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Abstract

The existence of several neutral Higgs states is predicted in many models comprising an
enlargement of the Standard Model (SM) scalar sector, notably the general Two-Higgs-
Doublet Model (2HDM) and the Minimal Supersymmetric Extension of the Standard
Model (MSSM). Many of these scenarios predict an enhancement of the coupling of the
neutral Higgs bosons to bottom quarks. A search for neutral Higgs bosons decaying
into a b-quark pair in the semi-leptonic channel and produced in association with at
least an additional bottom quark at the LHC is presented. The corresponding data
sample was collected at CMS during proton-proton collisions in 2017 at a centre-of-mass
energy of /s = 13 TeV corresponding to an integrated luminosity of 36.5 fb=!. In the
final state, a muon must lie within the cone of any of the two most energetic b-jets in
the event. The latter are initiated from the partons stemming from the Higgs boson
decay. The soft muon requirement drives down considerably the trigger rates, allowing to
probe Higgs bosons with masses as low as 125 GeV. The observed di-jet invariant mass
distribution is compatible with the background-only prediction of the Standard Model.
Therefore, stringent exclusion limits are extracted on the production cross-section times
branching fraction of the signal process for Higgs boson masses ranging up to 700 GeV.
The exclusion limits are further translated into the parameter space of several MSSM and
2HDM benchmark scenarios.



Zusammenfassung

Die Existenz mehrerer neutraler Higgsbosonen wird in vielen Modellen vorhergesagt, die
eine Erweiterung des skalaren Sektors im Standardmodell beinhalten. Dies sind insbeson-
dere das allgemeine Zwei-Higgs-Dublett Modell (2HDM) sowie die minimale supersym-
metrische Erweiterung des Standardmodells (MSSM). Zahlreiche Szenarien sagen eine
Verstarkung der Kopplung der neutralen Higgsbosonen an Bottomquarks vorher. In dieser
Arbeit wird eine Suche nach neutralen Higgsbosonen prasentiert, die in Assoziation mit
mindestens einem weiteren Bottomquark produziert werden und in ein Bottomquarkpaar
zerfallen. Dabei soll mindestens ein b-Hadron semileptonisch im Myon-Kanal zerfallen.
Der Datensatz wurde mit dem CMS Detektor am LHC im Jahr 2017 in Proton-Proton-
Kollisionen mit einer Schwerpunktsenergie von /s = 13 TeV aufgenommen und entspricht
einer integrierten Luminositat von 36.5fb~!. Im Endzustand muss ein Myon innerhalb
eines der beiden hochstenergetischen Jets im Ereignis liegen, die iiberwiegend aus der
Fragmentation der Tochterpartonen des Higgsbosons stammen. Die Forderung dieses
zusatzlichen Myons reduziert die Triggerraten erheblich, wodurch relativ niedrige Higgs-
bosonmassen bis herab zu 125 GeV getestet werden konnen. Die gemessene Verteilung
der invarianten Masse der beiden Jets stimmt mit der Vorhersage des Standardmodel-
luntergrunds iiberein. Daher werden strenge Grenzen fiir das Produkt aus Produktion-
swirkungsquerschnitt und Zerfallsrate fiir Higgsbosonmassen bis zu 700 GeV extrahiert.
Diese Grenzen werden im Parameterraum verschiedener MSSM und 2HDM Szenarien
interpretiert.
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Introduction

”La filosofia ¢ scritta in questo
grandissimo libro che
continuamente ci sta aperto
innanzi a gli occhi (io dico
I'universo) [...]. Egli & scritto in
lingua matematica, e i caratteri
son triangoli, cerchi, ed altre
figure geometriche, |...]; senza
questi & un aggirarsi vanamente
per un oscuro laberinto.”

Galileo Galilei

In the early XVII century, Galileo Galilei was expressing in the The Assayer [1] his
profound astonishment at the intrinsically mathematical character of the Book of Nature.
In contrast with the immutable Aristotelian views of natural philosophy, the founding
father of the scientific method established the centrality of the experiment for hypothesis
testing. This mutation of paradigm marked the beginning of the scientific era. Ever since,
generations of physicists have endeavoured to interpret and model natural phenomena in
the search of an experimentally supported theory of everything: from Isaac Newton’s Prin-
cipia Mathematica [2] to James Clerk Maxwell’s Treatise on electricity and magnetism [3].
The observation of non-classical physical phenomena, such as black body radiation and
the photoelectric effect, paved the way to the development of a quantum theory, later
complemented with special relativity. In the XX century, decades of experimental effort
in high-energy physics culminated in the formulation of the Standard Model (SM) of par-
ticle physics [4-7]. This phenomenological model summarises our current understanding
of the building blocks of matter and of the fundamental non-gravitational interactions
governing our universe. It encompasses the electroweak and the strong force! in a single

LA review of the electroweak and the strong sector of the SM are presented in [8] and [9], respectively.
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theoretical framework, described in terms of a quantum gauge field theory. Numerous
elevated precision experiments have been designed to test it to high accuracy exploiting
particle collider technology [10], thereby establishing its validity up to the TeV scale. In
particular, the properties of the electroweak bosons such as the mass, total and partial
decay widths [11] and coupling to fermions, as well the existence of the top quark [12]
were found to be fully consistent with the SM. Furthermore, the discovery of a scalar
particle with a mass at 125 GeV compatible with the Higgs boson of the Standard Model
undeniably marked one of the greatest triumphs of the model and experimentation. Its
properties are consistent with the electroweak symmetry breaking mechanism (EWSB)
responsible for the masses of all the particles of the Standard Model, except neutrinos.

Despite its desirable phenomenological features, such as its renormalisability and UV-
completeness [13], the Standard Model cannot represent the ultimate theory of particle
physics. There are both unsolved theoretical problems as well as experimental evidence
pointing to the existence of physics Beyond the SM (BSM). Notable examples of such
observations are the discovery of neutrino oscillations and the cosmological observation of
non-baryonic cold dark matter. One of the main theoretical shortcomings of the SM is the
inability to incorporate the gravitational interaction into a coherent, self-consistent frame-
work, since gravity is not perturbatively renormalisable unlike other SM fields. Thus, it
is strongly conjectured that the validity of the Standard Model should cease at some
energy scale, or cut-off, where quantum gravitational effects become significant, i.e. the
Planck scale at 10! GeV. Furthermore, the discovery of neutrino masses at the sub-eV
level may indicate the existence of new physics already at a mass scale of 109715 GeV [14].
The large scale difference between the mass scale associated to new physics and the elec-
troweak scale, denoted as the gauge hierarchy problem, is a notorious shortcoming of the
SM which has important implications on the running masses of the scalar particles. The
energy cut-off scale introduces unnaturally large, quadratically divergent loop corrections
to the Higgs boson mass. Furthermore, the large mass hierarchy between fermions, the
origin of the number of mass generations, as well as the quantisation of fermionic charge
in units 1/3 of the elementary charge, may indicate that the SM is the low-energy limit
of a more fundamental gauge theory.

Several Beyond the Standard Model theories comprise an enlargement of the SM scalar
sector. The most basic addition is the inclusion of another electroweak Higgs doublet in
a class of models collectively referred to as the Two-Higgs-Doublet Models (2HDM) [15].
The prediction of an extended Higgs sector is analogous to other non-minimal sectors
present already in the SM, such as the flavour structure of the CKM matrix. In 2HDM
models, after electroweak symmetry breaking there are five physical Higgs bosons, namely
the neutral Higgs triplet ® = {h, H, A}, of which the first two states are CP-even while
the A boson is a pseudoscalar, and two charged Higgs bosons H*. The resulting richer
phenomenology can provide additional sources of CP violation, needed to explain the
observed matter-antimatter asymmetry of the universe. Moreover, the coupling structure
of the Higgs doublets to fermions, which is constrained by discrete symmetries to enforce
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the absence of flavour—changing—neutral-currents at tree level, may shed some light on the
observed fermion mass hierarchy. The inert Higgs model, which is also based on discrete
symmetries of the Yukawa sector has been introduced to provide an explanation to non-
vanishing neutrino masses [16] and to account for the number of fermion families. In the
Minimal Supersymmetric extension of the SM (MSSM), a space-time symmetry between
fermionic and bosonic degrees of freedom is introduced to tackle the hierarchy problem.
This is achieved at the cost of doubling the particle content of the SM. Within this model,
the lightest-supersymmetric particle (LSP) could prove a suitable dark matter candidate.
Minimal gauge coupling unification can be achieved at a mass scale of 10 GeV, when the
MSSM is regarded as effective theory of some Grand Unified Model. These searches for an
extended Higgs sector have to be conducted with a particle collider capable of operating
at a high center-of-mass energy and delivering large amounts of integrated luminosity.

These requirements are met by the Large Hadron Collider (LHC) situated near Geneva,
the most powerful circular proton-proton collider ever constructed. The high center-of-
mass-energy of 13 TeV attained in correspondence of the interaction point is crucial to
perform searches for the Higgs production modes of additional undiscovered resonances,
probing a wide mass range from the GeV to the TeV scale. The Compact Muon Solenoid
(CMS), one of the two multi-purpose detector installed at LHC, has been designed to
identify the decay products of a Higgs-like particle with high accuracy. The detector
achieves excellent vertexing, tracking and calorimeter resolution, which are essential in-
gredients in b-tagging and muon reconstruction. The present work focuses on a search
for neutral Higgs boson produced in association with b-quarks and decaying to a b-quark
pair with a muon within-a-jet in the final state.

The data sample used in this analysis was collected in 2017 data-taking during pp
collisions at a centre-of-mass energy of /s = 13 TeV corresponding to an integrated lu-
minosity of 36.5fb~!. In the Standard Model and in several BSM scenarios, the decay
channel into b-quarks represents the prevailing decay mode. In the MSSM and in the
2HDM Type-II and flipped model, the coupling of the Higgs bosons to b-quarks is greatly
enhanced, motivating the choice for this final state. However, in this hadronic environ-
ment, the huge QCD multi-jet production prevents an inclusive search for additional Higgs
bosons with b-quarks in the final state. The bb associated production has been chosen
since the signal process is accompanied by a lower fraction of background events than the
main Higgs production mechanism at LHC, namely the gluon-gluon fusion process. The
signature of the event is the presence of at least three highly energetic b-jets, of which the
two most energetic ones are initiated by the Higgs boson daughter candidates. The third
leading jet in transverse momentum is regarded as a spectator jet in the Higgs produc-
tion mechanism, and it must also be initiated by a b-quark. The main observable of the
analysis is the invariant mass of the two most energetic jets in the event, which is used to
extract the total signal production rate in terms of the cross-section times the branching
ratio of the process. In the final state, a muon stemming from the b-hadron decay must lie
in the hadronisation cone of any of the two most energetic jets in the events. A dedicated
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semi-leptonic trigger permits to impose looser kinematic cuts on the two most energetic
jets. This type of selection allows probing a Higgs boson mass ranging from 125 GeV to
700 GeV. Thus, the sensitivity reach of this analysis is sensibly extended with respect
to the former analogous search in the fully-hadronic channel performed with 2016 data
collected by CMS [17]. The resulting exclusion limits on the signal cross-section times
branching ratio are extracted and translated into the parameter space of several MSSM
and 2HDM benchmark scenarios to provide crucial information about these models.
This work is structured as follows. In the first chapter, a brief review of the particle
content and interactions present in the SM precedes a discussion of the MSSM and 2HDM
models, with a particular emphasis on the benchmark scenarios of interest. In the sub-
sequent chapter, a concise overview of the LHC and of the CMS detector used to collect
the data for this work is presented. In the third chapter, the main techniques behind the
identification and reconstruction of muons and b-tagging of jets are discussed. The next
chapter is devoted to the analysis strategy and methods, from the design of the dedicated
semi-leptonic trigger to the statistical inference on the observed data. In the fifth chapter,
the model-independent results and their interpretation within the most relevant models
with an enlarged Higgs sector are illustrated. Finally, the conclusive chapter highlights
the main results of this work, providing an outlook on the future prospects of this search.



CHAPTER

Theoretical framework

he Standard Model (SM) of particle physics provides an extremely accurate theo-
T retical description of all known processes in high-energy physics. In spite of its
spectacular success, supported by the numerous high-precision experiments, probing its
scope of validity up to the TeV energy-scale, it is strongly conjectured that the SM can-
not represent the ultimate, all-encompassing scientific theory. A series of unexplained
theoretical queries as well as experimental observations point to the plausible existence
of beyond Standard Model (BSM) physics. In this chapter, a description of the founding
principles of the SM is followed by an overview of the BSM models. A particular emphasis
is dedicated to a subset of such models containing an extended Higgs sector, which are of
particular interest for this thesis work.

1.1 The Standard Model of particle physics

1.1.1 Quantum Field theory

Formulated in the late sixties, the Standard Model summarises our current knowledge
of all known elementary particles and fundamental non-gravitational interactions. It in-
corporates the physical laws governing natural phenomena at microscopic level, namely
quantum mechanics and special relativity in a single theoretical framework. Mathemat-
ically, the SM is a particular instance of a relativistic Quantum Field Theory (QFT).
The underlying principle is the quantisation of the particle content, which comprises both
matter constituents and force carriers as physical observables. Within this framework,
all elementary particles are regarded as excitations of the corresponding quantum fields.
Two classes of particles can be distinguished on the basis of their spin, a purely rela-
tivistic property, defining the intrinsic angular momentum of a particle (not arising from
orbital motion): fermions carrying half-integer spin, such as the electron, which account
for matter quantum fields, and bosons with integer spin representing force carriers, e.g.
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the photon, the mediator of electromagnetism. Anti-particles are identical to their coun-
terparts in ordinary matter, albeit oppositely charged, e.g. the positron is a positively
charged analog of the electron. The spin-statistics theorem [18-20] of QFT dictates that
the overall wavefunction of an ensemble of identical fermions (bosons) is totally antisym-
metric (symmetric) under the exchange of any pair of such particles. As a corollary, the
Pauli exclusion principle states that any pair of identical fermions cannot occupy the same
quantum state. This leads to extremely different phenomenological features for bosons
and fermions. The Fermi-Dirac statistics [18, 19] underpins the huge variety of atomic
orbitals, while the Bose-Einstein condensation [20] is the underlying principle of cohesive
streaming in laser beams.

In general, the equations of motions of any physical system can be derived by imposing
the principle of least action. This variational principle prescribes the minimisation of the
action S, defined as the following time integral:

5= [ 2.0 (1)

where the Lagrangian density .Z is a real-valued scalar, with dimension of the energy
density to the fourth power. Its total space integral corresponds to the total kinetic
energy of a system subtracted by the potential energy, i.e. L =T — V. In a quantum
field theory, the physical system under scrutiny is generally an ensemble of interacting
particles, and the Lagrangian density is a function solely of the particle fields ¢, and their
first derivatives 0,1 with respect to the space time coordinates x.

Symmetries of the Lagrangian

The concept of symmetry is a fundamental tool to investigate and predict the behaviour
of any physical system. In a field theory, symmetry translates into the invariance of
the Lagrangian density under a set of transformations that preserves some observable
quantities. Two different classes of symmetries can be distinguished, local or global in
one dimension, discrete or continuous in the other. An important ingredient that relates
the symmetries of the Lagrangian to physical observables is Noether’s theorem. The latter
prescribes that each continuous global symmetry of the Lagrangian is associated with a
corresponding conserved quantity. In quantum field theories, elementary particles satisfy
two main types of symmetries: space-time symmetries, acting directly on the coordinates
x, and internal ones corresponding to the transformation of a quantum field .

In a relativistic theory, Lorentz invariance ensures that the global, space-time symme-
tries predicted by special relativity are satisfied. The invariance of the Lagrangian under
time, spatial translation and rotations codifies the conservation of energy, linear and an-
gular momentum, respectively, of any system of particles. Noether’s theorem permits also
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to classify elementary particles on the basis of their quantum numbers!, which arise from
the conservation laws of some internal symmetry, such as the electric charge.

The local gauge principle

Symmetries can also be used to construct a theory of interacting particles via the gauge
principle. In a gauge theory, a global symmetry is promoted to a local symmetry of the
Lagrangian density. The resulting additional interaction terms that have to be introduced
contain the gauge fields. Such field terms are suitably chosen such that the action remains
unchanged under the local gauge trasformations U(x) of the fermionic field, viz:

:/gw( p)d L /g (1.2)

After quantisation, the gauge fields give rise to the gauge bosons, mediating the corre-
sponding interaction. As an illustration of local gauge invariance, one may consider as a
starting point the Lagrangian density of a non-interacting Dirac fermionic field ¢ = ¢ (x)
with mass m and charge ¢:

Ly = Wy o) — map, (1.3)
where 1) = ¢° denotes the adjoint spinor and 4* stands for the Dirac matrices. This free
Lagrangian consists of only two terms, a kinematic and a mass term:

Y — P ap — e %) with 0 = 0(x), (1.4)

where 6(x) is the scalar phase of the fermionic field. The Lagrangian remains unchanged
only under a global phase shift, i.e. provided that 6 is constant?. However, it is manifestly
not invariant under a local U(1) gauge unitary transformation.

1.1.2 Electromagnetic interaction

In order to obtain an interaction theory for electrically charged, massive fermions, a gauge
field vector A* = A*(z) and the covariant derivative D, are introduced simultaneously:

Ay — Ay + 0,0, (1.5)
D, = 0, —iqA,, (1.6)

such that the local gauge transformation D, — €™’D 1) is now satisfied. Henceforth,
the Lagrangian can be cast into the following form:

1
XQED - gf + Znt + ggauge - Zf + Q¢7“¢A ,ul/FuV (17>

'Mathematically, a quantum number is defined as the time-like component of the corresponding
conserved Noether current J°, or charge.
2This global U(1) invariance encodes the conservation of the electric charge.
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where the second terms accounts for the interaction term; the third is the free-field
term with field strength tensor F,, = 0,4, — 0, A,. Thus, the Lagrangian of Quantum
Electrodynamics (QED) is invariant under the local U(1) gauge transformations, provided
that the gauge boson A, is massless, as it is experimentally verified in case of the photon.
The resulting electromagnetic current density J, = q(1y"1) represents a three-point ver-
tex describing the exchange of a photon between a fermion-anti-fermion pair.
Quantum Electrodynamics successfully describes all aspects of the electromagnetic in-
teraction, starting from its strength as a function of the energy scale, quantified by the
fine structure constant agyr. A high precision test of QED is the prediction of the gyro-
magnetic g-factor of the electron. This quantity is defined as the ratio of the magnetic
moment of a particle over its angular momentum. In the non-interacting Dirac picture, it
is predicted to be exactly two for a spinning electron. However, inclusion of higher order
corrections terms in QED gives:

YEM
e =214+ —+---). 1.8
ge=2(14 ——=+-) (1.8)
For the electron, the g-factor was measured to be [21]:
ge = 2.00231930436182(52), (1.9)

which is consistent with theory over ten significant figures, rendering it the most accurate

prediction in the history of physics. This measurement allows probing the logarithmic
dependence of agy; on the interaction energy. The fine-structure constant tends to the
value of % R~ % in the low energy regime. This has several important implications
in optics and chemistry, since the value of ag,s fixes the Bohr radius, which in turn
determines the size of the hydrogen atom.

1.1.3 Strong interaction

In the context of atomic nuclei, the strong nuclear force is observed ”macroscopically”
at a distance of O(fm) in the binding of nucleons, namely protons and neutrons. The
elementary constituents defining the quantum numbers of protons and neutrons are up-
(u-) and down (d-) valence quarks, elementary fermions carrying an electric charge of
—l—%e and —%e respectively®. The quark model of the strong interactions was developed to
account for the eightfold way [22]. The latter is the observed geometric arrangement of
the mesons and baryons, bound states of two and three quarks respectively, into different
groups according to their quantum numbers.

At distances below the nucleon radius around 0.8 fm, these bound states are held together
via the exchange of force mediators called gluons. Thus, at fundamental level, the strong

3Besides valence quarks, nucleons contain also quark-antiquark pairs, referred to as ”sea” quarks,
produced in strong interactions.
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nuclear force is interpreted as the interaction between particles carrying a colour charyge,
namely quarks and gluons. The colour quantum number C' was originally introduced to
preserve the total anti-symmetry of the wavefunction of the A™* baryon [23], a bound
state of three u quarks with a highly symmetric configuration. Within the QFT frame-
work, the strong interaction is encoded in the SU(3). gauge symmetry group of Quantum
Chromodynamics (QCD). The QCD Lagrangian can be defined in analogy to QED as :

1
e Ne 3 (1.10)

ZLocp = L5 + QSZEV’L}\CLQ#GZ — 3V

where the Einstein summation convention is assumed over the generator index a =
1...8, while )\, denotes the eight generators of the SU(3) symmetry* also referred to as
Gell-Mann matrices. The three-component vector of spinors ¢ has an implicit colour
index, i = r (red), b, (blue), g (green).

Each of the eight gauge or gluon fields G, has an associated conserved colour cur-
rent J; = gs¥y,A". Analogously to the photon, these force carriers are also massless.
However, contrary to QED, the defining feature of QCD is that it is a non-Abelian gauge
theory. The non-commutativity of the gluon fields can be evinced from the additional
term in the field strength tensor:

Gl = 9'GY — DGl — g, [l CLGY, (L.11)

where the £ stucture constants of the SU(3) group are responsible for the self-interactions
of the gluon fields. The strong fine-structure constant oy = 4mwg? varies with the momen-
tum transfer () as follows:

127
(Q%) = , 1.12
(@) (33— 2N;)In (A§§§D> 1)

where Aqcp is the characteristic energy scale around 200 MeV, at which QCD processes
enter the non-perturbative regime and Ny denotes the number of "active ” quark flavours,
i.e. for which mg < @?. This logarithmic dependence for ayg is reversed with respect to
QED. In the large Q? limit, coloured particles can be regarded as free with respect to
the strong interaction, a phenomenon referred to as asymptotic freedom. Furthermore, at
distances of the order of few fm, the inter-quark potential increases approximately linearly
with distance due to the gluon-self-interactions. Consequently, it is more energetically
favourable for quarks to be confined into colour-neutral states, referred to as hadrons.

4In a SU(N) gauge group, consisting of n x n unitary matrices, the number of symmetry generators
is given by N2 — 1, one less degree of freedom with respect to the U(N) group, owing to the additional
constraint on the unit determinant.
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1.1.4 Weak interaction and EW unification

The first model of the weak interaction was proposed by E. Fermi [24] to describe the
decay of the neutron into a proton, via the emission of an electron and of an anti-neutrino,
an electrically neutral particle, which is found to be extremely light. At low interaction
energies, such radioactive decays are well-modelled by a four-fermion point interaction.
However, above a certain energy scale, referred to as the electroweak scale ~ 100 GeV |
the coupling strength of the weak force becomes comparable to that of electromagnetism,
hence additional degrees of freedom, carried by massive mediators have to be introduced®.
The force carriers are the charged W¥ bosons and the neutral Z boson, responsible for
the charged and neutral currents respectively. Contrary to the electomagnetic current,
the weak charged current violates parity, as observed in the fifties in the experiments
conducted by Wu [25] on the 8 decays of cobalt °Co. This phenomenological feature is
incorporated by introducing a vector-axial (V-A) form of the charged weak current:

J(COm _ mu% (1-~%) . (1.13)

where P r = 1 F 7° are the left- and right-handed projection operators. Equation
1.13 shows that the weak interaction couples exclusively to left-handed fermions (or right-
handed anti-fermions). The weak interaction does not couple directly to the quark mass
eigenstate, but rather to an admixture of the weak states. On the other hand, neutral weak
currents mediated by the Z boson do not contribute to any flavour-changing currents:

o
JNOm = "3 (95 — 95175) P, (1.14)

with g{; and gf; are the vector and axial fermionic couplings. The observation that pho-
tons also contribute to neutral currents as the Z boson paved the way to the proposition
of unified electroweak theory by Glashow, Weinberg and Salam (GWS) [26-28].

Electroweak unification

The electromagnetic and weak interaction are unified into a single force in the GWS
theory, which is encoded in the SU(2), X U(1)y gauge group structure. The conservation
of the weak isospin quantum number [ arises from the invariance of the EW Lagrangian
under the left-chiral SU(2), transformation, whilst the weak hypercharge Y conservation
originates from the U(1)y symmetry. The essence of the EW unification is succinctly
defined in Glashow’s observation, which relates the electromagnetic fermionic charge Q)¢
to the third component of the isospin I3 and the weak hypercharge Y as follows:

Qr=1IL+Y)/2 (1.15)

5Fermi’s B theory can be regarded as a low-energy effective theory of the gauge theory of the weak
interactions.
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The electroweak Lagrangian is rendered invariant under SU(2), X U(1)y transformations
by replacing 0, in the kinetic term by the covariant derivative D,,:
D, =08, +ilr £

= Oy + by W, + ZEYB’“ (1.16)
where 7¢ denote the 2 x 2 generators of the SU(2) symmetry, namely the Pauli matrices.
Three non-Abelian weak isospin fields W/'i with ¢ = 1,2,3 couple only to left-handed
fermions with coupling strength g; the Abelian gauge field B, couples instead to both
right and left-handed fermions via ¢’. The physical fields responsible for the charged W=+
bosons are expressed as the superposition of eigenstates below:

1
Wt =—
1 \/§
Since the remaining neutral gauge fields B, and Wj’ couple to neutrinos, both of them are
not viable candidates as the electromagnetic mediator. However, these unphysical gauge
fields mix, yielding the gauge field A,, which is conventionally assigned to the photon 7,
and the orthogonal Z,, eigenstate, accounting for the Z boson:

A\ [ cos By sin Oy B,
(Z#) - (— sin Oy cos 9W> (WE) ’ (1.18)

where 6y is the weak mixing angle. The prescription of gauge invariance for the SM
Lagrangian under the electroweak symmetry group forces all EW gauge bosons to be
massless. This is in deep contrast with the experimental observations of massive W
and Z bosons. Furthermore, the Dirac fermionic mass term shown in Equation 1.3 is
disallowed since it does not preserve electroweak gauge symmetry®.

(WL FiWp), (1.17)

1.1.5 Phenomenological overview

The matter content of the SM comprises two types of elementary spin % fermions, quarks
and leptons. Leptons are sensitive only to the electroweak force, and are further cate-
gorised in electrically charged particles, the electron e™, the muon p and the tau 7 and
the corresponding type of neutrino. Quarks are colour-charged particles that interact also
via the strong nuclear interaction. The flavour changing transitions are encoded in the
CKM mixing matrix for quarks [29]. As in the case of leptons, they also come in three
flavours, or families, namely up u, charm ¢, and top ¢t quarks with a charge assignment of
—i—%e, while the down d, strange s and bottom b quarks carry a negative charge —%e. All
fermions of the first generation are the stable matter constituents of ordinary atoms. The

6The Dirac mass term for fermions can be explicitly decomposed into m(¥ 1y r + ¥rvr), which is
evidently not invariant under SU(2), transformations since left- and right-handed fermionic fields belong
to different gauge representations.
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second and third generations can be regarded as direct generalisations of the first one.
Particles with higher generation index are exact replicas of the ones with lower index,
albeit larger in mass. A summary of the particle content in the SM, including their basic
properties, namely their mass and quantum numbers is shown in Table 1.1.

three generations of matter interactions / force carriers
(fermions) (bosons)

| 1] 1l
mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
@ '@ |- @ . @ |- H

up charm top gluon higgs

7 J e/
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
o B NN NI
down strange bottom || photon
) J\ )

J

=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 -1 -1 0

& W @ || @

electron muon tau Z boson
—

Z ‘ <1.0 ev/c? <0.17 MeV/c2 <18.2 MeV/c? =80.39 GeV/c?
0 0 0 +1

=@ (@ (@ [ @ |

o
w electron muon tau

| neutrino neutrino neutrino W boson

e

Figure 1.1: Elementary particles of the Standard Model including their masses and quan-
tum numbers taken from [30].

All fundamental known interactions except gravity are encoded in a single gauge group
structure satisfying an internal group symmetry, expressed as the direct product of Lie
groups:

where SU(3)¢ is the colour gauge group referring to chromodynamics, which com-
mutes with the electroweak gauge group SU(2);, X U(1)y. The gauge particles are the
vector spin-1 bosons massless photons v and gluons accounting for electromagnetism and
the nuclear strong interaction, respectively, and the massive vector W* and Z bosons re-
sponsible for the short-ranged, weak nuclear interactions. Parity violation in weak decays
is incorporated in SU(2);, group structure. As a consequence, left-handed and right-
handed particles are organised into different chiral mulitplets. All left-handed fermions
transform as SU(2); doublets. They are assigned a weak isospin of I3 = % for up-type
quarks and neutrinos, and of —% for down-type quarks and charged leptons. On the other
hand, since right-handed fermions do not contribute to weak currents, they transform as
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singlets under SU(2);, and are subsequently assigned a weak isospin I3 = 0.

In the low-energy limit, spontaneous symmetry breaking (SSB) of the electroweak
symmetry occurs, also referred to as the Higgs mechanism. The resulting electromagnetic
interaction is encoded in U(1)y,, a linear combination of U(1)y and a U(1) subgroup
of the original SU(2) group. Renormalisibility is a crucial ingredient for a finite, self-
consistent theory that is scalable at different energy ranges. The Standard Model is
renormalisable even after the occurrence of SSB as proven by t'Hooft [31]. This implies
that the coupling parameters of the theory are running, i.e. they display a dependence
on the energy scale p, encoded in the corresponding beta function, 5(g), which depends
implicitly on p. The only scalar (spin-0) particle present in the SM is the Higgs boson.
Its existence restores the unitarity bound of the tree-level amplitudes in the SM (for
longitudinal W and Z bosons and also fermions) which would otherwise be violated at
the scale Agwsp = V8mv ~ O(1TeV)®,

1.1.6 Electroweak symmetry breaking and the Higgs mechanism

The generation of non-zero masses for vector gauge-bosons and the fermions can be
achieved whilst maintaining electroweak gauge invariance via the Higgs mechanism, pro-
posed independently by Higgs [32], Brout, and Englert [33]. In the context of a gauge
field theory, the expression spontaneous symmetry breaking indicates that the Lagrangian
remains invariant under the original hidden symmetry. On the other hand, the redun-
dancy in description of the vacuum configuration (gauge symmetry of the ground state)
is explicitly removed by a particular choice of gauge fixing”. In the Higgs mechanism, the
scalar Lagrangian density of a non-Abelian gauge theory reads as:

Lrtiges = (D"®)1(D,®) — V(1®), (1.20)

where D* is the covariant derivative of the EW Lagrangian shown in Eq.1.16 and & is the
newly introduced complex scalar field, whose adjoint representation is the isospin doublet

(and colour singlet):
ot
o <¢0) | (1.21)

with hypercharge Yp = 1. The symbols ¢+ and ¢° denote the positively charged and
electrically neutral fields respectively. Invariance of the Lagrangian under the SU(2), X

"The sole exception are right-handed neutrinos, which are absent in the SM.

8The alternative way to restore unitarity other than including extra degrees of freedom (carried for
instance by the Higgs boson), would be to achieve spontaneous symmetry breaking by means a strongly-
coupled interactions present in technicolour models.

9The gauge symmetry is actually preserved via the Stuckelberg extension of the SM [34], which
provides a mechanism for a non-linear realisation of the gauge symmetry of the vacuum state.
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U(1)y gauge group as well as the renormalizability of the SM restrict the functional form
of the potential of the phi—to—the—fourth theory to:

V(OTP) = — 12T D 4+ A(DTD)2, (1.22)

where ;2 and ) are the parameters of the potential. The quartic coupling \ is responsible
for the scalar fields self-interactions. The requirement of vacuum stability forces the Higgs
potential to be bounded from below, which occurs for a positive definite value of AY. On
the other hand, the quadratic term p? has its sign reversed with respect to the Lagrangian
of a free complex scalar field with mass u, with a zero-valued minimum of the potential.
In fact, by imposing the condition u? > 0, the scalar field acquires a non-zero vacuum
expectation value (VEV) of v = /—p?/A. Consequently, a continuum of degenerate
minima fulfils the ground state condition ®'® = 5. In order to spontaneously break the
vacuum symmetry, the unitarity gauge is conveniently chosen for gauge fixing:

(0]®]0) = % (8) | (1.23)

This ensures conservation of electric charge and hence that the photon remains massless.
Since the electric charge operator still annihilates the vacuum state |0), it is by construc-
tion an unbroken symmetry generator. Therefore, the spontaneous symmetry breaking
of the electroweak group SU(2), X U(1)y into the U(1)gys subgroup is realised. The
value of the VEV of the Higgs field determines the electroweak scale, and it is fixed by
the reduced Fermi constant G% as v = (v/2G%)™'/2? ~ 246 GeV [30]. By expanding the
kinematic term in Equation 1.20 for small radial excitations of the Higgs field h = h(z)
in the vicinity of the VEV, viz:

B — % (U ! h) , (1.24)

one can infer directly from the O(v?) terms in the Lagrangian density vector boson mass
terms as follows:

1 1
mwy = —gu, mgzo = =v\/g> + g% = Tw (1.25)

2 2 cos Oy’

while the O(v) terms denote the coupling of the Higgs field to the weak vector bosons V:

m2

gy = 2—2. (1.26)
v

In the case of the massless gauge bosons, the Higgs coupling to photons and gluons can
only be induced by vector boson and fermionic loops. In the unitary gauge adopted, three

0Since the A\ parameter is also running with the interaction energy, this implies that A(u) should
remain positive up to the energy cut-off A of the theory.
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of the four degrees of freedom of the massless Goldstone bosons [35,36] are manifestly
absorbed after SSB into the longitudinal polarisation of the massive vector bosons. The
remaining degree of freedom represents the Higgs boson H, whose mass My = /—2u? is
a free parameter of the SM.

In addition, Weinberg noticed that the Higgs mechanism can be exploited also for the
mass generation of all the fermions. By postulating a gauge invariant interaction term
between the scalar Higgs field and the fermionic fields, namely the Yukawa term:

gYukawa = _ngZ}q)qﬂa (127>

a mass term for the fermion appears in the SM Lagrangian density after the occurrence
of spontaneous symmetry breaking:

1
my = —=giv, (1.28)

V2

where g{, is the Yukawa coupling constant of a fermion, which is found to be directly
proportional to the fermion mass. The recently discovered Higgs boson is the only fun-
damental scalar (spin-0) boson present in the SM. High precision measurements of the
mass of the Higgs-like resonant state at 125 GeV [37-39], as well as its spin properties,
[40,41] and decay width [39,42] have been found to agree with the predictions of the
SM. The production and decay modes of the Standard Model Higgs boson are discussed
thoroughly in the next section.

1.1.7 Search for the Standard Model Higgs boson at the LHC

Although the Higgs mechanism was formulated as early as in the sixties, the discovery of
the Higgs boson came only after decades of experimental effort. At high-energy hadron
colliders, there are several viable production mechanisms for the Higgs boson depicted in
Figure 1.2. The four dominant ones are in the order gluon fusion (ggF), vector boson
fusion (V BF), higgstrahlung (V H) and the production in association with top (ttH) and
bottom quarks (bbH).

The gluon-gluon fusion process gg — H exemplified in Figure 1.2 (a) is the production
mechanism with the highest cross section of 49 pb at /s = 13 TeV for a Higgs boson with
a mass of my = 125 GeV. The coupling to the gluon is mediated through a virtual quark
loop, induced mainly by top quark, whilst all other quark contributions are suppressed
by a factor mg.

The vector boson fusion process q¢ — Hqq shown in Figure 1.2 (b) is the second
largest Higgs production mode at the LHC, albeit an order of magnitude lower in cross
section with respect to ggF, as shown in Figure 1.3 (left). The weak bosons emitted by
the quarks in the initial state fuse to form a Higgs boson. The scattered quarks of the
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Figure 1.2: Diagrams exemplifying the main Standard Model Higgs boson production
mechanisms by means of gluon-gluon fusion (a), vector boson fusion (b), associated pro-
duction with vector boson (c) and with heavy-flavour quarks (d).

process initiate two hard jets with a large rapidity gap. This characteristic signature of
the VBF process can be exploited to distinguish it from QQCD background events.

