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The CMS experiment is one of the general-purpose particle physics experiments
at the LHC at CERN. The LHC produces proton-proton collisions which are
studied with complex detector configurations. Information from different parts
of the detector is combined to determine what particles have been created in the
collision events. At the CMS, this is primarily achieved using the Particle Flow
reconstruction. Most of the data in high-energy particle physics experiments is
observed as collimated sprays of particles, jets.

Jets are modelled to originate from a single quark or gluon, which defines the
flavour of a jet. Jets offer a way to study quark and gluon properties. Especially
b jets are related to various interesting physics, such as the top-quark mass.
The mass of the top quark is again connected to the stability of the electroweak
vacuum.

Energy corrections are applied to jets to take into account the inaccuracies in the
observation. Generally, the corrections are not applied flavour dependently, which
is a source of systematic uncertainty. Profound understanding of the flavour-
dependent jet energy scale will help reduce these uncertainties.

A parameterized model of the CMS Particle Flow reconstruction, based on
the single-particle responses, has been developed for this thesis. The flavour-
dependent jet energy scale is studied using simulated collision events and the
obtained results are compared with the official CMS results. The flavour-
dependent correction factors for the jet response are also determined. Systematic
uncertainties on the jet energy scale arising from the variations in the single-
hadron response, photon response, and charged-hadron tracking efficiency are
studied.

The missing transverse energy projection fraction (MPF) response has been
reproduced with a sufficient accuracy. Differences in the jet energy scale and the
jet energy fraction are observed compared to the official CMS results. Further
studies are required to explain the observed differences. Studies of the sensitivity
on the varied responses, calorimeter energy scales, and tracking efficiency offer
new knowledge about the related systematic uncertainties.
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CMS-koe on yksi Euroopan hiukkastutkimuskeskuksen CERN:n Suuren
Hadronitörmäyttimen LHC:n yleisluontoisista kokeista. LHC törmäyttää toisiinsa
pääasiassa protoneja. Törmäystuotteita tutkitaan monimutkaisilla ilmaisin-
konfiguraatioilla. Koottua tietoa eri ilmaisimen osista käytetään törmäyksessä
syntyneiden hiukkasten selvittämiseksi. CMS-kokeessa tämä päättely tehdään
pääasiassa Particle Flow -rekonstruktiota hyödyntäen. Suurin osa datasta korkean
energian fysiikan kokeissa havaitaan kartiomaisina hiukkasryöppyinä, jetteinä.

Jetit mallinnetaan syntyvän yksittäisestä kvarkista tai gluonista, mikä
määrittää jetin maun. Täten jetit mahdollistavat tavan tutkia kvarkkien ja
gluonien ominaisuuksia. Erityisesti b-jetit ovat tärkeitä monessa hiukkasfysiikan
analyysissä, kuten huippukvarkin massan mittauksessa. Huippukvarkin massa
taas on yhteydessä sähköheikon tyhjiön stabiiliuteen.

Mittausten epätarkkuuksia voidaan ottaa huomioon jettien energiakorjauksilla.
Yleisesti ottaen energiakorjauksia ei tehdä makuriippuvasti, mikä on yksi
systemaattisen epävarmuuden lähde. Jettien makuriippuvan energiaskaalan
syvällinen ymmärrys auttaa vähentämään mittausten epävarmuuksia.

Tätä työtä varten kehitettiin parametrisoitu malli CMS Particle Flow -
rekonstruktiolle, joka pohjautuu yksihiukkasresponsseihin. Makuriippuvaa jettien
energiaskaalaa tutkitaan käyttäen simuloituja törmäystapahtumia ja saatuja
tuloksia verrataan CMS:n virallisiin tuloksiin. Työssä määritetään myös jettien
makuriippuvat energiakorjauskertoimet. Jettien energiaskaalan systemaattisia
epävarmuuksia tutkitaan varioimalla yksihiukkasresponsseja, kalorimetriskaalaa
ja ratailmaisimen suorituskykyä.

MPF-responssi (missing transverse energy projection fraction response) on
onnistuttu toistamaan riittävällä tarkkuudella. Eroavaisuuksia CMS:n virallisiin
tuloksiin havaittiin jettien energiaskaalassa ja energiajakaumassa. Näiden
eroavaisuuksien selvittämiseksi vaaditaan jatkotutkimuksia. Herkkyysanalyysi
tuotti uutta tietoa liittyen jettien energiaskaalan systemaattisiin epävarmuuksiin.
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Symbols and Abbreviations

Symbols

~ reduced Planck constant
c the speed of light
E energy
m mass
φ azimuthal angle
pµ four-momentum vector
~p three-momentum vector
pT transverse momentum
p miss

T missing transverse momentum vector
θ polar angle
y rapidity
η pseudorapidity
∆R radial distance
R jet radius parameter
σ cross-section / resolution
L instantaneous luminosity
L integrated luminosity
dN/dt rate of interactions√
s center-of-mass collision energy

τ mean lifetime / tau lepton
λl interaction length
ri single-particle response

l lepton
q quark
g gluon
γ photon

iv



v

µ muon
W± charged weak boson
Z0 neutral weak boson

Abbreviations

ALICE A Large Ion Collider Experiment
ATLAS A Toroidal LHC ApparatuS
CERN European Organization for Nuclear Research
CMS Compact Muon Solenoid
CMSSW CMS SoftWare
D∅ Experiment at Tevatron
ECAL Electromagnetic CALorimeter
EM ElectroMagnetic
EW ElectroWeak
FS Final State
FSR Final State Radiation
GUT Grand Unified Theory
HCAL Hadron CALorimeter
HLT High Level Trigger
ISR Initial State Radiation
LEP Large Electron-Positron collider
LGT Lattice Gauge Theory
LHC Large Hadron Collider
LHCb Large Hadron Collider beauty
LO Leading Order
MET Missing Transverse Energy
MPF Missing transverse energy Projection Fraction
MPI Multiple Parton Interactions
NLO Next-to-Leading Order
PDF Parton Distribution Function
PF Particle Flow
QCD Quantum ChromoDynamics
QED Quantum ElectroDynamics
QFT Quantum Field Theory
SM Standard Model
SPR Single-Particle Response
SSB Spontaneous Symmetry Breaking
SUSY SUperSYmmetry
UE Underlying Event
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Chapter 1

Introduction

The European Organization for Nuclear Research (CERN) hosts a multitude
of experiments focusing on high-energy particle physics research. The Large
Hadron Collider (LHC) at CERN is designed to accelerate and collide protons
and heavy ions. The analysis of this thesis is related to the Compact Muon
Solenoid (CMS) experiment, which is one of the general-purpose particle
physics experiments at CERN. The CMS detector is located at one of the
four collision points at the LHC.

The Standard Model (SM) of particle physics is a theoretical framework
explaining our current understanding of the matter and interactions in the
Universe. The search for the Higgs boson was one of the main purposes of
the LHC since it completes the set of elementary particles predicted by the
SM. A Higgs boson was observed by the ATLAS [1] and CMS [2] experiments
in 2012. However, the SM has some shortcomings which are not explained.
At the moment, research is focused on the search of the physics beyond the
SM and the precision measurements of the observed SM particles.

The role of the Higgs boson and the related Higgs field is intriguing since it
is the cause of the spontaneous breaking of the electroweak gauge symmetry,
explaining the masses of most of the SM particles. The top quark is the
heaviest observed elementary particle making it especially interesting. The
physics of the Higgs boson and the top quark are connected to the stability
of the electroweak vacuum [3]. The experimentally observed masses of the
top quark and the Higgs boson suggest that the Universe is at a metastable
state such that the SM electroweak vacuum would be a false vacuum. More
precise measurements of the top and Higgs masses or physics beyond the SM
could change this prediction.

The nature of quarks, theorized by quantum chromodynamics (QCD),
prevents them to be observed as independent particles. Quantum
chromodynamics explains the interactions between quarks and elementary

1



CHAPTER 1. INTRODUCTION 2

gauge bosons, gluons, such that quarks are observed as composite particles
of two or more quarks bind together by gluons to form hadrons.

Hadrons in high-energy particle physics experiments are mostly observed
as constituents of sprays of collimated particles, jets. Jets are modelled to
originate from a quark or a gluon, collectively called as partons. A flavour can
be assigned to a jet depending on the parton it originated from. Jets provide
a way to study physics of the otherwise unobservable quarks and gluons. The
top quark does not form a jet directly due to its large mass, since it decays
quickly predominantly to a b quark and a W± boson. Therefore, b jets are
significant in understanding top quark physics.

The proton-proton interactions are challenging from the theoretical
point of view due to the complex structure of protons and the self-coupling
of gluons. The high-momentum-transfer parton-parton interaction, the
hard process, can be solved using the perturbative QCD. Otherwise, the
interaction process and the jet formation relies heavily on the experimental
results. Simulations of the collision processes are used to better understand
the underlying physics. The simulations are tuned by comparing the results
with the observed data. This approach has provided an explicit way to
study the flavour-dependent jet physics.

Inaccuracies in the detection of jets are taken into account by the
jet energy corrections. Since jet flavour is challenging to assign to
experimentally observed jets, the corrections are not applied flavour-
dependently. Systematic uncertainties arise from the flavour dependency
of the jet energy response, which can be reduced by deepening our
understanding of the flavour-dependent jet energy scale.

In this thesis, the flavour-dependent jet energy scale is studied with
the greatest focus on b jets. A parameterized model of the CMS Particle
Flow (PF) reconstruction has been developed. With the model, we aim
to capture the essence of the CMS detector and the event reconstruction,
using the single-particle response functions and a few main features of
the PF reconstruction. This enables a fast detector simulation and event
reconstruction with a relatively small number of affecting parameters. A
similar method has been used by the D∅ experiment at the Tevatron at
Fermilab. This thesis utilizes methods used in a master’s thesis [4], where
the D∅ jet energy corrections were reproduced. Systematic uncertainties
related to the properties of the detector and the reconstruction can be
studied using our model. Sensitivity of the jet energy scale to the variations
in the single-hadron response, photon response, calorimeter energy scales,
and charged-hadron tracking efficiency are studied flavour dependently.

At first, in chapter 2, we introduce the theoretical background of
the studies by focusing on the most essential parts of the SM from the
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perspective of this work. The metastability of the electroweak vacuum
is presented as an example motivation for the top-quark mass studies.
Our understanding of the jet formation in proton-proton collisions is then
discussed. In chapter 3, the LHC accelerator is introduced and a deeper dive
into the individual parts of the CMS detector is performed. Great attention
is given to the PF reconstruction due to its essence in the context of this
work. A brief introduction to the event generation and detector simulation
is also included. Chapter 4 presents the used event selection, our model of
the PF reconstruction, and the studied observables. Results are shown in
chapter 5 and discussed in chapter 6. Finally, in chapter 7, the conclusions
regarding to the performed study is presented.



Chapter 2

Theoretical background

In this chapter, we introduce the main concepts related to our understanding
of the constituents of the Universe. Concepts related to the jet formation
and the theoretical motivation behind this thesis are discussed. This chapter
is based mostly on Refs. [5–8].

2.1 Conventions

A common practice in different fields of physics is to choose units which are
meaningful and which simplify the calculations. Natural units are a common
choice in particle physics, where the reduced Planck constant and the speed
of light are ~ = c = 1. This choice unifies the following units

[length]−1= [time]−1= [energy] = [mass] = [momentum] = eV, (2.1)

where the electron volt eV ≈ 1.602 × 10−19J. The energies of the particles
in high-energy particle physics usually have a magnitude of GeV or TeV.
The rest masses of the observed elementary particles are around MeV and
GeV. Therefore, the rest masses of the particles are often approximated to
be negligible in comparison to the energies in high energy physics.

The CMS coordinate system supports the cylindrical form of the detector
as illustrated in Fig. 2.1.

4



CHAPTER 2. THEORETICAL BACKGROUND 5

Figure 2.1: The coordinate system used in the CMS experiment. Figure
modified from Ref. [9].

The center of the detector is chosen as the origin. The z-axis follows the
beamline in the middle of the detector. The x-axis points towards the center
of the LHC ring and the y-axis points upwards from the LHC ring. The x-
and y-axis span the transverse plane. The azimuthal angle φ indicates the
direction in the transverse plane. The three-dimensional momentum vector
is defined as ~p = (px, py, pz) and its projection to the transverse plane is the
transverse momentum ~pT. The polar angle θ is the angle with respect to the
positive z-axis. The center-of-mass collision energy

√
s is measured between

the colliding particles.
The rapidity can be defined as

y =
1

2
ln

(
E + pz
E − pz

)
, (2.2)

where E is the energy of the particle. The usage of the rapidity is motivated
by the facts that pz can have highly varying values in the high-energy
collisions, and that it is additive under Lorentz boosts in the direction of
pz, as discussed in Ref. [10]. The pseudorapidity η is commonly used in
experimental particle physics. It is equivalent to the rapidity in the limit
where the momentum is much larger than the mass of the particle such that

η =
1

2
ln

(
|~p|+ pz
|~p| − pz

)
= − ln tan

(
θ

2

)
≈
|~p|�m

y, (2.3)

which has the advantage that there is no need to know the mass or the
momentum of the particle.

