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ABSTRACT

The Standard Model (SM) of particle physics has been remarkably successful in de-
scribing the fundamental forces and particles observed in experiments such as those at
the Large Hadron Collider (LHC). However, it fails to explain several phenomena, in-
cluding the matter-antimatter asymmetry of the universe, the nature of dark matter, and
neutrino oscillations. The SM is built on a rich structure of symmetries, including the
internal gauge symmetry SU(3)×SU(2)×U(1), which governs the strong, weak, and elec-
tromagnetic interactions. Although strong and electromagnetic forces respect the parity
(P ), charge conjugation (C), and time reversal (T ) symmetries, the weak force is known
to violate C, P , T and the combined CP symmetry. Nevertheless, CPT symmetry has
withstood all the experimental tests to date.

A discovery of even a slight CPT violation would fundamentally challenge our un-
derstanding of particle physics, requiring a significant revision of the SM. One of the key
predictions of the CPT symmetry is the exact equality of particles and antiparticles. The
top quark, as the heaviest known elementary particle, provides a unique opportunity to
probe CPT symmetry at the highest available energy scales.

In this Thesis, the measurement of the mass difference between the top quark and anti-
quark ∆mt is presented using data collected by the CMS experiment at the LHC. The anal-
ysis is based on proton-proton collisions at a centre-of-mass energy of 13TeV corresponding
to an integrated luminosity of 137.63 fb−1. The measured value, ∆mt = 139± 67MeV,
represents the most precise determination of ∆mt to date.
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1. INTRODUCTION

Since the discovery of the Higgs boson, the standard model of particle physics (SM) has
been a consistent framework that describes the interactions of elementary particles, such
as those produced at the Large Hadron Collider (LHC). So far no significant deviation
from the theoretical predictions has been observed [1]–[3]. However, the SM is known to
fail to account for the observed matter-antimatter asymmetry in the universe [4], describe
phenomena such as neutrino oscillations [5], [6], dark matter [7], [8], and does not in a
consistent way include the force of gravity [9], [10], motivating the search for extensions of
the SM, called beyond the standard model (BSM) physics. The search for many theoretical
ideas, such as supersymmetry (SUSY) [11], leptoquarks [12], axion-like particles [13], [14],
has not been successful. Recently, the search for BSM physics has shifted towards precision
tests of the SM, where increasingly precise measurements are compared with increasingly
precise predictions.

The SM is a quantum field theory (QFT) which describes three out of four funda-
mental forces, electromagnetism, weak and strong interactions, but not gravity. The
electromagnetic and strong interactions are symmetric under parity, P , charge conjuga-
tion, C, and time reversal, T , operations. In contrast, the weak force has been found to
maximally violate P and partly the combined CP symmetry. However, it is predicted
that the combination of the three discrete symmetries CPT will be completely preserved
by any Lorentz-invariant and local quantum field theory, such as the SM [15]–[17]. There-
fore, SM extensions violating CPT have to violate either locality or Lorentz invariance.
It has been shown that using string theory, which is inherently non-local, it is possible
to consistently implement CPT violating effects in the SM [18]. In addition, it has been
shown that locality and Lorentz invariance violating effects can be added in the neutrino
sector through a mechanism called ghost condensation [19], [20]. Nevertheless, based on
the previous success of unexpected discoveries of C and CP violations, it is worthwhile
to test CPT violation in the SM.

1.1. Previous tests of CPT symmetry

CPT symmetry predicts the equality of particles and their corresponding antiparticles.
Tests of CPT symmetry include the measurements of mass, decay width, magnetic mo-
ments, production cross sections, and charges [21]. Currently, the best constraint comes
from neutral kaon K0 and antikaon K0 measurements and is [22]

2
|mK0 −mK0|
(mK0 +mK0)

< 6× 10−19, 2
|ΓK0 − ΓK0|
(ΓK0 + ΓK0)

< (8± 8)× 10−18, (1.1)

where mK0 and ΓK0 are kaon mass and decay width. Although the constraint is very sig-
nificant, the result is obtained indirectly from the Cabbibo–Kabayashi–Maskawa (CKM)
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mixing matrix parameters. This and other significant measurements of the particle-
antiparticle mass asymmetry are shown in Fig. 1.1, comparing their precision and the
scale at which the effect could take place. It shows that while the precision of the mea-
surements at low scales of O(1GeV) is high, the region around the scale of the top quark
mass is less explored. Recently, contributions have been made to assess the CPT violation
systematically using the effective field theory (EFT) approach [23], which can assume a
different sensitivity to the CPT violation for each quark generation. In addition to these
searches, the Lorentz symmetry has been tested in the top-quark sector, and no deviation
from the full symmetry has been found [24].

1.2. Previous measurements of top quark mass difference

10 16 10 13 10 10 10 7 10 4 10 1 102

Mass (MeV)

m +
e me

m + m
mK0 mK0

mK + mK

mp mp

mn mn

m m
m m +

m m +

m + m
mW mW

mt mt, CMS, l+jets
mt mt, CMS, single-top

absolute mass scale
mass difference
precision

Fig. 1.1. The world best measurements of the mass difference between particles and
antiparticles. The black markers represent the scale at which the measurement is made,
i.e. the average mass of the particles. The crosses show the measured upper limit on
the measured mass difference. The length of the bars corresponds to the precision of the
measurement. Data from [21], [25]–[29] are used.

The top quark, due to its short lifetime, decays weakly before hadronization. This
allows direct measurements of its mass mt, unlike for other quarks whose mass has to
be deduced from hadron properties. Thus, it also allows for a precise measurement of
the mass difference between the top quark and antiquark, ∆mt = mt −mt. The current
results of the measurements of ∆mt are shown in Fig. 1.2, where good consistency with
the SM over all the measurements is seen. The most precise measurements of ∆mt are
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performed in the top-quark pair process (tt) in the lepton+jets decay channel, while a
complementary measurement from single-top events provides a consistency check of the
measurements. The different precision in the measurements is explained by different
approaches to the measurement. In the measurements of the Compact Muon Solenoid
(CMS) collaboration [30], [31] ∆mt was obtained from two separate datasets, for the top
quark and the antiquark, only using the hadronically decaying top quark for the mass
measurement and discarding the leptonically decaying top quark. On the other hand, in
the other measurements, ∆mt was obtained for each event from both the hadronic and
leptonic decays. The latter approach requires estimating the momentum of the lepton
neutrino using the missing transverse momentum pmiss

T , which degrades the resolution of
the measurement.

-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
mt = mt mt (GeV)

CMS, single-top, 35.9 fb 1

JHEP 12 (2021) 161
CMS, 19.6 fb 1

PLB 770 (2017) 50
ATLAS, 4.7 fb 1

PLB 728 (2014) 363
CDF, 8.7 fb 1

 PRD 87 (2013) 05
CMS, 4.96 fb 1 
JHEP 06 (2012) 109
D0,  3.6 fb 1

PRL 106 (2011) 152001
CDF, 5.6 fb 1

PRD 84 (2011) 052005
D0,  1 fb 1

PRL 103 (2009) 132001
PDG world average,
PRD 110, 030001 (2024)

CMSWork in progress

-1.0 -0.5 0.0 0.5 1.0
mt = mt mt (GeV)

(13 TeV)

Fig. 1.2. The different measurements of the mass difference between the top quark and
antiquark. The thick black bars show the systematic uncertainty, and the blue bars show
the total uncertainty. The gray hatched bar shows the world average with the uncertainty
obtained by the Particle Data Group (PDG) [21]. The right panel shows a narrower range
in ∆mt than the left pane. The data from [21], [31]–[37] are shown.

1.3. Motivation for repeating the measurement in Run 2

The current world best measurement was performed by the CMS collaboration [30]
using the data collected at the CMS Run 1 at the centre-of-mass energy

√
s = 8TeV with

the integrated luminosity of 19.6 fb−1. The measurement was consistent with ∆mt = 0,
but was statistically limited. Repeating the measurement using the CMS Run 2 dataset
with a luminosity of 137.63 fb−1 offers a tenfold increase in the amount of tt events for
analysis, and therefore, the statistical uncertainty could be reduced by a factor ≈

√
10 ≈

11



3. In addition, an improved strategy for the quark vs. antiquark jet energy response
uncertainty estimation provides a decrease in the systematic uncertainty.

This Thesis summary introduces the main results of the ∆mt analysis and the ba-
sic theoretical and experimental background. The Thesis starts with Chapter 2, where
the main theoretical concepts are introduced, giving great detail to symmetries in SM.
Chapter 3 builds on that explaining how the Monte Carlo (MC) simulations for particle
physics collisions are obtained. This section also mentions the author’s study to obtain a
CMS-ATLAS common MC tt dataset simulated using the sherpa event generator. The
results of this study are published in a CMS-ATLAS common note [38], [39]. While the
dataset is not used for the current measurement, it will be important to understand and
reduce the systematic uncertainties of further measurements, such as those due to different
hadronization models.

The experimental system, including the collider and the CMS detector used to obtain
the data used, is explained in Chapter 4, while the event reconstruction methods are
described in Chapter 5. Expanding on that, the study of the author of this Thesis on
jet flavour studies and jet energy reconstruction is shown in Chapter 6. The flavour-
antiflavor uncertainties necessary for the ∆mt measurement are derived there as well as
the flavour uncertainties necessary for the jet reconstruction in the CMS collaboration in
general. The results shown in this section are described in an internal CMS note [40]. The
measurement technique and results of ∆mt are described in Chapter 7. These results are
published in an internal CMS note [41]. Finally, a short summary and outlook is provided
in Chapter 8.

Aim of the Doctoral Thesis

To conduct the most precise to date measurement of ∆mt, performing the mea-
surement using the full CMS Run 2 dataset selecting tt events in the lepton+jets decay
channel.

Tasks of the Doctoral Thesis

1. Generate a tt dataset using the sherpa event generator.

2. Obtain flavour-dependent jet energy corrections to correct the peak of the W boson
mass in top-quark decays.

3. Obtain improved flavour-dependent jet energy scale uncertainties and quark-
antiquark jet energy scale uncertainties comparing the flavour responses of the
pythia 8 and herwig 7 event generator programmes and thus estimating the
uncertainty in the MC generators.

12



4. Obtain quark-antiquark jet energy scale uncertainties arising due to the disagree-
ment of the simulated detector response with the CMS hadronic calorimeter test
beam data.

5. Implement a profile likelihood fit for the ∆mt measurement. Add an estimation of
all the relevant systematic uncertainties and evaluate their impact on ∆mt. Perform
the fit, and analyse the result.

Thesis statements to be defended

1. The updated method for quark-antiquark jet energy uncertainty in CMS and the
implementation of the profile-likelihood fit instead of the Ideogram method reduces
the systematic uncertainty of the ∆mt measurement by a factor of 3.

2. The usage of the full CMS Run 2 dataset instead of the Run 1 dataset, reduces
the statistical uncertainty by a factor of 3.

3. The disagreement of the simulated detector response with the CMS test beam data
for charged pions is the leading systematic uncertainty in the measurement.

