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Abstract

A study of H — vy with 12.9fb™" of data from p-p collisions at /s =
13 TeV is presented. The data were collected at the start of LHC Run
2 by the CMS experiment between April and July 2016. The result
is a new standalone observation of the Higgs boson in the diphoton
decay channel. The significance of the excess is observed to be 5.70
(6.30 expected) at the combined Run 1 best-fit Higgs boson mass of
mp = 125.09 GeV. The maximum significance of 6.10 (6.3¢ expected)
is observed at my = 125.9GeV. The measured Higgs boson signal

strength is 1 = 0.8975% = 0.89 +0.15 (stat.) Tooe (syst.) Tote (theo.).

—0.06 —0.05
The signal strength is measured separately for: fermionic and bosonic
production modes, giving [fivervua = 1.43f8j§3 and fleen i = 0.76f8j§g;

and for the ggH, VBF and ttH production modes, giving figen = 0.730:35,

[lvBF = 1.45f8j§, and jiyg = 1.75ﬂj‘11. Measurements of the Higgs boson

coupling modifiers yield ¢ = 0.661035, Ay = 0.9070:1) for the fermionic

and bosonic coupling modifiers and &, = 0.667075, &, = 1.2370:34 for
the gluon and photon effective coupling modifiers. All measurements
are found to be consistent with the theoretical expectation for a SM-like

Higgs boson.
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“There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.”
— Hamlet (William Shakespeare)



Chapter 1

Introduction

The discovery of the Higgs boson in 2012 [3,4] cemented the standard model (SM) of
particle physics as one of the most successful theories of modern science in terms of
its predictive power and agreement with experimental observations. The SM describes
the universe in terms of matter particles and fundamental forces, which are mediated
by carriers. The great success of the SM was to place all forces (except gravity) into
one framework, and to use the Higgs mechanism to explain the manifest breaking of
symmetry between the electromagnetic and weak forces. An overview of the theory and
its predictions for the properties of the Higgs boson are given in Chapter 2. In particular,
this chapter details some of the reasons why the H — v decay is an excellent channel

with which to study the Higgs boson.

The LHC, as well as the two multi-purpose detectors CMS and ATLAS, were designed
with the discovery of the Higgs boson as one of their primary objectives. In the case
of CMS, a key feature of the design is the electromagnetic calorimeter (ECAL), which
was conceived with the study of H — «~ in mind. The LHC and the CMS detector are
described in Chapter 3. In 2014, CMS produced a standalone observation of the Higgs
boson decaying to photons, using 24.8fb~! of data collected at 7 and 8 TeV [5]. In 2013,
the LHC began a two-year shutdown period, during which key upgrades to the accelerator
and detectors were implemented. The hadron collider has now started up again, colliding
particles at 13 TeV. The dataset analysed in this thesis contains 12.9fb™"! collected in
this regime. The rates of the Higgs boson production processes are expected to evolve
with the collision energy. For this reason, it so happens that the analysed dataset has a
similar statistical sensitivity to the entire 7 and 8 TeV dataset. An important first task
for the CMS collaboration is therefore to confirm the existence of the Higgs boson in the

13 TeV data, and to check if the Higgs boson’s properties evolve as expected.
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The analysis described in this thesis follows closely the methods used in previous studies
of the H — v decay at CMS|[1,2,5]. This involves the selection and reconstruction of
data containing two photons which are H — 7~ candidates. This procedure is detailed
in Chapter 4. The selected data are then categorised to optimise the overall sensitivity
of the analysis on one hand, and to target specific Higgs boson production processes on
the other hand. This scheme is described in Chapter 5.

The categorised data and simulation samples are used to produce models of how the
H — ~v signal and background are expected to be manifested in the m., spectrum.
This task, which includes modelling the sources of systematic uncertainty which enter
the analysis, were the specific area of responsibility of the author. Chapter 6 describes
the procedure by which these models are produced. It also contains a description of two
new techniques which were developed by the author, and details of a correction to the

simulation normalisation, which has been updated with respect to [2].

Finally, the results of the analysis are detailed in Chapter 7. They entail a new observation
of the Higgs boson, and confirm that the measured properties of the new particle agree
with the SM expectation for 13 TeV within uncertainties, which are largely dominated
by the statistical component. In Chapter 8, a discussion on the conclusions which can
be drawn from these results is provided, alongside a view to the future of Higgs boson

physics.



Chapter 2

Theory

2.1 Introduction

The SM of particle physics was developed in the 1970s. It has been immensely successful,
accurately describing all processes so far encountered in high energy physics|[6]. In the SM,
the fundamental elements of matter, as well as the forces which govern their interaction,
are represented as relativistic quantum fields, the excitations of which are manifested as
particles. These particles and forces are reviewed in Section 2.2.1. The SM places all
the forces except for gravity in the same framework, and unites the electromagnetic and
weak forces as the electroweak force, as described in Section 2.2.2. The Brout-Englert-
Higgs mechanism, which explains the breaking of the underlying symmetry between
these forces and leads to the prediction of an observable particle (the Higgs boson), is
described in Section 2.2.3. An overview of past searches for the Higgs boson is presented
in Section 2.3.1, along with a discussion on the main Higgs boson production and decay

processes at the LHC in Sections 2.3.2 and 2.3.3 respectively.

2.2 The Standard Model of particle physics

2.2.1 Particles and Forces

In the SM, matter is made up of spin-1/2 particles, called fermions. Fermions come in
two types: those which interact exclusively via the electroweak force, the leptons, and
those which can also interact via the strong force, the quarks. The fermions can be

arranged into three generations. The SM fermions and their properties are displayed in
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Table 2.1. Each of the particles mentioned in the table has a corresponding antiparticle,

with the same mass and opposite charges.

type Generation I Generation 11 Generation IIT
[§] m = 0.511 MeV M m = 105 MeV T m = 1.777 GeV
electron q=-1 muon q=-1 tau q=-—1
leptons
L, m~0MeV V/ . m~0MeV 17 m~ 0 MeV
electron neutrino =0 muon neutrino ¢ =0 tau neutrino q=0
u m = 2.3MeV C m = 1.275GeV t m = 173 GeV
up q= +% charm q= +% top or truth q= +%
quarks : - :
d m = 4.8 MeV S m = 95 MeV b m = 4.18 GeV
__1 S rane —_1 - ; =-1
down q=-3 strange =3 bottom or beauty ¢= —3

Table 2.1: The fundamental particles of the SM. The mass m and electric charge ¢ are
indicated for each particle [6]. The uncertainties on the masses have been omitted,
although some are large.

The matter particles interact via the fundamental forces. There are four known fun-
damental forces in the universe: the electromagnetic force, the weak nuclear force, the
strong nuclear force and the gravitational force. The gravitational force is many orders
of magnitude weaker than any of the other forces, and therefore has a negligible effect on
the interactions of the SM particles in high energy physics experiments. Furthermore, no
adequate quantum theory of gravity currently exists, so it cannot be easily included in the
SM. Consequently, the SM describes only the strong, weak and electromagnetic forces.
In the SM, the fundamental forces, are represented by the exchange of spin-1 mediator

particles, the vector bosons. The forces described by the SM are listed in Table 2.2.

Force Mediator Mass
strong gluons g € {g;,...,gs} 0
electromagnetic photon vy 0
W-bosons W+ 0.4 GeV
weak
Z-boson 7 91.2 GeV

Table 2.2: The three fundamental forces described by the SM. The mediator particle of each
force is indicated along with its measured mass, where the uncertainties have been
omitted [6,7].

The v and g are massless, in contrast to the W* and Z, which are massive. This difference

is explained by the process of electroweak symmetry breaking via the Brout-Englert-Higgs
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mechanism [8-13] described in Section 2.2.3. This mechanism introduces an additional

scalar field, which implies the existence of a massive spin-0 particle, the Higgs boson.

2.2.2 Gauge groups of the SM Lagrangian

The SM is a quantum field theory (QFT), in particular a renormalisable gauge theory.
The Lagrangian Lqpr of a QFT describes the dynamics and interactions of its particles.
It is constructed by considering the nature of the particles involved in the QFT and
imposing the symmetries of the theory. Nother’s Theorem [14] states that for every
symmetry in a Lagrangian, there is an associated conservation law. For example, if a
theory respects conservation of energy or momentum, its Lagrangian must be invariant
in time or space respectively. Imposing a symmetry in a Lagrangian places requirements

on how the particles in the theory are allowed to propagate and interact.

A gauge theory is a particular type of QFT where local gauge transformations are a
symmetry of the Lagrangian, leading to conservation of charge. Such gauge symmetries
are of principal importance in particle physics, as they lead to the introduction of gauge
fields, which generate the mediator particles. For this reason, the mediators of the
forces are sometimes referred to as gauge bosons. Typically, a gauge transformation
takes the form of shifting the phase of all wavefunctions. It is reasonable to require
such transformations to leave the dynamics of the theory intact, since the phase of a
wavefunction is never manifest in any physical observable. Thus the Lagrangian of any

realistic theory should be gauge invariant.

Quantum Electrodynamics

A simple example of a gauge theory is quantum electrodynamics (QED). This theory

must incorporate fermions, which are described by the Dirac Lagrangian [15]:

Efermion = ZEVQ aw - m%/% (21>
where v is a Dirac spinor and 1 is its adjoint, m is the mass of the fermion, v* represents
the four Dirac gamma matrices and J, is the 4-gradient.

Requiring local gauge invariance means that the Lagrangian should be invariant under

transformations such as ¢ — ¢/ = ¥e™@) | where 6(x*) is an arbitrary differentiable
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function of space-time z#. Applying the transformation to Equation 2.1 gives:

'Cfcrmion — Llfcrmion - £fcrmi0n — @ryaw(aoze(xlt»‘ (22)

Evidently Liermion is not gauge invariant. This is remedied by introducing an additional
field A,. An extra term, —gpmY Y"1 Ag, is added to the Lagrangian to account for the
interaction of the fermion with A,, where ggy is the strength of the interaction. Local

gauge invariance is restored so long as A, changes in the following way [15]:

1
Au o Ay = Ag = ——0u0("). (2.3)
EM

The Lagrangian can also accommodate a term for A, propagating freely through space.

Since A, is a 4-vector, it is described by the Proca equation for spin-1 bosons [15]:

1 1
oson = ———FPFop+ —mi A% A, 2.4
’Cb 167 B + Sﬂmboson ’ ( )

where F*% = (9% AP — 9% A%) and Mypeson is the mass of the spin-1 boson. Equation 2.4 is

locally gauge invariant so long as Mmyeson = 0, i.e. the boson is required to be massless.

It is convenient to define the covariant derivative, incorporating the interaction term:

Da = 8a + Z'gEMAa- (25)

The Lagrangian Lqrp can then be written compactly as:
e . 1 af
Lqrp = 1)y Do) — mip) — EF F,p3. (2.6)

The full Lagrangian for QED describes a free fermion, a free massless spin-1 boson and a
completely determined term for interactions between the boson and the fermion. The
boson is identified as the photon. The factor multiplying ggy is interpreted as the electric

charge of the fermion.

The local gauge transformation is equivalent to applying a unitary 1 x 1 matrix to the
wavefunction. The group of all such transformations is U(1). It is a general result that
the number of degrees of freedom in the underlying symmetry group dictates the number

of additional bosons needed to keep the theory locally gauge invariant [15].
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Quantum Chromodynamics

The strategy described in Section 2.2.2 can be used to derive the Lagrangian for quantum
chromodynamics (QCD), which codifies the dynamics of the strong force [15]. The
situation is more complicated because the underlying group is not U(1) but SU(3), which
has eight degrees of freedom. This leads to eight massless gluons. In QED, the interaction
between the boson and the fermion is dictated by electric charge; the analogue for QCD
is colour charge. However, colour charge cannot be represented by a single quantity.
Colour charges are instead linear combinations of three quantities, designated red, green
and blue. Each SM quark has three identical copies with different colour charge. Another
important distinction is that U(1) is abelian while SU(3) is not. The consequence of this
is that unlike the QED photon, which carries no electric charge, the QCD gluons do carry
colour charge. Gluons can therefore feel the strong force and self-interact. This fact leads
QCD to display properties such as confinement of quarks and asymptotic freedom [16, 17].
The gauge group for QCD, SU(3)c, is generally written with a subscript to indicate that

it generates colour charge.

Electroweak unification

The development of a combined theory of the electromagnetic and weak forces, called

electroweak theory (EWT), was a major achievement by Glashow, Weinberg and
Salam [18-20]. The gauge group considered by EWT is SU(2);, x U(1)y. The SU(2);,
group has three degrees of freedom, so three gauge bosons are obtained from imposing
local gauge invariance. The conserved charge is weak isospin. This quantity is a vector,
the third component of which is labelled i3. The subscript in SU(2);, indicates that only
left-handed particles carry nonzero weak isospin charge. The U(1)y group behaves as in
QED, but generates weak hypercharge y. The electric charge ¢ is related to weak isospin
and weak hypercharge by the relation ¢ = y/2 + i3. The subscript in U(1)y refers to the
fact that hypercharge is the generated charge.

Right- and left-handed fermions are considered separately in EWT. It is helpful to think
of the right-handed fermion spinors as singlets, or column vectors of one spinor. For
example, the right-handed electron singlet is labelled ey. The left-handed fermions come

in doublets (a column vector of two fermion spinors), e.g. :
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which is the left-handed lepton doublet containing the left-handed electron and electron
neutrino. No right-handed neutrinos are included in this scheme. This is a deliberate
feature. It reflects the fact that although neutrino oscillations imply the existence of
right-handed neutrinos, none have been detected experimentally or directly observed to

interact with SM particles.

Imposing gauge invariance leads to the introduction of gauge fields: W2, W2 W3 and B,,
for SU(2)y, and U(1)y respectively. The physical states observed in nature are mixtures

of the underlying weak isospin and weak hypercharge gauge bosons:

1
W, = ﬁ(ws FiW2), (2.7)
7., = cos fwW2 — sin Ow B, (2.8)
A, = sin OwW? + cos Oy B, (2.9)

where Oy is the Weinberg angle, which relates coupling constants of weak hypercharge
(gy) and weak isospin (gr) via the relation tanfw = g1,/gy. The value of sin? 6y has
been determined experimentally to be 0.23120 £ 0.00015 [6].

Quarks are also accommodated in this framework. For example, for the first generation
of quarks, two right-handed quark singlets ugr and di and one left-handed quark doublet
Q1. (containing uy, and dy,) are introduced. The full SM, incorporating the electroweak

and strong forces, is described by the gauge group SU(3)c x SU(2)p, x U(1)y.

An issue arises when considering masses of particles. The left- and right-handed com-
ponents of the fermions transform as doublets and singlets respectively, so the usual
fermion mass term is no longer gauge invariant. Furthermore, the gauge bosons should
be massless to preserve the gauge symmetry. This is the case for the photon and gluons,
but the W* and Z need to have masses to explain weak decays. These masses were later
experimentally measured to be of the order of 90 GeV [6]. A mechanism is needed to

account for the masses of these particles.

2.2.3 Electroweak Symmetry Breaking and the Higgs

Mechanism

The process which allows the W* and Z to acquire a mass is electroweak symmetry
breaking. This occurs in the SM via the Brout-Englert-Higgs mechanism [8-13]. In this

scheme, an additional complex scalar SU(2);, doublet ¢ is introduced. The Lagrangian
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for ¢ is gauge invariant but the ground state is not. It has the form:

Ly ZE(DSWK@*(D%WKQS) (kinetic term)
’ 1 (2.10)
+ N2(¢*¢5) - 1/\2(¢*¢)2 (potential term) ,

where p and \ are constants. The covariant derivative DEWX  defined analogously to
Equation 2.5, has been used here to ensure gauge invariance. In this case, DEWK accounts

for the interactions of the electroweak gauge bosons W, W2 W3 and B,:
Y i
DENS = 0u + gy Ba + igu 5 Wi, (2.11)

where Y is the constant generator of the U(1)y group (Y = —1-I hereafter, where I is
the identity matrix) and 7% are the generators of the SU(2)y, group (here, they are the
same as the Pauli matrices). The coupling constants gy and g, are related to the weak

and electromagnetic coupling constants by gw = g1, and ggm = gy cos Oyy.

The first term of the Lagrangian corresponds to the kinetic part, while the second and
third correspond to a potential. The term ;*(¢*¢) resembles a mass term, but it is not:
the sign needs to be negative. If 4 < 0, the potential has a non-zero vacuum expectation
value (VEV), and the ground state is represented by a circle of minima. In order to
rewrite the Lagrangian in terms of physical particles, an expansion around one of the

minima is required. Since they are all equivalent, an arbitrary minimum is chosen:

1 /0
—VEV = — , 2.12

¢0 \/i (U) ( )
where v = /—pu?/A. At this stage, any of the minima lying upon the circle of ground
states could have been chosen, but a particular choice had to be made. This step breaks

the manifest symmetry in the physical states while preserving it in the Lagrangian.

To obtain the physical states from this Lagrangian, a small perturbation around the
VEV is introduced. This perturbation is denoted H. Any perturbation to the first
component of the VEV would represent a move to an equivalent minimum. Therefore

such a perturbation can be ignored, and H only affects the second component:

¢=12<U+OH>, (2.13)
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which can be substituted back into Equation 2.10. Expanding out the interactions with
the gauge bosons from the covariant derivative, and expressing them in terms of the

physical bosons using Equation 2.7, the equation becomes:

1
Lo = 5(0uH)(O"H) — 12

(2.14)

+ — oW W+ g W™ W™ + (g3 + 63)2,2°] + ...

v?
8
where terms which are not mass-like have been omitted. The first two terms can be
identified as the Klein-Gordon equation for a massive scalar boson of mass v/2u: this is
the Higgs boson. The other terms represent the great success of the Brout-Englert-Higgs
mechanism: the W* and Z bosons have acquired masses. The absence of equivalent

terms for the photon means that it does not acquire mass.

It is possible to add additional gauge invariant terms involving the scalar field. These
are known as the Yukawa interactions. For example, in the case of the first generation

leptons:

EYukawa = Re (z¢6R + @QSTL)

(2.15)
= kv(€rer + €ger) + ke(epHeg +erHer),

where k. is a real constant. The first term gives a mass to the electron and the second
represents the interaction between the electron and the Higgs boson. Analogous Yukawa
couplings can also be written down for quarks. In this way, the strength of the interaction
is directly proportional to the mass of the particle which is considered. The neutrino
does not acquire any mass via this mechanism. The scheme described above does not
prescribe the masses of the Higgs boson or fermions: these are free parameters and must

be specified from experimental measurements.

To summarise, the Brout-Englert-Higgs mechanism adds gauge-invariant terms to the
SM Lagrangian which permit the W* and Z bosons and the fermions to acquire masses
while leaving the photon massless. The outcome is one additional spin-0 particle, the
Higgs boson, the mass of which is not directly predicted by the theory.
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2.3 Higgs boson phenomenology

2.3.1 History of Higgs boson searches

Since the Higgs boson was postulated in the 1960s, there have been many efforts to try to
detect it. Theoretical considerations precluded large Higgs boson masses above the order
of 1 TeV [21]. A Higgs boson of mass below about 10 GeV was already excluded before
the start of LEP [22]. Direct searches at LEP and the Tevatron excluded a Higgs boson
mass below 114 GeV [23,24], and precision measurements of the electroweak parameters
suggested that the Higgs boson mass should be below 200 GeV [25]. The search for the
Higgs boson was one of the goals prompting the construction of the LHC at CERN. Two
multi-purpose detectors, ATLAS and CMS, were designed with the Higgs observation
as one of their main physics goals. In 2012, the two experiments jointly announced the
observation of a Higgs-like particle, ending a 50-year interval between postulation and
discovery [3,4]. The most precise measurement of the Higgs boson’s mass to date is
my = 125.09 +0.24 GeV [26].

2.3.2 Higgs boson production at the LHC

According to the SM, the Higgs boson interacts with particles proportional to their
masses. Four types of processes can lead to the production of a Higgs boson in p-p
collisions at the LHC. The Feynman diagrams for these processes can be seen in Figure 2.1.
The most likely production mode for my = 125 GeV is gluon-gluon fusion Higgs boson
production (ggH) via a loop of top quarks, which has a cross-section of approximately
49pb at 13 TeV. The other production modes are: vector boson fusion (VBF) at 3.8 pb;

vector boson associated Higgs boson production (VH) at 2.3 pb; and top quark fusion and
associated Higgs boson production (ttH) at 0.5pb[27]. The VH production process can
be further split into W boson associated Higgs boson production (WH) (1.4pb) and Z
boson associated Higgs boson production (ZH) (0.6 pb), which have different final states.

2.3.3 Higgs boson decays

The SM Higgs boson can decay either directly to pairs of particles, or via virtual loops.
In direct decays to pairs of particles, the branching ratios are proportional to the square

of the mass of the decay product for fermions and the fourth power of the mass of the
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Figure 2.1: Higgs production modes at the LHC: (a) gluon-gluon fusion, via a loop of top
quarks, (b) vector boson fusion, with associated quark production, (c) associated
vector boson production with either the Z or W boson and (d) top quark fusion
with associated top quark production.

decay product for vector bosons. The most likely direct decay modes to massive particles
for a SM Higgs boson with myg = 125GeV are H — bb (58.2%); H — WW™ (21.4%,
where W™ refers to a virtual W); H — 77 (6.3%); H — cc (2.8%); H — ZZ* (2.6%, where
Z" refers to a virtual Z) [27]. The production of a pair of ¢ quarks is strongly suppressed
by kinematics. The decays are not strictly ordered by mass since phase space also plays
a role in the rate. The Higgs boson’s couplings to electrons, muons, up quarks, down
quarks and strange quarks are very small due to the mass of the decay products. In the
SM, the neutrinos do not have mass, so no coupling to the Higgs boson is predicted. In
addition, Higgs boson decays can occur via a loop of virtual massive particles to a pair
of gluons (8.2%), to a pair of photons (0.23%) or to Zv (0.02%) [27].

