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Abstract

The Standard Model of particle physics has been remarkably successful in describing

matter and its interactions at the subatomic scale. There are, however, few key observa-

tions that do not fit within the framework of the Standard Model, such as the existence

and the nature of dark matter. Theoretical extensions, termed as Beyond Standard Model

(BSM) theories, often propose new particles that can be produced in high-energy exper-

iments such as CMS at the LHC collider. In this thesis, a search for new scalar particles

of O(GeV) mass in exclusive final states with muons and light hadrons is presented. The

search targets exotic decays of the Higgs boson to a pair of prompt or long-lived identi-

cal scalar bosons with proper decay lengths up to 100 mm and masses within the range

of 0.4–2.0 GeV. This mass window corresponds to a unique phase space where hadronic

decays mostly consist of only pairs of light hadrons. The analysis uses proton-proton

collision data produced at the LHC in 2016–2018 at a center-of-mass energy of 13 TeV

and collected by the CMS detector. The analysis achieves unique sensitivity to very

light scalar boson masses and demonstrates a novel approach to probe hadronic decays

of light scalar bosons. In parallel, a study of the jet energy resolution at the CMS experi-

ment is carried out using the 2018 dataset to contribute to ongoing jet calibration efforts.

A validation study comparing two different methods used within the CMS Collaboration

is also performed as part of this work.
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Résumé

Le modèle standard de la physique des particules a remarquablement bien réussi à

décrire la matière et ses interactions à l’échelle subatomique. Il existe toutefois cer-

taines observations importantes qui ne s’inscrivent pas dans le cadre du modèle standard,

comme l’existence et la nature de la matière noire. Les extensions théoriques, appelées

théories au-delà du modèle standard (BSM), proposent souvent de nouvelles particules

qui peuvent être produites dans des expériences à haute énergie telles que CMS au colli-

sionneur LHC. Dans cette thèse, nous présentons une recherche de nouvelles particules

scalaires de masse O(GeV) dans des états finaux exclusifs avec des muons et des hadrons

légers. La recherche cible les désintégrations exotiques du boson de Higgs en une paire

de bosons scalaires identiques prompts ou à longue durée de vie, avec des longueurs de

désintégration propres pouvant atteindre 100 mm et des masses comprises entre 0,4 et

2,0 GeV. Cette fenêtre de masse correspond à un espace de phase unique où les désin-

tégrations hadroniques consistent principalement en paires d’hadrons légers. L’analyse

utilise les données de collisions proton-proton produites au LHC en 2016-2018 à une

énergie dans le centre de masse de 13 TeV et collectées par le détecteur CMS. L’analyse

atteint une sensibilité unique aux masses de bosons scalaires très légers et démontre

une nouvelle approche pour étudier les désintégrations hadroniques des bosons scalaires

légers. En parallèle, une étude de la résolution en énergie des jets dans l’expérience

CMS est menée à partir de l’ensemble de données de 2018 afin de contribuer aux efforts

en cours d’étalonnage des jets. Une étude de validation comparant deux méthodes dif-

férentes utilisées au sein de la collaboration CMS est également réalisée dans le cadre

de ces travaux.
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Samenvatting

Het Standaardmodel van de deeltjesfysica is opmerkelijk succesvol in het beschrijven

van materie en haar interacties op subatomaire schaal. Er zijn echter enkele belangri-

jke waarnemingen die niet binnen het kader van het Standaardmodel passen, zoals het

bestaan en de aard van donkere materie. Theoretische uitbreidingen, ook wel Beyond

Standard Model (BSM) theorieën genoemd, stellen vaak nieuwe deeltjes voor die kun-

nen worden geproduceerd in hoge-energie experimenten zoals CMS bij de LHC deelt-

jesversneller. In dit proefschrift wordt een zoektocht naar nieuwe scalaire deeltjes met

een massa van O(GeV) in exclusieve eindtoestanden met muonen en lichte hadronen

gepresenteerd. De zoektocht richt zich op exotische vervalprocessen van het Higgs-

boson naar een paar identieke scalaire bosonen met een vervalafstand tot 100 mm en

massa’s in het bereik van 0.4-2.0 GeV. Dit massavenster komt overeen met een unieke

faseruimte waar hadronische vervalprocessen voornamelijk bestaan uit paren van lichte

hadronen. De analyse maakt gebruik van proton-proton botsingsgegevens die in 2016-

2018 bij de LHC zijn geproduceerd bij een massamiddelpuntsenergie van 13 TeV en

verzameld door de CMS detector. De analyse bereikt een unieke gevoeligheid voor zeer

lichte scalaire bosonmassa’s en demonstreert een nieuwe benadering om hadronische

vervalprocessen van lichte scalaire bosonen te onderzoeken. Tegelijkertijd wordt een

studie uitgevoerd naar de energie-resolutie van jets bij het CMS experiment, waarbij ge-

bruik wordt gemaakt van de dataset van 2018 om bij te dragen aan de lopende studies op

het gebied van jetkalibratie. Als onderdeel van dit werk wordt ook een validatiestudie

uitgevoerd waarin twee verschillende methoden worden vergeleken die binnen het CMS

experiment worden gebruikt.
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Introduction

‘What came first, the chicken or the egg?’

This familiar question finds an interesting parallel in particle physics, where
theory and experiment have alternately led the way in understanding the funda-
mental nature of matter and its interactions.

According to a popular particle physics book [1], the inception of particle
physics began with discovery of the electron in 1897 by J. J. Thomson [2]. This
established the electron as a particle within the atom, taking away the ‘funda-
mental’ tag from the atom. In this case, experiment preceded the theory. Moving
ahead to 1927 when the negative energy states were proposed by Dirac [3], the
experiment that confirmed their existence came later in 1932 [4]. Moving ahead
to the period between 1964 and 1974, the Standard Model of particle physics
was still being constructed. It was proposed by Gell-Mann, Zweig [5, 6] that
there were three types of quarks: up, down and strange. However, it was not uni-
versally accepted by the community. A fourth quark was proposed by Glashow,
Bjorken [7], but was not included in the established picture at the time [1].
Rightly named, the ‘November revolution’ of 1974, marked by the discovery
of the J/ψ meson [8, 9], confirmed the existence of a fourth quark. As a result,
while a pre-existing theory was proposed beforehand, it was a particle discovery
which led to its consolidation.

In the years that followed, the remaining components of the Standard Model
were confirmed experimentally. Most of these discoveries came from predic-
tions of the Standard Model, with the last particle of the Standard Model being
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confirmed in 2012 [10, 11], the Brout-Englert-Higgs boson or commonly called
as Higgs boson. As more open questions continue to emerge that fall outside
the scope of the Standard Model, we may again be at the phase where experi-
ment takes the lead and paves the way for the next major breakthrough in par-
ticle physics, potentially pointing towards physics Beyond the Standard Model
(BSM).

In spite of its great success, the Standard Model has some shortcomings
which remain to be addressed, such as the nature of dark matter, the origin of
neutrino masses, matter-antimatter asymmetry in the Universe and the large dif-
ference in energy scale between gravity an other fundamental forces. A variety
of theoretical models have been proposed to provide explanations for these open
questions, offering directions to experiments on where to look for new physics.

BSM theories often extend the Standard Model with the addition of new par-
ticles. In this thesis, an experimental search is performed with the data collected
by the Compact Muon Solenoid (CMS) detector at the Large Hadron Collider
(LHC) with one such model that predicts that a new particle can be produced in
rare decays of the Higgs boson. In particular, the focus of the analysis is on ex-
ploring low-mass or light scalar bosons with masses below 2 GeV by detecting
their final-states to two muons or two charged hadrons.

The case described above represents a rare scenario in which the hadronic
decay channel of a particle is limited to only two charged hadrons, due to the
low-mass of the BSM particle. Above the threshold of 1-2 GeV, the quarks
radiate multiple quarks and gluons, leading to the formation of collimated sprays
of particles called jets. Since jets are among the commonly used physics objects
at the CMS experiment, it is vital to ensure that jets are well-calibrated. Among
the various aspects of jet calibration, this thesis focuses on the measurement of
the jet energy resolution.

The thesis is structured as follows: Chapter 1 presents a brief overview of
the Standard Model, along with the BSM theory that serves as the basis for the
BSM physics search and a summary of the current experimental status in this
context. Chapter 2 describes the LHC experiment and the CMS detector, outlin-
ing the detector’s main components and functions. This is followed by Chapter 3
which describes the algorithms and techniques used to reconstruct the collision
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event and also provides a brief description of how the collision events are simu-
lated. Chapter 4 presents the methodology and results of the jet energy resolution
measurements. Finally, Chapter 5 describes the search for a pair of light scalar
bosons produced in Higgs boson decays, where one scalar boson decays to two
muons and the other decays to two charged hadrons.
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Chapter 1
The Standard Model and
extending the Higgs sector

This chapter presents a brief overview of the Standard Model of particle physics,
outlining its key principles. It also discusses the theoretical and experimental
motivation for the Beyond Standard Model physics search performed in the con-
text of this thesis. The results shown here are taken from various references.

All branches of physics are driven by a close interplay between theory and
experiment, and particle physics is no exception. The present theory of funda-
mental particles and their interactions, the Standard Model (SM), was developed
during the 1970s as a result of a series of particle discoveries that began in the
1930s. The model also predicted the existence of several new particles that were
eventually discovered. The final missing piece, the Brout-Englert-Higgs boson
(BEH boson) or commonly known as the Higgs boson, was discovered in 2012
by the CMS and ATLAS experiments [10, 11], nearly 50 years after its founda-
tions were laid in the Standard Model [12–14].

While it continues to be the guiding framework for particle physics, there
are some natural phenomena which still lie beyond its scope. With the aim of
addressing these open questions, several Beyond Standard Model (BSM) theo-
ries have been proposed, many of which continue to provide the basis of a wide
variety of experimental searches for new particles.
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Chapter 1

In this regard, the text presented in this chapter provides a brief overview of
the theoretical aspects relevant to particle physics and, in particular, the exper-
imental work carried out in this thesis. Section 1.1 touches upon the Standard
Model and a few of its unsolved challenges, drawing heavily from standard par-
ticle physics textbooks [1, 15]. This is followed by discussion of a BSM theory
in Section 1.2, which expands upon the results in Refs. [16–18]. A brief high-
light of the current experimental results relevant to this BSM theory is provided
as well.

1.1 The Standard Model

The Standard Model of particle physics consists of matter particles, termed as
fermions, and describes the fundamental interactions between them. Three of
the four fundamental forces in nature, namely, the electromagnetic force, the
weak force and the strong force, are described by the Standard Model and have
associated particle mediators that are termed as gauge bosons. In addition to
these, there is the Higgs boson which emerges as a result of the mechanism that
allows particles to acquire mass within the framework of the Standard Model. A
compact representation of these particles is shown in Fig. 1.1 along with some
properties such as their mass and electric charge. They will be discussed more
in detail in the following sections.

The mathematical framework of the Standard Model is called a Quantum
Field Theory (QFT). In this framework, particles appear as excitations of quan-
tized fields. The fields here are the relativistic extensions of the wavefunction
Ψ(x) where x can be any point in space and time (defined as x = (xt ,x1,x2,x3)).
Similar to quantum mechanics, the dynamics and the interactions of the fields
are described by the Lagrangian density, L .

1.1.1 Fermions

The fermions are spin- 1
2 particles that obey Fermi-Dirac statistics. In QFT, they

are represented by spinor fields, ψ . In the absence of interactions (i.e. free state),
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The SM and extending the Higgs sector

Figure 1.1: A graphical overview of the particles in the Standard Model. Figure
taken from Ref. [19].

they are governed by the Dirac Lagrangian which is shown in Eqn. 1.1.

L = ψ(iγµ
∂µ −m)ψ (1.1)

Here, µ denotes the spacetime index (running from 0 to 3) and correspondingly,
the γµ are the Dirac matrices. ψ is the adjoint spinor that is defined as ψ†γ0.
The term m is the physical mass of the fermion. The Euler-Lagrange (EL) equa-
tions for the Dirac Lagrangian eventually yield the equations of motion for a
free fermion. The spinor ψ has four components, and the solutions of the re-
sulting equations of motion give two positive energy solutions and two negative
energy solutions for the spin- 1

2 fermion. This was an important theoretical pre-
diction which suggested the presence of antiparticles, SM fermion partners with
the same mass and spin but with opposite quantum numbers, such as electric
charge.

Particles and antiparticles form the collection of fermions that make up mat-
ter in the Standard Model. In nature, there are two broad categories of fermions
– quarks and leptons. Both fermions posses intrinsic properties such as electric
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Chapter 1

charge but the key difference between them is that leptons do not interact via the
strong force while the quarks interact dominantly through it.

There are three generations of fermions in nature, as shown in Fig. 1.1. Each
generation contains a lepton (e, µ or τ) with charge−e =−1.602 ·10−19 C and a
corresponding electrically neutral lepton, neutrino (νe, νµ or ντ ), which interacts
via the weak force only. Additionally, each generation consists of an up and
down type quark with electric charge +2/3 e and −1/3 e. The first generation
quarks are the up (u) and down (d) quarks followed by strange (s), charm (c),
bottom (b) and top (t) quarks in the second and third generation respectively.

Across the generations, the mass of the particles increases, as shown in
Fig. 1.1. Since only heavier particles can decay to lighter states, the first gener-
ation particles are the most stable particles. Considering the simplest case of no
off-shell mediator, or phase space suppression, the lifetime can be approximated
as τ ∼ 1/m [20]. Accordingly, the lifetime τ of the particles and consequently
the stability decreases for the second and third generations. As a reference, the
heaviest SM fermion, the top quark, has an extremely short lifetime of ∼ 10−25

seconds.

1.1.2 Quantum Electrodynamics

In QFT, the interactions emerge as a result of underlying symmetries and their
respective transformation properties. For instance, the Lagrangian in Eqn. 1.1
is constructed in the context of special relativity where the equations of motions
remain invariant under Lorentz transformations. This translational invariance is
a global symmetry which, according to Noether’s theorem, is associated to a
conserved quantity in the system. In this case, the translational invariance leads
to the conservation of momentum.

Consider a global phase rotation characterized by the transformation, ψ(x)→
ψ ′ = eiαψ(x). This is called a U(1) transformation. Under this transformation,
the Lagrangian in Eqn. 1.1 remains invariant and has an associated U(1) sym-
metry. However, if the transformation is a local phase rotation (i.e. a function
of space-time coordinate), then the transformation ψ(x)→ ψ ′ = eiα(x)ψ(x) does
not maintain the invariance of the Lagrangian.

To ensure that the gauge invariance is maintained, the Lagrangian is modi-
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The SM and extending the Higgs sector

fied according to Eqn. 1.2 with the introduction of a new vector field, Aµ , that
transforms as Eqn. 1.4 to cancel any phase terms (i.e. α(x) dependent terms).

L = ψ(iγµ(∂µ − igAµ)−m)ψ (1.2)

≡ ψ(iγµDµ −m)ψ (1.3)

Aµ → A′µ = Aµ +
1
g
[∂µα(x)] (1.4)

Here, the partial derivative ∂µ is replaced with the covariant derivative, Dµ , while
g is the interaction strength between the field ψ and gauge field Aµ . With the
inclusion of gauge invariant kinetic terms for Aµ , the new Lagrangian is shown
in Eqn. 1.5 where Fµν is the field strength tensor, defined as Fµν = ∂µAν−∂νAµ .

L =−1
4

FµνFµν +ψ(iγµDµ −m)ψ (1.5)

Equation. 1.5 therefore shows the Lagrangian for a generic U(1) gauge the-
ory. The electromagnetic interaction follows a U(1)EM gauge theory and is
termed as quantum electrodynamics (QED). The particle corresponding to the
gauge field, Aµ , is the gauge boson, the photon, and is the mediator particle.
Note that the addition of a mass term for the photon would break gauge invari-
ance and hence, the photon remains massless in this theory.

In a gauge theory, for each degree of freedom, there is an associated oper-
ator which is responsible for the transformation. These operators are called the
generators of the gauge theory. QED has only one degree of freedom and the
associated generator is the electric charge operator, Q. This relates to the associ-
ated quantum number in the theory when acting on a particle, which in this case
is the electric charge.

1.1.3 Quantum Chromodynamics

With a similar approach as shown before, gauge theories with larger number of
degrees of freedom are developed by introducing new gauge fields to describe the
other interactions of the Standard Model. Quantum Chromodynamics (QCD) is
a SU(3)C gauge theory that describes the strong nuclear force. The theory has
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Chapter 1

8 degrees of freedom and therefore has 8 generators, typically represented by
3×3 Gell-Mann matrices λ a (a= 1, ...,8). Correspondingly, there are 8 massless
gauge boson fields Ga

µ called gluons. These fields also modify the definition of
the covariant derivative, Dµ accordingly.

Quarks carry with them the colour charge, which appears as a three-element
vector. The associated colour charges are r, b, g and their anticolours. The glu-
ons, which mediate the interaction between the colour fields q and q (Eqn. 1.1
with 3-component vectors for the Dirac fields), have 8 possible linear colour-
anticolour combinations. In nature, only particles with zero net colour charge
(referred to as colour singlets) have been observed freely. This leads to the con-
cept of colour confinement, which means that quarks and gluons always appear
in colour-neutral states called hadrons.

The coupling strength for QCD is given by the strong coupling constant
gs =

√
4παs. While this is denoted as a constant, it has been observed that

αs is a function of the energy scale or the momentum transfer. As the energy
scale of the interaction increases, αs decreases. Above a certain energy scale, the
strong nuclear interactions are well described by perturbative QCD (pQCD). At
the LHC, where high-energy pp collision takes place, pQCD is important in de-
scribing how the colliding partons (quarks and gluons) interact and radiate more
quarks and gluons through parton showers (described in Section 3.1). As they
approach the non-perturbative regime, the colour confinement processes domi-
nate and leads to stable hadrons through hadronization.

Since the pQCD methods are not applicable at low energies, effective theo-
ries are often employed to describe the dynamics of hadrons. One such example
is the Chiral Perturbation theory which is briefly described in Section 1.2.2.

1.1.4 Weak interactions and EW theory

The weak interactions can be described by the SU(2) gauge group theory. The
gauge bosons in this theory allow flavour changing interactions between fermions
through charged currents to take place. An example of this is the decay of a muon
to an electron. Through experimental observations, it was found that weak inter-
actions through flavour-changing currents exhibit maximal parity violation, in-
dicating that they are chiral in nature. Within this structure, only the left-handed
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fermions form SU(2) doublets while the right-handed fermions appear as sin-
glets and do not participate in flavour-changing weak interactions. In addition to
this, there are neutral current weak interactions as well, which do not change the
flavour of the fermions.

After restricting the SU(2) structure to only left-handed fermions (termed the
SU(2)L gauge theory), there was still the need to find the appropriate symmetry
which is conserved in this structure. The SU(2)L gauge group consists of 3 gauge
bosons, W 1

µ ,W
2
µ ,W

3
µ with the corresponding charge being the weak isospin (T3).

However, this weak isospin charge was not found to be conserved in the inter-
actions while the electric charge conservation was still followed. As a result, a
unified theory, the SU(2)L×U(1)Y [21–23] was developed.

In this unified description, the electroweak theory, the U(1)Y gauge group in-
troduces one gauge field, Bµ and the corresponding quantum number, the weak
hypercharge, Y . Since U(1)Y describes the same electromagnetic physics as
U(1)EM, it follows the same mathematical structure. However, U(1)EM is the
residual symmetry after the SU(2)L×U(1)Y symmetry is broken through sponta-
neous symmetry breaking, which is presented later. The conserved quantity, the
electric charge, is calculated as Q = T3 +Y/2.

The physical observable fields of the electroweak theory arise from the super-
position of the four gauge bosons listed above. These are listed in Eqn. 1.6, 1.7, 1.8
and correspond to the two charged W boson fields W±µ , the neutral Z boson field
Z0

µ and the photon field Aµ . θW denotes the weak mixing angle.

W±µ =
1√
2
(W 1

µ ∓ iW 2
µ ) (1.6)

Z0
µ = cosθWW 3

µ − sinθW Bµ (1.7)

Aµ = sinθWW 3
µ + cosθW Bµ (1.8)

Note that in this theory as well, all the gauge bosons are massless. However,
it is observed in experiments that the W± and Z bosons are massive particles.
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1.1.5 Brout-Englert-Higgs mechanism

The final piece of the puzzle is the BEH mechanism which allows explicit mass
terms of the gauge bosons and the fermions to enter the SM Lagrangian without
violating gauge invariance. The formalism developed by Robert Brout, Fran-
cois Englert and Peter Higgs [12–14] introduces a complex scalar field φ to the
SU(3)C×SU(2)L×U(1)Y theory developed so far. Since the QCD part is unaf-
fected by this, we focus on the electroweak part. The scalar field φ is a doublet
under SU(2)L and has a weak hypercharge of Y = 1. It is represented as Eqn. 1.9

φ =

(
φ+

φ 0

)
=

(
φ1 + iφ2

φ3 + iφ4

)
(1.9)

The scalar follows the Klein-Gordon Lagrangian, shown in Eqn. 1.10 with a
potential V (φ) (Eqn. 1.11). The parameters, µ2 and λ are real arbitrary parame-
ters that define the shape of the potential.

L = (Dµ
φ)†(Dµφ)−V (φ) (1.10)

V (φ) =−µ
2(φ †)+λ (φ †

φ)2 (1.11)

Figure 1.2: Illustration of the Higgs boson potential. Figure taken from
Ref. [24].

When µ2,λ > 0, the shape of the potential is shown in Fig. 1.2. The potential
has a degenerate set of minima, where the value of the potential is non-zero.
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Visually, the set of minima lie on the circle in the Re(φ) and Im(φ) plane at the
lowest possible V (φ). Accordingly, the potential is symmetric under rotations in
Re(φ) and Im(φ) but would change under radial transformations. The minimal

value, referred to as the vacuum expectation value (VEV) v =
√

µ2

2λ
, is measured

to be ∼ 246 GeV.

The next step is gauge fixing which essentially means choosing a particular
configuration from the set of minima and breaking the degeneracy with a small
perturbation, h(x). This is shown in Eqn. 1.12.

φ =
1√
2

(
0

v+h(x)

)
(1.12)

Performing this gauge fixing eventually leads to the masses of the Higgs boson,
the W± boson and the Z boson in terms of v, λ , g1, g2 (coupling constants of
SU(2)L×U(1)Y ) and θW .

Finally, the Yukawa Lagrangian (Eqn. 1.13) is introduced which couples a
right-handed fermion field with its left-handed counterpart (and its hermitian
conjugate or h.c.) through the scalar field φ . After taking the VEV for the
scalar field, fermion masses arise which are directly proportional to the yukawa
couplings, Y∗ j.

LYukawa =
3

∑
j=1

Yd j Q jLφd jR +(h.c.) (d, s, b mass term)

3

∑
j=1

Yu j Q jLφu jR +(h.c.) (u, c, t mass term)

+
3

∑
j=1

Yl j l jLφ l jR +(h.c.) (e, µ , τ mass term)

(1.13)

At this stage, the BEH mechanism is complete, giving mass to the gauge
bosons and the fermions while preserving gauge invariance under the SU(3)C×SU(2)L×U(1)Y

structure of the Standard Model. A similar mechanism involving a spontaneous
symmetry breaking procedure is described in the next section in the context of a
Standard Model extension with an additional new scalar field.
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1.2 Beyond Standard Model

1.2.1 Open questions

The Standard Model has been extremely successful in describing the fundamen-
tal nature of matter and its interactions through electromagnetic, weak and strong
forces. It manages to provide a framework that unites three distinct interactions
under one umbrella and continues to provide accurate predictions that are tested
and confirmed in particle physics experiments. There are however some phe-
nomena which are not accounted for in the Standard Model. Some of them have
been briefly described here.

Gravity

As mentioned previously, the Standard Model does not include the gravitational
force in its framework. Since the theory of General Relativity describes gravity
as the curvature of space-time, there have been several efforts at forming a quan-
tum field theory for gravity. A hypothetical particle associated to the quantum
gravity field is commonly referred to as the graviton. Although this extension
may seem conceptually straightforward, attempts to formulate it have resulted in
a nonrenormalizable theory [25].

Neutrino masses

From the Yukawa Lagrangian in Eqn. 1.13, it follows that while charged leptons
and quarks acquire masses through their couplings to the Higgs field, neutri-
nos remain massless within the Standard Model framework. This is because no
right-handed neutrino has been observed, and accordingly, the SM does not have
Yukawa coupling term for neutrinos. As a result, neutrinos were considered to
be massless. The discovery of neutrino oscillations by the SNO [26] and Super-
Kamiokande experiments [27] provided evidence that neutrinos are not massless.
Neutrino oscillations refer to the phenomenon where neutrinos change flavour as
they travel. This is only possible if the neutrino propagates as a superposition of
mass eigenstates with different masses, demonstrating that neutrinos are indeed
massive particles.
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Dark matter

Over the past several decades, several astrophysical and cosmological experi-
ments and observations have supported the claim that only 5% of the energy
content of the universe consists of ordinary matter and falls within the frame-
work of the Standard Model. The remaining portion is attributed to two largely
unknown components: dark energy and dark matter. Recent analyses of cos-
mological data [28] suggests that about 67% of the universe is filled with dark
energy while the remaining 33% contains dark matter and ordinary matter. While
dark energy continues to be a largely unknown mystery, there have been several
studies to understand the nature of dark matter, which is nearly fives times more
abundant than ordinary matter.

The existence of dark matter was first proposed when several cosmological
observations suggested the presence of more mass than what was visible in galax-

ies (also called luminous matter). Considering the orbital velocity v =
√

GM(r)
r ,

where M(r) is the enclosed mass of luminous matter in the galaxy and r is the
distance from the center of the galaxy, it is expected that as one moves radially
away from the center, the mass increases. Since most of the luminous matter is
concentrated near the galactic center, after a certain point, the mass should be-
come nearly constant with r. In such a case, it is expected that the velocity of
objects is expected to decrease as one moves further away. However, on plot-
ting the velocity as a function of r, it was seen that the velocity becomes nearly
constant with the radial distance, as shown in Fig. 1.3. This observation hinted
towards the presence of non-luminous matter, now known to be dark matter.

Another observation that supports the existence of dark matter comes from
gravitational lensing. As light travels in space, the gravitational pull of massive
objects would cause the light to bend in its path, according to General Relativity.
This leads to the appearance of the light emitting source to appear as a distorted
image of the distant object, possibly as a ring or halo of light around the massive
object. This is effect is called gravitational lensing. By carrying out observations
of distant bright objects, the changes in the intensity of light can be used to infer
the presence of these massive objects. It has been observed in several cases that
there is a constant background component which is not accounted for by the mass
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Figure 1.3: Galactic rotation curve for NGC 6503 showing the contributions
from the disk (luminous matter) and (insterstellar) gas components. The halo
denotes the dark matter contribution needed to reproduce the observed galactic
curve. Figures taken from Ref. [29].

of the luminous objects. Other cosmological observations such as the anisotropic
structure of Cosmic Microwave Background (CMB), support the existence of
dark matter. A review of these observations is presented in Ref. [29, 30].

The hierarchy problem

In a broad sense, the hierarchy problem relates to the large difference in scale be-
tween the electroweak theory (ΛEW ∼ 102 GeV) and the scale at which quantum
gravity effects can show up, the Planck scale (ΛPl ∼ 1019 GeV). A more techni-
cal description of the hierarchy problem arises from the corrections on the Higgs
boson mass which is many orders larger than its observed mass of 125 GeV.

In the discussions of the Standard Model presented before, the focus was
on studying the Lagrangian and its form. This is followed by calculating the
amplitude of an interaction or the matrix element, M . These calculations are
performed perturbatively through Feynman diagrams, providing the results at
different order of the couplings based on how many vertices are present in the di-
agram. The lowest order represents the dominant contribution while larger orders
through loop diagrams are included as corrections to the tree-level contribution.
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In QFT, divergences often appear in these corrections and through renormaliza-
tion techniques, a cutoff scale Λ is introduced to quantify the divergence. When
the divergent term is logarithmic (of the form ∼ logΛ2), the correction factor is
small and increases slowly with the energy. An example of such a case is QED,
where one-loop corrections lead to mild logarithmic divergences.

However, when considering the correction to the Higgs mass from the one-
loop fermion diagram, the divergence is quadratic (of the form ∼ Λ2). Since the
cutoff can be taken as the highest energy scale in the theory, at Λ = ΛPl , this
would amount to a massive correction factor on the mass of the Higgs boson.
Therefore, for the Higgs boson mass to be 125 GeV, a large and scale-sensitive
cancellation term is required, which appears unnatural. This fine-tuning directly
reflects the large hierarchy between the electroweak scale and the Planck scale.
Although the observed Higgs boson mass is small and stable, the unnaturally
large and precise cancellation required at the Planck scale may hint at the exis-
tence of new physics that regulates this fine-tuning.

1.2.2 Extension with light BSM scalars

Since the inception of the Standard Model, there have been hints that there may
be some limitations of the Standard Model. These open questions have led to
the proposal of many BSM theories. As more pieces of the Standard Model
were discovered the theory focus has accordingly evolved. For instance, theories
based on supersymmetry [31–37], typically follow a top-down approach, where
fundamental symmetries and gauge groups are proposed, forming a complete
model with distinct predictions for new particles and interactions. Due to the
highly specific nature of these BSM theories, a more general approach has been
adopted in recent times through the development of simplified models. These
models typically emphasize on developing the phenomenological signatures to
guide the experimental searches. They can be interpreted as effective models that
describe the interactions of potential BSM particles and are often constructed as
minimal extensions of the Standard Model. These particles could arise as medi-
ators between the BSM sector and the SM and couple directly to SM particles.

In the context of collider searches, many simplified models can be placed in
four broad categories, based on how they couple with the Standard Model par-
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ticles or the ‘portal’ with which they interact with the Standard Model. These
consist of the Spin-1 portal, Spin-0 portal, Neutrino portal and the Fermion por-
tal. Each of the portals have their own unique interactions but can also lead to
overlapping experimental signatures. Since the discussion on these portals falls
outside the scope of the thesis, the reader is instead referred to Ref. [38] for a
complete overview.

Instead, the focus in this thesis is a model that falls under the category of
the Spin-0 portal. This portal consists of a range of models which propose a
scalar or pseudoscalar mediator which couples to BSM theories (such as Dark
Matter). A subset of these include scalars which mix with the SM Higgs boson
and inherit suppressed couplings to SM fermions. The mass and the eventual
coupling of the BSM scalar boson are mostly free parameters, which carry mo-
tivations from theory and are constrained through experiments. In recent times,
there has been a push from experimental searches towards exploring the param-
eter space at lower masses and small couplings. In particular, light BSM scalar
bosons with mass of O(GeV ) appear in several SM extensions including cosmic
inflation models [39–41], supersymmetry [42, 43], dark matter models [44, 45]
and cosmological solutions to the hierarchy problem [46].

In this thesis, we focus on the model presented in Ref. [16], a minimal ex-
tension of the Standard Model with a single scalar boson of O(GeV ) mass that
mixes with the SM Higgs boson. In this section, a brief overview of the model
is presented. For an in-depth motivation for this model, the reader is referred to
Refs. [16–18]. In the next section, a few experimental searches for BSM particles
of O(GeV ) mass are described to illustrate the reach of the current results. To-
gether, these sections provide the motivation for a physics search for light BSM
scalar bosons that forms the basis of this thesis and is presented in Chapter 5.

Higgs-scalar mixing

Following the descriptions in Refs. [16,17], the framework of the BSM theory is
outlined here. A minimal extension of the SM is considered by the introduction
of one real singlet scalar field S. A general Lagrangian, taking care that the
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dimensions are not greater than 4, looks like Eqn. 1.14.

L = LSM +α1S+α2S2 +α3SH†H +α4S2H†H +Vint(S) (1.14)

An approximate Z2 symmetry is imposed. The Z2 symmetry has the same math-
ematical structure as the parity symmetry, and performs the following transfor-
mation, S→−S. Since this is a new symmetry, it is assumed that the LSM is
invariant under it. The Z2 symmetry forbids terms with odd powers of S in the
Lagrangian. The ‘approximate’ nature of it means that any odd powers appear
as small perturbations. Using this information, the Eqn. 1.14 can be simplified
to Eqn. 1.15.

L = LSM +
1
2

∂µS∂
µS− 1

2
m̃S

2S2 +(µS+
1
2

λSHS2)H†H−Vint(S) (1.15)

The parameter, m̃S is the mass parameter for the BSM scalar S, while the pa-
rameters µ and λSH are the coupling constants. Following the approximate Z2

symmetry, it is expected that the parameter µ is small. This term induces mixing
between the SM Higgs boson and the BSM scalar boson, as will be seen after
the spontaneous symmetry breaking is performed. Fixing the gauge as listed in
Eqn. 1.16, 1.17:

〈H〉= 1√
2

(
0

v+h

)
(1.16)

〈S〉= s0 + s (1.17)

with s0 as the VEV for the BSM scalar field S and v = 246 GeV as the VEV for
the SM Higgs field, leads to the calculations similar to the spontaneous symmetry
breaking for a standard model Lagrangian. In this scenario, we focus on the
portion relevant to describe the interaction of the BSM scalar field.

First, the terms with dimension two (i.e. sh,s2,h2) are rewritten as Eqn. 1.18

L ⊃
(

h s
)

M

(
h
s

)
(1.18)
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where M can be interpreted as the mass squared matrix of the Higgs-singlet
system. In the limit of small mixing, this leads to Eqn. 1.19 where m2

h is the SM
Higgs mass parameter.

M =

(
m2

h v(µ +λSHs0)

v(µ +λSHs0) m2
S +

1
2 λSHv2 +V ”int(s0)

)
(1.19)

The next step is the rotation of the current basis to the mass basis by per-
forming the transformation in Eqn. 1.20(

H
S

)
=

(
cosθ sinθ

−sinθ cosθ

)(
h
s

)
(1.20)

where θ is the mixing parameter between the Higgs and the BSM scalar fields.
Under the small mixing assumption, this leads to a simple transformation, as
listed in Eqn. 1.21, 1.22.

H = h+θs (1.21)

S = s−θh (1.22)

Plugging the terms after the transformation back into the Lagrangian and focus-
ing on the interaction terms between the BSM scalar boson and SM particles,
leads to Eqn. 1.23.

L ⊃−θ
m f

v
S f f̄ +2θ

m2
W

v
SW+W−+θ

m2
Z

v
SZ2 +λSHv

(
1
4v

S2H2 +
1
2

S2H
)

(1.23)

It is seen that the BSM scalar boson inherits the couplings of the Higgs boson
to the SM particles with a suppression factor determined by the mixing parame-
ter, θ (or sin(θ) or sθ in some references). The interaction term, −sθ

m f
v S f f̄ de-

scribes how the BSM scalar boson couples to fermions. For BSM scalar bosons
with masses below the B-meson mass threshold, this interaction term allows the
possibility of light BSM scalar bosons with masses below 5 GeV to be produced
in rare B-meson decays. On the other hand, the interaction term 1

2 λSHvS2H,
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allows for the decays of the Higgs boson directly to a pair of light BSM scalar
bosons. Both of these production modes are useful to search for light BSM scalar
bosons and have been pursued in several of the analyses which will be discussed
in the next section. For the analysis performed in this thesis, the Higgs-mediated
production of the light scalar bosons has been pursued and is well-motivated by
the current estimates of the SM Higgs boson properties. This is discussed further
in Chapter 5.