4. A tt dataset generated using the sherpa event generator describes the HT dis-
tribution in data better (χ2/ndof = 0.42)than the currently used powheg
+pythia 8 dataset (χ2/ndof = 1.41).

5. The flavour-dependent jet energy uncertainty for gluons is reduced by 50%
when using the CMS Run 2 simulation instead of Run 1.

Scientific novelty

1. This Thesis presents a novel approach for estimating the quark-antiquark jet energy
scale uncertainties using the differences in event generators.

2. This Thesis shows the first estimation of the effect of the charged pion detector
response mismodelling by the Geant4 programme on the jet energy scale.

3. The Thesis introduces the first practically usable CMS-ATLAS common sherpa tt

dataset.

4. This Thesis presents the first measurement of ∆mt using the CMS Run 2 dataset
and results in the world-leading measurement of this observable.
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Practical significance

1. The refined flavour-dependent jet energy scale uncertainties developed in this Thesis
will benefit the entire CMS collaboration, increasing the precision of key measure-
ments, such as the measurements of the strong coupling constant, top-quark mass,
and the cross-section measurements of top-quark pairs associated with additional
jets. This will improve our ability to rigorously test the standard model, pushing
the limits of current theoretical predictions and potentially revealing signs of new
physics.

2. The new common CMS-ATLAS top-pair dataset generated with sherpa enables
a simplified ATLAS-CMS result comparison and validation, and can lead to an
improved estimation of the jet flavour uncertainties.

3. A discovery of CPT symmetry violation would revolutionise our understanding of
fundamental physics, challenging long-held assumptions and reshaping theoretical
frameworks. Such breakthroughs not only expand scientific knowledge but histor-
ically have driven technological advancements of substantial practical significance,
often in unforeseen ways, ranging from advancements in materials science to quan-
tum computing and beyond.

Approbation of PhD Thesis in Scopus and Web of Science indexed
articles

During the doctoral studies, the author of the Thesis co-authored 204 publications,
most as a member of the CMS collaboration. Of these, 17 are the publications of the
CMS Top Physics Analysis Group, where the author of this Thesis is an active member.
Statistics was retrieved on 14.03.2025 from https://inspirehep.net/authors/1829953.
The full list is added at the end of the Thesis.

Additionally, the study of the author of this Thesis is presented in the following 4
documents that are internally reviewed have been approved by the CMS collaboration to
contain valuable information that will be included in further CMS publications.

[1] CMS-ATLAS common note (Chapter 3 in the Thesis), public
The ATLAS and CMS Collaborations, “Improved Common tt̄ Monte-Carlo Settings
for ATLAS and CMS”, technical report CMS-NOTE-2023-004, CERN, Geneva, 2023
cds:2861366.

[2] CMS internal note (Chapter 6 in the Thesis)
Andris Potrebko, “Flavor dependent (L5) MC truth jet energy corrections and
flavor uncertainties in Run 2”, technical report, CERN, Geneva, 2024, CMS AN-
23/074.
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[3] CMS internal note (Chapter 7 in the Thesis)
Andris Potrebko et al., “Measurement of the Mass Difference between the Top
Quark and Antiquark in tt Events with Lepton+jets Final States in 13 TeV Proton-
Proton Collisions”, technical report, CERN, Geneva, 2024, CMS AN-25/029.

[4] Proceedings in the conference Moriond QCD’24 (sections in Chapter 2 in the Thesis)
Andris Potrebko, “Review of the measurements of the strong coupling constant
in CMS at 13 TeV. Contribution to the 2024 QCD session of the 58th Rencontres de
Moriond”. In: 58th Rencontres de Moriond on QCD and High Energy Interactions.
June 2024. arXiv: 2406.01405.

Other publications on the topic that are not included in PhD The-
sis
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2. THEORETICAL BACKGROUND

2.1. Basic structure of the standard model

In an experiment carried out in 1897 by J. J. Thomson, the first elementary particle,
the electron, was discovered [42]. The last particle added to SM, the Higgs boson, was
discovered in 2012 by the CMS and ATLAS collaborations [43], [44]. This finding was
the final piece necessary to complete the SM. In this section, the author briefly intro-
duces the structure of SM that was gradually assembled on the basis of several scientific
breakthroughs between the two mentioned before.

Standard Model of Elementary Particles
three generations of matter
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Fig. 2.1. The table of elementary particles constituting the SM.

The overview of currently discovered elementary particles is shown in Fig. 2.1. It con-
sists of spin 1/2 particles, called fermions, spin 1 particles, gauge bosons, and the Higgs
boson. Fermions are subdivided into quarks and leptons, where leptons are further sub-
divided into charged leptons, electron e, muon µ, and tau τ , with electric charge, Q = −1

and the corresponding neutrinos with Q = 0. In addition to interacting electromagneti-
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cally, leptons interact weakly. Quarks interact electromagnetically, weakly, and strongly.
They have a subinteger Q, with up-type quarks (u, c, and t, or top quark) having Q = 2/3

and down-type quarks (d, s, and b) having Q = −1/3. Fermions are divided into three
generations, where the second and third generations consist of successively heavier copies
of the first-generation particles with the same quantum numbers.

Force is carried by gauge bosons: the electromagnetic force by photons γ, the weak
nuclear force by heavy Z and W bosons, and the strong force by eight gluons g. The
Higgs boson, H, is the boson corresponding to the Higgs field, which, through the Higgs
mechanism, is responsible for the generation of the masses of elementary particles.

All the fermions mentioned above are known as matter particles. In the SM, each
fermion has a corresponding antimatter counterpart (antiparticle) with the same proper-
ties as the matter particle, except for an opposite charge. Neutral bosons can be consid-
ered as their own antiparticles, while W+ and W− are the antiparticles of each other. A
notable example of antimatter is the positron e+, the antimatter partner of the electron
e−. Neutrinos ν and antineutrinos ν have the same properties, but they participate in
different interactions, as seen in W boson decays W+ → e+ν and W− → e−ν.

Quarks possess an additional quantum number, called colour, which is usually defined
as red, blue, and green. Antiquarks have anticolour, i.e. antired, antiblue, and antigreen.
Gluons come in eight different types, corresponding to all the possible non-singlet combi-
nations of colour and anticolour. Confinement is an experimental fact that at low energies
quarks bind into colour neutral hadrons before reaching the detector. This binding pro-
cess is called hadronization. The colour-neutral bound states of quarks are called hadrons.
Two typical types of hadrons are quark-antiquark bound states, called mesons, and three
quark bound states, called baryons. An example of a baryon is the proton, p = uud.
Pions that can be charged, π+ = ud, π− = du, or neutral, π0 = uu±dd√

2
are examples of

mesons. Additionally, tetraquarks [45] and pentaquarks [46] that are four- and five-quark
bound states have recently been discovered.

2.2. Top quark

The top quark is the heaviest particle in the SM. Due to the large mass, the top quark
almost always decays weakly before hadronization, unlike other quarks, which after their
production bind into hadrons. The top quark decays almost always take place through a
b quark and a W boson, i.e t→ Wb.

At the LHC and in pp and e+e− colliders in general, the top quark is mostly generated
in top quark-antiquark pairs tt. An example of a tt process is depicted in Fig. 2.2, where
the red lines show the hard process, and the orange lines show the decays of the top quark.
The dominant tt production process is the gluon-gluon fusion gg → tt, although it can
also be produced by other means, like quark-antiquark annihilation.
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Fig. 2.2. An example of a Feynman diagram showing top quark pair production by gluon
fusion and the lepton+jets decay channel.

After the top decay, the W boson can undergo a leptonic W → lν or hadronic decay
W → qq′, where the quarks hadronize and produce a collimated spray of particles, called
jets. The tt events are classified according to the decays of each of the W bosons, into
all-hadronic, lepton+jets and dilepton decay channels, if, respectively, both, one or none
of the W bosons decay hadronically. The typical decay channel used in precision mea-
surements is the lepton+jets channel. The signature of this channel, namely, the presence
of one high-energetic (hard) charged lepton, large missing transverse momentum, pmiss

T
1,

and at least four jets, out of which two can be further identified as bottom jets (b tagged),
ensures good event purity (number of signal events over the total number of events). At
the same time, good precision in the measurement can be achieved using the hadronically
decaying top quark.

2.3. Symmetries

The early 20th century revealed a remarkable observation – most of the physics gov-
erning our world satisfies a vast set of symmetries. Each symmetry is associated with
a transformation that leaves the equations of motion unchanged. In this way, for each
symmetry, a quantity that is not observable through physics experiments can be defined.
Such quantities are effectively “hidden” by the invariance of the laws of physics and have
no absolute meaning or relevance. For example, as a consequence of the space transfor-
mation, the absolute coordinate is meaningless and the start of the coordinate system
can be chosen arbitrarily. In the SM of particle physics, the symmetries are embedded in
the physics equations using the framework of quantum field theory (QFT). In QFT, for

1The missing transverse momentum vector p⃗miss
T is defined as the projection onto the plane perpen-

dicular to the beam axis of the negative vector sum of the momenta of all reconstructed the objects in
an event. Its magnitude is referred to as pmiss

T .
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Table 2.1
The symmetries of the SM showing the quantity that cannot be absolutely observed, the

symmetry transformation that leaves the Lagrangian invariant and the conserved
quantity due to Noether’s theorem (for continuous symmetries) or the selection law (for
discrete symmetries). Parity and time reversal are broken in weak interactions while the

combined SUL(2)L × UY (1) is broken into UEM(1) by the Higgs mechanism, just like
SU(Nf ) is broken by different couplings of Higgs to each of the generations of the

fermions

Non-observable Symmetry transformation Conserved quantity

absolute space position space translation
r⃗ → r⃗ + ∆⃗

momentum, p⃗

absolute time time translation
t→ t+ τ

energy, E

absolute space direction rotation
r⃗ → R · r⃗

angular momentum, L⃗

absolute velocity Lorentz boost centre-of-energy,
K⃗ = Er⃗cm − tP⃗

absolute right or left r⃗ → −r⃗ parity, P

absolute sign of electric
charge, Q

Q→ −Q charge conjugation, C

absolute time direction t→ −t time reversal, T

relative phase between
states of different charge
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ψ → eiQθψ

charge, Q

difference between
coherent mixtures of a
lepton and neutrino
under weak interaction

SU(2) transformation
ψ → ψ′ = expiχ⃗(x)·σ⃗/2 ψ

weak isospin/
weak current

absolute orientation in
the colour space

SU(3) transformation
ψ → ψ′ = expiχ⃗(x)·λ⃗/2 ψ

total colour charge

phase between the
generations of fermions

SU(Nf ) the fermion genera-
tions
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each particle a separate field spanning the universe is introduced, where the particles are
excitations of the field.

An overview of the symmetries present in the SM is provided in Table 2.1. Symmetries
are classified as continuous if they involve a smooth, continuous transformation of the
system, and discrete otherwise. Internal symmetries are symmetries that act only on
fields and not on spacetime points. Noether’s theorem [47] states that every continuous
symmetry leads to a conservation law associated with a conserved quantity, called a
conserved current.
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Fig. 2.3. Graphical depictions of the C, P , and T symmetries.

