particle flux at
the LHC necessitates a high granularity, a quick response and, in particular, radiation hardness
of the tracking system. Therefore, a design entirely based on silicon detectors is chosen. While
the inner part consists of silicon pixel sensors, the outer part uses slightly more coarse silicon
strip sensors. The sensors measure the position of the traversing particles due to ionization in
the silicon. From signals in different layers of the detector a particle trajectory can be recon-
structed. The tracker aims also to locate the primary interaction vertex, as well as secondary
vertices, which result for example from the decay of b hadrons. An illustration of the tracker
is shown in Fig. 2.6. The tracking system has a cylindrical shape with a length of 5.8 m and a
diameter of 2.5m. It consists of several barrel and endcap layers which cover a region up to
Inl=2.5.
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Figure 2.6: Schematic cross section of the CMS tracking system. Shown are the phase-0 pixel
detector and the different components of the strip tracker system. Taken from Ref. [66].

Pixel tracker

In 2016 the pixel detector consisted of three barrel layers of modules equipped with silicon
pixel sensors [82]. The layers were placed at 4.4cm, 7.3 cm, and 10.2cm radial distance to the
beam pipe. Additionally, two endcap disks with a radius of 6cm and 15cm were mounted on
each side. The pixel tracker contained in total 66 million pixels, each with a size of 100 x 150 um?.
This resulted in a precise hit-position resolution of 10-15 pm in the (r,¢) plane and 15-20 pm
in z direction. To preserve the high tracking quality, a new phase-1 pixel detector [83] has
replaced the described layout in-between the 2016 and 2017 data-taking periods. Figure 2.7
presents a comparison between both layouts. The new phase-1 pixel detector comprises 124
million pixel sensors arranged in four layers in the barrel and three disks in the endcaps. The
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Chapter 2. Experimental setup

barrel layers are placed at 2.9cm, 6.8 cm, 10.9cm and 16.0 cm radial distance to the beam pipe.
Compared to the previous layout the inner barrel layer is now placed closer to the beam pipe
while the outer layer is placed further outside. The dimensions of the sensors are unchanged.
The fourth layer provides an additional measurement which improves the tracking robustness
and precision, while the new inner layer at small radial distance improves the capability to
identify secondary vertices from for example the decay of b hadrons.

2017/2018 Outer rings phase-1 design
n=0 n=0.5 n=1.0 n=1.5

n=2.0

/ n=2.5
/ Inner rings

50.0 cm ¥

Figure 2.7: Depiction of the CMS pixel detector phase-1 upgrade. A comparison of the initial
CMS pixel detector layout and the phase-1 design is presented by a cross section (left) and a
three-dimensional model (right). The phase-1 design comprises four layers in the barrel and
three disks in the endcaps corresponding to the layout on the top of the cross section and the
layout on the right in the three-dimensional model. Modified from Ref. [83].

Strip tracker

The strip tracker [84] encloses the beam pipe and the pixel detector. It consists of ten barrel lay-
ers and twelve endcap disks. The modules of silicon strip sensors extend the sensitive tracking
volume. The size and shape of the 9.6 million strip sensors differ depending on their location
in the tracker. Due to the reduced particle flux at large radii, the size of silicon strip sensors can
be enlarged while keeping the occupancy at a low level. The strip width varies between 80 and
180 um in the inner and outer part, respectively. The spacial resolution is approximately 23 to
53 um in the (r, ¢) plane and 230 to 530 pm in z direction.
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2.2 The CMS experiment

2.2.3 Calorimetry

Calorimeters are dense blocks of material in which the incoming particles deposit most of their
energy. In a cascade of inelastic interactions of the incoming charged particle with the detec-
tor material, the energy of the incoming particle is distributed to many secondary particles,
which leads to the formation of a particle shower. The initial particle energy can be deter-
mined from the deposited energy in the detector material. Two basic calorimeter designs can
be distinguished. In a homogeneous calorimeter the sensitive material acts at the same time
as absorber material, while a sampling calorimeter is based on alternating layers of sensitive
material and absorber material.

Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [85-87] is a homogeneous crystal calorimeter sur-
rounding the inner tracking system. It is mainly designed to measure electron and photon
energies. Lead tungstate (PBWQ,) crystals with a radiation length X, of 0.89 cm and a Moliére
radius Ry, of 2.2cm act as scintillating material. The high density, short radiation length, small
Moliére radius and fast scintillation decay time of the lead tungstate crystals allow for a com-
pact calorimeter design with good position and time resolution. The layout of the ECAL is
illustrated in Fig. 2.8. The ECAL barrel (EB) consists of 61200 lead tungstate crystals arranged
in a cylindrical shape with an inner radius of 1.3m covering a region up to |n| < 1.479. Each
crystals cross section is 0.0174 x 0.0174 in i) x ¢ which corresponds to 22x22 mm? in the inner
part of the detector. The crystal length of 23 cm is equivalent to 25.5 Xj. Due to the rather low
light yield of approximately 30 photons per MeV, photodetectors with high amplification are
required. For this purpose, the lead tungstate crystals are instrumented with avalanche pho-
todiodes (APD). The ECAL endcaps (EE) are composed of 7324 lead tungstate crystals in each
of the endcap discs. They extend the coverage to |n| < 3. They are slightly shorter compared
to the crystals used in the barrel as they are only 22 cm long, corresponding to 24.7 Xy. Their
front cross section is 28.6x28.6 mm?. Vacuum phototriodes (VPTs) are employed to detect the
scintillation light. The preshower (ES) sampling calorimeter is installed in front of the EE. It
covers the pseudorapidity range of 1.7<|n|<2.6 and consists of two planes of lead followed by
silicon sensors. Due to its high granularity, the preshower is used to identify the background
from neutral pions which decay into two collimated photons.

The performance of the ECAL was measured in a test beam [88]. The resulting energy resolu-
tion of the ECAL is parameterized by

(O(E))Z_ (2.8%)2+(12%)2+(0 3002 )
E = \/E E .07/0) , .

where the first term corresponds to statistical effects in the shower development, the second
term describes the electronic noise, and the third constant term is induced by non-uniform
light collection and possibly calibration errors.
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-

ECAL (EE)

Figure 2.8: Schematic cross section of the CMS electromagnetic calorimeter (ECAL). Shown
are the size and location of the barrel and endcap lead tungstate crystals. The preshower is
situated right in front of the endcap calorimeter. The numbers indicate the pseudorapidity n
values. Taken from Ref. [89].

Hadron calorimeter

The hadronic calorimeter (HCAL) [90] is a sampling calorimeter designed to measure the en-
ergy of hadrons. The layout of the HCAL is presented in Fig. 2.9. The hadron barrel (HB) and
the hadron endcap (HE) are placed between the ECAL and the solenoid magnet. They cover
a pseudorapidity region of |n| < 1.3 and 1.3 < |n| < 3.0, respectively. Plastic scintillator tiles
are mounted between brass plates which serve as absorber material with an interaction length
of 1; = 16.4cm. The front and back panel consist of stainless steel to support the structural
strength. The plastic scintillator tiles are segmented into parts covering 0.087 x0.087 in An x A¢
for Inl < 1.6, and 0.17 x 0.17 in An x A¢ for larger pseudorapidities. The total thickness of the
absorber material is restricted to fit into the solenoid magnet. It ranges from 5.81; at || =0
to a depth of about 104; at || = 1.3. The barrel region is complemented by additional scin-
tillator layers outside the solenoid magnet, referred to as hadron outer (HO) calorimeter. It
increases the thickness of the absorber material to about 11.8 A; within < 1.3. To collect
optical signals from the scintillator-based detectors in HB, HE and HO, wavelength-shifting
(WLS) fibers are embedded in the scintillator tiles to convert the scintillation light, which is
detected by multi-channel hybrid photodiodes (HPDs). In the forward region at 3 < || < 5.2
the calorimeter is exposed to an enormous particle flux. The hadron forward (HF) is therefore
instrumented with radiation hard quartz fiber scintillators embedded into steel absorber ma-
terial. These fibers generate Cherenkov radiation when charged particles above the Cherenkov
threshold pass through the material. Thus, the HF is mainly sensitive to the electromagnetic
shower component. The Cherenkov light is detected by photomultiplier tubes. The described
HCAL readout was upgraded throughout LHC Run 2. A key feature of the upgrade was the re-
placement of the old HPDs in the HB/HE/HO with new silicon photomultipliers (SiPMs) which
offer some advantages like a higher photon detection efficiency and larger gain.
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2.2 The CMS experiment

The energy resolution has been measured in a test beam [91, 92] for a combined ECAL and
HCAL system resulting in a relative energy resolution of
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Figure 2.9: Schematic cross section of the CMS hadron calorimeter (HCAL). Shown are the size
and location of the four main components of the HCAL: hadron barrel (HB), hadron endcap
(HE), hadron forward (HF), and hadron outer (HO). Taken from Ref. [66].

2.2.4 Muon system

The muon system [93, 94] forms the outermost part of CMS. Similar to the inner tracking sys-
tem, charged particle trajectories are reconstructed from signals in different layers of the muon
system. In contrast to the silicon-based inner tracker, however, the muon system uses gaseous
detectors. High momentum muons are minimum ionizing particles. They pass the tracker and
also the calorimeters without showering. For this reason, muons are supposed to be the only
particles in the SM besides neutrinos which reach the muon system. This allows a pure and
efficient muon identification. Furthermore, the muon system is used to improve the muon
momentum measurement of the inner tracking system, and for triggering purposes.

Three different types of gaseous tracking detectors are installed: Drift Tube (DT) Chambers,

Cathode Strip Chambers (CSCs), and Resistive Plate Chambers (RPCs). They are arranged in
four concentric layers and four disc-shaped caps as presented in Fig. 2.10.
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200 400 600 800 1000 1200
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Figure 2.10: Schematic cross section of the CMS muon system. Shown are the main compo-

nents of the muon system: Drift Tube (DT) Chambers, Cathode Strip Chambers (CSCs), and
Resistive Plate Chambers (RPCs). Taken from Ref. [95].

The DT Chambers are installed in the muon barrel (|n| < 1.2) of the detector where the muon
flux and neutron-induced background is small. Particles that traverse these detectors ionize a
gas along their track. Charge carriers are separated due to the applied voltage in the drift tube
and an avalanche of free electrons migrates to the anode, inducing a signal. With a maximum
drift length of 2 cm, the barrel single point resolution is about 100 pm in position and about 1
mrad in ¢-space.

The muon endcap (0.9 < |n| < 2.4) is instrumented with CSCs which can be operated at high
particle flux and non-uniform magnetic fields. Closely placed anode wires between two cath-
odes are used to collect the avalanche electrons. CSCs provide high time resolution with ade-
quate spatial resolution in the order of 200 um in position and about 10 mrad in ¢-space.

RPCs are gaseous parallel-plate detectors with adequate spatial resolution but excellent time
resolution. They complement the DTs and CSCs in the region up to |n| < 1.6. Due to their fast
response time being much shorter than 25ns, they provide the required accuracy to unam-
biguously assign signals to the correct bunch crossing.

Each of the three CMS muon detector systems contribute to the level-1 muon trigger decision

to ensure good coverage and redundancy [96]. The trigger system is described in Section 2.2.6.
Trigger primitives are build from the signal hit information in the DT and CSC systems. These

32



2.2 The CMS experiment

are used by pattern recognition algorithms to identify muon candidates. The RPCs provide
a complementary, dedicated triggering system with excellent time resolution. In contrast to
CSCs and DTs, the RPC system does not form trigger primitives, instead the detector hits are
used directly for trigger muon candidate recognition.

2.2.5 Magnet

When particles traverse the detector, their trajectory is bent due to a magnetic field. This field
is provided by a superconductive solenoid magnet [97] which surrounds the tracker and both
calorimeters. The solenoid magnet has an inner diameter of 5.9 m and a length of 12.9 m. From
the curvature of the trajectories in the tracker, the particle momenta are measured and the sign
of charge can be determined. A strong magnetic field of 3.8 T is delivered inside the magnet.
The return of the magnetic flux in the iron yoke which is interposed between the muon cham-
bers provides a field up to 2T outside of the magnet. Since the orientation of the magnetic
field changes outside of the solenoid, particle trajectories are bent in the opposite direction.
Therefore, it is possible to combine two independent measurements from the tracker and the
muon chambers to improve the muon momentum resolution.

2.2.6 Trigger system

The LHC bunch crossing rate of 40 MHz leads to very large quantities of data, which are im-
possible to read out and store in its entirety, since the hardware used to process these data
is restricted to a transfer rate of O(1kHz). Because not all events contain signs of interesting
highly energetic processes, a trigger system performs a first online selection of potentially in-
teresting events. This reduces the number of stored events by several orders of magnitude. The
trigger system at the CMS experiment [96] is divided into two subsequent steps.

The level-1 (L1) trigger [98] utilizes information at hardware level from the calorimeters and
the muon system. It performs a simplified event reconstruction, and selects events based
on the presence of photons, electrons, muons, or jets above a certain transverse momentum
threshold with a rate of O(100kHz). Events that pass the L1 trigger are further processed by
the software-based high-level trigger (HLT) [99]. Here, a more sophisticated reconstruction is
possible considering information from all sub-detector components. Interesting events are se-
lected based on more detailed event properties. Several HLT paths which require similar event
properties such as the presence of a single, isolated muon, are grouped and used to define the
primary dataset. The HLT reduces the final output rate further to O(1 kHz). Finally, all events
passing the selection criteria by the L1 trigger and the HLT are written to data storage and are
available for data analysis.
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Event simulation

A reliable simulation of particle interactions is essential for probing or confirming theoreti-
cal predictions. Event generators are able to model interactions between colliding particles as
well as additional radiation, particle showers, and prompt decays of unstable particles. A ded-
icated simulation of particle interactions with the detector material allows also for taking the
finite detector resolution into account. Together, the event generator and the detector simu-
lation serve as the basis of several aspects of particle physics analyses. Searches for new, yet
undiscovered physics rely on simulation to model the signal process and to define the analysis
strategy. Background processes can either be obtained from simulation, or estimated directly
from data. In the former case, the simulation can be used in conjunction with data control re-
gions to establish estimates of the background yields. In the latter case, the data-driven back-
ground estimation is validated using simulated events.

The analysis presented in this thesis relies on simulated signal and background events to op-
timize the analysis sensitivity. Furthermore, simulated events are used to validate selection
efficiencies of signal processes, and to determine the corresponding systematic uncertainties.
Section 3.1 introduces the different steps of the event generation and the common event gen-
erators that are used in this thesis. A comprehensive list of relevant simulated processes is
presented in Section 3.2.

3.1 Event generation

The production of new heavy particles in proton-proton collisions, pp — X, takes place in
processes with large momentum transfer Q between the contributing partons a, b € {q, g, g}.
These processes are denoted as the hard interaction. According to the factorization theo-
rem [100-103], the scattering process at a hadron collider can be described in terms of the
high-energy parton-parton interaction, based on perturbation theory, combined with a phe-
nomenological description of the soft processes.

The initial state of the proton-proton collision is not precisely determined, due to the com-
posite structure of protons. However, it can be described by the Parton Distribution Functions
(PDFs) f;(x;, Q%), which correspond to the probability to find a parton i with the momentum
fraction x; in the proton given a certain energy scale, typically chosen to be Q2. The hard in-
teraction itself, however, can be evaluated in perturbation theory. The cross section at parton
level depends mainly on the parton flux p(§) oc 1/§ = 1/(x,xpSs) and the matrix-element (ME)
Mp—x squared. The ME is evaluated by summing over Feynman diagrams. Hence, gener-
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Chapter 3. Event simulation

ators used to simulate the hard interaction are also referred to as matrix-element generators.
Given the aforementioned PDFs and the partonic cross section

Gap—x o< p()-IMap—x>  with Mgp_x=D M+, (3.1)
i

the inclusive proton-proton cross section opp—.x(s) can be calculated as a function of the
center-of-mass energy v/s:

1 p1
Opp—x(8)= Y f dx;dx, f Falx1, Q%) fiy(x2,Q%) d6 ap— x (5, Q%). 3.2)
a,beiq,q,g1v0 JO

For the calculation of the partonic cross section, in principle all existing Feynman diagrams
would need to be taken into account to compute the matrix element. As the number of Feyn-
man diagrams is infinite, the cross section is determined using a perturbation series of the
coupling constant. The leading-order (LO) cross section includes only Feynman diagrams that
have the smallest possible number of vertices, also referred to as tree-level Feynman diagrams.
In the next-to-LO (NLO) cross section, the tree-level contribution and virtual loop corrections,
as well as corrections due to real emission of an additional parton are considered. These cal-
culations often provide a sufficiently accurate description of the momenta of the final state
particles, although higher-order processes can still have a significant impact on physical ob-
servables.

Accompanying particles caused by additional radiation in the initial state (initial-state radi-
ation (ISR)) or the final state (final-state radiation (FSR)) are modeled by dedicated parton
shower (PS) algorithms, which are interfaced with the ME generator. The commonly used PS
algorithms mainly differ in their shower ordering scheme, which can be based, for example, on
the dipole mass, angular requirements, or transverse momentum requirements. With decreas-
ing energy in the PS, the strong coupling a gets larger and, therefore, the rate of additional
radiation increases until the energy reaches the QCD energy scale Aqcp, where particles start
to confine to hadrons. This procedure is denoted as hadronization. In this non-perturbative
regime, two different phenomenological models are typically used to simulate the hadroniza-
tion. The string model performs a direct transition of the parton system into hadrons, while
the cluster model introduces an intermediate step where objects with a mass of order 1GeV
are clustered before the hadron states are formed.

The event activity, which takes place in addition to the hard interaction, is denoted as the Un-
derlying Event (UE). Typical processes are gluon-gluon scattering, interactions of the colored
proton remnants, and further parton interactions referred to as multiple parton interactions
(MPIs). In particular, MPIs induce a significant amount of soft particles which need to be con-
sidered. The UE activity is described in terms of empirical models which are tuned on the basis
of collision data.

Additional proton-proton interactions that occur in the bunch crossing of interest are referred
to as pileup (PU). This effect is taken into account in simulation, however, the number of PU
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vertices depends strongly on the beam properties, which vary over time. Typically a correction
is applied which is derived directly from data.

The interaction of generated particles with the detector material is simulated in the final step
of the simulation procedure using the GEANT4 package [104]. The detector response in the
different sub-detector components is modeled based on the implemented CMS detector ge-
ometry. The resulting detector signals are propagated to the event reconstruction algorithm
described in Chapter 4. In this way, simulated events provide the same set of information as
the data events. Furthermore, generator information can be added to compare the kinematic
properties of particles in the event before and after reconstruction. This allows the unfolding
of detector effects from the underlying physics.

At the quantum level physics becomes non-deterministic, and the results of experiments need
to be interpreted in terms of statistical methods. Thus, the generation of events is performed
using Monte Carlo (MC) techniques [54, 105-107] to produce a large number of collision events
following the previously described procedure. The three most important MC event generators
used in this thesis are briefly described in the following.

MADGRAPH5_AMC®@NLO [108], which combines the event generators MADGRAPH5 [109] and
AMC®@NLO [110], provides a framework for ME calculations at NLO precision as well as match-
ing of the ME and the PS simulation. At NLO, possible double counting of ME and PS contribu-
tions is prevented by introducing a subtraction scheme, which leads to negative event weights
for a small fraction of events. Given a certain initial and final state, all possible Feynman dia-
grams are automatically calculated.

POWHEG [110-112] computes MEs at NLO precision in QCD. Since the hardest radiation is de-
termined first, and the subsequent PS calculations are ordered by pr, any overlap between
NLO and LO calculations is avoided. Thus, no subtraction scheme needs to applied, and all
event weights are positive by definition. In contrast to MADGRAPH5_AMC@NLO, only prede-
fined processes can be generated.

PYTHIA [113] is a general-purpose event generator, which provides in addition to ME calcu-
lations also a framework specialized to simulate the PS, the hadronization and the UE. Since
the ME is only computed at LO accuracy, PYTHIA is often used for the PS and the subsequent
simulation steps, when it is interfaced with NLO event generators.

The generator event weights are applied to all simulated events independent of the choice
of the event generator. In addition, simulated events are scaled to the integrated luminosity
corresponding to the recorded dataset. The per-event weight weyen is defined as

L+ Wgen

(3.3)
2 Weenii

Wevent =0 - B+
in terms of the cross section ¢ times branching fraction 5 of the simulated process, the cor-

responding integrated Luminosity £, and the per-event generator weight wge, normalized to
the sum of generator weights over all events i.

37



Chapter 3. Event simulation

3.2 Simulated events

The samples of simulated events which are considered in this thesis are simulated using the
MADGRAPH5_AMC®@NLO, or the POWHEG (v2) ME event generators. The ME events are then
interfaced with PYTHIA (v8.2 or greater) to model the PS and hadronization of partons in the
initial and final states along with the UE description and the decay of the Higgs boson. The UE
is modeled using the CUETP8M1 tune [114] in 2016 and the CP5 tune [115] in 2017 and 2018.
Events simulated at NLO(LO) in QCD from ME calculations characterized by different parton
multiplicities are merged using the Fx-Fx(MLM) prescription [116, 117]. The PDFs are ob-
tained from the NNPDF [118, 119] set v3.0 for 2016 (NLO) and v3.1 for 2017 and 2018 (NNLO).

The main Higgs boson production modes are listed in Table 3.1 ordered according to their
production cross section. The signal simulation is normalized to the production cross section
times branching fraction B(H — p*u™) as predicted by the SM based on the most accurate com-
putation obtained from Ref. [120]. The dominant Higgs boson production at the LHC via ggH is
simulated at NLO accuracy in QCD using the MADGRAPH5_AMC®@NLO v2.4.2 event generator
which includes up to two additional quarks or gluons in the final state at ME level. The cor-
responding cross section is determined at next-fo-next-to-NLO (N3LO) accuracy in QCD, and
at NLO in electroweak theory [121]. The transverse momentum of the generated Higgs bo-
son produced in ggH events is reweighted to reflect the POWHEG NNLOPS prediction [122, 123].
The VBF, the WH/ZH, and the ttH production are simulated using POWHEG v2.0 [124, 125] at
NLO accuracy in QCD. The cross sections are computed at next-to-NLO (NNLO) or NLO in
QCD, including NLO electroweak corrections. Apart from the five main Higgs boson produc-
tion modes, which already have been experimentally observed, also yet undiscovered Higgs
boson production modes are considered according to their SM prediction. The bbH process
is generated using POWHEG at NLO accuracy in QCD, and the Higgs boson production in asso-
ciation with a single top quark via tHW and the t-channel tHq are simulated with the MAD-
GRAPH5_AMC®@NLO event generator. Both cross sections are determined at NLO in QCD

Table 3.1: Higgs boson production modes with their corresponding cross sections at a given
order in perturbative QCD and electroweak theory. For each production mode the used ME
generator is listed. In addition, the theoretical uncertainties in the QCD scale and the com-
bined uncertainty in the PDF and the strong coupling a are reported.

Process o (pb) Perturbative Order Generator Theo. uncertainties
QCD electroweak +QCD scale (%) +(PDF+aj;) (%)

ggH 48.58 N3LO NLO MADGRAPH5_AMC@NLO +4.6 / -6.7 +3.2/-3.2
VBF 3.78 NNLO NLO POWHEG +0.4/-0.3 +2.1/-2.1
WH 1.37 NNLO NLO POWHEG +0.5/-0.7 +1.9/-1.9
ZH 0.88 NNLO NLO POWHEG +0.5/-0.6 +1.9/-1.9
ttH 0.51 NLO NLO POWHEG +5.8/-9.2 +3.6/-3.6
bbH 049 NLO — POWHEG +20.2/-23.9 —
tHq 0.074 NLO — MADGRAPH5_AMC@NLO +6.5/-14.9 +3.7/-3.7
tHW 0.015 NLO — MADGRAPH5_AMC@NLO +4.9/-6.7 +6.3/-6.3
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without including higher order electroweak corrections. Further minor contributions from
single top quark associated Higgs boson production via s-channel tHb or from Higgs boson
production with W and Z bosons in association with a top quark-antiquark pair ttWH/ttZH are
negligible and, therefore, not considered in this thesis. The partial decay width for the Higgs
boson decay to muons is computed using HDECAY [126, 127] at NLO in QCD and electroweak
theory.

An overview of the simulated background processes is given in Table 3.2. They are catego-
rized in several groups of processes with similar kinematic properties. Background processes
involving the production of top quarks are the top quark pair production tt, the single top
quark production (in association with a W boson, t-channel, s-channel) as well as processes
including multiple top quarks. They are simulated at NLO precision in QCD using either
POWHEG or MADGRAPH5_AMC®@NLO. The corresponding cross sections are taken from the
TOP++ v2.0 [128] and HATOR [129] predictions, computed at NNLO or NLO in QCD. Contri-
butions from the ttZ, tZ, ttW, and ttWW are simulated at NLO or LO accuracy in QCD using
the MADGRAPH5_AMC®@NLO generator. The ttZ cross section is taken from Ref. [130]. The
Drell-Yan production is simulated using MADGRAPH5_AMC@NLO at NLO precision in QCD.
Since the off-shell production of the Z boson is of particular interest for this analysis, a sam-
ple of simulated events was produced, which only includes events with a muon pair in the
mass range 105 < my,;, <160GeV. The large number of simulated events in this phase space
significantly improves the statistical precision of the background prediction. The correspond-
ing cross section is calculated with FEwz v3.1 [131] at NNLO in QCD and NLO precision in
electroweak theory. In addition, the electroweak production of a Z boson in association with
two jets is simulated at LO in QCD using MADGRAPH5_AMC®@NLO. The diboson processes
WZ, 77, and WW, as well as the triboson processes WWW, WWZ, WZZ, and ZZZ are simulated
at NLO in QCD using either the POWHEG or MADGRAPH5_AMC®@NLO generators. The dibo-
son processes which only include leptonic decays are listed separately. Their production cross
sections are modified with NNLO/NLO k factors taken from Refs. [132], [133], and [134].

39



Chapter 3. Event simulation

Table 3.2: Overview of simulated background processes. Processes with similar kinematic
properties are summarized. For each simulated process the used ME generator and the cross
section times branching fraction is reported.

Notation Process Generator o(pb) x
tt + jets (dileptonic decays) POWHEG 86.61
tt + jets (semileptonic decays) POWHEG 358.57
Single top quark (anti-quark) W-associated POWHEG 35.90
Single top quark t-channel POWHEG 136.02
Top quark  Single top anti-quark t-channel POWHEG 80.95
Single top quark (anti-quark) s-channel MADGRAPH5_AMC@NLO 3.40
tttt (inclusive decays) MADGRAPH5_AMC@NLO  9.1-1073
tttW (inclusive decays) MADGRAPH5_AMC@NLO  7.3-107*
tttq (inclusive decays) MADGRAPH5_AMC@NLO  4.0-107*
ttZ (Z — 00,vv M,; > 10GeV) MADGRAPH5_AMC@NLO 0.32
G717 ttZ (Z — £0,vv M,; <10GeV) MADGRAPH5_AMC@NLO  9.3-1072
tZq (Z — ¢0) MADGRAPH5_AMC@NLO  7.6-1072
tZW (leptonic decays) MADGRAPH5_AMC@NLO  1.3-1073
AWW) tEW (W — ¢v) MADGRAPH5_AMC@NLO 0.20
ttWW (inclusive decays) MADGRAPH5 AMC@NLO  7.0-1073
Z — 00 +jets (M,; >50GeV) MADGRAPH5_AMC@NLO  6225.40
DY+Z-EWK  Z — ¢ +jets (105 < M,; < 160 GeV) MADGRAPH5_AMC@NLO 47.12
Z —00(q§) (M,;>50GeV, Mgz >120GeV) MADGRAPH5_AMC@NLO 1.61
WZ (Z — 0,W — 0v) MADGRAPH5_AMC@NLO 5.25
qq— 727 (Z — ¢9) POWHEG 1.26
WZIZZIeD. oo . 77— 2e2p (2u27) (2027) PYTHIA 3.2.1073
gg — 77 — 4 (41) PYTHIA 1.6-1073
WW (W — £v) POWHEG 12.18
WZ (Z = 00,W — q4) MADGRAPH5_AMC@NLO 5.61
77.(Z — 00,7 — q§) POWHEG 3.66
W) 77.(Z — 00,7 — vv) POWHEG 0.56
WWZ (inclusive decays) MADGRAPH5_AMC®@NLO 0.17
WWW (inclusive decays) MADGRAPH5_AMC@NLO 0.21
WZZ (inclusive decays) MADGRAPH5_AMC@NLO  5.6-1072
777 (inclusive decays) MADGRAPH5_AMC@NLO  1.4-1072
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The analysis described in this thesis relies on the efficient reconstruction of the particles pro-
duced in the proton-proton collisions. Each of these particles leaves a characteristic trace in
the detector that is used to identify the different particle types and to measure their properties.
The particle-flow (PF) algorithm [135-137] is a global event reconstruction method that com-
bines information from the different subdetector components of the CMS detector to identify
muons, electrons, photons, as well as neutral and charged hadrons.

The different detector signatures are briefly presented in Section 4.1. The event reconstruc-
tion and particle identification based on the PF algorithm is introduced in Section 4.2. The
reconstructed physics objects and specific selection requirements used for data analysis are
reported in Section 4.3.

4.1 Detector signatures

Charged-particle trajectories, referred to as tracks, are reconstructed from the signals in differ-
ent layers of the silicon-tracking detector. The interaction point, identified to be the origin of
the high- pr particles in the event, is referred to as the primary vertex (PV). A less event depen-
dent definition of the interaction point is obtained by the average position of the PV over many
events. The corresponding luminous region in the detector is referred to as the beam spot (BS).

Electrons and photons are absorbed in the ECAL as they deposit most of their energy due to
multiple electromagnetic interactions. These electromagnetic showers are detected as energy
clusters in the ECAL crystals from which the particle energies are determined. Since electrons
are charged, they are identified by a track in the silicon tracker pointing to an energy cluster in
the ECAL. Photons are electrically neutral particles, and thus do not interact with the tracking
detector. Hence, energy clusters without associated tracks are identified as photons. Hadrons
additionally lose energy through strong interactions, initiating hadronic showers in the HCAL.
This leads to a characteristic signature used to identify charged and neutral hadrons. Muons
at high momentum are minimum ionizing particles so they are the only charged SM particles
that typically pass through the calorimeters with little or no interactions and produce a signal
in the muon chambers. Neutrinos only interact weakly, therefore they escape the detector
undetected. An illustration of the described detector signatures is given in Fig. 4.1.
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Figure 4.1: Cross-sectional view of a slice through the CMS detector. Typical detector signa-
tures of electrons, muons, photons, neutral and charged hadrons are presented in the individ-
ual sub-detector systems. Taken from Ref. [138].