So far, the discussion has been centered on building the model which induces
a small mixing between a light BSM scalar boson and the SM Higgs boson.
While the BSM parameters of the model are free parameters, some constraints
on sθ and λSH have been calculated in Ref. [17]. These constraints also provide
a view of the experimental signatures for these particles. For instance, the BSM
light scalar bosons can decay to SM fermions, which can be potentially detected
in experiments. However, the lifetime of the BSM scalar boson is expected to be
large due to the small sθ .

A simple toy formula in Ref. [20] and shown in Eqn. 1.24 illustrates how the
partial width of the BSM scalar boson depends on the mixing parameter for its
decays to SM fermions.

Γ∼ ε2

8πa−1
mn

Mn−1 (1.24)

Here, ε is a small dimensionless parameter such as the mixing angle and m is
the mass of the BSM particle. M is the mass of any heavy, off-shell particle that
the BSM particle decays through. n is an odd, positive integer which determines
the suppression factor related to this type of decay while a is a positive integer,
indicating the number of final state particles. For the Higgs-scalar mixing model
considered here, the decay width follows the relation in Eqn. 1.25.

Γ ∝ s2
θ mS (1.25)

Since τ ∼ 1
Γtot.

, the BSM scalar boson can have a large proper lifetime. Fur-
thermore, as the distance travelled in lab-frames is L = βγcτ , it is likely that the
SM decays of the scalar bosons can occur at large distances from the production
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point. This is especially important because this leads to a displaced signature
which is pursued in several physics analyses.

Light scalar boson decays

The main decay modes for the light scalar boson are decays to photons, leptons
and hadrons in the O(GeV) mass range. For the analysis presented in this the-
sis, the mass range of interest is mS ≤ 2 GeV. While the decay rate to photons
and leptons follows a straightforward calculation, the hadronic channel is a com-
plicated affair due to several energy scales in this mass range that dictate the
interaction.

Using Fermi’s Golden rule, the rate of a scalar particle decaying to two iden-
tical leptons follows from the Lagrangian 1.23. The calculation steps are outlined
in Ref. [1] and at tree-level, after accounting for the possible spin-states, leads to
Eqn. 1.26

Γ(S→ ll̄) =
g2mS

8π
β

3 =
s2

θ
GFmS

4
√

2π
m2

l β
3 (1.26)

β =

√
1− 4ml

mS
(1.27)

where g = sθ

m f
v is the coupling from the interaction term and GF is the Fermi

constant (= 1√
2v2 ).

For the hadronic channel, the decay modes and the respective rates are calcu-
lated according to the mass of the scalar boson and the cutoff scales, accounting
for various regimes of QCD. In general, the decays of the scalar boson to quarks
(i.e. S→ qq̄) is described by perturbative QCD when the strong coupling con-
stant, αS is small. In this regime, the quarks radiate more quarks and gluons, in
a process called hadronization (see Section 3.1), leading to a final-state of col-
limated spray of particles, called jets. However, the non-perturbative effects of
QCD start to dominate at low energies and require alternate descriptions. As a
reference, the cutoff scale for QCD, below which the non-perturbative regime
is entered, is ΛQCD ∼ 1 GeV. In this region, the Chiral Perturbation Theory (or
ChPT) calculations are applied to predict the decay width to pions. However, this
is not a sharp cutoff, and there exists a transition region between 1–2 GeV where
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non-perturbative effects are still present. This region relies on dispersion rela-
tions to estimate the hadronic decay rates. At the energy scale of Λ

pert
S ∼ 2− 4

GeV, perturbative QCD starts to become relevant and describes the decays to
quarks and gluons.

Accordingly, the decay rates for the light scalar bosons to hadrons are com-
puted by employing the three methods listed above using various calculations [47–
52]. The most recent calculation in Ref. [16] updates/combines them to provide
the partial widths which form the basis for the branching ratios calculated in
Ref. [17, 18]. Since the detailed calculations are quite involved and complex,
only the relevant concepts and results are presented here.

ChPT is an effective field theory for low-energy QCD interactions. This
means that the ChPT is valid up to a certain scale which, in this case, is the
ΛQCD. For the light quarks, (u,d,s quarks), the small differences between the
quark masses allows for them to be treated as approximately massless. In this
limit, the theory can then be considered to have two independent global SU(2)
chiral symmetries (i.e. SU(2)L×SU(2)R).

At these low energies, the quarks are confined to hadrons. The quark bilin-
ears, q̄q, in this case, can form both scalar and pseudoscalar mesons, as expected
from the combinations between the left-handed quarks and right-handed quarks.
However, experimentally, the lightest meson octet consists of particles with only
odd-parity (i.e. pseudoscalar mesons). This indicates that the SU(2)L×SU(2)R

symmetry is broken to a single SU(2)isospin symmetry. The spontaneous sym-
metry breaking of the chiral symmetry leads to Goldstone bosons that can be
identified as the π+,π−,π0,η ,K+,K−,K0, K̄0 mesons. By introducing a com-
posite field to represent the mesons and also include the interactions between the
quarks, a general (or effective) Lagrangian is built with it. After applying the
conditions above, the effective Lagrangian is used to compute matrix elements
which eventually are matched to information from known results, like the pion
lifetime.

Through the ChPT approach, decay rates for mS ≤ 1 GeV are calculated.
For 1 < mS ≤ 2 GeV, dispersion analysis is applied which uses analyticity and
unitarity conditions based on complex analysis techniques, to evaluate the decay
widths without any prior assumptions on the underlying theory. Using ππ and
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Figure 1.4: The decay width (left) and the branching ratio (right) for decays of
light scalar bosons to SM fermions. The decay width for the individual modes
is calculated with s2

θ
= 1. Figures taken from Ref. [16] (left) and Ref. [18]

(right).

KK scattering data, the decay widths to pions and kaons are calculated. Some
multi-meson channels also have small contributions to the total decay width and
become relevant from mS & 1.2 GeV. This is derived from a toy model and ensur-
ing continuity of the total decay width at mS = 2 GeV, above which perturbative
QCD results are applicable. Since the dispersive method relies heavily on exper-
imental input, there are significant uncertainties associated with it due to the lack
of data on meson scattering at high energies.

The decay width and the corresponding branching ratio for the various hadronic
and leptonic channels are shown in Fig. 1.4. At mS ∼ 1 GeV, the decay channel
to kaons is accessible kinematically. This leads to a rise in the branching ratio
for the pion and the kaon decay modes but a sharp drop for the branching ratio
to other decay modes like muons. The sharp rise can be attributed to the strong
overlap and interference effects between the pion and kaon channels.

1.2.3 Current collider searches for light particles

Prior to the discovery of the SM Higgs boson, extensive searches for BSM scalar
particles were carried out across a broad range of masses, as the SM Higgs boson
mass was unknown. As a result, there have been several probes for light BSM
particles that have spanned across multiple experiments (present and past). In
this section, some relevant collider searches for light BSM particles are briefly
discussed to illustrate the current experimental coverage. Since most of them
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aim to be as model agnostic as possible, a range of models have been considered
by the analyses. However, in such cases, the final-states that are probed have the
potential to also target possible light BSM scalar bosons according to the model
discussed above. The emphasis here is on scenarios where a BSM particle with
masses below 2 GeV is produced from SM states and decays back into SM states
within the detector volume.

Light BSM particles in rare meson decays
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Figure 1.5: An overview of the current upper limits on the mixing angle sinθ

as a function of the scalar mass, mφ using the results from various experiments.
Additionally, the signal strength measurements of the SM Higgs boson provide
indirect constraints on the mixing angle as well [53, 54]. Figure is taken from
Ref. [54].

Following the Standard Model extension discussed before, light scalar bosons
can be produced in rare meson decays. In particular, there are several searches
for scalar bosons that have been carried out in decays of kaons and B-mesons,
targeting various final-state particles. There have also been searches which target
scalar bosons decaying outside the detector volume, using the missing energy or
momenta to identify possible signal events.

The sensitivity of the searches are often shown in terms of a two-dimensional
map of the free parameter space, (θ ,mφ ). A brief summary of the results are
discussed in Ref. [54]. Fig. 1.5 shows the scanned parameter space with the reach
of the experimental searches, from 1988 to 2021, primarily focusing on collider
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experiments. The results here are shown for mS or mφ below 5 GeV and going
down to 0.05 GeV. Across all masses, a mixing angle down to ∼ 10−4 has been
probed. Focusing on the recent results, searches for scalar bosons in final-states
of two muons [55, 56] at the LHCb experiment already provide a large coverage
in the mass range of 0.3≤mφ ≤ 2 where the hadronic channel dominates. This is
complemented by searches at Belle II [57] where the ee,µµ,ππ,KK final-states
have also been considered.

Light BSM particles in exotic Higgs decays

A few searches for light BSM particles with masses less than 5 GeV are pre-
sented in this section, targeting their production through Higgs boson decays (i.e.
H→SS). The possibility of such decays is well-motivated since the current mea-
surements of the Higgs boson properties still allow for O(10%) deviations from
the SM expectations. The recent review and combinations of the Higgs bosons
measurements by the CMS experiment [58] further support the possibility of
scenarios where the Higgs boson decays into new BSM particles. Furthermore,
direct searches for the Higgs boson branching fraction to invisible particles [59]
are constrained to below 16%, which is larger than the SM expectation of∼0.1%
coming from H→ZZ∗→ 4ν processes [60]. A global fit of the SM Higgs boson
couplings, with the possibility of the Higgs boson to decay to a potentially visi-
ble but undetected final state, allows at 95% confidence level (CL) for up to 16%
of the Higgs bosons to decay in such a yet undetected way [58].

Search for long-lived particles decaying in CMS muon detectors [61]:

This search performed at the CMS experiment targets BSM particles through
their decays to a wide range of final-states, including ee,γγ,KK,ππ , by identi-
fying their signatures in the CMS muon systems. The analysis is sensitive to
particles with large lifetimes. Figure 1.6 (left) shows the results for the ππ chan-
nel in the two-dimensional parameter space of the particle mass and the proper
lifetime. The analysis is most sensitive to particles with 1 . cτ . 1000 mm.
Note that the branching fraction of S→ π+π− is assumed to be 100% to reduce
the dependency on any underlying model.
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Figure 1.6: Upper limits on the branching fraction of exotic Higgs decays
to LLPs by some recent searches by the CMS experiment in final-states of
charged pions (left) and muons (right). Figures taken from Ref. [61] (left) and
Ref. [62] (right).

Search for long-lived particles decaying into muon pairs with CMS [62]:
This search uses a special dataset collected with the CMS experiment that

contains low-momentum muons that are used to identify the long-lived particles
decaying through the µµ channel. Figure 1.6 (right) shows the parameter space
covered by the search. The analysis is sensitive to lower lifetimes (0.1 . cτ .

100 mm) compared to the analysis presented before. Note that several mass
regions have been excluded due to the presence of large SM backgrounds. The
branching fraction of the particle to muons is taken according to the dark photon
model which, at mass=2 GeV, has the same branching fraction as the BSM theory
discussed before.

Fig. 1.7 shows the combination of these two CMS results for a few mass
points and the corresponding combined coverage in lifetime. A complementary
search for a pair of new bosons with masses down to 0.21 GeV in events with
four muons in the final-state was also performed in Ref. [64]. However, it is
harder to compare the results with Fig. 1.7 due to differences in the theoretical
models and the final interpretation. The analysis presented in Chapter 5 aims at
providing complementarity in this parameter space by increasing sensitivity to
small lifetimes (cτ . 100 mm) at masses below 2 GeV.
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Chapter 2
The CMS experiment at the
Large Hadron Collider

This chapter provides an overview of the experimental setup relevant to the data
collected and analyzed in this thesis. The material presented here is based on
information compiled from various sources.

The history of particle physics can perhaps be traced back to the 19th cen-
tury, with the discovery of the electron in the cathode-ray experiments performed
by J.J.Thomson. Numerous experiments since then have contributed in build-
ing the picture of elementary particle physics as we know it today. Over the
years, collider experiments have progressively pushed the energy frontier, pro-
viding controlled environments to study the Standard Model and to search for
new physics.

The Large Hadron Collider (LHC) [65] is the largest and most powerful par-
ticle accelerator that produces collisions at the TeV energy scale. In its first 3
years of operation, the LHC was successful in providing the collisions that led
to the discovery of the Higgs boson. The LHC has since continued to deliver
collisions at center-of-mass energies up to 13.6 TeV.

To record and study these collisions, several large detectors are installed at
the LHC, each targeting a rich and broad physics program. The work performed
in Chapter 4 and Chapter 5 uses the data collected in one of these detectors, the
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Compact Muon Solenoid (CMS) experiment. The following sections provide an
overview of the LHC and the CMS detector.

2.1 The Large Hadron Collider

The LHC is located at the European Organization for Nuclear Research (CERN)
in Geneva, on the France-Switzerland border. It is the successor to the Large
Electron Positron (LEP) collider, using its 27 km circumference tunnel to provide
particle collisions at the TeV energy scale. Built between 1998 and 2008, the
LHC is a synchotron-type accelerator, performing proton-proton (pp) and heavy
ion collisions such as lead-lead (Pb-Pb) collisions [66]. The resulting data is
recorded and studied at the ALICE [67], ATLAS [68], CMS [69] and LHCb [70]
experiments, as well as several smaller experiments, pursuing distinct physics
goals. Since the primary focus of the CMS experiment has been pp collisions,
the description of the LHC presented here is centered on that. The information
summarized in this section is taken from Refs. [71–73].

The proton-proton collisions occur in the LHC ring after passing through
several accelerators at CERN, each successively boosting the center-of-mass en-
ergy of the system. A schematic of the various accelerator facilities at CERN
is shown in Fig. 2.1. It starts from hydrogen gas, which is first turned into H−

ions. The ions are then guided towards the linear accelerator, LINAC4, which
accelerates the beams to an energy of about 160 MeV. The LINAC4 has several
components based on radiofrequency (RF) cavities to achieve the gain in energy
through oscillating magnetic fields at a frequency of 352.2 MHz. The injection
of the ions into these cavities are synchronized with the oscillation, ensuring that
all ions are accelerated or decelerated to the desired energy. The synchronized
injection naturally leads to successive packs of ions being produced, which are
termed ‘bunches’. The ions are then stripped of their two electrons to form proton
bunches during the injection into the circular accelerator, the Proton Synchotron
Booster.

Within a circular accelerator, two processes occur simultaneously. The first
is the increase in energy with every revolution as the beams pass through RF
cavities. However, as the energy increases, a stronger magnetic field is required
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to maintain the same circular trajectory. This is performed by synchronizing
a gradually increasing magnetic field. Based on these principles, the Booster
accelerates the beams to 2 GeV and injects it to the Proton Synchotron which
then increases the energy to 26 GeV. This is followed by the Super Proton Syn-
chotron (SPS) which accelerates the beams to 450 GeV before injection into the
LHC rings.

The LHC ring consists of two counter-rotating beams of protons, circulating
in separate beam pipes and merging into a single beam pipe at the interaction
points. Operating on the same principles as before, the RF cavities of the LHC
ramp up the energies from 450 GeV to half of the center-of-mass energy (

√
s)

for each beam, which is currently
√

s = 13.6 TeV. To bend the beams along the
ring, Nb-Ti superconducting magnets maintained at 2 K are operated, reaching
a magnetic field above 8 T. Once the beams reach the target energy, the beams
are focused with additional magnets at the four interaction points where the four
main LHC experiments are situated. At the interaction points, the proton bunches
collide at intervals of 25 ns, leading to a rate of about 40 million collisions per
second, called the bunch-crossing rate.

Besides the center-of-mass energies, the physics reach of the LHC is also
defined by the instantaneous luminosity, L . For a physics process with cross-
section σ , the rate N is calculated as N = L σ . Hence, the larger the luminosity,
the larger is the rate at which rare processes can be produced at the LHC. As-
suming that the beam follows a Gaussian profile, the luminosity is calculated
according to Eqn. 2.1.

L =
N2

b nb frevγ

4πεnβ ∗
F (2.1)

Here, Nb is the number of protons per bunch, nb is the number of bunches per
beam, frev is the revolution frequency, γ is the Lorentz factor, εn describes the
beam spread in position-momentum phase space, β ∗ relates to the transverse
size of the beam at the interaction point and F is luminosity reduction factor
depending on the non-zero crossing angle. A detailed description of this is given
in Ref. [65].

The amount of data generated at the LHC is measured in terms of the in-
tegrated luminosity collected. Since the cross-section is measured in units of
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Figure 2.1: A schematic of the CERN accelerator complex. The collision
beams pass through the LINAC 4, Booster, PS and SPS before injection into
the LHC. Figure taken from Ref. [73].
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barn (b), the luminosity is accordingly measured in units of inverse barn or more
specifically, femtobarns (1 fb−1 = 1015 b−1 = 1043m−2). The LHC has been in
operation since 2010, starting with

√
s = 7 TeV and currently, in 2025, running

at
√

s = 13.6 TeV. So far, the total integrated luminosity recorded by the CMS
experiment is 473.84 fb−1 at the moment of writing [74].

Based on the operational periods and the long shutdowns (LS) for mainte-
nance and upgrades, there have been three main periods of physics data-taking:
Run 1 (2010-2012), Run 2 (2016-2018), Run 3 (2022-2026, planned). This will
be followed by LS3, which will be used to prepare for the High-Luminosity LHC
(HL-LHC), that has a target of achieving ∼ 3000 fb−1 integrated luminosity.

At each bunch crossing, multiple proton-proton interactions occur simulta-
neously. Most of these interactions lead to relatively low-energy processes and
are termed as pileup. Only a small fraction of collisions result in a hard scatter-
ing event with a large momentum transfer since the corresponding cross-section
is much smaller than that for soft processes. The resulting particles at the inter-
action points are detected by the LHC experiments and are used to reconstruct
the event.

2.2 Compact Muon Solenoid experiment

The CMS detector [75] is one of the two general-purpose detectors at the LHC,
and pursues a broad physics program, ranging from Standard Model physics
measurements to new physics searches. Situated at the Point 5 collision point in
the LHC ring, it shares similar physics goals as the ATLAS experiment with a
distinct detector design.

Since the LHC collisions have a dense hadronic environment at high ener-
gies, being produced with each bunch crossing at intervals of 25 ns, there were
several considerations that determined the design of the CMS detector. These
include radiation-hardness and low occupancy rate (i.e. low number of hits per
readout channel to reduce fake rates) achieved through high granularity and good
timing resolution. Considering that neutrinos interact only via the weak interac-
tion and are difficult to detect directly, a good momentum resolution and wide
fiducial coverage for the reconstruction of the other SM fermions are required to
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use the missing transverse energy to account for the neutrinos.

To meet these requirements, the CMS detector, originally proposed in Ref. [76],
is composed of several subdetectors, each designed to measure different prop-
erties of the particles produced in a collision event. It is 21.6 m long with a
diameter of 14.6 m and a total weight of ∼ 14,000 tonnes. With a cylindrical
architecture composed of a barrel part and two endcap parts, the driving feature
for the CMS detector is the 3.8 T superconducting solenoid magnet that bends
the charged particles and allows for a precise momentum measurement. Within
the bore of the solenoid, there is a tracker system and the electromagnetic and
hadronic calorimeters, while the muon system is located outside the magnet. A
schematic of the CMS detector is shown in Fig. 2.2. The detector components
are paired with a trigger system which filters and records the interesting colli-
sion events using information from the subdetectors. A description of each of
the detector components is provided in the following sections.

C ompac t Muon S olenoid

Pixel Detector

Silicon Tracker

Very-forward
Calorimeter

Electromagnetic�
Calorimeter

Hadronic
Calorimeter

Preshower

Muon�
Detectors

Superconducting Solenoid

Figure 2.2: A schematic of the CMS detector and its components. Figure taken
from Ref. [77].

36



The CMS experiment at the LHC

2.2.1 CMS coordinate system

The CMS experiment uses a standardized reference system, with the collision
(or interaction) point at the center of the detector, and is taken as the origin of the
coordinate system. The z-axis lies along the beam pipe, while the x-axis points
towards the center of the LHC ring and the y-axis is towards the surface. Owing
to the cylindrical shape of the detector, points on the transverse or xy-plane are
often defined by the radial distance r, and the azimuthal angle φ , measured as
the inclination from the x-axis. The polar angle θ is measured as the inclination
from the z-axis. An illustration of the coordinate system is shown in Fig. 2.3.

Figure 2.3: A schematic of the coordinate system. Figure taken from Ref. [78].

In the transverse plane, the total momentum of the particles in the event
is expected to be zero, since the colliding beams travel along the z-axis with
no momentum in the transverse direction. Therefore, quantities measured in the
transverse plane are lorentz invariant to boosts along the z-axis. Accordingly, the
transverse momentum, pT, is a commonly used variable at the CMS experiment.

With similar reasoning, a quantity called the pseudorapidity, η (defined in
Eqn. 2.2), is often used to describe the inclination from the z-axis.

η =− ln
(

tan
θ

2

)
(2.2)

For ultra-relativistic particles, the pseudorapidity is approximately equal to
the rapidity, y = 1

2 ln
(

E+pz
E−pz

)
. Since the difference in rapidity is Lorentz invariant
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under boosts along the z-axis, the corresponding differences in pseudorapidity,
∆η (under the ultra-relativistic limit), is also lorentz invariant. Therefore, η is
preferred over the polar angle θ to describe the inclination from the z-axis.

2.2.2 Silicon tracker

The CMS silicon tracker [79,80] is the innermost detector surrounding the beam
pipe, which has an outer radius of about 22 mm. The first tracker layer is posi-
tioned at a radial distance of 29 mm from the z-axis. The tracker measures the
three-dimensional position of charged particles at multiple points along their path
as they traverse through it. This information is used to reconstruct the helical path
of the charged particles due to the magnetic field generated by the CMS solenoid
magnet. The reconstructed trajectories in turn allow the determination of the
charged particle’s momentum. Furthermore, intersections of the reconstructed
trajectories enable vertex reconstruction, which in turn allows identification of
the primary hard-scattering vertex and pileup vertices.

The CMS tracker system is entirely composed of silicon-based technology.
This choice is driven by the following requirements for the tracker – (1) radiation
hardness as the proximity to the interaction point leads to intense particle flux, (2)
high granularity since every collision can result in production of O(103) particles,
(3) fast response to deal with the frequency of the particle collisions (∼ 25 ns),
(4) minimal material to limit multiple scattering and energy loss.

The CMS tracker is divided into two main subsystems: the pixel detector,
which is closest to the interaction point and the strip detector, which surrounds
it. A schematic of the tracker is shown in Fig. 2.4 where the pixel detector
layers are shown in green and the remaining outer layers belong to the strip de-
tector. Together, the tracking system provides coverage up to |η | < 2.5. While
the geometry for the two subsystems varies, they both use the same underlying
detection principle. The tracker sensors consist of a p-n type sensor operated in
reverse-bias mode, producing a large depletion region. When a charged particle
passes through this region, the ionization produced leads to a pulse that is pro-
cessed by a readout chip to amplify and generate an electronic signal. Multiple
pixels or strips are clustered together to form a ‘hit’ which is later used for track
reconstruction. As the tracker faces the most radiation, the tracker is operated at
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-20◦ C degrees to reduce the noise in the electronics due to thermal fluctuations.
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Figure 2.4: Schematic of one quarter of the Phase-1 CMS tracking system. The
pixel detector is shown in green, while the strip detector is shown in red and
blue. Figure taken from Ref. [81].

The pixel detector consists of four layers in the barrel region and three layers
in each of the endcap disks. These pixel layers consist of nearly 124 million
pixels, each with a size of 150×100 µm. The original design consisted of three
barrel layers and two layers in each of the endcap disks. At the start of 2017
data-taking, the extra layers were added and the configuration was changed to its
current design to deal with the increased luminosity in 2017. This allows for a
four-hit reconstruction and provides increased accuracy of the tracking algorithm
since the first layer is closer to the beam pipe in the current configuration.

The strip detectors face a relatively reduced particle flux and accordingly,
the need for high granularity is lower. The design of the detector consists of
several layers of silicon micro-strip detectors, which have a typical cell size of
10 cm×80 µm in the first few layers, increasing in size up to 25 cm×180 µm
in the outer region of the tracker. The readout and amplification is performed
by the APV25 chip. In early 2016 data, a saturation effect in the APV25 chip
was observed under the new data-taking conditions of Run 2, leading to a loss of
track reconstruction efficiency due to missing hits [82]. This effect was mitigated
in the late 2016 to 2018 data-taking conditions. It will taken into account when
defining the data samples for the analysis in Chapter 5.

The tracker has excellent hit position resolution. For the pixel detector, the
transverse coordinate hit resolution is ∼ 10µm and the longitudinal coordinate
has a resolution of 20−40µm [80]. For the strip detector, the spatial resolution
ranges from 20 to 40µm [83].
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2.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [84] is the next radially outward sub-
detector which is responsible for measuring the energy of electrons and photons.
Upon incidence of an electron or photon on the ECAL, Bremsstrahlung and pair
production processes induce electromagnetic showers as they pass through the
detector by interacting with the material.

The energy deposited through the showers depends on the radiation length
which is inversely proportional to the atomic number of the material. By pre-
cisely measuring the total energy of these showers, the energy of the originating
electron or photon is determined by the ECAL. This requires the ECAL to be suf-
ficiently long to contain the full shower while also ensuring a good granularity
to contain the transverse extent of the shower (defined by the Moliere radius).

Keeping these design requirements in mind, the ECAL is constructed as a
homogeneous calorimeter with PbWO4 scintillating crystal cells. PbWO4 has a
radiation length of ∼ 0.89 cm and a Moliere radius of 2.2 cm, allowing for a
compact design. The light produced through the scintillation during the electro-
magnetic shower is read out by photodiodes. The light yield is captured by it
and in turn converted to a signal that is proportional to the energy deposit of the
incident particle.

The ECAL is divided into two regions, the barrel ECAL (EB) in |η |< 1.479
and the endcap ECAL (EE) in 1.479 < |η |< 3.0. The EB contains 61200 crys-
tals, each with a front face of 22× 22 mm2 and 26× 26 mm2 at the rear, and
provides a granularity of ∆η ×∆φ = 0.0174× 1◦. For the EE, the crystal size
is slightly larger comparatively with a front face of 28.6× 28.6 mm2. In addi-
tion to these components, a preshower detector (ES) is installed in the region
1.536 < |η | < 2.6 in front of the EE to allow for identification of photon pairs
coming from π0 decays. The energy resolution is studied using all electrons
from Z→ e+e− events and is found to be 2–5% across the different years of
data-taking in Run 2 [85], as shown in Fig. 2.5.
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Figure 2.5: Relative energy resolution across different eras of Run 2 in bins of
supercluster |η |. The supercluster corresponds to the clustered group of cells
that capture the energy deposition of the electron. Figure taken from Ref. [85].

2.2.4 Hadronic calorimeter

The Hadronic calorimeter (HCAL) [86] lies after the ECAL and captures the
energy of the hadrons (charged and neutral). A hadronic shower has a compli-
cated pattern with cascades of multiple types of particles produced as a result of
the interaction with the nuclei. The extent of the shower is determined by the
interaction length of the absorber material.

The HCAL is designed as a sampling calorimeter, containing alternating lay-
ers of absorber and active materials. In this setup, the absorber layer primarily
consists of a heavy material such as brass, to trigger the hadronic showers, while
the active layer, consisting of plastic scintillators, measures the energy of the
shower. The lost energy in the absorber layers is accounted for through calibra-
tion and corrections for this effect.

A schematic of the HCAL is shown in Fig. 2.6. The HCAL consists of 4
parts: HCAL barrel (HB) in |η | < 1.3, HCAL endcap (HE) in 1.3 < |η | < 3,
HCAL outer (HO) in |η |< 1.3, and HCAL forward (HF) in 3 < |η |< 5.2. Since
the HB is radially restricted by the inner extent of the magnet (discussed later),
the thickness is insufficient to absorb the highest-energy hadronic showers. The
HO, placed outside the magnet in the barrel region, compensates for the missing
sampling depth. The HB, HE and HO have plastic scintillators as the active
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material which use similar principles as the ECAL to convert the light yield to
a measurement of the deposited energy. The HF uses quartz fibres as active
material with the signal generation based on the Cherenkov radiation principle.
Brass mostly forms the absorber material for the HB and HE while the HO uses
the solenoid as an absorber layer in most parts. Besides this, steel is used in some
regions of HB and HO and for the HF.
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Figure 2.6: Schematic of one quarter of the HCAL system. Figure taken from
Ref. [87].

The HCAL is segmented in η − φ units called towers with a granularity of
∆η ×∆φ = 0.087×5◦ for |η | < 1.6 and ∆η ×∆φ = 0.175×10◦ for |η | > 1.6,
with further segmentation in depth. Since hadrons are typically produced as
a collimated spray of particles called jets (discussed in the next chapter), the
performance of the HCAL is evaluated through the jet energy resolution, which
takes inputs from the entire CMS detector.

2.2.5 Solenoid Magnet

The presence of a magnetic field causes charged particles to follow a helical path
which enables the determination of two important quantities. One is the sign of
the charge of the particle while the second is the measurement of the particle
momentum. For a precise measurement of the momentum to occur within the
volume of the CMS detector, a strong and uniform magnetic field is required
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which ensures a sufficient curvature in the path of a particle with energies up to
O(1000GeV).

With this design requirement, the magnet at the CMS detector [75] is a su-
perconducting solenoid magnet which is 12.9 m long in the z-axis with an inner
diameter of 6.3 m. It is placed between the hadronic calorimeter and the muon
systems, covering the barrel region of the detector. The solenoid coils are made
from niobium-titanium conductors and are cooled to 4 K to generate a uniform
field of 3.8 T. The magnet is surrounded by iron return yoke on the outside. The
return yoke, weighing 10,000 ton, serves a dual purpose of confining the mag-
netic flux and stopping all particles besides muons and neutrinos.

2.2.6 Muon system

The muon system lies beyond the solenoid magnet and is the outermost layer
of the CMS detector. It provides a precise reconstruction and identification of
muons, reaching up to 1–3% in pT resolution for muons with pT ≤ 100 GeV.
The system consists of gas ionization chambers placed among the return yoke
layers, as shown in Fig. 2.7. The ring of chambers assembled there are called
muon stations.

Figure 2.7: A schematic of the muon system shown in one quarter of the CMS
detector. Figure taken from Ref. [88].
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Three types of chambers have been used for the muon system: drift tube
chambers (DTs) in |η |< 1.2, cathode strip chambers (CSCs) in 0.9 < |η |< 2.4
and resistive plate chambers (RPCs) in |η |< 1.9.

The DTs consist of multiple layers of staggered drift cells which evaluate the
position of the muon by measuring the drift time of the electrons to the central
anode wire. The layers are grouped into superlayers with alternating orientations
which respectively measure the z coordinate and the position in the r−φ plane.
This provides an excellent spatial resolution.

The CSCs, in the endcap region, consist of anode wires crossed with cathode
strips where the wires measure the r coordinate while the strips provide the φ

coordinate. The depth indicates the z coordinate.
In |η |< 1.9, the DT and CSC modules are supplemented by the RPCs. They

are double-gap chambers which primarily provide a precise timing information.
This is useful in assigning the muons to their respective bunch-crossings. Since
Run 2, gaseous electron multiplier (GEM) detectors have been added in 1.6 <

|η |< 2.2, in front of the ME 1/1 muon station, to improve the measurements of
the muon trajectory.

2.2.7 Trigger system

The pp collisions at the LHC occur at a rate of 40 MHz, as mentioned in the
previous section. Storing all the information of an event amounts to an aver-
age size of 1 MB. At the rate of LHC collisions, this would translate to 4 TB/s
of data being generated at the CMS experiment and is not practically feasible to
store. When comparing the cross-sections of various processes, the cross-section
of interesting processes such as the production of Z bosons, is many magnitudes
smaller than that of the dominant low energy multi-jet processes. This further
provides the motivation for a dedicated selection which stores only the events
with potentially interesting physics in them. This filter system is called the trig-
ger system. The CMS experiment employs a two-tier trigger system [89], the first
one being the Level-1 hardware trigger (L1 trigger) followed by the software-
based High-Level trigger (HLT). The L1 trigger reduces the rate from 40 MHz
to 100 kHz followed by the HLT which further reduces the rate to ∼ 1 kHz.

The L1 trigger utilizes custom-designed electronics to enable fast trigger de-
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cisions within the maximum allowed latency of 4µs. In the time period between
two bunch crossings, the L1 trigger system executes algorithms to arrive at a de-
cision based on inputs from various subdetector systems. As a result of the time
limitation, the L1 trigger system does not use information from the tracker. The
L1 trigger system uses low-level information such as hits from the muon systems
and energy deposits from the calorimeters, to construct regional objects called
trigger primitives. They are then subsequently passed to other algorithms which
construct a crude image of the event in terms of the number of physics objects
such as muons or electrons. Eventually, the information is globally considered
while taking the final L1 trigger decision. During the time needed to reach a L1
decision, the data is stored in memory buffers. An overview schematic of the L1
trigger architecture is shown in Fig. 2.8.

Figure 2.8: Schematic of L1 trigger workflow. Figure taken from Ref. [90].

The next stage in the triggering process is the HLT which uses the full event
information (including tracker) to select or reject events. The HLT is a large
computing farm consisting of CPUs and GPUs that performs a lighter version
of the final (offline) reconstruction algorithms. As a result, a refined picture
of the event with well-reconstructed physics objects is already available at the
HLT where complex selections targeting specific physics analyses can be imple-
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mented. The workflow described here is for the standard data stream used at the
CMS experiment. There are alternate data-taking techniques that were also used
during Run 2, such as data scouting and data parking [91].
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Chapter 3
Simulation and reconstruction of
physics objects

This chapter presents an overview of event simulation tools and physics object
reconstruction techniques used at the CMS experiment. This chapter builds upon
the previous chapter, providing the link between the detector signals and the final
reconstructed event. The discussion here is based on a combination of sources.

For any experiment, an important aspect is to have a good understanding of
the underlying theory and how it reflects the observations of the experiment. For
the proton-proton collisions at the CMS experiment, the Standard Model pro-
vides the theoretical framework within which the particle interactions take place.
However, there is still a need for the link between the underlying theory and what
we see in the experiment. Due to its complex nature, a detailed modelling of the
collision events is required to not only confirm the expectations of the Standard
Model but also to guide the searches for BSM physics. This modelling, called
the event simulation, is followed by detector simulation, to describe how the re-
sulting particles interact with the CMS detector. Together, they form the first
step of any physics analysis and provide the basis for identifying the key vari-
ables relevant to it. The details of event simulation and detector simulation are
presented in Section 3.1.