The discrete symmetries in the SM are depicted in Fig. 2.3. These include the in-
variances under the C, P , and T transformations. The C transformation conjugates
all the internal quantum numbers of the particle, including the electromagnetic charge,
Q → −Q and the colour charge. The other two discrete transformations, P and T , act
on the spacetime and transform the spacetime as (t, x⃗) → (t,−x⃗) and as (t, x⃗) → (−t, x⃗),
respectively. Assuming rotational symmetry in the SM, two of the three dimensions in
the P transformation can be rotated to the initial position, such that P is analogical to
the mirror reflection around one of the axes.

Experimentally, no deviation from the exact C, P , and T symmetries are found in
the gravitational, electromagnetic and strong interactions. However, the weak force max-
imally violates P , as first discovered in the experiment carried out by Chien-Shiung Wu
measuring the beta decays of cobalt-60 nuclei [48]. This unexpected discovery showed
that only left-handed particles and only right-handed antiparticles interact with the weak
force. In other words, the weak interaction discriminates between the interaction and its
mirror image.

In 1964, by the observation of oscillations between KS and KL, the violation of the
CP symmetry was also observed [49]. However, unlike P that is maximally violated, the
CP violation is small, characterized by Re(ε′/ε) = (1.66± 0.23)× 10−3.

The CPT theorem states that any local Lorentz invariant QFT must be invariant
under the CPT transformation [15]–[17]. Therefore, CP violation also implies T violation.
An intuitive analogy of this is that particles can distinguish not only the interaction
from its mirror image but also the direction in time. The CPT theorem implies that
antiparticles (obtained by the CP transformation) behave like particles moving back in
time. Thus, it also implies that observables like masses should be equal for particles and
antiparticles.

Despite strong limits on CPT violation, as mentioned in Chapter 1, the violation can
be introduced by violating locality [18] or Lorentz symmetry [19], [20], [50]. However, both
must be violated only weakly to ensure agreement with current SM measurements.
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3. MONTE CARLO SIMULATION

To test our understanding of the SM, experimental results are compared with numer-
ical ones, typically obtained using Monte Carlo (MC) techniques. As the experimental
precision improves, the numerical precision must also be improved to achieve sufficient
sensitivity for detecting any deviations from the SM or signals of new physics. This drives
the continuous development of high-energy physics (HEP) event generators.

In general, the objective of MC generators is to predict an expectation value of an
observable, O. Typically, this is a count of events that are observed in a given detector
acceptance. Mathematically, it is equivalent to evaluating an integral

⟨O⟩ =
∫
dϕn

dσA,B→n

dϕn

O(ϕn), (3.1)

where the integral runs over, ϕn, the phase space of n final-state particles, dσA,B→n

dϕn
is the

differential cross section for initial state particles A and B to produce final state n, and
O(ϕn) is the value of the observable at the given phase space point.

underlying event

proton PDF

ISR shower

FSR shower

hard process

resonance decays

hadronization

hadron decays

Fig. 3.1. A schematic depiction of the several steps required for a generation of a top
quark pair event [51].

The complete generation of a proton-proton collision process involves many steps that
can be factored into several stages, as illustrated for the tt process in Fig. 3.1. The
hard process and subsequent resonance decays are the main components of the large
momentum transfer process, involving typically the physics of interest, e.g. a creation
of a heavy particle. Parton distribution functions (PDFs) describe the probability of a
given parton (quark or gluon) to contain the momentum fraction x of the proton when
probed at the given energy. Final-state radiation (FSR) and initial-state radiation (ISR)
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Fig. 3.2. Steps of the event simulation and event reconstruction within the cmssw frame-
work [60].

account for emissions of soft and collinear partons from the final or initial state, respec-
tively. It is modelled as consecutive 1 → 2 and 2 → 3 splittings as a Markov chain.
Afterwards, hadronization describes the transition from colour-charged partons to colour-
neutral hadrons, which subsequently undergo decays. The underlying event (UE) is the
activity in the event that is not associated with the hard parton interaction. It consists
of the beam remnants and multi-parton interactions (MPI) in the event.

The strong coupling constant αs decreases with the momentum transfer of the given
interaction, the fact called running of αs. Due to this fact, the large momentum transfer
stages of the event generation can be calculated in perturbative series in αs, while low
momentum transfer stages rely on non-perturbative heuristic models. The two regimes
are connected using parton showers.

Different general-purpose event generators such as pythia 8 [52], [53], her-
wig 7 [54], [55], and sherpa [56] are able to perform calculations of the full event
generation but consist different formulations of parton showers, hadronization and
other processes. Specialized event generators exist, such as powheg [57], [58] and
mc@nlo [59] that are used to perform the generation of the hard process beyond the
leading order (LO) in the strong and electromagnetic coupling constants and consistently
merging these hard processes with parton showers without double counting partons.

The chain of physics event generation described ends with stable final-state particles.
In the CMS definition, these represent particles that are long-lived enough to reach the
first layers of the tracking detector of CMS, i.e. their proper lifetime, τ , is such that
cτ > 1 cm. To be able to compare the MC data with the reconstructed collision data
on the same footing, MC data have to go through the detector simulation and the same
reconstruction that is performed on the real data. The summary of the steps performed
on MC and collision data are shown in Fig. 3.2. Event generation does not always have
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to start from the general-purpose event generator or matrix element (ME) generator but
can also start from a particle gun where single particles of specific energies are shot to
the detector. Within the CMS software (cmssw) framework the output from each event
generator is converted into a common data format stored in root [61] files. The SIM
step goes through substeps of simulating the particle interactions in the detector using the
Geant4 programme [62]–[64]. Then, the conversion of the simulated hits to the digital
signal in the detector is done and the trigger simulation is performed.

3.1. Comparison of the common SHERPA sample with the com-
mon POWHEG+PYTHIA 8 sample and with the ATLAS
and CMS data

The standard MC samples for tt production in both CMS and ATLAS collabora-
tions use powheg-Box-v2 implementation of the hvq process [57], [58] interfaced with
pythia 8. For pythia 8, the parton shower, hadronization, and UE are tuned by each of
the experiments. Some settings, including the αs value, are different among the nominal
ATLAS and CMS samples and lead to differences in the predictions. An effort within the
LHC Top Working Group (LHCTopWG) [65] was dedicated to agreeing on common MC
settings for both powheg+pythia 8 and sherpa. These settings are to be used in AT-
LAS+CMS combinations2 and for comparison of measurements performed with slightly
different event cuts, especially if one of the experiments sees a result that is not seen in
the other.

The powheg+pythia 8 MC sample is beneficial as it offers a small number of negative
weights and the generation of tt at NLO in αs. However, sherpa tt MC can be a better
choice because it allows one to switch between two common types of hadronization models,
i.e. Lund hadronization and cluster-based Ahadic model. This enables a comparison
of these models and derivations of uncertainties due to their differences. Additionally,
sherpa allows the generation of a high multiplicity of hard jets and has implemented
electroweak (EW) corrections as weights.

Before the study described in this thesis, there had been no centrally generated tt

sherpa sample in CMS available for hadronization studies and experimental measure-
ments. In contrast, ATLAS had already produced a sherpa tt sample. The ATLAS set-
tings were deemed a suitable starting option for the common CMS-ATLAS sherpa sam-
ple. The aim of the author of this thesis was to generate a sherpa sample within cmssw
and validate it with respect to a sample generated using the same settings within the
ATLAS software, called athena. In addition, the sample was also validated with respect
to particle-level data measured by ATLAS and CMS experiments at

√
s = 13TeV during

Run 2 of the LHC. A comparison was also made with respect to the powheg+pythia 8
2 In the recent LHC top mass combination [66], for example, it was necessary to assume 50% correlation

between the MC samples of CMS and ATLAS.
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setup. Although it is possible to run a standalone sherpa installation within cmssw,
interfacing it to the cmssw framework has the benefit that further steps of the event
simulation can be run easily and consistently.

3.2. SHERPA sample validation

This section explains the results of the CMS-ATLAS MC tt sample project to which
the author of this thesis was the main contributor from the CMS side, i.e. the CMS-
ATLAS common sherpa sample. The results have been published by the ATLAS and
CMS experiments in a common note [38], [39].

It was found impossible to implement the same random number scheme in athena
and cmssw, thus the comparison needed to be made within the statistical uncertainties
of each sample. The validation was performed using two routines in the Rivet tool [67]:
MC_TTBAR (ONELEP) and MC_FSPARTICLES. The former is particularly used for comparing
tt predictions, while the latter shows characteristic distributions for all final-state particles
with |η| < 5.0 and pT > 500 MeV. In this way MC_FSPARTICLES is suitable for validation
of the parton shower that produces most of these multiplicities of particles.

Fig. 3.3 shows observables from these two Rivet analyses. The uncertainty bars show
only the statistical uncertainty to facilitate the evaluation of the compatibility between the
two samples. Good agreement within the statistical uncertainties is seen in all observables,
exceptNch, where a slight slope is visible, predicting that CMS sherpa produces a slightly
smaller number of charged particles than the ATLAS sample. A similar trend was also
observed in the powheg+pythia 8 sample [38], [39], leading to the conclusion that it
could be an issue of the CMS and ATLAS frameworks. One possible reason for this could
be that the CMS framework loses momentum precision of soft particles when storing them
in the data files, e.g. because of the different floating-point precision. In addition, MC
generators usually generate the interaction vertex at the same coordinate for all events,
which is smeared afterwards by the reconstruction frameworks to match that seen in the
data. It was not possible to verify whether this is done in the athena framework at this
or at the subsequent stages. The difference is only seen for the softest particles and is not
seen to impact any of the relevant distributions.

The common sherpa dataset was validated by comparing it with data, the
powheg+pythia 8 sample generated using the common ATLAS-CMS settings as well
as the ones generated using the default ATLAS and CMS settings of each generator.
The comparison encompassed Rivet routines containing ATLAS and CMS particle-level
data obtained at

√
s = 13TeV.

Fig. 3.4 shows a comparison ofHT andNjets distributions obtained in the CMS analysis
of tt differential cross section in the resolved l+jets channel [68]. It is visible that sherpa
tends to produce a smaller number of jets that are also less hard while powheg+pythia 8
tends to produce a larger number of jets that are harder. This presents a common trade-of
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Fig. 3.3. Comparison of events produced with the common sherpa settings within ATLAS
(cyan) and CMS (orange) frameworks. The number of jets (top left), the scalar sum
of the jet transverse momentum (top right) is shown, obtained using the Rivet routine
MC_TTBAR (ONELEP), as well as the energy of all the final-state particles with |η| < 5.0 and
pT > 500 MeV (bottom left), and the number of charged particles per event Nch (bottom
right) is shown, obtained using the Rivet routine MC_FSPARTICLES:. Plots are published
in [38], [39].

in tuning these two observables in NLO generators. While sherpa improves the agree-
ment with the data for HT , the agreement for Njets becomes slightly worse than for
powheg+pythia 8. A similar trade-of was observed for other Rivet routines and ob-
servables [38], [39].