4.2 Event reconstruction with the particle-flow algorithm

The CMS experiment follows the particle-flow (PF) approach for particle reconstruction and
identification. Particles can be well distinguished from each other due to their specific sig-
natures in the different detector components. The PF algorithm significantly improves the
event description by combining information from all sub-detector components. Figure 4.2 il-
lustrates the principle of PF event reconstruction. The detector signatures in the sub-detectors
are combined and interpreted to identify different particle types.

Reconstructed tracks are used as inputs, denoted as PF elements, to the PF algorithm. When a
particle passes through layers of the pixel and strip tracking detectors a trajectory is built from
the combination of associated signal hits. The tracking procedure is divided into the track
seed generation, the track finding, the track fitting and the final track selection. In the high
PU regime with large track multiplicities, a misreconstruction of unrelated hits becomes more
probable. To provide high reconstruction efficiencies and low misreconstruction rates, the
CMS tracking software denoted as Combinatorial Track Finder (CTF) [139] exploits an iterative
tracking strategy. The CTF is a modified version of a combinatorial Kalman filter [140-142]
which provides a combined framework for pattern recognition and track fitting. Initial track
candidates, called seeds, are built from short tracks in the inner layers of the silicon-tracker.
These are required to meet tight selection criteria on the distance to the PV, for example. In
the next iteration, hits assigned to the tracks from the previous iteration are removed. The
corresponding track seeding criteria are progressively relaxed, which increases the tracking ef-
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ficiency. The hit removal reduces the possible hit combinations, which leads to a decreasing
rate of misidentified tracks. The seeded trajectories are extrapolated along their expected path
to find additional signal hits which can be used to build track candidates. To improve the pre-
cision of the track parameters, all reconstructed track candidates are refitted. For this purpose,
a Kalman filter [143] and smoother are employed. The information of the BS position used for
seeding is removed in this step. Finally, a track selection is applied to increase the quality of
reconstructed tracks.

The second type of PF elements are energy deposits in the ECAL and HCAL calorimeters. A
clustering algorithm is employed to detect and measure the energy and direction of stable neu-
tral particles, such as photons or neutral hadrons. Furthermore, information from the ECAL
and the HCAL in combination with information from the tracking detectors is used to identify
charged hadrons and electrons. The cluster algorithm is performed in each of the calorimeter
components separately. Energy deposits in localized calorimeter cells that meet the required
energy threshold are considered as seeds of the cluster. Neighboring cells above a certain en-
ergy threshold are added to the cluster in an iterative procedure.

The PF reconstruction proceeds with a link algorithm that combines the PF elements from
different subdetector components. To reduce the number of possible combinations of ele-
ments the link is restricted to the closest object in the (1, ¢) plane. For each pair of elements
the distance between them is determined and used to evaluate the quality of the link. A re-
constructed track is linked to calorimeter clusters by extrapolating the track to the clusters.
Electrons often emit significant bremsstrahlung along their trajectory. To account for the cor-
responding energy loss, tangents to the tracks are extrapolated to the ECAL from the intersec-
tion points between the track and each of the tracker layers. An energy cluster is linked to
the track and considered to be a potential bremsstrahlung photon if the extrapolated tangents
point to an ECAL cluster. Calorimeter links between HCAL clusters and ECAL clusters are es-
tablished when the cluster position in the more granular calorimeter matches the cluster in the
less granular calorimeter. A charged-particle track is linked to a track in the muon chambers if
the corresponding track fit fulfills certain quality criteria.
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Figure 4.2: Illustration of the the PF event reconstruction. The PF algorithm combines infor-
mation provided by the ECAL, HCAL, the silicon tracker, and muon chambers to reconstruct
neutral and charged hadrons, electrons, muons or photons. Modified from Ref. [144].
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The linked information are referred to as PF blocks. These blocks are masked against fur-
ther processing, which means they are not used as elements for other particles. Finally, the
event is reconstructed with the following global approach: First, tracks associated to an iden-
tified muon are removed from the blocks. Second, the track and ECAL cluster associated to an
electron, as well as the ECAL cluster associated to an isolated photons, are removed from the
blocks. Lastly, the remaining elements to be identified are charged and neutral hadrons as well
as non-isolated photons from decays of neutral pions. These particles typically correspond
to the experimental signature of highly-energetic quarks or gluons, which hadronize and pro-
duce a collimated bunch of particles. Recombination algorithms are employed to combine
these particles into a common physics object, denoted as a jet.

4.3 Selection of physics objects

The PF algorithm allows for data analysis at the level of reconstructed physics objects identi-
fied as muons, electrons, jets, or missing transverse momentum from the presence of neutri-
nos. These physics objects are of particular interest as they potentially emerge from the decay
of the Higgs boson or heavy particles produced in association with the Higgs boson.

In the following, the reconstruction and selection of physics objects relevant for this thesis is
discussed. Note that from now on only muons and electrons are referred to as leptons. The
hadronic decay of the 7-lepton is not considered by the physics objects selection in this thesis.

4.3.1 Primary vertex and beam spot

The vertex reconstruction [139, 145] aims to measure the interaction point of all proton-proton
interactions in the event based on the reconstructed tracks. In a first step, tracks are pre-
selected by imposing a set of quality criteria on the number of hits in the tracking layers, and
the fit quality of the tracks, for example. All preselected tracks, which appear to have the same
origin, are clustered by a deterministic annealing algorithm [146] to build vertex candidates.
Thereby it is important to keep balance between resolving closeby interaction vertices and
splitting a single, genuine vertex by mistake. The reconstructed vertices are fitted using the
adaptive vertex fitter [147], which assigns a weight w; € [0,1] for each track i, to estimate the
position and determine quality measures of the vertices. A large weight corresponds to a high
compatibility between the track and the vertex position. The reconstruction efficiency for ver-
tices built from more than two tracks is close to 100%. The vertex with the largest square sum
of the transverse momentum of all tracks }_ p% is identified as the PV.

The beam spot (BS) [139] describes the luminous region where the LHC beams collide in the
CMS detector. The position of the BS is important to estimate the position of the interaction
point for vertex reconstruction as well as for triggering purposes. Two independent methods
can be used to determine the center of the BS. The first method defines a 3D region from the
position of primary vertices over many collisions. The mean position of x, y and z, as well as the
size of the BS can be derived through a fit of a likelihood to the 3D profile. The second method
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exploits a correlation between the transverse impact parameter dy and ¢ of tracks belonging
to the PV. This provides consistent results with respect to the first method.

The analysis described in this thesis uses additional selection criteria on the quality of the PV.
Events are selected, if at least one PV meets the following quality requirements:

B |z]| < 24cm distance between PV and the center of the detector,
B |p.| < 2cm distance between PV and the center of the detector,

N,
B number of free parameters ngos =3 -2 Zl.z”l.ad‘ w; > 4.

4.3.2 Muons

The reconstruction of muons [148] is based on tracks in the inner tracking system and tracks in
the muon chambers with the aim to combine both track pieces using a Kalman filter technique.
Depending on the reconstruction method, the resulting muon candidate is referred to as a
global muon or tracker muon. These two types of reconstructed muons are distinguished as
follows:

Global muons (outside-in) The matching of tracks from the muon chamber to the inner tracks
is performed by comparing the track parameters. If both sets of track parameters match
within certain boundaries, the combined track is re-fitted and the muon candidate is
identified as a global muon.

Tracker muons (inside-out) Tracks in the inner tracking system are extrapolated to the muon
chambers. In this procedure, the magnetic field, the average energy loss, and multiple
scattering in the detector material are taken into account. The muon candidate is recon-
structed as tracker muon if at least one muon track segment matches the inner track.

The efficiency for prompt muons to be reconstructed as a global muon or tracker muon is
about 99%. In many cases muon candidates are reconstructed as both. The momentum reso-
lution of the track is dominated by the inner track measurement up to pr < 200GeV. For very
high- pt muons the combined track fit of the inner track with the track in the muon chambers
improves the momentum resolution.

The reconstructed muons are required to meet certain criteria in order to be selected for the
analysis presented in this thesis. These criteria are summarized in Table 4.1. The muon se-
lection is particularly designed to ensure a high efficiency of well-reconstructed muons while
keeping the misidentification rate at a low level. Muons are required to be reconstructed as a
global or tracker muon with transverse momentum prt > 20 GeV inside the detector acceptance
of |n| < 2.4. Additional quality criteria are imposed on these muons, which are collectively re-
ferred to as the medium ID [148] within the CMS Collaboration. These are based on the num-
ber of measured hits in the silicon tracker and in the muon system, the properties of the fitted
muon track, and the impact parameters of the track with respect to the primary vertex of the

45



Chapter 4. Event reconstruction

event. Beyond these standard selection criteria, more specific vertex requirements are em-
ployed to select prompt muons created in the hard process and to reject those from decays of
hadrons. Furthermore, particles surrounding the muons are required to be incompatible with
the hypothesis of a b hadron decay, based on the algorithm described in Section 4.3.6.

To ensure that the efficiency correction factors for the selected trigger can be applied without
bias, the muon candidate which triggered the event is required to meet the selection criteria
denoted as the tight ID [148]. These include, in particular, an increased minimal number of
signal hits in the inner tracking detector and the muon chambers, as well as additional quality
criteria on the compatibility of the muon track with the reconstructed PV.

Table 4.1: Summary of requirements used to select muons for data analysis. The b hadron
likelihood is explained in Section 4.3.6.

Muon selection criteria

Transverse momentum pT > 20GeV
Pseudorapidity Inl <2.4
Muon identification medium ID (tight ID for trigger muon)
Distance between muon track and PV

in the transverse plane dxy <0.05cm

in longitudinal direction d, <0.1cm
Significance of 3D impact parameter SIP3p <8

deepCSV ysest < 0.8958 in 2016

B hadron likelihood of closest jet deepCSV ... < 0.8001 in 2017/18

4.3.3 Electrons

Electrons are reconstructed [149, 150] by a track in the inner tracker and an associated energy
cluster in the ECAL. Due to their small mass, electrons are highly prone to emit bremsstrah-
lung, while crossing the beam pipe and the layers of the inner tracking detector. The radiation
of bremsstrahlung photons subsequently reduces the energy of electrons along their trajec-
tory and changes the curvature of the track. The average energy loss ranges from 33% in the
center of the detector to 85% in the forward region. A Gaussian Sum Filter (GSF) [151, 152],
which embeds a dedicated model of the energy loss in the track fitting procedure, is employed
to provide an improved measurement of the electron track parameters. The radiated photons
are mainly spread in azimuthal direction. Therefore, the ECAL clustering algorithm collects
the energy deposits induced by bremsstrahlung photons in a small area in 7 and an extended
window in ¢ together with the primary energy deposit of the electron. These energy deposits
are used to construct the supercluster (SC). The seeding of the electron reconstruction follows
two complementary approaches. The ECAL-driven approach extrapolates the electron trajec-
tory towards the interaction point. This backward propagation is based on the SC energy and
its energy-weighted average position, which intersects with the helix corresponding to the ini-
tial electron energy. Then, both charge hypotheses are tested when the helices are tried to be
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matched to a track in the silicon tracker. The tracker-driven seeding is particularly optimized
for very soft electrons which are surrounded by additional particles, i.e., for non-isolated elec-
trons. The track is extrapolated towards the ECAL and matched to the closest energy cluster.

Selection criteria are employed to increase the purity of electrons used for data analysis pre-
sented in this thesis. Table 4.2 provides an overview of all requirements. Electrons are se-
lected in the detector acceptance of |n| < 2.5 with a transverse momentum of pt >20GeV. Fur-
thermore, requirements are imposed on the cluster shape together with criteria on the quality
of the matching between the SC and the extrapolated track. Furthermore, the ratio between
the deposited energy in the HCAL and the ECAL is restricted to small values to reject charged
hadron background. Selected electrons are required to provide high consistency of the elec-
tron energy measurement based on the ECAL and the momentum measured in the tracker.
At maximum one missing hit is allowed for electrons reconstructed in the barrel region of the
detector (|n| < 1.4442). A conversion veto is applied to reject electrons originating from the
conversion of a photon. The same selection criteria are applied, which are used for muons to
suppress background originating from the decay of b hadrons.

Table 4.2: Summary of requirements used to select electrons for data analysis. The first (sec-
ond) term in parenthesis corresponds to the value used for electrons reconstructed in the bar-
rel 0 < |n| < 1.4442 (endcap 1.556 < |n| < 2.5) region of the detector.

Electron selection criteria

Transverse momentum pT > 20GeV
Pseudorapidity of SC Inscl < 1.4442,1.556 < |nsc| < 2.5
Pass conversion veto v
Distance between muon track and PV

in the transverse plane dxy <0.05cm

in longitudinal direction d, <0.1cm
Significance of 3D impact parameter SIP3p <8

O inin < (0.011,0.030)
Energy cluster |An(SC, track)| < (0.010,0.008)
|A¢p(SC, track)| < (0.04,0.07)

Hadronic energy/EM energy H/E <(0.10,0.07)
Number of missing hits Nll;;itsssing <2
Energy in SC & track pr —0.05 < (1/Esc — 1/ pirack) < (0.010,0.005)

deepCSV yeest < 0.8958 in 2016

B hadron likelihood of closest jet deepCSV. .oy < 0.8001 in 2017/18
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Chapter 4. Event reconstruction

4.3.4 Lepton isolation

Leptons in signal events are expected to be isolated. The so-called mini-isolation I™™ [153]
of a lepton is defined as the sum of scalar pt values of charged particles, neutral hadrons, and
photons, that are reconstructed within a narrow cone with radius R centered around the lepton
direction not taking into account the presumed lepton itself. Residual PU contributions to the
neutral component of the isolation sum are taken into account using the effective area (EA) A
correction [154], which is measured for electrons and muons in several 7 regions. The lepton
isolation is given by

. R \2
Jmini _ pr +max(0, pr—p Al
ChaZTgEd ! ( ne%als ! (0-3) )

where p is the energy density of neutral particles reconstructed within the geometric accep-
tance of the tracking detectors.

To increase the efficiency of leptons reconstructed in events with high hadronic event activity,
in which accidental overlap of particles is more probable, the cone size R decreases dynami-
cally with the pr of the lepton:

0.05 if pr > 200 GeV
R=410 GeV/pr if50 < pr <200 GeV
0.2 if pr <50 GeV.

Muons and electrons are required to have an isolation of less than 40% relative to their pr.
Again, a tighter selection is imposed in case the muon triggered the event. The isolation is
required to be less than 15% relative to the muon pr inside a cone with fixed radius R = 0.4.

4.3.5 Hadronic jets

Quarks and gluons in the final state confine to hadrons on a very short time scale, which can
be estimated by the inverse of the QCD energy scale At = A(‘)}:D. Due to their nearly immedi-
ate hadronization, they can not be observed as isolated particles in the detector. The bunch
of collimated particles, which is produced during the hadronization, consists on average of
65% charged hadrons, 25% photons, and 10% neutral hadrons. These constituents are recon-
structed by the PF algorithm and clustered with specific sequential jet recombination algo-
rithms. All jet algorithms are required to be infrared and collinear safe (IRC-safe), i.e., they are
insensitive to soft gluon radiation and gluon-splitting, since in these cases perturbative QCD
calculations diverge.

The reconstruction of jets relies on certain distance measures between particles, which are
used to decide if a particle is assigned to a jet. The distance parameter dj; between the particles

i and j is defined by
2

. 2p _2p ij
dij = min (pT’l., pT’j) 72 4.1
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4.3 Selection of physics objects

in terms of the transverse momentum of the jet candidate particle pt, the cone radius of the
. . . 2 2 2

jet R, a free parameter of the algorithm p and the distance A? = (yi—yj)°+ (i —¢pj)°. The
jet reconstruction follows an iterative procedure. The parameter dj; is evaluated for all particle
pairs, and the pair with the smallest distance dj; is merged into a temporary pseudo-jet, which

is used in the following iteration until no dj can be found smaller than pZT’? ;- The pseudo-jet i
is removed from the set of particles and is considered as the final jet. The parameter p de-
termines the properties of the reconstructed jets and, in particular, the geometrical shape of
jets in the detector. Three classes of IRC-safe jet reconstruction algorithms can be identified:
The k1 algorithm [155] corresponding to p = 1, the Cambridge-Aachen algorithm [156] corre-
sponding to p =0, and the anti-kr algorithm [157] corresponding to p = —1. Figure 4.3 shows
the resulting reconstructed jets using the anti- k7 algorithm.

| anti-k,, R=1 |

Figure 4.3: Reconstructed jets in simulated events using the anti- k7 algorithm. Shown are the
transverse momenta of particles in the y — ¢ plane and their combination into a jet with cone
radius R = 1. Taken from Ref. [157].

In this thesis the anti- k7 algorithm with a cone size R = 0.4 is used. Particles from PU vertices
can have a significant impact on the jet clustering. To reduce their influence, charged hadrons
which are identified to originate from a PU vertex are excluded from the jet clustering. The jet
momentum is determined from the vectorial momentum sum of all associated particles. Jets
are required to be reconstructed with pr > 25GeV inside the detector acceptance of || < 4.7.
They are rejected if they overlap with a selected lepton by a geometrical separation require-
ment of AR(j, ¢) > 0.4. Furthermore, a set of quality criteria is used to suppress the contami-
nation from misreconstructed jets arising from calorimeter or electronic noise. To distinguish
noise jets from genuine jets, a set of n-dependent selection criteria is imposed on the hadronic
and electromagnetic energy fractions carried by neutral particles, the hadronic energy frac-
tion carried by charged hadrons, the total number of constituents as well as the multiplici-
ties of charged and neutral particles [158]. These selection criteria are reported in Table 4.3.
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Chapter 4. Event reconstruction

To further reduce the contamination of jets originating from a PU vertex, a dedicated pile up
identification (PU ID) discriminator is built based on a combination of vertex and jet shape
information [159, 160]. All jets with pr < 50GeV are required to pass the loose PU ID. The de-
tector region 2.6 < |n| < 3.0 was strongly affected by ECAL noise during the 2017 data-taking
period. This led to a significantly increased number of noise jets in the corresponding region.
Jets from noise or PU are typically more diffuse compared to genuine hadronic jets. To miti-
gate the impact of jet misreconstruction due to ECAL endcap noise in 2017, jets that lie in the
region are required to pass the tight PU ID.

Table 4.3: Summary of requirements used to select jets for data analysis. The requirements de-
pend on the year of data taking, and on the pseudorapidity of the jet. The jet ID is particularly
designed to reduce jets originating from detector noise.

JetID in 2016 <26 24<|n/<27 27<[n<3.0 [|n>3.0
Number of constituents >1 >1 — —
Neutral hadron fraction <0.9 <0.9 <0.98 —
Neutral EM fraction <0.9 <0.9 >0.01 <0.9
Number of neutral particles — — >2 >10
Charged hadron fraction >0 — — —
Charged EM fraction <0.99 — — —
Charged multiplicity >0 — — —
JetID in 2017 Inl<24 24<|n|l=<27 2.7<Inl=3.0 Inl>3.0
Number of constituents >1 >1 — —
Neutral hadron fraction <0.9 <0.9 — >0.2
Neutral EM fraction <0.9 <0.9 >0.02and <0.99 <0.9
Number of neutral particles — — >2 >10
Charged hadron fraction >0 — — —
Charged multiplicity >0 >0 — —
JetID in 2018 Inl<26 26<|nl<27 27<[n<3.0 [7>3.0
Number of constituents >1 — — —
Neutral hadron fraction <0.9 <0.9 — >0.2
Neutral EM fraction <0.9 <0.99 >0.02and<0.99 <0.9
Number of neutral particles — — > 2 >10
Charged hadron fraction >0 — — —
Charged multiplicity >0 >0 — —
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4.3 Selection of physics objects

Jet energy scale & resolution

The reconstructed jet energy is influenced by various effects. Within CMS a procedure was
developed to calibrate the energy of reconstructed jets with the aim to provide the correct jet
energy scale (JES) for jets in simulation and data [161]. The correction procedure is factorized
into several stages, where each of these corrections accounts for a particular effect. In the first
step a PU correction is applied in data and simulation, which accounts for the energy offset due
to neutral hadrons and photons from PU. The next step is the simulated response correction,
which is derived from simulation and applied as a function of jet n and pr. Finally, residual
corrections are applied to data only. These are measured in situ from the energy balance in di-
jet, multi-jet, y+jets, and Z+jets events to correct for the remaining differences between data
and simulation. The JES correction is centrally provided by CMS and the latest recommenda-
tions [162] are applied in this thesis.

Flavor

MC ‘ Callbtat
Jets

Applied to simulation ——

Figure 4.4: Consecutive stages of the procedure used to correct the JES in simulation and data.
Taken from Ref. [163].

The jet energy resolution (JER) in simulation is corrected to reflect the resolution measured
in data. For this purpose, jets in simulated events are smeared by a hybrid method. When a
reconstructed jet can be matched to a generated jet, the four-momentum of the reconstructed
jetis scaled with
pr— pF%en
CJER = 1+ (S]ER -1)— 4.2)
pr

in terms of the reconstructed jet pt, the generated jet p,gren, and the data-to-simulation core
resolution scale factor sjpr. In cases where no match of a reconstructed jet to a generated jet
can be established, a stochastic smearing is applied. The core resolution scale factors are cen-
trally provided by CMS [164]. These factors are derived in samples enriched with high- pr jets,
while a large fraction of jets used in this thesis has smaller pt. In the regime with jet pr < 50 GeV
the JER smearing does not improve the agreement between data and simulated events. For this
reason, the JER smearing is not applied by default. Instead it is used to estimate the systematic

uncertainty in the signal rate due to variations in the JER.
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4.3.6 B-tagging

The identification of jets initiated by b quarks is referred to as b-tagging. These jets are of
particular interest for the analysis presented in this thesis since b-tagged jets will be used to
identify the top quarks produced in association with the Higgs boson. Top quarks dominantly
decay to a b quark and a W boson. B-tagging algorithms exploit different properties of jets
and their constituents to distinguishing b jets from u,d,s,g (light-flavor+gluon) jets. Due to
their large mass, hadrons containing b quarks have a large lifetime, which leads to a displace-
ment for b hadrons of a few millimeter with respect to the primary interaction point. The
displaced tracks can be used to reconstruct a secondary vertex (SV) as presented in Fig. 4.5.
Since the tracker is necessary to reconstruct the SV, the selection of b-tagged jets is restricted
to the tracker acceptance of || < 2.5.

displaced

jet tracks charged

lepton

heavy-flavour
sV jet

jet

Figure 4.5: Illustration of a b quark jet with a secondary vertex resulting in charged-particle
tracks that are displaced with respect to the primary interaction vertex. Taken from Ref. [165].

The Deep Combined Secondary Vertex (DeepCSV) algorithm [165] based on a deep neural net-
work (DNN) is employed for b-tagging. Compared to previous versions of this algorithm the
selection efficiencies and misidentification rates for b-tagged jets could be improved by using
the advances in the field of deep machine learning [166]. A fully connected DNN was trained
on preselected jets with pr > 20 GeV using a set of already established input observables, which
comprise the quality of the SV, different track properties, as well as the pt and 7 of the jet. The
working points used in this thesis are listed for each data-taking period in Table 4.4.

Table 4.4: Selected b-tagging working points for each data-taking period. The chosen medium
(loose) working point of the DeepCSV discriminator output corresponds to a b-tagging selec-
tion efficiency of 68% (84%) with a misidentification rate of 1.1% (11%) [167].

Year DeepCSV working point
medium loose
2016  0.6321 0.2217
2017  0.4941 0.1522
2018 0.4184 0.1241
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4.3.7 Quark-gluon discriminant

Hadronic jets initiated by gluons show different properties with respect to jets from light flavor
quarks. Gluon jets have higher charged particle multiplicities, and are less collimated com-
pared to quark jets. These differences are used to build a single discriminant able to distinguish
gluon jets from quark jets. The discriminant developed by the CMS Collaboration is referred
to as quark-gluon likelihood (QGL) [168, 169]. It is based on three observables reconstructed
from the jet constituents. Namely, the total number of particles reconstructed within the jet,
the ellipse minor axis of the jet constituents in the (n—¢) plane, and the fragmentation function

defined as
\/ Zi p%,i

2iP1i ’
in terms of the transverse momenta pr of all jet constituents i. Gluon jets tend to have small
values of prD, while quarks have large values. The QGL is constructed using the product of
three probability density functions corresponding to the three observables. A large value of
the QGL implies that a jet originates from the hadronization of a light flavor quark, while a
small value of the QGL indicates a gluon jet. This is later used to identify the decay of a top
quark to three resolved jets as described in Section 5.7.

prD = (4.3)

4.3.8 Missing tfransverse momentum

The reconstruction of particles is based on signals in the detector. However, neutrinos interact
only weakly which means they traverse the detector with little or no signal. Therefore, an indi-
rect method is used to identify neutrinos and recover their transverse momentum referred to
as missing transverse momentum ﬁ}ni“ [170]. The momentum sum in the transverse plane is
conserved. Assuming neutrinos to be the only source of 5", any imbalance in the transverse
momentum sum indicates the presence of neutrinos in the event. Therefore, ﬁ%mss is defined
by the negative vectorial sum of all PF particles that pass a certain pt threshold

PSS =~y py. (4.4)

The magnitude of this vector corresponds to the missing transverse energy (MET) EITniSS. The
indirect measurement of p;"'*° relies on a precise pr measurement of all detected particles in
the event. In particular, wrongly measured jet pr can have a significant impact on the pr™*.
Therefore, the type-1 corrected definition of p;"** is employed in this thesis, which accounts
for a mismeasurement of the jet pt by replacing non-calibrated jets with the calibrated jets. In
this way, the JEC is propagated to the definition of ﬁ%niss. A set of additional event filters is used
to reject events which are affected by detector noise in the HCAL, by low quality crystals in the

ECAL endcap, and by beam halo effects [171].
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Chapter

Higgs boson decays to muons
produced in association with top quarks

The previous CMS search for Higgs boson decays to muons HIG-17-019 [41], as introduced
in Section 1.4, primarily focused on the two largest Higgs boson production modes ggH and
VBF. To suppress the background contribution from top quark-antiquark pair production tt,
the number of b-tagged jets was included as input to the final multivariate discriminant. Since
tt as well as the ttH production both feature b jets in the final state, the ttH signal was rejected
in the same way as the background from tt. Both, tt and ttH events accumulated in the least
sensitive analysis category with very small signal-to-background ratio. Thus, the final signal
extraction fit was insensitive to the signal contribution from ttH.

For the recent CMS analysis HIG-19-006 [172] based on the full Run 2 dataset, an analysis strat-
egy dedicated to the ttH production mode is developed. This analysis is the central subject of
this thesis and presented in this chapter.

The analysis outline is provided in Section 5.1 followed by a description of the signal and back-
ground event topology in Section 5.2. Thereafter, Section 5.3 motivates the trigger selection,
presents an overview of the used datasets, and summarizes the data-taking conditions. Sec-
tion 5.4 provides a review of corrections, which are applied to account for differences between
data and simulation. In particular, the muon momentum scale and resolution and their impact
on the reconstructed Higgs boson mass are discussed. Section 5.5 introduces two methods
that aim to improve the dimuon mass resolution of the reconstructed Higgs boson candidate.
A multivariate lepton identification algorithm is explained in Section 5.6 which helps to dis-
tinguish between prompt leptons and non-prompt leptons from jets. The reconstruction of
top quarks decaying into three resolved jets is performed by a dedicated algorithm presented
in Section 5.7. The event selection and the optimization strategy based on a multivariate dis-
criminant is discussed in Section 5.8 and Section 5.9, respectively. After the application of
the event selection criteria, events are sub-divided according to the output of the multivariate
discriminant into several subcategories. The category boundaries, determined by an itera-
tive algorithm, are reported in Section 5.10. The analytical functions that model the dimuon
mass distribution of the signal and background component in the final maximum likelihood
fit are described along with the considered systematic uncertainties in Section 5.11. Lastly,
Section 5.12 provides the results of this analysis.
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5.1 General H — u*u~analysis strategy

The analysis reported in this thesis is designed to contribute to a combined search for Higgs
boson decays to muons targeting all main Higgs boson production modes at the LHC: gluon-
fusion (ggH), vector boson fusion (VBF), production in association with a vector boson (VH),
and production in association with a top quark-antiquark pair (ttH). To avoid any overlap be-
tween the analyzed events, four exclusive event categories are defined. Each of the event cate-
gories is enriched in one of the Higgs boson production modes. A comprehensive overview of
the analysis strategy is provided in Fig. 5.1. Several aspects of the analyses follow similar ap-
proaches, although each event category is particularly optimized to achieve the best possible
results.

The analysis proceeds as follows. Events are accepted by the single muon trigger. The base-
line dimuon event selection includes all events containing a pair of oppositely charged muons,
where at least one of these muons matches the single muon trigger object. The corresponding
muon pair defines the Higgs boson candidate. The mass resolution of the Higgs boson can-
didate is improved using two independent methods referred to as final-state radiation (FSR)
photon recovery and GEOFIT. Thereafter, events are categorized according to their additional
final state particles corresponding to the characteristics of a Higgs boson production mode.

Events consistent with ttH production are identified using b jets. The ttH category comprises
all events that contain at least two jets passing the loose working point of the b-tagging algo-
rithm, or one jet passing the medium working point. The ttH category is sub-divided into a
ttH leptonic and a ttH hadronic category based on the presence of additional leptons. Events
without b-tagged jets that contain three (four) leptons compatible with the WH (ZH) produc-
tion mode are assigned to the VH category. All remaining events represent the Higgs boson
production modes ggH and VBF. These cannot directly be distinguished by their final state
particles because ggH as well as VBF can feature two jets in addition to the muon pair. How-
ever, the VBF production mode is identified by two jets predominantly radiated in forward di-
rection leading to a large dijet mass m;; > 400 GeV, and large difference of the pseudorapidity
between the two jets An;; > 2.5. Events containing at least two jets, which meet these criteria,
are assigned to the VBF category. Events, which are not selected by the ttH, VH, or VBF event
category are assigned to the ggH category.

The ggH, VH, and ttH categories exploit the dimuon mass distribution of the Higgs boson can-
didate to extract the signal. Therefore, multivariate techniques, which are designed to dis-
tinguish signal from background events, only include observables largely uncorrelated with
the Higgs boson candidate mass. Based on the resulting multivariate discriminants, events
are classified into several subcategories. These define sensitive phase-space regions with en-
hanced signal-to-background ratio. The background shape is modeled using empirical func-
tions in an extended window around the Higgs boson mass between 110 and 150 GeV, referred
to as the sideband (SB) region. The background contribution in the signal region (SR) close
to the Higgs boson mass in the range between 120 and 130 GeV is thereby estimated from the
mass sidebands which almost entirely consist of background events.
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The characteristic event topology of VBF events allows strong suppression of the dominant
background contributions, while signal events are selected with high efficiency. The large ex-
pected sensitivity is limited by the statistical precision of the background estimation due to the
small number of expected data events in the dimuon mass sideband. For this reason, the VBF
category follows a different signal extraction approach. In contrast to the described data driven
background estimation, the VBF analysis relies on simulated events to model the background.
Simulated events can be produced corresponding to a multiple of the actual luminosity, which
significantly reduces the uncertainty of the background estimation, and improves the sensi-
tivity. The signal extraction is performed by a fit to the output distribution of a multivariate
discriminant, which includes the dimuon mass information.