The previous chapter described how the particles interact with the detec-
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tor components to produce digital signals. However, the raw detector response
from these interactions is not sufficient to detect the particle and reconstruct its
properties. To achieve this, the information from various parts of the detector
is combined with dedicated reconstruction algorithms. They transform the low-
level detector signals into high-level physics objects, such as muons, electrons,
photons, jets and the missing energy, that provide a complete description of the
event. The details of the physics object reconstruction in CMS are discussed in
Section 5.4.1.

3.1 Event simulation

Simulating pp collisions is a highly challenging and complex task. Starting from
the matrix element calculation for a pp collision, the relevant computation of the
process can become difficult to compute beyond a few orders. Depending on the
physics considered, a converging perturbative expansion may not even be possi-
ble, such as in the case of non-perturbative QCD. This is followed by integrating
over the multi-particle phase space, taking into account that intermediate states
can radiate or decay into additional particles. While these tasks are performed
by simulations, performing them analytically still remains extremely difficult.
As an alternative, simulation software packages, known as event generators, use
Monte Carlo techniques and approximate models to simulate the collision events.
A comprehensive review of event generators can be found in Ref. [92].

The first part of the simulation is the generation of the hard-scattering process
which can be defined as the process which has a large momentum transfer. In
our events of interest, since by far most pp collisions happen at low momentum
transfer, typically only one occurs with a large energy transfer. Since protons are
composite particles containing quarks and gluons (partons), the hard-scattering
process at the energy scale we consider takes place by the interaction of two
partons.

The cross-section for a hard-scattering process can be computed with collinear
factorization [93]. In this formulation, the cross-section is factorized into two
components, the perturbative part and the non-perturbative part. The perturba-
tive part is evaluated to a particular fixed order by calculating the parton-level
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cross-section of the hard scattering process. The non-perturbative part is de-
termined with the Parton Distribution Functions (PDFs) that are the probability
densities of a parton carrying a certain fraction of the proton’s momentum.

The parton-level cross-section is calculated from the matrix element squared
and its integral over the kinematic phase space, while also taking into account the
possibility of different spin-states of the initial states and colour degrees of free-
dom. This is typically performed by evaluating Feynman diagrams for the pro-
cess at a fixed order through matrix element generators such as POWHEG [94–
96] (next-to-leading order accuracy), Madgraph5 [97, 98] (leading order accu-
racy) and Madgraph5_aMC@NLO [99, 100] (next-to-leading order accuracy)
which provide an automated way to compute these. At a particular factorization
scale, the PDFs are evaluated according to various schemes, such as those pro-
vided by NNPDF [101]. This completes the calculations needed for producing
the hard-scattering process.

There is still a possibility for the incoming or outgoing particles to radiate
more particles. For instance, before the hard-scattering, the quarks can radiate
gluons which in turn can split into more partons. This is called initial-state ra-
diation (ISR). When this radiation occurs after the hard-scattering process from
the outgoing partons, it is termed as final-state radiation (FSR). These radiations
or emissions are collectively described by parton showers. Exact calculations for
the evolution of the partons and all the successive emissions are computationally
expensive. The parton shower framework combines the fixed order description
based on exact calculations that are applicable where the perturbation theory is
valid (i.e. above ΛQCD ∼ 300 MeV), with approximate modelling of the suc-
cessive emissions. In the non-perturbative regime, the evolution of the particles
is performed by phenomenological models such as the Lund string model [102],
until colour-neutral final-states are reached. This process is called hadronization.

The above parton shower and hadronization processes are typically carried
out together by event generators such as PYTHIA8 [103]. Furthermore, there is
also a possibility for other partons in the proton to interact. This typically results
in low-energy activity in the event and is termed as underlying event. PYTHIA8
has several models to simulate the underlying event such as Multi-parton inter-
actions (MPI) [104]. The decays of short-lived particles is also simulated within

49



Chapter 3

the event generators. A sketch of an event as viewed by an event generator is
shown in Fig. 3.1.

�����
�����
�����
�����
�����

�����
�����
�����
�����
�����

������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

��
��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
���

�����
�����
�����
�����

�����
�����
�����
�����

������
������
������

������
������
������

�����
�����
�����
�����

�����
�����
�����
�����

���
���
���
���
���
���

���
���
���
���
���
���

����
����
����
����
����

����
����
����
����
����

�����
�����
�����
�����

�����
�����
�����
�����

����
����
����
����
����
����

����
����
����
����
����
����

������
������
������
������

������
������
������
������

����
����
����
����
����

����
����
����
����
����

������
������
������

������
������
������������

������
������

������
������
������

�����
�����
�����

�����
�����
�����

������
������
������

������
������
������

�����
�����
�����
�����
�����

�����
�����
�����
�����
�����

�����
�����
�����

�����
�����
�����

������
������
������

������
������
������

������
������
������
������

���
���
���
���
���
���

���
���
���
���
���
���

��
��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
���

��
��
��
��
��

��
��
��
��
��

��
��
��
��
��

��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
��� ���

���
���
���
���

���
���
���
���
���

���
���
���
���
���
���

���
���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

��
��
��
��
��

��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
���

��
��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���

���
���
���
���
���

�����
�����
�����
�����

�����
�����
�����
�����

��
��
��
��
��
��

��
��
��
��
��
��

������
������
������

������
������
������

����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
������

��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

Figure 3.1: An illustration of a proton-proton collision as simulated by a event
generator. The red blob in the center represents the hard scattering. The red
lines represent the perturbative parton shower. The two big light green blobs are
the incoming protons. The purble blob shows a secondary parton interaction.
The remaining green lines and blobs represent the hadronization processes and
resulting hadrons. The yellow indicates photon radiations. Figure taken from
Ref. [105].

Finally, the event details are passed over to the detector simulation. The CMS
detector is modelled in Geant4 [106], which is a software that simulates the inter-
action of particles as they pass through materials. During a single bunch crossing,
multiple pp interactions occur at low-energies, resulting in pileup. PYTHIA8 is
also often used to perform the simulation of these events (termed as minimum
bias events) which are then overlaid on the hard-scattering process.
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3.2 Physics object reconstruction

As the particles travel through the detector, their signatures are captured as sig-
nals in the various components. This low-level information is progressively com-
bined into higher-level objects. In the tracker, individual hits are clustered to
form track segments which eventually form track candidates for charged par-
ticles. Similarly, track segments for muon candidates are reconstructed from
hits in the muon chambers. In the calorimeters, energy deposits in the cells are
grouped into clusters which subsequently provide the information to reconstruct
jets, electrons, photons and hadrons. The information from all subdetectors is
supplied to a central algorithm (the particle flow algorithm [107]) which eventu-
ally reconstructs the physics objects that are used in analyses. The main set of
physics objects includes muons, electrons, photons, jets, missing energy, among
others. In the following sections, some commonly used physics objects are de-
scribed.

3.2.1 Tracking

The CMS tracking system is responsible for reconstructing the tracks of charged
particles produced in pp collisions. As a charged particle passes through the
tracker, it interacts with the modules to produce hits. The tracking algorithm is
then tasked with the duty of reconstructing the particle trajectory which follows a
helical path as result of the magnetic field. With the design projection of roughly
1000 charged particles per bunch crossing at L ∼ 1034 cm−2s−1 [108], the busy
environment of a pp collision puts demanding requirements on the tracking al-
gorithm to attain a high track reconstruction efficiency while maintaining a low
fake rate. Some additional challenges include reconstruction of tracks over a
broad range of pT, separation of nearby tracks and maintaining excellent impact
parameter resolution.

With these targets in mind, the CMS experiment employs an iterative track-
ing algorithm based on the Kalman filter method [109–111]. The main philos-
ophy behind an iterative approach is to reduce the combinatorial complexity of
the large number of possible hit combinations. This is achieved by reconstructing
the simpler tracks (such as high momentum tracks) in the initial iterations and
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masking the associated hits. The algorithm then progressively moves towards
more complex tracks but with a reduced number of possible combination of hits
due to the masking from previous iterations. As a result, each iteration allows
for reconstruction of more challenging tracks.

Each iteration consists of four main steps. The first step is the track seeding
which involves the creation of a track segment using 2−4 hits. Additional re-
quirements on the pT and on geometrical parameters, like the transverse distance
relative to the beam spot, are placed on the track seed. Each iteration uses a dif-
ferent type of track seed. The initial iteration uses seeds with four pixel hits with
relatively high pT before gradually relaxing the requirements for the track seed
parameters and allowing a smaller number of hits in later iterations. In the later
iterations, seeds include some or all of the hits from the strip detector.

The second step is the track finding/building step based on the Kalman filter
technique. In this step, the compatible hits in detector layers beyond the last hit of
the track seed are successively added to extend the seed trajectory. At each layer,
the track parameters are updated, eventually building track candidates as the out-
ermost layers of the tracker are reached. These parameters define the equation of
motion for the trajectory which, in turn, determines the hit compatibility based
on the location of the hit. The average energy loss of the particle is also ac-
counted for during this track extrapolation. If no compatible hits are found in the
layer, a ghost hit is included according to the trajectory. This accounts for any
lost hits that may occur due to reconstruction inefficiency or non-functioning de-
tector components. In case of more than one compatible hits, new trajectories are
created and are then propagated independently. Once the tracks are completed,
a backward track fitting is performed, starting with the outermost hit. This leads
to the third step, called the track fitting step, which refits the trajectory using the
inside-out and the backward track fitting results. This improves the precision of
the track parameters and deals with any bad hits in the trajectory.

The final step consists of the track selection. This is an essential step for
suppressing the number of fake tracks in the event. In this step, the tracks are
classified into different categories based on their quality. A machine learning
based classifier is employed at this stage to select the high-purity tracks.

The details of the track finding and track selection algorithms for Run 2
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Figure 3.2: The track reconstruction efficiency as a function of simulation track
pT (left) and simulation track production vertex radius (right) at different pileup
conditions. Figures taken from Ref. [115].

and Run 3 are mentioned in Refs. [112] and Refs. [113, 114] respectively. Fo-
cusing on the performance in Run 2, the tracking efficiency in simulation has
been explored in Ref. [115] using tt̄. Fig. 3.2 shows the tracking efficiency as
a function of the track pT (left) and the track production vertex (right). For the
nominal pileup of 〈PU〉= 35 in 2017, a track reconstruction efficiency of∼ 90%
is present for pT > 1 GeV. The efficiency drops as the tracks are produced further
away from the beamspot. Studies in Ref. [116] compare the tracking efficiency
using Z→ µµ events in simulation and data, and found them to be in agreement
within 1–2%. A complementary measurement using charged pions produced
from D-meson decays [117] shows that the tracking efficiency in simulation and
data is consistent within 2–3% uncertainty.

In the context of the search for light scalars decaying to charged hadrons or
muons, the tracking performance has a direct impact on the reconstruction of the
final-state particle momenta and position. The high tracking efficiency for tracks
with pT as low as 1 GeV allows for the inclusion of low-pT tracks in the analysis.
Conversely, the drop in tracking efficiency at large displacements highlights the
challenging aspect of reconstructing the decay products of long-lived scalars.
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3.2.2 Primary vertex and vertex reconstruction

When colliding proton bunches overlap, several pp interactions can take place,
producing several interaction points, called vertices. Each interaction point pro-
duces particles that are then reconstructed in the CMS detector. In Run 2, the
average number of interactions per bunch crossing ranged from 〈PU〉 = 27−
38 [74]. However, most of these interactions are low-energy collisions that typ-
ically do not involve interesting physics processes. Accordingly, these vertices
are termed as pileup vertices. In contrast, the hard-scattering vertex, termed as
the primary vertex, is usually the interaction of interest and leads to the final-
state particles that are studied in physics analyses. It is vital to reconstruct each
of these vertices to identify the particles of interest and also to reject particles
coming from pileup which can contaminate the event.

The vertex reconstruction is performed with the adaptive vertex fitter [118]
which is based on the Kalman filter method [109–111]. The algorithm starts with
an initial vertex candidate using it as a seed position based on the intersection of
tracks and constrained by the beam line. The associated tracks are then assigned
weights based on their compatibility with the candidate vertex. In particular, the
impact parameter of the tracks is calculated with respect to the candidate ver-
tex, down-weighting the tracks which lie further away. The algorithm iteratively
minimizes the weighted squared distances of the tracks from the vertex and up-
dates the track weights until the fit converges. This procedure is performed for
all vertices obtained from the set of initial vertex candidates. The vertex with
the largest sum of track p2

T is considered the primary vertex. The pileup vertices
are expected to be very close to the primary vertex in the transverse plane (or
xy-plane) but spread up to few cm along the beam line (or z-axis). In Run 2, the
vertexing resolution in the transverse and longitudinal directions is 10−20µm
for vertices with more than 60 tracks [115].

In addition to the primary and the pileup vertices, there is also the possibility
of vertices that are displaced in the transverse plane. These vertices are referred
to as the secondary vertices and arise from the decays of hadrons which travel
a macroscopic distance before decaying. Reconstruction of secondary vertices
is an essential component in identifying b-quark jets in the events. It also plays
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Figure 3.3: The number of reconstructed K-meson vertices as a function of
the vertex displacement in simulation and data for Run 2. Figure taken from
Ref. [119].

an important role in several long-lived searches for new physics. Specifically,
for the search for light scalars decaying to charged hadrons or muons, the re-
constructed secondary vertex provides the necessary information to discriminate
signal from background processes. Additionally, the track parameters can be
improved in precision using the fitted vertex position as a constraint. A rele-
vant study on the performance of displaced vertexing in Run 2 is presented in
Ref. [119]. The study reconstructs the secondary vertices of the neutral K me-
son (K0

S) which have a mean decay length of ∼ 27 mm, before decaying into
two charged pions. Fig. 3.3 shows the performance in data and simulation for
Run 2 and indicates that simulation matches to data to within 10-15% at large
displacements. This method is revisited in the context of the search for light
scalars presented in Chapter 5.

3.2.3 Particle flow algorithm

Information from the various subdetectors of the CMS experiment is processed
by the Particle Flow (PF) algorithm [107] to identify the particles in the final
state of the event. The PF algorithm classifies the particles into 5 physics ob-
jects, based on their signature through the detector. Figure 3.4 illustrates the
unique signature of these physics objects, namely, muons, electrons, photons,
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Figure 3.4: Sketch of the physics objects reconstructed by the PF algorithm as
they traverse through the CMS detector. Figure taken from Ref. [107].

charged hadrons and neutral hadrons. This list of particles forms the basis for
the complete event description by providing information for jet reconstruction,
missing transverse energy, particle isolation and more.

The particle flow algorithm follows a linking algorithm where it connects or
geometrically matches the tracks in the tracker system to the rest of the detector
and successively identifies particles, starting with the muons. The muons provide
the cleanest signature in the detector with tracks in the muon chambers and very
small energy loss in the calorimeters. The particle flow algorithm reconstructs
and classifies them into different muon types based on whether a correspond-
ing track is found in the tracker system. The hits, tracks and energy deposits
corresponding to muons are then removed.

With the information from the calorimeters, the remaining tracks are extrap-
olated outwards, searching for deposits (or energy clusters) in the ECAL and
HCAL. Since electrons deposit most of their energy in the ECAL, they are iden-
tified as tracks with an associated ECAL cluster only. The remaining ECAL and
HCAL cluster energies are compared with the sum pT of the tracks geometrically
matched to the clusters to classify the charged hadrons, neutral hadrons and pho-
tons. If the cluster energy is compatible with the sum pT of the associated tracks,
each track is identified as a charged hadron. This, in particular, is important
in reconstructing collimated charged hadrons which may have overlapping en-
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ergy deposits in the calorimeters but are well reconstructed as individual tracks.
Calorimeter clusters with energies larger than the corresponding tracks, indicate
that there is also a contribution from neutral particles. This is taken care of by
first assigning the tracks as charged hadrons and removing the corresponding
energy from the cluster. Based on the fraction of energy between ECAL and
HCAL, the remaining energy is reconstructed as a photon (if the majority of en-
ergy is in ECAL) or as a neutral hadron. Finally, calorimeter deposits with no
associated tracks are similarly assigned as photons or neutral hadrons.

The PF objects reconstructed here are typically further refined with addi-
tional identification requirements depending on the needs of the physics analysis.
This is described in the following subsections.

3.2.4 Electrons and Photons

The electrons and photons deposit nearly all their energy in the ECAL. Addition-
ally, the electron also leaves hits in the tracker which, in principle, is expected to
lead to a distinct track associated with an energy deposit in the ECAL. However,
the bremsstrahlung process for electrons and e+e− pair production process for
photons due to the material before ECAL, can cause an electromagnetic cascade
which can lead to a significant energy loss and deviation in the particle’s tra-
jectory. Therefore, dedicated algorithms are required to accurately reconstruct
the energy of the primary electron or photon. In the previous section, the PF
reconstruction procedure for the electrons and photons was briefly outlined. The
detailed reconstruction procedure is described below.

Starting with the ECAL, the crystals are grouped together to form ECAL
clusters based on the energy deposited by the primary particle. Similar to the
tracking algorithm, a seed cluster is defined to form a supercluster by combining
it with other surrounding clusters falling within a certain window around it. This
is required since the energy deposit can potentially come from an electromag-
netic shower instead of just the primary particle, leading to a larger spread in the
energy distribution.

In the next step, the trajectory of the electrons are reconstructed using two
approaches. The first approach is ECAL-driven and searches for a track seed
using the inner tracker hits that is compatible with a supercluster. The second
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approach is tracker-driven and iterates over all tracks with pT > 2 GeV that have
been reconstructed by the tracking algorithm discussed in Section 3.2.1. The
seed of any track compatible with an ECAL cluster is used as a track seed for the
electron trajectory reconstruction.

A similar iterative procedure as outlined in Section 3.2.1, is performed with
the ECAL-driven and the tracker-driven seeds with the Gaussian-Sum-Filter
(GSF) [120] instead of the Kalman Filter. The GSF method provides a better de-
scription of the energy loss component in the fit, which is crudely assumed to be
a gaussian in the Kalman filter method. For electrons where the bremsstrahlung
energy loss has potentially a significant contribution in the trajectory, this is an
important modification for the electron track reconstruction.

The electron candidate is then constructed by linking the GSF tracks with
the superclusters using multivariate techniques. The photon candidates are re-
constructed using the superclusters without any associated GSF track. However,
since there is a possibility of γ → e+e−, an additional algorithm also takes into
account any compatible pair of tracks while constructing the photon candidate.
A more detailed description of the electron and photon reconstruction and its
performance can be found in Ref. [121].

3.2.5 Muons

Muons are reconstructed using signatures in the muon system and/or the tracker
system. The muon system provides a relatively clean environment for track re-
construction, since the CMS solenoid magnet and the calorimeters stop most par-
ticles from reaching the muon system. Tracks reconstructed solely from hits in
the muon system are referred to as standalone muons. As they are not required to
have a matching track in the tracker system, this allows for standalone muons to
be excellent probes in long-lived particle searches [122,123]. Muons originating
from within the tracker system are efficiently reconstructed as tracks. Their cor-
responding trajectories in the tracker system are extrapolated outwards to search
for matching segments in the muon system. Muons reconstructed in this way
are called tracker muons. The final type of muon is the global muon which ap-
plies an outside-in approach to reconstruct the full trajectory. It starts from the
standalone muon and searches for a matching track in the tracker system. The
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Figure 3.5: The loose muon ID efficiency in 2018 for muons with pT > 20 GeV
(left) and the isolated single muon trigger efficiency in full Run 2 (right) as a
function of the muon pT. Figures taken from Refs. [125, 126].

measured properties of the global muon greatly benefit from a combined fit using
the tracker muon track and the standalone muon track.

The quality of the reconstructed muon is measured with various identifica-
tion criteria which are optimized for different physics signatures. This is vital
to ensure a high purity of muons and restricting misidentified or poorly recon-
structed tracks from being used in physics analyses. Some of the commonly used
ones are the loose ID, medium ID and the tight ID [124].

The loose muon ID requires the muon to be either a tracker or a global
muon. As the tracker muon and muon segment reconstruction are highly ef-
ficient, this ensures that nearly 99% of the muons are reconstructed as global
muon or tracker muon or both and pass the loose ID. This requirement is de-
signed to select prompt muons, as well as displaced muons originating from light
and heavy flavor decays. The medium and tight identification requirements build
on the loose ID requirements by including more constraints on the track quality
variables such as the goodness-of-fit. These tighter ID requirements are well-
optimized to suppress hadrons misidentified as muons and geared more towards
ensuring a high purity of prompt muons.

Muons, like other reconstructed physics objects, often show improved per-
formance in simulation compared to data due to imperfect modeling of detector
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inefficiencies present during data-taking. While these effects are typically small,
the discrepancies between simulation and data are measured and corrected in
simulation. A widely used approach is the Tag-and-Probe method [124], which
exploits well-known resonances such as the Z boson and J/ψ , and their decays
to muons, to extract efficiencies separately in simulation and data. The result-
ing data-to-simulation scale factors are then applied as corrections to simulation
to provide a more accurate description of object efficiencies. As an example,
Fig. 3.5 shows the efficiency of the loose muon ID in 2018 (left) and the isolated
single muon trigger efficiency in full Run 2 (right). These measurements are ob-
tained using the Z→ µµ decays and is generally the preferred choice for studies
targeting muons with pT > 15 GeV. For the search for light scalars decaying to
hadrons or muons, the isolated single muon trigger is used to select the candidate
events. However, the Z→ µµ topology does not fully represent the kinematics
of the targeted signal, and therefore the trigger efficiency measurements shown
in Fig. 3.5 do not accurately capture the data-simulation corrections. A dedicated
measurement of trigger efficiency measurement for the muon trigger was carried
out to obtain a more accurate picture. The details of it are provided in Chapter 5.

3.2.6 PF Isolation

Most of the targeted physics in the CMS experiment aims to capture the particles
coming from the hard-scattering process. Muons are often used as probes for
such physics processes. While the identification requirements already provide
an effective way to increase the purity of signal-like muons, additional selection
criteria are needed to provide the signal-to-background discrimination. One such
quantity to suppress the background muons is the isolation. This quantifies the
amount of hadronic activity around the muon and provides a powerful tool to
remove muons originating from jets or unwanted heavy-flavour decays. The
isolation can also be calculated and applied to other objects, such as electrons.

Isolation is defined in several ways. One of the popular choices is the PF iso-
lation which uses particle-flow candidates in a cone around the object to measure
the relative isolation with respect to its pT. The cone is constructed using the ra-
dius ∆R =

√
∆φ 2 +∆η2. PF objects falling within ∆R < 0.4 are considered in

the calculation of the isolation shown in Eqn. 3.1. The equation is split into two
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parts. The first term measures the contribution from the charged hadrons coming
from the primary vertex. The second term estimates the neutral contribution us-
ing the neutral hadrons and the photons. However, since there is no information
on whether the neutral particles originate from the primary vertex, a correction
factor ∆β is included to account for contamination from pileup. According to
studies in [127], the neutral pileup contribution can be approximated to half of
the charged pileup contribution in an event. Therefore, the correction factor is
taken to be ∆β = 0.5Σch. had.

PU pT.

Irel =
Σch. had.

not PU pT +max(Σneutr. had.ET +ΣγET−∆β ,0)

pobject
T

(3.1)

In the context of the light scalars search presented in this thesis, the isolation
is an important selection criteria to suppress the background. The PF isolation,
as calculated in Eqn. 3.1, is used for the final-state muons. For the hadrons,
a slight modification in the PF isolation calculation is introduced to avoid any
biases from other targeted final-state objects. This is described in more detail in
Section 5.4.7.

3.2.7 Jets

In Section 3.1, the production of partons from proton-proton collisions and their
progression towards color-neutral states was discussed. The partons branch into
several particles as they progress through the stages of hadronization and frag-
mentation. The particles then pass through various detector components where
they may further radiate or decay into a cascade of particles, leaving their sig-
natures in the detector. Ultimately, a parton is observed as a collimated spray
of particles in the detector, referred to as a jet. Jets are primarily composed of
hadrons-both charged and neutral-but can also include photons, electrons, and
muons resulting from decays of short-lived hadrons. They require efficient clus-
tering algorithms to accurately reconstruct the properties of the originating par-
tons in the event. The clustering is carried out using reconstructed particles in
the event to form the detector-level jets (or reconstructed jets). In simulation,
the clustering is also performed at the generator-level (i.e. before the final-state
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particles pass through detector simulation), to produce particle-level jets.

At the detector-level, the detector response and possible misreconstruction
of jet properties require an additional step to translate the measured jet proper-
ties to the originating parton properties. The reconstructed jets undergo a set of
corrections in this step, termed as the jet energy corrections. This section briefly
describes the jet clustering procedure and algorithm(s) adopted in the CMS ex-
periment. The jet energy corrections consist of parts which calibrate the scale
(or mean) of the jet energy distribution to what is expected at the particle-level
for jets. There is another component which is important to achieve increased
compatibility between jets in data and simulation. It refers to the spread in the
jet energy distribution compared to the particle-level jet energy and is termed as
the jet energy resolution. A detailed study on the jet energy resolution for the
Run 2 data-taking period was performed and is presented in Chapter 4.

Jet reconstruction

Experimentally, a detector-level jet can be defined as the collection of final-state
particles that most comprehensively represents the properties of the originating
parton. It is in particular challenging to establish a direct correlation between the
reconstructed jet and the parton since the evolution of a parton into a jet consists
of non-perturbative effects like hadronization and underlying event contamina-
tion. As a result, a jet reconstruction algorithm (i.e. jet clustering algorithm)
needs to be robust against such effects. There are several clustering algorithms
(see examples in [128,129]) available which broadly fall under two categories -
sequential recombination and cone algorithms - with the aim to balance compu-
tational speed and resilience to QCD effects. In the CMS experiment, the anti-kt

algorithm [130] is a widely used clustering algorithm which is based on sequen-
tial recombination method. The principal idea behind this method is to define a
measure of distance between the final-state particles and iteratively cluster parti-
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cles into pseudojets until some criteria is satisfied.

di j = min(k2p
t,i ,k

2p
t, j)

R2
i j

R2 (3.2)

R2
i j = (yi− y j)

2 +(φi−φ j)
2 (3.3)

diB = k2p
t,i (3.4)

The equation 3.2 defines the measure of the distance between entities (par-
ticles, pseudo-jets) i and j as di j which depends on the transverse momentum
(kt,i/ j) and the angular separation Ri j (defined by the rapidity yi/ j and azimuthal
angle φi/ j in Eqn. 3.3) within a radius parameter R.

For the anti-kt algorithm, the parameter p, is set to −1. Accordingly, the
Eqn. 3.2,3.4 are interpreted as Eqn. 3.5.

di j =
1

max(k2
t,i,k

2
t, j)

R2
i j

R2 and diB =
1

k2
t,i

(3.5)

The algorithm starts with looking for the pair of entities with the smallest
di j. The combination of the pair takes place when di j < diB. If di j > diB, then i is
called a jet and removed from the list of entities. The algorithm then recalculates
the di j for all possible entities, picks the smallest di j pair and iterates over the
steps until no further recombination is possible because all possible di j > diB. For
the anti-kt algorithm, practically, this makes it more likely that all soft particles j
within a distance parameter R would iteratively get added to the cluster around a
neighbouring hard particle 1 since the di j between soft particles would be much
larger as compared to d1 j (and hence not favoured for the combination check).
As a result, the anti-kt algorithm favours the production of cone-like jets that
are built around the particles with the highest pT and also ensure infrared and
collinear safety.

At the CMS experiment, the default angular size for jets (defined by the dis-
tance parameter R) is taken to be 0.4 and are referred to as AK4 jets. Several
analyses target boosted topologies where there is overlap between the individ-
ual objects (for eg, boosted jets) in which case jet algorithms with R = 0.8 are
often preferred. Depending on the objects defined as the particle candidates for
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the jet clustering algorithms, there are several options available. In most cases,
jets clustered from particle-flow candidates are used. Due to the contribution of
secondary particles coming from pileup, an additional step is included to miti-
gate the impact of pileup in the reconstructed jets. During the Run 2 data-taking
of the CMS experiment, the standard pileup mitigation technique has been the
Charged Hadron Subtraction (CHS) algorithm. The CHS algorithm removes the
charged particles associated to pileup vertices before the clustering algorithm us-
ing the information provided by the tracker. This however suffers from limited
coverage as the tracker extends until |η | = 2.5. An alternative approach to this
has been developed called PileUp Per Particle Identification (PUPPI) [131,132].
The PUPPI algorithm evaluates a probability for each particle (charged or neu-
tral) based on the information from the surrounding particles and assigns higher
weights to those originating from the primary vertex. For Run 2 data-taking, jets
reconstructed with the CHS algorithm (CHS jets) have been extensively used and
are the recommended jet objects. For the Run 3 data-taking, the PUPPI algorithm
has been adopted as the preferred method of pileup mitigation.

Jet energy resolution and corrections

Figure 3.6: Factorized steps of jet energy corrections are shown for data (top
row) and for simulation (bottom row). Each step corrects for a specific effect
and is applied to jets in CMS. Figure taken from Ref. [133].

Following the jet reconstruction process, the jet energy and momentum still
require some additional steps to represent the true four-momenta of the orig-
inating parton. There are several contributing factors like presence of pileup
and/or non-linear effects of the detector which shift the reconstructed jet energy
(termed as raw jet energy) away from the true energy of the parton. These cal-
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ibration steps fall broadly under the jet energy scale (JES) and resolution (JER)
corrections. The CMS experiment uses a factorized approach for applying the
jet energy corrections, as shown in Fig. 3.6. Each step of the correction ac-
counts for a specific effect and are discussed in the following subsections. The
final flavor-dependent corrections are optional and are not discussed here. This
section focuses on the jet energy resolution and correction results for the CMS
Run 2 legacy dataset [133] which is the predecessor to the ultra-legacy datasets.

Pileup offset correction

During the jet reconstruction, energy deposits from pileup interactions can con-
tribute to the reconstructed energy of jets originating from hard-scattering pro-
cesses. A pileup offset correction is applied on the raw jet energy as the first step
of the JES corrections. This correction is derived using reconstructed jets that are
matched to particle-level jets in simulation, by comparing their pT with and with-
out pileup. The average pT difference between with and without pileup scenarios
for jets binned in energy density ρ , jet pT, η , area, is defined as the pileup offset.
The offset is then subtracted from the raw jet energy for all jets in the event. The
corrections are determined from QCD multijet simulation samples. While the
offset is calculated in simulation, it is applied to both data and simulation. As
a result, data requires an additional correction (‘residual’ correction) which is
measured using the random cone method [134]. This method measures the noise
and pileup contributions by using events with no hard-scattering processes in
data (i.e. zero-bias events). The pileup offset correction step is important for the
CHS jets. For PUPPI jets, this correction step is not applied due to the improved
pileup suppression provided by the PUPPI algorithm.

Response corrections

Following the pileup correction, the reconstructed jet energy may still vary from
the particle-level energy due to detector effects like imperfect energy deposition
in the calorimeters. The response correction accounts for such effects and plays
a crucial role in the jet calibration procedure. Similar to the pileup offset correc-
tion, the corrections in this step are derived from multijet QCD simulations by
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comparing the particle-level and reconstructed jet energy for matched jets. The
mean jet response, defined as 〈Rjet〉=

〈preco
T 〉
〈pptcl

T 〉
where ptcl refers to the particle-level

and reco is the reconstructed counterpart, measures the deviation in the jet en-
ergy after the pileup offset correction is applied. It is derived in bins of |η jet|
and pjet

T for each era of Run 2 data-taking. The correction is the inverse of the
jet response and is propagated to the jet energy as a multiplicative factor. The
simulated jet response using the pileup offset corrected jets is shown in Fig. 3.7
(left) for the 2018 simulation. In the barrel region, the simulated response is ob-
served to be stable for different pptcl

T ranges for the jets. Towards larger η , the
response becomes increasingly dependent on the jet pT. The strongest deviations
in response occurs in the EC2 region (2.5 < |η |< 3) of the endcap calorimeters
since the calorimeter coverage enters a transition region to the hadronic forward
calorimeter (HF) and is also affected by calorimeter aging. The response after
the corrections have been applied are shown in Fig. 3.7 (right) for the 2018 sim-
ulation. It is seen that the corrections so far bring the agreement between pptcl

T

and preco
T to ∼ 1% for all η/pT ranges considered, with 0.1% agreement in the

barrel and EC1 region of the endcaps.
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(left) and after applying the corrections (right) for various jet η and pT. The
corrections lead to ≤ 1% agreement between particle-level and reconstructed jet
energy in simulation. Figure taken from Ref. [133].
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Residual corrections

Following the response corrections, the jets in simulation reach a good level of
closure with the particle-level jet energy. However, there are still some residual
differences that remain between data and simulation, indicating that further cor-
rections to the jet energy scale are required for data. These residual corrections
are applied in two stages: an |η |-dependent correction to correct for different
response in the various sub-detectors; followed by a pT-dependent correction to
account for the absolute scale difference in the barrel region. The corrections are
obtained using in-situ methods, which rely on well-calibrated reference objects
within the event to calibrate the jets. Since data has the previous corrections
based on the simulation, the residual corrections are an additional correction on
top of it and are applied as a simulation-to-data (MC/data) scale factor. There
are two methods based on the above-mentioned idea which are used to derive
the corrections - the direct balance (DB) or pT balance method and the missing
transverse momentum projection fraction (MPF) method [134]. The details of
each method are discussed in the next Chapter 4.

For calculating the |η |-dependent corrections, the MPF method is used in
events containing two approximately back-to-back jets in the hard-scattering pro-
cess (i.e. dijet events in QCD). Fig. 3.8 (left) shows the |η |-dependent correc-
tion for 2018 data. While the correction is small for the barrel region, the EC2
region of the endcap (transition region) and the HF region show larger devia-
tions. The absolute pT-dependent corrections consider different hard-processes,
namely, Z/γ+jet, QCD multijet and hadronic W decays from tt̄ processes. Both
DB and MPF methods are implemented, and the corrections are shown in Fig. 3.8
(right).

Jet energy resolution

The final step of the jet calibration procedure consists of accounting for the jet
energy resolution (JER) differences between simulation and data. While the JES
is the mean of the response distribution, the JER can be quantified as the spread
of the response distribution. After the jet energy corrections have been applied,
this corresponds to the width of the distribution centered around unity. The de-
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Figure 3.8: The jet energy response before application of the scale corrections
(left) and after applying the corrections (right) for various jet η and pT. The
corrections lead to ≤ 1% agreement between particle-level and reconstructed jet
energy in simulation. Figure taken from Ref. [133].

tails of the jet energy resolution in Run 2 and related studies are discussed in
detail in the next Chapter.

Jet tagging

In addition to reconstructing and calibrating the jets, dedicated algorithms have
been developed to allow for the identification of the parton origin in jets. This is
called jet tagging and is an essential component in several physics analysis. One
such example is top physics where b-tagging (i.e. the selection of jet originat-
ing from a b-quark) is required to select the dominant t → b+W decay mode
for the top quark. Since the b and c hadrons can travel a measurable distance
before decaying, the presence of displaced particles within a jet is one of the
discriminating variables which allows for b-tagging and c-tagging at the CMS
experiment.