Calculations in particle physics are often carried out using the four-
momentum vector (pµ) notation. The chosen parameterization for this thesis
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is pµ = (pT, η, φ, E). The magnitude of the four-momentum vector is equal to
the invariant mass m0. The invariant mass is the mass term of the particle
which does not depend on the kinetic energy, and is therefore a Lorentz
invariant quantity. Differences in the directions of the four-momentum
vectors are described by the radial distance ∆R =

√
∆φ+ ∆y.

2.2 The Standard Model

The Standard Model (SM) of particle physics is the model including all the
observed elementary particles and their interactions, excluding gravity. The
SM is a gauge invariant quantum field theory (QFT) where the matter and
interactions are described as fields and the observed particles as excitations
of these fields.

The constituents of the matter are the half-integer spin fermions, such
that there exists six flavours of leptons (l) and six flavours of quarks (q).
Elementary particles are distinguished by the quantum numbers. The electric
charge (Q), electron number (Le), muon number (Lµ), and tau number (Lτ )
are assigned to the leptons. Quarks can be categorized by the electric charge,
strangeness (S), charm (C), beauty (B), and truth (T). Each lepton and quark
has also an antiparticle with each quantum number having the opposite sign.
Leptons and quarks both have three generations. A table of SM particles is
presented in Fig. 2.2.

Figure 2.2: The SM particles grouped as quarks, leptons, gauge bosons, and
scalar bosons. The mass, charge, and spin for each particle is presented. [11]
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Interactions between the elementary particles are mediated by the integer
spin gauge bosons. The SM describes the electromagnetic (EM), weak, and
strong forces by the gauge group SU(3)×SU(2)×U(1). The SM also unifies
the EM and the weak force to the electroweak (EW) theory which corresponds
to the SU(2)×U(1) group. The EW force manifests itself at extremely high
energy densities and is observed as separate forces at the present state of
the Universe due to the spontaneous symmetry breaking (SSB) caused by
the Higgs field. The gravitational force is not included in the SM since no
renormalizable quantum theory exists for it. The gravitational force is so
weak that its effect is negligible in the scale of particle physics.

The EM force is mediated by the photon (γ) between particles with
an electric charge. The relativistic QFT describing the electromagnetic
interaction is called as the quantum electrodynamics (QED).

The weak force is mediated by the W± and Z gauge bosons and it acts on
both leptons and quarks. The weak interaction has an unique property that
the exchange of the W± boson changes the flavour of the lepton or quark.

The strong interaction is mediated by the massless gluon (g) between
particles carrying a colour charge, so between quarks, and gluons themselves.
In the SM there are eight types of gluons in total. A gauge theory comparable
with the QED for the strong interaction is the QCD, which has the SU(3)
symmetry. A quark carries either red, green, or blue colour, and anti-quarks
corresponding anti-colours, which are conserved in the QCD processes.
Gluons contain a colour and an anti-colour. An important property of the
QCD is that the coupling constant depends on the distance of the interacting
particles. At large distances the coupling constant is large, but in short
distances it is significantly smaller. Colour-charged particles can therefore
exist at close distances without interacting significantly. This is called as
the asymptotic freedom. Quarks are confined as colourless colour-singlets
such that either a coloured and a corresponding anti-coloured quark form
a meson or all three different colours (or anti-colours) form a baryon. The
unifying name for these compound particles is a hadron. Also more complex
structures are possible as long as the state is colourless. If a colour-singlet
state of quarks is broken by removing one constituent, a pair of quark and
antiquark is created to form new colour-singlets from the energy needed to
remove the quark from the stable state.

The Higgs mechanism introduces a complex doublet of scalar fields

φ(x) =
1√
2

(
φ+(x)

φ0(x)

)
, (2.4)

which causes the spontaneous breaking of the electroweak SU(2)×U(1) gauge
symmetry. The particle related to the Higgs field is the Higgs boson. The



CHAPTER 2. THEORETICAL BACKGROUND 8

Higgs boson is the only spin-0 scalar boson in the SM. The mass of a Higgs
boson observed by the ATLAS and CMS experiments in 2012 is mh ≈ 125.1
GeV [12].

The experimentally observed masses of the W± and Z bosons mW± ≈ 80.4
GeV and mZ ≈ 91.2 GeV [13], arise from the SSB. It is possible that all the
fermions acquire masses through the Yukawa coupling of the Higgs and the
fermion fields, where the mass of a fermion would be proportional to the
strength of the coupling. The Higgs potential can be chosen as

V (φ) = µ2φ†φ+ λ(φ†φ)2, (2.5)

where µ2 and λ define the shape of the potential. The vacuum is stable when
λ > 0 is required. When µ2 > 0, the potential has the minimum at φ = 0
where the vacuum expectation value is 〈φ〉 = 0. Values µ2 < 0 correspond
to the state after the SSB which has a nonzero minimum of

v = 〈φ〉 =
µ√
λ
, (2.6)

such that the complex doublet φ has a nonzero vacuum expectation value of

〈φ〉 =
1√
2

(
0

v

)
. (2.7)

With these parameters, the Higgs potential is often called as the Mexican
hat potential.

Since the observation of a Higgs boson, all of the particles predicted by
the SM have been detected. Also no clear sign of new physics has risen from
the probed energy scales. However, besides that the gravity is not included in
the theory, many other open questions still exist. The SM contains multiple
arbitrary parameters and the masses of the elementary particles are not
provided explicitly. Neutrino oscillations are one of the clearest phenomena
which the SM does not explain. It has been observed that neutrinos can
change their flavour, which indicates that they have a nonzero mass which
the SM does not explain. Matter-antimatter asymmetry is a problem which
questions why there is no equal amount of antimatter and matter in the
Universe. Astronomical research estimates that about 5% of the energy in
the Universe is explained by the SM particles and around 26% comes from
the dark matter. This invisible matter has been observed when studying the
movement of galaxies. The dark energy is responsible of the rest (around
69%) of the energy content in the Universe. The dark energy is theorized
to explain the accelerating expansion of the Universe. The metastability of
the electroweak vacuum is also one open question which will be discussed in
Sec. 2.3.
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Multiple theories explaining the shortcomings of the SM have been
invented. Grand Unified Theories (GUTs) are models linking the strong and
the electroweak interactions under one common interaction. Different types
of supersymmetric (SUSY) models have been theorized as an extension to
the SM. In these models, fermions would acquire bosonic superpartners and
vice versa. Superstring theory is an attempt to unify all the elementary
particles and forces under one theory, including even gravity. It is expected
that at the Planck scale (around 10−35 m), a quantum theory for gravity
would become meaningful. The basic structure of the matter would be
in form of strings, and the vibrations of these strings are manifested as
particles. More discussion related to the physics beyond the SM (BSM) can
be found from Ref. [14].

2.3 Metastability of the electroweak vacuum

The stability of the EW vacuum refers to the question whether the previously
discussed SM ground state is the global minimum or not. If there exist lower
energy states, the EW vacuum would be in a metastable state. The stability
state of the EW vacuum is often parameterized as a function of the pole
masses of the top quark and the Higgs boson. The observed masses of the
Higgs boson and the top quark mt ≈ 173 GeV [15] suggest that the Universe
would be in a metastable state as presented in Fig. 2.3.

Figure 2.3: The stability of the electroweak vacuum presented as a function
of the pole masses of the Higgs boson mpole

h and the top quark mpole
t . Figures

modified from Ref. [16].

In the metastable state, λ parameter in Eq. (2.5) will obtain negative
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values when approaching to the Planck scale, where some new physics would
be required for the stability. The metastable EW vacuum could collapse to
a lower ground state by quantum tunneling. Tunneling at some point of the
Universe would cause a bubble nucleation: a bubble of space with the lower
energy state which would expand nearly at the speed of light [17]. Even in the
metastable state it is possible that the SM vacuum would be relatively long-
lived compared to the age of the Universe, as discussed in Ref. [18]. Precision
measurements of the Higgs and the top quark are essential for defining where
the SM prediction lies in the stability graph. New BSM physics could also
lead to a different conclusion related to the stability of the EW vacuum.
More discussion related to the topic is presented in Ref. [3].

2.4 Jet formation in proton-proton collisions

Protons are colour-singlet hadrons formed from two up quarks and a
down quark, which are called as the valence quarks and held together by
gluons. Virtual quark-antiquark pairs are constantly created by gluons and
annihilated back into gluons in the presence of protons. These quarks are
called as the sea quarks and also included in the physics of protons. Quarks
and gluons in this context are referred to as partons. We go through how
the proton-proton interactions will lead to the jets observed in the detectors
following Refs. [19, 20].

The colliding protons at the LHC can interact in various ways. An event
is an interaction between two colliding protons. Elastic scattering is a type of
interaction where the kinetic energy of the interacting particles is conserved.
In an inelastic scattering process, new particles can be produced due to the
interaction. The cross-section σ(X → Y ) describes the probability that the
initial state X will lead to the final state Y when the colliding particles
interact. The unit of the cross-section is commonly given in barns such that
b = 10−28m2. The total cross-section σtot is the sum of all the inelastic
and elastic cross-sections. The cross-section is a useful concept since it is
universally defined and therefore independent of the experiment.

When measuring the rate of interactions dN/dt in a specific experiment,
the instantaneous luminosity L is often used with the total cross-section such
that

dN

dt
= Lσtot. (2.8)

The instantaneous luminosity corresponds to the amount of particles passing
the defined area in a unit time such that [L] = cm−2s−1. When studying
rare events, it is important to maximize the rate of interactions. Since it
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is not possible to affect to the cross-section, experiments try to increase the
instantaneous luminosity. This can be done by maximizing the number of
accelerated particles or by concentrating the particles to an area as small as
possible in the interaction point. The amount of produced collision data can
be presented using the integrated luminosity L =

∫
Ldt, which is often given

in units of b−1.
The most interesting events concerned by the general purpose experiments

are the hard scattering processes. Generally speaking, the hard scattering
processes are those where the interactions between the colliding protons are
considered as interactions between individual partons. The hard interactions
are possible when the momentum between the colliding protons is large with
respect to the mass of the particles. Usually the hard interactions lead to a
final state where the products have high values of pT. Within an event, the
hard interaction is defined as the interaction with the highest momentum
transfer between the partons in the colliding protons.

Proton-proton interactions must be processed in a framework of the QCD
theory. Theoretical handling of the QCD interactions is challenging due to
the self coupling of the gluons and the complex structure of the protons. A
representation of a possible proton-proton interaction is presented in Fig. 2.4.

Figure 2.4: Proton-proton interaction leading to the top-antitop pair
production. The hard interaction is between two gluons in this process.

The lattice gauge theory (LGT) and the perturbative QCD offer methods
to compute predictions for the QCD systems. The LGT computations are
however really time consuming and not yet useful for the hard scattering
processes. However, it has been successful for example in the predictions of
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the light hadron masses [21]. The perturbative QCD is suitable for the high
energy processes between partons, where the asymptotic freedom is realized.
The complexity of the proton structure is overcome by the factorization
theorem. The cross-section of the process can be calculated in two parts
such that the perturbative QCD can be used for the short-distance part
of the calculation, where the asymptotic freedom applies. The other part
is the non-perturbative long-distance part which must be determined using
experimental results. The cross-section for the proton-proton interaction
with a final state X can then be formulated as

σ(pp→ X) =
∑
i,j

∫
dx1dx2fi,p(x1, µ

2
F )fj,p(x2, µ

2
F )

× dσ̂ij→X(x1, x2, µf , µr, α(µr)),

(2.9)

where x1 and x2 are the fractional momenta of the interacting partons
whose flavours are described by the indices i and j. The factorization
scale µf defines the limit where the physics is described using the non-
perturbative parton distribution functions (PDFs) fi,p and fj,p. Otherwise
the perturbative QCD method is used such that the parton-parton cross-
section dσ̂ij→X defines the physics. The renormalization scale µr defines the
running strong coupling constant α(µr). The probability that a parton will
contribute to the studied process is given by the PDFs for a flavour i and
the longitudinal fractional momentum x at the factorization scale µf . The
PDFs are based on the experimental measurements. The cross-section for
the hard process σ̂ is mostly calculated at the leading order (LO). The LO
calculations are based on the lowest order Feynman diagrams representing
the process. Also the next-to-leading order (NLO) or the next-to-NLO
(NNLO) corrections are used.