The combined result is obtained by a simultaneous maximum likelihood fit in all 21 subcate-
gories. Further details on the combined analyses, and its results are given in Chapter 6. The
development of the ttH analysis is described in the following sections.

single muon trigger selection

dimuon event selection
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Figure 5.1: Illustration of the analysis strategy for the CMS H — u*u~ analysis using the full
dataset of LHC Run2. The preselected dimuon events are divided into four exclusive event
categories targeting the main Higgs boson production modes. Each analysis is optimized using
multivariate techniques. The final results are obtained by a simultaneous maximum likelihood
fit in all event categories. The ttH analysis presented in this thesis is highlighted.

57
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5.2 Event topology in the ttH category

Massive particles like the H,Z, W bosons, or the top-quark, which are produced in proton-
proton collisions at the LHC, decay on very short timescales and are identified by their decay
products. Signal events are therefore distinguished from background events using differences
between the kinematic properties of the final state particles. An accurate understanding of the
event topology is necessary to achieve a sufficient discrimination between signal and back-
ground events. In the following, the final state signatures of the ttH production are described
along with all considered background processes.

Signal

The ttH production has the smallest cross section among the Higgs boson production modes
which are targeted in the analyses. This process features two oppositely charged muons from
the decay of the Higgs boson accompanied by the decay products from the top quark-antiquark
pair. The top quark decays predominantly into a b quark and a W boson. The corresponding
W boson can either decay hadronically into two quarks, or leptonically into a lepton and neu-
trino. An exemplary illustration of the ttH signal process where one top quark decays lepton-
ically and the other top quark decays hadronically is shown in Fig. 5.2. The cases where both
top quarks decay hadronically (leptonically) are considered as well.

Higgs candidate

b
JRSEY;
#+ /et
b
hadronic leptonic
top quark decay top quark decay

Figure 5.2: Depiction of the experimental signatures expected for ttH production with Higgs
boson decay to muons. Both top quarks, produced in association with the Higgs boson, decay
to a b quark and a W boson. The corresponding W boson can either decay hadronically into
two quarks (left), or leptonically into a lepton and neutrino (right).
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Backgrounds

A certain fraction of the different processes that take place in the proton-proton collisions
produces a final state similar to the one expected from the signal process. The considered
background processes contain two oppositely charged muons and at least one b tagged jet.
Additional jets or leptons can mimic the decay products of the top quarks. Example Feynman
diagrams of possible background processes are presented in Fig. 5.3. Further details, including
their cross section times branching fraction are provided in Section 3.2. The event yields of all
background contributions after the final selection are reported in Section 5.8. The different
background processes and their potential importance are discussed below.

B Top quark The processes containing one, two, or multiple top quarks are summarized into
the "Top quark" background. The largest contribution is represented by the top quark-
antiquark pair production with both top quarks decaying leptonically into muons. Due
to the very large cross section of this process, which can also include additional jets from
radiation or leptons originating from the decay of heavy b hadrons, it constitutes the
dominant background for the ttH event category.

B (tZ+tZ The production of top quark-antiquark pairs or single top quarks in association
with a Z boson are considered to be an irreducible background, since the final state par-
ticles provide very similar kinematic properties compared to signal events. The cross
section of ttZ production is twice as large as the cross section of ttH. However, the ra-
tio of the branching fractions for decays to muons of the Higgs boson is 10~ smaller
than the one of the Z boson. Considering also the off-shell Z boson production, which
drastically reduces the ttZ production rate, this background is expected to have event
yields around 5 times larger than the signal in the relevant dimuon mass range around
the Higgs boson mass.

B ttW(W) The top quark-antiquark pair production in association with one or two W bosons
comprises a slightly smaller background contribution compared to ttZ. Although its
cross section is similar, the decay products from the W boson and the top quarks only
form by chance a pair of muons compatible with the decay of a Higgs boson, which re-
duces the effective background rate.

B DY+Z-EWK The background with the largest cross section, producing a pair of oppositely
charged muons in the final state, is the Drell-Yan process. It refers to the production of a
Z boson or virtual photon in quark-antiquark annihilation. Additionally, the electroweak
production of the Z boson with much smaller cross section is considered. The DY+Z-
EWK background contribution is strongly suppressed due to the absence of b quarks at
LO, which are only produced by ISR.

B WZ/ZZlep. The SM production of multiple weak vector bosons occurs in all combinations
of W and Z bosons. The "WZ/ZZ lep." background summarizes the cases, where a Z
boson is produced along with an additional W and Z boson, and both vector bosons
decay leptonically. Similar to the Drell-Yan process, b quarks are only produced by ISR,
which significantly reduces the rate of this background.
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B VV(V) All remaining contributions of possible diboson and triboson combinations are in-
cluded in the "VV(V)" background. Although potentially many additional leptons and
jets are produced in these processes, they represent one of the smallest backgrounds,
due to their small cross sections.

(a) tt production 1 (b) Drell Yan production

(¢) {7Z production (d) FFW production
W+ Vv W+ v
q 7 e
/1+ /et - p
Z y+ q
q ~ Z ut
(e) WZ producti H 7 u
e roduction .
lept}:)nic decays (f) VVV production

Figure 5.3: Example LO Feynman diagrams of the six main background contributions, tt pro-
duction (top left), Drell-Yan (top right), ttZ production (center left), ttW production (center
right), WZ production (bottom left), and VVV production (bottom right).
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5.3 Trigger & dataset

The analyzed dataset is based on proton-proton collisions at a center-of-mass energy of 13 TeV
recorded by the CMS experiment between 2016 and 2018, and corresponds to an integrated
luminosity of 137fb™". The datasets are split by time periods corresponding to different beam
intensities and operating conditions. Table 5.1 summarizes the used datasets for all three years
along with their integrated luminosity and trigger properties. Only data, where the CMS de-
tector was fully operational ("CMS certified high quality data") is included.

Muons emerging from the decay of the Higgs boson are expected to have large transverse mo-
mentum in the order of half of the Higgs boson mass %m i = 62GeV. Generally, the online re-
constructed trigger muons are required to pass a certain pt threshold to limit the trigger rate.
Signal events are selected with a high selection efficiency using single muon triggers, which re-
quire triggered muon candidates to pass loose isolation criteria, and a pr threshold of 24 GeV
in 2016/2018, and 27 GeV in 2017. At least one offline reconstructed muon has to be matched

within a cone of AR = 0.1 to the muon candidate that triggered the event record.

To measure trigger and selection efficiencies, a tag-and-probe method [173] is used. For this
purpose, the well-known Z boson mass resonance is exploited. Lepton pairs are selected based
on two different selection types. One of the leptons, referred to as the tag, is required to fulfill
very tight selection criteria with a misidentification rate much smaller than 1%. A set of lep-
ton candidates passing very loose selection requirements, referred to as probes, is selected by
pairing these with the tags such that the invariant mass is compatible with the Z boson mass.
The efficiency of a desired selection criterion is determined by the number of probes that pass
the selection normalized to the total number. Typically these efficiencies are measured as a
function of the lepton pr and 7.

Figure 5.4 shows the single muon trigger efficiency depending on the muon pr and 7 for each
data-taking period. To avoid the turn-on region of the trigger efficiency in pr, where the effi-
ciency rapidly increases until it reaches a plateau, slightly larger pr thresholds are required for
the offline reconstructed muons. The offline pt thresholds are 26 GeV in 2016/2018 and 29 GeV
in 2017. Due to the high pt of muons in signal events, this has only a small impact on this

Table 5.1: Summary of the used datasets collected between 2016 and 2018. The selected trigger
and the corresponding trigger thresholds, the dataset names, and the integrated luminosity for
each year of data taking are reported.

Trigger threshold

Year Datasets Trigger online offline Integrated luminosity
2016 RunB,C,D,E,EGH Single muon pr>24 GeV pr>26 GeV 35.9fb™!
2017 RunB,C,D,EF Single muon pr>27 GeV  pr>29 GeV 41.5fb™"
2018 RunA,B,C,D Single muon pr>24 GeV pr>26 GeV 59.7 fb™!
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Figure 5.4: Single muon trigger efficiency in data as a function of muon pr (left) and 1 (right)
for each year of data taking. Taken from Ref. [174].

analysis. The trigger efficiency is mostly constant in the barrel region of the detector, except
for a narrow detector gap region || = 0.2. Towards large |n| the efficiency decreases due to lim-
itations in the L1 trigger reconstruction algorithms. The overall trigger efficiency for muons is
90% for 2016 and 2018 while in 2017 the efficiency is slightly lower. This is partially caused by
the introduction of a new trigger object reconstruction algorithm. The performance stabilizes
throughout the 2018 data-taking period, and the trigger efficiency in 2018 reaches a value sim-
ilar to the one in 2016 [174]. In simulated events, the trigger is emulated to provide a similar
selection efficiency.

Experimental circumstances that influenced the data taking are discussed in the following. In
2016 and 2017, a slight shift in the timing of the ECAL readout was not properly propagated to
the L1 trigger. This affected the trigger efficiency and is corrected as explained in Section 5.4.2.
A powering issue led to inactive pixel detector modules in 2017. The general efficiency cor-
rections, described in Section 5.4, account for any differences in efficiencies between data and
simulation. By the end of 2017, the ECAL experienced a loss of transparency due to continuous
radiation damage. To cope with the less sensitive ECAL crystals, signal amplification factors
were increased, which led to considerable detector noise. Specific selection criteria are applied
to mitigate the performance loss for jets detected in the forward region of the detector as de-
scribed in Section 4.3.5. Moreover, jets with low pr that are reconstructed in the corresponding
detector region are excluded from the calculation of the E%ﬁss. An adapted ECAL calibration
scheme eliminated this effect in 2018. The power supplies of some HCAL modules broke in the
middle of the 2018 data-taking period, which affected the jet energy measurement. The overall
impact on this analysis is found to be negligible.
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5.4 Efficiency corrections & event reweighting

This analysis aims to evaluate the H — u*u~ signal based on the measured efficiency in simu-
lated events. Any mismodeling of physical observables or bias in the detector response, which
is not accounted for in the simulation, leads to discrepancies between the selection efficiency
in data and simulation. To correct for these differences and to ensure that physical observables
are modeled correctly, simulated events are reweighted using multiplicative scale factors (SFs).
Standard corrections are provided centrally by the corresponding CMS experts, who are or-
ganized in the Physics Object Groups (POGs). The applied corrections are discussed in the
following.

5.4.1 Lepton efficiencies

Differences in the selection efficiency of leptons between data and simulation are corrected
using SFs which correspond to the ratio of the efficiency measured in data and simulation

SF=  Cdata (5.1)

Esimulation

The muon trigger efficiency €; measured in a tag-and-probe method describes the probability
for a single muon i to trigger the event. Since at least two muons are present in all selected
events and both can potentially trigger the event record, the probability for events where at
least one of these muons triggered is to be determined. This probability is complementary
to the case where none of the muons triggered the event. Therefore, the per-event trigger
efficiency is computed by

Etrigger = 1- H (1-¢;). (5.2)

iep

The per-event trigger SF corresponds to the ratio of the per-event trigger efficiency in data and
simulation. The per-event lepton identification and isolation (id+iso) SFs are computed using
the SF product of all selected leptons in the event. The total lepton SE which is defined by the
product of the trigger SF and the id+iso SF, is applied as an event weight depending on the
muon pt and 7 to correct the lepton selection efficiencies in simulated events

SF lepton = SFtrigger - SFid+iso- (5.3)

The SFs depend on the chosen trigger, and on the specific isolation and identification criteria
used to select muons and electrons. The identification and isolation efficiencies, as well as the
muon trigger efficiencies are provided by the ttZ/tZq analysis group [175, 176], and the Muon
POG [177-180], respectively.

Figure 5.5 presents an overview of the single muon trigger SFs for all three years. The SFs are
shown as a function of pr and 7. In general, the trigger selection efficiencies are well modeled
in simulated events even before any correction, since most SFs are in the range between 0.95
and 1. Larger differences between the efficiencies in data and simulation are observed for lep-
tons at large |n|, where the SFs vary between 0.90 and 1.02.
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Figure 5.6 presents the electron and muon id+iso SFs for 2016 and 2017 in different || regions
as a function of pr. Except for the high 1 region in 2016, the muon id+iso SFs yield values in the
range between 0.98 and 1.01 in both years and for all pr and 7 regions. In contrast, electron
id+iso SFs tend to have smaller values, which vary between 0.85 and 1.02 depending on the
electron pr. The larger corrections result from the more challenging simulation of the electron
reconstruction, which is affected by bremsstrahlung for example.
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Figure 5.5: Single muon trigger SFs as a function of muon pr (left) and 7 (right) for each year
of data taking. The SFs are provided by the Muon POG [177].
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are used for 2018 as well. The SFs are provided by the ttZ/tZq analysis group [175, 176].
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5.4.2 L1 ECAL prefiring correction

During the data taking in 2016 and 2017 a fraction of the L1 trigger objects, which are gen-
erated by energy deposits in the high || region of the ECAL, are associated to the previous
bunch crossing by mistake, which is referred to as prefiring. This issue is caused by a drifted
time alignment in the ECAL readout. The L1 trigger system of CMS is designed to prevent the
selection of events in consecutive bunch crossings, which induces a systematic trigger ineffi-
ciency due to the the trigger prefiring.

A procedure to correct simulated events according to their prefiring probability is carried out
by the JetMET POG [181]. The prefiring probabilities of jets are assumed to be uncorrelated.
They are measured using a set of unbiased single jet events. Figure 5.7 provides the resulting
probability maps for a single jet depending on the pseudorapidity and the electromagnetic
component of the jet transverse momentum. Events in 2017 are more affected by prefiring
than those in 2016.

The event efficiency factor epon-prefire is Obtained as the product of the non-prefiring probabil-
ity of all jets in the event
€non-prefire = H 1- Ppreﬁre (TI, ng)
J
Events containing forward jets in the pseudorapidity region 2.6 < || < 3 are affected the most.
As jets in the non-VBF event categories are primarily within the tracker acceptance (5| < 2.5),
the impact on ttH signal events is rather small. The inefficiency leads to a reduction of the ttH
signal yield by 2% in 2016 and 3% in 2017. The considered uncertainty corresponds to 20% of
the prefiring probability.
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Figure 5.7: Prefiring probability as function of the electromagnetic transverse momentum and
the pseudo rapidity of jets for 2016 (left) and 2017 (right). Prefiring probabilities provided by
the JetMET POG [181].
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5.4.3 Pileup reweighting

During the Run 2 data taking, the instantaneous luminosity was continuously increased. This
influences the shape of the pileup distribution and the average number of pileup interactions
per event for each year. The time consuming production of simulated events is performed us-
ing a preliminary pileup profile, which needs to be reweighted to match the pileup distribution
in data. For this purpose, the ratio of the profiles in data and simulation is used to compute an
event weight. The pileup profile in data is determined based on a total inelastic proton-proton
cross section of 69.2 mb +4.6%, which is provided by independent measurements involving
the hit occupancy of the pixel detector. In case of simulated events, the pileup profile is ob-
tained using the true number of pileup interactions per event.

The pileup weights are independently derived for each year of data taking and their impact
on the number of reconstructed vertices is presented in Fig. 5.8. The corresponding events
are selected in the my,, sideband region using the baseline dimuon selection. After pileup
reweighting, the agreement between data and simulation is slightly improved. However, a re-
maining disagreement between data and simulation in the number of reconstructed vertices
is clearly visible. The mismodeling mainly influences physical observabels sensitive to PU. In
particular, events without genuine E%“iss from the presence of neutrinos are not well modeled
in simulated events. Since possibly affected observables are not considered in the optimiza-
tion procedure presented in Section 5.8 and Section 5.9, and the background is estimated from
the sideband region in data only, the impact on the ttH analysis is expected to be small.

5.4.4 B jet discriminator & quark-gluon likelihood reshaping

In this thesis different jet properties are used to reconstruct the hadronic decay of a top quark.
For this, three jets are tested to be compatible with the expected top quark decay products.
These comprise one b jet and two light-flavor jets. To distinguish between the different jet
types, the b jet discriminator and the quark-gluon likelihood as introduced in Section 4.3.6
and Section 4.3.7 are employed. Each of them provides a single discriminator output distribu-
tion. The hadronic top quark reconstruction relies on the full distribution of the discriminator
values in both cases. Therefore, the full range of the discriminator needs to be corrected to
account for differences in the discriminator shape between data and simulation.

The b jet discriminator shape is calibrated using event weights [182] depending on the b jet
discriminator value, the jet pr and 7, as well as the jet flavor. These weights are derived in an
iterative way based on a tag-and-probe method. The tag jet is required to pass the medium
working point of the b-tagging algorithm, while the discriminator distribution of the probe jet
is calibrated. To extract the weight for b jets, the procedure selects dileptonic tt events which
yield an exceptionally pure sample of genuine b jets. The contribution from light-flavor jets is
subtracted using simulation. This allows for a direct calibration of the response of true b jets.

To correct the b jet discriminator shape of light-flavor jets, Drell-Yen+jets events are used.
Since the calibration for b jets and light-flavor jets depend on each other, they are extracted
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iteratively. Fig. 5.9 presents the DeepCSV discriminator for the leading jet in pr, separately for
each year of data taking. The ratio panel indicates general shape differences between the dis-
tributions in data and simulation before the calibration. In particular, small values which rep-
resent light-flavor jets are not well modeled. The b jet discriminator shape calibration can sig-
nificantly improve the agreement of data and simulation for light-flavor jets in all three years.

The distribution of the QGL discriminant for jets is found to be generally in good agreement be-
tween data and simulation. However, the description of gluon jets modeled from the PS using
PYTHIA does not entirely reproduce the shape observed in data. To correct this disagreement,
a reweighting procedure is developed by the JetMET POG [183] based on a three-dimensional
polynomial reweighting function derived from a data-to-simulation comparison. The normal-
ization itself is corrected to guarantee that the event yield is unchanged. A comparison of the
QGL discriminant before and after the reweighting is provided in Fig. 5.10. The agreement be-
tween data and simulation is improved, in particular, in the region of small values of the QGL
discriminant, which describes gluon-like jets.

5.4.5 Z boson transverse momentum correction

A specific correction to the Drell-Yan background simulation is performed with the aim to re-
solve an observed disagreement between data and simulation for small transverse momenta
of the muon pair p’TW . This is potentially caused by missing resummation effects, which are
not modeled in the simulation. The p?” correction is derived from a control region orthogo-
nal to the signal region. For this purpose, events are selected in a window around the Z boson
mass, 70 < my,, < 110GeV. The ratio of the normalized p‘T”u distributions in data and simula-
tion is used to define a reweighting factor depending on the p#“ up to 60 GeV. The correction
is designed to preserve the number of events, i.e., the normalization of events is unchanged.
Figure 5.11 presents the p’Tm spectrum before and after the correction is applied. The p’Tm dis-
tribution in simulated events peaks at smaller values compared to data. This shift is corrected
by the reweighting procedure in all three years.
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Figure 5.8: Comparison of the number of primary vertices before (left) and after (right) PU

reweighting. The corresponding events are selected in the m,,, sideband region using the
baseline dimuon selection. The comparison is provided for each year of data-taking: 2016
(top), 2017 (center), 2018 (bottom). All additional event weights considered in this thesis are

applied. The prediction is scaled to the observed number of events.

68



5.4 Efficiency corrections & event reweighting

CMS prlvate Work 35 9 fb (13 TeV) CMS pnvate work 35 9 fb (13 TeV)

& e M L LI Rl c e R BB i LS L
2 + Data . DY+Z-EWK . Top quark a + Data . DY+Z-EWK . Top quark
5 —sur-w [lwey)  Blwzizziep. g —sur-w [lwwy  Blwzizzep.
m Biz+z B ww) | Wiz+z B dww)
s F E=T
O 1.2F O 1.2F
o l: P i . e .~ o 4E oo - .y o s S
= o —— —— e — B vy = —— —— -
o 0.8F 1 © 08 .
(U E . . . . . . . . . | m E . . . . . . . . . |
QO 0 0102 03 04 05 06 07 08 08 1 0O 0 01 02 03 04 05 06 07 08 09 1
lead. jet DeepCSV lead. jet DeepCSV
CMS prlvatework 415fb (13 TeV) CMS prlvate work 415fb (13 TeV)
& e SNBSS Ll M A c e e e e
% +Data .DY+Z-EWK .Top quark % +Data .DY+Z-EWK .TOD quark
§ —smh- w vy B wz/zz tep. g —suH- i lwv) Blwz/zz tep.
m Bizvz  Wrww) w Bizz  [Wrmww)
5 F ° E
O 120 ey o O 12
a 13 R S = S SN S == S 1 s 1: T i S L e, e
~ o = ~ .y - == e ——t—
< 0.8F 1 © 08 .
(U E . . . . . . . . . | m E . . . . . . . . . |
QO 0 0102 03 04 05 06 07 08 08 1 0O 0 0i 02 03 04 05 06 07 08 09 1
lead. jet DeepCSV lead. jet DeepCSV
o CMS prrvate Work 597fb (13 TeV) o CMS prlvate work 597fb (13 TeV)
1P e M L L £ 1P R ML s R
a +Data .DY+ZEWK .T0p quark a +Data .DY+Z EWK .T0pquark
E —suH- i v [ wz/zz ep. g —smH i v W wzizz tep.
a Wiz Emww i Bz )
B 1.2 - g 120
a e e e O e, I e, S
~ Eo ~ £
o 0.8F 1 © 08 .
(U E . . . . . . . . . | (5 E . . . . . . . . . |
QO 0 0102 03 04 05 06 07 08 08 1 0O 0 01 02 03 04 05 06 07 08 09 1
lead. jet DeepCSV lead. jet DeepCSV

Figure 5.9: Comparison of the leading jet DeepCSV discriminant before (left) and after (right)
the discriminator reshaping. The distributions are shown in the sideband region using the
baseline dimuon selection. The comparison is provided for each year of data-taking: 2016
(top), 2017 (center), 2018 (bottom). All additional event weights considered in this thesis are
applied. The prediction is scaled to the observed number of events.
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Figure 5.11: Comparison of the transverse dimuon momentum pgu before (left) and after
reweighting. The distributions are shown in the sideband region using the
baseline dimuon selection. The comparison is provided for each year of data-taking: 2016
(top), 2017 (center), 2018 (bottom). All additional event weights considered in this thesis are
applied. The prediction is scaled to the observed number of events.
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5.4.6 Muon momentum scale and resolution

The sensitivity of the analysis relies particularly on the resolution and scale of the Higgs boson
mass reconstruction, which in turn depend on the momentum scale and resolution of recon-
structed muons. Following the method described in Ref. [184], the muon momentum is cor-
rected to account for any bias in the muon momentum measurement which potentially arises
from detector misalignment, software reconstruction effects, and uncertainties in the mag-
netic field configuration. The calibration of the correction is performed at the Z boson mass
peak, which provides a very similar kinematic event topology compared to signal events. The
method, which is referred to as Rochester correction, proceeds in two steps. First, the mean
<%) for muons from Z boson decays is used to compute a momentum scale correction de-
pending on the 1, ¢» and charge of the muons. Second, the correction is further adjusted using
the average dimuon mass (m,,,) of Z — u*u~ events. The muon momentum scale is corrected
in both data and simulation with the aim to align the reconstructed Z boson peak position with
the precisely known Z boson mass value. The Z boson resolution in simulation is slightly un-
derestimated compared to data. Therefore, an additional smearing of the muon momentum
is applied in simulated events.

The resulting muon momentum scale and resolution for H — p*u~ events after Rochester cor-
rection are presented in Fig. 5.12. They correspond to the mean and width of a Gaussian fit
to the ratio of the true muon pr, and the reconstructed muon pt. The true muon pr is ob-
tained directly from the event generator. They are presented for all three data-taking periods
collectively. To demonstrate the dependency on || of the momentum resolution, three differ-
ent distributions are provided based on an inclusive muon selection, on muons detected in
the central detector region 0 < || < 0.9, and on muons in the forward region 1.9 < || < 2.4.
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Figure 5.12: Ratio of the generated and reconstructed transverse muon momentum after
Rochester correction for H — p*u~ events summarized for all three data-taking periods. The
muon momentum scale and resolution are extracted from a Gaussian fit. Three distributions
represent the momentum scale and resolution of all selected muons (blue), central muons
(green), and forward muons (red). Each distribution is normalized to have unit area.
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The muon momentum resolution is found to be 1.3% in the central part of the detector up to
Inl = 0.9. It degrades to 3.3% for muons in the forward region due to a reduced lever arm and
increased multiple scattering within the tracking detector. The muon momentum scale of one
implies that the generated and reconstructed muon momentum are accurately aligned within
uncertainties for all |n|-regions.

To avoid any bias on the final results of the analysis, the muon momentum scale and resolu-
tion correction can not be validated directly in the signal region at the Higgs boson mass peak.
Instead the validation of the Rochester correction is performed at the Z boson mass peak. Fig-
ure 5.13 presents the dimuon mass distributions for events passing the dimuon baseline selec-
tion in a Z boson control region with a dimuon mass in the range between 80 < m,, <100 GeV.
These distributions are provided independently for each year of data taking before and after
the Rochester correction is applied. Before correction, a clear shift of the peak position be-
tween data and simulation is observed in all three years. After the application of the Rochester
muon momentum correction, this disagreement disappears completely, and simulated events
precisely reproduce the distribution in data.

The remaining differences between data and simulation are investigated to estimate a system-
atic uncertainties on the signal peak position and resolution. The muon pr resolution depends
primarily on the 1 of the muon. The central barrel region of the detector has the best pr res-
olution, while the forward region at large || has a significant worse resolution. To take this
dependency into account, events are categorized according to the muon |n| in the barrel (B)
region with || < 0.9, the overlap (O) region with 0.9 < || < 1.8, and the endcap (E) region with
1.8 <|nl <2.4. Considering each muon individually, this yields nine resolution categories in
total. In each of these categories, the Z boson peak is fitted independently in data and simula-
tion using a Breit-Wigner function convoluted with a Gaussian. This accounts for the natural
width of the Z boson, and the detector resolution, respectively. The peak and width parame-
ters of the Breit-Wigner distribution are set to the nominal Z boson mass and width, while the
Gaussian fit parameters are freely floating. In addition, the residual background component
from for example tt events is modeled using an exponential function.

Figure 5.14 presents the fit values of the Z boson peak position and resolution after the ap-
plication of the Rochester correction in data and simulation for each of the nine resolution
categories in all three data-taking periods. The muon momentum scale, which is represented
by the Z boson peak position, agrees within 0.1% between data and simulation across all res-
olution categories in all data-taking periods. The dimuon mass resolution is estimated from
the fitted width o of the Gaussian. Depending on the resolution category, the dimuon mass
resolution varies between 0.8 GeV and 2.2 GeV in all three years, and generally agrees well be-
tween data and simulation. The remaining differences still indicate a slightly underestimated
mass resolution in simulation compared to data. The maximal discrepancy is found to be 5%
corresponding to muons reconstructed during the 2016 data-taking period in the center of the
detector. In the final signal extraction fit these differences are completely covered by a sys-
tematic uncertainty in the signal peak position and resolution of 0.1% and 10%, respectively.
Further discussion on systematic uncertainties is provided in Section 5.11.
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Figure 5.13: Comparison of the dimuon mass m,,,, before (left) and after (right) Rochester cor-
rection. The distributions are shown in a Z boson control region using the baseline dimuon
selection. The comparison is provided for each year of data taking: 2016 (top), 2017 (center),
2018 (bottom). All additional event weights considered in this thesis are applied. The predic-
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Figure 5.14: Peak position (left) and resolution (right) of Z — u*u~ events extracted from an
analytical fit to the dimuon mass distribution after Rochester correction. Events are grouped in
nine exclusive resolution categories according to the muon || with || <0.9 (B), 0.9 < |n| < 1.8
(0),and 1.8 < |n| < 2.4 (E). Values are extracted independently for data and simulated events for
each year of data taking: 2016 (top), 2017 (center), 2018 (bottom). Taken from Refs. [185, 186].
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5.4.7 Per-event Higgs boson mass resolution

The sensitivity of the analysis depends on the resolution of the Higgs boson mass peak. The
more precise the mass measurement, the more signal events concentrate in a narrow window
around the Higgs boson mass, which increases the signal-to-background ratio. An estimate of
the per-event dimuon mass resolution can therefore be helpful to improve the sensitivity of
this analysis.

The previous CMS analysis HIG-17-019 [41] classified events into three resolution categories
according to the maximum muon |7| in the event as described in Section 1.4. This provides a
rough estimate of the actual dimuon mass resolution for each event, due to the correlation of
the muon |n| and the muon momentum resolution. The three resolution categories were com-
bined with five categories based on the output of a multivariate event discriminant. In total,
this led to 15 event categories used to extract the signal.

The new analysis HIG-19-006 [172] follows an optimized procedure to account for the dimuon
mass resolution. The uncertainty in the measured dimuon mass o, is derived individually
for each dimuon pair using the covariance matrix of the muon track fits. This provides a more
accurate measure of the per-event dimuon mass resolution compared to an approximation
based on the muon |n|. Figure 5.15 presents the relative dimuon mass uncertainty for the
previously introduced nine resolution categories in Section 5.4.6. Depending on the |n| of
the muons, the relative mass uncertainty varies between 0.8% and 5%. The best resolution
is found for events where both muons are reconstructed in the central part of the detector.
The muon momentum resolution of the leading muon in pr dominates the dimuon mass res-
olution, which is implied by a comparison of the resolution categories "BO/OB" for example.
On average the resolution degrades with increasing || of the muons.
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Figure 5.15: Relative per-event dimuon mass uncertainty of H — u*u~ events for all three years
of data taking. The distributions are shown for different combinations of the leading and sub-
leading muon || as indicated in the figure. Each distribution is normalized to have unit area.
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Apart from the more precise definition of the per-event dimuon mass resolution, also the way
is changed how this information is incorporated. Instead of a cut-based definition of resolu-
tion categories, the dimuon mass resolution information is embedded directly into the training
of the multivariate discriminant described in more detail in Section 5.9.

As discussed in Section 5.4.6, the muon momentum measurement before Rochester correc-
tion might have some bias. Since the Rochester correction only calibrates the muon pr but
not the underlying track fit parameters, the mass uncertainty determined from the covariance
matrix of the muon track fit is potentially affected in the same way. To ensure that the true
dimuon mass resolution is modeled correctly, a calibration of the per-event mass uncertainty
is performed using Z — u*u~ events independently for data and simulation. The calibration
method is described in Appendix A.