For the CMS and ATLAS detectors, two channels are particularly suited to studies of
the Higgs boson despite their relatively low branching fractions. These are H — v and
H — ZZ" — 40 (where ¢ refers to leptons, and the rate is reduced because the branching
fraction of Z — ¢¢ needs to be taken into account). The fact that both detectors are
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able to reconstruct the energy and transverse momenta of electrons, muons and photons
mean that a narrow Higgs boson mass peak can be reconstructed in these two channels.
The other channels which contributed, to a lesser extent, to the discovery of the Higgs
boson were H — bb, H - WW™* and H — 77. These other channels have a higher rate
but difficulties in reconstructing the decay products or excessive background from the

LHC p-p collisions drastically reduce the experimental sensitivity.

2.3.4 Current state of Higgs boson physics

As was mentioned previously, the Higgs boson was discovered jointly by the CMS
and ATLAS experiments in 2012, driven mainly by the combination of H — ~ and
H — ZZ* — 44 results [3,4]. Subsequent analyses using the whole of the Run 1 dataset
provided standalone observations of the H — vy, H — ZZ* and H — WW™ decays for
both CMS [5,28,29] and ATLAS [30-32], as well evidence for the H — 77 decay [33, 34].
The measured signal strength, spin, parity and mass of the particle were found to be
in agreement with the SM expectations. Searches for additional Higgs-like particles
produced no significant excesses [35,36]. The current best measurements of Higgs boson
properties arise from the combination of the CMS and ATLAS results from Run 1[37],
which led to a precise determination of the Higgs boson’s mass (my = 125.09 +0.24 GeV)
and signal strength (4 = 1.09+£0.11). This also provied a combined observation of
the H — 77 decay with over 5o significance. At time of writing, the first tranche
of Run 2 data has been analysed, leading amongst other preliminary results, to new
observations of the Higgs boson with the 13 TeV dataset in the H — vy and H — ZZ"
decay channels[2,38-40].

2.3.5 Studying the Higgs boson using the H — ~~ decay

The work presented in this thesis focusses on the observation of the Higgs boson and
a measurement of its properties via the H — =~ decay, for which the leading order
Feynman diagrams are shown in Figure 2.2. The data collected by the CMS detector
are selected for such measurements if they contain two photons which are candidates to
have originated from a Higgs boson decay. The analysis of these data involves defining
categories which target the individual production modes of the Higgs boson presented in
Section 2.3.2. Indeed, the final states of each production mode lead to different signatures

in the detector, which can be exploited for the purposes of categorisation. This approach
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not only increases the overall sensitivity of the analysis, but also gives a handle with
which to probe the SM predictions for the rate at which the Higgs boson is produced in
each mode, as well as the strength of its interaction with SM particles. Many extensions
to the SM predict variations in these properties, so such measurements could put limits

on new models or could yield clues to the nature of physics beyond the SM.
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Figure 2.2: A Higgs boson decaying to photons via a loop of top quarks (a) or via loops of
W bosouns (b, ¢).
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Overview of the LHC and CMS

3.1 The Large Hadron Collider (LHC)

The LHC [41] is currently the largest and most powerful synchrotron in the world, and
is installed in the tunnel which previously contained the LEP [42] collider at CERN.
The tunnel is located roughly 100 m underground near Geneva, on the border between
Switzerland and France. The LHC was designed to perform collisions of two types: p-p
(proton-proton) collisions and, less frequently, heavy ion collisions, for example Pb-Pb
(lead-lead). The former is used to search for new particles and perform SM measurements,
such as the ones presented in this thesis. The latter is used, for example, for studies of

quark-gluon plasma, and is not discussed in detail here.

The LHC is the last stage in a series of machines which form the CERN accelerator
complex, which is illustrated in Figure 3.1. The procedure by which particles are
accelerated using this chain of machines is described in[41], and is summarised below.
In p-p collisions, protons are first obtained from a hydrogen gas, which is stripped
of electrons. The particles are then brought up to an energy of 50 MeV using Linear
Accelerator 2 (LINAC2). The particles coming out of the initial linear accelerator are
transfered into the Proton Synchrotron Booster (PSB), which raises the beam energy to
1.4 GeV, before the beams enter the Proton Synchrotron (PS). At this stage, the protons
energies are increased to 25 GeV. Once the beams reach the required energy, they are
passed into the Super Proton Synchrotron (SPS), and boosted to 450 GeV. Finally, the
beams are injected into the LHC rings, which are two concentric beampipes within the
same set of bending magnets. The LHC then brings the beams up to their final energy,
which, in the most recent run, was approximately 6.5 TeV, leading to a centre-of-mass

collision energy of /s = 13 TeV. A further increase in the beam energy is foreseen in the

16
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LHC programme, which would bring it up to its design value of 7TeV per beam, and
Vs =14TeV.

CERN's accelerator complex
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Figure 3.1: Schematic view of the CERN accelerator complex, showing the chain of machines
which allow the energies of the particles to increase to 6.5 TeV: LINAC2, PS
Booster, PS, SPS and finally LHC [43].

The counter-circulating beams in the LHC are bunched, with each bunch containing
several billion protons. The bunch spacing was 50ns in the initial running of the LHC,
but has now been reduced to its design value of 25 ns, to allow a faster accumulation of
data. The average number of times a process occurs in collision experiments (Nprocess)

can be obtained from the following relation [44]:

Nprocess = Oprocess X Eint, (31)

where Oprocess 15 the cross-section of the process and Liy is the integrated luminosity,
which is the time integral of the instantaneous luminosity L. The luminosity depends

only on the machine parameters, and assuming a Gaussian beam distribution, is given
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by the relation [44]:

I — nbNberev’yrF

FEad (3.2)

where ny is the number of bunches in each beam, N, is the number of particles per bunch,
frev 1s the revolution frequency, v, is the relativistic gamma factor, €, is the normalised
transverse beam emittance, §* is the beta function at the collision point and F is a
luminosity reduction factor which takes into account the fact that beams cross at a slight

angle.

The LHC began operation at /s = 7 TeV in 2010, collecting 44 pb~! of data in 2010 and
6.1fb~" in 2011. In 2012, the collision energy was successfully increased to /s =8TeV
and 23.3fb™! of data were recorded. This period corresponded to the first physics run of
the LHC (Run 1). After a shutdown period for planned upgrades to the machine, the
LHC began Run 2 and raised its collision energy to /s = 13 TeV, delivering 4.3 fb™"
in 2015 and 40.8fb™" in 2016, as can be seen in Figure 3.2. The analysis of the first
12.9fb™* collected in 2016 is presented in this thesis. The peak instantaneous luminosity
of the LHC, achieved at the start of periods of colliding beams, is currently around
1.4 x 103* em~2s71, significantly exceeding the design luminosity of 1 x 10**cm=2s71.
Run 2 is scheduled to continue until 2018 before another shutdown for upgrades is

envisaged.

There are eight points along the LHC ring which are equipped with access shafts, as well
as surface and underground structures. Four of these points host LHC infrastructure
elements: the collimators at points 3 and 7, the RF system at point 4 and the beam
dump at point 6. The remaining four points house experimental caverns where beams
are focused and brought into collision. Two general purpose detectors are located at
diametrically opposed sides of the ring: ATLAS [46] at point 1 and CMS [47] at point
5. Two additional specialised detectors are located at points 2 and 8, namely A Large
Ion Collider Experiment (ALICE) [48] (used in the study of heavy ion collisions) and
Large Hadron Collider beauty (LHCb) [49] experiment (specialising in flavour physics),

respectively.
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Figure 3.2: Overview of the integrated luminosity delivered by the LHC throughout its
operation until the time of writing, as recorded by CMS [45].

3.2 The Compact Muon Solenoid (CMS)

3.2.1 Overview

CMS is located approximately 100 m underground at access point 5 of the LHC, near
the French village of Cessy. It is over 21 m long and 14 m in diameter, weighing over
12,500 tons. It consists of a superconducting solenoid magnet 13 m long and 5.9 m in
diameter, generating a 3.8 T magnetic field, which is embedded within an iron return
yoke containing the muon detection system. The other sub-detectors are contained
within the solenoid. The layout of the CMS detector can be seen in Figure 3.3. CMS is
composed of a cylindrical barrel region closed by two endcaps. The tracker (described
in Section 3.2.2), ECAL (described in Section 3.2.3), and hadron calorimeter (HCAL)

(described in Section 3.2.4) are housed within the solenoid. Outside of the solenoid, four



Overview of the LHC and CMS 20

layers of iron act as a return yoke for the magnet and house muon detector chambers
(described in Section 3.2.5).

The LHC experiments use a right-handed coordinate system whereby the z-axis points
towards the centre of the LHC ring, the y-axis points upwards, and the z-axis points
in the direction of the counter-clockwise beam. A more convenient coordinate system
can be defined for physics analyses using the variables (7, ¢,z). In this convention,
n = —In[tan(d/2)] is the pseudorapidity (where 6 is the polar angle relative to the beam
axis) and ¢ is the angle relative to the z-axis in the (z,y) plane. The plane perpendicular
to the z-axis is referred to as transverse, while the direction pointing along it is referred
to as longitudinal. The transverse components of energy and momentum are denoted by

FEr and pr respectively.

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Electromagnetic
Calorimeter

Compact Muon Solenoid

Figure 3.3: A cutaway diagram of the CMS detector, showing the main components and
subdetectors, which are described in Section 3.2 [50].
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3.2.2 Tracker

The closest subdetector to the beam crossing point is the tracker [51], the layout of which
can be seen in Figure 3.4. This subdetector, which fits within a cylindrical volume 5.8 m
long and 2.5m in diameter, is used to measure the momenta of charged particles whose
tracks are deflected in the 3.8 T magnetic field. The short interval between collisions
(25 ns) requires the tracker to have a fast response time. Furthermore, the large p-p
cross-section necessitates it to be resistant to radiation. The two requirements are
satisfied by silicon-based detectors. Two silicon detector types are used in the CMS

tracker: the pixel layers and the silicon strip layers.
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Figure 3.4: A diagram showing the layout of the CMS tracker components: the pixel tracker
(labelled PIXEL) is the nearest to the interaction region marked by the black dot.
The various sections of the strip tracker (TIB, TID, TOB, TEC+ and TEC-)
are arranged around the pixel tracker [50].

The pixel layers are made up of 66 million 100 pum x 150 um silicon pixels. As can
be seen in Figure 3.4, these are arranged into three concentric cylinders in the barrel
section (of radii between 4.4 cm and 10.2 cm) and two planes on each endcap. The spatial
resolution of this part of the tracker is around 10 ym in the transverse direction. The
pixel layers also have excellent longitudinal resolution (20-40 pm), which is important for

vertex reconstruction [52].

The silicon strip layers surround the pixel layers, and are composed of several sections.
Four cylindrical layers form the tracker inner barrel (TIB), while the tracker inner disks
(TID) are composed of three planes. Surrounding this, the tracker outer barrel (TOB)
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provides a further 6 cylindrical layers, while 9 planes form the tracker endcaps (TEC).
The silicon strip layers extend to 110 cm in radius. This section of the tracker uses 9.3
million strips, with each strip being 10-20 cm long and 80-183 ym wide. The transverse
spatial resolution of the silicon strip layers is between 13-38 um in the inner section and

18-47 pym in the outer section [52].

Charged particles follow helical trajectories in the CMS magnetic field, and deposit charge
as they pass through the silicon sensors. The resulting recorded signals are referred
to as hits. Using multiple hits in the pixel and strip detectors, the helical trajectory
can be reconstructed. The transverse momentum pr of charged particles can then be
extracted from the curvature of the helix. The pr resolution is of the order of 2-3% in the
[n] < 1.6 region and up to 11% for the outer section [52]. Using the extrapolation from
the fitted track and the longitudinal resolution of the pixel detector, tracks are grouped

into common points of origin, at the primary vertex (PV) and secondary vertices.

3.2.3 Electromagnetic Calorimeter

The ECAL [50,53] is the subdetector whose performance is the most critical to the
H — v7v analysis, and its layout, operation and calibration will therefore be described in

some detail.

ECAL overview

The ECAL is made up of an array of 61,200 lead tungstate (PbWOQy,) crystals in the
barrel section and 14,648 crystals in the endcaps, arranged one crystal deep. The choice
of material was made because PbWO, has a short radiation length (the mean distance
over which an electron loses all but 1/e of its energy to bremsstrahlung) of 0.89 cm. The
short radiation length is important in the ECAL design because it allows electromagnetic

showers to be contained within a relatively small depth of material.

The ECAL crystal front faces are 22mm x 22mm squares, corresponding to approx-
imately An x A¢ = 0.0174 x 0.0174, roughly matching the Moliere radius of PbWOy.
The individual crystal depth is approximately 26 radiation lengths, to ensure that the
electromagnetic showers are fully contained within the ECAL. The array of crystals
extends to |n| = 3, but precision measurements are only made up to || = 2.5. There
are also transition regions between the ECAL barrel and endcaps around || = 1.5. The

arrangement of the crystals in the ECAL can be seen in Figure 3.5.
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Figure 3.5: Schematic cross-section of one quadrant of the ECAL, showing the arrangement
of crystals in the ECAL barrel and endcaps. The shower detector (SE, referred
to as ES in the text) is also visible, as is the hadron calorimeter barrel (HB) and
the tracker (TK) [53].

The ECAL consists of the ECAL barrel (EB) and the ECAL endcaps (EE). The
EB provides coverage in the region |n| < 1.479, while the EE provides coverage for
1.556 < |n| < 2.5. The crystals in the EB are grouped into 36 supermodules, each
covering an angle of 20° in ¢. The crystals are arranged so that they do not point directly
at the mean position of the primary interaction vertex, but are instead positioned with a
3° offset in both 6 and ¢, to help improve the hermeticity of the detector. The EE is
composed of two “D”-shaped sections, built up of supercrystals (units of 25 standard
crystals). The EE has notably worse resolution that the EB, and this is because the
calibration of the crystals is more challenging. One factor contributing to this is that the

crystal transparency is affected by the high radiation doses in the EE.

An additional detector, the preshower (ES), is mounted in front of each endcap, covering
the region 1.54 < || < 2.61. The main purpose of the ES is to distinguish between 7°
and ~y particles, and also adds three radiation lengths to the depth of the ECAL endcaps.
The ES is composed of two planes of lead, of 2 and 1 radiation lengths respectively, with

high granularity silicon detector strips after each.

In the barrel region, avalanche photon-diodes (APDs) operating with a gain of 50, are
attached to the back of the crystals, where the scintillation light is collected. In the
endcaps, vacuum photon-triodes (VPTs) are used instead of APDs as the photo-detectors.
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In both cases, the photo-detectors register ~ 4000 photoelectrons per GeV. The photo-
detectors are read out by 12-bit analogue to digital converters (ADC). Ten consecutive
samples are read out and stored for each crystal, and this information is used to determine

the amplitude of the pulse, and therefore the amount of energy deposited in the crystal.

The resolution of the ECAL crystals is modelled with the following equation:

(B - () () oo

where S represents the stochastic term, N represents the noise term and C represents

(3.3)

a constant term [50]. The design values of these parameters are approximately S =
2.8% GeV2, N = 0.12GeV and C = 0.3%.

As can be seen in Figure 3.6, for individual H — 7+ photons in Run 1, an energy
resolution of about 1% was achieved for unconverted photons in the barrel, and about
2.5% in the endcaps. For converted photons, an energy resolution of about 1.3% was

observed up to |n| = 1, rising to about 2.5% at |n| = 1.4, and 3-4% in the endcaps [54].
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Figure 3.6: The relative energy resolution of individual simulated H — v photons in Run
1 as a function of |n|, shown separately for unconverted photons (black circles,
Rg > 0.94) and converted photons (open red squares, Ry < 0.94). The vertical
lines represent the boundaries between the ECAL modules in the barrel, while
the grey band indicates the transition region between the EB and the EE, where
photons are not reconstructed [54]. The Rg variable is defined in Section 4.3.2.



Overview of the LHC and CMS 25

Energy measurement

Typically, energy deposits will not be contained in a single crystal. When an electron
or a photon hits the ECAL, the electromagnetic shower will spread out into adjoining
crystals. In addition, particles can undergo pair conversion or emit bremsstrahlung before
impacting the detector, resulting in additional associated energy deposits. Clustering
algorithms are used to recover the deposits from the main impact crystal, adjacent crystals
where the energy from the main shower is spread out, and the additional associated
crystals, and group them into a so-called supercluster (SC). The energy of the SC (Esc)
can roughly be expressed as:

Esc = Fso+ G- S, Sy(t) - A;, (3.4)

where Neystals i the number of crystals in the SC, Fyc is a correction to the SC energy
sum representing second-order effects, G is an ADC-to-GeV conversion factor which
represents the global energy scale, C; is a factor applied to crystal ¢ to equalise the
response (also known as an intercalibration constant), S;(t) is a time-dependent factor
to correct for loss of transparency of the crystals, and A; is the amplitude of the pulse
recorded in that crystal for the bunch crossing in question. In regions covered by the ES,

the signals from this subdetector are also used [55].

Calibration

The calibration of the ECAL involves using various techniques and physics objects to tune
the values of S;(t), C; and G in Equation 3.4. The first step is to make a time-dependent
correction for the transparency in the crystals. Indeed, the response of ECAL crystals
varies because of radiation-induced transparency loss and recovery through spontaneous
annealing. Continuous monitoring and correction of the response of the crystals is
required. This is achieved using a laser which periodically (every 40 minutes) injects
photons of wavelength 440 nm into each crystal via a network of optical fibres. The
change of the response as measured and corrected for using this mechanism is tracked in
Figure 3.7. The effect of the corrections on the measured mass of the 7° in its decay to

photons can be seen in Figure 3.8.

The next step is the intercalibration, which aims to equalise the response of all crystals.
This is achieved by determining a set of intercalibration constants C;, one for each crystal.
Several methods are used in this procedure. The first is to use the fact that the CMS
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Figure 3.7: The response of the CMS ECAL lead tungstate crystals is shown as a function of
time, and for different pseudorapidity ranges. The crystal response decreases as
data are collected, due to transparency loss caused by exposure to radiation, and
recovers during spontaneous annealing at times when no beams are presented [56].

ECAL is cylindrically symmetric. It is therefore expected that during a given period of
time, the total energy measured by each crystal with the same value of 1 (-ring) should
be the same. Exploiting the ¢-symmetry of the detector, one can therefore produce an
intercalibration constant for each crystal in an 7-ring by dividing the amount of energy
that was measured by that crystal in an interval of time by the average amount measured
by all crystals in that n-ring. Another method exploits the fact that the invariant mass
of ¥ or 7 particles (as measured in their decay to photons) should be measured the same
regardless of the crystal location. Therefore, one can generate intercalibration constants
for each crystal by fitting the invariant mass distribution of candidate 7° or n events
where one of the decay photons is centered on the crystal of interest. A correction is
applied such that the measured invariant mass agrees with the accepted value. Since the
corrections for each crystal depend on the calibration of the other crystals, the procedure
is repeated iteratively until a predetermined threshold on the calibration precision is

reached.
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Figure 3.8: The normalised value of the invariant mass of the 70 particle in its decay to
photons, as measured by the CMS ECAL barrel, with and without the Laser
Monitoring (LM) corrections for crystal transparency loss. This example, from a
period of less than one day, shows the degradation of the response of the lead
tungstate crystals, even over a period of hours [56].

Intercalibration constants produced using different methods are combined to give a final
set of per-crystal corrections. By construction, the average value of the intercalibration

constants is unity: these corrections leave the overall scale unchanged.

The final step in the calibration procedure is to set the global scale G, which is also the
ADC-to-GeV conversion factor. This is set by comparing the measured value of the mass
of the Z boson in its decay to electrons to the nominal value. Since the mass of the Z is
well known and simulated, one can set the value G such that the peak of the Z invariant
mass distribution coincides with the simulated value, in different bins of  and SC type,

in order to complete the calibration.
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3.2.4 Hadronic Calorimeter

The HCAL is used to identify hadrons, and measure their positions and energies. In
particular, it is needed to measure the energy of neutral hadrons which do not leave any
hits in the tracker or deposits in the ECAL. Such particles need to be taken into account
to accurately estimate the energies and directions of jets of particles, and to measure the
magnitude and direction of any missing energy, which would indicate particles which did
not interact with the CMS detector (e.g. neutrinos, or undiscovered weakly interacting

particles).

The CMS HCAL is a sampling calorimeter, consisting of active material between absorber
plates. The layout of the detector can be seen in Figure 3.9. The active material is a
plastic scintillator read out by wavelength-shifting plastic fibres. The absorber plates are
made of brass (or steel in the forward section). Brass is chosen as it is an non-magnetic
material, and thus will not be affected by the strong magnetic field within the solenoid.
The main body of the HCAL is composed of the hadron calorimeter barrel (HB) with
coverage up to |n| < 1.3, and the hadron calorimeter endcaps (HE) with coverage up
to |n| < 3, with A¢ x An granularities between 0.087 x 0.087 and 0.17 x 0.17. In order
to accurately measure missing energy, the HCAL must be as hermetic as possible. For
this reason, an additional calorimeter is appended, the forward hadron calorimeter (HF),
which gives coverage up to |n| < 5. This uses active quartz fibres within a steel absorber
matrix. In order to fully contain hadronic showers, an additional component, the outer
hadron calorimeter (HO), uses the solenoid as an absorber and is placed directly around

it in the barrel region [57].