The CMS experiment employs several sophisticated algorithms for jet tag-
ging, many of which are based on state-of-the-art machine learning models.
The complex internal structure of jets and the subtle differences between heavy
flavour and light flavour jets make them ideal for deep learning approaches,
which excel at pattern recognition problems. During Run 2, the DeepCSV and
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DeepJet algorithms [135, 136] have been used to provide a high heavy-flavour
tagging efficiency while maintaining a low mistagging rate of light-flavour jets.

3.2.8 Missing transverse momentum

The head on nature of the pp collisions implies that there is no net transverse
component initially. Accordingly, the net transverse momentum in the event is
expected to be zero. However, this is the case when all outgoing particles are
reconstructed. In processes involving neutrinos, it is expected that there will be
some transverse imbalance present since they pass through the detector without
any interaction. Similarly, in several BSM theories, weakly-interacting particles
are often proposed which would lead to events with ‘missing’ energy. Therefore,
the missing transverse momentum forms an important object for various physics
analyses. It is defined as the negative vector sum of the pT of all reconstructed
PF objects (Eqn. 3.6).

~p miss
T =−

PF objects

∑ ~pT (3.6)

Similar to other physics objects, the pmiss
T requires some dedicated correc-

tions. One of the dominant sources of inaccuracy in pmiss
T arises from the nonlin-

ear response of calorimeters. Since this effect is already corrected for jets with
the calibration steps outlined before, the pmiss

T measurement is improved by prop-
agating the pT correction of the jets to the raw pmiss

T . This procedure also helps in
reducing the effect of pileup and results in a pmiss

T response close to unity [137].
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Jet energy resolution in the CMS
experiment

Jets reconstructed in the CMS experiment undergo a multistep energy calibration
procedure (Fig. 3.6) to correct for various effects such as pileup contamination
and non-linear detector response, in both simulation and data. A central quantity
used to evaluate the accuracy of the jet reconstruction is the jet response, defined
as:

Rjet =
preco

T
ptrue

T
(4.1)

In the case of the simulation-based response corrections discussed in Section 3.2.7,
ptrue

T = pptcl
T where pptcl

T is the transverse momentum of the particle-level jet that
is matched to the reconstructed jet. For the jet energy scale, the mean of the
response, 〈Rjet〉, is used to estimate the correction. The jet energy resolution, on
the other hand, is described as the spread/width of the response as mentioned
before in Section 3.2.7.

To get a first glance at the jet energy resolution (JER) in Run 2 datasets, it has
previously been studied using QCD multijet simulations [133] by evaluating the
width of the jet response distribution in bins of jet pT, η and number of pileup
interactions (µ). Fig. 4.1 shows the simulated JER as a function of jet pT in
both the central and forward η regions, across different pileup conditions. The
resolution in the barrel region for pT > 100 GeV is stable and roughly 5–10%.
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Figure 4.1: The jet energy resolution in simulation in the barrel region for 0 ≤
|η | ≤ 0.5 (left) and in the HF region for 3.2 ≤ |η | ≤ 4.7 (right). Figure taken
from Ref. [133].

It is also seen that as the jet pT decreases, the jet energy resolution worsens as
it becomes harder to distinguish pileup contribution in the jet originating from
the purely hard-process. As a result, for pT < 100 GeV, the JER becomes pileup
dependent. This is also seen in Fig. 4.2 where the jet energy scale uncertainty
is shown as a function of the jet pT for a central jet (|η jet| = 0) in the 2018
dataset. Among the several factors contributing to the total scale uncertainty,
pileup becomes a significant source of uncertainty when jet pT drops below 50–
100 GeV.

For comparisons between data and simulation, in-situ methods, as briefly
mentioned for the residual corrections (Section 3.2.7), can be used to derive
the jet energy resolution for both data and simulation. Fig. 4.3 shows the JER
data/MC scale factors as a function of the |η | for jets with pT > 100 GeV. The
JER scale-factors are found to be within 1 to 1.2 except for the endcap to HF
transition region where larger deviations are observed. The pT-dependent results
of the scale-factors are shown in Fig. 4.3 for 0.522≤ |η | ≤ 0.783 (barrel region)
and 2.853≤ |η | ≤ 2.964 (endcap to HF transition region) with Z+jets and QCD
dijet events. Besides 2.5 ≤ |η | ≤ 3, it is found that scale-factors are constant
with respect to the jet pT (∼ 1.1 for barrel region). This leads to an important
observation that the resolution in data is typically worse than what is found in
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taken from Ref. [133].

simulation. An accurate modeling of this effect in simulation is essential, as it
plays a critical role in analyses involving steeply falling spectra or resonance
decays, and impacts the description of event observables such as missing trans-
verse energy (MET). The broader resolution in data is propagated to simulation
using jet smearing techniques such as the stochastic and scaling methods, which
is discussed later in this section.
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Figure 4.3: The η-dependent jet energy resolution scale-factors for Run 2
datasets for jet pT > 100 GeV. The scale-factors are within 1−1.2 for all re-
gions except for the endcap-HF transition region. Figure taken from Ref. [133].

The jet energy results discussed so far have been derived for the Run 2 data-
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Figure 4.4: The pT-dependent jet energy resolution scale-factors in the barrel
region for 0.522 ≤ |η | ≤ 0.783 (left) and in the HF region for 2.853 ≤ |η | ≤
2.964 (right) for the 2018 legacy datasets. Figure taken from Ref. [133].

taking periods, namely in years 2016, 2017 and 2018. The collected datasets
have been passed through several processing campaigns to improve the quality
of the simulations and data with the latest available detector calibrations, algo-
rithms and corrections. The results presented here so far have been derived for
the legacy processing of the data, which is the penultimate processing campaign
for Run 2. The final and the most refined reprocessing for Run 2 is the ultra-
legacy campaign. Consequently, with the improved data quality from this cam-
paign, it is vital to quantify the jet performance using this dataset. The present
Chapter aims to assess the jet energy resolution in the ultra-legacy datasets of
Run 2 with an emphasis on jets with pT < 100 GeV, and is organized as follows.
Sections 4.1–4.4 present a new method for estimating the jet energy resolution
in data and simulation, employing template-based fits to model pileup and addi-
tional contributions. The results of the study for Run 2 are shown in Section 4.5.
A complementary, recently developed method based on missing transverse en-
ergy [138] within the CMS Collaboration is applied, and its results are presented
in Section 4.6. Section 4.7 presents some validation studies to compare the per-
formance of both methods.

4.1 In-situ method for jet response: pT-balance

The idea behind the in-situ methods is to select hard-scattering processes con-
sisting of a reference object and the uncorrected jet (typically recoiling against
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each other) and using the transverse momentum balance in the event to derive
the jet response at a reconstructed level. This enables measuring the correction
and, in this case, the resolution for simulation and data separately. As a result,
a data/MC scale factor is obtained and used to smear the jets in simulation. The
approach adopted here is called the pT-balance method.

The pT-balance approach evaluates the jet response by considering a better-
calibrated reference object like a reconstructed Z and directly comparing to the
reconstructed jet pT. The pT balance response, Rbalance

jet , is defined as shown in
Eqn. 4.2

Rbalance
jet =

preco
T

pref.
T

, ref. ∈ [Z,γ, jet] (4.2)

where preco
T and pref.

T are the reconstructed pT of the jet and the reference object,
respectively. There are several candidates that can be considered as the reference
object. The reconstructed Z is an ideal reference candidate, in particular for the
Z→ µµ decay channel, as the muon scale is calibrated up to 0.1−0.3% [126].
Similarly, the reconstructed photon can also be used as a reference object as in
the case for the residual corrections discussed before. The most popular choice
for the jet energy resolution studies is the dijet event topology where two jets re-
coiling against each other are selected to measure the resolution from the asym-

metry distribution
(

A =
pjet 1

T −pjet 2
T

2pavg
T

)
. To ensure at least one well-calibrated jet in

the dijet event, one jet is required to lie in the barrel region (|η | < 1.3) because
of the small variation in the response there [139]. It is important to note that each
of the objects provide sensitivity to different regons of the jet pT spectrum. The
Z+jet events provide access to jet pT up to 200 GeV as seen in Fig. 4.4. The dijet
event topology takes over for jet pT > 100 GeV with complentarity provided by
γ+jet events which are sensitive to a similar pT range. Combining the different
channels are therefore vital to get a complete description of the jet energy re-
sponse across a wide range of jet pT. A schematic illustrating a typical Z+jet
event is shown in Fig. 4.5.
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Figure 4.5: Schematic illustrating the pT-balance topology with Z+jet events.

4.2 Data and simulated samples

The data used in this analysis is from proton-proton collisions recorded at
√

s=13
TeV in 2018 corresponding to 59.8 fb−1. All data and MC samples used in the
analysis are ultra-legacy (UL) Run 2 samples which is the final reprocessing of
the Run 2 datasets and incorporates all known improvements in detector align-
ment, reconstruction etc. The analysis targets Z+jet events in data and simula-
tion, in the Z→ µµ final-states. The following trigger is considered: a dimuon
trigger that requires two isolated muons with pT > 17 and 8 GeV respectively,
forming mµµ > 3.8 GeV. In addition to this, a condition on the longitudinal im-
pact parameter with respect to the leading vertex is applied (dz < 0.2 cm).

Various MC samples for the Drell-Yan process simulation have been used.
The nominal sample consists of Z bosons produced in association with ≤ 2 jets
at leading order (LO) accuracy in the QCD coupling, using the event genera-
tor MadGraph5 [97, 98]. This is the primary sample used for the jet energy
resolution measurements discussed in this Chapter. For validation studies, two
next-to-leading order (NLO) samples are considered which have been gener-
ated using MadGraph5_aMC@NLO [99, 100] and POWHEG [94–96]. While
the LO sample is a less-accurate simulation compared to others that have been
considered, it provides a large sample size and is sufficient to model the event
topology (i.e. a jet (typically the leading pT jet) recoiling against the Z). These
samples, generated at the matrix-element level, are followed by parton shower
and hadronisation processes modelled with PYTHIA8.240 [103], using the
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CP5 underlying event tune [140]. Additionally, for the MadGraph5 and Mad-
Graph5_aMC@NLO samples, events with dilepton mass greater than 50 GeV
are generated. For the POWHEG sample, events with dilepton mass within
50− 120 GeV have been generated. Since a rich-purity of Z+jet events can be
obtained from data through tight selection cuts, no other background sample has
been considered. The complete list of MC samples are listed in Table 4.1.

Process ME Generator σ (pb)
DY+jets (mll > 50 GeV) MadGraph5 (LO) 5398
DY+jets (mll > 50 GeV) MadGraph5_aMC@NLO (NLO) 6424
DY+jets (120 > mll > 50 GeV) POWHEG (NLO) 2116

Table 4.1: Simulation samples used in the analysis.

4.3 Event selection

The Z+jet event topology consists of jets and muons/electrons, reconstructed by
the particle flow algorithm [107]. The jets are reconstructed using the anti-kT
algorithm with a radius parameter of R=0.4. To reduce the impact of pileup
in the jet reconstruction, pileup mitigation algorithms such as Charged Hadron
Subtraction (CHS) or PileUp Per Particle Identification (PUPPI) are additionally
applied. For this analysis, only jets passing the CHS algorithm have been consid-
ered. The jets are then calibrated using the latest jet energy corrections according
to the factorized approach as discussed in Section 3.2.7. As the missing ET (i.e.
pmiss

T ) is the negative sum of all activity in the event, it is sensitive to changes
in the jet energy after calibration. Accordingly, the pmiss

T is modified to include
the jet energy after the calibration instead of the uncorrected jet energy. While
no requirements have been placed on the pmiss

T in the event, this step is required
for the complementary method to the pT balance approach, discussed later in
Section 4.6. The jets are also required to pass the jet identification criteria, based
on jet properties such as the neutral and charged hadron energy fractions, neutral
and charged multiplicity etc, to ensure a high-quality jet. In addition to this, any
jet that overlaps with a muon or photon (determined by ∆R between jet and near-
est muon or photon) is removed to reduce fake jets. All jets with pT > 12 GeV
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are stored in the jet collection.

For the Z boson candidate, the Z→ µµ channel is considered as the primary
decay mode as it provides the largest statistics due to the lower pT thresholds for
the muons and a better Z mass resolution. The muons pass a set of quality cuts
to select well-reconstructed Z bosons. The dimuon trigger is used to select the
events as mentioned in the previous section. In the muon channel, events contain-
ing two muons passing the tight identification [126] and tight isolation criteria
are stored. The leading and the subleading muons are additionally required to
have pT greater than 20 and 15 GeV respectively. The reconstructed Z boson
candidate is selected within the dimuon mass of 70 to 110 GeV. No explicit pT

cut is applied on the reconstructed Z boson, ensuring that all pZ
T ranges remain

accessible. One such use case is modeling the pT balance response distribution
for pileup jets (discussed later). However, the JER measurement itself will be
carried out in bins of pZ

T, with the first bin starting from 30 GeV.

The ideal Z+jet event topology consists of the hard-scattering jet recoiling
against the Z boson, ensuring a good balance and an accurate jet response de-
scription. This is most often not the case due to the presence of additional jet ac-
tivity arising from underlying event but also from pileup. A common approach
for measuring the response in the ‘ideal’ topology is termed as the α extrap-
olation method. The additional hadronic activity in the event is quantified by
α =

pT,2nd jet
pT,ref.

where the pT of the second highest pT jet in the event is compared
to the pT of the reference object (in this case, the Z boson). A large α indicates
signicant additional soft activity in the event, coming from pileup or radiation
effects. Such events can distort the jet response distribution since the leading
jet may not perfectly recoil against the Z boson. By applying a maximum cut
on the α (αmax), events with large additional activity are rejected. The response
distribution is then studied to extract the jet energy resolution. Furthermore, the
response is measured at different values of αmax to linearly extrapolate to the
α → 0 scenario (the ideal topology) [134].

There are two major challenges that arise with this method when moving
towards jets of pT < 50 GeV. The first obstacle arises from the increasing influ-
ence of pileup on the response as seen in Fig. 4.2. This is because it becomes
increasingly difficult to differentiate between the hard-process jet and pileup jets,
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as the pT range begins to overlap. Furthermore, the α extrapolation method is
inherently biased towards low pileup. This can be illustrated by checking the
distribution of the number of primary vertices with the application of a particu-
lar α cut. Fig. 4.6 (left) shows this distribution (red triangles) for pZ

T ∈ [30,50]
GeV where events with only one jet with pT > 10 GeV are allowed. This ap-
proximately corresponds to α = 0.3 which is one of the working points used to
perform the extrapolation [133]. This is compared to the inclusive case where
events are allowed to have one or more jets with pT > 10 GeV (black dots) for
any pZ

T. In this analysis, a loose set of selection criteria is applied based on the jet
activity in different kinematic and geometric regions as described below. Events
satisfying the following selection criteria are selected:

• At most 1 low pT central jet in |η jet|< 2.5, ≤ 1 jet with pT ∈ [12,20] GeV
passing the pileup jet identification criteria [141] is allowed: As illustrated
in Fig. 4.6 (left), additional jets can arise due to higher pileup with pT > 10
GeV. The pileup jet identification helps in suppressing these events.

• At most 1 central jet with pT > 20 GeV in |η jet|< 2.4,≤ 1 jet with pT > 20
GeV is allowed: Most pileup jets in the central region are expected to have
pT < 20 GeV.

• At most 1 jet with pT > 30 GeV in |η jet| < 5.191, ≤ 1 jet with pT >

30 GeV is allowed: Beyond the central region, there are a larger number
of CHS jets coming from pileup. A higher threshold for candidate jet is
accordingly applied.

The selection criteria presented above lead to low additional jet activity in the
events to ensure a good balance between the probe jet and the Z boson. It also
reduces the bias due to pileup as can be seen in Fig. 4.6 (left) where the distri-
bution from events passing the selection criteria (blue squares) is closer to the
distribution where additional jets with pT > 10 GeV are allowed.

An additional challenge in the low-pT regime is related to the hadronic ac-
tivity arising from underlying event and multi-parton interactions. One of the
primary contributions come from initial-state radiation (ISR) and final-state ra-
diation (FSR) which could lead to a worse response distribution between the Z
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Figure 4.6: (Left) Distribution of the number of reconstructed vertices for Z+jet
events with ≥ 1 jets, == 1 jet and == 1 jet after passing the selection to illus-
trate that events passing the selection have reduced biased towards less pileup.
(Right) Distribution of the number of reconstructed vertices for events in differ-
ent Hsoft

T ranges to illustrate that Hsoft
T introduces negligible bias towards lower

pileup.

boson and the jet. Furthermore, ISR and FSR are not accurately modeled in
simulations and their description varies among different simulation frameworks.
This provides the motivation to add a selection criterion based on the amount
of ‘soft’ hadronic activity in the event, denoted by Hsoft

T . The particles arising
from the underlying event are typically very soft (i.e. low pT) which may lead
to unclustered energy deposits in the event. However, the charged hadrons aris-
ing from this appear as tracks in the event since the CMS tracker reconstructs
charged particles with pT as low as 0.3 GeV [108]. The hadronic activity in the
event can be measured by calculating the scalar sum pT of tracks in the event
coming from the primary vertex (defined as
HT = ∑

pT>0.3GeV
π± tracks pT (tracks from PV)). The Hsoft

T is then evaluated by subtract-
ing the pT contribution from the charged hadronic tracks associated to the probe
jet. There is no pileup dependence of Hsoft

T as can be seen in Fig. 4.6 (right) where
the distribution of number of reconstructed vertices is independent for different
ranges of Hsoft

T . The following selection is included in the selection:

• For pZ
T < 105 GeV, Hsoft

T < 15 GeV

• For pZ
T > 105 GeV, Hsoft

T < 0.5× pZ
T: Larger Hsoft

T threshold is needed since
the ISR and FSR contribution increases with probe jet pT.
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Private work (CMS data)

Figure 4.7: Reconstructed Z pT distribution events with only one jet (blue) and
multiple jets (black) after the selection is applied.

Following the full event selection, there are still multiple jets left in each
event. In the jet collection mentioned before, an additional criterion is included
to exploit the back-to-back nature of the ideal Z+jet topology. Jets with ∆φ(Z, jet)>
3 are stored as probe jets. Fig. 4.7 shows the pZ

T for the events with one probe jet
only (blue) and with multiple probe jets (black). It is observed that a substantial
portion of the dataset has multiple probe jets in the event and this contribution
increases as the pZ

T decreases.

4.3.1 JER extraction

The response of the detector is initially measured in bins of pZ
T and |η | of the jet.

Fig. 4.8 shows the pT balance response in simulation in the central (left) and the
forward (right) region in the low pZ

T bin. Since the jets undergo the scale correc-
tion, the response distribution is centred around 1 in both cases. The response
distribution can be split into two components − the jets from the hard-scattering
process (i.e. gen. matched jets) and pileup (i.e. non-gen. matched jets). A
reconstructed jet is defined as a gen. matched jet when a generator-level jet is
present within a cone of ∆R = 0.2. It is seen that there is a substantial contribu-
tion coming from pileup (red), especially for the forward region, as indicated by
the non-gen. matched jets (green). Eqn. 4.3 shows the response distribution as
a function of these two components, defined as the pileup and the recoiling jet.
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Figure 4.8: pT balance distribution in simulation for pZ
T ∈ [30,35] GeV in the

central region (left) and the forward region (right). The gen. matched jets are
shown in red and the non-gen. matched jets (i.e. pileup jets) are shown in blue.

Each of these contributions require dedicated modelling as discussed below.

preco
T (jet)

preco
T (Z)

=
preco

T (pileup jet)
preco

T (Z)
⊕

preco
T (recoiling jet)

preco
T (Z)

(4.3)

Pileup template

Private work 
(CMS data)

Private work 
(CMS data)

Figure 4.9: pT balance distribution in data and simulation for pZ
T ∈ [30,35] GeV

in the central region (left) and the forward region (right). Larger contribution
for data is seen at small pT balance response values compared to simulation.

One of the straightforward approaches to modelling the pileup is to use the
non-gen. matched jets in simulation to model the pileup in data. However, this
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assumes that the same pileup contribution is expected in data. This is not the case
as shown in Fig. 4.9 in the low-pT region (pZ

T ∈ [30,35] GeV). There is a larger
proportion of events at the lower end of the response in data as compared to the
simulation. This further provides the motivation to take an ‘in-situ’ approach
to estimate the pileup. This approach is based on constructing a template using
pileup jets identified in Z+jet events passing similar selection criteria as before.

The first stage of the method involves selecting pileup jets from low energy
Z+jet events. The same selection criteria as mentioned in the previous section
is used to reconstruct the Z boson candidate except a tighter mass window is
applied (mreco

Z ∈ [80,100] GeV). The events are also required to pass the same
selection criteria on the number of jets and the hadronic activity in the event as
before. All events with pZ

T < 5 GeV are selected to collect events rich in low pT

jets and pileup jets. The jets are required to pass the same identification and pT

criteria as mentioned before. To build the pileup jet collection, only the jets near
the Z boson are collected by requiring ∆φ(Z, jet) ∈ [1,2] condition. This is in
contrast to the probe jet collection mentioned before, which consists of jets with
∆φ(Z, jet) > 3. This selection leads to a group of pileup jets which is then used
to artificially build Z+jet events in the next stage.

For all events passing the event selection criteria to measure the response
distribution, a corresponding Z+jet event for pileup is constructed by using the
reconstructed Z boson in the event and associating a random jet from the pileup
jet collection generated in the previous stage. This artificial Z+jet event is then
used to build the pT balance response distribution for pileup. To increase the
statistics, this is performed multiple times for the same Z boson. This method is
applied to both simulation and data to construct the pileup templates in bins of
pZ

T and |η jet|.

Figure 4.10 shows the pileup templates for data, simulation and the response
distribution for the non-gen. matched jets in a sample bin. It is observed that
there is a good agreement between the non-gen. matched jets and the pileup
template generated for simulation. This validates the method described here and
also increases the statistics available for modelling the pileup. There are also
small differences between pileup templates for data and simulation. Therefore,
the pileup template is generated separately for simulation and data, and applied
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to each sample accordingly.

Private work 
(CMS data)

Private work 
(CMS data)

Figure 4.10: Comparison of pileup templates derived from simulation (small
dashed histogram) and from data (large dashed histogram) with the distribution
of non generator matched jets in simulation (dotted histogram).

Response for recoiling jets

The second term in Eqn. 4.3 contains the contribution from the jets recoiling
against the Z boson. As stated in Ref. [134], the response for the recoiling jet
can be further divided into three contributing terms. This is shown in Eqn. 4.4.

preco
T (recoiling jet)

preco
T (Z)

=
pgen

T (jet)
pgen

T (Z)
pgen

T (Z)
preco

T (Z)
preco

T (jet)
pgen

T (jet)
(4.4)

The first term relates to the response at the generator-level between the Z boson
and the recoiling jet. Accordingly, it is termed as the particle-level imbalance
(PLI) and originates from the underlying event, initial and final state radiation
processes. This is shown in Fig. 4.11 (left) for a representative pZ

T bin. A tem-
plate for the PLI is taken directly from simulation and applied when modelling
the pT balance response distribution in data and simulation. This assumes that
the PLI is the same in both. A systematic study of the effect due to this choice
is studied later in Sec. 4.4. The second term in Eqn. 4.4 is the response for
the Z boson momentum. The muons used to reconstruct the Z boson are well-
calibrated objects, with a pT resolution of 1− 3% [126]. This leads to a very
narrow resolution for the detector response of the Z boson that is also centered
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at unity (scale-corrected), as seen in Fig. 4.11 (middle). It is hence assumed that
the contribution to the recoiling jet distribution resolution for this is negligible
and has not been considered.

The third term in Eqn. 4.4 denotes the detector response of the jet. Since the
detector response generally arises from calorimeter noise, this can be approxi-
mately described by a Gaussian distribution. This is also evident from Fig. 4.11
(right), where the detector response is shown for a representative bin.

Private work 
(CMS simulation)

Private work 
(CMS simulation)

Private work 
(CMS simulation)

Figure 4.11: Different components used to model the response of the recoiling
jets in simulation: particle-level imbalance (left), Z-boson pT resolution (mid-
dle), and true jet response distribution (right).

4.3.2 Scale factor derivation

Combining the different components of the jet response and the pileup contribu-
tion, the pT balance response distribution is modelled by Eqn. 4.5 to estimate the
jet energy resolution (σJER).

preco
T (jet)

preco
T (Z)

=
preco

T (pileup jet)
preco

T (Z)
⊕

pgen
T (jet)

pgen
T (Z)

⊗N (µ,σJER) (4.5)

The pileup template generated from the in-situ method, as discussed in Sec-
tion 4.3.1, is used to derive the binned template-based probability density func-
tion (PDF) for the fitting function. The recoiling jet contribution is modelled
with the PLI template and a Gaussian with freely-floating mean (µ) and width
(σ ). The PLI template is converted into a PDF and then convoluted with a Gaus-
sian function to describe the smearing effect of the detector response. For each
component of Eqn. 4.5, the normalization is allowed to float. The fit is performed
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within a custom fitting range which has a lower bound of 12/min(pZ
T) in the bin

and a higher bound that excludes 2.5% of the distribution. For bins with pZ
T > 50

GeV, the lower bound is shifted such that 2.5% of the distribution is excluded
from the lower end. This is done to remove any effects arising from the tails of
the distribution and to ensure a good fit. Additionally, for simulation, half of the
dataset is used as the test sample while the other half is used to generate the PLI
template.

Private work (CMS data) Private work (CMS data)

Private work (CMS data) Private work (CMS data)

Figure 4.12: pT balance distribution for 30 < pZ
T < 35 GeV in the Barrel (top

left), Endcap 1 (top right), Endcap 2 (bottom left) and Forward (bottom right)
regions. The JER values are extracted from the fit using Eqn. 4.5.

The jet energy response from the pT balance response distribution is ex-
tracted in bins of pZ

T and |η jet|. The pZ
T bins are defined by the edges [30, 35,

40, 50, 60, 85, 105, 130, 175, 230, 300, 400] GeV. While a fine |η jet| binning is
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Private work (CMS simulation)

Figure 4.13: The ratio of the true jet energy resolution and the extracted resolu-
tion as a function of |η jet| and pZ

T. A ratio close to unity indicates good closure,
demonstrating that the JER extraction method accurately reproduces the true
resolution.

used to accurately measure the JER in different detector regions, a coarse bin-
ning is used as a first estimate of the JER in the Barrel region (BB: 0 < |η jet| <
1.305), Endcap 1 region (EC1: 1.305 < |η jet| < 2.5), Endcap 2 region (EC2:
2.5 < |η jet| < 2.964) and Forward region (HF: 2.964 < |η jet| < 5.191). Fig-
ure 4.12 shows the pT balance distribution in simulation and the resulting fit for
30 < pZ

T < 35 GeV with the coarse binning. The pileup contribution increases
with the |η jet| and the generated pileup template accordingly scales to ensure
a stable fit across all the regions. The reduced precision from the tracker and
calorimeter at larger |η jet|, along with increased sensitivity to soft activity, im-
pact the jet reconstruction performance and lead to larger JER as |η jet| increases.

To study the closure of these results, the resolution extracted from the fit is
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compared to the true jet resolution from the simulation (i.e. σ(
preco

T (jet)
pgen

T (jet) )). Fig-

ure 4.13 shows the ratio in coarse bins of pZ
T and |η jet|. Agreement within 5-10%

is observed between the true jet resolution and the extracted resolution from the
fit for the Barrel and Endcap 1 regions. Similar agreement is observed for the
Endcap 2 and Forward regions after taking into account the larger uncertainties.

Some example pT balance distributions for data and simulation are shown in
Fig. 4.14 for the Barrel region. While there is a slightly larger pileup contribution
observed in data, the respective data and simulation pileup templates accordingly
ensure stable fits. It is also evident from the relatively simpler no pileup scenario
(105 < pZ

T < 130 GeV) that the resolution is larger in data and is reflected in the
extracted fits across all bins. The jet energy resolution scale factors in coarse and
fine bins are shown in Fig. 4.15. In general, the jet energy resolution for data is
observed to be 10-30% larger than the resolution for simulation, with a possible
pT dependence. Accordingly, a pT-dependent study of the JER scale factors is
carried out and described in Section 4.5.

4.4 Systematic uncertainties

The jet energy resolution measurement has several sources of systematic uncer-
tainty, which need to be accounted for in both data and simulation. For each type
of uncertainty, the impact on the resolution is measured with the up and down
variations. The resulting shift in JER and the scale-factors is then applied as a
symmetric uncertainty relative to the central values. A description of the uncer-
tainties considered is provided below with their estimated values presented in the
next section.

Pileup reweighting

Pileup reweighting is performed on the simulation to match the pileup profile
between simulation and data [142, 143]. The pileup profile depends on the nom-
inal pp inelastic cross-section for Run 2, which is measured to be 69.2 mb. The
uncertainty on this cross-section is 4.6% which in turn is used to produce ±1σ

variations on the pileup profile. The shift in the JER for simulation is used to
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Private work (CMS data) Private work (CMS data)

Private work (CMS data) Private work (CMS data)

Private work (CMS data) Private work (CMS data)

Figure 4.14: pT balance response distribution for 30 < pZ
T < 35 GeV (top),

60 < pZ
T < 85 GeV (middle), 105 < pZ

T < 130 GeV (bottom) in the Barrel
region for simulation (left) and data (right).
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Figure 4.15: The Data/MC scale factor for the jet energy resolution as a func-
tion of |η jet| and pZ

T using coarse (left) and fine (right) bins.
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apply the uncertainty due to pileup reweighting.

Jet energy scale

The jet energy scale for data and simulation is corrected as described in Sec-
tion 3.2.7. These calibrations come with associated uncertainties, which mea-
sure possible deviations of the simulation from the detector response observed
in data. The impact of this source on the jet energy resolution is evaluated by
applying the JES corrections with up and down variations to simulation. The
resulting shift in the resolution is taken as the corresponding uncertainty.

Fit range

For each pT balance distribution in simulation and data, the fit is performed
within fixed bounds, excluding 2.5% of the distribution from the higher end (for
all pZ

T) and from the lower end (only for pZ
T > 50 GeV). These bounds are chosen

to suppress contributions from erratic tails. However, since these contributions
depend on pT and η , a systematic uncertainty is assigned to the choice of bounds.
This uncertainty is evaluated by performing up and down variations, in which 3%
and 2% of the distribution are excluded from each end, respectively.

Probe jet minimum pT

A minimum pT threshold of 12 GeV is applied on all jets considered. This
requirement rejects any low pT jets which may populate the pT balance distribu-
tions, especially in the low pZ

T bins. A systematic uncertainty for this selection
is measured by varying the threshold to 10 GeV and 14 GeV and taking the
resulting change in the resolution as the uncertainty.

Pileup template

The pileup template used for the fits is generated for simulation and data using
the procedure described before. As an alternative, the non-gen. matched jets
in simulation can be used to estimate the pileup contribution. The resolution is
calculated by applying the pT balance distribution for the non-gen. matched jets
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as the pileup template and the resulting variation is taken as the uncertainty from
this source.

Initial-state radiation and final-state radiation

Contributions from radiative processes such as initial-state radiation (ISR) and
final-state radiation (FSR) play a significant role in the description of soft ac-
tivity in simulation. In the low-pT regime (below 100 GeV), the jet energy is
particularly sensitive to the amount of soft activity in the event. The ISR and
FSR variations are introduced by modifying the QCD coupling constant (αS(µ)

where µ is the energy scale) in the parton shower. For ISR, this change is ap-
plied before the hard-scattering process, while for FSR it is applied after the
hard-scattering process. Since these effects play a role at the particle-level, only
the shift on the particle-level imbalance is applied to simulation and data while
extracting the JER. The variations are performed by scaling µ by factors of 0.5
and 2.

4.5 pT dependent JER results

The jet energy resolution scale factors shown in Fig. 4.15 provide the results in
bins of pZ

T and |η jet|. To derive the scale factors as a function of jet kinematics
only, a mapping between pZ

T and p jet
T is built using a linear fit to the profile of

the pjet
T distribution in bins of pZ

T. The pT dependent JER results as a function of
pjet

T are shown in Fig. 4.16 for the Barrel (top left), Endcap 1 (top right), Endcap
2 (bottom left) and Forward (bottom right) regions. Across all regions, the JER
scale factor is typically found to be greater than 1.2, indicating that the jet energy
resolution in data is larger than 20% for pjet

T < 100 GeV. In the Barrel region, the
scale factors increase as the pjet

T decreases, reaching∼ 1.3 for pjet
T < 50 GeV. The

scale factors in the Endcap 1 and Forward regions show a much flatter trend, and
can be approximated to a constant scale factor of 1.2. The complicated geometry
of the Endcap 2 region leads to a more complex scale factor trend as a function
of pjet

T , reaching a maximum of > 1.4.

The total uncertainty on the measurements, shown as green band in Fig. 4.16,
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Figure 4.16: Jet Energy Resolution as a function of pjet
T in the Barrel (top left),

Endcap 1 (top right), Endcap 2 (bottom left) and Forward (bottom right) re-
gions. The JER values are extracted from the fit using Eqn. 4.5.

consists of the statistical and systematic uncertainties described in the previous
section. The relative uncertainty for the individual uncertainties on the JER for
simulation (top left) and for data (top right) is shown in Fig. 4.17 for the Bar-
rel region. These are propagated to the JER scale factors where the effect of
low statistics is dominant at pjet

T > 100 GeV. Below 100 GeV, a larger effect is
observed with the pileup template variation in data. However, since the pileup
contribution in simulation is different from data, this variation – introduced by
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replacing the data template with non-gen. matched jets in simulation – serves
as a conservative estimate. Among the other uncertainties, ISR modelling is
observed to have one of the dominating effects on the JER measurement in sim-
ulation and data. This uncertainty is measured by its effect on the PLI, implying
that a precise modelling of ISR in simulation would play an important role in
improved measurements of the JER in both simulation and data.

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
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Figure 4.17: Relative uncertainty on the JER for simulation (top left), JER for
data (top right) and the scale factor (bottom) in the Barrel region for different
sources of uncertainty.

The previous Run 2 JER results (legacy datasets) suggest a scale factor of ∼ 1.1
(Fig. 4.4). There was also no pT dependence observed in the Barrel region
with the previous results. In parallel to the results shown here using Z+jets
events, efforts to probe the dijet event topology are currently ongoing in the
CMS Collaboration to estimate the JER scale factors, with a focus on covering
the pjet

T > 100 GeV spectrum. The preliminary studies also suggest a pT depen-
dence of the JER scale factors and are found to be compatible in the overlapping
region (100 < pjet

T < 150 GeV) with the results in this thesis. Although the event
selection is different between the two results, both rely on the same core philos-
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ophy of using the pT balance approach to derive the jet energy resolution. A new
method based on the missing transverse momentum projection fraction (MPF)
approach to jet energy corrections is also in development by the CMS Collab-
oration. The preliminary results with this method show a decreasing jet energy
resolution scale factor below 100 GeV and therefore, contradict the results with
the pT balance method discussed so far. To understand the differences, this new
methodology is explored in the context of the studies described so far and is
presented in the next section.