The third dominant Higgs boson production mechanism at the LHC consists of the
associated-production with a vector boson V', exemplified in Figure 1.2 (c¢). It is also
referred to as the Higgstrahlung mechanism since an off-shell weak boson radiates a Higgs
boson while decaying to its on-shell state. This process is characterised by leptonic decays
of the vector boson and by the presence of missing transverse energy in the final state.
The resulting peculiar signature of the one- and two- lepton channels can be exploited to
reject efficiently background events already at trigger level.

The next most relevant production mechanism represented in Figure 1.2 (d) is the
Higgs boson associated production with a heavy flavour quark pair. As shown in Figure
1.3 (left) the cross section for the tf and bb associate Higgs production are both approxi-
mately 0.5 pb at /s = 13 TeV. This channel provides a unique tool to probe directly the
on-shell top-quark Yukawa coupling y;, thereby breaking the assumed degeneracy with the
off-shell coupling evinced from the ggF process. The ttH channel was recently observed
by CMS and ATLAS [43,44] at the LHC. The other production mechanism bbH is even
more challenging to measure due to the presence of large irreducible QCD background.

In addition, the SM Higgs boson possesses a plethora of decay modes, resulting in a
very rich phenomenology, which can be exploited to investigate its properties. The overall
decay width for a Higgs boson with a mass close to the observed value of 125 GeV is not
expected to be directly measurable at the LHC!!. In the case of a SM-like Higgs boson
the total width is predicted to be approximately 4 MeV for my = 125 GeV, which is a

1Tt can be inferred indirectly from the sum of the partial decay widths, assuming the coupling structure
mimics the SM expectation.
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Figure 1.3: The SM Higgs boson production cross sections versus the center of mass
energy, /s (left). The branching ratios for the SM Higgs boson decay modes in the
mass (right) for a mass range in the vicinity of mpy = 125 GeV [45]. The theoretical
uncertainties are represented as bands.

359 b7 (13 TeV)
T T

my
Ay

ATLAS

>|> 1ET t 2z L B
EZ CMS wz = TE Vs=13Tev,245-79810" 7.4
g S F my=12500GeV, |y, <25, p,, =78% & ' J
- ; E: 1otk SM Higgs boson W _
o 10° E 3
- F 3
> ]
E |I-L 102 e =
* 02 g e soncL ]
10" E = - —68% 3
....... SM Higgs boson 100 95%CL
E ul. E|
107 — (M, g) fit ] E Tg(m,) used for quarks |
M+ 104 =
[ J+2c £ 2 ]
14F 3
-4 = F g
s 10 | I E| ° 4ok
15 L 12f :
(D T T T T [ 1 E 1 l i I ]
o 1 ™ E 1] 13
o 05 E 08F , ‘ =
T okl ! ! ! 107" 1 10 10°?
o 1 2
10 1 10 10

N Particle mass [GeV]
Particle mass [GeV]

Figure 1.4: Best fit for deviations of the observed Higgs boson coupling from the Standard
model versus the mass of the particle obtained with LHC Run 2 data collected by CMS [46]
(left) and ATLAS [47] (right), respectively. The Higgs boson coupling is parameterised
respectively as kp - mp for fermions and as /Ky - my /v for weak bosons.

thousand times lower than the achieved mass resolution at the LHC. Consequently, the
observed Higgs boson has an extremely short lifetime 77 ~ 1.6 - 107225, and it decays
preferentially to the heaviest decay products that are kinematically allowed owing to the
coupling structure highlighted in Figure 1.4. The couplings of the recently discovered
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Higgs-like resonance at the LHC to fermions and bosons [39,48,49] are consistent with
a SM Higgs boson. In the case of fermionic decays, the partial decay width in the Born
approximation can be written as follows [50] :

o(H — ff) & Nemym?, (1.29)

where N, = 3 (1) is the colour factor for quarks, and leptons respectively, my is the Higgs
boson mass, and my is the fermion mass. Analogously, in Higgs boson decays into a pair
of vector bosons the tree-level decay amplitude can be written as in [51]:

o(H — VV) o< ym3 F(mi, m3,mg), (1.30)

with dy = 2(1) for the W and Z bosons respectively, while F(m?, m3 my) stands for a
kinematic contribution that depends on the mass of the Higgs bosons and of the vector
bosons. Furthermore, decays into massless vector bosons such as vy, vZ and gg can also
occur. The di-photon decay channel and H — vZ are loop induced by either W bosons or
electrically charged fermions, while H — gg is realised only through intermediate quark
loops.

Since the SM Higgs boson mass is a free parameter, once its value is fixed, the profile
of the Higgs branching fractions can be uniquely obtained. The most recent measurement
of the Higgs mass my = 125.38 £ 0.14 GeV [52] was performed at CMS exploiting the
decay channels H — ZZ* — 4] and H — <y by combining the Run 1 and the 2016
Run 2 results. Despite their low branching ratios, these so-called ”golden” channels
achieve the best sensitivity because of the low background rates and the excellent lepton
identification and momentum resolution of the CMS detector in the four-lepton final state;
the di-photon channel benefits instead from the outstanding performance in the energy
and momentum resolution. The 77 decay mode, which has the second largest fermionic
decay mode, was observed at the LHC [53,54]. It features the best sensitivity among the
fermionic decay channels due to its relatively clean signature. On the other hand, Figure
1.3 demonstrates that the highest branching fraction around BR(H — bb) ~ 57% occurs
for SM Higgs boson decays into a b-quark pair. The b- quark is the fermion with the
largest mass meeting the kinematic condition mpy > 2my. This process is particularly
challenging to detect due to the presence of the irreducible QCD background consisting
of multiple hadronic jets in the final state. At the LHC, the H — bb decay channel was
observed in the V H process [55,56], thus completing the picture of the third-generation
fermion couplings to the SM Higgs boson. The final state with two charged leptons
from the decay of the vector boson makes the largest contribution to the sensitivity of
the decay channel. The third most relevant fermionic decay process is the Higgs boson
decay to a pair of c-quarks, which occurs over 20 times less frequently than the dominant
decay channel H — bb in the SM. Because of the similar properties of heavy flavour
c- and b- jets, this process is extremely difficult to disentangle from the more abundant
H — bb channel. The current observed (expected) upper limit at 95% confidence level
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ono(pp — H+ X)B(H — p*u~) is a factor 3.0 (2.5) larger than the SM expectation.
In this limit obtained from the combination of 7, 8 and 13 TeV CMS results [57] the SM

production cross sections are assumed for a Higgs boson with a mass my = 125.09 GeV.

1.1.8 The shortcomings of the Standard Model

The Standard Model of elementary particles is regarded as one of the greatest triumphs
of fundamental particle physics. However, it does not incorporate gravitational quan-
tum effects that are expected to arise at the Planck scale Mp; ~ 10! GeV. Attempts at
quantising gravity in the framework of a perturbatively renormalisable QFT with 341
dimensions in a similar way to other SM force fields encounter several difficulties in math-
ematical consistency. Consequently, the SM must be an effective field theory valid up to
a certain energy scale A, at which new physics phenomena should be observable. The
large scale difference between the electroweak scale O(100GeV) and the Planck mass con-
stitutes the notorious hierarchy problem. This is not, strictly speaking, a problem of the
SM, since the latter is a renormalisable, UV-complete theory, i.e it is valid up to arbitrar-
ily high energy scales. However, the introduction of a cut-off scale in the regularisation
procedure below the Planck scale has important implications on the running masses of
the scalar particle present in the model. This translates in the naturalness problem of
the observed Higgs boson mass, the only fundamental scalar in the SM. The quadratic
one-loop radiative corrections to the Higgs boson mass my are given by [58]:

3GF
4+/272

where the top contribution has an opposite sign with respect to the bosonic induced
loops, and A is sensitive to the largest mass scale in the model. Thus, the experimentally
ascertained value of the Higgs boson mass of 125 GeV requires a large dose of fine-tuning
over at least 15 orders of magnitude to be kept at the electroweak scale. Another the-
oretical issue of the SM that is inherently linked to the concept of naturalness'? is the
strong CP problem, where the CP-violating phase in QCD is unnaturally suppressed
below [0] < 1071 [30]. Furthermore, the incontrovertible observation of neutrino oscil-
lations, originally considered massless in the SM, may be a hint of the existence of new
physics. The Standard Model also does not provide a dynamical mechanism to explain
the number of generations, and the large fermion mass hierarchy. The latter spans several
order of magnitudes, from the mass of the electron neutrino constrained below < 1.0 eV,
according to the recent KATRIN result [60], to the top quark mass, comparable to that
of a gold nucleus. Furthermore, the SM lacks a suitable matter candidate to account for

om3, = (4m; — 2m3y, — my —m3;) A?, (1.31)

12The t'Hooft naturalness criterion [59] states that a parameter of the Lagrangian is naturally small
only if the underlying theory acquires and additional symmetry when the parameter of interest is set to
Zero.
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the cosmological observation of dark matter. Non-baryonic cold dark-matter candidates
are instead present in supersymmetric theories, which are discussed in the next section.

1.2 Extensions of the Standard Model

Supersymmetry (SUSY) [61] is an attractive property of a large class of Beyond Standard
Model (BSM) theories. The Minimal Supersymmetric extension of the SM features an
enlarged Higgs sector, which is also prescribed by the more general T'wo-Higgs-Doublet
Models. In this chapter, a brief overview of supersymmetry precedes an extensive discus-
sion of the phenomenology of the Higgs sector in the MSSM and 2HDM models, with a
particular emphasis on the neutral BSM Higgs boson production and decay modes.

1.2.1 Supersymmetry

The Standard Model is subject to the Coleman-Mandula theorem [62], stating that the
allowed symmetries in a relativistic QF'T are exclusively a non-trivial combination of the
Poincare’ group and the internal symmetry gauge group. However, Wess and Zumino
demonstrated that this no-go theorem can be evaded by defining a new type of external
"supergauge” symmetry, or supersymmetry, connecting the bosonic and fermionic degrees
of freedom of the theory [63]. This is achieved by the introduction of an extended super-
Lie algebra whose symmetry generators transform as spinors under the Lorentz group. In
general, a SUSY generator (), transforms bosonic spinorial representations into fermionic
ones and vice versa. In the simplest supersymmetric models, the maximum spin difference
each particle and its supersymmetric counterpart, also referred to as superpartner, is %
The particle content in supersymmetric theories is organised into supermultiplets, con-
taining both bosonic and fermionic components, while the spinors are decomposed in the
left- and right-handed Weyl components, denoted with the indices o and 5 respectively.
The quintessence of SUSY models is encoded in the anti-commutation relation :

{Qom Qﬁ} = Q(U'u)aﬁplm (1.32)

where P, = —i0, is the space-time translation operator and ¢ are the Pauli matri-
ces. Equation 1.32 highlights the fact that supersymmetry is effectively a new space-time
symmetry, since fermionic generators act as the ”square root” of the four-dimensional
space-time derivative 9,'®. Supersymmetric models are particularly appealing since they
provide an elegant solution to the aforementioned gauge hierarchy problem. The cancel-
lation of quadratic divergences to the Higgs boson mass is achieved by the introduction of
two scalar superpartners for each fermion present in the SM. The coupling of the sfermions
to the Higgs boson is forced to be identical to the SM partner, albeit it contributes an

13This is analogous to the Dirac equation being the square rooted version of the Klein-Gordon equation.
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opposite correction in sign to the Higgs boson mass. Nonetheless, exact supersymmetry
cannot be realised in Nature since degenerate super-partners of the SM particles have
not been observed at colliders. Consequently, supersymmetry must be explicitly ”softly”
broken [64] such that Higgs mass radiative corrections are only logarithmically divergent!?.

R-parity conservation

The total baryon B and lepton L numbers are conserved quantum numbers of the SM
Lagrangian density, respectively defined as :

B=(n—ny)/3, L=m—np, (1.33)

where ny(ng) is the number of (anti-)quarks and n;(n;) is the number of (anti)-leptons.
Differently from the SM, lepton and baryon number violating terms can appear in the
SUSY Lagrangian density. However, current experimental bounds on the proton lifetime
7, > 2.1 x 10% years at 90 % confidence level [30] pose stringent constraints on the
simultaneous presence of L and B violating terms. A discrete multiplicative quantum
number, namely R—parity, also referred to as matter parity, is introduced:

RP — (_1)25+3B+L’ (134>

where S denotes the spin of the particle. By construction in R-parity conserving
models, all SM particles possess even R-parity, whilst SUSY partners are characterised
by odd-parity. Therefore, SUSY particles can only be produced (or annihilated) in pairs
at colliders, since the initial state contains only particles with parity Rp = +1. If exact,
R-parity also enforces the absence of mixing between supersymmetric and SM particles.
The conservation of R-parity has interesting phenomenological implications for the lightest
supersymmetric particle present in the model (LSP). The LSP particle must be the end-
product of a SUSY particle decay chain, therefore it is stable. It is also likely to be colour-
and electrically neutral, which would render it a plausible non-baryonic cold dark matter
candidate [65].

1.2.2 Minimal Supersymmetric SM extension

The simplest supersymmetric extension of the SM characterised by the minimal particle
content is the Minimal Supersymmetric Standard Model (MSSM). In this theoretical
model, all SM field representations are promoted to the corresponding supermultiplet. In
general, in renormalizable field theories only two classes of supermultiplets are allowed,
vector and chiral supermultiplets. In the MSSM, the vector multiplets accomodate the
SM vector gauge bosons and the corresponding fermionic superpartner, while each chiral

14This ”soft SUSY breaking” mechanism is valid as long as new heavy particles are observed at the
TeV scale.
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multiplets comprise a SM fermion and its relative scalar superpartner. There are two
classes of bosonic superpartners, squarks and sleptons conventionally named with the
prefix ”s” after their SM counterpart. Since the gauge structure SU(3)c X SU(2), XU (1)y
of the SM is preserved, the vector superfield associated with each gauge group establishes
the presence of spin % partners of the gauge bosons, referred to as gauginos. Among the
latter, the zino and the photino carry the same quantum number as the neutral higgsinos,
the fermionic superpartners of the neutral Higgs bosons. Thus, these electroweak states
should mix, yielding the four mass eigenstates called neutralinos, denoted as XY, ..., X{,
while the charginos Y7, X3 are a linear combination of the winos and the charged higgsinos.
Since the LSP must be uncolored and uncharged to contribute to the observed relic dark-
matter density, the only viable candidates are sneutrino and the neutralinos. However, the
exclusion limits from direct sneutrino searches combined with indirect constraints on the
Z boson invisible decay width [66] ruled out the first option in the MSSM. An overview
of the extended Higgs sector in the MSSM model with R-parity conservation follows.

1.2.3 The Higgs sector in the MSSM

The MSSM features an extended Higgs sector with two chiral Higgs supermultiplets. The
latter comprise two SU(2) Higgs doublets with opposite hypercharge, responsible for the
Yukawa interactions with the up-type and the down-type fermions and the corresponding
higgsinos denoted as ®,, ®,;. There is a two-fold motivation for the presence of two
distinct Higgs doublets. On one hand, the superpotential of any supersymmetric theory
must be a holomorphic function of the chiral supermultiplets [64]. Consequently, simple
charge conjugation of the Higgs doublet coupling to up-type fermions to yield the down-
type Yukawa terms is disallowed, unlike in the SM. Furthermore, the gauge anomaly-free
character of theory, achieved in the SM due to the peculiar hypercharge pattern, must
be enforced in the MSSM by inclusion of an additional, suitably defined Higgs doublet.
The simplest form of the CP-preserving Higgs potential in the MSSM'® can be derived,
in analogy with Equation 1.22, as:

1
Varssu (P, o) = ’M|2|q)1|2 + |/~L|2|(I)2|2 + 1(92 +¢?) (|(I)1|2 + |q>2|2) +
1 1
+z_1(92 — g%)|®*|®]” - 592‘@1@2@3@17

(1.35)

where ®; and ®, denote the down- and up- type Higgs doublets, while p is the supersym-
metric Higgsino mass parameter. Differently from the SM, supersymmetry dictates that
the quartic Higgs coupling must be defined as a function of the squared electroweak g2
and ¢"? gauge couplings'®. Minimising the MSSM potential, only the electrically neutral

1580ft SUSY breaking correction terms are omitted for simplicity.

16The scalar Higgs couplings are the cubic A3 = %(92 — ¢"?) and the quartic coupling Ay = —%(g

respectively.
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components of the Higgs fields ®) acquire non-zero VEVs in order to preserve U(1)ep,
after electroweak symmetry breaking :

o0 =5 (1) oleaio = 52 (1), (1.6)

where the vacuum expectation values v; and vy must satisfy v = /v? +v3 ~ 246
GeV to correctly reproduce the vector gauge boson masses. The ratio of the vacuum
expectation value is defined as tan /3 = vy/v1. Prior to symmetry breaking, the Higgs
doublets contribute each four degrees of freedom, three of which are then absorbed by the
three massive gauge bosons. Consequently, the remaining five physical degrees of freedom
give rise to two charged Higgs bosons, H*, and three neutral states, the h, H and A
bosons, collectively denoted as ¢ = {h, H, A}. The A boson is a CP-odd pseudo-scalar
stemming from the rotation of the imaginary part of the neutral components of the Higgs
doublets as follows:

A =V2(Img?sin B — Ime cos 3), (1.37)

while the CP-even states originate from the superposition of the real part of the Higgs
doublets. Assuming that the h boson is the lightest state the mixing is given by:

h\ [—sina cosa \/§Re¢? — U1 (1.38)
H) \ cosa sina) \V2Red) —vy)’ '
with the mixing angle « defined as [67]:

—(m% + m?) sin 23

(m% —m%) cos 2B + \/(m% +m?%)? — 4mZm% cos? 23’

tana =

(1.39)

to diagonalise the tree-level squared-mass matrix of the CP-even states'”. The result-
ing tree-level mass eigenvalues of the CP-even states are:

1
mp g = 5 (mQA +m% F \/(m?4 +m?%)? — 4m%}m? cos? 26) . (1.41)

Furthermore, the charged Higgs boson masses are given to lowest order by the expres-
sion:
mye = m3 + miy. (1.42)

17"The tree-level mass-squared matrix of the CP-even states reads [67]:

M2

tree =

m? sin? B +m% cos? B —(m?% + m%)sin S cos 3
= (2 2\ o 2 2 2 2 . (140)
(m%5 +m7)sinfBcosB  m% cos® B+ mysin®
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Thus, the parameter space of the MSSM Higgs sector can be interpreted at tree level
as a function of only two non-SM parameters, conventionally selected as tanfg and the
mass of the A boson, as well as the vector boson masses. In the region of phase space
where my4 > my, referred to as the decoupling limit, Eq. 1.41 simplifies to :

m; ~ m3 cos® 23; my; ~ m% + my cos® 23. (1.43)

As a consequence, the tree-level mass of the h boson is bounded from above by the
Z boson mass, as illustrated in Figure 1.5. The other Higgs states form a high mass
degenerate triplet since in this limit my ~ myg >~ mpy«.
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Figure 1.5: MSSM Higgs bosons tree-level masses against the pseudoscalar mass m 4 for
the values of tan § = 3;10 [67].

Searches for MSSM Higgs boson conducted at the Large Electron-Positron collider
(LEP) established a lower bound on the Higgs boson mass of 114.4 GeV [68] at 95%
confidence level. The latter is incompatible with the tree-level condition my, < mz|cos2f|.
Thus, substantial radiative corrections arising from the SUSY sector parameters to the
Higgs sector were introduced to reconcile the MSSM prediction with LEP constraints.
The leading loop-induced correction to the lightest CP-even Higgs state arises from the
top/stop sector:

39°my}

m&ﬁ), (1.44)

m; < m3 cos? 283 + 3
8mEmy,  my

where m; is the stop mass parameter. The observation of a SM-like CP-even Higgs
boson with a mass of 125 GeV at the LHC posed additional constraints on the MSSM
parameter space.
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This result is of particular phenomenological interest since the lightest CP-even state
decouples entirely from the rest of the Higgs sector. In fact, in the decoupling region, the
alignment limit, i.e. a &~ § — 7/2 is automatically verified'®. The latter corresponds to
the particular direction in field space, for which the lightest CP-even state is aligned with
the SM Higgs boson [15], viz :

hsy = hsin(a — 3) — H cos(a — B). (1.45)

In this limit, the lightest CP-even Higgs boson possesses identical tree-level couplings
as in the SM case. This is in agreement with the measured Higgs boson properties
[42,46,47,69], while the interpretation of the observed h(125) resonance as the heavier
CP-even state is disfavoured by data.

1.2.4 Production and decay modes

The production and decay modes of the MSSM Higgs bosons are mostly driven by the
coupling structure. The coupling of the neutral MSSM Higgs bosons to up- (k") and
down-type quarks and charged leptons (k%) and to massive vector bosons (k") with
respect to the equivalent SM Higgs boson couplings are illustrated in Table 1.1.

KU /{d,ﬁ /{V
h | cosa/sinf3 | —sina/cosf | sin(f — «)
H | sina/sinf | cosa/cosf | cos(f — )
A cot 3 tan 0

Table 1.1: The coupling of the neutral MSSM Higgs bosons to up- (k*) and down-type
quarks and charged leptons (k®' ) SM fermions and to massive vector bosons (k") with
respect to the SM Higgs boson couplings [15].

The main production mechanism for the MSSM Higgs bosons at the LHC are the
gluon fusion gg — ¢ and the b-associated production bb¢. Gluon fusion prevails at tan/3
< 30 [70], while at leading order the bottom Yukawa coupling is enhanced by tanf, lead-
ing to the b-associated production becoming dominant at high tang.

The partial decay widths of the CP-even MSSM Higgs bosons into a fermion or a vector
boson pair are obtained directly from the SM equivalent width by rescaling the relevant
Higgs boson couplings. The partial decay widths of h and H boson into massive weak
bosons is significantly lower with respect to the SM equivalent process. The kinematic

18Exact alignment can also be obtained irrespective of the Higgs boson mass spectrum, albeit with an
accidental cancellation between tree-level mixing parameters and the first-order loop corrections in the
CP-even mass-squared matrix.
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constraints account for this reduction in the case of the A boson, while the suppression of
the coupling x}; affects H — V'V decays. Furthermore, the A boson tree-level decays to
a massive gauge boson pair vanish owing to CP conservation.

1.2.5 SUSY radiative corrections on bottom Yukawa coupling

Beyond tree-level, the bottom Yukawa sector receives large radiative corrections involving
additional SUSY parameters, with a sizable impact on the main MSSM Higgs boson
production and decay processes. The coupling of the up-type Higgs doublet &5 to down-
type fermions is loop-suppressed, leading to an additional term, namely the wrong-sign
Higgs interaction in the Lagrangian density:

&L = ghdb + Agh DOb, (1.46)

where the second term is loop-induced by SUSY particles with a mass below the soft-
SUSY breaking scale. As a consequence, the running b-quark mass m, is subject to a
modification A, arising from SUSY radiative corrections:

my = gov(l 4+ Ay). (1.47)

Among the latter, the dominant contribution stems from the SUSY parameters of the
QCD sector, in particular the sbottom-gluino loops, hence A, can be expressed as:
B Agb 200 pmg tan 3

Ap=——tanf ~ ® x ,
9y 3m - max(mg, myy, my,)

(1.48)

where mg, mg, mj, are the gluino ans sbottom masses respectively. Therefore, the
correction Ay yields an additional tan § dependence of the bottom Yukawa coupling with
respect to the tree-level dependence on the angles o and 3. As a consequence, the bottom
Yukawa coupling modifier of the lightest CP-even boson with respect to the SM Higgs
boson coupling becomes:

_sina[ B Ay
cos 3 1+ A,

Kb = (14 cot arcot B)], (1.49)

which can generate a considerable shift in the partial decay width h — bb. In fact, the
magnitude of this correction can attain a value of A, ~ 0.5 for large tan 8 > 1. The sign
of the correction is instead controlled by the Higgsino mass parameter u. For negative
values of Ay, the bottom Yukawa coupling may be strongly enhanced. In the limit where
A, approaches -1, the bottom Yukawa coupling may exceed the perturbative limit and
enter in tension with unitarity constraints. As a consequence, from theoretical arguments
the accessible range of tan 5 in the MSSM is expected to be restricted to:

1< tanf < % (1.50)
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where the upper (lower) bound is set by the requirement of a perturbative bottom (top)
Yukawa coupling. In the alignment limit, the bottom Yukawa coupling modifiers of the
remaining neutral MSSM bosons with respect to the SM Higgs boson become:

tan
14+ A,

kY~ Kl A : (1.51)

In the context of this thesis, the process of interest is the b-associated production
of neutral Higgs bosons ¢ = h, H, A that later decay into a b-quark pair, exemplified in
Figure 1.6, which is controlled by the effective strength of the bottom Yukawa coupling
of the MSSM Higgs boson.

b
Y OO0 ——
by b
¢
by ) b
b

7 OO0 ——

Figure 1.6: A Feynman diagram illustrating the ¢ boson production in association with
b-quarks and its subsequent decay into a b-quark pair, realised with [71].

From Equations 1.49 and 1.51 it follows that, in the alignment limit, the bb(¢ — bb)
process is largely dominated by the A and H boson contribution. In fact even for moderate
tan 8 2 10, the lightest CP-even boson accounts for a negligible contribution below the
subpercent level. In the decoupling region, the branching fraction of the A — bb decay
approximately reads [72]:

9

(1.52)
where the numerical factor of 9 corresponds to the squared colour factor N, = 3. There-
fore, the overall rate for the b-quark associated A — bb production becomes :

tan? 3 o 9
(1+ 24,27 (144,249’

o(bbA)B(A — bb) =~ o(bbA)sy (1.53)

where o (bbA)gas is defined as the production cross section for the SM Higgs boson at an
same mass value as m4. An analogous expression can be formulated for the H boson
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assuming near degeneracy in mass with the CP-odd Higgs state. The total cross section
of the b-quark associated ¢ — bb production is subsequently given by:

o (bbg)B(¢ — bb) ~ 2 x o(bbA)B(A — bb). (1.54)

The large number of free parameters present in the MSSM renders an exhaustive scan
of the parameter space of the theory inconvenient for the purpose of this work, as well
as of the majority of physics analyses. To this end, a series of benchmark scenarios have
been devised to probe a particular configuration in MSSM parameter space consistent
with the observation of a Higgs-like particle with a mass of 125 GeV. The number of free
parameters is limited to the tree-level parameters m, and tan 8 plus the vector gauge
boson masses. An overview of the main MSSM benchmark scenarios is discussed below.

1.2.6 Benchmark scenarios

Several MSSM benchmark scenarios have been conceived and updated over time, incor-
porating the constraints deriving from the interpretation of Run 1 [67,73] and Run 2 [74]
data collected at the LHC. Most importantly, the major discovery of a SM-like Higgs
boson whose mass and couplings are compatible with the lightest CP-even scalar present
in the MSSM is included. Alternative assignments of the observed scalar particle to the
heavier CP-even state are strongly disfavoured by data [75,76]. In addition, the non-
observation of additional Higgs states and of supersymmetric particles further constrains
the parameter space of these models. Despite the high accuracy in the determination of
the observed Higgs boson mass, a conservative uncertainty of +3 GeV is assumed in order
to account for the unknown impact of the higher-order SUSY corrections. The predicted
mass value for the lightest MSSM CP-even scalar state is set to 125 GeV [67].

The hMSSM benchmark scenario

The hMSSM ("habemus MSSM”) phenomenological scenario follows a peculiar “model
independent” approach. The theoretical predictions regarding the features of the MSSM
Higgs sector are by construction independent from the SUSY parameter space.

This approach is based upon a series of simplifying assumptions relating the SUSY
sector. Firstly, the discovered Higgs boson is identified as the lightest MSSM CP-even
boson. Secondly, only the top/stop loop induced radiative corrections to the Higgs boson
mass, succinctly formulated in Eq. 1.44, are taken into consideration. Lastly, because
of the non-observation of supersymmetric particles at the LHC, their characteristic mass
scale Mg is lifted to values well beyond the TeV scale, so that any other alteration of the
Higgs sector properties is discarded.

Following these assumptions, the heavy CP-even scalar mass can be obtained from the
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stop sector radiative corrections as follows:

(m? +m% — m?2)(m% cos® B+ m? sin® B) — m%m?% cos® 23)

2 Log2 2 G2 2 ’
my, cos? B + m?5 sin® f —m;

mi = (1.55)
whereas the formula for the H* boson masses is identical to the tree-level expression
shown in Eq. 1.42. Under this simplified scenario, the Higgs sector can be parameterised
solely in terms of tan # and m,4, without any further assumption regarding the SUSY
parameters. Owing to the lack of SUSY radiative corrections to the bottom Yukawa
coupling, the hMSSM scenario is only an approximate representation of the MSSM for
intermediate tan 8 2 10. The most recent coupling measurements of the observed h(125)
state performed with the full Run 2 data at ATLAS [47] exclude a rectangular region in
the [tan 3, ma] plane of this scenario, corresponding to an observed limit on m4 < 520
GeV for tan § < 25 at 95% confidence level.

The m™9 benchmark scenario

max

The m"°? scenario [73] is an upgraded version of the m™® scenario [77], initially conceived
to maximise the lightest CP-even Higgs boson mass in the context of LEP Higgs searches
[78]. Prior to the discovery of a Higgs-like resonance at the LHC, the higher order SUSY
correction from the stop sector in the m;'®* scenario were tuned to lift the mass of the
lightest CP-even MSSM state m;, well above 130 GeV for tan f 2 10 in the decoupling
region. The mj** scenario is compatible with the observed scalar state exclusively for low
tanf values. Consequently, a new SUSY parameter configuration has been proposed in
the modified m™°? scenario. The agreement of the light h boson state with the observed
SM-like Higgs boson over a large region of the [tan 3, m4| plane is ensured by decreasing
the contribution from the stop sector in the radiative corrections to the Higgs boson mass,
achieved by requiring :

| Xy /Msusy| < 2.0, (1.56)

where the SUSY parameter Mgysy denotes the squark mass for the third generation
sfermions and X, is the mixing parameter defined as X; = A; — pcot 5. Two possible
variants of this scenario have been proposed, namely the mhm"dJr and m"°d" scenarios,
based on the definition of the sign and absolute value of this ratio. On one hand, the pos-
itive sign of the quantity uMs is in good agreement with the anomalous muon magnetic
moment (g — 2), measurement, whereas the product pA; is in better agreement with the
observed flavour anomalies in rare B-meson decays, particularly in the BR(b — vs) ob-
servable. The parameter settings common to the m™*" and m™°%" benchmark scenarios

are summarised below:
= My =200 GeV, m; = 173.2 GeV, Msysy = 1000 GeV,
M, /My = 5/3 tan? b, Mg = Mg, , = 1500 GeV, M, = 500 GeV, (1.57)
M, = 1000 GeV, Ay=A, = A, = X; + pcot 5, Agze b, + = 0.
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In comparison with the hMSSM scenario, this configuration of the MSSM parameter
space implies the prediction of lighter SUSY particles, in particular in the case LSP
candidates such as neutralinos and charginos. The subsequent reduction of the MSSM
boson fermionic decay modes such as bb and 77~ is significant for tan 8 < 20. In this
region of phase space, the decay of the MSSM Higgs bosons into a pair of charginos or
neutralinos can attain a value up to ~ 80%.

Other scenarios

Additional benchmark scenarios have been proposed that achieve consistency with the
observed Higgs resonance. The light—stop scenario requires a large value of |X;| and a
low value of Mgysy to maximise the value of mj. This leads to a value of M; ~ 324
GeV, which is expected to make a sizeable impact on the effective rate of the gluon-fusion
process. Differently from the light ¢ scenario, in the light-stau scenario the existence
of relatively light 7 with a mass around 250 GeV should yield a substantial alteration
of the lightest CP-even boson decay h — 77, which, however, has not been observed
in data. Aside from the loop-induced modifications of the MSSM Higgs boson vertices,
propagator-type corrections affecting the CP-even mixing angle « are taken into account
in the 7-phobic scenario. The latter is also characterised by the presence of light stau
particles. In addition, in this scenario, SUSY radiative corrections suppress the coupling
of the lightest MSSM scalar to down-type fermions.

Recently, new benchmark scenarios have been proposed in [79] incorporating all con-
straints from negative BSM searches with Run 2 data. The mi°¢ scenario has been re-
placed by a new vanilla benchmark scenario, referred to as the m;?® scenario, which fixes
all supersymmetric particles masses at an energy scale above the TeV level. Nevertheless,

these scenarios have not been included in this work owing to their recent appearance.

1.2.7 The Two Higgs Doublet Model

Theoretical models comprising an enlarged Higgs sector provide a fertile ground for many
BSM signatures due to their richer phenomenology. However, there are several exper-
imental and theoretical constraints defining the possible extensions of the Higgs sector.
One major restriction is posed by the p parameter, defined as the ratio M2, /(M2 cos Oy?),
which is experimentally measured very close to unity [30]. This condition is automati-
cally realised at tree-level in the SM. The most natural minimal extension of the Standard
Model satisfying this constraint is the addition of an extra gauge singlet or alternatively
of another Higgs doublet. The Two-Higgs Doublet Models (2HDM) [15] feature two com-

plex SU(2) doublets and in general may introduce CP- and charge violating terms!? in

19 Additional sources of CP violation represent one of the three Sakarov conditions necessary to account
for the baryon asymmetry in the universe.
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Model u'y A et
Type 1 d, b, d,
Type II d, D, P,
Lepton-specific | ®, b, d,
thped (I)Q (I)l (DQ

Table 1.2: The four types 2HDM Models leading to natural flavour conservation. The
coupling of the right-handed up- (ug) and down- (dg)-type quarks as well as of charged
leptons (er) to either Higgs doublet ®; is illustrated. The superscript i indicates the
fermion family index.

the Higgs potential. Imposing CP conservation whilst preserving the SM gauge group
structure, the 2HDM potential takes the following form:

A
Varpa (®1, ®a) = miy [ @1 + m3, | 0o — mi, [@] Dy + DL)] + 71|‘I’1|2+
. - Xs (1.58)
+ 5 1Pl + 2] @1 [ 2o + MDD, dID, + 5 [(cb{cbg)? + (®ld)?|,

where the quartic terms have been discarded. The symbols mii, mos, mi2, denote the
mass matrix parameters while \;, Ao, A3, Ay, A5 represent the scalar Higgs self-couplings.
Despite the increased number of free parameters with respect to the MSSM Higgs poten-
tial, two-Higgs-doublet models also acquire five physical Higgs bosons after the occurrence
of electroweak symmetry breaking. The non-observation of flavour-changing-neutral-
currents (FCNCs) at tree-level poses another stringent phenomenological constraint on
the Yukawa sector of the 2HDM.

The Paschos-Glashow-Weinberg theorem [80,81] dictates that a necessary and sufficient
condition to forbid FCNCs at tree-level is that all fermions with a given charge and chi-
rality must transform under the same SU(2) irreducible representation. In the context of
the 2HDM, this is guaranteed by the introduction of discrete global symmetries [15] re-
lating the Yukawa interactions of fermions. This condition restricts the number of viable
CP-preserving 2HDM models with natural flavour conservation to only four possibilities.

A Zy symmetry ®; — —®; is implemented in the Type I 2HDM to force all right-
handed quarks to couple to a single Higgs doublet, conventionally chosen as ®5. In Type
IT 2HDM, the right-handed up-type quarks couple to one SU(2) doublet, (usually chosen
as ®,) whereas the down-type quarks must couple to the other (®;). This is enforced by
imposing an additional discrete symmetry dy, — —dk leading to the same Higgs sector
structure as in the MSSM?°.