The minimum depth of the HB is 5.8 radiation lengths, rising to 11.8 when the HO is
taken into account. In the endcaps, the depth is at least 10 radiation lengths [57]. The

resolution of the HCAL system was measured in test beams of single pions[58] and found

to be:
1\ 2 2
o\?2 94.3% GeV?2 8.4% GeV
(E>_< VE >+< E ) (8:5)

3.2.5 Muon detectors

The solenoid is surrounded by the outermost subdetector, the muon detector, which
is built into and around the steel return yoke for the magnetic field. The CMS muon

detection system consists of both endcap and barrel sections and is comprised of three
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Figure 3.9: Schematic cross-section of one quadrant of the HCAL, showing the arrangement
of the various components of the subdetector: The HB and HE surrounding the
ECAL, with the HF at high n and the HO just outside of the solenoid [47].

types of detector: the drift tubes (DTS) in the barrel, the cathode strip chambers (CSCs)
in the endcaps, and the resistive plate chambers (RPCs) in both barrel and endcaps.
The muon chambers are all installed between the layers of the steel return yoke. The
layout of the muon detectors can be seen in Figure 3.10. All the muon detectors are
gaseous detectors with a similar operational principle: as charged particles travel through
a chamber, the gas contained within becomes ionised and the resulting electrons drift

towards the detector’s anode, which gives out an electric signal.

In the barrel section, the muon system is composed of four concentric layers of DTs,
which are wire chambers filled with a mixture of gaseous Ar and CO,. Each DT station
consists of twelve layers of wire chambers, with some having their wire oriented parallel
to the beam axis and other perpendicular to it. This means that each DT is able to
provide a position measurement in both the transverse and longitudinal planes, with

100 pm resolution in each. The DTs have coverage up to |n| < 1.3.

In the endcaps, the field is less uniform and the neutron fluences become much larger.
The muon rate is also much higher than in the barrel. Therefore, a detection system

with a faster response and more resistance to radiation is needed. The CSCs, which
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Figure 3.10: Schematic cross-section of one quadrant of the CMS muon detector, showing
the arrangement of the various components of the sub-detector: The DTs in the
barrel, and CSCs in the endcaps and the RPCs in both [59)].

are multi-wire chambers comprised of 6 anode wire planes interleaved among 7 cathode
panels, satisfy this requirement. They are filled with a mixture of Ar, CO; and CFy
gasses, and each station is also able to provide a measurement in both the longitudinal
and transverse planes, with a spatial resolution around 85 pym. There are four layers of

CSCs in each endcap, with coverage of 0.9 < |n| < 2.4.

The final detector in the muon system is the array of RPCs. These are double-gap
chambers, and have a fast response with good timing resolution but worse position
resolution than the DTs or CSCs. The RPCs are used as a trigger, and can also be used
to resolve ambiguities in tracking when there are multiple hits in a chamber. The RPCs

are installed in both the barrel and endcap sections, up to |n| < 1.6 [47,60].

The transverse energy resolution for muons with pr below 100 GeV is 1-6% depending

on their position within the detector [59].
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3.2.6 Trigger and data processing

During operation, bunch crossings occur at a rate of approximately 32 MHz. Each
instance where the data from a bunch crossing are saved by the detector is known as an
event. The storage space taken up by an event is of the order of 1 MB. If CMS were to
keep all the information from each crossing, it would therefore need to save 40 TB of data
per second, which is (at the time of writing) entirely impossible to store. Furthermore,
the CMS sub-detector electronics are designed to read out information at a rate of at
most 100 kHz, so it is not possible to read out all the collision data either. Therefore, a
vast reduction in the number of events selected to be saved is required. In reality, the
vast majority of collisions are of no physics interest: many will be low-energy interactions
of protons instead of head-on collisions, or will come from well-understood SM processes.
The strategy to reduce the number of selected events is to filter out the commonplace
events and save only those which are of physics interest. This is achieved through the
CMS triggering system. The trigger is used to reduce the number of saved events by a
factor of order 10°. This is achieved through two trigger levels: the level-1 trigger (L1T)
and the high-level trigger (HLT).

The L1T consists of programmable, custom-designed electronics. The L1T must reduce
the number of output events by a factor of at least 400, since the maximum design
bandwidth of the subdetector electronics readout is 100 kHz. As collisions occur in the
CMS detector, each event is stored in a buffer. A very limited time, 3.2 us, is allocated
to decide whether or not to save an event at the L1T. This must include the time taken
to transmit the data from the sub-detectors to the L1T and return the decision to accept
or not. The 3.2 us latency means that the buffer must be able to hold at least 128 bunch
crossings. Due to bandwidth limitations and the short latency, decisions at the L1T
are made based on very coarse data from the different detector subsystems individually.
There no time to transmit or exploit their full granularity and resolution, or to use
detailed correlations between different sub-detectors. The short amount of processing
time available also prohibits the use of information from the tracker. Based on the coarse
information available, the L1T runs a series of algorithms designed to identify events
where processes of interest occur. In the case of a L1T accept, the full event data are
transfered off the detector and passed to the HLT [47].

The HLT consists of a farm of about 1000 commercially-available processors, which run
basic reconstruction software and use the output to make a decision on which events to

keep. The HLT provides a further reduction the amount of data stored, decreasing it
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by a factor of about 100, down to an output of around 400 Hz. This is achieved using
simplified versions of the full CMS reconstruction software, with the full granularity of

the information from the CMS sub-detectors available, including from the tracker [47].

Events passing the HLT are then saved to disk and reconstructed using the full CMS

software for use in physics analyses.



Chapter 4

Event reconstruction and selection

4.1 Introduction

This chapter deals with the way in which the simulation and the data collected at the
CMS experiment are reconstructed for use in the H — 7 analysis. The processing is
performed for each event using the CMSSW package; the final selection of events specific
to the H — v~ analysis is performed using a flexible software framework called FLASHgg.
All the reconstruction and selection procedures described in this section are common
with those described in [2]; figures and tables which also appear in [2] are referenced as

such.

The CMS global event description [61,62], referred to as the particle-flow (PF) algorithm,
combines information from all CMS subdetectors to reconstruct and identify individual
particles. The inputs to this algorithm are the tracks reconstructed in the tracker and
muon system, and the clusters of energy reconstructed in the ECAL and HCAL. The
outputs of the algorithm are objects corresponding to semi-stable particles (photons,
electrons, muons, charged hadrons or neutral hadrons). These so-called PF candidates
can then be used to reconstruct jets and identify missing energy in the event. The
resolution with which momenta of particles can be measured is typically improved using
PF since information from several subdetectors is available. In this scheme, ECAL SCs
which are not on the extrapolated trajectory of tracks from either the muon system or
the tracker are identified as photon candidates. If a track in the tracker is associated to
one or more ECAL SCs, then it can be identified as an electron candidate. If a track
in the tracker is consistent with a track or multiple hits in the muon system, then it is
identified as a muon candidate. Tracks in the tracker which are not associated with any

track in the muon system or any deposit in the ECAL are interpreted as charged hadron

33
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candidates. Finally, deposits in the HCAL which are not associated with any tracks
can be identified as neutral hadron candidates. The same reconstruction algorithms are
applied both to the data collected at the CMS experiment and to simulated samples.
The data samples and production of simulated samples of Monte Carlo (MC) events are

discussed in Section 4.2.

It has already been noted in Section 2.3.3 that H — ~~ is one of the most sensitive
decays with which to study the Higgs boson in the LHC environment. This is despite it
having a small branching fraction (around 0.2%) and an irreducible background of SM
processes which produce two photons. The channel benefits from a fully reconstructible
final state, which is manifested as a resonant Higgs boson peak on top of a continuous
diphoton invariant mass spectrum. The invariant mass of the diphoton system (m.,) is

given by:

Moy = \/QEWIEW(l — cosa), (4.1)

where F.,,, I/, represent the energies of the two photons and o represents the opening
angle between them. The opening angle depends on the directions of the photons. Since
the CMS ECAL does not provide a directional measurement, the calculation of the
opening angle relies on the spatial locations of the photons and of the Higgs boson decay
vertex. The CMS ECAL can measure the spatial location of the photons with a sufficient
resolution that its contribution to the uncertainty on the photon direction is negligible.
However, the fact that the photon is a neutral particle and the presence of multiple
interaction vertices in the event can lead to the misassignment of the vertex associated
with the Higgs boson decay. This produces a large enough uncertainty in the photon
direction to significantly worsen the uncertainty on the mass. Therefore, Equation 4.1
indicates that to study H — 77, the most important steps are measuring the positions
and energies of the photons, and locating the Higgs boson PV. These steps are discussed

in Section 4.3 and Section 4.4 respectively.

The main Higgs bosons production processes or modes are described in Section 2.3.2. At
leading order, in the dominant production mode (ggH), the final state consists only of
the two Higgs decay photons. However, for other production modes, the Higgs boson
can be produced in association with other particles. These additional particles can be
reconstructed, providing information on the mode by which the Higgs boson is produced.

The methods used to reconstruct such particles are described in Section 4.5.
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4.2 Samples

4.2.1 Simulation samples

Samples of simulated signal events are produced for each of the main Higgs boson
production modes for a range of values of myg between 120 and 130 GeV. The cross-
section and branching fractions used for the simulations under each my hypothesis are
those recommended by the LHC Higgs Cross Section Working Group (LHCHXSWG) [27].
Signal samples are used to: prepare classifiers, for instance using the boosted decision
tree (BDT) method (see Section 4.3.4); validate reconstruction and selection algorithms;
and produce signal models (see Section 6.2). Signal simulations are produced at parton-
level using the generator MADGRAPH5_aMC@NLO [63], which makes use of perturbative QCD
at next-to-leading order (NLO). The parton-level samples are then interfaced with
PYTHIA 8 [64], using the tune CUETP8M1 [65], which models the subsequent showering

and hadronisation of partons.

Samples of simulated events are also generated for each of the main backgrounds of the
H — 77 decay. Background samples are used to: train BDTs; validate reconstruction and
selection algorithms; and optimise the categorisation scheme. The irreducible background
is composed of SM processes which yield two genuine photons from a p-p interaction in the
final state, and are modelled using the Sherpa [66] generator. The reducible background
represents events where some jets are incorrectly identified as isolated photons. The
largest contributors to the reducible background are ~ + jet and QCD multijet events,
which are modelled using the PYTHIA 8 generator, where a filter designed to enhance
the fraction of events with a large component of electromagnetic energy is applied.
Drell-Yan (DY), W~ and Zv samples are also used for validation purposes, and these
are simulated using MADGRAPH5_aMC@NLO.

The simulated samples take into account the effects of the multiple interactions, other
than the hard scattering interaction, taking place in each bunch crossing. These additional
interactions are collectively referred to as pileup. The effect of pileup in previous and
subsequent bunch crossings is also modelled. The samples are reweighted such that their
pileup distributions match the data before they are used in the analysis. For all simulated
samples, the detailed response of the CMS detector is modelled using GEANT 4 [67].
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4.2.2 Data samples and trigger

The data sample analysed in this thesis was recorded using the CMS detector between
March and July 2016, during p-p LHC collisions at /s = 13TeV. It corresponds to
an integrated luminosity of 12.9fb™'. As described in Section 3.2.6, events recorded for
analysis at CMS must pass the requirements of the two CMS triggering systems: the
L1T and the HLT.

The L1T requires either a deposit in the ECAL with pt > 25 GeV or two deposits with
pr > 15GeV and pr > 10 GeV respectively. Events passing the L1T are processed at
the HLT, where a basic clustering is applied to the candidate photon deposits. The
requirements for an event to be saved to the double-photon sample by the HLT are as

follows:
e the event contains two candidate photons, with m., > 90 GeV;
e the candidate photon with most energy satisfies E1 > 30 GeV;
e the candidate photon with second-most energy satisfies Fr > 18 GeV;

e both candidate photons pass a basic calorimeter-based identification using shower

shape and isolation requirements.

The trigger thresholds for the L1T and HLT are set to minimize the rate while maintaining
signal efficiency. Ideally the pr selection at each level would be the same. However
the L1T has a much more coarsely reconstructed objects than the HLT due to the
limited processing time available, which creates inefficiencies. The L1T pr selections are
therefore chosen as low as possible with an acceptable rate, while the HLT pr selections
are set somewhat higher to avoid inefficiencies caused by the difference between pr as
measured by the L1T and HLT.

Events passing the L1T and HLT requirements are saved for further processing. The
efficiency of the trigger for signal events passing the preselection requirements described
in Section 4.3.3 is studied using the tag-and-probe method [68]. This is a common way
to determine the efficiency of a selection S in data, and is used at several stages in this
analysis. The technique exploits resonances decaying to pairs of particles, in this case
Z — eTe”. The events used for the tag-and-probe method are selected such that the
invariant mass of the decay products are near the mass peak of the resonant particle, thus
ensuring high-purity sample. A strict identification requirement is imposed on one of the

decay products, referred to as the tag, while a very loose identification requirement is
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imposed for the other decay product, referred to as the probe. The requirements applied
to the probe should be loose enough that they do not affect the efficiency of S. The
efficiency of S is then the fraction of probes which satisfy S.

The tag-and-probe method used here relies on the fact that both electrons and photons
are reconstructed as SCs in the ECAL. The Z — ete™ events can therefore be used
to mimic H — 7y events. The per-SC L1T efficiency (defined as the number of events
where the probe SC passes the trigger requirement divided by the total number of probes)
is found to be above 97.5% when the probe is in the EB and above 92% when the probe
is in the EE. The per-SC efficiency of the HLT is found to be above 97% in the EB and
96% in the EE. The overall per-event trigger efficiency of the diphoton system after the

preselection is applied is around 95%.

4.3 Photon reconstruction

4.3.1 Clustering of ECAL deposits

About 95% of the energy of a single electromagnetic shower in the ECAL is contained in
a b x 5 array of crystals. However, particles can have several showers associated with
them. Photons travelling towards the ECAL may undergo pair conversion (y — e*e™) in
the detector material, resulting in two nearby or overlapping showers usually separated
in ¢. Electrons or positrons are deflected by the magnetic field, and radiate photons

from bremsstrahlung, resulting in multiple showers spread out in the ¢-direction.

As was mentioned in Section 3.2.3, a clustering algorithm [54,69] groups the ECAL
energy deposits into SCs. Each SC is designed to associate all the individual deposits
resulting from a photon or electron originating at a primary interaction vertex. The
algorithm begins by identifying seed crystals as those with the largest amount of energy
in the local area, above a predefined minimum noise threshold. The threshold represents
approximately two standard deviations of the electronic noise in the ECAL. Next,
clusters are obtained by iteratively grouping crystals which have a common side with a
crystal already in the cluster if their energy is above another predefined threshold. The
location of a cluster is defined as the logarithmic energy-weighted average position of
the individual crystals which compose it. During the iterative clustering process, if a
crystal could belong to different clusters, its energy is shared between them according to

the distance between the crystal and each cluster, assuming a Gaussian shower profile.
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Finally, additional clusters can be merged with the original cluster to form a SC if they
are aligned in the n-direction and lie within an extended window in the ¢-direction. This
final step is designed to recover deposits resulting from bremsstrahlung. The clusters and

SCs are fed into the PF system, and are used to build electron and photon candidates.

4.3.2 Common variables used for photon and electron studies

A number of variables are used to characterise the development of the electromagnetic
shower within the PbWO, crystals. These variables are used in various stages of the
reconstruction and selection, and for convenience some of the most important ones are
defined here.
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Shower shape variables:

e Ry, the energy in the 3 x 3 array of crystals around a seed crystal divided by the
energy of the SC. The Ry variable gives information about whether a photon

converted (low values of Ry) or not (high values of Ry);

e S, the energy of the most energetic 2 x 2 array of crystals containing the seed

crystal, divided by the energy of the SC;
® Nusters, the number of clusters in a SC;

e 0, the standard deviation of the logarithmic energy-weighted n-position of individual

crystals within the SC (or the 5 x 5 array centred around the seed in some cases);

® 0,, the standard deviation of the logarithmic energy-weighted ¢-position of individual

crystals within the SC (or the 5 x 5 array centred around the seed in some cases);
® ORg, the width of the shower in the radial direction (defined in the endcaps only);

® covy,, the covariance of the single-crystal values of n and ¢ for the 5 x 5 array

centred around the crystal with the most energy;

® Fyed/Esc, Esced/F3x3, Esced/Fsxs, ratios of the energy of the seed crystal and
energy of: the SC, the 3 x 3 array centred around the seed, and the 5 x 5 array

centred around the seed respectively;

e H/E, the ratio of the energy deposited in the HCAL in a cone of radius R = 0.15
directly behind a SC and the energy of that SC as recorded in the ECAL.

Isolation variables:

o/ sogF:%B, PF photon isolation i.e. the sum of the transverse energy of all PF photons

inside a cone of radius R = 0.3 around the candidate photon, where the energies

have been corrected according to the median energy density in the event (p);

o [sobt b had- (1) "PF charged hadron isolation i.e. the sum of the transverse energy

of all PF charged hadrons associated with a particular vertex V inside a cone of
radius R = 0.3 around the candidate photon. This quantity is typically calculated
with respect to the selected primary vertex, and also for the vertex which has the
largest isolation sum (referred to as the worst vertex). The latter helps to reject

photon candidates which are misidentified jets originating from pileup;

o [sofracker, .. tracker hollow cone isolation, i.e. the sum of the pr of all tracks inside

a hollow cone of radius 0.04 < R < 0.30 around the photon candidate.
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4.3.3 Photon preselection

The photon candidates considered in the H — ~+ analysis are required to satisfy certain
requirements on their kinematics, shower shapes and isolation. All photon candidates
are required to pass an electron wveto, which requires that there be no track with a
hit in the inner layer of the pixel detector (not matched to a reconstructed photon
conversion vertex) pointing to the SC [54]. Photon candidates are then grouped into
diphotons by determining all possible pairs of photons in the event. For each diphoton,
the photon with the largest pr (the leading photon) must satisfy pr > 30 GeV while the
photon with the second-largest pr (the subleading photon) must satisfy pr > 20 GeV.
Additional requirements are made on a per-photon basis on the following variables: o,,

PEy PF ch. had. tracker
H/E, I'sop_y3, I50p=g5 ", 150451 Re030 and Ry

Since no triggers are defined in the simulation, the preselection is designed to be more
stringent than the triggering requirement described in Section 4.2.2. This ensures that

trigger efficiency after the preselection is close to 1.

The preselection efficiency, for all requirements aside from the electron veto, is measured
in data and simulation using Z — eTe™ events, using a tag-and-probe technique for
photons in different regions of n and Rgy. The results can be seen in Table 4.1. The
efficiency of the electron veto is measured separately using a sample of Z — ppuy events,
and found to be between 96% and 100%.

DATA Simulation Ratio
Eff. Stat. Unc. | Syst. Unc. Eff. Stat. Unc. Eff. Unc.
ECAL Barrel; Rg >0.85 | 0.9451 0.0006 0.0192 0.9374 0.0007 1.0080 | 0.0192
ECAL Barrel; Rg <0.85 | 0.8255 0.0012 0.0119 0.8258 0.0009 0.9960 | 0.0120
ECAL Endcap; Ry >0.90 | 0.9099 0.0008 0.0212 0.9127 0.0010 0.9969 | 0.0212
ECAL Endcap; Ry <0.90 | 0.4993 0.0018 0.0249 0.5024 0.0016 0.9938 | 0.0250

Table 4.1: Photon preselection efficiency (using all requirements aside from the electron veto)
measured using Z — ete” events in data and simulation with a tag-and-probe
technique [2].

4.3.4 Boosted decision trees

The reconstruction of photons and other particles uses multi-variate analysis (MVA)

techniques at several stages in the form of BDTs [70]. A BDT is obtained using the
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decision tree (DT) method, where an additional technique known as boosting is applied.
Problems where a BDT is of use always involve a list of items with Ny, features or
input variables, labelled here ¥ = (1, ..., Tny,pu)

to be determined. The objective of a BDT is to produce a function F(Z) which is an

, and a property y, the target variable

estimate of the true value of y for a given set of input variable values [71].

The most common application for BDTs is event classification, for instance to determine
whether a photon candidate was produced during a hard scatter or not: the target
variable takes discrete values (background or signal). In other cases, BDTs are used for
regression problems, where the target variable is continuous rather than discrete. For
example, the energy correction for SCs in the ECAL (Fs¢ in Equation 3.4) is obtained
using a regression BDT, as is described in Section 4.3.5. The BDTs used in this thesis
are produced using the TMVA framework [72] as part of the ROOT [73] software package.

In general, a BDT is a linear combination of DTs [70]. A DT is obtained using a
training dataset consisting of a list of items (Z,, Ym, Wy) for m = 1, ..., Nitems, Where
Z,, is a set of input variables values, vy, is the true value of the target variable and
items can be weighted with weight w,,. In the simplest case, the value of y,, is binary:
signal or background. A numerical value, 1 and —1 say, can be assigned to these two
options respectively. The following description uses this binary output example, but can
be generalised for y,, to take any number of discrete values for classification DTs, or
continuous values in the case of regression DTs. To construct a DT, the training dataset
is first split into two subsamples by applying a selection, which will be referred to as
a cut, on one or more of the input variables. The purity p(s) of a subsample s is the

proportion of signal items, given by:

Z‘;f‘ Wy, - Bool(y,, = 1)

N3
"
S W

p(s) = , (4.2)

where N

items

is the number of items in the subsample and Bool(X) is equal to 1 (0) if X it
true (false). The cuts on the input variables are chosen to maximise the separation of signal
and background in the resulting subsamples. This is achieved by minimizing a separation
criterion. A common separation criterion is the Gini index 2p(s)(1 — p(s)), which has a
maximum at 0.5 for subsamples with an equal amount of signal and background items and
gives 0 in cases where all items are of the same type (signal or background). Many other
separation criteria exist, for instance cross-entropy, misclassification error, statistical
significance and average squared error. Each subsample can then be further split by a

new set of cuts on the input variables. This procedure is repeated iteratively for each
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subsample until either the number of iterations reaches some predefined threshold known
as the tree depth, or the subsample satisfies some predetermined requirement on the
value of the separation criterion. Each subsample obtained after the final set of cuts has
been applied is known as a leaf. The output score of the items in a given leaf is then 1 if
p(s) > 0.5 and —1 if p(s) < 0.5.