4.6 Complementary methods: MPF method

Z

Recoilin
g jet

Figure 4.18: Schematic illustrating the components of the MPF method with
Z+jet events

The MPF approach relies on balancing all the hadronic activity in the trans-
verse plane against the reference object pT. Using Z+jet events as a reference,
the ideal topology for a hard-scattering event would consist of a Z boson recoil-
ing against a single jet. However, the presence of radiative effects such as ISR
and FSR causes additional hadronic activity which could leave some unclustered
energy in the event. This can be interpreted as energy which is missing from the
recoiling jet and would appear as the missing transverse momentum, pmiss

T . There
will also be contribution from pileup to the net hadronic activity, denoted by the
vector, ~u (Eqn. 4.6). Balancing the net hadronic recoil against the Z boson leads
to Eqn. 4.7. The vector ~u can then be projected onto the Z-boson momentum
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axis to study the response of the net hadronic activity, as shown in Eq. 4.8.

~u = ∑
jets

~pT (4.6)

~u =−~pT
miss− ~pT

ref. (4.7)

RMPF =
~u‖

pref.
T

= 1+
~pT

miss.~pT
ref.

(pref.
T )2

(4.8)

RMPFX =
~u⊥

pref.
T

(4.9)

This is termed as the response of the MET projection fraction since RMPF men-
tioned here is just the response of the MET projected onto the Z boson mo-
mentum axis and shifted by unity. Similar to the approach with pT balance, the
response distribution can then be used to measure the resolution of RMPF. It
would consist of the JER for the hard-scattering jet (σJER), the width of ISR and
FSR response (σISR, σFSR) and width of the pileup response (σPU). This can be
parametrized as Eqn. 4.10 where the quantity of interest is σJER. To extract this,
the MPF method is extended to measure the response in the orthogonal axis with
respect to the Z boson momentum axis. The isotropic nature of pileup, ISR and
to some extent, FSR, would contribute to the response of ~u in this direction and
can be written as Eqn. 4.11. Subtracting in quadrature the width of the response
of ~u in the parallel and orthogonal axis to the Z boson momentum, is then ex-
pected to cancel out all contributions except the jet energy resolution, leading to
Eqn. 4.12.

σMPF = σJER⊕σISR⊕σFSR⊕σPU (4.10)

σMPFX = σISR⊕σFSR⊕σPU (4.11)

σJER = σMPF	σMPFX (4.12)

It is important to note here that this would also remove any contribution coming
from the pileup component present within the jet itself. This effect can be cor-
rected for by adding back the pileup contribution using results from the Random
Cone method [133]. However, this is a different study which is ongoing in the
CMS Collaboration and falls beyond the scope of this thesis. The effect of this
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is expected to be small and is neglected in the MPF studies presented here.

Private work (CMS data) Private work (CMS data)

Figure 4.19: Response of parallel (blue) and perpendicular components (red)~u
for 40 < pZ

T < 50 GeV in the Barrel region for simulation (left) and data (right).

The methodology discussed above is implemented to extract the JER after
applying the same event selection which has been applied on the pT balance
results. The JER estimate is obtained by subtracting in quadrature the RMS of
the response distribution for the parallel and the perpendicular components of ~u
in bins of pZ

T and |η jet|. An example bin is shown in Fig. 4.19 for 40 < pZ
T < 50

GeV in the Barrel region. As before, the mapping between pZ
T and pjet

T is used to
study the pT dependence of the JER in simulation and data and the corresponding
scale factors in different regions of the detector.

Fig. 4.20 shows the pT dependent results with the MPF method (left) in the
Barrel region and is compared to the results with pT balance method (right). For
simulation, the jet energy resolution in both methods is seen to be compatible.
This indicates that the same closure between the true JER and the extracted JER
is expected for the MPF method applied here. The biggest differences come from
the JER for data which are much smaller for the MPF method as compared to
the pT balance results. This results in JER scale factors of ∼ 1.05− 1.1. Addi-
tionally, the pT dependence for the MPF method is different from what has been
observed for the pT balance. The MPF results suggest a decreasing trend for the
JER scale factor as the pjet

T decreases. The preliminary results from the groups
in the CMS Collaboration working on the MPF method with dijet events indi-
cate a similar trend. In comparison, for the pT balance results presented in this
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Figure 4.20: Jet Energy Resolution as a function of pjet
T in the Barrel region

with the MPF method (left) and the pT balance method (right).

thesis, the opposite is observed where the scale factors increase with decreasing
pjet

T . While the reason for the fundamental differences in these results is under
study in the CMS Collaboration, one of the major differences between both the
results is the impact of the soft radiation and its modelling on the measurements.
The MPF method is expected to be less biased by the description of both the
pileup and ISR/FSR effects in simulation since these contributions are expected
to cancel out in situ. For the pT balance method, however, these effects have an
influence on the extracted JER in data as it determines the PLI that is used in
the fit. However, even with the inclusion of the ISR and FSR variations, the jet
energy resolution for data has been observed to be still larger than what the MPF
method predicts. As a result, further dedicated studies are needed to understand
the root cause for this difference.

An alternative is to test both results by studying their influence on the physics
explored in the CMS experiment. This would provide an indication of which
result is closer to reality and serve as a validation. In the next section, a validation
study using the JER scale factor results is presented and evaluating their potential
impact on physics analyses.
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4.7 Validation of JER scale factors

One of the key processes used to study QCD is the measurement of the inclusive
jet cross section at the LHC. The ATLAS and CMS Collaborations have under-
taken several such measurements at different center-of-mass energies. One of
the central observables in these measurements is the jet pT spectra which can act
as a probe into parton momentum distributions in the proton, and consequently
provide information on its structure. An accurate description of the jet pT spec-
trum in simulation is therefore essential and requires all the calibration steps,
including the corrections for the jet energy resolution.

Treating this as an inspiration, a validation study is carried out to apply the
JER scale factors. For this study, the leading jet pT spectrum in Z+jet events
will be compared in simulation and data. The JER correction is applied to the
simulation jets in a procedure called jet smearing which is described in the next
section. The JER scale factors obtained from the pT balance method and the
MPF method presented before will be used separately. The post-smearing re-
sults which deviate the least from the distribution for data would indicate a more
accurate description of the resolution in data.

4.7.1 Jet smearing

Two methods are commonly used to smear jets, termed as the scaling method
and the stochastic smearing method. The recommended approach is a hybrid
technique that combines both the methods.

The scaling method is applied to rescale the four-momentum of the jets
which are matched to a particle-level jet. The matching criteria for a jet con-
sists of a geometrical as well as pT matching, as described in Eqn. 4.13. In the
case of AK4 jets, a particle-level jet is required to be present in a ∆R < 0.2 to
pass the geometric matching criteria. Additionally, the particle-level jet pT is re-
quired to be within 3σJER of the jet pT where σJER is the true JER in simulation.
Once a matching particle-level jet is found, the scaling factor, cJER, is calculated
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according to Eqn. 4.14

∆R < Rcone/2, |pT− pptcl
T |< 3σJER pT (4.13)

cJER = 1+(sJER−1)
pT− pptcl

T
pT

(4.14)

where sJER is the JER scale factor. The scaling factor is also truncated at zero.
Note that this method scales only the jets which are associated to particle-level
jets with a well-reconstructed pT and therefore, does not apply any scaling to
non-gen. matched jets (i.e. pileup jets).

The stochastic smearing method provides an alternative approach by not de-
pending on whether a jet is matched to a particle-level jet. The scaling factor is
determined according to Eqn. 4.15

cJER = 1+N (0,σJER)
√

(max(s2
JER−1,0)) (4.15)

where the scale factor is sJER and the true JER in simulation is σJER. The random
term sampled from the normal distribution N (0,σJER) is included to mimic the
detector resolution spread. The recommended approach, the hybrid method, uses
the scaling method for all jets which pass the matching criteria mentioned in
Eqn. 4.13. For all other jets, mostly pileup, the stochastic smearing procedure is
applied. In this study, only the scaling method has been applied as the leading
jet pT distribution is expected to be dominated by the hard-scattering jet.

For performing the jet smearing, the JER scale factors obtained for the pT

balance method and the MPF method are fitted with a linear function in each
of the four coarse |η jet| regions as before. Figure 4.21 shows the JER scale
factor distributions and their corresponding linear fits for both the methods in the
Barrel region. As expected from the results seen before, two opposing trends are
observed for the methods even after accounting for the±1σ variations on the fit.
The JER scale factor values extracted from the fits are used for performing the
jet smearing procedure.
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Figure 4.21: JER SF as a function of pjet
T in the Barrel region with the MPF

method (left) and the pT balance method (right). A linear fit is performed on
both the distributions in the range 30 < pjet

T < 200 GeV.

4.7.2 Datasets and Event selection

As mentioned in Section 4.2, the 2018 data set with Z→ µµ events are used to
perform the validation studies. The events are selected with the dimuon trigger
described before. For the Z+jet simulation samples, two NLO samples using
MadGraph5_aMC@NLO and POWHEG are considered in addition to the LO
MadGraph5 sample used in the previous studies. The details of these samples
have been described in Section 4.2.

To study an inclusive pT distribution of the leading jet, a very minimal set of
cuts is included in the event selection. The jets follow the same reconstruction
procedure and the calibration steps as described in Section 4.3, storing all jets
with pT > 12 GeV. The leptons are required to pass the same selection criteria to
reconstruct a Z boson candidate with a dimuon mass of 70 to 110 GeV. To select
the Z+jet event topology, the leading jet and Z boson candidate are required
to be back-to-back by imposing the condition, ∆φ(Z, jet) > 2.5. No additional
selection criteria have been placed on the jets in the event.

Since the objective of this study is to compare the impact of different JER
corrections, the simulation should also be corrected for other major effects that
contribute to differences between simulation and data. One source of data-
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simulation discrepancy comes from the dilepton pT distribution in simulation
which can shift the data to simulation ratio by up to 20− 30%. This effect is
corrected by applying reweighting factors in bins of pZ

T. This factor is calculated
by normalizing the pZ

T distribution in each simulation separately and reduces the
data-simulation discrepancy to < 10%. Figure 4.22 shows the dilepton mass dis-
tribution for the simulation samples and data. There are additional corrections
which can be applied to further improve the data simulation agreement but these
have not been included here.
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(CMS data)

Figure 4.22: Reconstructed Z boson mass distribution for MadGraph5 LO
(left), MadGraph5_aMC@NLO (middle) and Powheg NLO (right) samples
in comparison with 2018 data.

4.7.3 Results

Figure 4.23 shows the leading jet pT distribution for the different simulation
samples in comparison to data. A similar jet pT spectrum trend is present for
each of the simulation samples. The Data/MC ratio for data and simulation with
no JER correction applied (i.e. unsmeared MC) is ∼ 0.9− 1. With the JER
correction from the pT balance results (or smeared pT balance) and the MPF
results (or smeared MPF) included in the simulation, there is a small shift in
the Data/MC ratio. A shift towards unity indicates better agreement of the data
with the smeared simulation. In this case, the Data/MC results for smeared MPF
samples show better Data-MC agreement as compared to the pT balance results.

However, the difference between both the smeared distributions is observed
to be small. To investigate further, the ratio of the MC samples smeared with pT
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Figure 4.23: Leading jet pT spectra in the Barrel region for MadGraph5 LO
(left), MadGraph5_aMC@NLO (middle) and Powheg NLO (right) samples in
comparison with 2018 data. The corresponding Data/MC ratios quantify the
level of agreement between the simulation and data before and after the JER
corrections are applied.

balance and MPF results with respect to the unsmeared samples are compared.
In addition to this, the uncertainties coming from some common sources of un-
certainty in the distributions of such observables are also considered. The jet
energy scale uncertainty, ISR and FSR variations for the leading jet pT spectrum
of the unsmeared simulation have been included. The uncertainties on the JER
scale factors are introduced by varying the fit (shown in Fig. 4.21) by ±1σ . The
eventual variation in the spectrum is taken as the uncertainty due to the JER scale
factors. In the results shown here, only the variation from pT balance results is
included as uncertainty for the JER scale factors.

Figure 4.24 shows the comparison between smeared samples and the un-
smeared MC sample. It is observed that there is < 5% of difference between the
smeared pT balance results and the smeared MPF results. It is also important to
note that the effect of smearing with either result is smaller than the uncertainty
coming from the jet energy scale or ISR/FSR uncertainties. While the results
shown here are for the Barrel region, similar observations are seen across the
other detector regions, leading to two important inferences. The first is that the
MPF method results seem to provide better Data-MC agreement as compared
to the pT balance results. The second is that the difference between the two
smeared results are small and possibly covered by uncertainties coming from
other sources such as the jet energy scale, ISR or FSR.

103



Chapter 4

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Figure 4.24: Leading jet pT spectra in the Barrel region for MadGraph5 LO
(left), MadGraph5_aMC@NLO (middle) and Powheg NLO (right) samples in
comparison with 2018 data. The corresponding Sample/nominal ratios quantify
the shift in the distribution after the JER corrections are applied. The systematic
uncertainty is calculated for unsmeared nominal MC.

4.8 Chapter Summary

In this Chapter, a method of measuring the jet energy resolution was presented
which extends the measurements to as low as pjet

T = 30 GeV using a pT balance
approach and template-based fits. The resulting data-to-simulation scale factors
are found to be of ∼ 1.1− 1.3. These results are compared with a newly de-
veloped method based on the MET projection fraction (MPF) approach, which
yields scale factors of ∼ 1− 1.1. Finally, the impact of these two results is as-
sessed with the leading jet pT spectrum in Z+jet events. The study suggests that
the smearing from either method is small and that more extensive studies are
required to fully understand the differences.
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Chapter 5
Exclusive search for light scalar
bosons in final-states with two
muons and two hadrons

This chapter covers the details of the analysis searching for light scalar bosons
in final states of two muons and two hadrons. This analysis has been the main
focus of my thesis. As the main analyzer for this analysis, all results shown here
have been performed by me unless stated otherwise.

5.1 Introduction

Multiple Standard Model extensions predict new particles with mass at or be-
low the weak scale. In particular, light scalar bosons with masses of O(GeV)

appear in several SM extensions including cosmic inflation models [39–41], su-
persymmetry [42, 43], dark matter models [44, 45] and cosmological solutions
to the hierarchy problem [46]. Chapter 1 discussed one such Standard Model
extension that introduces a singlet scalar particle with O(GeV) masses. The
scalar boson mixes with the Higgs boson and inherits couplings to SM particles,
allowing decays into visible final states. Depending on how small the mixing
parameter is, the BSM scalar boson can decay close to the interaction point or
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travel some distance in the detector before decaying. This leads to interesting
and challenging scenarios that have been probed in various collider experiments
and were briefly described in Chapter 1.2.3.

In this Chapter, a search for light BSM particles with masses below 2 GeV is
presented with the CMS experiment. In this low-mass phase space, the hadronic
decays of the BSM particles dominantly lead to only a hadron pair instead of
a collimated jet of multiple hadrons. Based on the studies in Refs. [16–18], a
SM extension with a light BSM scalar boson, S, in this mass range would lead to
dominant hadronic decay modes through the exclusive channels, S→K+K− (for
mS ≥ 1.1 GeV) and S→ π+π− (for mS ≤ 1.0 GeV) (see Section 1.2.2, Fig. 1.4).

A search for low-mass scalar bosons in such exclusive decays was originally
proposed in Ref. [144] for the LHCb experiment in fully-hadronic final states.
The proposed strategy targets scalar bosons produced in exotic decays of the
Higgs boson, H→ SS, followed by the scalar bosons decaying to charged kaon
final states. In the CMS experiment, such a final state is hard to trigger on since it
would be submerged by hadronic backgrounds. Therefore, an alternative strategy
has been adopted in which one of the light scalar bosons is required to decay to
muons which provides a signature that can be efficiently triggered on.

In the analysis presented in this thesis, a Higgs-mediated search for light
scalar bosons, with final states of two oppositely charged muons and two oppo-
sitely charged kaons or pions (pp→ H→ SS→ µ+µ−h+h−) is performed. The
complete final state, consisting of one pair of collimated hadrons (kaon or pion)
and one of muons, is used to reconstruct the properties of the BSM light scalar.
By comparing the masses, as calculated from the two track pairs, the displace-
ment of the reconstructed decay vertices and by requiring that these particles are
isolated, nearly all the background is suppressed. This allows for a unique sen-
sitivity to prompt and displaced signatures. The analysis uses the Run 2 dataset
collected by the CMS experiment. The mixing parameter between the Higgs bo-
son and the BSM scalar is treated as a free parameter, targeting a search that is
sensitive to a wide range of scalar boson lifetimes. Considering the values of the
S→ µ+µ−, S→K+K− and S→ π+π− branching fractions from Refs. [16,17],
the results of the search are interpreted as upper limits on the branching fraction
of the Higgs boson decay to the scalar bosons as a function of the scalar mass
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and lifetime.

The Chapter is structured as follows. Section 5.2 discusses the signal mod-
elling and simulation followed by a description of the datasets used to study the
backgrounds and perform the search. In Section 5.3, the trigger strategy for the
analysis is presented. The complete event selection is then described in Sec-
tion 5.4, starting from the object selection to the final handles used to reduce
the backgrounds. Section 5.5 presents the background estimation method fol-
lowed by the results of the event selection analysis in Section 5.6. The sources
of uncertainty and the relevant corrections applied to simulation are discussed in
Section 5.7. Finally, the statistical interpretation and the sensitivity of the search
are presented in Section 5.8.

5.2 Signal simulation and datasets

5.2.1 Signal simulation

The signal benchmark model considered for the analysis is the Higgs boson me-
diated production of BSM scalar bosons, S. The Higgs boson can be produced
at the LHC through various processes. Some of the major production modes and
their corresponding cross-sections are listed in Table 5.1. The leading produc-
tion mode is the gluon-gluon fusion process which accounts for nearly ∼ 87%
of the total Higgs boson production cross-section [60]. Based on this informa-
tion, the signal simulation for the benchmark model uses the gluon-gluon fusion
production mode (ggH) for the Higgs boson, followed by its decay to two BSM
scalar bosons which in turn decays as shown in Fig. 5.1. In the later stages of the
analysis, the Higgs boson production modes with vector boson fusion and with
associated vector boson production, have also been included.

The first part of the signal simulation is the production of SM Higgs. The
Matrix Element calculator, POWHEG2.0 [145–148], is used to generate the ggH
process at next-to-leading order (NLO) accuracy. This provides the parton level
information for the hard-scattering event. The next part of the simulation consists
of defining the rest of the hard-scattering event which contains the exotic decay
of the SM Higgs boson to the BSM scalar particles and the targeted final state
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Production mode Cross-section (pb) Process
Total 55.6 pp→H

Gluon-gluon fusion (ggH) 48.6 gg→ H

Vector boson fusion (VBF) 3.78 qq→ qqH

Associated production
2.26

qq→ VH
with vector boson (VH) V=W±, Z

Table 5.1: Some major production modes for the SM Higgs boson and their
cross-sections at

√
s = 13 TeV, evaluated at NNLO accuracy in the QCD cou-

pling. Numbers taken from Ref. [60].

Figure 5.1: Feynman diagram of Higgs boson mediated BSM light scalar bo-
son production in gluon-gluon fusion processes. The diagram illustrates the
targeted decay signature of a pair of muons and a pair of hadrons.

particles. Along with the parton shower and hadronization process, this step is
modelled with PYTHIA8.240 [103] using the CP2 underlying event tune [149].

To save computational power, only the targeted event topology for this anal-
ysis is generated in the signal samples. Accordingly, even though the SM Higgs
boson can decay through several channels, it is forced to decay only to two BSM
scalar particles with a defined mass, mS, and proper lifetime, cτ .

The targeted BSM scalar bosons in this search have a mass between 0.4 to
2 GeV with a defined mean proper decay length, cτ , which determines how far
the particle travels in the detector. The mean decay length (or travel distance)
can be calculated as L = βγcτ , where βγ is the Lorentz boost of the particle.
In this search, the targeted final states, muons and hadrons, are identified using
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the information from the tracker. Accordingly, any BSM scalar boson which
decays beyond the tracker volume falls outside the scope of this analysis. In
Section 3.2.1, the capabilities of the CMS tracker were discussed where Fig. 3.2
shows that the tracking efficiency falls below 10% as one moves radially away
by 600 mm from the interaction point. This restricts the decay length up to which
the BSM scalar boson can be probed. Assuming a Higgs boson produced at rest,
momentum conservation and the relation, βγ = p/m, provide a rough estimate of
the mean decay length. This in turn guides the range of the cτ that this analysis
is sensitive to. As a reference, for mS = 2 GeV and cτ = 100 mm, the mean
decay length turns out to be 3125 mm. For smaller masses, this is larger and
indicates that for BSM scalar bosons with cτ = 100 mm, a substantial number
of the decays already start to occur beyond the tracker volume. This provides
a range in cτ to which the analysis is expected to be sensitive. Accordingly,
four points for the proper decay length are chosen (cτ ∈ [0.1,1,10,100] mm) for
each BSM scalar mass, mS. Additionally, the events which lie beyond the tracker
volume are removed from generation. The impact of this cut is discussed later in
this Section 5.2.1.

Once the properties of the BSM scalar boson are specified, the next step is
simulating the decay modes for the scalar. One of the BSM scalar bosons is fixed
to decay to a pair of muons. The other BSM scalar boson is set to decay to a pair
of charged hadrons. The BSM scalar bosons with masses below 1.1 GeV can-
not decay into kaons due to kinematic constraints. Accordingly, the BSM scalar
boson is set to decay to a pair of charged pions only. For mS ≥ 1.1 GeV, the dom-
inant hadronic decay mode is into charged kaons. There are also contributions
from decays to charged pions and four-pion final states. However, since the con-
tributions from these decay channels are small, only the charged kaons final state
is considered. This was confirmed by generating a separate signal simulation for
mS = 2 GeV with both the charged pion and the charged kaon decay modes in-
cluded. This is discussed in Section 5.4.2 during the generator-level studies of
the signal kinematics.

The complete set of signal masses considered for the signal samples is shown
in Table 5.3. For the purpose of illustration, a reference branching fraction of
B(H→ SS) = 1% is assumed. Using the ggH cross-section of Table 5.1, the
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mS (GeV) B(S→ µ+µ−) B(S→ π+π−)
0.4 0.144 0.571
0.6 0.095 0.603
0.8 0.061 0.626
0.9 0.034 0.644
1.0 0.01 0.654

mS (GeV) B(S→ µ+µ−) B(S→ K+K−)
1.1 0.04 0.307
1.2 0.071 0.401
1.4 0.085 0.413
1.6 0.117 0.412
1.8 0.181 0.377
2.0 0.239 0.35

Table 5.2: Branching fractions for the BSM scalar decays to a muon pair and
to a pion or kaon pair [17], in the targeted range of BSM scalar masses (mS).
For mS ≤ 1 GeV, the hadronic decay mode to kaons is not allowed because
of kinematic constraints. The charged kaon decay mode dominates over the
charged pion decay mode for mS ≥ 1.1 GeV.

branching ratios mentioned in Table 5.2, and the full Run 2 luminosity of 138
fb−1, the expected number of signal events for each mass hypothesis is shown in
Table 5.3.

mS (GeV) Expected events in Run 2
0.4 5523
0.6 3848
0.8 3335
0.9 1470
1.0 439

mS (GeV) Expected events in Run 2
1.1 824
1.2 1912
1.4 2358
1.6 3238
1.8 4584
2.0 5619

Table 5.3: Mass hypotheses considered for the signal simulation and the num-
ber of expected events in Run 2 (L = 138 fb−1), based on the theoretical cross-
section of ggH process, reference of B(H→ SS) = 1%, and the corresponding
branching fractions B(S→ µ+µ−) and B(S→ K+K−) or B(S→ π+π−)
based on mS.

Lifetime Reweighting

For the signal sample generation, a range of mass hypotheses is considered to
ensure a good granularity in the range 0.4 < mS < 2 GeV. For the granularity
in lifetime, four samples for each mS have been simulated: cτ ∈ [0.1,1,10,100]
mm. To ensure a good scan of BSM scalar bosons with cτ ≤ 100 mm, the ex-
ponential nature of a particle’s decay is used to generate additional samples with
intermediate lifetimes.
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Considering natural units (i.e. c = 1), the particle decay length follows the
exponential distribution with the decay constant defined as τ . Since the 2 BSM
scalar bosons are independently decaying, the distribution of signal events can
be described by the product of two long-lived particle (LLP) decay probabilities
as shown in Eqn. 5.1

p(t1, t2|τ) =
1
τ2 exp[−t1/τ]exp[−t2/τ] (5.1)

ti =
LLP travel distance (lab frame)

βiγi
(5.2)

where t1, t2 denotes the life-time of the first LLP and the second LLP in their
rest frame respectively. These can be defined as Eqn. 5.2 by measuring the LLP
travel distance at the generator-level in the lab frame and using the Lorentz boost
of the particle (βγ).

Equation 5.1 can be used to define the probability distribution with a known
τ = τold and for a new τ = τnew. On taking the ratio of the equation for τold and
τnew, a weight is obtained which can be assigned as the ‘LLP reweighting’ factor
to the sample with τold to generate the sample with τnew life-time.

w = (
τold

τnew
)2exp[(t1 + t2)(

1
τold
− 1

τnew
)] (5.3)

Using the formulation in Eqn. 5.3, the intermediate lifetimes can be generated
by reweighting the existing samples to either larger lifetimes or lower lifetimes.
Additionally, a particular lifetime sample could also be produced by using a mix
of the next larger simulated sample and the next smaller simulated sample as
well. In this analysis, the additional lifetimes are generated by reweighting to
lower lifetimes from the existing samples because of statistical limitations that
arise when reweighting to higher lifetimes. Fig. 5.2 demonstrates the lifetime
reweighting procedure as a proof of concept by comparing the travel distance (L)
of a BSM scalar boson of the simulated samples and their reweighted counter-
parts. It is seen that the reweighting gives the same distribution after reweighting
of a larger lifetime to a known smaller lifetime sample, therefore validating the
procedure. In the end, a good granularity in 0.01 < cτ < 100 mm is assured with
the reweighting procedure described here.
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Figure 5.2: Demonstration of lifetime reweighting using the distance travelled
by the BSM scalar boson at generator level for mS = 2 GeV. Reweighting is
performed from existing samples to smaller lifetimes. The resulting reweighted
sample is then compared with nominal samples generated at the corresponding
cτ .

Generator-level filter

As this search targets BSM scalar bosons that decay within the tracker volume,
a filter is applied during the sample generation to only keep events which will be
reconstructed and can be detected in the CMS experiment. This filter removes
events in which either of the BSM scalar bosons decays at Lxy > 600 mm, where
Lxy denotes the transverse decay length of the scalar in the lab frame. Addition-
ally, a pµ

T > 5 GeV cut is applied on each of the final state muons to reject events
with soft muons since these are typically not well-reconstructed. The impact of
the filter is described below.

The efficiency of the filter is measured as a function of the lifetime for mS =

0.8 GeV and mS = 1.2 GeV by generating samples at small intervals in cτ from
cτ = 0.01 to 100 mm. Fig. 5.3 shows the filter efficiency for the two considered
mass points. At lower lifetimes, the filter efficiency is flat at ≈ 80% indicating
that the filter rejects events based on the pT threshold applied on the muons. For
the larger mass point (mS = 1.2 GeV), it is seen that the drop appears at a larger
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lifetime (∼ 8 mm) as compared mS = 0.8 GeV (∼ 3 mm). This is expected since
a smaller mass point has a larger decay length in the lab frame for the same
proper decay length as a result of the larger boost.

A sigmoid-type fit is performed on it to extract an approximate estimate of
the efficiency for all lifetimes between 0.01–100 mm. The exact functional form
used is specified in Eqn. 5.4.

f (x) =
p0

1+ p1x−p2
+ p3 (5.4)

Figure 5.3: Generator-level filter efficiency for mS = 0.8 GeV (left) and mS =
1.2 GeV (right) as function of scalar lifetime. The red line denotes a sigmoid-
type fit using Eqn. 5.4. As the lifetime increases, larger number of events are
rejected by the filter since at least one of the scalars has Lxy > 600 mm.

mS
ε f ilter

cτ = 0.1 cτ = 1 cτ = 10 cτ = 100 mm
0.8 GeV 0.807 0.801 0.599 0.105
1.2 GeV 0.779 0.778 0.717 0.189

Table 5.4: Generator filter efficiency for cτ = 0.1,1,10,100 mm with samples
of mS = 0.8, 1.2 GeV.

The efficiency of the filter is an important factor which needs to be consid-
ered when estimating the final limits of the analysis, shown in Section 5.8. For
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the samples with charged kaon final states, the efficiency values from the fit ob-
tained for mS = 1.2 GeV will be used (i.e. mS ≥ 1.1 GeV). The fit obtained for
mS = 0.8 GeV will be used for the masses mS ≤ 1 GeV where the charged pion
final states are present. Table 5.4 shows the efficiency for the produced lifetime
samples.

Higgs pT correction

In the signal samples considered for the analysis, the generation of the ggH pro-
cess is carried out at the next-to-leading order (NLO). Some recent theoretical
calculations [150] provide the simulation of this process at the next-to-next-to-
leading order accuracy, including the matching to a parton shower (NNLOPS).
One of the significant differences that arise between the two simulations is the
description of the Higgs boson pT spectrum. This is illustrated in Fig. 5.4 where
the generated signal samples in this analysis (blue) and a similar CMS analy-
sis [61] using samples at NLO accuracy are compared with the NNLOPS results
from Ref. [150]. It is observed that the distribution for the signal simulation
differs by up to ∼ 20− 30% in the bulk of the distribution. To account for the
impact of the NNLOPS results on the signal samples, the ratio (red) shown in
the bottom plot of Fig. 5.4 is applied as a reweighting factor to the events in the
signal samples. This leads to an increase of the signal yield by a few percent.

5.2.2 Data and background simulation

The data used in this analysis are from proton-proton collisions recorded at
√

s=13 TeV in 2016 (early, late), 2017 and 2018 corresponding to 36.3 (19.5,16.8)
fb−1, 41.5 fb−1, and 59.8 fb−1, respectively. The 2016 dataset is split into two
periods because the early 2016 data-taking was affected by saturation effects in
the silicon strip tracker, which were fixed for the late 2016 data taking (see Sec-
tion 2.2.2). Each era is individually processed and analyzed to account for the
differences in data-taking conditions, such as pileup. These effects are reflected
by simultaneously using simulation samples, corrections and systematic uncer-
tainties for each era separately. The samples for this analysis have been generated
in the final and the most refined reprocessing campaign for Run 2, referred to as
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Figure 5.4: The Higgs boson pT distribution for the produced signal sample
(referred to as Source) (blue), a reference CMS analysis [61] (red), and the re-
sults for the NNLOPS simulations from Ref. [150] is shown. The ratio between
NNLOPS simulations and the other simulations considered here is shown in the
bottom subplot.

the ultra-legacy (UL) samples. Accordingly, the dataset names in the figures in
this Chapter are attached with the ‘UL’ prefix.

To study the major background processes, all the simulation samples men-
tioned in Table 5.5 have been used, of which quantum chromodynamics (QCD)
multijets is the major contributor followed by tt processes. A muon-enriched
QCD sample (at least one muon with pT > 5 GeV) has been used in the analy-
sis to understand the QCD background containing muon final states. The sam-
ples are generated with various matrix element generators, followed by parton
shower and hadronisation processes modelled with PYTHIA8.240 [103], us-
ing the CP5 underlying event tune [140]. The simulation samples are weighted
according to the cross-sections mentioned and scaled to the luminosity for com-
parison to data. The complete set of background samples were generated for the
2017 data set only for developing the analysis strategy and the event selection.
For the early 2016, late 2016 and 2018 eras, only the dominant backgrounds,
muon-enriched QCD and tt samples, were used since the contribution from other
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samples was negligible.
In the following sections (Section 5.3,– 5.5), the figures use 2017 data and

corresponding simulation samples to support the event selection strategy and the
background estimation method, unless stated otherwise. The same is applied
for all the other eras, leading to a result on the full Run 2 dataset, shown in the
figures of Section 5.6– 5.8.
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Process Additional information ME Generator σ (pb)

QCD (muon-enriched)

15 < phard
T < 20 GeV

PYTHIA8

2797000
20 < phard

T < 30 GeV 2518000
30 < phard

T < 50 GeV 1361000
50 < phard

T < 80 GeV 377800
80 < phard

T < 120 GeV 87740
120 < phard

T < 170 GeV 21070
170 < phard

T < 300 GeV 7019
300 < phard

T < 470 GeV 622
470 < phard

T < 600 GeV 58
600 < phard

T < 800 GeV 18
800 < phard

T < 1000 GeV 3.3
phard

T > 1000 GeV 1.6

tt
Fully hadronic

POWHEG
377.9

Semi-leptonic 366.9
Fully leptonic 89.1

Single top tW / tZq / tqb / tb
POWHEG /

251.6
Madgraph5_aMC@NLO

W+jets W±→ l±ν MadGraph5 53940

Z+jets (Z→ l+l−)

0 < pT(Z)< 50

MadGraph5_aMC@NLO

5352
50 < pT(Z)< 100 GeV 398

100 < pT(Z)< 250 GeV 93
250 < pT(Z)< 400 GeV 3.6
400 < pT(Z)< 650 GeV 0.5

pT(Z)> 650 GeV 0.05

ttV

ttZ Madgraph5_aMC@NLO 0.7
ttγ Madgraph5 1.5
ttW POWHEG 0.6
ttH POWHEG 1.1

VV
WW / WZ / POWHEG /

551.9
ZZ / Wγ / Zγ Madgraph5_aMC@NLO

VVV
WWW / WWZ /

Madgraph5_aMC@NLO 0.46
WZZ / ZZZ

Table 5.5: Samples used as background simulation with 2017 data-taking con-
ditions and cross-sections; For other years, only QCD & tt samples with re-
spective data-taking conditions have been generated.
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5.3 Trigger Selection

The first stage of forming the analysis strategy, is finding the optimal trigger. The
final state particles muons are coming from the decays of the BSM scalars (mS <

2 GeV) which, in turn, come from the SM Higgs boson with mass mH = 125
GeV. Due to the large mass difference between the Higgs boson and the BSM
scalar, the BSM scalars are generally produced with a high pT. This in turn en-
sures that at least one of the decay products from the BSM scalar is produced
with a relatively high pT which can be used to trigger the signal event. This
is shown in Fig. 5.5 (left) where the mean pT of the leading muon (the muon
with the highest pT) at the generator level (or the leading muon gen. pT) is on
average at around 40 GeV while a majority of the subleading muons have a gen-
erator level (hereafter abbreviated to gen.) pT of less than 15 GeV.1 Furthermore,
the angular separation between the two muons, shown by the ∆R distribution in
Fig. 5.5 (right), indicates that the muons are very close-by (or collimated). As a
comparison, for dimuon decays of inclusively produced Z boson, the most prob-
able value of ∆R between the muons is around 3 (back-to-back decays).