Besides the hard interaction, also the proton remnants must be taken
into account. This part of the process is referred as the multiple parton
interactions (MPI). The MPI is part of the underlying event (UE) which takes
into account the effects outside of the hard interaction. Due to the colour
confinement, partons emerging from the hard scattering process will create
new quarks and multitude of other particles. Quarks will then form colour-
singlet hadrons in the process called hadronization. Some of the particles
will also decay during the evolution of the event. After that the event
is described by the stable final-state (FS) particles. Usually, at the CMS
experiment, a particle is considered stable when it has a mean lifetime of τ >
10 mm/c. Luckily, only few particles have decay length comparable with the
dimensions of the detector. Theoretical understanding about the evolution
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from the hard process to the FS particles is still incomplete. Simulations use
phenomenological methods to carry out these steps which have been proven
to be successful. These are discussed more in Sec. 3.4.

The partons originating from the hard process and the created quarks
and gluons, if energetic enough, will create collimated sprays of particles
called jets. Jets have a high importance in the analyses related to the hard
scattering processes. Most of the data at the LHC are observed as jets. A
flavour is assigned to a jet depending on what particle it originates from. The
momentum of the observed jet can then be linked to the assigned original
parton which gives a way to study properties of the otherwise unobservable
quarks and gluons. Defining the flavour of a jet is however a difficult task.
Gluon jets are usually wider and the contained particles are less energetic
than in quark jets [22]. Especially light u and d quarks form similar jets
which are hard to distinguish from each other. The top quark is the most
massive quark and it decays before the hadronization with the mean lifetime
of τ ≈ 5 × 10−25 s [23]. It decays almost uniquely to a W boson and a b
quark. A possible tt̄ pair production from the gluon splitting is presented in
Fig. 2.4, where the other W boson decays to a pair of quarks and the other
W decays leptonically.

Therefore, the physics of the b quark is linked to the top quark. For
example, the top mass predictions and its implications to the metastability
of the EW vacuum discussed in Sec. 2.3 depend on how well the b-jet physics
is understood. Also other interesting physics is related to the b jets, for
example the Higgs physics and different theorized SUSY particles. Specific
methods to identify the jets originating from the b quark called as b-tagging
are therefore of great interest.

At the CMS, the b-jet identification uses the track impact parameters,
distances and directions of the secondary vertices, and multiplicities, masses,
and energies of the secondary tracks. The lifetime of the b quark is relatively
long so the secondary vertices are produced at significant distances from the
primary vertices. The secondary particles have greater transverse momenta
with respect to the jet axis compared to the other quark jets due to the
large mass of the b quark. B jets have also greater number of soft leptons
than the other quark jets. Specific algorithms at the experiments use these
properties to identify b jets. More from the b-tagging in the context of the
CMS experiment can be found from Refs. [24, 25].

Flavour-dependent jet analysis give insight about the underlying parton
physics. In simulations, a direct link from the jet to the parton it has
originated from can be conserved and even the light quark jets can be
analysed separately. It is however important to note that a proper analysis
requires comparison to the data where the jet flavour is hard to distinguish.



Chapter 3

Experimental research at the
LHC

The research in experimental particle physics is carried out using particle
accelerators. To gain insight into the small scales of the universe the energy
of the experiment plays a major role. CERN operates the highest-energy
particle collider ever existed, the LHC, in the border of Switzerland and
France. This study is related to the CMS experiment, which is one of the
general purpose experiments at the LHC.

In this chapter we first introduce the LHC and the pre-accelerators. The
CMS experiment is reviewed by presenting the physical detector and its
subdetector configuration. Next, we go through how the physical objects
are reconstructed from the detector signals to obtain the data used in the
analysis. This chapter follows Refs. [26, 27].

3.1 The Large Hadron Collider

The primary purpose of the LHC is to study particles and their interactions
by accelerating and colliding beams of protons. It is also suitable for heavy
ions, such as lead ions. The LHC is a circular accelerator built in a 27-
kilometre tunnel, 100 m under the ground, making it the largest machine
ever existed. The LHC occupies the same tunnel as its predecessor, the Large
Electron-Positron collider (LEP). The LEP operated from 1989 to 2000 at
CERN reaching a center-of-mass collision energy of 209 GeV and delivering
in total around 1000 pb−1 of data [28]. After year 2000, the LEP operation
was run down and the construction of the LHC was started. The LHC started
operating in 2008. The accelerator complex and the largest experiments are
illustrated in Fig. 3.1.

14
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Figure 3.1: The LHC ring, pre-accelerators, and the main experiments. The
lines display the paths of the accelerated particles. [29]

The four biggest experiments at CERN: ALICE (A Large Ion Collider
Experiment), ATLAS (A Toroidal LHC ApparatuS), CMS, and LHCb
(Large Hadron Collider beauty), each have a detector around the LHC
ring in so-called collision points. ALICE is focused in the study of strongly
interacting matter at high energy densities and LHCb in the b-quark physics.
The ATLAS and CMS experiments are designed for general particle physics
research.

The proton beams at the LHC are divided into bunches, with spacing
of 25 ns, each containing around 1.3×1011 protons. Protons are pre-
accelerated to energies up to 450 GeV with the Linear Accelerator 2 (Linac
2), Proton Synchrotron Booster (PSB), Proton Synchrotron (PS), and Super
Proton Synchrotron (SPS) before entering the two LHC beam pipes. The
LHC accelerates particles to velocities close to the speed of light using
16 radiofrequency (RF) cavities inside four cryomodules operating in a
superconducting state. The cavities have oscillating electromagnetic fields
which accelerate protons to the operating energy and control the bunch
spacing. Bunches travel in the beam pipes in opposite directions in an
ultra-high vacuum. The two beams intersect in the collision points where
bunches from opposing beams can interact and produce detectable collision
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products. The number of detectable proton-proton interactions at each
bunch crossing is referred to as pileup. The average pileup in the CMS in
2018 was over 30 [30].

Multiple types of magnets with special purposes are used to control the
trajectory of the beams. Powerful dipole magnets keep the high-velocity
particles in a circular path. Magnets are also used to squeeze the particles
together in the transverse plane, especially in the interaction points, to
maximize the instantaneous luminosity. Magnets are cooled to very low
temperatures to achieve a superconductivity.

The LHC has been designed to reach center-of-mass energies up to 14
TeV between the colliding protons. The main operation periods of the
LHC are divided to Run 1 (2010–2012) and Run 2 (2015–2018). The Long
Shutdown 1 closed the operation between the runs and the Long Shutdown
2 started after Run 2. The LHC is scheduled to restart in 2021 starting
the Run 3 data taking period. The performance has been increasing during
the whole oparation time. During Run 1, the center-of-mass energy was
increased from 7 TeV to 8 TeV and in Run 2 up to 13 TeV. The maximum
instantaneous luminosity reached by the CMS experiment during 2018 was
2.14 × 1034cm−2s−1 [31] which is over twice as much as the design value
1× 1034cm−2s−1 [32].

3.2 The CMS experiment

Together with the ATLAS experiment, the CMS experiment collects highest
amounts of data at the LHC. The total integrated luminosity is important in
studies analysing low cross-section events. One goal of the CMS experiment is
to deepen our understanding in the SM physics. An example of this research
was the observation of a Higgs boson in 2012 [2]. The precision measurements
of the SM particles are also important. Another goal is to discover physics
beyond the SM. Since there is no clear answer from where to search for new
physics, it is important to cover as large a phase space as possible in the
measured data. In 2018, the LHC delivered 66.9 fb−1 from which the CMS
recorded 62.7 fb−1 [31].

3.2.1 Detector

The CMS detector is located in Cessy, France, at the Point 5, which is
one of the collision points at the LHC. The detector is cylindrical, 21 m in
length and 7.5 m in radius, weighting about 14,000 tonnes. The Compact
Muon Solenoid name refers to several specific features of the detector. All the
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detector components are tightly packed compared for example to the ATLAS
detector with the overall radius of 12.5 m. The CMS detector design is suited
for the muon detection with its powerful superconducting solenoid which has
an important role in the detection of charged particles. The solenoid creates
an axial magnetic field of 3.8 T in the center of the detector. A cross-sectional
model which presents the main components of the detector is shown in Fig.
3.2. The detector consists of layers of subdetectors with specific functions in
detecting the collision products.

Figure 3.2: Model of the subdetector structure of the CMS detector. Modified
from Fig. 1.1 in Ref. [26].

Along the z-axis of the detector runs the CMS central beam pipe. It
is a 4 meter long beryllium pipe with the inner diameter of 58 mm and
wall thickness of 0.8 mm. Beryllium interacts weakly with the particles
traversing through it, compared to the other possible materials [33]. It
can also withstand ultra-high vacuums and stress even with walls this thin.
Trajectories of the two beams inside the central beam pipe are controlled
with the quadrupole magnets. The proton bunches are set to intersect in the
middle of the detector in the interaction point. Collision products will first



CHAPTER 3. EXPERIMENTAL RESEARCH AT THE LHC 18

traverse through the beam pipe before entering the subdetectors.
The silicon tracker is the innermost subdetector. The tracker system can

be divided into the silicon pixel tracker and the silicon strip tracker. Both
trackers have multiple tracking layers which are divided into the barrel and
endcap layers. Barrel layers are cylindrical around the detector z-axis while
endcap layers are circular disks in the transverse plane of the detector. The
whole tracker covers pseudorapidities up to |η| = 2.5 and radius up to 1.1 m.
Tracking is optimized in the barrel region which covers pseudorapidities up
to |η| = 0.9. Pixel tracker is closer to the interaction point and offers higher
resolution with the individual pixel size of 100 µm × 150 µm. During Run
2, the pixel tracker was upgraded to have four barrel layers with 79 million
pixels and three endcap layers with 45 million pixels with the goal of at least
four pixel hits for charged particles in the full tracker coverage [34]. The strip
tracker has layers in four regions: 4 layers in the Tracker Inner Barrel (TIB),
3 in the Tracker Inner Disks (TID), 6 in the Tracker Outer Barrel (TOB),
and 9 in the Tracker EndCaps (TEC) having 9.6 million silicon strips in
combined. The pixel and strip trackers work with the same principle. A
signal is observed when a charged particle passes a tracking layer. Complete
information about the detected signals are then used by tracking algorithms
to determine the origin vertices and trajectories of charged particles.

The next subdetector outside the central tracker is the electromagnetic
calorimeter (ECAL). It covers radii from 1.29 m to 1.79 m. The ECAL
consists of 75,848 lead tungstate scintillating crystals divided in the barrel
(|η| < 1.48) and endcap regions covering pseudorapidities up to |η| = 3.0.
The length of a crystal is 230 mm in the barrel and 220 mm in the endcaps.
The area of the front face of the crystal is 2.2 × 2.2 cm2 in the barrel and
2.86 × 2.86 cm2 in the endcaps. The ECAL is mainly designed to detect
scintillation light emitted when incoming photons and electrons interact with
the crystals. Scintillation light is detected using avalanche photodiodes in the
barrel region and vacuum phototriodes in the endcaps. In reality, also other
particles such as hadrons interact with the ECAL which complicates the
event reconstruction.

The hadron calorimeter (HCAL) covers radii from the outer side of
the ECAL up to 2.95 m. The HCAL has four subparts such that the
hadron barrel (HB) and hadron outer (HO) calorimeters are situated in
the barrel region and the hadron endcap (HE) and hadron forward (HF)
calorimeters are in the endcap region. The HO calorimeter is situated
outside the superconducting solenoid. The combined HCAL system covers
pseudorapidities up to |η| = 5.2. Besides the HF, the HCAL uses a design
where incoming particles interact with a brass absorber creating cascades
of less energetic secondary particles. These secondary particles interact
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with plastic scintillators from where the produced photons are detected
using optical fibres. The HF calorimeter uses iron and quartz-fiber based
configuration. The HCAL sums detected energies as calorimeter towers with
size of 2π/72 × 2π/72 (at most parts) in the η-φ -plane. The main purpose
of the HCAL is to detect hadrons, but it also captures the energies of the
small fraction of photons and electrons which pass the ECAL. In practice,
the combined calorimeter system observes particles as collimated jets.

The outermost subdetector structure is constructed of the muon
chambers. The barrel region (|η| < 1.2) uses drift tubes (DT). Cathode
strip chambers (CSC) are used in the endcap regions (0.9 < |η| < 2.4)
where higher intensity of muons are produced. For an improved muon
triggering, the resistive plate chambers (RPC) cover the pseudorapidity
range of |η| < 1.6. All the muon chambers are gaseous detectors. Passing
muons ionize gas molecules inside the detectors. The trajectory of muons
is therefore observed by detecting the electrons from the ionized molecules.
The DT and CSC systems have better position resolution but RPC improves
the time resolution of the combined muon system.