The procedure known as boosting [71] helps to improve the performance of a DT, for
example by reducing the risk of overfitting the DT to statistical fluctuations in the
training sample. Many boosting algorithms exist, but in all cases several individual DTs
are produced, each trained on subsets or modified versions of the training dataset. The
final BDT is a linear combination of the individual DTs. Supposing that there are Npr
individual DTs, labelled as f;(Z, @) where [ =1, .., Npt and @; is the set of cuts in the
corresponding DT, the full BDT, F, is written as:

. Npr
F(f765(1): Zﬁlfl(f7(ﬁ)/ (4?’)

=1
where ﬁ = (B1, .-, Bnpr) is the set of coefficients applied to each DT in the BDT.
The values of E are determined by the boosting algorithm [70,72]. A consequence of
Equation 4.3 is that the output of the BDT is no longer a discrete value of +1, but

instead a semicontinuous variable between —1 and 1.

4.3.5 Photon energy reconstruction BDT

The energy of a SC is given by Equation 3.4, where Fys¢ is a correction to the SC energy
which takes into account second order effects such as how well the shower is contained.
This correction is obtained using a per-SC regression BDT, referred to here as BDT,g,

assuming that the SC corresponded to a photon deposit.

The target variable for the BDT,g is the ratio of the true photon energy Eye to the
raw energy of the SC Egc. The BDT,y is trained separately for SCs in the barrel and
endcaps, using a simulated sample of double-photon events reweighted to flatten the pr

and 7 distributions of the individual photons. The set of input variables is listed below:

e Shower shape variables, such as those defined in Section 4.3.2, which provide
information about whether a photon converted, the extent to which it began
showering before hitting the ECAL, and the extent to which the shower was
contained within the ECAL;



Event reconstruction and selection 43

e Position variables, i.e. the position of the seed crystal in terms of crystal indices
in and i¢, the distance between the positions of the SC and the seed crystal and
the distance between the seed crystal and the boundaries between ECAL modules.
These variables provide information about energy lost through gaps in between the

detector modules and between crystals;

e Noise variables, i.e. variables related to pileup such as the number of reconstructed
vertices in the event and the median energy density in the ECAL as a function of

position.

The training is done using a semiparametric likelihood technique. In this technique,
the distribution of the target variable from the training sample is fitted to a functional
form, in this case a double Crystal Ball function (DCB) [74]. The DCB is chosen as it is
typically a good fit for processes modelling detector resolutions. It consists of a Gaussian
core and power-law tails on each side, with 6 independent parameters: the width opcp
and mean ppop of the core, the left tail cutoff and power parameters ak g, nhopz and
the right tail cutoff and power parameters a5, n%.5. The DCB function is also used
for the signal modelling, and is described in more detail in Section 6.2.1. The fitting is

performed by minimizing twice the negative log-likelihood (2NLL):

—2mL=-2 } In PDCB(%TWWDCB: TDCB, Wpops BB Yes Nhes), (4.4)
photons sC

where Ppcp is the DCB probability distribution and all the DCB parameters are functions

of Z, the set of input variables for BDT,g. The nonparametric dependence of the DCB

parameters on & is obtained using separate BDTSs, where a new tree is produced for

each iteration of the 2NLL fit. The most probable value of Ej.,. is then given by

upcs(Z) X Esc and the relative energy resolution for each photon is approximated by

opc(Z)/pop(T).

4.3.6 Photon identification BDT

To reduce the large background originating from the decay of neutral hadrons (predom-
inantly neutral pions) a per-photon BDT referred to as BDT.p is applied to photon
candidates which pass the preselection described in Section 4.3.3. The BDT,p is trained
on a y + jet sample where the photon candidates which are geometrically matched to a
generator-level photon from a p-p interaction are defined as signal. Photon candidates

which have no generator-level photon match, and are therefore likely to have resulted
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from a misidentified neutral hadron or jet, are defined as the background. In both
cases, photon candidates are required to pass the event preselection. To reduce the
dependence of the BDT,p on the kinematics of the photon, the signal photons are
reweighted such that their pr and 5 distributions match those of the background pho-
tons. The input variables for the BDTp are o,), covyg , Sa, Ry, 0y, 04, Orr, I so;i%ﬁ,

IsobF s had-(gelected vertex), Isobf §k had-(wrong vertex), p, nsc and Esc.

A loose requirement on the output of the BDT,ip is applied to all photons considered
in the analysis, such that 99% of the signal photon candidates are kept while a large
fraction of background photon candidates are removed. The BDT,p output score of
each photon is then used as a measure of the “quality” of each photon, and used as an
input for the classification BDT described in Section 5.2. The BDT,p is validated by
comparing the output score for data and simulation for diphoton events (Figure 4.1) and
for Z — ete™ events (Figure 4.2) where the electron veto requirement is inverted. A
systematic uncertainty of approximately 3% on the value of the BDT.ip output score
is introduced to account for the differences between data and simulation. This value
corresponds to a shift of the output score plus a linearly increasing term, which is required
to cover the difference between data and simulation, in particular at the low end of the

distribution.

4.4 Vertex reconstruction

4.4.1 Vertex identification BDT

As is discussed in Section 4.1, the determination of the location of Higgs decay is an
important step in the reconstruction and selection of H — ~y events, as it impacts the
calculation of the invariant mass of diphoton system. For events where the distance
Az between the true vertex and the selected vertex in the z-direction is less than 1 cm,
then the impact of the opening angle uncertainty on the mass resolution is negligible.
Conversely, for events where Az > 1cm the m.,, distribution is wider, corresponding
to a degradation of the mass resolution. Since the CMS ECAL is composed of a single
layer of crystals, it cannot be used to point towards the vertex location. None the less, it
is possible to exploit tracks recoiling from the diphoton system and the tracks of any

electrons resulting from pair conversion to help determine the location of the vertex.
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Figure 4.1: The BDT,p output score for the lower-scoring photon in each diphoton pair
in the range 100 < m,y < 180 GeV for data and simulation. The simulation is
composed of signal (H — 7y photons with my = 125GeV) and background,
which has been split into 7-v, 7-jet and jet-jet components. The sum of the

background components has been scaled to the number of events in data [2].
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Figure 4.2: The BDT,p output score for Z — ete™ events in data and simulation (labelled
MC), where the electrons are reconstructed as photons with the electron veto
requirement inverted. The red shaded region corresponds to a systematic uncer-
tainty of approximately 3% on the value of the output score which is introduced
to cover discrepancies between data and simulation [2].

The first step is to produce a list of candidate vertex locations by considering all the tracks
recorded in the tracker and grouping them into common points of origin by determining
their closest point of approach to the beamline. Next, a per-vertex BDT is used to
determine which of the candidate vertices is most likely to be the point of origin of the
Higgs boson decay. This BDT is referred to as BDTyrx ip. The set of input variables
is listed below, where N2%, is the number of charged PF candidates associated with
a given vertex, pp' is the transverse momentum of the i candidate and p;?” is the

transverse momentum of the diphoton system :
Nvt.'p — Y
e the sum of squared transverse momenta of all tracks, >, 5 | pt'|?;

vtz . —
e the transverse recoil of the tracks relative to the diphoton system, Zfita”’” (—pr"- %%

Nvtz .
(125 25e<ks pr’|=|p277])
NUtT -
[ 2250k oot |+ 7))
Two additional variables are also considered if one of the two photons has converted into

an ete” pair, where additional information is available to help identify the vertex:

e the transverse momentum asymmetry,

e the number of converted photon candidates in the event;
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o the pull |Zyerter — Zeonw|/Tzogny> WhHeTe Zyepter aNd Zeony are the z-components of
the positions of the reconstructed vertex under consideration and the position of
the vertex extrapolated from the conversion tracks respectively, and o,,,,, is the

uncertainty on the extrapolated vertex position.

The BDTyrx 1p is trained using simulated Higgs boson events where the contribution
from each production mode is weighted by the respective SM cross-section. Reconstructed
vertices matched to a generator-level Higgs boson decay vertex are defined as the signal.
All other reconstructed vertices not associated with a Higgs boson decay are treated as
background. The training samples are reweighted to account for the fact that the width
of the beamspot (the distribution of reconstructed vertices as a function of longitudinal
position) in data and simulation is not the same. This width is modelled as 5.1 cm
in simulation but is measured to be 3.6 cm in the data samples used in this analysis.
The reweighting is performed as a function of the difference in longitudinal position of
the true vertex and the selected vertex (Az). After the reweighting, the width of the
distribution of Az in simulation matches the width of the Az distribution in data, which
is the beamspot width multiplied by v/2.

The BDTyrx 1p is validated for unconverted photons using Z — p~pt events in data
and simulation. After determining the vertex of the decay from the muon tracks, the
events are re-reconstructed removing the muon tracks to mimic the H — 7 system. For
converted photons, the BDTyrx 1p is validated using a similar technique with ~ + jet
samples, where the vertex is obtained from the tracks associated with the jet, and the
events are re-reconstructed removing the tracks associated with the jet to imitate a

diphoton system.

The efficiency of the BDTyrx 1p to select the right vertex within 1cm of the true one is
estimated in simulated signal events (my = 125 GeV), shown as a function of the number
of vertices in the event and as a function of pr in Figure 4.3. The average efficiency is of
the order of 80%.

4.4.2 Correct vertex probability BDT

An additional BDT, labelled BDTyrx prog, is used to estimate of the per-event proba-
bility that the correct vertex was chosen by the BDTyrx p,which is used as an input to
the event classification BDT described in Section 5.2. The BDTyTx prog is trained on

simulated H — v events and uses the following input variables:
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Figure 4.3: The efficiency to select a vertex within 1cm of the true vertex in simulated
H — 7 events as a function pr and the number of vertices in the event. The
estimated probability that the vertex is chosen within 1 cm is superimposed. The
uncertainty on the vertex-finding probability is determined using Z — =~ pu™
events. The simulation is reweighted such that the distribution of the number of
vertices and the width of the interaction region matched in data and simulation [2].
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e the number of reconstructed vertices in the event;

e the pr of the diphoton system;

e the output scores of the three vertices ranked highest by the BDTyrx 1p;

e the distance in the z-direction between the first- and second-highest ranked vertices;
e the distance in the z-direction between the first- and third-highest ranked vertices;
e the number of converted photons in the diphoton.

The correct vertex probability is parametrized by a 4'-order polynomial as a function of
BDTyrx 1p output score. This is done separately for converted and unconverted photons.
The estimated correct vertex identification probability is shown on the same plot as the
vertex efficiency measured in simulation in Figure 4.3. The BDTyrx pros is validated

using Z — p~pt and v + jet events.

4.5 Reconstruction of other particles

4.5.1 Electrons

Electrons are used for the categorisation of H — ~~ events where the Higgs boson events
are produced by the ttH mechanism. Candidate PF electrons are reconstructed either
starting from ECAL deposits which are matched to tracks (called ECAL-driven electrons),
or starting from tracks which are matched to ECAL deposit (called tracker-driven
electrons). Typically, energetic and isolated electron candidates will be reconstructed
as ECAL-driven, while low-energy (pr < 10GeV) electrons will be reconstructed as
tracker-driven. Electrons from both seeding algorithms are eventually grouped together
to form the set of PF electron candidates. The electrons used in this thesis originate

from W or Z decays, and hence are mostly ECAL-driven.

The ECAL-driven electrons are obtained via a procedure analogous to that described
for photons in Section 4.3, but with the additional step of associating a track based on
geometrical requirements. Candidate tracks are obtained from tracker hits within some
window in z and ¢ around the SC position. The tracks are fitted with a special algorithm
which accounts for changes in direction caused by the emission of bremsstrahlung. The
SC is associated to the track whose extrapolated position in the ECAL is nearest to the
energy-weighted position of the SC, but requiring that the distance in the n-direction
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(¢-direction) be no more than 0.02 (0.15). The energy of electrons is obtained from
the SC energy, where the final energy correction Fs¢ is obtained using a BDT method

analogous to that described in Section 4.3.5, but specially trained for electron candidates.

4.5.2 Muons

Muons are used for the selection of Higgs bosons which are produced by the ttH mechanism.
Muons are constructed by geometrically matching tracks reconstructed independently in
the tracking system and in the muon chambers. Muon candidates must have some hits
in both subdetectors to qualify as PF muons: this helps to avoids cases where cosmic
rays or muons produced in jets are misreconstructed as muons from the hard scattering

interaction [59].

4.5.3 Jets

Gluons or quarks exiting the p-p interaction hadronize, forming collimated jets of charged
and neutral hadrons. In the H — ~7 analysis, jets are used to identify events where the
Higgs boson is produced by the VBF process. Jets are reconstructed using the anti-k;
algorithm [75] from PF candidates, using a cone of radius R = 0.4. Jets originating from
pileup can sometimes overlap with jets which originate from particles produced in the hard
scattering interaction. To mitigate this effect, PF charged hadron subtraction (PFCHS)
is used. In this scheme, the PF charged hadron candidates associated to a vertex
other than the vertex selected by the procedure described in Section 4.4 are ignored
during the jet reconstruction. Since the tracker acceptance is |n| < 2.5, no PF charged
hadron candidates are available outside this range, so PFCHS has no effect. For the jets
reconstructed outside this region, but still in acceptance, a different pileup mitigation
technique is used using a selection on the width of the jet. The width of the jet is
described by the variable orus = Y pr candidates PAR%/ S pF candidates Do, Where AR is
the distance between the PF candidate and the jet axis from the cone. Jets must have
orms < 0.03 to pass the pileup mitigation requirement. Finally, all jets are required to
be within || < 4.7.

Parametric corrections to the energy of the jets are made to account for the additional
energy of PF neutral hadrons from pileup which are included in jets and the nonuniformity

of the detector response.



Chapter 5

Event categorisation

5.1 Introduction

The basic experimental method for the observation of the H — 7 decay is to search for
a resonance above the diphoton continuum background. The sensitivity of this method is
enhanced by the categorisation of events according to their expected signal-to-background
ratio. Furthermore the use of additional particles in the event allows the measurement of
the cross-section of each production mode individually, thus probing the strength of the

Higgs boson’s interaction with different types of particles.

The most common production mode, ggH, produces a Higgs boson in isolation. This leaves
only the photons resulting from H — ~7 decay in the final state. The other production
modes (VBF, VH and ttH) produce the Higgs boson accompanied by additional particles.
The VBF mode has two quarks in the final state, which hadronize to form jets. The VH
mode produces a Higgs boson in association with a W or Z boson, which then decays to
charged leptons, neutrinos or quarks, leading to reconstructed leptons, Missing Transverse
Energy (MET) or jets. Finally, the ttH mode produces the Higgs boson in association
with two top quarks, which decay to bottom quarks and either hadrons or leptons. These

reconstructed additional particles can be used to categorise events.

The BDT used for categorisation of diphoton events is described in Section 5.2. The
categorisation of VBF and ttH events is then discussed in Sections 5.3 and 5.4. This
analysis does not have any categories which specifically target VH events. Finally,
the inclusive categories and the categorisation hierarchy are respectively discussed in
Sections 5.5 and 5.6.

51
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5.2 Diphoton BDT

For events reconstructed and selected as described in Chapter 4, a BDT referred to as
BDT,, is used to rank diphotons by their expected signal-to-background ratio. The
BDT,., is required to assess diphotons independently of their invariant mass, otherwise
the my value of the training sample would introduce a bias in the output score. The
input variables for the BDT.., are therefore chosen to be uncorrelated with the invariant

mass of the diphoton system:
e the transverse momentum of each photon divided by m..;
e the n-position of each photon;
e the BDT,ip output score of each photon;
e cos(A¢), the cosine of the angle between the photons in the ¢-direction;

° 0',13,\/ / M., the per-event estimated mass resolution of the diphoton, assuming that

the correct vertex was identified;

° U}xv / M., the per-event estimated mass resolution of the diphoton, assuming that

the vertex was not correctly identified;

® p,.,, the per-event estimate of the probability that the correct vertex was chosen,

calculated using the BDTyrx prop described in Section 4.4.2.

The per-event estimated mass resolutions are calculated from the individual photon energy

E
72

regression BDT,p described in Section 4.3.5. If the vertex was correctly identified,

resolution estimates, labelled o) / E,, and o} / E,,, which are given by the semiparametric
the dominant contributions to the uncertainty on the mass resolution are the energy
resolutions of each photon. Assuming Gaussian resolution functions, X% /m.,, can be

obtained by simply adding the individual relative photon energy resolutions in quadrature:

o [y = 5 \[OE T + (0B 2 (51)

However, if the vertex was incorrectly identified, the uncertainty on the opening angle
contributes significantly to the mass resolution. The effect is modelled by including an
additional term which represents the uncertainty on the mass due to the uncertainty
on the vertex position, labelled a%. The distance between the true vertex and the
selected vertex in the z-direction (Az), in cases where p,, is low, can be approximated

by a Gaussian distribution which has a width equal to the width in z of the beamspot
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multiplied by v/2. Given the spatial positions of the photons, a,‘y/ﬁ/ can therefore be

calculated explicitly, and included in the sum in quadrature:

oWy = (OB [y )2 + (01, [ )2 (5.2)

The BDT,, is trained on simulated samples of signal and background processes. For the
signal samples, events from different productions modes (all with myg = 125 GeV) are
mixed according to their SM cross-sections. The signal events used for training are also

reweighted by a factor w*® given by:

Pro 1- DPrv

sig __
wre = +

RV WV ’
oV /my,  oWV/m,,

(5.3)

which codifies the fact that the signal-to-background ratio is inversely proportional to
the mass resolution. This step ensures that the BDT,, gives a high score to events
with good mass resolution. The background for the training is composed of simulated

diphotons originating from the irreducible and reducible SM background processes.

The assumption on the shape of the Az distribution was checked as a function of p,.,.
The Az distribution was parametrised by a sum of two Gaussian functions (one wide,
representing the events where the wrong vertex was chosen, the other narrow, representing
the events where the vertex was correctly chosen) for several slices of p,,,. For the slices
with values of p,, below 0.8, the width of the wrong-vertex Gaussian agreed with the
assumption within 10%. This shows that although the approximation is not exact, it
is reasonable. For events with high p,, scores, the assumption breaks down as the Az
distribution becomes distorted, but in this case the %"/ m., becomes irrelevant to the
categorisation. Furthermore, previous studies showed that the inclusion of O',\;\,]YV /My
brings only modest improvement to the performance of the analysis, since it is only
relevant for events which have very little impact on the overall sensitivity. Therefore,
the assumption made on the shape of the Az distribution for events where the vertex
was incorrectly chosen, although not exact, is deemed acceptable, and does not have a

meaningful negative effect on the categorisation of events or the overall results.

Figure 5.1a shows the transformed BDT,, output score for signal and background events
in the range 100 < m., < 180 GeV. The transformation is applied to the BDT,., output
score to give a flat distribution for signal events. The transformed BDT.,, output score

is validated using Z — eTe™ events in data and simulation, as can be seen in Figure 5.1b.
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Figure 5.1: (a) The transformed BDT,, score for simulated signal and background events
in the range 100 < my, < 180GeV. The transformation flattens the signal
distribution. (b) The transformed BDT,, score for Z — e*e™ events in data
and simulation, where the electrons are reconstructed as photons. The pink
shading represents the systematic uncertainty associated with the BDT,p and
the BDT,g. For both (a) and (b), the vertical dashed lines represent the
boundaries of the Untagged categories described in Section 5.5, while the grey
shading represents the area for which diphotons are rejected [2].
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5.3 VBF-tagged categories

The VBF production mode has a cross-section approximately ten times smaller than
that of the ggH mode. The additional high- pr jets in the event allow the identification
of VBF-like events with a high signal-to-background ratio. For this reason, although
VBF events occur much less frequently than ggH events, defining VBF-tagged categories

significantly improves the overall sensitivity of the analysis.

Candidate VBF events are selected by requiring that they contain two jets reconstructed
as described in Section 4.5.3 after PFCHS with respect to the selected diphoton vertex.
Furthermore, the jets must pass requirements aimed at removing jets that originate
from other p-p interactions in the event, and must be separated from the leading and
subleading photons by AR > 0.4. The leading (subleading) jet is required to satisfy
pr > 30GeV (pr > 20GeV). For events passing these requirements, an additional
selection on the invariant mass of the dijet composed of the leading and subleading jets,

my;, is imposed: my; > 250 GeV.

For events passing the dijet preselection described above, the VBF-tagged categorisation
proceeds as follows. First, a BDT referred to as BDTj; is trained to give a high score to
events where the dijets are VBF-like. In particular, this is trained to reject ggH events,
and so cannot directly incorporate information about the diphoton quality from the
BDT.,,. A further BDT referred to as the BDTj;,,, which treats ggH events as neither
signal nor background, is used to include the expected signal-to-background ratio of
the diphoton. The BDTj; ., has the BDT,, and the BDTj; output scores as its input
variables. It is thus able to combine the VBF-like dijet identification power of one BDT
with mass resolution information from the other. A selection on the output score of the

BDTj; . is then used to categorise the candidate VBF-tagged events.

The BDTj; is trained on simulated samples of diphoton events where the signal is defined
as VBF (H — ~v) events. The background consists of samples of SM events with a
diphoton and a dijet in the final state, in addition to a simulated sample of ggH events
where dijets are formed from pileup and initial or final state radiation. The input variables
for this BDT are listed below:

e the invariant-mass-scaled transverse momentum (pr/m.,) for the leading and

subleading photons in the diphoton candidate;

e the transverse momenta of the leading and subleading jets in the dijet;
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¢ MMy

N5, — mj,|, the separation of the jets in the dijet in the n-direction;

0" = |1y — (03, +1j,) /2|, the Zeppenfeld variable [76];

|+, — &5l the separation of the dijet and the diphoton in the ¢-direction.

The BDT;; - is trained on simulated events where the signal is a sample of VBF H — v
events, while the background is composed of the SM diphoton background samples, as
for the BDT}; training. In this case, the ggH events are used neither as signal nor as
background. The inputs to the BDT are the following:

e the output score of the BDT,;
e the output score of the BDTj;

e pl'/m,,, the invariant-mass-scaled momentum of the diphoton system, which is

included since it has a significant correlation to both the other inputs.