Figure 5.16 presents the distribution of the per-event mass resolution in data and simulation
for events passing the baseline dimuon selection with a dimuon mass in the range between
110 < my,, <150 GeV. Before calibration of the per-event mass resolution, simulated events
underestimate the number of events in the tail of the distribution with a relative mass resolu-
tion of 1.8% and larger values. While the disagreement between data and simulation is in the
order of 10-15% in 2016 and 2018, it becomes larger than 20% in 2017. The performance of
the new pixel tracking detector may have not yet been modeled as precisely in 2017 as in 2018,
which can be a reason for the differences between the data-taking periods. The calibration
allows to significantly improve the agreement between data and simulation in all three years,
and simulated events can accurately reproduce the shape of the central part of the distribution
observed in data. In general, the shape of the per-event mass resolution distribution changes
slightly after calibration and tends to have larger values. A remaining small disagreement be-
tween data and simulation is visible in the tail of the distribution at large values of the relative
per-event mass resolution in 2017. Since only a very small number of events is affected, the
overall impact of this disagreement on the analysis is negligible.
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Figure 5.16: Comparison of the per-event mass resolution before (left) and after (right) cali-
bration. The distributions are shown in the sideband region using the baseline dimuon selec-
tion. The comparison is provided for each year of data taking: 2016 (top), 2017 (center), 2018
(bottom). All additional event weights considered in this thesis are applied. The prediction is
scaled to the observed number of events.
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5.5 Improvements to dimuon mass reconstruction

Dimuon mass reconstruction methods which improve the signal acceptance and the signal
peak resolution provide a natural way to optimize the analysis sensitivity independent of the
Higgs boson production mode. Two methods, which are employed in all four Higgs boson
production categories, are described in the following. The first method aims to recover the ini-
tial momentum of muons, which radiate a photon. The second method improves the dimuon
mass resolution by an empiracle correction to the reconstructed muon track momentum.

5.5.1 Final state photon recovery

The muons emerging from the Higgs boson decay may lose some momentum due to the radi-
ation of a photon in the final state. The corresponding photons are referred to as FSR photons.
This process is a QED correction to the H — p*u~ decay. The radiation of FSR photonsleads to a
bias in the dimuon mass reconstruction if not taken into account. This effect can be mitigated
by including FSR photons to the invariant mass of the reconstructed Higgs boson candidate.
Furthermore, FSR photons can induce a muon selection inefficiency, if the muon isolation cri-
terion is failed due to an FSR photon inside the isolation cone. The acceptance of muons can
therefore be increased by excluding FSR photons from the muon isolation. Due to different
background sources such as detector noise, underlying event, and pileup, the selection of FSR
photons is experimentally challenging.

Figure 5.17 demonstrates the impact of FSR photons on the reconstructed signal mass peak,
which is shown for events passing the baseline dimuon selection. To identify genuine FSR pho-
tons, the reconstructed FSR photon candidates are matched to photons radiated by a muon on
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Figure 5.17: Invariant dimuon mass of simulated H — p*u~ events for all three data-taking pe-
riods combined. The fraction of events containing reconstructed FSR photons with E’; >2GeV
matched to photons radiated by a muon on event generator level, and events without FSR
photons are presented.
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event generator level. A match is established, if a reconstructed photon is found inside a cone
of AR = 0.2 around the generated photon. In total, 5.5% of signal events contain at least one
reconstructed FSR photon with a transverse energy E’} > 2GeV. Since the FSR photon carries a
certain energy fraction of the initially produced Higgs boson, only events with a dimuon mass
smaller than the mass of the Higgs boson are affected. This results in an asymmetric smearing
of the dimuon mass distribution towards smaller mass values.

First studies on the Z boson which include a method to recover FSR photons [12, 187] were
carried out at the UA1 [188] and UA2 [189] experiments, and similar approaches have also been
implemented in different CMS analyses [190, 191]. The latest CMS result using an FSR photon
recovery strategy is provided by the measurement of H—ZZ* —4¢ [192], where the baseline
photon selection used here is taken from. The FSR photon recovery strategy presented in the
following is particularly optimized for the H— p*u~ analysis and implemented in all Higgs
boson production categories used for the combined result.

Baseline FSR photon selection

Photons are reconstructed using the PF algorithm from local, isolated energy deposits in the
ECAL, which are not associated to any track. The PF algorithm also allows to reconstruct pho-
tons that convert into electron-positron pairs in the detector material.

Among all reconstructed PF photons, FSR photon candidates are selected with E’% > 2GeV
and |n| < 1.4,1.6 < |n| < 2.4. This avoids the selection of photons close to the gap between the
ECAL barrel and endcap. FSR photon candidates are required to lie in a cone with AR = 0.5
around a muon. Photons are rejected, if they are matched to a reconstructed electron, or to
one of the associated bremsstrahlung photons. Each photon is assigned to the closest muon,
and the transverse energy of a photon is restricted to values smaller than the transverse energy
of the corresponding muon. In case multiple FSR photon candidates per muon are found, the
one with the smallest energy weighted distance AR(u,y)/ EZTyY to the muon is chosen. The se-
lection of multiple photons per muon is found to spoil the dimuon mass resolution, since the
probability to pick a photon induced by PU gets larger.

Optimization of FSR photon selection

Additional selection criteria are employed to reject misidentified photons, photons from PU
vertices, and photons inside jets, which are collectively referred to as non-prompt photons in
the following. Since these non-prompt photons are not correlated with the muon kinemat-
ics, they induce a non-resonant background. In contrast, the background contribution from
H— Zy — pu*u~y where a Higgs boson decays to a Z boson and a prompt photon v is to be
considered as a resonant background, since the three-body mass of the muon pair from the Z
boson decay and the prompt photon yields the Higgs boson mass.

The FSR photon selection is optimized in two steps. In the first step, three different kine-
matic observables are exploited to distinguish FSR photons from prompt photons occurring
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in H— Zy — pu*u~y events. This study aims to find a single observable able to suppress the
resonant background to a negligible level. In the second step, a cut-based optimization of two
commonly used observables is carried out, which improves the FSR photon purity and reduces
the background from non-prompt photons.

The optimization of the FSR photon selection criteria is performed on simulated H — u*u~
events using the baseline dimuon selection. Event generator information are used to extract
the fraction of events containing genuine FSR photons as described above.

Figure 5.18 presents characteristic kinematic features of FSR photons in comparison to prompt
photons. The distributions of the transverse energy of the photon E’} and the distance between
the photon and the muon AR(y, y) imply that most of the muons radiate soft, i.e., low-energetic
FSR photons collinear to the muon, while prompt photons have larger energies and are well
separated from the muon. The energy ratio between the photon and the muon E%/ E’; shows
that the FSR photon energy is typically only a small fraction of the associated muon energy as
expected. In contrast, prompt photons from H— Zy — u*u~y have in most cases an energy of
around 80 — 90% compared to the muon energy.

In the first step, a cut-based optimization of the three observables is performed to define a
pure selection of FSR photons, which strongly reduces the H — Zy background. Since the
H — Zy process has not been observed yet, this processes could in principle be modified by
physics beyond the SM, leading to a larger production rate compared to the SM prediction.
The latest observed limits by CMS (ATLAS) on the cross section times branching fraction are
3.9 (3.6) times the SM cross section [193, 194]. For this reason, the product of the signal selec-
tion efficiency and the background rejection €g x (1 —€p) is used to optimize the cut value of
the different observables, instead of absolute signal and background rates. The best cut value
corresponds to the maximum of €5 x (1 —e€pg). The results of the cut optimization are shown in
Fig. 5.18. Among these three observabels, the energy ratio E‘]f/ E; is the most discriminating
observable with a best cut value at 0.4, as it provides the largest value for €5 x (1 —€p). This
allows the FSR photon candidate to have a maximal energy of 40% of the muon energy. The
corresponding cut efficiency with respect to the baseline FSR photon selection is about 85%
for FSR photons in signal events while the background rejection is 92%. The contribution of
SM H — Zy events, which pass the full dimuon event selection and the FSR photon require-
ments, is reduced to around 0.1% of the overall H — u*u~ signal and is thus neglected in the
further analysis.
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Figure 5.18: Kinematic observables of FSR photons from H — u*u~ events and prompt pho-
tons from H — Zy events using the 2016 data-taking conditions. Photons are reconstructed
using the baseline photon selection, and matched to generated photons. Shown are the trans-
verse photon energy E’} (top left), the distance between the muon and the photon AR(y,y)
(top center), and the energy ratio of the photon and the muon E‘]f/ E; (top right). The corre-
sponding optimization of cut values is presented for each of the observables in the bottom.

After the first optimization step, the FSR photon selection is further improved using the relative
photon isolation rel. I, and the energy weighted angular distance between the muon and the
photon AR(y,y)/ E%Y, which combines AR(y,y) and E; into a single observable. The isolation
of a photon is defined inside a cone with radius R = 0.3, where hadrons as well as photons are
considered including the contribution from PU vertices. The pt threshold on charged (neutral)
hadrons is set to 0.2 (0.5) GeV. Both observables particularly aim to distinguish FSR photons
from non-prompt photons and have already been used in previous analysis [192]. To illus-
trate the kinematic properties of FSR photons and non-prompt photons, simulated Z — p*u~
events are selected with a dimuon mass in the range between 70 < m,,, <110GeV. Photons are
identified as FSR photons or non-prompt photons based on event generator information. Fig-
ure 5.19 shows the distributions of AR(y,y)/ E?iy and rel. I, for FSR photons and non-prompt
photons. The AR(u,y)/ EZT,Y distribution of FSR photons is steeply falling towards larger val-
ues while for non-prompt photons the tail of the distribution is rather flat. The distribution
of the relative isolation demonstrates that FSR photons tend to be more isolated compared to
non-prompt photons from hadronic jets for example.
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Figure 5.19: Distance between the muon and the photon normalized to the photon transverse
energy squared AR(u,y)/ E?r y (left), and the relative photon isolation I, (right) for FSR photons
and non-prompt photons in simulated Z — pu*u~ events with 70 < my,, < 110GeV. The distri-
butions are scaled to have unit area.

The cut values of both observables are optimized simultaneously in terms of a 2D scan. For
this purpose, H — u*u~ signal events and the dominant background processes from Drell-Yan,
dileptonic tt, and different diboson processes for all three data-taking periods are used. The
processes are weighted according to their cross section. To account for the impact of the FSR
photon recovery on the dimuon mass resolution, the significance is calculated as

n=20
Zam=500 Mev =3 S7/Bi, (5.4)
i

where S; and B; are the number of expected signal and background events in the i-th mass bin
from 120 to 130 GeV. This corresponds to a 500 MeV mass bin width which is slightly smaller
than the dimuon mass resolution. Figure 5.20 presents the optimization of Zx ;=500 mev and
the resulting optimal cut values AR(y, y)/ EZT,Y <0.012 andrel. I, < 1.8.

CMS simulation e private work
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00 02 04 06 08 1 12 14 16 18 2

rel. 1,

Figure 5.20: Significance Z ;=500 mev as a function of different cut values for the FSR pho-
ton section criteria AR(u,y)/ E%J’ and rel. I,. The optimization is performed using simulated
H — u*u~ events and the dominant background contributions for all three data-taking periods.
The chosen working point is indicated by the red square.
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Performance and validation

The final performance of the FSR photon recovery based on the optimized selection criteria is
presented in Figs. 5.21 and 5.22. The distribution of FSR-tagged events on the left in Fig. 5.21
demonstrates an accurate recovery of the Higgs boson mass peak after FSR photons are in-
cluded in the calculation of the invariant Higgs boson mass. The overall impact of FSR photon
recovery on the signal peak and the signal acceptance is presented in the distribution on the
right in Fig. 5.21. Around 3% of all signal events are affected by the recovery of FSR photons.
The root-mean-square (RMS), which is a measure of the width of the dimuon mass distribu-
tion, is improved by 3% while the signal acceptance is increased by about 2% due to the re-
moval of FSR photons from the muon isolation. The final selection requirements provide a
selection efficiency of 58% with a purity of 85%, where the FSR photon efficiency is the frac-
tion of selected photons among all reconstructed FSR photon candidates, and the FSR photon
purity is the fraction of true FSR photons among the selected photons.

Finally, the FSR photon recovery strategy is validated in data using dimuon events in a Z boson
control region with 70 < m,, <110 GeV. Figure 5.22 shows the reconstructed Z boson mass for
dimuon events with at least one selected FSR photon before and after FSR photon recovery.
The Z boson mass peak is accurately recovered in data and simulation. In general, simulated
events can reproduce the observed distribution in data before and after FSR photon recovery.
The small peak in the dimuon mass distribution at 91 GeV, which is visible even before FSR
photons are recovered, indicates events were a photon is misidentified as FSR photon. This
effect seems to be more pronounced in data compared to simulation. Simulated events tend
to underestimate the number of events in data for my,, > 95GeV by 15%. These differences
are observed before as well as after the recovery of FSR photons. Since this discrepancy only
affects the small fraction of events which include FSR photons, the overall impact of this mis-
modeling on the signal shape is negligible.
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Figure 5.21: Performance of the FSR photon recovery in simulated H — u*u~ events. The re-
constructed Higgs boson candidate mass is shown before and after FSR photon recovery for
events with at least one selected FSR photon (left) and for all events (right).
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Figure 5.22: Validation of the FSR photon recovery in data using events selected in a Z boson
control region with 70 < m,, <110GeV. The reconstructed Z boson mass is shown before and
after FSR photon recovery for events with at least one selected FSR photon.

The presented FSR photon recovery method is implemented in all Higgs boson production cat-
egories included in the final combined H — p*u~ analysis, and improves the expected analysis
sensitivity by about 3%.
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5.5.2 Geometric track fit

Higgs bosons created in proton-proton collisions decay on a very short time scale, ~ 10722 s.
Thus, the muon pair emerging from the decay of the Higgs boson is produced directly at the
interaction point. The final track fit, however, is performed without a constraint to the pri-
mary interaction point to ensure a possible reconstruction of displaced secondary vertices.
Therefore, reconstructed muon tracks might still show a small, residual displacement from the
primary interaction point. This knowledge can be used to improve the resolution of the recon-
structed dimuon mass by including the position of the interaction point in the final track fit.
To prevent a computationally intensive track re-fitting procedure, a new method was devel-
oped within the CMS H — p*u~ working group [172, 195] to adjust the muon pr, which is on
average equivalent to a full track re-fit. This novelty, referred to as GEOFIT, is explained here
for completeness.

Track geometry in the transverse plane

The minimum distance in the transverse plane between a reconstructed muon track and the
interaction point dj is found to be proportional to the muon momentum resolution Apr. This
relation can be derived for high-pr tracks using the geometry of a true track originating from
the primary interaction point, and a reconstructed track, which is slightly displaced in the
transverse plane. The position of the primary interaction point is estimated using the beam
spot. The underlying geometric consideration is illustrated in Fig. 5.23. A rectangular triangle
can be formed between the reconstructed track and the true track assuming high-pr tracks
and small distances dy and x. One obtains

dy=x-sina. (5.5)

Applying the sine law to the triangle spanned by s, R, and R — AR yields

s R _ R (5.6)
sina  sin(r—p) sinf’ '
Using again trigonometric ratios one obtains
L
sinfi = ———. 5.7
p 2(R-AR) 6.7

The Pythagorean theorem implies

2 2
s:\/Rz—(I:) —\/(R—AR)Z—(E) ) (5.8)
2 2

which is simplified assuming the radius R to be much larger than the length L to s = AR. As-
suming additionally only small relative differences between the radii of the true tracks and the
reconstructed tracks R > AR, Egs. (5.6) to (5.8) yield a relation between dy and AR/R?. Since
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Figure 5.23: Illustration of the track geometry used to derive a muon pt correction based on
the minimum distance in the transverse plane between the reconstructed track and the inter-
action point.

the radius of a particle trajectory in a magnetic field is proportional to its momentum, one

finally obtains

d():x?L‘i—};—*dQO(A—ZT. (59)
Pt
The constant of proportionality consists of unknown quantities, which vary event-by-event.
Therefore, the average value of the constant of proportionality is extracted from a linear fit in
three 1 regions, and separately for each data-taking period using simulated Z — u*u~ events.
Since tracks are bend in different direction depending on the muon charge, the correction has
reversed sign for muons compared to anti-muons. To take this into account, the value of d is

multiplied by the muon charge. The fit results are used to adjust the muon pr.
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Performance and validation

The impact of the GEOFIT correction on data and simulation is presented in Fig. 5.24 using
events in a Z boson control region. The dy distribution in Z — p*u~ events is approximately
Gaussian, and centered at zero. Around 95% of muons have a |dy| smaller than 40 um. The
Z boson mass is estimated by an analytical fit to the m,,, distribution in different bins of |dy|
using a convolution of a Breit-Wigner and a Gaussian function. Before the GEOFIT is applied,
a trend in the measured Z boson mass proportional to d, is observed, which degrades the
dimuon mass resolution. The maximal deviation of the fitted peak value from the nominal Z
boson mass is about 1GeV at |dy| = 70 um. After the GEOFIT correction is applied, this trend
is much reduced while the level of agreement between data and simulation is preserved. The
alignment of the peak position intrinsically improves the resolution of the dimuon mass.
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Figure 5.24: Evolution of the measured Z boson mass in data (black points) and simulation
(red points) as a function of the minimum distance in the transverse plane between the track
of the positive charged muon in the event and the interaction point (d0(u*, IP)). The solid
(shaded) points indicate the results obtained after (before) the correction. Based on data pro-
vided by author of Ref. [195].

Figure 5.25 presents the dimuon mass resolution for simulated H — u*u~ events before and
after applying GEOFIT corrections. The resolution is examined in nine resolution categories,
independently for the four main Higgs production modes ggH, VBF, VH, and ttH. The results
are reported for a combination of all three data-taking periods. After GEOFIT the resolution
is improved in all resolution categories and for all Higgs boson production modes. The im-
provement seems to be stable across the different |n| regions. The average improvement varies
depending on the Higgs boson production mode between 6.8-9.4%. The largest improvement
is observed in ttH events. Muons from the decay of the Higgs boson produced via ttH tend to
have larger pt. Since high-pr muons are affected the most, the overall improvement is larger
for ttH events compared to the other Higgs boson production modes.
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Figure 5.25: Comparison of the dimuon mass resolution before (dashed line) and after (solid
line) GEOFIT correction in H — u*u~ signal events. The resolution is extracted from an analyt-
ical fit to the dimuon mass distribution independently for ggH (top left), VBF (top right), VH
(bottom left), and ttH (bottom right) signal based on a combination of all three data-taking
periods. Events are grouped in nine exclusive resolution categories depending on the leading
and sub-leading muon |n|. The considered regions are the barrel (B) region with || < 0.9, the
overlap (O) region with 0.9 < |n| < 1.8, and the endcap (E) region with 1.8 < |n| < 2.4. The solid
line in the lower panel shows the relative improvement in each of the resolution categories.
The dashed line corresponds to the average improvement.
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5.6 Multivariate lepton identification

Leptons originating from the decay of a massive particle like the Higgs boson or electroweak
gauge bosons are denoted as prompt or signal leptons, while leptons produced in the decay
of heavy hadrons are denoted as non-prompt or background leptons. The identification of
prompt and non-prompt leptons is one of the key challenges in the analysis of events with
multi-lepton final states. Likewise, this applies to events with high hadronic activity, where jets
are more probable to randomly overlap with a genuine prompt lepton. Background processes
which contain non-prompt leptons can be reduced using sophisticated lepton identification
techniques which are applied in addition to the common selection requirements presented in
Section 4.2. For this purpose, a multivariate lepton identification method referred to as LEP-
TONMVA is employed. Several analyses within CMS have used the LEPTONMVA approach. For
the analysis presented in this thesis, the version developed in context of the search for single
top quark production in association with a Z boson [175, 196] is applied and discussed in the
following.

A boosted decision tree (BDT) [197, 198] is employed to create a single discriminant based on a
set of kinematic observables. These observables are chosen to reflect the kinematic differences
between prompt and non-prompt leptons. The BDT classifies the lepton candidates accord-
ing to various properties into signal-like leptons and background-like leptons. The BDT output
distribution, i.e., the final discriminant is defined on the set [-1, 1]. More positive values of the
output are assigned to signal-like leptons, while background-like leptons receive more nega-
tive values. The training procedure was performed separately for electrons and muons. The
different detector geometries in 2016 and 2017 are taken into account to address the improved
vertex reconstruction resolution due to the additional fourth pixel tracking layer. Signal lep-
tons were extracted from simulated events where a Z boson is produced in association with a
single top quark, or a top quark-antiquark pair. Background leptons are obtained from inclu-
sive top quark-antiquark pair production.

The presence of a jet close to the lepton is an important feature used to distinguish prompt
leptons from non-prompt leptons. For these jets a maximum distance between the jet and the
lepton of AR < 0.4 and a lower threshold on the transverse jet momentum of pr > 15GeV are
required. The jet pt is computed by applying lepton-aware JES corrections. In this case the JES
correction is applied to the difference of the uncorrected jet and the lepton, and subsequently
adding the lepton momentum to the corrected jet again. In case no matching jet is found, the
jetrelated observables are constructed using the PF particle candidates inside a cone AR = 0.4.
Overall 10 different input observables are used in the LEPTONMVA BDT training:

mini . o e . . .

| Irel’Charge 4+ The mini-isolation of the lepton with respect to charged particles.
mini . o s s . . .

| L) eutral: The mini-isolation of the lepton with respect to neutral particles.

| pffaﬁo: The ratio of the lepton pr to the pt of the nearest jet.
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DeepCSV©losest: The discriminant value of the DeepCSV algorithm of the nearest jet.

Nget : The number of tracks of charged particles within the nearest jet.
racks

p%el: The component of the lepton momentum in direction transverse to the nearest jet.

dyy and d,: The transverse and longitudinal distance of closest approach between the
track and the PV.

B SIP3;p: The three dimensional impact parameter of the lepton track with respect to the
PV, divided by its uncertainty, corresponding to its significance.

B MVAjp: The discriminant value of the multivariate electron identification used to sepa-
rate electrons from genuine jets (electrons only).

B Comp,,: The compatibility of track segments in the muon system with the pattern ex-
pected for a minimum ionizing particle (muons only).

To probe if a deep neural network could improve the capability to distinguish prompt and
non-prompt leptons using the same set of input observables, a deep feed-forward densely-
connected neural network was trained using KERAS [199] with TENSORFLOW [200] as backend.
This leads to a similar result in terms of signal selection efficiency and background rejection
compared to the presented BDT-based approach. Since no further improvement could be
achieved, the BDT-based algorithm was preferred.

Three different working points, which correspond to a certain identification efficiency and pu-
rity, are tested to obtain the best performance for ttH signal events in the three and four lepton
final states. The medium working point provides the best balance between prompt lepton se-
lection efficiency and non-prompt lepton rejection. It corresponds to a LEPTONMVA BDT out-
put of 0.4 or larger values. The medium working point is applied to all electrons and muons
in addition to the selection requirements presented in Section 4.2. The corresponding selec-
tion efficiency for muons (electrons) with pt > 20GeV is 95% (92%) as indicated in Fig. 5.26.
The impact on the signal event selection and the rejection of background processes containing
non-prompt leptons are further discussed in Section 5.8.

The selection efficiencies in data and simulation are measured independently for 2016 and
2017. Since no dedicated training is available for the 2018 data-taking period, the version of
the training from 2017 and the corresponding selection efficiencies are used also for 2018.
The modeling of the input observables between 2017 and 2018 is in most cases very similar,
some slight differences in jet related observables are found. Therefore, an additional system-
atic uncertainty is introduced to account for any potential bias due to differences in the input
observables between 2017 and 2018. The overall impact of this systematic uncertainty on the
analysis performance is very small as the statistical uncertainty dominates as discussed in Sec-
tion 5.11.2.
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Figure 5.26: LEPTONMVA selection efficiencies as a function of the background efficiency for
muons (left), and electrons (right) with pt > 25GeV. The efficiency curves are presented for
2016 (green) and 2017 (red). A comparison to an earlier version used in Ref. [30] is shown in
black. Two different working points are presented and indicated by a square and a triangle. The
chosen medium working point corresponds to the triangle and a BDT output larger than 0.4.
Modified from Ref. [196].

The LEPTONMVA method is validated in a dileptonic tt control region using events with one
electron and one muon with opposite charge and invariant mass between 110 < m,,, < 150 GeV.
These events mostly feature prompt leptons as expected from ttH signal events. The LEPTON-
MVA output distribution is presented for electrons and muons and all three data-taking pe-
riods in Fig. 5.27. Simulated events can reproduce the LEPTONMVA output distribution for
values larger than 0.4, which corresponds to the chosen working point. This region is partic-
ularly dominated by prompt leptons. An increasing disagreement is observed towards small
values of the LEPTONMVA output. This is expected, since non-prompt leptons are known to be
less precisely modeled in simulated events than prompt leptons. The agreement between data
and simulation is similar in 2016 and 2018, while in 2017 larger discrepancies are observed.
These originate from a mismodeling of some jet-related observables in 2017. The discrepancy,
however, does not affect the final result because the background contribution containing non-
prompt leptons is estimated using a dimuon mass sideband fit to data.

The LEPTONMVA is one of the key features of the ttH analysis. The chosen medium working
point allows for a high selection efficiency of signal muons in ttH events, while the background
from non-prompt leptons is substantially reduced. Further information on the signal yields is
provided in Section 5.8.1.
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Figure 5.27: The BDT output distribution of the LEPTONMVA is presented for electrons (left)
an muons (right) independently for all three data-periods. Events are selected in a tt control
region with exactly one oppositely charged eu pair.
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

5.7 Resolved hadronic top quark tagger

The top quark is the only quark which decays faster than it hadronizes. A dedicated algorithm
is used to identify the hadronic decay of a top quark to three resolved jets. One of these jets
originates from a b quark and the remaining two jets are initiated by the W boson decay to two
quarks. The resolved hadronic top quark tagger (RHTT) combines a constrained kinematic fit
[201] with a particle-level BDT. Different kinematic jet properties are used to distinguish gen-
uine top quarks from random jet permutations. The purpose of the kinematic fit is to probe
the kinematic compatibility of a jet-triplet with the hypothesis of a hadronic top quark decay,
while the BDT allows to exploit additional intrinsic jet properties, for example, the b-tag prob-
ability. Although the RHTT follows a similar strategy as reported in Ref. [202], the algorithm is
developed independently and optimized to identify low to moderately boosted hadronic top
quark decays in ttH signal events. Among all tested jet-triplets in the event, the one with the
highest RHTT score is selected as the top quark candidate.

5.7.1 Kinematic top quark fit

The compatibility of the measured final state objects with a proposed kinematic hypothesis
can be tested using a general least squares fitting technique. In this thesis, a constrained kine-
matic fit is performed to identify hadronically decaying top quarks. For this purpose, the three-
momenta (pr,17,¢) of three jets are varied within their uncertainties. The best estimate of the
fitted parameters is obtained by minimizing a )(z(ﬁTﬁt) function, which describes deviations
between the measured parameters Xeco, and the fitted parameters xg normalized to their res-
olution:

reco _ ,fit 2 reco _ .fit)2 reco _ pfit
Pt = y (py pr) +(’7 277 ) +(¢ 2(/’)

2
2 .
j(—:{jets} OpT Un 0'¢

(5.10)

The assumed resolution for pr, 1, and ¢ are the same as used in the CMS top quark mass mea-
surement [203, 204]. The noise term of the resolution used during Run 1 has been inflated by
quadratically adding 3 GeV to account for increased pileup in Run 2. To select events consistent
with the kinematic topology expected from a hadronic decay of a top quark, two Gaussian con-
straints have to be fulfilled when the minimum of the y?( ﬁTﬁt) function is determined. First,
the fitted mass of the jet-triplet is constrained to the top quark mass m; = 172.8 + 1.4 GeV [54].
Second, the fitted dijet mass of jets originating from the decay of the W boson is constrained to
the W boson mass my = 80.4 +£ 2.1 GeV [54]. Note that for both the top quark and the W boson
mass, the central values correspond to recent measurements, whereas the uncertainties are
taken from the theoretical values of the natural width.

A general and very conventional approach to solve a minimization problem of a multidimen-
sional function )(Z(ﬁTﬁt), which satisfies m constraints fk(ﬁTﬁt), is the method of Lagrange
Multipliers. The best parameter estimates are obtained by the fitted jet three-momenta and
Lagrange multipliers A that least modify the reconstructed jets, i.e., minimize the Lagrange
function

L™ A = (B +2 Y Aefi(B™). (5.11)
k=1
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5.7 Resolved hadronic top quark tagger

All possible parton-jet assignments of the six leading jets in pr with a mass in the range be-
tween 100 < my; < 300GeV are tested. The jet which is assigned to the b quark candidate is
required to pass the loose b-tagging working point of the DeepCSV algorithm. The permuta-
tions of the two jets associated with the W boson decay are equivalent either way. For each
tested jet permutation the minimized y? value normalized to the number of degrees of free-
dom is used as an input to the particle-level BDT described in Section 5.7.2.

To validate the correctness and accuracy of the kinematic fit, the fitted parameter values are
compared with the reconstructed ones using a pull distribution [205]. The pull for every fitted
parameter is defined as the ratio between the shift in the parameter and the variance of the

shift; X Cx
Pull(x) = —xec0 — Tt (5.12)
O%eco - O'IZ:H

If the assumed resolutions in the fit are modeled correctly and the constraints can be fulfilled
by the jet-triplet, the pull is expected to be distributed as a standard Gaussian with mean zero
and unit width for the correct hypothesis. For this consistency test only correct jet assignments
are considered where all jets are matched unambiguously to the right partons. Figure 5.28
shows the mean and width of the pull distributions for all fitted parameters in ttH signal events
summarized for all three data-taking periods. The pull distributions of all fitted parameters are
sufficiently close to a Gaussian with mean of zero and width of one. Small parameter shifts are
observed in the pr of the b-tagged jet as well as the pt of the subleading W boson jet within
10% of their experimental resolution. The widths of the pull distributions tend to be larger than
one. This indicates some inaccuracies in the matching procedure, or slightly underestimated
values of the assumed resolutions by up to 5%. However, none of these differences is expected
to influence the results, since the JES and JER are already corrected in simulated events to
match the observed distribution in data. Thus, any resolution scaling alters the y? distribution
for data and simulation in the same way.
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Figure 5.28: Pull distributions for all fitted parameters used in a constrained kinematic fit to
reconstruct hadronically decaying top quarks in ttH signal events. The mean (solid marker)
and width (gray band) of the pull distributions are extracted using Gaussian fits.
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

5.7.2 BDT-based top quark identification

The RHTT is a particle-level BDT discriminator, which includes the information of the con-
strained kinematic top quark fit. The jet-triplets used in the training are obtained from ttH
signal samples with generated Higgs boson masses myj of 120 and 130GeV. The shifted Higgs
boson mass values compared to the nominal Higgs boson mass of 125GeV is found to have a
negligible impact on the kinematic distributions of the top quarks. To ensure a correct parton-
jet assignment in signal events for training, the reconstructed jets are matched to the top quark
decay products using event generator information. The background, however, consists of ran-
dom jet combinations in dileptonic tt and Drell-Yan events.