Figure 5.5: Gen. pT for leading and subleading muon (left) and ∆R between
leading and subleading muon (right) for mS = 2 GeV, cτ = 0.1 mm.

Given these properties of the muons in the signal events, various trigger op-

1The difference between the pT of the two muons follows from Lorentz transformation
of the rest frame of the scalar (where the daughter particles have same momentum) to the lab
frame (where the pT of the two particles become asymmetric primarily due to the presence of the
lorentz factor γ in the momentum calculations).
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tions in Run 2 were tested. For the double muon triggers, several options re-
quired a relatively high pT threshold on the subleading muon. In cases where
the pT threshold was not an issue, a requirement on the amount of track activity
around the objects, quantified as isolation, was placed to keep the trigger rate
low. However, due to the collimation between the leading and subleading muon,
the isolation for the subleading muon includes the pT contribution of the leading
muon which causes it to fail the requirement.

Eventually, the most efficient trigger for the analysis was found to be the
isolated single muon trigger across all years of Run 2 (with pT threshold at > 24
GeV for 2016, 2018 and at > 27 GeV for 2017). The signal efficiency for the
trigger as a function of the leading muon gen. pT is shown in Fig. 5.6 (left) for a
signal mass hypothesis of mS = 2 GeV and multiple cτ . The trigger is observed
to be highly efficient for the signal samples with small lifetimes (cτ ≤ 1 mm) but
drops significantly at larger lifetimes. This is because the isolated single muon
trigger applies a maximum cut on the transverse impact parameter (dxy) of the
trigger muon. This is seen in Fig. 5.7 (left) where the signal efficiency drops to
zero beyond a fixed dxy value of the leading muon.

In 2018, two displaced dimuon triggers help in recovering some of the signal
efficiency for signal hypotheses with cτ > 1 mm. These triggers have been ex-
tensively used in Ref. [122] and are designed for capturing events with displaced
muons. These triggers require at least two muons reconstructed in the muons
systems only with pT > 23 GeV each. One of these triggers is more tuned to-
wards capturing events with muons that are seeded with track segments pointing
towards the primary vertex while the other removes this constraint. As the trig-
gers do not impose any requirements on the isolation or the dxy of the trigger
muon, they help in increasing the sensitivity to larger lifetimes, as shown by the
combined trigger efficiency in Fig. 5.7 (right). However, they are limited by the
pT threshold on the subleading muon and hence, the isolated single muon trigger
still contributes the most to the signal efficiency, as shown in Fig. 5.6 (right). The
complete list of triggers used in this analysis is listed in Table 5.6.

The trigger efficiency shown in Fig. 5.6 and 5.7 however only illustrates the
expected efficiency in signal simulation, and does not correspond to the effi-
ciency expected in data. To account for the systematics differences between the
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Private work (CMS simulation) Private work (CMS simulation)

Figure 5.6: Signal efficiency for only isolated single muon trigger (left) and
combination of displaced dimuon triggers with isolated single muon trigger
(right) for UL2018 MC samples with scalar of mass 2 GeV as a function of
leading gen. muon pT . Some signal events are recovered for cτ = 10, 100 mm
samples with the displaced dimuon triggers.

Figure 5.7: Signal efficiency for only isolated single muon trigger (left) and
combination of displaced dimuon triggers with isolated single muon trigger
(right) for UL2018 MC samples with a BSM scalar boson of mass 2 GeV as a
function of leading gen. muon dxy (transverse impact parameter). The displaced
dimuon triggers lead to acceptance of signal events at larger displacement.

performance of the trigger in data and simulation, a separate study on measur-
ing the efficiency for the isolated single muon trigger is carried out. The cor-
responding data-MC scale factors of this study provide the corrections that are
then propagated to simulation. A dedicated study to derive these corrections was
performed and is discussed later in Section 5.7.
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Year Trigger path
2016 HLT_IsoMu24
2017 HLT_IsoMu27
2018 HLT_IsoMu24 OR

HLT_DoubleL2Mu23NoVtx_2Cha OR
HLT_DoubleL2Mu23NoVtx_2Cha_CosmicSeed

Table 5.6: The list of triggers used in the analysis.

5.4 Event selection

This section presents the event selection criteria which are designed to enhance
the sensitivity to signal-like events and simultaneously suppress the background
contribution. The section is divided into several subsections, each focusing on
different aspects of the selection strategy. Section 5.4.1 describes the quality cuts
imposed on the physics objects used in the analysis. Section 5.4.2 outlines the
analysis strategy, based on the signal sample kinematics. This is followed by the
sections which detail the various selection handles.

5.4.1 Object Selection

Muons

The muon reconstruction described in Section 3.2.5 provides the base set of
muons on which additional requirements are included to form the muon col-
lection that is used in the analysis. The muons are required to pass the loose
ID and are required to have pT > 5 GeV and |η | < 2.4. The |η | < 2.4 and the
loose ID requirement ensure that the muons lie within the tracker acceptance
region and have a track associated to them. This is vital for reconstructing the
secondary vertex where the muons in signal-like events originate from. Apply-
ing a minimum pT requirement helps suppress the contribution from background
muons.

Additional pT requirements are imposed according to the trigger for the
event. Since the muon pT reconstructed at the online trigger level is different
from the muon pT after the full offline reconstruction, the trigger efficiency for
the events with a muon near the trigger threshold (with rapidly rising efficiency
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as a function of the offline muon pT, referred to as the turn-on curve) are difficult
to model and this may lead to distorted kinematic distributions. To address this,
additional pT cuts are chosen such that the events have muons which lie in the
stable plateau region of the trigger efficiency. For the events selected with the
isolated single muon trigger, the leading muon in the collection, which is most
likely the muon that triggers the event, is required to pass the following offline
selection criteria: for the 2016 and 2018 data set, pT > 26 GeV is imposed and
for the 2017 data set, pT > 29 GeV is required on the leading muon. For the
events in the 2018 data set that are triggered by the displaced dimuon triggers, at
least two muons with pT > 26 GeV are required.

Charged Hadrons

The charged hadron collection consists of charged particle tracks from the PF
algorithm (presented in Section 3.2.3), which identifies the track as a charged
pion by default. Depending on the targeted final state hadron, charged pion or
charged kaon, the particle four-momenta is redefined. After the redefinition is
carried out, the particle is required to have pT > 5 GeV and |η | < 2.4. A sim-
ilar reasoning as for the muon is applicable here to ensure that the large rate of
background charged hadron tracks is suppressed.

Secondary Vertex

The final state consists of two charged hadrons and two muons, each originating
from the decay of the respective BSM scalar boson. By identifying the correct
pair of charged hadrons or muons, the properties of the originating BSM scalar
boson can be reconstructed. One of these properties is the decay length which
is measured as the distance of the decay vertex (or secondary vertex) from the
primary vertex in the event. Since both the hadron pair and the muon pair would
leave tracks in the detector, this secondary vertex can be reconstructed using the
vertexing algorithms discussed in Section 3.2.2.

In this analysis, the Kalman vertex fitter is used which employs the Kalman
filter formalism [109–111] that applies a global least-squares minimization to
reconstruct the secondary vertex using the track properties of the two selected
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charged hadrons or the two selected muons. With the reconstructed secondary
vertex, the measured decay length, quantified as the distance of the vertex from
the primary vertex, is a useful tool to enhance the sensitivity to long-lived BSM
scalar bosons since most of the SM processes would lead to promptly produced
tracks.

Figure 5.8: Reconstructed dimuon mass distribution of the signal scalars for
different lifetimes at mS = 2 GeV using default and refitted tracks.

Once the secondary vertex is reconstructed, the fitter also allows the option
to re-evaluate the track properties with secondary vertex as the origin, called
smoothing. By default, some tracks originating from long-lived particle decays
may be reconstructed using seeds that point towards the primary vertex, which
can result in misreconstructed four-momenta. The tracks after the smoothing
has been applied are referred to as refitted tracks. Since the refitted tracks more
accurately represent the true particle properties at the generator level, a large
improvement is seen in the reconstruction of the originating BSM scalar boson.
This is shown in Fig. 5.8 where the reconstructed BSM scalar boson mass for the
muon final state is shown with the default tracks and the refitted tracks for several
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different lifetimes. For the cτ = 0.1 mm, there is no substantial improvement in
the dimuon mass resolution since the secondary vertex lies close to the primary
vertex. For the larger lifetimes, a significant improvement in the dimuon mass
resolution is observed for the refitted tracks, reaching a resolution similar to the
cτ = 0.1 mm case. In the analysis, once the secondary vertex is reconstructed,
only the refitted tracks for the muons and hadrons are used for further selection
criteria.

5.4.2 Analysis Strategy

Following the trigger and building the collection of charged hadrons and muons,
the next challenge is the reconstruction of the BSM scalar boson candidates. In
the signal samples, the collection of reconstructed particles also contains contri-
butions coming from pileup and the underlying event and ISR which can lead
to incorrect BSM scalar boson candidates. For devising the optimal strategy
for this, a study with the signal samples is presented here which motivates the
baseline selection for the analysis. The signal hypothesis with mS = 2 GeV and
cτ = 0.1 mm under 2017 data-taking conditions is used as reference unless spec-
ified otherwise. A special sample where both S→ π+π− and S→ K+K− are
included (according to branching ratios from theory [17]) has been used for the
study shown in this section.

In Fig. 5.5 (right), it was seen that the final state muons are very collimated
with ∆Rµµ < 0.4 for most events with at least one muon with high pT. Since the
mass difference between the muon mass (mµ± = 0.105 GeV) and pion or kaon
mass (mπ± = 0.139 GeV and mK± = 0.493 GeV) is quite small as compared to
the momentum of the particles (pT > 5 GeV), similar kinematics are expected
for both the muon and charged hadron decay modes. This is shown in Fig. 5.9
and 5.10 where similar kinematics are observed for the muon and charged hadron
decay modes. In Fig. 5.10, a longer tail for ∆Rhh is present as compared to ∆Rµµ

which indicates that due to the mass difference between the hadron and the muon,
the hadronic final states are slightly less boosted than the muon final states but
the majority of the decays still fall within ∆R < 0.4.

From the generator-level kinematics, there are three major takeaways. The
first is that at least one of the muons and one of the hadrons is high pT, and
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Figure 5.9: Gen. pT for leading and subleading muon (left) and charged
hadrons (right) for mS = 2 GeV, cτ = 0.1 mm.

Figure 5.10: Gen. ∆R for S→ µµ decays (left) and S→ hh decays (right) for
mS = 2 GeV, cτ = 0.1 mm.

since these particles are produced from the hard scattering event, they are likely
to be the highest pT objects in the event. The second is that the angular separa-
tion between the two muons or the two hadrons is very small. Finally, the third
takeaway is that the kinematics of the hadron and muon final states are simi-
lar, implying that a similar selection strategy should be sufficient to reconstruct
both the BSM scalar bosons in the event. With this in mind, a preliminary event
selection is formulated and listed below.

• Trigger: Isolated single muon trigger (HLT_IsoMu27 for 2017)
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• Muons: nµ ≥ 2 from the muon collection (Section 5.4.1) with pT > 5 GeV
and |η |< 2.4. Additionally, pT > 29 GeV on the leading muon is applied
to stay in the plateau of the trigger turn-on curve.

• Charged hadrons: nh ≥ 2 from the charged hadron collection with pT > 5
GeV and |η |< 2.4. The charged hadron tracks are assumed to be charged
pions.

• Dimuon candidate: The highest pT-ordered, oppositely charged pair of
muons within ∆Rµµ < 0.4.

• Dihadron candidate: The highest pT-ordered, oppositely charged pair of
charged hadrons within ∆Rhh < 0.4.

Figure 5.11: Reconstructed pT for leading and subleading muon (left) and
hadron (right) after passing a preliminary event selection.

Following the event selection listed before, the reconstructed pT for the final
state objects (muons and hadrons) is shown in Fig. 5.11. The pT distributions
resemble what is observed at the generator level, with a pT cut present for the
leading muon due to the trigger constraints discussed before. This further on af-
fects the dimuon ∆Rµµ distribution (Fig. 5.12 (left)) which shows that the events
passing the selection are more collimated than the events at the generator level
since a large pT threshold implies that the muons are produced with a larger
Lorentz boost which in turn causes the muons to be much closer to each other.
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Figure 5.12: Reconstructed ∆R for S→ µµ and S→ hh after passing a prelimi-
nary event selection.

Comparing the generator level distributions with the reconstructed properties of
the final state particles illustrates that the selection is efficient at selecting the
targeted particles.

In Fig. 5.13, the reconstructed BSM scalar boson mass using the dimuon
(left) and dihadrons (right) are shown. For the dimuon, the peak is seen at mreco

S =

2 GeV as expected with a narrow width. For the dihadron, the distribution is
much broader with two prominent peaks at mreco

S ∼ 1.8 and 2 GeV. The two mass
peaks are expected since the hadronic decay channel in this special signal sample
consists of events where the scalar can decay to either π+π− or K+K−. Since
the default particle assumption for the charged hadrons is pion, the larger peak
(with final state K±) is seen to be at a lower mS while the smaller peak (with
final state π±) appears at mreco

S = 2 GeV. This is in line with the branching ratio
calculations in [17], where the decays to kaons dominates over the decay mode
to pions.

Compared to the muon final state, a deeper investigation is required for the
hadronic final state since the number of hadrons in the event are much larger
than the number of muons (especially with the high pT cut on the leading muon)
which suggests that the possibility of selecting the wrong hadron pair is higher.
This is studied in detail by comparing the kinematics of the reconstructed parti-
cles for the corresponding generator level hadrons (i.e. gen. matched particles)
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Figure 5.13: Reconstructed scalar mass for S→ µµ and S→ hh after passing
the preliminary conditions.

with the hadrons selected with the selection procedure outlined before. The gen.
matching procedure considers the generator level hadrons produced from the de-
cays of the BSM scalar boson and searches for the closest reconstructed charged
hadron track. If a reconstructed hadron is extremely close (defined as ∆R < 0.03
between the gen. particle and the reconstructed particle) then it is considered as
the gen. matched particle. The reconstructed pT for the gen. matched hadrons
and the corresponding ∆R distribution between them is shown in Fig. 5.14. Note
that the events in Fig. 5.14 are not required to pass the event selection and instead
only require the presence of ≥ 2 final state hadrons and ≥ 2 final state muons to
provide a collection of all the events that can be reconstructed.

In the next stage, the events passing the preliminary event selection are
checked to see how many of them select the gen. matched hadrons. The events
where both selected hadrons are matched to the signal hadrons at the genera-
tor level (and hence pass the gen. matching procedure) are classified as gen.
matched events. The remaining events (failing the gen. matching procedure) are
classified as non-gen. matched events. In Fig. 5.15, a comparison between the
gen. matched events and non-gen. matched events is shown in the dihadron mass
and dihadron pT distribution. As these non-gen. matched hadrons most likely
come from pileup and underlying event, they populate the low values of dihadron
pT and dihadron mass. In the case of the dihadron pT distribution in Fig. 5.15, it
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is seen that the region below 20 GeV is mostly populated with non-gen matched
events whereas the gen. matched events are fairly low, indicating that the pre-
liminary selection is not efficient at capturing the signal hadrons in this region.
Therefore, a dihadron pT cut of pT > 20 GeV is included in the event selection
to ensure that events with incorrectly selected hadron pairs are rejected.

Figure 5.14: Reconstructed pT for gen. matched leading and subleading
hadrons (left) and reconstructed ∆Rhh for S→ hh (gen. matched) (right).

Figure 5.15: Reconstructed BSM scalar boson pT (left) and mass for S→ hh
(right) using gen. matched and non-gen. matched hadrons for events passing
the preliminary selection. Events are normalized to the same total number of
events passing the selection.

From Fig. 5.13, it is seen that even if the event selection picks the correct
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hadrons (i.e. gen-matched hadrons), the dihadron mass distribution is quite broad
compared to the dimuon mass primarily because of the presence of the two peaks
coming from the charged kaon and charged pion decay channels. This ends
up having a significant impact when the similarity between the reconstructed
dihadron and dimuon properties is taken as a handle to reject background events.
Additionally, since the gain coming from the charged pion decay mode for mS =

2 GeV is small, the probed hadronic decay mode in the analysis is set to only
the dominant one, as discussed in Section 5.2.1. In the case of signal hypotheses
with mS ≥ 1.1 GeV, the final state consists of two muons and two charged kaons.
For mS < 1.1, the final state consists of two muons and two charged pions. This
is summarized in the Eqns. 5.5,5.6. The analysis is hence split into two different
final states:

gg→ H→ SS→ µ
+

µ
−+K+K− mS ∈ [1.1,2]GeV (5.5)

gg→ H→ SS→ µ
+

µ
−+π

+
π
− mS ∈ [0.4,1.1]GeV (5.6)

For the signal hypothesis with mS ≥ 1.1 GeV, the charged hadrons four-
momenta are redefined with the charged kaon assumption. Including the require-
ment of a common vertex and using the subsequent refitted tracks further im-

Figure 5.16: Reconstructed scalar mass S→ hh after applying charged kaon
mass assumption for the hadrons and using refitted tracks after preliminary se-
lection.
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proves the mass resolution. In Fig. 5.16, the reconstructed dimuon and dihadron
mass after passing the preliminary selection and the charged kaon assumption for
the hadrons demonstrates that the mass resolution is similar between both muon
and kaon pairs. This is an important signal feature which is exploited in the full
event selection to improve the signal sensitivity.

5.4.3 Baseline selection

Based on the studies presented in the previous section, a baseline selection is
formulated. The complete baseline selection is shown in Fig. 5.17. After the
selection of the muon & hadron objects, the first step is the selection of the
signal-like objects. Since the selection strategy is similar between the muons
and the charged hadrons, the following is applied to both objects.

The selection procedure proceeds with iterating over the pT-ordered object
collection until some conditions are satisfied. The first condition is the presence
of a pair with oppositely charged objects with ∆R < 0.4. The next step checks
if the objects come from a valid secondary vertex, defined as a common vertex
where the fit converges and yields a non-zero χ2. If this condition is satisfied,

pT ordered collection

Muons (μ)
● pT(μleading) >NGeV
● pT(μX) > 5GeV
● |η(μ)| < 2.4
● Loose ID

Hadrons (h)
● pT(hX) > 5 GeV
● |pdgID| = 211
● charge != 0
● Has track details
● |η(h)| < 2.4
● hX = π± / K±

Form pair with opp.
charge μin ΔR< 0.4

Form pair with opp.
charge h in ΔR< 0.4

Valid common vtx from
KalmanVertexFitter

Valid common vtx from
KalmanVertexFitter

Replace default tracks
with refitted tracks

pT(μμ)driven by pT
threshold

pT(hh) > 20 GeV

m(μμ)<= 5GeV
and

m(hh) <= 5 GeV

nh≥ 2

nμ≥ 2

Replace default tracks
with refitted tracks

NONO

Pair found

Pair found

Keep event

Discard event

NO

YES

All
possible
pairs
checked

Pair of muons &
pair of hadrons
selected

m(μμhh)>= 110 GeV
and

m(μμhh)<= 140 GeVYES

NO

Figure 5.17: Flowchart illustrating the object selection and the baseline selec-
tion. The pT thresholds on the muon collection are modified according to the
event trigger as described in Section 5.3. All other cuts across the different eras
of Run 2 remain the same.

131



Chapter 5

the default tracks for the objects are replaced with refitted tracks. In the charged
hadron channel, an explicit cut of pT > 20 GeV is imposed on the dihadron pT.
For the muon channel, no explicit cut is imposed since the trigger requirements
already enforce an implicit dimuon pT cut. If all these conditions are passed, the
iteration over the muon and the charged hadron collection stops. If no dihadron
or dimuon object is found, the event is discarded.

Once a pair of muons and a pair of hadrons is selected, their respective ver-
tices are required to pass through additional quality requirements which helps
in rejecting events with unphysical attributes such as the uncertainty on the ver-
tex position. Specifically, the covariance matrix of the vertex is used to derive
the uncertainty along the direction of the vector connecting the secondary vertex
and the primary vertex, in the transverse plane. If this uncertainty is negative,
the event is rejected. This cut is also effective in rejecting events coming from
background processes.

The next few selection criteria include some loose cuts. The first removes
events at large dimuon and dihadron masses by requiring the mass to be less
than 5 GeV for both. Using the muons and the charged hadrons, the Higgs boson
candidate is reconstructed. The four-object invariant mass, mµµhh, is required to
be near the SM Higgs boson mass by applying the condition 110 < mµµhh < 140
GeV to suppress the backgrounds from low-energy processes.

5.4.4 Signal Region & Control Region

So far, the event selection criteria have been guided by the signal simulation
and include only loose cuts, which are chosen to reduce the background without
any impact on the signal acceptance. In the following sections, additional selec-
tions are introduced that have been optimized to keep a good signal acceptance
while significantly reducing the background. To design these selections, the rel-
evant background processes are studied using a simulation-based approach and
a data-driven approach. For the simulation-based approach, the Standard Model
background processes listed in Table 5.5 are used. For the data-driven approach,
special care needs to be taken to ensure that the data being used for this do not
contain potential signal events to avoid any bias in tuning the selection. This
is achieved by masking or blinding the region where the signal is expected (the
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signal region or SR). Conversely, a control region (CR) is defined to be rich in
background while containing events with similar kinematics as the signal events.
This can then be used to study the background contribution directly from data.

For the definitions of the signal region and the control region, the recon-
structed four-object mass distribution, mµµhh, is used. In the case of the sig-
nal, mµµhh represents the reconstructed Higgs boson mass, and the distribu-
tion is expected to be concentrated near mµµhh = 125 GeV. A window of ±2.5
GeV around the Higgs boson mass is taken as the signal region (i.e. mµµhh ∈
[122.5,127.5] GeV). Fig. 5.18 shows the mµµhh distribution for the 2017 data,
SM simulations and two reference signal samples, under the charged pion as-
sumption (right) and the charged kaon assumption for the final state hadrons
(left). For a direct comparison with data, the simulations are scaled to the lumi-
nosity of the 2017 dataset Lint∼ 41.5 fb−1. Additionally, the simulation samples
are corrected with relevant data-to-simulation corrections to account for discrep-
ancies with respect to the data. A discussion of the corrections and their asso-
ciated uncertainties is carried out in Section 5.7. As a result, a reasonably good
agreement is observed between the data and simulation in the sidebands of the
mµµhh distribution.

In the signal region, the dominant background consists of multijet events
from quantum chromodynamic (QCD) processes, followed by some contribu-
tion from tt production. The QCD multijet background is dominated by events
with heavy-flavour jets, which can yield muon pairs in the jet hadronization.
Along with the data in the sidebands of the mµµhh distribution, the backgrounds
follow an exponentially falling nature. This is denoted by the fit on data which
is extrapolated to the signal region and shows a good compatibility with the SM
simulations.

This leads to the definition of the control region for data. The control re-
gion is chosen to be the sidebands of the mµµhh distribution and is defined as
mµµhh ∈ [110,122.5]∪ [127.5,140]. Since it is seen that the backgrounds follow
an exponentially decaying nature in the mµµhh distribution, a fit on the sidebands
allows for the extrapolation to the signal region and provides an initial estimate of
the expected background in the signal region. A transfer factor, f = NSR

fit /NCR,
can be applied to the events in the control region to provide the rough back-
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ground distribution of other kinematic variables. Note that this is not the final
background estimation; This is used to provide an indication of the signal-to-
background discrimination during different stages of the selection. The final
background yield is calculated from the procedure discussed in Section 5.5 af-
ter the full event selection is applied. Additionally, during the formulation of
the event selection, a tight control region of mµµhh ∈ [120,122.5]∪ [127.5,130]
GeV is chosen to have a more accurate description of the kinematics of back-
ground in the signal region. Another benefit of this is that the transfer factor is
approximately 1 while the transfer factor for the looser control region is ∼ 0.2.

Figure 5.18: Reconstructed four-object mass distribution (mµµhh) with blinded
data, lumi-scaled SM samples and signal samples with h± = K± (left) and h± =
π± (right). The signal samples for mS = 2 GeV, cτ = 0.1 mm and mS = 0.6
GeV, cτ = 0.1 mm are shown as reference. An exponential fit(= Neαmµµhh) is
performed on the Higgs sideband in data to derive the transfer factors from the
loose and tight control regions.

Overall, it is seen that the signal region is submerged with background pro-
cesses, indicating that more selection cuts are required to find any potential sig-
nal events. These additional selection criteria are discussed in the following
sections. In all the following plots, the background processes (simulation and
data) are shown in the tight control region while the signal is shown in the signal
region, according to the definitions given above.
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5.4.5 Reconstructed scalar mass consistency

Figure 5.19: Reconstructed dimuon (left) and dihadron (right) mass distribution
with 2017 data, background simulation in the tight control region (i.e. mµµhh ∈
[120,122.5]∪ [127.5,130] GeV)m and signal simulation (mµµhh ∈ [122.5,127.5]
GeV) for the assumptions, h± = K± (top row) and h± = π± (bottom row). The
signal samples for mS = 2 GeV, cτ = 0.1 mm and mS = 0.6 GeV, cτ = 0.1 mm
respectively, are shown as reference.

In Fig. 5.18, it is seen that a similar number of background events are ob-
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served for the charged pion assumption (i.e. h± = π±) and the charged kaon
assumption (i.e. h± = K±) cases since the redefinition of the charged hadron
does not impact the background rejection efficiency. This is because the mass
difference between the kaon and the pion is small compared to the pT of these
final state particles. However, a significant difference is observed when consider-
ing the dihadron candidate mass in both cases. This is shown in Fig. 5.19 where
the reconstructed dimuon and dihadron mass is shown with the charged kaon
assumption (top) and the charged pion assumption (bottom) after the baseline
selection and blinding is applied on the 2017 datasets. For the dihadron mass
distribution, the background increases towards low masses since it consists of
low-pT hadrons. The edge of the dihadron invariant mass distribution however
shifts to mhh ∼ 1 GeV for the charged kaon assumption due to the constraint on
the minimum possible dikaon invariant mass (mπ± ,mK± = 0.139,0.493 GeV).
For the dimuon mass distribution, the background is also observed to increase
towards low masses with a broad resonance around ∼ 0.3 GeV which comes
from φ → K+K− events where the kaons are misidentified as muons [151].

While the background is spread in the entire dimuon and dihadron mass
range considered in Fig. 5.19, the signal events are localized within narrow peaks
centered on the corresponding signal mass hypothesis, with similar resolution in
both the muon and hadron channels. This similarity between the reconstructed
dihadron mass and dimuon mass provides a powerful handle to reduce the back-
ground. In this analysis, a selection is defined in the two-dimensional (2D) plane
of the dimuon and dihadron masses which correlates the two quantities.

The first step in this method is to extract the mass resolution of the recon-
structed dimuon and dihadron objects for all the BSM scalar boson mass points
considered. Since it was seen in Fig. 5.8 that the secondary vertex reconstruction
leads to similar mass resolution between the different lifetimes, only the prompt
signal samples have been chosen for extracting the resolution. In Fig. 5.20, a
Gaussian fit is shown on the dimuon and dihadron mass distributions for mS = 2
GeV. The spectrum is distorted from a perfect Gaussian function due to pos-
sible photon radiations, material interactions and reconstruction failures which
lead to non-Gaussian tails. As a result, the Gaussian has been fit only to the
core of the distribution. After the fit, the dimuon and dihadron mass resolutions
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Figure 5.20: Dimuon (left) and dihadron (right) mass distributions for mS = 2
GeV, cτ = 0.1 mm with a Gaussian fit on the core of the distribution. The cor-
responding mass bounds selected by choosing µ ± 2.5σ from the fit are shown
as black lines.

(σfit) have been used to define mass bounds on the dimuon and dihadron mass
by taking ±2.5σfit around the mean. This is expected to contain most of the
signal events, as seen in Fig. 5.20. This is then repeated for each of the mass
points considered in the analysis with the appropriate hadron mass assumption
(h± = K± for mS ≥ 1.1GeV and h± = π± for mS < 1.1GeV). With these pairs of
dimuon and dihadron mass bounds, a bounding box in the 2D plane of dihadron
and dimuon mass is constructed for each mass point, as seen in Fig. 5.21. A
linear extrapolation is performed on the outer edges of the bounding boxes to
produce a mass selection in this 2D plane where the events falling within the
lines are accepted. As the scalar mass gets smaller, the mass selection becomes
narrower. Fig. 5.22 shows the robustness of the mass window with respect to
the lifetime for mS = 2 GeV. As a result of the secondary vertex reconstruc-
tion and refitted tracks, the samples with the largest displacement are still well-
reconstructed with a resolution similar to what is present for the prompt samples.

To understand the impact of the selection on the background, Fig. 5.23 shows
the 2D dimuon and dihadron mass distribution for QCD simulation using the
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Figure 5.21: Two-dimensional plane of the reconstructed dihadron mass versus
dimuon muon for a BSM scalar boson of mS = 2 GeV (left) and mS = 0.6 GeV
(right) with proper lifetime cτ = 0.1 mm. The red boxes denote the bound-
ing boxes formed by taking the bounds after the Gaussian fit for each of BSM
scalar boson hypothesis. The black lines denote the mass bounds as a function
of the dimuon and dihadron mass, which would accept the events falling inside
it.

kaon mass assumption and the pion mass assumption for the final state hadrons.
The sharp cut-offs at mµµ ∼ 0.2 GeV and mhh ∼ 1 GeV in Fig 5.23 (left) cor-
respond to the minimally possible dimuon and dikaon masses. Similarly, for
Fig. 5.23 (right), the cut-off in mhh is driven by the minimum possible dipion
mass.

At this stage, it is also useful to note that the QCD simulation samples are
already statistically limited, as seen by the sporadic distribution of the events.
This will further reduce with the addition of more selection criteria and result
in a small number of events with large weights. This already motivates that
a data-driven approach to estimating the background is required since the SM
simulation samples would come with large uncertainties.

In Fig. 5.24, the 2D mass distribution is shown for the 2017 data in the tight
control region (i.e. mµµhh ∈ [120,122.5]∪ [127.5,130] GeV). The background is
concentrated at low dihadron masses and is uncorrelated with the dimuon mass.
The application of the 2D mass selection leads to a reduction of the background
by ∼ 96%, therefore providing strong signal-background discrimination.
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Figure 5.22: Performance of the mass bounds in accepting signal samples with
cτ = 0.1 (top left), 1 (top right),10 (bottom left),100 (bottom right) mm for
mS = 2 GeV.

With the application of the 2D diagonal mass cut defined here, the recon-
structed dimuon and dihadrons masses are ensured to be similar, in both signal
and the background processes. Instead of studying the the dimuon and dihadron
mass distributions separately as the reconstructed masses of the BSM scalar bo-
son candidates, the average di-object mass, 〈mµµ,hh〉 , is a robust estimate of
the BSM scalar boson mass at the reconstructed level, after the selection is ap-
plied. This quantity is useful for extracting the background and signal yield and
is discussed further in Section 5.5.
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Figure 5.23: Two-dimensional plane of the reconstructed dihadron mass versus
dimuon muon for QCD simulation in tight CR with charged kaon assumption
(left) and charged pion assumption (right) for the final state hadrons. Sporadic
distribution of events, visible due to limited statistics of the samples.

Figure 5.24: Two-dimensional plane of the reconstructed dihadron mass versus
dimuon muon for the 2017 data in tight CR with charged kaon assumption (left)
and charged pion assumption(right) for the final state hadrons.

5.4.6 Transverse displacement and Event categories

During the baseline selection, the secondary vertices (SV) are reconstructed from
which the final state muons and charged hadrons originate. Besides providing ac-
cess to improvement in the track 4-momenta description (through track refitting),
their position can be used to boost the sensitivity to BSM scalar particles with
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larger lifetimes. Signal samples with cτ ≥ 1 mm are expected to have a sub-
stantial number of events with distinct secondary vertices which lie away from
the primary vertex. Since the dominant background in the analysis comes from
multijet QCD processes which mostly contain particles produced at the primary
vertex (PV), a measure of the distance from the primary vertex for the secondary
vertex can provide a good handle to optimize the signal to background ratio. In
particular, by introducing event categories based on the information from the
secondary vertices allows for separation of background rich region from the sig-
nal rich regions. This is further discussed in the section below, starting with the
definition of the measure to draw the event categories.

The Kalman vertex fitter provides the secondary vertex position as well as
a 3× 3 covariance matrix of the secondary vertex fit. Since the Higgs boson is
predominantly produced centrally, it is expected that most of the boost is present
in the transverse plane. Three quantities, based on the position in the transverse
plane, are therefore used in the analysis:

• Lxy – Transverse distance travelled by the reconstructed dimuon or di-
hadron. This is measured as the distance between the econdary vertex
and primary vertex in the transverse plane.

• σxy – Total uncertainty on the primary vertex and secondary vertex recon-
struction in the transverse plane. This is calculated from the covariance
matrix of the SV and PV in the direction of the PV-SV axis.

• Lxy
σxy

– Termed as Lxy significance. This is a measure of the transverse dis-
placement relative to the uncertainty on the measurement and takes into
account the detector resolution.

In the baseline selection, a cut on the σxy was included to remove events
with unphysical vertices. Such unphysical vertices can occur when the tracks are
very close to each other but do not originate from a common vertex. In such a
scenario, the fitting may converge but provide a vertex position lying far beyond
the detector volume. One of the indicators for this is its effect on the covariance
matrix. While the matrix should be symmetric, in some cases it is found to be
asymmetric. In such cases, the covariance matrix is made symmetric by com-
paring the off-diagonal elements and assigning the value of the element which
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results in a larger overall variance (i.e. σ2
xy) to ensure a conservative estimate.

There are still however events where the matrix leads to a negative variance, in
which case, the event is discarded by the baseline selection cuts.

In the analysis, two secondary vertices are reconstructed – the dihadron ver-
tex and the dimuon vertex. Figure 5.25 shows the Lhh

xy (left) and the Lµµ
xy (right)

for the charged kaon assumption for the final state hadrons with the reference
signal sample mS = 2 GeV and cτ = 10 mm, 2017 data and the SM background
simulation after the baseline selection. A sharp cutoff for the signal events is
observed for Lµµ

xy due to the dxy cut on the leading muon applied by the isolated
single muon trigger. For both Lµµ

xy and Lhh
xy , it is seen that there are events in the

background that can extend to very large values of transverse displacement, most
likely due to a random pair of tracks that cross each other and give the illusion
of a real secondary vertex.

Figure 5.25: Lxy for the selected dihadron (left) and dimuon (right) after ap-
plying baseline selection with h± = K±. The signal sample for mS = 2 GeV,
cτ = 10 mm is shown as reference.