Two VBF-tagged categories (labelled 0 and 1) are defined by selections on the BDT; ,,
output score. The location of the two boundaries is optimised first by maximising the
value of the signal-to-background ratio in the VBF-tagged 0 category, and then repeating
the procedure after fixing the first boundary to maximise the signal-to-background ratio in
the VBF-tagged 1 category. Of the simulated signal events in the VBF-tagged 0 category,
approximately 72% are VBF events and 27% are ggH events. The corresponding values
for the VBF-tagged 1 category are 55% for VBF events and 43% for ggH events. Events
for which the BDTj}; ., output score is below the lowest boundary fail the VBF-tagged
categorisation, but may be still included in other analysis categories. Repeating the
optimisation procedure for three VBF-tagged categories did not lead to an improvement

in the expected sensitivity of the analysis.

5.4 ttH-tagged categories

Events where a Higgs boson is produced in association with a pair of top quarks will
contain a pair of b quarks and W bosons from their decay. The W bosons will then decay
either hadronically or leptonically. The cross-section of ttH production is low, so the
benefit to the analysis in terms of final significance of an observation is small. However,
the categorisation of ttH-like events is important because it allows an estimate of the

strength of the interaction of the Higgs boson with top quarks. Various extensions to
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the SM predict enhanced values of the strength of the ttH interaction, and such models
can be tested through the experimental measurement of the cross-section of ttH events

decaying to H — 7.

Two exclusive ttH-tagged categories are defined in this analysis. On the one hand, the
leptonic ttH-tagged category aims to select ttH events where at least one of the W bosons
decayed leptonically. On the other hand, the hadronic ttH-tagged category targets events
where both W bosons decayed to quarks. In addition to the usual preselection applied to
candidate events, the requirement on the leading photon pr is increased to pr > m.,,/2,
because the pr spectrum of Higgs decay particles is shifted towards higher values due to

recoil against the tt system.

In order to be included in the leptonic ttH-tagged category, events must satisfy the

following conditions:

o the diphoton must satisfy a loose selection on the BDT.,, output which has approx-

imately 70% signal selection efficiency and 15% background selection efficiency;
e the event must contain at least one selected lepton with pr > 20 GeV;

e the event must contain at least 2 jets with pr > 25GeV, |n| < 2.4 and separated
by at least a distance AR = 0.4 from a photon or lepton candidate;

e at least one of the jets should be tagged as a b jet using the CVSv2 algorithm

medium requirement, as described in [77].

For events to be included in the hadronic ttH-tagged category, the following selections

are made:

e the diphoton must satisfy a loose selection on the BDT.,, output score which
has approximately 95% signal selection efficiency and 45% background selection

efficiency;

e there must be no leptons in the event which meet the requirements for the leptonic

ttH-tagged category;
e there must be at least five jets in the event satisfying pr > 25 GeV;

e at least one of the jets should be tagged as a b jet using the CVSv2 algorithm

medium requirement, as described in [77].

Events which fail the selections for the ttH-taggeds may still be selected for other

categories.
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5.5 Inclusive categories

The remaining events are split into inclusive categories using the BDT,, output score.
The number of inclusive categories and the locations of the boundaries between them is
optimised using simulated samples which are independent from those used to train the
BDT.

v

For a given number of inclusive categories N, the boundaries are initially spaced
evenly throughout the BDT.,, output score distribution. Events falling below the lowest
boundary are discarded. Simplified models are used to parametrise the signal and
background m.,, distributions in the remaining categories. For the signal, a sum of
two Gaussians is used, representing the detector resolution and the uncertainty due to
incorrect vertex assignment respectively. The background m.,., spectrum is parametrised
using an exponential. The expected significance is then obtained by producing and fitting
an Asimov dataset [78] in each category. The estimation of the expected significance
is iteratively repeated, allowing the boundaries to float. The final set of boundaries is

chosen such that the expected significance is maximised for a given Ncu;.

The procedure can be repeated for different values of N.,;. In this analysis, Ne. = 4
was chosen, as moving to N,z = 5 produced a negligible improvement in the expected
significance. The boundaries are represented by the vertical dashed lines in Figures 5.1a
and 5.1b. The resulting categories (labelled Untagged) are numbered from 0 (highest

signal-to-background ratio) to 3 (lowest signal-to-background ratio).

5.6 Categorisation hierarchy

Each event is tested to see if it can be included in the categories described previously,
according to a hierarchy. If it satisfies the requirements of the first category, the event is
assigned and the next event is tested. If not, the event is tested for the next category in
the hierarchy, and so on, until no further categories remain and the event is discarded.
Each event is assigned to only one category in the hierarchy, which is ordered as follows:
leptonic ttH-tagged, hadronic ttH-tagged, VBF-tagged 0, VBF-tagged 1, Untagged 0,
Untagged 1, Untagged 2, Untagged 3.



Chapter 6

Signal and background modelling

6.1 Introduction

The statistical interpretation of the data requires models of the expected m.,, distribution
for each of the signal processes and the background in each category. These models must

account for the sources of systematic uncertainty which affect the analysis.

For the signal processes, the m. distribution takes the form of a resonant peak around
my, the width of which is entirely dominated by detector resolution. The construction
of the signal model from simulation is described in Section 6.2. The signal modelling
described in this chapter differs from the approach taken in [2] in three ways. First,
the simulated signal samples used in this chapter have an additional correction to their
normalisation compared to those used in [2], as explained in Section 6.2.3. Secondly, the
functional form used to parametrise the signal shape has been changed. Finally, a new
method has been developed to perform the interpolation of the signal model between the

samples with different assumptions on the value of my.

By contrast, the m., distribution for background events is a smoothly-falling non-
resonant continuum. The derivation of the background model from data is described
in Section 6.3. Finally, the handling of the systematic uncertainties in the modelling is
described in Section 6.4. Both the background modelling and handling of systematic

uncertainties are unchanged with respect to [2].
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6.2 Signal modelling

6.2.1 Parametrisation of the signal m., distributions

The shape of the m.,, distribution in simulated H — ~y events is parametrised separately
for each event category and for each production process. Since the vertex choice affects
the shape of the m.,, distribution (see Section 4.4), the modelling is performed separately
for cases where the right vertex (RV) or wrong vertex (WV) was selected within 1 cm in

the z-direction.

The signal m.,, distributions are all parametrised using a DCB function [74] summed
with an additional Gaussian function sharing the same mean. We refer to this functional
form hereafter as a DCB+1G function. The DCB shape consists of a Gaussian function
core and two tails which are described by power laws. The Gaussian core models the
width of the distribution, while the power laws cover the extended non-Gaussian tails
caused by systematic under- or over-estimation of the value of m.,. The explicit form of
a DCB function is :

exp(—“Bg) - (1 — hex - (af, + Fhoce))rbes,

when £7ERCE < —ak 5 (Low-tail power law);

_ 2
I ]
when — ok p < shees < af . (Gaussian core);
( R )2 R _ R
exp( =G5 ) - (1 — TR - (af o — T7ARCR)) "o,

when *E2CE > af .5 (High-tail power law).

(6.1)

In the definition above, opcp and upcp are the width and mean of the Gaussian core,
abop and off o are the cross-over points to the power laws on the left and right sides,
and nkop and nf,p are the orders of the two power laws. The DCB+1G function
therefore has a total of eight parameters when the width and amplitude of the additional
Gaussian (with the same mean ppcp) are taken into account. This is in contrast with the
functional form used for signal modelling in previous studies of H — vy by CMS[1,2, 5],

which was a sum of up to five Gaussian functions, or a total of up to fourteen parameters.
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The values of the parameters of the functional form are determined by fitting the models
to simulated .., distributions. The choice of the DCB+1G function is motivated by the
fact that it is simpler to handle and often gives closer agreement with fewer parameters
than the sum of Gaussian functions, particularly in the RV fits which are the dominant
contribution to the full model. The DCB shape is also simpler to interpret physically

than an arbitrary sum of Gaussian functions.

The parametrisations of the m., distributions for the ggH process (with my = 125 GeV)
in the inclusive categories are shown in Figure 6.1 for the DCB+1G functional form and
in Figure 6.2 for the sum of Gaussians, when the RV is selected. Figures 6.3 and 6.4
show the equivalent figures when the WV is selected. The DCB+1G generally gives
equivalent or better agreement than the sum of Gaussians, considering the lower number

of parameters.

6.2.2 Dependence of model on my

Since the mass of the Higgs boson is not exactly known, the parametrisations from
simulated signal samples assuming different my values are combined to form a single
parametric model for each process and each category. There are two methods to perform

this combination.

The first option is to follow the fitting procedure described above for each my case
separately. The individual parameters of the functional form can then be linearly
interpolated from one my case to the next to produce the parametric model. This is the
approach taken in previous H — v analyses at CMS 1,2, 5].

The second option, which is used in this analysis, instead performs a simultaneous fit of
all the different my samples, where the individual parameters of the functional form are
themselves polynomials of my. The floating parameters in the fit are then the coefficients
of these polynomials. The advantage of this method, which is referred to as simultaneous
signal fitting (SSF), is that it guarantees a sensible parametric model. By contrast, the
linear interpolation method can lead to discontinuous or unphysical models. This is
because the individual myg hypotheses are parametrised separately and often must be
adjusted by hand to produce a consistent model. Furthermore, the SSF method reduces

the total number of parameters used to determine the full parametric model.

The SSF method is applied separately for each process, category and RV or WV case, using
seven different my values: 120, 123, 124, 125, 126, 127 and 130 GeV. The description
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(a) RV fits with functional form: DCB+1G

Figure 6.1: Examples of the shape of the simulated m., distribution (my =125 GeV) for the
ggH process for the inclusive categories when parametrised with the DCB+1G
functional form, where the right vertex (RV) was selected. The DCB+1G
parametrisation has 8 parameters. The plots show the agreement between the
simulation and the parametrisation expressed as a x?2, alongside the number of
non-empty bins minus the number of parameters in the functional form. Bins
with zero entries are ignored in the x? calculation. This figure is to be compared
with the sum of Gaussians parametrisation shown in Figure 6.2.
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Examples of the shape of the simulated m., distribution (myg =125GeV) for
the ggH process for the inclusive categories when parametrised with the sum of
Gaussians functional form, where the right vertex (RV) was selected. The models
contain between three and five Gaussians, leading to between 8 and 14 parameters.
The plots show the agreement between the simulation and the parametrisation
expressed as a x2, alongside the number of non-empty bins minus the number of
parameters in the functional form. Bins with zero entries are ignored in the 2
calculation. This figure is to be compared with the DCB+1G parametrisation

shown in Figure 6.1.
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(a) WV fits with functional form: DCB+1G

Figure 6.3: Examples of the shape of the simulated m., distribution (my =125 GeV) for the
ggH process for the inclusive categories when parametrised with the DCB+1G
functional form, where the wrong vertex (WV) was selected. The DCB+1G
parametrisation has 8 parameters. The plots show the agreement between the
simulation and the parametrisation expressed as a x?2, alongside the number of
non-empty bins minus the number of parameters in the functional form. Bins
with zero entries are ignored in the x? calculation. This figure is to be compared
with the sum of Gaussians parametrisation shown in Figure 6.4.
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Figure 6.4:

(a) WV fits with functional form: Sum of Gaussians

Examples of the shape of the simulated m., distribution (myg =125GeV) for
the ggH process for the inclusive categories when parametrised with the sum
of Gaussians functional form, where the wrong vertex (WV) was selected. The
models contain between three and five Gaussians, leading to between 8 and
14 parameters. The plots show the agreement between the simulation and the
parametrisation expressed as a x2, alongside the number of non-empty bins minus
the number of parameters in the functional form. Bins with zero entries are
ignored in the x? calculation. This figure is to be compared with the DCB+1G
parametrisation shown in Figure 6.3.
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of the parameters of the DCB+1G function uses polynomials of order 1. Polynomials
of order 0 and 2 were also tested. Substantial improvements in the quality of the fits
were observed when using polynomials of order 1 compared to order 0. However, no
substantial improvement was obtained when using an order greater than 1: the floating
parameters were not sufficiently constrained by the simulated m., distributions to bring

any meaningful improvement.

The signal models for the RV and WV contributions are then combined. The fraction of
events where the selected vertex was within 1 cm in the z-direction from the true vertex
is evaluated for each my sample, and then parametrised as a first order polynomial to

get a smooth dependence on my for the RV/WV mixing fraction.

6.2.3 Normalisation of signal models

The signal models are normalised so that their integrated contents correspond to the
number of events predicted by the SM after detector acceptance (A) and selection
efficiency (€) are taken into account. The expected number of events in each sample
(ignoring A and ) is first computed as the product of the relevant process cross-section,
the H — v branching fraction and the integrated luminosity of the data sample. The

values of the cross-sections and branching fraction as a function of my are taken from [27].

Values of e x A, for each production process and each event category, are obtained
from the analysis of the simulated samples, by comparing the final event content to
the expected number of events. The dependence on my of these values is parametrised
by polynomial fits. Figure 6.5 shows the overall € x A for all categories combined as a

function of mg.

The final normalisation of the signal models for an arbitrary value of my can then be
obtained from the parametrised € x A multiplied by the relevant cross-section, branching
fraction and integrated luminosity. The normalisation of the signal samples has been
updated compared to[2], such that an additional correction to the weights of the simulated
events is applied. The correction was introduced to resolve a discrepancy between the
assumptions made for the calculation of the SM H — 7 branching fraction reported
in [27] and the contents of the simulated signal samples. Namely, the value from [27]
assumes that all the photons from the H — 77 decay are on-shell. Conversely, the
simulation allows a certain proportion of H — v decay photons to be off-shell. In such

cases, the excited photons convert immediately into fermion pairs, primarily electron-
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Figure 6.5: The € x A of all categories combined shown as a function of my. The orange
band shows the effect of the systematic uncertainties associated with trigger
efficiency, photon identification and selection, photon energy scale and resolution,
and vertex identification.

positron, as part of the electromagnetic shower model in PYTHIA 8. The proportion of
events in the sample where at least one of the photons is off-shell is of the order of 6%. As
expected, this proportion is uniform across all samples, corresponding to different Higgs
boson production processes and my hypotheses. The normalisation of the simulated
samples used in the preliminary result [2] was therefore 6% too low, and the additional

correction applied here resolves this issue.

As an example, the dependence of the full normalised parametric signal model on my
for the ggH process in each of the inclusive analysis categories is shown in Figure 6.6.
The equivalent figures for all processes in all categories are available in Appendix A in
Figures A.6, A.7, A8, A.9, and A.10.

The normalised signal models for each process are summed together to obtain the expected
signal m.. distribution for all categories combined (as shown in Figures 6.7), or for

individual analysis categories (as shown in Figures 6.8 and 6.9).
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Figure 6.6: The my-dependence of the signal models for the ggH process for each of the
Untagged categories is shown. Each curve shows the signal model for a given
value of myg. The contributions from the RV and WV components of each model
were interpolated between the samples for different my using the SSF method,
and summed together according to their relative event content.
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Figure 6.7: The signal model for all analysis categories combined for my = 125 GeV, obtained
by summing the contributions from each production process according to the
e X A. The oo (half the width of the narrowest interval containing 68.3% of the
invariant mass distribution) and the FWHM (the width of the distribution at
half of the maximum value) are also shown.

6.3 Background modelling

6.3.1 The discrete profiling method

The background model is derived from data by fitting a function to the invariant mass
spectrum in each category. However, the underlying functional form of a given background
distribution is unknown. In some cases, several different families of function could in
principle be chosen for the parametrisation, all giving acceptable agreement with the
data. Even within a given family of functions, it is not always clear which to choose. The
uncertainty associated with making a particular choice must be accounted for. These
issues are addressed using the discrete profiling method [79], which treats the choice of
functional form as a discrete nuisance parameter in the final 2NLL fit to the data. This
method provides a natural way to include the uncertainty in the choice, and is described

below.
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Figure 6.8: The signal models for the Untagged analysis categories for my = 125GeV,

obtained by summing the contributions from each production process according
to their € x A. The oeg (half the width of the narrowest interval containing 68.3%
of the invariant mass distribution) and the FWHM (the width of the distribution
at half of the maximum value) are also shown.
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Figure 6.9: The signal models for the VBF-tagged and ttH-tagged analysis categories for
my = 125 GeV, obtained by summing the contributions from each production
process according to their € x A. The oeg (half the width of the narrowest interval
containing 68.3% of the invariant mass distribution) and the FWHM (the width
of the distribution at half of the maximum value) are also shown.
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When making a measurement of a parameter of interest using a 2NLL minimisation,
nuisance parameters representing systematic uncertainties are profiled: they are allowed
to float during the minimisation, but their final value is not of interest. The additional
freedom produces a wider 2NLL curve, representing the additional uncertainty attributed
to the floating nuisances. The same result can be obtained in a different way: if the
value of one of the nuisance parameters is instead fixed at the best-fit value, the width
of the resulting 2NLL curve will be narrower but still with its minimum at the same
place as the full profiled 2NLL curve. This width represents the uncertainty of the
measurement without the effect of the nuisance parameter in question. If the procedure is
repeated for different fixed values of the nuisance parameter, different 2NLL curves, not
necessarily at the minimum, will be produced. In the limit that many different values of
the fixed nuisance parameter are sampled, the minimum envelope of all the fixed-nuisance
2NLL curves will converge to the full profiled 2NLL curve. The uncertainty can then
be obtained from the envelope as for a usual 2NLL curve. This procedure is illustrated
in Figure 6.10, and can also be applied for nuisance parameters for which only some
discrete, particular values are possible. When parametrising the background distribution,
the chosen functional form can be treated as such a discrete nuisance parameter. The
method described above can then be used to account for the uncertainty associated with
the parametrisation of the background. The fact that different functional forms can have
different numbers of parameters is taken into account by adding a penalty term to the

2NLL proportional to the number of parameters in the function.

6.3.2 Application in the H — ~~ analysis

In theory, a complete set of all analytic functions should be considered to obtain an
exact result using the discrete profiling method. In practice, it is only necessary to
include the subset of all analytic functions which give a good description of the data. In
this analysis, where the background distribution is smoothly falling, the following four

families of functions are considered:

e sums of exponentials,

N
fN(x) = Zin—lemiw;
i=1
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Figure 6.10: An illustration of the construction of the envelope to estimate the effect of a
nuisance parameter. The NLL (denoted as A) curve obtained when performing
a likelihood scan of parameter of interest x if the nuisance parameter is profiled
is shown in black. The NLL curve obtained by fixing the nuisance to the best-fit
value is shown in blue. The NLL curves for various fixed values of the nuisance
other than the best-fit are shown in red. The minimum envelope of these curves,
shown in green, approximates the original NLL curve obtained by profiling the
nuisance parameter [79].

e sums of polynomials (in the Bernstein basis),

N Ny . .
In(@) = pibiny, where b y) = N x)NE
i=0 i

e Laurent-type series,

N ; )
) = 3t T 00,
i=1

e sums of power-law functions:

N
In(z) = Zp2i71557p2i§
i=1
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where for all k, the py are a set of parameters, and N represents the order of a particular
function in the family. In order to keep the computing time required for the fitting to a
tolerable level, only a subset of functions from each family are considered. The maximum
order of the candidate function considered from each family is obtained separately for each
analysis category using the following procedure. Starting with the lowest-order function
in the family, the parameters of the candidate function are varied to minimize the 2NLL
with respect to the m.,., distribution. A penalty of 1 times the number of parameters in
the functional form is added to the value of the 2NLL to account for differences in the
number of parameters. The same procedure is applied to the function of next-highest
order in the family. In the limit of large sample size, the difference in the minimum 2NLL
between functions of successive orders N and N +1, 2ANLLy,1 = 2(NLLyy1— NLLy),
is distributed as a x? with M degrees of freedom, where M is the difference in the
number of free parameters in the order-(N + 1) and order-N functions. A p-value is

then calculated as:

p-value = prob(2ANLL > 2ANLLy 1 |x*(M)).

If the p-value is less than a predetermined threshold, chosen as 0.05, the higher-order
function is supported by the data, otherwise the higher-order function is assumed
unnecessarily flexible given the data. In the former case, the next-highest order function
is then considered, and so on. Otherwise, the procedure terminates having found the
highest-order suitable function. An additional constraint is applied to remove low order
functions which do not fit the data well. These would not contribute to the minimum
envelope anyway, and removing them reduces the amount of time needed to perform the
final minimisation described in Chapter 7. The remaining functions from each of the
four families are added to the final set of candidate functions to be used in the discrete
profiling. As an example, the chosen functions for the Untagged categories are shown
in Figure 6.11. The equivalent figures for the other analysis categories are available in
Appendix A in Figure A.11. For each category, the candidate functions give acceptable
agreement with the data, but can lead to large variations in the predicted number of

events in the region of interest between 120 and 130 GeV.

A series of tests demonstrated that this method provides good coverage of the uncertainty
associated with the choice of the function and provides an unbiased estimate of the signal

strength. These tests are described in detail in [79].
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Figure 6.11: The set of candidate functions chosen to parametrise the background using the
discrete profiling method in the Untagged categories. For each category, all
candidate functions give acceptable agreement with the data, but can lead to
large variations in the predicted number of events in the region of interest between
120 and 130 GeV. The resulting uncertainty in the choice of parametrisation is
handled by the discrete profiling method.
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6.4 Systematic uncertainties

The systematic uncertainty on the choice of the background fitting function is handled
directly by the discrete profiling method described in Section 6.3. The uncertainties
which affect the signal model are more numerous, and are implemented according to
their effect.