20Tn the case of the MSSM, however, this configuration of Yukawa couplings is obtained by the impo-
sition of a continuous symmetry.
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In Type I and IT 2HDM models, the right-handed leptons couple to the same Higgs doublet
as the down-type quarks as reported in Table 1.2. However, this is not a prerequisite of
the Glashow-Weinberg theorem, hence two additional models are allowed: the Type 111
2HDM, also referred to in the literature as the lepton-specific model, in which all right-
handed leptons couple to one Higgs doublet (®;), and the right-handed quarks to the
other (®5); the flipped model, or Type IV 2HDM, with the same Yukawa couplings for the
quark sector as in Type-II, but with the right-handed leptons now coupling to ®;.

A summary of the Yukawa sector for the neutral 2HDM bosons, in terms of the Yukawa
coupling to fermions relative to the corresponding SM Higgs boson coupling is illustrated
in Table 1.3. The couplings of the gauge bosons to the neutral 2HDM Higgs bosons
relative to their couplings to the SM Higgs boson, regardless of the 2HDM type are as
follows:

k), = sin(B — a), Ky, = cos(B — a), kY = 0. (1.59)

The CP-odd pseudoscalar decay into a pair of vector bosons is forbidden owing to the
conservation of parity. The couplings of the lightest CP-even state to both fermions and
bosons are identical to that of the H boson, when the mixing angle « is shifted by 7/2,
as expected from Eq. 1.38. In the case o = (8 + m/2), the gauge-phobic limit for the
h (H) boson is reached, meaning that the decays of the CP-even bosons into a pair of
vector bosons are suppressed at tree-level.

type-1 type-11 lepton-specific flipped
Ky | cosa/sinf | cosa/sinf3 cos v/ sin 3 cos o/ sin 3
k& | cosa/sinf | —sina/cosB | cosa/sinf3 | —sina/cosf3
Ky | cosa/sinf | —sina/cosB | —sina/cosB | cosa/sinp3
KY | sina/sin B | sina/sinf sin «v/ sin 3 sin o/ sin 3
k% | sina/sin 8 | cosa/cos sin o/ sin 3 cosa/ cos 3
kY | sina/sin B | cosa/cos 3 cos a/ cos (3 sin v/ sin 3
KY cot 8 cot 8 cot B cot 8
k% —cot f3 tan —cot f3 tan 3
KY —cot f3 tan tan 3 —cot 3

Table 1.3: Yukawa couplings to right-handed up(u)- and down(d)-type quarks as well as
charged leptons () of the neutral Higgs bosons in 2HDM relative to the analogous SM

Higgs boson coupling [15].

1.2.8 Comparison with the MSSM

The 2HDM Type-II model is a generalisation of the MSSM without supersymmetric con-
straints, featuring the same Higgs sector. There are however some distinctive differences
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between the two models with important phenomenological consequences:

e the type-II 2HDM does not pose a stringent constraint on the lightest CP-even
Higgs boson mass;

e the scalar Higgs self-couplings and the mass; mixing mqy are free parameters in the
2HDM models;

e the mixing angle o between the CP-even bosons, which in the MSSM is a function
of the masses of the Z and the A bosons, is also unconstrained; thus it can vanish
at the b—phobic point, unlike in the MSSM, where a value of a = 0 is disallowed at
tree-level;

e in all 2HDM types, a lower (upper) bound on tan 8 of approximately 0.3 (100) can
be derived by enforcing perturbativity on the top (bottom) Yukawa coupling. The
allowed parameter space in the MSSM is restricted to 1 < tan 5 < 60 owing to the
different § functions for the Yukawa coupling, which receive additional supersym-
metric constraints.

MSSM-like benchmark scenario

Several benchmark scenarios have been proposed by Haber and Stal [82]. Among them
the benchmark “Scenario G” is particularly interesting for it resembles MSSM, yet it is
not restricted to 2HDM Type-II. This scenario prescribes the following settings for the
parameters of the 2HDM Higgs potential:

As =0,  my=125GeV, my=my=mys, mi,=0.5-m3}sin2p3. (1.60)

In this configuration of the 2HDM parameter space, three free parameters can be
identified, namely my, tanf and cos(5 — «). The latter substitutes without loss of gen-
erality the CP-even mixing angle o, which is an additional parameter with respect to the
MSSM tree-level parameter space. Consequently, three-dimensional scans of the 2HDM
parameter space have been performed to interpret the results in the light of the 2HDM
Type-II and flipped model, where the sensitivity of the analysis is prominent. The values
of the 2HDM cross sections and branching fractions have been computed with next-to-
next-to-leading order precision utilising SUSHI v. 1.6.1 [83], 2HDMC v. 1.7.0 [84] and
LHAPDF v. 6.1.6 [85] to achieve a fine mesh of the 2HDM parameters my, tanf and

cos(ff — a).
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1.2.9 Production and decay modes

Owing to the large number of 2HDM models and parameters, it is customary to pursue
a strategy in which the parameter space of the 2HDM models under scrutiny is relevant
for the physical process being probed. In the 2HDM Type-II and in the flipped model,
the bottom Yukawa coupling of the CP-even H and CP-odd A bosons exhibits a tan(
dependence:

kG ~ k% =tan 3, (1.61)

with respect to the SM Higgs boson Yukawa coupling. The relation for k¢ holds in the
alignment limit*'. On the other hand, at low values of |cos(8 — «)|, the bottom Yukawa
coupling of the lightest CP-even state tends to the corresponding value of the SM Higgs
boson coupling. The dominant neutral Higgs boson production modes in the 2HDM Type-
IT and flipped model are gluon fusion and b-associated production. The other production
modes involving the presence of a weak gauge boson are highly suppressed for analogous
reasons as in the MSSM. Because of the enhacement of the Yukawa coupling to down-type
quarks, the b-associated production dominates at large tan/s in both 2HDM Type-II and
flipped models.

Fermionic decays

The branching fractions of the mass degenerate H and A bosons for a Higgs boson mass
value of ma g = 300 GeV at a moderate value of tan 8 = 30 are displayed in Figure 1.7
for the Type-II 2HDM and the flipped model, respectively. In both models, the tan-
enhancement of the bottom Yukawa coupling of the A and H bosons renders the bb decay
mode the dominant fermionic contribution over the full cos(3 — «) range for tan 5> 1. In
the Type-I1 2HDM model, the second most relevant fermionic decay channel A/H — 77~
is lower in branching fraction by m?2/3m3. This fixed factor is approximately 10% of
B(A/H — bb), using the running b-quark mass value in the computation. In the case of
the flipped model, because of the dependence of the down-type quark (charged lepton)
Yukawa coupling on tan 3 (cot 3) highlighted in Table 1.3, the A — 777~ decay mode
is suppressed by a factor tan’3 with respect to the bb decay mode. In the case of the
analogous decay for the H boson, the reduction is maximal near the alignment limit. The
slight asymmetry in the H — 777~ branching fraction is caused by the presence of the
tau-phobic point at sina = 0, as it can be evinced from the Yukawa coupling modifiers
listed in Table 1.3. The plots shown in Appendix A highlight that the fermiophobic point
of the H boson drifts towards the alignment limit when tan 5 is increased.

21The H boson coupling %, = cosa/ cos B = cos(3 — a) +tan Bsin(B — a) approaches tan3 in the low
|cos(B — a)]| region.
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Figure 1.7: Branching fractions of the CP-odd A boson (top row) and of the CP-even H
boson (bottom row) computed in the type IT 2HDM (left column) and in the flipped model
(right column) as a function of cos( — «) for the benchmark masspoint m i = 300 GeV

at a moderate value of tan § = 30.



36 Chapter 1. Theoretical framework

Bosonic decays

Inspecting the bosonic decay modes in both models, it can be noted that the A — Zh
partial width becomes comparable to that of A — bb only as |cos(8 — )| — 1 and it
vanishes in the alignment limit. The analogous Zh decay channel for the H boson is
disallowed as a result of CP invariance. The decay channels into a di-boson pair, in
particular the H — hh, make a leading contribution as |cos(8 — «)| approaches unity,
while the gauge-phobic point for the H boson is reached at zero. Nevertheless, the H — bb
process is the prevailing decay mode in the central |cos(8 — «/)| region.

The alignment limit is of particular interest since all Higgs boson couplings acquire the
corresponding Standard Model values. Constraints from the rates of the observed Higgs
boson production and decays obtained by Higgs boson coupling measurements performed
with Run 2 data collected by CMS [46] and ATLAS [47] exclude a large portion of the
[tan 3, cos(8 — «)| plane. Only the central |cos(8 — a)| region is allowed as well as a
narrow portion of phase space arising from the possible negative sign of the down-type
Yukawa couplings with respect to the SM prediction.

Total production rate of the main process

Overall, the A/H — bb partial decay width in the type-II 2HDM and the flipped model
are comparable due to the identical Yukawa structure for quarks. As it will be discussed
later, a unique sensitivity for the bbg production mode in the ¢ — bb channel is achieved
in the central |cos( — )| region for the flipped model. The overall production rate of the
process o(bbp) B(¢p — bb) assuming a fixed mass value of m;, = 125 GeV for the lightest
CP-even state (as required by the MSSM-like parameterisation) is illustrated in Figure 1.8
in the 2HDM Type-II and flipped models. As expected from the tan 8 dependence of the
A/ H coupling to b-quarks, the rate of the process is greatly enhanced in the vicinity of the
alignment limit. The lightest CP-even Higgs boson contribution to the total production
rate is limited to the first mass-point and it is found to be at the sub-percent level for
tan 5 2 10.
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Figure 1.8: Overall production rate of the process o(bbg)B(¢ — bb), versus my for a fixed
value of the mass of the lightest CP-even boson m; = 125 GeV. The results are shown
in the type-II 2HDM model (left column), and the flipped model (right column) for two
values of |cos(f — )| = 0.1 (top row) and 0.8 (bottom row) for several values of tanf.
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CHAPTER 2

The Compact Muon Solenoid
experiment at the Large Hadron
Collider

he Large Hadron Collider (LHC) [86] is the world’s largest particle collider operating
T at an unprecedented center-of-mass energy of 13 TeV. It outperforms in instanta-
neous luminosity by over twenty times the former largest collider Tevatron, whose collab-
orations CDF and D@ [12,87] were credited with the discovery of the top quark in 1995.
After that, the Higgs boson was regarded as the last unobserved particle of the Standard
Model. The experiments conducted at the Large Electron-Positron collider (LEP) estab-
lished a lower bound on the Higgs boson mass of 114.4 GeV [68] at the 95% confidence
level. The LHC was designed specifically to perform searches for Higgs bosons over a
large mass range and to potentially target BSM signatures. The discovery of a SM-like
Higgs boson state announced by LHC in 2012 may represent a portal to an unexplored ex-
tended scalar sector. The measurements of the present BSM Higgs boson search are based
on the proton-proton collision data collected with the Compact Muon Solenoid (CMS)
detector [88] in 2017. Following a brief introduction regarding the LHC, an overview of
the CMS experimental apparatus is given, with a particular emphasis on the subdetector
components relevant for this analysis.

2.1 The Large Hadron Collider

The LHC is located at the European Organisation for Nuclear Research (CERN) in
Geneva. It was installed in a circular underground tunnel with a circumference of 26.7
km, originally excavated to host the LEP electron-positron experiment operating between
1989 to 2000. The LHC machine can collide two counter-rotating beams constituted of

39
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proton (p) bunches at a center of mass energy of 13 TeV, heavy nuclei such as lead (Pb)
at b TeV, and also perform Pb-p collisions at 8 TeV.

CERN's Accelerator Complex

CMS

—_— —
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Figure 2.1: Schematic drawing of the LHC accelerator complex at CERN [88].

Protons are initially isolated from a duoplasmatron source by means of strong ionising
fields and are subsequently accelerated into a sequence of linear pre-accelerators. The
protons are first injected into Linac2, where they are accelerated to an energy of 50 MeV.
Then they enter the Proton Syncrotron Booster (PSB), where they are pushed to 1.4
GeV, followed by the Proton Synchrotron (PS), where they reach an energy of 25 GeV.
After the last step of this chain, the Super Proton Synchrotron (SPS), the proton beams
with an energy of 450 GeV enter into the LHC rings via two tunnels, where they acquire
the collision energy of 13 TeV. The acceleration of the protons beams in this last step is
performed by means of eight radio-frequency cavities per beam operating at a frequency
of 400 MHz, which compensate for the large synchrotron radiation losses.

Under optimal machine operating conditions, the minimum time required to ramp-up
the energy of the protons to 6.5 TeV is approximately twenty minutes. The maximum
beam energy that can be reached at the LHC is limited by the peak magnetic dipole
field in the storage ring, needed to retain the protons in their circular orbit. This field
is produced by the 1232 LHC superconducting dipole magnets operating at 1.3 K lead-
ing to a magnetic field of 8.33 T. The LHC beams cross in four interaction points (IP)
corresponding to the location of the four large-scale detectors, CMS, ATLAS, LHCb and
ALICE.
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In the case of heavy ion collisions, vaporised ions of the heavy nuclei are injected
into LINAC3 and pre-accelerated in the Low Energy Ion Ring (LEIR) before entering
the same accelerator chain complex as protons. The ALICE collaboration focuses on the
study of the heavy ion collisions reproducing the extremely high temperature and density
conditions of the primordial quark-gluon plasma.

The two general-purpose detectors, ATLAS and CMS experiments cover a broad range
of precision tests of the Standard Model with a particular emphasis on Higgs boson physics
as well as on beyond Standard Model searches in events arising from pp collisions. Both
experiments benefit from an excellent jet momentum resolution and flavour tagging, an
essential ingredient of the present physics analysis. In addition, ATLAS provides high
precision measurements of standalone muon tracks in the muon spectrometer, whilst the
CMS detector achieves a unique precision at the LHC of charged particles” momentum.

Finally, the LHCb apparatus consisting of a single forward spectrometer is a large
b-hadron factory dedicated to the study of rare heavy flavour decays. Such studies may
shed some light on the existence of additional CP-violating mechanisms, which needed
to account for the observed baryon asymmetry in the universe. In addition to these four
large collaborations, there are two small scale experiments, LHCf whose objective is to
investigate forward physics, and the TOTEM detector, dedicated to the study of elastic
and diffractive processes originating from pp collisions.

CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2017-05-30 08:43 to 2017-11-26 10:30 UTC
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Figure 2.2: Cumulative plot of the per-day luminosity recorded by CMS (yellow) with
respect to the total luminosity delivered by LHC (blue) in the 2017 data-taking period [89].

The primary quantity of interest in a measurement at a particle collider is the cross
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Beam parameter Design 2012 2016 2017 2018

beam energy [TeV] 7 4 6.5 6.5 6.5
bunch spacing [ns] 25 50 25 25 25
N, [10' ppb | 1.15 1.656 1.1 1.15 1.15
Ny 2808 1374 2220 2556 2556
Lear, [103* cm™2s7] 1 0.7 14 2.06 201
<p> 20 21 27 38 37

Table 2.1: The main LHC machine parameters for the data production years 2012 in
Run 1, and 2016, 2017, 2018 in Run 2 compared to the design beam configuration [90].
The mean number of interactions per bunch crossing (pile-up) denoted with <> is
taken from [89]. To compare the pile-up conditions at different values of the center-

of-mass-energy, the theoretical prediction of the pp inelastic cross-section derived with
PyTHIA [91] is used, i.e. 0br(8 TeV) = 73.0 mb and o}”(13 TeV) = 80.0 mb.

section (o) of a physical process. The total number of measured events (N.,) is given
by the product by N., = o X £, where %,,; is the total luminosity delivered over
the beam-interaction time. This corresponds to the time integral of the instantaneous
luminosity .Z(t) generated by the collider, which affects the statistical precision of any
physical measurement. It is defined as a function of the LHC beam parameters as :

beNg

A )

which are the bunch revolution frequency f, the maximum number of proton bunches
per beam N,, the bunch population N,, and the geometric parameter A representing
the bunch transverse size. The main limitation to the bunch proton density is coming
from the non-linearities in the beam-beam interactions. A summary of the main LHC
machine beam parameters is illustrated in Table 2.1 and compared to the design beam
configuration for the data production years 2012, during Run 1, and 2016, 2017 and 2018
during Run 2. In the case of ATLAS and CMS, which are designed to operate in a high

luminosity regime, the instantaneous luminosity reached an unprecedented peak value of
2.06 x 10** cm~2s7! for the pp collisions in 2017.

L = (2.1)

The progressive increase in the instantaneous luminosity from 2012 to 2017 is mostly
driven by the stepwise raise in the number of proton bunches, yielding a larger number
of inelastic pp collisions. The subsequent high-occupancy environment in the track and
vertex reconstruction is referred to as pile-up (PU). The mean number of pile-up inter-
actions <p> was found to be 32 during the 2017 data-taking period, as illustrated in
the pile-up profile distribution shown in Figure 2.3. Two types of pile-up interactions
can be distinguished, namely in-time (IT) and out-of-time (OOT) pile-up. The former
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occurs within the same bunch crossing as the hard scattering vertex, whereas the latter
arises from soft particles produced in previous collisions, reaching the detector during
subsequent collisions. The presence of a high pile-up environment poses a serious chal-
lenge for many physics analyses. A large pile-up contamination can have an adversarial
effect on the accurate identification of the true hard scattering vertex, and also affect the
reconstruction of kinematic quantities, such as the missing transverse energy.

CMS Average Pileup, pp, 2017, Vs = 13 TeV
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Figure 2.3: Mean number of interactions per bunch crossing (pile-up) for the 2017 proton-
proton run at 13 TeV [92]. The value of the pp inelastic cross-section of? = 69.2 mb
provides the best agreement with the 2017 data collected with the CMS detector.

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) experiment is one of the two general purpose de-
tectors operating at the LHC. It is installed in a 100-meter deep cavern situated in the
proximity of the French village of Cessy. The detector was designed to cover a broad
scope of physics analyses at the TeV scale, ranging from precision measurements of the
electroweak observables to beyond standard model Higgs boson searches. Its main design
feature is the highly homogeneous magnetic field of 3.8 T provided by a superconducting
solenoid, which renders it more compact in size with respect to the other general purpose
detector, ATLAS!. The solenoidal field provides a large bending power needed to measure
accurately the momentum and charge of particles with energies up to 1 TeV. The fine
granularity of the CMS detector over a large geometrical coverage allows achieving excel-
lent muon identification and momentum resolution. The other detector design goals are

'In contrast with CMS, the ATLAS detector comprises both a central solenoid magnet and toroidal
magnet system.
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high resolution of the electromagnetic and hadronic energy deposition, as well as excellent
tracking and vertexing. Owing to the large particles’ flux originating from the interaction
region, all detector components including front-end electronics must be able to withstand
a large dose of radiation harnessing.

In order to distinguish more efficiently between different particle signatures, the CMS
detector was built with an onion-like structure, where each subdetector targets a particu-
lar particle response. A schematic diagram of the CMS detector and its main components
discussed in detail later in this chapter are illustrated in Figure 2.4. The innermost
subdetector is the silicon tracker, which is surrounded by a crystal-scintillator hadronic
calorimeter (ECAL); the brass-scintillator electromagnetic calorimeter (HCAL); both the
tracker and the calorimeters are accomodated within the magnetic field volume; a steel
return yoke is utilised to measure the energy of the muons by means of gas-ionising muon
chambers inserted between the iron plates. The CMS apparatus possesses an overall cylin-
drical symmetry, with a diameter of 15 m, a length of 21.6 m and it weighs approximately
14000 tonnes.
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Figure 2.4: A simplified transverse view of the CMS detector cross section [93]. The
typical signatures of the five particle collections detected are shown.

It is convenient to adopt a right-handed coordinate system to describe the CMS de-
tector. Its origin is defined as the interaction point located at the center of the detector.
The Cartesian axes are oriented such that the x-axis points towards the center of the
detector, the y-axis is orthogonal to the LHC plane, while the z-axis is directed along the
anticlockwise beam direction.
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Kinematic variables

In high energy-physics, particles are often described by their rapidity, defined as follows:

Yy = 1 In E+p.

2 E-p.

Differences in rapidity are invariant under Lorentz boosts along the z-axis. The rapid-

ity goes to zero for a particle travelling perpendicular to the beam axis, whereas it tends
to infinity for a particle parallel to the beam line. A convenient, equivalent kinematic
quantity used in several physics analyses is the pseudo-rapidity, which coincides with the

rapidity in the ultra-relativistic limit :

(2.2)

) o3

where 6 represents the polar angle with respect to the z-axis, while the ¢ is the
azimuthal angle measured in the x-y plane. The alternative parameterisation in terms of
the coordinates r = /22 + y? and the azimuthal angle ¢ can also prove insightful since it
exploits the cylindrical symmetry of the detector components. The difference in rapidity
is used to define the angular distance between two physical objects i and j in the n — ¢
plane:

AR, j) = V/(An(i, 5))? + (Ae(i, 1), (2.4)

which is also invariant under Lorentz boosts in the z-direction. The transverse momen-
tum pp of a particle, i.e. its projection in the x-y plane, is extremely useful to distinguish
the partons produced in the hard scattering vertex from the beam remnants of the under-
lying event, which are usually associated with much lower transverse momentum transfer.
Some particles, such as neutrinos and those predicted in several BSM scenarios, can escape
detection since they barely interact with matter. By exploiting momentum conservation
in the transverse plane, the missing transverse energy (MET) of any undetected particles
can be obtained from the total py imbalance

K=

computed from the negative vectorial sum of all detected particles in the event.

> i, (2.5)

measured

2.2.1 The CMS tracker

The CMS inner silicon tracker provides an excellent measurement of the charged particles
trajectory, conventionally referred to as tracks. The latter are reconstructed by combin-
ing the electrical signal (hits) of the outgoing charged particle as it propagates through
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the different layers of the tracker, which is composed of silicon modules. The bending of
the tracks trajectory operated by the homogeneous magnetic field B allows performing a
measurement of the charged particle transverse momentum pz. The sign of the curved
track permits to identify the electric charge of the particle. The reconstruction of primary
and secondary vertices position relies on the accuracy in the track reconstruction?. The
tracking detector also enables the measurement of the lifetime of several particles, such
as b-hadrons and tau leptons, and to measure efficiently the track impact parameters of
intermediate states, which cannot be matched to any primary vertex. The active area of
the inner silicon tracker corresponds to a total surface of 200 m?2, covering a pseudorapid-
ity range extending up to |n| < 2.5.

The usage of silicon as a material offers several benefits for precision tracking. Firstly,
the high mobility in the charge carriers implies a low charge collection time, around 20 ns,
yielding a significantly faster signal processing with respect to gaseous detectors, at the
us level. Owing to its high density, a large amount of electron-hole pairs, approximately
110 pairs per micron, are generated when a minimum ionising particle propagates through
silicon. Furthermore, its low ionisation energy threshold of 3.6 eV provides a large sensi-
tivity to energy deposition, which is needed to achieve optimal energy resolution. Another
advantage of using silicon as a tracking material is that it can be conveniently segmented
into multiple, independent, tiny sensing structures, thus achieving good spatial resolu-
tion. The reduced geometrical area lowers the initial noise levels as well as the relative
occupancy per channel.

The local hit reconstruction starts from the digitised raw electric signal of the readout
system. First, the signals from close-by channels fulfilling a certain signal-to-noise thresh-
old are clustered together taking into consideration the noise calibration. After that, the
local cluster charges are converted into hit candidates. A local set of coordinates defin-
ing the silicon module is used to provide hit positional information. The final output of
the local hit reconstruction consists of the cluster charge profiles as well as the hit position.

The CMS tracker is composed of two subdetectors: a high-granularity pixel detector
situated in the innermost region of the detector, in close proximity with respect to the
beam pipe, and a silicon strip tracker with a radial distance from the interaction point
comprised between 0.2 and 1.2 m. A transverse cross-section of the inner tracker detector
is shown in Figure 2.5.

2Qnly track candidates emerging from a common interaction point are used for vertexing.
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Figure 2.5: Sketch of the CMS inner tracker detector geometry in the r — 2z plane in 2016.
The expected position of the interaction point is highlighted with a black dot. Each line-
element denotes individual detector modules, whilst double lines represent modules that

are arranged back-to-back for stereo angle interpolation. [94].

The Silicon Pixel Detector

The high-occupancy environment of the inner tracking system is the primary cause of the
radiation ageing of the detector, which can result in an increase in the leakage currents
and subsequent loss of data. To counteract these issues, the CMS pixel was upgraded
during the end-of-year technical shutdown, which took place in the 2016/2017 winter, re-
ferred to as the CMS Phase-I Pizel Upgrade. The aim of the upgrade was to preserve the
excellent tracking performance under conditions of increased peak luminosity, i.e. with a
mean number of 50 primary vertices.

The Phase I pixel detector is the innermost tracking subsystem and it consists of two
parts, the Barrel Pixel (BPIX) and the Forward Pixel (FPIX) detectors. The BPIX is
composed of four coaxial barrel layers located at a radial distance of 2.9, 6.8, 10.9 and
16.0 cm. The FPIX consists of three end cap disks per side constituted by several blades
positioned at a distance of 29.1, 39.6 and 51.6 cm from the nominal interaction point
(IP). Unlike the BPIX modules which are parallel to the beamline, the FPIX sensors
are arranged into blades, oriented with a tilt of 20° with respect to normal incidence in
order to exploit the Lorentz drift effect®. Figure 2.6 shows the geometry of the newly

3The non-parallel arrangement of the blades causes the deflection of the particle trajectory by a small
Lorentz angle 81 4. This Lorentz drift effect induces additional charge-sharing in the neighbouring silicon
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Figure 2.6: Geometrical scheme of the Phase-1 pixel detector (top) compared with the
2016 legacy system (bottom) [95].

installed pixel detector with respect to the 2016 legacy system. The improvement in ver-
tex resolution and b-tagging performance is driven by the increased redundancy and finer
granularity of the pixel system, and by the innermost barrel layer location closer to the IP.

The Phase 1 pixel detector features almost 124 million silicon sensors, with an individ-
ual pitch of 100 gmx 150 pm. The doubling of the amount of pixel channels with respect
to the previous geometry permits to resolve four single hits per trajectory over the full
In| < 2.5 coverage. A new power conversion scheme based on 1200 DC-DC converters
was installed using the Phase-I Upgrade to cope with the increased power consumption.
The latter is due to the doubling in the number of readout channels, whilst keeping the
pre-existing cabling system [96]. These converters are able to deliver the necessary volt-
age in the range 2.4-3.3 V to the pixel front-end modules of the data acquisition (DAQ)
system reducing the initial input voltage of 10V. During the last 2017 data-taking period,
referred to as era F, a design problem was aggravated by the sub-optimal operation of
the pixel detector. Approximately 5% of such converters located in the innermost barrel
pixel layer failed and another 35% were found to be damaged due to irradiation and were
subsequently successfully replaced during the end-of-year 2017/2018 technical stop [97].

The Silicon Strip Detector

The strip silicon tracker is located outside of the pixel detector at a radial distance com-
prised between 20 and 116 cm. It consists of 15148 silicon modules, with approximately
9.3 million strips and it extends over a pseudorapidity range up to |n| < 2.5. The strip
subsystem features an analogous barrel-endcap partition as in the case of the pixel detec-
tor. The barrel region is subdivided into the Tracker Inner Barrel (TIB) and the Tracker
Outer Barrel (TOB), while the end-cap system is partitioned into the Tracker Inner Disks

sensors, thereby improving the hit resolution.
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(TID) and the Tracker End Cap (TEC).

The inside of the tracker barrel is occupied by the four cylindrical layers of the TIB
subdetector, extending up to £65 cm along the z axis, and the three TID disks covering up
to a radius of 55 cm. The double-sided modules arranged back-to-back present in the first
two TIB layers allow for a hit measurement both in cylindrical coordinates with a 23-34
pum spatial resolution in the r — ¢ plane and of 530 pm in the z-direction. The TIB/TID
system is enclosed by the six barrel layers of the TOB, which extends to a radius of 116
cm and up to 118 c¢m in the direction of the proton beam. The TOB sensors are almost
a factor two wider than the TIB due to the expected lower fluence. Coverage in the z
region 124 < |z| < 282 cm is ensured by the TEC subdetector, composed of nine disks of
various sizes, providing hit positional information in the » — ¢ plane with a resolution in
the range 18 — 47 pm.

2.2.2 Calorimeters

Complementary to the tracker, which provides information on charged particles trajecto-
ries and their transverse momenta, the purpose of the calorimeters is to measure the total
energy of both electrically charged and neutral particles by complete absorption. The
detection principle relies on the detection of the shower of secondary particles induced by
cascading effects within the calorimeter volume. Two main classes of calorimeters have
been designed based on the type of sensitive material used to collect the signal, and the
passive medium needed to induce the shower in the calorimeter. A homogeneous calorime-
ter is built from a sensitive material, and its energy resolution is limited exclusively by
sampling fluctuations, such as shower leakage and detector effects. On the contrary, a
sampling calorimeter alternates layers of a high-density, passive medium needed to in-
duce cascading effects, with layers of an active material. Furthermore, calorimeters can
be further categorised into electromagnetic and hadronic ones, measuring showers induced
respectively by electromagnetically charged and neutral particles.

The distinctive properties of the detecting material can be used to parameterise the
size of showers. The Moliere radius Rj;, defined as the radius of a cylinder containing
on average 90% of the total energy deposition of a shower, sets the scale of its typical
transverse size. The depth of electromagnetic showers is measured in terms of the radia-
tion length X, i.e. the mean distance travelled by an electron in the detecting material
over which its total energy is decreased by a factor e7!. In the case of hadronic showers,
it is customary to use as a reference the nuclear interaction length Aj, i.e. the average
distance covered by a hadron prior to the occurrence of an inelastic nuclear interaction.

The CMS calorimeter was designed to have a compact size in order to be fully em-
bedded within the CMS solenoidal magnetic field. As a result, the particles traversing
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Figure 2.7: A quarter of the longitudinal cross section of the CMS calorimeter. The
electromagnetic and hadronic calarimeter are highlighted as the green and blue areas
respectively. The magnet cryostat, coil and three ring structures are also shown [98].

the tracker retain most of their initial energy before the measurement of their energy
deposits in the calorimeter. It is composed of two separate subsystems, the electromag-
netic calorimeter (ECAL) and the hadronic calorimeter (HCAL). Showers induced by
photons, electrons and other charged particles, commonly referred to as electromagnetic
showers, are detected in the ECAL. Energy deposits from hadrons and from the associ-
ated hadronic showers are instead measured in the HCAL system. Since such showers
are more extended than the electromagnetic ones, the HCAL has a larger geometric size
and it is placed outside the ECAL. A simplified view of the CMS calorimeter system is
illustrated in Figure 2.7. The fine granularity of the calorimetry allows discriminating
between different types of particles on the basis of the characteristic shape of the shower,
and it also provides relevant information about its direction.

The CMS Electromagnetic Calorimeter

The ECAL calorimeter surrounds the inner tracking system and it covers the pseudora-
pidity region up to |n| < 3.0. It is composed of a total of 75848 lead tungstate (PbWOy)
crystals, organised into a barrel geometry (EB) covering up to |n| < 1.479, and an endcap
region (EE) extending up to 1.479 < |n| < 3.0 comprising 7324 crystal per side. The
PbWO, crystals are characterised by a high-density of 8.28 g/cm™ and they possess a
short Moliere radius Rj; ~ 22 mm and a small radiation length X, of 8.9 mm. These
unique properties of the detecting material permit a compact design and fine granularity
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of the crystals, whose dimensions are of An x A¢ = 0.0174 x 0.0174. The crystals act as
scintillators and are equipped with avalanche photo-diodes (APD) in the EB and vacuum
photo-triodes in the EE regions respectively. These photodetectors collect the scintillat-
ing light emitted by the EM interacting particles. The measurement of the light yield is
largely affected by thermodynamic processes, hence a water cooling system was designed
to keep the ECAL at a constant temperature of 18°C. A pre-shower subdetector (ES)
consisting of two additional layers of lead absorbers equipped with silicon strip sensors
is used to increase the identification efficiency of unconverted photons, whilst rejecting
photons from neutral pion decays.

The ECAL energy resolution og/E for electrons was obtained in a test beam mea-
surement [99]:

op__ 28% o 12% 9, (2.6)
E  \/E(GeV) ~ E(GeV)
where the @ symbol denotes the addition in quadrature of the individual uncertainty
contributions. The first term represents the stochastic part which dominates for energy
deposits of photoelectrons below 100 GeV; the second term stands for the noise contribu-
tion; the constant accounts predominantly for calibration inaccuracies and additionally
for the non-uniform response of the photodetectors.

The CMS Hadron Calorimeter

The HCAL calorimeter is a sampling detector employed for the measurement of the energy
deposits of hadrons. The central part of the HCAL covers a pseudorapidity range up to
In| < 1.3 and it consists of two distinct subdetectors: the inner barrel part with brass
absorbing layers and plastic scintillator tiles (HB) and the outer hadronic calorimeter
entirely composed of plastic scintillators (HO) installed outside the solenoid. Because of
the limitations in size of the CMS calorimeter, some of the most-energetic hadronic tails
may leak outside the full volume of the HB detector. Thus, the HO subdetector has been
installed to extend the depth of the HCAL to 11.8 hadronic interaction lengths in order to
catch the most energetic hadronic shower tails, utilising the magnet coil as an absorber.
The hadron forward calorimeter extends the pseudorapidity range to |n| = 5.0 and it is
located at a distance of 11 m from the beamspot. Since it is affected by hadronic energy
depositions seven times more intense than in the rest of the HCAL, it is composed of a
more radiation-hard active material, composed of iron absorbers and quartz fibers. It is
further equipped with a set of photomultipiers, which detect the cone of Cherenkov light
emitted by charged particles passing through the material. The relative HCAL energy
response curve for isolated charged pions is illustrated in Figure 2.8. A broader response
curve is an indicator of a larger pile-up contamination. Out-of-time pile-up mitigation
helps reduce the latter, thereby improving the quality of pion isolation. Aside from
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Figure 2.8: Energy response of the HCAL system with respect to the track momentum of
the isolated charged pion candidates within the range of 20 < pr < 30 GeV [100]. Two
different response curves are shown, both with and in the absence of out-of-time pile-up
mitigation denoted in black and red dots, respectively.

recognising hadrons and their decay products, the HCAL provides a crucial measurement
of the missing transverse energy exploiting its extensive coverage in 7, a property referred
to as hermaticity.

2.2.3 Muon system
Gaseous detectors

In gaseous detectors, a charged primary particle ionises the atoms composing the gas,
which are freely moving within the detector volume. An external electric field makes the
resulting charge carriers drift, inducing a signal in the readout electrodes. In contrast with
solid-state detectors, which have an ionisation energy lower by an order of magnitude, the
Equivalent Noise Charge (ENC)* is as low as 80 e/cm in gaseous chambers. Thus, a
crucial operational principle of such detectors is the internal amplification of the primary
particle charge obtained by means of electron avalanches generated by the electric field.
The overall gain in charge multiplication can attain a factor 10*=¢ in the ionisation regime.
In general, the fundamental parameters governing the tracking performance are the large
detector volume, the high multiplicity of measurement points, the single point resolution
and the low amount of multiple scattering. To determine the position of the primary
particle with high precision, cathode metal plates can be segmented into strips with high

4This quantity is defined as the minimum charge threshold needed to register a signal equal to the
noise level.
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Figure 2.9: A quadrant of the CMS muon system displayed in the r — z plane. [88].

granularity. In order to measure accurately the drift time of charge carrier, cylindrical
gas tubes with a large volume are instead used. A description of the CMS muon system
which is entirely based on gaseous detectors, follows.

2.2.4 The CMS Muon system

A fundamental design goal of the CMS detector is the efficient identification of muons.
These minimum-ionising particles are present in the final state of the ”golden” channel
used for the Higgs boson discovery H — ZZ — 4y as well as of several BSM signatures.
Because of their lower Bremsstrahlung radiation losses compared to electrons, muons can
be reconstructed with a large identification efficiency, whilst achieving a high degree of
purity.