This is also present in the Lµµ
xy

σ
µµ
xy

and Lhh
xy

σhh
xy

distribution for the same datasets, as

shown in Fig. 5.26. For the signal sample, it is seen that the Lhh
xy

σhh
xy

distribution

shows a smaller tail than the Lµµ
xy

σ
µµ
xy

distribution which is present due to a better SV
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reconstruction (and a smaller error) for the dimuon as compared to the dihadron.
Since the features of both Lxy and σxy are present in Lxy significance, Lµµ

xy

σ
µµ
xy

and
Lhh

xy
σhh

xy
are used to quantify the distance travelled by the reconstructed dimuon and

dihadron objects. As these quantities are correlated and depend on the lifetime
of the BSM scalar boson for the signal, the 2D plane of Lµµ

xy

σ
µµ
xy

and Lhh
xy

σhh
xy

is used to
study the features of the signal and background events.

Figure 5.26: Lxy significance for the selected dihadron (left) and dimuon (right)
after applying baseline selection with h± = K±. The signal sample for mS = 2
GeV, cτ = 10 mm in SR is shown, along with 2017 data and background simu-
lations in tight CR.

Fig. 5.27 shows the 2D distribution of Lµµ
xy

σ
µµ
xy

and Lhh
xy

σhh
xy

for signal samples with
mS = 2 GeV and cτ = 0.1,1,10,100 mm. As the lifetime increases, the distri-
bution of events spreads out in this 2D plane, extending along each axis. This
is shown for the simulation with 2017 data-taking conditions. Figure 5.28 gives
a closer look at this 2D distribution for the signal with mS = 2 GeV and cτ = 1
mm (left) in comparison to the expected background using the 2017 data in the
tight CR (right). It is observed that the background is expected to be constrained
mostly to a region where both the dimuon and the dihadron are not displaced.
This is followed by background contribution that lies along the Lhh

xy
σhh

xy
or the Lµµ

xy

σ
µµ
xy

axis in Fig. 5.28 but not both. A sparsely populated region is present when both
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Figure 5.27: 2D distributions of Lhh
xy significance vs Lµµ

xy significance for signal
samples mS = 2 GeV and cτ =0.1 (top left), 1 (top right), 10 (bottom left), 100
(bottom right) mm.

the vertices are very displaced, which greatly increases the sensitivity to signal
models with cτ ≥ 1 mm. In this context, the events are split into 4 categories
shown by bounded lines in Fig. 5.28 and has been explained below:

• prompt: Lµµ
xy

σ
µµ
xy

< 40, Lhh
xy

σhh
xy
< 30; This category targets to contain > 90% of the

events for the signal benchmarks with cτ < 0.1 mm. The asymmetry in the
boundaries is chosen as a result of the difference between the distribution
of the two quantities. This is also the region with the most amount of
background (≈ 80% of the background (Fig. 5.28)) and would require
tight cuts to improve signal-background discrimination.

• displaced µµ: Lµµ
xy

σ
µµ
xy

> 40, Lhh
xy

σhh
xy

< 30; This category captures events where
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the dimuon vertex is displaced while the dihadron vertex is prompt-like.

• displaced hh: Lµµ
xy

σ
µµ
xy

< 40, Lhh
xy

σhh
xy
> 30; This category includes events where the

dihadron vertex is displaced while the dimuon vertex is prompt-like.

• displaced: Lµµ
xy

σ
µµ
xy

> 40, Lhh
xy

σhh
xy

> 30; This category contains events where both
dihadron and dimuon vertices are displaced and contributes significantly
to the sensitivity for signal benchmarks with cτ ≥ 1 mm. The least amount
of background is present in this region.

Figure 5.28: 2D distribution of Lhh
xy significance vs Lµµ

xy significance for signal
sample mS = 2 GeV, cτ = 1 mm and the 2017 data in tight CR. The prompt
category is denoted with the box enclosed in red lines. The other categories
follow once the prompt category is made and are shown with the other lines.

5.4.7 Relative Isolation for muons & hadrons

A final selection handle is placed on the amount of hadronic activity around the
selected muons and hadrons. One of the ways to quantify this is to measure the
isolation around each object. Since the muons and charged hadrons are the only
final state particles coming from the hard-scattering process, it is expected that
the remaining activity in the event consists of low pT particles. In particular,
since pp collisions are dominated by hadronic activity, requiring the selected
muons and hadrons to have small isolation values restricts background events
arising from objects like jets.
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Figure 5.29: PF relative isolation for leading (top) and subleading (bottom)
muons (left) and hadrons (right) for mS = 0.6,1.2,2 GeV, and cτ = 0.1,10
mm after passing the baseline selection is shown. The vertical lines denote the
isolation cuts applied in the prompt category as quoted in table 5.7.

In this context, the PF relative isolation was briefly described in Section 3.2.6.
While it is commonly used for muons using Eqn. 3.1, the same can be measured
for the charged hadrons with some modifications. Taking the leading charged
hadron as an example, the PF relative isolation, according to Eqn. 3.1, would
consider the subleading charged hadron as a part of the unwanted hadronic activ-
ity around the leading hadron, therefore biasing the calculated isolation. Accord-
ingly, during the calculation of the PF relative isolation for the leading hadron,
it is ensured that the subleading hadron is not included in the calculation. Sim-
ilarly, for the subleading hadron PF relative isolation, the leading hadron pT is
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left out.

Following the modification above, the PF relative isolation is calculated for
the leading muon, subleading muon, leading charged hadron and the sublead-
ing charged hadron. The relative isolation distributions for the muons (left) and
the hadrons (right) are shown in Fig 5.29 for various signal samples. The PF
relative isolation peaks at zero for all objects with leading objects being limited
to smaller values of relative isolation as compared to the subleading ones. Be-
tween the muons and hadrons, the muons are observed to be more isolated as
compared to the hadrons, even though they share the same kinematic features.
There are several possible reasons for the discrepancy, primarily pertaining to the
larger likelihood of misreconstruction and material interactions for the charged
hadrons. Finally, it is also observed that the PF relative isolation follows the same
shape irrespective of the hypothetical BSM scalar boson mass. Taking note of
the differences between the PF relative isolation distribution for the muons and
hadrons, an optimal cut is designed to tackle primarily the large backgrounds in
the prompt category. These cuts are already shown in Fig 5.29 as red lines and
their optimization procedure will be discussed below.

Figure 5.30: Average scalar mass distribution in prompt category with signal
sample mS = 2 GeV, cτ = 1 mm as reference after applying the 2D diagonal
mass cut and the baseline selection. The 2017 data and background simulation
from tight CR are also shown.

Since the signal acceptance for the cut does not depend on the BSM scalar
boson mass, the optimization for the PF relative isolation cuts is carried out for
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the signal sample with mS = 1.2 GeV and cτ = 1 mm. The reason for this choice
follows from Fig. 5.30 where the 〈mµµ,hh〉 distribution is shown for the prompt
category after the application of the baseline selection and the 2D diagonal mass
cut. The background peaks at ∼ 1.2 GeV and hence, requires the largest signal-
to-background discrimination for suppressing the background.

The strategy to choose the isolation cuts is to optimize for the prompt cat-
egory to reach a ‘tight’ isolation criteria and assigning a ‘loose’ criteria to the
remaining displaced categories. Note that the relative isolation for the leading
and subleading objects are also correlated since they are nearby each other and
hence share similar hadronic activity. Therefore, the leading and subleading ob-
ject PF relative isolation are studied together in two-dimensional histograms to
evaluate the isolation cuts. To evaluate the sensitivity at various values in the
two-dimensional PF relative isolation map between the leading and subleading
objects, the test statistic Z = S/

√
B is used as an estimator of the signal signifi-

cance for the signal. Here, S is the number of expected signal events while B is
the expected number of background events as predicted from the data in the tight
CR. This test statistic is only applicable when B is large and accounts only for
the statistical component of a Poisson distributed background. While this is not
a rigorous formulation for performing a statistical interpretation of the discovery
potential of the analysis itself, since it does not account for systematic uncer-
tainties, it provides a good base to compare the relative sensitivity at different
isolation thresholds.

The selected cuts on the isolation are mentioned in Table 5.7, and Fig. 5.31
shows the isolation distributions in the prompt category for the final state muons
and hadrons after applying the 2D diagonal mass cut discussed before. While
the selected cuts have been chosen based on the distribution for the charged kaon
hypothesis, the distribution in principle does not change with the charged pion
hypothesis for the selected hadrons since the number of background events still
remain the same and the only difference appears in the spread of the events in
the reconstructed scalar mass distributions (Fig. 5.24).
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Figure 5.31: PF relative isolation for leading (top) and subleading (bottom)
muons (left) and hadrons (right) in the prompt category for mS = 2 GeV, cτ =
1 mm after passing the baseline selection and the 2D diagonal mass cut. The
2017 data and background simulation from tight CR are also shown.

5.4.8 Event selection summary

A compact representation of the selection criteria is given in Table 5.8. As an
example, Fig. 5.32 shows the four-object invariant mass, mµµhh, distributions
for the data in the CR and a reference signal in the four categories separately,
after the event selection (as shown in Table 5.8) is applied. For illustration, an
exponential fit on the CR is performed to model the background in the SR. Fig-
ure 5.33 shows the 〈mµµ,hh〉 distribution for the data in the loose CR and two
reference signals in the four categories, under the charged kaon assumption for
the final state hadrons, after the full selection is applied. The background distri-
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Category leading µ subleading µ leading h subleading h
prompt ≤ 0.3 ≤ 0.6 ≤ 0.6 ≤ 0.8
displaced µµ ≤ 0.5 ≤ 0.8 ≤ 1 ≤ 1.6
displaced h h ≤ 0.5 ≤ 0.8 ≤ 1 ≤ 1.6
displaced ≤ 0.5 ≤ 0.8 ≤ 1 ≤ 1.6

Table 5.7: PF Relative isolation thresholds applied in the analysis.

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Figure 5.32: Four-object invariant mass distributions for blinded 2017 data
(black dots) and for a BSM scalar boson signal of proper lifetime cτ = 1 mm
and mS = 1.6 GeV (red histogram) for the prompt (upper left), displaced
µµ (upper right), displaced hh (lower left) and the displaced category (lower
right). The event selection criteria, as listed in Table 5.8, have been applied.
The green dash-dotted vertical lines delineate the SR.
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bution (data in loose CR) shown here is an initial estimate and is limited by low
statistics, especially in the non-prompt categories. A more robust background
estimation strategy is discussed in the next section.

From Fig. 5.33, the prompt category already suggests that the expected back-
ground events are spread over different values of 〈mµµ,hh〉 while the signal is
concentrated in narrow windows. This motivates the search to be performed in
sliding windows of 〈mµµ,hh〉 around each considered signal mass hypothesis. A
Gaussian function is fit to the signal 〈mµµ,hh〉 distribution to determine the signal
mass resolution, σ . The resolution varies with the considered mass hypotheses
and is evaluated for each mS using samples with the proper lifetime cτ = 1 mm.
Mass windows of ±2.5σ are then defined around the mass hypotheses to esti-
mate the signal and background yield in the SR for each event category. The
expected signal yield in the SR is taken from simulation with several corrections
applied to account for discrepancies between data and simulation. This includes
corrections for the pileup reweighting, trigger efficiency, muon reconstruction
efficiency, and secondary vertex reconstruction efficiency. These corrections are
described in detail in Section 5.7.
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Selection Requirements
Additional
Information

Muons
nµ ≥ 2, pµ1

T ≥ 26 GeV, pµ1
T ≥ 29 GeV (2017),

pµ

T > 5 GeV, |ηµ |< 2.4 pµ

T > 26 GeV (2018 diµ trigger)

Hadrons
nh ≥ 2, ph

T > 5 GeV, |ηh|< 2.4,
h = π± (h = K± for mS ≥ 1.1 GeV)

Dimuon ∆Rµµ < 0.4, valid vertex
Dihadron ∆Rhh < 0.4, valid vertex, phh

T > 20 GeV

Loose mµµ < 5 GeV, mhh < 5 GeV, SR and CR
invariant mass mµµhh ∈ [110,140] GeV in mµµhh

Di-object
mµµ ∼ mhh

2D diagonal
invariant mass mass cut

Categories
prompt (Lµµ

xy /σ
µµ
xy < 40,Lhh

xy/σhh
xy < 30), Non-prompt categories from

displaced µµ , displaced hh, displaced inverting Lxy/σxy alternatively

prompt non-prompt category-wise cuts

Relative isolation
Iµ1
rel ≤ 0.3, Iµ2

rel ≤ 0.6, Iµ1
rel ≤ 0.5, Iµ2

rel ≤ 0.8, µ1,µ2 = leading, subleading µ

Ih1
rel ≤ 0.6, Ih2

rel ≤ 0.8 Ih1
rel ≤ 1, Ih2

rel ≤ 1.6 h1,h2 = leading, subleading h

Table 5.8: Summary of the event selection requirements for the analysis. The
set of criteria up to (and including) the loose invariant mass row defines the
baseline selection. The subscript 1 and 2 refer to the leading and subleading
object, respectively.
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Figure 5.33: Average di-object invariant mass distributions in the SR for the
prompt (upper left), displaced µµ (upper right), displaced hh (lower left)
and the displaced category (lower right). The background prediction, shown
as blue histograms, is taken from the sidebands of the mµµhh distribution of
Fig. 5.32. Two signal samples are also presented for BSM scalar bosons of
cτ = 1 mm and mS =1.1 and 1.6 GeV.
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5.5 Background estimation

Previously, the expected background in the SR was shown with the data in the
sidebands of the mµµhh distribution (CR and tight CR), while being inclusive in
〈mµµ,hh〉. Given that the search will be performed in narrow windows around
the BSM scalar boson mass hypothesis, the background becomes much smaller.
As an example, Fig. 5.34 shows the four-object mass distribution for the 2017
data in the prompt category when the 〈mµµ,hh〉 window for mS = 1.6 GeV is im-
posed. This then substantially reduces the background as compared to Fig. 5.32
(top left). Similar to before, an exponential fit is performed on the data in the
CR to estimate the transfer factor as fSR/CR = NSR

fit /NCR
fit , where NSR

fit (NCR
fit ) is

the number of events in the SR (CR) extracted from the fit. The events from
the CR are then reweighted with the transfer factor to estimate the background
contribution in the SR.

Private work (CMS data)

Figure 5.34: The four-object invariant mass distribution for the 2017 data is
shown in the prompt category after the application of the event selection listed
in Table 5.8 and the mass window for mS= 1.6 GeV. The dots represent the
data. The red curve is the result of the exponential fit to the CR. The green
dash-dotted vertical lines delineate the SR.

The above strategy however, is applicable only to the prompt category, since
the non-prompt categories contain very few events in the CR and provide un-
reliable fits when the 〈mµµ,hh〉 window is imposed. This can be inferred from
the 〈mµµ,hh〉 distribution for the CR data in Fig. 5.33 after the full selection is
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applied, where the CR data is sparsely distributed. As a result, a relaxed CR is
defined for the non-prompt categories by removing some of the selection criteria
before performing the background estimation in the 〈mµµ,hh〉 windows.

This proceeds over the following steps. The first step is merging the displaced
µµ , displaced hh and the displaced categories (shown in Fig. 5.32 top right,
bottom left, bottom right) into one common non-prompt category. At this stage,
the factor associated to the fraction of events of any particular category that re-
side in the new merged nonprompt category is calculated as f1 =

Ncategory
Nmerged category

.
Next, the isolation requirements are removed. To estimate the transfer factor
between the regions with and without the isolation requirements, the two corre-
sponding 〈mµµ,hh〉 distributions are compared for the background events lying in
the sidebands of the mµµhh distribution. Figure 5.35 shows the 〈mµµ,hh〉 distribu-
tion for the merged nonprompt category without the isolation requirements (left)
and with the isolation requirements (right) under the charged pion assumption
(top) and the charged kaon assumption (bottom) for the final state hadrons. A fit
using a Landau function is performed on the 〈mµµ,hh〉 for the case with no iso-
lation applied 2. The same function with free normalization is fitted to the event
distribution where the isolation criteria are applied, to obtain the transfer factor
f2 =

Nisolation, merged
Nno isolation, merged

. The transfer factor fSR/CR = NSR
fit /NCR

fit for this relaxed CR is
then estimated with an exponential fit.

In the method described above, a primary assumption is that the 〈mµµ,hh〉 dis-
tribution remains mostly unchanged for each relaxed cut. Starting with the case
of transfer factor f2, it is assumed that the 〈mµµ,hh〉 distribution has the same
shape before and after the isolation is applied on the merged non-prompt cate-
gory. This was tested by comparing a freely floating Landau fit on the 〈mµµ,hh〉
distribution (isolation criteria applied) with the fit shown in Fig. 5.36. The com-
parison is shown under the charged kaon assumption (left) and the charged pion
assumption (right) for the final state hadrons in Fig. 5.36. The freely floating
Landau fit parameters on the isolation applied distribution is found to be com-
patible with the fit shown in Fig. 5.35 (right).

2The Landau function f (x;λ ,σ) = 1
σ

L
(

x−λ

σ

)
where L(z) is a standard Landau distribu-

tion [152], λ is the most probable value and σ is the width. The standard Landau distribution is
defined as L(z) = 1

π

∫
∞

0 exp[−t ln t− zt]sin(πt)dt.
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Figure 5.35: Average di-object invariant mass distributions in the merged non-
prompt category without (left) and with (right) the isolation cuts for the 2017
data. The top row contains the distributions when the charged hadrons in the
final state are assumed to be kaons. The bottom row considers the charged pion
assumption for the final state hadrons. The data is in the control region. The
Landau function with freely floating parameters is fit on the left and the param-
eters are then used to perform the fit on the right with floating normalization.

For the transfer factor f1, it is assumed that it is constant for the various
〈mµµ,hh〉 windows in which the search is performed. This is a valid assumption
if the shape of 〈mµµ,hh〉 distribution remains the same between the individual
non-prompt categories and the merged category. In such a case, f1 would depend
only on the total number of events in the merged and the individual nonprompt
categories. Since it is already established that isolation criteria do not change
the shape of the 〈mµµ,hh〉 distribution, Landau fits are performed on the 〈mµµ,hh〉
distribution for each of the non-prompt categories with freely floating parameters
and fixed parameters from the fit on the merged non-prompt category (Fig. 5.35
(left)). This is shown in Fig. 5.37 for the charged kaon assumption of the final
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Figure 5.36: Average di-object invariant mass distributions in the merged non-
prompt category with the isolation cuts for the 2017 data under the charged
kaon assumption (left) and the charged pion assumption (right) for the final
state hadrons. The data is in the control region. The Landau function with
freely floating parameters is used to model the distribution.

state hadrons. It is seen that the fits between the fixed and freely floating param-
eters are mostly compatible within the uncertainties on the parameters. A similar
observation is also present for the results with the charged pion assumption for
the final state hadrons.

To summarize, the background yield for the non-prompt categories is mea-
sured by weighting the CR events with f1, f2 and measuring the transfer factor
fSR/CR after applying the 〈mµµ,hh〉 window according to the signal mass hypoth-
esis. For the prompt category, only the transfer factor fSR/CR is applied. While
this procedure is performed for each era of the Run 2, the combined results for
the full Run 2 is shown in the next subsection to provide an overview of the
background estimation, signal and the observed data.

157



Chapter 5

Private work (CMS data) Private work (CMS data)

Private work (CMS data) Private work (CMS data)

Private work (CMS data) Private work (CMS data)

Figure 5.37: Average di-object invariant mass distributions in the non-prompt
categories, displaced µµ (top), displaced hh (middle), displaced (bottom),
without the isolation cuts for the 2017 data under the charged kaon assump-
tion for the final state hadrons. The data is in the control region. A Landau fit is
performed with fixed parameters from the fit in Fig. 5.35 and floating normal-
ization on the left column while the right column has freely floating parameters.
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5.6 Full Run 2 data and unblinding

The previous sections described the analysis development and the strategy while
avoiding any bias from data by blinding the signal region. In this section, a first
look at the unblinded results is shown for the full Run 2 dataset to provide a
qualitative look at the results of the analysis. The two following sections present
the systematic corrections and uncertainties (Section 5.7) and the results of the
analysis with the expected and observed limits(Section 5.8).

Figure 5.38 and 5.39 show the mµµhh distribution for the full Run 2 dataset
after unblinding the signal region and application of all the event selection cuts
(listed in Table 5.8) under the charged kaon and charged pion assumption for
the final-state hadrons, respectively. Two signal samples, mS = 0.6 GeV and
mS = 1.6 GeV with cτ = 1 mm are chosen as references. While the background
distribution is similar in both cases (expected), the signal yield for mS = 1.6
GeV is higher as compared to mS = 0.6 GeV since the lighter BSM scalar boson
masses produce more collimated and displaced decays, resulting in a compara-
tively lower reconstruction efficiency.

Figure 5.40 shows the corresponding distribution for the merged nonisolated
non-prompt category. The relaxed CR events, weighted with f1, f2 and fSR/CR

produces the background prediction for the 〈mµµ,hh〉 distribution shown as the
blue histograms in Fig. 5.41 and 5.42 for each of the non-prompt categories.
The background prediction in the prompt category is taken from the CR events
(Fig. 5.38 and 5.39 top left) after passing all selection criteria and weighted
with fSR/CR. It is observed that the data is in agreement with the background
estimation within statistical fluctuations.

Finally, the expected background and signal yields are extracted after apply-
ing the 〈mµµ,hh〉 window corresponding to each signal mass hypothesis. As an
example, Fig. 5.43 shows the mµµhh distribution in the prompt category (left)
and the merged non-prompt categories (right), for 〈mµµ,hh〉= 0.6 GeV (top) and
for 〈mµµ,hh〉 = 1.6 GeV (bottom). The merged non-prompt category shows the
unweighted distribution without the transfer factors for events passing the re-
laxed criteria discussed before. Table 5.9 shows the signal yield for mS = 0.6
GeV and cτ = 1 mm (top), and mS = 1.6 GeV and cτ = 1 mm (bottom), the
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background prediction and the observed data. In some cases, for instance for
mS = 1.6 GeV, the background yield is under-predicted as compared to the ob-
servation and seems to lie beyond the ±1σ statistical uncertainties quoted in the
Table. However, additional systematic uncertainties need to be taken into ac-
count when determining the final limits. These uncertainties are discussed in the
next section.

Region mS = 0.6 GeV, cτ = 1 mm Background prediction Data
Prompt 48±2 (stat.)±7 (syst.) 2.0±0.5 2
Displaced µµ 57±1 (stat.)±14 (syst.) 0.15±0.04 0
Displaced hh 39±1 (stat.)±7 (syst.) 0.08±0.02 0
Displaced 45±1 (stat.)±11 (syst.) 0.010±0.003 0

Region mS = 1.6 GeV, cτ = 1 mm Background prediction Data
Prompt 111±3 (stat.)±17 (syst.) 4.7±0.9 1
Displaced µµ 187±4 (stat.)±46 (syst.) 1.4±0.1 0
Displaced hh 121±3 (stat.)±22 (syst.) 0.52±0.05 0
Displaced 172±3 (stat.)±42 (syst.) 0.15±0.02 0

Table 5.9: Number of observed events and background predictions for the full
Run 2 dataset in the SR under the BSM scalar boson mass hypothesis, mS =
0.6 GeV (top) and mS = 1.6 GeV (bottom). In comparison, the signal yield
expected in the full Run 2 dataset, assuming B(H→ SS)=1%, is quoted.
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Figure 5.38: Four-object invariant mass distributions for full Run 2 data (black
dots) and for a BSM scalar signal of proper lifetime cτ = 1 mm and mS = 1.6
GeV (red histogram) for the prompt (upper left), displaced µµ (upper right),
displaced hh (lower left) and the displaced category (lower right). The event
selection criteria, as listed in Table 5.8, have been applied. The green dash-
dotted vertical lines delineate the SR.
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Figure 5.39: Four-object invariant mass distributions for full Run 2 data (black
dots) and for a BSM scalar signal of proper lifetime cτ = 1 mm and mS = 0.6
GeV (red histogram) for the prompt (upper left), displaced µµ (upper right),
displaced hh (lower left) and the displaced category (lower right). The event
selection criteria, as listed in Table 5.8, have been applied. The green dash-
dotted vertical lines delineate the SR.
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Figure 5.40: Four-object invariant mass distributions for full Run 2 data (black
dots) in the merged nonisolated non-prompt category (relaxed CR) under the
charged kaon assumption (left) and the charged pion assumption (right) for the
final-state hadrons. The BSM scalar boson signals with mS = 0.6 GeV, cτ = 1
mm (red histogram, left) and mS = 1.6 GeV, cτ = 1 mm (red histogram, right)
are shown for reference with B(H→ SS) = 1%. The green dash-dotted ver-
tical lines delineate the SR. The distributions are not weighted by the relevant
transfer factors.
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Figure 5.41: Average diobject invariant mass distributions in the SR for the
prompt (upper left), displaced µµ (upper right), displaced hh (lower left) and
the displaced category (lower right) under the charged kaon assumption for
the final-state hadrons. The event selection criteria of Table 5.8 have been ap-
plied. The observed number of events in the full Run 2 dataset are shown as
black dots and the background prediction (estimated from the events in the CR
as explained in Section 5.5) as blue histograms. Two signal samples are also
presented for BSM scalar bosons of cτ = 1 mm and mS =1.1 and 1.6 GeV as
reference with B(H→ SS) = 1%.
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Figure 5.42: Average diobject invariant mass distributions in the SR for the
prompt (upper left), displaced µµ (upper right), displaced hh (lower left) and
the displaced category (lower right) under the charged pion assumption for
the final-state hadrons. The event selection criteria of Table 5.8 have been ap-
plied. The observed number of events in the full Run 2 dataset are shown as
black dots and the background prediction (estimated from the events in the CR
as explained in Section 5.5) as blue histograms. Two signal samples are also
presented for BSM scalar bosons of cτ = 1 mm and mS =0.6 and 1 GeV as ref-
erence with B(H→ SS) = 1%. Figures shown in Ref. [153].
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Figure 5.43: The four-object invariant mass distribution for the full Run 2 data
set is shown in the prompt (left) and merged nonisolated non-prompt (right)
categories after the application of the event selection listed in Table 5.8 and the
mass window for mS = 0.6 GeV (top) and mS = 1.6 GeV. The dots represent
the data. The red curve is the result of the exponential fit to the CR. The green
dash-dotted vertical lines delineate the SR. The distributions for the merged
nonisolated non-prompt category are not weighted by the relevant transfer fac-
tors.
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5.7 Systematic Corrections and Uncertainties

This section presents the systematic uncertainties and the relevant corrections
that have been applied in the analysis. In particular, a few dedicated corrections
were carried out to describe the specific signal kinematics. These are described
in more detail as compared to the standard corrections that are applied across
various CMS analyses.

5.7.1 Background Estimation Uncertainties

Statistical Uncertainty

The statistical uncertainty on the background estimate depends on the number of
events in the control region. For the prompt category, the total number of events
in the control region ranges from 0–20 events in each data-taking era, across the
different BSM scalar boson mass hypotheses. For the non-prompt categories,
this ranges from 0–50 events in each era. In general, uncertainties during the
limit setting procedure are modelled using the log-normal distribution since they
typically come from calibration measurements [154] 3. However, due to lim-
ited statistics in the background, the associated uncertainty is modelled using a
gamma distribution which is well-suited to describe the error due to a limited
sample size 4. In this case, the relative error is equal to 1/

√
N +1 where N is

the number of events in the CR (relaxed CR) for prompt category (non-prompt
categories). Table 5.10 and 5.10 show this statistical error for the different cate-
gories, BSM scalar boson mass hypotheses and the data-taking eras. The statis-
tical uncertainty shown here has the dominant impact in the overall uncertainty
in the measurement of the final sensitivity of the search.

Systematic Uncertainty

Across all categories, it is assumed that the four-object invariant mass (mµµhh)
distribution of the background events follows an exponential nature. To study

3X ∼ lognormal(µ,σ) if lnX ∼N (µ,σ2).
4Gamma function is defined as f (x;α,λ ) = xα−1 exp−λx λ α

Γ(α)
where α is the shape parameter

and λ is the rate parameter.
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mS / year early 2016 late 2016 2017 2018
0.4 GeV 71% 41% 29% 41%
0.6 GeV 58% 50% 50% 32%
0.8 GeV 58% 71% 28% 28%
0.9 GeV 50% 58% 24% 45%
1 GeV 71% 58% 35% 27%

1.1 GeV 58% 35% 33% 24%
1.2 GeV 50% 38% 29% 24%
1.4 GeV 50% 58% 41% 30%
1.6 GeV 71% 50% 38% 23%
1.8 GeV 100% 71% 41% 41%
2 GeV 100% 100% 41% 45%

Table 5.10: Relative statistical uncertainty error on the background estimation
with respect to the BSM scalar boson masses for prompt category.

mS / year early 2016 late 2016 2017 2018
0.4 GeV 58% 100% 100% 58%
0.6 GeV 100% 71% 38% 31%
0.8 GeV 58% 38% 32% 25%
0.9 GeV 45% 58% 26% 22%
1 GeV 58% 71% 19% 24%

1.1 GeV 33% 35% 21% 19%
1.2 GeV 29% 41% 18% 17%
1.4 GeV 30% 27% 18% 14%
1.6 GeV 33% 58% 16% 14%
1.8 GeV 35% 58% 16% 16%
2 GeV 45% 32% 22% 16%

Table 5.11: Relative statistical uncertainty error on the background estimation
with respect to the BSM scalar boson masses for non-prompt categories.

the systematic effect of this choice, alternative functional forms, the power law
and linear functions, to the exponential model were considered. The variation in
the resulting background predictions, propagated via the transfer factor fSR/CR,
were found to be very small as compared to the statistical uncertainty and were
neglected.

For the non-prompt categories, additional sources of uncertainties are in-
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cluded to account for the multiple transfer factors. The uncertainty on these
transfer factors are described below:

• f1 uncertainty: This is estimated by propagating σ =
√

N on N(category)
and N(merged category) for each of the 3 non-prompt categories. Ta-
bles 5.12, 5.13 show the uncertainties for each era for the cases where
h± = π± and h± = K± in the final state, respectively. This results in un-
certainties of up to 100% for the displaced category which arises from
nearly zero events in the sidebands of mµµhh distribution after applying
the full event selection.

• f2= Nscalar mass
iso /Nscalar mass

no iso uncertainty: This is estimated by propagating
the errors for Nisolation,merged and Nno isolation,merged as obtained from the fit
on the 〈mµµ,hh〉 distribution. Table 5.14 shows the uncertainties for each
era for the cases where h± = π± and h± = K± in the final state. The
uncertainty ranges from 10–35%.

category early 2016 late 2016 2017 2018
displaced µµ 30% 30% 16% 13%
displaced hh 61% 45% 22% 17%

displaced 100% 100% 39% 29%

Table 5.12: Uncertainty on f1 on background for different non-prompt cate-
gories with h± = K±.

category early 2016 late 2016 2017 2018
displaced µµ 47% 38% 18% 16%
displaced hh 64% 44% 22% 19%

displaced 76% 100% 51% 59%

Table 5.13: Uncertainty on f1 on background for different non-prompt cate-
gories with h± = π±.
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early 2016 late 2016 2017 2018
h± = K± 22% 22% 12% 9%
h± = π± 33% 27% 13% 11%

Table 5.14: Uncertainty on f2 on background for different non-prompt cate-
gories with h± = K± and h± = π±.

5.7.2 Signal Uncertainties

Luminosity

The uncertainty in the integrated luminosity measurement is taken according to
the recommendations from the [142, 155, 156] for each era. This varies from
1–3% with the largest uncertainty for the 2018 data-taking.

Pileup reweighting

The pileup profile in simulation is reweighted to match the profile observed in
data by applying weights based on the number of vertices in the event. The
pileup reweighting uncertainty is measured from ±1σ variation in pp inelastic
cross section and measuring the change in the signal yield for the different BSM
scalar boson masses considered. The size of the pileup uncertainty was estimated
to be about ∼ 1% for the signal masses and lifetimes.

Reconstruction of close muons

One of the complementary CMS analyses that targets similar light BSM parti-
cles as this analysis is Ref. [64], as discussed in Section 1.2.3. The analysis in
Ref. [64] performs a model-independent search for new bosons within the mass
range 0.21<ma < 60 GeV, targeting muons produced in the boson decays. Since
the light bosons lead to a highly boosted and collimated pair of muons, a dedi-
cated study measuring the effect related to tracking for low-mass dimuons at high
momentum (ma ∈ [0.25,5] GeV) was performed. The systematic uncertainty for
this effect was estimated to be around 1.2% for each dimuon in the event. Since
this analysis targets similar physics and kinematic phase space, the same uncer-
tainty is assigned here to account for the reconstruction effect i.e. 1.2% for the
dimuon in the final state.
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Muon ID

The corrections for the performance of the loose muon identification in simu-
lation and data are taken from the central measurements by the CMS experi-
ment [126]. A conservative estimate of the uncertainty on this is taken as 0.6%
per muon (1.2% in total), following the approach of Ref. [64].

Reconstruction of displaced muons

A search for long-lived particles decaying to a pair of muons was performed in
Ref. [122] where a dedicated study with cosmic muons was performed to ac-
count for the uncertainty on the effect of displacement on muon reconstruction.
A systematic uncertainty of 5% per muon was assigned to account for mismod-
elling of displaced muon reconstruction in simulation. In this analysis, we apply
the results of that study and assign an uncertainty of 5% per muon (10% in total).

Reconstruction of hadronic tracks

Charged hadrons, classified as either charged pions or charged kaons are used in
the final state. To assess the systematic uncertainty associated with the recon-
struction of charged hadron tracks, the analysis refers to the study in Ref. [117]
which measured the tracking efficiency using D-meson decays. Using the ex-
clusive decay channels, D0→ Kπ and D0→ Kπππ , in events with D∗→ D0π ,
the relative efficiency between the two decay modes is measured in data and
compared to the values by Particle Data Group [157]. The uncertainty on this
measurement is taken as the systematic uncertainty associated to the charged
hadrons in the analysis and is between 2–3% per track across the different eras
of Run 2.

Muon and hadron isolation

While cuts on the relative isolation were applied on the leading object and the
subleading object separately, the hadronic activity surrounding both the objects
is similar because of the collimation. Therefore, a correlated cut using the lead-
ing and subleading object isolation was chosen, as discussed in Section 5.4.7.
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Following the same reasoning, the uncertainty on the cut is applied as a whole
for the muon relative isolation cuts and the hadron relative isolation cuts in sim-
ulation.

A conservative estimate is taken for the systematic uncertainty to cover any
differences between the performance in isolation between simulation and data.
The isolation variable is expected to perform worse in data since the hadronic
activity in simulation is less compared to data. The uncertainty is taken to be
(1−ε)/2 where ε =Npass iso./Nbefore iso. is the signal cut efficiency. In the prompt
category, the uncertainty associated with the muon (hadron) isolation is 5–10 (5–
15)%, as a function of the scalar mass. In the non-prompt categories, the isola-
tion requirements are much looser, leading to highly efficient isolation cuts, and
the uncertainty in the muon (hadron) isolation leads to a 2.5 (10)% uncertainty
in the signal yield.