3.3. Summary

In this section, the author’s contribution in generating a common CMS-ATLAS
sherpa tt MC sample and the first CMS sherpa tt sample was presented. The sherpa
sample was found to provide an alternative to the commonly used powheg+pythia 8
sample, giving better agreement with the unfolded data for distributions such as top and
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Fig. 3.4. Comparison of the CMS-ATLAS common MC sherpa settings with the common
and default ATLAS and CMS powheg+pythia 8 settings. The distribution of the sum
of the jet transverse momentum scalar (left) and the number of jets (right) is shown
compared to the CMS data. Plots published in [38], [39].

jet pT , while being slightly worse on others like Njet distributions. In this way, the aim
No. 4 is fully fulfilled. It is encouraged by the LHCTopWG to add the predictions of
the common sherpa sample to particle-level distributions of all tt analyses in CMS and
ATLAS to simplify their comparison between experiments and result combinations.

A potential way to continue this project is to repeat the generation of the common
sample after incorporating a new cluster hadronization model tune in sherpa [69]. Vali-
dated sherpa settings in CMS enable additional studies of the effect of the hadronization
model on jets, for example, by performing studies of the jet energy scale as done by AT-
LAS [70]. Such studies would be an important next step of the study presented later in
Chapter 6.
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4. EXPERIMENTAL SETUP

4.1. The Large Hadron Collider

Fig. 4.1. Left: A map of the LHC and super proton synchrotron (SPS) tunnels (in
blue) in Geneva together with the transfer lines (red) [71]. The border between France
and Switzerland is marked with the green dotted line. The centres of the eight straight
sections with access to the accelerator and where the inner and outer beampipes are
interchanged are marked by grey points. Right: A scheme of the European Organization
for Nuclear Research (CERN) accelerator complex and the main experiments at CERN
benefiting from it [72].

The measurement presented in this Thesis was performed using data collected by
the CMS experiment at the Large Hadron Collider (LHC). As the world’s most powerful
particle accelerator, the LHC is capable of accelerating two counter-rotating proton beams
to a maximum energy of 7TeV each and lead ions up to 2.8TeV [73], [74]. The map of
the LHC, and the smaller super proton synchrotron (SPS), tunnel is shown in Fig. 4.1
Left. The LHC was installed in the tunnel formerly built for the Large Electron–Positron
Collider (LEP) located at a depth between 45m and 170m below ground [75].

The proton acceleration process involves a series of carefully synchronized stages, in
which particles pass through multiple accelerators before reaching their final energy. The
full CERN accelerator complex, shown in Fig. 4.1 Right, feeds particles into the LHC
while also supporting other cutting-edge experiments.

4.2. The Compact Muon Solenoid

CMS is a hermetic multipurpose experiment [77]. Here, hermetic indicates that the de-
tector covers an extensive phase space, as the CMS hadronic calorimeter (HCAL) reaches
pseudorapidity of up to |η| = |−ln[tan

(
θ
2

)
]| = 5.2, where θ-coordinate represents the polar

angle from the beam axis. Originally designed to discover the Higgs boson and understand
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Fig. 4.2. A sector of a cross section of the CMS detector along the x-y plane (i.e. taken
perpendicularly to the beamline) [76].

its properties, CMS is well suited to carry out a variety of precision physics measurements,
as well as searches for new physics. CMS has a cylindrical shape, is azimuthally sym-
metric, 21m long, and 15 m in diameter. A sector of a slice in the transverse direction
of the CMS detector is shown in Fig. 4.2, together with example trajectories of particles
traversing it. It illustrates the layered structure of CMS with the first layers, pixel and
strip tracking detector (tracker) responsible for particle tracking. It is followed by the
calorimetric layers, where the electronic calorimeter (ECAL) is responsible for absorbing
the energies of photons and electrons, while the HCAL does it for hadrons. After that the
magnet is responsible for bending the charged particles to distinguish their charge and
pT. Finally, the muon chambers are dedicated to the tracking of muons, which do not get
absorbed in the calorimeters and the magnet.

CMS uses a right-handed coordinate system as shown in Fig. 4.3 where the z-axis
points in the direction of the counterclockwise beam, the x-axis points to the centre of the
LHC, and the y-axis points vertically upwards. In addition, cylindrical coordinates (r, ϕ, z)
and spherical coordinates (r, θ, ϕ) are often used, where the r-coordinate represents the
radial distance from the z-axis. The ϕ-coordinate represents the azimuthal angle around
the beam axis. The polar angle θ is often replaced by η.

The detector is divided into the barrel, endcap, and forward regions. The barrel
region contains cylindrical subdetectors and covers up to |η| < 1.3. The endcap region
covers the sides of the CMS cylinder and is divided into a region with the CMS tracker
coverage, 1.566 < |η| < 2.5, and with no tracker coverage, 2.5 < |η| < 3. This leaves a
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Fig. 4.3. The coordinate system used in CMS [78].

transition region of 1.3 < |η| < 1.566 with a larger material budget due to the cabling
and limited detector coverage. The forward region with the forward HCAL is defined as
3 < |η| < 5.191.
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5. EVENT RECONSTRUCTION IN CMS

Once a signal is detected, the raw detector response, recorded as hits and deposited en-
ergy, has to be transformed into information in terms of physics objects, such as particles,
their momenta, trajectories, and types. This is done in the event reconstruction.

The first step in reconstruction is tracking, where individual particle trajectories are
identified from hits in the tracking detectors [79]. After tracks are reconstructed, the
primary vertices (PVs) are determined by extrapolating the tracks and fitting the position
of the track origin. The PV with the highest track pT pointing to it is identified as the
leading PV, representing the primary interaction point of the hard scattering process.

Physics objects are reconstructed using the particle flow (PF) algorithm that combines
the information from all the subdetectors [76]. Muons are reconstructed using the tracks
in the muon chambers and the inner tracker. Electrons are identified as superclusters of
bremsstrahlung deposits in the ECAL matched to corresponding tracks, while photons are
found by similar superclusters without associated tracks. Hadronic activity is classified
based on energy deposits in the HCAL: clusters without associated tracks are tagged as
neutral hadrons, while those linked to tracks are identified as charged hadrons.

After individual particles are reconstructed, collimated sprays of hadrons, jets, are
clustered from groups of PF candidates. After that, reconstruction continues with the
calibration for the energies of the physics objects and improving the resolution. Addi-
tionally, data-to-MC scale factors (SFs) accounting for differences between the simulation
and data are determined. The following sections introduce jet clustering and energy
calibration in more detail.

5.1. Jet clustering and identification

The colour confinement and large logarithms appearing for the matrix elements of soft
and collinear emissions of quarks and gluons cause the creation of a large multiplicity of
hadrons3 collimated in narrow cones, as depicted in Fig. 5.1. Precise treatment of such
large multiplicities of particles is complicated both theoretically (e.g. due to limited order
calculations in coupling constants and parton shower approximation) and experimentally
(e.g. due to computational power required to track the large number of particles and the
limited detector resolution). This complexity can be efficiently reduced by combining the
particles into jets originating from an initial colour-charged particle.

Jet clustering algorithms assign final-state particles to jets. The jet clustering algo-
rithm used in this Thesis is an anti-kT algorithm that creates conical jets of a radius taken
as R = 0.4 [80], [81]. In the MC simulation, it is possible to assign the given jet a flavour
of the parton that initiated it. In this Thesis, it is done using the parton flavour algo-
rithm. This algorithm repeats the jet clustering from a list of hadrons, which is extended

3 This includes also other particles, like leptons arising from the decays of unstable hadrons.
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Fig. 5.1. Schematic picture of a jet. MC generators allow to distinguish jets clustered
from different types of objects. Parton level denotes jets clustered from partons. Particle-
level jets are clustered from stable hadrons. Reconstructed jets are obtained by clustering
reconstructed objects like energy deposits in the calorimeters or PF candidates.

by adding all the final partons with their momenta scaled to a negligible value. The jet is
assigned a bottom (b) flavour if there is a b parton clustered inside this jet and charm (c)
flavour if there is a c parton but no b parton inside. Otherwise, the jet adopts the flavour
of the hardest parton clustered inside.

For both MC simulation and data, b and c jet identification (b and c tagging) is possi-
ble from the reconstructed track information [82]. This relies on such information as the
existence of a secondary vertex (SV) within the jet. Three working points (WPs) are cre-
ated, “loose”, “medium”, and “tight”, which correspond to the probabilities to misidentify
a light-quark jet as a b jet of 10%, 1% and 0.1%, respectively.

5.2. Jet energy calibration

Reconstructed
Jets

MC + RC

MC

Pileup

MC

Response (pT , η)

dijets

Residuals(η)

γ/Z+jet, MJB

Residuals(pT )

MC

Flavor

Calibrated
Jets

Applied to simulation

Applied to data

Fig. 5.2. jet energy corrections (JEC) scheme in CMS Runs 1 and 2 [83]. Flavour MCs
are optional but used in the ∆mt analysis. The top shows the corrections applied to data,
and the bottom shows the corrections applied to MC.

The reconstructed jets require calibration to remove effects of pileup (PU), the losses
in the detector, e.g. due to dead material and the detector non-compensation, and UE
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contaminating the jet cone. In CMS, the scheme to correct jets in Run 2 is shown
in Fig. 5.2. It is factorised in several steps. First, the PU contribution is removed
using the charged hadron subtraction (CHS) and hybrid area method. After that, the
detector effects are compensated for. These response corrections are first obtained from
MC simulation (MC-truth corrections), ensuring that the pT of reconstructed jets matches
the pT of particle-level jets. Since pT,reco is smeared by detector resolution, the jet energy
response R =

pT,reco
pT,ptcl

is a distribution similar to the one shown in Fig. 5.3. The MC-truth
corrections thus shift the jet energy scale (JES), namely the mean (or median) of this
distribution, to 1. After this, the residual data and MC corrections are obtained using
data-driven corrections relying on pT-balance in dijet and Z+jets events.
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Fig. 5.3. Jet energy response distribu-
tion showing its mean, JES, and the
width, jet energy resolution (JER).

After all the mandatory CMS JECs de-
scribed above, optional flavour-dependent JEC
(flavour corrections, L5 corrections) obtained
from the MC can be applied. These take into
account the fact that different flavour jets have
different fragmentation patterns and behave in
the detector differently. In addition, flavour un-
certainties account for the mismodelling of each
individual jet flavour. These uncertainties are
mandatory in CMS for all analyses that use jets.
The flavour corrections and flavour uncertain-
ties will be discussed in Chapter 6. All the steps
mentioned above come with a separate set of
uncertainties.
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6. FLAVOUR-DEPENDENT JET ENERGY CORRECTIONS
AND QUARK-ANTIQUARK RESPONSE ASYMMETRY

quark 
~CF=4/3

h

Tr
ac

ke
r,
 E

C
A
L,

 H
C
A
L

h
ad

ro
n
iz

at
io

n

gluon
~CA=3

h

h
ad

ro
n
iz

at
io

n

Tr
ac

ke
r,
 E

C
A
L,

 H
C
A
L

Fig. 6.1. Schematic picture of the differences between a quark jet (left) and a gluon jet
(right). Gluon jets have a larger particle multiplicity and a wider jet radius. The hadron
content between the jets also differs, for example, jets initiated by strange quarks have a
higher probability of producing kaons (strange hadrons).