The hyperparameters of the BDT training are optimized in an iterative procedure where dif-
ferent hyperparameters are tested and the set which provides the best performance is chosen.
The Gradient Boost method [197, 198] is used to train a BDT with 1000 trees and a maximum
depth of four. A shrinkage parameter, which corresponds to the learning rate for the Gradient
Boost algorithm, of 0.05 is chosen. The simulated event samples used in the training are ap-
proximately half of the available sample size, the other half is used for testing purposes. The
Drell-Yan background simulation contains negative weighted events. Three alternative strate-
gies on how to incorporate these events in the training are tested. First, both positive and
negative weighted events are used in the training. Second, events with a negative weight are
discarded. Third, events are weighted with the absolute value of the per-event weight. A simi-
lar performance on the testing events is found for all three approaches, and the first option is
used in the final training. The training is based on a combined set of simulated events from all
three data-taking periods.

A loose preselection is employed to optimize the discrimination between signal and back-
ground jet triplets in the relevant phase-space region. Events are required to have at least
one oppositely charged pair of muons with a mass in the range 110 < my,;, < 150GeV as well
as at least three jets with pr > 25GeV and |n| < 4.7 where at least one passes the medium or at
least two the loose working point of the DeppCSV b-tagging algorithm. Additionally, only top
quark candidates with a mass in the range between 100 < m;; < 300 GeV, and x?/ndf < 40 are
considered in the training. This preselection primarily affects background jet-triplets, while
the selection efficiency for genuine top quarks in signal events is close to 100%.

To distinguish signal from background jet-triplets, 17 observables are included as input to the
BDT classifier. The most important observable is the y?/ndf, which describes the compatibil-
ity of a jet-triplet with the kinematic topology expected from a hadronic top quark decay. The
signal and background distributions of the y?/ndf, as well as of the reconstructed top quark
mass myop and of the W boson mass myy are shown in Fig. 5.29. Signal events dominate over
the background for small y?/ndf as expected. The output of the DeepCSV b-tagging algorithm
and the quark-gluon likelihood of each jet help to correctly assign jets to the b quark and the
light-flavour quarks from the W boson decay. Furthermore, they allow a reduction in back-
ground from gluon-induced jets. These single jet properties are shown in Fig. 5.30 for the b
jet and for both jets from the W boson decay. The modified transverse momentum of each jet
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Figure 5.29: Distributions of input observables employed by the BDT classifier of the RHTT.
The )(2 /ndf (left), reconstructed top quark mass m; (middle), and reconstructed W boson mass
myy (right) are presented. The generator matched signal (blue) and background (red) contri-
butions are scaled to have the same area.
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Figure 5.30: Distributions of input observables employed by the BDT classifier of the RHTT.
The DeepCSV score (top), and quark-gluon likelihood (bottom) are shown for the jet assigned
to the b quark candidate (left) and both jets assigned to the decay of the W boson (center,
right). The generator matched signal (blue) and background (red) contributions are scaled to
have the same area.

as well as different angular distributions exploit the correlation between jets. A full list of all
input observables and their importance ranking is provided in Table 5.2. The ranking is based
on two quantities, the separation and the relative importance. Both are commonly used to
describe the impact of input observables on the BDT performance. The relative importance
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Table 5.2: Description of the input observables employed by the BDT classifier of the RHTT.
The observables are subdivided in groups and ranked according to their importance during
the training.

Definition Observables Separation [%] Importance [%]
normalized y* x?/ndf 43.8 8.2
Reconstructed W boson mass mye® 34.4 8.0
Reconstructed top quark mass Moy’ 31.9 7.9
Transverse momentum of top quark candidate ptTOp 22.0 6.2
An difference between b quark and W boson Mbow 12.4 4.6
A¢ difference between b quark and W boson bpw 7.0 5.1
An difference between jets from W boson njj 19.4 5.1
A¢ difference between jets from W boson i 9.1 5.4
Transverse momentum of b jet p?et 11.3 5.4
Transverse momentum of lead. jet from W boson p¥ t 12.1 4.9
Transverse momentum of sublead. jet from W boson pJTe © 21.5 5.7
DeepCSV score of b jet DeepCSVPiet 4.8 5.1
DeepCSV score of lead. jet from W boson DeepCSVie! 15.0 5.8
DeepCSV score of sublead. jet from W boson DeepCSViet? 7.7 5.0
Quark-gluon likelihood of b jet QGLPet 4.3 6.5
Quark-gluon likelihood of lead. jet from W boson QGL*! 6.9 5.6
Quark-gluon likelihood of sublead. jet from W boson QGUe? 7.7 54

reflects how often an observable is used during the BDT training. The separation is a measure
of the overlap between two normalized distributions. Large values indicate a strong discrim-
ination power of an observable [197, 198]. Figure 5.31 (left) presents the BDT output distri-
butions of the training and testing samples for signal and background jet-triplets. The BDT
training should be designed to avoid the selection of specific phase-space regions correspond-
ing to statistical fluctuations in the training sample. This effect is referred to as overtraining,
and its impact is examined by comparing the BDT output distribution of the training sample
and the testing sample. In particular the high-BDT score region is modeled very similarly in
the training and the testing sample. The signal contribution in the low-BDT score region with
values less than -0.2 is affected by considerable statistical fluctuations. Overall, no significant
overtraining is observed. Fig. 5.31 (right) shows the Receiver Operating Characteristic (ROC)
diagram of the RHTT, which describes the signal efficiency versus the background rejection
for a given working point of the RHTT algorithm. Three example working points are selected
and the obtained signal efficiencies between the training and testing samples are compared
in Table 5.3. The absolute difference between the signal efficiencies is in the order of a few
permille.
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Figure 5.31: BDT output distribution (left) and ROC diagram (right) of the RHTT algorithm.
The BDT output distributions of the signal (blue) and background (red) are shown for the
training sample (marker) and the test sample (solid line). The ROC diagram presents the signal
efficiency for genuine hadronic top quark decays versus the background rejection of the RHTT
algorithm.

Table 5.3: Comparison of the signal efficiency for three example working points of the RHTT
algorithm between the testing sample and the training sample. The signal corresponds to re-
constructed hadronic top quark decays matched to partons on event generator level.

. L. Signal efficiency
Background rejection . .
testing sample training sample
99% 64.9% 65.3%
90% 93.9% 93.8%
70% 99.1% 99.1%
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

ttZ control region Since the RHTT algorithm is tailored to identify ttH signal events where
top quarks decay hadronically, a control region containing genuine hadronic top quark decays
is defined to validate the signal efficiency of the RHTT in data. Therefore events with a pair of
oppositely charged muons in the m,,,, range around the Z boson mass between 70-110GeV are
selected. These events are further required to contain one additional lepton, and at least three
jets, where at least one of them needs to pass the medium working point or two the loose work-
ing point of the DeepCSV b-tagging algorithm. The additional lepton is required to increase the
purity of tiZ events and suppress the background contribution from tt and Drell-Yan events.
Thus, the ttZ control region particularly aims to select ttZ events where one of the top quarks
decays hadronically to three resolved jets, while the other one decays to a b quark, a charged
lepton and a neutrino. Among all jet-triplets in the event, the one with the highest RHTT score
is selected as the top quark candidate. Figure 5.32 presents the RHTT score of the selected top
quark candidate in the ttZ enriched control region. Although the statistical precision of data
events in this control region is limited, simulated events reproduce the distribution observed
in data within the statistical uncertainties. The signal efficiency in data is thus confirmed.

CMS private work 137.2 fb™ (13 TeV)
-E VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVV‘VVVi
@ 160F - Data Bizvz  Bwzizziep.
= - tSE,IZA H-hu [Jov+z-ewk [l Top quark
R S
i By [ cwew)

15
1 4 T - ‘

£y Lo \\#
T AR o B = S S = o

Data / Pred.

-1 -08 -06 04 02 0 02 04 06 08 1
RHTT

Figure 5.32: Validation of the RHTT output distribution in data. The RHTT output of the top
quark candidate is shown in a ttZ enriched control region which provides genuine hadronic
top quark decays with a similar kinematic topology as expected from ttH signal events.
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5.7 Resolved hadronic top quark tagger

Dimuon mass sideband region The events are selected if exactly one oppositely charged
muon pair with dimuon mass in the range between 110 — 120GeV or 130 — 150GeV is found.
Moreover, these events are required to contain at least three jets where at least one of them
needs to pass the medium working point or atleast two the loose working point of the DeepCSV
b-tagging algorithm. Figure 5.33 shows the RHTT score in the m,, sideband region dominated
by dileptonic tt events due to the required presence of b-tagged jets. Simulated events can pre-
cisely model the normalization and the shape of the distribution observed in data. Discrepan-
cies between data and simulation are typically smaller than 5%. In contrast to the ttZ control
region, events in the dimuon mass sidebands are dominated by combinatorial background of
jet-triplets from dileptonic tt and Drell-Yan events.
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Figure 5.33: Validation of the RHTT output distribution in data. The RHTT output of the top
quark candidate is presented in the dimuon mass sideband region. Events from the signal re-
gion are excluded. This control region is dominated by combinatorial background from dilep-
tonic tt and Drell-Yan events.

A top quark candidate is defined by the jet-triplet with the highest RHTT score in the event.
This top quark candidate is used in a multivariate event classifier which is trained to distin-
guish ttH signal events where at least one top quark decays hadronically to three resolved jets
from the SM backgrounds as described in Section 5.9.1.
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5.8 ttH event selection

The selection of events is based on the identified final state particles. Muons, electrons, and
jets are required to pass the selection criteria detailed in Sections 4.3.2 to 4.3.6. For conve-
nience, a few main features of the selected particles are briefly summarized:

B Muons and electrons from the decay of a Higgs boson or a heavy top quark tend to have
large pr. Therefore, muons (electrons) are selected with pr > 20GeV inside the detector
acceptance of || < 2.4 (2.5).

B Baseline muon and electron identification criteria are used along with the LEPTONMVA
medium working point to suppress non-prompt lepton background.

B Aloose lepton isolation Irmelini < 0.4 ensures a high selection efficiency for leptons in ttH
signal events with high hadronic activity.

B Jets are selected with pr > 25GeV and || < 4.7. The DeepCSV algorithm is employed to
identify jets originating from b hadrons inside the tracker acceptance of |n| < 2.5.

Events are recorded by single muon triggers as explained in Section 5.3. The dimuon baseline
selection comprises events with two oppositely charged muons. The resulting data shown in
Fig. 5.34 is strongly dominated by events from the Drell-Yan process as seen by the dimuon
mass distribution of the Z boson mass resonance and the tail of the mass spectrum with the
blinded Higgs boson signal region. The signal region in data is blinded to avoid a bias in the
optimization of the event selection.
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Figure 5.34: Dimuon mass distribution of events passing the dimuon baseline selection with

the full Run 2 dataset. The SM expectation for the H — u*u~ signal is represented by the solid
black line. The ttH signal contribution is indicated by the dashed line.

102



5.8 ttH event selection

Apart from the selected muon pair, the decay products of the top quarks are taken into ac-
count to define a dedicated ttH production category. Top quarks decay predominantly into
a b quark and a W boson. Therefore, events with at least one medium or two loose b-tagged
jets are selected. This provides a ttH baseline event selection, which guarantees mutual ex-
clusivity between the ttH category and other Higgs boson production categories used for a
combined H — p*u~ result. Figure 5.35 shows the corresponding dimuon mass distribution in
the dimuon mass sideband region. After the selection of events that contain b-tagged jets,
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Figure 5.35: Dimuon mass distribution of events selected using the baseline ttH event selec-
tion with the full Run 2 dataset. The expected H — u*u~ signal is represented by the solid black
line. The ttH signal contribution is indicated by the dashed line.

the background composition changes. Events from dileptonic tt decays become the dominant
background, while the Drell-Yan background contribution is reduced. The purity of ttH sig-
nal events after the ttH baseline selection yields 22%, and ggH events still constitute a large
fraction of the signal. The shape of the dimuon mass distribution in data is well modeled by
simulated events. The normalization between simulation and data differs by about 3%.

To further increase the ttH signal component, events are classified according to the decay
products of the W boson produced in the top quark decay. The W boson decays either lep-
tonically to a lepton and a neutrino or hadronically to two quarks. The corresponding subcat-
egories are denoted as ttH leptonic, and ttH hadronic, respectively. They are described in detail
in Sections 5.8.1 and 5.8.2. The ttH leptonic and ttH hadronic subcategories are designed to
provide a highly efficient and pure selection of events based on the expected kinematic prop-
erties of the ttH signal process. The background can be reduced by exploiting a number of dis-
criminating observables. To achieve an optimum analysis sensitivity, multivariate techniques
are employed. The corresponding multivariate optimization of the analysis is presented in
Section 5.9.
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5.8.1 ttH leptonic selection

Events with one or two charged leptons in addition to the muon pair are considered for the
ttH leptonic channel. This includes events with semi- and dileptonic decays of the top quark-
antiquark pair. Additional criteria are applied which more purely select ttH signal events. At
least two jets are required with a leading jet pr > 35GeV. One of the key features of the ttH lep-
tonic event selection is the muon pair finding. In events with more than two muons, at least
one opposite charged muon pair is required with an invariant mass between 110 and 150 GeV.
If two muon pairs fall into this mass window, the pair with the higher dimuon transverse mo-
mentum is chosen as the Higgs candidate. This strategy allows in 94% of all selected events
to assign the correct muon pair to the Higgs boson decay. Backgrounds from quarkonium de-
cays and combinatorial background are reduced by a veto on events where the invariant mass
of any oppositely charged same flavour lepton pair is close to the mass of the Z boson with
81GeV < m, < 101 GeV or below a threshold of 12GeV. All selection criteria are summarized
in Table 5.4. The impact of the different requirements on the signal composition and the sig-
nal event yield are given in Table 5.5. Figure 5.36 presents the dimuon mass distribution for
all events in the ttH leptonic event category. After the ttH leptonic event selection the signal
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Figure 5.36: Dimuon mass distribution in events selected by the ttH leptonic event category
using the full Run 2 dataset. The expected H — u*u~ signal is represented by the solid black
line and scaled by a factor of 10. The ttH signal component is indicated by the dashed line.

purity for events produced by the ttH production mechanism increases to 89%. The dominant
background processes are ttZ and dileptonic tt with additional non-prompt leptons, which
can originate from the decay of heavy b hadrons. The tt + non-prompt lepton background still
contributes a considerable amount of the total background although the LEPTONMVA signif-
icantly reduces this contribution by 96% compared to a selection without LEPTONMVA. The
measured data yields as well as the predicted event yields for all background processes are re-
ported in Table 5.6. These numbers are given for events in the dimuon mass sideband region
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where events from the signal region are excluded. The overall predicted event yield is com-
patible with the event yield observed in data below 120 and above 130GeV within 1o of the
statistical uncertainty.

Table 5.4: Summary of the event selection criteria for the ttH leptonic category. The selection
aims at the semileptonic and dileptonic final states of the top quarks.

. e . ttH leptonic

Event selection criteria . . . .
semileptonic dileptonic

Number of leptons 3 4
Lepton charge requirements ) g; = +1 24qi=0
Number of b-tagged jets Np-tagged > 0 (medium) or > 1 (loose)
Jet multiplicity =2
Leading jet pt > 35 GeV
Z mass veto Ilm,; —mgz| > 10 GeV
Low mass resonance veto my; > 12 GeV

Table 5.5: Comparison of the signal composition using the ttH baseline selection to define an
exclusive ttH production category, and the final ttH leptonic event selection. The event counts
are based on simulated signal events in the mass range between 120 < my,;, < 130GeV.

Event selection signal event yield

ggH VBF VH tiH tH Y
ttH baseline (trigger + u* u~ + b-tag) 173 3.0 38 7.0 0.9 320
ttH leptonic (baseline + add. lepton + jets + my, vetos)  — - 01 17 01 1.9

Table 5.6: Expected and observed event yields of the ttH leptonic event category in the dimuon
mass sideband region. Events from the signal region are excluded. The event yields are shown
for all three data-taking periods and their combination. The statistical uncertainty is reported
for data and the predicted sum of simulated background events.

- . ttH leptonic

Background contribution 2016 2017 2018 Run 2
ttZ +tZ 7.0 7.2 12.4 26.6
ttW(W) 3.4 3.7 6.1 13.2
WZ/ZZ lep. 2.2 2.8 4.6 9.6
Top quark 6.8 5.1 9.6 21.4
DY 0 0.1 0.2 0.3
VV(V) 0.1 0.1 0.3 0.5

Y prediction 19.4+0.7 19.0+0.8 33.1+1.3 71.5+1.7
observed data 14+4 29+5 36+6 79+9
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5.8.2 ttH hadronic selection

Events with exactly two muons and without additional leptons are assigned to the ttH hadronic
channel. This event category is tailored to events where both top quarks decay hadronically.
Since the reconstruction and selection of all of the six jets from the two hadronic top quark
decays would drastically reduce the signal selection efficiency, the event selection is tuned to
identify at least one high-quality top quark candidate per event. To ensure the presence of
at least one potential top quark candidate, events are required to contain at least three jets
with a leading jet pr > 50GeV. Furthermore, one of the jet-triplets needs to be reconstructed
with an invariant mass in the range between 100 < m;; <300 GeV, and the kinematic top quark
fit of this jet triplet is required to converge. The convergence efficiency of the kinematic fit
for genuine top quarks is nearly 100%. An overview of the applied selection criteria is given
in Table 5.7. The impact of the different requirements on the signal composition and the signal
event yield are reported in Table 5.8. Figure 5.37 shows the dimuon mass distribution for all
events in the sideband region of the ttH hadronic event category.

CMS private work 137.2 fo* (13 TeV)

> T T ‘ UL ‘ ‘
& 10° —+Data B Top quark[[] DY+Z-EWK
o —— SM H- pp x100 _
g VV(V tiz+z
o 100 ttH x100 . V) .
@ Hiaww)  Bwzizz lep.
C -
2 10
]

1.2
1?F+ —e— —o——o
0.8 -
110 115 120 125 130 135 140 145 150
m,, (GeV)

Data / Pred.

Figure 5.37: Dimuon mass distribution of events selected by the ttH leptonic event category
using the full Run2 dataset. The expected H— u*u~ signal is represented by the solid black
line and scaled by a factor of 100. The ttH signal component is indicated by the dashed line.

A signal purity for events produced by the ttH production mechanism of 49% is achieved in
the ttH hadronic event category. The dominant background processes are dileptonic tt and
Drell-Yan events with additional jets from ISR or FSR. The event yields in data as well as the
predicted yields for all background processes in the dimuon mass sideband region excluding
the signal region are summarized in Table 5.9. The overall predicted event yield in simulated
events of the full Run 2 data-taking period is compatible with the event yield observed in data
within 1o of the statistical uncertainty.
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Table 5.7: Summary of the event selection criteria for the ttH hadronic categories. The selec-
tion aims at the fully hadronic final states of the top quarks.

Event Selection ttH hadronic

Number of b-tagged jets Np-tagged > 0 (medium) or > 1 (loose)

Number of muons 2

Muon charge requirement >qi=0

Jet multiplicity >3

Leading jet pr =50 GeV
Jet-triplet convergence 100 GeV < my;; < 300 GeV

Table 5.8: Comparison of the signal composition using the ttH baseline selection to define an
exclusive ttH production category, and the final ttH hadronic event selection. The event counts
are based on simulated signal events in the mass range 120 < m,,;, <130GeV.

Event selection signal event yield
ggH VBF VH tH tH Y
ttH baseline (trigger + " p~ + b-tag) 173 30 38 7.0 09 320

ttH hadronic (baseline + lepton veto + jet-triplet) 2.7 0.2 1.2 46 06 9.3

Table 5.9: Expected and observed event yields of the ttH hadronic event category in the
dimuon mass sideband region where events from the signal region are excluded. The event
yields are shown for all three data-taking periods and their combination. The statistical uncer-
tainty is reported for data and the predicted sum of simulated background events.

Background contribution ttH hadronic

2016 2017 2018 Run 2
ttZ +tZ 16.8 18.5 30.2 65.5
ttW(W) 10.3 11.2 18.5 40.1
WZ/77 lep. 3.9 2.3 6.4 12.6
Top quark 7633.4 8177.0 13823.8 29634.2
DY 672.7 657.8 1343.0 2673.5
VV(V) 42.7 28.7 60.0 131.3
Y prediction 8379.9423.1 8895.5+26.2 15281.9+43.8 32557.3+56.1
observed data 8125+90 9406+97 15193+123 327244181
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5.9 Multivariate analysis optimization of the ttH channel

After the ttH event selection and the categorization into the ttH leptonic and ttH hadronic
channels, two BDT-based multivariate discriminants are trained to select specific phase-space
regions with enhanced signal-to-background ratio using the TMVA software package [197].
These BDT discriminants exploit several common input observables, as well as some spe-
cific observables that target the kinematic properties of either the leptonic or the hadronic
top quark decay. Due to many similar features of the BDTs used in the ttH leptonic and ttH
hadronic channels, the input observabels and the BDT setup for both channels are described
in parallel in Sections 5.9.1 and 5.9.2, while the phase-space selection and the validation of the
BDT classifiers in data are discussed individually in Sections 5.9.3 and 5.9.4.

5.9.1 Kinematic input observables to the BDT classifiers

The predicted Higgs boson signal forms a narrow peak on top of a falling background distri-
bution in the dimuon mass spectrum. The invariant mass of the Higgs boson candidate is the
most discriminating observable between signal and background events. For this reason, the
dimuon mass serves as the final discriminant in the signal and background extraction. To en-
sure that the background shape of the dimuon mass distribution is not sculpted due to the
BDT-based optimization, input observables are chosen which are hardly correlated with the
dimuon mass.

The observables sensitive to the characteristic properties of the ttH production mechanism
which are used as input to the ttH leptonic and ttH hadronic BDT classifiers are divided into
three groups: First, observables describing the production and decay of the Higgs boson; Sec-
ond, observabels that contain information on the hadronic event activity or the presence of
neutrinos. Third, observables aiming to identify the top quark decay products. The first two
groups represent a set of common observables used as input to both the ttH leptonic as well
as the ttH hadronic BDT.

In ttH signal events where a Higgs boson recoils from a heavy top quark, the Higgs boson is
boosted in the transverse plane. This leads to a much harder dimuon pr spectrum in signal
events compared to the background. Thus, the dimuon transverse momentum pé‘” , as well
as the dimuon rapidity y,, are included as input observables to the BDT. Muons originating
from the decay of a Higgs boson are correlated, which results in characteristic angular distri-
butions. This correlation can be used to distinguish a muon pair from the decay of the Higgs
boson from mostly uncorrelated muons in decays of top quark-antiquark pairs. Therefore, the
azimuthal angle ¢¢cs and the cosine of the polar angle cosfcs between both muons computed
in the Collins—Soper rest frame [206] are employed. Additionally, the 7 of the two muons cor-
responding to the Higgs boson candidate and their single muon pr relative to my,, are used.
Figures 5.38 and 5.39 show the corresponding normalized distributions of these observables
for signal and background events in the ttH hadronic and ttH leptonic event categories.
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To enhance the fraction of events with a precise dimuon mass resolution to the high-BDT score
region, signal events are weighted with the inverse of the per-event dimuon mass resolution
which is estimated from the muon track fit as described in Section 5.4.7. The mass resolution is
also tested as an input observable, but this does not significantly change the BDT performance.
The reason for this might be that the distribution of the per-event dimuon mass resolution is
very similar between signal and background events.

To account for the large expected hadronic activity in ttH signal events, the number of jets Njegs,
the maximum DeepCSV value among all selected jets DeepCSV,,,,,, and the scalar (vectorial)
transverse momentum sum Hry (Hjn?iss) of all selected leptons and jets with || < 2.5 are in-
cluded. The single jet pr and 7 of the leading jets are considered as well. The pr"* and the Al
observable [207], which corresponds to the projection of p"** onto the bisector of the dimuon
system in the transverse plane, are also included as input to the BDT. These observables allow
to probe the magnitude and direction of neutrinos with respect to the dimuon system in the
event. Figures 5.40 and 5.41 present some of the corresponding normalized distributions of
these observables for signal and background events in the ttH hadronic and ttH leptonic event

categories.

Additionally, observables related to the characteristic kinematic properties of either the lep-
tonic or the hadronic top quark decay are considered. In the ttH leptonic event category, these
are represented by the azimuthal separation A¢ between the reconstructed Higgs boson can-
didate and the additional charged lepton with highest pr, the invariant mass of the jet with
the highest DeepCSV score and the additional lepton m,p, and the transverse mass of the ad-
ditional lepton and the missing transverse momentum m[}'MET [208]. To distinguish the three
muon final-state from the two muon and one electron final state, the flavour of the additional
lepton is included as input to the BDT. In the ttH hadronic event category, the RHTT algorithm
is used to identify top quark decays to three resolved jets as explained in Section 5.7. The jet
triplet with the highest RHTT score and a mass in the range between 100 < m;; <300GeV is
chosen as a hadronic top quark candidate, and the corresponding RHTT score is used as input
to the BDT. The pr of the top quark candidate and the balance of the top quark and the Higgs
boson candidate
1+ petP
pi + Py’
are sensitive to the kinematic configuration of the Higgs boson with respect to the top quark
and, therefore, added to the list of input observables as well. Figures 5.42 and 5.43 present
the corresponding normalized distributions of these observables for signal and background
events in the ttH hadronic and ttH leptonic event categories.

B(H, top) (5.13)

A comprehensive overview and ranking of all mentioned input observables used in the ttH
hadronic and ttH leptonic BDT classifiers is given in Table 5.10.
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Figure 5.38: Normalized distributions of the BDT input observables used to describe the kine-
matic properties of the Higgs boson candidate decaying into two muons in the ttH hadronic
category. The distributions are presented for signal (blue) and background (red) events.
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Figure 5.39: Normalized distributions of the BDT input observables used to describe the kine-
matic properties of the Higgs boson candidate decaying into two muons in the ttH leptonic
category. The distributions are presented for signal (blue) and background (red) events.
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Figure 5.40: Normalized distributions of the BDT input observables used to describe the
hadronic event activity in the ttH hadronic category. The distributions are presented for signal
(blue) and background (red) events.
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Figure 5.41: Normalized distributions of the BDT input observables used to describe the
hadronic event activity in the ttH leptonic category. The distributions are presented for sig-
nal (blue) and background (red) events.
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Figure 5.42: Normalized distributions of the BDT input observables used to describe the kine-

matic properties of the top quark decay products in the ttH hadronic category. The distribu-
tions are presented for signal (blue) and background (red) events.
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Figure 5.43: Normalized distributions of the BDT input observables used to describe the kine-
matic properties of the top quark decay products in the ttH leptonic category. The distribu-
tions are presented for signal (blue) and background (red) events.
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Table 5.10: Description of the input observables employed by the ttH hadronic (top) and ttH
leptonic (bottom) BDT classifiers. The observables are subdivided in groups and ranked ac-
cording to their importance during the training.

ttH hadronic
Definition Observable  Separation Importance
o Transverse momentum of Higgs boson candidate p‘}” 9.0 % 4.4 %
S Single muon pseudorapidity Ny 1.9% 4.1%
_8 Polar angle in CS-frame cosfOcs 1.2% 41%
:bg Single muon transverse momentum p’;/ o 8.4 % 3.7%
= Rapidity of Higgs boson candidate Vup 0.5% 3.7%
Azimuthal angle in CS-frame ADcs 0.09 % 3.0%
Missing transverse momentum B 5.4 % 6.0 %
.‘E E7'*° projection onto dimuon bisector AL 8.7% 5.8%
‘® Momentum sum (vectorial) HZ's 1.7% 5.6 %
S Momentum sum (scalar) Hr 30.8 % 5.5%
'g Single jet n of leading jets et 5.5 % 5.5 %
& Max. DeepCSV of jets max. DeepCSV 0.08 % 5.2 %
f Number of jets Niets 35.2% 4.7 %
Single jet transverse momentum of leading jets plﬁt 23.5% 4.0%
'é Max. RHTT output max. RHTT 39.9 % 6.4 %
& Transverse momentum of top candidate ptTOp 20.3 % 31%
§ Balance of Higgs and Top candidate momentum p;l'mp 12.0 % 2.8%
ttH leptonic
Definition Observable  Separation Importance
= Polar angle in CS-frame cosOcs 0.7 % 5.6 %
€ Single muon pseudorapidity Ny 1.3% 5.2 %
£ Single muon transverse momentum p";/ My, 1.7% 4.6 %
:’ug Rapidity of Higgs boson candidate Vup 2.0% 3.7%
= Transverse momentum of Higgs boson candidate p’;“ 1.7% 33%
Azimuthal angle in CS-frame ADcg 0.7 % 3.3%
o Max. DeepCSV of jets max. DeepCSV 4.3 % 6.2 %
£ Single jet7 of leading jets et 2.4 % 5.9 %
£ Number of jets Niets 7.1 % 5.6 %
S Momentum sum (scalar) Hr 4.4 % 4.3 %
'g EITniSS projection onto dimuon bisector AL 24 % 43%
-§ Single jet transverse momentum of leading jets p];t 1.4 % 4.2%
T Missing transverse momentum B 0.4 % 3.8%
Momentum sum (vectorial) H7'S 0.6 % 2.7%
fe Number of electrons N, 9.6 % 5.7 %
£ Transverse mass of additional lepton and EI}’iSS m’}'MET 5.2 % 5.4 %
& A® Higgs candidate and add. leading lepton AD(up, f) 1.4 % 51%
B Mass of b-tagged jet and add. leading lepton Myp 33% 4.1%
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5.9.2 Training of the BDT classifier

The BDT training in the ttH leptonic and ttH hadronic event categories are performed using
simulated ttH signal events generated with the nominal Higgs boson mass of my = 125GeV.
Other Higgs boson production modes are not considered in order to fully exploit the specific
kinematic properties of the ttH production mechanism. Event generator information is used
to correctly assign reconstructed muons to the Higgs boson decay. All background contribu-
tions described in Section 5.2 are taken into account. Simulated events are divided in two
independent event samples for training and testing purposes. Events which enter the BDT
training are not used in the final signal extraction to avoid overtraining and to guarantee an
unbiased result. The final set of BDT hyperparameters is determined in an iterative procedure
which optimizes the ROC integral. A BDT with 600 (200) trees and a maximum depth of three
is trained in the ttH hadronic (leptonic) channel using the Gradient Boost method. The shrink-
age parameter is set to 0.1.