The first measurement of the muon pr is performed in the inner tracker exploiting
the 3.8 T solenoidal magnetic flux. A complementary second measurement is obtained
independently in the muon system, utilising a magnetic flux of 2 T returned by the iron
yoke. The latter is also employed as a hadron absorber for the muon flux. The perfor-
mance of the muon system in the measurement of the muon pr is compared to that of the
inner tracker in Figure 2.10 both in the barrel and the endcap regions. In general, the
amount of multiple scattering in the tracking material decreases for higher muon pr. As
a consequence, the muon system provides a substantial contribution to the momentum
resolution for muons with a pr larger than 200 GeV, owing to its large spatial resolution.

The detection planes in the muon chamber cover a total surface amounting to 25000
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Figure 2.10: Transverse momentum resolution against the pr of a muon identified using
information from the muon system , the inner tracking or their combination, respectively
in the barrel-only (left) and in the endcap-only (right) regions [94].

m? and are composed of a resistant and inexpensive material. The muon system combines
three kinds of gaseous detectors, referred to as muon chambers, which are portrayed in
Figure 2.9: the drift tube stations (DT), covering a pseudorapidity range up to || = 1.2,
the cathode strip chambers (CSC) located in the range 0.9 < |n| < 2.4 and the resistive
plate chambers (RPC) probing muons with || < 1.6. The CMS barrel muon system is
interested by the least intense muon flux and by the lowest neutron-induced background.
Therefore, a drift chamber system with coarse granularity consisting of 12 gaseous tubes
is used. In the endcap region, because of the larger signal and background rates [101], a
set of 468 cathode strip chambers, with finer granularity and faster response is installed.
The precise determination of the muon position in the r — ¢ plane is obtained utilising the
hits in the CSC, with a spatial resolution in the range 40-150 pm. Analogous information
is provided by the double-gap RPC chambers, albeit with a coarser spatial resolution,
approximately at the level O(lcm). The resistive plate chambers are well-suited as an
independent source for triggering owing to their fast response and optimal timing reso-
lution. Robust standalone muon identification constitutes an essential ingredient of the
CMS trigger capability, as discussed in the next section.

2.2.5 Trigger System

The enormous LHC proton-proton collision rate of 40 MHz with a characteristic event size
of approximately 1MB poses a serious challenge to the CMS data acquisition system. On
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Figure 2.11: Principal block diagram for the CMS Level-1 trigger upgrade [102].

the other hand, the large majority of these data comprises low-energy transfer interactions,
rather than the expected hard scattering collisions and rare processes. Consequently, a
system that is able to reduce the huge data flow to a manageable rate prior to storage on
disk, whilst selecting efficiently the interesting events is necessary. These requirements are
met by the so-called CMS triggering system, which reduces the initial bandwidth by over
three orders of magnitude. The CMS triggering system adopts a sophisticated two-stage
approach, consisting of a Level-1 trigger (L1) fully implemented in hardware logic and a
high-level trigger (HLT) software farm. The L1 trigger achieves a rate reduction down to
the level of 100 kHz, which is subsequently downscaled to around 1 kHz at HLT level.

Level-1 Trigger

The L1 trigger is the first step of the CMS trigger, which must filter events with a latency
time no longer than 4us. It is implemented exclusively at hardware level using two sets
of logic boards: Field Programmable Gate Arrays (FPGAs) which are generic and eas-
ily customisable, in contrast with the Application Specific Integrated Circuits (ASICs),
which are more resilient to high pile-up conditions, albeit not easily reconfigurable. The
L1 trigger processes basic information in a coarse granular format provided by the muon
systems and the calorimeters. A simplified view of the L1 trigger system is illustrated in
Figure 2.11. The logic of the L1 trigger is based upon the inputs from local, regional and
global trigger components, referred to as trigger primitives.

The L1 trigger calorimeter is a two-layered procedure consisting of a regional calorime-
ter trigger (RCT) and a global calorimeter trigger (GCT). In the first step, the trigger
primitives from the ECAL and HCAL towers regarding the transverse energy deposits
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and the quality flags are calibrated and subsequently preprocessed. The GCT receives
this kinematic information from the RCT and it builds the actual calorimeter objects such
as jets, tau leptons, electrons and photons by means of clustering. Furthermore, global
observables such as missing transverse energy are reconstructed using Fr sums. Lepton
identification and isolation algorithms are also subsequently applied.

A novel geometry-based approach has been implemented for the L1 muon trigger
system during the end-of-year technical shutdown in 2016, upgrading the original detector-
based scheme [103]. Instead of processing directly the trigger primitives associated with
the DT, RPC and CSC sub-detectors, three complementary track finders targeting the
barrel, overlap and endcap regions are used. The hit information is recorded efficiently
with complementary measurements and sent via fast optical connections to the regional
track finders. The global muon trigger (GMT) combines and correlates the information
from different systems and removes duplicate muon candidates. The installation of the
new L1 muon trigger successfully halved the total trigger muon bandwidth, whilst yielding
a slight increase in the overall muon trigger efficiency. The rate reduction for a single muon
trigger with respect to the legacy 2015 muon trigger system is illustrated in Fig 2.12.
The improvement is mostly concentrated for low pr muons in the range 20 — 80% over
the full coverage in pseudorapidity.
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Figure 2.12: Single muon trigger rates passing different pr thresholds of the upgraded L1
muon trigger system (2017) with respect to the emulated legacy trigger system in 2015
(purple line) for the three muon track finders for the barrel (blue), overlap (green) and
endcap (red) regions. The decrease in the trigger rates in 2017 is shown as a function
of the muon transverse momentum threshold (left) and in pseudorapidity bins for muons
with transverse momentum larger than 25 GeV (right) [103].



2.2. The Compact Muon Solenoid 57

The combined kinematic and topological information on the event configuration is
then transmitted to the global L1 trigger processor for the final decision on whether to
accept or reject the event. The L1 acceptance data is subsequently merged and processed
by the event builder in the DAQ system for the next triggering step.

High-level Trigger

The high-level trigger (HLT) is a sophisticated, completely software-based triggering sys-
tem, exploiting tens of thousands of CPUs running multiple analysis algorithms simul-
taneously. This array of commercial computers elaborate the full event reconstruction
according to a series of sequential algorithms, targeting a particular signature of interest,
referred to as trigger path. The selection of the events should be as inclusive as possible,
while keeping the corresponding rate below O(100Hz). This threshold represents the cur-
rent level enabled by the recording technology, which has to be met even under conditions
of large pile-up.

For all the trigger paths that would exceed the allocated bandwidth, such as the trig-
gers selecting a single physical object, a pre-scaling of the recorded events is conventionally
applied to obtain a sustainable output trigger rate. This consists of a random reset of
the events passing a sequential step, commonly at Level-1 or prior to the HLT selection,
which are subsequently discarded in successive, algorithmic steps.

Another major constraint of the HLT system is that the maximum processing time
or timing associated with each trigger cannot exceed 50 ms, owing to limitations in the
latency of the software farm. In order to optimise the timing, the HLT reconstruction
modules that are more computationally intensive are run only at the end of the filtering
sequence. These modules perform a streamlined, simplified version of the algorithms
exploited in the standard offline reconstruction. A description of the techniques used in
the offline physics object identification and reconstruction is provided in the next chapter.
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CHAPTER

Physics objects reconstruction in
CMS

n this chapter, the reconstruction of physics objects by means of the standard CMS
I algorithms is discussed. In this analysis, the physics objects of interest are tracks,
primary vertices, muons and b-tagged jets. A particular emphasis is dedicated to the
b-tagging algorithm and muon identification criteria. They are particularly relevant in
the selection of bbu events that characterise both signal and background processes. The
initial step in the identification and reconstruction of the fundamental physics objects in
this work is performed with the CMS Particle Flow algorithm.

3.1 Particle Flow algorithm

The Particle Flow algorithm [104] was originally implemented in the context of the
ALEPH experiment at LEP. It has been successfully adopted by the CMS experiment
to provide an unprecedented precision in the global event reconstruction of the final state
particles at any hadron collider. The key features of the CMS detector that ensure ex-
cellent performance of the PF algorithm are the high granularity of the electromagnetic
calorimeter, the hermiticity of the hadron calorimeter, and the large magnetic field inte-
gral. The algorithm is based upon an accurate track reconstruction, a precise clustering
technique, able to distinguish efficiently between overlapping showers. In addition, a ro-
bust linking procedure is needed to combine information regarding the energy deposits
associated to a single particle measured in different sub-detectors. The first step of the PF
sequence is the identification of charged particles’ tracks, followed by the extrapolation
of these tracks to the compatible calorimeter energy deposits. In order to avoid double
counting of leptons both as individual particles and jet constituents, the isolated leptons
are preventively excluded from the jet clustering sequence. Furthermore, charged hadrons,

29
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which are identified by linking track momentum to energy calorimeter deposits, are also
discarded in the reconstruction sequence, a step denoted as Charged Hadron Subtraction.
In the absence of associated tracks, the residual calorimeter hadrons are attributed to
neutral hadrons and photons. This identification occurs provided that the cluster ener-
gies of the neutral hadron candidates exceed their track momentum taking into account
detector resolution effects.

3.2 Track reconstruction

The reconstruction of charged particles’ trajectory with high precision at the CMS de-
tector is a complex task because of the large combinatorics from the high multiplicity of
particles and the large number of readout channels. Additional systematic effects having
an impact on the track reconstruction may arise from possible distortions in the tracking
material and inhomegeneities in the magnetic field. Prior to the global track reconstruc-
tion, the conversion of local charge clusters into hits takes place using the digitised output
of the tracking system. The local track reconstruction output is then buffered to the global
track reconstruction, whose aim is to identify hit combination that match to possible tra-
jectories of the charged particles present in the event. All steps of the reconstruction
are performed using an iterative pattern recognition technique, a Kalman-like fitting pro-
cedure adapted for the CMS framework in the Combinatorial Track Finder [105] (CTF)
algorithm. At each iteration of CTF, positional information from the hits used in the
previous step is discarded and the set of requirements are gradually relaxed. The tracking
algorithm carries out three main substasks;

1. seed finding, involving the generation of the starting points of the iterative se-
quence, namely pairs or triplets of hits ;

2. pattern recognition, in which at least five track candidates must satisfy a series
of quality criteria, based on cuts on the track impact parameter significance with
respect to the beamspot, the number of hits in the inner tracking system and the
normalised x? of the track trajectorys;

3. final fitting, in which the best-fit value of the track parameters and the covariance
matrix are determined by means of a least-squares fit;

Figure 3.1 illustrates the expected improvement in the tracking performance in 2017
with respect to the legacy system, arising from the new tracker geometry. The actual
improvement is partially adversely compensated in data by the end-of-year degradation
of the pixel performance. A dynamic inefficiency in the innermost barrel pixel layer was
caused by the so-called DCDC converter problem, described in Section 2.2.1. However,
this issue affects only Era F accounting for approximately one fourth of the total integrated
luminosity recorded in the 2017 data-taking period. The subsequent loss of tracking
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Figure 3.1: Track reconstruction efficiency as a function of simulated track kinematic
variables pr (left) and 7 (right) for the CMS 2016 and 2017 detector geometries. The
performance of CMS detector is expected to improve in 2017 the full p; and 7 spectra [89].

efficiency up to 10% is mostly concentrated for |n| > 2.4, which lies outside the acceptance
of the present analysis.

3.3 Primary Vertex

Probing the hadronic activity in the vicinity of the interaction points, the most energetic
scattering vertex is selected as the primary vertex (PV) of the interaction. The PV recon-
struction aims at measuring the position of the primary production interaction vertex. It
consists of a two-step procedure performed on top of track reconstruction by the CTF al-
gorithm. The tracks matched to a single primary vertex candidate are clustered by means
of the Deterministic Annealing (DA) algorithm [107]. The DA algorithm determines the
assignments of each track to a primary vertex candidate based on the transverse position
of the track with respect to the interaction point. The algorithm then decides probabilis-
tically whether each primary vertex candidate should be further split into two vertices.
The presence of outlier tracks, often associated with lower fit quality, can generate fake
primary vertices. For this reason, they are preventively down-weighted in the calculation
of the total number of primary vertices.

After that, the selected clustered vertex candidates with at least two associated tracks
are fitted with the Adaptive Vertex Filter [108]. At this step, the vertex position and the
covariance matrix are calculated. The adaptive vertex reconstruction assigns a certain
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Figure 3.2: Comparison of primary vertex spatial resolution in the along the z/y axes
(left) and the z axis (right) in simulated samples of ¢t events with current and legacy
detector geometry [106].

probability and a corresponding weight w; to quantify the degree of compatibility of the
track to the fitted vertex. The resulting quality of the vertex fit is defined in terms of the
number of degrees of freedom:

Ntr

Ndof = —3+22wi, (3.1)
i=1

where N, is the number of tracks associated to a particular vertex candidate. The
vertices must have a z position within 24 cm of the beamspot, a radial position within
2 cm from the interaction point and the vertex fit must have at least four degrees of
freedom. The vertex with the highest p2 sum of the associated tracks is selected as
the primary vertex of the interaction. Other reconstructed vertices can be identified
as secondary vertices or interpreted as a pile-up contribution. Figure 3.2 highlights the
expected increase in the PV spatial resolution in the 2017 data-taking period with respect
to 2016 arising from the new pixel geometry. This improvement mirrors the better track

reconstruction efficiency, which also has a positive impact on b-tagging performance.

3.4 Muon

The CMS detector was designed specifically to achieve high precision in the measurement
of momentum and charge of muons for a wide range of kinematic parameters. The target
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momentum resolution at a center-of-mass-energy of 13 TeV is of the order of o(pr)/pr ~
1% for single muons with a pr of 100 GeV and approximately 10% for 1 TeV [109]. The
actual performance, as measured in pp collisions in 2015 from cosmic muon data, was found
to be comparable with expectation for low and moderate muon transverse momentum. In
the case of muons with a harder pt spectrum, the achieved momentum resolution largely
exceeds design, attaining a value of 6% for pr > 400 GeV. Because of their long lifetimes
and low energy deposits in the calorimeter muons can propagate through the whole CMS
apparatus and reach the muon system located outside the superconducting solenoid.

Muon track reconstruction

In the standard muon track reconstruction sequence, a track fitting is first performed
independently for muon hits in the inner tracker to form tracker tracks, and for hits in
the muon chamber to obtain standalone muon tracks. Two different reconstruction algo-
rithms with complementary approaches are exploited to identify and reconstruct Global
and Tracker muons, respectively. The former type is reconstructed with an ”outside-in”
approach by matching the track of a standalone muon to a tracker track. Prior to this
extrapolation, both tracks are propagated to a common surface using a Kalman-filter
technique [110]. Following a complementary ”inside-out” approach, Tracker muon tracks
are built using less stringent requirements starting from the tracker track candidates.
Each track candidate with a total momentum p > 2.5 GeV and transverse momentum
pr > 0.5 GeV is propagated to the muon system taking into account the mean expected
energy losses, the magnetic field strength and the amount of Coulomb scattering in the
tracking material. The extrapolated track must also successfully match at least a muon
segment in the CSC or DT system of the muon spectrometer. Owing to the excellent
performance of the the inner tracker and of the muon system, approximately 99% of the
muons detected within the fiducial tracker volume are reconstructed as either tracker or
global muons.

Muon identification

Following the muon track reconstruction, potential muon candidates are identified with
the PF algorithm combining muon track information as well as the energy deposits in the
calorimeter. The PF muon reconstruction allows suppressing most of hadronic punch-
through, i.e. when highly-energetic charged hadrons, such as pions, induce electromag-
netic showers leaking in the muon system. Muon identification (ID) criteria are imposed
in parallel to the muon reconstruction sequence, exploiting several variables, such as the
number of hits per track, the track fit quality, and the track impact parameter. Another
important discriminating variable is the muon segment compatibility between tracker
tracks and standalone muon tracks, defined as a probability estimate comprised between
0 and 1. A kink-finding algorithm separates sequentially each tracker track into two dis-
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joint tracks to evaluate their degree of compatibility with a single track at several points
along the trajectory. The definition of muon identification working points (WP) permits
to refine the balance between the selection efficiency and the purity of the reconstructed
muons, according to the specific needs of each physics analysis.

The loose working point aims at maximising the selection efficiency, approximately

99%, for all muons reconstructed by the PF algorithm, taking into account both tracker
and global muons. The medium working point is designed to achieve high efficiency,
around 98%, both for prompt muons and for those stemming from cascade decays of
heavy flavoured hadrons. The muons passing loose identification requirements that are
associated with a large fraction of valid tracker hits (above 80 %) are considered as good
muon candidates. In addition, only global muons that satisfy a low normalised track fit
parameter Y2 < 3, a position match between the tracker track and the standalone muon
track of 2 < 12, as well as high track-segment compatibility are further selected with the
medium WP.
The tight working point, introduced to suppress the rate of muons from in—flight decays,
requires PF muon candidates to be also identified as global muons. The tracker track can-
didate is built from valid hits in at least six different tracker layers, including a pixel layer.
In order to suppress cosmic muons, the associated tracker track must have a transverse
impact parameter of |d,,| < 2 mm with respect to the beamspot, and a longitudinal dis-
tance of |d,| < 5 mm from the primary vertex to reduce pile-up contamination. Moreover,
the global muon fit must also satisfy normalised track x? < 10 to suppress the hadronic
punch-through, and at least one hit must be present in the muon chamber. The resulting
probability for pions to be mis-labelled as muons is as low as 0.1% for muons passing tight
identification.

Tight muon identification efficiency

The measurement of the tight muon identification efficiency, based on a tag-and-probe
method was performed centrally [111]. Events with a J/¢ di-muon topology are selected
to measure the reconstruction efficiency of low pr muons. A Drell-Yan sample is used for
muons with a harder pr spectrum up to 120 GeV. The J/¢ dimuon channel event selection
is reported in detail in Section 4.5.5 since it is also used to derive the muon kinematic
trigger efficiency. The main difference in the two methods consists of the trigger selection:
a muon-plus-track trigger is used for the measurement of the tight identification efficiency;
a single-muon trigger is used for the kinematic efficiency of the dedicated semi-leptonic
trigger. The adoption of a muon-plus-track trigger introduces a net positive bias on
the tight muon identification sequence, which relies on the aforementioned tracker muon
quality cuts. The procedure for the extraction of the tight muon ID efficiency is discussed
extensively in [109]. Muons passing the tight working point are associated with the largest
identification efficiency, above 95% at the efficiency plateau, as illustrated in Figure 3.3
both in data and simulation.
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Figure 3.3: Muon tight identification efficiency measurements for low muon pr obtained
in J/1¢ di-muon channel in three different pseudorapidity bins |n| < 0.9 (top left), 0.9 <
In| < 1.2 (top right) and 1.2 < |n| < 2.1 (bottom) respectively [111]. Black dots denote
measurements in data for the 2017 data-taking eras C to F, corresponding to the data-
taking period of the main semi-leptonic trigger used in this analysis. Red dots indicate
the results obtained in the J/v — p™p~ with the simulated Monte Carlo sample.
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Figure 3.4: Scale factor for tracker muons passing the tight identification requirements
plotted in bins of muon pr and |n|. The correction factors were obtained with two separate

tag-and-probe methods, respectively in the J/¥ — = channel for pgf” ) <20 GeV, and
in the Z — p*p~ channel for pgﬁ) > 20 GeV [111].

The resulting efficiency scale factors shown in Figure 3.4 were obtained separately
for tight muons with pg,’f) < 20 GeV in the J/¥ — up~ channel and pg’f) > 20 GeV in
the Z — pt = channel. Aside from the transition at this py threshold, little dependence
of the correction factor on the pr spectrum of the muon is observed. The tight muons
in the endcap-only region with |n| > 2.1 are identified on average less efficiently in data
than in simulation. This is due to some mis-modelling in the MC samples of the detector
accuracy of the tracker muon reconstruction in the very forward region. The statistical
error is derived from the fitting uncertainty, while the systematic uncertainty was obtained
varying the signal plus background fitting functions. In the J/¥ — u*u~ channel, the
systematic uncertainty was estimated to be in the range 1—23%.The systematic error in the
background estimation of Z — p*u~ channel was found to be approximately 0.2 — 0.4%
by recalculating the efficiencies with a pure sample of isolated probe tracks and comparing
it with the results obtained with the inclusive sample.
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3.5 Jet

Hadronisation and fragmentation of quarks and gluons, collectively referred to as coloured
partons, are a direct consequence of colour confinement prescribed by QCD. As a conse-
quence, the hard processes of the most energetic partons in pp collisions lead to a huge rate
of hadron production at the LHC. The dynamics of this process favours the collimation
of these QCD bound states along the direction of the mother parton into a narrow cone.
The resulting spray of particles is reconstructed as a single composite object, referred to
as a jet, which is needed to infer the properties of the original mother parton.

3.5.1 Jet Algorithms

Jet algorithms codify the relationship between the original parton and the jet observable.
The main properties of jet clustering algorithms are infrared and collinear safety (IRC),
which must be simultaneously satisfied to avoid divergences in perturbative QCD calcu-
lations of the jet shape. Collinear safety requires that splitting a single particle over a
set of co-moving particles each carrying a fraction of the initial momentum should not
alter the jet observable. Infrared safety enforces that the latter is also preserved under
the addition of an arbitrary number of ultra-soft particles. Furthermore, the measured
offset in the pr spectrum prior to the pile-up correction scales with radius parameter R
adopted for the clustering. In this analysis, the optimal size of the jet cone parameter is
R = 0.4 (AK4 jets), whereas during Run 1 a distance parameter of R = 0.5 was utilised,
owing to the lower pile-up conditions.

Two types of jet clustering techniques are distinguished: cone algorithms, defining
the jet as a hadronisation cone centered around the direction of the energy flow and
sequential recombination algorithms clustering the jet constituents by embedding them in
a particular metric. The majority of such algorithms adopts the following metric:

2

AZ
d;; = min (k:?p’ji, k?pzjj) RZJ, where A?j = (y; — yj)2 + (s — ¢j)2, (3.2)

with the cluster variables kr;, ¢;, y; representing respectively the transverse momentum,
the azimuthal angle and the rapidity of the entity ¢, which can be identified either as a
pseudo-jet or a particle. The exponent p sets the energy power law with respect to the
metric. It also enters the definition of the distance between the proton beam axis and the
object i:

dip = ki¥,. (3.3)

The first step of the clustering method is the calculation of all possible d;; and d;p
combinations. The smallest distance is then used as the starting point of the iterative
sequence. If the minimum distance is of type d;g, then the cluster 7 is identified as a jet,
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otherwise the entities i and j are merged into a single cluster and the algorithm proceeds
with the next iteration. This sequence terminates only when all the constituents are
clustered into jets. The parameter p determines the order in which the jet components
are clustered and is set to p = —1 in the case of the anti-kr algorithm [112] adopted in the
present work. This algorithm starts the jet clustering sequence from the most energetic
partons, thereby reducing a possible bias in the jet substructure from the emission of soft
particles. On the experimental side, this results in a cone-like shape of the anti—kr jets,
as illustrated in Figure 3.5, which eases their calibration as well as their pile-up handling.

anti-k,, R=1 |

Figure 3.5: A sample parton-level event with several random soft “ghosts” clustered with
the anti—kr jet algorithm highlighting the active catchment areas of the clustered hard
jets [112].

Jet clustering algorithms have a high degree of generality and can be applied to any ob-
ject with an associated four-momentum. In simulation, for instance, particle-level jets are
formed by clustering all generated visible particles, except for neutrinos. The stable, final
state particles, i.e. with a decay length larger than 1 cm, represent viable candidates as jet
constituents. At the CMS experiment, the latter are reconstructed as individual particle
flow candidates with a precision of approximately 90%. Within the tracker acceptance, a
similar reconstruction accuracy is achieved also for the calorimeter jets constituents. The
latter are reconstructed from the energy deposits measured in the calorimeters towers.
On the other hand, both inner tracker and calorimeter information is used in the recon-
struction of jet-plus-track jets (JPT) components. Particle-flow jets benefit consistently
from a better energy resolution and a lower jet energy scale uncertainty with respect to
the other jet collections. The corrections to the initial jet energy measurement in data
and simulation are discussed thoroughly in the following section.
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3.5.2 Jet Energy Corrections

The mismatch between the measured jet energy and the original parton energy must be
corrected at reconstruction level, both in data and simulation. In data, these deviations
are driven by the non-uniformity and non-linearity of the calorimeter response, while
in Monte Carlo simulation, the corrections ensure a posteriori the agreement with the
observed data. Furthermore, contributions from pile-up events or detector noise may bias
the measurement of the jet energy. To this end, a calibration of the reconstructed jet
is performed by applying a series of corrections on the measured jet energy, collectively
referred to as Jet Energy Scale corrections (JES). This class of corrections represents an
important source of systematic uncertainty in the analyses with a multi-jet final state.

Jet Energy Scale

The JES corrections are calculated in the form of a multiplicative factor on the four-
momentum of the measured jet, in order to match the measured energy of each jet to its
true energy at the generator level. The measured jet transverse momentum response is
defined as the ratio of the measured jet pr at the reconstruction step to the generated jet
p{'}td at particle level. These corrections and the corresponding uncertainties are provided
centrally by the CMS JetMet group [113]. A factorised approach is followed for the
calibration of the jets and the single corrections are applied sequentially in the order

exemplified in Figure 3.6:

Flavor
MC Calibrated
Jets

Applied to simulation ——

Figure 3.6: Overview of the jet energy calibration procedure follwed in data and simulation
taken from [114].

e pile-up offset corrections account for the measured energy of the jet in excess due to
the presence of in-time (IT) and out-of-time (OOT) pileup. They are derived from
the simulation of QCD multi-jet events processed with or without pile-up overlay
and they are applied to both data and MC samples.

o simulated response corrections compensate for the non-linear response in pr from
the calorimeters and the non-uniform angular response in the tracker transition
region and they are parameterised as a function of these jet kinematic variables.
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e residual data to Monte Carlo corrections must be applied to improve the data to
simulation agreement as a function of the jet n and pr. The absolute scale of the
measured jet pr response is corrected in data using multi-jet and Drell-Yan plus
jets events, which benefit from the high precision measurement of the Z-boson and
the photon energy in the ECAL. The residual 7 correction is derived in di-jet events
exploiting the py imbalance of the di-jet system.

e additional flavour corrections can be applied since the typical pr response differs
for light and heavy flavour jets. In the case of jets initiated by b-quarks, flavour
corrections are extracted from data with Z+b events.

Besides generic jet energy corrections, b-jet energy corrections are applied in this
analysis to recover partially missing transverse momentum caused by neutrino emission
in semi-leptonic b-hadron decays. Such corrections are discussed in detail in Section 4.7.2.

Jet Energy Resolution

Jet Energy Resolution (JER) corrections introduce a dose of smearing in the simulated
jet pr spectrum to compensate for data-to-simulation differences due to detector reso-
lution effects. This alteration of the jet pr distribution can ultimately bias the steeply
falling mass spectra which is the main observable in di-jet resonant searches. In order
to determine JER corrections, an extension of the method used to measure the relative
n-dependent corrections to the jet pr response in v/Z + jets events is adopted [114]. The
main difference is that one needs to assess the detector effects with an impact solely on
the width, (and not producing an overall shift as in the case of JES), on the residual A
of the pr response distribution:

p _pptcl
A="T_T (3.4)
pr

The simulated pr response resolution is modelled accurately by a double-sided Crystal-
Ball functions since the spectrum has a Gaussian core accompanied by non-gaussian
tail. The low pr response tail can be caused by detector effects, such as inactive areas
of the calorimeter or hadronic punch-through, and neutrino emission in semi-leptonic
decays of heavy-flavour hadrons. The JER corrections are also provided centrally by the
CMS collaboration [115]. Two methods are utilised to match the measured pr spectra
in simulation to the accuracy observed in data. The first method, the scaling method, is
applied when the simulated reconstructed jet can be matched to particle-level generated
jet according to the following criteria:

e the phase-space distance between the particle-level object and the reconstructed jet
AR < 0.5R, where R is the jet radius parameter;
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e the residual pr response in simulation A < 3Ag4ta, Where Agqs, is the relative pr
resolution measured in data.

Consequently, the four-momentum of a reconstructed jet is rescaled by the following
correction factor:

CJER =1+ (SJER — 1) X A, (35)

where S;pr = Agaa/A indicates the data-to-simulation scale factor.
In the absence of a matching particle-level jet fulfilling the aforementioned criteria, the
stochastic smearing method is utilised. In this case, the reconstructed jet four-momentum
is multiplied by a factor

CJER =1 + N(O, Adata) X \/IH&X(SJER — 1, O), (36)

where N (0, Agata) denotes a random number sampled from a Gaussian distribution cen-
tered at zero and having a width of Agasa.

3.6 B-tagged jet

Heavy bottom-quarks arise from many interesting processes, such as the decays of the
top quark and of the Higgs boson, as well as in several BSM signatures. Owing to the
relatively long lifetime of b-hadrons!, of the order of few ps, the decay topology of b-jets
involves the presence of secondary vertices displaced typically a few mm with respect
to the primary vertex. Because of the large b-hadron mass generally around 5 GeV, its
decay products tend to have higher transverse momentum than those in light flavoured
jets. This causes b-jets to have a wider jet area and a larger charged particle multiplicity
with on average five charged particles per decay. Furthermore, the large fraction of semi-
leptonic decays in the muon channel of b-hadrons (BR(b — uvX) ~ 11%) and c-hadrons
stemming from b-hadron decays (BR(b — ¢ — urX) ~ 10%) [116] enhance the presence
of muons in b-jets. The topology of b-jets production and decay is shown in Figure 3.7.
To distinguish b-jets from light (udsg-) and charmed (c-) jets, various b-tagging algo-
rithms have been developed at CMS [117]. They exploit a combination of the kinematic
and topological features of b-jets, such as the transverse impact parameters of the charged-
particle tracks, the emission of soft leptons, and the properties of secondary vertices.

Secondary vertex reconstruction

The architecture of the SV reconstruction makes use of the Inclusive Vertex Finder (IVF),
which is able to resolve at least one vertex located within a jet without requiring any jet

1Some light flavour hadrons also feature relatively long lifetimes, e.g. K2, A. However their signatures
are easily identifiable, hence they are suppressed efficiently by b-tagging algorithms.
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Figure 3.7: Simplified view of heavy-flavour jets formation in a pp collision environment.

information. The algorithm first performs a pre-clustering of the tracks present in the
event using displaced tracks as seeds and in parallel a clustering of the residual tracks
on the basis of the pairwise separation. All reconstructed tracks in the event are used
as an input to the IVF2. The SV candidates must fulfill several criteria in order to be
classified as a RecoVerter. The transverse distance between the primary and secondary
vertex must be comprised between 0.1 and 25 mm. The invariant mass of any charged
particle associated to the vertex must be lower than 6.5 GeV. Furthermore, secondary
vertex candidates compatible with a K2 meson decay are rejected.

B-tagging algorithms

The IVF represents the standard vertex finder used for all b-taggers in CMS. The per-
formance of different b-tagging algorithms is described by two quantities; the b-tagging
efficiency, which is the probability of a real b-jet to be identified correctly by the b-tagger
and the mis-identification rate, which accounts for the probability of a light-flavoured jet
being incorrectly identified as a b-jet. Three operational working points (WP) are defined
centrally by the CMS B-tagging and Vertexing group (BTV) [118] to characterise different
levels of accuracy of the b-tagger :

e tight (T) for mis-identification probability of 0.1% of non b-jets;
e medium (M) for mis-identification probability of 1% of non b-jets;
e loose (L) for mis-identification probability of 10% of non b-jets;

Several b-taggers have been utilised in this analysis to conduct optimisation stud-
ies. The CSVv2 tagger is based on the CSV algorithm employed in Run 1, combining

2This differs from the AVF algorithm used in primary vertex reconstruction, which takes assumes
that vertices are located along the jet axis.
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Figure 3.8: b-tagging performance of the HLT level (red dots) and offline versions of the
CSVv2 algorithm (blue dots) demonstrating the mis-identification rate of udsg- (left) and
c- jets (right) as b-jets versus the efficiency for correct b-jet identification measured in
simulated ¢t events before the Phasel Pixel upgrade [119].

secondary vertex (SV) information with track-based lifetime information into a multivari-
ate technique. The discriminating variables are subsequently fed to an artificial neural
network, namely a feedforward multilayer perceptron with a single hidden layer [117].

A streamlined version of the CSVv2 algorithm is implemented for the online b-tagging.
This simplification is necessary due to the latency constraints of the tracking reconstruc-
tion sequence imposed at HLT level. The Fast Primary Vertex Finder (FPVF) locates
the primary vertex along the beamline as the region with the largest number of pixel hits
projected on the z-axis that are compatible with a jet signature. It achieves a spatial
resolution of O(mm) under standard pile-up conditions and is further complemented by
a regional track reconstruction. A comparison of the performance of the online and the
offline versions of the CSVv2 algorithms is illustrated in Figure 3.8 for a simulated sample
of tt events with a mean PU of 35. From these plots, it can be evinced that the offline
CSVv2 b-tagger is consistently more accurate than the equivalent online b-tagger. The
impact of the online b-tagging sequence on the final selection efficiency is addressed by
the calculation of b-tag efficiency scale factors, discussed in Section 4.7.2.

The offline b-tagging performance of the CSVv2 is further improved by means of
deep machine learning techniques, collectively denoted as deep learning. The DeepCSV
b-tagger is an extension of the CSVv2 tagger, utilising a deep neural network approach
with five hidden layers, each with a width of a hundred nodes. The same input tracks and
secondary vertices reconstructed with the Inclusive Vertex Finder (IVF) algorithm are
used. The initial set of observables fed to the fully connected dense network is extended
by the addition of extra track-based variables.

Further advances in deep learning techniques can be exploited to improve the per-
formance of flavour taggers [120]. Convolutional Neural Networks (CNNs), originally
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developed for image processing and pattern recognition, can be adapted to process di-
rectly low-level LHC data for flavour tagging. The main application is the analysis of
energy deposits from calorimeters which are naturally pixelised. The logical structure of
the DeeplJet, a.k.a. DeepFlavour tagger, relies on a hierarchical tile ordering architec-
ture for each collection of reconstructed PF objects. A subset of the properties for the
particle-flow candidates is processed in a heterogeneous, multi-dimensional phase-space,
including sixteen features for charged particles, eight for neutral ones and seventeen for
secondary vertices.

A summary of the b-tagging efficiencies and mis-identification rates for the various
b-taggers tested in the analysis is shown in Table 3.1. The improvement in the discrimi-
nation power of the DeepCSV algorithm in the 2017 tracker geometry is estimated to be
around 5 — 7% for the tight working point. It is driven by the increased redundancy of
the tracking subdetectors, with the innermost barrel layer located closer to the beamline.
The DeepFlavour algorithm outperforms the DeepCSV tagger particularly in the case of
jets with a hard py spectrum, as shown in Figure 3.9. This improvement arises from
the absence of a strong kinematic pre-selection in the training phase. This effect leads to
a significant sensitivity improvement for the H — bb search at high values of the di-jet
invariant mass.

The main systematic uncertainty in the derivation of the b-tagging efficiency is the
fraction of heavy-flavour jets estimated from the multi-jet samples in simulation, followed
by other flavour contributions. These include the observed number of K2 and A hadrons,
affecting the precision of the secondary vertex reconstruction, and the estimated gluon
fraction. The contribution to the uncertainty from mis-measured tracks, reconstructed
from wrong hit combinations, prevails only for b-tagged jets with a soft pr spectrum. The
extraction of the heavy-flavour tagging efficiencies is needed to improve the agreement
between data and simulation. It is the preliminary step to the derivation of the b-tag
scale factors, obtained as the ratio of the offline b-tag efficiencies in data and simulation.

3.6.1 Offline b-tagging scale factors

The aim of the calibration procedure for b-tagging is to correct for the potential differences
in the flavour composition of the b-tagged jets in simulation with respect to the observed
data. For a simple multi-jet event topology with a small number of b-tagged jets, the
calibration procedure can be performed operating an event-wise re-weighting procedure,
using the offline b-tag scale factors, viz:

wentry(pT7 7, f) = H SF(]?T?T/’f)z H (1 - SF(pTanvf)j)7 (37>

i=tagged j=not tagged
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Figure 3.9: Performance of the b-tagging algorithms DeepJet and DeepCSV. The mis-
identification rate of udsg- and c- jets versus the efficiency for correct b-jet identification
was measured in simulated ¢t events for jets with pr > 90 GeV and |n| < 2.5. The cross-
hairs illustrate the impact of the data-to-simulation scale factors on the loose, medium
and tight b-tag working points [118].