Systematic uncertainties which affect the shape of the m., distribution are built directly
into the signal models described in Section 6.2. Most systematics of this type impact
individual photon energies, and therefore the invariant mass. The effect of the systematic
variation is propagated to the mean, .t and normalisation of the signal m., distribution
for each category and signal process. Corresponding nuisance parameters are then inserted
which can modify the normalisation, mean and width of the DCB+1G parametrisations.
An exception is the nuisance corresponding to the vertex efficiency, which instead modifies
the relative mixing fraction of the RV and WV components of the model. The nuisance
parameters are then Gaussian-constrained and allowed to be profiled in the final 2NLL
minimisation when making measurements of the parameters of interest. Nuisances of

this type are referred to hereafter as shape nuisances.

Uncertainties on selection efficiencies do not affect the shape of the m,., distribution,
but, for a given branching fraction, do change the final event count (or yield) of the
signal model for each category. Depending on the source of the systematic uncertainty,
individual categories can be scaled differently, although all categories will simultaneously
either increase or decrease. The corresponding nuisance parameters are profiled in the
2NLL minimisation with a log-normal [80] constraint, which cannot give rise to negative
yields. Systematics of this type are referred to as yield nuisances, which are either

symmetric or asymmetric.

Finally, some uncertainties affect the categorisation of events. In this case, the systematic
variations can cause events to move from one event category to another, or altogether
out of the acceptance of the analysis. These systematic uncertainties are implemented
as nuisance parameters which change the relative yield of event categories, and are
referred to as category migration nuisances. They are implemented analogously to yield
nuisances, except that the yield of certain categories will increase while the yield of others
must decrease in turn. Furthermore, separate nuisances are implemented to account for
different types of migration: for instance, between the individual VBF-tagged categories
on the one hand, and then between all VBF-tagged and all Untagged categories on the
other.
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6.4.1 Theory uncertainties
Parton distribution functions and strong force coupling constant ( )

The uncertainty on signal process cross-sections due to uncertainties on each parton
distribution function (PDF) and the value of ag is modelled by both an overall change

in signal yield and by category migrations.

One symmetric yield nuisance for each signal process is included, accounting for both the
uncertainties in the PDFs and «s. Each applies a log-normal constraint to the category
yields according to the corresponding uncertainty in the process cross-section, as provided
by the LHCHXSWG recommendation [27], namely 3.2%, 2.1%, 1.9%, 1.6% and 3.6% for
ggH, VBF, WH, ZH, and ttH respectively.

The relative yield change is modelled separately for the PDFs and ay using a series of
category migration nuisances. The size of the variations is determined according to the
PDF4LHC prescription [81], by reweighting individual events according to the NNPDF30
PDF set [82]. The effect of the variations is normalised by their effect on the overall yield
in each category, such that they represent only migrations. The procedure results in 60
uncorrelated symmetric category migration nuisances for the PDFs and three additional
asymmetric category migration nuisances for agz. The migrations are of the order of 0.5%

in most categories.

QCD scale

The uncertainty on the scale of the QCD interaction is parametrised in terms of the
renormalisation (ug) and factorisation (ur) scales. The asymmetric yield nuisances
corresponding to variations of these parameters are taken directly from the LHCHXSWG
recommendations for cross-sections [27]. The size of the effect for the ggH, VBF, WH,

cna i H46% +0.4% +0.5% +3.8% +5.8% . .
ZH and ttH processes is T¢7e, To'ses “o79 ~a0n and Tgos respectively.

Three additional asymmetric category migration nuisances are also included. The size of
their effect is estimated at generator level, by varying the values of ur and pp by factors
of 2 (upward variation) or 0.5 (downward variation). The three category migration
nuisances correspond to: varying pg up or down while keeping pp constant; varying pp
up or down while keeping p i constant; and varying both pgr and g up or down uniformly.

In each case the migrations are found to be of the order of 1-4% of the category yield.
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H — ~~ branching ratio

The uncertainty on the SM H — 4 branching fraction is taken directly from [27]. Tt is
implemented as a yield nuisance affecting all analysis categories, and the variation is of

2.08% on the category yield.

Gluon fusion contamination of VBF-tagged and ttH-tagged categories

The theoretical prediction for the jet multiplicity in gluon fusion events is unreliable for
high multiplicities. This leads to the introduction of an uncertainty on the contamination

of ggH events in other analysis categories which use jets in their selections.

For VBF-tagged categories, the uncertainty is estimated using the Stewart-Tackmann
procedure [83]. This results in a set of category migration nuisances: a migration
between VBF-tagged categories (at most 39% on category yield) and a migration between

Untagged and VBF-tagged categories (at most 10% on category yield);

For the ttH-tagged categories, the size of the effect is instead estimated from the observed
difference in the jet multiplicity in data and simulation for tt + 2 jet events where
the top quarks decay leptonically [5,84]. The uncertainty is then modelled with yield
nuisances instead of categorisation migration nuisances. This is because there is no
migration between the two ttH-tagged categories, and the effect of migrating events
into the Untagged categories would be negligible. The size of the uncertainty is of the
order of 45% on the yield of the ttH-tagged categories. A further contribution to this
systematic uncertainty arises from the uncertainty in the probability of gluons splitting
to bb. This so-called “gluon splitting” uncertainty is estimated as described in [5] from
the discrepancy between the ratio cross-sections of tthb and tt 4 2 jet events between
13 TeV data and simulation. The measured value of this ratio is 0.022 £ 0.007 in data,
while it is predicted to be 0.012 £ 0.001 from simulation [85]. The size of this variation is
of the order of 18% on the yield of the ttH-tagged categories. An additional nuisance
is included to account for the small size of the simulated samples used in these studies.

The size of this variation is of the order of 10% on the yield of the ttH-tagged categories.

Underlying event and parton shower modelling

The underlying event refers to all the soft interactions between partons which occur

in addition to the hard scatter in a p-p collision. In simulation, these are modelled as
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multiple independent scatterings between the other partons. Tuning the parameters of
the modelling of the underlying event (such as the momentum cutoff for such additional
interactions, and the matter density of the proton) can lead to a modified jet production

cross-section.

Parton shower modelling refers to the emission of QCD radiation in the form of gluons
from partons during p-p collisions. These gluons can themselves emit further QCD
radiation or convert to quark-antiquark pairs, until hadronisation occurs. The modelling
of these showers depends on certain parameters, such as the hadronisation scale, which

is not predicted perturbatively.

Both of these uncertainties can affect the shape, number or energy of jets, and so the VBF
categorisation. The sizes of the variations are obtained from dedicated simulated samples
where the parameters relating to the underlying event and parton shower modelling
have been tuned differently. The uncertainties are treated together as a set of category
migrations nuisance between: VBF-tagged 0 and VBF-tagged 1 categories (of the order
of 8%); and all VBF-tagged categories and all Untagged categories (of the order of 9%).

6.4.2 Photon uncertainties
Photon preselection

The efficiency of the photon preselection is quantified using the tag-and-probe method
described in Section 4.3.3, which also provides systematic uncertainties for different
photon classes, as listed in Table 4.1. The systematic uncertainties are propagated to a

yield nuisance, the effect of which is around 4% on the category yields.

Photon identification

An uncertainty on the photon identification efficiency is introduced to account for
the difference in distributions of the BDT,ip output score observed between data
and simulation in Z — ete™ events (see Figure 4.2). The size of this uncertainty is
approximately 3% on the value of the output score, and is derived as described in
Section 4.3.6. This is treated as a yield nuisance, where the uncertainty on the output

score is translated to an uncertainty on the yield of the order of 3%.
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Photon energy scale and resolution

After the calibration of the ECAL described in Section 3.2.3, there are still some
discrepancies in the photon energy scale and resolution between simulation and data.
Since electrons and photons are both reconstructed as SCs, these discrepancies can
be studied using Z — ete™ events where the electrons are reconstructed as photons.
For SCs in eight Ry and |n| classes (high and low Ry corresponding to converted and
unconverted photons, each for four regions in |n|), the invariant mass distributions in
data and simulation are both fitted with a Breit-Wigner (BW) function convoluted with
a Crystal Ball function (CB) function. The BW function models the natural shape of
the Z-peak, while the CB function describes the ECAL resolution and losses due to
unrecovered energy from bremsstrahlung. The natural width and pole mass of the Z

boson are fixed to their accepted values [6] in this parametrisation.

The systematic uncertainties are derived using the same method as in [5], which is briefly
summarised below. The corrections to the photon energy scale are given by the relative
differences between the best-fit means of the CB in data and simulation, divided by
the Z boson pole mass, in each bin. The corrections to the photon energy resolution
are applied by adding additional smearing terms to the width of the CB in quadrature.
The additional scale and resolution corrections described above each have uncertainties,
which are related to choices made for the Z — eTe™ event selection and classification,
as well as the difference between the final electron and photon energy regression BDT.
The uncertainties on the energy scale and resolution are quantified for each photon class,
and propagated to the m,., distribution in each analysis category. This results in shape
nuisances for the photon energy scale in four classes (high and low Ry, each for EB
and EE), and eight shape nuisances for the photon energy smearing (parametrised as

constant and stochastic contributions).

The size of the systematic uncertainties are of the order of 0.15% to 0.50% depending on
the photon class. The effect on the mean of the m,, distribution is at most 0.25%, while

the effect on the oo is at most 20%, depending on the analysis category.

Per-photon energy resolution

The uncertainty of the per-photon energy resolution is evaluated as described in [5].
The energy resolution estimate (described in Section 4.3.5 is scaled by +5%. This is

the amount required to completely cover differences in the estimated energy resolution
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distribution between data and simulation in the Z — eTe™ and Z — puy events used for
validation. This uncertainty is then propagated throughout the analysis and modelled as
a yield nuisance. The size of the variation is typically of the order of 2% depending on

the analysis category.

Non-linearity of detector response

The uncertainty associated with the fact that the ECAL response is not linear is estimated
by comparing boosted Z — ete™ decays in data and simulation, as described in detail
in[5]. Individual photon energies are affected by up to 0.2%. The effect is propagated
as a shape nuisance, which varies the mean of the m,, distribution by 0.1% in each

category.

Shower shape corrections

The uncertainty deriving from the imperfect modelling of shower shape variables is
estimated using simulated samples with and without the corrections, as described in [2]
and [5]. This effect is of order 0.06% on the photon energy scale, and is implemented
as four shape nuisances for photons in different n and Ry classes, which vary the m.,

distribution mean by at most 0.20% and o.g by at most 1.80%.

Non-uniformity of the light collection

An uncertainty exists on the response of the ECAL crystals depending on the longitudinal
depth in the crystal where scintillation occurred. The effect, and the estimation of the
resulting systematic uncertainty, is described in some detail in [5]. This uncertainty is
modelled separately as shape nuisances for photons in the barrel and in the endcaps.
The size of the uncertainty is 0.07% on the photon energies. The effect is propagated to
the m,, distribution of each category and applied as separate shape nuisances in the EE
and EB, which vary the mean by up to 0.2% and the o.g by up to 5%.

Modelling of detector response in GEANT 4

Imperfect modelling of the differences between electromagnetic showers for electrons and

photons in the detector simulation software GEANT 4 may have a small impact on the



Signal and background modelling 82

photon energy scale. The size of the variation is determined as described in [5], with a
dedicated simulated sample where the shower is described using an alternate prescription.
This has the effect of changing the energy scale for both electrons and photons by a very
similar amount. The difference in the change between electrons and photons is found to
be consistent with zero, but an upper bound of approximately 0.05% is applied to the

uncertainty on the mean of the m.,., distribution in each category.

Modelling of the material budget

The imperfect modelling of the amount of material between the vertex and the ECAL
causes differences in the simulation of photon and electron showers, as described in [5].
Although this difference in photon and electron showering is likely caused by a deficit
in the material budget for specific regions, the overall effect is similar to what would
be caused by a uniform budget deficit of 5%. The uncertainty related to this effect is
therefore estimated with dedicated samples where the amount of simulated material is
uniformly varied by +5%. It is treated as two separate shape nuisances, for EB and
EE photons separately, which affect the mean of the m,, distribution by at most 0.1%
(0.03%) and the o.g by at most 3.5% (7.6%) for the EB (EE) photons.

Electron veto

The electron veto element of the photon preselection is validated separately using
Z — ppy events, as described in Section 4.3.3. A small uncertainty is introduced to
account for the discrepancy between data and simulation. This source of uncertainty is

treated as a yield nuisance, the size of which is of the order of 0.5%.

6.4.3 Per-event uncertainties
Integrated luminosity

The uncertainty on the value of the integrated luminosity of the data sample is determined
as described in [86], and has historically been of the order of 2-3%. This is then treated
as a scale nuisance which uniformly affects the yield of all signal processes. However, the
uncertainty which is used in this analysis is the same as the one which was used for [2],

which is 6.2%. The large size of the uncertainty for [2] was chiefly caused by two effects.



Signal and background modelling 83

The first is that at the time of the measurement, the effect of the reduced beamspot size
(compared to the 2015 dataset) on the measured luminosity was not well understood, and
introduced a bias of order 5% with respect to extrapolations from the 2015 dataset. The
second effect was a difficulty in assessing the stability of the luminosity measurement,
which introduced an additional uncertainty of order 2.5%. These disagreements have
since been resolved in the study of the luminosity for the full 2016 dataset, but since
the same partial dataset is used in this analysis as in [2], the larger uncertainty is also

included here.

Jet energy scale and resolution

The uncertainties on the jet energy scale derived as described in [87], are propagated
through the analysis to give category migration nuisances: between VBF-tagged 0 and
VBF-tagged 1 (typically of order 3% on the category yield); between all VBF and
Untagged categories (of order 10%); and between ttH-tagged and Untagged categories
(of order 12%).

The nuisances for the jet energy resolution are treated analogously, with migrations of
order 0.5% between VBF-tagged 0 and VBF-tagged 1 categories; of order 1.5% between
VBF and Untagged categories; and of order 4% between ttH-tagged and Untagged

categories.

Diphoton selection

The BDT,, output score is used to make a selection on the diphotons which enter
the analysis. A small uncertainty is introduced to account for the residual discrepancy
between data and simulation in Z — eTe™ events after the uncertainties from the estimate
of the per-photon energy resolution and the BDTp score are taken into account, as
seen on Figure 5.1b. This source of uncertainty is treated as a yield nuisance, the size of

which is 0.2% in all categories.

Vertex-finding efficiency

The uncertainty on the vertex-finding efficiency is determined by comparing the fraction
of correctly identified vertices in Z — p~ut between data and simulation, as mentioned

in Section 4.4. The method used to determine the size of the uncertainty is also covered
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in more detail in [5]. The uncertainty is modelled as a shape nuisance which alters the
RV/WYV mixing fraction of each signal model. The variation is of the order of 1.5% on
the RV fraction.

Trigger efficiency

The uncertainty on the trigger efficiency is estimated using a tag-and-probe method as
described in Section 4.2.2. The uncertainty is applied as a yield nuisance parameter of
size 0.1%.

Lepton reconstruction and b-tagging efficiencies

The uncertainty on the reconstruction of electrons and muons is determined by considering
the efficiency in data and simulation, and varying the required scale factor within its
uncertainty, using the same method as described in [5]. The result is implemented as a
yield uncertainty for the ttH-tagged categories of the order of 1% for electrons and 5%
for muons. Similarly, the uncertainty on the tagging of b jets is evaluated by varying
the ratio between the measured b-tagging efficiency in data and simulation within their
uncertainty. This is propagated to a yield nuisance, which has an effect of the order of

2% for ttH-tagged categories.

Rejection of jets from pileup

The uncertainty on pileup jet rejection using the selection of the orms (as described
in Section 4.5.3) is described by a category migration nuisance between all VBF and

Untagged categories of order 4%, as also described in [2].

A further uncertainty, relating to the number of pileup jets in simulation which are
reconstructed as genuine jets from the hard scatter, is described by category migration
nuisances: between VBF-tagged 0 and VBF-tagged 1 (of order 1% on the category yield);
and between all VBF and Untagged categories (of order 0.5%).
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6.5 Signal and background modelling summary

The results of the signal and background modelling for a signal with myg = 125 GeV
are shown in Table 6.1. The expected number of signal events for each category is
broken down by the contribution from each production mode. The oeg (half the width
of the smallest window containing 68.3% of the distribution) and oy (the width of
the distribution at half of the maximum value, divided by 2.35) are also shown. The
expected number of background events predicted by the best-fit function in a + 1 oeg

window around 125 GeV is shown for each analysis category.

The information from Table 6.1 is presented in a visual format in Figure 6.12. This
clearly shows the categories preferentially selecting events from the targeted processes.
Also shown is the signal-to-background ratio (S/(S + B)) in each analysis category,
illustrating that the Untagged and VBF-tagged categories are ordered by S/(S + B).

The effect of each of the sources of systematic uncertainty listed above is summarised in
Table 6.2. The effect is quoted as the contribution to the expected relative uncertainty

on the measurement of the signal strength (either total or by production mode).
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Expected relative uncertainty for SM Higgs boson (my = 125GeV)

Experimental Systematic Uncertainties I HagH JWVBF JUetH
Integrated luminosity 6.10 % | 6.47 % | 8.17T% | 8.67 %
Photon identification 410% | 5.19 % | 3.01 % 3.23 %
Photon preselection 4.07% | 430 % | 5.08 % | 5.53 %
Photon energy scale and smearing 275 % | 248% | 3.14% | 5.09 %
Jet energy scale and resolution 175 % | 2.02% |21.56 % | 7.20 %
Per photon energy resolution estimate 1.68% | 207% | 1.82% 0.88 %
Electron veto 1.08% | 023% | 0.43 % 0.42 %
Vertex finding efficiency 1.06 % | 0.06 % | 0.26 % 0.36 %
Nonlinearity of detector response 1.06 % | 0.20% | 0.36 % 0.62 %
Modelling of material budget 018% | 0.13% | 014 % 0.20 %
Nonuniformity of light collection 013% | 0.04% | 022% 0.25 %
Diphoton selection 0.10 % | 0.06 % 0.23 % 0.26 %
Modelling of detector response in GEANT4 | 0.08 % | 0.03 % | 0.44 % 0.25 %
Shower shape corrections 0.07% | 0.07 % 0.15 % 0.17 %
Lepton reconstruction and btag efficiencies | 0.06 % | 0.04 % 0.02 % 1.87 %
Trigger efficiency 0.05% | 0.01% | 011 % 0.13 %
Unmatched pileup 0.03% | 0.06% | 2.16% 0.00 %
Theory Uncertainties I HggH LVBEF JhtE
QCD scale yield 469 % |6.40 % | 028% |10.11 %
QCD scale migrations 286 % | 213% | 8.30 % | 2.28%
PDF and alphaS yield 264 % | 3.19% 2.50 % 5.25 %
Branching ratio 223% | 214% | 245 % 2.46 %
Alpha$S migrations 194% | 201 % | 1.13% 0.30 %
PDF migrations 157% | 1.76 % | 254 % 0.64 %
Underlying event and parton shower 1.30% | 1.79% | 14.26 % | 0.03 %
ggF contamination in VBF categories 127% | 213 % | 19.30 % | 0.04 %
ggF contamination in ttH categories 024 % | 0.056% | 0.03% | 7.58 %

Table 6.2: The contribution to the expected relative uncertainty on the measurement of the
signal strength for a SM Higgs boson, for experimental and theory uncertainties
separately. The effect is quoted for the overall signal strength and also for the
individual signal strengths of each production mode. The uncertainties which
contribute more than 5% are shown in bold.



Chapter 7

Statistical analysis and results

7.1 Introduction

The signal and background models described in Chapter 6 are used to perform the
statistical interpretation of 12.9fb™" of Run 2 data collected at /s = 13 TeV by CMS in
2016. The author was responsible for the signal and background modelling, systematics
handling and statistical interpretation in the official CMS preliminary result [2] produced
with the same dataset. The results presented in this section differ from those presented
in [2] insofar as they use improvements to the signal modelling techniques developed
by the author. Namely the DCB+1G functional form was used instead of a sum of
Gaussians, and interpolation using SSF was used instead of linear interpolation. Finally,
an additional correction to signal sample normalisation (or order 6%) was applied, as
described in Section 6.2.3. The results from this thesis and [2] differ slightly due to this

correction, as expected.

Due to the scaling of the SM Higgs boson and background cross-sections moving from
7 or 8 TeV to 13TeV, the dataset used in this thesis has roughly the same statistical
sensitivity as the full Run 1 dataset, which had an integrated luminosity of 24.8fb™'.
The final analysis of the Run 1 dataset [5] led to an independent observation of the Higgs
boson in the diphoton decay channel. The objective of the work presented in this thesis
is therefore to make a confirmation of the observation (or “rediscovery”) of the Higgs

boson in the diphoton decay channel, and measurements of some of its properties.

The statistical analysis proceeds in several stages. The first step is to determine the best
signal-plus-background fit of the models to the data. The floating parameters of the

signal and background models are varied simultaneously in each analysis category to

89
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obtain the closest overall agreement with the observed invariant mass distributions. This
procedure is described in Section 7.2, and leads to a Higgs boson signal being measured
in the data. The next step is to quantify the significance of this signal and formally
reject the hypothesis that there is no Higgs boson. The procedure for hypothesis testing
and calculation of the significance is detailed in Section 7.3. Having established the
existence of a SM-like Higgs boson which decays to photons, the final step is to make
measurements of some of its properties, in particular those which relate to the rate at
which it is produced or to its interactions with other SM particles. These measurements

are described in Section 7.4 and Section 7.5.

As with all Higgs boson analyses performed within the CMS collaboration, the statistical
interpretation uses the frequentist approach. The corresponding statistical tools and

techniques are briefly explained as they are needed throughout this chapter.