As described in Section 5.2, jets clustered from particle-level constituents and from
reconstructed particles differ. In CMS, these effects are typically accounted for using JEC
obtained from the QCD dataset dominated by gluon jets. Nonetheless, the response varies
depending on the flavour of the jet due to differences in jet fragmentation [84]. Response-
varying effects include hadron content differences [70], the momentum spectrum of the
constituent hadrons, and the shape of the jet [85]. The differences in jet flavour are
schematically depicted in Fig. 6.1. For instance, light quark jets (u, d) tend to exhibit the
highest energy response, while gluon jets present a comparatively lower response. This is
due to the larger gluon Casimir colour factor leading to gluons fragmenting into a greater
number of softer particles, with a wider spread in the detector. This can also cause the
deposits in some of the calorimeter cells to fall below the detector thresholds and thus
reduce the energy response. Moreover, the potential mismodelling of the jet fragmentation
across different flavours leads to flavour uncertainty.

The necessity for flavour-dependent JEC (flavour corrections) is to facilitate the esti-
mation of the flavour uncertainties and to bring into agreement the gluon-jet-dominated
QCD dijet (QCD) and quark-jet-dominated Z+jet samples used to derive the data-driven
corrections. In addition, analyses relying on b jet identification, such as the top quark mass
measurement, would benefit from the correction of the b jet to light quark jet response.
Such a correction is applied in the ∆mt measurement as described in Subsection 7.2.1. On
the contrary, the flavour uncertainty is necessary for all the analyses using jets in CMS.
The uncertainty associated with b jets has emerged as the dominant uncertainty in some
analyses, such as the top-quark mass measurement [86], while the gluon jet uncertainty
is one of the leading in measurements of αs [87]–[90] or cross-section measurements of the
tt+ jet process [91].
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Flavour corrections are usually derived using MC-truth methods as an extension of
the inclusive JEC derivation procedure described in Section 5.2. The difference is that
for flavour corrections, the sample of jets is split according to the jet flavour. Data-
driven techniques [92]–[95] also have been developed. Although promising, these methods
typically suffer from large systematic uncertainties or require additional tests. As a result,
data-driven methods have so far primarily served only as a validation of the MC-driven
results.

The previous CMS flavour corrections were obtained using a QCD sample generated
by pythia 6 (Z2* tune), while the flavour uncertainties were obtained from the differ-
ences against a herwig++ (EE3 tune) QCD sample [83]. Additionally, a private set of
corrections using herwig++ and pythia 8 was derived with early Run 2 samples [96]. In
this study, we repeat the work using pythia 8 (CP5 tune) for the flavour corrections and
a comparison to herwig 7 (CH3 tune [97]) for determining the flavour uncertainties. In-
stead of only using the QCD sample, we do simultaneous fits of the QCD, DY (or Z+jets),
and tt samples, in addition to a fit of the tt sample individually. Alternative MC-truth
methods for the estimation of jet flavour uncertainties exist, for example, by splitting
the flavour uncertainty into three components: hadronization, shower and UE+shower as
done by ATLAS [98]. In this study, however, we continue the approach previously used in
CMS, estimating the flavour uncertainty through differences between herwig (angular-
ordered shower + cluster hadronization) and pythia (pT-ordered dipole shower + Lund
string hadronization).

This section contains the main results obtained by the author of this Thesis. First, the
flavour corrections are shown in Section 6.1, then, the flavour uncertainties in Section 6.2,
and finally, the flavour-antiflavor uncertainties are obtained as explained in Section 6.3.
The results are useful for the entire CMS collaboration, and their application to the ∆mt

measurement is shown in Chapter 7. The results are presented in a CMS internal note
[40].

6.1. Flavour dependent jet energy corrections

Flavour corrections were obtained from the tt and QCD datasets individually and
from a simultaneous fit of QCD, tt and DY datasets. The corrections derived using the
pythia 8 QCD dataset (Summer20) were compared to the corrections used in Run 1 (Win-
ter14) obtained from the QCD sample generated using pythia 6 with the Z2* tune [83].
In addition, an earlier set of corrections using an independent framework was derived in
Ref. [96] on the QCD dataset generated using pythia 8 (Autumn18). These corrections
rely on an older CMS MC campaign, which contains earlier versions of JEC that were
less fine-tuned than in the UL campaign. For this comparison, the Summer20 corrections
are derived in the same |η| binning as the Autumn18 corrections. The Winter14 fits were
derived in a coarser binning corresponding to HCAL sections.
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Fig. 6.2. Inverse median of the jet energy response in the 0 < |η| < 0.783 bin for six
different jet flavours for the QCD sample, generated using pythia 8 (black markers). The
fits of the QCD sample are shown (Summer20, black curve) together with the Autumn18
(early Run 2, red curve) and Winter14 (Run 1, blue curve) corrections.
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Fig. 6.2 compares the new Summer20 with the Autumn18 and Winter14 fit results of
the JEC factor defined as the inverse median jet energy response. The results are shown
in the most central |η| bin. The legend displays the corresponding |η| bin used for the
Winter14 fit. It shows a reasonable agreement between the Summer20 and Autumn18
fits.

The Winter14 corrections show a significant disagreement with the other two fits. The
main reason for this is the intrinsic differences between pythia 6 with the Z2* tune and
pythia 8 with the CP5 tune, such as UE parameters and the αs value in the parton
shower. Moreover, the number of events for the pythia 6 sample used for the Winter14
fits (around 10 million events) was significantly smaller than in the pythia 8 QCD dataset
(around 20 million events). This is also seen by the larger statistical fluctuations in the
Winter14 fits. In addition, the Winter14 fits were derived on jets clustered with R = 0.5

instead of R = 0.4 and using different binning in |η| than the Summer20 fits. Finally, the
Winter14 fits used a different classification method for parton-level jets, called the physics
definition, while in Summer20 and Autumn18, the parton flavour was used. Despite the
differences between the pythia 6 and pythia 8 flavour corrections, they show the same
global trends. Namely, b and g jets have a lower response, generally R < 1, while light
jets have a larger response with R > 1.

6.2. Flavour uncertainties
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Fig. 6.3. Comparison of the median jet energy response predicted by pythia 8 (closed
markers) and herwig 7 (open markers) showers for different jet flavours. The inverse of
the JEC fits are shown as curves. Results are shown for two different η regions.

In Fig. 6.3 the herwig 7 and pythia 8 comparison for the median jet energy re-
sponses in the tt sample, i.e. the inverse of the correction, is shown. The general trends
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are the same as for the results of the QCD fit shown in Fig. 6.2. One can see that light
flavours need the largest correction and gluon jets need the smallest, while the rest of the
flavours are in-between the two. The ordering and overall trend between different flavours
is consistent with what was seen in the Run 1 analysis [83]. Some differences between
the pythia 8 and herwig 7 datasets are observable. The tt flavour uncertainty is pro-
portional to these differences but normalized to a reference point of pT = 200GeV in the
Z+jets flavour composition, to which the data-driven residual corrections are calibrated.
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Fig. 6.4. Flavour uncertainty as a function of pT for two different η regions (top), and
as a function of η for two different pT regions (bottom). The dash-dotted lines show the
flavour uncertainties from Run 1. The solid lines show flavour uncertainties for Run 2.

In Fig. 6.4, the flavour uncertainty for different flavours is compared to the flavour
uncertainty of Run 1. For gluon jets. the obtained uncertainty is significantly smaller than
in Run 1, and for other flavours, the uncertainty in some regions of pT becomes slightly
larger, while decreasing in others. As in Run 1 gluon jets were the dominant source of
the uncertainty, and due to the limited number of simulated MC events, the rest of the
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Fig. 6.5. Schematic picture of an event with a quark and antiquark created. The difference
in the hadron evolution leaves a different impact in the detector.

flavours in Run 1 were fitted with a very approximate fit, which often was a simple straight
line. This often leads to an underestimation of the uncertainty. For Run 2, we now fit all
flavours from a larger number of generated MC events, and an improved dependence over
pT is obtained. The uncertainty for b jets reaches 2.5% at pT > 100GeV, compatible with
the 3 % in the Autumn18 pythia 8/herwig++ analysis [96]. The potential cause of this
increase was found to be differences in the modelling of b hadron decays in herwig 7 and
pythia 8, as further discussed in the Doctoral Thesis.

6.3. Flavour-antiflavour uncertainty

In precision measurements of potential differences in the properties of matter and
antimatter, such as the ∆mt measurement, even small response differences between quark
and antiquark jets are important. Such differences can arise from different hadron and
antihadron content in flavour and antiflavour jets as depicted in Fig. 6.5. These hadrons
and antihadrons interact with the detector material that is made out of matter, where the
antihadrons lead to a slightly larger energy deposit in the calorimeters. In this section,
the author presents two sources for flavour-antiflavour uncertainties.

The first source of the uncertainty, shown in Subsection 6.3.1, covers potential mis-
modelling of the flavour vs antiflavour jet content and fragmentation and decays by the
parton showers. This is obtained by a comparison of the herwig 7 and pythia 8 parton
showers in a similar way as the flavour uncertainties were obtained. The second uncer-
tainty, presented in Subsection 6.3.2, is the mismodelling of the single-pion responses in
the Geant4 simulation in comparison to the HCAL test beam data.
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Fig. 6.6. Flavour vs antiflavour uncertainty as a function of pT for two different η regions
(top) and as a function of η for two different pT regions (bottom).

6.3.1. Flavour-antiflavour uncertainties from the parton shower modelling

The flavour uncertainties were estimated by subtracting the pythia 8 fit of the me-
dian jet energy response from the herwig 7 fit for each quark-antiquark combination.
The resulting uncertainty curves can be seen in Fig. 6.6. The dominating uncertainty,
especially at the lowest η, is the s vs s uncertainty. Due to the u/d flavour fraction
dominating over u/d at large pT and η, the u/d uncertainty is much larger than the u/d
uncertainty. Thus, at large pT and |η|, where the fraction of u/d jets is small, the uncer-
tainty for u/d becomes larger than the u/d uncertainty. The b vs b uncertainty changes
sign with increasing pT and |η|, and is below 0.03% in the range of 50 < pT < 100GeV,
where the largest amount of b jets in tt events are created. The results explained stem
from a large disagreement between the predictions of the s jet response by herwig 7 and
pythia 8 showers and a small disagreement in the predictions of the b jet response.
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For the Run 1 measurement of ∆mt [30], the b vs b uncertainty was estimated by
taking the total difference in responses between b and b in the same shower, which at
that time was pythia 6. A constant shift of 0.078 % was observed. However, a good
MC generator should model the actual b and b response differences as in data, while the
potential mismodelling of the different flavour vs antiflavour responses can cause a bias
in the ∆mt measurement. Thus, this analysis using the predictions of herwig 7 and
pythia 8 presents a more proper estimate of the flavour-antiflavour uncertainty. Note,
how the flavour-antiflavour uncertainty is around 10 times smaller than the inclusive
flavour uncertainty shown in Fig. 6.4.