Tagger | Working point | &, (%) | e (%) | €udsg (%) d
loose 81 37 8.9 0.58
CSVv2 medium 63 12 0.9 0.88
tight 41 2.2 0.1 0.97
loose 84 41 11 0.15
DeepCSV medium 68 12 1.1 0.49
tight 50 2.4 0.1 0.80
loose 90 46 12 0.052
DeeplJet medium 7 12 1.2 0.30
tight 60 2.2 0.1 0.75

Table 3.1: The b-jet identification efficiency and the corresponding mis-identification rates
for c- and udsg-jets and values of the discriminant d for the CSVv2 and DeepCSV taggers
for the three standard working points. The values of the identification efficiencies are
integrated over the full jet pr and n spectrum.
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Figure 3.10: Data-to-simulation b-tag scale factors as a function of the jet transverse
momentum for the medium WP of the DeeplJet tagger computed separately with the
LTSV and Kin methods respectively (top panel) and their combination (bottom panel)
taken from [118].

where the indices ¢ and j run over the number of b-tagged and non-tagged jets respec-
tively, and the offline b-tag scale factor SF is computed as a function of the jet flavour,
and the kinematic variables pr and 7. In the triple b-tag signal topology of the analysis,
Equation 3.7 simply translates into the product of the individual b-tag scale factors of
the three leading jets in pr:

wemry(Nb = 3) = SF1 X SF2 X SF3 (38)

The offline b-tag scale factors used in this analysis were derived centrally by the BTV
group. The correction factors for the medium working point of the DeepJet algorithm
are shown in Figure 3.10. They were obtained with two different methods, the Kinematic
(Kin) method and the Lifetime Tagging Secondary Vertez (LTSV) method. In the former
case, a boosted decision tree (BDT) discriminant with kinematic observables is used to
distinguish between real b-jets from those originating from initial and final state radiation
using di-lepton top pair MC events. In the latter, the Jet Probability Tagger is adopted
to evaluate the secondary vertex identification efficiency in multi-jet events. Thus, the
correction factors are extracted by means of a template fit to either the BDT discriminant
or to the secondary vertex mass distribution, depending on the method. The weighted
average of the two measurements is fitted to obtain the offline b-tag scale factors that are
used in the present analysis. The uncertainties in the scale factors are obtained as shape
variations of the corresponding template fits.
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Search for neutral Higgs bosons
produced in final states with
b-quarks

ince the discovery of a new resonance at a mass of 125 GeV by the CMS and ATLAS
S collaborations [11,121,122] a monumental effort has been put forward to pin down
the properties of the newly discovered boson. The current experimental evidence points
towards the compatibility of the observed h(125) state with the predicted coupling struc-
ture, CP properties and the other features of a Standard Model (SM) Higgs boson of this
mass. The latter has a large coupling to b-quarks, and the bb channel is the predominant
decay mode. Despite its large branching fraction, this decay channel was experimentally
confirmed at the LHC only recently [55,56]. In fact, the sensitivity is limited by the large
background consisting of heavy-flavour multi-jet production, and by the effective detector
resolution. In SUSY models, the running bottom mass is sensitive to higher order cor-
rections from the unexplored SUSY sector. Thus, a precise measurement of the bottom
Yukawa coupling is needed to look for possible deviations from the SM prediction that
may point indirectly to the existence of BSM physics.

The observed Higgs boson may be further interpreted as the first discovered scalar
state of an enlarged Higgs boson sector, foreseen by several BSM models such as the
Minimal Supersymmetric Standard Model (MSSM) and the general Two Higgs Doublet
Model (2HDM) discussed thoroughly in Sections 1.2 and 1.2.7. Furthermore, based on
the ATLAS searches at 13 TeV for invisible decays of the Higgs boson [47] an indirect
upper limit on B(H — BSM) below 0.47 is obtained at 95% confidence level'. Therefore
the existence of undetected Higgs boson decays into BSM particles remains an interesting

'In the SM only the H — ZZ — 4v channel contributes to invisible decays, with a branching fraction
of only 1073,

7
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possibility, which motivates the need for direct BSM searches. Due to the absence of
a “golden” search channel, the latter must probe a large Higgs boson mass window,
complementing the indirect constraints on 2HDM from the h(125) coupling measurements
[47] and from rare B meson decays [123]. Both the 2HDM and the MSSM feature two
scalar Higgs doublets, yielding five physical Higgs bosons after electroweak symmetry
breaking. These comprise the neutral Higgs states ¢ = {h, H, A}, of which the first
member is conventionally identified with the observed h(125) state, while the latter are the
nearly mass degenerate higher mass Higgs bosons A/H, differing by their CP properties.
An overview of the recent results of searches for BSM neutral Higgs bosons in fermionic
decays with CMS Run 2 data is reported in Appendix D. In this work, additional neutral
Higgs boson decays are searched for in the b-associated production mechanism exemplified
in Figure 1.6. This production channel is chosen over the gluon-gluon fusion because of the
lower QCD multi-jet background. In this chapter, a search for the b-associated production
with the neutral Higgs boson decays into a b-quark pair in the semi-leptonic channel with
2017 data collected with the CMS detector is presented.

4.1 Overview of previous results

Searches for neutral Higgs bosons in the context of the MSSM model were first conducted
at the Large Electron-Positron Collider (LEP) at CERN [124]. Comprising the four exper-
iments ALEPH, DELPHI, OPAL and L3, LEP was the largest electron-positron collider
ever built, operating at a centre of mass energy of up to 209 GeV in the pre-LHC era.
The most relevant Higgs production mechanisms at LEP are the Higgsstrahlung process
ete” — Z — h/HZ, which prevails at low values of tanf, and the Higgs pair produc-
tion ete™ — Z — h/HA, dominating at large tanf. Searches at LEP for Higgs boson
decays in the bb channel did not find any significant deviation from the background-only
expectation. The largest excess found in the mass region in the vicinity of my = 100 GeV
corresponds to a 2.5 o deviation from expectation [77].

Searches for Higgs boson decays to b-quark pairs were also performed by the experi-
ments CDF and D§) at the Tevatron [125] located at the Fermilab National Accelerator
Laboratory. This proton anti-proton collider operated at a center of mass energy of 1.96
TeV. Due to the large multi-jet production rate, typical of any hadron collider, an in-
clusive search in the bb decay mode is extremely challenging. Consequently, only the
b-associated production mechanism has been exploited at Tevatron and in subsequent
LHC searches for MSSM Higgs bosons. Both the CDF and D§ experiments collected a
significant amount of data during the Tevatron Run 2, corresponding to an integrated
luminosity of 2.6 fb~! and 5.2 fb~! respectively. The Tevatron results were derived for the
gb — ¢b production mode in the ¢ — bb decay channel. While no significant signal was
identified, excesses at the level of ~ 20 with respect to expectation have been observed
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by both experiments [126,127] for m, = 120 GeV and 140 GeV. The LEP and Tevatron
exclusion limits in the tanf-m,4 parameter space of the m'** benchmark scenario com-
plement each other, as illustrated in the left plot of Figure 4.1.

CMS, 19.7 fbl (8 TeV) + 4.9 fb (7 TeV)
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Figure 4.1: Upper limits for the parameter tang on the b-associated production of the ¢
boson times the branching fraction of the ¢ — bb decay in the low my4 region at 95 %
confidence level. The results are obtained with Run 2 combination of Tevatron results [128]
in the mj®* scenario and compared with the LEP combined measurements [77] (left). The
Run 1 combination of analogous searches with CMS data [129] for the updated mj4*
scenario is also shown (right). In the latter case, the theoretical uncertainty on the mass of
the observed CP-even boson [73] arising from the unknown higher-order SUSY corrections

is estimated in a conservative way by assigning a + 3 GeV uncertainty band.

Analogous searches have also been performed in pp collisions at the LHC by the CMS
collaboration at /s = 7 TeV [130], 8 TeV [129], whose results are combined in the right
plot of Figure 4.1, and 13 TeV [17], shown on the left of Figure 4.2, with integrated lu-
minosities of 4.9fb~1, 19.7fb~! and 35.7fb~!, respectively. The ATLAS results obtained
at /s = 13 TeV [131] using data corresponding to an integrated luminosity of 27.8 fb™!
are illustrated in the right plot of Figure 4.2.

The common event category addressed by all these searches is the all-hadronic channel,
with the exception of the CMS analysis at 7 TeV, which employs also the semi-leptonic
channel. Both these categories make use of a triple b-tagged jet event selection conven-
tionally denoted as the bbb search region. Thus, the signal is usually searched in this
region as an excess in the invariant mass spectrum of the di-jet system of the two most
energetic b-tagged jets. The CMS Run 1 results /s = 7 TeV and 8 TeV have been com-
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Figure 4.2: Model-independent upper limits on o (bbg) B(¢ — bb) at 95 % confidence level
as a function of the Higgs boson mass obtained using 35.7 and 27.8 fb=! of pp collision
data at /s =13 TeV collected with the CMS [17] (left) and ATLAS [131] (right) detector,
respectively.

bined for the updated MSSM benchmark scenario mhm°d+. This scenario incorporates the
constraints of the discovered CP-even SM-like h(125) state, as discussed in Section 1.2.6.
At the time, these results posed the most stringent constraints in the bb decay mode in the
low m 4 region of the MSSM parameter space. The increase in center-of mass-energy up
to 13 TeV allowed probing higher values of the pseudoscalar boson mass, with an upper
bound at ma = 1200 GeV and 1400 GeV for the CMS and ATLAS searches, illustrated
in Figure 4.2. On the other hand, because of the larger trigger rates, tighter jet kine-
matic thresholds were adopted, thus restricting significantly the sensitivity reach in the
low-mass region down to 300 GeV and 450 GeV for CMS and ATLAS results, respectively.

This thesis work is based on a novel search at /s = 13 TeV, the semi-leptonic channel.
The additional requirement of a muon within any of the two most energetic b-tagged jets
in the final state is introduced. This type of muon selection acts as a soft b-tagging
requirement since it targets the semi-leptonic decays of b-hadrons contained in heavy
flavour jets. This enables the reduction of the transverse momentum thresholds of the
selected jets at trigger level. Consequently, additional Higgs bosons decaying to a bb pair
with masses as low as 125 GeV can be probed at the LHC.
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Figure 4.3: A selection of Feynman diagrams of the leading-order processes in the 4-flavour
scheme (4FS) concurring to the ¢ production in association with two b-quarks [131].

4.2 Signal and background processes

The search presented in this thesis uses CMS data collected in 2017 corresponding to an
integrated luminosity of 36.5 fb~!. It complements and extends the sensitivity reach of the
search exploiting the fully-hadronic category using the CMS data collected in 2016 [17].
Despite the similar parametric approach for the modelling of the signal and background
processes, several substantial changes to the analysis strategy have been implemented:
the selection of the b-tagged jets is performed with more sophisticated multivariate algo-
rithms; the improvement in the signal resolution and scale by means of corrections to the
b-tagged jet energy; the development of an advanced data-driven approach exploiting a
tag-and-probe technique to factorise the individual contributions of the trigger systematic
uncertainties affecting the di-jet plus muon system.

The main process of interest is the b-associated production of the neutral Higgs boson
¢, which subsequently decays into a bb pair. In several theories comprising an enlarged
Higgs sector, the bb¢ process can become the dominant production mode due to the tan/3
enhancement of the bottom Yukawa coupling. Depending on the assumptions regarding
the mass of the b-quark, different flavour schemes can be adopted to calculate the total
inclusive cross section of the process.

The four-flavour scheme (4FS) is valid provided that the characteristic scale of the
process is much lower than the b-quark mass. In this case, the bottom quark parton
density vanishes [132], hence mostly gluons participate in the initial state, as exemplified
by the leading order Feynman diagrams shown in Figure 4.3. On the other hand, if the
interaction energy reaches a value of Q = mgy/4 > my,? where my is the mass of the
searched Higgs boson, then the bottom parton density must be taken into account. In the
latter case, the calculation is performed within the five flavour scheme (5FS). The value

2 At this value of the characteristic scale of the process, the collinear limit is reached. The logarithmic
terms present at all orders in the 4FS describing the soft g — bb splitting spoil the perturbativity of the
calculation provided that @ > my.



82  Chapter 4. Search for neutral Higgs bosons produced in final states with b-quarks

b ——T----- ¢

g "0000%——— b

Figure 4.4: A subset of Feynman diagrams of the leading-order ¢ production in association
with a single b-quark contributing exclusively in the 5-flavour scheme (5FS) [131].

of the b-quark mass is set to zero in the leading order Feynman diagrams portrayed in
Figure 4.4.

At finite order, the computation of the total inclusive cross section is obtained by
combining the predictions of the four- and five-flavour schemes by means of an empirical
approach, namely the Santander matching scheme. The latter was introduced to recon-
cile the numerical predictions of the total inclusive cross section of the signal process with
leading order accuracy in the 4FS and 5FS, which differ by a factor ~ 5 at a characteristic
scale of Q = my,®. Next-to-leading order signal processes can also be calculated in both
flavour schemes including initial and final state radiation.

The characteristic signature of the bb(¢ — bb) signal process is the presence in the final
state of two highly energetic b-tagged jets, initiated from the decay products of the Higgs
boson, and at least one additional associated b-tagged jet, denominated as the spectator
jet. Despite the frequent presence of two spectator jets in the signal process, the require-
ment of a well-reconstructed fourth b-tagged jet would limit both the signal acceptance
and rate exceedingly. Unlike the fully-hadronic channel, the statistical power of the chan-
nel is already constrained by the requirement of a muon within a jet , which accounts for
a reduction of the signal rate by approximately an order of magnitude. Therefore, only
three b-tagged jets and a muon within a jet are required in the event selection.

Background contributions arise from Standard Model events with the same triple b-
tagged jet signature as the signal process and from multi-jet events, in which at least a

3This technique combines 4FS and 5FS predictions for the bb¢ cross section using a weighted mean
based on the Higgs boson mass [132], viz:

AFS 5FS
o wo m
gmatehed — +—, where  w = In—% — 2, (4.1)
1+w mp
where 0475 and ¢°F indicate the total inclusive cross section in the 4FS and the 5FS. As the mass ratio

w tends to unity (infinity) the four (five-) flavour scheme predictions become unique in the asymptotic
limit.
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Figure 4.5: Feynman diagrams with at least three b-quarks in the final state produced in
a QCD process (left) and in ¢¢ decay (right). The diagrams have been realised with [71].

light-flavoured jet is misidentified as b-quark initiated jet. The predominant background
source is the irreducible QCD multi-jet production. The QCD production cross-section
for at least two b-tagged jets lies in the range ogcp(njes > 2) = 10°7° pb depending on
the jet activity, defined as the scalar pr sum of all the jets in the event with a transverse
momentum larger than 20 GeV. A representative Feynman diagram of a QCD process
with four bottom quarks in the final state is shown in Figure 4.5 a.

A second background contribution originates from the ¢t + jets production. Such
events always contain at least two b-quarks in the final state because of the almost ex-
clusive t — b decay, as illustrated in Figure 4.5 (b). Nevertheless, the production cross
section o7 = 888 pb [133] of the ¢t process is significantly lower than most QCD sub-
processes. The total contribution was estimated in Monte-Carlo simulation studies to
account for less than 6% of the events selected in data with the signal topology, as dis-
cussed in Section 4.8.1. A data-driven approach is adopted in this work to estimate all
background processes inclusively, and to simplify the modelling of the background shape
using a single analytical description.

4.3 Analysis strategy

The analysis strategy is to search for an excess of events in the observed dijet mass dis-
tribution of the jet candidates stemming from the Higgs boson decay. In this type of
selection of the signal process, the two leading jets in pr are initiated by the Higgs boson
decay products. The main observable of the analysis is the di-jet invariant mass M, of
the leading two b-tagged jets. Signal events are selected with at least three b-tagged jets
in the final state, thus defining the triple b-tag bbb signal region. In addition, a muon
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Run-period Run-range Integrated luminosity, fb=!
Era 2017C | 299337-302029 9.6
Era 2017D | 302030-303434 4.2
Era 2017E | 303435-304826 9.3
Era 2017F | 304911-306462 13.5
Total 36.5

Table 4.1: Amount of data collected in each 2017 data-taking period with the semi-leptonic
trigger used in the analysis with the CMS detector.

candidate stemming from the b-hadron decay of one of the two highest-pr jets must be

identified.

The background is evaluated by means of a suitably defined control region. A signal
depleted region, denoted as bbnb, is obtained by requiring that the spectator jet does not
satisfy the b-tag requirement. Since the background estimation is completely data-driven,
a breakdown of individual background components is not necessary for the purpose of the
background modelling. In order to prevent any bias in the analysis optimisation, a conven-
tional blinding policy is adopted, requiring that the M, spectrum in the signal region is
not inspected prior to the definition and validation of the analysis methods in the control
region. As the final step, the M, distribution in the bbb region is used together with the
background model to perform a global signal plus background fit to evaluate the signal
production cross section.

4.4 Data and Monte Carlo simulated samples

The present analysis is based on the data collected with the CMS detector at a centre-of-
mass energy of 13 TeV in 2017. The data-taking period in which the main semi-leptonic
trigger were deployed spans several run periods, or eras, C to F, and the corresponding
recorded luminosity per era is displayed in Table 4.1.

The signal samples listed in Table 4.2 for the simulation of the MSSM Higgs boson pro-
duction and subsequent decay were produced centrally. The leading-order signal process
is simulated with the PYTHIAS generator [91] pp — bbA/H — bb. PYTHIA is a parton-
shower generator that calculates 2 — 2 matrix elements at tree level, which is widely
used to simulate hadronisation and parton showering. The next-to-leading corrections,
including the gluon emission responsible for initial and final state radiation, are instead
computed with the event generator MADGRAPH5_AMC@NLO [134]. MADGRAPH is an
event generator used to compute the hard-scattering process at matrix element level with
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Fraction of

Process Generator | Mass point, [GeV] | Events : .
negative weights
120 1000000
- - 350 1000000
bbA/H — bb, LO PYTHIAS 500 1000000 -
1200 1000000
120 9543000
125 24934500
130 7277000
140 9774000
160 9644000
180 9757000
200 8513000
bbA/H — bb, NLO | MADGRAPH5 250 7257396 36%
300 18972000
350 9177000
400 9936000
450 9857000
500 8385000
600 10000000
700 9144903

Table 4.2: Summary of the simulated signal samples utilised in this analysis. In each
Monte Carlo sample the mass of the hypothetical Higgs boson is indicated, as well as the
the total number of generated events and the relative fraction of negative weights from
the interference terms in the cross section computation.

a maximum of two (four) additional partons with (next-to)-leading order accuracy. In this
analysis, MADGRAPHS5 _AMC@NLO is interfaced with PYTHIA8 for the parton shower
computation. Interference terms in the NLO cross-section calculation of the signal process
lead to a sizable fraction of events, around 36%, carrying a negative weight. The leading
order signal samples have been used for a quantitative comparison with the samples with
next-to-leading order accuracy.

Furthermore, centrally-produced Monte Carlo samples listed in Table 4.3 simulating
the prevailing background source, the QCD multi-jet production, have been used in the
trigger efficiency studies described in Section 4.5. Due to the requirement of a muon
within a jet in the event selection, the statistical power of the inclusive QCD samples is
excessively reduced. Consequently, QCD samples enriched in muons have been generated
to study the online muon kinematic efficiency.
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Sample Generator pr/Hr, [GeV] Events | Cross section, pb

pr = 30 — 50 29030324 1362000

50 — 80 24068613 376600

80 — 120 23248995 88930

. 120 — 170 20774848 21230
QCD p-Enriched | PYTHIAS 170 — 300 | 46170668 7055
300 — 470 17744779 797.3
470 — 600 24243589 59.24
600 — 800 16390713 25.25

Hp =100 — 200 | 8894908 1260274

200 — 300 9952918 80430

QCD b-Enriched | MADGRAPHS 300 — 500 3547725 16620
500 — 700 2010208 1487
700 — 1000 891925 296.5

Hpy =100 — 200 | 9417440 1282000

200 — 300 8611681 111800

QCD b-gen filter | MADGRAPHS 300 — 500 5529691 28070
500 — 700 7621842 3082
700 — 1000 1816716 724.2

tt PYTHIAS - 10139950 831.76

Table 4.3: Summary of the QCD and t¢ simulated samples utilised in this analysis. In
the QCD p-enriched sample, the selected muon must satisfy a kinematic cut of p% ) > 5
GeV at generator level. For each sample, binned in terms of either the parton transverse
momentum pr or in the event activity Hr, the total number of generated events and the
production cross section is indicated.
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4.5 'Triggers

One of the main challenges of the present analysis is the development of a set of dedicated
triggers used to collect the data for the analysis and to perform the studies required to
determine the trigger efficiencies. As outlined in Section 2.2.5, the CMS trigger system
consists of a two-step procedure adopting level one triggers (L1) for a fast event selection
performed with custom-built logic boards, followed by further processing in a high level
trigger (HLT) computer farm, which executes a simplified version of the offline CMS
reconstruction software. The key objective of any physics trigger is to retain as many
signal events as possible, whilst keeping the output rate at an acceptable level at each
step of the triggering sequence.

4.5.1 The semileptonic L1 trigger

The semileptonic L1 trigger used in the 2017 data-taking period selects events with at
least two jets and it also requires the presence of a muon lying within the hadronisation
cone of either the two jets passing the pr selection. The requirement of a L1 muon in the
semileptonic trigger drives down the overall rates by an order of magnitude. This rate
reduction allows retaining jets with lower pt compared to those from the all hadronic
analysis.

The L1 selection implemented in the semileptonic trigger is summarised below :

e at least two calorimeter jets are present with pgrl 2 > 40GeV located within a pseudo-
rapidity window |77(1’2)| < 2.3. A tight |n| selection is possible without compromising
the sensitivity, as signal jets are produced more centrally than in background events;

e any jet pair fulfilling the kinematic requirements must have an angular separation
An < 1.6, which reduces the overall L1 rate by approximately 15%. This cut
improves the purity of the signal sample by rejecting a large fraction of background
processes. The QCD multi-jet events tend to have a broader An separation between
the most energetic jets, when compared to signal events;

e one Level-1 muon is selected with a pg,’f) > 12 GeV and {n(“)‘ < 2.3 and with a
maximal distance from the jet axis of any of the two most energetic b-tagged jets
of AR(p, ;) < 0.4, where the index i = 1,2 denotes the jet rank in pr.

All the kinematic thresholds of the L1 sequence have been optimised to keep the output
rates under control. The methodology followed for the preliminary L1 rate study prior to
the inclusion of the semileptonic trigger in the 2017 trigger menu is described extensively
in Appendix B.1. The starting point of the L1 sequence, the LI seed, was emulated using
2016 data. The observed L1 rate at a peak pile-up (1) = 56 is around 1.7 kHz, which
agrees well with the predicted value from simulation. The achieved high precision of the
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rate estimates is in line with expectations since the CMS calorimeter and muon system
in 2017 are unvaried with respect to the 2016 legacy system.
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Figure 4.6: Linear dependence of the HLT rate on the mean number of pile-up interactions
for the main semi-leptonic trigger of the analysis for a representative 2017 LHC fill 6165
with N, = 1151 circulating bunches per beam. The HLT rate was found to be 10.2 4+ 2.3
Hz at an instantaneous luminosity of . = 2.06 x 10**em 2571,

4.5.2 HLT trigger

The events passing the L1 requirement are further processed at the HLT level. This
trigger step consists of a sequential workflow, where the most computationally expensive
sequences are placed at the end in order to minimise the processing time, or timing, of
the trigger. A detailed description of the HLT timing study is reported in Appendix B.2.
The architecture of the HLT trigger sequence is structured as follows:

e at least two anti—kr calorimeter jets, corrected for the pile-up offset, pass the kine-
matic cuts of pg}’Q) > 30 GeV and [n®?| < 2.3;

e one particle low muon with a p(T“ ) > 12 GeV and in the same n window as the two
leading jets in pr;

e at least two calorimeter jets out of a maximum of eight candidates are processed
in the online b-tagging sequence based on the CSVv2 b-tagger described in Section
4.5.6. This involves a series of quality cuts on the primary and secondary vertex
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reconstruction, which are crucial for accurate b-jet identification. The value of
the online b-tagging CSVv2 discriminant is set to 0.92, which corresponds to a
0.33% fake rate rejection for light-flavoured jets. This requirement is more stringent
than the 1% mis-identification (medium) working-point imposed in the offline event
selection;

e at least two particle-flow jets with a tighter pt threshold of 40 GeV with respect
to calorimeter jets and the other kinematic cuts unvaried with respect to previous
steps?;

e as in the L1 seed, any pair of jets passing the kinematic requirements must have an
angular separation in An < 1.6;

This HLT sequence was designed to meet the total rate budget of 15 Hz allocated by
CMS for any physics triggers, without the application of any random pre-scaling of the
triggered events. However, the actual observed rate in data was found to be on average
around 10 Hz, as shown in Figure 4.6. The latter is lower than expectation owing to the
large uncertainties in the rate estimation, coming from Monte Carlo samples with the
upgraded 2017 geometry. Besides keeping the trigger rates under control, this complex
sequence of online cuts maximises the sensitivity of the analysis. The last sequential step
involves the full PF reconstruction sequence, which is the most computationally expen-
sive part. The timing of the trigger is reduced by performing the baseline selection of the
dijet-plus-muon system already at Level-1. The mean total timing of the semi-leptonic
trigger path was found to be ~ 2.8 ms at peak pile-up (i) = 56 in simulation, which is
well below the acceptable maximum of 10 ms.

In general, the difference in precision between reconstruction algorithms can lead to
trigger inefficiencies. For instance, the decision to reject events based on the jet pr is
much faster at Level-1 than for particle-flow jets selected at HLT because of the differ-
ent complexity of the reconstruction sequence. This leads to an underestimation of the
fraction of triggered events with a very soft pr spectrum, which can be parameterised in
terms of a kinematic turn-on behaviour. Trigger efficiencies are determined for all PF
analysis objects selected at trigger level, following a factorised approach. The trigger
efficiency for the di-jet system is split between the kinematic part, which describes the
performance of the triggered jet transverse momentum and angular response, and the on-
line b-tag factor, which accounts for the trigger response of the b-jet filtering sequence. An
independent measurement is performed for the kinematic trigger efficiency of the selected
muon within-a-jet as a function of its transverse momentum.

4Applying a looser pr threshold to calorimeter jets with respect to the PF jets is useful to keep the
HLT rate sustainable. This is due to the lower reconstruction efficiency, and faster processing time, for
calorimeter jets with a soft pp spectrum with respect to the corresponding PF objects.
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Integrated luminosity, pb~*

Run-period Run-range JetHT DoubleMuon
PFJet40 | PFJet60 Mu8
Era 2017C | 299337-302029 58.3 232 0.716
Era 2017D | 302030-303434 | 193.3 357 0.499
Era 2017E | 303435-304826 66.2 277 0.553
Era 2017F | 304911-306462 72.6 259 0.754
Total 390.7 1108 2.52

Table 4.4: Summary of the primary datasets run ranges and of the corresponding lumi-
nosity the single-jet PF triggers in the JetHT dataset and the single-muon trigger in the
DoubleMuon dataset after prescale.

4.5.3 Kinematic trigger efficiency

The aim of the study on kinematic trigger efficiency for the physics objects of interest,
namely muons and jets, is twofold. On one hand, one needs to determine the efficiency
dependence on the object selection arising from the difference in scale and resolution be-
tween the online and offline versions of the variable used in the selection. Another effect,
which can be partially correlated with the former, is the efficiency dependence on data-
taking conditions and on the detector geometry.

Primary datasets are inclusive subsets of the event stream recorded by the CMS ex-
periment. They contain similar physical objects present in the final state of the event
that are reconstructed by the HLT sequence. An overview of the primary datasets used
to evaluate the kinematic trigger efficiency is shown in Table 4.4. The JetHT and Double-
Muon dataset contain single jet (muon) triggers with different pr thresholds, respectively.
The total integrated luminosity corresponding to each data-taking period for the certi-
fied data, satisfying the required quality criteria is also indicated. Owing to their high
trigger rate, the inclusive single-object triggers are prescaled according to their kinematic
thresholds. This leads to a substantially lower integrated luminosity with respect to the
main analysis trigger, which is unprescaled.

Tag-and-probe method

A tag—and—probe method was adopted to compute the kinematic efficiency of both jet
and muon objects. This is a powerful technique that can be exploited to obtain the
reconstruction efficiency of a generic physics object. The key advantage consists in the
selection of a pure, unbiased sample of one of such objects in a pair, which by construc-
tion removes potential mis-reconstruction effects ascribable to the selection of a single
object. The tag—and-—probe method usually exploits some known physical process, such
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as resonant production. The object that effectively probes the reconstruction efficiency is
left unbiased by the selection applied on the tag object side. The efficiency is then simply
extracted as:

N(passing probes
o — (passing p )7 (4.2)
N(probes)
where all events whose probe pass the selection of interest contribute to the numer-
ator, whereas all events with probes identified by the tag selection are included in the

denominator.

4.5.4 Jet kinematic trigger efficiency

The jet kinematic efficiency is determined as a function of the offline kinematic variables,
namely the offline jet pr and 7. Neglecting the kinematic cross-correlation between the
two most energetic jets, the total kinematic trigger efficiency can be expressed as the
following product:

1 2 1 2
exin. = F(OY, 02 00 @) = f Wy - F ), (4.3)

where f (pg} ) nW) and f (pé? ) @) are the individual kinematic trigger efficiencies of
the first and the second leading jet in pr, respectively.

The jet kinematic trigger efficiency was obtained using a sample of back-to-back
di-jet events. Pre-scaled single-jet triggers denoted as HLT_PFJetX with pr thresholds
X= 40, 60 GeV listed in Table 4.5 have been used in this study to probe different offline
pr ranges. The more inclusive trigger has the same prp threshold as the semileptonic
trigger used in the analysis. Owing to its lower pre-scale, the PF trigger with the tighter
threshold has been used to overcome the statistical limitations of the former at high pr.
Previous studies have shown that the HLT_PFJet60 becomes fully efficient at 85 GeV [135].
Therefore, this trigger was used to extend the efficiency measurement in pr from a value of
110 GeV up to 300 GeV. Moreover, the Level-1 and calorimeter jet kinematic thresholds
are emulated by applying the same kinematic cut as in the PF object to the corresponding
trigger object. The most energetic jet is identified as the tag, while the second leading
one as the probe. The following baseline double-jet selection is applied:

e both leading jets in pr passing tight identification requirements are forced to be
back-to back by requiring A¢pqo > 2.4;

e they must satisfy p(Tl’Q) > 30 GeV and |7](1’2)| < 2.3;

e if a third jet is present in the event, it must have a significantly lower pr than the

ESIINC))
mean transverse momentum of the two leading jets, i.e. p(TB') < 0.3 x ’%. The
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D1 jet AQo/D 7 33_ 7 ;DS.mTi 7 desvve 7 N fcﬂ: AQ.@/Q 7 _S;
Main trigger

HLT_Mul12_DoublePFJets40| 2 2 40 2.3 1.6 0.92 1 12 2.3

MaxDetalp6_Double

CaloBTagCSV_p33

Trigger name 7 Nijets 7 Ny—tags

=

Control triggers

HLT_SingleJet30_Mul2_ 1 0 40 5) — — 1 12 5)
SinglePFJet40_p33
HLT_PFJet40 1 0 40 ) — — — — —
HLT_PFJet60 1 0 60 5) — — — — —
HLT_Mu8 — — — — — — 1 8 5)

Table 4.5: Summary of the triggers adopted in this work. The main semi-leptonic trigger is used to collect the data
for the analysis, while the control triggers are used for the determination of the kinematic trigger efficiencies.
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suppression of additional jet activity in the event serves the purpose of improving
the purity of the di-jet sample. Furthermore, it is desirable to suppress soft jet
radiation since soft QCD processes are generally more prone to mis-modelling in
simulation;

e the matching condition between offline jets and the online objects at all reconstruc-
tion levels requires an angular separation of AR < 0.5.

Thus, the efficiency is calculated as the fraction of events in which both leading jets in
pr fire the single jet trigger over the total number of events in which the first leading one
fires the trigger. Since the single jet trigger pre-scale are not constant, in order to combine
correctly different eras in a single efficiency curve, the following luminosity event-by-event
weight was applied:

era

w = total 7 (44)

era
trigger

where Z,71%, is the total luminosity collected per era, and Z772 . corresponds to the

luminosity collected by the single jet trigger in the same era, taking prescales into account.
This reweighting allows addressing time-dependent shifts in the position of the kinematic
turn-on points. The same procedure was followed to determine the kinematic trigger
efficiency in simulation using PYTHIA8 QCD samples listed in Table 4.3. The pile-up
profile of the simulated events was corrected with a standard re-weighting procedure. In
order to obtain a fair comparison with data, corrections to the leading jets energy and
pr resolution, described in Section 3.5.2, have also been applied prior to the efficiency
computation.

Kinematic trigger scale factor

In order to correct the efficiency in simulation to the observed one in data, it is convenient
to derive a correction commonly referred to as scale factor. In this context, the kinematic
scale factor is computed from the ratio of the kinematic efficiency curves obtained from
data and simulation for each of the two leading jets which are selected by the trigger:

data(, (1) (i)
i 7 €xin. ) . .
S Fan o)) = ST gy -, (45)
€xin (750 D)
where the index 7 stands for the jet ranking according to its transverse momentum.
The overall scale factor of the event can be factorised as the product of the individual
scale factors of the two most energetic jets under the assumption that the jet-jet kinematic

correlations are well-modelled in the simulation.

SFkin, event — SFkin(pg})a 7}(1)) X SFkin(pg)a 77(2)) (46>
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In order to smoothen out the statistical fluctuations, the correction is fitted with a
Gauss error function, the cumulative distribution of a Gaussian function, defined as:

2 [T .
erf(x):ﬁ/o e " dt. (4.7)

The resulting efficiency curves and the scale factors are illustrated in Figure 4.7. This
study shows that turn-on point differs significantly between data and Monte Carlo in the
endcap region, which is characterised by a higher occupancy and more intense jet activity.
The uncertainty of the scale factor is estimated from the covariance matrix of the fit and
it is used to obtain the analytical form of the up and down two-sigma variations of the
jet trigger kinematic scale factor, discussed in detail in Section 4.7.4.

4.5.5 Muon kinematic trigger efficiency

The measurement of the overall online and offline muon reconstruction efficiency is a
crucial aspect of this analysis since it impacts the signal efficiency of the di-jet plus muon
system. In the most general case, the overall selection efficiency of an offline reconstructed
muon can be factorised as follows:

K — M K M
€total = €Tracker < €ID X 6Tm'gger’ (48)

where €., 1., 1S the muon tracking efficiency for global muons, €}, is the muon iden-
tification efficiency, €pyigger is the muon trigger efficiency. The muon tracking efficiency
was measured and found to be very close to unity, therefore it can be neglected in the
efficiency computation. Thus, the overall muon selection efficiency in this analysis can be
factorised solely in terms of two contributions :

© — M ©
€total — €ID X 6Tm'gger‘ (49)

These efficiency measurements are performed independently using a sample of muon
passing the previous selection step in the sequence tracker — ID — trigger.

A tag-and-probe method was also used to evaluate the muon kinematic trigger effi-
ciency using the J/¢ — ptpu~ decay channel. Events selected in the J/1) mass window
are used to obtain a pure sample of muons with a soft pr spectrum. The .J/v resonance
peaking at 3.096 4+ 0.006 GeV possesses the ideal decay topology to probe the kinematic
turn-on region of the semi-leptonic trigger used in the analysis. The data samples used
in the muon kinematic efficiency measurement in data correspond to the DoubleMuon
dataset listed in Table 4.4. The kinematic leg in the HLT sequence of the main trigger
was emulated by imposing the same set of kinematic cuts as in the semileptonic trigger
on the online trigger muon objects of the more inclusive single-muon trigger HLT_Mu8.