7.2 Best fit of models to the data

The observed m.,, distributions obtained from the data (labelled m’* hereafter) are
parametrised with models consisting of signal and background components. The tool
which is used to determine the model parameters and to assess the agreement with the
data in a category C'is called the likelihood function,

Le(p, my;n| mffif’c) = u'fsc(mff,’f’c myg;ng) + fg(mgbjﬂnB). (7.1)

In the definition above:

o u = co/oll, is a parameter of interest (POI) called the signal strength, where
in this context o/ is the observed Higgs boson cross-section, and of, is the SM
Higgs boson cross-section. The mass of the Higgs boson my is a second POI. The
likelihood function can in fact be generalised for an arbitrary number of POIs (as
in Sections 7.4 and 7.5);

e n is a set of floating nuisance parameters, composed of those which affect the
signal model and those which affect the background model, labelled ng and ng

respectively;

obs,C

¢ Moy

is the invariant mass distribution for a particular category C;
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o f§ and f§ represent the probability distribution functions of the signal and back-
ground components of the model in category C', normalised to the expected number
of signal and background events in that category respectively. Some of the nuisance

parameters can modify the normalisation of f§ and f§.

The construction of the signal component of the model in each category, fS, was described
in Section 6.2, and comprises the individual models for each Higgs boson production

process, each normalised to their respective expected number of events:

FE(mPC mumg) = f§yu(mCmusng) + fSype(mC | mu; ng)

+ ngH( miis’cl mu;ns) + fgmH(milf’Cl Mu;Ng).

(7.2)
When performing the signal-plus-background fit to the data, the values of the individual
parameters of the signal model functional form are fixed. Specifically, since the SSF
method was used, this refers to the coefficients of the seventeen polynomial functions
which describe the dependence on myg of the DCB+1G parameters for both the RV
and WV scenarios and their mixing fraction. The parameters which are allowed to
vary are the nuisance parameters ng introduced into the signal modelling to account for
systematic uncertainties (see Section 6.4), as well as the POIs p and my. The signal
strength g uniformly scales all the signal models for each process and for each category.
This means that the contribution to the overall signal model from each process remains
in proportion to what is predicted by the SM, but the normalisation of the overall signal

model can be varied.

The handling of the background component of the model f§, for a given category, was
described in Section 6.3. The nuisance parameters ng affecting the background model

are composed of:

e the discrete nuisance parameter in each category which corresponds to the choice
of background function, as prescribed by the discrete profiling method (see Sec-
tion 6.3.1);

e the individual parameters of all the candidate functions, in all categories, which are
allowed to float in the fit.

The overall likelihood function £ for the simultaneous fit of all categories at once is

obtained by taking the product of the likelihood functions L¢ in each analysis category,
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taking care to correlate the corresponding nuisance parameters in each one:

L(p, my;n| mf’ﬁf) =[] Lc(p, mu;n| mzzif’c). (7.3)
c

The fit is obtained by minimising twice the negative log-likelihood (2NLL). The best-fit
values of the POIs and nuisance parameters are denoted as fi, my and f, such that:
. ~ A A obs : . obs

{(/j’, my, 1’1) :—2In ‘C(,u'v MH; Il| My ) = MH,,}LIHI%H(_Q lnﬁ(u, mu; Il‘ Moy ))}7 (74)

where M17r71lin represents the global minimum evaluated over all allowed values of p,
> MH,N

my and n, taking into account their constraints. The parameters in this analysis are
constrained in one of three possible ways: for the systematic uncertainties described
by shape nuisances, a Gaussian constraint is applied; for the systematic uncertainties
described by yield or migration nuisances, a log-normal constraint is applied; for all other

nuisances, such as the background model parameters, the constraint is flat, within a

reasonable range.

In general, the 2NLL cannot be minimized analytically. Instead, this task is handled
numerically with the Minuit2 minimizer [88], as part of the RooFit software package [89].
The resulting parametrisations of the observed data are shown for each analysis category
separately in Figures 7.1 and 7.2. The combined parametrisation and data resulting
from a direct sum of each category is shown in Figure 7.3a, while the sum weighted by
the observed S/(S + B) in =+ o around the best-fit my in each category is shown in
Figure 7.3b.

The best-fit values of the POIs are found to be g = 0.89 and g = 125.9 GeV (the
best-fit values in [2] were 0.95 and 126.0 respectively). The best-fit parametrisation
qualitatively indicates the presence of an excess of data in the same place in the m,,
distributions in all analysis categories. When the categories are summed, particularly
when weighted by their observed S/(S + B), the presence of a narrow resonance above the
falling background spectrum is visible by eye. The best-fit of the signal-plus-background
model to the observed data therefore suggests a SM-like Higgs boson signal in the data,
although a full statistical assessment needs to be undertaken to quantify the size of the

excess, taking into account the sources of systematic uncertainty which enter the analysis.
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Figure 7.1: The signal-plus-background fit (solid red line) of the observed m.,, distribution
in data (black points) for the Untagged analysis categories. The background
component of the model is shown as a dashed red line, while the green and yellow
bands denote the 1o and 20 uncertainties on the background shape respectively.
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Figure 7.2: The signal-plus-background fit (solid red line) of the observed m., distribution
in data (black points) for the VBF-tagged and ttH-tagged analysis categories.
The background component of the model is shown as a dashed red line, while the
green and yellow bands denote the 1o and 20 uncertainties on the background
shape respectively.



Statistical analysis and results 95

1290 (13 TeV)

LI B L O B

QB Zzzz ?g;gs.g Gev, fizo.gg Al categories _%
@ & ¢ Data 3
S 7000 — S+B fit =
u>J 6000? |:| zc;)mponent é
5000F- [ 120 E
4000 =
3000F- =
2000F =
1000 =
0 s by b by b b by by
200 ‘ " B component subtracted]
100
0 b
100 E

100 110 120 130 140 150 160 170

< ol

0
m,, (GeV
(a) Direct sum
12.9fb" (13 Te

> 0o H“““‘
[0 C H—=yy . -]
[0} F~ ~_ All categories ]
2 [ mM,=125.9 GeV, 1=0.89 S/(S+B) weighted b
£ 4000 -
S A ¢ Data i
> r — S+B fit ]
] F ]
- 3000 W e B component ]
£ F =10 .
[=) - 2 0 B
2 2000 . E
a . 4
+ 1000? =
n - ]
= r i
D il b b ]
200 B component subtracted J
100 110 120 130 140 150 160 170 180

m,, (GeV)
(b) S/(S+B) weighted sum
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of my (b). The background component of the model is shown as a dashed red
line, while the green and yellow bands denote the 1o and 20 uncertainties on the
background shape respectively.
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7.3 Significance of observation

Given the best-fit value of the signal strength ji = 0.89 determined in Section 7.2, a
frequentist approach is used to determine the degree of certainty with which the null
hypothesis (that there is no Higgs boson) can be rejected in favour of an alternative
hypothesis (that a SM-like Higgs boson exists). The hypotheses can be formulated in
terms of the signal strength: the null hypothesis Hy corresponds to the case where y = 0,
while the alternative hypothesis H,, corresponds to u > 0.

A statistical test is constructed by specifying a critical region w of the data space, such

that for a given set of observed data m;’l;s:

P(mS” € w|Hy) < o, (7.5)

where P(m2% € w|Hy) is the probability (assuming that Hy is correct), of observing the

data inside the critical region w, and « is a small predetermined threshold [90].

The statistical power 8 of the test is the probability of accepting Hy when it is false and
the alternative H, is true. This is given by:

P(m® € wlH,) =1~ (7.6)
The critical region is chosen such that the power [ of the test is maximised for a given

«, to ensure that if mff,’f € w, then Hy has a low probability of being true while H, has

a high probability of being true.

A common choice, which is found to maximise [90], is to define the critical region in
terms of a test statistic g,, corresponding to the difference between the best-fit 2NLL
and the 2NLL (abbreviated as 2ANLL) evaluated for a particular p. The test statistic
is defined explicitly as:

—21In L(p, mp; 0¥ m2%) + 21In L(, mu; Bl m<*)  when fi > 0,
qu = (77)
0 when 1 < 0,

where n* denotes the best fit n for a fixed value of . When trying to exclude hypothesis
Hy, the test statistic ¢y in particular is used to define a critical region. In the limit of
a large sample of data, the probability distribution function of the test statistic (f,),
is Gaussian. The fact that ¢o = 0 for i < 0 reflects the fact that only excesses in the

data are regarded as significant. This simplifies the definition of the critical region, since
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increasingly large values of gy indicate increasing incompatibility with Hy, and therefore

only the right-hand tail of f, is considered when assessing probabilities. Assuming H,,

obs
Y

higher is given by the integral of f, from ¢3** to infinity. This probability is commonly

obs

the probability of obtaining a value of ¢§* (corresponding to observed data m?2?) or

referred to as the p-value. We can therefore define the critical region as:
obs too
w={m s [ fulao)dgo < a}. (78)
90

In particle physics experiments, the threshold « to reject the null hypothesis is typically
2.87 x 1077, If expressed as the number of standard deviations that a Gaussian-distributed

variable would fluctuate to give the same p-value, then this threshold is 5.

The test statistic ¢, in Equation 7.7 is implicitly defined for a particular assumption
on the value of my. This ensures that only excesses compatible with the Higgs boson
signal distribution for that particular value of my are regarded as significant. In
other words, only localised excesses in the m.,, spectrum will lead to a small p-value.
Thus, in this context we refer to local p-values, which represent the probability that a
statistical fluctuation in the observed background distribution gave rise to a localised
excess consistent with the signal model at the assumed my. The definition of H,, thus
also depends on the assumed value of my. In particular, H, is the hypothesis that there
exists a Higgs boson with mass my and signal strength p. If the observed data fall in the
critical region for a given value of my, then the null hypothesis (that there is no Higgs
boson, regardless of its mass) is rejected in favour of H, for that particular my. This is
not, however, the same as saying that the Higgs boson has that particular value of my.
The correct statement is that the alternative hypothesis, assuming myy, is more likely

than Hy given the data, and that H, assuming a different my could be yet more likely.

The local p-value is therefore evaluated separately, given the observed data, for different
assumptions about the value of my in the range 120-130 GeV in 0.1 GeV steps. The
result is shown in Figure 7.4. The black solid line represents the local p-value scan
for the observed data. The dashed lines represent the expected local p-values for a
SM Higgs boson. These are obtained by generating an Asimov dataset [78] from the
best-fit background-only model and a signal of strength ;= 1, and then performing a
signal-plus-background fit and following the same procedure as for observed data. For
the blue dashed line, the signal was injected at myg = 125.09 GeV (the best fit value from
the previous combined Run 1 measurement by CMS and ATLAS [26]), while for the red

dashed line the signal was injected at the corresponding my for each step.
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Figure 7.4: The local p-value for the observation as a function of the Higgs boson mass
(black), shown with the expected local p-values for a SM Higgs boson, across
the range 120-130 GeV. The expected local p-values are obtained using Asimov
datasets. The blue dashed line shows the expected local p-value when the mass
of the injected signal is my = 125.09 GeV, while the red line shows the maximum
significance for any injected signal in the range of 120 to 130 GeV.

The local observed significance at the Run 1 best fit (mg = 125.09 GeV) is 5.70, where
6.30 was expected for the SM Higgs boson. The maximum local observed significance is
found at 125.9 GeV, corresponding to 6.1c where 6.30 was expected. These results are
consistent with [2] to within one unit of the smallest quoted decimal place, as expected
since the normalisation of the signal model does not affect the calculation of the p-value.
Since the observed data fall in the critical region where at least one my assumption yields
a local significance above 50 (i.e p-value is less than 2.87 x 1077), the null hypothesis
that there is no Higgs boson is rejected in favour of the alternative hypothesis that there
exists a Higgs boson. Therefore, the data correspond to an observation of the Higgs

boson decaying to photons.

The maximum significance of the observation in this analysis occurs near my = 125.9 GeV,
which is somewhat different from the combined best-fit my measured in Run 1. However,

the results which are presented here do not comprise a measurement of the Higgs boson
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mass, as the data were not reprocessed with the final set of ECAL calibrations and tuning

of the BDT,g which are required for a precision measurement.

7.4 Measurements of the signal strength

7.4.1 Global signal strength

One of the advantages of using 2ANLL as a test statistic is that to a very good
approximation, the + 1o and 4 20 uncertainty on the measured value of a POI can
be obtained by finding the values of the POI for which 2ANLL =1 and 2ANLL =4

respectively [90]. This fact is used to produce a measurement of the global signal strength
14

Two modifications are made to the definition of the test statistic in Equation 7.7. First,
the myg parameter is profiled in the minimisation at each step, which means that it is
allowed to float with a flat constraint. Second, the requirement that the test-statistic is
nonzero only for positive values of i is relaxed, since this was enforced to simplify the
calculation of p-values. The new definition of the test statistic is therefore given by:

qu = —2In L(p, my"; 0| mfff) +2In L, mMy; A mfff), (7.9)

where my" denotes the best-fit my for a fixed value of p.

The measurement is made by evaluating the test statistic for fixed values of y in small
steps in the range of 0.5 to 1.5. The result of the so-called 2ANLL scan of p is shown
in Figure 7.5. By definition, the best-fit point ji has a 2ANLL value of 0. This gives
the central value for the measurement. The upper and lower uncertainties are obtained
by finding the intercepts of the curve with 2ANLL = 1. The contribution to the total
uncertainty on the signal strength arising from the statistical, experimental systematic
and theory systematic components are assessed by repeating the process, but freezing
the corresponding nuisance parameters to their post-fit values. Their effect is then
calculated by taking the difference in quadrature with respect to the total uncertainty.

The measured value of the signal strength is:
fi = 0.8970%% = 0.89 4 0.15 (stat.) o0 (syst.) Toor (theo.),

which differs from the result quoted in [2] by 6%, as expected.
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This measurement indicates that the observed global signal strength is compatible with
the SM expectation within one standard deviation. The observed particle therefore
appears to behave very closely to the predictions of the SM in its overall production rate.
None the less, various extensions to the SM predict variations of the order of a few percent,
and therefore the current uncertainties, which are of the order of 20%, cannot rule out
contributions from physics beyond the SM. Further accumulation of data during the
LHC programme will help to bring down this uncertainty, which is currently dominated
by the statistical component. The full 2016 dataset contains approximately three times
as much data, which would already be enough to bring the statistical contribution to the

uncertainty to the level of the theory and experimental systematic contributions.

A similar likelihood scan can be repeated for specific values of my in the 120-130 GeV
range, using the 2ANLL definition from Equation 7.7 but removing the requirement that
the test-statistic is nonzero only for positive values of i. The result is shown in Figure 7.6,
where the best-fit signal strength is plotted as a function of the fixed value of my in
0.1 GeV steps. The green bands represent the + 1o uncertainty obtained by finding the
crossing with 2ANLL = 1 for each step. This figure illustrates that no excesses other

than the one at the best-fit exist in the region of interest.
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Figure 7.5: The 2ANLL scan of the overall signal strength for a Higgs boson decaying to
two photons. The mass of the Higgs boson is profiled in the fit. The 1o and 20
uncertainties correspond to the crossings with 2ANLL = 1 and 2ANLL =4.
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Figure 7.6: The best-fit signal strength for fixed values of my in the 120-130 GeV range,
where the my parameter is fixed in the fitting procedure. The green bands show
the 4 1o uncertainty obtained by finding the crossing with 2ANLL = 1. The
discontinuities at my = 121.1 GeV and myg = 129.2 GeV occur because at these
points, the best-fit function in the discrete profiling method changes, leading to a
slight jump in the measured signal strength.

7.4.2 Fermionic and bosonic components of the signal strength

When making the measurement of the global signal strength as in Section 7.4.1, a single
POI which uniformly scales all production processes in all categories is defined. However,
this measurement makes the assumption that the contribution of each production process
to the total Higgs boson cross-section is in proportion to the SM prediction. In order to
test this assumption, the single POI representing the global signal strength can be split
up into components. In this section, the contributions from the production modes where
the Higgs boson is produced from fermions (ggH and ttH) and vector bosons (VBF and
VH) are separated, to test if they individually agree with the SM expectation.
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A modified likelihood function is required, which is amended from Equation 7.12 to

include two POIs, piger ¢t and pyverva in the place of p:

L(MggH,ttHa UVBF,VH, TH; n| m?yl:ys) = H [fg(m;’?’clms)
C

+ prggr e (S (M C musng) + f§ i (m ¢ mu; ng))
+ WUVBF,VH (fsC,VBF(m:Tq mi; ng) + fsC,VH(m::g’C my; ns))]-
(7.10)

In this new likelihood function, the [z i parameter scales the yield of the signal
models for ggH and ttH in all categories uniformly, but does not affect the yields of the

models for VBF or VH, and vice versa for the pypp v parameter.

The measurement is made by producing a two-dimensional 2ANLL scan. The test
statistic q( pggn sen, fver,vi) is defined as in Equation 7.9 (i.e. with my profiled), but
using the amended definition of the likelihood from Equation 7.10. The result of the
two-dimensional scan can be seen in Figure 7.7. The black cross shows the location of the
best-fit point, with the red diamond indicating the SM expectation. In two-dimensional
2ANLL scans, the 1o and 20 contours are the intersections with 2ANLL = 2.30 and
2ANLL = 6.18 respectively [90], and these are shown as solid and dashed lines in the
figure.

The plot shows that the observed best-fit point is consistent with the SM within 1o. The
asymmetric shape of the contours reflects the fact that the Untagged categories, which
are by far the most sensitive due to their high event content and S/(S+ B), are populated
chiefly by ggH events. This results in a strong constraint on the jigepwn parameter,
and a somewhat looser one on the pyprvm parameter. The uncertainty ellipses are also
slightly inclined, which can be understood by the fact that the VBF-targeting categories
contain a non-negligible amount of ggH events, and vice-versa. This leads to slight
anti-correlation: an increase in figen v typically must come at the expense of a decrease

in pvpr,va and vice-versa, to ensure a good fit in all analysis categories.

To correctly extract the uncertainties on the figen v and pypr va parameters individually,
a 2ANLL scan of each is performed while profiling the other. This is achieved by
modifying the test statistic to treat the profiled POI analogously to my in Equation 7.9.
The resulting scans are available in Appendix B in Figure B.1, which give rise to the

following measurements, which take the statistical and systematic uncertainties into
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Figure 7.7: The result of a two-dimensional 2ANLL scan of the pgemn and pvBr,vH
components of the signal strength. The red diamond indicates the SM expectation,
while the black cross shows the location of the best-fit point. The measurement
is consistent with the SM within the uncertainty contours, which are shown in
solid and dashed lines for the 1o and 20 uncertainties respectively. The value of
my was profiled in the scan. The z-axis and y-axis are set to the same scale to
show the difference in the sensitivity for pgenn and pverva.

account:

~ _ +0.84
Aver,va = 143507,

~ _ +0.25
Pegr s = 0.7625753.

The figer ttrr and pypr,va measurements are consistent with [2] within a few percent after
the normalisation change is taken into account. The fermionic and bosonic components of
the signal strength are each found to be individually compatible with the SM expectations
within 1o.
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7.4.3 Per-process signal strengths

Using a similar procedure to that described in Section 7.4.2, measurements of the signal
strengths of the individual Higgs boson production modes can be made. In this case, the
likelihood function and test statistic are modified to contain one POI for each production
process (fogH, HvEFs Hve, and ). Each per-process signal strength independently
scales the yield for the signal models for the corresponding process in all categories,
leaving the signal models for the other processes unchanged. The likelihood function is

therefore defined as:

L( prggrs Putrr, BVBF, Hv i, Mu; 1| mf,l:f) = H [fg(mi”i’clns)
c

c bs,C
+ HggH I S,ggH( mfws

mu;Ng)

+ et fs,c,mH(mi’;s‘Cl mi; Ns) (7.11)
+ UvBr- fsC,VBF( mffif’c| my; )

+ pvm - ngH( m;l;s,c| my; nS)]-
The technique described above exploits the categorisation scheme described in Chapter 5:
in particular, the fact that the relative contribution from each process to the overall
signal model differs from category to category. This means that varying each per-process
signal strength has a different effect on the overall likelihood function. However, since no
VH-tagged categories are included in this analysis, it is not possible to resolve the effect
of varying py g from other POIs, in particular pgqz, since most VH events are included
in the Untagged categories along with the ggH events. There are several treatments
which can be used to break the degeneracy. The approach taken here is to fix the pyg

parameter value to 1.

The measurements of the piger, pvpr, and pyp are performed by producing a 2ANLL
scan of each parameter, while profiling the others, where the 2ANLL definition has been
suitably modified to accommodate the new likelihood function defined in Equation 7.11.
The my parameter is also profiled. The best-fit values and their uncertainties are shown
in Figure 7.8. The measurement of the global signal strength obtained in Section 7.5
is shown as the vertical black line with green bands showing the 1o uncertainties. The
SM expectation is shown as the vertical dashed red line. The per-process signal strength
measurements are all compatible with the SM expectation within 1o. The measurements
also agree with those presented in [2] after taking the normalisation correction into

account.
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Fixing the puypy parameter value to 1 has the downside of introducing a certain amount
of model dependence into the measurement. Since the uncertainties on the SM Higgs
boson cross-sections are accounted for, this approach effectively equates to assuming
the Higgs boson behaves as expected by the SM when produced by the WH or ZH
processes, within the theoretical uncertainties. This treatment also assumes that the
effect of VH on the pigep is small, which is a reasonable statement given that VH
events represent less than 4% of the Untagged category contents. The advantage of the
method is that the measured quantities are easy to interpret physically. By contrast,
another approach is to make a measurement of pgr vu instead. The advantage of this
method is that no model dependence is introduced and there is no degeneracy in the
measurement. The disadvantage is that this quantity does not provide any particular
insight into the behaviour of the Higgs boson. Performing the measurement in this way
yields a measurement of flgerr v = 0.757322 which sits in very good agreement with the
measurement of p,.n shown in Figure 7.8. This suggests that the assumptions made

when freezing py g to the SM expectation are justified.