6.3.2. Flavour-antiflavour uncertainties from simulated hadron response mis-
modelling
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Fig. 6.7. The total ECAL and HCAL response from the test beam and the simulated
response using two different physics lists: left – the results for π±, and right – for K±.
Data are obtained from [99]. The particle gun simulation is performed using Geant4
v.10.4.p03.

Before mounting the barrel HCAL and ECAL (EB, HB, and HO) into CMS, a test
beam was performed to measure the properties of these subdetectors [99]. Responses to
beams of π±, p, p, K±, e±, and µ± were measured. The results for the test beam for
π± and K± are shown in Fig. 6.7, together with a simulation of the detector response
by Geant4. In this study, we use Geant4 version 10.4.p03 [62]–[64] together with the
physics model configuration (physics list) FTFP_BERT_EMM, as used for MC simulation used
in the ∆mt measurement. An alternative physics list QGSP_FTFP_BERT_EMM is used for
comparison. The initial HCAL calibration had been done with 50 GeV electrons.

40



The results show a larger response for π+ than for π−. At beam energy pBeam =

2GeV, this difference is almost 10% and slowly decreases with increasing pBeam. This
difference is not described by Geant4. Both of the physics lists used in this study
predict approximately the same response of π+ and π−, agreeing with the π+ data. This
difference in data could be explained by different probabilities to create π0 through charge-
exchange reactions, π+ + n → π0 + p (I) and π− + p → π0 + n (II), taking place in the
ECAL. π0 quickly decays to two photons and in CMS calorimeters leaves around 20%
more signal than π±. Since PbWO4, the scintillator material in the ECAL consists of
42% more neutrons than protons, the reaction (I) has a higher probability of taking
place, explaining the increased response for π+.

Another notable disagreement between the test beam results and the simulation of
Geant4 is in kaons. The response for both K+ and K− is larger than predicted. The
agreement with π− was found to improve towards Geant4 version 10.7p01 used for the
early Run 3 simulation [100]. On the other hand, the agreement with π+ does not seem
to improve but even deteriorates. Regarding kaons, it was shown that the agreement
between the simulation and the particle gun data improves only slightly, and there is a
remaining disagreement of up to 20% in the response for pBeam > 3GeV.

To account for the impact of the π− and π+ response mismodelling on the flavour-
antiflavour JEC, the response of the PF candidates formed from negatively charged tracks
was scaled down by a factor obtained from a ratio seen in Fig. 6.7. The effect of the re-
sponse shifts on JEC is seen in Fig. 6.8, where the ratio of the jet energy response of the
dataset corrected for the π− mismodelling and the central dataset is shown. An overall
impact of up to 0.30% can be seen important for precise inclusive jet energy calibration,
while for flavour and antiflavour, the impact is similar. Statistical uncertainties are re-
duced by a factor of 100 due to the correlations of the scaled and central responses. At
low pT, π− scaling impacts s jets more than s jets, while at large pT it is the other way
around. A similar but opposite trend can be seen for u/d and u/d jets. For b and c jets,
no clear trend of the quark vs antiquark jet relation over pT is visible. Therefore, it was
decided to merge all the pT bins and obtain the uncertainty as an overall scale factor for
each of the four |η| bins. The uncertainty is obtained as the difference of the central shift
of the jet energy response for quark jets and for antiquark jets.

6.4. Summary and conclusions

The derivation of jet flavour corrections and uncertainties was presented. Unlike in
Run 1, they are obtained from QCD and tt samples individually, and from a combined
fit of QCD, tt, and DY samples. The newly derived flavour corrections are derived in
a finer binning than the Run 1 corrections and have lower statistical fluctuations. The
differences are up to 2% (for light quark, u/d, jets).
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Fig. 6.8. Ratio of the jet energy response scaled by the π− shift and the central simulation.
The impact of the shift of the corresponding flavour and antiflavour are overlaid.

Compared to Run 1, flavour uncertainty for g jets is reduced by up to 50%, while
for other flavours it remained similar. For b jets, the flavour uncertainty has a rapid
increase at large momenta, which is possibly due to the mismodelling of long-lived b

hadrons. However, the exact reasons for the issue have yet to be determined. The
flavour-antiflavour uncertainty takes into account two different effects:

1) the MC modelling of the flavour composition;

2) the effect of the disagreement between the hadron and antihadron responses of the
geant 4 simulation compared to the test beam data.
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7. THE MEASUREMENT OF THE MASS DIFFERENCE
BETWEEN TOP AND ANTI-TOP QUARK

In this Chapter, the measurement of the mass difference between the top quark and
antiquark, ∆mt = mt −mt, using tt events in the lepton+jets decay channel is described.

7.1. Event selection

Table 7.1
|η| and pT requirements for electrons, muons, and jets

Electrons Muons Jets
Max |η| (2016) 2.4 2.4 2.4
Max |η| (2017− 2018) 2.5 2.5 2.5
Min pT [GeV] (2016) 29 26 30
Min pT [GeV] (2017− 2018) 35 29 30

The event selection is targeting the tt lepton+jets decay channel and requires events
to contain:

1) exactly one isolated lepton (electron or muon) with pT and |η| selection requirements,
as shown in Table 7.1;

2) at least four CHS jets clustered with the anti-kT algorithm with R = 0.4 and with
selection requirements, as shown in Table 7.1;

3) at least two of the jets have to be classified (tagged) as b jets using the DeepJet
algorithm, using the Medium WP.

The requirement of at least 2 b tagged jets is different from the Run 1 ∆mt analysis,
where at least 1 b tagged jet was required. This stricter requirement improves the signal-
to-background ratio and was made feasible by the increased amount of data in Run 2
compared to Run 1.

An event display of an example event that passes the event selections is shown in
Fig. 7.1. The event is obtained from simulated tt events and shows four jets, two of which
are b tagged, an isolated muon, and a large pmiss

T .

7.2. Event reconstruction

The purpose of event reconstruction is to match the reconstructed objects to the tt
event hypothesis, correct the event kinematic variables, and select events with a higher
signal-to-background ratio. First, reconstructed objects, that is, the lepton, pmiss

T , two
b-tagged and two light jets are matched to the parton-level objects in the tt event shown
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Fig. 7.1. An event display of a tt event candidate in MC simulation. The view from
an arbitrary plane (left) and in the ρ − ϕ plane (right) is shown. The yellow (dark
red) cones with same colour lines pointing out represent light (b tagged) jets. The red
track represents muon going through the muon chambers. The red (blue) stacked blocks
represent the energy deposits in the ECAL (HCAL). The violet arrow shows the direction
of the pmiss

T . The green lines show the trajectories of the PF candidates.

in Fig. 2.2. The two leading light jets form the W boson candidate, while the b-tagged
jets are assigned as b quark candidates.

There are two possible permutations of the b jet to b quark assignment. Based on MC
truth information, the jet permutation is classified as “correct”, “wrong” and “no match”.
Due to the small mistag rate of the b-tagging algorithm, the “wrong” category arises
mostly from the cases where the four jets are selected correctly but the two selected b

jets are assigned to the wrong b parton. The “no match” categorises permutations where
the four jets do not match the partons arising from the tt event, which happens in cases
where, for example, an ISR jet is hard enough to appear among the leading light jets.
It should be noted that “wrong” and “no match” permutations are also sensitive to the
generated mt and thus are useful for the fit, though not in a straightforward way as the
correct permutations.

Finally, pmiss
T is assigned to the neutrino. The |pz| of the neutrino can be found by

solving for (pν + pl)
2 = (mpdg

W )2. This quadratic constraint can lead to two solutions,
and an assumption of choosing one of the solutions has to be taken. Reasonable options
include taking both solutions, taking the solution with the smallest |pz|, the neutrino
solution that is closer to the lepton |pz|, the solution that maximises the cosine of the
angle between the lepton and the W, or not solving and keeping |pz| = 0. In this thesis,
the solution that minimises the neutrino |pz| is chosen, that is, the most central one.
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Fig. 7.2. Distribution of the hadronically decaying reconstructed W boson mass, mreco
W , for

the “correct” jet match of the tt lepton+jets events. Left: the result without the flavour
corrections, right: after applying the flavour corrections from the tt dataset. The blue
line shows the result of the Gaussian fit in the range where the fit was conducted and the
dashed line shows the whole range of the fit result. Results are shown for the 2017 data
in the e+jets channel.

7.2.1. Application of flavour-dependent JEC

Fig. 7.2 shows the mreco
W distribution from correctly assigned tt lepton+jets permu-

tations before and after applying the flavour corrections. The effect of the corrections
brings the peak of mreco

W from 83.13± 0.13GeV to 80.41± 0.14GeV for the e+jet events,
thus bringing it into agreement with mpdg

W = 80.4GeV. The effect is explained by the
light jets having a response R > 1 for the entire range of pT and the jet |η| and, so, the
flavour correction lowers the pT of the light jets forming the W boson candidate. The
flavour corrections derived from the QCD dataset were also applied, but showed a slightly
worse central value mpdg

W = 80.65±0.13GeV, explained by differences in the event topolo-
gies. This shows that although significantly improving the pT spectra of jets of different
flavours, one set of flavour corrections may not be ideal for all analyses.

7.2.2. The reconstruction algorithm, WMassDeltaTopMass

Typically, for tt event reconstruction in the lepton+jets and all-jets channels, a kine-
matic fit is employed, which is a χ2 fit of the kinematic properties of the four jets, lepton
and neutrino momenta with several constraints [86], [101]. One of the constraints is typ-
ically mreco

t,had = mreco
t,lep, i.e. that the hadronically decaying top-quark mass should match

the leptonically decaying top-quark mass. The equal-mass constraint corrects the b jet
momenta to accommodate a smaller mreco

t,had−mreco
t,lep and thus also biases the ∆mt measure-

ment. In attempts using kinematic fit without the equal mass constraint, around 35% of
the jet combinations in tt events suffered non-convergence.
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Fig. 7.3. The distribution of the reconstructed hadronic W mass, mreco
W , before applying

the mreco
W requirement (left) and after (right). Results are shown for the whole Run 2.

Instead of a kinematic fit, a cut-based reconstruction algorithm, called
WMassDeltaTopMass (WM-DTM), was used. The aim of the algorithm is to obtain the
best possible purity of the correct permutations and top mass peak resolution without
introducing a bias in ∆mt. The analysis procedure is described in the following.

For each event, the two leading light jets are assigned to the W boson candidate. To
reduce the detector effects on the light jets, the light-jet four-momenta are scaled, so that
their invariant mass is equal to mpdg

W using

pq1 → pq1 ·
√
(pq1 + pq2)

2

mpdg
W

pq2 → pq2 ·
√

(pq1 + pq2)
2

mpdg
W

.