4.5. 'Iriggers

95

36.5 fb™ (13 TeV
- ‘ ; —— 2210 (13 1€V
g F . |
@ - -2 B
S b e 1
T ogl av 0.0<|1|<1.0 | ]
C .:‘” —+—Data CDEF ]
0.6 —
C -+ QCD B
L = ]
04— m —
0.2 m -
| -
ol I I 1
R
2 1E
S 09 s
Ry ] -
2 07
06
B 05
04
03
02
01555 00 150 200 250 300
Pl [GeV]

efficiency

Scale factor

365 b (13 Tev

T T T
1= amas = .
[ L. |
Fo- 1.0<|1|<1.4 | ]
08 .. i<t 4
C o —+—Data CDEF B
06— = 1
04 = 7
- ]
02 . A
Ca m
ot I 1
1.1
i o
0.9
08E
07
06
0.5 L
0.4 e
03
02
01555 700 i 700 N
prol
Pl [GeV]

36.5 b (13 Te

=<

- — e 10
2 4
2 Bch ]
= - - |
© 08— 14<|n|<2.2 | ]
P —+«Data CDEF | 7
06— —
L - Qco ]
I J
04— -
C o ]
02 —]
[ ]
e i
0 i 1
5 M
S -
S 09 jﬁ'
& os
o 07
06
B 055 ™
04E-
0.3E
02
01— 100 200 E T
p?’" [GeV

Figure 4.7: Kinematic trigger efficiency as a function of the jet pr as determined from
data (red) and simulated QCD samples (black) in three non-overlapping pseudorapidity
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corresponding to the barrel, overlap and endcap regions, respectively. In the bottom panel
of each plot, the scale factors obtained from the ratio of the corresponding efficiency curves

are fitted with the Gauss error function.
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A pr threshold of 12 GeV and a pseudorapidity restriction to |n| < 2.3 is imposed for
both Level-1 and PF muons. An analogous procedure was followed for the determination
of the efficiencies in simulation using QCD muon-enriched samples. Owing to statistical
limitations of the data samples, the kinematic efficiency was evaluated exclusively in bins
of the offline muon pr. The following selection criteria are applied on the tag-and-probe
muon pair:

e two oppositely-charged muons passing tight identification;

e di-muon pairs within the mass window of |m,, —m J/»w‘ < 0.15 GeV are selected;

e H < pg’f) < 30 GeV; }17(“)| < 2.3;
° pT(Htag) > 10 GeV,

i A}%(,U/probe; Mtag) > 0.1.

The tag muon tests whether the event has fired the emulated single-muon trigger. The
matching condition to the online trigger objects of the probe consists of a spatial separa-
tion of AR(fiprobe, ftr1) < 0.4 and AR(fiprobe, ftr3) < 0.005. This matching requirement is
identical for the tag muon.

This probe matching condition splits the events into two disjoint event categories,
distinguishing between the passing and the failing probes. The combinatorial background
from additional muon tracks makes a substantial contribution, especially in the low pr
region of the di-muon mass spectrum. The cuts on the angular separation AR between
the online trigger objects and the offline reconstructed muons, as well as the separation
between the tag and probe pair were optimised to suppress the background events from
mis-matched muon pairs. The overall background rejection is approximately 90% in the
lowest pr bins. The residual background is subtracted from the efficiency computation
by means of a simultaneous signal plus background fit with identical shape parameters to
the di-muon invariant mass spectrum in both categories:

(z — mo)Q) € :passing probe
(4 I CRIC NN R AR 7 4.10
f(z) ={Aexp ( 252 } (1 —¢€): failing probe (410

where A, my and o are respectively the normalisation, mean and width of the gaus-
sian fit used for the signal parameterisation, whereas the parameter k is an offset which
accounts for the background contribution. Thus, the trigger efficiency € is derived from
the overall normalisation factor of the simultaneous invariant mass fit categories for every
pr bin. The statistical uncertainty on the efficiency is extracted from the Poissonian-
likelihood function since this estimator is more accurate than the x? test in the case of
samples with low statistics, as verified for the higher pr bins.
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Figure 4.8: Simultaneous fit of the invariant mass di-muon spectra in the two event
categories of failing and passing probes in data for the probe pr in data.



98 Chapter 4. Search for neutral Higgs bosons produced in final states with b-quarks

36.5 b (13 TeV) 365157 (13TeV) _
— AP AL Ml =r == =naane — T T T T T T P
> [ ‘ ‘ ! 1T 2 Tndt 7325761 = ‘ mebg ‘ ‘ T 732576 |
8 160/-11-5< p_r " 12.5GeV A 265+27.8 |_] 8 300[11.5< [ <12.5GeV A 265 +27.8 ||
- i m, 8.097 +£0.000 | - g m 3.097 +£0.000 | ]
e [ ——QCD p-enriched o ooeriz+000a2s | < L aco u-enriched o 002713000323 | ]
3 r— i e 0.356 0022 | ] 2 L ili . 035640022 | ]
o 1o passing probe k o773:1351 || 2 o250 failing probe k 97.73+ 1351 ||
= [ 1 = [ ]
7] r 1 @ L ]
2 120F 4 2 F 1
= E 1 & b 1
c [ ] c 200 -
w1001 -4 w [ ]
80} { 150; {
ol 1 r ]
r 1 100 .
; : ;
£ : 50 B
RS s :
] r —— 1
0luu\wuw\uulnu\uu\ou.uMu ol e b b b b by
29 295 3 305 31 315 32 325 33 29 295 3 305 31 315 32 325 33
m* [GeV] m* [GeV]
365 1" (13 TeV) 36517 (13TeV)
S BRI T I o e o ANAARER A AR R s n s Rt
8 [12.5< p"m7 <13.5GeV ; 21514246 8 80712 .5< ppm °<13.5GeV ﬁ 2151246 | ]
r i L 3.097 +0.000 i m 3.097 +0.000 |
< sl +QCD p-enriched o 0.0997 40,0035 e —.— QCD p-enriched p 00297 o | ]
: — 0.7878 + 0.0202 : — faili 0.7878 £ 0.0202 | |
=3 r passing probe « 78.67 +13.51 =3 failing probe P 78.67 + 1351 |
3 T : z
£ 2000 = 60; /N E
c r c £ /A ]
w L w 50[- /’/ \\ E
150~ E ]
[ 40F # =
100[ 30F / =
r - g + % E
50— —4— —4— + E
oLl b b Lo b b Lo ol bl b L Lo
29 295 3 305 31 315 32 325 33 29 295 3 305 31 315 32 325 33
m* [GeV] m* [GeV]
S T I o e e
[ ] 7
©  1200/-13.5< p$'°”°<1a.5eev A areicas || @ 1603, 5<p° 185GV |5 B
(3 [ —e—QCD p-enriched L e S: 14074—GCD w-enriched [\ [* E
o - — passing probe e 0858400093 | 1 & | — failing probe 0.8584 £ 0.0093 | ]
<= 1000 k 2032+258 | | = L 2032+258 | |
K r 1 8 120f 4
£ f 1 2 f ]
g soor 1§ 100F B
600 n 80 .
L ] 60~ B
400(— — L ]
[ ] 40 +ﬁ4 3
L 4 ]
200 == . -t - ]
Fo " 201 ]
o) N T W T R 3| MR T T BN PR NS N P
29 295 3 3.05 31 . . 29 295 31 315 32 325 33
m" [GeV] m* [GeV]
I anstroa s padaan=-recesactse-220e BRP I e R
P 1 ]
[} 80 [18.5< ppmbe<30.0GeV A " 53935:3;7/.: | [} 120’18 .5< pp'°b°<30.0GeV H 5393513;7/: N
(3 ~+actp u-enriched Mo oer a0 (3 [ e Qtb weenriched m, 3097 +0.000 |
3 —— passing probe < 0.8518+0.0113 : [ — failing probe A\ 1
o 70 k 12324243 <3 r / b
3 D 100~ —
(0] F ] 3 r ] \ ]
£ 800 15 [ ]
c £ 1 =
L | 80— -
W 500f 4 w [ ]
400F- E 60/ ]
300( E [ ]
£ 4 40— -
200~ = F 1
E ] 20 —4— 4 h -
10 +_‘_+ e —4— ++ ]
0 Hummm.hmmumm.m\m o] M R R FE NS PN NN N P
29 295 3 305 31 .16 32 325 33 29 295 3 305 31 315 32 325 33
m* [GeV] m* [GeV]

Figure 4.9: Simultaneous fit of the invariant mass di-muon spectra in the two event
categories of failing and passing probes in data for the probe pr in simulation.
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Since all the shape parameters of the signal plus background fit are correlated, this
fitting uncertainty on the efficiency takes already into account the background subtraction
procedure. The parameter my is fixed to the known value of the .J/v resonance in order
to reduce the overall uncertainty of the fit. The results of the simultaneous fit are shown
in Figure 4.8.

The same procedure is followed to obtain the trigger pr turn-on in simulation using
QCD muon-enriched samples, exemplified in Figure 4.9. The muon trigger involves some
quality selection, which despite the offline tight identification, yields some inefficiency that
is reflected on a plateau below 100% of the efficiency curves both in data and simulation,
as illustrated in Figure 4.10. The resulting muon pr scale factor has been found to be
sligh%lX below unity, with a central value ~ 0.96 at the efficiency plateau, which is verified

o

for p1” > 13 GeV.
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Figure 4.10: Trigger efficiency pr turn-on curve of the muon measured in data (red) and
in simulation (black).

4.5.6 Online b tag efficiency

The online b-tag efficiency dependence on kinematic variables is determined relative to the
offline b-tagging discriminant. The prescaled single jet triggers with a b-tag requirement
used in this study are listed in Table 4.6. This efficiency estimate is also achieved in a fully
data-driven way by means of a tag-and-probe method. The aim of this study is to select
events arising from the pp — qq process to obtain a pure sample of b-jet candidates,
by applying tight offline b-tagging requirements on the “tag” jet. For the background
processes, such as pp — gb, gg, the same scale factors determined for the online b-tag
efficiency are assumed to be valid. Most of the background events in which the probe jet
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originates from a merged jet initiated by two b-quarks are removed by topological cut on
the jet pair angular separation. In analogy with the event selection used in the extraction
of the kinematic jet scale factors, the leading jets in the selected double b-jet sample are
forced to be in a back-to-back topology. Additional background rejection is performed by
cutting on the merged b-jet probability of the tag jet. The selected events must fire at
least one of the control triggers. In addition, the two most energetic jets present in the
event must satisfy the following criteria:

° p(Tl’Q) > 40; 100; 200; 350 GeV depending on the pr threshold of the trigger fired.

The optimised pr bin ranges adopted are defined in Table 4.6;
e restriction in [p?| < 2.2 and in A¢yy > 2.5;

e offline DeepJet b-tagging with medium (tight) working point for the leading (sub-
leading) jet;

¢ AR matching with the Level-1, calorimeter and particle-flow trigger objects.

The sub-leading jet, identified as the “tag” jet, must also match the appropriate b tag
trigger object. The “probe” condition is passed by events in which the first leading jet
matches the relevant b tag trigger object. The fraction of events fulfilling the “probe”
condition with respect to the total number of probes provides a measurement of the online
b tag efficiency.

Path name L3 ppin [GeV]  tag dosvya
HLT DoublePF Jets40_CaloBTagCSV _p033 40 0.84
HLT _DoublePFJets100_CaloBTagCSV_p033 100 0.84
HLT DoublePF Jets200_CaloBTagCSV _p033 200 0.84
HLT DoublePF Jets350_CaloBTagCSV p033 350 0.84

Table 4.6: Control triggers deployed for the determination of the online b tag efficiency
and the cut on the tag jet b-tag score dcegyve.

The best discriminant variable to suppress background events was found to be the
merged b-jet probability of the tag jet. This cut is optimised as a function of the probe
pr to reduce the contamination from background events in which the probe jet is initiated
by a light-flavoured parton, as illustrated in Table 4.7.

The maximal reduction in the light-flavour contamination from soft gluons splitting
is approximately 80%, which is achieved for the highest probe pr bin. The PU profile
observed in the last data-taking period (Era F) is significantly different with respect to
previous eras, owing to the different LHC bunch injection scheme adopted, as shown in
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min__,,max

probe pP"—p** [GeV]| tag merged bb prob d,,;, probe udsg- prob

40 - 160 0.0200 -25 %
160 - 220 0.0020 -40 %
220 - 400 0.0022 -66 %
400 - 800 0.0020 -80 %

Table 4.7: Optimised cuts on the DeepJet merged b-jet probability d,,;, as a function of
the probe pr. The subsequent decrease in the light flavour contamination of the probe
evaluated in simulated samples is also shown.

Figure 2.3. Since the b-tagging performance may be affected by the different pile-up con-
ditions, the simulated Monte Carlo samples were splitted into independent sub-samples
to match the pile-up profile observed in data, and later recombined according to the era
luminosity. The kinematic and b-tag distributions for the tag-and-probe datasets are
determined separately for the data-taking periods in the 2017 eras C to E, and era F,
respectively.

The ratios of the kinematic distributions for passing probes to the total number of
probes was used to estimate the relative online b tag efficiency. The same procedure has
been applied to events from PyTHIA QCD simulation. The top panel of Figure 4.11
illustrates the b-tag efficiency dependence on the offline probe pr in data and simulation.
In both cases, a decreasing trend of the online b tag efficiency is observed, as expected
from the degradation in the performance of online b-tagging with increasing pr.

Thus, the online b tag efficiencies scale factors are extracted as the ratio of the efficiency
obtained in data with respect to simulation. The resulting scale factors are shown in the
bottom panel of Figure 4.11, for 2017 eras C-E, for era F alone, and for all eras combined.
The correction factor is parameterised linearly to smoothen out statistical fluctuations and
to ease the derivation of the scale-factor uncertainty variations. The |n| dependence is
well modeled in simulation in all cases, hence only the pr dependence of the online b tag
scale factor is considered in the analysis.

4.6 Offline Event selection

The signature of the event is the presence of three b-tagged jets and of a muon within
one of the two leading jets in pp. The first step of the event selection is applied at trigger
level. In this section, the criteria adopted for the full event selection and reconstruction
are discussed with a particular emphasis on the b-jet energy corrections.
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Figure 4.11: Online b-tag efficiency curves for both data and Monte Carlo (top panel) for
eras C to E, era F and all 2017 eras from top left to bottom. In the bottom, the ratio of
the efficiency curves is fitted with a linear function to obtain the scale factor dependence
on the jet pr.
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4.6.1 Primary vertex selection

The starting point of the offline selection is the identification of a well-reconstructed
primary vertex of the hard interaction. The requirements for the identification of a high-
quality PV are summarised in Section 3.3.

4.6.2 Jet selection

The offline selection of jet objects is performed in three successive steps: jet identification,
kinematic selection and b-tagging. Several identification working points have been devised
for PF jets based on their reconstruction accuracy. The tight WP is characterised by
a 98% fake rejection for a selection efficiency above 99% in the pseudorapidity region
In| < 3.0 [136].

Jet identification

In this work, the tight identification (ID) working point is applied on all the selected
jets in the event to maximise the purity of the sample. This requirement translates
into forcing each jet to possess at least two constituents, with a fraction of neutral and
electromagnetic components below 90%. Each jet must also contain at least one charged
hadron. In addition, the three most energetic jets in the event must satisfy a certain
pile-up ID requirement, which is based on several discriminating variables, such as the jet
cone profile, the charged neutral multiplicities and the 5 beam size parameter. The loose
pile-up ID is adopted to suppress the contamination from pile-up events, whilst retaining
as many signal events as possible.

Kinematic selection

An asymmetric transverse momentum threshold of 60 (50) GeV is applied for the two
leading jets in pr with (without) a muon in the jet cone to improve background rejection.
A looser pr threshold of 30 GeV is imposed on the third leading jet. In addition, the three
leading jets in pp must also fulfil the requirement |n| < 2.2. Furthermore, an offline cut
An'? < 1.5 between the leading jets in py is imposed to improve background suppression.
A spatial separation AR > 1.0 between any pair of the three leading jets is also enforced
to reduce the contribution from events with gluon splitting into a collimated b-quark
pair. This cut was originally introduced in the 8 TeV analysis to remove the bias in
the application of offline b-tag efficiencies scale factors arising from the probed multi-jet
topology. The latter is slightly different with respect to the topology of the ¢t sample
used to extract the b-tag correction factors, as explained in Section 3.6.
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B-tag selection

The most sophisticated b-tagging algorithm currently available, the so-called DeepJet
algorithm, described in Section 3.6, has been adopted as offline tagger. The choice of
the b-tag working point relies on the overall gain in the analysis sensitivity and the
statistical power of the final samples. An optimisation study has been realised by testing
the discovery ratio Ng/y/Np, where Ng and Np are the total number of signal and
background events passing a simplified triple b-tag selection. Following this study, the
triple b-tag tight working point (dpeepset > 0.30) was chosen. The background model
is performed in the bbnb control region, obtained by means of a b-tag veto on the third
leading jet. This is achieved by flipping the third b-tag requirement of the loose WP
(dpeepset < 0.052). Furthermore, corrections to the b-jet energy, namely b-jet energy
regression and final state radiation recovery (FSR), are employed to improve the shape
of the di-jet invariant mass spectrum.

B-jet energy regression

The goal of b-jet energy regression is to improve the reconstructed b-jet energy resolution
using a multi-dimensional correction based on a Deep Neural Network technique [137],
which accounts for the missing energy of neutrinos emitted in semi-leptonic decays of
b-hadrons. This multivariate approach exploits several variables as classifiers, such as the
jet kinematic and track-based variables, primary and secondary vertex information as well
as the presence of soft leptons in the vicinity of the jet axis. The b-jet energy regression
correction is provided centrally in the form of a multiplicative factor to be applied to the
transverse momentum of each selected jet [138]. The training of the algorithm has been
performed in ¢t events for jets with a minimum pr of 20 GeV. The expected improvement
in the shape of the pr spectrum is concentrated for a jet transverse momentum below 400
GeV. The impact on the signal yield and shape in this analysis of the application of b-jet
energy regression as well as FSR recovery is discussed in detail in Section 4.7.2.

Final State Radiation recovery

A method to partially recover FSR emitted by the two leading jets as a function of pr has
been developed for this analysis. It consists of identifying additional reconstructed soft
jets other than the three leading jets in pp. The soft jet candidate is selected provided
that it is located in the vicinity of any of the two most energetic b-tagged jets. The
following criteria for the soft jet selection were optimised to maximise the sensitivity of
the analysis:

e jet tight identification and loose pile-up identification ;

e spatial separation of AR(jsos:, 7:) < 0.8 from b-jet with pp rank ¢ = 1, 2;
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e pr >20 GeV;|n| < 2.3.

The four-momentum of the selected soft jet is then added in a vectorial sum to that
of the close-by b-tagged jet.

4.6.3 Muon selection

The final step of the offline selection is the requirement of a muon within a distance
AR < 0.4 from the axis of any of the two leading jets. It must also fulfil the kinematic cuts
p% ) > 13 GeV and |77(“)’ < 2.2. In this analysis, the tight muon identification requirement
has been chosen since it provides the highest purity with little signal efficiency reduction.
The categorisation of the leading b-jets into (non-) muon containing b-jets allows refining
further the offline selection cuts in the analysis. The muon-containing b-jet tends to have
a harder pr spectrum than the other leading jet, because of the muon pr cut imposed
already at trigger level biasing the overall jet transverse momentum. For this reason,
asymmetric pp cuts on the two most energetic b-jets can be introduced, yielding a slight

improvement of the signal-to-background ratio.

Cut #events €abs €rel
Trigger 17465231 | 1.000 | 1.000
Jet identification | 17255642 | 0.988 | 0.988
Jet kinematics 7632300 | 0.437 | 0.442

AR;; 5571404 | 0.319 | 0.730

Anyg 4156723 | 0.238 | 0.746

Double b-tag 1956105 | 0.112 | 0.469

Muon-in-jet 1641731 | 0.094 | 0.837

Trigger match 1449614 | 0.083 | 0.889
Signal region (bbb)

37 jet b-tag | 160010 | 0.009 | 0.107

Reverse b tag control region (bbnb)
374 jet non b-tag | 1130031 [ 0.063 | 0.758

Table 4.8: Summary of the event selection steps with the corresponding filtering of events
in the signal (“bbb”) and in the reverse b tag control region (“bbnb”). The number of
events passing each set of cuts is shown, as well as the fraction of residual events with
respect to the total amount firing the trigger (e4s), and to the previous selection step

(Grel) .



106 Chapter 4. Search for neutral Higgs bosons produced in final states with b-quarks

4.6.4 Cutflow

The number of events retained after each selection step are shown in Table 4.8 for both the
signal and the control regions. The cutflow among these event categories differs exclusively
on the basis of the b-tag requirement on the third leading jet, which is required to be light
flavoured in the control region. Consequently, in the latter the overall event population
after the full selection is approximately seven times larger than in the signal region.

4.7 Signal modelling

The signal model is based on a simulation of the production and subsequent decay of
the MSSM neutral CP-odd Higgs boson. The simulation of the bb(A — bb) process is
used in a quasi-model-independent way, as it is further exploited in the 2HDM Type-II
and flipped model interpretation. This is motivated by the common tree-level Yukawa
coupling structure to down-type fermions across these BSM models. As discussed in Sec-
tion 1.2.3, the MSSM neutral Higgs boson coupling to fermions can be derived from the
equivalent in the SM simply by rescaling of the coupling strength, hence this simulation
was also used as a template to model the equivalent processes involving the CP-even
Higgs bosons. Fifteen signal samples listed in Table 4.2 with next-to-leading order (NLO)
accuracy have been used in the statistical inference. A comparative study of the LO and
NLO signal samples listed in Section 4.4 was performed to determine the impact of higher
order corrections on the signal shape and efficiency. A description of the modelling of the
signal invariant mass spectra, their parameterisation with analytical functions and the
impact of the shape-altering sources of systematic uncertainties is also presented in this
section.

In general, the natural intrinsic width of the BSM Higgs boson may be model depen-
dent, e.g. as a function of tanf in the MSSM. Within the accessible parameter range
of typical models, the largest width is smaller than the achieved di-jet mass resolution.
In comparison, the Higgs boson mass has a relatively narrow natural width, whose de-
pendence on model parameters may therefore be neglected. The resulting shape of the
di-jet invariant mass distributions, or signal templates is affected by jet energy resolution
effects, the potential mis-reconstruction of the Higgs boson decay products, as well as the
identification of the correct associated b-jet candidate. There are four main factors with
a substantial impact on the signal shape:

1. neutrino emission: semi-leptonic decays are largely affected by incomplete mass
reconstruction due to the missing momentum carried by undetectable neutrinos.
This has a visible impact particularly on the low-mass tails of the signal mass
distribution peaking at low values m 4,5 < 300 GeV;
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2. final state radiation: gluon emission in the final state also contributes to shifting
the reconstructed mass peak to lower values than the nominal mass peak;

3. selection bias: the left shoulder of the invariant mass spectrum of the lowest mass
samples is steepened by the rising edge of the jet pr trigger turn-on; the shape of
the mass spectrum is also affected by the kinematic cuts, and by the pr dependence
of the b-tagging performance;

4. wrong pairing: the high-mass tails, which are particularly prominent for the low-
mass signal samples originate from the combinatorial background caused by the
wrong pairing of the Higgs boson daughters. This occurs when at least one of the
two selected leading b-tagged jets is not stemming from the Higgs boson decay.
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Figure 4.12: The pairing of the MSSM Higgs boson daughter candidates at generator level
in the leading order (left) and next-to-leading order sample (right) for the intermediate
350 GeV signal mass-point.

4.7.1 NLO versus LO comparison

A dedicated study in simulation is performed to assess the impact of the next-to-leading
order processes on the signal yield and on the invariant mass spectrum shape. Within
statistical uncertainty, the shape of the signal peaks in both NLO and LO samples are
found to be equivalent, as illustrated in Figure 4.12 for the benchmark mass-point at
350 GeV. Inspection of the kinematic distributions at the generator level indicates that
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Figure 4.13: Comparison of the Higgs pr spectrum at generator level in NLO and LO
samples for different Higgs mass points, 350 GeV (left), 600 GeV (right).
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the NLO Higgs has a more central n distribution and a harder pr spectrum with respect
to the LO case as demonstrated in Figure 4.13 and Figure 4.14, respectively. This is
expected to have a net positive contribution to the signal acceptance and hence the overall
efficiency. Higher order corrections from final state radiation are modelled exclusively in
NLO samples at matrix element level. This may explain the increased probability by up
to 30 %, for the third leading jet to be initiated by a gluon instead of a real b-quark
parton. The subsequent increase in the mis-identification rate of the true b-associated
jet is expected to lower the overall signal efficiency in the NLO sample with respect to
the leading-order sample. Overall, these two effects seem to cancel each other since the
signal efficiency after the full offline selection is essentially equivalent between LO and
NLO samples, as shown in Figure 4.15.
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Figure 4.15: Signal efficiency as a function of the Higgs boson mass, after the kinematic
selection (blue) and including the full online and offline selection (red) in leading order
signal samples simulated with PYTHIAS8, indicated with a solid circle, and in next-to-
leading order samples generated with MADGRAPH5_AMCQNLO, denoted with empty
triangles. This preliminary study was performed prior to the application of the b-jet
energy corrections.

The maximum signal efficiency is reached for the mass-point at 400 GeV at a value
of approximately 0.2%. The signal efficiency for the lower Higgs boson masses is reduced
by the imposed kinematic thresholds on the di-jet plus muon system. On the other hand,
at Higgs boson masses above 500 GeV the main limiting factor to the signal yield is the
b-tagging selection.
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ma g = 350 GeV
Correction peak z, [ GeV] | width op [ GeV] | asymmetry e
uncorrected 313£1 43+1 —0.20+0.01
regression 330 £ 2 40+1 —0.19£0.01
FSR recovery 316 £2 42+1 —0.17£0.01
combined 333 +£2 39=+1 —0.16 £ 0.01
ma, g = 600 GeV
Correction peak x, [ GeV] | width op [ GeV] | asymmetry e
uncorrected 551 £3 63+1 —0.30+0.01
regression 569 + 2 58+ 1 —0.29£0.01
FSR recovery 955 £ 2 63+1 —0.29£0.01
combined 574 £3 97T +1 —0.29 £0.01

Table 4.9: Impact of the b-jet energy corrections, namely regression and FSR recovery on
the scale (parameterised with the peak position xz,), the resolution (width op) and the
symmetry (asymmetry parameter €) of the di-jet mass distribution for two signal mass
hypotheses, i.e. m4, g = 350;600 GeV.

4.7.2 Impact of b-jet energy corrections on signal

Aside from maximising the signal yield, the sensitivity of the analysis can also be improved
by obtaining the best possible resolution of the di-jet invariant mass. The resolution of
the invariant mass myy is approximately 10% of the nominal mass peak and the bias on
the scale is up to 10% for the lower signal masses. In order to improve the signal mass
shape, resolution and scale two ad-hoc b-jet energy corrections have been included: b-jet
energy regression and final state radiation recovery, introduced in Section 4.6.

The improvement on the mass resolution and scale by using regressed b-jets is il-
lustrated in Table 4.9 for the benchmark signal mass-points at 350 and 600 GeV. The
application of the b-jet energy regression before the implementation of the kinematic cuts
enhances significantly the signal efficiency, up to 15%, for the lowest signal mass-point
due to the recovery of signal events in which one of the leading jets pr is just below the
imposed kinematic threshold. As expected, the improvement of the mass resolution is ap-
proximately 10% for all the probed signal mass-points, as quantified by the fitted values
of the width op of the mass peak. In addition, the mass scale is also improved since the
peak position z, is shifted for all mass-points closer to the nominal mass peak value.

The method used for FSR recovery yields an overall improvement at the percent
level (1 —2%) on the mass resolution of the probed signal mass-points. In addition, the
trend of the asymmetry parameter € highlights that the application of FSR corrections
symmetrises the shape of the di-jet mass spectrum, which has a positive impact on the
sensitivity by lowering the fitting penalty of the final signal plus background fit. The
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individual and combined impact of these b-jet energy corrections is illustrated in Figure
4.16 for a selection of signal mass-points in the mass range between 120 and 1200 GeV.
The net improvement from the application of b-jet energy regression and FSR recovery
on the signal scale and resolution is more prominent than the individual corrections.

4.7.3 Systematic effects

Two classes of systematic effects can be distinguished in the modelling of the signal, those
affecting the shape of the mass spectra and those altering the signal yield, and thus the
normalisation. The sources of systematic effects relevant to this analysis are :

e the jet energy corrections affecting the energy scale (JES) and resolution (JER) of
the leading b-jets;

e the b-tagging corrections impacting the heavy-flavour identification efficiency rela-
tive to the simulation both at trigger level (online b-tag scale factors) and in the
offline selection (offline b-tag scale factors);

e the muon identification scale factor for the tight identification;

e the kinematic trigger corrections for the di-jet plus muon system, comprising the
muon pr trigger and the jet kinematic scale factor;

e the pile-up re-weighting correction.

The effect of the aforementioned systematic uncertainties is illustrated in Figures 4.17
to 4.20. Only the jet energy corrections JES and JER were found to have a significant
impact on the signal shape. The remaining signal systematic effects have been shown to
affect exclusively the overall normalisation of the signal. The adoption of DeeplJet as the
b-tagger enhances the signal yield by 10 — 30% with respect to the DeepCSV algorithm,
resulting in a flatter efficiency plateau for m 4,z > 400 GeV, as illustrated in Figure 4.21.
This improvement in b-tagging performance arises from the less stringent kinematic jet
pre-selection used in the training of the DeeplJet algorithm.

4.7.4 Signal parameterisation

A parametric approach for the signal modelling by means of analytical functions is
adopted. A robust signal parameterisation is needed to provide a stable set of signal
parameters to the global signal plus background fit used in the statistical inference of
the data. It is important to evaluate the shape-altering signal systematic sources with a
substantial impact on the parameters of signal fit. The signal shapes differ markedly in
the tail distribution between the low and the high masses, hence three different types of
parameterisations are utilised for the signal templates:
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Figure 4.17: Impact of potentially shape-altering systematic uncertainties on the signal
shape, for the signal 160 GeV masspoint. From top left to bottom right the signal system-
atic uncertainties under consideration are respectively the jet energy resolution, the jet
energy scale, the pileup correction and the muon identification scale factor. The central
signal template and the templates obtained varying by 4+2¢ the systematic uncertainty
of interest are shown in the top panel. In each bottom panel, the ratio of the up(down)
variation with respect to the central signal template is shown.
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Figure 4.18: Impact of potentially shape-altering systematic uncertainties on the signal
shape, for the signal 160 GeV masspoint. From top left to bottom right the signal system-
atic uncertainties under consideration are respectively the jet trigger kinematic efficiency
scale factors (bottom left), the muon pr trigger efficiency scale factor, the offline b-tag
scale factors for heavy flavour (left) and online b-tagging scale factor. The central signal
template and the templates obtained varying by +2¢ the systematic uncertainty of inter-
est are shown in the top panel. In each bottom panel, the ratio of the up(down) variation
with respect to the central signal template is shown.
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Figure 4.19: Impact of potentially shape-altering systematic uncertainties on the signal
shape, for the signal 400 GeV masspoint. From top left to bottom right the signal system-
atic uncertainties under consideration are respectively the jet energy resolution, the jet
energy scale, the pileup correction and the muon identification scale factor. The central
signal template and the templates obtained varying by 4+2¢ the systematic uncertainty
of interest are shown in the top panel. In each bottom panel, the ratio of the up(down)
variation with respect to the central signal template is shown.



116 Chapter 4. Search for neutral Higgs bosons produced in final states with b-quarks

M,, [GeV]

o ET T T T T T - — 20001 T T T T m
=} — — ] - 3
< zzggi m,,, =400GeV E © 1800 m,, =400GeV 3
%] = Jet trigger eff. B 0 E + Muon trigger eff. E
T 1800 I:l Central E == + l:l Central E
2 1600 3 £ ra00- E
w 1400 —*— .20 variation w 1200 —+— -2¢ variation 3
1200¢- —+— +2g variation | 1000/ —+— +2cvariation
10001 E 800 =
800 — i |
= 3 600 —
600F- = g E
400/ 3 400 E
2001 = 200 =
oL . oie L G:‘ el
—~ 15gt . ‘ . ‘ ‘ ‘ ‘ — 157 ‘ . ‘ ‘ ‘ ‘ ‘
ol— 145 of— 14 E
28 135 2|8 13 B
c|E 2§ ‘ ‘ ‘ E|€ 12594 + w g o9 | T g
318 o ++ 218 o1 ; :
8I° g2 T 8I° 024t attto ooy S aesNpe
0.7E| 07
O8E , \ \ \ [ 08El \ , \ \ \ \ E
- 200 500 600 700 8O 2700 200 300 400 500 600 700 80
M,, [GeV] M,, [GeV]
—_ 2000:\ T T T T T = —_ T T T T T m
=} — — =) l =
3 E m,,, = 400GeV 3 @ 2000 m,,, = 400GeV 3
o 1800 Offline b-tag eff. = 18007 Online b-tag eff. 3
5 16001 + [ ]central 3 S 1600 + [ ]central E
> = 3 > E + E
1] 14001 . | L 1400 .
E —&— -20 variation 3 E —e— -2¢ variation 3
1200 = 1200— =
10001 —e— +20 variation 1000 —*— +2c variation 7
800 = 800~ =
600 = 600— —
400 — 400 —
200[- — 200 —
oE! e oEL el
— 15 ; ; — 15 ;
o|— E O — |
=) Rl I =) REH
S g 126 } + t 4 S P S g 122 e 8
o] (&] TEl RSN, -+l L [+]&] 154
) 0.9 3 ‘ Yt g —<Hf [l 0.9 | 99—
08 ‘ 08
07E] 07El
0.8 -\ 1 L 1 L L L L E 0.8 -\ L 1 L L L L L
05300200 300 400 500 600 700 80 05560200 300 400 500 600 700 800

M,, [GeV]

Figure 4.20: Impact of potentially shape-altering systematic uncertainties on the signal
shape, for the signal 400 GeV masspoint. From top left to bottom right the signal system-
atic uncertainties under consideration are respectively the jet trigger kinematic efficiency
scale factors (bottom left), the muon pr trigger efficiency scale factor, the offline b-tag
scale factors for heavy flavour (left) and online b-tagging scale factor. The central signal
template and the templates obtained varying by +2¢ the systematic uncertainty of inter-
est are shown in the top panel. In each bottom panel, the ratio of the up(down) variation
with respect to the central signal template is shown.
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Figure 4.21: Impact of the two best performing b-taggers on the signal yield. The signal
efficiency is plotted at two stages of the signal selection, after the offline kinematic selection
(blue) and after the full selection including the offline b-tagging (red). The impact of the
DeepFlavour a.k.a. DeepJet as a b-tagger (empty triangles) versus the deepCSV algorithm
(solid circles) is also shown.

e for the mass points in the range 125-200 GeV, a bifurcated Gaussian function with
asymmetric left and right sides continued by an exponential tail at larger invariant
mass values is used. The analytical form of this function with five parameters is the

following;:
exp [ — E=w? <
b 202 » U=
b 2
flo)= e (55 ), p <o <pa (4.11)
Wy - €Xp <_%> , L > Hiail
where

wy = exp (—M) : (4.12)

2
20%

and p is the peak position, o, and o are the widths of the left and right sided
Gaussian functions respectively, i is the point of transition between the right-
sided Gaussian and the exponential function and oy, is the standard deviation of
the exponential tail.

e for the mass points in the range 250-350 GeV, a superposition of two left- and right-
sided Gaussian distributions connected at the peak position and constrained by the
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overall left and right side normalisations continued by an exponential tail at higher
masses is utilised. The function has a total of nine parameters, four additional ones
with respect to the simpler function used for lower signal mass-points:

ny, - exp (—M) + (1 —ng)-exp (—(:;;82) ,x <

20%1
oe11)2 e p2)2
f(x) =< ng-exp —%) + (1 —ng) - exp (—(20—%’:;> s << pgan 5 (4.13)
_(wf/»‘tail)

Wa - €XP ) , T > tail

Otail

with

(Htail - IU)Q (Mtail - M)Z
— ng - Wil ) L (g - _ el Z B 414
Wy = NR + €Xp < 207, + ( nR) - €xp 207, , ( )

where 1 denotes the peak position, the parameters oy, or2, (0r1, Or2) are the widths
of the each pair of the Gaussian components of the function on the left(right) side
of the peak, ny, ( ngr ) represents the relative normalisation of the L1 (R1) Gaussian
functions to the L2 (R2) Gaussian contributions, ji.; controls the transition point
to the exponential part of the function and oy,; fixes the variance of the exponential
function.

e for the mass points in the range 400-700 GeV, the Bukin function, a complex mod-
ification of the Novosibirsk function introduced in the next section, is adopted. Its
functional form contains five parameters:

In2 (1 +26(E - WD

2
fa) = A exp |+ E/E2+ 1(z — 2)v21In 2 +pi(x—:ci> e,
(VO I+E)(VEFIFe? | \B— o

f(z)=A,exp |—1In

, T1 < T < X9 (415)

T < T Or T > Xy,

where p; = p1 and z; = x1 for x < x1, p; = p2 and x; = x5 when x > x5, and:

T2 =Tp+0,V2In2 <\/%:F1> . (4.16)

where the parameters x, and o, set the peak position and width respectively, while
the parameter € defined in the interval [0;1] controls the asymmetry of the distribu-
tion.
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The final fits obtained for each signal template are illustrated in Figures 4.22 to 4.24.
A good description of the signal shapes has been achieved for all signal mass-points of
interest. The signal shape variations of the myy invariant mass distribution have been
studied by fitting the signal template with a 20 variation for each systematic source
under scrutiny. The offline and online b-tag variations, as well as the kinematic trigger
efficiency of the dijet-plus-muon system were found to affect exclusively the normalisation
and have no net effect on the shape parameters. The jet energy corrections in scale and
resolution make instead a sizable impact on a subset of the signal shape parameters, as
illustrated in the signal fits shown in Figures 4.26 and 4.27 for the representative mass
points at 160 and 400 GeV, respectively. Thus, the parameters that need to be modified
in the final signal extraction fit are the mean of the peak p and the tail position fi,y, in
the case of a fit with the Bifurcated (Quadratic) Gaussian plus Exponential, and the mean
peak position p, for the Bukin function fit. The remaining parameters are fixed to the
values obtained with the nominal fit of the central signal template. All shape systematic
variations are well modelled by the same analytical functions that are used in the nominal
fit of the central template.