To focus on background events in the sensitive signal-like phase-space region, only events with
a dimuon mass between 115 and 135GeV are considered in the training. Since the statistical
precision of the simulated background samples is limited in this phase-space region, events
from all three data-taking periods are included in the BDT training of the ttH leptonic and ttH
hadronic BDT classifiers. To further increase the available number of training events in the
ttH leptonic category, the event selection is relaxed by extending the dimuon mass window to
a range between 110 and 140GeV and by removing the Z boson mass veto, which is applied
to all same flavour opposite charge lepton pairs. This leads to a larger background contri-
bution from ttZ and other processes with genuine Z boson decays to muons. Although the
background composition slightly changes, no significant impact on the final performance of
the BDT training is found. Different options to handle the fraction of negative weighted events
are tested in the same way as explained in Section 5.7. Both, positive and negative weighted
events are used in the training procedure.

Figure 5.44 shows the ttH leptonic and ttH hadronic BDT output distributions. The impact of
overtraining on signal and background events is studied by comparing the BDT output distri-
butions of the training and the testing samples. The overall shape of the BDT output distribu-
tions is modeled very similarly, and differences are within the statistical precision. In addition,
two example working points with 90% and 70% background rejection are selected, and the
corresponding signal efficiencies are compared between the training and testing samples in
Table 5.11. The working points used to define the best performing subcategories in the ttH
leptonic and ttH hadronic channels correspond to a background rejection of around 90%. The
absolute differences between the signal efficiencies measured in the training and the testing
samples at this working point are in the order of a few permille. Thus, no significant overtrain-
ing is observed. Figure 5.45 presents the ROC diagrams of the ttH leptonic and ttH hadronic
BDT discriminants with a ROC integral of 83% and 93%, respectively. The difference in per-
formance can be explained by a larger fraction of reducible backgrounds in the ttH hadronic
category compared to the ttH leptonic category. Overall, both BDT discriminants provide good
performance, which allows an increase in the analysis sensitivity as presented in Section 5.10.
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Figure 5.44: The BDT output distributions of the ttH leptonic (left) and ttH hadronic (right)
categories for signal (blue) and background (red) events. The distributions obtained from the
training samples (points) are compared to the corresponding test samples (solid lines).

Table 5.11: Comparison of the signal efficiency obtained from the testing sample and the train-
ing samples for two example working points of the ttH leptonic and ttH hadronic BDT discrim-
inants.

.. ttH leptonic signal eff. ttH hadronic signal eff.
Background rejection . o . g
testing sample training sample ‘ testing sample training sample
90% 50.8% 50.3% 81.8% 81.9%
70% 79.8% 80.4% 93.6% 93.6%
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Figure 5.45: ROC diagrams indicating the signal efficiency versus background rejection for the
ttH leptonic (left) and ttH hadronic (right) BDT discriminants.
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5.9 Multivariate analysis optimization of the ttH channel

Although all input observables are carefully chosen to be uncorrelated with the dimuon mass,
there might be hidden correlations between input observables which allow the BDT to learn
the mass of the Higgs boson. This could lead to a strong bias in the final results, and thus,
it is important to exclude as far as possible a correlation between the final BDT output and
the dimuon mass. For this purpose, two independent cross checks are performed. First, the
evolution of the dimuon mass shape for background events is examined as a function of the
BDT score as presented in Fig. 5.46. Second, the evolution of the BDT output shape for signal
events is analyzed as a function of the Higgs boson mass hypothesis as shown in Fig. 5.47. No
differences in the BDT output as a function of the Higgs boson mass are found. No sculpting
of the dimuon mass shape is observed. This confirms that the BDT output is not significantly
correlated with the dimuon mass.
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Figure 5.46: Evolution of the BDT output distributions in simulated ttH signal events as a func-
tion of the Higgs boson mass hypothesis in the ttH leptonic (left) and ttH hadronic (right) cat-
egory. In the lower panel, the ratios between the nominal Higgs boson mass hypothesis of
my = 125GeV (black) and the mass probes at my; = 120GeV (red) and my = 130GeV (blue) are
shown. The distributions are normalized to have unit area.
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Figure 5.47: Evolution of the dimuon mass shape for five quantiles of the BDT output in sim-
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distributions are normalized to have unit area.
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5.9.3 BDT performance & validation in the ttH leptonic channel

Important input observables and the output of the ttH leptonic BDT classifier are discussed
and validated in data. The validation of the ttH leptonic BDT is performed in a signal-depleted
control region. For this purpose, events in the dimuon mass sidebands passing the ttH leptonic
event selection are used. Events in the signal region are excluded. The predicted distributions
in simulation are compared to the observed distributions in data to ensure an unbiased event
selection based on the BDT score as described in Section 5.10.

Figure 5.48 shows the ttH leptonic BDT output in data and simulation for events in the dimuon
mass sideband region where events from the signal region are excluded. Important observ-
ables used as input to the ttH leptonic BDT are shown in Fig. 5.49. Overall, the shape of the
different kinematic distributions is well modeled within the statistical precision of the data.
The observed deviation in normalization between data and simulation corresponds to 9.5%
which is compatible within 1o of the statistical uncertainty in data. Since the background in
this analysis is directly estimated from data, this small discrepancy in normalization does not
affect the final results. In contrast to the relaxed selection used during the BDT training, the
Z boson mass veto is included here. This particularly reduces the ttZ background contribu-
tion in the low-BDT score regime, which otherwise would be enriched in events with three
muon final-state. This is also the reason for the rather flat BDT background distribution. In
the high-BDT score region all reducible backgrounds from for example ttW(W), WZ, and ZZ
are suppressed, while the ttZ background is still dominant. The unblinded distribution in-
cluding events from the signal region is presented in Fig. 5.59.

CMS private work
T e

137.2 fo (13 TeV)
e e e
Biz+z W Top quark
Ddtww) llwz/zZ lep.

Bvv() []DY+Z-EWK

Events
@)
Q
&

ko] E

o 2z | 4

S 0 S S A = = o= S

© 05: ! | f fT [

© R ‘ ‘ . .t ‘

[a) -1 -08 -06 04-02 0 02 04 06 08 1

ttH leptonic BDT output

Figure 5.48: The ttH leptonic BDT output distribution for events in the dimuon mass sideband
region where events from the signal region are excluded. In the lower panel, the ratio between
data and the expected background is shown. The gray band indicates the statistical uncer-
tainty. Systematic uncertainties as described in Section 5.11.2 are not included here since they
are much smaller than the statistical uncertainty.
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Figure 5.49: Distributions of six important observables used as input to the ttH leptonic BDT.
The distributions are shown for events in the dimuon mass sideband region where events from
the signal region are excluded.
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To illustrate the kinematic properties of signal events as a function of the BDT score, the ttH
leptonic BDT is divided into five quantiles. Figure 5.50 shows the shape evolution of six im-
portant input observables as a function of the ttH leptonic BDT output. The high-BDT score
region is enriched in events with a large dimuon pr induced by a large hadronic recoil of the
Higgs boson. Since the BDT is aware of the dimuon mass resolution, in particular central
muons with accurate transverse momentum resolution are selected in the high-BDT score re-
gion. Furthermore, events with high-BDT output tend to contain at least one jet with a high
DeepCSV score to increase the fraction of genuine b jets. The reconstructed m,;, mass of the
b jet and the additional lepton peaks well below the top quark mass. Larger values of my,
are suppressed for events with high-BDT score, since larger values indicate events where the
selected b jet and lepton do not originate from the same top quark. The transverse mass of
the additional lepton and the missing transverse momentum mf} is employed to reconstruct
the leptonic decay of the W boson. Events with a high-BDT score tend to have values of m’%
around the W boson mass. Furthermore, events in the high-BDT score prefer a kinematic con-
figuration where the Higgs boson and the additional lepton from the decay of the top quark
are scattered back-to-back in the transverse plane.
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Figure 5.50: Shape evolution of six important input observables for five quantiles of the ttH
leptonic BDT output in simulated ttH signal events. Each distribution is scaled to have unit
area.
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5.9.4 BDT performance & validation in the ttH hadronic channel

The most important input observables and the output of the ttH hadronic BDT classifier are
discussed and validated in data in the same way as presented in the previous section for the ttH
leptonic BDT. The validation of the ttH hadronic BDT is performed using events in the dimuon
mass sideband region which pass the ttH hadronic event selection. Events in the signal region
are excluded.

Figure 5.51 shows the transformed output of the ttH hadronic BDT discriminant. The original
BDT output is transformed to expand the high-BDT score region using arctanh((BDT + 1)/2).
Important input observables of the ttH hadronic BDT are shown in Fig. 5.52. The predicted
normalization and the shape of the different kinematic distributions in simulated events is
generally in good agreement with the observed distribution in data. Most discrepancies are
well covered by the considered systematic uncertainties, which are described in Section 5.11.2.
The largest differences between data and simulation are observed in the number of selected
jets. In particular, for very high jet multiplicities the data yield is underestimated by the sim-
ulation. In this region of the phase-space both dominant backgrounds from tt and Drell-Yan
rely on a significant number of jets from the PS, which are known to not entirely reproduce
the data distribution [209]. Since the high-BDT score region of the ttH hadronic category is
enriched in events with large jet multiplicity, this disagreement is also the reason for the ex-
cess of data events in the ttH hadronic BDT output. However, the background prediction is
estimated using a data-driven method and the prediction of jets in signal events relies largely
on the much more precise ME calculation. Thus, the observed differences between data and
simulation do not affect the final fit result. The unblinded distribution including events from
the signal region is presented in Fig. 5.59.
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Figure 5.52: Distributions of six important observables used as input to the ttH hadronic BDT.
The distributions are shown for events in the dimuon mass sideband region where events from
the signal region are excluded.
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The ttH hadronic BDT is divided into five quantiles to illuminate kinematic properties of signal
events as a function of the BDT output. Figure 5.53 shows the shape evolution of six important
input observables as a function of the ttH hadronic BDT score. Similar to the ttH leptonic BDT,
also the high-BDT regime of the ttH hadronic BDT primarily selects events with large dimuon
pr, and muons, that are reconstructed in the central part of the detector. Furthermore, events
with high BDT score are characterized by large jet multiplicities and large Hr. In ttH signal
events where both top quarks decay hadronically, imperfect measurements of the jet momenta
lead to small E%ﬂss. Since the dominant background from dileptonic tt decays contains two
neutrinos, much larger E;™** is expected in background events. Therefore, events with high
BDT score tend to have small values of E;"*°. Finally, events in the high-BDT region contain
a top quark candidate with high RHTT score. This ensures the presence of at least one well
reconstructed hadronic top quark in the event.
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Figure 5.53: Shape evolution of six important input observables for five quantiles of the ttH
hadronic BDT output in simulated ttH signal events. The prediction for all three data-taking
periods is summed. All distribution are scaled to have unit area.
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5.10 Event categorization

To improve the overall sensitivity of the ttH analysis, events are classified according to their
BDT score, and grouped into several subcategories. The optimization of the subcategory bound-
aries is based on an iterative algorithm. The aim of this algorithm is to maximize the analysis
sensitivity in terms of the expected significance. For this purpose, a simplified version of the
final signal extraction fit described in Section 5.11 is performed. The expected significance is
estimated by an analytical fit to the dimuon mass distribution of simulated signal and back-
ground events based on all three data-taking periods. A Gaussian is chosen to model the signal
contribution, while the total expected background is modeled using an exponential function.
Systematic uncertainties are neglected here.

The category boundaries are determined by a scan of the BDT distribution. Events are divided
into two subcategories at a certain BDT value, and the combined expected significance is eval-
uated. A stepwidth of 0.025 in the BDT score is chosen in the ttH hadronic category, while a
larger stepwidth of 0.05 is used in the ttH leptonic category to be less affected by statistical
fluctuations. The BDT boundary which provides the largest combined expected significance
is selected, and the procedure is repeated to define additional subcategory boundaries until
the gain in the expected significance is less than 1%. The BDT boundary optimization re-
sults in two ttH leptonic subcategories, and three ttH hadronic categories, which are shown
in Fig. 5.54. A summary of the BDT subcategories is reported in Table 5.12.
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Figure 5.54: Distribution of the ttH leptonic (left) and ttH hadronic (right) BDT output in simu-
lated signal (blue) and background (red) events. The dashed vertical lines indicate the bound-
aries of the optimized event categories. The lower panel provides the S/v/B obtained by inte-
grating signal (S) and background (B) events inside the half width half maximum of the signal
peak. This result is part of the publicly available supplementary material of Ref. [172].
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5.11 Signal extraction

The expected significance due to this subcategorization improves by a factor 1/3 in the ttH lep-
tonic category, and by a factor of 3 in the ttH hadronic category. This difference is explained by
a much larger contribution of reducible backgrounds in the ttH hadronic category compared
to the ttH leptonic category, where the largest fraction of reducible background is already re-
jected by the LEPTONMVA selection criteria.

Table 5.12: Summary of ttH event categories defined along the ttH hadronic and ttH leptonic
BDT output. For each category the optimized category boundaries, and the corresponding
signal efficiency quantiles are given.

Event category Signal efficiency BDT boundaries

ttHlep-cat2 >52% > 0.40
ttHlep-cat1 0-52% <0.40
ttHhad-cat3 >86% >0.95
ttHhad-cat2 70-86% [0.80,0.95)
ttHhad-cat1 0-70% <0.80

5.11 Signal extraction

The H — u*u~ signal is extracted by a fit of an analytical signal-plus-background (S+B) model
to the shape of the my,, spectrum in data across all five ttH subcategories. Signal events ap-
pear as a narrow resonance in the dimuon mass spectrum on top of a monotonically falling
background distribution. This allows to estimate the background contribution under the sig-
nal peak in a data-driven way using signal-depleted mass sidebands as illustrated in Fig. 5.55.
This signal extraction method is typically referred to as sideband analysis.
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Figure 5.55: Illustration of the dimuon mass sideband fit method using pseudo data. The
signal (dashed red line), and the background model (dashed blue line) are combined, and the
signal-plus-background model (solid blue line) is fit to a pseudo dataset (black points). For the
purpose of this example, the signal is amplified.
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

Signal shape parameters are determined from simulated events using all three data-taking pe-
riods together, but independently for each Higgs boson production mode. In the final S+B
fit, these signal shape parameters are treated as constants or as constrained parameters to ac-
count for systematic variations of the signal peak position and resolution. Background shape
parameters are bounded to ensure a reasonable modeling of the falling m,,;, background spec-
trum. Within these bounds the background parameters are constrained by data in the S+B fit.
The overall normalization of the signal and the background processes is allowed to float freely
in the fit to data.

5.11.1 Analytical signal and background model

The ratio between the natural expected width of the SM Higgs boson I'y = 4 MeV [54] and the
Higgs boson mass, I'y/ my, is much smaller than the typical relative momentum resolution of
high-pr muons from the decay of the Higgs boson. Thus, the shape of the measured Higgs
boson mass distribution is driven by the detector resolution which induces a nearly Gaussian
smearing of the reconstructed Higgs boson mass. For this reason, the signal is modeled using
a double-sided crystal ball (DCB) function [210] which is based on a Gaussian core with mean
m and a width o, and two power-law functions for the tails:

AV 2
— (M —-1212
e( L )/0',

—ar, < o < R
nL, 2 —#m\—hL _ 5
— ny —ay /2| nL _ _ Mmyu-—m M- _
DCB(my,,) = (mu) et (IaLI L , M T<-ap (5.14)
nR 2 _#\—NR s
nR —(XR/Z( nR mgp m) m}lu m -
(IaRI) € lag] larl+—; y T o = Aar

The power-law functions with the parameters at, and np, for the low-mass regime, and ar and
ng for the high-mass regime, provide additional flexibility to better model non-Gaussian tails.

Compared to other signal models, as for example the sum of three Gaussians, which was used
in an earlier iteration of the CMS H — y*u~ analysis [41], the DCB has only one parameter as-
sociated to the peak and one to the width of the lineshape. This allows for a straightforward
assignment of shape uncertainties on the peak position and the width of the Gaussian core.

Figure 5.56 shows the fitted signal models for all five ttH subcategories. The DCB function is
able to accurately model the peak position and width, as well as the low- and high-mass tails
in all categories. The total expected event yields, the signal composition, and the signal res-
olution are given in Table 5.13. The high BDT score categories ttHlep-cat2 and ttHhad-cat3
provide a very high ttH signal purity of around 95%. In contrast, ttHhad-catl contains a large
fraction of ggH events with additional ISR jets, and VH events where the gauge boson decays
into two quarks. Since the information about the dimuon mass resolution is included in the
BDT training, the dimuon mass resolution improves as a function of the BDT score. The signal
resolution in the ttH leptonic channel differs between the high and the low BDT score cate-
gories by about 10%, while this difference is much smaller in the ttH hadronic categories. This
has two reasons. First, the relative importance of the muon 7, which is strongly correlated with
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5.11 Signal extraction

the dimuon mass resolution, is significantly larger in the ttH leptonic BDT compared to the
ttH hadronic BDT. Second, the signal in the low-BDT score region in the ttH leptonic category
consists primarily of events with three muons in the final state. Thus, an occasional wrong
assignment of muons to the Higgs boson candidate leads to a worse dimuon mass resolution
compared to events with two muons and one electron in the final state.

Table 5.13: Summary of the total expected signal yield, the signal composition of different
Higgs boson production modes, and the signal resolution in terms of the half width at half
maximum (HWHM) for each ttH event category. Modified version published in Ref. [172].

Event Total ttH ggH VH tH,VBF,bbH HWHM
category signal (%) (%) (%) (%) (GeV)
ttHlep-cat2 099 947 — 1.0 4.3 1.75
ttHlep-catl  1.06 858 — 4.7 9.5 1.92
ttHhad-cat3 1.33 94.0 03 1.3 4.4 1.80
ttHhad-cat2 1.62 843 3.8 56 6.2 1.81
ttHhad-catl  6.87 32.3 403 17.2 10.2 1.85

The dominant background in the ttH leptonic categories are ttZ events, and dileptonic tt events
with additional non-prompt leptons. The background in the ttH hadronic categories domi-
nantly consists of dileptonic tt events with additional ISR jets and minor contributions from
Drell-Yan and ttZ. To model the monotonically decreasing m,,,, spectrum expected from these
backgrounds, three different families of analytical functions are considered:

Bernstein polynomials
- n i n-1
Bern(my,,) = Z a; - ( i) muu(l —mu)” (5.15)
i
Sum of power law
n
SumPow(my,) =) a; - my, (5.16)
l
Sum of exponentials
n
SumExp(myy) =Y _ a; -exp (b; - myy). (5.17)
i

Due to the rather small number of events in most of the ttH subcategories, one to two degrees
of freedom are sufficient to model the my,, background shape. In the following, the tested
background functions are referred to as "SumofExp" corresponding to a sum of two exponen-
tial functions, "SingleExp" corresponding to a single exponential function, "SumofPowerlaw"
corresponding to a sum of two power law functions, "SinglePowerlaw" corresponding to a sin-
gle power law function, and "Bernstein" corresponding to a second-order Bernstein polyno-
mial.
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Figure 5.56: Distributions of the dimuon mass for H — u*u~ signal events and the correspond-
ing signal models in all ttH subcategories. The shaded area indicates to the full width at half
maximum of the lineshape. The presented signal expectation corresponds to the sum of all
Higgs boson production modes in all three data-taking periods.
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5.11 Signal extraction

For each of the five ttH subcategories, a single function among the considered ones is chosen
to model the background. Since the underlying m,,,, shape of the background is unknown,
the choice of a particular background function can induce a bias in the measured signal yield.
This bias is examined using pseudodata of the m,, background shape. In each subcategory,
background-only fits are performed to the m,,, distribution in data for all considered back-
ground functions. Based on these background-only models, pseudodata are generated by in-
jecting signal events with a rate corresponding to the SM prediction. The amount of signal
events is allowed to vary within the statistical uncertainty. To measure the bias with a preci-
sion of about 2%, 2000 pseudo datasets are generated for each background function in each
category. Finally, S+B fits are performed to each of the pseudodata, where the background
component is modeled by one of the considered background functions. The signal strength [
describes the ratio of the measured signal rate and the signal rate expected from the SM pre-
diction. The pull of the signal strength is distributed like a Gaussian, which is centered at zero
with a width of one. The bias is defined by any shift of the peak position of the pull
~ _ Age— 1
Pull(fg, 0 q,) = , (5.18)
O fise

where (i, corresponds to the measured signal strength extracted from the fit, and o, cor-
responds to the post-fit uncertainty. The peak value of the pull distribution is obtained by a
Gaussian fit. A background model is considered as unbiased, if the additional uncertainty in-
duced by the choice of the background function is less than 20% of the statistical uncertainty
on the measured signal strength. This guarantees a negligible impact of less than 2% on the
final results due to the choice of the background model.

The background function which provides the largest expected sensitivity to the H — u*u~ sig-
nal, and at the same time a robust and unbiased description of the m,,, spectrum is chosen to
model the background. The results of the bias study are presented in Fig. 5.57. In general, all
considered background functions are able to model the generated m,,, distributions without
inducing a strong bias in the measured signal strength. In a few cases, however, a bias larger
than 20% is observed which excludes the corresponding background function. Among the un-
biased background models, the best performance is achieved using a second-order Bernstein
polynomial in ttHhad-cat1 and ttHhad-cat2, a sum of two exponentials in ttHhad-cat3, and a
single exponential in both ttH leptonic categories. These background models are employed in
the final signal extraction fit.

Figure 5.58 shows the observed my,, distributions in all ttH subcategories where the signal
region around the expected Higgs boson mass peak is still blinded. A background-only fit is
performed in each of the subcategories using all considered background functions. The ratio
panel presents the residual between the different models with respect to the chosen model in
the corresponding subcategory.
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Figure 5.58: Distributions of the dimuon mass for events in the sideband region and the cor-
responding analytical background models for all ttH subcategories. In the lower panel, the
normalized residual shape differences between the different background models and the cho-
sen background function are presented.
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

5.11.2 Systematic uncertainties

Due to the small number of events selected in the most sensitive phase-space region, the sta-
tistical uncertainty in the dimuon mass signal region and in the sidebands is the limiting factor
of this analysis. To obtain a reliable description of the total uncertainty on the final results, var-
ious theoretical and experimental sources of systematic uncertainty are taken into account as
well. These systematic uncertainties can either have an effect on the signal rate or affect the
signal shape in addition. All systematic uncertainties are considered as nuisance parameters in
the fit. The different sources of systematic uncertainty considered in this analysis and their im-
pact are discussed in the following. Note that neither theoretical nor experimental uncertain-

ties are assigned to the estimated background component besides the statistical uncertainty
of the sideband fit.

Shape uncertainties

The expected my,, shape is strongly correlated with the muon momentum scale and resolu-
tion. The corresponding uncertainties comprise variations of the Rochester corrections and
the calibration of the dimuon mass resolution as well as an uncertainty associated with the ge-
ometrical track fit and the FSR photon recovery. The impact on the signal peak position is es-
timated to be 0.1% in all ttH subcategories. The uncertainty in the m,,, resolution is estimated
conservatively to be 10%. The signal peak position and the resolution are the only signal shape
parameters allowed to vary in the fit. They are modelled by Gaussian priors with widths corre-
sponding to the estimated uncertainty in the m,,, scale (0.1%) and resolution (10%). Both, the
uncertainty in the signal peak position and in the resolution are correlated across Higgs boson
production modes and data-taking periods, but uncorrelated across categories.

Experimental and theoretical rate uncertainties

Experimental sources of systematic uncertainty can change the acceptance of events and thus
the predicted rate of events in each category. To take differences between the efficiency in data
and simulation into account, centrally provided scale factors (SFs) are used to correct the effi-
ciencies in simulated events as described in Section 5.4. The systematic uncertainty in these
corrections is propagated to the analysis by varying the corresponding SFs by one standard
deviation, and evaluating the impact on the predicted signal rate. Theoretical uncertainties
directly affecting the prediction of the Higgs boson signal are also taken into account. The
different experimental and theoretical sources of systematic uncertainty are listed below:

B Lepton efficiency The lepton selection efficiency is subject to the uncertainty in the trigger
efficiency, lepton identification and isolation efficiency, as well as the lepton momentum
scale. All muon uncertainties are assumed to be fully correlated between muons, as well
as across categories, Higgs boson production modes, and data-taking periods. The rate
uncertainty due to variations of the muon identification and isolation efficiency trans-
lates into an overall effect of 0.5-1.5%. The impact of uncertainties corresponding to the
multivariate lepton identification efficiency [175, 196] ranges from 0.2% to 0.5%. Since
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the efficiency correction extracted on the 2017 data is also used to correct the signal pre-
diction in 2018, the corresponding uncertainty is inflated by 100% for signal events cor-
responding to the 2018 data-taking period. The single muon trigger as well as the muon
momentum scale and resolution uncertainties induce only a small effect of 0.1-0.8%.

Similar sources of uncertainty are taken into account for electrons. The dominant ef-
fect on the predicted signal rate results from the uncertainty in the reconstruction and
identification of electrons. The corresponding values vary between 0.2-1%, depending
on the category and the Higgs boson production process. The impact of the electron
energy scale uncertainty is determined to be <0.1%. Migration effects between the ttH
leptonic and the ttH hadronic categories due to the selection of a lepton in addition to
the muon pair are studied and found to be <0.1%. The main reason for this is the tighter
jet selection in the ttH hadronic category compared to the ttH leptonic category. The
different uncertainties are correlated between electrons, across categories, Higgs boson
production processes and data-taking periods.

B Jet energy corrections Jet energy uncertainties affecting the jet selection are accounted for
by varying the jet energy scale and resolution (JES/JER) following the recommendations
of the Jet/MET POG [163, 211]. Both, the JES and JER uncertainties depend on the pt
and 7 of the jets. The jet energies of all selected jets in the event are scaled up and down
according to the different sources of the JES uncertainty. Then the entire event selection
in each category is repeated and the BDT classifiers are evaluated again to account for
changes in the jet kinematics and the ﬁ;niss due to the shifted jet energies. The corre-
sponding variations of the expected rate for each process are modeled by 21 nuisance
parameters which are correlated across Higgs boson production modes and categories.
Depending on the source of the uncertainty they are either correlated or uncorrelated
across data-taking periods. In addition, the nominal value of the JER correction is used to
define a one-sided systematic variation, which is correlated across categories and Higgs
boson production modes, but uncorrelated across data-taking periods. This choice is
motivated by the selected phase space used to determine the JER smearing factors. They
are measured for high- p jets, while the phase space explored by the H — p*u~ analysis
is dominated by jets with pr below 100 GeV. Since the outputs of the ttH BDT classifiers
are correlated with the number of selected jets in the event, JES uncertainties cause mi-
gration of events between categories. The total uncertainty in the ttH signal rate due to
variations of the JES is found to be between 1-6% depending on the category. The total
uncertainty due to the jet energy resolution has a slightly smaller impact of 0.2-4% per
event category.

B Identifiyingb jets The efficiency of the b jet identification is affected mainly by the sys-
tematic uncertainty of the JES and the purity of heavy- or light-flavour jets. This uncer-
tainty is taken into account in terms of eight uncorrelated nuisance parameters and one
nuisance parameter correlated with the JES uncertainty. The overall impact is estimated
to be 1-3% per event category.
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B Quark-gluon likelihood (QGL) reweighting The reconstruction of the QGL is described in
Section 4.3.7. A systematic uncertainty is assigned to the reweighting of the QGL distri-
bution for each jet as explained in Section 4.3.7. The uncertainty is taken as the full
correction difference following the CMS prescription [183]. The down variation corre-
sponds to the QGL distribution without reweighting and the up variation corresponds to
the QGL distribution applying twice the QGL reweighting. The impact is determined to
be 0.5-2% per event category.

B Pile up (PU) The uncertainty in the measured minimum bias cross section can affect the
PU reweighting method. The minimum bias cross section is varied by +4.6% to create
alternative PU profiles, which are used to repeat the PU reweighting. The effect on the
signal yield is found to be 0.2-1% depending on the category.

B Luminosity The uncertainty in the luminosity measurement of the 2016, 2017, and 2018
data-taking periods [74-76] are individually estimated to be 2.3-2.5%, while the uncer-
tainty in the total integrated luminosity is 1.8%.

B ECAL prefireing The prefiring inefficiency is emulated in simulated events by a reweight-
ing using precomputed prefiring probability maps as a function of the jet n and pr. The
corresponding uncertainty is obtained from a variation of these probabilities by +20%,
which results in an overall effect of about 0.3-0.5% per category.

B Signal cross section & branching fraction The ttH signal cross section is calculated at NLO
accuracy with a total uncertainty of +7%/— 10% including the effect of QCD scale and
PDF variations. An uncertainty of 1.2% is assigned to the Higgs boson decay rate to
muons [120, 212, 213].

B Underlying event tune The description of non-perturbative QCD effects in PYTHIA is im-
proved using measurements of the underlying event. The corresponding parameters in
simulated events are varied within their uncertainties, leading to an impact on the signal
rate of 1-2%.

B ISR/FSRPSscale The PS scale value of initial-state and final-state radiation in PYTHIA is
independently scaled up by a factor 2 and down by a factor 0.5, affecting the emission of
additional jets. The impact on the signal yield is 0.3-1%.

B Renormalization and factorization scales An uncertainty is assigned due to the choice of
the renormalization scale u, and the factorization scale u¢ in simulated events. Both
scales are varied by a factor of 0.5 and 2 with respect to the nominal value. Variations
where both are scaled in the same direction are omitted. This leads to a set of six con-
figurations in addition to the nominal one. The total uncertainty corresponds to the
envelope of the variations ranging from 0.5% to 1.5%.