When all the information from each subdetector is combined, the last
reconstructed observable is the missing transverse energy (MET). The initial
momentum before the collision is zero in the transverse plane. Neutrinos and
some hypothetical particles beyond the SM however do not interact with the
detector. These are detected as MET by calculating the negative sum of the
momentum vectors of all reconstructed objects in an event, such that the
total transverse momentum remains zero also after the collision.

Even though each subdetector has specific features optimized in detecting
certain particles, the combined information of the whole detector is required
to have an accurate presentation of the observed physical objects. For
example some hadrons are detected with the ECAL and some electrons
pass through the calorimeters. To overcome these challenges, specialized
algorithms are designed to reconstruct the particle types and momenta more
accurately.

3.2.2 Trigger system

Proton bunches at the LHC intersect at the frequency of 40 MHz, which is
so high that it is not possible to reconstruct and store all of the information.
The write speed and the storage space are insufficient for this amount of
information. The most interesting events are selected using a two staged
trigger system. First selection is done by the Level-1 (L1) system from where
the data is transferred to the High Level Trigger (HLT).

The L1 trigger reduces the data frequency down to 100 kHz by using a
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system based on custom electronics. The L1 decision is done in 3.2 µs which
limits the complexity of the algorithms used in the selection. The goal is
to select events with muons, electrons, photons, jets, and MET exceeding
predetermined momentum and energy thresholds using the calorimeter and
muon system information. [35]

The HLT trigger reduces the data rate to about 1 kHz using commercial
processors in a filter farm [36]. The HLT system is designed to be fully
programmable and easily scalable in time. The HLT uses the full event data
and reconstructs objects more precisely compared to the L1. Selection is done
first by using only the partial information from the subdetectors to speed
up the process. For example events which do not fulfill the requirements
depending on the calorimeter and muon system are first discarded before
moving to selection based on the more time consuming track reconstruction.
After the HLT, data is forwarded to the services monitoring the CMS
performance and eventually to the more permanent data storage. [37]

3.3 Particle Flow reconstruction

Event reconstruction in the experimental particle physics refers to a process
where information from each subdetector is used to construct the physics
objects in an event. The objective is to identify for example the four-
momentum vectors, particle types, and the vertices from which the objects
originate from. Special challenge is to distinguish the pileup and the hard
scatter vertices in the bunch crossings. Different levels of reconstruction are
defined depending on what detector information and methods are used in
the process. For example, calorimeter objects are reconstructed based on the
calorimeter information. The main reconstruction method in the CMS is the
Particle Flow (PF) reconstruction. The PF reconstruction exploits the full
detector information using the PF algorithm. This section is based on Refs.
[38, 39].

The silicon tracker is used to reconstruct the tracks of charged particles
traversing the detector. Due to the superconducting solenoid, it is possible to
identify the charge and the momentum of a track. The Kalman filtering [40]
based Combinatorial Track Finder (CTF) is used to fit a possible charged-
particle track to a set of observed individual hits in the silicon tracker.
Iterative tracking method attempts to reduce combinatorial challenges in the
track reconstruction. Easily identified tracks are first reconstructed and the
associated hits are removed before moving to more challenging tracks. Each
iteration first generates a track seed from a few hits, searches for external hits
to add to the track candidate, fits a track to the assigned hits, and confirms
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that the track fulfills the defined quality criteria.
Tracking is combinatorially complex problem due to the large number of

tracker hits from charged particles originating from multiple vertices. Low-pT

particles create hits which cannot be linked to any measurable calorimeter
deposit. Major challenges arise also from the nuclear interactions between
hadrons and the tracker material. The average distance that a particle travels
before the first interaction is described by the nuclear interaction length λl.
The thickness t of the CMS tracker material in nuclear interaction lengths is
shown in Fig. 3.3. It depends on the distance travelled by the particle in the
medium and how probable a nuclear interaction is in the specific material.
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Figure 3.3: The thickness t in nuclear interaction lengths λl of the CMS beam
pipe and the individual tracker parts as a function of the pseudorapidity. [39]

Nuclear interactions can create multiple secondary charged particles,
which complicates the tracking. When a nuclear interaction vertex is
recognized, the secondary particles and the possibly identified original track
are used to reconstruct the original charged hadron, while the secondary
particles are removed from the particle list.

The tracking efficiency and fake rate describe the performance of the track
reconstruction and can be evaluated using simulations. A track is correctly
reconstructed if at least 75% of the hits associated to the track are result
of the simulated particle [39]. Tracking efficiency describes the fraction of
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correctly reconstructed tracks. Fake rate is the fraction of tracks which are
not result of a simulated particle. The tracking efficiency and fake rate for
charged hadrons in a simulated QCD multijet sample is presented in Fig.
3.4.

Figure 3.4: The tracking efficiency (left) and fake rate (right) as a function of
pT for charged hadrons in a simulated QCD multijet sample without pileup.
Plots of the single iteration (black squares), prompt iterations with seeds
having at least one pixel detector hit (green triangles), and all iterations (red
circles) are presented. [38]

The iterative tracking aims to increase the tracking efficiency while keeping
the fake rate low, which can be seen in Fig. 3.4. At high pT, where charged
hadrons are mostly inside jets, the tracks have a small curvature and multiple
particles overlap in the tracker, which reduces the efficiency significantly.
Hadrons have a 10–30% probability to have a nuclear interaction with the
tracker material which limits the optimal tracking efficiency. If tracking fails,
charged hadrons are misidentified as neutral hadrons and photons. Increasing
the efficiency by loosening the quality criteria is effective, but the downside
is that the fake rate increases when the tracks are selected more loosely.

Calorimeter deposits in the PF reconstruction are clustered into objects
which are used in the neutral particle detection and to compare the track
momenta to the calorimeter deposits. The combined information from the
tracker and calorimeter systems provides a significant improvement compared
to the individual systems. Since the calorimeter deposits generally differ from
the true energy of the particles, the calorimeter clusters must be calibrated.
The ECAL clusters are calibrated using a simulated sample of single photons.
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In addition, after the reconstruction, identified electrons and photons are
individually calibrated. For the hadron calibration, initially a test beam
data of charged pions only interacting with the HCAL has been used for the
HCAL calibration. In reality, some fraction of hadrons also deposit energy
to the ECAL, such that a recalibration is required. The calibrated energy
for hadrons is solved using function

Ecalib = a+ b(E)f(η)EECAL + c(E)g(η)EHCAL, (3.1)

where EECAL and EHCAL are the individual energy measurements of the
ECAL and HCAL. The coefficient a and functions b(E), f(η), c(E), and
g(η) are determined using a simulated single neutral K0

L sample where E
and η correspond to the true energy and pseudorapidity of the simulated
particle. Calibration is performed separately depending on if the hadron
deposits energy to the ECAL and HCAL, or only in the latter. The hadrons
depositing energy only to the ECAL are reconstructed as photons or electrons
and therefore not calibrated correctly.

The subdetector information is used to construct individual PF elements
which are connected to form the PF objects using a link algorithm. As
an example, the tracks and calorimeter clusters, the ECAL and HCAL
clusters, and the tracks and the muon detector information are linked in
this step. Linked PF elements, and elements having a link to a common
element, are grouped as PF blocks, which are reconstructed separately. The
reconstruction in a PF block starts with the muons and continues with the
electrons and isolated photons. After that, a more complex identification
procedure is performed for hadrons and non-isolated photons. Corresponding
PF elements are removed from the further consideration when a PF object
is reconstructed.

Muons are reconstructed using the tracker and the muon system
information, also the calorimeter information is used to prevent the
misidentification to charged hadrons. Charged hadrons punching through
the HCAL can be misidentified as muons and muons with no clear link to
the muon system as charged hadrons. The former case can create additional
neutral particles due to the calorimeter interactions while the latter case
may remove neutral particles from the reconstruction.

Electrons are reconstructed using the tracker and the calorimeter
information. Electrons traversing through the tracker have a high probability
of emitting bremsstrahlung photons. Likewise, photons can also produce
e+e−-pairs. Therefore, the electron and photon reconstruction are highly
connected.

Lastly, hadrons and non-isolated photons are handled using the tracker
and calorimeter information. Additional muons can also be reconstructed
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if some elements do not fulfill the required criteria for hadrons. When the
calorimeter clusters are not linked to any track within the tracker coverage
of |η| < 2.5, the ECAL clusters are reconstructed as photons and the HCAL
clusters as neutral hadrons. This is justified by the fact that in hadronic
jets the neutral hadrons deposit around 3% of the jet’s energy to the ECAL,
while 25% of the total energy of the jet comes from the photons. Outside of
the tracker coverage, the linked ECAL and HCAL clusters are reconstructed
as hadrons, and not-linked ECAL clusters as photons. This difference in the
identification exists because the charge of the hadrons cannot be identified
outside the tracker coverage and all hadrons inside the hadronic jets deposit
25% of the jet’s energy to the ECAL.

Calorimeter clusters with linked tracks are processed depending on how
the calibrated calorimeter energy Ecalib compares with the sum of the track
momenta Pcluster =

∑
i pi, where pi is the momentum of a charged hadron

track linked to the cluster. In a case where the difference of Ecalib and Pcluster

is larger than the expected energy resolution as defined in Eq. (3.2), the
excess energy is reconstructed as neutral particles.

(Ecalib − Pcluster) > nσ

√ ∑
i∈cluster

σ2
i + σ2

calo (3.2)

Here, σi is the absolute track resolution, σcalo is the absolute calorimeter
resolution, and nσ is the resolution scaling factor such that

σcalo = Pcluster

√
N2

P 2
cluster

+
S2

Pcluster

+ C2 and (3.3)

nσ = 1 + exp

(
−Pcluster

100

)
, (3.4)

where N is a noise term, S is a stochastic term and C is a constant.
If the absolute value of the difference in Eq. (3.2) is smaller than the

expected energy resolution, the sum of the track momenta is considered to
be compatible with the calibrated calorimetric energy. If this is true, and
also the maximum relative resolution over the tracks linked to the cluster
fulfills the requirement

max

(
σi
pi

)
i∈cluster

> 0.1, (3.5)

the momentum of each track is rescaled using a weighted average of the track
momenta and the calibrated calorimeter energy. The weighting depends on



CHAPTER 3. EXPERIMENTAL RESEARCH AT THE LHC 25

the track and calorimeter resolutions. For the low-pT tracks, when the track
resolution is better than the calorimeter resolution, more weight is given to
the track momenta. And vice versa, for the high-pT tracks for which the track
resolution in the small curvature tracks inside jets degrades, more weight is
given to the calorimeter measurement. The rescaled track momenta p′i are
solved from the matrix equation


1/σ2

1 + 1/σ2
calo 1/σ2

calo · · · 1/σ2
calo

1/σ2
calo 1/σ2

2 + 1/σ2
calo

...
...

. . . 1/σ2
calo

1/σ2
calo · · · 1/σ2

calo 1/σ2
n + 1/σ2

calo


p
′
1
...
p′n



=

p1/σ
2
1 + Ecalib/σ

2
calo

...
pn/σ

2
n + Ecalib/σ

2
calo

 ,
(3.6)

where n is the number of tracks linked to the examined cluster.
Since it is not possible to distinguish individual hadron types, all the

charged hadron tracks are reconstructed as charged pions, which is the
most common charged hadron type in jets. This is justified since the mass
differences between the hadrons is often negligible compared to the kinetic
energies. If the calibrated calorimeter energy is much smaller than the
sum of the track momenta, a loosened muon reconstruction procedure is
performed, or a track misreconstruction is considered.

After all the particles are reconstructed in the event, the MET vector is
reconstructed as a negative of a sum

~p miss
T = −

∑
i∈event

~pT,i, (3.7)

over the transverse momenta ~pT of the particles in an event. Intrinsic MET
arise from the particles which cannot be detected by the CMS detector. In
the context of the SM these are neutrinos. However, misreconstruction and
inaccuracies in the determination of the transverse momenta of the particles
affect also to the MET.

Finally, the event post-processing is performed after this. Events with a
large MET are inspected in detail. Usually a search of a misreconstructed
energetic muon is performed. Reasons for the misreconstruction arise for
example from a cosmic ray, misreconstructed momentum, or misidentification
of a muon as a charged hadron, or vice versa. More carefully considered
reconstruction is then performed where the goal is to reduce the unlikely
large MET.
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3.4 Event simulations

The measured and reconstructed objects obtained in the experimental
research describe the final state (FS) of the collision process. Interesting
physics is hidden between the initial collision of the protons and the FS
particles. For the complex QCD based processes related to the jet formation
and hadronization there are no solid theoretical understanding. Therefore, a
common practice is to simulate the complete collision process and compare it
to the experimentally observed events. The full simulation process from the
hard process to the stable FS particles can be performed using probabilistic,
general-purpose Monte Carlo event generators, such as Pythia [41] and
Herwig [42]. The used notation and the chosen implementation differs
between the event generators. In this section we will introduce the most
common features of the event simulation. Further discussion related to the
event generation in the context of LHC physics is provided in Ref. [43].