4.8 Modelling of the background

An accurate description of the background process is an essential aspect of any analysis
since it affects the extraction of signal yields. The predominant background component
in this analysis is the QCD multi-jet production where two of the selected jets stem from
real b-quarks, whereas the remaining selected jet is either a real b- jet or it is initiated
by a non-b parton misidentified by the b-tag algorithm. Top quark-antiquark plus jets
production is the second most relevant background contribution. This process has been
found in simulation to account for only 6% of the events in the signal topology over the
full mass range of interest. Since it is challenging to reproduce accurately in simulation
all QCD background processes, a completely data-driven description of the background
is adopted. The key advantage of the data-driven approach is that a precise knowledge
of the yields of the individual background contributions is not required. The shape of
the background spectrum is parameterised with an analytical function. The choice of the
function is to some extent arbitrary since several alternative functions can achieve similar
results. This arbitrariness can bias the measurement of the signal yield, hence tests are
performed to address quantitatively this systematic effect.

4.8.1 The bbnb reverse b-tag control region

There are two main requirements for the definition of an appropriate control region.
Firstly, the signal contamination should be minimal in the control region. In addition, a
good agreement of the shape of the invariant mass M, spectrum of the signal and in the
background region is also required. The bbnb reverse b-tag control region satisfies these
criteria. It is obtained from the double b-tag data with at least three jets by applying a
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Figure 4.22: Fits of the signal shapes for the 125,130,140 GeV masspoints with the Bi-
furcated Gaussian plus Exponential function.
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Figure 4.25: Fits of the signal shapes for the 450,500,600,700 GeV masspoints with the
Bukin function.
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reverse b-tag requirement on the third leading jet using the loose working point. Thus,
signal events are highly suppressed, with a S/B ratio reduced by a factor hundred in the
control region sample. The application of b-jet energy corrections discussed in Section
4.6 was found not to bias the background shape derived in the control region.

A possible implementation of a veto on the fourth leading jet in pr has been considered to
reduce the ¢f contamination in the signal region, but it was discarded due to the little im-
provement in sensitivity. In principle, the t¢ background may potentially alter the results
of the final signal extraction fit in the case of a substantial shape difference in the mass
spectrum between the control and signal regions. Thus, a dedicated study was performed
to confirm that shape of the spectrum of the ¢¢ background is very similar in both regions.

A sub-sample of the nominal background sample has been used in the background mod-
elling to achieve similar statistical precision as the full sample obtained in the signal region.
This down-scaling of the nominal control region sample has been performed randomly on
a event-by-event basis exploiting a Mersenne Twister random number generator [139].

4.8.2 Background parameterisation

In this analysis, the expected shape according to Monte Carlo of the QCD di-jet back-
ground is generally that of a continuously falling spectrum for the reconstructed invariant
mass Mis. However, the kinematic selection already implemented at trigger level induces
a turn-on behaviour of mass spectrum, leading to a peak at low values of the di-jet in-
variant mass. In addition, the pr dependence of b-tagging performance also affects the
observed background shape. The formulation of an appropriate description with a single
analytical function fitting simultaneously the continuous falling spectrum and the peak
region represents one of the main challenges of this analysis.

In order to parameterise the full invariant mass spectrum, a function with a Gaussian-
like behaviour in the bulk of the distribution and an exponential-like tail should be used.
A suitable candidate is the Novosibirisk function, originally introduced to parameterise
a Compton spectrum affected by detector resolution effects [140]. An extension of this
function, the SuperNovosibirsk function, was first established in the 2016 version of this
analysis in the fully-hadronic channel [17]. The Novosibirsk function is extended by
addition of higher order polynomial terms :

)

F(Miz) = N - exp (-2%[2)1”2(1 - % O ey - (Mg = 3,)") — 5))7
(4.17)

i=1
oo = (2/€) sinh ™! (ne/2),
e = 2y/(Ind) = 2.36,
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where N is the normalisation parameter, og and n are related to the asymmetry of the
spectrum, x,, sets the peak position and the p(;_1) terms are the higher order coefficients,
which provide additional degrees of freedom needed to model the falling part of the spec-
trum. It is useful to multiply the SuperNovosibirsk function by a so-called Turn-on
function to model the rising edge of the background peak:

f(My2) = 0.5 (erf(po(Mis —p1)) + 1), (4.18)

where the Gauss Error function has been previously defined in Equation 4.7. The Super-
Novosibirsk function of degree one multiplied by a Turn-on function can provide an ac-
curate description of the full mass range as illustrated in Figure 4.28. Nevertheless, it
is convenient to split the M;5 mass spectrum in three overlapping sub-ranges in order to
reduce the bias in the signal extraction from the choice of the background model.
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Figure 4.28: Invariant mass distribution of the two leading jets in the reverse b tag control
region (solid black dots), both in linear (left) and logarithmic view (right). The result of
a fit with the extended Novosibirsk function multiplied by the Gaussian error function is

superimposed in the red curve. In the bottom panel, the normalised residuals (%)
are shown.

4.8.3 Sub-range optimisation

This partition of the di-jet mass distribution into sub-ranges has been optimised to max-
imise the sensitivity of the analysis. The sub-range optimisation is also motivated by the
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Sub-range 1 | Sub-range 2 | Sub-range 3
M;is range, GeV | 110 - 400 240 - 575 375 - 800

Table 4.10: Optimised di-jet invariant mass M, sub-ranges.

search of a simpler analytical function to fit the full mass range than the SuperNovisi-
birsk of degree one multiplied by the Turn-on function, which has a total of six shape
parameters. The first sub-range contains the background peak region, while the second
and third sub-ranges cover different parts of the continuously falling mass spectrum. The
final version of the sub-range division is summarised in Table 4.10. Besides the reduc-
tion of the bias effect, sub-range boundaries are also determined taking into account the
resulting sensitivity and signal efficiency for the different signal mass hypotheses.

The turn-on effect arises from kinematic selection of the di-jet system, which is iden-
tical for the control and signal region. Thus, the number of free parameters in the final
signal extraction fit is reduced by fixing the shape parameters of the Turn-on function
to the fitted values in the control region. The Super-Novosibirsk of degree zero, referred
to as the nominal Novosibirsk, multiplied by the Turn-On function fits well the mass
spectrum in the first sub-range, as illustrated in Figure 4.29. In both the second and
third sub-range, the nominal Novosibirsk function provides an optimal description of the
falling spectrum of the background shape, using only three parameters.

4.8.4 Bias study

The aim of the bias study is to estimate the systematic effect on the extracted signal yield
from the choice of the background function. In beyond Standard Model searches, the ex-
pected total number of signal events depends on the choice of the BSM model. Thus, it
is natural to define the signal strength modifier p as the ratio of observed signal events
to the signal yield predicted by a particular model. Values of u equal to zero and unity
correspond to the number of signal events predicted by the background-only hypothesis,
and by the BSM model under scrutiny, respectively.

There are several families of functions that can provide an appropriate description of
the background. The Novosibirsk family is regarded as the main background function
since it provides consistently the best description of the data in the full mass range of
interest. Owing to the lack of a theoretical argument motivating a particular choice, the
background function is decided exclusively on the basis of the goodness of fit achieved.
However, the choice of a specific analytical model may introduce a potential bias in the
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Figure 4.29: Di-jet invariant mass spectrum for the two leading b-tagged jets in the reverse
b-tag control region (denoted with black dots) in the three sub-ranges: Mj, = [110;400]
GeV (top left), My = [240;575] GeV (top right) and My = [375;800] GeV (bottom).
Red curves indicate the background-only fit performed in the relevant sub-range. In the
first sub-range the Novosibirsk function multiplied by the Turn-on function is used as an
analytical model. In the second and third sub-ranges respectively, the simple Novosibirsk
function is instead adopted for the fit to the data. In the bottom panel the normalised

residuals (%) are shown.
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signal extraction. A Fisher test [141] is conducted in each sub-range to determine the
optimal degree of the function under scrutiny for a satisfactorily accurate description of
the data. The following families of analytical functions have been used in the bias study:

e Crystal Ball, originally introduced to model lossy physical processes such as radiative
decays in charmonium spectroscopy [142].

(Myg—xp)? Miz—wp

exp(—2—2>, for > —a
f(Myg;e,n,z,0) = N - 7 7 , 4.19
( 12 P ) A. (B— @>_n7 for @ < o ( )

where

n\" a)? n 1

() exP( Z > ol 1 N =CeT Dy
=" ! e [of D \/? 1+ erf o]
o n—1 P\ "2 ) 2 /2

This function with the four parameters («, n, z,, ) multiplied by Turn-On function
has been used as an alternative model in sub-range 1, as exemplified in Figure
4.30. In the remaining mass sub-ranges, the nominal Crystal Ball function has been
adopted. The goodness of fit achieved is equivalent to that of the Novosibirsk of
degree zero, albeit at the cost of introducing an additional parameter.

e Exponential-Polynomial, defined as the exponential function of a polynomial mul-
tiplied by a linear term as follows:

f(Mig) = (1 —pq - %) - exp [— En:pi : <%>z] ; (4.20)

=0

where p, is a shift parameter and p; are the coefficients of the polynomial terms in
the exponent. The Fisher test shows that a polynomial of the third order can be
used to describe equally accurately the data in the control region in both the second
and third sub-range, as illustrated in the bottom plots of Figure 4.31.

e SuperDijet, which was also introduced in the 2016 analysis as a generalisation of
the original di-jet function:

f(My3) = exp (—A logX - (1+ B-log X + Zpi . log“’l X)) ’
=t (4.21)
_ M — =,

X =
\/g 9
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Figure 4.30: Di-jet invariant mass spectrum for the two leading b-tagged jets in the reverse
b-tag control region (denoted with black dots) in the three sub-ranges: Mj, = [110;400]
GeV (top left), My = [240;575] GeV (top right) and My = [375;800] GeV (bottom).
Red curves indicate the background-only fit performed in the relevant sub-range. In the
first sub-range the Crystal-Ball function multiplied by the Turn-on function is used as an
alternative analytical model. In the second and third sub-ranges respectively, the simple
Crystal-Ball function is instead adopted as an alternative function for the fit to the data.

In the bottom panel the normalised residuals (%) are shown.
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with A and B are the parameters of the linear and quadratic logarithmic terms
respectively, x, sets the peak position and p; are the coefficients of the higher order
polynomial terms. The Fisher test confirms that the nominal Dijet function (degree
zero) multiplied by the Turn-on function can describe with the same degree of
accuracy as the main function the M, distribution in the first sub-range as shown
in the top left plot of Fig 4.31.

In the bias study, an Asimov dataset is used as a representative test-statistic [143].
It is defined as an artificial dataset, generated in such a way that the estimators for the
parameters of interest are identical to their true value. The following procedure is applied
to evaluate the bias effect for each individual mass point located in the relevant sub-range:

e A total of 5000 pseudo-experiments, also referred to as toys, are generated using the
COMBINE TOOL package® [145] on the basis of the best-fit value of the alternative
function under scrutiny. A certain amount of signal referred to as p;, is also injected.

e The fit of the resulting signal plus background Asimov dataset is subsequently per-
formed using the nominal background function and the signal function. The simul-
taneous S + B fit maximises the binned log-likelihood function below:

(]

—logL = —log (H e_’\i)\—i'> = Z (Ai — nilogh; + logn,!), (4.22)
n;.

with
Ai = N [rsfs(zi) + (1 —rs) fa(wi)], (4.23)

where ¢ is the bin number, n; is the total number of entries per bin, \; is the
theoretical content assigned in each bin by the likelihood function, N is the total
number of events in the given fit range, r is the fraction of signal, f; and f, are the
functions used for the signal and background modelling respectively, while x; is the
central value of the i-th bin of the di-jet invariant mass.

e The total signal strength extracted from the fit, pr;; = N X ry is compared to the
injected signal strength p;, for each toy, by considering the uncertainty of the fitted
signal strength, o ;. The resulting pull distribution is interpreted as the systematic
bias uncertainty from the choice of the background function, viz:

Hpie — Mm>
O fit

Bury = (4.24)

5This software package was originally implemented in the context of the combination of CMS and
ATLAS results on the Higgs boson searches [144].
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Figure 4.31: Di-jet invariant mass spectrum for the two leading b-tagged jets in the
reverse b-tag control region (denoted with black dots) in the three sub-ranges: M, =
[110;400] GeV (top left), My = [240;575] GeV (top right) and Mis = [375;800] GeV
(bottom). Red curves indicate the background-only fit performed in the relevant sub-
range. In the first sub-range the nominal Dijet function multiplied by the Turn-on function
is used as an alternative analytical model. In the second and third sub-ranges respectively,
the Exponential-polynomial function of third degree is instead adopted as an alternative
function for the fit to the data. In the bottom panel the normalised residuals (%)
are shown.
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Figure 4.32: Measured bias from the background model for the signal mass-point m 4,5 =
130 GeV. The toys have been generated with the alternative background function, the
Dijet multipled by the Turn-On function and several values of signal strength have been
injected p;, =0,1,2,3.

The bias studies are conducted separately for each signal mass point in its corre-
sponding sub-range using the background alternative functions selected according to the
Fisher test. As an illustration, the bias results for the alternative function Dijet multi-
plied by the Turn-On function are shown in Figure 4.32 for the M,z = 130 GeV signal
mass-point. The pull distribution of the signal strength is fitted with a Gaussian func-
tion, and the mean and variance of the fit are used to determine the amount bias and
its statistical error. The bias results are obtained for several injected signal strengths,
namely g, = 0,1,2,3, where u;, = 1 corresponds to the expected signal yield predicted
in the hMSSM benchmark scenario, introduced in Section 1.2.6, for a moderate value of
tan § = 20. This particular choice is motivated by the need to test a plausible range
of initial signal strengths accessible by this analysis in the full mass range of interest.
Nevertheless, the injected signal strength has a negligible impact on the results, and the
measured bias is independent of u;, in each sub-range, for all the signal mass hypotheses
probed, as shown in Figures 4.33 and 4.34.

The background modelling bias effect is found to be maximal for the signal mass-points
peaking in the bulk of bbnb control region at a di-jet mass value of ~ 160 GeV. This is
expected from the observed similarity of the background and the signal shapes in the first
sub-range. For the final background systematic uncertainty, a conservative estimate of
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the bias uncertainty is applied for each sub-range. A bias of 100% is assigned to the first
sub-range, while values of 50% and 35% are assigned to the second and third sub-range,
respectively. The signal mass points peaking in the overlap region of adjacent sub-ranges
are assigned to the sub-range with the best sensitivity. Following this criterion, the signal
mass-point at 350 GeV and 500 GeV have been included in the second and the third
sub-range, respectively.
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Figure 4.33: Bias results from the background model choice in the first sub-range versus
My u for several injected signal strengths (4). The nominal Novosibirsk function multi-
plied by the Turn-on function is used as the main background function in the signal-plus-
background fit of the toys. The latter are generated independently with two alternative
background functions, respectively the Dijet and the Crystal Ball, both multiplied by the
Turn-on function.
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Figure 4.34: Bias results from the background model choice in the second (top row) and
third sub-range (bottom row) versus M, i for several injected signal strengths (). The
nominal Novosibirsk function is used as the main background function in the signal-plus-
background fit of the toys. The latter are generated independently with two alternative
background functions, respectively the Crystal Ball and the Exponential-Polynomial func-

tion of degree 3.
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4.9 Statistical inference

The purpose of this search is to test a certain signal hypothesis by performing statistical
inferences on the observed data. In case no significant signal is found, exclusion limits
are derived both in a model-independent way and in the parameter space of the theo-
retical models under scrutiny. In this work, a modified frequentist procedure is adopted,
namely the “Asymptotic CLs method” [143, 146], a criterion based on an asymptotic
approximation of the likelihood-based test statistic. The statistical inference has been
performed with the COMBINE TOOL software package [144], which enables the treatment
of systematic effects as nuisance parameters.

4.9.1 Likelihood function

The likelihood function is defined as the probability density function (pdf) quantifying
the agreement of an experimental observation with a theoretical model of reference. It is
expressed as a function of several parameters, including the observable physical quantities
& and the vector of nuisance parameters 6 = (61, ..., 0,,). The latter are introduced to ac-
count for the systematic uncertainties affecting the measurement, such as detector effects
and theoretical uncertainties. In the case of a series of N independent measurements of
the variables & = (x4, ..., x,), it is straightforward to obtain the overall likelihood as the
product of the individual contributions:

N

L(Z,0) = [[ f(2}, ... 2l; 01, ... O0), (4.25)

=1

where the index ¢ indicates a particular measurement. In the context of a Poissonian
counting experiment, the expected outcome of the total event yield can be parameterised

as:
v=p-s(0)+0b(0), (4.26)

where p indicates the signal strength of the signal model and it represents one of the

main parameters of interest. The expected signal s and background b yields are affected
by specific sources of systematic uncertainty. The likelihood function estimate can be
factorised in two independent terms:

L(Z,5,b,0) = Ly(%,5,b,0) - | | p;(016). (4.27)

J

where the index j spans over all systematic sources of uncertainty. The first expression
L.(Z, s,b,6) denotes the likelihood of the observed data, while the p;(0]0) term indicates
likelihood of obtaining the true value 6; for a specific nuisance parameter from its initial
estimate 9} Since the latter cannot be determined a priori, a Bayesian interpretation
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is exploited to incorporate a posteriori the knowledge of the estimated value of each
systematic source: B .

p(010) ~ p(6]0) - =(6), (4.28)
where p(9~|8) is the pdf of a nuisance parameter obtained in a separate, auxiliary mea-
surement under similar conditions as the main problem of interest, e.g. the derivation of
the kinematic trigger efficiency scale factors; m(6) is the prior distribution of the nuisance
parameter, is chosen to be flat to avoid biasing the overall likelihood.

4.9.2 Treatment of nuisance parameters

In general, systematic uncertainties can be categorised into two main classes, the ones
affecting exclusively the event yield, referred to as the normalisation-only uncertainties,
and those with an impact also on the shape of the predicted distribution.

The log-normal distribution is used to parameterise the signal normalisation-only system-

atic uncertainties:
~ 1 1 (In6/6,,)2
1) = — = -¢ —— |, 4.29
PO = ek G Xp( 2’ K (4.29)

whose defining parameters xk = e’ and 6,, = ¢’ are related to the gaussian distribution
width & and mean 0 , respectively. This functional form is more convenient than the normal
distribution since it enforces the positive-definite character of the nuisance parameter of
interest. This is a desirable feature since negative signal yields are regarded as unphysical,
as in the case of the measured luminosity.

The shape-altering systematic uncertainties make a sizable impact exclusively on a subset
of the shape parameters of the signal fit. A parametric approach is implemented to
account for the systematic shift of the affected shape parameters a:

o —
Q= Qepr] + Z ( = m down ' eky (430)
k

where the index k runs over all the shape-altering systematic uncertainties, n indicates
the systematic variation in units of standard deviation, ay,; is the fitted value of the
shape parameter for the central template fit, whereas afj;, (aZ’;wn) are extracted in the
systematic up- (down) variations of the signal template associated with the ) nuisance.
An arbitrary value of two standard deviations from the central signal template is employed

to interpolate between the up- and down systematic shape variations.

4.9.3 Maximum likelihood fit

In this search, an unbinned shape analysis of the main observable x, the dijet invariant
mass, is performed for the statistical inference. Assuming Poissonian distribution of the
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signal and background shapes, parameterised with the corresponding pdfs denoted as f;
and fp, the first term in Eq.4.27 can be cast into the form:

—ps+b N ) )
Lo(aln, 0) = = [ [(nsfula',0) + bi(a".6)). (4.31)
Toi=l

where s and b correspond to the predicted signal and background yields, z¢ denotes the
value of the main observable evaluated at the i-th event. In this work, the signal cross-
section extraction procedure is based upon a mazimum likelihood fit. As a general practice,
it is customary to minimise the negative logarithmic likelihood (NLL), which is equivalent
to maximising the likelihood function. This algorithm is computationally more efficient
since it operates on a sum of terms rather than a product. The minimisation is performed
with MINUIT [147], and the value of all the parameters concurring to the fit, including
the signal strength, is floated in the vicinity of the NLL function minimum to derive
their best-fit estimate. The statistical criterion adopted to determine the consistency
of the experimental data with the hypothesis under consideration is referred to as test
statistic [148].

4.9.4 Definition of the test statistic

According to the Neyman-Pearson lemma, the test statistic ¢ yielding the most efficient
discrimination for hypothesis testing is the profile likelihood ratio, defined as:

L(datalu, 6
gy =—2In M, with a constraint 0 < i < p, (4.32)
L(datalf, )

where éu in the numerator denote the conditional maximum likelihood (ML) estima-
tors of the nuisance parameters, which maximise the likelihood given the data and the
tested value of p, while i and 6 represent the unconstrained ML estimators, evaluating
the global maximum of the likelihood function in the data. The value of the estimator for
the signal strength i is positive-definite to avoid unphysical negative signal yields, which
may occur as a result of an upward background fluctuation. On the other hand, the upper
bound on /i enforces one sided-confidence intervals, and it prevents potential fluctuations
in the signal strength above unity, which would disfavour the signal hypothesis under
consideration.

Therefore, it is possible to compute separately the test-statistic for the background-
only and the signal-plus-background (s + b) hypothesis being tested as a function of p.
The maximum-likelihood estimators szs and 03> have to be evaluated independently
in relation to the tested value of signal strength. Following the frequentist approach,
the probability density functions f(g,,| u,éﬁbs) and £(d,|0,09>) are then computed via
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a Monte Carlo method, which involves the generation of a substantial number of toys.
A large sample size is a necessary requirement to ensure the validity of the asymptotic
approximation for the test-statistic, as dictated by Wilks’ theorem [149]. Consequently,
two distinct probability p-values are computed:

o0

P = PG> ali=p) = | f(@ulp. 0;7)dd,,
ap"®
po=1=p=PG>q"lai=0)= [ [(3l0,05)dg. (4.33)
Gs>°

where p, quantifies the probability of obtaining a value for the test statistic larger
than the observed one in the signal-plus-background hypothesis, while py corresponds to
the probability of rejection of the background-only hypothesis.

4.9.5 Limits setting

In the absence of a significant signal excess, the compatibility of the tested signal hypoth-
esis with the observed data can be exploited to set upper limit on the signal cross-section
and to exclude a region of the parameter space of the model under scrutiny. To this end
the modified confidence level is commonly used at the LHC, defined as the dimensionless
ratio:

CLy(u) = 2 (4.34)

which can be used to reject a certain signal strength hypothesis with a 1 — C'L(u)
confidence level. In this work, the upper limits on the observed signal strength p are set
by requiring the 95% confidence level (C.L.) , i.e. C' Ly < 0.05. As for the expected upper
limits, the same criterion applies to an Asimov dataset generated with a Montecarlo
method from the background pdf. In addition, the one and two-sigma uncertainties
are promptly derived from the cumulative distribution of the background pdf with the
nuisance parameters fixed to their central value.
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CHAPTER

Results

n this chapter, the results of the search for BSM Higgs bosons produced in association
I with b-quarks and decaying into a bb pair in the semi-leptonic channel are presented.
This analysis uses the data collected with the CMS detector in 2017 at a center-of-mass
energy of 13 TeV. A signal-depleted control region with background features similar to the
signal region is exploited for the background modelling. Prior to unblinding, the expected
limits obtained in the control region are used to test and optimise the sensitivity of the
analysis. In the final signal extraction fit of the M, invariant mass distribution, the
systematic effects are treated as nuisance parameters, as described in Section 4.9.1. The
impacts of the main groups of nuisances on the signal yields is evaluated prior to the
extraction of the limits on the cross-section times branching fraction in the signal region.
The results are further interpreted within the parameter space of several models featuring
an enlarged Higgs sector, namely the Two-Higgs-Doublet-Model (2HDM) and the Minimal
Supersymmetric extension of the Standard Model (MSSM).

5.1 Results before unblinding

The dominant sources of systematic uncertainty are parameterised as nuisance parame-
ter groups, and their impact on the expected signal strength has to be studied prior to
unblinding. The definition of meaningful nuisance parameter groups for the signal sys-
tematic uncertainties is to some extent arbitrary. The criterion adopted is to assign the
nuisance parameters featuring the largest degree of correlation to the same group.

5.1.1 Systematic uncertainties

Systematic uncertainties have an impact on the cross-section measurement of the searched
process by affecting the observed signal and background yields as well as their shapes. A
brief summary of each systematic source of uncertainty and its impact on the signal and

141
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background estimation is quantified. The signal yields are sensitive to the normalisation
uncertainties:

e of the luminosity estimate in the data as determined centrally by the CMS collab-
oration [150];

e of the minimum-bias cross section assumed in the pile-up profile re-weighting pro-
cedure;

e of the online b-tagging efficiency scale factors estimated from data using control
triggers as described in Section 4.5.6;

e of the offline b-tagging efficiency scale factors for heavy flavour identification and
light-flavour fake rate as explained in Section 3.6.1;

e of the kinematic efficiency, estimated separately for the leading jets and the selected
muon using dedicated tag-and-probe methods illustrated in Section 4.5.3;

e of the selected muon identification scale factor as explained in Section 3.4;

e the model-dependent theoretical uncertainty of the normalisation and factorisation
scale of QCD evaluated by the LHC cross section working group (LHCXSWG) [151];

e the model-dependent uncertainty due to the value of ag and the choice of the parton
distribution functions (PDFs) following the prescriptions of the LHCXSWG,

which are propagated as multiplicative factors in the final maximum likelihood fit. The
impact of all signal systematic uncertainties on the signal yield is illustrated in Table 5.1.
The jet energy corrections are treated as shape-altering systematic uncertainties, since
they cause a percent level shift of the shape parameters controlling the signal peak and
tail position.

Furthermore, since the background modelling is estimated with a data-driven tech-
nique, the background normalisation is allowed to float almost freely in the final fit. The
shape parameters of the background function are unconstrained, with the exception of
the turn-on parameters that are fixed to their fitted value in the control region. The
bias effect from the choice of the analytical function used for the background modelling
is evaluated in each sub-range in dedicated bias studies, described in Section 4.8.4. The
corresponding systematic uncertainty is treated as a spurious signal in the final fit using
a linear morphing technique. This bias normalisation uncertainty is modelled with a log-
normal distribution with an initial estimate for the width ¢ = BAyu, where B is the bias
obtained for a certain Higgs boson mass hypothesis, and Ay is the expected uncertainty
on the signal strength. A conservative value of the bias uncertainty is assigned, i.e. 100%
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Uncertainty source type | Impact on normalisation
Jet energy scale shape 4.5 —-0.9%
Jet energy resolution shape 1.0 — 0.25%
Muon kinematic trigger efficiency rate 6.7 — 7.9%
Jet kinematic trigger efficiency rate 0.5 —0.06%
Online b-tagging efficiency rate 3.0—-5.7%
Offline b-tagging efficiency rate 4.6 —5.8%
Muon identification efficiency rate 1.0 — 0.5%
Pileup re-weighting rate 1.4 -0.17%
Luminosity rate 2.3%
pdf + ag, mssm/2hdm cross-section rate 1.9 - 5.6%
QCD scale, mssm/2hdm cross-section | rate 7.2 —-1.8%

Table 5.1: List of signal systematic uncertainties classified either as normalisation-only
(rate) or shape altering systematic uncertainties (shape). The impact on the signal
strength is assessed by varying the uncertainty source by +1lo. Each range indicates
a monotonous variation with respect to the increasing Higgs boson mass.

for the mass-points in the first mass sub-range, 50% and 35% for those in the second and
third sub-range, respectively.

A crucial aspect of any physics analysis is to quantify and mitigate the main systematic
effects affecting the measurement. The pr thresholds of the dijet-plus-muon system have
been optimised to minimise the impact on the signal yield of the corresponding kinematic
trigger efficiency scale factors uncertainty, which is found to be larger at low jet and muon
pr, respectively. In addition, the muon identification and the b-tagging working points
have been chosen to achieve the best compromise between signal efficiency and purity.

5.1.2 Impacts of nuisance parameters

The contributions of the main nuisance parameters groups to the signal strength have
been tested using a background-only Asimov dataset. The statistical uncertainty is quan-
tified by setting simultaneously all nuisance parameters to their corresponding post-fit
values. The contribution of a nuisance parameter group to the overall uncertainty in the
signal strength (Apu) is instead addressed in two steps. First, the signal extraction fit
is performed fixing all parameters in the nuisance parameter group of interest to their
post-fit values. The resulting uncertainty is then subtracted in quadrature from the over-
all uncertainty of the global fit with all the nuisance parameters unconstrained. As an
illustration, the impacts are shown for three representative mass-points assigned to dif-
ferent mass sub-ranges, namely m 4,5 = 130 GeV, 350 GeV and 700 GeV. The individual
contribution of each group of nuisances to the total uncertainty on the signal strength
is illustrated in Table 5.2. The overall uncertainty in the global fit differs from the



144 Chapter 5. Results

+Ap (expected)
Uncertainty source mpg/a = 130 GeV | myg,;4 = 350 GeV | my,4 = 700 GeV
Total + 44 + 3.10 + 1.16
Statistical + 39 + 2.64 + 0.72
Total Systematic + 20 + 1.64 + 0.91
Background shape + 20 + 1.61 + 0.91
background bias + 0.8 + 0.08 + 0.04
Total signal + 3.9 + 0.34 + 0.13
trigger kinematics + 2.8 + 0.23 + 0.09
b tagging +2.3 +0.23 + 0.09
jet energy corrections + 0.90 + 0.03 + 0.04

Table 5.2: Contributions of the most relevant uncertainties to the estimated signal
strength in simulation using an Asimov background-only (b) pseudo-dataset for three
representative signal mass hypothesis assigned to different mass sub-ranges, i.e. mg/4 =
130, 350, 700 GeV. The uncertainties are obtained by fixing the listed sources of uncer-
tainties to their post-fit values in the fit and subtracting the obtained result in quadrature
from the result of the full fit. They are found to be symmetric within the quoted precision.
The statistical uncertainty is assessed by setting simultaneously all nuisance parameters
to their post-fit values. The quadratic sum of the contributions differs with respect to the
overall uncertainty due to cross-correlations between different nuisance parameter groups.

quadratic sum of the individual systematic contributions due to the correlations between
different nuisance parameter groups. The signal strength uncertainty is dominated by the
statistical component for all the signal mass hypotheses, highlighting that this analysis
is statistically limited. The prevailing contribution to Ay comes from background mod-
elling, and it is dominated by the shape parameters. The total background uncertainty is
over a factor five larger than the main signal nuisance parameter groups, b-tagging and
trigger kinematic efficiency, which have similar contributions to Apu.

The impact and the pull distributions of the individual nuisance parameters have been
studied with a signal-plus-background (s + b) Asimov dataset. Each nuisance parameter
is allowed to float freely in the global fit, with the others set to their best fit values.
The resulting pulls and impacts are shown in Figure 5.1 for three representative signal
mass-points. The ranking of the nuisance parameter confirms that the background shape
parameters have the largest impact on the overall uncertainty of the signal strength in all
the considered sub-ranges. The effect of the signal-related nuisances, including the bias,
is factorised as a multiplicative factor on the overall signal strength, hence the individual
contribution to the signal strength is not constrained in the final fit. This is visible in the
pull distribution of all signal-related nuisances, for which the pre-fit and post-fit values
coincide.
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Figure 5.1: Pulls and impacts of each nuisance parameter in a Asimov s+b dataset for
representative of signals in each sub-range: 140 GeV (top), 350 GeV (middle) and 700
GeV (bottom).
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5.1.3 Expected limits

An optimisation study of the M5 subrange division is performed with the expected limits
derived in the control region to maximise the sensitivity. The signal hypotheses whose
mass peaks lie in the overlap region between adjacent sub-ranges have been tested in
both regions prior to the final decision on their sub-range assignment. The resulting
upper limits on the signal cross-section times branching fraction shown in Figure 5.2
incorporate the impact of all the nuisance parameter groups.

36.510" (13 TeV)
T T

E 3 T T T T |
2107 95% CL upper limits 7
'3; T Median expected ]
L I 68% expected |
n 95% expected -
107 E
10 E

. i

600
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Figure 5.2: Model-dependent expected upper limits on Higgs cross section times branching
fraction as a function of the Higgs boson mass, as determined from an Asimov background-
only pseudo-dataset derived from the data in the control region. The expected upper limits
for the 350 and 500 GeV signal hypotheses whose mass peaks lie in the overlap region
between adjacent sub-ranges are displayed in both sub-ranges.

The shape of the upper limits mirrors the observed monotonous decrease of the M,
spectrum. At the sub-range boundaries, the discontinuities in the median of the limit
for the 350 GeV and 500 GeV mass-point evaluated in adjacent mass-points reflect the
corresponding differences in signal efficiency. At high masses, the lowering in sensitivity
is caused by the progressive degradation of the di-jet mass resolution, due to the lower
jet pr resolution at high transverse momentum. Another effect is the increased fraction
of missing energy carried away by neutrinos in semi-leptonic decays of b-hadrons.
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5.2 Results after unblinding

Following the validation of the methods for the statistical inference and the detailed
study of the impact of the nuisance parameters on the maximum likelihood fit, the mass
spectrum of the M, distribution is unblinded in the triple b-tag signal region.