Secondary vertex reconstruction

In Section 3.2.2, the displaced vertex reconstruction efficiency measurements
in Ref. [119] were described briefly. In this analysis, Ref. [119] was extended
to derive the systematic corrections and uncertainties associated with secondary
vertex reconstruction and the dimuon / dihadron mass resolution. These studies
were performed by a fellow colleague from Vrije Universiteit Brussel, and are
briefly discussed here.

In this study, K0
S→ π++π− decays in Drell-Yan events are selected. Since

K0
S travels a certain distance before decaying, the decay results in a displaced

vertex with two charged pion tracks in the final state. By measuring the number
of such reconstructed secondary vertices in simulation and data, a correction and
uncertainty is derived as a function of the displacement (Lxy or ∆2D) and the
reconstructed dihadron pT.

There are two important extensions that were considered when extending the
results of the existing study. The first extension is measuring the corrections with
respect to the Lxy or ∆2D significance instead of ∆2D since in this analysis, it is
the signficance that is used as the measure of the displacement of the vertex. The
second is the extension of the pT-range covered in Ref. [119]. Since most of
the neutral kaons are produced at low-pT, the results of the original study were
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Figure 5.44: Data and simulation plots for the K0
S transverse momentum (left)

and the Lxy significance (right) for the 2018 data-taking era of Run 2.

performed up to 20 GeV in the reconstructed dipion pT. However, since the
event selection in our analysis ensures that the dihadron pT is at least 20 GeV,
the extension of a pT bin beyond 20 GeV is a vital addition.

The event selection for this study proceeds with the selection Z→ µµ events
with only two well-reconstructed muons in the event. Along with this, requiring
the reconstructed dimuon mass to be in a small window around the Z boson mass
ensures a selection of well-reconstructed Z boson events. The next step consists
of selecting well-reconstructed tracks and forming all possible pairs of oppositely
charged pions that share a secondary vertex. The Kalman vertex fitter is used to
reconstruct the secondary vertices which are then passed through some quality
cuts. Finally, the invariant mass of the track pairs with reconstructed secondary
vertices are required to fall in a fixed window centered at the KS mass (= 0.493
GeV). The resulting distribution of neutral kaons selected with this selection is
shown in Fig. 5.44. Note that since it is known that the vertex reconstruction for
promptly produced particles is ∼ 100%, the simulation is normalized to data in
the first bin of the ∆2D distribution. The normalization factor is propagated to all
events.

The reconstructed KS mass is binned in pT and ∆2D-signficance in simulation
and data. The distribution is then fitted to a sum of Gaussians that provide the
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integral or the total number of events in the bin. The ratio of the integrals in
data and simulation provide the data-to-simulation scale factors which provide
the corrections and the uncertainties associated with it.

Figure 5.45: Data-to-simulation scale-factors determined for displaced tracking
and vertexing of K0

S mesons as a function of transverse momentum (pππ
T ) and

displacement significance (Lππ
xy /σxy), split per data-taking year.
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Fig. 5.45 shows the data-to-simulation scale-factors for the secondary vertex
reconstruction performance for different eras of Run 2. The scale-factors derived
in this study are then applied to the analysis. The scale-factors are found to be
typically within 10% for most bins. As most K0

S are produced with low momen-
tum, the study gets statistically limited for pT > 20 GeV and leads to a varied
range of uncertainties (5-40% relative uncertainty). Additionally, the low statis-
tics in this bin lead to larger uncertainties when the 2016 dataset is split into the
early and late eras. Therefore, the study is carried out for the entire 2016 dataset
and the same uncertainties and scale-factors are accordingly applied to both the
eras of 2016.

To assign the relative uncertainties, a conservative estimate is taken from
the uncertainties present in Fig. 5.45. This is chosen according to the event
category and the Lxy significance distribution expected in that category. For
the prompt category, since all events fall within Lµµ

xy /σ
µµ
xy < 40,Lhh

xy/σhh
xy < 30,

the uncertainty corresponding to pT > 20 GeV and Lxy/σxy < 30 is chosen for
both the dimuon and dihadron vertex. For the displaced µµ category, since
Lhh

xy/σhh
xy < 30, the same uncertainty as for the prompt category is chosen for

the dihadron vertex. For the dimuon vertex, a conservative uncertainty is cho-
sen by taking the maximum relative uncertainty possible from the bins with
Lxy/σxy > 30. For the other non-prompt categories, a similar logic is followed
in choosing the uncertainty estimate.

Dimuon/Dihadron mass resolution

The 2-dimensional mass selection, which ensures the scalar mass consistency be-
tween the dimuon and the dihadron, depends on their respective mass resolutions
from simulation. By extending the study presented in the previous subsection,
possible mismodelling of the resolution between simulation & data is accounted
for through the related systematic uncertainty.

Following the selection described earlier, the reconstructed KS mass is binned
in pT and ∆2D-signficance, similar to before. Instead of performing a fit with a
sum of Gaussians, a single Gaussian fit is performed on the core of the distribu-
tion to extract the resolution of the reconstructed KS mass in data and simulation.

The extracted resolution in simulation is then used to define the mass bounds
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as µ + 2.5σMC. The systematic effect that is targeted here is the number of
events in data that are accepted within these mass bounds when the bound is set
with respect to σdata instead. Therefore, the ratio N±2.5σdata

data /N±2.5σMC
data provides

the offset and the associated uncertainty due to the bound that is derived from
simulation.

Figure 5.46 shows this ratio for the different eras of Run 2. It is found to
be relatively stable with a correction of < 5% in all bins with uncertainties of
∼ 1− 10% except for one bin in 2016 which is statistically limited. Since this
correction is small, only the uncertainty is included in the analysis. Similar to the
approach before, the assigned uncertainties are chosen according to the category
and uses the most conservative estimates as before. Since the mass resolution
between the reconstructed dimuon and dihadron are similar (Fig. 5.20), the un-
certainties obtained here are accounted for both the dimuon and dihadron mass
resolutions.

Trigger

The isolated single muon trigger is a commonly used trigger in the physics anal-
yses involving muons in the final state. As a result, the corrections and uncer-
tainties associated with the trigger efficiency are centrally calculated by the CMS
experiment. A data-driven approach called the Tag-and-Probe is often employed
for these measurements. The philosophy behind the method is to select known
dimuon resonances in data, for instance Z, J/ψ or ϒ, and then measure the ef-
ficiency of a particular set of conditions on the daughter muons. In particular,
the ‘tag’ muon is chosen to pass strict criteria to ensure the selection of good
quality events. The ‘probe’ muon is then required to pass a loose set of criteria
to capture the pair of muons coming from the resonance. The efficiency is then
calculated by measuring the number of probes that pass or fail the quantity be-
ing tested, for instance the trigger efficiency, as ε =

Npass
Npass+Nfail

. The ratio of the
efficiency in data and simulation leads to the correction factor that is applied to
simulation. The associated uncertainty in the correction factor is taken as the
systematic uncertainty.

The central measurements of the isolated single muon trigger performance
are derived using the tag-and-probe method in dimuon decays of the Z boson.
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Figure 5.46: Data-to-simulation scale-factors resulting from the (yield @
±2.5σMC) vs (yield @ ±2.5σdata) study, given as a function of radial displace-
ment and transverse momentum, split per data-taking year

Taking into account that the signal muon final states in this analysis are much
more collimated (∆R < 0.4 as seen in Fig. 5.5) than what is present in Z decays
(dominantly back-to-back decays i.e. ∆R ∼ 3), the standard results do not ac-
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curately capture the effect of this collimated environment on the isolated single
muon trigger efficiency. Moreover, the trigger uses isolation as a selection crite-
ria in its path. As discussed before, the isolation is calculated within a cone of
∆R, which for this analysis, can be affected due to the closeness of the muons.

Accordingly, a dedicated efficiency measurement was undertaken for the iso-
lated single muon trigger where a Tag-and-Probe method utilizing J/ψ was used.
J/ψs provide a similar kinematic domain as they are in a similar mass range as
the targeted BSM scalar bosons and decays as a collimated pair of muons. A
selection inspired from the muon soft ID studies carried out in Ref. [126] is used
and summarized in Table 5.15.

To ensure the selection of an unbiased sample of J/ψ , the prescaled single
muon triggers with low pT thresholds have been chosen. The list of triggers used,
shown in Table 5.15, have similar trigger paths with different pT thresholds and
corresponding prescales applied to ensure a low trigger rate. After taking into
account the prescale values, the measurement uses datasets with effective lumi-
nosities of 0.35 fb−1, 0.06 fb−1, 0.65 fb−1 and 0.11 fb−1 for early 2016, late
2016, 2017 and 2018 data-taking periods respectively. Furthermore, a require-
ment to match the tag muon with the triggering object is imposed to ensure that
no selection on the probe muons is introduced at this stage. The baseline selec-
tion also requires the tag muon to pass the tight ID, pT > 8 GeV and |η | < 2.4
to ensure a well-reconstructed tag muon.

In addition to this, two new cuts are introduced based on the tag muon tracker
isolation (relIso04tag) and transverse displacement from the primary vertex (dxy).
The standard tracker isolation is defined as the sum pT of all tracks within ∆R <

0.4 around the object relative to object pT, which in this case is the tag muon.
However, since the J/ψ produces collimated muons, the tracker isolation was
modified as in Equation 5.7 to exclude the pT contribution from the probe muon
while calculating the tracker isolation of the tag muon. While the analysis used
the PF isolation for event selection, the triggers typically use tracker isolation to
define a cut during the trigger path. Therefore, the tracker isolation was preferred
during these studies.

relIso04tag =
∑

∆R<0.4
trk pT,trk− pT,tag− pT,probe

pT,tag
(5.7)
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Category Condition
Tag - pT > 8 GeV, |η |< 2.4, Tight ID
muon - Matched to HLT_Mu8 or

HLT_Mu17 or HLT_Mu20
- relIso04 < 1
- |dxy|< 0.005

Probe - pT > 5 GeV, |η |< 2.4
muon
Pair - 2.9 GeV < mµµ < 3.3 GeV

- ∆R >= 0.04
Fits - Signal: Crystal-Ball

- Background: Exponential

Table 5.15: Summary of the selection criteria used to identify muon pairs origi-
nating from J/ψ decays.

The second cut introduced is on the dxy of the tag muon. This cut was re-
quired since data contains both prompt and non-prompt J/ψ while this study had
access to prompt J/ψ simulation only. Furthermore, prompt J/ψ can be pro-
duced at high pT, which is less likely to happen for non-prompt J/ψ , typically
produced in B-hadron decays.

In comparison to the tag muon, the probe muon is required to only pass loose
cuts such as the pT > 5 GeV and |η |< 2.4. Since the muons in our analysis are
also required to pass the loose muon ID and loose PF isolation cuts, the efficiency
measurements are performed using probe muons that meet similar criteria. The
selection also imposes a mass window for the tag-and-probe pair, centered on
the known J/ψ mass. The mass distribution is then individually built for a range
of ∆R bins from 0.04 to 0.4, for the passing and failing probes with pT > 26
or 29 GeV, depending on the isolated single muon trigger threshold. Once the
bins are filled, a signal+background fit is performed with exponential function
for background and the Crystal-Ball function for the signal 5. An example fit for
simulation and data can be seen in Fig. 5.47. Since the number of high-pT J/ψ

being produced is small, the small ∆R bins are limited by statistics, which leads

5The Crystal-Ball function combines a Gaussian core with a power-law tail. The transition
point is determined by α . The function is defined as f (x;α,n,λ ) = N exp(−λ 2/2) for λ > −α

and A(B−λ )−n for λ ≤ −α where λ = x−x
σ

, x and σ are the mean and width of the Gaussian,
and n determines the power of the power-law tail.
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to bad fits in some cases. In those cases, a cut-and-count approach is instead
taken to measure the efficiency as a function of the ∆R.

Figure 5.47: 2017 mass fits for simulation (top) and data (bottom) for passing
events (left) and failing events(right) respective in the following ∆R bin: 0.04 <
∆R < 0.07, probe muon pT > 29 GeV |η |< 2.4.

The results are shown in Fig. 5.48 for the four eras of Run 2. The trigger data-
to-simulation scale factors for the bins where both data and simulation events are
present, have been used as corrections in the analysis according to the ∆Rµµ of
the event. Additionally, for late 2016 era, the effective luminosity is very small
(Le f f ∼ 0.06 f b−1) and leads to very little statistics. As the simulation efficiency
in the early 2016 and late 2016 era is similar, the early 2016 results are applied
for the full 2016 dataset.

As the study is limited by statistics, the total uncertainty on these measure-
ments is calculated by varying the corrections by ±σstat. for each bin and esti-
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mating the shift in the signal yield. This is derived for each era and each scalar
mass considered. Since 2017 has the most effective luminosity, the statistically
driven uncertainty is observed to be the smallest there (∼ 4− 5%) and goes up
to 10−13% for 2018.

Higgs boson pT shape uncertainty and QCD scale variations

The Higgs boson pT reweighting uncertainty is conventionally estimated by com-
paring the distribution after shifting the renormalization and factorization scales,
µR and µF , by a factor of 0.5 and 2 and measuring the change in the signal yield.
Fig. 5.49 shows the effect of different scale variations on the nominal Higgs bo-
son pT distribution. Note that the figure shown here includes contributions from
the shape as well as normalization differences due to the scale variations. Using
the conservative variations of (µR,µF) = (0.5,0.5) and (µR,µF) = (2.0,2.0), the
signal yield varies by 17%. This is assigned as the systematic uncertainty. Since
this variation contains the uncertainty of both the Higgs boson pT shape and the
normalization uncertainty on the cross-section, the theoretical uncertainty on the
signal cross-section is not considered in addition to this.

Sample statistics

The limited sample size of the signal simulation introduces a statistical uncer-
tainty to the analysis. This error is taken as the root of the squared sum of weights
of the events that pass the analysis cuts.

For a quick overview, the table summarizing all the uncertainties is shown in
Table 5.16.

5.8 Results

In the Section 5.6, the distributions of various quantities for the signal simulation,
background prediction, and observed data provided a visual comparison of the
agreement between the background-only expectation and the observed data. A
statistical interpretation allows for the quantification of this comparison between
the observed data and the background. This interpretation is vital to measure the
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Figure 5.48: Trigger efficiency as a function of ∆Rµµ for simulation (blue) and
data (black) in the early 2016 (top left), late 2016 (top right), 2017 (bottom left)
and 2018 (bottom right) eras of Run 2. The low effective luminosity in data
leads to zero statistics in a few bins.

extent to which the analysis probes the parameter space of BSM scalar bosons
produced from Higgs boson decays. In particular, upper limits on the branching
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Figure 5.49: The generator level Higgs boson pT of a reference signal sample
with 9 independent variations of the factorization and renormalization scales
(µR,µF) is shown with respect to the nominal weights.

fraction of the Higgs boson decay to the scalar bosons are evaluated using the
signal yield, background prediction and the observed data. This is performed by
the CMS combine tool [154]. In the following subsections, the details of the
statistical procedure for limit setting are described, followed by the results of the
analysis.

5.8.1 Limit setting procedure

The expected background and the potential signal contribution (according to the
benchmark physics model taken) indicates that any event yield can be a very rare
occurrence in comparison to the large number of pp collision events that have
been recorded with the CMS experiment. This motivates using a Poisson distri-
bution to construct a probability model for the expected/observed yield, denoted

183



Chapter 5

Systematic uncertainty Value Comments
luminosity 1-3% event-level
PU reweight 1% event-level
Muon ID 0.6% per muon
Reco. close muons 1% event-level
Reco. displaced muons 5% per muon
Trigger 5-13% event-level
Reco. hadronic tracks 4-5% per hadron
SV reco. 5-40% per SV, based on category
Reco. scalar mass reso. 1-10% per scalar mass, based on category
Higgs pT shape 17% event-level
Muon Isolation 2-12% event-level, based on scalar mass
Hadron Isolation 6-16% event-level, based on scalar mass
MC statistics 2-15% event-level
Background statistics 15-100% event-level, based on scalar mass & category
Transfer factor f1 15-100% only non-prompt categories
Transfer factor f2 10-30% only non-prompt categories

Table 5.16: Summary of systematic uncertainties.

by p(x|n) where x is the observed event yield and n is the model-dependent ex-
pected yield. The background processes consisting of SM processes, denoted
by b, and the signal model-dependent yield, denoted by s, combine to give the
model-dependent expected yield such that n = µs+ b. µ (also referred as r) is
the signal strength modifier which for a background-only hypothesis would be
µ = 0. For the physics process considered here, the signal strength modifier is
the only parameter of interest in the model and is a function of the branching
ratio of the SM Higgs boson to the BSM light scalar bosons (B(H→ SS)). By
estimating the upper limits on the signal strength modifier, an inference on the
B(H→ SS) can be made. Besides this, the model consists of other parame-
ters, referred to as the nuisance parameters (ν), which include all the systematic
effects and corrections presented in the previous section, which modify the ex-
pected signal/background yield i.e. b = b(ν),s = s(ν). In summary, the proba-
bility model considered is Pois(x|µs(ν)+b(ν)).

The next step is to define a function which measures how well the model de-
scribes the observed data. This is done by using the likelihood function defined
as L (µ,ν)=Pois(x|µs(ν)+b(ν)) where maximizing the likelihood would pro-
duce the Maximum Likelihood Estimators (MLE) for the signal strength and
nuisance parameters (denoted as µ̂ and ν̂). Conversely, a negative log likelihood
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function (NLL=-ln(L )) minimization would lead to the values of µ̂ and ν̂ as
well. The NLL function is computationally simpler and numerically more stable
as it splits a product of likelihood functions into a sum of log likelihood func-
tions. For instance, in this analysis, there are several categories considered and
the combined likelihood would be of the form, L (µ,ν)≡∏

Nchannels
i=1 Pois(xi|µsi(ν)+

bi(ν)). The combine tool performs the NLL minimization to obtain the max-
imum likelihood estimators for the parameters of interest and the nuisance pa-
rameters.

The nuisance parameters in the model pose a challenge in the likelihood-
based inference since they act as sources of systematic uncertainty. This would
smear the estimate for the parameter of interest, thereby decreasing the sensitiv-
ity of the analysis. Depending on the type of nuisance parameter, each nuisance
parameter can be approximately modeled with a probability distribution such that
the likelihood is then modified as L (µ,ν) ≡ ∏

Nchannels
i=1 Pois(xi|µ,ν)∏ j p(y j|ν j)

where y is an auxiliary observable. There are several approaches to remove the
nuisance parameters from the model ranging from a bayesian approach of inte-
grating out the nuisance parameter from the likelihood function to a frequentist
approach of performing a profile likelihood which involves measuring the MLE
of the nuisance parameter for a fixed value of µ . The profile likelihood method
in the combine tool has been used to deal with the nuisance parameters in this
analysis.

The profile likelihood gives rise to ˆ̂ν(µ) which can also be interpreted as the
MLE of ν for a particular µ . Using this, a test-statistic is defined as follows:

q(µ) =−2ln
L (x|µ, ˆ̂ν(µ))

L (x|µ̂, ν̂)
(5.8)

The test-statistic is then used for hypothesis testing and setting upper lim-
its on the signal strength, µ . In particular, these limits are set at 95% confi-
dence level using the CLs method [158]. The procedure evaluates the p-values
for the signal+background hypothesis and for the background-only hypothesis.
This is calculated as ps+b =

∫
∞

qobs
µ

f (qµ |µ,ν)dqµ where f (qµ |µ,ν) is the prob-
ability distribution function for the test statistic qµ . According to the conven-
tion used for combine, the p-value for the background is written as 1− pb =
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∫
∞

qobs
µ

f (qµ |0,ν)dqµ . The CLs is then measured as the ratio of these two p-values:
CLs = ps+b/(1− pb). This is used to determine the 95% confidence interval for
a signal hypothesis with signal strength µ . If the CLs is found to be smaller than
α = (1−0.95) = 0.05, then the data is incompatible with the signal+background
model and excludes the chosen µ with a 95% confidence level.

To understand and visualize the CLs criterion and how it ties to testing the
various signal models considered in the analysis, the model with BSM scalar
boson of mS = 1.2 GeV and cτ = 10 mm is chosen as reference. For this model,
the signal strength for the model is chosen such that the B(H→ SS)∼ 0.1% and
B(S→ µµ), B(S→ hh) according to theory [17].

The next step is the generation of the probability distribution functions,
f (qµ |µ,ν) and f (qµ |0,ν), to compute the corresponding p-values. This is ob-
tained by generating toy datasets which are MC pseudo-experiments, sampled
from the probability distribution function of the signal+background model and
the background only model. In this case, 20000 toys are generated for both the
models and the qµ for each of the toys is calculated.

The resulting distribution is shown in Fig. 5.50 (left) where the blue and
red histograms show the qµ distribution for signal+background and background
only models, respectively. The black line in Fig. 5.50 (left) is the observed test-
statistic for the full Run 2 dataset after the combination of all event categories.

The integral of the right-sided tail for the signal+background hypothesis, the
ps+b, is equal to 0.0309, indicating that the signal+background model is incom-
patible with the observed value. For the background only hypothesis, the integral
of the right-sided tail in the distribution, 1− pb, is found to be 0.7204, indicat-
ing that the data is compatible with the background-only hypothesis, meaning
that any statistical fluctuations in the background are consistent with what is
observed. The CLs is found to be 0.0429, and allows for the exclusion of the
considered signal model.

This is repeated for multiple values of B(H→ SS) and the corresponding
signal strength, µ , to obtain the CLs as a function of µ , as shown in Fig. 5.50
(right). It is seen that the CLs decreases with increasing signal strength. It can
therefore be said that all models with signal strength greater than µ@CLs=0.05 are
excluded. The central vertical red line points to the value of µ@CLs=0.05. This
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ultimately quantifies the sensitivity of the analysis and allows to set the upper
limits on B(H→ SS) at 95% confidence level.

The full procedure listed here is repeated for the median (or 50% quantile),
±1σ (or 16% quantile and 84% quantile) and±2σ (or 2.75% quantile and 97.5%
quantile) values of the expected signal strength for comparison with the observed
limits. This is then derived for each of the BSM scalar signal models considered
in the analysis and the results for this are discussed in the next subsection.

Figure 5.50: Left: Distribution of the test statistic for the full Run 2 data set
and the signal model with BSM scalar boson of mS = 1.2 GeV and cτ = 10
mm for a given signal strength (µ or r=0.3474). The black arrow corresponds
to the observed value of the test statistic while the blue and red distributions
are f (qµ |µ,ν) and f (qµ |0,ν) respectively, generated from toy datasets. Right:
CLs as a function of the signal strength for the observed data in full Run 2 for
the signal model with BSM scalar boson of mS = 1.2 GeV and cτ = 10 mm.
The vertical red lines indicate the observed limits and its statistical uncertainty
coming from the number of toy datasets.

5.8.2 Expected and Observed Limits

The method described above, referred to as the ‘HybridNew’ method in the
combine tool, is used to evaluate the limits for the full Run 2 dataset. The
relevant systematic uncertainties, signal yield and estimated background count
are given as input to the tool which returns the µ@CLs=0.05. Using the relation
µ = B(H→ SS)(obs)/B(H→ SS)(th.), the 95% confidence-level upper limits
on B(H→ SS) are obtained as a function of the cτ for individual BSM scalar
boson masses. Here, B(H→ SS)(th.) corresponds to a reference value assigned
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to the signal hypothesis. In the figures in Section 5.6, this was chosen to be
1% for illustration purposes. During the statistical interpretation, this is chosen
according to the lifetime of the BSM scalar boson. Additionally, the branching
fractions B(S→ µµ), B(S→ hh) are taken from theory [17]. The contributions
from Higgs boson production via vector boson fusion and in association with a
vector boson are evaluated and accounted for as well, and increase the signal
yields (across different mS and lifetimes) by about 9.1%.

Private work (CMS data)

Figure 5.51: Observed (solid black lines) and expected (dashed black lines)
exclusion limits on the branching fraction B(H→ SS) as function of signal
proper lifetime cτ for mS = 1.6 GeV for the most minimal extension of the
SM Higgs sector [16], assuming B(S→ µ+µ−) and B(S→ K+K−) from
Ref. [17]. The inner green (outer yellow) indicates the region containing 68%
(95%) of the expected limits. The limits are obtained using the combination
of all eras of Run 2 and the four different categories. The contribution of each
category is shown with the expected (dashed) and observed (solid) lines along
with the respective 68% uncertainty band.

As an example, Fig. 5.51 shows the combination limits (black) for the BSM
scalar boson mass of 1.6 GeV as a function of cτ for the full Run 2 dataset. Life-
time reweighting (see Section 5.2) and interpolation between the points allows
for a smooth curve, spanning from cτ = 0.01 mm to cτ = 100 mm. The com-
bination for the limits in black is performed across the 4 event categories, each
with its unique range of sensitivity as described below.
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Starting with the prompt category (red), it is seen that the sensitivity drops
quickly as the signal lifetime increases. This is expected since the category cap-
tures prompt-like events only. Below cτ ≤ 0.1mm, the limits start to plateau with
respect to the lifetime and does not improve any further. This is related to travel
distance of the BSM scalar bosons and the vertexing resolution of the detector.
Given that the vertex resolution is somewhere between 10–20 µm, a conserva-
tive distance for a vertex to be reconstructed as ‘displaced’ and away from the
interaction point, can be taken as 5 times the vertexing resolution and is equal to
0.1 mm. Following the relation L = βγcτ , and since βγ � 1 for the light scalar
particles, it is not surprising that the limits plateau at some cτ between 0.01 and
0.1 mm. In this plateau region, the decay vertex is not reconstructed as a ‘dis-
placed’ vertex anymore. Therefore, below 0.01 mm, the limits can be safely
assumed to be constant and accordingly, the limits at 0.01 mm are interpreted as
the sensitivity for a purely prompt signal.

The next two categories, displaced µµ (cyan) and displaced hh (magenta),
provide similar sensitivity to the 0.1 ≤ cτ ≤ 1 mm range. The combination of
the two help to extend the sensitivity to this cτ range and make it comparable to
what is observed for the prompt-like signals (i.e. cτ ≤ 0.1 mm). The displaced
(blue) category increases the sensitivity to larger lifetimes and is the primary
driver for the sensitivity to cτ ≥ 1 mm. For each of the non-prompt categories, a
parabola-like shape is observed. This is because as the lifetime increases, more
events start to populate these categories. However, once an optimal cτ range is
reached, the sensitivity starts to drop as a larger number of events start to have
one or more BSM scalar boson decays occuring outside the detector volume.

Figure 5.52 shows the final limits for BSM scalar bosons with 1.1≤ mS ≤ 2
GeV, where the final state hadrons are assumed to be charged kaons. Figure 5.53
shows the limits for BSM scalar bosons with 0.4≤mS ≤ 1 GeV with the charged
pion assumption for the final state hadrons. It is observed that a similar trend is
present for each BSM scalar boson mass – the best sensitivity is achieved at
low lifetimes due to efficient reconstruction and triggering capabilities followed
by worse limits at larger lifetimes where the vertices are more displaced and
are harder to trigger on. In all cases, it is seen that the observed limits are in
agreement with the expected limits within the 68% expected band.
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To study the effect of the limits as a function of the BSM scalar boson mass,
the observed limits are plotted in a two-dimensional map between the BSM
scalar boson mass and the lifetime and are shown in Fig. 5.54. The black line
connects the lifetimes where B(H→ SS) = 1%. Using this as an indicator, for
most mass hypotheses, a limit on B(H→ SS) of the order of 10−3 (10−4) for
proper lifetimes up to cτ ∼ 10 mm (cτ ∼ 1 mm) is achieved. A drop in sensitivity
is observed near 1 GeV due to a small B(S→ µµ).

190



Exclusive search for light scalar bosons

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Private work 
(CMS data)

Figure 5.52: Observed (solid black line) and expected (dashed black line) ex-
clusion limits on the branching fraction B(H → SS) as function of signal
proper lifetime cτ for mS = 1.1− 2 GeV for the most minimal extension of
the SM Higgs sector [16], assuming B(S→ µ+µ−) and B(S→ K+K−) from
Ref. [17]. The inner green (outer yellow) indicates the region containing 68%
(95%) of the limits. The limits are obtained using the combination of all eras of
Run 2 and the four different lifetime categories.
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Figure 5.53: Observed (solid black line) and expected (dashed black line) ex-
clusion limits on the branching fraction B(H → SS) as function of signal
proper lifetime cτ for mS = 0.4− 1 GeV for the most minimal extension of
the SM Higgs sector [16], assuming B(S→ µ+µ−) and B(S→ π+π−) from
Ref. [17]. The inner green (outer yellow) indicates the region containing 68%
(95%) of the limits. The limits are obtained using the combination of all eras of
Run 2 and the four different lifetime categories.
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Figure 5.54: Observed upper limits on the branching fraction B(H→ SS) as
function of signal mass and proper lifetime cτ for the most minimal extension
of the SM Higgs sector [16], assuming B(S→ µ+µ−), B(S→ K+K−) and
B(S→ π+π−) from Ref. [17]. The area under the solid black line denotes the
region where the limits are smaller than 1%.
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Conclusion and Outlook

This thesis presents two analyses carried out within the CMS experiment at the
CERN Large Hadron Collider. The first one contributes to the calibration of jets
at the CMS experiment by studying the jet energy resolution using a data-driven
approach. The second analysis is a search for light scalar bosons, motivated
by BSM scenarios where the Higgs boson decays exotically into a pair of such
particles. The search targets events with a final state consisting of two muons
and two hadrons, corresponding to the decays of the two light scalar bosons.

In the first analysis, a deep dive into the final stage of jet calibration, the jet
energy resolution, was performed using the ultra-legacy (UL) 2018 data from
the Run 2 data-taking period of the LHC. The jet energy resolution and its scale
factor were studied with a focus on exploring the pjet

T < 100 GeV region using
Z+jet events. The first method, inspired from the pT balance approach and devel-
oped to have a reduced bias towards pileup, provided scale factors of∼ 1.1−1.3.
With the new detector calibrations in the ultra-legacy datasets, it was observed
that the jet energy resolution showed a pT dependence across all |η |. With the pT

balance approach, the results indicate larger scale factors as the pT decreases. In
parallel, a novel method based on the MET projection fraction (MPF) approach,
currently in development within the CMS Collaboration, suggested the oppo-
site trend of decreasing scale factors as the pT decreases. The possibility of the
difference in event selection was explored by applying the MPF method to the
Z+jet event topology selected in the pT balance study. The results were found to
be compatible and indicated a JER scale factor of ∼ 1−1.1.
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To understand the impact of these two results and to check which of the
results are possibly more accurate, a validation study using the leading jet pT

spectra in Z+jets was performed by applying both the JER scale factors to simu-
lation and comparing the results. While the method based on the MPF approach
shows a better agreement with data, the difference was found to be small and the
uncertainty on this is covered within other uncertainties on the simulation. This
leads to the conclusion that large-scale observables such as the jet pT spectra are
expected to show small impact with the application of either of the two JER re-
sults. To further understand the impact of the two results, a similar study using a
more resolution-sensitive variable such as the reconstructed width of a hadronic
resonance like the W boson decaying to two jets, would provide more insight.

In the second analysis, a search for the Higgs-mediated production of a pair
of light scalar bosons with masses in the range of 0.4–2 GeV was performed
using Run 2 data collected by the CMS experiment. In this mass range, the
analysis accesses a unique hadronic decay mode where the low mass of the
scalar restricts hadronization and dominantly allows decays to only a pair of
light hadrons. However, since the pp collision produces a dense hadronic envi-
ronment, it is challenging to select events at the trigger level with fully hadronic
final-states. Instead, the subdominant channel to muons is targeted for one of
the scalar bosons while the decay to charged hadrons is considered for the other
scalar boson. Furthermore, since the coupling to SM particles depends on the
mixing angle θ , which eventually determines the lifetime of the particle, the
search is performed for scalar bosons up to a proper lifetime of cτ = 100 mm,
targeting events which decay within the CMS tracker volume.

An event selection based on the boosted topology, the isolation, and mass
constraints between the reconstructed dimuon and dihadron resonances was de-
vised to reduce the considerable background coming largely from QCD multijet
processes, reducing it to nearly zero. A statistical analysis of the signal pre-
diction, background prediction and the observed number of events is performed
to set upper limits on the branching fraction of the Higgs boson decaying to
light scalar bosons (B(H → SS)), considering the benchmark signal model in
Ref. [17].

This search excludes at 95% confidence level branching fractions of the
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Higgs boson to light scalars greater than 10−4 and covers a largely unexplored
phase space of light particles, providing complementarity to several Run 2 searches
on long-lived particles (BSM particles that travel a certain distance before decay-
ing) (see Fig. 5.55). In particular, this analysis provides complementarity to the
dimuon scouting results shown by probing all masses within the mass range of
0.4 to 2 GeV, some of which were masked in Ref. [62] and to the Hadronic MS
analysis [61] which is sensitive to a larger proper lifetime.
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Figure 5.55: Left: Upper limits on the branching fraction of exotic Higgs de-
cays to light scalar bosons as function of signal proper lifetime cτ for mS = 2
GeV for the analysis presented in this thesis. Right: Upper limits on the branch-
ing fraction of exotic Higgs boson decays to long-lived particles as a func-
tion of the lifetime for a few selected mass points from various CMS analy-
ses [61, 62]. A brief discussion has been presented in Section 1.2.3. Figure
(right) taken from Ref. [63].

While this analysis provides a good sensitivity over various masses and life-
times of the light scalar boson, there is still scope for improvements. One of the
limitations of the analysis is the smaller sensitivity to larger lifetimes, as seen in
Fig. 5.55 (left). The primary cause behind a lower sensitivity at cτ ≥ 10 mm is
that the most optimal trigger for the analysis, the single muon trigger, is tuned
towards promptly decaying signatures and rejects events where the muons are
produced at a distance from the primary vertex. A large improvement on this
limitation is expected in Run 3 with the addition of new displaced dimuon trig-
gers [159], which are designed to select displaced muons and are also equipped
with lower thresholds as compared to their counterparts in 2018 data-taking era.
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Additionally, there are also alternate data streams such as data parking [91]
which offer low pT muon triggers (pT & 7 GeV), which can further improve
the sensitivity for the search.

In the coming years, searches for light BSM particles or dark sector particles
at CERN will be extensively pursued, driven by advances in detector technol-
ogy and possibly from several proposed detectors at the LHC. Within the CMS
experiment, the upcoming HL-LHC upgrades for the CMS tracker will enable
particle track information from the outer regions of the tracker to be available
already at the first level of trigger (L1) [160]. The ability to trigger directly on
displaced tracks and/or displaced vertices will significantly boost the sensitivity
for light long-lived particles in general. In parallel, several dedicated experi-
ments such as CODEX-b [161], MATHUSLA [162], ANUBIS [163] and others
have been proposed for long-lived particle searches. As these detectors would
be placed away from the collision points, they can significantly extend the reach
to lifetimes and correspondingly, very small mixing angles, that have not been
searched for before. A comprehensive review of these future experiments can
be found in Ref. [164]. Beyond collider experiments, many other experiments
around the world are also probing the dark sector. Together, the upcoming de-
velopments and studies on understanding the nature of the dark sector will have
the potential to unravel something new and pave the way beyond the Standard
Model.
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