B Parton distribution function The last source of uncertainty corresponds to the choice of
the PDF used for event generation. The impact is estimated by considering 100 PDF
replicas of the NNPDF3.0/3.1 set [118]. The variance of all 100 variations is taken as the
total PDF uncertainty resulting in an overall impact on the signal rate of 0.1-0.5% per
event category.
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5.12 Results for the ttH channel

The presence of a H— u*u~ signal in events where a Higgs boson is produced in association
with a top quark-antiquark pair is quantified by a statistical procedure using the COMBINE soft-
ware package [214]. A simultaneous maximum-likelihood (ML) fit is performed to the dimuon
mass distribution over the range 110 < my,, < 150GeV in all five ttH event categories based
on the ttH leptonic and ttH hadronic BDT. The corresponding BDT output distributions for all
events in the signal fit region are shown in Fig. 5.59. The H — u*u~ signal expected from all
Higgs boson production modes is scaled by a common signal strength modifier 1 which is free
to float in the fit. The signal strength modifier is defined as the ratio between the observed
Higgs boson rate and its SM expectation:

(o-BH~— :u+/~t_))obs
(0-BMH— uu))sm

fi= (5.19)
The corresponding confidence intervals on the signal strength are evaluated using a profile
likelihood ratio test statistic [215]. Systematic uncertainties discussed in Section 5.11.2 are
incorporated into the analysis via nuisance parameters following a modified frequentist ap-
proach [216]. A log-normal prior distribution is used for uncertainties only affecting the rate,
while shape uncertainties are modeled by Gaussian priors. Binned fits of the dimuon mass
distribution are employed to improve the speed of the computation. A bin size of 50 MeV
is chosen, which is over one magnitude smaller than the signal peak resolution. Figure 5.60
shows the my,, distributions, and the results of the S+B fit in the ttH leptonic and ttH hadronic
subcategories using the analytical models described in Section 5.11.1.
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Figure 5.59: The BDT output distribution in the ttH leptonic (left) and hadronic (right) cate-
gories for events with 110 < my,, < 150GeV. The signal distributions expected from different
production modes of the Higgs boson with my = 125GeV are overlaid. The dashed vertical
lines indicate the boundaries of the optimized event categories. The description of uncertain-
ties is the same as in Fig. 5.51. Published also in Ref. [172].
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Figure 5.60: Comparison between the data and the total background extracted from a S+B
fit performed across the various ttH hadronic and ttH leptonic event subcategories. The one
(green) and two (yellow) standard deviation bands include the uncertainty in the background
component of the fit. The lower panel shows the residuals after the background subtraction,
where the red line indicates the signal with my = 125.38 GeV extracted from the fit. Published
also in Ref. [172].
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5.12 Results for the ttH channel

The total expected signal yield (S), the estimated background yield (B) as well as the observed
number of events are presented along with the signal purity S/(S+B) and the sensitivity S/vB
for all ttH subcategories in Table 5.14.

Table 5.14: Summary of the total expected signal yield, the HWHM of the signal peak, the used
background model, the estimated number of background events and the observed number of
events, and the S/(S+B) and S/v/B ratios computed within the HWHM of the signal peak for
each of the ttH subcategories. Modified version published in Ref. [172].

Event Total HWHM  Bkg. fit Bkg. Data  S/(S+B) (%) S/VB
category signal  (GeV) function @HWHM @HWHM @HWHM @HWHM
ttHlep-cat2  0.99 1.75  SingleExp 2.08 4 24.5 0.47
ttHlep-cat1l 1.06 1.92 SingleExp 9.00 13 7.09 0.22
ttHhad-cat3  1.33 1.80 SumofExp 12.3 12 6.87 0.26
ttHhad-cat2  1.62 1.81 Bernstein 82.0 89 1.32 0.12
ttHhad-catl  6.87 1.85 Bernstein 4298 4251 1.07 0.07

Signal strength The ML fit is performed in all five ttH subcategories combined and, in addi-
tion, separately for each of the subcategories. The resulting best-fit values of the signal strength
are presented in Fig. 5.61. The best-fit signal strength from the combined ML fit is:

Deirre— ) = 2327755 (stat+syst),

where the total uncertainty is dominated by the statistical component. This result is compati-
ble with the SM expectation ({1 = 1) for ttH (H — p*u~) within 1o.
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Figure 5.61: The measured signal strength modifiers for my = 125.38 GeV in each ttH subcat-
egory (black points) are compared to the result of the combined ttH fit (solid red line) and to
the SM expectation (dashed line).
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Chapter 5. Higgs boson decays to muons produced in association with top quarks

Significance A small excess of events over the SM background prediction is observed in data.
The observed (expected) significance for a Higgs boson with my; = 125.38 GeV of the incom-
patibility with the background-only hypothesis is 1.20 (0.50). The expected significance is
determined using an Asimov dataset [215].

Exclusion limits Since the measured signal strength also allows values smaller than one, a
95% confidence level (CL) upper limit is set on the signal strength using the asymptotic CLg
method [215, 217, 218]. The observed 95% CL upper limit on the signal strength derived from
the combined fit is 6.5, with an expected upper limit in the absence (presence) of a SM Higgs
boson of 4.2 (4.9). The current dataset, therefore, allows the rejection of new physics models
which predict a signal rate about four times larger than in the SM. The observed and expected
upper limits in each subcategory as well as the combined limit are illustrated in Fig. 5.62.
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Figure 5.62: Expected (blue) and observed (black) 95% CL upper limits on fi. The expected
limits are displayed together with their 68% and 95% CL intervals, and with the expectation for
an injected SM Higgs signal (red).

The analysis sensitivity is limited by the statistical precision of the recorded dataset. Thus,
more data will help to improve these results. To increase the sensitivity to the H — p*u~ signal
given the existing dataset, the ttH analysis is combined with three analyses dedicated to the
ggH, VBF and VH production modes as described in Chapter 6. Event displays of potential ttH
signal events where a Higgs boson decays to a pair of muons are shown in Fig. 5.63.
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5.12 Results for the ttH channel

Comparison to ATLAS sensitivity Being the first CMS analysis which targets the ttH produc-
tion in the Higgs boson decay channel to muons, the results presented in this thesis set the first
benchmark. However, the H— p*u~ analysis performed by ATLAS also includes a dedicated
ttH category, which can be used for a comparison based on the estimated significance S/v/B.
The ttH category employed by ATLAS focuses on events with leptonic decays of the top quarks,
while events where both top quarks decay hadronically are not taken into account. The corre-
sponding estimated significance by ATLAS is 0.36. A similar phase-space region is select by the
ttH leptonic category in this thesis with an estimated significance of 0.47 for ttHlep-cat2 and
0.22 for ttHlep-catl. The combined ttH leptonic significance of both subcategories is about
30% stronger than the ATLAS result. Furthermore, the ttH combination which includes the ttH
hadronic category is about 40% more sensitive compared to ATLAS. Therefore, the presented
thesis provides the most sensitive analysis on Higgs boson decays to muons in the associated
production with top quarks to date. The reasons for these differences are discussed in Sec-
tion 6.5.

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-04 20:33:48.969022 GMT
Run/ Event/ LS: 274420/ 119660942 / 136

Figure 5.63: Measured event of a candidate for a Higgs boson produced in association with a
top quark-antiquark pair where the Higgs boson decays into two muons, indicated by the red
lines. In this event, both top quarks decay hadronically. The total of six jets are represented
by the orange cones. The dimuon invariant mass of the Higgs candidate is 125.40 + 1.24 GeV.
Published as part of the supplementary material of Ref. [172].
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CMS Experiment at the LHC, CERN
"~ % Datarecorded: 2018-Jul-14 22:42:55.530432 GMT
"\ Run/Event/LS: 319639 / 961085861 / 624

Figure 5.64: Measured event of a candidate for a Higgs boson produced in association with a
top quark-antiquark pair where the Higgs boson decays into two muons, represented by the
red lines. One top quark decays hadronically into three jets, indicated by the orange cones.
The other top quark decays leptonically into a jet, an electron (indicated by the green line),
and a neutrino (indicated by the purple arrow). The reconstructed mass of the Higgs boson
candidate is 125.30 + 1.22 GeV. Published as part of the supplementary material of Ref. [172].
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Chapter

Combined analysis of
Higgs boson decays to muons

The analysis of Higgs boson decays to muons produced in association with a pair of top quarks
described in Chapter 5 is part of a combined result based on four complementary analyses
which address the ggH, VBF, VH, and ttH production modes. The results of this combination
are published in Ref. [172], and are presented in this chapter.

For completeness, the main features of the analyses targeting the ggH, VBF and VH production
are briefly described in Section 6.1, followed by a summary of the combined H — p*u~ results
and the scientific impact in Sections 6.2 and 6.3. The new analysis is compared to a previ-
ous CMS analysis, and a recent ATLAS analysis in Sections 6.4 and 6.5. Finally, this chapter
concludes with an outlook on future prospects for the H — p*u~ analysis in Section 6.6. The
description of the individual Higgs boson production categories, and the combined results in
Sections 6.1 and 6.2 are largely based on information from Ref. [172] unless stated otherwise.

6.1 Higgs boson production categories

Events are separated into independent event categories based on the final state expected from
the Higgs boson production modes ggH, VBF, VH, and ttH. To avoid overlap between the se-
lected events, the event categories are fully separated by the number of b-tagged jets, the num-
ber ofleptons, and the dijet kinematics. An overview of the event selection is given in Table 6.1.

Table 6.1: Summary of the kinematic requirements used to define mutually exclusive Higgs bo-
son production categories. The categorization is based on the number of b-tagged jets passing
the loose (L) or medium (M) working point of the DeepCSV algorithm, the number of leptons,
and the dijet kinematics.

ttH cat. VH cat. VBF cat. ggH cat.
Observable ttHhad.  tiHlep.  WH 7H
b-tagged jets >2(L) or 1(M) <1(L) and 0(M) <1(L)and O(M) <1(L) and O(M)
Selected leptons =2 =3,4 =3 =4 =2 =2
Jet multiplicity >3 =2 — — >2 0,1(=2)
Dijet kinematics o o . o m; 2400 GeV mjj <400 GeV

|AT]]'J'| =25 or |AT]]'J'| <2.5

Leading jet pr >50GeV >35GeV — — >35GeV or =25GeV
|Myp(ee) — Mzl — >10GeV >10GeV < 10(20)GeV — —
Dilepton mass niyy — >12GeV  >12GeV >12GeV — —
Jet triplet mass 100 —300GeV — — — — —
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Chapter 6. Combined analysis of Higgs boson decays to muons

The lepton selection criteria in the ggH, VBF, and VH categories differ slightly from the ones
used in the ttH event category and described in Sections 4.3.2 and 4.3.3. In the ggH, VBF,
and VH categories the lepton isolation cone does not depend on the lepton pr, instead it is
defined with constant cone radius R = 0.4 around the muon track. Muons are required to pass
the medium ID and to have a relative isolation of less than 25% of the muon pr. However,
this does not affect the categorization of ttH signal events, since these are separated by the
presence of b-tagged jets which are selected in the same way in all categories as explained in
Section 4.3.5.

6.1.1 The VBF production category

Events with two muons and at least two jets are selected. The jets are required to have |n| less
than 4.7 and a pr larger than 35(25) GeV for the leading (sub-leading) jet, where jets are ordered
by pr. Since VBF jets are expected to be radiated in forward direction, the system of the two
leading jets is required to have mj; > 400GeV and |Anj;| > 2.5.

A DNN is trained using kinematic observabels which distinguish VBF signal events generated
with my = 125GeV from the main backgrounds Drell-Yan, Z-EWK, dileptonic tt, and dibo-
son production VV. The implementation of the DNN is based on the KERAS framework [199]
with TENSORFLOW [200] as backend. The DNN architecture comprises four intermediate net-
works. Two networks aim to distinguish VBF signal events from the dominant background
processes Z-EWK or Drell-Yan. The remaining two networks are used to discriminate VBF sig-
nal events from the total expected background either based on all input observables except
for the dimuon mass, or based only on the dimuon mass and its resolution. Each of these
networks contains three or four hidden layers where the last hidden layers are combined to
provide a single classifier output. Alternatively, a BDT was trained using the same set of input
observables which led to a slightly worse performance. For this reason, the DNN was chosen
as the final discriminant.

The input observables included in the DNN aim to describe the kinematic properties of the
dimuon system, as well as the dijet system of both leading jets. The most sensitive observ-
able is the invariant mass of the muon pair, and the corresponding per-event mass resolution.
Additional input observables are the pr and the rapidity y of the dimuon system, the angu-
lar distributions ¢cs, and cosOcs, as well as both full momentum vectors of the two highest
pr jets, their mass mj;, and angular separation Anj. In particular, correlations between the
muon pair and the VBF jets are exploited. These are the minimum separation in 7 between
the dimuon system and each of the two highest pr jets, the Zeppenfeld observable [219] and
the pr-balance [172]. Since VBF jets originate from quarks, the QGL of both VBF jets is used
to distinguish them from gluon initiated jets. Moreover, the quarks in VBF events are well sep-
arated. Thus, the hadronic activity in the rapidity region between these quarks is suppressed.
This information is included in the BDT in terms of the number and the scalar pr sum of all
jets reconstructed using soft tracks.
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6.1 Higgs boson production categories

The signal is extracted from a binned maximume-likelihood (ML) fit to the output of the DNN
where the various background processes are estimated from simulation. The fit is performed
simultaneously in a signal region and a control region for each data-taking period. Events with
invariant dimuon mass between 115 and 135GeV correspond to the signal region (VBF-SR),
while events with a dimuon mass in 110 < m,, <115GeV or 135 < my,, < 150GeV correspond
to the sideband control region (VBF-SB), which is used to validate and constrain the uncer-
tainty in the background estimation. Due to variations in the detector response of forward jets
between the years, the fit is performed independently for each data-taking period. A similar
strategy was used to measure the cross section of the electroweak production of two jets in as-
sociation with a Z boson Z-EWK [220] which is the main background contribution in the VBF
event category. Therefore, the background is known to be well modeled within uncertainties in
simulated events. Compared to a sideband analysis where the signal is extracted by fitting an-
alytical function to the observed m,,, distribution, this strategy leads to an improved expected
significance by about 20% in the VBF category, and about 10% in the combined H — u*u™ re-
sult.

The influence of experimental and theoretical systematic uncertainties on the DNN output is
nontrivial. Systematic variations affect in most cases not only the expected rate, but also the
shape of the signal and background templates. The main sources of systematic uncertainty are
listed in the following. A comprehensive overview of all uncertainties and their correlation is
given in Table B.1.

B Parton shower modeling The VBF signal and the dominant background from Z-EWK are
very sensitive to the PS model [220, 221]. The impact on the normalization and the shape
of the DNN templates is estimated by varying the parameters that determine the proper-
ties of ISR and FSR jets produced by PYTHIA. In addition, a conservative PS uncertainty
is assigned to account for differences between PS algorithms. The full symmetrized dif-
ference between the prediction using PYTHIA with dipole shower mode and HERWIG with
angular-ordered showers is assigned as uncertainty in each DNN bin. The correspond-
ing uncertainty varies as a function of the DNN score between 2 to 10%.

B Drell-Yan background The normalization of Drell-Yan events with less than two genera-
tor matched jets is floating in the fit and constrained by experimental data. Due to vari-
ations in the detector response between the years, these normalization parameters are
uncorrelated across the years.

B JES+JER uncertainty Forward jets are particularly affected by the uncertainty in the mea-
surement of the JES and JER. The pt of each jet is varied according to a set of partially
correlated uncertainty sources for both, the VBF signal and the background.

B Statistical precision of event samples The statistical precision of the simulated samples is
taken into account by allowing each bin of the total background template to vary within
the corresponding statistical uncertainty. These bin-by-bin uncertainties are uncorre-
lated across the DNN templates.
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Chapter 6. Combined analysis of Higgs boson decays to muons

Figure 6.1 presents the observed and predicted post-fit distribution of the DNN discriminant
in the VBF-SB and VBF-SR region. The post-fit distribution of the background precisely re-
produces the observed distribution in data. In the VBF-SR a small excess of data over the
SM background expectation is observed, which is compatible with the prediction of a SM
Higgs boson decay to muons. The best-fit value of the signal strength for a Higgs boson with
my = 125.38GeV is

AvBEH— o) = 1.36f8:g? (stat + syst).

The observed (expected) significance of the incompatibility with the background-only hypoth-
esis is 2.40 (1.80). The VBF analysis provides the most sensitive analysis channel among the
Higgs boson production categories used in the combination.
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Figure 6.1: The DNN output distribution in the sideband VBF-SB (left) and the signal re-
gion VBF-SR (right) for all three data-taking periods combined. The observed distribution
in data is compared to the post-fit background prediction. Their ratio is given in the lower
panel including the total background uncertainty (gray band). The ggH (solid red) and VBF
(solid black) Higgs boson signals are overlaid. The best-fit H— p*u~ signal contribution for
my = 125.38 GeV is presented in the upper panel (blue histogram), as well as in the lower panel
(blue solid line). Taken from Ref. [172].

To visualize the results, the m,,, distribution for the S/(S+B) weighted combination of all events
in the VBF-SR and VBF-SB regions is presented in Fig. 6.2. The S/(S+B) weights are determined
in bins of a mass-decorrelated DNN which is obtained by replacing m,,, with a fixed value of
125GeV when the DNN is evaluated. S and B are the number of expected signal and back-
ground events with m,,,, within +t HWHM of the expected signal peak with my = 125.38 GeV.
The best-fit values for the nuisance parameters and signal strength are propagated to the m,,
distribution. This distribution is not used for any of the measurements.
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Figure 6.2: The m,,,, distribution for the S/(5+B) weighted combination of events in the side-
band VBF-SB and the signal region VBF-SR. The best-fit H — p*u~ signal contribution is indi-
cated in the upper panel by the blue histogram and in the lower panel by the blue line. The
lower panel shows the residuals after subtracting the background prediction from the S+B fit.
The gray band corresponds to the total background uncertainty from the background-only fit.
Taken from Ref. [172].
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6.1.2 The ggH production category

The ggH event category collects all dimuon events which are not selected by the ttH, VH,
and VBF production categories. These events contain exactly two oppositely charged muons,
no additional leptons and at most one b-tagged jet passing the loose working point of the
DeepCSV algorithm. To avoid overlap of the selected phase-space between the ggH and the
VBF category, events containing two or more jets with pr > 25GeV are only considered if the
leading jet has pt < 35GeV, the invariant mass of the two highest pr jets is smaller than 400 GeV,
or the absolute angular separation Anj; is smaller than 2.5.

Similar to the strategy described in Chapter 5, events are classified into subcategories using
a multivariate discriminant based on a BDT, which is trained separately for the three data-
taking periods using the TMVA software package [197, 198]. The signal simulation considered
in the training comprise the ggH, VBF, VH, and ttH processes generated at my = 125GeV. Sev-
eral kinematic features are used to discriminate signal events from the Drell-Yan, tt, single top
quark, diboson, and Z-EWK background processes.

The pt and the rapidity y of the dimuon system, as well as the angular distributions ¢¢s, and
cosOcs distinguish ggH signal events from the dominant Drell-Yan background. The muon n
and the ratio of the muon pr to m,,, are sensitive to the dimuon mass resolution. Since gluons
are more likely to initiate additional radiation compared to quarks, different jet related observ-
ables help to further reduce the Drell-Yan background. These are the pt and 1 of the highest pt
jetin the event and the absolute distance in 7 and ¢ between the jet and the muon pair, as well
as the total number of jets in the event. The residual signal component from VBF is identified
using the mj;, Anj;, and Ag¢y; of the two highest pr jets, as well as the Zeppenfeld observable
and the angular separation in 17 and ¢ between the dimuon system and each of the two jets. All
these observables are used as input to the BDT. The resulting BDT output distribution is shown
in Fig. 6.3. Five event subcategories are defined based on the output of the BDT discriminants
for each data-taking period. The subcategory boundaries are determined using the iterative
algorithm described in Section 5.10. Events in the highest BDT score category are character-
ized by a large pt of the dimuon system, and one high-pr jet detected in the endcaps. The
excess in data observed in the high BDT score region originates from the modeling of forward
jets in 2017, and 2018. Since the background is estimated using the dimuon mass sidebands
in data, and the discrepancy between data and simulation is nearly fully covered by the total
systematic uncertainty, the impact on the final result is negligible.

To extract the H — p*u™ signal, a simultaneous ML fit is performed to the observed m,,,, distri-
bution as described in Sections 5.11 and 5.12. However, in contrast to the ttH category, which
uses independent functions to model the m,,,, background shape in each subcategory, the
ggH category employs a correlated background model. This approach is referred to as core-
pdf method. Since the background is strongly dominated by the Drell-Yan process and the
background composition is rather stable along the BDT output, the m,,;, background shape is
expected to be very similar in the ggH subcategories. The core background shape is defined
as the envelope of a modified Breit-Wigner, a sum of two exponentials, and the product of a
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Figure 6.3: The BDT output distribution in the ggH category for events in the signal fit region
with 110 < m,,, <150GeV. The signal distributions expected from different production modes
of the Higgs boson with my = 125GeV are overlaid. The gray vertical bands indicate the bound-
ary range of the BDT output values used to define subcategories for the different data-taking
periods. In the lower panel, the uncertainties are shown as in Fig. 5.51. Taken from Ref. [172].

nonanalytical shape derived from the FEwz v3.1 generator [131] and a third-order Bernstein
polynomial. To account for differences in the slope of the my,, spectrum across the subcat-
egories, the core shape is modified using a third- or a second-order polynomial with param-
eters uncorrelated across event categories. A discrete profiling method [222] is employed to
treat the choice of the background function as a discrete nuisance parameter in the likelihood
function used to extract the result. The theoretical and experimental sources of systematic
uncertainty affecting the expected signal rate in each ggH subcategories are similar to those
described in Section 5.11.2. A comprehensive overview of all uncertainties and their correla-
tion is presented in Table B.1.

Figure 6.4 shows the m,,,, distribution for a S/(S+B) weighted combination of all five ggH sub-
categories, and the corresponding S+B fits. Events are weighted proportional to the S/(S+B)
ratio of the subcategory to which they belong. S and B are the number of expected signal and
background events with mass within +HWHM of the expected signal peak. A slight excess of
data is observed at my; = 125.38 GeV, which is compatible with the hypothesis of a SM Higgs
boson decaying to a pair of muons, as well as the B-only hypothesis. The best-fit value of the
signal strength is

BogtiH—ptu—) = 0.63f8:gi (stat + syst).
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Chapter 6. Combined analysis of Higgs boson decays to muons

The observed (expected) significance for a Higgs boson with my = 125.38 GeV of the incom-
patibility with the background-only hypothesis is 1.00 (1.60). Due to the largest signal rate
of all considered Higgs boson production modes, the ggH event category is the second most
sensitive analysis channel in the combination and determines together with the VBF channel
the overall analysis sensitivity.
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Figure 6.4: The m,,, distribution for the S/(S+B) weighted combination of ggH event cate-
gories. The solid red line represents the best-fit H— u*u~ signal, while the red dashed line
corresponds to the background component. The background uncertainty is indicated by the
green and yellow bands. In the lower panel, the residuals after background subtraction are
shown. Supplementary material of Ref. [172].
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6.1 Higgs boson production categories

6.1.3 The VH production category

The VH category aims to select events where a W boson decays leptonically to a charged lepton
and a neutrino, or a Z boson decays to a pair of oppositely charged leptons. Therefore, events
with two oppositely charged muons and one (two) additional charged lepton(s) are assigned
to the WH (ZH) category. Events are restricted to no more than one b-tagged jet passing the
loose working point of the DeepCSV algorithm, which ensures a nonoverlapping phase-space
selection between the VH category and the ttH leptonic category. Similar to the lepton se-
lection in the ttH category, the LEPTONMVA approach is used to suppress non-prompt lepton
background.

For events with three selected muons, at least one of the two oppositely charged muon pairs is
required to have a dimuon mass in the range between 110-150 GeV. To reduce the combinato-
rial background from quarkonium or Z boson decays in the WH category, events with dilepton
masses myy < 12GeV or |myz — myy| < 10GeV are rejected. The dimuon pair finding strategy is
identical to the one used in the ttH leptonic event category.

Events in the ZH category are required to contain two oppositely charged, same-flavour lepton
pairs. A potential Z boson candidate is reconstructed by a pair of same-flavour, opposite-sign
muons (electrons) compatible with the Z boson mass within 10 (20) GeV. For events with four
muons, the muon pair with m,,, closer to my is chosen as the Z boson candidate, while the
other muon pair is selected as the Higgs boson candidate. The invariant mass of each same-
flavour lepton pair of oppositely charged leptons is required to be larger than 12 GeV.

Two independent BDT discriminants are trained using simulated events from all three data-
taking periods to distinguish WH and ZH signal events from the background. Similar to the
ggH and ttH event category the training is performed using the TMVA software package [197].
The dominant background consists of the WZ and ZZ processes where both vector bosons
decay leptonically. The BDT discriminant employed in the WH (ZH) category is based on ob-
servables describing the kinematic properties of the three (four) charged leptons in the event.

The observables used as input to the WH BDT include the angular separation A¢ and An be-
tween the additional lepton and the Higgs boson candidate, between each muon from the
Higgs boson candidate and the additional lepton, and between the negative vector pt sum of
all jets in the event ﬁl%niss and the additional lepton. Also included is the transverse mass cal-
culated from the ﬁ%niss and the additional lepton. Finally, the flavour and pr of the additional
lepton, as well as the p;"** are considered.

The BDT discriminant trained in the ZH category aims to identify events where one lepton pair
can be assigned to the decay of a Z boson, and the other one to the decay of the Higgs boson.
For this purpose, the pr and n of both, the Z and Higgs boson candidates are included as input
to the BDT. Furthermore, several observables exploit the differences in angular distributions
between the Higgs and the Z boson in ZH and ZZ events. Among other, these are the angular
separation A¢ between the muons associated to the Higgs candidate, and the AR between the
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Chapter 6. Combined analysis of Higgs boson decays to muons

leptons associated to the Z boson candidate, and the cosine of the polar angle between the
Higgs and Z boson candidates. Lastly, the flavour of the lepton pair from the Z boson decay
is included as an input observable. Figure 6.5 shows the BDT discriminants in the WH and
ZH categories. The shapes and normalizations of both distributions are well modeled in sim-
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Figure 6.5: The BDT output distribution in the WH (left) and ZH (right) categories for events in
the signal fit region with 110 < m,, < 150GeV. The signal distributions expected from different
production modes of the Higgs boson with my = 125GeV are overlaid. The dashed vertical
lines indicate the subcategory boundaries. Taken from Ref. [172].

ulation and agree with the measured distribution in data within the statistical uncertainties.
Events in the WH (ZH) category are classified according to their BDT score into three (two)
subcategories. The subcategory boundaries are determined using the same optimization al-
gorithm employed in the ggH and ttH categories.

The results are extracted using a simultaneous ML fit to the observed m,,, distribution in each
VH event category following the same approach as described in Sections 5.11 and 5.12. The
background models in the VH subcategories are based on modified Breit-Wigner distributions.
Any potential bias due to the choice of the background function is found to be negligible. The
theoretical and experimental sources of systematic uncertainty which account for variations
of the signal shape and rate are similar to those described in Section 5.11.2. A comprehensive
overview of all uncertainties and their correlation is reported in Table B.1.
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6.1 Higgs boson production categories

Figure 6.6 shows the m,,,, distribution for a S/(5+B) weighted combination of all five VH sub-
categories, and the corresponding S+B fits. The observed (expected) significance for a Higgs
boson with my = 125.38GeV of the incompatibility with the background-only hypothesis is
2.00 (0.40). The best-fit value of the signal strength extracted from the combined fit in all VH
subcategories is

BvEH— ) = 5.483:%;3 (stat + syst).

Due to the large irreducible backgrounds from the WZ and ZZ processes, and a rather small
signal rate, the WH production category is limited in the expected sensitivity.

137 fb” (13 TeV)

% 5 : LI | T T TT | TTrrr | LI | LI I LI | LI | TTrrr :
» 45- CMS Supplementary ¢ Data 3
E 4 VH categories — S+B (u=1.19) ]
& 355_ S/(S+B) weighted ... Bkg. component ]
D °°F m,=12538GeV Bl:ioc ]
pe} - 85
g % =20
S 25F 3
2 S5
= 2 £
M 150 E
D 1.5
D E
) 'Y

05F

0 E 1111 I i I L} I | S | 1111 ] 111 1 I | & 8BS | l LT

c_’ 1 :_l 1T | LI | TTTT | T I{I T | TTTT I TTTT | TTTT l 1T l—:
o F Y
E 4
D ot b
< F E
O E 1111 | 111l I 1111 | 1111 | 1111 I 1111 I 111l I 1111 ]

110 115 120 125 130 135 140 145 150
m,, (GeV)

Figure 6.6: The m,,, distribution for the S/(S+B) weighted combination of VH event cate-
gories. The solid red line represents the best-fit H — u*u~ signal, while the red dashed line
corresponds to the background component. The background uncertainty is indicated by the
green and yellow bands. In the lower panel, the residuals after background subtraction are
shown. Supplementary material of Ref. [172].
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Chapter 6. Combined analysis of Higgs boson decays to muons

6.2 Evidence for Higgs boson decay to muons

To probe the presence of a H — p*u~ signal, a binned ML fit is performed simultaneously in all
categories targeting the Higgs boson production modes, ggH, VBF, VH, and ttH, as described
in Chapter 5 and Section 6.1. Results are presented within a small window around the Higgs
boson mass 120 < my < 130GeV, and at a mass value of my = 125.38 + 0.14 GeV, which corre-
sponds to the most precise Higgs boson mass measurement to date [223].

The ggH, VH, and ttH analyses perform a fit to the shape of the observed m,,, distribution.
To obtain a signal model for a test mass m’, the signal shape parameters and the expected
signal rate are interpolated using H — u*u~ signal samples generated with a my of 120, 125,
and 130GeV. In contrast, the VBF category employs a ML template fit to the output of a DNN
which includes m,,, as one of the input observables. The results for a discrete target mass m’
are extracted by shifting the mass value by Am = 125GeV — m’ when the DNN is evaluated, and
fitting the resulting DNN templates. This procedure is applied to the background DNN tem-
plates and the observed distribution in data, while for the signal templates only the expected
signal yields need to be updated according to the production cross section and decay rate for
a Higgs boson with mass m’'.

The probability, that a statistical fluctuation of the SM background is as large or larger than the
apparent signal in a specified search range, is quantified by the local p-value. The observed
and expected local p-values are presented for the combined fit, and for each Higgs boson pro-
duction category as a function of the Higgs boson mass in Fig. 6.7.

CMS
1»““\““\‘“‘\““\““\““\

137 fb (13 TeV)
Pinkb L

CMS 137 fb (13 TeV)

s L A

Local p-value
Local p-value

B R LR EEEREEECEEEREEEEE 30

F —Combined —VBF-cat. 1 F Expected — Combined — VBF-cat. ]
i Observed — ggH-cat. ttH-cat. ] [ m,=12538GeV —ggH-cat. ttH-cat. ]
— VH-cat. p s — VH-cat.
10—4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 10—4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
my, (GeV) my (GeV)

Figure 6.7: Observed (left) and expected (right) local p-values as a function of my. The p-
values are shown for the combination as well as each individual Higgs boson production cate-
gory. The solid markers indicate discrete test masses used to compute the observed p-values.
Taken from Ref. [172].
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6.2 Evidence for Higgs boson decay to muons

The expected p-values are determined using the background expectation obtained from the
S+B fit and injecting a SM H — u*u~ signal at my = 125.38 GeV. The discrete fluctuations in the
observed p-value are caused by event migration between bins in the observed DNN distribu-
tion when different mass hypotheses are tested.