5.2.1 Background-only fit of data in the signal region

The main background function selected in each mass sub-range in the reverse b-tag control
region is also used to perform the background-only fit in the corresponding signal region
sub-range. All the shape parameters are freely floating, with the exception of the Turn-
on function parameters for the first sub-range. The background-only fits to the observed
data in the signal region are displayed separately for each sub-range in Figure 5.3. A
good agreement of the data with the background-only hypothesis is observed.

5.2.2 Model-independent results

A signal extraction fit in the signal region is performed independently for every signal
mass-point in each mass sub-range. No significant excess is observed for any of the signal
hypotheses. The resulting signal yields are used to obtain the 95 % C.L. upper limits on
the Higgs boson cross section times branching fraction, following the procedure outlined in
Section 4.9. The unblinded results portrayed in Figure 5.4 span several Higgs boson mass
hypotheses between 125 GeV and 700 GeV. The upper limits on the signal cross-section
within the range from 541 pb to 2.54 pb are listed in Table 5.3. The discontinuities in the
median of the upper limit in correspondence of the 350 GeV and 500 GeV mass-points
encode the impact of the mass sub-range optimisation. In order to set the observed limit
for these signal mass-points peaking at sub-range boundaries, the sub-range associated
with the lowest expected limit is selected. The observed and expected upper limits are
compatible within two standard deviations.

One of the main achievements of this work is the significant sensitivity recovery to low
Higgs boson masses. In BSM searches in the fully-hadronic channel, formerly the lowest
pseudoscalar mass probed was ma = 300 GeV and 450 GeV for the 13 TeV CMS [17]
and ATLAS [131] results, respectively. The latter exhibit only a factor ~ 2 better sensi-
tivity at masses beyond 500 GeV, at the cost of a much larger background rate. In fact,
compared with the CMS results in the full-hadronic at 13 TeV, the resulting data sample
used in this work is an order of magnitude smaller. The online requirement of a muon
within-a-jet acts as a soft b-tag requirement, and it drives down the trigger rates consid-
erably. Looser pr requirements for the di-jet system are then applied at trigger level, thus
targeting a better sensitivity at low Higgs boson masses. The other fundamental ingre-
dients needed to optimise the analysis sensitivity are the adoption of the best perfoming
b-tagger currently available and the application of b-jet energy regression, which improves
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Figure 5.3: Background-only fit (red curve) of the invariant di-jet mass spectrum, M;s,
in the triple-b-tag (bbb) signal region in three different sub-ranges: M5 = [110,400]GeV
(top left), My = [240,575]GeV (top right) and My = [375,800]GeV (bottom). In each
top panel, the black dots denote the data in the signal region while the bottom panel
illustrates the data normalised residuals.
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Mass [GeV] —20  —lo Median 410  +20 Observed
125 269.17 352.26  481.88 664.35 880.23 541.05
130 168.10 219.99  300.94 406.50 551.53 504.76
140 129.20 171.02  236.25 329.48 446.46 386.23
160 79.22 113.22 159.06 225.64 309.30 147.19
180 47.85  63.34 87.50 121.33 160.91 101.26
200 39.55  48.34 62.50 82.43 105.55 69.11
250 20.32  26.00 35.16  48.61  65.23 21.81
300 18.21  22.67 28.59 36.34  45.63 27.02
350 8.46 11.33 15.81 2243  30.75 13.95
400 6.31 8.35 11.53  16.08 21.64 14.37
450 4.03 5.34 747 1048  14.25 9.61
200 3.36 4.50 6.28 891 12.21 4.80
600 2.14 2.85 3.95 5.53 7.48 6.01
700 1.78 2.37 3.32 4.72 6.51 2.54

Table 5.3: Observed and expected upper limits at 95% C.L. on o(pp — bA/H +
X)B(A/H — bb) as a function of the Higgs boson mass m u.

the signal efficiency up to 15 % for the lowest signal mass-point. Furthermore, final state
radiation recovery yields an additional percent level improvement from the better di-jet
mass resolution and scale. Exclusion limits are also derived in several MSSM and 2HDM
benchmark scenarios to provide novel constraints on the accessible parameter space of
these models.

5.3 Interpretation within the MSSM

As discussed in Section 1.2, the MSSM parameter space is entirely defined at tree-level by
two BSM parameters, namely tang and ma. The model-independent results are converted
into exclusion contours in the [tan 3,m,] plane in the m{"*" and the hMSSM benchmark
scenarios. The MSSM cross-section times branching fraction of the signal process are com-
puted centrally by the LHC Higgs Cross Section Working Group (LHCHXSWG) [151].
The four- and five-flavour 4(5FS) schemes predictions of the MSSM signal cross section
are combined via the Santander matching scheme [132] described in detail in Section
4.2. The 4FS cross section in the MSSM is calculated at NLO accuracy by inclusion
of the SUSY QCD corrections [152,153], while the radiative corrections in the 5FS case
are computed up to NNLO accuracy [154]. In the latter, the higher-order loop correc-
tions can be computed, owing to the simpler structure of the signal process involving
the presence of only one b-quark in the initial state. The partial decay widths of the
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Figure 5.4: Observed and expected upper limits at 95% C.L. on o(pp — bA/H +
X)B(A/H — bb) versus the Higgs boson mass ma ;. The green and yellow bands indicate
respectively one and two-sigma standard deviations from the expected limit derived in
the background-only hypothesis (red dashed line), while the observed results are denoted
in black dots. The dashed vertical black lines indicate the transition between the adjacent
mass sub-ranges defined in the analysis.
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A/H — bb process were determined centrally by the LHCGXSWG, combining the pre-
dictions of HDECAY [155,156] for the one-loop SUSY corrections and of FEYNHIGGS v.
2.12.0 [157-160] for the two-loop level case.

The parameters of the SUSY sector play an important role in the definition of the

sensitivity of the analysis. A distinctive feature of the MSSM with respect to non-
supersymmetric models featuring an analogous Higgs sector (as in the case of the Type-I1
2HDM model) is the existence of additional Higgs boson decay modes into light SUSY
particles. In particular, the kinematically allowed decays into a pair of light supersym-
metric particles can alter substantially the A/H — bb branching fraction, particularly for
large values of the pseudoscalar mass my, as outlined in Section 1.2.6. Another impor-
tant effect is the modification of the bottom Yukawa coupling caused by SUSY radiative
corrections, previously discussed in Section 1.2.5. The b-associated production of neutral
Higgs bosons decaying into a pair of b-quarks is greatly enhanced for tan5 > 1 over
a vast region of SUSY parameter space. Each bbg vertex receives a correction by the
pre-factor (1 + Ay)~!, where the size of the correction to the running bottom mass A, is
proportional to the Higgsino mass parameter, i.e. A, oc ptan 5. This yields an additional
tanf-dependence on the total rate production of the process of interest which can either
enhance or suppress the process depending on the sign of p.
In the mhmOdJr scenario, the Higgsino mass parameter is set to the conventional value
of p = 4200 GeV. In both scenarios the lightest CP-even state h is assumed to be the
observed h(125) boson with SM properties. Therefore, its cross section is much smaller
than the ones of the other Higgs states in the probed parameter space and the contri-
bution from h is disregarded. The results in the mhm"dJr scenario, shown in Figure 5.5
can be compared with those from the combination of the CMS Run 1 results [129,130],
using both the fully-hadronic and the semi-leptonic channel. In this work, the excluded
tanf region of MSSM parameter spans a tan range from a minimum at ~ 18 for a
pseudoscalar mass around 250 GeV to a maximum of tan § ~ 56 around my = 500 GeV.
The present analysis achieves similar or better sensitivity in the full m, range probed
than in the Run 1 combination, exploiting a finer grid of signal mass-points.

The results interpreted within the hMSSM benchmark scenario are illustrated in the
right plot of Figure 5.5. The exclusion limits range from a minimum of tanf ~ 16
for a mass around 250 GeV to a maximum of tan 8 ~ 53 around my = 700 GeV. The
improvement in the exclusion limits with respect to the mf‘)d* scenario can be ascribed to
two separate factors. Differently from the other benchmark model, the hMSSM scenario
assigns a large characteristic mass O(TeV) to SUSY particles to achieve consistency with
the current LHC experimental bounds. This effectively suppresses the competing A/H
decay into a pair of SUSY particles, even at large values of my. Secondly, in the hMSSM

scenario the loop-induced SUSY corrections affecting Ay, which in the mﬁ“’dJ“ model can
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Figure 5.5: Observed and expected limits on the MSSM parameter tan 3 as a function of
the pseudoscalar mass my in the 77’Lhm°dJr benchmark scenario (left), for a Higgsino mass
parameter of y = 4200 GeV, and in the hMSSM benchmark scenario (right). The green
and yellow bands represent +10 and +2¢ deviation from background-only expectation,
respectively. The hashed pattern indicates the region of parameter space excluded by the
observed Higgs boson at 125 GeV.

alter significantly the overall signal cross-section, are not taken into account. These results
extend and complement the exclusion limits derived using the constraints of the h(125)
Higgs coupling measuremts performed at ATLAS [47] for intermediate tan 8 > 25, and
for pseudoscalar masses above 500 GeV. Summary tables of the exclusion limits for both
these MSSM scenarios are reported in Appendix C.

5.4 Interpretation within 2HDM

The enlarged Higgs sector foreseen in T'wo-Higgs-Doublet models has a large number of
free parameters, hence a several assumptions are needed to ease the interpretation of the
limits. The benchmark “Scenario G” defined in [82] that realises an MSSM-like parame-
terisation is adopted. In addition, in this analysis, the mass degeneracy of the A and H
bosons is assumed at tree-level, while the lightest CP-even scalar state my, is fixed to 125
GeV. Thus, 2HDM models can be parameterised exclusively as a function of only three
parameters at tree-level, namely tan/3, ma and cos( — «). Three-dimensional scans of
the parameter space have been obtained for the 2HDM cross-sections with the MSSM-like
parameterisation in place as described in Section 1.2.8. The results are obtained in the
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2HDM Type-II and flipped model, which exhibit the best sensitivity to the bb(¢ — bb)
process, owing to the large enhancement of the bottom Yukawa coupling with respect to
the equivalent SM coupling.

The model-independent exclusion limits are translated in the [tan 3, cos(8 — «/)] plane
for several representative mass hypotheses, i.e. ma = 130, 200 , 300, 500 GeV for the
2HDM Type-II and the flipped model, portrayed in Figures 5.6 and 5.7, respectively.
These limits mirror the fact the A/H — bb is the prevailing decay mode for low pseu-
doscalar mass below 300 GeV in the central region of |cos(f — )| in both models, as
shown in Figure 1.7. The increased competition from the kinematically allowed bosonic
decays A — Zh and H — hh at large values of |cos(f — «)| is responsible for the lower
sensitivity of the bb channel in this region. This effect is particularly prominent for the
signal mass-points with a higher value of m, /i since the coupling to bosons is enhanced
for larger Higgs boson mass. The slight asymmetry in the shape of the limits propagates
from the one in the H boson partial decay width against cos(/5 — «), which is caused by
the shift of the fermiophobic point with the CP-even mixing angle «.

It is instructive to compare these exclusion limits with the results obtained in the
A — Zh search conducted at CMS [161]. The comparison is exemplified for the interme-
diate mass-point at 300 GeV, as illustrated in the left plots of Figure 5.8 for the 2HDM
Type-II and flipped models, respectively. While the A — Zh decay channel excludes
the region |cos( — a)| 2 0.2, this analysis achieves unique sensitivity in the phenomeno-
logically viable central cos(/5 — a) region. This alignment region is of particular interest
since the couplings of the lightest scalar in the BSM model coincide with the expected
ones of the SM Higgs boson. These results complement and extend in a unique way the
indirect constraints on the [tan 3,cos(8 — «)] plane of the 2HDM Type-II and flipped
model from the combined h(125) coupling measurements [47], by probing the exact align-
ment limit at intermediate tanf values. The right plots in Figure 5.8, obtained by
fixing cos(/3 — ) = 0.1, highlight the excluded my /i region for the mass range comprised
between 125 and 700 GeV. The probed signal mass-points extend well below the lower
bound of ma = 400 GeV accessible in the A — ZH search, owing to the lower jet pr
trigger thresholds used in this work. These upper limits further complement the exclusion
contours obtained in the other channel at low and intermediate values of tang.

Due to the similar cross-section times branching fractions of the Higgs boson in the
flipped and type-II models, a similar sensitivity to the A/H — bb process is achieved.
However, in the flipped model the exclusion limits are even more stringent due to the
suppression of the second most relevant fermionic decay channel, the 777~ channel, by a
factor tan* 8 with respect to the dominant bb decay mode. For this reason, the present
analysis currently provides unique constraints at LHC of the flipped model in the vicinity
of the alignment limit for Higgs boson masses below 300 GeV.
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Figure 5.6: Upper limits for the parameter tanf at

of cos(f — a) for mass values of mp,4 = 130,200,300 and 500 GeV in the 2HDM type-II
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Summary and Outlook

everal theoretical models comprise an enlarged Higgs sector, such as the Two-Higgs-
Doublet Model (2HDM) and the Minimal Supersymmetric Extension of the Standard
Model (MSSM). These models predict the existence of additional neutral Higgs bosons,
which can be produced at the Large Hadron Collider (LHC), and may be observed by
the general purpose detectors, the Compact Muon Solenoid (CMS) and the Toroidal LHC
ApparatuS (ATLAS). In a proton-proton collider, the main production mechanisms for
such Higgs bosons are gluon-gluon fusion, vector boson fusion, and associated production
with either a vector boson or with heavy-flavour quarks. The additional neutral Higgs
bosons foreseen in these models decay predominantly into a b-quark pair in a large region
of the parameter space.

In this work, Beyond Standard Model (BSM) scenarios in which the bottom Yukawa
coupling is enhanced with respect to the Standard Model prediction are studied exten-
sively. The selected production mechanism for the neutral Higgs boson is the b-quark
associated production, since it is accompanied by reduced background of multi-jet events.
A search for neutral Higgs bosons produced in final states with b-quarks in the semi-
leptonic channel using the CMS Run 2 data at a center-of-mass-energy of 13 TeV is
presented. This analysis utilises the data collected with the CMS detector in 2017 during
proton-proton collisions corresponding to a total luminosity of 36.5 fb~!. The introduc-
tion of the semi-leptonic search category at 13 TeV allows extending the sensitivity reach
of the search to low Higgs boson masses and complement the full-hadronic category at
higher overlapping masses. The excellent performance of the CMS detector in b-tagging
and muon reconstruction permits probing a large range of Higgs boson masses. A dedi-
cated semi-leptonic trigger has been implemented, enforcing a double b-jet selection and
requiring the presence of a muon within any of the two most energetic b-tagged jets. The
muon selection allows triggering on leading jets with softer pr spectra, which decreases
the overall rate by an order of magnitude. The signature of the process, which defines
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the signal region, is the presence of at least three well-separated, b-tagged jets in the
event. The two most energetic ones are identified as the Higgs boson decay products,
and they are further categorised on the basis of presence of the selected muon within
the jet cone. The third leading jet in transverse momentum is instead regarded as the
spectator jet. The signal model is based on fifteen signal samples with next-to-leading
order accuracy, simulated with the Monte Carlo generator MADGRAPH5_AMCQ@NLO.
The dominant background source is constituted almost exclusively by the huge QCD
multi-jet production. Such background processes involve multiple b-quarks in the final
state, and potentially also light-flavoured partons initiating jets that are mis-identified as
b-jets. The background model is derived in a fully data-driven way in a signal depleted
control region with similar background shape as in the signal region. The control region
is obtained by reverting the loose b-tagging requirement on the third leading jet. BSM
signal is searched for as an excess in data in the invariant di-jet mass of the two leading
b-tagged jets in the signal region.

Since no significant excess over the Standard Model background is observed, upper
limits on the overall production rate of the signal process are derived. The observed upper
limits at 95 % confidence level cover a range of the cross-section times branching ratio
between 541 pb at a Higgs boson mass of 125 GeV, down to 2.54 pb at a mass of 700
GeV. This work extends significantly the sensitivity of this BSM search for neutral Higgs
bosons to ma/m below 300 GeV due to the lower kinematic trigger thresholds applied to
the di-jet system. These model-independent limits are further converted into exclusion
contours within the parameter space of several MSSM and 2HDM benchmark scenarios.
In the former case, the exclusion limits are derived in the [tan 3, m4] plane in the mj"°d*
and hMSSM models respectively. In the first scenario, the observed exclusion limits span
tanf values from a minimum around 18 at 250 GeV to approximately 56 at 500 GeV.
These limits achieve similar or better sensitivity exploiting only one search channel than
the combination of the Run 1 measurements, performed at center-of mass-energies of 7 and
8 TeV. In the hMSSM scenario, incorporating current constraints from negative searches
of supersymmetric particles, the resulting exclusion limits achieve even better sensitivity,
due to the suppression of competing decays of the Higgs boson into light SUSY particles.
These results also complement the indirect constraints from SM Higgs boson measurement
by extending the excluded region to tan § 2 20 at low masses. Within the scope of 2HDM
models, the exclusion limits are obtained in the 2HDM Type-II and the flipped model,
which predict a substantial enhancement in the overall rate of the process of interest. In
both cases, these results exclude a large portion of the 2HDM parameter space. In the
vicinity of the alignment limit, they currently provide the most stringent constraints at
LHC on the flipped model for Higgs bosons with masses below 300 GeV. This important
phenomenologically viable region, not constrained by SM Higgs boson measumerements,
is excluded for low pseudoscalar masses at intermediate tanf values. All the results pre-
sented throughout this work have been endorsed by the CMS collaboration.
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To conclude, the introduction of the semi-leptonic channel extends the sensitivity of this
search to low Higgs boson masses and complements it at higher mass values. Furthermore,
the combination with the 2018 data collected with the semi-leptonic trigger will allow im-
proving the statistical power of the analysis. As a closing remark, this approach exploiting
a dedicated semi-leptonic trigger could prove essential in the upcoming LHC search pro-
gramme in the high-luminosity regime to investigate further the possible existence of an
extended Higgs sector.
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APPENDIX A

The B(A/H — bb) in the 2HDM

The predicted branching fraction B(A/H — bb) in the 2HDM Type-II an flipped model for
the representative signal mass-points at 125 and 500 GeV and for two values of tan g =
10; 60 illustrated in Figures A.1 to A.4. The values of the 2HDM decay modes have

been computed with next-to-next-to-leading order precision utilising the software package
2HDMC v. 1.7.0 [84].
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Figure A.1: Branching fractions of the CP-odd A boson (top row) and of the CP-even H
boson (bottom row) computed in the type IT 2HDM (left column) and in the flipped model
(right column) as a function of cos(3 — «) for the benchmark masspoint ma i = 125 GeV
at a low value of tan § = 10.
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2HDM type Il, tan(B) = 60, m..= 125, m = 125 GeV 2HDM flipped, tan(B) = 60, m..= 125, m = 125 GeV
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Figure A.2: Branching fractions of the CP-odd A boson (top row) and of the CP-even H
boson (bottom row) computed in the type IT 2HDM (left column) and in the flipped model
(right column) as a function of cos( — «) for the benchmark masspoint ma iy = 125 GeV
at a large value of tan 8 = 60.
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2HDM type II, tan(B) = 10, m..= 500, m = 125 GeV 2HDM flipped, tan(B) = 10, m.= 500, m = 125 GeV
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Figure A.3: Branching fractions of the CP-odd A boson (top row) and of the CP-even H
boson (bottom row) computed in the type IT 2HDM (left column) and in the flipped model
(right column) as a function of cos( — «) for the benchmark masspoint m i = 500 GeV
at a low value of tan § = 10.
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Figure A.4: Branching fractions of the CP-odd A boson (top row) and of the CP-even H
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APPENDIX

Trigger study

B.1 L1 rate study

The main semi-leptonic trigger for this analysis was deployed for the first time in the
2017 global trigger menu. Therefore, the corresponding L1 seed had to be emulated in
both data and Monte Carlo samples to perform feasibility studies on the expected output
rate. A 2016 data sample was obtained with a zero-bias trigger used as a reference for
the rate measurement. This trigger is activated by simultaneous signals detected in the
same bunch crossing by two different beam position monitors. Its rate is kept constant
by adjusting the prescale during data-taking according to the instantaneous luminosity.
In data, the Level-1 rate of the analysis trigger can be factorised as the product of the
selection efficiency er; of the events passing the L1 requirements and the rate ratezg of
the reference trigger, viz:

ratery data = €11 X Tatezp. (B.1)

In simulation, the L1 seed was emulated using the same QCD muon-enriched samples
listed in Table 4.3, albeit with the 2016 legacy pixel geometry. The samples with a pp-
bin range between 30 and 170 GeV yield sufficient statistics after the kinematic selection
applied at Level-1. The partial trigger rates are obtained in simulation for each pr bin as
follows:

(ratepimce)i = fex (1 — e Hibri), (B.2)

where f; is the mean number of pile-up interactions per bunch crossing (BX) for each
pr bin and fpx is the frequency per bunch crossing. The total rate in simulation is then
simply computed as the sum:

pr bins

T’CLtGLLMC: Z (TateLl’Mc)i, (B?))

=1
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where the error in the rate is purely statistical. The aim of the study was to keep
the expected Level-1 rate below the bkHz threshold at the value of peak instantaneous
luminosity foreseen during 2017 data-taking, i.e. . = 2 x 10** em~2 s7!. The latter cor-
responds under optimal LHC operating conditions to a high pile-up regime corresponding
to a mean number of inelastic pp collisions of (u) = 56. The dependence of the L1 rate
on the number of pile-up interactions is well-modelled by a parabolic fit both in data and
Monte Carlo, as illustrated in Figure B.1. The output Level-1 rate was found to be over
a factor ~ 2 larger in simulation than in 2016 data. Following a conservative approach,
tight pr thresholds have been chosen for all Level-1 trigger objects. A final transverse
momentum cut of 12 (40) GeV is applied to the muon (di-jet system), from the initial
proposal pr thresholds of 10 and 32 GeV, respectively.

B.2 HLT timing study

The large Level-1 input rate, of the order of several kHz, and the available computing
resources of HLT farm represent important constraints to the processing time accessible at
the high-level trigger [162]. Surpassing this timing threshold for any analysis trigger would
imply lowering the overall data-taking efficiency of the experiment. Therefore, it is crucial
to determine the HLT timing performance prior to the inclusion of the analysis trigger in
the global trigger menu utilised during the data-taking. Since the HLT farm consists of
several machines with various hardware architectures and different manufacturers, such
timing tests must be carried out running individual tasks on a single core of a specific
machine. This precaution is needed in order to avoid performing these measurements
under the Hyperthreading mode!, which would bias the timing results. The timing studies
are realised with the “FastTimerSequence” software [163], which measures simultaneously
two relevant quantities:

1. the total real timing for the target HLT sequence;

2. the mean processing time spent in each module of the offline CMS reconstruction
software (CMSSW).

The FastTimerService performs both steps with just a few ms latency time, hence its
impact on the actual timing measurement is negligible. Each analysis trigger must fulfill
two main conditions in order to be included in the global trigger menu; the mean total
real timing must not exceed 10 ms and the average computing time spent in a specific
CMSSW module should be lower than 100 ms. The timing study was performed using a
skimmed Monte Carlo Neutrino Gun sample with approximately 20,000 events simulated
in a very high pile-up environment, i.e. (1) ~ 56. The main semi-leptonic trigger of this

LA simultaneous multi-threading of a computational task resulting in its parallelisation on several
cores.
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Figure B.1: L1 rate dependence versus the mean number of pile-up interactions in a
zero-bias data sample (red) and in a QCD sample (black) modelled with a parabolic fit

with different kinematic cuts for the muon pgﬁ ) > 10;12 GeV and for the di-jet system
P > 32:40 GeV.
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Figure B.2: Processing time for the HLT sequence of the main semi-leptonic trigger used
in the analysis simulated in a neutrino gun sample of 20,000 events. The peak region
from 0 to 27 ms correspond to signal events failing to meet the L1 requirement, while
the tail region contains signal events passing the more complex algorithms in the HLT
reconstruction sequence, namely online b-tagging and particle-flow.

analysis meets the first timing condition as illustrated in Figure B.2, since its mean total
timing is approximately 2.8 ms. The computing time required for the particle-flow (PF)
modules can exceed the threshold of 100 ms, as shown in the tail of the mean timing
distribution. However, on average only one event in a thousand passes all the preceding
sequential steps, resulting in a negligible impact of the PF modules on the overall mean
timing of the trigger.
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Exclusion limits

The upper limits on o(pp — bA/H + X)B(A/H — bb) listed in Table 5.3 have been
translated into the exclusion contours of the MSSM parameter tan and m, space for the
hMSSM and the mhmOdJr benchmark scenarios, illustrated in Table C.1 and C.2, respec-
tively.

Mass [GeV] —20 —1lo Median +1o 420 Observed

130 174 19.5 22.2 252 288 27.7
140 152 17.2 20.0 234 27.1 25.3
160 14.3 17.0 20.1 239 279 19.3
180 13.6 15.6 18.3 21.5 24.7 19.6
200 149 164 18.6 21.3 24.1 19.6
250 16.1 18.1 21.1 248 28.7 16.6
300 21.7 243 272 30.7 344 26.5
350 20.3 235 277 33.0 38.6 26.0
400 23.2  26.7 314 370 429 35.0
450 24.0 27.6 32.6 386 45.0 37.0
500 29.1 33.7 39.8 474 5355 43.5
600 33.8 39.0 45.8 54.3 — 56.6
700 447 51.6 — — — 93.5

Table C.1: Expected and observed upper limits at 95% C.L. in the tan/— m, parameter
space of the hMSSM benchmark scenario. Due to the limited range of the validity of
the model predictions to tanf values below 60, upper limits exceeding this value are
omitted. The mass of the lightest CP-even scalar state is set to 125 GeV in the model for
consistency with the observed h(125) boson properties, and the corresponding mass-point
is disregarded.
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Mass [GeV] —20 —1lo Median +1lo 420 Observed

130 172 19.6 23.0 26.8 31.3 29.9
140 15.9 18.3 21.6 256 30.1 279
160 15.1 18.2 21.7 26.1 31.1 20.8
180 144 16.6 19.6 233 27.2 21.2
200 159 17.6 20.1 23.3 26.6 21.2
250 176 19.9 23.3 276 324 18.2
300 24.8 27.7 31.2 35,5 40.2 30.3
350 24.6 282 33.1 396 46.9 31.1
400 28.7  32.7 38.3 455 53.5 42.9
450 30.8 35.0 41.1 48.8 57.6 46.6
500 37.7 434 51.4 — — 56.4
600 45.3 519 — — — —

Table C.2: Expected and observed upper limits at 95% C.L. in the tan— m4 parameter
space of the mhmOdJr benchmark scenario with Higgsino mass parametery = +200 GeV'.
Due to the limited range of the validity of the model predictions to tang values below 60,
upper limits exceeding this value are omitted. The mass of the lightest CP-even scalar
state is set to 125 GeV model for consistency with the observed h(125) boson properties,
and the corresponding mass-point is disregarded.



APPENDIX D

Searches for BSM neutral Higgs
bosons in fermionic decays at CMS

n this section, an overview of the main direct searches for BSM neutral Higgs bosons
I in fermionic decays conducted at CMS using Run 2 data published in [164] is pre-
sented. The first part of this review focuses on high-mass Higgs boson resonant searches
interpreted within the Two-Higgs-Doublet Model (2HDM) and the Minimal Supersym-
metric Standard Model (MSSM) extension. The second part summarises the searches
for light pseudoscalars stemming from SM-like Higgs bosons with four fermions in the
final state. The existence of these additional states is foreseen in the Next-to Minimal
Supersymmetric Standard Model (NMSSM).
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1. Introduction

The Standard Model (SM) of particle physics is one of the most successful theories in
the history of physics. However, it suffers from several limitations, notably the inability
to provide a solution to the hierarchy problem and a theoretical framework describing
the presence of dark matter. The LHC discovery of a Standard-Model-like Higgs H(125)
particle in 2012 [1] could be a portal to an extended Higgs sector predicted by several
models, such as the Minimal-Supersymmetric Standard Model (MSSM) [2] and the
more general Two-Higgs-Doublet Model (2HDM) [3]. The phenomenology of such
models can be further enriched by addition of a single scalar gauge in singlet, as in the
Next-to-Minimal SuperSymmetric model (NMSSM) [4]. The combination of data
collected at 13 TeV with the CMS detector [5] in searches for Higgs decays into
invisible constrains the branching fraction BR(H — inv) to less than 0.26 at 95% CL [6].
Therefore, there is still room for additional Higgs bosons, which are the object of direct
BSM Higgs searches. These searches complement the results from indirect constraints
on 2HDM from H(125) coupling measurements [7] and rare B-meson decays [8]. In this
paper, we shall focus on the most recent neutral BSM Higgs searches in fermionic
decays performed at CMS in pp collisions at 13 TeV. These resonant Higgs searches are
usually categorized according to the mass range probed and the subsequent theoretical
model of interest, which are outlined in the next section. In Section 3, heavy Higgs
resonant searches in fermionic decays are interpreted in the light of the 2HDM models.
In section 4, the SM-like Higgs decays into light pseudoscalars predicted in the
NMSSM with four fermions in the final state are discussed.

2. Theoretical models

The most natural extension of the Standard Model scalar sector is the addition of an
extra SU(2). doublet. The 2HDM is an effective theory consisting of two complex Higgs
doublets (hence with a total of 8 degrees of freedom), which provide masses to both the
up-type and the down-type fermions. After electroweak symmetry breaking (EWSB) ,
there are five physical scalar fields, consisting of neutral bosons ¢ = h,H,A of which the
first two bosons are CP-even, opposed to the A-boson which is CP-odd and of two
charged Higgs states H*. The model is parameterized by the five Higgs masses, tanf =
vo/v1, theratio of the vacuum expectation values of the two Higgs doublets, and the
mixing angle o between the CP-even Higgs states.

In this paper, we focus on searches involving the neutral Higgs bosons only. There exist
four types of 2HDM which simultaneously forbid the presence of flavour-changing-
neutral currents (FCNC) and preserve CP symmetry:

* InType I all fermions couple to the second doublet @, It follows that BR are
independent of tanf3.

* In Type Il or MSSM-like scenario, lepton and down-type quarks couple to the
first doublet @, whilst up-type quarks couple to ®,.
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* In Type III or lepton specific scenario, quarks couple to @, while leptons couple
to the other doublet.

* InType IV or flipped model, the coupling of the leptons is reversed with respect
to the Type-II model.

The MSSM Higgs sector possesses the same underlying structure as 2HDM Type II but
it is described solely by two parameters at tree-level: tanf and ma. Several benchmark
scenarios with different phase space properties have been designed. The results
presented in the next section make use of the MSSM m,™* scenario, where the mass of
the lightest CP-even Higgs state is compatible with H(125) in a large region of the tanf-
ma plane, and the phenomenological hMSSM scenarios incorporating the observed
Higgs boson mass with a fixed mass value of 125 GeV. The NMSSM is a particular
case of the 2HDM+S type II representing a viable solution to the p-problem [4]. The
addition of an electroweak singlet S allows to generate dynamically the p-term in the
superpotential pH,H4 After EWSB, due to the additional gauge singlet there are two
extra Higgs states, one pseudoscalar a; which can be very light and an additional SM-
like CP-even state h;.

3. Heavy Higgs searches : A/H - ff

In this section, we present the most recent Run II results of additional heavy Higgs
searches in fermionic decays, with a particular emphasis on 3rd generation fermions
particular h/A/H- 1"t [9], bb(A/H - bb) [10], and also tt(A/H - tt) [11]. In the 2HDM
type-1I model, the cross-section of 6(A/H — ff) is enhanced for tanp<1 for the tt final
state, and for large tanf3 in the bb and t't final states. All three searches have an event
categorization based on the number of b-tagged jets and on the Higgs production
mechanism. In the bb(A/H - bb) search, the production mechanism probed is the b-
associate production and at least three b-tagged jets are required in the final state. In the
Tt search, since b-associate production dominates at high tanf while gluon-gluon fusion
dominates at low tanp, there are two separate categories per final state, b-tagged for ggF
and non b-tagged jets for bbH. In the A/H — tt analysis, the Higgs bosons produced in
association with the top quarks namely, ttH, tHq and tWH, and decaying to a top quark
are included. The key signature is the presence of same-sign dileptons which is a very
rare process in the SM. No significant excess over standard model background is
observed in any of the model-independent exclusion limits of the above searches, see
Figure 1. The most stringent exclusion limits coming from A/H— 1"t are translated into
exclusion contours in the parameter space of MSSM m,™* scenario (Fig. 2). An
analogous MSSM-like parameterization is adopted to obtain the exclusion contours for
the MSSM A/H - bb search.
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Figure 1: Upper limits at 95% CL on o(bbA/H) x BR(A/H — bb) [10] (top left), on
o(bb®) x BR(® — 1'1) [9] (top right) and on o(tt,tW,tq) x BR(A — tt) [11] (bottom).

4. Light Higgs Searches: h — aa - 4f

In the NMSSM, the pseudoscalar a; boson is identified as the lightest Higgs state.
Consequently, SM-like Higgs bosons are allowed to decay into two NMSSM
pseudoscalars, which later decay into fermions. Because of the narrow width of the
Standard Model Higgs, even a tiny Yukawa coupling Y., would lead to a measurable
BR(h - aa) of the order of few percent. In this section, we present the most recent results
for h—aja; —» 2p2t [12] and h — a;a; —» 2b21 [13] search channels with 4 (3) final states
respectively. The non-boosted T pair topology restricts the search region of the a-boson
mass range 15< m, < 62.5 GeV. The main observable used for the combined maximum
likelihood fit for all final states are the di-muon m,, and di-tau invariant mass m.
respectively.
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Figure 2: Exclusion contours for the A/H— bb search [10] (left) and in the ® - 't
search [9] (right) in the tanp-maplane for the MSSM m;™* benchmark scenario.

The upper limits on the ow/osu BR(h — aa — 4f) illustrated in Fig.3 are translated in
exclusion contours of 2HDM+S type II an III. There is a significant improvement in
exclusion limits in all 2HDM+S types with respect to Run I results. In the NMSSM
BR(h - aa) > 23 % excluded at 95% CL for m, = 35 GeV (see Fig 4.a). This limit was
obtained in the 212b final state probed for the first time at 13 TeV and represents, to
date, the most sensitive result at the LHC. In the 2HDM Type III, the upper limits on
BR(h—aa— 2p2t) shown in Fig4 are as low as 1% for m,=60 GeV.
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Figure 3: Upper limits at 95% CL on (o1/0sw ) X B(h — aa - 2p21) [12] (left) and ow/osm
B(h - aa— 2b21) [13] (right).
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5. Conclusions

The observed Higgs boson at a mass of 125 GeV could be a portal to an extended Higgs
sector. Searches for additional neutral Higgs bosons in fermionic decays were presented
probing a mass range of 100 < me < 1300 GeV. The results of the searches for h— aa
decays with four fermions in the final state for low masses 15 < m,< 62.5 GeV were
also summarized. Since no significant excess was observed over the Standard-Model
background, the model-independent limits were translated in exclusion contours in the
parameter space of several 2HDM(+S) models.

2

1
19.7 fb” (8 TeV) + 35.9 fb” (13 TeV)

o i
% :pCMS :
T o L Proimiary i
< 10p b
o= 1 i oI
© ‘bw E it \ 3
g 10 ; T DAL
1 10? |— A At e 5 1
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& 10t
o I.-// h—aa—uubb 8TeV) &
10° h—aa—putr (8 TeV) ]
!- 2HDM+S type i h—aa—pptt (13 TeV) .!
109 tanB=50 ... h-aa—tbb (13TeV)
5 EI —expected |/ observed 3
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m, (GeV)

Figure 4: Exclusion limits on ow/osw B(h — aa) in the 2HDM Type III for tanf =5 . The
upper limits on B(h - aa — 212b) as low as 1% for m, = 60 GeV [14].
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