The theoretical understanding behind the hard process was discussed in
Sec. 2.4 such that the perturbative QCD can be used to solve the hard
process and non-perturbative models are required for the MPI. The hard
process corresponds to a low-order Feynman diagram and determines the
main structure of the simulated process. To simulate more realistic events,
the higher-order corrections are included by the parton showers. Parton
showers are modelled as branching from the partons included in the hard
process. If the branching originates from the incoming partons, it is called
as the initial state radiation (ISR), and if from the outgoing partons, it is
known as the final state radiation (FSR). For example in Pythia 8, possible
branching for the ISR are q→ qg, g→ gg, g→ qq̄, q→ qγ, and l→ lγ, and
for the FSR all the previous and γ → ll and γ → qq̄.

The hadronization is the next stage of the simulation chain, where
the generated parton-level state is propagated to the FS of the event by
grouping the partons to form colour-singlet hadrons. A complete QCD based
handling is not currently possible, but the hadronization modelling is QCD
motivated. The most well known hadronization models are the string model
and the cluster model. The Pythia event generator uses the most refined
implementation of the former one, the Lund string model. A simple example
of the string model introduces a qq̄-pair, emerging from the hard process
or showering, which is connected by a string. As the distance between the
partons grow, a new qq̄-pair can born from the vacuum, which cuts the
string into two parts. When there is no more energy for new partons to
be born, the stable state of a set of hadrons has been reached. Generally,
quarks are modelled as the end points of the strings and gluons as kinks. In
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the string model, for example the parameters related to the flavour of the
partons have to be included from the experimental results.

The cluster model is used by the Herwig. The first stage of the
hadronization within the cluster model is the splitting of the gluons into
qq̄ or di-qq̄-pairs. Colour-singlet clusters are then formed from the existing
partons. If a cluster is massive enough, it can split into smaller clusters
while creating new qq̄ or di-qq̄-pairs from the vacuum. After a stable set of
clusters has been formed, they decay into pairs of hadrons. Experimental
data is also used here when determining the hadron types.

The final step before obtaining the full list of simulated FS particles is
the decay process. Particles which are unstable within some predetermined
timescale decay into lighter particles. The known decay channels and the
mean lifetimes are utilized in the process.

The simulated particles can then be clustered as jets with specific
algorithms. The anti-kT algorithm [44] is commonly used at the CMS. The
jets formed from the simulated FS particles are called as the generator-level
jets within this thesis. The jet four-momentum vector is defined as the sum
of the constituent particles.

3.5 Detector simulation

The experimental data is always dependent on the detector properties.
Simulated events can be compared properly to the measured data by
running it through a detector simulation. The whole physical detector is
simulated such that the interactions between the simulated particles and
the different materials in the detector are modelled based on a statistical
handling. The modelled interactions are turned into similar kind of signals
as obtained in the physical detector. The event reconstruction can then be
performed for the simulated events, at a similar way as for the measured data,
using for example the PF reconstruction. As the real detector properties are
time-dependent, also the simulated detector must be tuned corresponding
to the studied time period.

The most complete detector simulation at the CMS experiment is known
as the CMS Full Simulation (FullSim) [45]. The Full Simulation is based on
the GEANT4 simulation toolkit [46], which is a universal software package
for modelling interactions between particles and matter. GEANT4 provides
for example modelling for the hadronic and EM interactions and the particle
tracking, allowing complex detector geometries. The simulated particle hits
with the noise model are used as an input for the simulation of the electronics,
which then leads to the simulated raw data. The validation of the detector
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simulation has been done using different test beam setups.
The CMS Fast Simulation (FastSim) [47] offers around 100 times faster

event simulation compared to the Full Simulation. The hits in the Fast
Simulation are obtained as calorimeter deposit energies and tracker hits for
charged particles, and used directly in the higher-level reconstruction [48].
An explicit detector simulation is therefore not needed. The Fast Simulation
is validated with the Full Simulation and the experimental data. The Fast
Simulation aims for a percent level agreement with the Full Simulation
results.

Delphes [49] is a modular framework for the detector simulation and
reconstruction. The Delphes framework is based on parameterized detector
responses. It allows faster detector simulation compared to the CMS Fast
Simulation. Track propagation in a magnetic field, calorimeters, and a muon
identification system are included in the toolkit. Delphes is especially
suitable for fast detector simulations, upgrade studies, and for testing future
collider configurations.

Our parameterized model for the detector simulation and event
reconstruction is focused on inputs in terms of single-particle responses,
resolutions, and tracking efficiencies for various hadron types. Single-
particle response functions are defined using the CMS Full Simulation. Main
features of the PF reconstruction are replicated effectively. Simulations of
calorimeter and tracker resolutions are omitted, except for the purposes of
PF combination of calorimeter deposits and tracks, to increase statistical
sensitivity of the data to small jet energy scale differences. Our model
provides a fast detector simulation where individual parameters affecting
to the jet energy scale can be directly accessed and varied. More detailed
description of the model is presented in Sec. 4.3.



Chapter 4

Methods

4.1 Event generation environment

The studied sample in this thesis is generated using Pythia 8 [41] event
generator. The parton distribution functions (PDF) are provided by the
LHAPDF 6.2.0 [50] library and the CMS tune CUETP8M2 [51] is used. Jet
clustering is performed with FastJet 3.3.0 [52] where the jets are formed
from the FS particles using the anti -kT algorithm [44] with the jet radius
parameter R = 0.4. A complete list of the simulated FS particles, parton-
level information, and jets are stored as ROOT tuples using ROOT 6.06
[53]. Particles with a lifetime τ > 10 mm/c are considered stable.

4.2 Event selection

Sample of Z+jet events where the Z boson decays into two muons is selected
for this study. Representations of the possible LO diagrams are shown in
Fig. 4.1 producing either quark or gluon jet.

29
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Figure 4.1: The LO Feynman diagrams for the production of Z(→ µµ) + jet
events.

Muons can be precisely detected and reconstructed in the CMS and
therefore offer a good reference object for studying jet responses. The
reconstructed µµ-object originating from the Z boson decay is called as the
tag. The invariant mass of the Z boson is restricted to 70 GeV < mZ < 110
GeV. Events are selected to have one jet with a large enough pT compared
to the other jets in the event by selecting

α ≡ p2ndjet
T

pZ
T

< 0.3, (4.1)

where the 2nd jet has the second largest pT after the leading jet. The leading
pT jet is called as the probe. The azimuthal angle between the tag and probe
is required to be ∆φ(tag, probe) > 2.8 rad. Therefore, we can assume that
most of the transverse momentum of the tag object is compensated by the
probe jet. Properties of the probe jet can then be studied with respect to
the well reconstructed tag object.

The pseudorapidity and transverse momentum cuts for the tag muons,
tag object, and the probe are set to

pT,µ > 15 GeV |ηµ| < 2.3
pT,tag > 15 GeV |ηtag| < 2.5
pT,probe > 15 GeV |ηprobe| < 1.3 .

The probe jet is restricted to be in the barrel-region, where the detector
performance is optimized. The pseudorapidity cut for the tag muons is more
loose such that they are ensured to be within the tracker acceptance. Large
MET values are also prevented by requiring p miss

T < 0.9 · pT,tag.
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4.3 Model of the PF event reconstruction

For the analysis presented in this thesis, a parameterized model of the
CMS Particle Flow reconstruction has been implemented. The model is
a standalone C program utilizing the ROOT libraries, designed to be run
with a basic workstation. It replicates the most important features of the
PF reconstruction introduced in Sec. 3.3. The model makes use of the
results of separate single-particle response simulations. We attempt to
reproduce different jet response related results obtained with the CMS Full
Simulation by using a simulated sample of events. An important feature of
the model is that an explicit link to the flavour of jets is conserved during
the reconstruction and therefore it is well suited for studies of the flavour-
dependent jet responses. One goal is to obtain faster detector simulation
compared to the CMS Fast Simulation. The code of the model is stored and
updated in GitHub [54].

Stable particles in the events of the simulated sample are looped over and
reconstructed as jets and MET. The detector response is assigned for each
particle depending on the type and the spatial orientation of the particle.
The energy deposits from the particles depositing energy to the calorimeters
are collected in 2D-histograms covering −5.2 < η < 5.2 and 0 < φ < 2π
following the HCAL granularity (0.087 × 0.087). These cells are treated
as the calorimeter clusters in the PF reconstruction. The curvature of the
charged-particle tracks in the magnetic field is taken into account in the
transverse plane. Charged particles which can be detected by the tracker are
linked to the calorimeter cells. The model then replicates the main features
of the PF reconstruction.

4.3.1 Single-particle responses

The single-particle response (SPR) is defined as

ri =
EFullSim
i

Egen
i

, (4.2)

for a particle i. The energy deposit EFullSim
i is determined using the CMS

Full Simulation and single-particle samples. The corresponding response
can be also determined with respect to the momentum of the particle.
The samples are generated using the single-particle gun event generator,
which generates defined type of particles randomly from a specified energy
range and η-region. The generator-level (gen-level) energy (true energy)
of a simulated particle is Egen

i . The response for charged particles within
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the tracker coverage and for photons in the CMS are close to unity. We
introduce a cut such that the response is zero for the previous particle types
when pgen

T < 0.3 GeV. Responses for neutrinos are zero. The SPR functions
for the hadron calorimeter deposits are more complicated and therefore of
particular interest. A response function is fit to the simulated responses for
the most common hadron types as a function of Egen

i . The general form of
the hadron response follows a power-law [55]

rh = C
(
1 + a(Egen)m−1

)
, (4.3)

where parameters C, a, and m are determined for each hadron type from
the fit. Parameters used in this thesis are presented in Appendix B. Our
SPR simulations are performed using the CMS software (CMSSW) version
10.4. We introduce cuts such that the hadron calorimeter response is zero if
Egen < 2.0 GeV. The response is also zero if the hadron is charged, |η| > 1.3,
and pT < 1.0 GeV. The curvature of the track is also required to be small
enough that the particle reaches the ECAL. As an example, a fitted total
energy response for a π+ sample is shown (left) in Fig. 4.2, where C = 1.044,
a = 1.293, and m = 0.543.

Figure 4.2: The total energy response function (left) fitted for a single π+

sample in |η| < 1.3. A-hadrons includes all deposit types. The colorbar
corresponds to the density of the observations. The hadron deposit type
fraction plot (right) is presented for the same sample.

The PF reconstruction misidentifies ECAL hadron deposits as photons if
no track is linked to the calorimeter cluster. Also the calorimeter calibration
depends on how the hadron deposits its energy. For these reasons we
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determine how much energy on average does each hadron deposit to the
ECAL and HCAL. In Fig. 4.2 (right), the hadron deposit type fractions are
determined from the CMS Full Simulation using the single π+ sample. The
fraction type of a hadron depends on the ECAL and HCAL energy deposits
(EECAL and EHCAL) such that

H EECAL== 0 EHCAL ≥ 0.01 · Egen

He 4.5 > EECAL > 0 EHCAL ≥ 0.01 · Egen

EH EECAL ≥ 4.5 EHCAL ≥ 0.01 · Egen

E EECAL ≥ 4.5 EHCAL < 0.01 · Egen

(E<4.5 GeV) 4.5 > EECAL > 0 EHCAL < 0.01 · Egen,

where the units are in GeV. We define the EHE-fraction as the sum of the
EH-, E-, and (E<4.5 GeV)-fractions. Similarly we define the HHe-fraction as
the sum of the He- and H-fractions. Response functions can be then defined
separately for the EHE- and HHe-hadrons as presented in Fig. 4.3.

Figure 4.3: The energy response function for the EHE-hadrons (left) and
the HHe-hadrons (right) fitted using a single π+ sample in |η| < 1.3. The
colorbar corresponds to the density of the observations.

In our model, each hadron in the sample is treated either as an EHE-
or a HHe-hadron based on the probability distribution following the deposit
type fraction plot in Fig. 4.2 (right). We approximate that EHE-hadrons
deposit 50% of their energy to the ECAL and 50% to the HCAL, and that
HHe-hadrons deposit close to 100% to the HCAL. Therefore, for each hadron
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assigned as an EHE-hadron, the ECAL and HCAL deposits are

EEHE
ECAL = 0.5 · rEHE(Egen) · Egen

EEHE
HCAL = 0.5 · rEHE(Egen) · Egen,

(4.4)

and for each HHe-hadron

EHHe
ECAL = 0

EHHe
HCAL = rHHe(Egen) · Egen.

(4.5)

4.3.2 Charged hadron tracking

Ideally, charged hadrons are reconstructed from the tracker information with
the momentum response close to a unity. Realistically, the tracking efficiency
as presented in Fig. 3.4 has to be taken into account. A single value
corresponding to the tracking efficiency peff is assigned to each charged hadron
in the sample. The tracking efficiency then represents the probability that
the particle is reconstructed correctly as a charged hadron. If tracking fails,
the energy deposits in the calorimeters are calibrated and reconstructed as
photons and neutral hadrons.