(7.1)

In the following, observables with superscript “fit” denote observables obtained after the
scaling in Eq. (7.1) and choosing the neutrino solution as described in Section 7.2, while
“reco” denotes observables before these corrections. Afterwards, the two permutations of
the b jet assignment to the two top-quark candidates are tested, and the one yielding the
smallest |∆mreco

t | = |mreco
t,had −mreco

t,lep| is stored.
To increase the ratio of correct permutations with regard to the total MC, a condition

on mreco
W was added such that 60GeV < mreco

W < 100GeV (mreco
W requirement), mimicking

the constraint of mreco
W in the kinematic fit. Note that with the light jet scaling in Eq. (7.1)

the mfit
W distribution is just a delta function, while mreco

W stays intact and can be used for
the mreco

W requirement. The distribution of mreco
W before and after the mreco

W requirement
is shown in Fig. 7.3. It it possible to see how the mreco

W requirement removes the tails of
the distribution consisting mostly of wrong b jet permutations and backgrounds. Note
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that the peak of the distribution centres well around 80 GeV due to the application of the
flavour corrections (compare with, e.g. [86], [102]).

7.2.3. The performance of the WMassDeltaTopMass algorithm

Table 7.2
Event yields for all the channels and all years with and without the mreco

W requirement

No mreco
W requirement With the mreco

W requirement
l−+jets Run 2 l++jets Run 2 l−+jets Run 2 l++jets Run 2

Dataset Events
[k]

Ratio to
total

MC, %

Events
[k]

Ratio to
total

MC, %

Events
[k]

Ratio to
total

MC, %

Events
[k]

Ratio to
total

MC, %
tt l+jets total 1239.7 84.0 1240.6 84.5 530.6 89.4 531.6 89.5
l+jets correct 289.1 19.6 289.5 19.7 255.9 43.1 256.3 43.1
l+jets wrong 115.7 7.8 115.8 7.9 83.0 14.0 83.0 14.0
l+jets no match 834.8 56.6 835.3 56.9 191.7 32.3 192.3 32.4
tt dilepton 113.3 7.7 113.4 7.7 26.3 4.4 26.4 4.4
tt all hadronic 1.2 0.1 1.3 0.1 0.4 0.1 0.4 0.1
tt+V 3.1 0.2 2.7 0.2 0.9 0.2 0.8 0.1
single-top 70.3 4.8 61.0 4.2 25.4 4.3 23.3 3.9
DY+jets 4.2 0.3 4.1 0.3 1.0 0.2 1.0 0.2
W+jets 23.4 1.6 17.8 1.2 4.7 0.8 3.7 0.6
VV 1.0 0.1 0.8 0.1 0.3 0.0 0.3 0.0
Multijet 18.8 1.3 26.3 1.8 4.0 0.7 6.8 1.1
Simulation total 1474.9 100.0 1468.0 100.0 593.5 100.0 594.2 100.0
Data 1390.6 94.3 1378.7 93.9 542.8 91.5 540.3 90.9

In Table 7.2 the number of events obtained for each of the MC samples and data is
compared with and without the mreco

W requirement. A charge asymmetry in the back-
ground MC samples can be seen, in particular in the single-top and W+jets samples,
which contain more events in l−+jets events (i.e. in events adding to the hadronic top
quark distribution) than in l++jets events (i.e. in events adding to the hadronic top
antiquark distribution). The opposite trend is seen for multijet events. After the mreco

W

requirement, the asymmetry becomes smaller for samples such as single-top and W +jets,
while it increases for the multijet sample. The asymmetry is slightly larger in the data
than in the simulation.

The mreco
W requirement is seen to improve the correct permutation purity to 43%,

which is almost as good as the kinematic fit with the Pgof cut, where it was found to
be 47% [86]. The MC count exceeds the data count by approximately 6%, which can
be covered by the MC uncertainties, as seen in previous analyses [86]. The MC-to-data
disagreement increases to around 9% after the mreco

W requirement.
The distributions of mreco

t and mfit
t after the mreco

W requirement are shown in Fig. 7.4.
The condition in Eq. (7.1) can be seen to significantly reduce the width of the top-quark
mass distribution. The mreco

W requirement is seen to remove the amount of backgrounds
significantly, showing a sharp mfit

t peak.
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Fig. 7.4. The distribution of the reconstructed top-quark mass mreco
t (left) and the fit

top-quark mass mfit
t after the mreco

W requirement. Distributions are shown for the whole
Run 2 dataset.

The good efficiency and resolution of mfit
t illustrate that WM-DTM serves as a more

lightweight cut-based alternative to the kinematic fit while maintaining analogous char-
acteristics. The selection of the tt events with WM-DTM leads to a smaller bias for the
∆mt measurement than with the kinematic fit, as there is no explicit shift of the b jet
momenta matching the top-quark masses. Selecting only the first permutation does not
have a significant impact on ∆mt. The usage of the second permutation would increase
the number of events and thus might improve the sensitivity but also worsen the fraction
of correctly matched events with respect to all the events. In future revisions of this
analysis, the impact of adding the second permutation could be tested.

7.2.4. Reweighed datasets with non-zero top quark mass difference

As no MC samples were available with |∆mt| > 0, the mass difference between top
quarks and antiquarks was incorporated by adding weights to the simulated events shifting
the position of the peak for the top quark and antiquark mass. In this way, events that
have mass at the peak can be given a smaller weight than events at a new peak. The
event reweighing was done using ratios of Breit-Wigner distributions B(mgen

t ,mt,Γ) and
is given as

w(mgen
t ,mgen

t
,mt,new,mt,new,mt,old,Γ) =

(
B(mgen

t ,mt,new,Γ)

B(mgen
t ,mt,old,Γ)

)
·
(
B(mgen

t
,Mt,new,Γ)

B(mgen
t
,Mt,old,Γ)

)
,

(7.2)
where mt,old = 172.5GeV and Γ = 1.31GeV are the top quark mass and width parameters
used for the original event generation, which are the same for top quark and top antiquark;
mt,new and mt,new are the values of the top quark and top antiquark mass parameters to
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which the reweighing should be performed; while mgen
t and mgen

t
are the generated top-

quark and antiquark masses in a specific event. In other words, the values of mgen
t and

mgen
t

are unique for each top quark and are distributed with a peak at the corresponding
mt and width Γ. The first term on the right-hand side in Eq. (7.2) reweighs the top quark,
and the second term reweighs the top antiquark. The Breit-Wigner distribution is given
as

B(mgen
t ,mt,Γ) =

k

((mgen
t )2 −m2

t )
2 +m2

tΓ
2
, (7.3)

where

k =
2
√
2mtΓγ

π
√
m2

t + γ
≈ mtΓγ√

m2
t + γ

(7.4)

and
γ =

√
m2

t (m
2
t + Γ2). (7.5)
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Fig. 7.5. Left: The comparison of the reweighed mgen
t distribution, where mt values were

reweighed to 171.5 GeV and 173.5 GeV (in green) with the sample where the peak was
explicitly generated at mt = 171.5GeV and at mt = 173.5GeV (the black markers). In
addition, the central unreweighed sample generated with mt = 172.5GeV. Fit mean
obtained by fitting distributions with a Voigt distributions is shown in the legend. Right:
The ratios of all the samples shown on the left with respect to the central sample. In
addition, here also the reweighed distribution to mt = 172GeV and mt = 173GeV is also
shown (in red).

Reweighing is validated by comparing the mgen
t and mgen

t
distributions, for samples

where the initial mt = 172.5 is reweighed to mt = 172.5±1GeV with the sample generated
specifically with the same mt values. The results are shown in Fig. 7.5 for the mgen

t

distribution. No visible difference is seen between the two samples. A similar agreement
was obtained when comparing the mt distributions.

For the profile likelihood fit, we use reweighing to ∆mt = ±400MeV, thus each mt

and mt is reweighed by ±200MeV. This covers the 68% confidence interval of the Run
1 analysis, which measured |∆mt| + |∆(∆mt)| = 360MeV [30]. Although reweighing
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can increase the statistical uncertainties in the dataset, the loss of statistical accuracy is
negligible for variations that are small compared to Γ.

7.3. Systematic uncertainties

The impact of all systematic uncertainties recommended in CMS is estimated. In addi-
tion, two sources of flavour-antiflavour uncertainty are estimated as derived in Section 6.3.
The systematic uncertainties are divided into 3 categories: experimental uncertainties and
signal normalisation (I), modelling uncertainties applied as event weights (II), and mod-
elling uncertainties applied as additional uncorrelated samples (III). For the modelling
uncertainties, the usage of weights as in type (II) is preferable to applying them as ad-
ditional samples as in type (III) because of a perfect correlation among the variation if
applying weights. Since the statistical uncertainties of the type (II) variations are almost
fully correlated, the impact of the variation can be seen even if it occurs within the sta-
tistical uncertainties for bins with small number of events. In addition, when running the
MC event generation, the weights are calculated on the fly, which does not increase the
computation time as much as generating a new sample. Thus category (III) uncertainties
are used only when an uncertainty using weights is not possible.
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Fig. 7.6. Left: The ratio of the bin count in the FSR light quark scale up variation with
respect to the central tt lepton+jets dataset. The left panel shows the results for the
µ−+jets sample, while the right panel for the µ++jets sample. The ratio of the reweighed
samples with ∆mt ± 400MeV is overlaid (up/plus variation in green and down/minus
variation in blue). The uncertainty band shows the statistical uncertainty for the central
sample, and the error bars show the statistical uncertainties for each of the other datasets.
The dashed vertical line shows the generated top-quark mass value, mgen

t = 172.5GeV.
Results are shown for the 2018 µ+jets channel.
Right: The double ratio (var(mt)/central(mt) )/(var(mt)/central(mt)), i.e. the ratio of
the left panel with respect to the right panel of the left plot.
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Most of the usual systematic uncertainties considered in measurements of mt are ex-
pected to impact mt and mt in a correlated way and thus cancel in the ∆mt measurement.
Nevertheless, these uncertainties are kept for completeness and since the profile-likelihood
approach allows a simple implementation of these uncertainties.

Fig. 7.6 shows the ratio of the bin count in the tt lepton+jets up variation of the FSR
light quark scale with the central dataset. Only the tt lepton+jets signal sample is shown,
as the contribution of the other samples is small. The ratio is compared with the datasets
reweighed to ∆mt = ±400MeV. ∆mt = +400MeV corresponds to mt → mt + 200MeV
and mt → mt − 200MeV, while ∆mt = −400MeV corresponds to the opposite effect.
Note that the reweighing shifts mt and mt peaks in the opposite directions. A significant
impact is seen on both mt and mt, but it is very similar in both cases.

To visually compare the differences on how each variation impacts ∆mt, a double ratio
of the left plot in Fig. 7.6 is constructed, where the values for mt are divided by the values
for mt. As the effect of the variation is correlated for mt and mt, the double ratio shows
only a small impact on ∆mt. That is, the double ratio for the variation overlaps almost
completely with 1.00. Note that since the variation sample is obtained using weights on
the central sample, both samples are correlated, and the statistical error bars are larger
than the exact variation. A small non-cancellation is seen, potentially due to effects like
charge asymmetry effects tt events, i.e. different η and pT distributions for top quarks
and antiquarks in the LHC [103]. In general, the η distribution is expected to be broader
for top quarks than for top antiquarks. This could lead to slightly different jet dynamics
after applying the FSR variation. In addition, the deviation from unity can also be a
small effect of non-correlation between the central and variation sample, caused by the
change in the events passing the mreco

W requirement and due to some events failing the
analysis pipeline.