This result is of particular interest because certain extensions to the SM predict modified
values of the per-process signal strengths. In particular, if a heavy top-like particle exists
(as predicted by many theories to resolve the hierarchy problem), then an anomalous
value of pyug could be observed. However, the variations in the value of g predicted
by such models are typically smaller than 10%. There is evidently plenty of room to
accommodate such variations in the current measurement. As more data are collected
over the course of the LHC programme, this type of measurement will become increasingly
important since it could reveal clues to the nature of physics beyond the SM, or put
strong constraints on proposed extensions. This result also shows that the bulk of the
sensitivity of the analysis resides in the Untagged categories, which are largely composed

of ggH events.

7.4.4 Compatibility of result with SM in each category

Using an analogous method to the one described in Section 7.4.3, it is possible to make
a measurement of the signal strength for each category separately. In this case, one
POI per analysis category is defined, which scales the yield of the signal models of all

processes uniformly, but independently within each category. The full likelihood function
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Figure 7.8: The measurements of the per-process signal strengths fig9r, ftvBF, feer, obtained
by performing 2ANLL scans of each one while profiling the others. In each case
my is also profiled in the fit, and py g = 1 is imposed since this analysis does not
include any categories specifically targeting the VH process. The vertical black
line and green bands represent the measurement of the overall signal strength g,
and the SM expectation is shown in the vertical red dashed line.

is therefore expressed as:

L({uc}, musn|m®) =TT o £§(mC mu;ng) + f§(mC|ng))], (7.12)
C

where {1ic} represents the set of signal strengths for each category.

Although the signal strengths {uc} do not have any direct physical meaning, they can be
used to check that each category gives a result consistent with the overall measurement,
and that no bias is introduced by any particular category. The result of the check is
shown in Figure 7.9, which determines that all the per-category signal strengths are

compatible with the SM expectation and the overall result.

Of the eight categories which are included in this analysis, all but two of them (the
Untagged 2 and VBF-tagged 0 categories ) fall within 1o of the overall best-fit global
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signal strength, which roughly matches the expectation that a randomly-distributed

Gaussian variable falls within 1o of the mean approximately 68% of the time.
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Figure 7.9: The measurements of the per-category signal strengths, obtained by performing
2ANLL scans of each one while profiling the others. In each case my is also profiled
in the fit, The vertical black line and green bands represent the measurement of
the overall signal strength p, and the SM expectation is shown in the vertical
red dashed line. The per-category signal strengths do not have a direct physical
interpretation, and this result is a check that no particular category is introducing
a large bias into the overall measurement.

This result shows once again that the Untagged categories are the ones which provide the
bulk of the sensitivity of the overall result. Another point of interest is that the S/(S+ B)
of a given category does not necessarily correlate with the size of the uncertainty for that
category. In particular, the category whose signal strength has the lowest uncertainty
is the Untagged 2 category, while Figure 6.12 shows that the Untagged 0 category has
the best S/(S + B). This can be explained by the fact that the statistical component is
still the dominating uncertainty in each measurement, and the lower S/(S + B) of the

Untagged 2 category is compensated by the larger number of events which enter it.



Statistical analysis and results 108

7.5 Measurements of Higgs boson coupling modifiers

7.5.1 Motivation and theory

The measurements presented so far have all dealt with Higgs boson signal strengths.
Such observables are sensitive to variations in the rate at which the Higgs boson is
produced, but do not take into account the possible variations in the partial width of
the subsequent decay. An alternative set of measurements addresses this shortcoming by
being sensitive to variations in the coupling strength of the Higgs boson with individual

particles, relative to the SM expectation.

The so-called kappa framework assigns a modifying factor kx to the coupling strength of
the Higgs boson to a particle or group of particles X directly in the amplitude of the
process. A detailed description of the scheme is available in [37]. The assumptions which

underly this framework are as follows:

e any calculated deviations from the SM prediction are due to only one Higgs-boson-
like state with mass around 125 GeV;

e the natural width of this state is sufficiently small that it can be neglected, allowing
the cross-section and branching fraction for a process it — H — ff to be decom-
posed as (off -T'f;)/(Ty), where o/ is the cross-section for a Higgs boson to be
produced from the initial state 3, Fff is the partial decay width of the Higgs boson
into the state ff and 'y is the total width of the Higgs boson.

The coupling modifier kx for a particle X interacting with the Higgs boson is applied
directly as a factor to the corresponding cross-section o&{fy or partial decay width T'4 .
For processes which only occur via loops of particles, an effective coupling modifier is
defined as a function of the coupling modifiers for particles which play a large role
in the loop, e.g. ky, = ky(kw, k) (for the decay H — vvy) and k, = ky(ks, k) (for
ggH production). Bosonic and fermionic coupling modifiers «; and kv are defined
which uniformly scale the Higgs boson’s interactions with all fermions and vector bosons
respectively. The coupling modifiers applied to each of the main Higgs boson production

processes and the H — v+ decay are shown in Table 7.1, adapted from [37].
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Process Type Loop Coupling modifier Effective
(interference) (in terms of sf and kKv) coupling modifier

ggH cross-section | yes (t - b) K2 K2

VBF cross-section no K% -

VH cross-section no K% -

ttH cross-section no K? -

H — v | partial width | yes (t - W) | 1.59- k% +0.07- k2 — 0.66 - £y - K¢ K2

Table 7.1: Coupling strength modifiers attributed to each of the main Higgs boson production

mechanism cross-sections and the partial width of the H — ~+ decay, including
QCD and EW corrections [37].

7.5.2 Bosonic and fermionic coupling modifiers

To make a measurement of fermionic and bosonic Higgs boson coupling modifiers, the

likelihood function is re-written such that x¢ and sy are the POls:

L( kg, Ky, my;n| mgljf) = H {fg(m(’bs’cmB)
c

o

+ K7 (159 kK +0.07 57 — 0.66 Ky k) - fgggH( mfﬁf’c my; ng)

+ K7+ (159 kY 4 0.07 Kf — 0.66 £y ke) - fS (M| mu; ng)

+ kY- (159 Ky + 0.07 Kk — 0.66 Ky k) - ngBF(mgis’C my;ng)

+ Ky (L59- kY + 0.07 k7 — 0.66 Ky ki) - f§yu(mC| my; ng)]
(7.13)

The definition of the test statistic is also modified to take the new POIs into account:

q( kv, k) = —2In L( Ky, kg, Mg'; D] mf/l;s) +21In L( Ry, ks, ma; A mzzs).

(7.14)

The result of a two-dimensional 2ANLL scan of x¢ and kv is shown in Figure 7.10. The
black cross indicates the best-fit while the red diamond indicates the SM expectation.
The 1o and 20 contours are indicated by solid and dashed lines. The best-fit indicates
compatibility with the SM. The location of the best-fit point agrees within a few percent
with the equivalent result in the Appendix of [2]. Measurements of ¢ and Ky can be
made individually following the same method as described in Section 7.4.2. The 2ANLL
of each POI while profiling the others can be found in Appendix B in Figure B.2, which
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yield the measurements:

P +0.10
fiy = 0.901010

P +0.43
fip = 0.6670%3

where the uncertainties include both the statistical and systematic components.
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Figure 7.10:

12.9fb™ (13 TeV)

12 14 16 18 2
Ky

_b 02 04 06 08 1

(a) 2ANLL scan of kf versus ry

The result of a two-dimensional 2ANLL scan of the effective coupling strength
modifiers for fermions and bosons (a). The best-fit values are denoted with black
crosses and the SM expected values with red diamonds. The best-fit points
agree with the SM within the 1o and 20 uncertainty contours denoted by the
solid and dashed lines respectively.

An interesting feature of Figure 7.10 is that a second local minimum exists where & takes

negative values. In general, the coupling strength modifiers always occur squared in the

amplitude. However, as noted in Table 7.1, the H — v+ amplitude contains destructive

interference between the contributions of the t and W which result in a term proportional

to (kv - Kp)-

This means that the measurement has a small amount of sensitivity to
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the relative sign of the coupling strength modifiers x; and ky. By convention, kv is

assumed to be positive, and k¢ is allowed to be positive or negative.

7.5.3 Effective coupling modifiers to gluons and photons

Alternatively, the measurement can be made in terms of the Higgs boson’s effective
coupling to gluons and photons using a two-dimensional 2ANLL scan of k, and .. In

this case, the likelihood function is modified as follows:

L(kr, my, mun|me) = T [£5 (msh©
C

nB)

’ ’%3 ' fg,ggH( m?yéfyc
C ,C

: fSVttH( m?ylifs

: ngBF( milf’cl myu;ng)

 FSyu(mC musms) .

my; Ns)
(7.15)

mH; Hs)

+ 4+ 4+ 4
=N =N =N =N
BRI U RS

The test statistic ¢( k4, k) is then defined analogously to Equation 7.14. In this case the
my parameter is profiled. The results of the 2ANLL scan are presented in Figure 7.11.

Measurements of k, and k., are performed by producing a 2ANLL of each POI while
profiling the other. The scans are available in Appendix B in Figure B.3, which yield the
measurements:

frg = 0.6670 70,

Ry = 1.23%53,
where the uncertainties include both the statistical and systematic components.

The best-fit point agrees with the SM within the uncertainties. In this case, there is no
sensitivity to negative values of the modifiers, since the H — ~~ loop which contains a

term proportional to (kv - k) is contained in the effective coupling &,.
7.5.4 Impact of measurements for constraints on new physics
models

Some models of new physics predict modified Higgs boson properties with respect to those

prescribed by the SM. Although no statistical analysis is performed to set limits on these



Statistical analysis and results 112

12.9 o' (13 TeV)
o 2 10—,
v H—s <
1.8 Y 3
m,, Profiled \é/_
1.
6 + Best Fit 8
14 — 1o
1.2 20 6
' 4 SM
1
0.8 4
0.6
0.4 2
0.2
0 -0
0 02 04 06 08 1 12 14 16 1.8 2
KY

(a) 2ANLL scan of k., versus kg

Figure 7.11: The result of a two-dimensional 2ANLL scan of the effective coupling strength
modifiers for gluons and photons. The best-fit values are denoted with black
crosses and the SM expected values with red diamonds. The best-fit points
agree with the SM within the 1o and 20 uncertainty contours denoted by the
solid and dashed lines respectively.

new physics models, it is worth reviewing how they could each affect the measurements
made in this analysis, and what implications the present measurements have for such

models.

e Pesence of additional mass-degenerate states: some extensions to the SM
(see for example [91]) predict superpositions of Higgs boson-like states with almost
indistinguishable masses, but which are allowed to have different coupling structures
to the SM particles. In such cases, it the measurement of the signal strength
of individual production and decay modes (as presented in Section 7.4.3) could
distinguish between the presence of a single state, and the presence of multiple states.

Since all per-process measurements of the signal strengths are compatible with the
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SM within their uncertainties, there is no indication that there exist multiple mass

states.

e Presence of new undiscovered particles: almost all extensions to the SM
predict additional heavy particles. Some of these particles could contribute indirectly
to the Higgs production and decay processes involving loops diagrams. Since ggH
production and H — v decay both occurs via a loop, this analysis could be
sensitive to such additional particles, in particular by studying the pgep, £y and sg
coupling modifiers, as presented in Sections 7.4.3 and 7.5.3. All the measurements
of these parameters agree with the SM within uncertainties, which would suggest
that no additional particles are adding major contributions to the loops, or that

their masses are much higher that the electroweak scale.

e Modified structure of the Higgs production and decay processes: if no
new particles are assumed, it is still possible that the structure of the Higgs boson’s
interaction with SM particles is not as predicted. For example, the Higgs boson
could couple asymmetrically to up-type and down-type fermions, or to leptons
and quarks. It could also couple preferentially to vector bosons or fermions (e.g.
leptophobic Higgs models). This analysis is sensitive to this last scenario in the
measurements presented in Sections 7.4.2 and 7.5.2. The fact that the measurements
are compatible with the SM expectation suggest that there is no extreme asymmetry

in the Higgs boson coupling to fermions or vector bosons.

A more rigorous statistical analysis of such new physics models, and how they are
constrained by Higgs boson measurements in various production and decay channels, is
available in [37].



Chapter 8

Summary and conclusions

A study of the H — ~v decay using 12.9fb™" of 13TeV data was presented, where
signal-like diphoton events were sorted into orthogonal analysis categories. Signal and
background models were built from the categorised data and simulation, before undergoing
statistical interpretation. The analysis differed from the official CMS preliminary result
for the same dataset [2] insofar as it used improvements to the parametric signal modelling

and had a correction of order 6% to the signal sample normalisation.

The result of the analysis is a new observation of the Higgs boson with 13 TeV data.
The significance of the excess assuming my = 125.09 GeV is observed to be 5.7¢
(6.30 expected). The maximum significance is observed to be 6.10 (6.30 expected) for
my = 125.9 GeV. Measurements of some of the properties of the observed particle
were made. The best-fit global signal strength was determined to be ji = 0.8970%% =
0.894+0.15 (stat.) fg:gz (syst.) fg:gg (theo.). The best-fit fermionic and bosonic compo-
nents of the signal strength were found to be figen wn = 0.76f8j§§ and fyprvH = 1.43f8j%.
Furthermore, the signal strength was measured for the main Higgs boson production
processes (apart from VH), giving figen = 0.737033, fun = 1.75511, fivpr = 1.4559%.
Finally, measurements of some of the Higgs boson coupling strength modifiers were made,
yielding ¢ = 0.667035 and Ay = 0.9075019 for the fermionic and bosonic modifiers and
kg = 0.661070 and &, = 1.2370:3¢ for the effective coupling modifiers. All the measure-
ments are found to be consistent with the SM prediction within the uncertainties, which
are dominated by the statistical component. This result is a confirmation of the Higgs
boson discovery in the diphoton decay channel, using in the Run 2 dataset. The new
particle behaves as predicted by the SM for a Higgs boson at 13 TeV. The SM therefore
continues to provide excellent agreement with data, as it has done for all measurements

from collider experiments made thus far.

114
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Despite its successes, however, the SM is not a satisfactory theory to describe our universe:
it is ostensibly incomplete or approximate. It does not leave room for neutrino masses
which are necessary to explain the observed neutrino flavour oscillations, e.g. in[92]. The
existence of dark matter cannot be explained by the SM, and yet this is evident from, for
example, the behaviour of the Bullet cluster [93]. The SM also does not account for the
gravitational force or the matter-antimatter asymmetry in the universe. Furthermore,
the observed mass of the Higgs boson raises the fine-tuning problem: if we assume the
existence of physics beyond the SM, radiative corrections to the Higgs boson mass should
push it to the scale of new physics unless a fine-tuned cancellation occurs. Yet myg is
observed near the electroweak scale. Various extensions of the SM seek to address these
concerns. In some models the Higgs boson is a composite particle [94] or part of a wider
family of Higgs bosons [95]. Other theories suggest that it could be a “portal” to new
physics[96], as it could interact with unknown particles with which regular matter cannot.
All such theories would have measurable effects on the Higgs boson’s production rate,

interactions with other particles or multiplicity.

In order to test some of these proposed models, refinements of the measurements
presented above will become increasingly important. For example, the pyy parameter
is sensitive to additional top-like particles, which have been proposed to resolve the
fine-tuning problem. Such additional particles are also predicted by many theories which
address neutrino oscillations, dark matter, and matter-antimatter asymmetry, for example
supersymmetry [97]. As presented above, the rate of ttH () is consistent with the SM,
but with ~ 150% uncertainty. Evidently, there is plenty of room for discrepancies to hide
within the current measurements. Recent extrapolations of the CMS results shown in
Figure 8.1, which the author was responsible for producing, showed that reducing these
uncertainties to the ~ 30% level could be achievable in the next five years, and down to
the ~15% by the end of the LHC programme [98]. Such improvements will put stringent
constraints on the nature of physics beyond the SM, particularly when combined with

results from other decay channels.

The field of Higgs physics therefore finds itself in a new and exciting situation. The
discovery of the Higgs boson has opened a new avenue with which to study fundamental
questions about our universe. This avenue will be exploited for the very first time in the
coming decade, as the field pivots from the discovery era into the precision measurement
era. Future studies of the Higgs boson’s properties will either set strong limits on proposed

theories or reveal clues to new physics beyond the SM.
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Figure 8.1: Projections for the uncertainties on signal strength measurements using the H —
7 decay, assuming (a) 300 fb~! and (b) 3000 fb~! have been collected. In scenario
S1, all systematic uncertainties are kept constant and only statistical uncertainties
are reduced. In scenario S2, the experimental systematic uncertainties are reduced
with the square root of the integrated luminosity (until a lower threshold based
on achievable detector accuracy is reached), while the theoretical systematic
uncertainties are reduced by a factor of 2. The "+” indicates that the effects of
increased pileup and planned detector upgrades are accounted for [98].
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Figure A.1: The signal models for the ggH process, evaluated at my = 125 GeV, obtained after
application of the SSF interpolation method for the DCB+1G parametrisation
of the simulated mass points. The oeg (half the width of the narrowest interval
containing 68.3% of the invariant mass distribution) and the FWHM (the width
of the distribution at half of the maximum value) are also shown. Note that
the fits here maybe differ slightly from those in shown Figure 6.1, which were
produced by fitting the my = 125 GeV samples only.
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Figure A.2: The signal models for the VBF process, evaluated at myg = 125 GeV, obtained
after application of the SSF interpolation method for the DCB+1G parametri-
sation of the simulated mass points. The oeg (half the width of the narrowest
interval containing 68.3% of the invariant mass distribution) and the FWHM (the
width of the distribution at half of the maximum value) are also shown. Note
that the fits here maybe differ slightly from those in shown Figure 6.1, which
were produced by fitting the my = 125 GeV samples only.
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Figure A.3: The signal models for the ttH process, evaluated at myg = 125 GeV, obtained after
application of the SSF interpolation method for the DCB+1G parametrisation
of the simulated mass points. The oeg (half the width of the narrowest interval
containing 68.3% of the invariant mass distribution) and the FWHM (the width
of the distribution at half of the maximum value) are also shown. Note that
the fits here maybe differ slightly from those in shown Figure 6.1, which were
produced by fitting the my = 125 GeV samples only.
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Figure A.4: The signal models for the WH process, which is later combined with ZH to model
the VH process, evaluated at my = 125 GeV, obtained after application of the
SSF interpolation method for the DCB+1G parametrisation of the simulated
mass points. The oeg (half the width of the narrowest interval containing 68.3%
of the invariant mass distribution) and the FWHM (the width of the distribution
at half of the maximum value) are also shown. Note that the fits here maybe
differ slightly from those in shown Figure 6.1, which were produced by fitting

the my = 125 GeV samples only.
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Figure A.5: The signal models for the ZH process, which is later combined with WH to model
the VH process, evaluated at my = 125 GeV, obtained after application of the
SSF interpolation method for the DCB+1G parametrisation of the simulated
mass points. The oeg (half the width of the narrowest interval containing 68.3%
of the invariant mass distribution) and the FWHM (the width of the distribution
at half of the maximum value) are also shown. Note that the fits here maybe
differ slightly from those in shown Figure 6.1, which were produced by fitting
the my = 125 GeV samples only.
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Figure A.6: The myg-dependence of the signal models for the ggH process for each of the
categories is shown. Each curve shows the signal model for a given value of
my. The contributions from the RV and WV components of each model were
interpolated between the samples for different my using the SSF method, and
summed together according to their relative event content.
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Figure A.7: The my-dependence of the signal models for the VBF process for each of the
categories is shown. Each curve shows the signal model for a given value of
my. The contributions from the RV and WV components of each model were
interpolated between the samples for different my using the SSF method, and
summed together according to their relative event content.
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Figure A.8: The my-dependence of the signal models for the ttH process for each of the
categories is shown. Each curve shows the signal model for a given value of
my. The contributions from the RV and WV components of each model were
interpolated between the samples for different my using the SSF method, and
summed together according to their relative event content.
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Figure A.9: The mpy-dependence of the signal models for the WH process for each of the
categories is shown. Each curve shows the signal model for a given value of
my. The contributions from the RV and WV components of each model were
interpolated between the samples for different my using the SSF method, and
summed together according to their relative event content.
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Figure A.11: The set of candidate functions chosen to parametrise the background using the
discrete profiling method in the VBF and ttH categories. For each category,
all candidate functions give acceptable agreement with the data, but can
lead to large variations in the predicted number of events in the region of
interest between 120 and 130 GeV. The resulting uncertainty in the choice of
parametrisation is handled by the discrete profiling method.
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List of Acronyms

2NLL twice the negative log-likelihood
ADC analogue to digital converters
ALICE A Large Ion Collider Experiment
APDs avalanche photon-diodes

BDT boosted decision tree

BW Breit-Wigner

CB Crystal Ball function

CSCs cathode strip chambers

DCB double Crystal Ball function

DTs drift tubes

DT decision tree

DY Drell-Yan

EB ECAL barrel

ECAL electromagnetic calorimeter

EE ECAL endcaps

ES preshower

EWT electroweak theory

ggH gluon-gluon fusion Higgs boson production
HB hadron calorimeter barrel

HCAL hadron calorimeter
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HE hadron calorimeter endcaps
HF forward hadron calorimeter
HLT high-level trigger

HO outer hadron calorimeter

L1T level-1 trigger

LHCHXSWG LHC Higgs Cross Section Working Group

LHCb Large Hadron Collider beauty
LINAC2 Linear Accelerator 2

MC Monte Carlo

MET Missing Transverse Energy
MVA multi-variate analysis

MVA multi-variate analysis

NLO next-to-leading order

PDF parton distribution function
PFCHS PF charged hadron subtraction
PF particle-flow

POI parameter of interest

PSB Proton Synchrotron Booster
PS Proton Synchrotron

PV primary vertex

QCD quantum chromodynamics
QED quantum electrodynamics
QFT quantum field theory

RPCs resistive plate chambers

RV right vertex

SC supercluster
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SM standard model

SPS Super Proton Synchrotron

SSF simultaneous signal fitting

ttH top quark fusion and associated Higgs boson production
VBF vector boson fusion

VEV vacuum expectation value

VH vector boson associated Higgs boson production

VPTs vacuum photon-triodes

WH W boson associated Higgs boson production

WV wrong vertex

ZH 7 boson associated Higgs boson production