The tracking efficiency can be parameterized well for isolated particles
using simulations, but becomes challenging especially inside jets. In this
model, the first approximation for the tracking efficiency for a particle inside
a jet is determined from the fit for the charged hadron fraction fch(pgen

T,tag)
presented in Fig. 4.4 (left).



CHAPTER 4. METHODS 35

 (GeV)
T

p
0.2 1 2 3 4 5 10 20 30 100 200

T
ra

ck
in

g 
ef

fic
ie

nc
y

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Our efficiency

PF efficiency + fakerate

PF efficiency

|<2.5η|

Figure 4.4: The PF jet energy fractions (left) evaluated from a dijet sample in
|ηprobe| < 1.3 using Pythia 8 (histograms) and Run 2016GH data (markers)
[56]. The sum of the PF tracking efficiency and fake rate (red circles), the PF
tracking efficiency (blue diamonds), and the tracking efficiency determined
with our model (black lines) presented in |η| < 2.5 (right).

For the particles inside a jet with pgen
T , the tracking efficiency is first set

to peff = fch(pgen
T )/max(fch). This way we can try effectively produce the

observed behaviour in the charged hadron fraction which is largely due to
the track failing. However, after this the tracking efficiency over the whole
sample is still larger than the PF group results, and also the fake rate has
to be taken into account. The fake rate could be simulated by generating
adjunct tracks without the calorimeter deposits. More simple method is to
increase the tracking efficiency by the amount of the fake rate.

Therefore, we then reduce the efficiency in the whole sample to match the
sum of the efficiency and the fake rate in Fig. 3.4. The tracking efficiency
determined with our model compared to the CMS PF results is shown in Fig.
4.4 (right). The tracking efficiency is a complicated effect to replicate with
simplistic functions. More studies should be performed to properly describe
the track failing in the jet environment. Parameterizations using the particle
or energy density could provide more accurate representation. However, this
falls out of the scope of this thesis and is left as a future improvement.
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4.3.3 Calorimeter clusters

The calorimeter clusters must be calibrated due to the power-law behaviour of
the hadron calorimeter response (Eq. (4.3)). The ECAL has been calibrated
using photons. ECAL deposits from the neutral hadrons and the charged
hadrons for which the track reconstruction fails are misidentified as photons
with miscalibrated energies. Deposits from the corresponding particles to
the HCAL however are calibrated properly since the HCAL clusters at the
CMS have been calibrated using hadrons.

In this model, the HCAL calibration is performed by numerically solving
the calibrated energy Ecalib using the fitted HHe-hadron response

EHCAL = rHHe(Ecalib) · Ecalib = C(1− aEm−1
calib ) · Ecalib, (4.6)

where EHCAL is the HCAL energy deposit in the calorimeter cell. We use
the response function rHHe presented in Fig. 4.3 (right) corresponding to the
π-sample. Pions have been used also at the CMS HCAL calibration.

Neutral particles are not detected if the expected calorimeter resolution
is greater than the sum of the energy deposits of the neutral particles in a
cell. This requirement is presented in Eq. (3.2). The track resolution σi is
extracted from a fit for the open circles in Fig. 4.5.
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Figure 4.5: The track resolution for charged particles as a function of pT

determined from the simulated tt̄ sample. The closed markers correspond
to the width of a double-tailed Crystal Ball function fit containing 68% of
the entries used in determining the resolution and the open markers to a fit
containing 90% of the entries. [39]

Similarly as for the tracking efficiency, the track resolution is dependent
on the charged-particle density and not solely on the pT. For this thesis,
however, the purely pT-dependent track resolution is approximated. The
calorimeter resolution parameterization defined in Eq. (3.3) follows the one
used by the CMS PF group [57] such that S = 1.02 and C = 0.065 for
|η| < 1.48 and otherwise S = 1.20 and C = 0.028. The noise term is
expected to be negligible.

The track weighting is performed separately for each cell. The sum of the
track momenta Pcluster and the calibrated charged hadron calorimeter energy
deposit Ech

calib is used to calculate the rescaled total momentum of the cell

Prescale = wPcluster + (1− w)Ecalib. (4.7)

The calibration is performed as in Eq. (4.6) but for the combined ECAL
and HCAL deposit and using the response for all deposit types presented in
Fig. 4.2 (left). The weighting factor is defined as

w =
σ2

calo∑
i σ

2
i + σ2

calo

. (4.8)

This rescaling is equivalent to the method described in Eq. (3.6).
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4.3.4 Reconstruction of the objects

The tag object is reconstructed as a sum of the gen-level four-momentum
vectors of the muons exiting the hard process. The four momenta of the
muons are smeared such that

pµsmear = pµ ·Gaussian(1, σµ), (4.9)

where the muon resolution σµ for the full muon system is extracted from
Fig. 4.6.
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Figure 4.6: The muon resolution in |η| < 0.9 separately for the inner tracker
(red squares) and the full system (black dots) determined using cosmic rays
in Ref. [58].

Jet reconstruction utilizes the gen-level jets clustered using the FastJet.
Leptons linked to the gen-level jets are scaled with the responses and summed
to the reconstructed jets separately. Calorimeter cells corresponding to the
photons and neutral hadrons, and rescaled charged hadron momenta are
then summed to the jet if the four-momentum vector of the cell is within
the radius ∆R < 0.4 of the gen-level jet four-momentum vector. The MET
vector is reconstructed similarly, but as a negative of the sums and over the
whole |η| < 5.2 region. The calorimeter jets are reconstructed using the
non-calibrated calorimeter deposits without the track information.
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4.4 Jet energy scale

The observables related to the jet energy scale in this thesis are determined
using the model described in the previous section to reconstruct the studied
objects.

4.4.1 The MPF method

The missing transverse energy projection fraction (MPF) [59] describes the
reconstructed jet response. The sum of the initial transverse momenta in the
Z+jet events can be presented such that

~pT,Z + ~pT,recoil = 0. (4.10)

Here, ~pT,recoil is the component corresponding to the hadronic recoil of the
event manifesting as jets and isolated particles. Since in Z+jet events there
does not exist intrinsic MET, the sum is equal to zero in the parton level.
When taking into account the detector responses for the Z boson RZ and for
the recoil Rrecoil we obtain

RZ~pT,Z +Rrecoil~pT,recoil = ~p miss
T , (4.11)

where RZ ≈ 1. The MPF response is defined by solving the response of the
recoil

RMPF ≡ Rrecoil = 1 +
~p miss

T · ~pT,Z

|pT,Z|2
. (4.12)

The MPF response does not explicitly require information related to the jets.
It is therefore less sensitive to the differences in the jet formation of the event
generators and to the used clustering algorithms.

4.4.2 Jet response and the correction factors

The jet response Rjet over all flavours is defined as

Rjet =
preco

T,jet

pgen
T,jet

, (4.13)

where preco
T,jet and pgen

T,jet are the transverse momenta of the reconstructed jet
and the generator level jet, respectively. The flavour-dependent jet responses
Rx

jet can be solved separately for x ∈ {b, c, s, ud, g} by distinguishing the jet
flavour in the reconstruction from the gen-level jet information.
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The flavour-dependent jet responses can be used to solve the correction
factors

Fx =
Rx

jet

Rjet

. (4.14)

The jet responses over all flavours can be detected with much higher precision
with the CMS Full Simulation. However, flavour-dependent studies are more
complicated and requires specific jet tagging methods. The correction factors
can then be used with the response over all flavours to get an estimate of the
flavour-dependent responses.

Great advantage in our method is that different parameters affecting to
the jet responses can be easily accessed and altered. Systematic uncertainties
on the jet responses related to the altered parameters can be estimated
by comparing the ratio of the jet responses of the varied and the unvaried
systems such that

F var
x =

Rx,var
jet

Rx
jet

, (4.15)

where the flavour-dependent results can be derived for x ∈ {all, b, c, s, ud, g}.
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Results

Results are derived using the parameterized model of the PF event
reconstruction described in Sec. 4.3 and compared mostly to the Run
2 CMS Full Simulation results with the center-of-mass collision energy of√
s = 13 TeV. A simulated Z(→ µµ) + jet sample of 5 million events

generated with Pythia 8 is used, if not otherwise stated. The event
selection and the event generator details are described in Sec. 4.1 and Sec.
4.2, respectively. Jets are studied in the region covering pseudorapidities up
to |η| < 1.3 while α < 0.3 is required.

First, we examine the jet particle content in the generator and
reconstructed jets and show the jet flavour fractions. Next, the results
for the MPF response, flavour-dependent jet responses, and the correction
factors are presented. Lastly, the jet response sensitivity on variations in
different detector and reconstruction related parameters are studied. Special
focus in the variation studies is given to the b-jet energy scale.

5.1 Jet energy fractions

Each particle type is handled differently in the reconstruction software.
The CMS detector is not able to distinguish each type of hadron so the
specific particle content information is lost during the reconstruction. In
the reconstructed jets, particles are grouped as neutral or charged hadrons,
photons, muons, and electrons. The generator level probe jet particle content
is presented as an energy fraction in Fig. 5.1. The importance of the hadron
responses is apparent from the fraction plot. The γ-fraction is another large
contributor where the π0 decay has a major part. Different particles have
different detector responses which are parameterized in our simplistic model
of the PF reconstruction and presented in Appendix B.

41
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Figure 5.1: The Pythia 8 generator level probe jet energy fraction for a
Z(→ µµ) + jet sample of one million events. Rare hadrons are grouped
under other -label and presented individually on the right panel.
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The reconstructed probe jet energy fraction as a function of the tag object
pT is presented in Fig. 5.2. The results are compared to the CMS 2016 GH
eras (Run 2) Pythia 8 simulations. The CMS results are produced from
the standard QCD dijet events. In dijet events, also the tag object is chosen
to be a jet. The agreement between the compared results is not as desired,
especially at the high pT. The decrease in the tracking efficiency at the high
pT is observed as a decrease in the charged hadron fraction. The effect is
however larger in the CMS FullSim results. Also the neutral hadron fraction
is larger than expected. Our model for how the hadrons deposit energy to
the calorimeters could be one reason for the observed difference. Difference
in the compared event types causes also some inaccuracy.

5.2 Jet flavour fractions

The jet flavour fractions as a function of the tag object pT are presented in
Fig. 5.3. Flavour fractions are determined from the events passing all the
event cuts.
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Figure 5.3: The jet flavour fraction divided as b jets (red), c jets (green), s
jets (yellow), ud jets (grey), and gluon jets (blue).

The small b-jet fraction is problematic for the b-jet studies. In our
analysis the statistics can be improved simply by increasing the size of
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the generated sample due to the relatively fast detector simulation and
reconstruction. The b-jet enrichment could be performed in the event
generation to increase the b-jet fraction, this was however not performed in
our analysis.

5.3 The MPF response

The MPF response obtained with our model is presented in Fig 5.4. The
result is compared to the CMS Full Simulation 2018 (ABCD) run eras
MPF response. For the results to be comparable, the CMS MPF response
does not have the type-1 MET correction, which means that the jet energy
corrections are not propagated to the MET calculation. Flavour-dependent
MPF responses are presented in Appendix A.
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Figure 5.4: The MPF response RMPF obtained with our model (black dots)
and the CMS 2018 (ABCD) Full Simulation (open squares).

The goal was to achieve a 1 % agreement with the CMS FullSim results.
This is achieved in all bins except in the two lowest pT bins. The low-pT region
was observed to be sensitive to the calorimeter minimum energy thresholds,
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which were not properly studied in this work. This requires further study
and can cause shifts in the low-pT MPF responses.

5.4 Flavour-dependent jet responses

In our method, an explicit link between a jet and the parton it originates
from is preserved. This allows a way to study flavour-dependent observables.
The flavour-dependent jet responses are shown in Fig. 5.5. In the context
of the jet responses we compare our results with the CMS Full Simulation
by observing the difference of the quark responses to the gluon response.
The CMS results determined with a QCD multijet sample are published in
Ref. [38].
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Figure 5.5: The flavour-dependent jet responses determined with our model
on the left panel. Difference to the gluon response is presented on right. Open
markers correspond to the absolute differences between quark and gluon jets
obtained with the CMS Full Simulation. Our results are indicated with the
closed markers.

The agreement between our results and the CMS Full Simulation is not
great. In general we obtain smaller differences, also the order of the flavours
varies more than in the reference. Most notably, the gluon response is higher
than the s-jet response at some bins which is not expected.
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5.5 Correction factors

The correction factors F for the jet responses for different flavours are
calculated using Eq. (4.14) and presented in Fig. 5.6. Differences in the jet
responses between different flavours are a source of a systematic uncertainty
which can be reduced by understanding the flavour dependency of the
responses. Correction factors indicate how to scale the average jet response
to infer the flavour-dependent response.
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Figure 5.6: The flavour-dependent correction factors F . Results derived from
the jet responses presented in Fig. 5.5.