Significance An excess of events over the SM background prediction is observed in data with
a significance of 3.0 g, where the expectation for the SM Higgs boson with mass of 125.38 GeV
is2.50.

Signal strength The best-fit signal strength for the Higgs boson with mass of 125.38 GeV ex-
tracted from the combined fit is

gty = 1.19 fgfl(l) (stat)fgjig (syst),
where the total uncertainty is separated into a statistical and systematic component. The sta-
tistical component is estimated by fixing nuisance parameters associated with systematic un-
certainties to their best-fit value. The systematic component is then determined as the differ-
ence in quadrature between the total uncertainty and the statistical component. A breakdown
of uncertainties and their impact on the result is given in Table 6.2. The combined results are
dominated by statistical uncertainties due to the limited number of events in data.

Table 6.2: Uncertainty sources in the measurement of the signal strength i and their impact
on the result. The uncertainty corresponding to the statistical precision of the simulation only
affects the VBF category. Modified from Ref. [172].

Uncertainty source Af
Total post-fit uncertainty +0.44 —0.42
Statistical uncertainty +0.41 -0.40
Systematic uncertainty +0.17 -0.16
Experimental syst. +0.12  -0.11
Theoretical syst. +0.10 -0.11
Simulation stat. +0.07 —0.06

Figure 6.8 shows the best-fit values of the signal strength and the corresponding 68% CL in-
tervals for each production category and the combined result. The best-fit signal strengths in
each production category are consistent with the combined fit result as well as with the SM
expectation.
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Figure 6.8: The measured signal strength modifiers for my = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed line). Taken from Ref. [172].

Exclusion limits The observed upper limit at 95% CL on the signal strength is 1.9, while
the expected limit in absence of a signal is 0.8. Assuming SM production cross sections for
the Higgs boson, the branching ratio for decays to muons is constrained at 95% CL to be
within 0.8-107* < B(H — u*u~) <4.5-10~*. New physics scenarios without a Yukawa coupling
of the Higgs boson to muons can therefore be excluded at more than 95% CL.

Dimuon mass resonance The m,,, distribution for the S/(S+B) weighted combination of all
event categories is presented in Fig. 6.9. A small excess over the SM background prediction is
observed in the weighted data distribution which is consistent with the resonant mass distri-
bution expected from a H — pu*u~ signal with my near 125GeV.
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Figure 6.9: The m,, distribution for the S/(S+B) weighted combination of all event categories.
The solid red line represents the best-fit H— p*u~ signal, while the red dashed line corre-
sponds to the background component. The background uncertainty is indicated by the green
and yellow bands. In the lower panel, the residuals after background subtraction are shown.
Taken from Ref. [172].
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6.3 Scientific impact

The compatibility of this new result with the predicted SM Higgs boson coupling structure
is probed within the x-framework [213] following the approach presented in Ref. [32]. A set of
coupling modifiers k; is introduced to parameterize deviations in the Higgs boson couplings to
the particles i from the SM prediction. The best-fit value for the coupling modifier to muons is

_ +0.29
K“ —_ 1.07_012.

To illustrate the results of the combined x-framework fit including all Higgs boson couplings
which have been established so far, the reduced coupling strength modifiers are defined for
weak bosons yy = /ky my/v and fermions yg = kg mg/ v in terms of the vacuum expectation
value v = 246.22GeV [54], and the particle mass m. The best-fit values for the reduced cou-
pling strength modifiers of vector bosons, third generation fermions and muons are presented
in Fig. 6.10 as a function of particle mass. The compatibility between the measured coupling
strength modifiers and their SM expectation is quantified by an additional fit which fixes the
coupling modifiers to the SM prediction. A comparison to the best-fit yields a p-value of 44%.

The results of the combined H — p*u~ analysis are consistent with the SM expectation for a
Higgs boson decay to a pair of muons and constitute the first evidence for a Yukawa coupling
to the second generation fermions. They also represent the most precise measurement of the
Higgs boson coupling to muons reported to date.
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Figure 6.10: The reduced coupling modifiers for fermions and weak bosons estimated within

the resolved x-framework. The uncertainties represent 68% CL intervals of the measured pa-
rameters. The measured values are compared to the SM prediction. Taken from Ref. [172].
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6.4 Comparison to previous CMS analysis

The presented H — p*u~ analysis strategy HIG-19-006 [172] is improved compared to the strat-
egy followed in the 2016 data analysis HIG-17-019 [41]. The new strategy leads to a substantial
enhancement of the expected significance by about 35% in addition to the expected gain from
the larger analyzed dataset. The main reasons are listed below:

B Event classification The previous analysis HIG-17-019 [41] employs a single BDT which
was trained on the inclusive Higgs boson signal. This analysis was primarily sensitive to
the ggH and VBF production of the Higgs boson. In contrast, the new analysis strategy
HIG-19-006 [172] is based on four exclusive Higgs boson production categories target-
ing ggH, VBF, VH, and ttH. In each category, multivariate discriminants are trained to
distinguish the expected H — u*u~ signal from the SM background processes. The in-
put observables are chosen to account for the characteristic kinematic features of the
targeted Higgs boson production mode. The new VH and ttH production categories in-
crease the expected significance by about 4% with respect to the combined result.

B FSR photon recovery + geometric track fit Two independent methods described in Sec-
tion 5.5 are implemented in HIG-19-006 [172] to improve the dimuon mass resolution.
The FSR photon recovery strategy aims to reconstruct the original dimuon mass of the
Higgs boson candidate in events affected by the radiation of a final state photon. Fur-
thermore, an empirically muon momentum correction is performed to reduce the im-
pact of a residual muon track displacement from the primary interaction point. These
methods improve the overall analysis sensitivity by about 6%.

B Per-event mass uncertainties In HIG-17-019 [41], the BDT discriminant was insensitive
to the dimuon mass resolution. To include this information in the final signal extraction
fit, subcategories were defined based on the maximum |n| of both muons in the event.
The new analysis HIG-19-006 [172] embeds the dimuon mass resolution directly in the
BDT training by reweighting events with the inverse of the per-event mass uncertainty
estimated from the covariance matrix of the muon tracks as explained in Section 5.4.7.
This approach allows the BDT to learn how the mass resolution evolves with the muon pr
and n. As a result events with precise dimuon mass resolution are propagated to the high
BDT score.

B Optimized categorization Fifteen event categories were defined in HIG-17-019 [41] using
the maximum |n| of both muons and the BDT score. HIG-19-006 [172] employs a new
iterative algorithm to choose the boundary values. Since the information on the dimuon
mass resolution is included in the BDT, the optimization of the category boundaries is
reduced to a single variable, i.e., the BDT score. This results in less event categories,
while improving the overall sensitivity of the analysis.

B Correlated background modeling in ggH The background in the ggH category is domi-
nated by Drell-Yan events. The shape of the m,, distribution is expected to be very sim-
ilar across all ggH subcategories. For this reason, a new strategy with partially correlated
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background parameters is implemented. This allows to keep the bias due to the choice
of the background function under control and, at the same time, reduces the number of
freely floating parameters in the final fit. This approach improves the sensitivity on f of
the ggH category by about 10% with respect to the background model considered in the
previous result HIG-17-019 [41].

B Background estimation based on simulation in VBF category The distinct kinematic prop-
erties of VBF signal events allow for a strong suppression of the Drell-Yan background
contribution. Due to the small number of data events in the m,,, sideband region, the
large expected sensitivity of this channel would be limited by the statistical precision of
a data-driven background estimation. To improve the precision of the background esti-
mation, simulated events are used to model the background, and the signal is extracted
in terms of a simultaneous ML template fit to the DNN output distribution. The new VBF
analysis improves the expected significance of the combined result by about 10%.

6.5 Comparison to ATLAS analysis

The analysis strategy and the results of the search for Higgs boson decays to muons by the
ATLAS Collaboration are compared to the new results from CMS. In general, both analyses
follow a similar approach. The main differences in the event selection and categorization, the
analysis optimization, as well as the signal extraction are described in the following:

B Trigger selection ATLAS employs a single muon trigger with pt threshold of up to 26 GeV
for isolated muons similar to the CMS analysis. In addition, however, ATLAS uses a trig-
ger for non-isolated muons with pt > 50 GeV. Since both muons from the decay of the
Higgs boson are expected to be isolated, this additional trigger recovers probably only
signal events, where a muon overlaps with a jet by accident. Based on lepton isolation
studies, the impact of a relaxed isolation on the CMS analysis is estimated to increase the
acceptance by about 2% for both, signal and background events.

B Lepton selection A further difference between both detectors is the muon detector cover-
age. ATLAS selects muons up to || < 2.7, which increases the muon acceptance com-
pared to CMS. Furthermore, different lepton pt thresholds are chosen in the ATLAS and
CMS analyses. While ATLAS imposes subsequently relaxed thresholds on leptons down
to 6 GeV in multilepton events, CMS uses a constant pt threshold for all leptons across
all event categories. The impact of relaxed pr thresholds was studied in the CMS ttH
leptonic event category. The estimated overall gain was rather small, due to an increas-
ing background component from misidentified leptons in events with three lepton final
state.

B Jetselection A jet pr threshold of 25GeV is applied by ATLAS for jets in the central part of
the detector. This threshold is tightened in the forward region to 30 GeV for 2.4 < |n| < 4.5.
The ATLAS selection may lead to a slightly smaller acceptance for VBF jets compared to
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the VBF jet selection by CMS which requires a leading (sub-leading) jet pr of 35 (25) GeV
for |n| <4.7.

B Event categorization & analysis optimization The ATLAS and CMS analyses both define
exclusive event categories to address the dominant Higgs boson production modes ggH,
VBF, VH and ttH.

B In ATLAS, events are classified according to the number of reconstructed jets into
three jet multiplicity categories with zero, one, or two and more jets. These cate-
gories are optimized using BDT-based multivariate discriminants to distinguish the
ggH and VBF signal from the dominant Drell-Yan background. Finally, twelve ggH
subcategories and four VBF categories are defined based on the BDT outputs. In
contrast, the CMS analysis categorizes events into a dedicated VBF and ggH chan-
nel using characteristic dijet kinematics of VBF jets. Instead of three BDT classi-
fiers for different jet multiplicities, a single BDT discriminant which includes the
jet multiplicity as input observable is trained for each year of data taking. This ap-
proach results in five ggH event categories, while the VBF category is not further
subdivided.

B The VH categories employed by ATLAS and CMS perform very similarly. One of the
main differences is the method to assign the correct muon pair to the Higgs bo-
son candidate. The approach followed by ATLAS is based on a y? criterion, which
allows for a correct pairing in 97% of the selected events with three leptons in the
final state. The strategy followed in the CMS VH analysis provides a similar perfor-
mance [195].

B The ttH analysis presented in this thesis aims at all possible decays of top quarks
produced in association with the Higgs boson, while the ATLAS analysis only fo-
cuses on leptonic decays. All ttH hadronic events are removed from the ATLAS
event selection. Moreover, in the ATLAS analysis the Higgs boson candidate is built
from the two muons with highest single muon p, which provides a correct pairing
in 80% of the events compared to 94% using the muon pair selection employed in
the ttH leptonic analysis presented here for CMS. Lastly, an approach to specifically
reduce non-prompt lepton background using a multivariate lepton identification
algorithm is only followed in the analysis by CMS.

B The ATLAS analysis does not explicitly exploit the dimuon mass resolution, whereas
the CMS analysis implements a per-event mass uncertainty estimate in the BDT
training, which allows the BDTs to learn the correlation between the dimuon mass
resolution and other kinematic event properties. Consequently, events with a pre-
cise dimuon mass resolution are propagated to the high-BDT score. The signal
models of the event categories with the best and the worst dimuon mass resolu-
tion are shown for ATLAS and CMS in Fig. 6.11. The dimuon mass resolution in
the best (worst) CMS category is about 50% (40%) more precise than the mass res-
olution in the respective ATLAS category due to a better momentum resolution for
central muons of the CMS detector compared to ATLAS [224]. The reason for this is
mainly the larger magnetic field strength of the CMS magnet in the inner detector.
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Figure 6.11: Dimuon mass distributions of H — u*u~ signal events in two specific categories
of the ATLAS (left) and CMS (right) analyses. The categories correspond to those with the best
and worst mass resolution, respectively. For both categories the distribution from the signal
simulation and the parametric signal model is shown using a DCB function. The resolution is
represented in terms of the Gaussian width of the DCB or the HWHM. Taken from Ref. [42] and
Ref. [172].

B Signal extraction Apart from the VBF category, ATLAS and CMS follow a similar strategy
to extract the signal. A simultaneous ML fit is performed to the my,, distribution using
analytical functions. While ATLAS uses the core-pdf method in all analysis categories
including ttH and VH, uncorrelated background models are employed in the ttH and VH
categories by CMS.

B Results ATLAS observes a small excess over the SM backgrounds with an observed (ex-
pected) significance of 2.0 (1.7 0) at a Higgs boson mass of myy = 125.09 +0.24 GeV [43].
This value is compatible within uncertainties with a more recent measurement of the
Higgs boson mass [223] used in the CMS H — u*u™ analysis. The measured signal strength
by ATLAS is
P pty- = 1.2£0.6 (stat + syst).

The observed excess in data by ATLAS is compatible with the CMS result. Moreover,
the best-fit signal strengths in each production category as well as the combined fit are
consistent within the experimental precision between both experiments. Compared to
the ATLAS, the expected significance obtained by the CMS Collaboration is about 30%
stronger due to a more precise measurement of the muon momentum in the inner CMS
tracking detector and a few differences in the analysis strategy which were described in
this section.
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6.6 Future prospects

The future of the H — u*u~ analysis appears very promising. Being statistically limited, the
analysis will profit from larger datasets that will be collected in the coming years. Between 2022
and 2025 (LHC Run3), the LHC will provide proton-proton collisions with a center-of-mass
energy of 13 or even 14TeV. Within this time period, the ATLAS and CMS detector are each
anticipated to collect a dataset corresponding to an integrated luminosity of about 160fb™",
roughly doubling the dataset analyzed in the present work. During the second long shutdown
currently underway, and in a long shutdown after LHC Run 3, all CMS detector components
will be upgraded [225-230] to prepare the CMS detector for the demanding operational condi-
tions at the HL-LHC [231, 232]. This upgrade is referred to as the CMS Phase-2 Upgrade. The
instantaneous luminosity at the HL-LHC will be increased by a factor of 5 to 7.5 beyond the
LHC’s nominal value, leading to much larger data samples, but also increased pile up inter-
actions. Apart from several improvements to the detector components, the Phase-2 Upgrade
especially aims at providing the detector with the radiation hardness required for the HL-LHC
operation conditions. The largest impact on the H — p*u~ analysis is expected from the silicon
tracker upgrade which will improve the relative resolution of the H — u*u~ signal peak from
now 0.92% to 0.65% for muons in the central region [226]. Additionally, the signal acceptance
will be increased by the tracker and muon detector upgrade that will extend the acceptance for
muons to |f| = 2.8. These detector improvements, and the larger dataset will particularly help
to increase the sensitivity of the H — p*u~ analysis.

A naive estimate of the expected significance at higher integrated luminosities is obtained by
scaling the recorded dataset according to Poisson statistics with f = v £@®/137fb~! in terms
of a target integrated luminosity £%®"', This projection does not take into account further
improvements on the analysis strategy, the CMS Phase-2 Upgrade, a center-of-mass energy of
14TeV, the increased pile up or systematic effects. The projected results are reported in Ta-
ble 6.3. By convention the observation of a new process is claimed when the observed signifi-
cance reaches 50. Given a SM like Higgs boson coupling to muons, the expected significance
reaches this threshold using £™8¢' = 565fb™"'. The CMS experiment will collect this amount of
data by the end of this decade.

Table 6.3: Luminosity projection of the expected significance obtained by the CMS H — u*u~
analysis. The reported values of the expected significance are approximated using a luminosity
scaling of the LHC Run 2 results based on an integrated luminosity of 137fb™".

Integrated luminosity
Expected significance 137fb™" 300fb™" 565fb~"
CMS ttH, H — p'u~ 0.50 0.80 l.lo

CMS combined H— p'u~ 250 3.60 500

Applying this prescription to the current ATLAS and CMS results assuming £%'8* = 300fb™" for
each of the experiments, a combined expected significance of 4.4 is derived. Considering
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the observed signal strength of 1.2 for both experiments, and potential further improvements
to the analysis strategies in the future, the observation of Higgs boson decays to muons might
already be feasible by a combined ATLAS and CMS result using the full LHC Run2 and Run 3
data.

A mass measurement in the H — p*u~ channel has not been performed yet. Given the current
statistical uncertainty, a mass measurement is not competitive to the precise measurements
in the H — yy [223] and H — ZZ* — 4¢ [192] channels. However, after a potential observa-
tion of the H — p*u~ decay, and with the upgraded CMS detector at the HL-LHC, the H — p*u~
channel will yield a further Higgs boson mass measurement due to its precise m,,, resolution
in addition to the H — yy and H — ZZ* — 4¢ channels.

The presented CMS H — u*u~ analysis includes several new methods, and a completely new
analysis strategy compared to the previous 2016 data analysis as described in Section 6.4. All
analysis aspects have been optimized to achieve the best possible results. However, the follow-
ing iteration of the H — u*u~ analysis may include these improvements:

B Abackground estimation based on simulated events in the ttH and VH categories can be
considered. Due to the small number of events in the m,,, data sidebands, both analyses
are limited by large statistical uncertainties. A new background estimate might improve
the sensitivity by about 20% in each production category, corresponding to an overall
improvement of the combined expected significance of about 1%. It should be noted
that this background estimation method would require a fake rate method to estimate
the misidentified lepton background from data, as well as additional studies on how to
model the background for large jet multiplicities.

B Dedicated three and four lepton channels in the ttH and VH categories, which account
for hadronically decaying 7-leptons Ty.q, targeting the final states with y*u~ + 7 . and

_ had
p'u+ %] canbe used in addition to the final states considered in the presented anal-
ysis.

B Improvements of the physics object identification techniques such as DeepCSV and LEP-
TONMVA would be expected to result in a further optimized event selection with in-
creased signal efficiency and reduced backgrounds.
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Conclusions

The discovery of the Higgs boson, announced in 2012, has been one of the most important
results of particle physics in the last decade. Ever since then, the properties of the Higgs boson
have been examined to probe the SM, and to explore the physics landscape beyond it. Thus far,
the Higgs boson production via gluon fusion (ggH), via vector boson fusion (VBF), in associa-
tion with a vector boson (VH), and in association with a top quark-antiquark pair (ttH) as well
as the decays of the Higgs boson to the electroweak gauge bosons and the charged fermions
of the third generation have been observed. In all these production and decay modes, the
measured rates have been found to be consistent with the SM predictions within the experi-
mental and theoretical uncertainties. The analysis of Higgs boson decays to muons extends
the investigation of Yukawa couplings to the light fermions of the second generation which is
of particular importance to gain a deeper understanding of the nature of electroweak symme-
try breaking.

In this thesis, the first search for Higgs boson decays to a pair of muons, produced in associa-
tion with a top quark-antiquark pair (ttH), has been presented using proton-proton collision
data recorded with the CMS experiment at a center-of-mass energy of 13 TeV, corresponding
to an integrated luminosity of 137fb™". The analysis has been designed to complement three
further Higgs boson analyses targeting the ggH, VBF, and VH production modes. Furthermore,
a method to recover final state radiation photons has been refined to improve the resolution
of the reconstructed Higgs boson mass in all four categories, resulting in an increased overall
sensitivity.

The search for ttH (H — p*u~) was conducted in the final state with two muons from the decay
of the Higgs boson and additional decay products of the top quarks. Two ttH categories which
focus on either the leptonic or the hadronic top quark decay were individually optimized. Ob-
servables sensitive to the characteristic properties of the ttH production mechanism and the
decay of the Higgs boson to muons were combined in multivariate discriminants based on
boosted decision trees (BDTs). In particular, observables which identify the top quark decay
products were helpful to reduce background events. A dedicated algorithm was implemented
and optimized to identify the hadronic decay of a top quark to three resolved jets. The algo-
rithm is based on a BDT classifier which includes the information of a constrained kinematic
top quark fit, and different additional jet properties to probe the compatibility of a jet-triplet
with the expected signature from a hadronic top quark decay. Due to the impact of the Higgs
boson mass resolution on the analysis sensitivity, new techniques were employed to improve
the resolution and to exploit the correlation between the resolution and the observables used
in the BDT classifiers. Events were classified according to the BDT output score into five ttH
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subcategories which provide phase-space regions with enhanced signal-to-background ratio.
The presence of a potential ttH (H — u*u~) signal was quantified by a simultaneous maximum
likelihood fit to the observed dimuon mass distributions in all ttH subcategories. This allowed
for a data-driven estimation of the background contribution in the signal region around the
Higgs boson mass from signal-depleted m,,,, sidebands.

The observed (expected) significance over the SM prediction for a Higgs boson with a mass
of 125.38GeV is 1.20 (0.50). The observed upper limit at 95% confidence level on the cross
section times branching fraction for ttH (H — u*u™) is 6.5 times the SM prediction, while the
expected limit is 4.2 (4.9) assuming the absence (presence) of a SM signal. The measured value
of the signal strength modifier, defined as the ratio of the observed signal yield to that predicted
by the SM, is

Pl ) = 2-32775% (stat +syst).

When this result is combined with the Higgs boson production categories targeting ggH, VBF,
and VH, an excess of events over the background prediction is observed in data with a sig-
nificance of 3.0 0, where 2.50 are expected for a SM Higgs boson with my = 125.38GeV. The
corresponding measured signal strength is
fiyr - = 119 T0750 (stat) Fg 14 (syst),

consistent with the SM expectation within a relative experimental precision of about 40%.
This result constitutes the first evidence for the decay of the Higgs boson to second genera-
tion fermions and is the most precise measurement of the Higgs boson coupling to muons
reported to date. The observed upper limit at 95% confidence level on the signal strength is
1.9, while the expected limit in absence of a signal is 0.8. Assuming SM production cross sec-
tions for the Higgs boson, the branching fraction for decays to muons is constrained at 95%
confidence level to be within 0.8-10™% < B(H — u*u~) < 4.5-107%. New physics scenarios with-
out a Yukawa coupling of the Higgs boson to muons can therefore be excluded at more than
95% confidence level.

The observed excess of events in data by the CMS Collaboration is compatible with the re-
cently published result by the ATLAS Collaboration, which observes a slight excess over the SM
backgrounds with an observed (expected) significance of 2.00 (1.70) at a Higgs boson mass of
my = 125.09 GeV. Moreover, the measured signal strengths in each of the Higgs boson produc-
tion categories as well as the combination are consistent between both experiments within the
experimental and theoretical uncertainties.

Within this thesis, the Yukawa coupling of the muon, which is more than 1000 times smaller
than that of the top quark, the heaviest SM particle, has been probed. The new result on Higgs
boson decays to muons constitutes the first evidence for the Yukawa coupling to second gen-
eration fermions. Yet, the LHC has just delivered approximately 5% of its projected full dataset.
The expected datasets to be collected during LHC Run 3 and at the HL-LHC will allow the in-
vestigation of rare processes with even smaller production rates, which might shed light on
new physics phenomena and the fundamental laws of nature kept hidden so far.
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Method to calibrate event-by-event
mass uncertainties

The calibration of the estimated per-event Higgs boson mass resolution was developed in
Ref. [185] and is reported for completeness. A Z boson control region is used for this purpose.
Events with dimuon mass in the range between 75 < m,, < 105GeV are selected and classified
according to the |n| of the muons. Each of the || categories is further subdivided into four pr
regions 30-45, 45-52, 52-62 and 62-200 GeV of the leading muon pr.

In events with aleading muon pr > 52 GeV the mass peak is modeled using a Voigtian function.
The dimuon mass distribution for events with a leading muon pr smaller than 52 GeV shows
slightly asymmetric tails which are better modeled using a convolution of a Breit-Wigner func-
tion and a double-sided Crystal Ball function.

The peak and width parameters of the Breit-Wigner function are fixed to the nominal mass and
width of the Z boson, while all other parameters are allowed to float freely in the fit. The width
of the Gaussian core o is compared to the median value of the estimated Higgs boson mass
uncertainty for all events in the corresponding category. Their ratio is used to define a calibra-
tion factor for each (n, pr) category. The calibration factors are measured independently for
data and simulation, as well as for each data-taking period. The resulting calibration factors
are listed in Table A.1.

The calibration factors, in both data and simulation, and in all (5, pr) bins are found to be in
the range between 1.05 and 1.30. This indicates that the per-event dimuon mass resolution es-
timated from the covariance matrix of the track fit tends to overestimate the mass resolution of
the Z boson mass peak by about 5-30%. In particular, events high- pr muons with at least one
muon detected in the barrel region require large corrections. The calibration factors extracted
from simulation are slightly larger than those from data, and they progressively decrease from
2016 to 2018 in both, data and simulation.

A closure test of the calibration is performed using the same set of events divided into several
bins depending on the estimated dimuon mass resolution. The resolution is again extracted
from a fit to the dimuon mass distribution in the corresponding category using the same an-
alytical model described previously. Figure A.1 presents the comparison between the fitted
value of the mass resolution in each bin with the corresponding median value of the estimated
dimuon mass uncertainty from the track fit for both data and simulation. The calibrated per-
event dimuon mass uncertainty and the measured resolution agree within 10% in both data
and simulation.
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Table A.1: Measured calibration factors using a fit to the dimuon mass distribution in a Z boson
control region. The calibration factors are reported separately for data and simulation for each
data-taking period and for all (, pt) bins. Taken from Ref. [185].

. . ) Data Simulation
Leading muon pr-bin (GeV) - Muon[nl-bin . o515 5018 2016 2017 2018
30-45 BB+OB+EB 124 1.19 1.16 125 1.16 1.17
30-45 BO+OO+EO 1.18 1.13 1.11 119 1.11 1.12
30-45 BE+OE+EE  1.15 1.11 1.07 117 1.07 1.09
45-52 BB 115 1.19 116 1.14 1.16 1.10
45-52 BO 116 1.3 112 117 112 113
45-52 BE 116 1.10 1.08 1.18 1.08 1.12
45-52 OB 114 112 1.08 1.16 1.08 1.10
45-52 00 112 1.09 1.07 111 111 1.09
45-52 OE 1.07 1.07 1.06 1.10 1.09 1.09
45-52 EB 1.11 1.05 1.03 115 1.09 1.05
45-52 EO 113 1.03 1.05 1.16 1.0 1.04
45-52 EE 1.00 098 096 1.04 1.02 1.00
52-62 BB 125 121 119 126 124 121
5262 BO 126 124 124 128 128 126
52-62 BE 119 114 115 122 1.16 1.16
52-62 OB 124 124 122 126 127 124
52-62 00 117 116 115 119 1.18 1.17
52-62 OE 117 117 115 120 121 1.17
52-62 EB 119 1.8 113 123 123 1.18
52-62 EO 119 115 113 123 120 1.17
52-62 EE 1.11 110 1.08 115 1.14 112
62-200 BB 124 121 118 126 125 1.19
62-200 BO 127 124 122 129 128 123
62-200 BE 115 112 114 117 117 1.16
62-200 OB 123 122 121 126 127 123
62-200 00 116 1.5 114 1.18 1.18 1.16
62-200 OFE 118 1.5 1.15 121 1.18 1.18
62-200 EB 115 110 112 117 116 1.16
62-200 EO 116 1.11 110 120 1.18 1.13
62-200 EE 1.09 1.08 1.06 1.14 115 1.10
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Figure A.1: Closure test of the per-event dimuon mass uncertainty calibration. The closure test
is performed separately for data (blue) and simulation (red) in 2016 (top), 2017 (center), and
2018 (bottom). The x-axis corresponds to the median calibrated mass uncertainty in each bin,
while the y-axis shows the resolution of the Z boson mass peak extracted from an analytical fit.
Taken from Ref. [185].
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Correlation model of systematic
uncertainties in the combined fit

The considered systematic uncertainties and the corresponding correlation scheme used in
the combined CMS H — p*u™ analysis are given in Table B.1.

Table B.1: Summary of the systematic uncertainties and the correlation scheme considered
in the combined H — u*u~ analysis. Modified and taken from supplementary material of
Ref. [172].

Source of uncertainty Categories and processes Type Correlation between cat.  Correlation between year
Theoretical uncertainties
pr and pg for ggH ggH in all cat. Rate Correlated Correlated
pr and pr for VBF VBF in all cat. Rate Correlated Correlated
ug and pg for ttH ttH in all cat. Rate Correlated Correlated
pr and pr for VH VH in all cat. Rate Correlated Correlated
PDF for ggH ggH in all cat. Rate Correlated Correlated
PDF for VBF VBF in all cat. Rate Correlated Correlated
PDF for ttH ttH in all cat. Rate Correlated Correlated
PDF for VH VH in all cat. Rate Correlated Correlated
ggH accept. vs (pr(H),Nj,my;) ggH in all cat. Shape in VBE rate in others Correlated Correlated
VBF accept. vs (pr(H),Nj,m;;) VBF in all cat. Shape in VBE rate in others Correlated Correlated
ttH accept. from pg and pr ttH in all cat. Rate Correlated Correlated
VH accept. from ug and pp VH in all cat. Rate Correlated Correlated
ttH accept. from PDF ttH in all cat. Rate Correlated Correlated
VH accept. from PDF VH in all cat. Rate Correlated Correlated
PYTHIA ISR and FSR Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Correlated
PYTHIA Vs HERWIG VBF and Z-EWK in VBF cat. Shape Correlated Correlated
pr and pr for Drell-Yan VBF cat. Shape Correlated Correlated
pr and pg for Z-EWK VBEF cat. Shape Correlated Correlated
pr and pg for top bkgs. VBF cat. Shape Correlated Correlated
pr and pr for diboson VBF cat. Shape Correlated Correlated
PDF for Drell-Yan VBEF cat. Shape Correlated Correlated
PDF for Z-EWK VBF cat. Shape Correlated Correlated
PDF for top bkgs. VBF cat. Shape Correlated Correlated
PDF for dibosons VBEF cat. Shape Correlated Correlated
Size of simulated samples VBF cat. Bin-by-bin — Uncorrelated
Experimental uncertainties
Integrated luminosity Sig. in all cat., bkg. in VBF ~ Rate Correlated Partial
Muon efficiency Sig. in all cat., bkg. in VBF  Rate Correlated Correlated
Electron efficiency Sig. in ttH and VH Rate Correlated Correlated
Muon trigger Sig. in all cat., bkg. in VBF ~ Rate Correlated Correlated
Muon pr scale Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Correlated
Nonprompt leptons Sig. in ttH and VH Rate Correlated Correlated
Pileup model Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Uncorrelated
L1 inefficiency Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Uncorrelated
B-tagging efficiency Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Correlated
Jet energy scale Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Partial
Jet energy resolution Sig. in all cat., bkg. in VBF  Shape in VBE rate in others Correlated Uncorrelated
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