An example of a variation that has an anticorrelated effect for mt and mt is the b jet
flavour-antiflavour uncertainty, as shown in Fig. 7.7. Although the impact on the overall
mt and mt distributions is more than O(10) smaller than for the FSR light quark scale
variation, the double ratio shows a small effect of the variation on ∆mt. Moreover, unlike
the double ratio in Fig. 7.6, the values in Fig. 7.7 are smoother and thus are more consistent
with one of the ∆mt variations, in this case, with the ∆mt up variation. The minimum
ratio of the b vs b variation is around 0.9995, compared to the effect of ∆mt, which has a
minimum of 0.98, and thus is expected to have no more than a 400/40 = 10MeV impact
on ∆mt. This can be compared to the 51MeV impact on the Run 1 measurement [30].

7.4. Profile likelihood fit result

Fig. 7.8 shows the ratio of the mfit
t and mfit

t
distributions, i.e. distributions in Fig. 7.4

Right, but split into positive and negative lepton charges. Note that since this is a single
ratio, not a double ratio as in the previous section, the central prediction (gray line)
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Fig. 7.7. Left: The ratio of the bin count in the b vs b up variation with respect to the
central tt lepton+jets sample for µ−+jets sample (left) and for µ++jets sample (right).
The legend explanation is the same as in Fig. 7.6.
Right: The double ratio (var(mt)/central(mt) )/(var(mt)/central(mt)).
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t
distributions. The gray line shows the ratio

with ∆mt = 0, with the shaded boxes corresponding to the statistical uncertainty of the
simulation. Blue and red lines show the ∆mt± 400MeV, respectively. The black markers
show the result in data.

does not have to coincide with 1. The central prediction shows the expected small (up
to 1%) asymmetry in tt events with positive and negative charges with ∆mt = 0. The
asymmetry is predominantly caused by background events, such as single top, W+jets,
and QCD events, as shown in Table 7.2. The systematic uncertainties are approximately
equal for all the data points because of approximately equal amount of data chosen for
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each bin. Conversely, in the MC events, the uncertainty bars differ bin to bin, because of
some background processes contributing more at the tails with larger weights. Comparing
the data with the MC, it can be seen that some points, e.g. those around 175 GeV and
180 GeV are shifted towards ∆mt = 400MeV and do not agree with the central simulation
with the error bars, while some lower points are shifted towards ∆mt = −400MeV.

A binned profile likelihood fit approach is used to perform the statistical inference. It
is performed using the CMS combine tool [104], which has the benefit of ensuring that
the results can later be combined with other measurements by correctly calculating the
correlations between the systematic uncertainties. The sensitivity to ∆mt was ensured
by splitting the events according to the lepton charge and constructing the (mfit

t , qℓ)
distribution, i.e. the mfit

t distribution for events with positive and negative lepton charge,
qℓ = ±1. Events with qℓ = −1 are sensitive to the top quark mass, mfit

t , and events with
qℓ = +1 to the top antiquark mass, mfit

t
.

Two parameters of interest are defined, mt and ∆mt, and a nuisance parameter for
each of the variations. The combine fit obtains the best fit values by comparing the
data with MC templates with different mt and ∆mt. Three MC samples are used with
mt values of 171.5 GeV, 172.5 GeV and 173.5 GeV (all ∆mt = 0) to optimise mt and
samples with ∆mt values of −400MeV, 0 and +400MeV (all with mt = 172.5GeV) to
optimise ∆mt. The mt variations are obtained from separate MC datasets, while the ∆mt

variations are obtained from event reweighing, as shown in Subsection 7.2.4.
The fit was performed in two steps. First, it was performed on the Asimov dataset,

namely, taking the nominal MC result as the data, normalising the event yields to data.
In other words, the values of the parameters of interest and nuisance parameters in the
Asimov dataset are equal to the values used to generate the dataset. This gives the result
consistent with ∆mt = 0, but enables the validation of the fit and the estimation of
statistical and systematic uncertainties associated with the result without unblinding, i.e.
revealing the actual result in the data. After that, a fit was performed on the collision
data to obtain the final result. The fit was performed for ∆mt as the parameter of interest,
letting mt float freely. The whole Run 2 MC dataset was used for the fit.

The impact of each nuisance parameter is obtained by

∆( ˆ∆mt) = ˆ∆mt(θ̂k +∆±θk)−∆mt, (7.6)

where ˆ∆mt(θ̂k+∆±θk) is the value of mt obtained by the likelihood fit when the nuisance
parameter θk is shifted to θ̂k + ∆±θk. The impact distribution for the main nuisance
parameters for the measurement is shown in Fig. 7.9 together with the constraints and
pulls on the nuisance parameters, relative to their prefit uncertainties, (θ̂i − θi)/σi, where
σi is the standard deviation of the nuisance parameter before the fit. The expected results
contain no pulls because the Asimov dataset is used for the fit. The leading uncertainties
are the two b vs b JES sources, where the effect is greater for b vs b from the pion scaling
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Fig. 7.9. The constraints and pulls of the main nuisance parameters (middle panel) and
the nuisance parameter impacts on ∆mt (right panel) from the profile likelihood fit on the
full Run 2 dataset. The shaded boxes show the results performed on the Asimov dataset
(expected results), while the error bars show the results on the data (observed results).
The red (blue) shaded boxes and error bars correspond to the positive (negative) impacts.

and is approximately 10 MeV. Further important uncertainties include variations obtained
from independent datasets that possibly contain large statistical fluctuations.

Multiple variations are associated with the MC statistical uncertainty, indicated as
<sample> bin <bin_number> statistics. This shows that the analysis, similarly to the
Run 1 analysis, is dominated by statistical uncertainty. The greatest impact comes from
the MC statistical uncertainty and the QCD background statistical uncertainty. Finally,
there is a large impact from the FSR variation, where FSR for gluons is pulled towards
larger values. Pulls for FSR variations have also been observed in the previous CMS mt
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measurement [86]. The nuisance parameter related to the variation of the powheg pa-
rameter hdamp was removed from the fit, because the tests where this nuisance parameter
was included, it was pulled from the prefit value by 1.5σ creating a non-physically large
pull. The reason for this pull is probably that the variation was obtained from a dataset
with a limited number of events. The next revision of this analysis should include the
estimation of the hdamp uncertainty using machine learning (ML) event reweighing, as
in [105], [106]. The impact of this variation is not expected to be larger than a few MeV.

Table 7.3
Measured value, as well as the statistical, systematic and total uncertainty of the ∆mt

measurement for each of the data taking period and channel

Period e+jets [MeV] µ+jets [MeV] l+jets [MeV]
∆mt stat. syst. tot. ∆mt stat. syst. tot. ∆mt stat. syst. tot.

2016APV 350 +262
−262

+175
−176

+315
−315 276 +200

−201
+186
−183

+273
−271 281 +159

−159
+128
−127

+204
−204

2016 -355 +280
−280

+183
−183

+335
−335 303 +219

−219
+426
−424

+479
−477 1 +174

−174
+191
−192

+258
−259

2017 -111 +184
−184

+135
−135

+228
−228 -68 +147

−147
+135
−144

+199
−205 -62 +115

−115
+84
−87

+142
−144

2018 444 +153
−153

+117
−117

+193
−193 75 +120

−120
+150
−149

+193
−192 198 +94

−94
+61
−61

+112
−112

Full Run 2 125 +100
−100

+54
−54

+113
−113 110 +79

−79
+53
−51

+95
−94 139 +62

−62
+25
−25

+67
−67

The final result of the measurement is ∆mt = 139+67
−67 MeV. The breakdown of the

uncertainty into statistical and systematic uncertainty is shown in Table 7.3, where a
comparison between the individual data periods and the full Run 2 is shown. When
compared to the Run 1 19.6 fb−1 result, the statistical uncertainty is reduced from 190 MeV
to 62 MeV, that is, more than by a factor of 3. This is slightly better than predicted
from the integrated luminosity increase but can be explained by the improved b-tagging
efficiency and the usage of a profile-likelihood fit for the statistical inference instead of
the Ideogram method. The systematic uncertainty is reduced from 90 MeV to 25 MeV,
mostly due to the improved flavour vs antiflavour JES uncertainty. Both the statistical
and systematic uncertainty are roughly proportional to the luminosity in each data-taking
period. This comes from the fact that combine is able to better constrain each variation
with an increasing amount of data.

7.5. Summary

In this section, the measurement of ∆mt has been described. The measurement tech-
nique yielded a result with a total uncertainty of ±67MeV, which is an improvement by
a factor of more than 3 with respect to the Run 1 measurement of the same parameter.
This leads to the world-leading ∆mt measurement to date. The measurement excludes
the effect of the ME-PS scale, which should be included in subsequent iterations using
event reweighing based on ML.
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8. CONCLUSION AND OUTLOOK
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Fig. 8.1. The different measurements of the mass difference between the top quark and
antiquark, including the result of this Thesis. The legend explanation is the same as for
Fig. 1.2.

In this Thesis, the measurement of the mass difference between the top quark and
antiquark was presented, yielding a result of ∆mt = 139 ± 67MeV = 139 ± 62 (stat.) ±
25 (syst.) MeV. This presents the most precise ∆mt measurement to date. The compar-
ison of this measurement with other measurements of ∆mt is shown in Fig. 8.1. There
is a slight disagreement with the CMS measurement at

√
s = 8TeV and with the world

average. Otherwise, the measurements exhibit general consistency. The result deviates
from the SM prediction of ∆mt = 0 by 2.1σ, which is lower than 3σ, which is the accepted
minimal threshold in particle physics for substantiating evidence of a discovery, and much
less than 5σ required for a discovery. Thus, the measurement does not prove the violation
of CPT symmetry.

The precision of this measurement relies on the improved prescription for the flavour-
antiflavour JES uncertainty. Due to improved technique for the systematic uncertainties,
the measurement is statistically limited just like the CMS Run 1 measurement. Adding
the CMS Run 3 dataset would improve the statistical uncertainty by around a factor

√
2

due to the double luminosity (2023 data-taking period has 29 fb−1, 2022 has recorded
35 fb−1 luminosity, while in the 2024 data-taking period CMS has recorded 113.32 fb−1

luminosity). The leading uncertainty is the b vs b uncertainty due to pion scaling, which
estimates the mismodelling of geant 4 hadron interactions. The uncertainty could be
reduced by repeating the study shown in Subsection 6.3.2 with a larger MC dataset,
enabling the variation to be jet pT dependent instead of only being jet |η| dependent.

56



ACKNOWLEDGMENTS

My gratitude is overflowing to all the people who contributed directly or indirectly
to this Thesis and my doctoral studies. Naming everyone individually would exceed the
limits of this page.

First and foremost, I am thankful to my RTU supervisor Kārlis Dreimanis for his men-
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