5.6 Variation study

Next, the jet response sensitivity is studied by varying hadron single-particle
responses, HCAL and ECAL responses, photon response, and tracking
efficiency. The all-jet variation results are compared to the b-jet sensitivity
due to the specific importance of the b-jet energy scale as discussed in
Sec. 2.4. Results for the other flavours are gathered in Appendix C.
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5.6.1 Hadron ECAL+HCAL scale

The hadron calorimeter response is varied by ±3% which corresponds to
the altering of the parameter C in Eq. (4.3). Also the calorimeter jet
response variations are calculated. Our results are compared to the CMS
Fast Simulation results presented in Ref. [60].
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Figure 5.7: Particle flow reconstructed and calorimeter jet response ratios for
±3% variations in the calorimeter responses for hadrons. Our results (closed
markers) are compared with the ones derived with the CMS Fast Simulation
(open markers).

At the high pT, the calorimeter variation results agree well with the
FastSim results. Our fully reconstructed jets however have noticeably lower
sensitivity on the variations. Also the shape of the pT-dependence is different.
Fast Simulation results have been generated with the jet radius parameter
R = 0.5, which differs from the value R = 0.4 used in our analysis. The
previous result for all reconstructed jets is compared with b jets and presented
in Fig. 5.8.
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Figure 5.8: Jet response ratios for all jets and b jets for ±3% variations in
the calorimeter responses for hadrons.

Sensitivity on the variations of the calorimeter responses of hadrons is
studied for b jets. A lower sensitivity is observed especially at the central
bins compared to all jets.

5.6.2 Hadron HCAL scale

Next, the HCAL response for hadrons is varied by ±3%. Results obtained
with our method are compared with the Fast Simulation results, this
comparison is presented in Fig. 5.9. A separate comparison between b jets
and all jets is also shown.
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Figure 5.9: Jet response ratios for ±3% variations in the HCAL responses
for hadrons. Our results (closed markers) are compared with the ones
derived with the CMS Fast Simulation [60] (open markers) on the left panel.
Sensitivity for b jets is presented separately on right.

Similarly as for the hadron ECAL+HCAL response variations, we obtain
smaller sensitivity than in the reference FastSim results. Also, the difference
in the shape of the pT-dependence is observed. B jets are observed to be less
sensitive than all jets in the central bins.

5.6.3 Hadron ECAL scale

The hadron ECAL response is varied by ±3%. The Fast Simulation results
are used again as a reference to compare our jet response sensitivity results
in Fig. 5.10. The b-jet sensitivity is presented separately in the same figure.



CHAPTER 5. RESULTS 50

 (GeV)gen

T,jet
p

30 40 50 100 200 300 1000

va
r

F

0.99

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01 Hadron ECAL+3% (Our)
Hadron ECAL+3% (FastSim)
Hadron ECAL-3% (Our)
Hadron ECAL-3% (FastSim)

=13 TeVs

|<1.3probeη|
<0.3α

 (GeV)gen

T,jet
p

30 40 50 100 200 300 1000
va

r
F

0.99

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01
All jets Hadron ECAL+3%

All jets Hadron ECAL-3%

b jets Hadron ECAL+3%

b jets Hadron ECAL-3%

=13 TeVs

|<1.3probeη|
<0.3α

Figure 5.10: Jet response sensitivity on ±3% variations in the ECAL
responses for hadrons. Our results (closed markers) are compared with the
ones derived using the CMS Fast Simulation [60] (open markers) on the left
panel. B-jet sensitivity is compared to all-jet sensitivity on the right panel.

Jet responses computed using our model are less sensitive on the hadron
ECAL response variations in the whole studied pT range. The observed
difference is even more apparent than in the hadron HCAL and hadron
ECAL+HCAL response variations. Also, the shape of the pT-dependence
is again different. B jets are observed to be slightly less sensitive in the
central bins but close to the average in the low-pT and high-pT regions.

5.6.4 ECAL scale

Next, the total ECAL scale affecting both hadrons and photons is varied.
We present a −1% and −3% variations in ECAL scale for all jets and b jets
in Fig. 5.11.
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Figure 5.11: Jet response sensitivity for all jets and b jets on −1% (on left)
and −3% (on right) ECAL scale variations.

The shape of the pT-dependence for the total ECAL system variation is
close to linear. A higher sensitivity is observed in the high-pT region. B jets
are observed to be slightly less sensitive than all jets.

5.6.5 Photon scale

The photon response is scaled by −1% and −3%. The effect on the jet
response is shown in Fig. 5.12 for all jets and b jets.
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Figure 5.12: Jet response sensitivity for all jets and b jets on −1% (on left)
and −3% (on right) photon response variations.



CHAPTER 5. RESULTS 52

The jet response sensitivity on the photon response variation is almost
constant with respect to the generator level jet pT. Especially in the −3%
variation plot, b jets can be observed to be slightly less sensitive on the
photon response variation than all jets.

5.6.6 Tracking efficiency

Lastly, the tracking efficiency for charged hadrons is scaled by −1% and
−3% over the whole sample. The unscaled tracking efficiency is presented in
Fig. 4.4 and discussed in detail in Subsec. 4.3.2. The effect of the scaling on
the jet responses is presented in Fig. 5.13 for all jets and b jets.
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Figure 5.13: Jet response sensitivity for all jets and b jets on −1% (on left)
and −3% (on right) variations in the tracking efficiency.

The jet response is observed to be most sensitive on the tracking efficiency
in the low-pT region and the sensitivity decreases in the high pT. Any
noticeable difference between b-jet and all-jet sensitivity cannot be observed
with the used sample size.
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Discussion

The success of the analysis presented in this thesis depends on how well
the main features of the PF reconstruction are replicated and is measured
by how accurately we are able to reproduce the CMS FullSim and FastSim
results. The observables related to the jet energy scale and the jet energy
fraction have been used as an indicator. The validity of the results related
to the variations in the detector and reconstruction parameters are mostly
discussed independently. The shortcomings of our model must be realized
when determining how well the results can be included to the official CMS
analysis.

6.1 Comparison with the CMS results

The main observable we used to compare our results with was the MPF
response, presented in Fig. 5.4. Obtained results are within the desired
1% from the corresponding CMS Full Simulation results in all studied bins,
besides the two lowest ones. The low-pT region is sensitive to the used cuts
for the single-particle responses. Some information related to the cuts used
in the CMS was lacking, which can partly explain this behaviour. Further
studies are required to verify this. The higher-pT bins correspond well with
the CMS results. The decline in the MPF response at the high pT was
observed to be a combined result of the neutral particle shadowing effect,
charged hadron tracking inefficiency, and the smearing of the tag muons.

The probe jet energy fraction presented in Fig. 5.2 suggests that some
misidentification regarding to the reconstructed particle types is present.
The neutral hadron fraction at the high pT is much higher than what the
CMS results suggest. Also the large charged hadron fraction at the high pT

indicates that the tracking efficiency is not modelled as accurately as desired.
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The hadron ECAL and HCAL deposit fractions might not be well modelled
which could lead to the observed behaviour.

The flavour-dependent jet responses compared to the gluon response
shown in Fig. 5.5 indicate that the differences between the flavour-dependent
responses are around the correct magnitude, but the model is not accurate
enough to reproduce the CMS results with a desired precision. For example,
the gluon-jet response is expected to be lower than the quark-jet responses.
However, the s-jet response was observed to be lower at certain pT regions.

Due to the nature of our model, one-to-one results with the CMS Full
Simulation are not expected. The MPF result suggests that the model is
capable to capture the main features of the PF reconstruction. Observed
anomalies in the jet energy fractions and flavour-dependent responses
indicate that further improvements are required for the model.

6.2 Sensitivity to variations

The performed variation studies are one of the main results derived in the
context of this thesis. The systematic uncertainties on the jet energy scale
related to the varied parameters can be estimated from the performed studies.
Obtained results are used to parameterize CMS JEC for Run 2 final re-
reconstruction of the data (also known as UltraLegacy). Similar studies for
Run 1 have been carried out using the CMS Fast Simulation regarding to
the single-hadron total, ECAL, and HCAL responses [60].

First we compared our results for the total SPR variation for the jets
reconstructed with the parameterized PF model and for the calorimeter jets
in Fig. 5.7. Results for the calorimeter jets agrees in the high-pT region
but our model is less sensitive to the variations in the low-pT region. The
effect on the PF reconstructed jets is smaller than what the results obtained
with the Fast Simulation suggest. Also, the pT-dependence has a noticeably
different shape. Whether these arise from differences between the CMS Full
Simulation and Fast Simulation, or from the inadequacies of our model, is
yet to be determined. Similar disagreement with the compared results is
also observed for the hadron HCAL variations in Fig. 5.9 and for the hadron
ECAL variations in Fig. 5.10.

Higher sensitivity in the high-pT region is expected due to the decreasing
tracking efficiency and track resolution inside the high-pT jets. Greater
number of charged hadrons are reconstructed as neutral hadrons and more
weight is given to the calorimeter measurement in the track rescaling. B jets
are observed to be less sensitive to the variations, especially at the central-pT

bins. Similar behaviour is also observed for the gluon jets, whereas especially
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s jets are much more sensitive for the variations in the hadron response as
presented in Appendix C.

Variations in the photon response conclude that the pT-dependence of
the effect is relatively constant. This is expected since at the generator level
jets have relatively constant photon fraction as presented in Fig. 5.1 and
the PF reconstruction does not induce any pT-dependent behaviour to the
photon energy scale. The total ECAL scale variation effect in Fig. 5.11 is
approximately the sum of the photon and hadron ECAL variations. For the
photon and ECAL variations, the s jets are observed to be least sensitive to
the variations, while the ud jets are the most sensitive. B jets are slightly less
sensitive than the average. It must be however noticed that the statistical
uncertainties are relatively large in these results.

Our model provides a way to study the sensitivity to the tracking
efficiency, which is not easy to study with the CMS Fast or Full Simulation.
The flavour dependency of these results is not significant, besides that the
gluon jets are more sensitive than the quark jets. The gluon jets have
more low-energy particles for which the tracking resolution dominates the
calorimeter resolution in the track rescaling. The trend for all flavours
follows the logic that more weight is given to the calorimeter measurements
at the high-pT region which reduces the sensitivity for the high-pT jets.

6.3 Improvements for the upcoming analysis

The analysis presented in this thesis utilizes the first implementation of the
used analysis framework. Therefore, various improvements can already be
suggested which were not implemented due to the limited time. The created
model can be used for further analysis related to the flavour-dependent jet
energy scale studies, and also extended to various other analysis.

Beginning from the single-particle responses, the studied η-region could
be divided in multiple sections, for which the responses could be solved
individually. The SPR functions could be solved individually for a larger
number of hadron types and the deposit type fractions could be derived
separately for each hadron. The energy and pT cuts for the response functions
should be confirmed, especially in the endcap regions. These extension could
lower the MPF response for the low-pT jets.

The charged-hadron tracking efficiency is modelled effectively such that
the results for the charged-hadron fraction and the tracking efficiency would
agree with the CMS Full Simulation results. Also the charged-hadron track
resolution is parameterized now only as a function of pT. In reality, the
tracking efficiency and the track resolution depend on the particle density
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of the space. By simulating varying numbers of charged particles in jet-like
cones, the particle density dependence of the efficiency and resolution could
be solved. This would lead to a more realistic representation and might help
solving the observed anomalies in the charged hadron fraction.

The jet clustering was performed by including calorimeter cells and
charged-hadron tracks within a radius of ∆R < 0.4 from the generator-level
jet four-momentum vector. The CMS experiment however uses the anti-kT
clustering algorithm. The differences between these approaches should be
taken into account in the future.

Interesting extensions for the analysis itself could be the event generator
studies between Pythia 8 and Herwig 7. Differences in the jet
fragmentation between the event generators is a source of systematic
uncertainty which could be evaluated using this framework.

There exist differences in the jet energy scale between the simulations
and data, which arise for example from the time dependency of the detector
performance. Following the methods used at the D∅ and reproduced in
Ref. [4], the MPF response could be fitted to the data by optimizing the
hadron response functions. This method allows a way to study flavour-
dependent jet energy scale by also accounting the differences between the
simulations and data.



Chapter 7

Conclusions

A study related to the flavour-dependent jet energy corrections was
performed, motivated by the analysis based on the single-particle responses
performed at the D∅ experiment. Extending this analysis for the CMS
experiment at the LHC was the first challenge.

The b-jet energy scale is especially interesting due to it being the heaviest
quark producing jets, and its connection to the top-quark studies. The
stability problem of the EW vacuum is one example where the accuracy of the
top-quark mass measurement is crucial. One way to increase the accuracy
is to reduce systematic uncertainties related to the analysis. For example,
the flavour dependency of the jet energy scale is a source of systematic
uncertainty. An accurate determination of the flavour-dependent jet energy
corrections can be used to reduce these uncertainties.

Simulations offer a way to study jet physics flavour dependently, which is
otherwise complicated due to the complexity of the involved QCD processes.
Our model introduced in this thesis replicates the final steps of the simulation
chain, the detector simulation and the event reconstruction.

A comparison with the CMS results was performed for our jet energy scale
results. A sufficient agreement was observed for the MPF response, which was
the main observable we chose to compare our results with. Differences were
observed in the jet energy fraction and the flavour-dependent jet responses,
which were not properly understood.

Systematic uncertainties on the jet responses arising from the parameters
related to the detector and reconstruction were studied. This was performed
by varying the calorimeter response of the hadrons, ECAL energy scale,
photon response, and tracking efficiency. Our results for the hadron
calorimeter response variations were compared with the results derived
using the CMS Fast Simulation [60]. Some differences were observed, but
the source was not found within this thesis. Focus was on b jets which

57
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were mostly observed to be less sensitive to the response variations when
comparing to all jets.

Questions related to the differences between our and the CMS results
require more inspection. For example, the inadequate implementation
of the tracking efficiency and the track resolution were realized and
possible improvements suggested for the future analysis. The obtained
results regarding to the variation studies can be related to the systematic
uncertainties and propagated to the top mass studies. Especially the
sensitivity to the tracking efficiency can be considered as the best estimate
at the moment. The analysis has countless possibilities for extensions.
However, the attention should also be kept in reproducing the CMS results
as accurately as deemed necessary. Only then the new findings can be
considered meaningful.
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du CERN,” 2016. https://cds.cern.ch/record/2197559.

[30] CMS Collaboration, “CMS average pileup, pp, 2018,
√
s = 13 TeV,”

2018. [Online; accessed 01-March-2020] https://cmslumi.web.cern.ch/
cmslumi/publicplots/pileup_pp_2018_80000.png.

[31] CMS Collaboration, “CMS Integrated Luminosity, pp, 2018,√
s = 13 TeV,” 2019. [Online; accessed 01-February-2020]

https://cmslumi.web.cern.ch/cmslumi/publicplots/int_lumi_per_

day_cumulative_pp_2018OnlineLumi.png.

[32] R. Steerenberg, “LHC report: full house for the LHC,” 2017. http:

//cds.cern.ch/record/2272573.

doi:10.1126/science.1163233
arXiv:0906.3599
doi:10.1007/s100520050719
doi:10.1007/s100520050719
doi:10.1103/PhysRevD.98.03000
doi:10.1088/1748-0221/8/04/P04013
doi:10.1088/1748-0221/8/04/P04013
arXiv:1211.4462
arXiv:1709.01290
doi:10.1088/1748-0221/3/08/S08004
doi:10.5170/CERN-2004-003-V-1
https://cds.cern.ch/record/567226
https://cds.cern.ch/record/567226
https://cds.cern.ch/record/2197559
https://cmslumi.web.cern.ch/cmslumi/publicplots/pileup_pp_2018_80000.png
https://cmslumi.web.cern.ch/cmslumi/publicplots/pileup_pp_2018_80000.png
https://cmslumi.web.cern.ch/cmslumi/publicplots/int_lumi_per_day_cumulative_pp_2018OnlineLumi.png
https://cmslumi.web.cern.ch/cmslumi/publicplots/int_lumi_per_day_cumulative_pp_2018OnlineLumi.png
http://cds.cern.ch/record/2272573
http://cds.cern.ch/record/2272573


BIBLIOGRAPHY 62

[33] R. Veness, C. Dorn, and G. Simmons, “Development of Beryllium
Vacuum Chamber Technology for the LHC,” Conf. Proc., vol. C110904,
pp. 1578–1580, 2011.

[34] A. Saha, “Phase 1 upgrade of the CMS pixel detector,” JINST, vol. 12,
no. 02, p. C02033, 2017. doi:10.1088/1748-0221/12/02/C02033.

[35] CMS Collaboration, “CMS. The TriDAS project. Technical design
report, vol. 1: The trigger systems,” 2000. https://cds.cern.ch/

record/706847.

[36] L. Thomas, “CMS High Level Trigger performance at 13 TeV,” PoS,
vol. ICHEP2018, p. 226. 4 p, 2019. doi:10.22323/1.340.0226.

[37] CMS Collaboration, “CMS: The TriDAS project. Technical design
report, Vol. 2: Data acquisition and high-level trigger,” 2002. http:

//inspirehep.net/record/609493.

[38] CMS Collaboration, “Particle-flow reconstruction and global event
description with the CMS detector,” JINST, vol. 12, no. 10, p. P10003,
2017. doi:10.1088/1748-0221/12/10/P10003. arXiv:1706.04965.

[39] CMS Collaboration, “Description and performance of track and
primary-vertex reconstruction with the CMS tracker,” JINST, vol. 9,
no. 10, p. P10009, 2014. doi:10.1088/1748-0221/9/10/P10009. arXiv:
1405.6569.
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[41] T. Sjöstrand et al., “An Introduction to PYTHIA 8.2,” Comput. Phys.
Commun., vol. 191, pp. 159–177, 2015. doi:10.1016/j.cpc.2015.01.

024. arXiv:1410.3012.

[42] M. Bahr et al., “Herwig++ Physics and Manual,” Eur. Phys. J.,
vol. C58, pp. 639–707, 2008. doi:10.1140/epjc/s10052-008-0798-9.
arXiv:0803.0883.

[43] A. Buckley et al., “General-purpose event generators for LHC physics,”
Phys. Rept., vol. 504, pp. 145–233, 2011. doi:10.1016/j.physrep.2011.
03.005. arXiv:1101.2599.

doi:10.1088/1748-0221/12/02/C02033
https://cds.cern.ch/record/706847
https://cds.cern.ch/record/706847
doi:10.22323/1.340.0226
http://inspirehep.net/record/609493
http://inspirehep.net/record/609493
doi:10.1088/1748-0221/12/10/P10003
arXiv:1706.04965
doi:10.1088/1748-0221/9/10/P10009
arXiv:1405.6569
arXiv:1405.6569
doi:10.1016/0168-9002(87)90887-4
doi:10.1016/j.cpc.2015.01.024
doi:10.1016/j.cpc.2015.01.024
arXiv:1410.3012
doi:10.1140/epjc/s10052-008-0798-9
arXiv:0803.0883
doi:10.1016/j.physrep.2011.03.005
doi:10.1016/j.physrep.2011.03.005
arXiv:1101.2599


BIBLIOGRAPHY 63

[44] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kt jet clustering
algorithm,” JHEP, vol. 04, p. 063, 2008. doi:10.1088/1126-6708/2008/
04/063. arXiv:0802.1189.

[45] S. Banerjee, “CMS Simulation Software,” J. Phys.: Conf. Ser., vol. 396,
no. 2, p. 022003, 2012. doi:10.1088/1742-6596/396/2/022003.

[46] Geant4 Collaboration, “Geant4 - a simulation toolkit,” Nucl. Instrum.
Methods Phys. Res., Sect. A, vol. 506, no. 3, pp. 250–303, 2003. doi:

10.1016/S0168-9002(03)01368-8.

[47] R. Rahmat, R. Kroeger, and A. Giammanco, “The fast simulation of
the CMS experiment,” J. Phys.: Conf. Ser., vol. 396, no. 6, p. 062016,
2012.

[48] A. Giammanco, “The Fast Simulation of the CMS Experiment,” J.
Phys.: Conf. Ser., vol. 513, no. 2, p. 022012, 2014. doi:10.1088/

1742-6596/513/2/022012.

[49] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemâıtre,
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Appendix A

Flavour-dependent MPF responses

The flavour-dependent MPF responses for the probe jet in |η| < 1.3 in Z(→
µµ) + jet sample of 5 million events generated with Pythia 8. These results
are equivalent to the response result presented in Fig. 5.4.
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Figure A.1: Flavour-dependent MPF responses.
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Appendix B

Single-particle response parameters

Total calorimetric single-particle response fit parameters for hadrons in |η| <
1.3. Presented parameters C, a, and m are for the power-law function in
Eq. (4.3). Particles are identified by unique PDGID which are gathered in
Ref. [23]. Presented parameters have been determined using the CMSSW
version 10.4.

Hadron PDGID C a m
π+ 211 1.044 1.293 0.543
π− -211 1.044 1.293 0.543
p 2212 1.089 1.526 0.600
p̄ -2212 1.135 1.061 0.691
n 2112 1.037 1.765 0.477
n̄ -2112 1.066 1.086 0.592
K0
S 310 1.033 1.351 0.509

K0
L 130 1.033 1.351 0.509

K+ 321 1.055 1.455 0.566
K− -321 1.055 1.455 0.566
Λ 3122 1.041 1.830 0.532
Λ̄ -3122 1.041 1.586 0.532
Σ0 3212 1.041 1.830 0.532
Σ̄0 -3212 1.041 1.586 0.532
Ξ0 3322 1.041 1.830 0.532
Ξ̄0 -3322 1.041 1.830 0.532
Ξ− 3312 1.041 1.830 0.532
Ξ+ -3312 1.041 1.830 0.532
Σ+ 3222 1.041 1.830 0.532
Σ̄+ -3222 1.041 1.830 0.532
Σ− 3112 1.041 1.830 0.532
Σ̄− -3112 1.041 1.830 0.532
Ω− 3334 1.041 1.830 0.532
Ω+ -3334 1.041 1.830 0.532
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Single-particle response classification has been performed based on the
sum b + |C| + s, where C is charge, s is strangeness and b is the reduced
baryon number. The reduced baryon number is +2 for baryons, +1 for
antibaryons, and 0 for mesons. Response functions for a set of particles are
presented in Fig. B.1 and Fig. B.2.

Figure B.1: Classification of the single-particle responses for p, n, K−, and
K+.



APPENDIX B. SINGLE-PARTICLE RESPONSE PARAMETERS 68

Figure B.2: Classification of the single-particle responses for p̄, n̄, K0
S, and

K0
L.



Appendix C

Variation studies for other flavours

C.1 Hadron ECAL+HCAL scale
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Figure C.1: Hadron ECAL + HCAL scale variation for c jets (left) and s jets
(right).
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Figure C.2: Hadron ECAL + HCAL scale variation for ud jets (left) and g
jets (right).

C.2 Hadron HCAL scale
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Figure C.3: Hadron HCAL scale variation for c jets (left) and s jets (right).
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Figure C.4: Hadron HCAL scale variation for ud jets (left) and g jets (right).

C.3 Hadron ECAL scale
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Figure C.5: Hadron ECAL scale variation for c jets (left) and s jets (right).
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Figure C.6: Hadron ECAL scale variation for ud jets (left) and g jets (right).

C.4 ECAL scale
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Figure C.7: ECAL scale variation of −1% (left) and −3% (right) for c jets.



APPENDIX C. VARIATION STUDIES FOR OTHER FLAVOURS 73

 (GeV)gen

T,jet
p

30 40 50 100 200 300 1000

va
r

F

0.984

0.986

0.988

0.99

0.992

0.994

0.996

0.998

1

1.002

All jets ECAL-1%

s jets ECAL-1%

=13 TeVs

|<1.3probeη|
<0.3α

 (GeV)gen

T,jet
p

30 40 50 100 200 300 1000
va

r
F

0.984

0.986

0.988

0.99

0.992

0.994

0.996

0.998

1

1.002

All jets ECAL-3%

s jets ECAL-3%

=13 TeVs

|<1.3probeη|
<0.3α

Figure C.8: ECAL scale variation of −1% (left) and −3% (right) for s jets.
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Figure C.9: ECAL scale variation of −1% (left) and −3% (right) for ud jets.
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Figure C.10: ECAL scale variation of −1% (left) and −3% (right) for gluon
jets.

C.5 Photon scale
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Figure C.11: Photon response variation of −1% (left) and −3% (right) for c
jets.
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Figure C.12: Photon response variation of −1% (left) and −3% (right) for s
jets.
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Figure C.13: Photon response variation of −1% (left) and −3% (right) for
ud jets.
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Figure C.14: Photon response variation of −1% (left) and −3% (right) for
gluon jets.

C.6 Tracking efficiency
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Figure C.15: Tracking efficiency variation of −1% (left) and −3% (right) for
c jets.
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Figure C.16: Tracking efficiency variation of −1% (left) and −3% (right) for
s jets.
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Figure C.17: Tracking efficiency variation of −1% (left) and −3% (right) for
ud jets.
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Figure C.18: Tracking efficiency variation of −1% (left) and −3% (right) for
gluon jets.
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